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ABSTRACT (THAI) 
 มาฮา นูร์ ไอดา : อนุภาคนาโนออกไซด์เอนโทรปีสูงแบบสปิเนล (FeCoNiMnZn)3O4 

เพ่ือเป็นวัสดุแอโนดส าหรับแบตเตอรี่ลิเธียมไอออน. ( A NEW SPINEL HIGH-ENTROPY 
OXIDES NANOPARTICLES (FECONIMNZN)3O4 AS ANODE MATERIALS FOR 
LITHIUM-ION BATTERIES) อ.ที่ปรึกษาหลัก : น าพล อินสิน, อ.ที่ปรึกษาร่วม : เจีย
เชียน ฉิน 

  
วัสดุออกไซด์เอนโทรปีสูง (FeCoNiMnZn)3O4 ส าหรับเป็นขั้วแอโนดในแบตเตอรี่ชนิดลิ

เธียมไอออนได้ถูกสังเคราะห์ขึ้นเป็นครั้งแรกด้วยกระบวนการไฮโดรเทอร์มอล  โดยได้สังเคราะห์
ออกไซด์ของโลหะเดี่ยวที่เป็นองค์ประกอบของออกซด์เอนโทรปีสูงแต่ละชนิด  ได้แก่ เหล็ก, 
โคบอลต์, นิกเกิล, แมงกานีส และสังกะสี ด้วยวิธีเดียวกันเพ่ือใช้เปรียบเทียบ สารตัวอย่างได้ถูก
พิสูจน์เอกลักษณ์ด้วยเทคนิคการเลี้ยวเบนของรังสีเอกซ์, กล้องจุลทรรศน์อิเล็กตรอนแบบส่องกราด, 
กล้องจุลทรรศน์อิเล็กตรอนแบบส่องผ่าน, การสร้างแผนที่การกระจายของธาตุจากสัญญาณฟลูออ
เรสเซนซ์ของรังสีเอ๊กซ์, การวิเคราะห์พ้ืนผิว, inductively-coupled plasma-optical emission 
spectroscopy และ X-ray photoelectron spectroscopy สมรรถนะทางเคมีไฟฟ้าของวัสดุที่
ไ ด้ ผ่ า น ก า ร ศึ ก ษ า โ ด ย  Cyclic voltammetry, galvanostatic charge-discharge, 
electrochemical impedance spectroscopy, และ associated coulombic efficiencies สาร
ตัวอย่าง 3 ชนิด ได้แก่ HEO-3, HEO-6, และ HEO-9 ซึ่งได้จากการเปรลี่ยนแปลงอุณหภูมิในการ
สังเคราะห์ได้ถูกน ามาศึกษา โดยอนุภาค HEO-3 เป็นอนุภาคที่มีขนาดเล็กที่สุด โดยมีเส้นผ่าน
ศูนย์กลาง 2.95 ±  0.29 นาโมเมตรและมีรูปร่างไม่สม่ าเสมอ ในขณะที ่อนุภาค HEO-6 และ HEO-
9 มี ขนาด เส้ นผ่ านศูนย์ กลาง  23.16 ± 7.56 นาโน เมตร  และ  90.42 ± 3.27 นาโน เมตร
ตามล าดับ  HEO-9 แสดงสมบัติทางเคมีไฟ้ที่ดี โดยมีประสิทธิภาพในการเก็บประจุ 625.5 mA h g-

1 ที่  1000 mA g-1 และมีความจุ  1333.54 mA h g-1 ที่  50 mA g-1 หลังจากการใช้งาน  การ
เปลี่ยนแปลงทางภายภาพและทางเคมีของวัสดุได้ถูกตรวจสอบ  โดยพบว่า HEO-9 มีสรรมถนะที่
คงท่ีมากที่สุดและมีการเปลี่ยนแปลงทางปริมาตรน้อยที่สุด จากผลการทดลอง การพัฒนาขั้วแอโนด
โดยใช้วัสดุออกไซด์เอนโทรปีสูงนี้มีศักยภาพท่ีดีในการพัฒนาต่อไป. 

 สาขาวิชา วิทยาศาสตร์นาโนและ
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ABSTRACT (ENGLISH) 
# # 6488068620 : MAJOR NANOSCIENCE AND TECHNOLOGY (INTERDISCIPLINARY 
PROGRAM) 
KEYWORD: high-entropy oxides nanoparticles anode lithium-ion batteries 
 Maha Nur Aida : A NEW SPINEL HIGH-ENTROPY OXIDES NANOPARTICLES 

(FECONIMNZN)3O4 AS ANODE MATERIALS FOR LITHIUM-ION BATTERIES. 
Advisor: NUMPON INSIN Co-advisor: JIAQIAN QIN 

  
A novel (FeCoNiMnZn)3O4 HEO as an anode in lithium-ion batteries (LIBs) 

was developed for the first time. High-entropy oxide (HEO) of (FeCoNiMnZn)3O4 was 
synthesized using a hydrothermal technique to control size and crystallinity. We also 
synthesized oxides of each element (Fe, Co, Ni, Mn, Zn) from HEO composition under 
similar condition for comparison. The samples were then analyzed using XRD, SEM, 
TEM, EDS elemental mapping, surface area analysis, ICP-OES, and XPS. Cyclic 
voltammetry, galvanostatic charge-discharge, electrochemical impedance 
spectroscopy, and associated coulombic efficiencies were also used to study the 
electrochemical performance of (FeCoNiMnZn)3O4. Three samples with different 
preparation conditions, HEO-3, HEO-6, and HEO-9, were selected for investigation. 
HEO-3 particles are the smallest, 2.95 ±  0.29 nm, and have an irregular shape, 
making them difficult to measure. In contrast, HEO-6 and HEO-9 particles have 
diameters between 23.16 ± 7.56 nm and 90.42 ± 3.27 nm, respectively. The HEO-9 
performs exceptionally well electrochemically. It exhibits excellent performance of 
625.5 mA h g-1 at 1000 mA g-1 and a large capacity of 1333.54 mA h g-1 at 50 mA g-1. 
After cycling, we also investigated the physical and chemical characterization to 
identify the change. HEO-9 still has a more stable performance and the least volume 
change. From these results, developing an anode for lithium-ion batteries (LIBs) in 
the future looks promising. 

 

Field of Study: Nanoscience and 
Technology 
(Interdisciplinary Program) 

Student's Signature ............................... 

Academic Year: 2022 Advisor's Signature .............................. 
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CHAPTER 1 

INTRODUCTION 

1.1 Rational 

Lithium-ion batteries (LIBs) are widely used because they have a high energy 
density, sizeable specific capacity, environment-friendly practices, and longer charge 
retention [1]. Graphite is typically made up of commercials in the market because of 
its low working potential, low cost, and good cycle life. However, it has a lower 
theoretical capacity, merely 372 mAh g−1 [2-7]. By the battery structure, improving the 
electrode materials is necessary for enhancing the performance of LIBs [8] to get a 
higher capacity, and many researchers used elemental anodes (such as Si, P, Sb) and 
transition-metal oxides (TMOs) [9, 10]. Iron (Fe2O3 and Fe3O4), nickel (NiO), and 
manganese oxides (Mn3O4 and MnO2) were used as anode materials because of non-
toxicity, high abundance, low cost, improved safety, and non-flammable nature; 
meanwhile, cobalt oxides (CoO) and zinc oxide (ZnO) were used because of high 
theoretical Li-ion storage capacities [11-19]. Unfortunately, metal oxide anodes suffer 
from significant volume change and low ionic conductivity, making them inferior to 
cycling stability and poor rate performance [20].  

Recently, high entropy oxides (HEO), a new class of materials usually containing 
five or more mixed oxides, demonstrated unique, desirable physical and chemical 
properties in a single-phase oxide system with effective stabilization entropy. High 
entropy oxides attract significant attention among various anode candidates because 
of their capacities between 500 and 1000 mAh g−1 [21]. They can be long cycled 
without considerable capacity degradation, so it is promising for better performance 
since they can bring more significant capacity, rate capability, and cycling process [22]. 
In this work, HEO containing Fe, Co, Ni, Mn, and Zn will be synthesized and investigated 
for their performance as anodes in LIBs. 

 
1.2 Objectives 

1. To synthesize and characterize the physical properties of new high entropy oxides 
2. To investigate the electrochemical performance of the materials 
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3. To evaluate the material as electrodes for lithium-ion batteries 
 
1.3 Expected beneficial outcome 

With outstanding performance, high-entropy oxide nanoparticles (FeCoNiMnZn)3O4 
can be produced hydrothermally as a novel anode material for lithium-ion batteries. 
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CHAPTER 2 

THEORY AND LITERATURE REVIEWS 

 
2.1 Lithium-ion batteries (LIBs) 

2.1.1 Components 

A lithium-ion battery (LIBs) is a category of rechargeable batteries that utilizes 
lithium ions as a critical element of its electrochemistry. During charging and 
discharging, these ions flow between the negative (anode) and positive (cathode) 
electrodes [23]. The cathode, anode, electrolyte, and separator are the four parts that 
makeup Li-ion batteries (LIBs) (Fig. 1). Each unit plays a significant role in its function 
[24]. The cathode is highly necessary for lithium-ion batteries because it is a reduction 
that wants to gain electrons. At the same time, the anode has the function of giving 
the electrons as oxidation. Furthermore, electrolytes are the main component 
between both electrodes, which can make a battery conductive. Next, a separator is 
a part that prevents physical contact between the electrodes [25]. The invention of 
LIBs by John B. Goodenough, M. Stanley Whittingham and Akira Yoshino had given the 
improvement almost twice Ni-Cd because the performance, such as exceptional life 
of a cycle, safety, and speedy charging, is better [26]. 

 

 
Fig. 1. The lithium-ion battery's component (LIBs). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 4 

 LIBs are one type of battery widely used as an energy source [27]. Due to its 
high energy density, lightweight, and numerous uses, this type of battery has been 
employed in a wide range of devices, including mobile phones, digital cameras, 
laptops, and even robots and automobiles [28], then giving the high capacity's rate and 
stabilization of cycling [29]. Moreover, LIBs offer many advantages, such as longer life 
cycles, soft self-discharge, and no memory of effect [30]. Lithium-ion batteries produce 
the highest voltage, three times higher than other batteries, compared to lead acid, 
nickel-metal hydride (Ni-MH), nickel-cadmium (Ni-Cd), and lithium-ion batteries. These 
batteries use both electrodes' redox reactions (reduction and oxidation) to generate 
electricity [31]. LIBs have other uses, such as enhancing the kinetic performance and 
promoting the catalytic through biomass pyrolysis or gasification [32]. 
 
2.1.2 Scheme of lithium-ion batteries 

Lithium-ion batteries are often known as rechargeable batteries [33], and both 
reduction and oxidation reactions occur when an electric charge is applied and 
removed [34]. Before using a lithium battery, it is usually necessary to charge it, which 
moves the flow of electrons from the voltage source from the cathode to the anode. 
Equilibrium is established when lithium ions at the cathode migrate through the 
electrolyte and separator toward the anode pole, signaling that the battery is fully 
charged [35]. The reverse happens when lithium batteries are utilized. Then, a flow of 
electrons carrying an electric charge occurs via the load from the anode pole to the 
cathode pole. Lithium ions from the anode pole move to the cathode pole during this 
movement, as depicted in Fig. 2, passing through the electrolyte and entering the pores 
of the separator [36]. The anode reaction is the process through which the anode 
provides electrons to the external circuit after discharge. On the other hand, as it is 
charging, a process known as the cathode reaction occurs in which it takes electrons 
from the external circuit. Fig. 3-4 shows the electrochemical response during charging 
and discharging for a more thorough understanding. 
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Fig. 2. The detailed scheme of a lithium-ion battery [36]. 

 

 
Fig. 3. Electrochemical reactions that occur during charging. 
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Fig. 4. Electrochemical reactions during discharge. 

Following this reaction, the resume can be seen below: 
Positive electrode   M: transition metal 
 

LiMO2 Li1-xMO2 + xLi+ + xe- 
Negative electrode 

C + xLi+ + xe- LixC 
Overall reaction 

LiMO2 + C LixC + Li1-xMO2 
 
Discharge lithium-ion 

LiC6 → C6 + Li+ + e- 
      +1 -1/6   0    +1 

MO2 + Li+ + e-  → LiMO2 

    +4 -4   +1           +1 +3 -4 
                +4      +3 
     LiC6 + MO2 → C6 + LiMO2 
      -1/6               0 

reduction  

charge 

charge 

charge 

discharge 

discharge 

discharge 

(-) anode 

(+) cathode 

oxidation 
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2.1.3 Materials for Anodes 
In lithium-ion batteries, the anode is one of the two electrodes, the other being the 
cathode. The anode in a lithium-ion battery is typically made of carbon-based 
materials, such as graphite, that can intercalate lithium ions during the battery's 
charging process. Here are the characteristics of the anode: 

1) Lithium Host: The anode serves as a host for lithium ions during the charging 
and discharging processes. It allows for the reversible insertion and extraction 
of lithium ions as the battery charges and discharges. 

2) Electron Conductor: The anode material should have good electron 
conductivity to enable the flow of electrons between the anode and the 
external circuit during charge and discharge. 

The desired properties of the anode: 
1) High Lithium Storage Capacity: The anode should possess a high capacity for 

storing and releasing lithium ions. This capacity directly affects the battery's 
overall energy storage capacity and runtime. 

2) Stability and Cyclability: The anode material should be chemically stable and 
capable of withstanding numerous charge and discharge cycles without 
significant degradation. This property ensures the long-term performance and 
durability of the battery. 

3) Low Potential for Side Reactions: The anode should have a common tendency 
for unwanted side reactions with the electrolyte, which could cause capacity 
loss, decreased efficiency, or safety hazards. 

4) Mechanical Strength: The anode material should be mechanically robust to 
withstand the stress and strain of repeated charge and discharge cycles. This 
property helps prevent structural damage, cracking, or loss of electrical contact 
within the electrode. 

5) Compatibility with Other Battery Components: The anode material should be 
compatible with the other components of the battery, including the cathode 
and electrolyte. Compatibility ensures the overall battery system's optimal 
performance, stability, and safety. 
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Working Principle: 
During charging: When the battery is being charged, lithium ions are extracted from the 
cathode material (typically a metal oxide) and move through the electrolyte towards 
the anode. During discharging: The process is reversed when the battery is discharged. 
The stored lithium ions in the anode move back through the electrolyte to the 
cathode, releasing their stored energy and enabling the battery to power external 
devices. 
 
There are some previous works (Table 1) about the materials for anodes starting with 
graphite first and continuing to change to metal oxides due to some reasons. 
 
Table 1. The anode material in the previous work. 

Anode Benefits Drawbacks 

Graphite 

Long cycle life Limited capacity 
(372 mAh/g) 

High Capacity Poor rate capability 

Acceptable cost 

Metal oxides 

Fe2O3; Fe3O4 Non-flammable Suffer large 
volume change & 
low ionic 
conductivity 

NiO High abundance 

Mn3O4; MnO2 Non-toxicity 

CoO High Capacity 
ZnO Improved 

cyclability 
 
2.2 High-entropy oxides  

2.2.1 Configurational entropy 

Since 2004, high-entropy alloys (HEAs), which mix several metals to create 
innovative components with five or more elements [37], have been used to provide 
the balance of properties in multicomponent alloy systems [38]. Due to their single-
phase structure, these materials exhibit a unique combination of disordering and 
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crystal periodicity [39]. Because of its purpose and potential applications over 
conventional research, many scientists tried to conduct it for a long time [40]. High 
Entropy Alloys (HEAs) offer strength-ductility synergy [41], great electrocatalysts [42], 
supercapacitors [43, 44], and rechargeable batteries [45]. Furthermore, high-entropy 
nitride was the first to be made available in 2005. High entropy oxides, high-entropy 
metal diborides, high entropy carbides, high entropy sulfides, high entropy fluorides, 
and high entropy alumino-silicides then followed it. Numerous high entropy 
compounds that have been successfully employed in various kinds of complex 
materials have been studied by HEAs [46]. 

Oxides with five or more components in a single-phase oxide system and 
configurational entropy (Sconfig) larger than 1.5R are referred to as high-entropy oxides 
(HEO) (R is the universal gas constant) [47]. Rost et al. performed HEO for the first time 
with efficient stabilization entropy in 2015 utilizing equimolar quantities of five oxides, 
MgO, NiO, CuO, CoO, and ZnO, in a rock salt structure. A greater entropy value could 
provide excellent functional qualities due to high configurational entropy, which has 
three different forms in Fig. 5 [48]. Additionally, HEO exhibits a high Li-ion conductivity 
(>10-3S cm-1), which is more than two orders of magnitude better than that of LiPON 
(lithium phosphorous oxy-nitride) solid electrolyte (whose ionic conductivity at 25°C is 
around 2 × 10-6 S cm-1) among the greatest ever reported in oxides [49]. As a result, 
there are many potential applications for this novel family of materials. 

 
Fig. 5. Alloy types based on configurational entropy [50]. 

 

High entropy 

Medium entropy 

Low entropy 
Sconfig ≤ R 

Sconfig ≥ 1.5 R 

1.5 R ≥ Sconfig ≥ R 
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Corresponding to the Boltzmann equation, illustrated in Equation (1), the 
increased number of elements often results in higher configuration entropy (Sconfig 1.5R) 
to establish a single-phase solid solution structure. This is the fundamental idea behind 
high-entropy oxides. Corresponding to thermodynamic formula (2), if ∆Hmix is constant, 
the system's stability will be enhanced by the decreased free energy ∆Gmix resulting 
from the increased mixing entropy ∆Smix. This is one method for improving HEO's 
electrochemical performance. The following formula was used to get the 
configurational entropy: 

 
Sconfig = -R [(∑ 𝑥𝑖𝑙𝑛𝑥𝑖

𝑁
𝑖=1 )

𝑐𝑎𝑡𝑖𝑜𝑛−𝑠𝑖𝑡𝑒
+ (∑ 𝑥𝑗𝑙𝑛𝑥𝑗

𝑁
𝑗=1 )

𝑎𝑛𝑖𝑜𝑛−𝑠𝑖𝑡𝑒
]    (1) 

∆Gmix = ∆Hmix - T∆Smix         (2) 
R equals [8.314 J/mol K] N is the component's number. 
 

R is the gas constant, while xi and xj are the mole fractions of ions in the cation 
and anion sites, respectively. According to earlier studies, a high configurational entropy 
can help stabilize the lattice. A slow diffusion effect can reduce the self-aggregation of 
active materials in the anode during lithiation and delithiation, leading to superior 
cycling performance. 
 

2.2.2 Lithium-ion battery research on HEO anode materials 

HEO as anode materials for LIBs was initially described by Sarkar in 2018, and 
high configurational entropy can offer significant advantages for storage capacity 
retention and considerably enhance cycling stability. They used the nebulized spray 
pyrolysis (NSP) method to test (CoCuMgNiZn)O for reversible energy, which is quite 
encouraging. The same compound with solid-state synthesis as anode material was 
done by Qiu et al. However, there are many challenges and unknown parameters 
when considering the variety of metal cations and numerous synthesis methods for 
exceptional performance. Additionally, it has been claimed that high-entropy oxide 
nanoparticles perform better due to nanomaterials' ability to boost LIBs' electrode rate 
capabilities by shortening the diffusion length and advancing an area from an electrode 
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to an electrode-electrolyte [51]. Kheradmandfard has analyzed (MgCuNiCoZn)O 
nanoparticles made via ultrafast green microwave-assisted synthesis for the first time. 
One thousand cycles at 1 A/g were used to demonstrate the HEO nanoparticles' 
outstanding stability [52]. Then, Nguyen et al. successfully prepared high entropy spinel 
oxide, (CrMnFeNiCu)3O4, for excellent performance in LIBs using the hydrothermal 
method, followed by three different calculations at temperatures to offer a convenient 
way of controlling the particle size and crystallinity. Shape and crystallinity are crucial 
for achieving the necessary rate capability and cycle performance. 

By modifying the constituent elements of HEO, their concentrations, and crystal 
structures, it is possible to realize an infinite number of different or even novel 
functional qualities, which has proven challenging for many studies to identify the best 
potential. Firstly, (CoCuMgNiZn) and (FeCoNiCrMn) have been the most studied as 
anode materials for electrochemical performance because Co, Ni, and Mn are better 
safety compounds in oxides [53]. Second, it was discovered that Zn exhibited superior 
rate performance, cycle stability, and the highest rate possible given the discharge-
specific in (FeNiCrMnX)3O4 (X = Zn, Mg) and (FeCoNiCrMnXLi)3O4 (X = Cu, Mg, Zn). Third, 
(CoNiZnXMnLi)3O4 (X=Fe, Cr) was studied, and it was revealed that Fe could lead to a 
higher specific capacity. Thus, (FeCoNiMnZn)3O4 was selected in our study, considering 
those factors. The spinel crystal structure of (FeCoNiMnZn)3O4 offers a combination of 
structural stability, thermal stability, high energy density, and fast charge/discharge 
rates, making it advantageous for various applications, particularly in energy storage 
and conversion. It will be the first time a new spinel high-entropy oxides nanoparticles 
will be utilized as anode for LIBs using a hydrothermal process.  
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CHAPTER 3 

METHODOLOGY 

3.1 Material synthesis 

All chemicals, reagents, and solvents were used without further purification. 

Iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O, Sigma-Aldrich, 98%), cobalt (II) nitrate 

hexahydrate (Co(NO3)2.6H2O, Sigma-Aldrich), nickel (II) nitrate hexahydrate 

(Ni(NO3)2.6H2O, Sigma-Aldrich, 99%), manganese (II) nitrate tetrahydrate (Mn(NO3)2.4H2O, 

Sigma-Aldrich, 97%), zinc nitrate hexahydrate (Zn(NO3)2.6H2O, Sigma-Aldrich, 98%), 

hexadecyltrimethylammonium bromide (CTAB, Sigma-Aldrich, 98%), and urea (Sigma-

Aldrich, 99%) were used as purchased.  

Hydrothermal methods can help shape materials into small sizes. The addition 

of some surfactants can control the morphology, size, and phase structure. 20 mL of 

deionized (DI) water was used to dissolve equal amounts of Fe(NO3)3.9H2O, 

Co(NO3)2.6H2O, Ni(NO3)2.6H2O, Mn(NO3)2.4H2O, and Zn(NO3)2.6H2O. The surfactant was 

subsequently added, CTAB (0.625 mmol). The mixture was stirred to generate a 

homogenous solution before adding urea (15 mmol). Into 100-mL reaction containers, 

the obtained solution was put. The hydrothermal procedure took place for 5h at 140 

°C. Centrifugation, two rounds of washing with ethanol and DI water, filtration, and 

overnight drying at 100°C were used to remove the powders from the autoclave. The 

resulting samples were then annealed in the air for 6h at varied temperatures with a 

5°C min-1 ramp as specifically in Fig. 6. The calcination condition displays in Fig. 7 the 

as-synthesized and three different conditions. They seem to exhibit the same physical 

properties. Also, as-synthesized basic metal oxides can be seen in Fig. 8.  
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Fig. 6. The reaction scheme for the hydrothermal method. 

 
Fig. 7. Products from different calcination conditions a) as-synthesized and after three 

different temperatures at b) 300°C, c) 600°C, and d) 900°C. 
 

 
Fig. 8. As-synthesized appearance of a) Fe, b) Co, c) Ni, d) Mn, and e) Zn oxides. 

 
3.2 Electrode Preparation and cell assembly 

The electrodes were made by creating a slurry by combining the HEO powder 
(80 weight percent), acetylene black (10 weight percent), and poly (vinylidene fluoride) 
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binder (10 weight percent) in N-methyl-2-pyrrolidone (NMP). The slurry was then 
applied to a piece of Cu foil with a doctor's blade, dried overnight in a vacuum oven, 
rolled, and punched to the necessary dimensions for a coin cell. The electrode-
equipped CR2032-type battery was installed in an argon-filled glovebox; the 
electrochemical performance of the prepared samples was examined in Fig. 9-10. The 
electrolyte used 1 M lithium hexafluorophosphate (LiPF6) dissolved in co-solvents of 
ethylene carbonate (EC), dimethyl carbonate (DEC), and ethyl methyl carbonate (EMC) 
(EC/DEC/EMC = 1:1:1 by volume). The separator used was a Celgard 2325 membrane. 
The assembled coin cell depicts in Fig. 11. 

 
Fig. 9. Electrode preparation using (FeCoNiMnZn)3O4. 

 

 
Fig. 10. The steps of cell assembly (FeCoNiMnZn)3O4. 
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Fig. 11. The sequences of coin cells. 
 

3.3 Characterizations of the Materials and Electrochemistry 

The crystalline structure was examined using an X-ray diffractometer (a Rigaku 
SmartLab 30kV) with a Cu K radiation source set to an accelerating voltage of 40 kV 
and an applied current of 30 mA. With a scan rate of 5 min-1, the scanned angle spans 
from 10 to 90. Transmission electron microscopy (TEM, JEOL JSM-IT100 at 20kV) and 
scanning electron microscopy were used to study the morphology (TEM, Philips brand, 
Model TECNAI 20). X-ray photoelectron spectroscopy (XPS, Axis Ultra DLD) was used 
to analyze the surface chemistry. The chemical composition was identified using 
inductively coupled plasma optical emission spectroscopy (ICP-OES, Themo Scientific, 
iCAP 6500). Utilizing the Brunauer-Emmett-Teller equation, the physical adsorption of 
gas molecules on a solid surface was investigated to measure the specific surface area 
of materials (BET, Bell Sorp mini II). 

With various sweep rates, cyclic voltammetry (CV) was carried out in the 
potential range of 0.01-3.00 V (vs. Li/Li+). In the frequency of 0.01-105 Hz, 
electrochemical impedance spectroscopy (EIS) measurements were made. The battery 
testing system (BTS, CT-4008, NEWARE, China) was used to assess the charge-discharge 
characteristics of several cells at room temperature. Current densities were used for 
charging and discharging between 0.01 and 3.0 V (vs. Li+/Li).  
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CHAPTER 4 

RESULTS AND DISCUSSION 

 
4.1 Structures and morphologies of (FeCoNiMnZn)3O4 

4.1.1 X-ray Diffraction (XRD) 

 An XRD examination of the powder was performed after calcining the 
produced powder by heating it to various temperatures. The XRD pattern of the 
samples as-prepared, both before and after calcination, is in Fig. 12. The powder was 
single-phase with an Mn(CO3) crystal structure. It belonged to the R-3c (167) space 
group when it was first synthesized, as seen in Fig. 13, and Table 2 is a detailed 
explanation. However, after calcination at 300°C, one peak showed broad peaks with 
low ratios of nanocrystalline structure and poor crystallinity. It looked that the position 
of the broad peaks coincided with a spinel crystal structure. Raising the calcination 
temperature to 600 °C made the spinel phase's peak sharper with a smaller breadth 
and a more significant height. In other words, a higher degree of crystallinity made it 
when the temperature increased. Furthermore, the patterns of three extra broad peaks 
showed no reflection by Mn(CO3) crystal structure, indicating the decomposition of 
Mn(CO3) at high temperatures. Eventually, by raising the calcination temperature to 
900°C, the XRD pattern showed extremely sharp peaks with higher peaks out of 
agreement with the single-phase spinel crystal structure. It is the Fd-3m (227) space 
group in Fig. 14 and detailed information in Table 3. The XRD pattern of the calcined 
powder at 900°C exhibited sharp peaks with a high degree of crystallinity. Increasing 
the calcination temperature decreased and rose the peak width and heights, 
respectively, related to higher degree crystallinity, larger crystallite size, and higher 
homogeneity.  
 Divide the synthesis temperature of high entropy oxides into specific points, 
such as 300, 600, and 900°C, allows for a more detailed investigation of their thermal 
behavior and phase transformations. Here are why these temperature points are often 
chosen: 
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a) Phase Transitions: The temperature range of 300-900°C covers a range where 
significant phase transitions or structural changes can occur in HEO [54]. 
Researchers can identify phase transitions by studying the material's behavior 
such as crystal structure transformations, lattice parameter changes, or 
chemical ordering variations at these specific temperature points. Dividing the 
temperature range helps capture specific thermal events that may impact the 
material's properties. 

b) Investigation of the thermal stability: Investigating HEO at different 

temperatures allows for characterizing their stability over various conditions. By 

examining the material's behavior at lower temperatures, such as 300°C, 

researchers can assess its stability under typical operating conditions or during 

processing. Higher temperatures, such as 600 and 900°C, can provide insights 

into the material's stability at elevated temperatures or in extreme 

environments. 

c) Characterizing Stability: Investigating HEO at different temperatures allows for 
describing their stability over various conditions [55]. By examining the 
material's behavior at lower temperatures, such as 300°C, researchers can 
assess its stability under typical operating conditions or during processing. 
Higher temperatures, such as 600 and 900°C, can provide insights into the 
material's stability at elevated temperatures or in extreme environments. 

d) Thermodynamic Analysis: Dividing the temperature range into specific points 
facilitates thermodynamic analysis of HEO [56]. Researchers can study the 
material's Gibbs free energy, enthalpy, entropy, and other thermodynamic 
properties at these specific temperatures to better understand its stability and 
phase equilibria. These analyses help establish the material's thermodynamic 
limits and guide the design of HEO with desired properties. 

e) Property Characterization: The choice of temperature points aligns with 
practical considerations for property characterization. Certain experimental 
techniques or measurements may be optimized for specific temperature ranges 
[57]. Dividing the temperature range into 300, 600, and 900°C intervals allows 
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researchers to perform in-depth characterizations at these particular points, 
ensuring comprehensive property analysis and understanding. 

f) Practical Applications: Understanding the behavior of HEO at different 
temperatures is important for their practical applications. Many potential 
applications of HEO involve operating at elevated temperatures, such as in 
high-temperature catalysis, thermal barrier coatings, or extreme environment 
applications. Investigating the material's properties and stability at 
temperatures 600 and 900°C helps assess its suitability for these applications. 

In summary, dividing the temperature range of HEO into specific points, such as 300, 
600, and 900°C, enables a focused examination of their thermal behavior, stability, 
phase transitions, and thermodynamic properties. Considering the dividing the 
temperature in calcination, researchers focus on developing electrode materials with 
good electrical conductivity, optimizing electrode architectures to enhance electron 
pathways, and exploring conductive additives or coatings. These efforts aim at to 
improving electron transport, maximizing battery performance, enhancing energy 
efficiency, and ensure lithium-ion batteries' safe and reliable operation. 
 
Using a low temperature of 300°C for calcination in HEO offers several benefits and 
drawbacks. Here are the potential advantages and disadvantages: 
Benefits of low temperature (300°C) calcination in HEO: 

1) Energy Efficiency: Calcination at lower temperatures consumes less energy 

than high-temperature processes, resulting in improved energy efficiency and 

reduced operational costs [58].  

2) Reduced Sintering and Particle Growth: Low-temperature calcination minimizes 
sintering and particle growth, preserving the desired particle size of HEO [59]. 
This is important when the nanostructured features contribute to functional 
properties. 

Drawbacks of low temperature (300 °C) calcination in HEO: 
1) Slower Reaction Kinetics: Calcination at lower temperatures generally results in 

slower reaction kinetics than high-temperature processes [60]. This may require 
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longer calcination durations to achieve the desired phase transformation or 
crystal structure evolution in HEO. 

2) Incomplete Phase Formation: Some HEO may require higher temperatures to 
achieve complete phase formation or the desired crystal structure [57]. 
Calcination at 300°C does not fully activate the material or result in the desired 
phase composition, limiting its functional properties. 

3) Limited Removal of Volatile Species: Low-temperature calcination may not 
effectively remove volatile species or impurities from the HEO material [61]. 
Higher temperatures are often necessary for the complete volatilization or 
removal of volatile components. 

4) Reduced Crystal Growth: Lower calcination temperatures may lead to slower 
crystal growth or incomplete crystallization of HEO. This can affect the 
material's properties, such as grain size, crystallinity, and long-range ordering. 

5) Compatibility with Subsequent Processing Steps: If additional thermal 
treatments or reactions are required after calcination, a low-temperature 
process might not be compatible. Higher temperatures may be necessary for 
subsequent process steps, making the overall processing scheme more 
complex or limiting the material's compatibility with downstream processes. 

Depending on the specific composition, desired properties, and application 
requirements as anode material in lithium-ion batteries, low temperature did not fulfil 
HEO synthesis. 
 
The peaks in XRD patterns shift, which can provide valuable information about the 
material's crystal structure and lattice parameters. A growth in the position of XRD 
peaks towards higher or lower angles indicates a change in the lattice spacing or unit 
cell dimensions. This can be due to various factors:  

1) Phase transformation [62]. A change in crystal structure or phase transition can 
result in peak shifts. For example, a phase change from one crystal structure 
to another, such as from trigonal (HEO-3) to cubic (HEO-6 & HEO-9), can lead 
to a shift in the XRD peaks. 
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2) Temperature Effects [63]: Thermal expansion or contraction of the crystal 
lattice with changing temperature can cause peak shifts in XRD patterns. Higher 
temperatures can lead to increased lattice spacing. 

In addition, the broadening of XRD peaks, without significant shifts in position, indicates 
a decrease in crystallite size [64, 65]. This can be due to factors such as: 

1) The finite size effect can lead to peak broadening in the XRD pattern when the 
material consists of nanocrystalline domains or nanoparticles. Smaller 
crystallite sizes result in broader diffraction peaks. 

2) Disorder or Amorphousness: If the material is partially amorphous or contains 
a disordered phase, the XRD peaks may be broadened due to the lack of long-
range order. 

In summary, shifts in XRD peaks provide insights into changes in lattice parameters, 
phase transformations, or temperature effects. Peak broadening indicates variations in 
crystallite size, lattice defects, or disorder within the material.  
 

 
Fig. 12. XRD patterns of HEO-NP at different temperatures and as-synthesized. 
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Fig. 13. Unit cell of rhodochrosite crystal structure. 

 
Table 2. The detail information about rhodochrosite crystal structure. 

Title Mn (CO3) 

Lattice type R 

Space group name R -3 c  

Space group number 167 

Lattice parameters 
 

a b c Alpha beta gamma 
4.77300   4.77300   15.64200   90.0000   90.0000   120.0000 

Unit-cell volume 308.606980 Å^3 

Structure 
parameters 

x y z Occ. U Site Sym. 

Mn 0.00000 0.00000 0.00000 1.000 0.000 6b -3. 
C 0.00000 0.00000 0.25000 1.000 0.000 6a 32 

O 0.26950 0.00000 0.25000    1.000 0.000 18e .2 

 
In summary, the crystal structure of rhodochrosite Mn (CO3) consists of manganese 
(Mn) ions and carbonate (CO3) ions arranged in a specific pattern. In rhodochrosite, the 
Mn2+ ions occupy octahedral sites within the crystal structure. Each Mn2+ ion is 
coordinated with six carbonate ions (CO3), forming an octahedral coordination 
geometry. The carbonate ions surround the central Mn2+ ion, with three carbonate ions 
in the equatorial plane and three carbonate ions above and below the plane. 
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Fig. 14. a) Unit cell of the spinel structure, b) in a polyhedral form where red 

(oxygen); green (tetrahedral site); blue (octahedral site), c) a schematic illustration of 
the structure of HEO, d) view along an axis, the figure of octahedral site e) and 

tetrahedral side f). 
 

Table 3. The detail information about magnetite crystal structure. 

Title Fe3O4 (magnetite) 

Lattice type F 

Space group name F d -3 m 

Space group number 227 

Lattice parameters 
 

a b c Alpha beta gamma 
8.32000 8.32000 8.32000 90.0000 90.0000 90.0000 

Unit-cell volume 575.930305 Å^3 

Structure 
parameters 

x y z Occ. U Site Sym. 
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Fe1 0.00000 0.00000 0.00000 1.000 0.000 8a -43m 

Fe2 0.62500 0.62500 0.62500 1.000 0.000 16d .-3m 
O 0.37500 0.37500 0.37500 1.000 0.000 32e .3m 

 
In conclusion, the distribution of Fe3+ and Fe2+ ions within the octahedral and 
tetrahedral sites and the magnetite gives many interesting physical and chemical 
properties, such as its ability to undergo electron transfer reactions, redox properties, 
and catalytic activity.   
 
Each basic oxide was also synthesized, and Fig. 15 shows their XRD patterns. A 
summary of the detailed information about crystal structure is in Table 4. Firstly, iron 
oxides have hematite for the unit cell in Fig. 16; details can be seen in Table 5. 
Secondly, Fig. 17 shows the cobalt dicobalt (III) oxide crystal structure; Table 6 is 
specific. Next, a unit cell of NiO is in Fig. 18 and Table 7. Bixbyite crystal structure of 
manganese oxides is described in Fig. 19 and Table 8. Also, ZnO only has a hexagonal 
crystal structure in Fig. 20, and the explanation is in Table 9. 
 

 
Fig. 15. XRD patterns of a) Iron oxide in comparison with reference (PDF#00-033-

0664), b) Cobalt oxide in comparison with reference (PDF#01-080-1533), c) Nickel in 
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comparison with reference (PDF#01-078-4374), d) Manganese in comparison with 
reference (PDF#01-089-2809), and e) Zinc in comparison with reference (PDF#01-080-

0075). 
 

Table 4. Summary of each metal oxide of Fe, Co, Ni, Mn, Zn, and HEO. 

Oxides Chemical Formula Space Group 
Crystal 

Structure 

Iron Fe2O3 (Hematite, syn) R-3c (167) Trigonal 

Cobalt 
Co3O4 (Cobalt dicobalt (III) 
oxide) 

Fd-3m (227) Cubic 

Nickel NiO (Nickel oxide) R-3m (166) Trigonal 

Manganese Mn2O3 (Bixbyte, syn) Ia-3 (206) Cubic 

Zinc ZnO (Zinc oxide) P63mc (186) Hexagonal 

HEO-3 
Mn (CO3) (rhodochrosite) R-3c (167) Trigonal 

Fe3O4 (Magnetite) Fd-3m (227) Cubic 
HEO-6 & HEO-

9 
Fe3O4 (Magnetite) Fd-3m (227) Cubic 

 

 
Fig. 16. Unit cell of hematite crystal structure. 

 
Table 5. The detail information about hematite crystal structure. 

Title Fe2O3 (hematite) 

Lattice type R 
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Space group name 

R -3 c  
(The R-3c space group refers to a 

rhombohedral crystal system with a 
threefold rotational symmetry axis) 

Space group number 167 

Lattice parameters 
 

a b c Alpha beta gamma 
5.43000   5.43000   5.43000   55.2800 55.2800 55.2800 

Unit-cell volume 100.791618 Å^3 

Structure 
parameters 

x y z Occ. U Site Sym. 

Fe 0.10500 0.10500 0.10500 1.000 0.000 4c 3. 

O 0.29200 
-

0.29200 
0.00000     1.000 0.500 12f 1 

 
In summary, the crystal structure of Fe2O3 (hematite) in the R-3c space group consists 
of iron (Fe) ions in the +3 oxidation state surrounded by oxygen (O) ions in an 
octahedral coordination arrangement.  
 

 
Fig. 17. Unit cell of Cobalt dicobalt (III) oxide crystal structure. 

 
Table 6. The detail information about Cobalt dicobalt (III) oxide crystal structure. 

Title Co3O4 (Cobalt dicobalt (III) oxide) 

Lattice type F 
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Space group name 

F d -3 m 
(The "F" indicates that the unit cell is 
face-centered, the "d" means that the 
lattice is diamond-shaped, and the "-
3m" indicates the specific symmetry 

elements present in the crystal 
structure) 

Space group number 227 

Lattice parameters 
 

a b c Alpha beta gamma 

8.06500   8.06500   8.06500   90.0000 90.0000 90.0000 
Unit-cell volume 524.581593 Å^3 

Structure 
parameters 

x y z Occ. U Site Sym. 

Co2 0.62500     0.62500     0.62500     1.000 0.000 16d .-3m 

O 0.38800     0.38800     0.38800     1.000 0.000 32e .3m 
Co1 0.00000     0.00000     0.00000     1.000 0.000 8a -43m 

 
In summary, the crystal structure of Co3O4 in the Fd-3m space group consists of cobalt 
(Co) ions in both the +2 and +3 oxidation states surrounded by oxygen (O) ions in 
tetrahedral coordination arrangements.  
 

 
Fig. 18. Unit cell of nickel oxide crystal structure. 
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Table 7. The detail information about nickel oxides crystal structure. 

Title NiO 
Lattice type R 

Space group name 

R -3 m 
(The "R" denotes a rhombohedral unit 

cell, and the "-3m" signifies specific 
symmetry elements present in the 

crystal structure) 
Space group number 166 

Lattice parameters 
 

a b c Alpha beta gamma 

2.95170   2.95170   7.21700   90.0000 90.0000 120.0000 
Unit-cell volume 54.454247 Å^3 

Structure 
parameters 

x y z Occ. U Site Sym. 

Ni 0.00000 0.00000 0.00000 1.000 0.000 3a -3m 

O 0.00000     0.00000     0.50000 1.000 0.000 3b -3m 
 
In summary, the crystal structure of NiO in the R-3m space group consists of nickel (Ni) 
ions in the +2 oxidation state surrounded by oxygen (O) ions in an octahedral 
coordination arrangement.  
 

 
Fig. 19. Unit cell of bixbyite crystal structure. 
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Table 8. The detail information about bixbyite crystal structure. 

Title Mn2O3 (Bixbyite) 
Lattice type I 

Space group name 

I a -3 
(The "I" denotes a body-centered unit 

cell, the "a" signifies a cubic lattice 
type, and the "-3" represents specific 
symmetry elements present in the 

crystal structure) 

Space group number 206 

Lattice parameters 
 

a b c Alpha beta gamma 

9.42000 9.42000 9.42000 90.0000 90.0000 90.0000 

Unit-cell volume 835.896908 Å^3 
Structure 

parameters 
x y z Occ. U Site Sym. 

Mn1 0.25000 0.25000 0.25000 1.000 0.250 8b .-3. 

Mn2 -0.03470 0.00000 0.25000 1.000 0.210 24d 2.. 

O 0.37800 0.16700 0.37900 1.000 0.500 48e 1 
 
In summary, the crystal structure of Mn2O3 in the Ia-3 space group consists of 
manganese (Mn) ions in the +3 oxidation state surrounded by oxygen (O) ions in 
octahedral coordination.  

 
Fig. 20. Unit cell of zinc oxide crystal structure. 
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Table 9. The detail information about Zinc oxide crystal structure. 

Title O Zn 
Lattice type P 

Space group name 

P 63 m c 
(The "P" denotes a primitive unit cell, 

the "6" represents the sixfold rotational 
symmetry, and the "mc" signifies a 

mirror plane perpendicular to the c-
axis) 

Space group number 186 

Lattice parameters 
 

a b c Alpha beta gamma 

3.22000 3.22000 5.20000 90.0000 90.0000 120.0000 

Unit-cell volume 46.692348 Å^3 
Structure 

parameters 
x y z Occ. U Site Sym. 

Zn 0.33333     0.66667     0.00000 1.000 0.000 2b 3m. 

O 0.33333     0.66667     0.37500     1.000 0.000 12b 3m. 

 
In summary, the crystal structure of ZnO in the P63mc space group consists of zinc 
(Zn) ions in the +2 oxidation state surrounded by oxygen (O) ions in tetrahedral 
coordination.  
 
4.1.2 X-ray photoelectron spectroscopy (XPS) 

Formation Mechanism 
 As previously noted, CTAB was the surfactant during the synthesis since it 
effectively regulates the nanoparticle size and form. According to Fig. 21 and Reactions 
(3) – (5), CTAB hydrolyzes urea in the solution before the hydrothermal synthesis and 
generates CTA+ and Br–. The formation of metal hydroxy carbonates and carbonates in 
hydrothermal processes follows Reactions (6) and (7). Following the heat treatment, 
as demonstrated in Reaction (8). 
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Fig. 21. The reaction of urea hydrolysis. 

 

CO(NH2)2 + H2O → 2NH3 + CO2   (3) 

CO2 + H2O → CO3
2- + 2H+    (4) 

NH3 + H2O → NH4
+ + OH-    (5) 

MX+ + yCO3
2- + xOH- → M(OH)X.(CO3)Y  (6) 

M2+ + CO3
2- → M(CO3)     (7) 

M(OH)X(CO3)Y ; (M(CO3) → M3O4 + H2O + CO2  (8) 
 To determine the chemical compositions and oxidation states of 
(FeCoNiMnZn)3O4 particles at 600°C in Fig. 22 and at 900°C in Fig 23, XPS analysis was 
carried out on the powder samples. The complete spectroscopy of HEO-9 detected 
Fe, Co, Ni, Mn, Zn, and O, shown in Fig. 24. The outcomes also show that the powders 
were successfully produced, and the samples were uncontaminated. The HEO 
nanoparticles' whole cation population is in the +2 state, which is appropriate with the 
reported in earlier research [66-68]. The Fe 2p spectra of samples with two spin-orbits 
are shown in Fig. 23a. Fe2+ is linked to the peaks at 709.8 and 722.8 eV, while Fe3+ is 
connected to the peaks at 713 and 724.3 eV. In Fig. 23b, Co 2p is depicted. Peaks at 
782.3 eV (Co 2p3/2) and 797.4 eV (Co 2p1/2) are referred to as Co2+, whereas peaks at 
779.2 eV (Co 2p3/2) and 795.7 eV (Co 2p1/2) are associated with Co3+. Then, in Fig. 23c, 
Ni 2p is depicted, with Ni2+ peaks at 854.9 eV (Ni 2p3/2) and 872.5 eV (Ni 2p1/2) and Ni3+ 
peaks at 856.6 eV (Ni 2p3/2) and 874.1 eV (Ni 2p1/2), respectively. Additionally, Mn 2p is 
shown in Fig. 23d; the peaks for Mn3+ are at 640.7 eV (Mn 2p3/2) and 652.3 eV (Mn 
2p1/2), while those for Mn4+ are at 644.3 eV (Mn 2p3/2) and 653.6 eV, respectively. The 
binding energies of Zn2+ in Fig. 23e are 1021.3 and 1044.5 eV, corresponding to Zn 2p3/2 
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and Zn 2p1/2, respectively. Three regions can suit the O 1s peak in Fig. 23f. The 
chemisorbed oxygen (OC) peak at 533.3 eV can be attributed to the chemically and 
physically adsorbed water on the material surface. The rise of oxygen in the lattice 
(OL) at 528.9 eV represents M-O in metal oxide; the peak of oxygen vacancy (OV) at 
531.8 eV corresponds to a high number of defect sites with low oxygen coordination 
in the material. Electron transport may be aided by OV, which would support 
electrochemical capabilities. 
 

 
Fig. 22. XPS images of HEO-6 a) Fe 2p, b) Co 2p, c) Ni 2p, d) Mn 2p, e) Zn 2p, and f) O 

1s spectra. 
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Fig. 23. XPS images of HEO-9 a) Fe 2p, b) Co 2p, c) Ni 2p, d) Mn 2p, e) Zn 2p, and f) O 

1s spectra. 

 
Fig. 24. XPS complete spectroscopy of HEO-9. 
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4.1.3 Scanning Electron Microscope (SEM) 

 The high-entropy nanoparticles morphology was determined utilizing SEM 
analysis, as shown in Fig. 25, which shows that the sample was made up of semi-
spherical particles. Nanoparticles and sub-micro size particles can also be detected in 
the particle size histogram. As previously mentioned, SEM patterns and the size of 
basic oxide are also investigated in Fig. 26. They have different shapes. The particle 
size of HEO-6 and HEO-9 are 110–200 nm and 140–260 nm. In other words, bigger 
particle size was associated with increased calcination. Meanwhile, HEO-3 cannot be 
measured because it is too small and impure. In the hydrothermal method for 
synthesizing high-entropy oxides, low temperatures of HEO-3 are often employed to 
promote the formation of small particle sizes. This phenomenon can be attributed to 
several factors [69, 70]:  

1) Nucleation and Growth: at lower temperatures, the rate of nucleation, which is 
the initial formation of particles, is favored. With a higher nucleation rate, 
smaller particles are formed due to the limited availability of precursor 
materials for growth. As a result, the particles remain small in size. 

2) Precursor Solubility: lower temperatures can decrease the solubility of 
precursors in the hydrothermal solution. When the solubility is reduced, 
reactants' availability decreases, limiting particle growth. Consequently, smaller 
particles are favored. 

3) Reaction Rate: reactions occurring at lower temperatures tend to proceed 
slower. Slower reaction rates can impede particle growth, leading to smaller 
particles forming over extended periods. 

4) Agglomeration Prevention: In hydrothermal synthesis, there is a risk of particles 
aggregating or merging to form larger particles. The use of low temperatures 
can help mitigate this issue by reducing the mobility and diffusion of particles, 
thus hindering their aggregation and resulting in smaller particle sizes. 
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Fig. 25. SEM images and histograms of the particle size distribution of a) HEO-3, b) 

HEO-6, and c) HEO-9. 

 
Fig. 26. SEM image and histogram of particle size of a) Fe, b) Co, c) Ni, d) Mn, and e) 

Zn oxides. 
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The particle size of HEO is generally smaller than that of individual elemental oxides 
in Fig. 27 due to some reasons [71, 72]:  

1. Increased atomic disorder: High entropy oxides consist of multiple cations with 
varying atomic sizes. This high degree of atomic disorder disrupts the regular 
lattice structure of the oxide. The lack of long-range order in HEO prevents the 
formation of large crystalline domains, resulting in smaller particle sizes.  

2. HEO have a higher surface energy than individual elemental oxides due to their 
complex structure. This increased surface energy promotes the formation of 
smaller particles to minimize the material's overall surface area and energy. 

3. Thermodynamic stability: High entropy oxides often exhibit improved 
thermodynamic stability compared to binary oxides. The enhanced stability 
arises from forming a solid solution with a more random distribution of cations, 
reducing the driving force for phase separation and grain growth. As a result, 
the particles tend to remain smaller and more stable over a wide range of 
conditions. 

Overall, the smaller particle size of HEO can offer several advantages over individual 
elemental oxides, including improved reactivity, catalytic activity, and surface area. 

 
Fig. 27. The distribution of diameter of each elemental and high-entropy oxide. 

 
4.1.4 Energy dispersive X-ray spectroscopy (EDS) 

EDS elemental mapping pictures for high-entropy oxides demonstrated distinct 
dispersion, and Fe, Co, Ni, Mn, Zn, and O were distributed uniformly. EDS mapping 
analysis was used to ascertain the components' homogeneity and random distribution 
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at the nanoscale. The related EDS elemental maps for the HEO-3, HEO-6, and HEO-9 
are shown in Fig. 28, 29, and 30, respectively. The outcomes showed no element 
segregation in any individual HEO nanoparticle and a consistent distribution of all the 
elements among all the particles. These outcomes support the XRD findings and 
demonstrate how HEO powder was created.  

The elemental distribution measured using Energy Dispersive X-ray 
Spectroscopy (EDS) shows a similar atomic ratio, as seen in Table 10-12. Also, the 
elemental of Fe, Co, Ni, Mn, and Zn has detailed in Table 13. They are quite similar 
corresponding to the oxygen of each metal. It typically indicates that the analyzed 
sample has a consistent elemental composition throughout the surveyed area. This 
means that the relative amounts of different elements present in the sample are 
relatively constant or proportionate to each other. Having a similar atomic ratio in EDS 
analysis can suggest several things: 

1) Homogeneous Composition: a consistent atomic ratio implies that the 
sample has a uniform elemental distribution, meaning the composition of 
the material is consistent across the analyzed area. This is often desirable 
when analyzing homogeneous materials or studying specific regions of 
interest. 

2) Chemical Composition Confirmation: a similar atomic ratio confirms that the 
elements are present in the expected proportions if the sample's 
composition is known or expected. This can provide validation that the 
sample matches the anticipated composition. 

3) Stoichiometry: in the case of compounds, a similar atomic ratio in EDS 
analysis indicates that the elements are present in the expected 
stoichiometric ratio. This suggests that the sample contains the details in 
the appropriate proportions for forming the compound. 

Suppose the elemental atoms in high-entropy oxides are present in similar or exact 
amounts. In that case, it implies that the oxide composition is highly balanced and 
exhibits a high degree of entropy. This concept is central to high-entropy materials, 
where multiple elements are combined in approximately equimolar ratios. Traditional 
oxide materials typically contain one or a few dominant details with minor dopants or 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 37 

impurities. However, high-entropy oxides depart from this conventional approach by 
incorporating several aspects in nearly equal proportions. The rationale behind this is 
to introduce compositional disorder and enhance the configurational entropy of the 
material. By having similar amounts of different elemental atoms, high-entropy oxides 
aim to maximize the number of potential configurations and mixing arrangements at 
the atomic level. This increased configurational entropy can lead to unique structural, 
mechanical, thermal, and chemical properties compared to conventional materials. 
High-entropy oxides have gained attention for their potential in catalysis, energy 
storage, electronic applications, and other fields due to their promising properties from 
the diverse combination of elements. 
 
Table 10. Elemental percentages of (FeCoNiMnZn)3O4 at 300°C. 

Formula Mass (%) Atom (%) Sigma Net K ratio Line 
C 59.90 71.69 0.06 61860 0.0155139 K 
O 28.27 25.40 0.19 14012 0.0119344 K 

Mn 2.60 0.68 0.06 5702 0.0053770 K 
Fe 2.05 0.53 0.05 3925 0.0042817 K 
Co 2.98 0.73 0.06 4744 0.0061012 K 
Ni 2.16 0.53 0.07 2930 0.0044940 K 
Zn 2.03 0.45 0.08 1884 0.0039483 K 

Total 100.00 100.00 
 
 

   

Table 11. Elemental percentages of (FeCoNiMnZn)3O4 at 600°C. 
Formula Mass (%) Atom (%) Sigma Net K ratio Line 

C 73.52 81.94 0.06 93348 0.0234109 K 
O 19.74 16.52 0.19 7781 0.0066276 K 

Mn 1.09 0.27 0.04 2504 0.0023616 K 
Fe 1.28 0.31 0.04 2556 0.0027882 K 
Co 1.69 0.38 0.05 2787 0.0035834 K 
Ni 1.54 0.35 0.05 2186 0.0033539 K 
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Zn 1.13 0.23 0.07 1094 0.0022923 K 

Total 100.00 100.00     
 
Table 12. Elemental percentages of (FeCoNiMnZn)3O4 at 900°C. 

Formula Mass (%) Atom (%) Sigma Net K ratio Line 

C 5.12 16.15 0.01 25236 0.0035583 K 
O 12.98 30.76 0.03 184243 0.0851389 K 

Mn 14.32 9.88 0.07 101749 0.1305672 K 
Fe 18.46 12.53 0.08 108384 0.1684948 K 
Co 17.12 11.01 0.09 78497 0.1535344 K 
Ni 16.74 10.81 0.10 61041 0.1519053 K 
Zn 15.26 8.85 0.14 33163 0.1290657 K 

Total 100.00 100.00     
 
Table 13. Elemental percentages of each basic oxide. 

Iron 
oxides 

Cobalt 
oxides 

Nickel 
oxides 

Manganese 
oxides 

Zinc 
oxides 

Fe 
(%) 

O 
(%) 

Co 
(%) 

O 
(%) 

Ni 
(%) 

O 
(%) 

Mn 
(%) 

O 
(%) 

Zn 
(%) 

O 
(%) 

44.80 55.20 53.53 46.47 66.79 33.21 40.18 59.82 57.24 42.76 
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Fig. 28. EDS elemental mapping images of (FeCoNiMnZn)3O4 at 300°C. 
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Fig. 29. EDS elemental mapping images of (FeCoNiMnZn)3O4 at 600°C. 
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Fig. 30. EDS elemental mapping images of (FeCoNiMnZn)3O4 at 900°C. 
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4.1.5 Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

As seen, the components are evenly dispersed throughout the nanoparticles. 
To determine the chemical composition of the collected samples, ICP-OES tests were 
made. ICP analysis is often considered more reliable than EDX analysis for elemental 
distribution for several reasons:  

a) Sensitivity and Detection Limit: ICP analysis typically offers higher sensitivity and 
lower detection limits than EDX analysis. ICP can detect trace elements at 
much lower concentrations, allowing for more accurate and precise 
measurements of element distribution, even in samples with low elemental 
concentrations. 

b) Wide Elemental Coverage: ICP analysis covers more elements than EDX. While 
both techniques can detect various features, ICP analysis is particularly well-
suited for analyzing elements across the periodic table, including metals and 
non-metals. This comprehensive coverage is valuable for elemental 
distribution studies where a diverse set of components may be of interest. 

c) Quantitative Analysis: ICP analysis is generally more accurate in providing 
quantitative results for elemental distribution [73]. It allows for precisely 
determining elemental concentrations in a sample, enabling reliable 
measurements of element distribution across different regions. EDX analysis, 
on the other hand, may have limitations in the quantitative analysis due to 
factors such as matrix effects, spectral interferences, and constraints in 
calibration standards. 

d) Simultaneous Multielement Analysis: ICP analysis can perform simultaneous 
multielement analysis, measuring the concentration of multiple elements in a 
sample. This capability allows for efficient and time-saving analysis, particularly 
in complex samples or when many elements must be analyzed. In contrast, 
EDX analysis typically requires sequential scanning and analysis, making it more 
time-consuming. 

e) Accuracy and Precision: ICP analysis generally provides higher accuracy and 
precision due to its superior detection limits, calibration methods, and lower 
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interference effects. It can achieve better reproducibility in measurements, 
reducing errors and uncertainties in elemental distribution analysis. 

f) Sample Compatibility: ICP analysis is compatible with various sample types, 
including liquids, solutions, and solid samples (coupled with sample digestion 
techniques) [74]. This versatility allows for analyzing various sample matrices, 
making them suitable for applications and sample types. EDX analysis, on the 
other hand, is primarily used for solid samples, limiting its application range. 

While ICP analysis offers several advantages over EDX for elemental distribution 
studies, it is worth noting that both techniques have their respective strengths and 
limitations. The choice of the most appropriate technique depends on the specific 
requirements of the analysis, sample type, elemental coverage, and desired sensitivity 
and accuracy. 
 
All three examples have quite comparable features, as seen in Table 14. HEO-3, HEO-
6, and HEO-9 each have computed entropy configuration values of 1.593R, 1.591R, and 
1.584R, respectively. 

 
Table 14. ICP-OES concentration and corresponding calculated entropy configuration 
values of the obtained samples. 

ID Fe (%) Co (%) Ni (%) Mn (%) Zn (%) ∆S 
HEO-3 20.62 18.14 14.43 25.36 21.44 1.5927R 
HEO-6 19.80 17.62 14.26 24.75 23.56 1.5905R 
HEO-9 16.82 17.89 14.67 26.65 23.97 1.5841R 

e.g. ∆S HEO-9 = -R (0.16 ln 0.16 + 0.18 ln 0.18 + 0.15 ln 0.15 + 0.27 ln 0.27 + 0.24 ln 
0.24) = -1.58R 
 
The existence of Zn in high entropy oxides refers to the presence of zinc as one of the 
constituent elements in the composition of these materials. In high entropy oxides, 
the incorporation of Zn serves several purposes: 
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1) Composition and Property Tuning: Including Zn allows for the adjustment of 
the material's composition, enabling the fine-tuning of its properties. Since high 
entropy oxides consist of multiple elements, including Zn provides an 
additional element to control the material's chemical and physical 
characteristics [75]. 

2) Synergistic Effects: The presence of Zn in high entropy oxides can contribute 
to synergistic effects among the constituent elements. Combining different 
elements, including Zn, in equimolar ratios can lead to unique and enhanced 
properties that are not typically observed in single-component or binary oxides. 

3) Structural Stability: Zn can enhance the structural stability of high entropy 
oxides [76]. Its presence can contribute to the formation of solid solutions or 
stabilize specific crystal structures, thus improving the overall stability of the 
material. 

Incorporating Zn in high entropy oxides provides additional flexibility in tailoring these 
materials' composition, properties, and performance. By incorporating multiple 
elements, including Zn, in equimolar ratios, high entropy oxides offer unique 
opportunities to explore novel materials with enhanced or multifunctional properties. 
 
If Zn is removed from the compound, there will be some effects. As Sarkar et al. [22] 
were done which first demonstrated HEO as an anode for lithium-ion batteries, they 
compared 5 cations HEO, (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O, and the 4 cation systems, without 
Zinc, (Co0.2Cu0.2Mg0.2Ni0.2)O. HEO shows stable capacity retention, while the materials 
without Zn reveal severe capacity degradation. They also found that removing Zn from 
the HEO causes a completely different electrochemical behavior during the oxidation 
of the compound. The CVs and differential capacity plots establish that the absence 
of Zn leads to a two-step oxidation process rather than a single one. The sample 
demonstrates that even removing a single element significantly changes the 
electrochemical properties. 
Furthermore, entropy was calculated at 1.39R, which belongs to medium entropy 
oxides. In the context of configurational entropy calculations, Zn should still be 
calculated. Zn is one of the compounds in the first discovery of HEO in 2015 refers to 
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the entropy associated with the arrangement of different cations within a crystal 
structure. Here are a few reasons why cation Zn (or any other cation) should be 
considered in configurational entropy calculations: 

a) Mixing of Cations: High entropy oxides typically consist of multiple cations, 
such as Zn, Mn, Co, Ni, and Fe, distributed randomly within the crystal lattice. Cation 
Zn introduces additional complexity to the system, as its arrangement and interaction 
with other cations affect the overall configurational entropy. Taking into account the 
different cations enables a more comprehensive analysis of the disorder within the 
crystal structure. 

b) Disorder and Entropy: Configurational entropy arises from the disorder in the 
arrangement of cations. Including Zn allows for a more accurate assessment of the 
disorder in the system, as each cation contributes to the overall configurational 
entropy based on its position and interaction with neighboring cations. By considering 
cation Zn, the configurational entropy calculation captures the full extent of disorder 
in the system, providing a more precise understanding of the material's thermodynamic 
properties. 

c) Thermodynamic Modeling: Including cation Zn in configurational entropy 
calculations enables more accurate thermodynamic modeling and predictions. 
Thermodynamic models aim to describe and predict the behavior of materials under 
different conditions. By accounting for all the relevant cations, including Zn, the 
models can better capture the phase stability, phase transitions, and other 
thermodynamic properties of the high entropy oxides or multi-component materials. 

d) Material Design and Optimization: High entropy oxides have garnered interest 
due to their unique properties and potential applications. Understanding the 
configurational entropy, including the contribution from cation Zn, can aid in designing 
and optimizing these materials. By considering the complete set of cations, researchers 
can tailor the composition and arrangement of cations to achieve desired properties, 
such as enhanced stability, improved catalytic activity, or specific electronic or 
magnetic behavior. 
In summary, considering cation Zn (or other relevant cations) in configurational entropy 
calculations is important to capture the full extent of disorder and complexity in high 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 46 

entropy oxides or multi-component materials. It allows for more accurate 
thermodynamic modelling, provides insights into the material's properties, and 
supports designing and optimizing these materials for various applications. 
 

4.1.6 Transmission Electron Microscope (TEM) 

 The elemental analysis of a small section was determined using TEM analysis 
in Fig. 31. HEO-3 has the smallest, which is 2.95 ±  0.29 nm, and the most difficult-to-
measure particle sizes, whereas HEO-6 and HEO-9 have particle sizes that are 23.16 ±  
7.56 nm and 90.42 ± 3.27 nm, respectively. Agglomeration caused the particle to grow 
more prominent as the calcination increased. 

 
Fig. 31. TEM images of (FeCoNiMnZn)3O4 at a) HEO-3, b) HEO-6, and c) HEO-9. 

 

4.1.7 BET Surface area analysis 

Through N2 adsorption-desorption isotherms at 77.00 K, the specific surface 
areas were determined in Fig. 32. HEO-3, HEO-6, and HEO-9 all have surface areas that 
have been determined to be 69.59, 16.52, and 3.18 m2g-1, respectively.  
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Fig. 32. N2adsorption–desorption isotherms of HEO-3, HEO-6, and HEO-9 samples. 

 
In lithium-ion battery applications, a small surface area is more favorable than a large 
surface area for the electrode materials. Here are the reasons: 

1) Stability: one of the critical challenges in lithium-ion batteries is forming a solid-
electrolyte interphase (SEI) layer on the electrode surface. This layer acts as a 
passivation layer and helps stabilize the electrode-electrolyte interface. A 
smaller surface area reduces the overall contact area with the electrolyte, 
leading to a lower SEI growth rate and improved long-term stability. 

2) Electrolyte Consumption: lithium-ion batteries operate through the transport 
of lithium ions between the electrode materials and the electrolyte. With a 
smaller surface area, the amount of electrolyte needed for the ion transport is 
reduced. This can result in lower electrolyte consumption, improved cycling 
efficiency, and longer battery lifetime. 

3) Electrode-Electrolyte Interface: a larger surface area may initially provide better 
contact between the electrode and electrolyte, but it can also lead to higher 
surface and side reactions. These reactions can consume active materials, 
reduce the battery's coulombic efficiency, and cause capacity fading over time. 
A smaller surface area mitigates these issues by minimizing unwanted reactions 
at the electrode-electrolyte interface. 

4) Structural Integrity: high surface area can increase surface strain and structural 
instability during lithiation and delithiation processes. This can lead to 
mechanical degradation and reduced cycling stability. A smaller surface area 
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reduces these strain effects, enhancing the structural integrity of the electrode 
material. 

To conclude, a small surface area is generally preferred over a large one for lithium-
ion battery applications to improve stability, minimize side reactions, reduce 
electrolyte consumption, and enhance cycling performance. There is also important 
to note that other factors, such as the specific electrode material's composition, 
particle size, and morphology, also play significant roles in the overall battery 
performance. 

Using nanomaterials is a common method to improve the electrode rate 
capabilities of LIBs because of the shorter diffusion lengths and greater contact surfaces 
between the electrode and the electrolyte [7]. Because of their large specific surface 
area and surface energy, nanoparticles accumulate, which compromises their cyclic 
stability. HEO, on the other hand, are frequently created by mechanical mixing 
followed by high-temperature annealing to generate a single solid solution phase, 
resulting in large particle sizes and reduced capacity retention. High crystallinity has 
been shown to promote cyclability despite the enormous particle sizes. To optimize 
the performance of the HEO anode, it is required to adjust the particle size and 
crystallinity. Furthermore, HEO increased the production of solid-electrolyte interphase 
layers, which consumed Li irreversibly due to its greater surface areas from smaller 
particle size. 

In the context of high entropy oxides as anode materials in lithium-ion 
batteries, there is no direct correlation between the surface area and conductivity. 
While it is generally true that a larger surface area can offer advantages regarding 
electrode-electrolyte interface, active material utilization, and electron transfer, it does 
not necessarily guarantee improved conductivity in HEO anode materials. The 
conductivity of HEO is primarily determined by factors such as their composition, 
crystal structure, defect concentration, and ionic/electronic transport mechanisms [77]. 
These factors are more significant in determining the material's conductivity than the 
surface area alone. In some cases, increasing the surface area of the HEO anode 
material can lead to higher capacitance or improved electrochemical performance due 
to increased active material availability and electrode-electrolyte interaction. However, 
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it does not directly translate into improved conductivity. To summarize, while a larger 
surface area can have benefits in terms of specific electrochemical processes, it does 
not directly correlate with improved conductivity in HEO anode materials for lithium-
ion batteries. The conductivity of HEOs depends on various intrinsic factors of the 
material itself. 

 
4.2 Electrochemical performance of (FeCoNiMnZn)3O4 

4.2.1 Cyclic voltammetry (CV) 

The performance of the HEO electrode was measured electrochemically. The 
reaction voltage, reversibility, and anionic redox reactions are commonly known via 
cyclic voltammetry (CV) used to examine HEO-3, HEO-6, and HEO-9 samples. CV has 
the following advantages such as: 1) the chemical process being reversed, 2) identifying 
oxidation and reduction processes, and 3) altering test parameters such as the scan 
rate [78]. Fig. 33 depicts the acquired curves in the first five cycles with various anodic 
and cathodic peaks. All samples showed a prominent oxidation peak at about ~1.6 V, 
caused by the HEO's delithiation (re-conversion) processes. In the subsequent negative 
scan, CV peaks for HEO-6 and HEO-9 were combined into two peak positions. In other 
words, as the cycle progressed, the cathodic and anodic curves substantially 
overlapped, indicating excellent electrochemical reversibility of the (FeCoNiMnZn)3O4. 
Meanwhile, HEO-3 was only around ~0.8 V because of its non-single-phase nature and 
impurity phase. Fig. 34 displays the HEO has been investigated via CV profile recorded 
0.1 - 1.0 mV/s. The shapes of CV pictures in (FeCoNiMnZn)3O4 can be well retained, 
even increasing the scan rates, implying exceptional stability as an electrode. The CV 
of each elemental is displayed in Fig. 35. They are all different peaks due to their 
components.  

In the case of lithium-ion batteries, the anode material is typically the negative 
electrode. During charging, the anode material undergoes lithium intercalation or 
incorporation reactions, which change its oxidation state or composition. This process 
is responsible for storing lithium ions in the anode during charging. Regarding the peak 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 50 

observed in the CV curve for the anode material [78], it can provide important 
information:  

a. Anodic Peak: The peak appearing during the forward scan represents the 
oxidation process occurring at the anode. It indicates the release of lithium ions or a 
change in the composition of the anode material.  

b. Peak Potential: The potential at which the peak occurs (voltage on the x-
axis) can provide insights into the electrochemical stability and performance of the 
anode material. It can help determine the voltage range in which the anode material 
operates efficiently.  

c. Peak Shape and Current: The shape and magnitude of the peak can reveal 
information about the kinetics of the intercalation/incorporation process and the 
overall performance of the anode material. Broader or asymmetrical peaks could 
suggest sluggish kinetics or other side reactions. 

 
Fig. 33. CV curves for a) HEO-3, b) HEO-6, and c) HEO-9 at 0.1 mVs-1 and 0.00 - 3.00 V. 
In high-entropy oxides, the calcination temperature can impact the material's structural 
and electrochemical properties, influencing the peaks observed in cyclic voltammetry. 
Here are some factors that explain why higher calcination temperatures may result in 
larger peaks: 

1) Crystallinity and Particle Size: higher calcination temperatures often promote 
increased crystallinity and larger particle sizes in high-entropy oxides. This 
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improved crystallinity can lead to better electronic and ionic conductivity 
within the material, allowing for more efficient charge transfer during the CV 
measurement. Consequently, the more significant peaks observed in CV can 
indicate enhanced electrochemical activity and higher specific capacity. 

2) Enhanced Crystalline Phase Formation: higher calcination temperatures can 
promote the formation of desired crystalline phases in high-entropy oxides. 
These crystalline phases may have more favorable electronic and ionic 
transport properties, improving electrochemical performance. These well-
defined crystalline phases can contribute to the larger peaks observed in CV. 

3) Increased Oxidation State: higher calcination temperatures can also lead to 
higher oxidation states of the constituent elements in high-entropy oxides. This 
increase in oxidation state can result in greater charge storage capacity and 
higher redox activity during the CV measurement, leading to more significant 
peaks. 

 
Fig. 34. CV curves of (FeCoNiMnZn)3O4 a) HEO-3, b) HEO-6, c) HEO-9 at different scan 

rates 0.1 - 1.0 mV/s. 
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Fig. 35. The initial CV curves for a) Fe, b) Co, c) Ni, and d) Zn oxides at 0.1 mV/s. 

 

4.2.2 Galvanostatic charge-discharge 

Expression for specific capacitance (the capability of a material object or device 
to store electric charge) for galvanostatic charge-discharge curve explains in Fig. 36 
below, and it needs the current setting on the instrument as Table 15 when testing 
the battery. 

 

 
Fig. 36. The formula of specific capacitance. 

 
How to calculate current (I) 
Cu foil = 0.0136 gram 
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Cu foil + coating = 0.0167 gram 
Coating = 0.0167 – 0.0136 = 0.0031 gram 
=> 0.0031 gr x weight (80%) 
=> 0.0031 x 0.8 
=> 0.00248 gram 
 
Table 15. The current setting on the instrument. 

A/g A (Setting) mA 

0.05 0.000124 0.124 

0.1 0.000248 0.248 
0.2 0.000496 0.496 

0.5 0.001240 1.240 

0.6 0.001488 1.488 
0.8 0.001984 1.984 

1.0 0.002480 2.480 
1.5 0.003720 3.720 

2.0 0.004960 4.960 

3.0 0.007440 7.440 
 

The first five charge & discharge curves for each element (NiO, Mn2O3, Co3O4, Fe2O3, 
and various HEO electrodes) are shown in Fig. 37 and are recorded at 100 mA g-1. The 
specific capacity of Ni, Mn, Co, Fe, HEO-3, HE0-6, and HEO-9 oxides is in Table 16. In 
charge-discharge measurements of lithium-ion batteries using high-entropy oxides, it is 
often observed that the specific capacity in cycle 1 is larger than in subsequent cycles 
(Cycles 2, 3, and so on). This behavior can be attributed to several factors: 

1) Activation and Formation of SEI: in the first cycle, the high-entropy oxide 
electrode undergoes activation processes, including forming the solid 
electrolyte interphase (SEI) layer. The SEI layer forms due to side reactions 
between the electrode material and the electrolyte, acting as a passivating 
layer on the electrode surface. During this initial cycle, the SEI layer forms, and 
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the electrode undergoes changes that can contribute to a larger specific 
capacity. In subsequent cycles, the activation processes are already initiated, 
and the SEI layer is typically established, resulting in a reduced additional 
capacity contribution. 

2) Electrode Restructuring and Stabilization: In the first cycle, the high-entropy 
oxide electrode may undergo structural rearrangements and restructure due to 
the lithiation/delithiation process. This can increase surface area and enhance 
electrochemical activity, producing a larger specific capacity. Subsequent cycles 
exhibit less restructuring, as the electrode has already undergone some 
stabilization, leading to a smaller specific capacity. 

3) Loss of Active Material or Electrolyte: high-entropy oxides may experience a 
loss of active material or electrolyte during the initial cycling. This loss can 
occur due to mechanical degradation, dissolution, or side reactions. As a result, 
the available capacity in subsequent cycles may be reduced, leading to smaller 
specific capacities. 

4) Electrolyte Decomposition: In the initial cycle, the electrolyte can decompose 
due to the high potential experienced during charging. This decomposition can 
consume lithium ions and reduce the available capacity for subsequent cycles. 

5) Irreversible Side Reactions: during the first cycle, irreversible side reactions may 
occur at the electrode-electrolyte interface or within the electrode material. 
These reactions can lead to the consumption of lithium ions or irreversible 
changes in the electrode structure, resulting in a larger specific capacity in the 
first cycle. 
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Fig. 37. Initial five charge & discharge curves of a) NiO, b) Mn2O3, c) Co3O4, d) Fe2O3, e) 

HEO-3, f) HEO-6, and g) HEO-9 electrodes calculated at 100 mA g–1. 
Table 16. The specific capacity of Ni, Mn, Co, Fe, HEO-3, HEO-6, and HEO-9 oxides at 
100 mA g-1. 

Oxide 
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 

mAh/g 
NiO 566.2 537.4 517.4 503.4 496.9 

Mn2O3 686.7 648.2 627.9 594.6 579.5 

Co3O4 721.2 701.2 671.8 655.8 631.0 
Fe2O3 764.2 743.3 714.6 687.9 659.6 

HEO-3 1090.9 1003.6 938.0 877.2 830.6 

HEO-6 1116.6 1059.5 1012.7 976.6 949.4 
HEO-9 1146.6 1133.3 1118.3 1101.9 1094.6 

 
The charge-discharge curves of the HEO electrodes at various scan rates ranging from 
50-2000 mA g-1 are in Fig. 38. HEO-3, HEO-6, and HEO-9 have charge capacities, as 
detailed in Table 17. Except for HEO-3, which supplied 2000 mA g-1, all electrodes 
produced reversible capacities higher than those of industrially available graphite 
anodes, demonstrating the HEO's potential for LIBs applications. When compared to 
HEO and each constituent, HEO-9 has the highest capacity. The electrodes' curve and 
the CV results are both accurate. HEO-3, HEO-6, and HEO-9 electrodes have first-cycle 
coulombic efficiency (CE) values of 100.6%, 86.3%, and 97.7%, respectively. The rising 
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electroactivity of the agglomerated particles may contribute to the high CE of the HEO-
3 electrode. 

 
Fig. 38. Charge & discharge curves of the HEO-3, HEO-6, and HEO-9, measured at 

different specific currents a), b), and c), respectively. 
Table 17. The specific capacity of HEO-3, HEO-6, and HEO-9 at different current 
conditions. 

Current (mA) HEO-3 (mAh/g) HEO-6 (mAh/g) HEO-9 (mAh/g) 
50 1136.2 1220.3 1333.5 

100 1090.9 1116.6 1146.6 

200 993.8 998.5 1101.6 
500 922.8 932.8 963.8 

600 791.2 855.2 943.6 

800 698.4 784.4 905.6 
1000 604.4 753.2 892.8 

2000 300.4 472.0 500.4 
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In the context of charge-discharge measurements in lithium-ion battery applications, a 
smaller current can lead to a larger specific capacity for high-entropy oxides. Here are 
the explanations: 

1) Electrode Kinetics: the kinetics of charge transfer at the electrode/electrolyte 
interface plays a crucial role in determining the specific capacity of a material. 
A smaller current is applied during charge-discharge cycles, allowing for more 
efficient charge-transfer processes.  

2) Diffusion Limitations: in high-entropy oxides, the diffusion of lithium ions within 
the electrode material can be a limiting factor for achieving high specific 
capacities. When a smaller current is used, it reduces the concentration 
gradients and diffusion distances within the electrode material. As a result, 
lithium ions have more time and opportunity to diffuse into and out of the 
lattice, enabling higher charge storage and resulting in a larger specific capacity. 

3) Electrode Stability: high-entropy oxides may undergo structural transformations 
or phase transitions during the charge-discharge process. Operating at lower 
currents reduces the likelihood of extreme structural changes or phase 
transitions leading to irreversible capacity loss or electrode degradation. 
Therefore, a smaller current can help maintain the structural stability of the 
high-entropy oxide electrode, allowing for better cycling stability and a larger 
specific capacity over multiple charge-discharge cycles. 
While a smaller current may result in a larger specific capacity, there are 

practical considerations to balance. Using very low currents can significantly increase 
the charging or discharging time, which may not be feasible in practical battery 
applications that require rapid energy storage or release. Thus, choosing an optimal 
current rate should consider the desired balance between specific capacity, cycling 
stability, and overall battery performance. 
 
4.2.3 Cycling performance, the coulombic efficiencies, and rate capability 

The data gathered at a rate of 500 mA g-1 were utilized for the cycle stability 
testing of HEO electrodes, and they are described in Fig. 39a. After 50 cycles, the 
capacities of the HEO-3, HEO-6, and HEO-9 electrodes were 133, 262, and 579 mAh g-
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1, respectively with the specific capacity in Table 18. Due to the impurity phase's 
potential to obstruct Li+ movement and result in irregularly shaped active material 
during charge-discharging, the HEO-3 electrode had a low charge-discharge capacity, 
which may have contributed to the impurity phase's quick capacity fading. HEO-9 
electrodes, on the other hand, exhibit outstanding cycle stability that surpasses 
traditional anodes. Effects of entropy stabilization could support and maintain the 
reversible transformation during lithiation or delithiation. The long cycles of 50 for each 
elemental oxide at 100 mA g-1 shows in Fig. 39b. In initially, and Iron oxides have the 
highest capacity; meanwhile, in the end, cobalt oxide is the stable and the highest 
capacity due to its unique properties as seen in Table 19. Some elementals such as 
Fe, Co, Ni, and Mn have electrochemical performances except Zinc oxides. ZnO has 
the limitations, such as its slow chemical reaction kinetics, rapid capacity fading, and 
poor rate capability, so ZnO must be formed with other materials [79, 80]. There are 
also performances of 100 cycles at 1.0 A g-1 in Fig. 39c, and it is excellent and stable 
along the charge-discharge and shows the high capacity as in Table 20 at cycles 1, 5, 
10, 25, 50, and 100 of HEO-9. The charge-discharge is relatively stable because the 
curve of different cycles tends to similar or not significant change as in Fig. 39d. The 
(FeCoNiMnZn)3O4 performs significantly better than the previously described HEO, as 
indicated in Table 21. 

The rated capacity from several electrodes is depicted in Fig. 40. The higher 
rate performance of HEO-9 is attributable to slightly higher OV concentration than that 
of the other samples, which enables Li+ transfer, and higher crystallinity, which also 
improves capacity and rate capability. HEO-3 and HEO-6, in contrast, have smaller 
particles than HEO-9. HEO-3 and HEO-6 have large surface areas that make them 
susceptible to aggregation and reduce cycling stability. This exhibit capacity declines 
at high charge-discharge rates beginning at 1000 mA g-1. The specific capacity of HEO-
3, HEO-6, and HEO-9 at different conditions, each of five cycles, is in Table 22. A high 
rate capability performance implies that the battery can maintain a significant portion 
of its specific capacity or energy efficiency even at high current rates. This indicates 
that the battery can deliver or accept charge rapidly without significantly degrading its 
performance. On the other hand, poor rate capability performance suggests that the 
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battery's capacity or efficiency decreases significantly at higher current rates, leading 
to reduced power output or diminished energy storage capabilities. Batteries with good 
rate capability can deliver the necessary power quickly, enabling efficient and reliable 
operation in demanding conditions. Therefore, careful evaluation and characterization 
of rate capability performance are essential to assess the suitability of a battery for 
specific high-power applications. 

 
Fig. 39. a) Evaluation of cycling stability of several HEO electrodes at 500 mA g-1 for 

50 cycles, b) the performance for 50 cycles of Iron, Cobalt, Nickel, and Zinc oxides at 
100 mA/g, c) The performances 100 cycles scan rates at 1.0 A/g, and d) the different 

cycles of charge-discharge curves at 1000 mA/g of HEO-9. 
Table 18. HEO-3, HEO-6, and HEO-9's specific capacity at cycles 1, 10, 30, and 50 at 500 mA 
g-1. 

Oxide 
Cycle 1 Cycle 10 Cycle 30 Cycle 50 

mAh/g 

HEO-3 986.8 398.8 177.2 133.2 

HEO-6 1164.8 603.2 336.8 261.6 
HEO-9 972.4 748.4 631.2 578.8 
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Table 19. The specific capacity of each elemental oxide at cycles 1, 10, 30, and 50 at 100 mA 
g-1. 

Oxide 
Cycle 1 Cycle 10 Cycle 30 Cycle 50 

mAh/g 

Fe2O3 825.1 681.7 492.4 368.4 
Co3O4 759.6 571.6 492.4 481.2 

NiO 623.6 469.2 438.0 400.4 
Mn2O3 728.8 516.0 412.4 395.2 

Table 20. The specific capacity of HEO-9 at cycles 1, 5, 10, 25, 50, and 100 at 1.0 A g-

1. 
Cycle number HEO-9 (mAh/g) 

1 714.7 
5 674.0 

10 635.6 

25 602.0 
50 660.4 

100 625.5 

 
Table 21. Summary of lithium storage properties of HEO. 

Samples Control variable 
Reversible 
Capacity 

(cycles)/mAhg-1 

Rate 
capability/mAhg-1 

Initial 
discharge/charge 
capacity (mAhg-1) 

Ref 

(Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O 
TM-MEO(-Co), 
TM-MEO(-Cu), 
TM-MEO(-Zn) 

520(50)@0.2 A/g ~270 @1 A/g 980/- @0.05 A/g [22] 

(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O Co3O4 ~900(300)@0.1 A/g 490 @3 A/g 1585/-@0.1 A/g [4] 

(Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O 
full-cells with a 

LiNi1/3Co1/3Mn1/3O2 
cathode 

256(100)@1.6 A/g ~375 @0.16 A/g 446/-@1.6 A/g [53] 

(Ni0.2Co0.2Mg0.2Zn0.2Cu0.2)O 
Temperature  

(370, 570, 950°C) 
~320(1000)@1 A/g 250 @5A/g 686/- @0.1 A/g [52] 

(FeCoNiCrMn)3O4 
Temperature  

(850, 900, 950, 
~350(300)@0.5 A/g 182 @ 2A/g 1034/680@0.1 A/g [3] 

mailto:1585/-@0.1
mailto:~375@0.16
mailto:446/-@1.6
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1000°C) 

(FeCoNiCrMn)3O4 
(FeCoNiCrMn)3O4 

BM 
596.5(1200)@2.0 

A/g 
~500 @ 2A/g ~1650/1050@0.1 A/g [51] 

(FeCoNiCrMnXLi)3O4 (X = Cu, Mg, Zn) 522.1(100)@0.5 A/g 173 @2A/g 1049.9/706@0.05 A/g 
[6] 
 

(FeNiCrMnX)3O4 (X = Zn, Mg) 386.7(185)@0.5 A/g ~100 @3A/g ~1400/800@0.1 A/g [8] 
(CoNiZnXMnLi)3O4 (X = Fe, Cr) 605(100)@0.1 A/g 293 @2A/g 1104.3/-@0.1 A/g [21] 

(FeCoNiMnZn)3O4 
Each elemental & 
temperature (300, 

600, 900°C) 
625.5(100)@1.0 A/g 334.4 @1A/g 

1146.64/1140.32@0.1 
A/g 

This 
work 

 

 
Fig. 40. The ability of different HEO electrodes to compare rates. 

 

Table 22. The specific capacity of HEO-3, HEO-6, and HEO-9 at different conditions. 

Current (mA/g) 
Cycle HEO-3 HEO-6 HEO-9 

~mAh/g 
50 1-5 933.2 993.1 826.1 

100 6-10 565.8 797.3 731.7 

200 11-15 355.3 586.5 627.1 
500 16-20 198.9 458.1 485.3 

800 21-25 129.4 340.1 387.1 

1000 26-30 87.6 248.2 323.5 
1500 31-35 44.6 107.4 263.4 
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2000 36-40 31.3 43.0 228.6 

3000 41-45 20.4 10.2 158.1 
 
4.2.4 Electrochemical impedance spectroscopy (EIS) 

The acquired spectra at a new electrode are displayed in Fig. 41. About the 
solid electrolyte interface resistance (Rs), charge-transfer resistance (Rct), and ion 
diffusion resistance, respectively. The high-frequency patterns in all three samples are 
semicircles, and the low-frequency patterns are linear. In Table 23, which summarizes 
the quantitative value, HEO-9 has lower importance than HEO-3 and HEO-6, which 
improves electronic and ionic conductivity. 

 
Fig. 41. EIS Nyquist plots of various HEO electrodes. 

 

Table 23. The fitted kinetic parameters of HEO. 
Sample Rct (Ω) 
HEO-3 276.1 

HEO-6 245.7 

HEO-9 46.9 
 
The resistance of Electrochemical Impedance Spectroscopy (EIS) in higher calcination 
of high-entropy oxides is smaller than in lower calcination. It indicates a lower 
impedance or resistance to charge transfer processes in the higher calcination state. 
Here are the effects: 
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1) Enhanced Electrode-Electrolyte Interface: the calcination process can influence 
the electrode-electrolyte interface's morphology, composition, and quality. A 
higher calcination temperature improves interfacial properties, such as 
increased contact area, reduced interfacial resistance, and improved electronic 
and ionic conductivity. This results in a smaller resistance observed in EIS 
measurements, indicating better charge transfer kinetics at the electrode-
electrolyte interface. 

2) Improved Electrode Conductivity: Calcination at higher temperatures can 
promote better crystallinity and particle connectivity within the high-entropy 
oxide electrode material. This leads to enhanced electronic conductivity within 
the electrode, reducing the overall resistance to charge transfer. As a result, 
the EIS measurement exhibits a smaller resistance value. 

3) Reduced Electrolyte Decomposition: High-entropy oxides synthesized at higher 
calcination temperatures often exhibit improved stability and reduced 
reactivity with the electrolyte. This can mitigate the formation of passivating 
species or side reactions contributing to higher interfacial resistance. 
Consequently, the EIS measurement shows a smaller resistance, reflecting 
improved electrochemical performance. 
 

Therefore, a smaller resistance in EIS measurements at higher calcination should 
indicate improved charge transfer kinetics and enhanced electrochemical performance 
in the high-entropy oxide electrode material. HEO with small resistance typically have 
high conductivity. There are several reasons for this: 

1) Ionic Conductivity: HEO often exhibit high ionic conductivity, which refers to 
the ability of ions to move through the material. This is crucial for the transport 
of lithium ions in lithium-ion batteries. High ionic conductivity is typically 
associated with low resistance because it allows for efficient ion diffusion and 
transport, resulting in better overall conductivity [81]. 

2) Defect Structure: HEO can have a defect structure that promotes high 
conductivity [82]. Defects, such as vacancies or interstitial sites, can act as 
pathways for ion movement, reducing the resistance in the material. Also, 
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defects can create more mobile charge carriers, contributing to enhanced 
conductivity. 

3) Composition and Crystal Structure: The specific composition and crystal 
structure of HEO can influence their conductivity. Certain elemental 
combinations and crystal arrangements can facilitate the movement of ions, 
reducing resistance and promoting high conductivity. 

4) Electronic Conductivity: High electronic conductivity allows for efficient 
electron transfer, which is crucial for the overall electrochemical performance 
of the material. Good electronic conductivity contributes to low resistance and 
high overall conductivity. 

5) Microstructure and Grain Boundaries: The microstructure of HEO, including 
factors such as grain size and grain boundary characteristics, can impact their 
conductivity. A well-connected microstructure with fewer grain boundaries can 
facilitate better ion and electron transport, resulting in lower resistance and 
higher conductivity. 

These properties enable efficient ion and electron transport, enhancing conductivity 
and reducing HEO resistance. 
 
4.3 After cycling performance of (FeCoNiMnZn)3O4 

4.3.1 X-ray Diffraction (XRD) after cycling performances 

After 50 cycles, it was decided to conduct XRD investigations to look into the 
crystalline structure. As shown in Fig. 42, the peaks have abruptly increased. The XRD 
patterns of each element as-synthesized and an electrode examined in Fig. 43. The 
comparison of after cycling except zinc oxide figured out in Fig. 44. The XRD patterns 
of high entropy oxides as anodes in lithium-ion batteries can change after 50 cycles 
due to several factors: 

1) Structural Degradation: the repeated cycling of the battery can induce 
structural degradation in the high-entropy oxide material. The lithiation and 
delithiation processes can cause phase transitions, lattice strain, and 
amorphization of the material. These changes can lead to shifts or broadening 
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of diffraction peaks in the XRD pattern, indicating alterations in the crystal 
structure. 

2) Formation of Lithium-Containing Phases: during cycling, side reactions between 
the anode material and the electrolyte can form lithium-containing 
compounds or phases. These compounds may have different crystal structures 
than the pristine high entropy oxide material. The presence of these additional 
phases can contribute to the appearance of new diffraction peaks or changes 
in the intensities of existing peaks in the XRD pattern. 

3) Electrochemical Decomposition: the cycling process can subject the anode 
material to electrochemical decomposition, forming new compounds or 
species. These decomposition products may have different crystal structures 
than the original high entropy oxide material, leading to observable changes in 
the XRD pattern. 

4) Amorphization or Loss of Crystallinity: the repeated lithiation and delithiation 
processes, mechanical stress, and strain during cycling can induce 
amorphization or loss of crystallinity in the anode material. Amorphous or 
poorly crystalline regions do not exhibit distinct diffraction peaks in the XRD 
pattern, causing a decrease in peak intensity or disappearance of specific peaks. 

5) Surface Contamination or Oxidation: the exposure of the anode material to the 
electrolyte and ambient conditions during cycling can lead to surface 
contamination or oxidation. These surface changes can introduce new phases 
or alter the surface crystal structure, which can be reflected in the XRD pattern. 
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Fig. 42. XRD comparison patterns as-synthesized, electrode and after 50 cycles of a) 

HEO-3, b) HEO-6, and c) HEO-9. 
 

 
Fig. 43. XRD patterns of comparison as-synthesized and electrode oxides of a) Fe, b) 

Co, c) Ni, d) Mn, and e) Zn. 
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Fig. 44. XRD patterns after 50 cycles of Iron, Cobalt, Nickel, and Manganese oxides. 

 

4.3.2 Scanning Electron Microscope (SEM) and Energy dispersive X-ray spectroscopy 

(EDS) after cycling performances 

The XRD patterns of different charge high entropy oxides synthesized using the 
hydrothermal method as anodes for lithium-ion batteries can show a phase change to 
Cu after cycling due to a phenomenon known as "Cu plating" or copper deposition. 
This occurs when metallic copper (Cu) is formed on the surface of the anode material 
during battery operation. Several factors can contribute to this phase change: 

1) Electrochemical Reactions: During lithium-ion battery cycling, the anode 
material undergoes repeated lithiation and delithiation processes. Under 
certain conditions, such as high current densities or overcharging, the 
electrolyte can decompose, reducing copper ions (Cu2+) from the electrolyte 
onto the anode surface. This results in the formation of metallic copper on the 
anode material. 

2) Copper Contamination: In some cases, copper or copper-containing impurities 
in the electrode materials, electrolyte, or other components of the battery 
system can also contribute to copper deposition. Even trace copper impurities 
can initiate and accelerate Cu plating during battery cycling. 
The appearance of characteristic diffraction peaks corresponding to copper in 

the XRD pattern indicates the presence of Cu phases on the anode surface. It is 
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important to note that copper (Cu) does not typically have a crystal structure 
commonly observed in XRD patterns. The appearance of distinct copper peaks in the 
XRD pattern would suggest the presence of metallic copper (Cu) on the surface of the 
anode due to the copper collector, as discussed previously. However, this is not an 
intrinsic phase change of the high entropy oxide material but rather a deposition of 
copper on the surface. Fig. 45a shows discharge to 0.55, 0.40, 0.20, and 0.01 V. The 
spinel structure of HEO dramatically changed to amorphous and almost 
dematerialized. Those also happened for charging 1.5, 2.2, and 3.0 V, respectively. The 
peaks have transformed to increase and alter the phase structure drastically. In 
addition, the amorphous was maintained after 2 and 50 cycles as well. 

(FeCoNiMnZn)3O4 also buffers the volume change; ex-situ SEM is used to 
compare the volume changes intuitively. The thickness of fresh HEO-3 is 4.2 µm (Fig. 
45b), and the electrode layer will extend to 17.1 µm after 50 cycles (Fig. 45e), equating 
to a 129 % thickness expansion. The thickness of HEO-6 starts at 5.9 µm (Fig. 45c). It 
increases to 8.1 µm after cycling, a 22 % growth (Fig. 45f). Also, it should be noticed 
that after cycling, a portion of the spherical active materials is broken. The active 
material is severely peeled away from the current copper collector. HEO-9, on the 
other hand, only exhibits a 14 % volume expansion under the same circumstances 
(from 8.8 to 10.2 µm, Fig. 45d and 45g), keeping its prior spherical form. The findings 
show that HEO-9 can reduce volume expansion, improving structural stability and 
producing a robust electrode material. HEO-9 after 50 cycles is described in Table 24 
by the elemental percentage of EDS in Fig. 45h. 
 
In the hydrothermal synthesis of high entropy oxides as anodes for lithium-ion 
batteries, higher calcination temperatures can lead to the formation of small cracks 
and volume changes after 50 cycles due to several reasons: 

1) Thermal Stress: higher calcination temperatures can induce thermal stress 
during synthesis. This stress arises from the differential expansion and 
contraction of the material as it undergoes heating and cooling. The thermal 
stress can lead to minor cracks in the material, which can propagate and worsen 
during cycling. 
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2) Mechanical Stability: higher calcination temperatures can affect the mechanical 
stability and cohesion of the high-entropy oxide material. Excessive calcination 
temperatures can lead to grain growth, phase segregation, or reduced sintering, 
resulting in a less dense and mechanically weaker material. This reduced 
mechanical stability can make the material susceptible to cracking and volume 
changes during cycling. 

3) Electrochemical Reactions: the battery's repeated lithiation and delithiation 
processes can induce electrochemical reactions within the high-entropy oxide 
material. These reactions can cause volume changes due to the insertion and 
extraction of lithium ions into the crystal lattice. If the material is already 
compromised by small cracks or reduced mechanical stability, the volume 
changes associated with electrochemical reactions can exacerbate the cracking 
and lead to further structural degradation. 

Optimizing the synthesis conditions, including the calcination temperature, can help 
minimize the formation of cracks and volume changes, leading to improved 
mechanical stability and cycling performance in lithium-ion batteries.  
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Fig. 45. XRD pattern at different charges a), Morphology characterization of electrodes. 
Cross-sectional SEM images of the electrode before b) HEO-3, c) HEO-6, d) HEO-9. Cross-
sectional SEM images of the electrode after 50 cycles e) HEO-3, f) HEO-6, g) HEO-9. EDS 
elemental mapping of HEO-9 after 50charge–discharge cycles h). 
 

Table 24. The elemental concentration of HEO-9 was examined using EDS after 50 
cycles. 

Element Series Atomic (%) 

Fe K-series 33.23 
Co K-series 9.28 

Ni K-series 9.58 

Mn K-series 17.96 
Zn K-series 29.94 

 
The ease of losing composition, specifically for cobalt (Co) and nickel (Ni), in high-
entropy oxide (HEO) anode materials for lithium-ion batteries during EDX measurement 
can be influenced by several factors: 

a) Solubility and Mobility: Co and Ni ions may have a higher solubility or mobility 
in the electrolyte than other HEO compound elements. This means they are 
more likely to dissolve into the electrolyte during battery cycling or migrate 
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within the electrode material [83]. The increased solubility or mobility can 
result from the specific chemical properties and redox behavior of Co and Ni 
ions. 

b) Electrochemical Reactivity: Co and Ni ions may undergo more pronounced 
electrochemical reactions with the electrolyte than other HEO compound 
elements. These reactions can involve oxidation or reduction processes that 
result in the dissolution or redistribution of Co and Ni ions. The higher reactivity 
of Co and Ni can be attributed to their redox activity and potential reactions 
with the electrolyte components. 

c) Electrolyte Compatibility: The interaction between the electrolyte and the 
anode material can influence the stability and integrity of the material during 
cycling. Co and Ni may exhibit lower compatibility with the electrolyte, leading 
to increased dissolution or surface reactions compared to other elements. 

d) Reduction potential (Eo): An element's reduction potential refers to its tendency 
to undergo reduction reactions, gaining electrons in the process. Co and Ni have 
relatively lower reduction potentials [84] compared to other elements 
commonly used in HEO anode materials, such as iron (Fe), manganese (Mn), 
and zinc (Zn). This means that Co and Ni ions have a higher propensity to 
undergo reduction reactions and lose their oxidation states during the battery 
cycling. In that case, they may preferentially undergo reactions with the lithium 
ions, resulting in their dissolution into the electrolyte or migration within the 
anode material. This can lead to a loss of Co and Ni composition, which can 
be observed during EDX measurement. The higher reducing potential of Co and 
Ni compared to other elements in the HEO anode material makes them more 
susceptible to reduction reactions, resulting in their dissolution or 
redistribution. This correlation with reducing potential contributes to the 
observed differences in composition during EDX analysis. The overall behavior 
is a complex interplay of these factors and requires a comprehensive 
understanding of the material's properties and behavior. 
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When analyzing a sample using Energy-Dispersive X-ray Spectroscopy (EDX), it is not 
uncommon to observe variations in the composition of each element. Several factors 
can contribute to these variations: 

a) Probe Size and Beam Interaction: The electron beam used in EDX analysis has 
a finite probe size. The beam interacts with the sample, and the X-rays are 
detected to determine the elemental composition. However, the beam size 
can be larger than the features of interest, resulting in averaging effects. The 
sample contains regions with different elemental compositions on a smaller 
scale than the probe size. The measured composition may not accurately 
represent the local variations. 

b) Surface Sensitivity: EDX analysis is surface-sensitive, meaning that it primarily 
provides information about the surface layers of the sample. There are 
compositional gradients within the sample, which means the detected X-rays 
may originate from different depths, leading to variations in the measured 
composition [85].   

c) Quantification and Calibration: EDX analysis requires calibration to convert 
detected X-ray intensities into elemental concentrations. The calibration 
process relies on standard samples with known compositions. However, 
variations in the response factors for different elements or inaccuracies in the 
calibration process can contribute to compositional discrepancies [86]. 

To mitigate these factors and improve the accuracy of the EDX analysis: Optimize the 
analysis conditions, such as beam energy, acquisition time, and detector settings, to 
minimize artifacts and maximize the sensitivity for the elements of interest. Perform 
multiple measurements at different locations within the sample to obtain a more 
representative average composition and assess the level of compositional variation. It 
is important to note that EDX is a powerful technique but has limitations and requires 
careful interpretation.  
 
4.3.3 ICP-OES after cycling performances 

Regarding the previous result on the elemental composition of EDS measurement, Fe 
shows the highest atomic percentages, and it is also the same condition when analyzed 
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by ICP-OES in Table 25. Those are correlated; even though the distribution is not quite 
similar after the cycling performance of one of them, each elemental still relatively 
existence. The deviation in the elemental distribution observed after 50 cycling 
performance of high entropy oxides as anodes in lithium-ion batteries can be attributed 
to several factors: 

1) Electrochemical Reactions: during the cycling process of lithium-ion batteries, 
the anode material undergoes repeated lithiation and delithiation processes, 
accompanied by electrochemical reactions. These reactions can cause 
structural changes, phase transitions, and chemical reactions within the high 
entropy oxide material, leading to alterations in its elemental distribution. 
Repeated cycling can induce changes in the surface composition and 
morphology, affecting the atomic ratios of the elements analyzed. 

2) Mechanical Stress and Strain: cycling-induced mechanical stress and strain can 
cause deformation and degradation of the high-entropy oxide material. This 
can result in the formation of cracks, particle fragmentation, or loss of material 
integrity. These mechanical changes can impact the accessibility of the ICP-OES 
analysis to different regions of the anode material, leading to variations in the 
detected elemental distribution. 

3) Formation of Passivation Layers: during cycling, the high entropy oxide anode 
material may develop passivation layers or surface films due to reactions with 
the electrolyte or side reactions. These layers can act as barriers, hindering the 
diffusion of lithium ions and altering the electrochemical performance. The 
presence of passivation layers can affect the accessibility of the ICP-OES 
measurement to different regions of the anode material, resulting in variations 
in the atomic ratios detected. 

4) Side Reactions and Impurities: the cycling process can induce side reactions 
between the anode material and the electrolyte, forming unintended 
compounds or impurities. These side reactions can alter the composition and 
distribution of elements within the anode material, leading to differences in 
the atomic ratios detected by ICP-OES. 
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Table 25. Elemental distribution of HEO-9 after 50 cycles by ICP-OES measurement. 

Element Atomic (%) 
Fe 37.40 

Co 12.92 

Ni 5.73 
Mn 25.58 

Zn 18.37 
 

In conclusion, there is the desirable characteristic making a crucial factor in designing 

and optimization of lithium-ion battery systems [87]:  

1) High lithium conductivity is essential for enabling efficient: a) Ion transport: it 

ensures rapid and unhindered movement of lithium ions through the 

electrolyte, facilitating efficient charge and discharge processes; b) Improving 

rate capability also enables the battery to support high charge and discharge 

rates by facilitating the fast movement of lithium ions. This is particularly 

important in applications that require quick charging or high-power output, c) 

Enhancing cycling stability by reducing the formation of side reactions and 

improving the efficiency of lithium-ion transport. This contributes to longer 

cycle life and better capacity retention over time; d) Maintaining 

electrochemical stability: lithium-ion batteries often operate at high voltages, 

which can lead to potential reactions or decomposition of the electrolyte if it 

has low chemical stability. High lithium conductivity allows for efficient ion 

transport while maintaining the electrochemical stability of the electrolyte, 

reducing the likelihood of unwanted chemical reactions and electrolyte 

degradation.  

2) Appropriate Electrolyte: choosing the appropriate electrolyte composition is 

crucial for coin-cell lithium-ion batteries due to several factors [88]: a) Ionic 

Conductivity: The electrolyte in a coin-cell lithium-ion battery should have high 

ionic conductivity to facilitate the movement of lithium ions between the 
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anode and the cathode. High ionic conductivity ensures efficient charge and 

discharge processes, enabling better battery performance; b) compatibility with 

Electrode Materials: The electrolyte must be compatible with the chosen 

electrode materials, both the anode and cathode. Compatibility ensures that 

the electrolyte does not chemically react with the electrodes, leading to 

degradation, passivation, or the formation of undesired solid-electrolyte 

interphase (SEI) layers. Incompatibility between the electrolyte and electrode 

materials can adversely affect battery performance and stability; c) Safety: The 

electrolyte should contribute to the overall safety of the battery. It should 

have low flammability and resist thermal runaway or hazardous reactions. 

Selecting a suitable electrolyte composition can help mitigate the risk of 

battery failures, such as short circuits or thermal events; d) Environmental 

Considerations: The electrolyte composition may also be chosen, considering 

environmental considerations. The electrolyte should ideally contain 

environmentally friendly and sustainable components with minimal ecological 

impact. 

3) Good electron conductor [89]. For several reasons: a) Electron Transport: In a 

lithium-ion battery, electrons flow through an external circuit, providing the 

electrical current that powers devices or systems. Efficient electron transport 

maximizes the battery's power output and energy efficiency. Good electron 

conductors enable rapid and unhindered movement of electrons between the 

battery electrodes, minimizing internal resistance and voltage losses; b) Overall 

Battery Efficiency: Efficient electron transport reduces energy losses within the 

battery and maximizes the conversion of chemical energy to electrical energy. 

When electrons can easily flow through promising conductive pathways, less 

energy is dissipated as heat, leading to higher overall battery efficiency. 

Improved efficiency translates to longer battery runtimes and reduced waste 

of energy during charge and discharge processes; c) Thermal Management: 
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Efficient electron conductors help with thermal management in lithium-ion 

batteries. When electrons encounter high resistance or bottlenecks in their 

flow, it can lead to localized heating and temperature gradients within the 

battery. Good electron conductors reduce such resistive heating and help 

maintain uniform temperature distribution, contributing to the battery's safety 

and longevity.   
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CHAPTER 5 

CONCLUSION 

5.1 Conclusion 

In this work, we investigated a new High-entropy nanoparticle (FeCoNiMnZn)3O4 

powder as an anode for lithium-ion batteries. Firstly, it was successfully synthesized 
using the hydrothermal process and then heated for 6h in the air at various 
temperatures (HEO-3, HEO-6, and HEO-9) and each basic oxide. Secondly, the 
electrode has been prepared and tested the physical and chemical characteristics such 
as XRD, SEM-EDS, TEM, ICP-OES, BET, and XPS. Thirdly, they also investigate the 
electrochemical performance such as cyclic voltammetry at 0.1 mV/s and different 
scan rates from 0.01 to 3.00 V, charge-discharge at various rates ranging from 20 to 
2000 mA/g and initial five curves at 100 mA/g, cycling stability of various HEO and each 
elemental electrodes evaluated for 50 cycles and the performances 100 cycles scan 
rates at 1.0 A/g at HEO-9, comparative rate capability of various HEO electrodes, and 
impedance measurement. Poor cycle performance is caused by an impurity phase in 
HEO-3 at the lower calcining temperature. 

On the other hand, the single-phase HEO-9 has outstanding cycle performance 
after 50 charge-discharge cycles due to its high crystallinity and particle sizes, which 
are associated with stabilizing high entropy and excellent rate capability, resulting in 
solid electronic conductivity. We also investigate after-cycling performances using XRD, 
SEM-EDS, and ICP-OES. HEO-9 is the only one that does not have a significant volume 
change, and the elemental of all HEO electrodes is still distributed well. This study 
represents a promising new strategy for creating the next generation of lithium-ion 
batteries electrode materials, particularly in the context of massive energy storage 
systems. 

 
5.2 Recommendations for future work 

The introduction of HEO for energy-storage applications, particularly in batteries, has 
attracted interest in recent years. HEO has much to offer applicants because of its 
intriguing structure and capabilities. Conducting a detailed characterization of the 
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anode material, including complementary techniques such as microscopy and 
spectroscopy, requires a more comprehensive understanding of the structural changes 
and degradation mechanisms.
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