
 

  

   

 Synthesis and Processing of 

High Entropy Materials and 

their Integration into Lithium 

Batteries 

 

      
   

   

 

 

 
Vom Fachbereich Material- und Geowissenschaften 

der Technischen Universität Darmstadt 
 

zur Erlangung des akademischen Titels 
Doktor-Ingenieur (Dr.-Ing.) 

 
genehmigte Dissertation von 

Yanyan Cui  
 

Betreuer: Prof. Dr.-Ing. Horst Hahn, 
Gutachter: Prof. Dr. Bai-Xiang Xu 

 
Darmstadt 2022 



  

  

Yanyan Cui: Research in the Field of high entropy materials for lithium ion batteries  

Darmstadt, Technische Universität Darmstadt,  

Year thesis published in TUprints 2023 

Date of the viva voce 02. 12. 2022 

Published under CC BY-SA 4.0 International https://creativecommons.org/licenses/

 



  

  

Ehrenwörtliche Erklärung 

Ich erkläre hiermit ehrenwörtlich, dass ich die vorliegende Arbeit selbstständig angefertigt habe. 

Sämtliche aus fremden Quellen direkt oder indirekt übernommenen Gedanken sind als solche 

kenntlich gemacht. 

Die Arbeit wurde bisher keiner anderen Prüfungsbehörde vorgelegt und noch nicht veröffentlicht. 

 

Darmstadt, den 02. 12. 2022   



  

  

Abstract 

With the increasing demand for renewable energy sources such as solar, geothermal, and wind 

energy, the development of efficient energy storage devices is necessary. Lithium-ion batteries 

(LIBs) have been considered a potentially revolutionary technology for storing renewable energy 

due to their advantages of low self-discharge, long life span, high output voltage, and high energy 

density [1]. Over the past few decades, LIBs have undergone extensive development in both 

industry and academia. In current LIB technology, the cell voltage and capacity are primarily 

determined by the electrode materials, which also dominate the battery cost. Therefore, exploring 

alternative electrode materials and investigating their structure-composition-performance 

relationships is essential for further development.  

Recently, the use of the high entropy concept to develop materials is gaining significant interest. 

The high entropy concept is derived from high entropy alloys (HEAs), which possess high 

configurational entropy (Sconfig) by incorporating 5 or more elements into a single-phase structure, 

leading to the so-called “cocktail effect”, where the multiple synergies among the constituent 

elements may result in additional or changed properties. That means HEMs can have the potential 

to outperform the parent material system. Inspired by the high entropy concept, high entropy 

oxides (HEOs) were investigated as a new class of conversion electrode materials for LIBs, which 

show unexpected reversibility due to their unique structural stability. These unexpected findings 

have stimulated many recent studies on the performance of high entropy materials in 

electrochemical energy storage devices.  

In this work, a new photonic curing method was used to synthesize high entropy oxides for more 

rapid and efficient synthesis. The material was used as a binder-free electrode material for LIBs. 

Since HEO has a high mixed lithium-ion and electronic conductivity at room temperature, HEO 

was also synthesized by the photonic curing method for coating on NCM851005. In addition, the 

mechanism as a coating material for performance improvement was investigated. Inspired by the 

application of HEO as a conversion electrode material as an anode, high-entropy fluorides (HEFs), 

as conversion materials, were synthesized and used as cathode materials for LIBs and their 

underlying storage mechanisms were investigated. Due to the elemental dissolution of metal 

fluorides during cycling, high entropy oxides have also been studied as a coating for HEFs. 

The application and research of high entropy materials in electrode materials provide new 

guidelines for designing and manufacturing new electrode materials for LIBs.



  

  

Zusammenfassung 

Angesichts der steigenden Nachfrage nach erneuerbaren Energiequellen wie Solar-, Erdwärme- 

und Windenergie ist die Entwicklung effizienter Energiespeicher erforderlich. Lithium-Ionen 

Batterien (LIBs) werden aufgrund ihrer Vorteile wie geringe Selbstentladung, lange Lebensdauer, 

hohe Ausgangsspannung und hohe Energiedichte als potenziell revolutionäre Technologie zur 

Speicherung erneuerbarer Energien angesehen. In den letzten Jahrzehnten wurden LIBs sowohl 

in der Industrie als auch im akademischen Bereich intensiv weiterentwickelt. Bei der derzeitigen 

LIB-Technologie werden die Zellspannung und -kapazität in erster Linie durch die 

Elektrodenmaterialien bestimmt, die auch die Batteriekosten dominieren. Daher ist die 

Erforschung alternativer Elektrodenmaterialien und die Untersuchung der Beziehungen 

zwischen Struktur, Zusammensetzung und der erzielten Leistung für die Weiterentwicklung von 

entscheidender Bedeutung.  

In letzter Zeit gewinnt die Anwendung des Konzepts der hohen Entropie zur Entwicklung von 

Materialien stark an Interesse. Das Konzept der hohen Entropie leitet sich von 

Hochentropielegierungen (HEAs) ab, die eine hohe Konfigurationsentropie (Sconfig) aufweisen, 

indem fünf oder mehr Elemente in einer einphasigen Struktur eingebaut sind, was zum so 

genannten "Cocktaileffekt" führt, bei dem die vielfältigen Synergien zwischen den Bestandteilen 

zu zusätzlichen oder veränderten Eigenschaften führen können. Das bedeutet, dass 

Hochentropiematerialien (HEMs) das Potenzial haben können, das Ausgangsmaterialsystem zu 

übertreffen. Inspiriert durch das Konzept der hohen Entropie wurden Hochentropieoxide (HEOs) 

als neue Klasse von Konversionselektrodenmaterialien für LIBs untersucht, die aufgrund ihrer 

einzigartigen strukturellen Stabilität eine unerwartete Reversibilität aufweisen. Diese 

unerwarteten Ergebnisse haben in jüngster Zeit viele Studien über die Leistung von HEMs in 

elektrochemischen Energiespeichern angeregt.  

In dieser Arbeit wurde eine neue photonische Aushärtungsmethode für die Synthese von 

Hochentropieoxide verwendet, um eine schnellere und effizientere Synthese zu erzielen. Das 

Material wurde als bindemittelfreies Elektrodenmaterial für LIBs verwendet. Da HEO eine hohe 

gemischte Lithium-Ionen und elektronische Leitfähigkeit bei Raumtemperatur aufweist, wurde 

HEO durch die photonische Aushärtungsmethode zur Beschichtung von NCM851005 

synthetisiert. Darüber hinaus wurde der Mechanismus als Beschichtungsmaterial zur 

Leistungsverbesserung untersucht. Inspiriert durch die Anwendung von HEO als 

Konversionselektrodenmaterial in der Anode wurden Hochentropiefluoride (HEFs) als 

Konversionsmaterialien synthetisiert und als Kathodenaktivmaterialien für LIBs verwendet und 



  

  

ihre zugrunde liegenden Speichermechanismen untersucht. Aufgrund der elementaren Auflösung 

von Metall Fluoriden während des Zyklisierens, wurden auch Oxide mit hoher Entropie als 

Beschichtung für HEFs untersucht. 

Die Anwendung und Erforschung von HEMs bei Elektrodenmaterialien liefern neue Leitlinien für 

die Entwicklung und Herstellung neuer Elektrodenmaterialien für LIBs. 
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Chapter 1 

 

 

 

1. Introduction 

1.1. Background of lithium-ion batteries  

At present, the severe air pollution from fossil fuels and potential hazards brought by radioactive 

nuclear waste have driven policies and communities to seek new, green, and renewable energy 

sources such as wind, solar, geothermal, and hydroelectric power [2]. Simultaneously, the 

generated electrical energy requires a balanced supply and convenient energy storage devices. 

Lithium-ion batteries (LIBs) have recently been considered a potentially revolutionary technology 

for storing renewable energy due to their low self-discharge, long life span, high output voltage, 

and high energy density [1]. Moreover, they have achieved wide use in electronics, power tools, 

and hybrid/full-electric vehicles, which have significantly changed our lives since their 

commercialization [3]. Given its fundamental advantages, the demand and quality of rechargeable 

lithium batteries will continue to grow with the successful development of flexible electronic 

devices and electric vehicles. Therefore, LIBs are gaining intense interest from industry and 

government funding agencies, and research in this field has been abounded in recent years. In 

general, the performance of LIBs (e.g., cell potential, capacity, or energy density) is related to the 

intrinsic properties of their electrode material [4]. Electrodes with higher rate capability, higher 

charge capacity, and sufficiently high voltage can improve the energy and power densities of LIBs 

and make them smaller and cheaper [5]. A great deal of research on LIBs has been in the 

optimization of electrode materials to address both energy and power demands of secondary LIBs 

for future energy storage applications. 

1.1.1. The working principle of Li-ion batteries 

Generally, a LIB contains an anode, a cathode, an ionically conductive and electronically insulating 

medium, an electrolyte between the electrodes [6]. The active component in the cathode is 

typically a material that can incorporate Li-ions through intercalation, e.g. lithium cobalt oxide 

https://www.sciencedirect.com/topics/engineering/energy-storage-application
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(LiCoO2) and lithium iron phosphate (LiFePO4) [7]. The anode is typically composed of graphite, 

while lithium metal anodes are as well under investigation [8]. The state-of-the-art LIB contains a 

polymer electrolyte that is usually composed of polyethylene oxide (PEO) as a host matrix 

infiltrated with an ionically conductive solution of, e.g., LiPF6 or LPSCl. A purely liquid electrolyte 

consisting of a solution of a lithium salt (e. g., LiPF6, LTFSI) in a mixed organic solvent (e. g., 

ethylene carbonate–dimethyl carbonate, EC–DMC) embedded in a separator is as well utilized [9, 

10]. In addition, the system is packed in an Aluminum plastic film or stainless-steel shell. Figure 

1-1 summarizes recent developments and the technological status of a typical LIB configuration, 

including the cathode, the anode, and the electrolyte. 

 

Figure 1-1: Milestone discoveries shaped modern lithium-ion batteries. The development of (a) anode 

materials including lithium metal, petroleum coke, and graphite, (b) electrolytes with the solvent propylene 

carbonate (PC), a mixture of ethylene carbonate (EC), and at least one linear carbonate selected from 

dimethyl carbonate (DMC), diethyl carbonate (DEC), ethyl methyl carbonate (EMC) and many additives, (c) 

cathode materials including conversion-type materials, intercalation materials titanium disulfide (TiS2) and 

lithium cobalt oxide (LiCoO2) [11]. 

The anode and cathode are capable of storing lithium ions, which migrate back and forth between 

the negative and positive electrodes upon discharging/charging via the electrolyte, while electrons 

do so similarly via the outer electrical circuit. For example, in the first commercialized lithium-ion 

batteries of LixC6/Li1-xCoO2 cell as shown in Figure 1-2, during discharge, lithium ions diffuse from 

a lithiated graphite (LixC6) structure (the anode) into a delithiated Li1-xCoO2 structure (the cathode) 

with concomitant oxidation and reduction of the two electrodes, respectively, releasing the stored 
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energy [12]. When the battery cell is charging, the lithium ions move back via the electrolyte to 

the graphite anode, taking in and storing energy. In both cases, the flow of electrons follows with 

the ions through the outer circuit. 

 

Figure 1-2: A schematic illustration of the working principles of a LixC6/Li1-xCoO2 lithium-ion cell [12]. 

1.2. Electrode materials 

In general, electrode materials for Li-ion batteries can be classified as intercalation type, 

conversion type, and alloy type according to their dominant Li-ion storage mechanism [13]. 

Typical intercalation electrodes possess intrinsic one, two, or three-dimensional diffusion 

pathways to facilitate Li-ion transport without any severe (irreversible) deterioration of the initial 

crystal structure and with very low volume variation, which allows for excellent cycle stability and 

good capacity retention [14]. The classic intercalation-type cathode material, i.e., LiNi1-y-zMnyCozO2, 

LiFePO4, and Li4Ti5O12, have reached the market at different stages, bringing about incremental 

performance improvements [15]. Differently, the alloying-type materials (Si, Sn, Ge, or Zn) provide 

high lithium storage capacities, commonly exceeding one lithium ion per atom of the alloying 

element by direct bonding between inserted Li-ions and the host element with the formation of 

composite alloys (e.g., Li15Si4 or Li4.4Sn) [16]. However, extensive volume changes lead to 

continuous exposure of the fresh surface to the electrolyte, resulting in continuous electrolyte 

decomposition and formation of solid electrolyte interphase (SEI), limiting the cycle life of such 

electrodes. The conversion reaction happens when Li-ions are inserted into nano-sized binary 
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compounds as denoted by MX (M for transition metals, e.g. Fe, Co, Cu, and X for anions like O, S, F), 

and results in a reduction of M cations to M0 and formation of LiX, which leads to higher capacities 

than those achieved using intercalation-based compounds [17]. Generally, the three mechanisms 

differ significantly in the charge storage of electrode materials, resulting in different electrode 

capacity, morphology, and structure. A schematic representation of the different reaction 

mechanisms of intercalation, alloying and conversion observed in electrode materials is shown in 

Figure 1-3. 

 

Figure 1-3: A schematic representation of the different reaction mechanisms observed in electrode 

materials for lithium batteries. Black circles: voids in the crystal structure, blue circles: metal, yellow circles: 

lithium [13]. 

1.2.1. LiNi1-y-zMnyCozO2 based insertion type materials  

An intercalation cathode is a solid host network that stores guest ions. The guest ions can be 

inserted into and be removed from the host network reversibly. Li+ is the guest ion in a Li-ion 

battery, and the host network compounds are metal chalcogenides, transition metal oxides, and 

polyanion compounds [18]. These intercalation compounds can be divided into several crystal 

structures, such as layered (e.g., LiCoO2, LiNi1/3Mn1/3Co1/3O2, LiTiS2), spinel (e.g., LiMn2O4, LiCo2O4), 

olivine (e.g., LiFePO4, LiMnPO4), and tavorite (e.g., LiFeSO4F, LiVPO4F). Compared to all other 

cathode materials, the layered transition metal (TM) oxides have attracted extensive interest due 

to their high theoretical capacity of ~ 280 mAh g−1 compared to ~ 170 mAh g−1 for olivine and 

~ 150 mAh g−1 for tavorite [19–21]. 
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LiCoO2  

LiCoO2 (LCO) was discovered by replacing the Na in NaxCoO2 with Li and proposed as a cathode 

material by Goodenough in 1979 [22]. It has a well-ordered α-NaFeO2-type layered structure with 

oxygen atoms arranged in a cubic close-packed (ccp) framework and the Li+ and Co3+ ions ordered 

in alternating (111) planes of 𝑅3̅𝑚  space group. In 1991, the LIBs with LCO as cathode and 

nongraphitizable carbon as an anode was firstly commercialized by Sony [23]. Since then, LCO has 

dominated the cathode materials market for nearly 30 years in the field of portable electronics 

due to its unique advantages, including the high theoretical capacity of 274 mAh g−1, the high 

theoretical volumetric capacity of 1363 mAh cm-3, low self-discharge, high discharge voltage, and 

good cycling performance [24]. However, the high cost of cobalt makes LCO expensive and toxic. 

Moreover, the practical discharge capacity for LCO is only ~ 140 mAh g−1 due to the limitation of 

only 0.5 mol of Li+ ions per formula extract from LiCoO2 with a cutoff voltage of 4.2 V to avoid rapid 

capacity decay [25]. In principle, all Li+ in LCO could be extracted. However, when the lithium was 

removed from bulk LCO, Co3+ is oxidized to Co4+ in an unstable oxidation state, and once the 

fraction of lithium removed exceeded 0.5 mol, peroxide on the surface, resulting in the loss of O2 

and instability of the structure [26]. Charging to higher voltages is the most promising and 

effective way to extract more lithium-ions from LCO to increase capacity. However, at voltages >4.2 

V, the dissolution of cobalt in the electrolyte and its irreversible phase transition from hexagonal 

to monoclinic phase lead to a rapid decrease in the cycling efficiency and discharge capacity. At 

voltages >4.55 V, the phase transition from O3 to the H1-3 host occurs while the c-lattice 

parameter decreases significantly and volume shrinkage in bulk LCO particles is observed, with 

the consequence of decrease, which leads to increased concentration gradients and large internal 

strains.  

To meet the demand for high energy density of LIBs with a stable cycling performance, various 

strategies, including element doping, surface coating, and co-modification approaches, have been 

made to overcome the issues of LiCoO2. For example, Mg, Al, and Ti were used for doping to 

increase the electronic conductivity of host materials, stabilize the structure and inhibit the 

dissolution of Co, and stabilize the surface oxygen at high voltages, respectively [27–29]. Al2O3, 

ZrO2 and metal fluorides were synthesized as coating layers to protect the electrode surface, which 

is usually the starting point of the failure process [30–32]. Besides, some work focuses on the 

electrolyte compatibility with LiCoO2 at high cutoff voltage based on additives, solvents, and 

lithium salts. So far, the charging voltages of LiCoO2 has been increased to 4.5 V (vs. Li/Li+), 

achieving a reversible capacity of ≈180 mAh g−1 with good cycling life [33]. 
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LiMnO2 

After discovering LCO, considering the low cost, high abundancce, and low toxicity of Mn, Mn-

based lithium manganese oxides of layered LiMnO2 and spinel LiMn2O4 composites were 

investigated as a promising alternative cathode material for LIBs. However, LiMn2O4 exhibits a 

lower theoretical capacity of 145 mAh g-1 [34]. The available capacity of the manganese-based 

cathode material can be increased by using LiMnO2, which contains a more significant initial 

amount of lithium. LiMnO2 has various crystal structures, including monoclinic (m-LiMnO2, space 

group 𝐶2/𝑚), orthorhombic (o-LiMnO2, space group 𝑃𝑚𝑚𝑛), and layered LiMnO2 (space group 

𝑅3̅𝑚 ) with α-NaFeO2-like structure. But only the orthorhombic phase o-LiMnO2 is 

thermodynamically stable among these structures [34]. 

LiMnO2 has a high theoretical specific capacity of 285 mAh g, and the higher redox potential of the 

Mn3+/4+ band relative to the oxygen band makes it more chemically stable than LCO. However, this 

also leads to poor electronic conductivity because of the more significant energy barrier between 

the manganese and oxygen bands and the electron localization in Mn3+/4+ [35]. Besides, the LiMnO2 

cathodes in LIBs can hardly display the satisfied electrochemical performance due to the 

cooperative Jahn–Teller effect (Figure 1-4) and the high-spin state of Mn3+, which leads to an 

irreversible phase transformation from the layered structure into the spinel structure upon 

cycling, resulting in rapid voltage and capacity fade. When Mn3+ disproportionate into Mn4+ and 

Mn2+ when exposed to HF formed by electrolyte degradation, Mn2+ rapidly dissolves into the 

solution. This leads to cathode degradation and is detrimental for the anode after Mn2+ deposition 

on the graphite surface [36,37]. 

To stabilize the structure and improve the electrochemical stability of layered LiMnO2, various 

strategies, including doping, coating, surface/bulk structural regulations, and electrolyte 

modification, have been carried out. For example, Al or Cr was used for substitution to form a 

phase intermediate between layered and spinel to get a thermodynamically stable state [38,39]. 

High-temperature LiMnO2 materials transform to spinel-type structures when delithiated during 

charging but generally show better cycling stability over a wide voltage window than in low-

temperature phases. 
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Figure 1-4: Jahn–Teller distortion correlated with orbital ordering in LiMnO2. (a) Crystal structures of spinel 

and layered LiMnO2. (b) Splitting the levels of d orbitals in an octahedral environment because of Jahn–

Teller distortion. (c) Cooperative Jahn–Teller distortion with collinear orbital ordering. (d) Alleviated Jahn–

Teller distortion with interfacial orthogonal orbital sequence [37]. 

LiNiO2 

LiNiO2, which has a relatively high energy density and low cost compared to cobalt-based 

materials, has also attracted attention. It has a similar theoretical specific capacity of 275 mAh g-1 

as LiCoO2, and it also has the same 𝛼-NaFeO2 layered structure, with Li+ and Ni3+ occupying 

octahedral sites in the (111) plane [40].  

In contrast to Co and Mn, Ni shows moderate structural and chemical stabilities as Ni3+ has higher 

OSSE (octahedral site stabilization energy, i.e., a small difference between the crystal field 

stabilization energies in the octahedral and tetrahedral sites [41]) than Mn3+, lower OSSE than 

Co3+ and the low-spin of Ni3+. However, pure stoichiometric LNO cathodes are challenging to 

synthesize. It always exists as Li1-yNi1+yO2 because of the cation mixing disorder between Ni2+ and 

Li+ due to the radius of Ni2+ (0.69 Å) being similar to that of Li+ (0.76 Å)[42]. Cation mixing shifts 

the hierarchical 𝑅3̅𝑚 space group of LNO to the tightly packed spinel 𝐹𝑑3̅𝑚 space group, which 

leads to shorter ion spacing and more extensive interactions, making Li+ diffusion difficult [43]. 

Besides, the presence of Ni3+, which is usually reduced to Ni2+ during the synthesis process and 

continuously occupies Li sites in the Li layer, creating disorder that hinders diffusion of Li ions. 

Eventually, this leads to poor lithium conductivity and a severe decrease in capacity during the 
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delithiation process. Secondly, the highly oxidized Ni4+ charged materials are thermodynamically 

unstable. They are easily reduced in reaction with the electrolyte, thus causing a phase change in 

the material structure from layered to spinel and rock-salt phases. In addition, LiNiO2 undergoes 

irreversible phase changes during charging, triggering surface oxygen loss, which leads to a severe 

drop in capacity and cell voltage. Finally, due to the thermal instability of high valence Ni ions and 

the Jahn-Teller distortion phenomenon, LiNiO2 also exhibits severe thermal instability [44]. 

Doping has been shown to be as an efficient way to address these problems and improve 

electrochemical performance; for example, partial replacement of Ni with Co can reduce cationic 

disorder; doping with Mg can improve thermal stability in a high state of charge (SOC); doping 

with a small amount of Al can enhance thermal stability and electrochemical properties, and 

doping with Cu can form a stable, protective layer without destroying the bulk structure. [45] 

LiNixCoyMn1-x-yO2 

Considering characteristics of the individual elements of layered oxides: LiCoO2 has good cycle 

stability but a moderate practical capacity [46]; LiMnO2 has good cycle performance, but a severe 

phase degradation and low preparation efficiency [47]; and LiNiO2 has high energy density but 

cation mixing disorder [48]. A ternary transition metal material LiNixCoyMn1-x-yO2 (NCM), 

prepared by mixing different transition metals of nickel-cobalt-manganese based oxides, 

combining the advantages of LiCoO2, LiNiO2 and LiMnO2 has been proposed as a way to improve 

their performance as cathode materials in LIBs. In NCM materials, the valences of nickel, cobalt, 

and manganese cations are usually +2, +3, and +4, respectively [49]. Generally, Co can reduce 

cation mixing and surface energy by oxidation +3 to +4. In contrast, nickel oxidation from +2 

valence to +4 valence can increase the capacity of materials. Simultaneously, Mn remains in a +4-

oxidation state that creates a very high energy barrier for cationic diffusion through tetrahedral 

sites and thus guarantees structural stability during cycling [50] . 

NCM has a similar or higher achievable specific capacity than LCO and similar operating voltage 

while allowing for lower costs by reducing the Co content. In 2001, Ohzuku [51] reported a solid 

ternary solution with the composition LiNi1/3Mn1/3Co1/3O2 (NMC-111), which provided a capacity 

of 160 mAh g-1 in the voltage window of 2.5-4.4 V and 200 mAh g-1 in the voltage window of 2.8-

4.6 V. In addition, it also exhibits excellent rate capability and good structural stability at high 

potentials. This makes NMC-111 a possible alternative to LiCoO2 with potential application as a 

cathode material for high-energy LIBs for hybrid electric vehicles (HEVs). In addition, NMC-811, 

NMC-622, and NMC-532 have also been widely studied materials. 
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Nickel rich LiNixCoyMn1-x-yO2 

In pursuit of higher energy density and lower cost, nickel-rich NCM of LiNixCoyMn1-x-yO2 (x ≥ 0.8) 

has been proposed [52]. As shown in Figure 1-5, the capacity and stability change with the lithium 

content. 

 

Figure 1-5: A map of the relationship between discharge capacity, thermal stability and capacity retention 

of Li/Li[NixCoyMn1-x-y]O2 (x=1/3, 0.5, 0.6, 0.7, 0.8, and 0.85) [53]. 

However, with the increase of energy density, the thermal and cycling stability also decreases, as 

some disadvantages similar to LNO appear. First, the higher Ni content implies a severe mixing of 

Li+/Ni2+ cations during charge/discharge, which will seriously hinder the diffusion of Li ions, 

leading to a decreased electrochemical performance [54]. In addition, Ni-rich NCMs tend to 

release surface oxygen accompanied by susceptibility to thermally induced phase transition to 

spinel and rock-salt structures of NiO phase, which leads to thermal runaway of the battery, 

especially at the overcharged state [55] . More seriously, residual lithium compounds such as LiOH 

and Li2CO3 are easily formed on the surface of Ni-rich NCM materials during synthesis and storage, 

which is due to the sensitive Ni3+, resulting in irreversible loss of active lithium [56]. 

To address these problems, element doping, surface coating, or structure modification were 

employed to solve specific problems. Element doping promotes the stability of the structure and 

thermal properties through lattice adjustment at the atomic scale. However, due to the small 

number of doping elements in the nickel-rich layered transition metal oxide material, it is crucial 

that the dopants are uniformly distributed and partially replace the elements at the doping site. 

In addition, surface modification can prevent side reactions between the material and the 

electrolyte, thus improving its thermal stability and cyclability [57]. For example, La4NiLiO8 

coating on NCM8111 reduces the oxygen evolution near the cathode surface, inhibits the side 

reactions on the cathode surface, and maintains the materials structural integrity, resulting in 
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superior rate capability and cycle stability [58]. Qu et al. recently developed a Li1.3Al0.3Ti1.7(PO4)3 

(LATP) coated Ni-rich NMC using a sol-gel method. The LATP coating improved the structural 

stability of the material, and, as a result, the cathode exhibited enhanced cycling stability [59]. 

1.2.2. Conversion type materials  

With the rapid development of ultra-high capacity anodes such as silicon anode, lithium metal 

anode, and carbon-based materials, the commercial intercalation-type transition metal oxide 

cathode materials (i.e., LiCoO2 (LCO), LiNiMnCoO2 (NMC), and LiFePO4 (LFP)) encounter 

challenges to exceed energy densities of 300Wh kg-1, which limit the further developing of LIBs 

[60]. Therefore, it is highly necessary to investigate high-capacity materials for catering to the 

need for high energy density LIBs. Conversion-based electrode materials with potentially higher 

energy densities than conventional intercalation-based electrode materials have drawn attention 

in recent years [61]. The conversion reaction can be expressed as: 

𝑀𝑋𝑚 + nLi = nLi𝑋𝑚/n + M   (1) 

where M are transition metals and X represents F, Cl, O, S, P or N [62]. During the conversion 

reaction, the particles are generally reduced inside to a nanocomposite consisting of metal and 

LiXm/n nanoparticles. The reaction mechanism based on conversion reaction and intercalation 

reaction is shown in  

Figure 1-6; in contrast to intercalation cathodes, conversion materials break and create new 

chemical bonds during insertion and extraction of Li.  

 

Figure 1-6: (a) Schematic of the reaction mechanism based on conversion reaction. (b) Schematic 

of the reaction mechanism based on intercalation/deintercalation reaction [63]. 
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As shown in Figure 1-6, intercalation type electrode materials have their advantages in structural 

stability and fast and reversible Li-ion diffusion. Still, their capacity is limited by the crystal 

structure and the number of available vacancies that host Li ions. In contrast, conversion-type 

materials can achieve significantly larger capacities due to the advantage of multiple electron 

transfers per metal center in the conversion reaction, so these conversion materials could deliver 

capacity three to five times greater than conventional cathode materials, which could be possible 

to match the ultrahigh capacity anode [17]. The conversion process usually passes through several 

intermediate steps and phases during charge and discharge, as shown in Figure 1-7, where the 

conversion of FeF2 is shown as an example. Generally, elements such as O, S, Fe, Cu, and other 

constituents of conversion materials are inexpensive and elementally abundant. Although 

halogens (which may be part of converted materials) are dangerous in their pure form, they 

usually become stable and environmentally benign as part of the salt for benign halogen salt [64].  

Figure 1-8 and Figure 1-9 shows theoretical potentials and specific capacities of the main classes 

of conversion-type materials for cathode and anode. Among these conversion-type materials, 

metal fluorides are the most promising for the cathode due to their high theoretical discharge 

potential and gravimetric and volumetric capacities. At the same time, transition metal oxides are 

the most promising candidates as anode due to their lower discharge potential than sulfides and 

high gravimetric and volumetric capacities. 

 

Figure 1-7: Typical conversion reaction mechanism selecting the lithiation of FeF2 as an example [65]. 

 

Figure 1-8: Approximate range of average discharge potentials, specific capacity and crystal structure of the 

selected most-common anode materials: (a and b) the theoretical gravimetric and volumetric capacities 

[66]. 
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Figure 1-9: Theoretical specific capacity and operational voltage for typical conversion materials of selected 

transition metal halides, sulfides, and oxides [61].  

Transition metal fluorides  

Due to the highest electronegativity of F, conversion-type metal fluorides exhibit higher 

theoretical potentials than oxide, sulfide, nitrides, and phosphides, enabling them as alternatives 

for the positive electrode with noticeably higher specific capacity than intercalation-based 

candidates [67]. Among them, CuF2 shows the highest theoretical potentials of 3.55 V vs.Li+/Li and 

high gravimetric and volumetric capacities of 528 mAh g-1 and 2002 mAh cm-3, making it an 

attractive. Iron-based FeF2 and FeF3 are also representative examples of metal fluorides for LiBs, 

whereas FeF2 exhibits 571 mAh g-1 and 712 mAh g-1 for FeF3 [68]. In general, metal fluoride (FeF2) 

particles are transformed into nanocomposites consisting of metal nanoparticles distributed in a 

LiF matrix. Ideally, the metal (Fe) nanoparticles are interconnected to form an electron 

conduction network. However, the highly insulating nature of fluoride leads to inadequate 

material reactions. In addition, the volume change during conversion leads to contact between the 

electrode and the electrolyte, which results in irreversible decomposition and consumption of the 

electrolyte by the repeated generation of the SEI. Therefore, the cyclic performance of the material 

can be improved by increasing its electronic conductivity and suppressing the volume change of 

the material by reducing the particle size. For example, highly reactive carbon is compounded 

with metal fluorides by ball milling method, such as carbon-FeF2 composites with high electrical 

conductivity and superior lithium storage properties [69], C/FeF3 nanocomposites can reduce the 

length of ion diffusion paths while ensuring good electronic conductivity and interparticle contact 

[70]. The synthesis of nanoparticles smaller than 5 nm with rich active interfaces, that include 

many defects, leads to electronic and ionic activity. In addition, CoF2 and NiF2 are promising 

cathodes due to their higher capacities (~550 mAh g-1) [71,72]. 
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Transition metal oxides  

Transition metal oxides (TMOs) have attracted the most attention due to their ease in preparation 

and high capacities putting them at the forefront as a class of conversion type anode materials. 

TMO-based anodes have higher operating voltages than graphite-based anodes and are safer since 

lithium metal does not separate easily on the TMO surface. So far, iron oxides (FeO, Fe2O3, and 

Fe3O4), cobalt oxides (CoO and Co3O4), and copper oxides (Cu2O and CuO), as well as mixed TMOs, 

such as NiCo2O4 and MnCo2O4, have also been investigated as anode materials in LIBs. For example, 

Fe2O3 and Fe3O4 possess a high theoretical specific capacity of 1007 mAh g-1 and 926 mAh g-1, 

respectively, and they also have low toxicity and cost, making them an attractive candidate [73]. 

Generally, mixed TMOs combined with the synergetic effects of multiple metal species display 

better electrochemical performance and better electrical conductivity. For instance, NiCo2O4 

shows higher electrical conductivity than nickel oxide and cobalt oxide [74]. However, the 

commercial application of conversion anode materials is still a long process due to high initial 

irreversible capacity, significant volume changes, poor cycling stability, and large voltage 

hysteresis. The addition of additional conductive materials to improve the reaction kinetics or 

modify the electrode structure often becomes an important strategy to improve their 

performance effectively. For example, insulating and reactive binders typically reduce the 

capacity and rate capability of the material because the binder reduces the electronic conductivity 

and blocks the diffusion path of Li+ [75]. Therefore, the development of binder-free electrodes can 

improve electronic conductivity and enhance the performance of the cell. 

1.3. Background of high entropy materials  

Recently, a new class of materials, namely high entropy materials (HEMs) has gained increasing 

attention as an emerging field. HEMs offer a variety of elemental compositions resulting in 

synergies between the constituent elements that may lead to new or unexpected properties and 

the possibility for tailoring the functional properties. That means HEMs can have the potential to 

outperform the parent material systems. Following the concept, many HEMs, including different 

compounds, such as alloys, oxides, oxyfluorides, borides, carbides, nitrides, sulfides, and 

phosphides, have been prepared to explore unique properties in numerous potential applications, 

e.g., thermoelectrics [76], dielectrics [77], and Li-ion batteries. In 2015, Rost et al. gave account of 

the first high entropy oxide (HEO), demonstrating the entropy stabilization effect [78]. Notably, a 

HEO with promising and unexpected properties has been explored as a conversion type electrode 

material in LIBs. Sarkar et al. depicted that the configurational entropy is one of the critical factors 

for the cycling stability of the HEO anode ((Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O), probably due to the partial 
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reduction of cations. In contrast, other cations remain in the rock-salt structure and facilitate the 

reintegration into the parent structure after conversion [79]. Ersu Lökçü et al. indicated that the 

electrochemical performance of HEOs would significantly improve by increasing the lithium 

cation concentration in the form of (MgCoNiZn)1-xLixO (x= 0.05, 0.15, 0.25, and 0.35), thereby 

oxidizing Co2+ and generating more oxygen vacancies [80]. 

These reports and many more demonstrate the role of chemical disorder, i.e., mixed cations and 

created vacancies, for cycling stability and tailoring ability. Considering the potential of HEMs for 

LIBs, it is of great interest to explore HEMs that can be utilized as cathodes for LIBs.  

1.3.1. Definition of high entropy materials 

The general high-entropy concept was first introduced by Yeh et al. [81] and Cantor et al. [82] in 

2004 independently, incorporating multi composition with five or more equimolar elements into 

a single-phase solid solution alloy, in which atoms with different sizes are homogeneously 

distributed in an ideal situation. Yeh et al. proposed the definition of high entropy materials by 

composition based on the configurational entropy of mixing (ΔSconf from Eqn (2)).  

∆𝑆𝑐𝑜𝑛𝑓 = −𝑅𝑙𝑛𝑥𝑖            (2) 

where R and xi are the ideal gas constant and the molar fraction of each component i. The highest 

configurational entropy is calculated for an equimolar composition and the ΔSconf is then 

dependent solely on the number of elements n: 

∆𝑆𝑐𝑜𝑛𝑓 = −𝑅 ∑
1

𝑛
𝑙𝑛

1

𝑛
= 𝑅 ln 𝑛           (3) 

Later, [83] et al. synthesized compounds, Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O, with a solid solution rock salt 

structure formed by five metal oxides. The entropy for single-phase stability due to the 

temperature dependence of its stability was demonstrated, with reversible solid-state transitions 

between the multiphase and single-phase (high-temperature) states and the entropy stabilization 

concept was first transferred to a multicomponent oxide. In this system, oxygen occupies anion 

sublattice, and five metal cations are incorporated into a single cation sublattice. Similar to multi-

element alloys, for a given number of constituents (n), the configurational entropy of the multi-

element oxide can be obtained from Eq 4.  

Δ𝑆conf = −𝑅[∑ 𝑥iln 𝑥i

n

i=1 cation−site

+ ∑ 𝑥j ln 𝑥j

m

j=1 anion−site

]            (4) 

https://pubs.rsc.org/en/content/articlehtml/2020/ta/d0ta09578h#eqn1
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where R, n/m and xi are the ideal gas constant, the number of components, and the atomic fraction 

of component, respectively. More components, with larger n, would result in higher Δ Sconf. 

Generally, configurational entropy can be classified into three categories according the value, high 

entropy is defined as ΔSconf greater than 1.5R; medium entropy alloy (MEA) is between 1 and 1.5R; 

and low entropy alloy is less than 1R. 

1.3.2. Four core effects of HEAs 

After years of research, four unique core effects in HEAs were summarized by Yeh [84]: high 

entropy effect, sluggish diffusion effect, lattice distortion effect, and cocktail effect. These effects 

are closely related to HEAs' phase stability, microstructures, and mechanical properties, playing 

a significant role in instigating and directing a great deal of HEA research. Providing numerous 

versatile properties and hence making them suitable for many applications. 

High-entropy effect 

Generally, the entropy effect for HEAs refers mainly to configurational entropy; i.e., the high 

entropy produced by multiple principal elements can inhibit the generation of the intermetallic 

phase and promote the formation of a solid solution with a single phase structure [85].  

According to Gibbs free energy formula: 

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − T∆𝑆𝑚𝑖𝑥                        (5) 

Where G is the Gibbs free energy, H is enthalpy, T is temperature, and S is entropy. In general, the 

higher mixing entropy (ΔSmix) in a minimum of five equimolar elements system will overcome the 

enthalpy (ΔHmix) contribution of formation of intermetallic compounds, reducing the free energy 

(ΔGmix) of the formation of solid solution phase and facilitating their formation, particularly at 

higher temperatures. However, if the formation enthalpy of an intermetallic compound is high 

enough to overcome the effect of entropy, the intermetallic compound will still exit at high 

temperatures [86].  

Sluggish diffusion 

Generally, sluggish diffusion effects are exhibited in HEAs due to the lattice's diversity of atomic 

bonding environments, leading to more difficult atomic diffusion through solid solutions of multi 

principal elements. This is widely used to explain exceptional elevated recrystallization 



 

16 
 

temperatures, impressive high-temperature structural stability, and the formation of 

nanostructures or amorphous phases [87]. 

Compared to traditional alloys, the neighboring atoms of each lattice site in HEAs are diverse. 

During the atom diffusion, the interaction with the surrounding atoms is constant in conventional 

alloys, whereas various activation energies are required for each lattice site in HEAs. When an 

atom jumps into a low-energy site, it becomes ‘trapped,’ and the chance to jump out of that site 

will be lower. In contrast, if the site is high-energy, the atom has a higher chance of hopping back 

to its original location [88]. Both the process can slow down the diffusion process. On the other 

hand, the diffusion rate of each element in the HEA is different. Some elements are less active than 

others, so these elements have less success in jumping to vacancies when competing with other 

elements, and phase transitions usually require coordinated diffusion of multiple elements. 

Although the activation energy of distribution varies significantly with the element, the activation 

energy of diffusion increases from low to high entropy [89]. The retarded diffusion theoretically 

inhibits the grain growth of HEAs and explains the formation of nanoscale precipitates. In addition, 

sluggish diffusion increases the strength and structural stability of HEA, especially at high 

temperatures [90].  

Severe lattice distortion 

HEAs contain many kinds of elements; lattices of HEAs can be severely strained due to different 

compositional atomic sizes and random positions. Larger atoms push away from their neighbors, 

while smaller atoms have extra space around them. The strain energy associated with lattice 

distortion raises the overall free energy of the HEA lattice. Usually, lattice strain, proportional to 

the dislocation parameter of the atomic size difference in the solid solution, increases the strength 

and hardness of the material; lattice distortion hinders dislocation migration and leads to 

significant solid solution strengthening, which reduces the X-ray diffraction intensity [91]. In 

addition, lattice distortion in HEAs leads to increased scattering of propagating electrons and 

phonons, which translates into reduced electrical and thermal conductivity and a reduction in the 

temperature dependence of these properties [92]. 

Cocktail effect 

The cocktail effect is one of the most abstract of the HEA core effects, and it is difficult to determine 

precisely what it means and how it influences material properties. Ranganathan [93] first 

mentioned the cocktail effect for alloys to describe some essential characteristics of the elements 

that affect the properties of an alloy. For HEA, the cocktail effect does not mean that the properties 



 

17 
 

of an alloy are just a superposition of the properties of each component but rather an 

unpredictable result of a synergistic mixture that is greater than the sum of the parts. There are 

interactions between the different elements that ultimately lead to the compounding effect of the 

HEA and the average compounding properties. The final properties of this alloy are not equal to 

the sum of the properties of its components, and this synergism and unpredictability is the 

cornerstone of many eccentric and exciting materials. 

1.4. High entropy materials for battery application 

High entropy materials (HEMs), including high entropy alloys (HEAs), high entropy oxides (HEOs), 

and other high entropy compounds, have gained significant attention in the past few years. These 

materials with synergistic hybrid elements have unique structures and properties increasingly 

investigated for energy-related applications such as catalysis and energy storage. Recently, HEOs 

have been explored for use as electrode materials for lithium/sodium batteries, solid electrolytes, 

and lithium-sulfur batteries because of their properties such as high capacity, high electron 

conductivity, or high ionic conductivity. 

1.4.1. High entropy oxides as ionic conductors  

Following the pioneering study of HEOs, Bérardan et al. [94] investigated the electrochemical 

properties of HEOs. They found that they have excellent lithium ionic conductivity at room 

temperature, making them a new potential material for lithium conductors. It was found that the 

ionic conductivity of HEOs increased with increasing lithium doping content, reaching a maximum 

ionic conductivity at 30% lithium doping (10-3 S cm-1), which is five orders of magnitude higher 

than that of the pristine HEOs (10-8 S cm-1). This may be because the cations in (Mg, Cu, Ni, Co, Zn) 

O can be replaced by Li-ions through an intrinsic charge compensation mechanism or a 

combination of +1 and +3 elements, which are replaced by +1 elements while maintaining the 

rock-salt structure, may involve oxygen vacancies, opening possible diffusion pathways for 

lithium ions through the lattice, leading to an increase in conductivity. Later, Maciej Moździerz et 

al. [95] found that, in addition to ionic conductivity, the contribution of electronic conductivity 

also increases significantly with increasing lithium doping content. Therefore, the Li-doped HEOs 

should be classified as mixed ionic-electronic conductors rather than solid electrolytes. With the 

increase of the ionic composition, the electronic conductivity was determined to increase 

significantly with the addition of Li in the (Co, Cu, Mg, Ni, Zn)1-xLixO series. Nevertheless, these 

unexpected findings have stimulated many recent studies on the performance of high entropy 

materials in electrochemical energy storage devices.  
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1.4.2. High entropy materials as conversion type electrodes 

In 2018, Sarkar et al. [96] investigated (CoCuMgNiZn)O as anode materials for LiBs, which mainly 

undergo a conversion reaction upon the charge and discharge process. The cells showed an 

outstanding long-term cycling performance, with a specific capacity of about 650 mAh g−1 and 

Coulombic efficiencies of >99.5% at 200 mA g−1 after 900 cycles without capacity fading. Unlike 

conventional conversion materials, some cations in the lattice are involved in the reaction and are 

reduced to the metal, while other cations with stable oxidation state are not involved and act as 

hosts to helps the reversibility of the redox-reaction. Additionally, by comparing the 

electrochemical properties of each medium-entropy oxide material with HEOs, they 

demonstrated that entropy stabilization has a very significant effect on the stabilization structure 

of electrode materials and their cyclic stability. Since then, the outstanding electrochemical 

properties of high-entropy materials have attracted attention, inspiring researchers to study and 

develop other types of high-entropy materials for battery electrodes. Chen et al. [97] studied the 

spinel HEO (MgTiZnCuFe)3O4 as an anode material in a half cell LIB. The cells delivered a specific 

capacity of 504 mAh g−1 at 100 mA g−1 after 300 cycles and an excellent 96.2% capacity retention 

at a high current density of 2000 mA g−1 after 800 cycles. This electrode material's excellent 

electrochemical performance and stability are attributed to the fast reaction kinetics, capacitive 

behavior, and structural equilibrium of the high-entropy oxide. Besides, Ling et al. [98] found that 

high-entropy sulfides have better performance as electrode materials than binary CoS2 due to the 

favorable influence of the cocktail effect of high entropy compounds. Yan et al. [99] synthesized 

perovskite-type [(NaBi)0.2(LiLa)0.2(CeK)0.2Ca0.2Sr0.2]TiO3 and studied the material as an anode for 

LIBs, and found that the stability of the cell cycle can be attributed to the charge compensation 

mechanism and the unique entropic stabilization of the structure. 

1.4.3. High entropy materials as insertion type electrodes 

Most of the reported studies on HEOs are based on multi-cation systems with only oxygen in the 

anion sites. The total stabilizing configurational entropy of the material comes from the cations. 

Wang et al. [100] reported a multi-anionic and multi-cationic system where cations and anions 

contribute to the total Sconfig, resulting in a higher stabilizing entropy. In this system, Li(HEO)F with 

a rock salt structure is formed by mixing LiF and HEO and is used as a cathode for LIBs. Typically, 

Li(HEO)F can deliver a discharge capacity of 120 mAh g–1 at 0.1 C with a middle discharge voltage 

of 3.4 V vs. Li+/Li and no significant voltage plateau upon charging/discharging, indicating an 

insertion type reaction for Li(HEO)F. Furthermore, they compared Li(HEO)F with the rock-salt 

low-entropy, single-metal LiNiOF. Surprisingly, Li(HEO)F presented a more stable cycling 
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performance and higher capacity even though it had more inactive TM in the structure. Entropy 

stabilization is essential for maintaining the rock-salt material active upon cycling. Zhao et al. [101] 

applied the concept of high entropy to design a high entropy oxide 

NaNi0.12Cu0.12Mg0.12Fe0.15Co0.15Mn0.1Ti0.1Sn0.1Sb0.04O2 containing nine components as a Na ion 

layered cathode. The material exhibited long-time cycle stability and excellent capacity retention 

of 83% after 500 cycles at 3C. In addition, the material structure exhibited reversible phase change 

between O3 and P3 phases during the cycling process. It was found that more than 60% of the 

total capacity was stored in the O3-type region than other O3-type Na-ion cathodes. The presence 

of multiple transition metal components in the layered HEO during Na+ (de)intercalation, which 

retain its structure during cycling, was suggested as a possible mechanism for this reversible 

phase transition and the long cycle life of the cathode material. Ceder et al. [102] has recently 

applied the high entropy concept to prepare cation-disordered rock salt (DRX) cathodes. As 

expected, the long-standing SRO challenge has been greatly suppressed by the systematic 

decrease in short-range order and the systematic increase in energy density and rate capability 

due to the increase in TM species in the high-entropy DRX cathode. Compared with 

Li1.3Mn0.43Ti0.3O1.7F0.3 and Li1.3Mn0.22Mn0.23Ti0.1Nb0.2O1.7F0.3, 

Li1.3Mn0.12Co0.12Mn0.13Cr0.13Ti0.1Nb0.2O1.7F0.3 has the highest specific capacity at low rates (20 mA g-

1) reaching 307 mAh g-1 (955 Wh kg-1) and remaining over 170 mAh g-1 when cycled at a high rate 

of 2,000 mA g-1. Later, A series of layered cathode HEOs, Li(CoNiAlMnZn)O2, Li(CoNiAlMnFe)O2, 

and Li0.8Na0.2(CoNiAlMnFe)O2, demonstrating Li+ reversible intercalation/extraction from Li-HEO, 

were reported by Wang et al. [103] However, the material capacity is relatively low, and the 

capacity decays rapidly which may be caused by cation disorder. Interestingly, 

Li0.8Na0.2(CoNiAlMnFe)O2 shows a much improved electrochemical performance of the lithium 

(de)intercalation layer after adding a small amount of sodium, which may be due to the enlarged 

diffusion channel of the layered structure. 

1.5. Experimental methods 

1.5.1. Scanning electron microscopy 

Scanning electron microscopy (SEM) is a technique that obtains the morphology information and 

composition of a sample by scanning the surface with a focused, high-energy beam of electrons. 

In a typical SEM, an electron beam is thermionically emitted from an electron gun of thermionic 

emission mode (tungsten or LaB6), field emission mode (cold-cathode type (single tungsten 

crystal), or thermally assisted Schottky type (zirconium oxide)) [107]. As the electrons interact 

with the sample, they produce secondary electrons (SE), backscattered electrons (BSE), and 

https://en.wikipedia.org/wiki/Thermionically
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characteristic X-ray radiation (CR). Normally, SEs can collect images of the sample surface with a 

high resolution of below 1 nm since that secondary electron is emitted very close to the specimen 

surface. Back-scattered electrons (BSE) are beam electrons reflected from deeper specimen 

locations. Consequently, the resolution of BSE images is less than SE images. BSE is often used in 

analytical SEM, along with the spectra made from the characteristic X-rays, because the intensity 

of the BSE signal is strongly related to the specimen’s atomic number (Z). Characteristic X-rays 

are emitted when the electron beam removes an inner shell electron from the sample, causing a 

higher-energy electron to fill the shell and release energy. The energy or wavelength of these 

characteristic X-rays can be measured by Energy-dispersive X-ray spectroscopy or Wavelength-

dispersive X-ray spectroscopy and used to identify and measure the abundance of elements in the 

sample and map their distribution. For standard imaging in SEM, specimens must be electronically 

conductive to prevent electrostatic charge accumulation, avoiding scanning faults and other image 

artifacts. Non-conductive materials are usually coated with an ultrathin layer of gold or graphite 

by sputter coating or thermal evaporation. 

 

Figure 1-10: Schematic diagram of the core components of an SEM microscope [108]. 

https://en.wikipedia.org/wiki/Nanometre
https://en.wikipedia.org/wiki/X-ray
https://en.wikipedia.org/wiki/Electron_shell
https://en.wikipedia.org/wiki/Energy_level
https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
https://en.wikipedia.org/wiki/Wavelength-dispersive_X-ray_spectroscopy
https://en.wikipedia.org/wiki/Wavelength-dispersive_X-ray_spectroscopy
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1.5.2 Transmission electron microscopy 

Transmission electron microscopy is performed by irradiating a beam of high-energy electrons 

transmitted through a fragile sample, typically less than 100 nm thick. An image is formed from 

the interaction between electrons and atoms, which can be used to observe the crystal structure 

and features in the structure for chemical analysis. Because the wavelength of electrons is much 

smaller than that of light, the best resolution achievable with TEM images is many orders of 

magnitude better than that of light microscopy. As a result, TEM can reveal structures down to the 

atomic level. TEM instruments have multiple operating modes, including conventional imaging 

and diffraction.  

In imaging mode, the beam of electrons from the electron gun is focused into a small, thin, 

coherent beam using the condenser lens. This beam is restricted by the condenser aperture, which 

excludes high-angle electrons. The beam then strikes the specimen, and parts of it are transmitted 

depending upon the thickness and electron transparency of the sample. The objective lens focuses 

this transmitted portion into an image on a phosphor screen or charge-coupled device (CCD) 

camera. As the electrons pass through the sample in diffraction mode, they are scattered by the 

electrostatic potential set up by the constituent elements in the specimen. After passing through 

the specimen, they pass through the electromagnetic objective lens, which focuses all the 

electrons scattered from one point of the specimen into one point in the image plane. 

The intensity of the intermediate lens is not the same in both cases, i.e., the current added is not 

the same. In the diffraction mode, the medium lens reunites the electron beam passing through 

the selected diffraction diaphragm into a diffraction spot on the object plane of the projector lens, 

which is then projected onto the phosphor screen by the projector lens. In the normal imaging 

mode, the intermediate lens forms the image of the sample on the object plane of the projection 

lens. In contrast, the diffracted image is still higher up, so that finally only the sample image is 

projected onto the phosphor screen. In addition, electron energy loss spectroscopy (EELS) can be 

used to detect the elemental composition and valence state of a sample by selecting electrons with 

a specific velocity to identify the elements [109]. 

1.5.3. X-ray diffraction 

X-ray diffraction (XRD) is used to determine, e.g., the crystal structure, the materials' phase purity 

and lattice parameters. For non-crystalline materials, the XRD patterns are some diffusely 

scattered reflections because their structures are not long-range ordered with the atomic 

arrangement in the crystalline layout, but only short-range ordering in the range of a few atoms. 
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However, the atomic ordering is long-range in three-dimensional space for crystalline materials, 

and their XRD diffraction patterns show enhanced peaks at specific positions. Generally, the 

characteristics of a diffraction pattern can be considered to consist of two aspects: a) the position 

of the diffraction lines - determined by the size, crystal structure, and orientation of the cell; b) 

the intensity of the diffraction beam - depending on the type of atoms and their position in the cell 

[110]. A qualitative and quantitative relationship between X-ray diffraction and crystal structure 

can be established by identifying the location and intensity of the diffraction pattern in space. 

(1) The Bragg equation can reveal the intrinsic relationship between diffraction and crystal 

structure. When X-rays are irradiated into a crystal, the optical range difference nλ between X-

rays irradiated to two adjacent crystal faces is 2dsinθ. Suppose the visual range difference is equal 

to n times the wavelength of X-rays. In that case, In that case, X-rays undergo constructive 

interference and strengthen each other, and vice versa; the diffraction intensity will remain the 

same or weaken elsewhere. 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                    (6) 

(n=1, 2, 3.....), where λ, d, and θ represent the wavelength of X-rays, the crystal plane spacing, and 

the angle between the incident X-rays and the corresponding crystal plane, respectively. 

Therefore, by using the Bragg equation, one can use X-rays of known wavelength to solve for the 

crystal face spacing d to obtain crystal structure information, which is structural analysis; one can 

also use a crystal with known crystal face spacing to measure the wavelength of unknown X-rays, 

which is X-ray spectroscopy. 

(2) Scherrer's formula is the theoretical basis for measuring crystallite size by XRD. It mainly 

describes the relationship between crystallite size and diffraction peak half-peak width.  

𝐷 = 𝐾𝜆/𝐵𝑐𝑜𝑠θ                   (7) 

where D, K, λ, B, θ are the average thickness of the grain perpendicular to the crystallite size, 

Scherrer's constant, X-ray wavelength, half-height width (radian) of the diffraction peak of the 

measured sample, and diffraction angle, respectively. 

1.5.4 X-ray photoelectron spectroscopy 

X-ray Photoelectron Spectroscopy (XPS), by using an electron spectrometer to measure the 

photoelectron and auger electron energy distribution emitted from the sample surface during X-

ray photon irradiation, collects the electron energy and angle of excitation from the material 
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surface to analyze the elements on the sample surface (0~10 nm depth) by comparing the electron 

energies of the different shell layers with those of known elements. In XPS measurements, 

photoelectrons are excited from the inner shell of an atom when a constant frequency beam of X-

rays irradiates the specimen. After measuring both the kinetic energy and the number of escaping 

electrons, the binding energy of the element can be obtained according to the work of Ernest 

Rutherford. 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝜑)               (8) 

where Binding is the binding energy of the electron (BE), Ephoton is the energy of the incident x-ray 

photon, Ekinetic is the kinetic energy of the measured electron, and φ is the work function. XPS 

commonly uses Al Kα or Mg Kα X-rays as the excitation source, which can detect all elements in 

the periodic table except hydrogen and helium, with a general detection limit of 0.1%. 

1.5.5. Cyclic voltammetry 

Cyclic voltammetry is a method to measure the change of electrode reaction current with time by 

changing the potential applied to the working electrode at a specific rate. By controlling the 

electrode potential at different speeds and repeatedly scanning the electrode with a triangular 

waveform over time, the redox reaction occurs on the active material at the working electrode. 

The magnitude of the electrochemical response current at the electrode is obtained so that the 

reversibility of the electrode reaction, the possibility of intermediate, phase boundary adsorption 

or new phase formation, and the nature of the coupled chemical reaction can be judged according 

to the shape of the curve. As shown in Figure 1- 11, The data for cyclic voltammograms can be 

reported as US or IUPAC convention. The difference between these conventions is that the data is 

180 degrees rotated. The arrow shows the beginning of the first segment [111]. 

 

Figure 1- 11: US and IUPAC Conventions for cyclic voltammograms. 
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1.5.6. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy is an essential electrochemical test method with a wide 

range of applications in electrochemistry, especially in the field of lithium-ion batteries, such as 

electrical conductivity, apparent chemical diffusion coefficient, the evolution of SEI growth, 

dynamic measurement of charge transfer, and material phase transition processes. EIS records 

the impedance of electrochemical cells at different response frequencies, which generally covers 

a wide frequency range (μHz-MHz), and therefore can be used to analyze the impedance of 

electrochemical cells with different response time constants. The EIS data are usually expressed 

as Nyquist plots (real versus imaginary impedance) or Bode plots for frequency dependence. As 

shown in Figure 1- 12 [112], the EIS spectrum could be divided into three regions: Ohmic region 

(frequency higher than 1000 Hz): it represents the internal resistance of the cell measured where 

the cell impedance switch from an inductive to capacitive behavior. The mid-frequency region 

(frequency interval between 1000 Hz and 0.1 Hz) represents the charge-transfer processes, both 

from the electrolyte to the surface of the electrode and from the electrode surface into the bulk 

active material of the electrodes. The Low-frequency region (frequency lower than 0.1 Hz) 

represents the diffusion processes at the two electrodes. 

 

Figure 1- 12: Representation of the frequency regions on a Nyquist plot [112]. The typical EIS spectrum of 

a Li-ion cell could be composed of a unique semiarch or two semiarches in the Mid-frequency region. 

1.5.7. Photonic curing  

Photonic curing is a heat treatment in which high-energy photons are directed at the film to 

achieve the high temperatures required to cure the oxide film. Photonic curing is an ultra-fast, 

instantaneous process that typically takes from a few minutes to a few milliseconds to give an 

oxide layer morphology and properties comparable to most thermal curing processes (drying, 

https://www.sciencedirect.com/topics/engineering/electrode-surface
https://www.sciencedirect.com/topics/engineering/diffusion-process
https://www.sciencedirect.com/topics/engineering/nyquist-plot
https://www.sciencedirect.com/topics/engineering/electrochemical-impedance-spectroscopy
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sintering, reacting, annealing, etc.). Photonic curing relies primarily on radiant heat transfer from 

the lamp to the object of interest when the flash is on, usually between 100 μs and 100 ms. 

Typically, the instrument consists of capacitors charged to a high potential to release a high-

energy pulse through the xenon lamp. This allows the lamp to illuminate the sample with a high-

energy light in the spectral range of 200-1100 nm. A short processing time facilitates immediate 

curing at a rate of approximately 1.6 ms-1 [104].After the radiant heat impinges on the object, heat 

transfer through the sample and convective losses in contact with the material will occur until the 

object approaches thermal equilibrium. Since the process is based on surface heating caused by 

photon absorption, it is safe to form oxide films on inexpensive and flexible substrates, such as 

PET/PEN or even paper [105] . In this work, the Novacentrix PulseForge 1200 was used for 

photonic curing. Exposure levels ranged from 0.01 J cm-2 to 20 J cm-2, and the broadcast nature of 

the light source allowed the uniform curing of areas as large as 112 cm-2 in a single flash. 

 

Figure 1-13: Schematic of the photonic curing lamp sintering depositions on a conveyor [106] 
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Chapter 2 

 

 

 

2. Ultra-fast photonic curing synthesis of high entropy oxide as binder-free 

electrodes for lithium batteries 

2.1. Introduction 

In recent years, a large number of studies have been reported the unique physical properties and 

potential applications of transition metal-based HEOs (TM-HEO), rare-earth-based HEOs (RE-

HEO), and hybrid HEOs with single-phase rock salt, fluorite, or perovskite structures (TM-RE-HEO) 

[113,114]. The fabrication of HEO powders is first reported by Rost et al.[83], (Mg, Cu, Ni, Co, Zn)O 

was synthesized through solid-state reaction by ball milling MgO, NiO, CuO, CoO, and ZnO for 2 h 

with a subsequent heat treatment in air at 1000 oC for 12 h, consuming a tremendous amount of 

energy, which is their main drawback. Therefore, in order to successfully prepare HEOs with 

different compositions and crystal structures, wet chemical methods with lower energy 

requirements such as co-precipitation [115], solvothermal [116], hydrothermal [115], spray 

pyrolysis [117], and mechanochemical methods [118] have been reported. However, the 

synthesized powder must be annealed at a temperature greater than 850 °C or ball milling for 

long time to form a phase-pure solid solution. In addition, spark plasma sintering methods (SPS) 

[119] is reported for the fabrication of HEOs in a short time. However, this method requires 

specialized equipment for regulating the applied pressure, temperature, and electric field during 

the sintering process. 

Based on the above discussion, the ultra-fast photocurable synthesis method was applied to 

prepare two high-entropy oxides, (MgCoNiCuZn)O in the rock salt structure and (CoCrFeMnNi)3O4 

in the spinel structure. The technique was also applied for the preparation of a binder-free 

electrode material by compounding with steel mesh, which can be potentially produced roll to roll 

by a very fast synthesis method and is expected to be used in the large-scale preparation and 

application of flexible electrode materials. 
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2.2. Materials synthesis and cell fabrication 

Preparation of (MgCoNiCuZn)O 

Nitrate salts of the respective metals Co(NO3)2·6H2O, Ni(NO3)2·6H2O, Mn(NO3)2·4H2O, 

Cr(NO3)2·6H2O, Fe(NO3)3·9H2O; from Sigma-Aldrich were dissolved in 1 mL of ethanol to form a 1 

M solution. 20 µl solution was dispersed on a 2*2 cm silicon wafer, evaporated at 60 °C, and put 

for the photonic curing at 3 kV for 75 s, at a distance to the lamp of 1 cm and irradiated for 1-3 

times. 

Electrodes preparation  

The prepared solution was added with 20% ethylene glycol; then steel mesh was immersed into 

the solution by the dip-coating method at withdrawal rates of 5 mm/s. The steel mesh was then 

dried at 60 °C and irradiated for 3 times on both sides. 

2.3. Results and discussion 

2.3.1. Structural characterization 

Herein, we report the ultra-fast synthesis of high entropy oxides with different structures by a 

photonic curing approach at room temperature. The rock salt-type high-entropy oxides 

(MgCoNiCuZn)O, Li0.33(MgCoNiCuZn)0.67O and spinel-type high-entropy oxides (CoCrFeMnNi)3O4 

are labeled as R-HEO, R-LiHEO, and S-HEO, respectively. X-ray diffraction measurements were 

used to determine the crystal structure and phase purity after synthesis. Figure 2- 1 compares the 

X-ray diffraction patterns of the materials synthesized at different irradiation times. R-HEO 

(Figure 2- 1a) starts to show the phase of the rock salt-type structure after 75 s of light irradiation. 

Still, a small amount of heterogeneous phase is present, with two peaks of the heterogeneous 

phase at 25° and 27.5°, which, by comparison, is the structure of ZnO [120]. With the light 

irradiation, when the irradiation time reached 225 s, the peak of the heterogeneous phase 

completely disappeared, and the rock salt-type material with a single-phase was obtained. 

However, the single-phase spinel structure of S-HEO was obtained at 75 s of irradiation, which 

may be because the formation of spinel-structured HEO requires lower energy compared to rock 

salt-type HEO. No significant structural changes in the spinel structure occurred with irradiation. 

Refinement of XRD revealed that the cell parameters of R-HEO (Figure 2- 2a-c) were about 4.24 Å, 

S-HEO (Figure 2- 2e-f) were about 8.34 Å, and the cell parameters of the two structures did not 
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change significantly with light exposure time, which indicates that the rock salt and spinel 

structures can be formed in a short time by photonic curing. 

 

Figure 2- 1: XRD (Ga K-alpha irradiation) of R-HEO (a) and S-HEO (b) synthesized by different irradiation 

times. 

 

Figure 2- 2: Rietveld refinement of XRD patterns of R-HEO (a-c) and S-HEO (d-f) 

However, in the case of R-LiHEO (Figure 2- 3), the phase of ZnO is still persistent after 225 s of 

irradiation, indicating that more energy is required for the synthesis of the pure phase of R-LiHEO, 

presumably for the incorporation of the additional element Li on a TM-site. With the extension of 

the irradiation time, it is observed that the rock salt structure of the pure phase has been formed 

after 550 s of irradiation.  
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Figure 2- 3: XRD (Cu K-alpha irradiation) of R-LiHEO synthesized by different irradiation times 

TEM analysis was performed to further investigate the structural details of the material. Figure 2- 

4 shows the high-resolution TEM (HR-TEM) micrograph of R-HEO. As shown, the morphology of 

R-HEO can be described as polycrystalline particles with sizes of 10 to 100 nm. Figure 2- 4c show 

the diffraction plane of R-HEO with a lattice spacing of 0.30 nm, and the area refers to the (002) 

lattice plane of the rock salt structure of R-HEO [79]. Figure 2- 5 shows a HR-TEM micrograph of 

S-HEO. As shown, the morphology of S-HEO can be described as polycrystalline particles with 

sizes of tens to hundreds of nanometers. Figure 2- 5c shows the diffraction plane of S-HEO with a 

lattice spacing of 0.48 nm, and the area refers to the (111) lattice plane of the spinel structure of 

S-HEO [121]. Both samples have low density with obvious porosity. However, the S-HEO sample 

is much denser compared to R-HEO. For R-HEO and S-HEO, the diffraction rings are consistent 

with the XRD measurements and agree with 𝐹𝑚3̅𝑚 and 𝐹𝑑3̅𝑚 space group, respectively. Figure 

2- 6 showing the SAED extracted from LiHEO. Next to the (022) diffraction ring of the main phase 

of the rock salt, some diffraction points corresponding to a 0.19 nm d-spacing appear, most likely 

corresponding to some polycationic ZnO crystals or unreacted precursors. Figures 2- 4e and 2- 5e 

show the elemental distribution of R-HEO and S-HEO, as indicated by STEM-EDX elemental 

mapping. All elements are uniformly distributed on the nanoscale with no apparent accumulation 

or segregation. 
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Figure 2- 4: HR-TEM of R-HEO. (a), (b) TEM image of R-HEO with different magnifications; (c) the lattice of 

R-HEO and (d) SAED pattern (The planes corresponding to the rings are illustrated in the figures); (e) STEM-

EDX mapping of R-HEO. All constituent elements show a uniform distribution. 

 

Figure 2- 5: HR-TEM of S-HEO. (a), (b) TEM image of S-HEO with different magnifications; (c) the lattice of 

S-HEO and (d) SAED pattern (The planes corresponding to the rings are illustrated in the figures); (e) STEM-

EDX mapping of HEO. All constituent elements show a uniform distribution. 
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Figure 2- 6: HR-TEM of R-LiHEO. (a), (b) TEM image of R-LiHEO with different magnifications; (c) STEM-

EDX mapping of R-LiHEO. All constituent elements show a uniform distribution. 

Figure 2- 7 shows the SEM images of R-HEO (a-c) and S-HEO (d-f) and the corresponding EDX, 

from which we can see that the R-HEO and S-HEO materials are covering the surface of the 

stainless-steel mesh, forming a uniform coating layer. However, there are still some small cracks 

present in the coating layer, and since the conversion material would have undergone volume 

changes during cycling, the cracks may accelerate causing the electrode material to fall off from 

the mesh during cycling. As can be seen from the EDX, the elements are uniformly distributed in 

the material without any obvious segregation, and the XRD test of the scraped powder proves the 

formation of a single-phase. Hence, the coating layer is uniform and stable on the surface of the 

steel mesh. 

 

Figure 2- 7: Typical SEM of electrode with the decorated steel mesh of R-HEO (a-c) and S-HEO (d-f) and their 

EDX mappings of selected areas below the (b) and (e), respectively. 
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2.3.2. Electrochemical properties 

Figure 2- 8 and 2- 9 show the cycling performance of R-HEO and S-HEO, respectively. The 

electrode materials exhibit high capacity at low C-rates. The capacity decays with increasing 

current density but reverts to 600 mAh/g when the current density returns to 0.5 A/g, which is 

consistent with the data reported for conventional electrode preparation methods. However, in 

the long term cycling in Figure 2- 8c, it can be seen that the cell capacity decays within the first 

ten cycles. However, light increase in capacity occurs between 10 and 40 cycles, which shows a 

relatively high capacity due to irreversible reactions resulting from the formation of SEI, cleavage 

of the particles, etc. Due to the conversion reaction the particle size and morphology of the active 

material is changed with every cycle, which might lead to detachment from the current collector 

mesh, resulting in capacity degradation. In Figure 2- 9, the S-HEO electrode also shows a good 

performance in C-rate cycling. However, in the long cycling, the electrode material shows an 

increase in capacity from the 10th to the 70th cycle before degradation, which may be due to the 

better bonding of S-HEO with the steel mesh substrate, so that the cycling stability can be 

maintained. 

 

Figure 2- 8: (a) Galvanostatic rate performance test of R-HEOs half-cell at different current densities and 25 

oC in the voltage range between 0.01 and 3 V versus Li+/Li. (b) Voltage profiles of R-HEO half-cell at different 

currents. (c) Specific discharge capacity of HEOs half-cell and Coulombic efficiency as a function of cycle 

number with a current density of 500 mA/g in the range between 0.01 and 3 V. 
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Figure 2- 9: (a) Galvanostatic rate performance test of S-HEOs half-cell at different current densities and 

25 °C in the voltage range between 0.01 and 3 V versus Li+/Li. (b) Voltage profiles of S-HEO half-cell at 

different currents. (c) Specific discharge capacity of S-HEOs half-cell and Coulombic efficiency as a function 

of cycle number with a current density of 500 mA/g in the range between 0.01 and 3 V. 

2.4. Conclusion 

In this work, we successfully synthesized rock salt structured R-HEOs and spinel structured S-

HEOs, respectively, by photonic curing, which is a fast, simple and easy-to-operate method. In 

addition, we also applied the photonic curing method to prepare binder-free electrode materials, 

and the prepared electrode materials exhibited good cycling performance compared to the 

traditionally manufactured electrode [122]. Although the steel is heavier than the generally used 

copper foil collectors, this method of in situ formation of binder-free active material can still 

provide ideas for developing high energy density electrode materials. The ability to synthesize 

such complex materials from the liquid phase using photonic curing opens the way to coating of 

complex objects such as a mesh or wells, since the liquid is uniformly distributed and penetrates 

fine details of the surface. Additionally, this unique method makes particle coating also feasible, 

which is shown in the following chapter. 
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Chapter 3 

 

 

 

3. Photonic curing synthesis of high entropy oxide for coating on NCM851005 

3.1. Introduction 

With the growing use of Li-ion batteries (LIBs) for portable devices, electric vehicles, et al., the 

demand for devices with higher power and energy density is increasing [60,123,124]. The cathode 

materials, playing a dominating role in the performance of LIBs, have been studied to increase the 

energy density to meet the requirement of high performance LIBs. Among the cathode materials, 

Ni-rich layered lithium transition metal (TM) oxides (LiNixCoyMnzO2, NCMxyz) with a Ni content 

of more than 0.8, owing to relatively low cost due to the low range of Co and higher specific 

capacity based on the Ni redox, have been considered as promising candidates for next-generation 

advanced LIBs [52,54,57,125]. However, Ni-rich NCM suffers from poor cycle life and capacity 

fading because the highly reactive Ni4+ formed after charging can interact with the electrolyte and 

promote surface remodeling, resulting in the structural transformation from a layered to a rock 

salt structure and TM ion dissolution [55,126]. So far, a large number of studies have been 

conducted on Ni-rich NCM-based materials for LIB cathodes, including doping for improving 

cation mixing and lattice stability and coating for preventing or inhibiting side reactions between 

the cathode surface and electrolyte [50,127]. However, the small amount of doping elements in 

Ni-rich layered transition metal oxide materials makes it very difficult to make their uniform 

distribution and partial substitution at the doping sites. The modification of nickel-rich layered 

oxide cathode surface particles with electrochemically inert material coatings such as Al2O3 

[128,129], TiO2 [130], ZrO2 [131], Li3PO4 [132,133], etc. to avoid the reaction between cathode 

materials and electrolyte to improve the structural stability of the particles is a more effective way 

to improve the cycle life of the corresponding LIBs. Currently, the primary method of coating NCM 

is wet chemical or atomic layer deposition (ALD) [50]. However, coating also has some drawbacks, 

such as blocking of ions and electrons, affecting or reducing the Coulomb efficiency, power output, 

and other electrochemical properties of the LIB. Besides, the wet chemical coating process often 

proved to be non-uniform, and the more homogeneous coating by ALD coating is inefficient and 
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unsuitable for industrial mass preparation [134]. Therefore, it is necessary to find materials with 

good coating function attainable for large-scale industrial production.  

High entropy oxides have recently drawn attention due to their unique features. Bérardan et al. 

found that HEOs ((Mg, Cu, Ni, Co, Zn)O) have excellent lithium-ion conductivity at room 

temperature, making them a new potential material for lithium conductors [94]. It was found that 

the ionic conductivity of HEOs increased with increasing lithium doping content, reaching a 

maximum ionic conductivity at 30% lithium doping (10-3 S cm-1), which is five orders of magnitude 

higher than that of the undoped HEOs (10-8 S cm-1). This may be because the cations in HEOs were 

replaced by Li+ ions through an intrinsic charge compensation mechanism, resulting in a 

combination of +1 and +3 elements or creates oxygen vacancies while maintaining the rock salt 

structure, opening possible diffusion pathways for lithium ions through the lattice, increasing 

conductivity. Later, Maciej Moździerz et al. found that the contribution of electronic conductivity 

increases significantly with increasing lithium doping content in addition to ionic conductivity 

[95]. Therefore, the Li-doped HEOs (LiHEOs) should be classified as mixed ionic-electronic 

conductors rather than potential candidates for solid electrolytes. With the increase of the ionic 

contribution, the electronic contribution was determined to increase significantly with the 

addition of Li in the (Co, Cu, Mg, Ni, Zn)1-xLixO series. Therefore, LiHEO could be a candidate for 

coating materials because of its good electronic and ionic conductivity. Generally, the synthesis of 

HEO must be performed at high temperatures (>1000 °C) or requires very long mechanical ball 

milling times. However, high temperatures or long ball milling can cause structural damage to 

NCM, so the conventional method of synthesizing HEO is unsuitable for coating. It should be noted 

that photonic curing can rapidly synthesize HEO with a single-phase rock salt structure at low 

temperatures. Therefore, by the photonic curing technique, NCM851005 was coated with HEO 

and LiHEO, respectively, to form a uniform coating on the surface of NCM851005 powder. This 

coating effectively avoids the reaction between the electrode material and the electrolyte, thus 

significantly improving the structural stability of the NCM particles and, in turn, the cycling 

stability of NCM851005. In addition, by comparing LiHEOs and HEO-coated NCM851005, we 

found that the improvement of ionic conductivity and electronic conductivity after lithium doping 

also played a vital role in improving performance. 
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3.2. Experiment 

3.2.1. Materials preparation 

LiHEO coated NCM851005 

 A nitrate precursor solution with a production of 20 mg of Li0.33(Mg, Cu, Ni, Co, Zn)0.67O (LiHEO), 

8.34 mg LiNO3, 12.59 mg Mg(NO3)2·6H2O, 14.29 mg Co(NO3)2·6H2O, 14.28 mg Ni(NO3)2·6H2O, 

11.42 mg Cu(NO3)2·2.5H2O, and 14.61 mg Zn(NO3)2·6H2O, was dissolved in 0.48 mL ethanol, then 

1 g NCM851005 (BASF) was added with a constantly stirred at ambient temperature for 60 

minutes, then heated at 60 °C to enable the solution evaporation. The prepared powder is evenly 

dispersed on a 5*5 cm silicon wafer and put for the photonic curing at 3 kV for 75 s, shaking each 

time evenly and cooling to room temperature, irradiation was repeated 6 times.  

HEO coated NCM851005 

A nitrate precursor solution with a production of 20 mg of (Mg, Cu, Ni, Co, Zn)O (HEO), 14.62 mg 

Mg(NO3)2·6H2O, 16.59 mg Co(NO3)2·6H2O, 16.58 mg Ni(NO3)2·6H2O, 13.26 mg Cu(NO3)2·2.5H2O. 

and 16.96 mg Zn(NO3)2·6H2O dissolved in 0.48 mL ethanol. The other experimental steps are the 

same as for LiHEO coated NCM851005. 

The LiHEO and HEO coating is prepared as described above through a wet chemical method with 

photonic curing synthesis followed by annealing. In this process, commercial NCM851005 

particles were suspended in the nitrate precursor solution of LiHEO and HEO. After ethanol was 

evaporated, this procedure was followed by photonic curing to form LiHEO/HEO coating layers. 

The LiHEO and HEO coated powders were heated at 600 °C for 2 h under air and oxygen 

respectively to remove LiOH and Li2CO3 formed during the coating process due to contact with air 

and ethanol and achieve a uniform coating layer. The powders are then stored in an Ar-filled 

glovebox. A schematic of the photonic curing process in depicted in Figure 3- 1. 
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Figure 3- 1: Schematic illustration of LiHEO/HEO coating on NCM851005. 

3.3. Results and discussion 

3.3.1. Characterization of coating microstructure 

In this work, HEO and LiHEO were used for coating NCM851005, named HEO@NCM851005 and 

LiHEO@NCM851005, respectively. As shown in Figure 3- 2, Raman tests indicate that Li2CO3 

(1075 cm-1) impurities were generated on the surface of the coated NCM, which could be the 

reason for the poor electrochemical performance of the coated NCM. Therefore, in order to 

remove the impurities from the surface of particles, the material was calcined in oxygen and air, 

respectively. Additionally, the calcination is expected to enhance contact and uniformity of the 

coating layer. The Raman spectra show successful elimination of Li2CO3 after calcination in both 

air and oxygen. Herein, this chapter focuses on the material properties of bare and coated NCM 

after heat treatment in air and oxygen and investigates the mechanism responsible for the 

enhancement of cycling stability.  

 

Figure 3- 2: Raman spectra of coated NCM851005 calcined in Air and oxygen. 
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As shown in Figure 3- 3, The XRD patterns of NCM851005, HEO coated NCM851005, and LiHEO 

coated NCM851005 are compared. All reflections in the XRD patterns are indexed based on a 

layered hexagonal structure with the 𝑅3̅𝑚 space group without apparent differences. No shifts 

are observed in the XRD patterns of the coated NCM851005, indicating the absence of expansion 

and contraction due to the HEO and LiHEO coatings. The different splitting of the (006)/(102) and 

(108)/(110) reflections of all samples demonstrates that these materials have a well-developed 

layered structure. This suggests that the coating process and heat treatment and atmosphere do 

not affect the NCM851005 crystal structure. Notably, the diffraction peaks corresponding to the 

rock salt of HEO and LiHEO coating layers are absent. This might be because the coating layer 

thickness is beyond XRD resolution. 

 

Figure 3- 3: XRD (Mo K-alpha irradiation) patterns of NCM851005, HEO coated NCM851005, and LiHEO 

coated NCM851005. Coated materials are calcined under air and oxygen atmosphere. 

Figure 3- 4 shows the SEM morphological characteristics of the materials after air calcination. The 

images show that the shape of the samples before and after the coating is similar, indicating that 

the effect of the coating process on the surface of NCM851005 is negligible. As shown in the high 

magnification images of Figure 3- 4d-f, the top surface of the bare NCM851005 secondary particles 

appears rather clean and smooth, whereas the surface morphology of both HEO and LiHEO coated 

NCM851005 exhibited a rough surface morphology. EDX mapping (Figure 3- 4g) was performed 

to further determine the distribution of LiHEO on the surface of NCM851005. The elemental 

mapping of Ni, Co, Mn, O, Mg, Cu, and Zn in Figure 3- 4g shows that these elements are uniformly 

distributed in the selected areas, indicating that HEO is uniformly coated on the NCM851005 

microspheres. 
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Figure 3- 4: (a) SEM image of pure NCM851005, (b) HEO coated NCM851005, (c) LiHEO coated NCM851005, 

and corresponding magnified images (d-f); (g) SEM-EDX mapping of LiHEO coated NCM851005 

To further confirm the formation and structure of the HEO and LiHEO coating layer, TEM 

measurements were conducted for both HEO coated NCM851005 (Figure 3- 5) and LiHEO coated 

NCM851005 (Figure 3-6) samples after air calcination. As shown in Figure 3- 5 and Figure 3-6 of 

coated NCM851005, a uniform coating of 10-20 nm thick was deposited on NCM851005; the EDX 

images show that the color of Co in the coating is brighter compared to the color within the 

NCM851005 particles because the content of Co in the coating is higher than that in the 

NCM851005 particles, which also proves that Co is uniformly distributed in the coating. And the 

content of Ni in the coating is smaller than that in the NCM851005 particles. Therefore, although 

the color of Ni in the coating layer is not as bright as that within the NCM851005 particles, it is 

also relatively uniformly distributed. Additionally, Mg is also uniformly distributed on the surface 

in the nanoscale. However, Cu and Zn did not show significant segregation in the coating layer, 

which we speculate may be due to Cu and Zn diffusion through the surface of the NCM851005 

particles into the interior of the particles during the preparation process, which might 

theoretically contribute to the improvement of the cycling performance of NCM851005 [135]. 

Figure 3-6bc shows the SAED and FFT maps of the internal and surface coating of LiHEO coated 

NCM851005, it can be observed that the planar spacing of 0.238 nm, 0.251 nm, and 0.500 nm 

corresponds to the (220), (104), and (003) crystal planes of NCM851005, respectively. This data 

is consistent with the XRD results. The HR-TEM image of the surface of NCM851005 is shown in 

Figure 3-6c where three lattice stripes are present, corresponding to the rock salt (003) plane 
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with a planar spacing of 0.214 nm, the (012) plane with a planar spacing of 0.238 nm, and the 

(220) plane with a planar spacing of 0.250 nm. These results indicate that LiHEO with rock salt 

structure is formed and uniformly coated on the surface of NCM851005. 

 
Figure 3- 5: STEM-HAADF imaging of the HEO coated NCM851005 with EDX mapping and FFT patterns. (a-

b) show a rock salt structure of coating layer, and (c-d) show a layered structure of internal NCM851005. 

 

Figure 3-6: STEM-HAADF imaging of the LiHEO coated NCM851005 with EDX mapping, SEAD, and FFT 

patterns corresponding to atomic-level imaging marked by the green box. (a-c) show a layered structure of 

internal NCM851005, and (d-f) show a rock salt structure of coating layer. 
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3.3.2. Enhanced capacity retention and voltage stability 

To reveal the effect of LiHEO/HEO surface modification of NCM851005 on electrochemical 

performance, a series of electrochemical tests were performed. Figure 3- 7 shows the 

electrochemical characteristics of NCM851005 coated with HEO and LiHEO, both of which have 

lower capacity than pure NCM in different rate tests. The profiles of coated NCM851005 show 

higher over potential in different rate tests than the pure active material. Therefore, a calcination 

step was introduced to ensure a better contact and a more uniform coating layer. 

 

Figure 3- 7: Galvanostatic cycling of NCM851005, HEO coated NCM851005, and LiHEO coated NCM851005 

without calcination (a) Rate capability measured in the voltage range of 2.7-4.5 V vs. Li+/Li. (b-d) Cycling 

profiles at different current densities of 0.5C-10C.  

Figure 3-8a-b show the rate test and long cycle performance of active materials calcined in air at 

1C between 2.8-4.3 V vs. Li+/Li, respectively. The rate performances of all the samples, evaluated 

at various rates ranging from 0.5 to 10 C (theoretical capacity 200 mAh g-1) in the voltage range 

between 2.8 and 4.3 V, are displayed in Figure 3-8a. In the rate performance test, the capacities of 

LiHEO coated NCM851005 at 0.5C, 1C, 2C, 3C, and 5C showed comparable capacity to those of the 

uncoated NCM851005. On the contrary, the capacity of LiHEO coated NCM851005 is lower when 

the current increases to 10C, which may be due to the lower Li-ion conductivity of the LiHEO layer 

than NCM851005 at higher current. However, it is noteworthy that the LiHEO coating material 

shows a higher capacity than the uncoateed NCM851005 after multiples of cycles at different rates 
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and going back to 0.5 C, which implies that the LiHEO coating material has higher cycling stability 

after air calcination. In the rate test of HEO coated NCM851005, the capacity of HEO coated 

NCM851005 is lower than that of LiHEO coated NCM851005 and uncoated NCM851005 in almost 

all current tests, which may be due to the lower electron conduction and ionic conductivity of HEO, 

thus affecting the electrochemical performance. In the long cycle performance after 200 cycles, 

the capacity retention of LiHEO coated NCM851005 is 97.6%, compared to 97.5% and 87.9% for 

HEO coated NCM851005 and uncoated NCM851005, respectively. Although the capacity of LiHEO 

and HEO-coated NCM851005 are lower than that of NCM in the first 20 cycles, the capacity after 

the coating was constantly higher than that of pure NCM851005 in the next cycles of the test. This 

is probably because the coating does not provide lithium-ion storage capacity, in addition, the 

coating might initially hinder the diffusion of a fraction of lithium-ions, resulting in their inability 

to fully de-intercalate/intercalate in the NCM851005 lattice during cycling [129]. In order to 

exclude the effect of air calcination on NCM, bare NCM calcined at 600 °C in air was also tested 

separately under the same conditions, and the results showed that the cycle stability of NCM 

calcined at 600 °C was better than that of pure NCM, although the initial capacity was reduced, but 

it was also inferior to that of coated NCM. In addition to the increased stability due to the reduced 

capacity, on the other hand, according to reported literature [136], it may be that the calcined 

NCM still has traces of Li2CO3 on the surface, which is also responsible for the improved cycling 

stability. Of course, it also shows that the NCM with LiHEO and HEO coating layer is a very effective 

method for coating NCM. However, in the long cycling of coated NCM calcined in oxygen, the 

capacity of the material decreased more rapidly than that of the original NCM as well as the coated 

materials calcined in air. This indicates that there is a synergetic effect between the coating 

material and the carbonate traces on the surface of the NCM particles, that were not detectable by 

Raman, enhancing the cycling stability by preventing interfacial reactions with the electrolyte 

[137,138]. 

In Figure 3-8c-e, the charge-discharge profiles of LiHEO coated NCM851005 and HEO coated 

NCM851005 were similar to those of uncoated NCM851005 sample, which indicates that the 

coating did not change the structure of the NCM851005 sample. It can be observed from the 

charge/discharge curves (Figure 3-8) that LiHEO and HEO coated NCM851005 are more stable 

compared to pure NCM851005 in both capacity and discharge voltage. The voltage polarization of 

LiHEO coated NCM851005 does not increase compared to the bare NCM, which also indicates that 

the coating of LiHEO can provide diffusion channels for ions and electrons during the charge and 

discharge. In addition, the stability of the voltage plateau indicates that the coating reduces the 

reaction of the electrolyte with the electrode material and maintains the integrity of the material 

particles. 
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Figure 3-8: Galvanostatic cycling and rate capability of NCM851005, HEO coated NCM851005, and LiHEO 

coated NCM851005 (a) Cycling capacity at 1C measured in the voltage range of 2.8-4.3 V vs. Li+/Li. (b) 

Cycling capacity at 0.5 C measured in the voltage range of 2.8-4.3 V vs. Li+/Li (c-e) Cycling profiles at from 

1st – 350th (1C = 200 mA g-1). 

To observe the electrochemical behavior related to the phase transition of the material, dQ/dV is 

applied in Figure 3-9. In general, NCM851005 undergoes a series of phase transitions during the 

insertion and extraction of Li-ions, from hexagonal H1 via monoclinic M to hexagonal H2 and 

hexagonal H3 phases [139]. The phase transition of NCM851005 is similar to that of LiNiO2 in the 

H2/H3 phase transition region, accompanied by an abrupt c lattice parameter contraction, leading 

to secondary particle fracture and capacity decrease. Therefore, as the cycling continues, the 

position of the redox peaks shifts, and the peak area decreases with each cycle. This indicates that 

the polarization of the cell becomes more pronounced as the number of cycle’s increases. As 

shown in Figure 3-9a, the oxidation peak of the original NCM851005 shifted to a higher potential. 

The reduction peak shifted to a lower potential during cycling, and the corresponding peak area 

was significantly reduced. The poor reversibility of the H2-H3 phase transition and the rapid loss 

of the H3 phase indicate the poor structural stability of the NCM, which is also responsible for the 

faster decay in the capacity of the NCM samples. In contrast, the voltage hysteresis with LiHEO 

coating and HEO coating are significantly suppressed, the relative dQ/dV curves of the coated 

NCM change slowly within the first 200 cycles, and the H3 phase becomes smaller and the H2-H3 

reversibility is generally better.  
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Figure 3-9: (a), (b) and (c) are dQ/dV of NCM851005, HEO coated NCM851005, and LiHEO coated 

NCM851005 from 1st – 350th at 1C measured in the voltage range of 2.8-4.3 V (1C =200 mA g-1). 

Given the coated NCM exhibited structural stability during battery cycling, we tried to expand the 

voltage range of the cycle and changed the test to 2.7-4.5V vs. Li+/Li, shown in Figure 3-10. As can 

be seen from the graph, in the rate test, the rate test of the coated materials showed the same 

situation as the 2.8-4.3V test, with a lower capacity at higher rate. Meanwhile, in the long cycle 

test, the LiHEO/HEO coated material showed good stability, with a capacity of 183 mAh g-1 after 

150 cycles, while the bare NCM851005 showed a capacity of 172 mAh g-1. This indicates that the 

coating also plays an effective role in the stability of the material in the high voltage range, which 

is useful for investigating the application of high energy density materials. 

Figure 3-10: Rate performance of NCM851005, NCM851005 coated HEO, and NCM851005 coated 

LiHEO in the voltage range of 2.7–4.5 V vs. Li+/Li at room temperature (1C =200 mA g-1) 

3.3.3. Mechanism of enhanced cycling stability 

The microstructural degradation of bare NCM851005 and LiHEO/HEO coated NCM851005 after 

200 cycles were detected by FIB-SEM and STEM–HAADF. After 200 cycles, the three particles 

exhibit significantly different microstructural characteristics, as shown in the SEM images of 

Figure 3-11. The pristine electrode material prior to cycling is shown in Figure 3-11a. The large 
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NCM primary particle consists of smaller secondary particles and is surrounded by the binder and 

carbon black. After 200 cycles a high density of intergranular cracks are formed around the NCM 

secondary particles of the uncoated NCM851005 (Figure 3-11), which is usually considered one 

of the essential structural degradation mechanisms leading to cathode failure during cell cycling. 

Micro cracks lead to the penetration of the electrolyte along the grains and the reaction between 

the penetrating electrolyte and interior particles, accelerates structural degradation and side 

reactions. In contrast, reduced cracking is observed in HEO coated NCM851005 (Figure 3-11c). 

Surprisingly, these crack features did not appear in the LiHEO coated NCM851005 sample (Figure 

3-11d). LiHEO and HEO coated NCM crack generation was significantly reduced around the 

secondary particles of the coated structures compared to that of the bare sample.  

 

Figure 3-11: FIB-SEM of the interior of an NCM851005 secondary particle of NCM851005 before cycling (a), 

NCM851005 (b), HEO coated NCM851005 (c), and LiHEO coated NCM851005 (d) after 200 cycles. Scale 

bar=5 um 

To reveal the effect of LiHEO and HEO coating on the material structure, the structural evolution 

of the uncoated NCM, HEO and LiHEO coated samples on the surface and internal secondary 

particle surface after cycling was investigated by STEM-HAADF imaging technique and is shown 

in Figure 3-12, Figure 3-13 and Figure 3-14, respectively. A rock salt-like phase transition 

occurred in a thin layer of the surface of particles cycled in Figure 3-12b, Figure 3-13b, and Figure 

3-14b for the enlarged Figure 3-12c of the surface particles, and in Figure 3-12d, Figure 3-13d, 

and Figure 3-14d (embedded FFT), respectively. For LiHEO coated NCM851005, the phase 

transition of the material is from a layered structure to a rock salt structure with a rock salt-like 
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thickness of about 5 nm while no significant phase transition occurs at its internal grain 

boundaries. This may be due to the fact that the coating layer prevents the electrolyte from 

penetrating the primary particle along the grain boundaries of the secondary particles, so the 

reaction between NCM and the electrolyte occurring on the surface of the secondary particles is 

eliminated during cycling. In contrast, the particle surface of NCM (Figure 3-12) shows typical 

structural changes after cycling, with the surface showing a phase change of roughly a depth of 

about 90 nm, and the structure of its secondary particle surface is also disrupted during cycling. 

In contrast, the surface of HEO also shows the same severe phase change as NCM with a depth of 

about 90 nm, while the LiHEO coated surface of the secondary particles shows only a slight phase 

change. This also corresponds to the fact that the HEO-coated NCM shows only a small amount of 

cracks in the FIB-SEM. 

 

Figure 3-12: The structural degradation of NCM851005 after 200 cycles evaluated by STEM–HAADF 

imaging (a–d), and atomic-level STEM–HAADF imaging (e–h) which correspond to the high magnification 

image of the regions in b, d marked by red boxes, respectively. 
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Figure 3-13: The structural degradation of HEO coated NCM851005 after 200 cycles evaluated by STEM–

HAADF imaging (a–d), and atomic-level STEM–HAADF imaging (e–h) which correspond to the high 

magnification image of the regions in b, d marked by red boxes, respectively. 

 

Figure 3-14: The structural degradatio of LiHEO coated NCM851005 after 200 cycle evaluated by STEM–

HAADF imaging (a–d), and atomic-level STEM–HAADF imaging (e–h) which correspond to the high 

magnification image of the regions in b, d marked by red boxes, respectively. 

3.4. Conclusion 

Lithium-doped high entropy oxide (LiHEO) is a promising coating material for cathode materials 

due to its high ionic and electronic conductivity, but the harsh conditions for synthesis limit its 

application. Therefore, a photonic curing strategy is proposed for synthesizing LiHEO/HEO 
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coatings, and a nanoscale homogeneous coating layer was successfully formed on the NCM851005 

particles. NCM851005 with LiHEO-modified surface showed excellent electrochemical cycling 

stability, with an increased capacity retention of 91% at 1C after 350 cycles. Excellent 

electrochemical performance attributed to the uniform coating on the material surface prevents 

structural changes caused by the reaction between the electrode material and the electrolyte. 

Compared to the bare NCM851005, the crack formation around the secondary particles is 

significantly reduced after coating, which prevents the electrolyte penetration through the 

primary NCM particle and further reaction with the surface of the secondary particles. This results 

in a stable average discharge voltage and a more stable cycling performance even in the high cut-

off voltage range. In addition, by comparing the cycling performance of HEO and LiHEO coated 

materials, we found that good ionic and electronic conductivity also plays an important role in 

improving the cycling stability of the battery. Thus, this work shows that the use of Li-ion 

conductive films, with additional electronic conductivity, provides an opportunity to build high-

performance cathode materials for Li-ion batteries. More work is needed for an in depth 

understanding of the mechanisms responsible for enhanced performance of LiHEO coated NCM 

after air calcination opposed to oxygen calcination, e.g. determining the influence of residual 

Li2CO3 on the surface and elemental diffusion from the coating layer into the NCM particles. 

 The successful utilization of photonic curing in coating technology provides an opportunity to 

open up new materials and new ideas for coating technology. Finally, the successful application of 

HEO coatings on high nickel NCM shows the potential of the coating for other cathode materials 

such as LiMnO4 and other high-voltage cathode materials. 

High entropy oxides have proven to be excellent conversion anodes [79,122] and within this work 

deliver a high potential as coatings for cathode active materials enhancing their stability. 

Therefore, other types of conversion materials are explored in the following, aiming to exploit the 

beneficial elemental interactions in high entropy materials. 

  



 

49 
 

Chapter 4 

 

 

 

4. Mechanochemical synthesis of novel rutile-type high entropy fluorides 

The work in the following chapter was published in Journal of Materials Chemistry A [140] 

4.1. Introduction 

One important class of materials are metal fluorides, due to their special properties and manifold 

applications. Inorganic metal fluorides find applications in catalysis, as electrode active materials, 

in superconducting devices, as corrosion protection etc.[141–144]. Non-binary compounds, like 

Co-doped MgF2, can show additional properties, like in the mentioned case the modification of 

surface acidity properties whilst maintaining the rutile phase [145]. Ternary metal fluorides for 

instance, AgCuF3,[146] CuxFe1-xF2 or Li3MF6 (M=V, Cr, Mn, Co, Fe) demonstrate reversible 

conversion reactions with Li-ions,[147–149] rendering them as potential energy storage 

materials. It is also found that multi-element incorporation described by the high entropy concept 

is beneficial for electrochemical storage in sodium-ion batteries (SIB). This includes well-designed 

open framework strategies and doping of conversion type materials [150] such as ReO3-type FeF3 

[151] [152] yielding high-performance SIB cathodes. The transfer of the high entropy concept to 

transition metal fluorides in general, seems to be a promising approach for novel catalytic and 

electrochemical applications [153,154]. First reports about rare-earth-based fluorite and 

perovskite structured high entropy fluorides and rock-salt structured oxyfluorides have shown 

promising properties for energy storage, optical and catalytic properties [141,155,156]. Wang et 

al. reported that the existence of weak bonds between transition metal (TM)-fluoride species, 

intrinsic structural defects and a distortion of the HEM lattice due to different TM constituents, 

can provide enhanced oxygen evolution reaction (OER) activity [141]. Due to their special 

electronic configuration and surface complexity, HEMs are in general expected to provide 

desirable electrocatalytic properties [157,158].  
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In the present work, we described the synthesis and an in-depth characterization of multi-cationic 

(with 4 to 7 cations) rutile (P42/mnm) structured medium- (4 cations) and high-entropy (5-7 

cations) fluorides (MEF and HEFs, respectively). Considering a solid solution state, the 

configurational entropy for a 7-cation containing compound can be calculated to be 1.95R (based 

on Equation 4, where R is the universal gas constant). These compounds were synthesized using 

a straightforward and scalable mechanochemical milling process, therefore avoiding more 

complex synthesis procedures as reported in previous publications about HEFs [159]. The 

characterization of the HEFs is demonstrated to support the assumption of a solid solution 

structure of the compounds, which is imperative for confirming the high configurational entropy. 

By using various measurement techniques, stretching of M-F bonds at the surface of the 

nanocrystalline particles was detected, resulting in different chemical environments, as similarly 

described for nanosized FeF2 particles by Ramansamy et al. [160].  

4.2. Synthesis and structural characterization of HEF based compounds 

Commercially available analytical grade transition metal difluorides with purity >99 % (such as 

MnF2, FeF2, CoF2, NiF2, CuF2, ZnF2, MgF2; Alfa Aesar) were used for this work. All the chemicals 

were used for the synthesis without any further purification steps. These HEF materials were 

prepared by long-term high energy milling process carried out at 500 rpm for 48 h in WC jar (WC 

ball to powder weight ratio as 20:1). Using this route, HEF samples containing 4, 5, 6 and 7 

elements equimolar ratios were produced. All samples were prepared in Ar atmosphere (H2O < 

0.5 ppm, O2 < 0.5 ppm). In this work, a novel class of high entropy materials, the rutile-type high 

entropy fluorides (HEFs) is presented. The (CuNiFeZn)F2, (CuNiFeCoZn)F2, (CuNiFeCoMn)F2, 

(CuNiFeCoZnMn)F2 and (CuNiFeCoZnMnMg)F2 are synthesized and characterized, hereinafter 

labeled as MEF4, HEF5_Zn, HEF5_Mn, HEF6, and HEF7, respectively, based on the number of 

incorporated cations. Configurational entropy calculations are provided in Table 4- 1 and ranges 

from 1.39R for the 4-cation system to a maximum of 1.95R in case of the 7-cation system. Materials 

crystallizing in a rutile structure, lie in the tetragonal 𝑃42/𝑚𝑛𝑚 space group. The rutile structure 

is composed of cations, which are coordinated by the anions in a distorted octahedral symmetry. 

The MF6 octahedrons share two opposing edges with the adjacent octahedra and therefore form 

a chain-like structure. These chains are connected by the corners of the octahedra, the rutile 

structure is commonly known from oxide and fluoride compounds, e.g. TiO2, FeF2, ZnF2, etc. The 

respective cations for the MF2 HEFs (M= Co, Cu, Mg, Ni, Zn, Mn, Fe) are selected by adhering to the 

Hume-Rothery and Pauling’s rules, which propose similarity in ionic radii, coordination numbers 

and crystal structures to successfully achieve a solid solution [161].  
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Table 4- 1: Configurational entropy values (Sconfig) of the synthesized HEF according to equation 4. 

Fluoride type Compound Sconfig value 

MEF4 (Cu1/4Ni1/4Fe1/4Zn1/4)F2 1.39R 

HEF5_Zn (Cu1/5Ni1/5Fe1/5Co1/5Zn1/5)F2 1.61R 

HEF5_Mn (Cu1/5Ni1/5Fe1/5Co1/5Mn1/5)F2 1.61R 

HEF6 (Cu1/6Ni1/6Fe1/6Co1/6Zn1/6Mn1/6)F2 1.79R 

HEF7 (Cu1/7Ni1/7Fe1/7Co1/7Zn1/7Mn1/7Mg1/7)F2 1.95R 

 

4.3. Structural characterization of HEF based compounds 

4.3.1. X-ray diffraction 

A similar range of lattice constant values is exhibited by all binary fluorides, ZnF2 (a=b= 0.4705 

nm and c= 0.3134 nm, as given by ICSD#9169), which was used as the reference for refining the 

X-ray diffraction (XRD) patterns of the HEFs. A representative Rietveld refinement result of the 

most complex HEF7 is presented in Figure 4- 1b. single phase rutile structure is confirmed with 

lattice parameters values, a = b = 0.47134(0) nm, c = 0.31725(9) nm and average crystallite sizes 

of 8.7(5) nm [162,163]. Table 4- 2 and Table 4- 3 present the structural parameters of all binary 

fluorides and all HEF samples obtained from Rietveld analysis. For more understanding of the 

phase purity of HEF based materials, logarithmic intensity vs. 2 θ patterns are given in Figure 4- 

1. Figure 4- 1 c indicates that all materials show a single-phase rutile structure, the Miller indices 

hkl are labeled at the top diffractogram of HEF7. Since differently sized ions are incorporated into 

one lattice site, the shift of the (110) reflection, as shown in Figure 4- 1d, can be explained as 

follows. In MEF4 an average metal ion radius of 0.74 Å is calculated based on the assumption of 

equimolar proportions of the metal ions and the ionic radius values given by Shannon [164]. 

Additionally, the high-spin configuration of the metal ions (where applicable) was assumed, since 

F- as ligand leads to only a small splitting (weak ligand in the spectrochemical series for 

octahedrally coordinated ions) of the d-orbitals into t2g and eg states, therefore favoring high-spin 

configuration of the ions. Incorporating Mn2+ (HEF5_Mn, Mn2+ ion radius 0.83 Å) leads to the 

expansion of the MEF4 unit cell, indicated by the reduced 2θ value. For MEF4, the average metal 

ion radius is 0.74 Å, and adding another metal ion such as Zn2+ which also has similar ionic radius 

of 0.74 Å, no significant shifts were observed for the XRD patterns. When Mn2+ is replaced by Zn2+ 

(HEF5_Zn, radius Zn2+ 0.74 Å), a larger unit cell of HEF5_Zn than MEF4 but a smaller unit cell than 

HEF5_Mn is expected, but the XRD reflections show similar unit cell sizes as for HEF5_Mn. Zn2+ 

seem to widen the unit cell more than expected, since adding both Mn2+ and Zn2+ in HEF6 leads to 
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a further increased unit cell volume compared to the HEF5 compounds. Adding the smaller Mg2+ 

(HEF7, radius Mg2+ 0.72 Å) reduces the size of the unit cell again, as shown in the respective 

pattern.  

Table 4- 2: Crystal structure, cation coordination number and cation radius of the precursor binary fluorides 

Binary 

Fluorides 

Crystal 

structure 
Lattice constant (nm) 

Ionic radius, 

with/without 

spin config. (Å) 

References 

CuF2 Monoclinic a=0.32973; b=0.45624; c=0.46157 0.77 ICSD#71833 

NiF2 Rutile a=b=0.46498 c=0.30838 0.63 ICSD#9168 

FeF2 Rutile a=b=0.46945; c=0.33097 0.78(H), 0.61(L) ICSD#9166 

CoF2 Rutile a=b=0.46941; c=0.31698 0.745(H), 0.65(L) ICSD#9167 

ZnF2 Rutile a=b=0.47048; c=0.31338 0.74 ICSD#9169 

MnF2 Rutile a= b= 0.4877; c=0.3311 0.83(H), 0.67(L) ICSD#9165 

MgF2 Rutile a=b=0.4621; c=0.30519 0.72 ICSD#397 

HEF7 Rutile a=b=0.47134; c=0.31726 - 
Calculated 

(TOPAS) 

*L= low spin, H= high spin, adapted from [164] 

Table 4- 3: Refined structural parameters a, b, c, and V for HEF compounds from Rietveld analysis. The 

quality of refinements Rwp, Rp and GOF are also listed. Rietveld analysis was carried out using reference 

reflexes from ZnF2 (ICSD#9169) thereby modifying the type of elements present in refined system and it 

indicated that all HEF samples possess rutile structure. This finding signified that the complex HEF system 

followed ideal rule of mixing, wherein equal probability of occupation was found in a random solid solution 

enviroment.  

Parameters HEF7 HEF6 HEF5_Mn HEF5_Zn MEF4 

a [Å] 4.71342 4.7288 4.6826 4.7173 4.6911 

b [Å] 4.71342 4.7288 4.6826 4.7173 4.6911 

c [Å] 3.17260 3.1823 3.1708 3.2089 3.1699 

V [Å3] 70.4834 71.1571 69.5261 71.4082 69.7580 

Rwp 0.78 1.10 0.73 0.79 1.19 

Rp 0.73 0.87 0.63 0.63 0.92 

GOF 1.25 1.23 1.14 1.14 1.59 
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Figure 4- 1: (a) Representative structural model of pristine HEF7 nanoparticles. The colored balls are 

corresponding to the positions of the different metals, the orange balls correspond to F, (b) Rietveld 

refinement of the XRD pattern of HEF7 confirming its phase purity, (c) XRD patterns of 4, 5, 6, 7 cations 

containing MEF and HEF samples and d) magnified XRD pattern with a dotted line denoting the shift due to 

multiple cation incorporation in the crystal lattice. 

4.3.2. Transmission electron microscopy 

Transmission electron microscopy (TEM) analysis was carried out using HEF7 as an example, 

since it contains the highest number of different cations. The morphology of the as-synthesized 

HEF7 indicated very fine polycrystalline nanoparticles with crystallite sizes around 10 nm. This is 

in accordance with the Rietveld results. The sizes of the particles, composed of many crystallites, 

range up to hundreds of nm. The inset in Figure 4- 2a shows the results of selected-area electron 

diffraction (SAED) taken on a small area at the edge of a HEF7 nanoparticle. The nanoparticles 

possess high crystallinity with rutile-structure and the SAED annular pattern confirms that the 

material is obtained without any secondary phases or impurities. Figure 4- 2b illustrates a high-

resolution TEM micrograph of the lattice planes from HEF7, with a d-spacing corresponding to 

the 110 planes (as confirmed from the XRD pattern).  
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Figure 4- 2: (a) TEM micrograph of HEF7 and as inset the corresponding SAED pattern. These SAED indices 

comply with ZnF2 (P42/mnm, 136) (b) HR-TEM image showing lattice planes (with inset depicting a 

magnified area) with a d-spacing value corresponding to the (110) plane. 

Figure 4- 3 shows the results from energy-dispersive X-ray spectroscopy (EDX) analysis of HEF7 

nano-powders. The mapping indicates a solid solution with all 7 metallic cations and fluorine 

being homogeneously distributed at the nanometer scale. The homogeneous elemental 

distribution in EDX mapping, the TEM and the XRD results indicate that the synthesized powders 

were single-phase solid solution materials. The stoichiometry of all the fluoride based compounds 

with chemical formula MF2 were calculated based on ICP-OES results (Figure 4- 4). The elemental 

mapping spectrum of HEF7 showing the uniform distribution of metals is given in Figure 4- 5. 

 

Figure 4- 3: STEM-based elemental maps of HEF7, showing homogenous distribution. 
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Figure 4- 4: (a) to (e) Inductively coupled plasma-optical emission spectroscopy (ICP-OES) results of MEF 

and HEF. 

 

Figure 4- 5: STEM based EDX spectrum of the as-prepared HEF7 sample. All the constituent elements in 

HEF7 sample are detected. 

4.3.3. Mössbauer spectroscopy 

In order to further confirm the solid solution state of HEF7, 57Fe Mössbauer Spectroscopy (MS) 

investigation was carried out to identify the chemical environment and the oxidation state of Fe 

in HEF7. Figure 4- 6 shows the Mössbauer spectrum of HEF7. The spectrum was fitted using two 

quadrupole doublets sub-spectra, both corresponding to Fe2+ environments (doublet I and II) with 

nearly identical isomer shifts (IS, I = 1.34 mm/s, II = 1.30 mm/s) but distinct quadrupole splits 

(QS, I = 2.67 mm/s, II = 1.96 mm/s). In addition, a small fraction of Fe3+ was evident (IS = 0.40 
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mm/s, QS = 0.48 mm/s). The quantification, based on the relative area fraction, yielded the values 

of Fe3+, Fe2+ (doublet I) and Fe2+ (doublet II) as 19 %, 50 % and 31 %, respectively. However, this 

result is in contrast to the other obtained results from SAED, XRD, TEM elemental mapping, since 

it suggests a different chemical environment and even a mixed-valence state of the incorporated 

Fe. Nevertheless, this seemingly contrasting finding is coherent with the conclusions drawn from 

the Mössbauer studies of FeF2 nanoparticles, reported by Ramasamy S. et al. They reported a 

similar finding, wherein MS peak splitting arose from local defects due to a large amount of grain 

boundaries [160]. Additionally, they referred to a slightly different Fe-F bond stretching at the 

surface (due to minor topological hydration), which could lead to a different chemical 

environment and therefore requires different fitting parameters than bulk FeF2. Hence, we 

presume that the origin of broadening in MS spectrum HEF7 might be due to the ball milling 

procedure and the vast amount of local defects and grain boundaries formed during this 

procedure [165].  

 

Figure 4- 6: Mössbauer spectra of pristine HEF7 nanoparticles showing two different oxidation states and 

two different chemical environments. 

4.3.4. Electron energy loss spectroscopy 

To elucidate the presence of Fe2+/3+ at the surface of the particles, electron energy loss 

spectroscopy (EELS) mapping was performed on the particle edges to identify the oxidation states 

of Fe, Co, Ni, Cu and Mn. Zn and Mg were assumed to be in the 2+ oxidation state. The sample was 

transported in a vacuum transfer TEM holder to exclude oxidation. Figure 4- 7 shows the EELS 

investigation of HEF7 with five different areas on the edges of different particles being measured. 
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Co, Cu, and Ni could only be found in the 2+ state and did not show any indications that point 

towards a mixture of different valence states. Figure 4- 7a shows the L3 and L2 edges of Mn, 

exhibiting a maximum peak shift between the different areas of about 0.6 eV. The L3/L2 ratio 

shows some minor differences between the areas, but the ratios for Mn3+ and Mn4+ would be much 

lower, so Mn in 3+ and 4+ state can be excluded (see Figure 4- 8)). Therefore, the Mn state in all 

areas is measured to be around 2+. The Fe L3 and L2 edge positions are displayed in Figure 4- 7. 

Two different L3 edges are detected, which can be indexed into Fe2+ and Fe3+ as indicated by 

Mössbauer spectroscopy results (more details in Figure 4- 8b). Different measured areas show 

different valence states, which implies that an inhomogeneous change in the oxidation state takes 

place. We attribute this to the local defects resulting from ball-milling, as explained in the 

Mössbauer section of this article. Figure 4- 7c shows one of the measured areas and an EELS 

mapping, depicting that Fe2+ and Fe3+ appear mixed, and not separated into areas with only Fe2+ 

or Fe3+. However, it should be noted that no secondary phases were observed, either from XRD or 

HR-TEM, which indicates that these differences in the charge states are intrinsic features of single 

phase HEF7. 

 

Figure 4- 7: Valence state characterization of HEF7. EELS spectra of (a) Mn L2,3 edge (b) Fe L2,3 edge (c) 

EELS mapping results on the marked area denoting the presence of Fe2+ (red) and Fe3+ (blue). 
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Figure 4- 8: Plots of the intensity ratios of L3/L2 values of (a) Mn (values in green colour) and (b) Fe (values 

in purple colour) calculated from the spectra obtained from HEF7 nanoparticleas a function of the areal 

mapping values acquired at different points. 

4.3.5. X-ray photoelectron spectroscopy 

Further, the surface chemical state of the HEF7 sample was probed with X-ray photoelectron 

spectroscopy (XPS). The relevant spectra of the constituent elements are shown in Figure 4- 9 and 

the corresponding reference spectra in Figure 4- 10, Figure 4- 11, Figure 4- 12, Figure 4- 13, Figure 

4- 14, Figure 4- 15, Figure 4- 16, Figure 4- 17 and Figure 4- 18. The survey spectrum showing the 

overview of constituents in HEF7 (binding energy range of 0–1100 eV) is given in Figure 4- 19. 

 

Figure 4- 9: XPS spectra of (a) Zn 2p, (b) Cu 2p, (c) Mg 1s (d) Zn Auger LMM kinetic energy spectra, (e) Co 

2p, (f) Mn 2p, (g) F 1s, (h) Ni 2p and (i) Fe 2p of HEF7 nanoparticles.  
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Figure 4- 10: (a) Zn 2p, (b) Zn LMM, (c) Zn 3p, (d) C 1s, (e) Zn LMM, (f) O 1s, (g) F 1s, (h) F KLL, and (i) Zn 3s 

XPS spectra of ZnF2 powder. 

 

 

Figure 4- 11: (a) Cu 2p, (b) Cu Auger LMM kinetic energy spectra, (c) Cu 3p, (d) C 1s, (e) overlay plot of Zn 

LMM and Cu LMM kinetic energy spectra (f) O 1s (g) F 1s and (h) F KLL, XPS spectra of CuF2 powder (In 

pure CuF2 powder, the Cu 2p3/2 spectrum has a pronounced peak at 936.9 eV with FWHM of 3.5 eV).  
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Figure 4- 12: (a) Mg 1s, (b) C 1s, (c) Mg 2p, Mg 2s, (d) O 1s and (e) F 1s, spectra of MgF2. The broadening of 

C 1s and Mg 1s spectra is because of difficulties of charge compensation. 

 

 

Figure 4- 13: (a) Co 2p, (b) C 1s, ( c) Co 3p, (d) O 1s (e) F 1s, and (f) F KLL XPS spectra of CoF2 powder. 
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Figure 4- 14: (a) Ni 2p, (b) C 1s, (c) Ni 3p (Mg 1s, Na 2s as impurity), (d) Ni LMM, (e) Mg 1s, (f) O 1s, (g) F 1s 

XPS spectra of NiF2 powder and (h) overlay data of NiF2 power (with HEF7)  

 

 

Figure 4- 15: (a) Mn 2p, (b) C 1s (c) Mn 3p, Mn 3s, (d) O 1s (e) F 1s and (f) F KLL XPS spectra of MnF2 powder. 
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Figure 4- 16: (a) Mn 2p, (b) C 1s (c) Mn 3p, Mn 3s, (d) O 1s (e) F 1s and (f) F KLL XPS spectra of MnF3 powder. 

 

 

Figure 4- 17: (a) Fe 2p, (b) C 1s, (c) overlay comparison of FeF2, HEF7 (d) Fe 3p, Fe 3s (e) O 1s, (f) overlay 

comparison of FeF2, HEF7, Co LMM of CoF2 , (g) F 1s and h) F KLL XPS spectra of FeF2 powder. 
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Figure 4- 18: (a) C 1s, (b) overlapping spectra hamper evaluation of Mn 3p and Mn 3s for elucidation of Mn 

oxidation state (c) O 1s and d) Cu LMM XPS spectra of HEF7 nanoparticles. 

 

 

Figure 4- 19: Survey scan spectra of HEF7 nanoparticles. 

In the Zn 2p spectrum (Figure 4- 9a), a single doublet with the 2p3/2 component at 1023.1 eV 

binding energy and the full width at half maximum (FWHM) intensity of 2.3 eV is observed. As 

determining the Zn oxidation state purely from the Zn 2p peak is difficult, the Zn LMM Auger line 

is also considered (see Figure 4- 9). The Zn LMM Auger line is observed at a kinetic energy of 985.4 

eV and thus Zn can be attributed to the Zn2+ state [166]. This agrees with our measurements on 

pure ZnF2 (see Figure 4- 10) as a reference that shows similar values as Zn 2p3/2 is identified at 
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1022.9 eV with a FWHM intensity of 1.9 eV and a Zn LMM line at 985.2 eV. In the Cu 2p region 

(Figure 4- 9b), Cu ions in HEF7 show very interesting spectra with 2 main peaks at 933.4 and 

937.3 eV. The peak at 937.3 eV with FWHM intensity of 3.5 eV is analogous to Cu 2p3/2 of pure 

CuF2 measurements shown in Figure 4- 11. Additionally, satellites of the Cu2+ state appear at 

942.0-945 eV in the spectrum. However, the additional peak at 933.4 eV (FWHM: 2.3 eV) in the Cu 

2p3/2 spectrum of HEF7 could be attributed to a reduced state of Cu ions or possibly CuO or 

Cu(OH)2 state. [167]. According to this peak assignment, the majority of Cu ions at the surface of 

HEF7 (64% of total Cu ions) are attributed to Cu2+ [167]. In Figure 4- 9c, Mg 1s peak in the HEF7 

sample is successfully assigned to Mg2+ ions in Mg-F bonding at 1305.4 eV with FWHM intensity 

of 2.5 eV [168][169] (pure MgF2 XPS spectrum is given in Figure 4- 12). The Co 2p spectrum Figure 

4- 9e) of HEF7 shows one doublet with multiplet structure and a characteristic satellite. The main 

peak position at 783 eV as well as the satellites at 6.3 eV higher than the main peak indicate that 

the Co ions in HEF7 appear as Co2+ in a Co-F bonding situation. Additionally, the fitting parameters 

of the HEF7 match with the pure CoF2 as presented in Figure 4- 13. In the Mn 2p spectra of Figure 

4- 9, a broad doublet can be observed. The Mn 2p3/2 peak can be fitted with two sets of multiplets 

and including the overlapping Ni LMM Auger peaks that indicates approximately 60% Mn3+ and 

40% Mn2+ on the surface of HEF7. The multiple sets of Mn2+ and Mn3+ are taken from the MnF2 and 

MnF3 reference measurements shown in Figure 4- 15 and Figure 4- 16, respectively. The majority 

of F ions (Figure 4- 9g) at 685.4 eV with a FWHM of 2 eV are attributed to the F ions in the crystal 

structure and have a binding energy similar to the binary fluorides. The low-intensity peak 686.7 

eV might probably occur through the ball milling process by forming C-F contaminations on the 

surface [170]. To interpret the Ni 2p3/2 spectrum (Figure 4- 9h) in HEF7, it is compared to the Ni 

2p3/2 spectrum of pure NiF2 powder sample. The overlap of the Ni LMM and Fe LMM line on Co 

2p spectra is ignored, because of the low intensity of the Auger peaks. The peak overlay in Figure 

4- 14 shows a similar binding energy and FWHM intensity of the main peak. Therefore, the Ni 

2p3/2 spectrum of HEF7 was fitted with the multiplet parameters of Ni 2p3/2 in NiF2 and can be 

attributed to Ni2+ state. However with this method the existence of a minor contribution of Ni3+ 

ions cannot be fully excluded, since the binding energies of Ni2+ and Ni3+ ions are very close to each 

other, at least in oxide samples [171–175]. In the peak fitting of the Ni spectrum, overlapping F 

KLL, Mn LMM, and Fe 2s peaks are taken into consideration. Identification of the chemical state of 

Fe ions in HEF7 using XPS is challenging. In the HEF7, the Fe 2p Figure 4- 9i) overlaps with low 

intensity F plasmons and the Co LMM Auger line. Both aspects increase the background intensity 

and hamper reliable peak and background positioning. Furthermore, the overlapping Co Auger 

line hinders direct comparison to the FeF2 reference. Therefore, oxidation state analysis of the Fe 

ions in HEF7 from XPS was not possible. In summary, XPS confirms that Mg, Zn, and Co ions are 
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present in the 2+ state, even at the outmost surface of the HEF particles. For Cu and Mn, mixed 

valence states were found at the surface, including around 64% of Cu ions and 40% of Mn ions in 

the 2+ state. Also, the majority of Ni ions can be considered as Ni2+. The Fe oxidation state could 

not be analyzed from XPS because of intense peak overlap. We assume that the discrepancy 

between XPS and EELS results regarding the oxidation state of Cu and Mn, is surface related, since 

EELS pertains to the bulk material while XPS only to the surface. The indications that a different 

surface state compared to the bulk material is apparent, was as well indicated by MS 

measurements and most probably an effect of the ball milling procedure. 

4.4 Conclusion 

Multicomponent rutile (P42/mnm) structured fluorides, containing 4 to 7 transition metals (Co, 

Cu, Mg, Ni, Zn, Mn, Fe) in equiatomic ratios, were synthesized using a simple mechanochemical 

approach. Based on the combined investigations from XRD, ICP-OES, TEM, and EDX-EELS studies, 

it is shown that all pristine HEF samples crystallized in a phase-pure rutile structure with the 

presence of agglomerated fine nanoparticles. The local structure of the HEF compounds was 

probed by XPS. The local structural disorder of the HEF compounds arose due to the synthesis 

process and the resulting variation in the oxidation states of Fe was detected utilizing Mössbauer 

spectroscopy. These high entropy fluorides represent an additional class of high entropy ceramics, 

which have recently attracted attention especially due to the development of high entropy oxides. 

With the introduction of the novel high entropy fluorides, similar interest could be generated due 

to the variety of different applications for fluoride materials and the improvements the high 

entropy concept might bring. 
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Chapter 5 

 

 

 

5. High entropy fluorides as conversion cathodes with tailorable 

electrochemical performance 

The work in the following chapter was published in Journal of Energy Chemistry [180]. 

5.1. Introduction 

With rapidly increasing demands for portable electronics and electric vehicles, the development 

of secondary lithium-ion batteries (LIBs) with high energy densities is necessary. In current LIB 

technology, the cell voltage and capacity are largely determined by the cathode material, which 

also dominates the battery cost. Therefore, it is important to explore alternative cathode materials 

and to investigate their structure/composition/performance relationships for further 

development [181]. As an example, conversion-based electrode materials, which serve a 

potentially higher specific capacity than conventional intercalation-based electrode materials, 

have drawn great attention in recent years [61]. Since in a conversion reaction, multiple electrons 

(n ≥ 2) can be transferred per formula unit during the redox reaction, conversion materials can 

deliver capacities three to five times larger compared to intercalation materials [17]. Among the 

different conversion material types, metal fluorides (MFs) show a relatively high lithiation 

potential due to the large formation enthalpy [182–184]. Additionally, MFs show high volumetric 

and gravimetric capacities, which enable them to be attractive candidates for high energy density 

cathode materials [66,185]. 

Unfortunately, conversion materials suffer from large volume changes upon cycling and 

unfavorable interactions between the active material and the electrolyte [68]. The former can lead 

to cracking of individual particles, structural disintegration, swelling of the electrode, and 

disconnection of the active material. The latter is accompanied by a loss of active material, re-

precipitation of cathode components which can lead to blockage of the ion pathways, and 

migration of soluble species to the anode side which can negatively affect the SEI (blockage of the 
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anode) [186,187]. In addition, electrolyte decomposition can also occur (gas evolution), which is 

a relevant factor from a safety point of view. Overall, these interrelated processes may lead to an 

increase in cell resistance, poor cycling performance, and poor Coulombic efficiency [61,188,189]. 

In order to circumvent these issues and to realize the application of MFs in rechargeable batteries, 

cation or anion doping is an important strategy to improve the electrochemical properties of MFs, 

and promising progress has been achieved [185,190–193]. Wang et al. proposed the 

incorporation of Cu into the FeF2 crystal lattice by preparing a ternary fluoride of Cu0.5Fe0.5F2. This 

material exhibits a voltage hysteresis of less than 150 mV with a low cycling rate, achieving high 

capacity [17]. Following the concept of “ternary fluorides”, Gordon et al. successfully synthesized 

solid solution fluorides including NiyFe1-yF2, CoyFe1-yF2, and MnyFe1-yF2, demonstrating that the 

metal composition determines the formation and growth of the cathode solid electrolyte 

interphase (CEI) affecting the cathode stability [194]. Later, Villa et al. found that with the 

substitution of Cu into NiF2, both, the volumetric expansion during the first lithiation and the 

fluorine loss during delithiation, are reduced, and thus the cycling performance was improved 

[195]. These reports show the synergistic effect of metals in the ternary fluorides, which is 

beneficial for the electrochemical performance of MFs-based cathode materials. In general, the 

synergistic effect of metals can be found more pronounced and is further investigated in high 

entropy materials (HEMs).  

Recently, the use of the high entropy concept to develop materials with tailorable properties is 

gaining great attention [101,102,196]. Considering the potential of MFs as high capacity cathodes, 

it is of great interest to explore the conversion mechanism based on high entropy fluorides (HEFs) 

that can be used as cathode materials for LIBs. As previously reported, HEFs were successfully 

synthesized and investigated for their electrocatalytic properties [197]. In the present work, we 

report a series of HEFs based materials namely: (Cu1/5Ni1/5Fe1/5Zn1/5Co1/5)F2, 

(Cu1/6Ni1/6Fe1/6Zn1/6Co1/6Mn1/6)F2, and (Cu1/7Ni1/7Fe1/7Zn1/7Co1/7Mn1/7Mg1/7)F2 as electrode 

materials for battery applications, in an attempt to exploit their high theoretical specific capacities. 

It is observed that instead of a step-by-step reduction to each individual metal, HEFs exhibit a 

single-step reaction process. Moreover, the addition or elimination of an element has a significant 

effect on the redox potentials while simultaneously reducing the voltage hysteresis during cycling. 

The electrochemical properties of HEFs show reversible lithium storage with high capacities. 

These findings offer new guidelines for material design and tailoring of electrochemical properties 

by deliberate selection of elements for high performance LIB cathode materials. 
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5.2. Materials synthesis and cell fabrication 

HEF/ Multi-walled carbon nanotubes (MWCNT) was obtained by mechanochemical milling (6 h) 

with 15 wt.% MWCNT (Sigma Aldrich, 7.5% MWCNT basis, outer diameter of 7 to 15 nm, length 

0.5 to 10 μm) and 85 wt.% HEF powder (active material). After the milling, HEF/MWCNT 

nanocomposites were collected in an Ar-filled glovebox. Electrodes were prepared by slurry 

coating of 80 wt.% cathode active material (HEF/MWCNT), 10 wt.% carbon black (C65), and 10 

wt.% polyvinylidene fluoride (PVDF, Solef 5130, Solvay) in N-methyl-2-pyrrolidone onto 

aluminium foil. The electrodes were dried over night at 100 °C. All electrode tapes with an areal 

loading of around 0.5–1 mg/cm2 were prepared in an Ar-filled glovebox to avoid exposure to air.  

Electrochemical testing was done with CR2032 type coin cells. All cells were assembled inside an 

Ar-filled glovebox and comprised an HEF7 composite cathode, a GF/D glass microfiber separator 

(GE Healthcare Life Science, Whatman), and a lithium anode (China Energy Lithium Co., Ltd) of 

diameters 13 mm, respectively. LP57 [1 M LiPF6 in 3:7 (w/w) mixture of ethylene carbonate (EC) 

and ethyl methyl carbonate (EMC)] was used as electrolyte.  

5.3. Results and discussion 

HEFs were synthesized by a mechanochemical method as in Chapter 4 [197], 

(Cu1/5Ni1/5Fe1/5Zn1/5Co1/5)F2, (Cu1/6Ni1/6Fe1/6Zn1/6Co1/6Mn1/6)F2, and 

(Cu1/7Ni1/7Fe1/7Zn1/7Co1/7Mn1/7Mg1/7)F2, marked as HEF5, HEF6, and HEF7, respectively, in the 

following sections. For comparison, medium entropy materials of (Cu1/4Ni1/4Fe1/4Zn1/4)F2 and 

(Cu1/3Ni1/3Fe1/3)F2 (named as MEF4 and MEF3, respectively) were also synthesized. Figure 5- 1(a) 

shows the schematic illustration of the synthesis process utilized (further details are given in the 

Experimental Section). The Sconfig for each MEF and HEF is calculated according to Eq. 4 and 

presented in Table 4- 1. Typically, materials with Sconfig of greater than 1.5R can be considered as 

HEMs, lower than 1R as low entropy materials, and with Sconfig between 1R and 1.5R as medium 

entropy materials [114]. Due to the intrinsic low electronic conductivity of fluorides, the HEFs 

were further mixed with multi-walled carbon nano-tubes (MWCNT) and ball milled at 500 rpm 

for 3 h to obtain the HEF/MWCNT composites. Scanning electron microscopy (SEM) images of 

HEF powder and HEF/MWCNT composite are presented in Figure 5- 1. Figure 5- 1 (c) showing 

that powders are in nano to micrometer size range and intertwined with MWCNTs. As reference 

materials, all metal fluorides (MFs) were ball milled separately for 24 h and then mixed with 

MWCNT.  
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Figure 5- 1: (a) Schematic diagram of the synthesis processes for the HEF/MWCNT composites, where MF 

represents the binary fluorides of CuF2, NiF2, FeF2, CoF2, ZnF2, MnF2, and MgF2 in equimolar ratio. Typical 

SEM images of (b) HEF powder and (c) HEF/MWCNT composite after 3 h of ball milling.  

5.3.1. Electrochemical performance in lithium battery cells 

To investigate the electrochemical redox potentials, cyclic voltammetry (CV) measurements were 

performed. In order to evaluate the electrochemical differences of high entropy compounds, 

where all elements are on the same lattice, to simple mixtures of MF compounds, a series of 

experiments were conducted. CV profiles of the HEF, MEF, mixture of all MFs, and each individual 

MF are given in Figure 5- 2 and Figure 5- 3. In the mixed fluorides system (Figure 5- 2f), several 

redox peaks were observed during the de/lithiation process, which indicates that the reactions 

for each fluoride compound tend to occur independently. However, the lithiation/delithiation 

processes for HEFs and MEFs show significant differences from that of mixed fluorides. 

Comparable lithiation behavior was observed in all HEFs and MEFs. For instance, during the first 

lithiation process, two reduction peaks at ~1.9 and 1.5 V could be observed for all materials 

(Figure 5- 2 a–e). The small peak at 1.5 V is probably related to the decomposition of electrolyte 

with the formation of the solid electrolyte interphase (SEI) layer [198]. In the subsequent 

lithiation processes, only one reduction peak was observed. In contrast to the lithiation process, 

there were significant differences in the delithiation process between the HEFs and MEFs. For the 

HEFs, only one oxidation peak was observed at 3.5, 3.25, and 3.05 V for HEF5, HEF6, and HEF7, 
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respectively. In the case of the MEF4 and MEF3, two distinct peaks occurred around 2.9 and 3.5 V 

during delithiation (see Figure 5- 2d and e). A similar behavior as for MEF4 and MEF3 has already 

been observed by Wang et al. for a two-metal-based fluoride system (Fe0.5Cu0.5F2), where the two 

lithiation and delithiation reaction steps correspond to the transition of Cu2+/Cu0 and Fe2+/Fe0 

[185]. Accordingly, it can be assumed that in the case of MEF3 and MEF4 similar conditions exist 

and that firstly one of the metal species reacts with Li, while the others are not yet or not at all 

involved in the reaction. This will be investigated in more detail below using X-ray photoelectron 

spectroscopy (XPS). As mentioned above, in the case of HEFs, it is evident that the 

lithiation/delithiation process is a simple one-step reaction. This will be discussed in the X-ray 

diffraction (XRD) and transmission electron microscope (TEM) sections. However, we would like 

to point out that it cannot be excluded that within the broad oxidation peak of the HEFs, several 

individual reactions belonging to the transition metals may occur separately, and that due to the 

low concentration of the individual elements this may only be represented in a broad peak. 

Nevertheless, a continuous shift of the maximum of the oxidation peak from 3.5 (HEF5) to 3.25 

(HEF6) to 3.05 V (HEF7) can be observed. It can therefore be assumed that the addition or 

elimination of an element influences the redox potentials. This paves the way for tailoring the 

reaction potential and adjusting the electrochemical behavior by changing the elemental 

composition of the electrode active material. 

 

Figure 5- 2: Cyclic voltammograms of (a) HEF7, (b) HEF6, (c) HEF5, (d) MEF4, (e) MEF3, and (f) mixture of 

all binary fluorides (CuF2, NiF2, FeF2, CoF2, ZnF2, MnF2, and MgF2) measured in the voltage range of 1.0–4.5 

V vs. Li+/Li with a scan speed of 0.1 mV/s. 
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Figure 5- 3: Cycling voltammograms of individual binary fluorides/MWCNT composite. 

 

The galvanostatic rate performance of MEF4, HEF5, HEF6, and HEF7 at different currents is given 

in Figure 5- 4(a). During the rate performance test, HEF7, HEF5, and MEF4 initially show 

comparable discharge capacities, while HEF6 shows higher capacities at currents of 25 and 50 

mA/g. However, as the current increases (100 mA/g), HEF7 shows increasingly better 

performance and even after returning to 50 mA/g, it exhibits the highest discharge capacity (~300 

mAh/g). The same was also observed for the long term cycling performance at 50 mA/g (Figure 

5- 4b). Each HEF sample could yield a discharge capacity of more than 400 mAh/g for the first five 

cycles at 25 mA/g and then retain more than 100 mAh/g after 80 cycles at 50 mA/g. Whereas the 

metal fluorides (CoF2, NiF2, CuF2, MgF2, MnF2, and ZnF2) as well as the MEF4 shows a capacity of 

<100 mAh/g after 80 cycles Figure 5- 5and Figure 5- 4b). MEF4 shows a strong capacity decay 

compared to HEFs, which also indicates the cycling stability of the HEFs. Although HEF7 had the 

lowest initial capacity, it showed the highest specific capacity of ~190 mAh/g after 80 cycles. In 

addition, it is noted that HEF7 showed improved performance compared to HEF6, even though 

Mg is inactive in the given potential range, which will be discussed in more detail in the XPS part. 
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In order to investigate the better performance of HEF7 in more detail, the total electron density 

of the states (DOS) was calculated using density functional theory (DFT). The DOS calculated by 

DFT for the HEF systems showed a band gap of ~2.2 eV for all three systems (Figure 5- 6), with 

no significant deviation. A gap state between 0 to 0.8 eV is observed for the systems, which is 

related to the d band of Cu (see the projected DOS in the Figure 5- 6). This shows a strong tendency 

of Cu to be reduced from 2+ to 1+. Although the major contribution of valence band maximum 

(VBM) is from the Fe-d states in the HEF5 system, it is dominated by Mn-d in the HFE6 and HEF7 

systems (Figure 5- 6). This clearly shows that Mn has the highest tendency, compared to the other 

elements, to be oxidized to 3+ and perhaps 4+. This is in line with the previous studies showing a 

large charge state of 4+ for Mn in the fully-discharged NCM cathodes [199,200]. As expected, no 

significant change in the DOS is observed after adding Mg to the HEF6 compound. This is because 

Mg has only strongly localized p states that are located far away from the Fermi level. According 

to previous reports, increasing the number of metal species improves the lithium transport 

properties [102], so we speculate that the increase in the disorder in the high entropy fluoride 

may improve the lithium conductivity of this system. Thus, the electrochemical properties of this 

system were improved with the increase in the number of metals. Moreover, the HEF7 electrode 

maintains a discharge capacity of 125 mAh/g after 100 cycles and a high Coulombic efficiency of 

~99% even under fast cycling conditions (Figure 5- 4c). It can be seen that in the voltage profiles 

of HEF7 and FeF2 (Figure 5- 4d). HEF7 exhibits the lower overpotential between charge and 

discharge process. Moreover, HEF7 shows a higher discharge voltage than FeF2, which would 

benefit the energy density of the battery. The high specific capacity suggests that the HEF-based 

electrodes presumably undergo conversion mechanisms as the binary fluorides [201]. Since HEF7 

shows the best capacity retention/stability, it will be discussed in more detail in the following. 
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Figure 5- 4: (a) Galvanostatic rate capability performance of MEF4, HEF5, HEF6, and HEF7 at different 

currents and (b) Cycling capacity at 25 and 50 mA/g measured in the voltage range of 1.0–4.5 V. (c) Cycling 

performance of HEF7 at 500 mA/g. (d) Comparison of normalized capacities of HEF7 and FeF2 in the voltage 

range 1.0–4.5 V at 50 mA/g. 

 

Figure 5- 5: Galvanostatic cycling performance of individual binary fluorides/MWCNT composite. The 

current implemented during the first 2 cycles accounts to 25 mA/g and the subsequent 50 mA/g. 



 

74 
 

 

Figure 5- 6: (a) Calculated total density of states (DOS) for three HEF systems. The Fermi level is set to zero. 

The corresponding projected DOS, (b-c) Projected density of states (pDOS) on d orbital of each element in 

HEF systems. The Fermi level is set to zero. The corresponding total DOS of each HEF compound is also 

presented.  

5.3.2. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a fundamental technique to define the diffusion 

process, the charge transfer kinetics, and the electrolyte-electrode resistance [202]. To gain more 

information about the conductivity of the HEF7 electrodes, EIS measurements were performed. 

To recognize the individual processes contributing to the EIS response, first, two-electrode cells 

in symmetric cell configuration (identical HEF7/MWCNT composite electrodes) were prepared. 

Standard electrolyte (LP57) was utilized for all the EIS tests. Additionally, reasons responsible for 

capacity fading have been drawn from the EIS results of the cycled cells. 
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Figure 5- 7: (a) Electrochemical impedance spectra of symmetrical cells with HEF7 electrodes, inset 

equivalent circuit for fitting the experimental data (where R1 and R2 denote the resistances, CPE1 and CPE2 

denote the constant phase elements). (b) Nyquist plots for the HEF7 at pristine state, after 5 cycles, 50 cycles, 

and 100 cycles, inset is equivalent circuit model used for fitting the experimental data (where R1, R2, and 

R3 denote the resistances, CPE1, CPE2, and CPE3 denote the constant phase elements). Table 5- 1shows the 

equivalent circuit values of the fitting components obtained from the equivalent circuit models. 

Table 5- 1: Numerical values of the equivalent circuit components obtained by fitting the impedance data 

from symmetrical configuration cells and cycled HEF7 electrodes in half cells. 

Electrodes R1  

(Ω) 

CPE1 

(F.s(n-1)) 

n1 R2  

(Ω)  

CPE2 

(F.s(n-

1)) 

n2 R3 

(Ω) 

CPE3 

(F.s(n-

1)) 

n3 

Symmetrical 
cell of HEF7 

5.89 0.2742×
10−3 

0.62 4.63 0.9515 
× 10−3 

0.95 - - - 

HEF7 at OCV 2.90 9.488×
10−3 

0.79 9.70 3.4048
× 10−5 

0.79 47.26 2.1189
× 10−3 

0.9572 

HEF7 after 5 
cycles 

4.94 5.6641×
10−6 

1 2.05 1.8422
× 10−5 

0.85 51.4 3.899
× 10−3 

0.9306 

HEF7 after 50 
cycles 

5.14 0.01291 0.64 14.40 4.7575
× 10−5 

0.72 52.35 0.0029
21 

0.9355 

HEF7 after 
100 cycles 

4.33 0.011145 0.64 18.98 5.362
× 10−5 

0.69 68.17 2.3481
× 10−5 

0.9107 

 

Figure 5- 7 shows the Nyquist plots of the HEF7 electrode in a symmetric cell (Figure 5- 7a) and 

in a half-cell configuration (Figure 5- 7b) along with the respective equivalent circuits used to 

analyze the EIS data. The continuous lines in Figure 5- 7 show the fitting curves and dots represent 

the recorded experimental data. In general, the EIS of a half-cell provides information about the 
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working electrode and the counter electrode, and it is difficult to separate the respective 

contributions to the spectrum, e.g., charge transfer between each electrode and the electrolyte. 

The EIS information of a symmetric cell consisting of two identical electrodes can eliminate the 

influence of the counter electrode and thus allow a more direct investigation of the electrode 

material and interfacial properties against the electrolyte [203]. The EIS spectrum of the 

symmetrical cell of HEF7 (Figure 5- 7a) is composed of a depressed semicircle in the high 

frequency region and a sloping straight line feature in the low frequency region. The real part of 

the impedance is denoted as R1 in the equivalent circuit, which may arise from the electrolyte 

resistances. The first semicircle in the high frequency region may be attributed to the charge 

transfer resistance between the cathode-electrolyte (R2) [204]. The straight line shown in the 

low-frequency region can be represented by constant phase element (CPE2), which shows the 

blocking nature of Li+ diffusion on the cathode side. 

Figure 5- 7(b) shows the EIS data from HEF7/MWCNT composite electrode with Li counter 

electrode in a half-cell configuration. From these EIS spectra, the experimental data of electrodes 

show a prominent blocking feature (at low frequencies) and two flattened high and medium 

frequency semicircles. The changes in the first high-frequency semicircles in the cycled EIS 

electrode can be caused by the SEI layer formation at the cathode surface. These semicircles of the 

half-cell configuration in Figure 5- 7(b) are similar to the counterpart presented in symmetrical 

cell spectrum (fmax = 27 kHz) with an additional influence from the SEI formation during cycling. 

The second semicircle in the medium frequency region can be ascribed to the charge transfer 

resistance caused at the anode/electrolyte interface (R2). In the composite structure, better 

interfacial contact between the active material and MWCNT could be anticipated due to the porous 

structure of MWCNT. The derived parameters from the equivalent circuit model fitting performed 

with the Z-view software can be found in Figure 5- 1. Due to the overlapping of the high and 

medium frequency semicircles of the half-cell measured at open circuit voltage, the absolute 

quantification of the equivalent circuit components was quite cumbersome. Nevertheless, with 

progressing cycle number from 5 up to 50 cycles it is evident that the SEI formation plays a 

significant role in increasing the charge transfer resistance on the cathode side, while further 

cycling results in a decrease in resistance. In addition, the slope of the straight line in the low 

frequency region decreases with the increase of the cycle number, indicating the decrease in the 

capacitive nature of the electrode and increased resistive component. This may be due to the 

volume change of the active material during cycling and the resulting poor contact between the 

particles, causing higher resistance for both Li+ and electron transport. A more notable resistance 

increase is observed for the medium frequency semicircle attributed to the charge transfer to the 

Li anode. This increase might even play a more significant role in the observed capacity fading. 
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The degradation of the anode surface might be due to the elemental dissolution of Fe, Mn, Ni from 

the active material through the electrolyte and their presence at the electrolyte/anode interface, 

which was detected by means of energy dispersive X-ray spectroscopy (EDX) (Figure 5- 8).  

 

Figure 5- 8: SEM of lithium (inserted) after 100 cycles and corresponding EDX analysis. 
 

5.3.3. Structural evolution during cycling 

In order to have a better understanding of the reaction mechanism observed in HEF based 

materials and structural changes in the reversible lithiation/delithiation processes, a 

comprehensive characterization implementing XPS, XRD, and TEM was performed. 

 

Figure 5- 9: XPS spectra of (a) Cu 2p, (b) Cu LMM (c) Zn 2p, (d) Zn LMM, (e) Fe 2p, (f) Ni 2p, (g) Co 2p, (h) 

Mn 2p, (i) Mg 1s and (j) F 1s of pristine electrode (blue), first lithiation electrode (green), and first 

delithiation electrode (pink). 
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XPS analyses were performed on HEF material in the initial, discharged, and charged states 

(Figure 5- 9). Cu ions in the pristine electrode show two peaks at around 944 and 937 eV, which 

could be attributed to the Cu2+ main peak and satellite of Cu 2p2/3, respectively (Figure 5- 9a). The 

third peak at lower binding energy (~933 eV) can be attributed to either Cu1+ or Cu0. The Cu peak 

is no longer Cu2+ and stays in the reduced state at the binding energy of around 933 eV after 

discharge. The Cu LMM peak of HEF7 is overlapped with Zn LMM with low intensity. Nevertheless, 

it can be inferred from the spectra of charged and discharged electrodes (Figure 5- 9a and b) that 

Cu is involved in the reaction. Narrow Zn 2p3/2 peak consistently appears at around 1023 eV; 

however, the binding energies of Zn2+ and Zn0 are very close to each other and the analysis of Zn 

LMM auger peak (Figure 5- 9d) is required. The Zn LMM peak at 990 eV at the lithiated electrode 

indicates the emergence of metallic Zn; then the peak shifts mainly back to 985 eV at the 

delithiated electrode and can be attributed to the Zn2+ regenerate. The analysis of Fe 2p ions 

(Figure 5- 9e) is hampered due to the overlap of Ni and Co auger peaks resulting in high 

background intensity of Fe 2p region. The Ni ions also overlap intensively with F KLL auger peaks, 

which makes their analyses difficult. However, the comparison of the spectra in Ni 2p region 

(Figure 5- 9f) shows the emergence of a small shoulder at around 853 eV in the discharged 

(lithiated) electrode that could probably be attributed to the metallic Ni. This small shoulder is 

indicated by an arrow and disappears again after delithiation (charged state), therefore 

potentially suggesting reversibility for Ni2+ formation by delithiation [205,206]. The Mn ions in 

the pristine electrode can be attributed to the Mn2+ ions, according to the provided peak 

deconvolution in Figure 5- 9h that shows the multiplet splitting of Mn2+. The metallic Mn 2p3/2 and 

Mn 2p1/2 peaks appear normally at low binding energies at around 639 and 648 eV [207]. The 

peak positions show some slight negative shifts for the discharged states in comparison with the 

pristine electrode with the appearance of a peak at 647 eV and a small shoulder at 660 eV, 

indicating the reduction of Mn2+ into Mn metal phases during the discharging processes [208,209]. 

The spectra of Co ions in pristine and charged electrodes (Figure 5- 9g) show the characteristic 

satellite of Co2+ ions is around 6 eV higher than the main peak (indicated by an arrow in Figure 5- 

9g); however, their low intensity, mainly in the cycled electrodes, makes peak assignment difficult. 

The emergence of a small shoulder at around 778.5 eV in the discharged (lithiated) Co 2p3/2 

spectra might indicate the reduction of Co ions to metallic Co upon lithiation [210]. Mg 1s peak 

(Figure 5- 9i) appears at around 1305 eV and remains consistent in all of the electrodes. Its 

binding energy can be attributed to Mg2+ ions, whereas the metallic Mg normally appears at 

around 1303 eV. Therefore, Mg is not involved in the reduction or oxidation process. Fluoride ions 

in the structure of HEF7 appear at around 685.5 eV (Figure 5- 9j), whereas the PVDF peak appears 

at around 688 eV. In F 1s spectra, also the contribution of electrolyte degradation products can be 



 

79 
 

found. However, the binding energy difference between Li-F and M-F is too miniscule to 

distinguish. Therefore, the peak in F 1s between discharged and charged sample is observed to 

slightly change. Nevertheless, we can infer that Li-F and M-F are generated after discharge and 

charge, respectively. In summary, with the exception of Mg, differences between the oxidation 

states in the different states (pristine, discharged, and charged) can be identified for all elements, 

suggesting a redox reaction during cycling. In the case of Mg, it can be assumed that it may have a 

stabilizing effect on the system due to the non-reaction. A similar behavior has already been 

observed for HEO [(CoCuMgNiZn)O], in which a stabilization matrix structure was formed by the 

species that were not involved in the conversion reaction [79]. Possibly, the better stability for 

HEF7 can be explained by a comparable mechanism. Further structural investigations by means 

of XRD and TEM should provide more information. 

 

Figure 5- 10: Operando XRD collected during the first discharge and charge process at a current density of 

50 mA/g between 1 and 4.5 V vs. Li+/Li (a), diffraction patterns (b) and corresponding contour map (c). 

 

Figure 5- 11: XRD patterns and the evolution of reflection of (220). 
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Operando XRD was performed to shed light on the possible conversion mechanism occurring 

during cycling. Ga-jet Kβ X-ray source with adjusted optics was used to achieve high intensities 

with limited sample volume. Figure 5- 10 shows voltage profiles (1st discharge/charge and 2nd 

discharge) together with the evolution of the reflection position and the contour plot for HEF7. As 

shown in Figure 5- 10(a), the discharge reaction begins at an open circuit voltage of 3.1 V, a rapid 

voltage drop to 1.86 V (inset image of Figure 5- 10a) follows. As reported by Xiao et al., this drop 

could be ascribed to the pseudo-intercalation of Li+ into the structure and possible 

disproportionation of metal compounds to form LixHEF7, which remains its initial rutile structure 

[211–213]. Afterwards, a significant recovery of the voltage occurs before the flat operating 

voltage at ~1.95 V, indicating the onset of the conversion reaction [213]. The intensity of the HEF7 

reflection at 41° is observed to increase and then shift to 41.3° (Figure 5- 11) during lithiation. 

Moreover, the intensity of the reflections associated with the initial rutile-type structure becomes 

weaker as the lithiation progresses, while a new broad reflection at 34° is observed. This new 

reflection (34°) could belong to a rock-salt structure arising from the formation of nano-sized 

metal species and possibly metal-substituted LiF as reported for FeF2. Further, the formation of 

an undetectable amorphous phase during lithiation might be possible [41]. With ongoing 

lithiation, the reflections from the initial rutile structure disappear and do not reappear after 

delithiation. This behavior is typical for conversion materials and might result from the formation 

of small crystallites below the detection limit of XRD [17,214]. Therefore, TEM is used for further 

characterization. 

Figure 5- 12 shows the ex-situ TEM images of electrochemically lithiated (Figure 5- 12a) and 

delithiated (Figure 5- 12c) HEF7 (1.0 and 4.5 V, respectively), and their corresponding selected 

area electron diffraction (SAED) patterns (Figure 5- 12b and d). At this point we would like to 

mention that the crystallinity of the discharged sample is very low, so we have only a few 

diffraction rings to index the structure. On the other hand, we have too many possible candidates, 

which means that a reflection can be indexed also by many candidates. Nevertheless, SAED reveals 

that the initial HEF7 electrode material was electrochemically reduced to a solid solution of 

transition metals with LiF after lithiation (discharged to 1.0 V) (Figure 5- 12b). EDX-mapping 

shows a homogeneous distribution of the elements in the nanoscale after lithiation, with no 

agglomeration or segregation present (Figure 5- 12e). Besides, the Mg is also uniformly 

distributed in the discharged sample, suggesting that unreacted Mg containing compound (Mg2+), 

possibly within the dominant amorphous phase, is uniformly distributed in the mixture of metal 

alloy and LiF, possibly metal-substituted. After delithiation of the HEF7 electrode to 4.5 V, the 

majority of areas in the HR-TEM image (marked in Figure 5- 12c) show lattice spacing of ~0.33 

nm. This is a clear indication that d-spacing corresponds to the (110) plane of the parent rutile 
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phase. Following the SAED after delithiation (Figure 5- 12d), the rutile structure is partially 

reformed. However, the ring of (120) is observed to be broadened and a small diffraction signal 

appeared at 4.05 1/nm in the corresponding profile of the SAED pattern (Figure 5- 13) which 

could be caused by the overlap with (111) of fcc metal and (110) of bcc metal, indicating that 

unreacted metal solid solution remained in the charged sample.  

 

Figure 5- 12: HR-TEM images of various cycled HEF7 electrodes after lithiation to 1.0 V (a), delithiation to 

4.5 V (c), and their corresponding SAED patterns in panels (b) and (d), respectively (all values of d spacing 

illustrated in SAED are given in nm). (e) EDX-mapping after 1st discharge. 

 

Figure 5- 13: SAED profiles of delithiated HEF7 electrodes. 
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It was also observed in XRD that the intensity of the peak appearing at 34° did not disappear 

completely after delithiation process was completed, thus also indicating the presence of 

unreacted metal particles in the material. This indicates that the metal does not fully convert to 

fluoride during delithiation, which could be ascribed to the poor contact resulting from the 

volumetric change during the conversion process. During the delithiation process, the 

reformation of high entropy compounds breaks the conductive network formed by metals, which 

impedes the reaction leading to capacity fading. It can be inferred from CV and XPS results that 

HEFs solid-solution phase has been reformed after F− transfer from LiF to the solid solution of 

transition metals. This evidence combined with the operando XRD pattern (Figure 5- 12), confirm 

a conversion reaction mechanism present in the HEF based materials. The occurrence of the 

continuous network of metallic nano domains can be beneficial as an internal conductive network. 

This can facilitate the conversion kinetics and voltage polarization, thereby improving the overall 

electrode cycling performance. The continuity of this network however needs to be maintained 

throughout lithiation and delithiation to achieve its maximum effect. 

5.4. Conclusion 

In summary, HEFs have shown to be  high-capacity cathode materials for lithium-ion batteries. It 

is proposed from the lithiation/delithiation process that the electrochemical activity of HEFs 

based materials could be tailored by simply changing the constituent elements. With in-depth 

characterization of the electrodes by ex-situ XPS, operando XRD, and ex-situ HR-TEM techniques, 

it has been revealed that the solid solution of transition metals is present in the lithiated phase 

together with a substantial amount of amorphous phase and possibly metal-substituted LiF. The 

rutile HEFs phase could be partially regenerated after delithiation. HEF with seven metal elements 

exhibited high capacity at the beginning of cycling process. More importantly, HEF7 maintained a 

moderate cycling performance with a capacity of more than 125 mAh/g after 100 cycles at a high 

specific current of 0.5 A/g. The conversion mechanism of HEF7 needs to be further investigated 

to determine the underlying reactions contributing to the enhanced electrochemical performance. 

As a future perspective, the potential advantages of HEFs can be further improved. One approach 

is constructing a composite electrode consisting of nanostructured HEFs particles whose size 

must be comparable to the length scale of the conversion reaction and directly connected to 

electronically conductive scaffolds. The other approach is coating the material to preserve metal 

ions dissolution into the liquid electrolyte and onto the lithium anode to benefit the cycling 

stability. 
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Chapter 6 

 

 

 

6. Photonic curing synthesis of high entropy oxide for coating on high entropy 

fluorides 

6.1. Introduction 

High entropy fluoride has potential applications as a potential cathode material for lithium 

batteries. However, the electronic conductivity of fluoride is poor due to the large band gap caused 

by the property of F [215]. In addition, MFs also suffer from the problem of dissolution of 

transition metal ions, which exacerbates the ions transfer to the surface due to the separation of 

the metal phase to the particle surface [216]. It was found that in situ coating of conductive 

additives is essential for the synthesis of fluoride composites with good electrochemical 

properties. In addition, Al2O3-coated FeF2 can also prevent side reactions by limiting the direct 

electrode-electrolyte contact, which improves the cycle life [217]. The electrochemical 

performance of FeF3 with Fe2O3 coating also showed a significant improvement [218]. As shown 

in Chapter 3, the performance of NCM cathode materials was significantly improved by coating of 

with HEOs. Therefore, in this work, HEO ((MgCoNiCuZn)O) coating on (HEF 

(Cu1/7Ni1/7Fe1/7Zn1/7Co1/7Mn1/7Mg1/7)F2) active material was attempted to improve its cycling 

performance by minimizing elemental dissolution into the electrolyte. 

6.2. Experiment  

Preparation of HEO coated HEF 

HEF is synthesized by mixing MnF2, FeF2, CoF2, NiF2, CuF2, ZnF2, MgF2 in equimolar ratio by long-

term high energy milling process carried out at 500 rpm for 48 h in WC jar (WC ball to powder 

weight ratio as 20:1).  
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 A nitrate precursor solution with 7.31 mg Mg(NO3)2·6H2O, 88.295 mg Co(NO3)2·6H2O, 88.29 mg 

Ni(NO3)2·6H2O, 6.63 mg Cu(NO3)2·2.5H2O and 88.48 mg Zn(NO3)2·6H2O dissolved in 0.224 mL 

ethanol was prepared, then 0.5 g HEF was added and constantly stirred at ambient temperature 

for 60 minutes, then heated at 60 °C to enable solvent evaporation. The prepared powder is evenly 

dispersed on a 5*5 cm silicon wafer and exposed to photonic curing at 3 kV for 75 s, shaking each 

time evenly and cooling to room temperature. Irradiation was repeated 6 times.  

6.3. Results and discussion 

6.3.1. Characterization of HEO coated HEF 

As shown in Figure 6- 1, the XRD patterns of as-prepared HEF and HEO coated HEF are compared. 

The diffraction peaks in the XRD patterns of HEF7 are indexed based on a rutile structure. 

However, in the HEO coated HEF, impurity peaks appeared, which can be indexed by the spinel 

structure. To further confirm the structure of HEO coated HEF, TEM was performed. 

 

Figure 6- 1: XRD patterns of HEF7 based nanoparticles and HEO coated HEF7. 

The surface morphology of the material particles cut by FIB is shown in Figure 6- 2. From Figure 

6- 2a, it can be seen that the material consist of porous particles and the pore size within the 

material is not uniform, with a diameter of about 100 nm. However, it is observed from the EDX 

mapping that the distribution of elements after the coating is not homogeneous. It can be noted 

that the F, Mn, Co, Ni, and Zn are uniformly distributed. Still, the O is not expected to appear on the 

surface of the material particles but tends to appear on the surface of the internal pores. In 

addition, Fe also tends to appear on the surface of the internal pores, while Cu and Mg appear in 

non-uniform aggregates. This may be due to the migration of elements during instantaneous 

temperature increase during the photonic curing process. 
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Figure 6- 2: STEM-HAADF imaging of HEO coated HEF (a, b) and EDX mapping 

In order to further confirm the formation and structure of HEO and HEF, as well as the oxide on 

the inner pore surface and the fluoride inside the material, TEM measurements were performed 

on the HEO coated HEF samples at different selected areas, and the results are shown in Figure 6- 

3, Figure 6- 4, and Figure 6- 5. As shown in Figure 6- 3, the surface of the enclosed pores is enriched 

with Fe elements, and the FFT shows that the material exhibits a spinel-type structure with a HR-

TEM crystal plane spacing of 0.25 nm.  

 

Figure 6- 3: TEM (a), HR-TEM (b, d)FFT (c) imaging of the HEO coated HEF for the selected area. 
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Additionally, the presence of a monoclinic phase was detected in the Cu aggregates indicating the 

generation of CuO (Figure 6- 4). This indicates that due to the migration of elements, the rock salt-

type structure is not formed, but spinel-type and monoclinic oxides are formed instead. In 

addition, some rutile structures are still present in the material, which may be the unmigrated 

elements Mn, Co, Ni, Zn still remaining in solid solution forming the metal fluoride host. Therefore, 

it might be possible to try to coat HEO on monomeric metal fluorides of materials in which the 

elements do not migrate, e.g., MnF2, CoF2. 

 

Figure 6- 4: TEM (a), HR-TEM (b, d)FFT (c) imaging of the HEO coated HEF for the selected area. 

 

Figure 6- 5: TEM (a), HR-TEM (b, d)FFT (c) imaging of the HEO coated HEF for the selected area. 

6.3.1. Electrochemical performance of HEO coated HEF 

Photonic curing partially destroyed the structure of HEF and the rock salt-type high entropy oxide 

was not formed, nevertheless, the electrochemical properties were tested. According to Chapter 
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5 in Figure 5- 2, only one major reduction peak appears in the CV of the high entropy fluoride 

(HEF7) at 1.99 V vs. Li+/Li. However, in this material, as seen in Figure 6-6a, the lithiation process 

begins from 2.1 V and the reaction is not completed until 1.0 V. This broader peak may originate 

from the reduction of the spinel oxide in addition to the HEF. Therefore, two distinct peaks appear 

during the delithiation process, so the presence of solid solution reaction in HEF7 is not present 

in HEO coated HEF. One of the reasons for the disruption of the solid solution reaction present in 

HEF7 could be that the high entropy fluoride compound became a medium entropy fluoride 

containing only four transition metals Mn, Ni, Co and Zn, due to elemental diffusion during 

photonic curing process. Another possibility is that the spinel-type oxides are also contributing to 

the redox reaction. As seen in the first cycle of the battery cell shown in Figure 6-6b, the coated 

material exhibits a lower capacity than pure HEF7, which may be due to the reaction of elements 

such as Fe and Cu with oxygen, resulting in a low reduction potential and therefore not 

contributing to the capacity. 

 

Figure 6- 6 Cyclic voltammograms of (a) HEO coated HEF measured in the voltage range of 1.0–4.5 V vs. 

Li+/Li with a scan speed of 0.1 mV/s, (b) Voltage profiles at 50 mA/g, (c) Galvanostatic cycling performance 

at 50 mA/g for the 1st cycle followed by 500 mA/g. 

6.4. Conclusion  

Coating of HEF by photonic curing causes migration of Fe, Mg, Cu, etc., and HEO cannot be formed 

on the surface of HEF. However, Mn, Zn, Ni, Co can still maintain the rutile structure, so HEO may 

not be suitable for coating HEF, but may be used for coating materials such as MnF2 and CoF2. The 

particle shape and size of the active materials also needs to be considered. Especially its size in 

relation to the particle size of the coating material. It is recommended for the application of 

photonic curing to coat active materials with micro-meter sized particles that are structurally 

stable up to approximately 600 °C. Here the synthesis method of the active material would play a 

crucial role in optimizing powder morphology and stability before coating.  
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7. Conclusion and outlook 

HEMs, as a new class of materials, have attracted a lot of attention in recent years due to their 

potential applications in energy storage systems. The synthesis of high entropy materials, their 

characterization and the study of their electrochemical applications are an attractive class of 

future research fields. Therefore, this thesis starts with HEOs, a new synthesis method of HEOs 

was introduced and their application in batteries was developed. The successful synthesis and 

processing of new HEFs is achieved based on their electrochemical behavior, and the performance 

of HEFs in lithium batteries was explored. 

In Chapter 2, two high-entropy oxides, rock salt-type high-entropy oxide and spinel-type high-

entropy oxide, were synthesized by photonic curing, which is a simple and fast method that does 

not require as much energy and time as conventional methods such as sintering. Based on the 

advantages of this synthesis method, we have tried to apply this synthesis method to the 

preparation of binder-free electrode materials, and successfully applied it to lithium batteries. 

 In addition, due to the good electronic conductivity and lithium ion conductivity of HEO, in 

Chapter 3, HEO and LiHEO are attempted to be applied to clad NCMs with high nickel, and the 

mechanism of the improved cycling stability of NCMs after the coating is investigated. In this study, 

uniform thin layers of LiHEO and HEO were successfully coated on NCM851005 by an ultra-fast 

photonic curing method. The LiHEO and HEO coatings significantly improved the cycling stability 

of NCM851005 due to the fact that the coatings prevented the reaction between the electrolyte 

and the electrode material, which led to the improved stability of the NCM particles, resulting in a 

stable average discharge voltage and a more stable cycling performance even in the high cut-off 

voltage range. The successful utilization of photonic curing in synthesis of HEOs provides an 

opportunity to open up new materials and new ideas. 

Inspired by the fact that HEOs, a conversion electrode material, has excellent cycling stability 

compared to conventional conversion materials, and that fluorides are promising conversion 

cathode materials with high energy density, we attempted to synthesize high entropy fluorides 

for conversion cathode materials.  

In Chapter 4, multicomponent rutile (P42/mnm) structured fluorides, containing 4 to 7 transition 

metals (Co, Cu, Mg, Ni, Zn, Mn, Fe) in equiatomic ratios, were synthesized using a simple 

mechanochemical approach. Based on the combined investigations from XRD, ICP-OES, TEM, EDX 

and EELS studies, it is shown that all pristine HEF samples crystallized in a phase-pure rutile 

structure with the presence of agglomerated fine nanoparticles. The identification of the local 
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structure of the HEF compounds was probed by and XPS. The local structural disorder of the HEF 

compounds arose due to the synthesis process and the resulting variation in the oxidation states 

of Fe was detected utilizing Mössbauer spectroscopy. These high entropy fluorides represent an 

additional class of high entropy ceramics, which have recently attracted attention especially due 

to the development of high entropy oxides.  

In Chapter 5, HEFs are successfully used as battery cathode materials combined with MWCNTs, 

and demonstrated as high-capacity cathode material for lithium-ion batteries. It is proposed from 

the lithiation/delithiation process that the electrochemical activity of HEFs based materials could 

be tailored by simply changing the constituent elements. With in-depth characterization of the 

electrodes by ex-situ XPS, operando XRD, and ex-situ HR-TEM techniques, it has revealed that the 

solid solution of transition metals is present in the lithiated phase together with a substantial 

amount of amorphous phase and possibly metal-substituted LiF. High entropy fluorides as a 

conversion material and its electrochemical properties can be tailored, in the future, more 

synthesis methods of HEMs and electrochemical applications should be discovered. 

The novel coating method introduced throughout this work by means of photonic curing opens 

new possibilities for coating temperature sensitive active materials and delivers uniform thin 

coatings. Nevertheless, many prerequisites need to be provided to avoid a formation of material 

composites instead of coatings, as shown in Chapter 6. The particle size of the respective materials 

has to be adjusted as well as the thermal stability of the active material up to moderate 

temperatures. 
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