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Abstract 

 

A Study on the Solid Solution Anode with 

Hybrid Electrochemical Reaction for High 

Performance Secondary Ion Battery 

 
 

Kyeong-Ho Kim 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 
 

Rechargeable lithium-ion battery (LIB) and sodium-ion battery (SIB) are emerging 

as next generation energy storage systems owing to their high energy and power 

densities to apply for large scale energy storage application such as electric vehicles 

(EVs), hybrid electric vehicles (HEVs), and energy storage system (ESS). The 

exploration of alternative electrode material for high energy density anode to replace 

the commercial graphite has been conducted on various electrochemical reaction 

mechanisms, such as alloying, conversion and insertion reactions. However, the 

intrinsic shortcomings of each reaction mechanism undermine the electrode 

performance. 

In fact, the most desirable solution would be a combination between alloying 

or conversion reaction anodes with insertion reaction anode to overcome their own 
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distinct limitations of each electrochemical reaction mechanisms. So far, many 

researches have been conducted on high performance nanocomposite anodes to 

prevent electrode degradation by mixing or coating insertion reaction anode 

materials, which is mainly carbonaceous material and early transition metal (titanium 

and vanadium) oxide, with alloying or conversion reaction anode materials. This 

approach has improved cycle retention properties with the structural integrity of 

electrode obtained by mitigating the volume expansion, pulverization, and 

agglomeration of alloying or conversion reaction anodes by providing buffer spaces 

with negligible volume change of insertion reaction material. However, this 

approach requires complex optimization of nano-fabrication process for 

nanocomposites consisting of homogeneously distributed each reaction anodes in 

nanoscale. In addition, each reaction anode in nanocomposite would react 

individually in nanoscale and their interaction and synergistic effect are limited to 

effectively mitigate the electrode degradation factors occurred in few nanoscales of 

each material. 

The objective of this thesis is to develop the novel solid solution anode with 

hybrid electrochemical reaction for high performance secondary-ion battery. This 

new strategy to overcome intrinsic shortcomings of each electrochemical reaction 

mechanism is to find out the material systems to form a single compound with 

different types of electrochemical reaction mechanism anodes and to allow the 

simultaneous hybrid electrochemical reaction of two different mechanisms in a 

single phase. This could lead to the excellent synergistic effect due to their atomically 

homogeneous and finer distribution than that of physically mixed nanocomposite 

between two different materials. In addition, electrode performance can be tailored 
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by varying the ratio of different reaction materials in solid solution compound. 

First of all, complete solid solution compounds of Mn1-xFexP (0 ≤ x ≤ 1) as a 

conversion/alloying hybrid electrochemical reaction anode was introduced for LIBs 

by using the iso-structural character of MnP and FeP compounds. The systematic 

studies on electrochemical properties of Mn1-xFexP (0 ≤ x ≤ 1) compounds as anodes 

for LIBs were investigated, particularly focusing on the electrochemical reaction 

mechanism and the tunability of working voltage, specific capacity, and cycle 

performance and compared with those of MnP/FeP nanocomposite anode. As-

prepared Mn1−xFexP (0 ≤ x ≤ 1) electrode showed the hybrid reaction with alloying 

reaction of MnP and conversion reaction of FeP electrodes, and it was investigated 

that the contribution rate of conversion and alloying reactions to total 

electrochemical reaction can be controlled by varying the composition in Mn1−xFexP 

solid solution. Through this novel strategy, the intrinsic shortcomings of fast capacity 

fading for MnP electrode and capacity activation behavior at high current density for 

FeP electrode were improved by hybrid conversion/alloying reaction of Mn1-xFexP 

(x=0.75) electrode, which delivered a reversible capacity of 360 mA h g-1 after 100 

cycles at high current density at 2 A g-1. This improved electrochemical performance 

of Mn1-xFexP electrode can be attributed to the in situ generated nanocomposite 

nature of the Li–Mn–P alloying element and the Fe nano-network in combination 

with the surrounding amorphous lithium phosphide, which effectively buffers the 

accompanying volume variation, hinders the aggregation of the alloying element, 

and ensures electron and ion transport. 

In the second part, alloying/insertion hybrid electrochemical reaction anode as 



 

IV 

Mn1-xVxP was introduced to further obtain highly stable cycle retention properties 

with intermediate specific capacity. The series of Mn1-xVxP compounds (x = 0, 0.25, 

0.5, 0.75, and 1.0) between alloying reaction-type of orthorhombic MnP and 

insertion reaction-type of hexagonal VP are synthesized based on their similar crystal 

structure relation. The homogeneously substituted vanadium ions in the Mn1-xVxP 

compounds enable the alloying/insertion hybrid electrochemical reactions in a solid 

solution phase by expanding the volume of prismatic site in Mn1-xVxP close to the 

that of insertion-reaction type VP. The optimized Mn1-xVxP (x=0.25) electrode 

showed reversible capacity of 352 mA h g-1 after 1500 cycles even at high current 

density of 1 A g-1. Such a superior electrochemical performance of Mn1-xVxP was 

attributed to the synergistic effect of hybrid alloying/insertion electrochemical 

reaction occurred close to a few-nanometer scale in a single compound Mn1-xVxP 

phase, which effectively reduce the rate of volume change and hinder pulverization 

and agglomeration of alloying reaction elements and ensure fast electron and ion 

transport. 

Finally, solid solution compound of Mn1-xTMxP4 (TM = V and Fe) anode was 

introduced as a hybrid conversion reaction anode for SIBs. The electrochemical 

reaction mechanism and performance of MnP4 phase in SIB application were firstly 

investigated and enhanced electrochemical performance by forming the solid 

solution phase was examined. By encapsulating as-synthesized MnP4 nanoparticles 

with commercial graphene nanosheets, superior electrochemical performance for 

both LIBs and SIBs could be achieved, which delivered reversible capacities of 856 

mA h g-1 after 100 cycles at 2 A g-1 for LIBs and 446 mA h g-1 after 250 cycles at 

0.5 A g-1 for SIBs, respectively. Further, different cation substituted Mn1-xVxP4 
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(x=0.25) solid solution exhibits improved rate capabilities for both LIBs and SIBs, 

which could be derived from the structural and electronic structure change. The Mn1-

xVxP4 (x=0.25) electrode showed improved high rate capability, which delivers 

reversible capacity of 790 mA h g-1 for 50 cycles at high current density of 0.5 A g-

1. 

Overall, this thesis focuses on the synthesis and investigate on hybrid 

electrochemical reaction anode with their structural and chemical relationship to 

overcome intrinsic shortcomings of each electrochemical reaction mechanism. The 

obtained results through this thesis show the promising potential with dramatic 

changes in performance of hybrid electrochemical reaction materials designed with 

multi-component substitution by considering chemical and structural relation and 

suggests that there are many other candidates in transition metal compounds to 

explore in high performance both lithium-ion and sodium-ion battery application. 

 

Keywords: Hybrid electrochemical reaction, Solid solution, Metal phosphide, Anode 

material, Lithium-ion battery, Sodium-ion battery 
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Chapter 1. Introduction 

1.1. Overview: Rechargeable Batteries for Energy Storage 

 

Increasing global energy demand and the rapid depletion of conventional fossil 

fuels have encouraged intensive research into clean, abundant, and sustainable 

energy sources and more efficient energy storage systems. The solar energy, wave 

power, and wind energy, which we use as primary renewable energy, show many 

advantages in terms of environment-friendly, but most of them have disadvantages 

such as daily and seasonal intermittence and regional variability.[1.1] To compensate 

for the shortcomings of these primary energy resources, extensive efforts have been 

made to convert from renewable energy sources into ideal chemical energy. In 

addition to the above issue of eco-friendly energy conversion, the development of 

high-performance energy storage systems (ESSs) that store renewable energy in 

various forms for convenient use in our daily lives is also absolutely necessary to 

make the best use of these energy sources. 

Electrochemical ESSs, especially rechargeable batteries, have been widely 

employed for decades as an energy source for various portable electronic devices 

(PEDs), promoting the thriving growth of electric vehicles (EVs), hybrid electric 

vehicles (HEVs), and grid-scale ESS. To satisfy the ever-increasing requirements of 

ESSs, significant improvements have been attained in the electrochemical 

performance of rechargeable batteries. Since the 19th century, many researches have 
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been conducted on rechargeable batteries, including lead-acid, nickel-cadmium, 

nickel-metal hydride, and lithium-ion batteries (LIBs) (Figure 1.1.1).[1.2-1.4] 

Among various types of rechargeable batteries, LIB, which consists of the 

C/LiCoO2 rocking-chair cell, was commercialized by Sony Corp. in June 1991 and 

has dominated the entire electronics market for more than 30 years and is still 

popular.[1.5] The success of LIB as an energy storage system was attributed to the 

fascinating features of Li-ion chemistry, for example, lithium (Li) is not only the 

most electropositive element (-3.04 V vs. standard hydrogen electrode) capable of 

operating high working potential, but also has a high theoretical capacity (~3862 mA 

h g-1) because it is the lightest metal (molar weight of 6.94 g mol-1 and specific 

gravity of 0.534 g cm-3).[1.3] In addition, LIBs have additional advantages over other 

secondary batteries with no memory effect and less self-discharge.[1.6-1.8] Another 

attraction of LIB technology is its ability to cover a wide range of applications from 

PEDs (dozens of watt-hours) to EVs (dozens of kilowatt-hours) and grid-scale 

applications (tens of megawatt-hours) by using its design capabilities to meet 

autonomy and power requirements.[1.9] However, developing LIBs for the ever-

increasing requirements of next generation energy storage application is a 

formidable challenge, especially in terms of a materials perspective. Typically, two 

strategies have been widely performed to increase of energy density of LIBs either 

by using high-voltage cathode materials or by developing high-capacity anode and 

cathode materials. 

In case of cathode material for commercial LIBs, LiNixCoyMn1-x-yO2 (NCM) 

and LiNixCoyAl1-x-yO2 (NCA) layered oxides have received great attention as the 
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most competitive candidates for practical utilization of LIBs due to their enhanced 

specific capacity, rate capability, cost effectiveness, and thermal stability.[1.10-1.12] 

NCM- and NCA-based cathodes show the combined merits of three metals in which 

nickel can offer high specific capacities by the Ni2+/3+/4+ redox-active couples, 

whereas Co, Mn, and Al can provide layered structures and enhanced structural 

integrity.[1.12] Presently, the Ni-rich cathodes with nickel content less than 60% 

have been successfully commercialized in LIBs. An increase of more than 60% of 

Ni content in NCM and NCA cathodes results in a high specific capacity of 200-220 

mA h g-1, which represents a greater increase in energy density (~800 W h kg-1) as 

compared with conventional LiCoO2 (~570 W h kg-1) and LiMn2O4 spinel (~440 W 

h kg-1) materials (Figure 1.1.2),[1.13] but capacity fading of cathodes is severe for 

various reasons related with structural instability and electrolyte decomposition upon 

cycling.[1.10,1.14,1.15] To overcome these challenges of nickel-rich NCM and NCA 

cathodes, many researches have been conducted to mitigate surface/interface 

degradation, including microstructure control of active materials, bulk and surface-

graded doping with other elements, and surface coating strategies. 

Apart from the cathode materials for LIBs, graphite is the most common anode 

material in commercial LIBs showing a theoretical capacity of 372 mA h g-1 with 

highly reversible cycle retention properties. However, limited reversible capacity 

and its poor rate capability hamper its widespread implementation in large scale 

energy storage applications. To replace the conventional graphite anode, extensive 

research studies have been performed on materials which react with Li-ion either by 

alloying reaction such as Si, Ge, and Sn (group 14 elements) or by insertion reaction 

such as TiO2 and Li4Ti5O12 (LTO) materials due to their high electrochemical 
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performance and cost effectiveness.[1.16-1.18] 

The group 14 elements of Si, Ge, and Sn have high theoretical specific 

capacities as 3579 mA h g-1, 1600 mA h g-1, and 994 mA h g-1, respectively, by 

forming the Li-rich alloying compounds as Li4.4M (M = Si, Ge, and Sn) phase during 

lithiation process at a low lower working potentials of < 0.5 V vs. Li/Li+.[1.16] In 

this regard, the alloying reaction anodes are one of the promising candidates to apply 

high energy density application, but their extensive volume expansion, electrode 

pulverization, and aggregation of active materials during cycles hamper their 

widespread implementation in practical LIBs. On the other hand, insertion reaction 

type TiO2 and LTO materials undergo negligible volume change during Li-ion 

insertion/extraction reactions, which ensures an extremely long cycling life. 

However, the high-rate capability of these materials is hampered by their low 

intrinsic electronic conductivity and moderate Li-ion diffusion coefficient. In 

addition, relatively high reaction potentials and limited Li-ion insertion sites (limited 

capacity) of TiO2 and LTO materials derive relatively low energy density of these 

materials compared to that of other anode materials (Figure 1.1.3).[1.19] 

To address these shortcomings of each reaction mechanism materials, a number 

of strategies have been presented such as (1) reducing particle size from micron to 

nanoscale to mitigate mechanical strain and improve lithium-ion diffusivity due to 

its short diffusion pathways; (2) forming nanostructure or hierarchical porous 

structure to serve a stable solid-electrolyte interface (SEI) layer and mesopore 

providing sufficient space for volume change upon cycling; (3) fabricating 

nanocomposite structure that contains high capacity alloying or conversion reaction 
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anodes and stable insertion reaction anodes such as conductive carbon-based 

materials and early transition metal (titanium and vanadium) oxides.[1.20-1.27] 

Fabricating nanocomposite structure between two materials with different 

electrochemical reaction mechanism has improved cycle retention properties with 

the structural integrity of electrode obtained by mitigating the volume expansion, 

pulverization, and agglomeration of alloying or conversion reaction anodes by 

providing buffer spaces with negligible volume change of insertion reaction material. 

However, this approach requires complex optimization of nano-fabrication process 

for nanocomposites consisting of homogeneously distributed each reaction anodes 

in nanoscale. In addition, each reaction anode in nanocomposite would react 

individually in nanoscale and their interaction and synergistic effect are limited to 

effectively mitigate the electrode degradation factors occurred in few nanoscales of 

each material. In this regard, a new strategy should be introduced to overcome the 

intrinsic shortcomings of each reaction materials for LIBs with a deep consideration 

of the relation between intrinsic physicochemical properties of materials and 

electrochemical reaction mechanism and performance. 

In addition to the enormous effort to increase the energy density of the 

conventional LIBs, the research on sodium-ion batteries (SIBs) has been intensively 

conducted as one of the potential candidates for large-scale grid storage system as a 

post LIBs owing to the natural abundance and low cost of sodium-containing 

resources (Figure 1.1.4).[1.28-1.30] The battery components and energy storage 

mechanisms of SIBs are basically similar with those of LIBs, but many of the 

challenging issues caused by thermodynamics and kinetic aspects should be 

overcome. The size of the Na+-ion (2.04 Å) is larger than the Li+-ion (1.52 Å), which 
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affects the mass transport and storage during the electrochemical reaction, leads to 

sluggish kinetics of Na+-ion transport during cycling, and falls short in terms of 

energy density.[1.28] 

The commercial graphite anode used in LIBs is electrochemically less active in 

Na cells, presumably due to the large ionic size of the Na-ion (2.04 Å) as compared 

with the channel size of the graphene layer (1.86 Å).[1.31] Recent research has 

demonstrated that graphite can be used as an electrode material for SIBs with a 

reversible capacity close to 150 mA h g-1 by forming ternary graphite intercalation 

compounds through the reduction of graphite.[1.32] However, the reversible specific 

capacity of graphite for SIBs is still relatively lower than that used for LIBs. In 

addition, another promising anode silicon, which shows the highest theoretical 

capacity among LIB anodes with alloying reaction by forming the Li-rich alloy phase 

of Li15Si4 (Theoretical capacity of 3590 mA h g-1), cannot form Na-rich alloy phase. 

According to the theoretical calculation, silicon can react with Na-ion as forming 

Na0.76Si phase (Theoretical capacity of 725 mA h g-1), and experimentally confirmed 

reversible capacity was only about 500 mA h g-1 due to the reaction kinetic 

limit.[1.33-1.35] Some alloying reaction based anode materials such as Sn, Sb, and 

P are electrochemically active toward both LIBs and SIBs, but their volume changes 

during sodiation/desodiation are much larger than that of lithiation/delithiation 

because of the larger ionic radius of Na-ion.[1.36] Besides, the larger size of Na-ion 

can make its sluggish ionic diffusion during sodiation/desodiation process. 

Therefore, the major scientific challenge for SIBs still resides in developing 

new anode materials with high capacity and a low redox potential with considering 
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the thermodynamic and kinetic issues. This requires in-depth study of the correlation 

between the physicochemical properties and electrochemical properties of SIB 

anodes to clarify the design factors for high performance SIB anodes. 
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Figure 1.1.1 Comparison of the different battery technologies in terms of volumetric 

and gravimetric energy density.[1.3] 
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Figure 1.1.2 Approximate range of average discharge potentials and specific 

capacity of some of the most common intercalation-type cathode materials for LIBs 

(experimental).[1.13] 
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Figure 1.1.3 Approximate range of reaction potentials and specific capacities of 

various electrochemical reaction-type anode materials for LIBs.[1.19] 

 

 

 



 

11 

 

Figure 1.1.4 Average voltage (discharge) versus capacity plot of anode materials for 

SIBs.[1.29] 
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1.2. Thesis Motivation and Scopes 

 

The objective of this thesis is to develop the novel solid solution anode with 

hybrid electrochemical reaction for high performance secondary-ion battery. This 

new strategy to overcome intrinsic shortcomings of each electrochemical reaction 

mechanism is to find out the material systems to form a single compound with 

different types of electrochemical reaction mechanism anodes and to allow the 

simultaneous hybrid electrochemical reaction of two different mechanisms in a 

single phase. This could lead to the excellent synergistic effect due to their atomically 

homogeneous and finer distribution than that of physically mixed nanocomposite 

between two different materials. In addition, electrode performance can be tailored 

by varying the ratio of different reaction materials in solid solution compound. 

To find out the novel solid solution anode showing hybrid electrochemical 

reaction, the monophosphides of 3d transition metals (Ti-Ni) were introduced as 

candidates for solid solution compound because they adopt the NiAs-type crystal 

structures and form the solid solutions with a high solubility limit,[1.37-1.39] but 

they exhibit the different types of electrochemical reaction (insertion, alloying, and 

conversion) depending on the nature of the metals.[1.40-1.45] In addition, metal 

phosphide group shows improved energy density compared with metal oxide group 

by lowering the Li-ion reaction potential and voltage hysteresis. 

In chapter 2, the general background of LIBs and SIBs were introduced with 

different electrochemical reaction mechanism anodes such as intercalation/insertion, 

alloying, and conversion reaction type materials and conventional approach for high 
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performance anode with their literature review. 

In chapter 3, complete solid solution compounds of Mn1-xFexP (0 ≤ x ≤ 1) as a 

conversion/alloying hybrid electrochemical reaction anode was introduced for LIBs 

by using the iso-structural character of MnP and FeP compounds. The systematic 

studies on electrochemical properties of Mn1-xFexP (0 ≤ x ≤ 1) compounds as anodes 

for LIBs were investigated, particularly focusing on the electrochemical reaction 

mechanism and the tunability of working voltage, specific capacity, and cycle 

performance and compared with those of MnP/FeP nanocomposite anode. 

In chapter 4, solid solution compounds of Mn1-xVxP (x = 0.25 and 0.5) as 

alloying/insertion hybrid electrochemical anodes were introduced to obtain the 

electrode performance with highly reversible cycle retention properties. The 

systematic studies on their structural relation and electrochemical performance were 

carried out and compared with those of MnP/VP nanocomposite anode. 

In chapter 5, solid solution compound of Mn1-xTMxP4 (TM = V and Fe) anode 

was introduced as a hybrid conversion reaction anode for SIBs. The electrochemical 

reaction mechanism and performance of MnP4 phase in SIB application were firstly 

investigated and enhanced electrochemical performance by forming the solid 

solution phase was examined.  
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Chapter 2. Background and Literature Review 

2.1. Li-ion and Na-ion Batteries 

 

Lithium-ion and Na-ion batteries are most promising rechargeable energy 

storage devices that convert chemical energy into electrical energy through the 

charge storage at the electrodes. These rechargeable batteries consist of four main 

components such as a positive electrode (cathode material), a negative electrode 

(anode material), electrolyte, and separator (Figure 2.1.1).[2.1] The definition of 

anode (or negative electrode) is the electrode in which oxidation reaction occurs 

during the discharge cycle; the other electrode is the cathode (or positive electrode) 

(Figure 2.1.2).[2.2] The theoretical voltage of the cell is defined in the 

electrochemical potential difference of cathode and anode materials. When charging 

the cell, the positive electrode becomes the anode and the negative electrode 

becomes the cathode. The two electrodes, cathode and anode are separated by a 

porous electrically insulated membrane, which prevents short circuits between the 

two electrodes, and the exchange of alkaline metal (AM) ions (Li- or Na-ion) occurs 

between the two electrodes by electrolytes during discharging and charging reactions 

under ionically conducted but electronically insulated conditions. The common 

electrolyte used in LIBs is a non-aqueous electrolyte consisting of lithium 

hexafluorophosphate (LiPF6) dissolved in organic solvents, typically ethylene 

carbonate (EC) or dimethyl carbonate (DMC).[2.3] 
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The essential parameters for evaluating battery performance include charge 

storage capacity, cycle retention, cell voltage, power density, and energy density. The 

capacity of battery is typically determined by the ability of the electrode material to 

accommodate alkaline metal ions. Capacity is typically used in specific capacity, 

areal capacity, and volumetric capacity depending on the application with units of 

mA h g-1, mA h cm-2, and mA h cm-3, respectively. The theoretical specific capacity 

of active materials can be calculated by Faraday’s law: Qtheoretical = (nF)/Mw in an unit 

of mA h g-1, where n is the number of electrons per mole involved in the oxidation 

or reduction of active material, F is the Faraday constant and Mw is the molecular 

weight of the active material used in the electrode.[2.4] This equation indicates that 

when we design high-capacity electrode materials for battery, it is important to find 

materials that are light in weight but can react with many alkaline metal ions. By 

using this equation, the theoretical areal and volumetric capacities can be also 

calculated by converting the molecular weight of active materials in the equation to 

the area or volume of active materials. 

An important parameter related to the capacity storage is the capacity retention, 

which indicates how well the battery can maintain its accumulated energy during 

cycling. The coulombic efficiency (CE) is the ratio of the total charge injected into 

the battery to the total charge extracted from the battery, indicating the charge 

efficiency of electrons transferred to the battery. Since alkaline metals in cathode 

materials are transferred to and stored in anode materials when charging the battery, 

and then returned to cathode materials when discharging the battery, the high cycle 

retention property of the cell requires a high CE of each discharge/charge reaction 

that occurs in both cathode and anode materials. 
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The theoretical cell voltage of battery is determined by the electrochemical 

potential difference between cathode and anode. In order to maintain electrical 

neutrality, the injection and ejection of ions and electrons from electrodes are 

occurred with the difference in chemical potentials as the driving force of the 

conversion from chemical energy to electrical energy, which can be deduced from 

the relative Gibbs free energy of reactants and products. The maximum electrical 

work generated by the reaction in the cell under isothermal-isobaric process is equal 

to non-volume work generated by the change of the reaction system, namely the 

change of molar Gibbs free energy (ΔrG).[2.5] 

A + B = C ΔrG (kJ mol-1) 

This Gibbs free energy change of pure chemical reaction of reactants A and B is the 

same as in the case of electrochemical reactions in which electrons and ions are 

transported across the cell. As these reactants A and B are electrically charged, the 

electrostatic energy transported across by a mole of such species is given by zFE, 

where z is the charge number of the transporting species, F is Faraday’s constant, 

and E is the cell voltage. The cell voltage is determined to the Gibbs free energy 

change by, ΔrG = -zFE under open circuit conditions.[2.3] 

After obtaining the capacity and cell voltage of the electrode, the energy density 

and power density of the cell can be calculated. The physical meaning of energy 

density is the amount of energy that can be stored in a given mass or volume of cells, 

and in the automotive industry generally means that how far an electric car can go 

on a single charge. The energy density of the cell can be calculated by multiplying 
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voltage and capacity of the cell in units of W h kg-1 (specific energy density) and W 

h L-1 (volumetric energy density), respectively. On the other hand, power density 

describes how quickly the cell can deliver energy in a given mass or volume. In the 

automotive industry, power density means how fast the same car can go. The power 

density of the cell can be obtained from the product between the capacity and the 

current and expressed in units of W kg-1 (specific power density) and W L-1 

(volumetric power density), respectively. These two quantities of energy and power 

densities are typically plotted together in the so called Ragone plot (Figure 

2.1.3).[2.6] 

Due to its contribution to energy density, the voltage of the cell is one of the 

important parameters that determines battery performance. In a full cell application, 

a lower anode potential vs. AM/AM+ (AM = Li or Na) and a higher cathode potential 

vs. AM/AM+ result in a high full cell voltage, and hence a higher energy density. In 

order to design secondary-ion batteries with high energy density, it is necessary to 

develop anode material that has large capacity and moderately low reaction voltage. 

It is also important to develop anode materials suitable for high rate capability, as 

demand for EVs applications has recently emphasized the importance of high power 

density needed for rapid charging abilities.[2.7] 
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Figure 2.1.1 Schematic illustration of a lithium ion battery showing 

charge/discharge processes.[2.1] 
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Figure 2.1.2 Charge-discharge process of a lithium-ion cell using graphite and 

LiCoO2 electrodes.[2.2] 
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Figure 2.1.3 Ragone diagram of specific energy versus specific power for major 

rechargeable battery systems.[2.6] 
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2.2. Electrochemical Reaction Mechanism for Anode Materials 

 

The charge carriers in LIBs and SIBs are Li-ion and Na-ion, respectively, which 

react with active materials through three different electrochemical reaction 

mechanisms: (i) intercalation/insertion, (ii) alloying, and (iii) conversion reactions 

(Figure 2.2.1).[2.8] 

The intercalation/insertion reaction materials accompany the insertion of Li-

ions (or, e.g., Na-ion) into interstitial sites of active materials and capture electrons 

through the subsequent process (Li+ + e- + MX ↔ LiMX, where M and X are cation 

and anion, respectively, and MX and LiMX are typically isostructural) (Figure 

2.2.2).[2.9] This reversible insertion/extraction of Li-ion occurred without 

significant phase transformation, and stable crystal structure of these materials can 

be retained during long-term cycling. However, the limited interstitial sites of these 

materials limit their reversible capacities to less than 400 mA h g-1. 

The alloying reaction elements or compounds typically form the alkaline metal-

rich compounds during lithiation process and dealloying reaction occurrs during 

delithiation process (yLi+ + ye- + MX ↔ LiyMX, where MX and LiyMX are not 

isostructural) (Figure 2.2.3).[2.9] Since the alloying reaction accompanies multiple 

charge carriers and electrons during electrochemical reaction, their theoretical 

capacity is relatively higher (1000 ~ 4200 mA h g-1) than that of other reaction-type 

materials. However, their considerable large volume changes upon cycling cause 

serious degradation of cycle life for practical application. 

The conversion reaction compounds convert to nanocomposite morphology 
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consisting of metal nanoclusters (~1-10 nm size) dispersed in LiyX amorphous 

matrix upon lithiation and then reversibly return to their initial state upon delithiation 

(yLi+ + ye- + MX ↔ M + LiyX) (Figure 2.2.4).[2.10] The conversion reaction 

compounds commonly exhibit the multiple e- reaction per M with high specific 

capacities (500 ~ 2000 mA h g-1). However, their substantial volume variation, large 

voltage hysteresis, and poor reaction kinetics still limit them for next generation 

secondary-ion battery applications. 

 

2.2.1. Intercalation/Insertion Reaction Type Anode 

 

Intercalation/Insertion reaction is primarily used in commercial electrode 

materials, including layered transition metal oxide cathodes and graphite anodes. In 

addition, various types of insertion reaction materials have been investigated as an 

anode for LIBs and SIBs including carbon allotropes, early transition metal (Ti and 

V) compounds, orthorhombic Nb2O5, and etc.[2.11-2.13] These materials can 

provide fast Li- and Na-ion reaction kinetics (with ion conductive 1D path or 2D 

plane in their crystal structure), and can retain structural integrity during cycles due 

to a robust open framework with less volume change, which is desirable for high-

rate capability and cyclability of LIBs and SIBs. However, most 

intercalation/insertion reaction materials have a relatively low theoretical capacity 

(typically store one e- per metal ion) due to the limited accommodation sites in their 

crystal structure. 

Intercalation/Insertion reaction type anode materials have been mainly studied 
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on early transition metal compounds (Ti and V), since their strong M (metal)-X 

(anion) bond character is appropriate for maintaining their crystal structure during 

reversible alkaline metal-ion insertion and extraction. Titanium-based compounds, 

especially polymorphs of titanium dioxides (TiO2) and spinel structure of lithium 

titanium oxide (Li4Ti5O12), have been widely introduced as potential anodes for both 

LIBs and SIBs because of their excellent cycling stability, high discharge voltage 

plateau, and low economic cost.[2.14, 2.15] Several polymorphs of TiO2 such as 

anatase, TiO2(B), brookite, and rutile structures have been extensively explored as 

intercalation-based materials .[2.16] Among them, anatase phase of TiO2 has been 

intensively studied as an anode for both LIBs and SIBs, which can only 

accommodate 0.5 Li+/Na+ per TiO2 formula unit, delivering a reversible capacity of 

167.5 mA h g-1 in a potential of ~1.6 V vs. Li/Li+.[2.17-2.19] A monoclinic structure 

of TiO2(B) with a space group of C/2m contains corrugated sheets of edge-and 

corner-sharing TiO6 polygons.[2.20] This monoclinic TiO2(B) can accommodate the 

volume change during Li-ion insertion/extraction without lattice deformation due to 

its 1D infinite channels.[2.21] The thermodynamically most stable phase of rutile 

TiO2 allows negligible amounts of Li-ion insertion (0.1 Li-ion per Ti atom) at room 

temperature owing to its Li-ion diffusion path, which is thermodynamically 

favorable only along the c-axis channels instead of the ab-planes.[2.22, 2.23] 

Another titanium-based promising anode material is the spinel structure of lithium 

titanium oxide (Li4Ti5O12) as “zero-strain structure” with its negligible volume 

variation of 0.2-0.3%, a flat reaction plateau (~1.55 V vs. Li/Li+), and cycling 

stability. This anode shows a theoretical capacity of 175 mA h g-1 by inserting 3 Li-

ions to form Li7Ti5O12.[2.24] 
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Another early transition metal oxide, vanadium oxide, also has been introduced 

as an attractive anode for secondary-ion battery due to its high specific capacity 

resulting from the multiple oxidation states of vanadium, ease of synthesis, and low 

cost. In particular, monoclinic structure of VO2(B) phase has been attracted as an 

promising anode due to its unique bilayer structure formed by edge-sharing VO6 

octahedra with tunnels for fast ionic diffusion, superior electronic conductivity, and 

higher capacity than other vanadium dioxide structures.[2.25-2.29] Thus, various 

nanostructured VO2(B) have been intensively investigated as high performance 

anode material for LIBs, and are now gradually being transferred to the application 

in SIBs.[2.30, 2.31] 

Among the several polymorphs of niobium oxide (Nb2O5), the orthorhombic 

crystal structure with a space group of Pbam has been intensively studied as an 

attractive anode due to its rapid intercalation-pseudocapcitance behavior, since the 

most empty octahedral sites between (001) planes provide a 2-dimensional 

intercalation pathway and a negligible structural change during Li-ion 

intercalation/deintercalation.[2.32, 2.33] 

The suggested transition metal oxide-based insertion reaction anodes exhibit a 

relatively lower specific capacity and a higher reaction potential (> 1.5 V vs. Li/Li+) 

than graphite anodes resulting in lower energy density. Typically, transition metal 

phosphide-based anode material exhibits a relatively lower Li-ion reaction potential 

compared to that of transition metal oxide because of their high covalent character 

between metal and phosphorus bond.[2.34] In common is the fact that the high-lying 

mixed anion-metal bands and a high degree of electron delocalization lead to a low 
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formal oxidation state of the metal, and a strong covalent character of the metal-

pnictogen bond (Figure 2.2.5).[2.35-2.37] There are two insertion reaction type 

anode materials for LIBs have been reported in metal monophosphides as vanadium 

monophosphide (VP)[2.38] and molybdenum monophosphide (MoP)[2.39]. These 

two materials (VP and MoP) have similar hexagonal crystal structure with space 

groups of P63/mmc and P-62m, respectively, which crystal structures are suitable for 

accommodating Li-ion in their prismatic sites. Previous study of these materials 

indicated that highly reversible Li-ion insertion/extraction occurred with a relatively 

lower reaction potential compared to that of metal oxide, thus exhibiting high energy 

density of phosphide-based materials. 

 

2.2.2. Alloying Reaction Type Anode 

 

Alloying reaction type anode is a typical candidate for high-power LIB and SIB 

applications by delivering high volumetric and gravimetric energy densities based 

on reactions with multiple Li- or Na-ions at low potentials. In addition, alloying 

reaction anodes are essentially mixed electronic-ionic conductors of both Li+-ions 

and electrons, which are desirable for reversible electrochemical reaction. Previously 

reported alloying reaction anodes for LIBs and SIBs are group 14 and 15 elements, 

including metals (Sn, Pb, and Bi), metalloids (Si, Ge, As, and Sb), polyatomic non-

metal (P), and other binary compound (Ti-P, V-P, Mn-P, and Si-O) materials.[2.40-

2.46] Those materials are known to form binary or ternary compounds with multiple 

Li- or Na-ions. Silicon (Si) anode material has the highest theoretical capacity in 
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LIBs around 4000 mA h g-1, and volumetric energy densities in the range 700–972 

W h L-1, which are 1.5-1.8 times higher than those of commercial cells.[2.47, 2.48] 

However, Si anode is suffered from severe volume variation about 400% upon 

cycling, which can result in rapid electrode structure degradation and capacity fading. 

In this regard, the main degradation factor of alloying reaction anode is caused by 

large volume change during cycling, which can lead delamination, pulverization, and 

aggregation of alloying reaction elements.  

Not as well as the group 14 & 15 elements, there is another type of alloying 

reaction compounds, which can react with Li-ion to form lithium alloying phases. 

The typical example of another alloying reaction type anode includes binary and 

ternary compounds such as early and middle of transition metal phosphides (MnP, 

V4P7, VP2, TiP2, and TiP4), silicon oxide (SiOx), and silicon oxycarbide 

(SiOC).[2.40-2.46] This type of compound can react with a large number of Li-ions 

as alloying reaction by accompanying phase transformation or amorphization, 

however, the conversion reaction was not occurred even at lower potential about 0.01 

V vs. Li/Li+. The lithium storage mechanism of these materials, known as alloying 

reactions, is complicated, and some of them are still controversial because they 

transformed to an amorphous state when lithiated, making it difficult to identify the 

phase. Similar to the alloying reaction type of group 14 & 15 elements, these 

compounds are also suffered from the severe capacity fading derived from the large 

volume change and agglomeration of active materials during discharge/charge 

reactions. 
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2.2.3. Conversion Reaction Type Anode 

 

In 2000s, Tarascon et al. first reported a new Li-ion storage mechanism anode 

of later transition metal (Fe, Co, Ni, and Cu) oxides that shows conversion reaction 

as follows: TMaXb + (b·n) AM ↔ aTM + bAMnX, where TM is a transition metal, 

AM is an alkaline metal (e.g., Li, Na), X is an anion (such as H, N, P, O, S, Se, and 

F), and n is the formal oxidation state of X.[2.49] 

Figure 2.2.4 is a schematic illustration of the local chemistry transformation of 

metal compounds (MaXb) during conversion reaction for LIB anodes.[2.10] From 

the above equation for conversion reaction, Li-ions can react with anions through a 

conversion reaction, causing a reconstructive structure change and amorphization of 

MaXb. Through this lithiation process, MaXb are being transformed by conversion 

reaction into an interconnected nanocomposite morphology consisting of metal 

nanoclusters embedded in lithiated compounds (LinX). This metallic nano-networks 

can serve as electronic conduction pathways throughout the initial primary particle, 

thus ensuring the reversible reaction forming a quasi-amorphous/nano-crystalline 

LinX. As a result, the diffusion of metal cation is the critical factor determining the 

size of metal nanocluster, and thus, a continuous electron-conductive network is 

formed. During delithiation, these metallic nanoclusters are oxidized to form metal 

compound in amorphous state.  

Previously, various kinds of conversion reaction materials have been 

investigated including oxides, sulfides, nitrides, phosphides, and fluorides for both 

LIBs and SIBs. Those compounds show much higher theoretical capacity than 
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commercial graphite anode (372 mA h g-1), and some can exceed 2000 mA h g-1. 

Despite the high theoretical capacity, electrochemical properties of conversion 

reaction type compounds should be further improved to overcome other 

unsatisfactory drawbacks including voltage hysteresis. A voltage gap between the 

lithiation and delithiation profiles is originated from the substantial structural 

rearrangement during conversion reaction and this leads internal heat evolution and 

a low energy efficiency.[2.50] This voltage hysteresis is highly dependent on the 

nature of the anionic species, followed by fluorides > oxides > sulfides > nitrides > 

phosphides.[2.50, 2.51] In addition, there are other shortcomings to improve such as 

large volume changes during cycling, a low initial Coulombic efficiency (ICE), and 

capacity activation at high current density. 

Capacity activation behavior is an example of poor rate capability of conversion 

reaction anodes in which reversible capacity is not fully delivered in initial cycles at 

high current density and is gradually increased with activation behavior in 

subsequent cycles. This capacity activation behavior of conversion reaction anodes 

has not been addressed in the past, but it is emerged as an important issue in fast 

charging performance for future battery application. The Li-ion diffusion is very fast 

along the particle surface and/or along the interface between metal nanoclusters and 

LinX matrix, while its penetration into the bulk particle is relatively much slower in 

the first lithiation due to its layer-by-layer propagation reaction, which can cause a 

heterogeneous reaction in larger particles. Previous study on capacity activation 

issue of iron oxide nanoparticles showed that despite the relatively slow bulk 

penetration of Li-ion in initial cycles, there is no significant capacity loss at a particle 

size of about 10 nm at discharge rate of 20 C.[2.52, 2.53] However, since the 
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complete conversion reaction of MaXb at high current density may not be allowed 

according to the nature of component metal cation and anion, and different 

stoichiometric composition ratio of MaXb, it still remains as an intrinsic 

shortcomings of conversion reaction anodes. To address these shortcomings of 

conversion reaction anodes, various nanostructured metal compounds have been 

investigated as high performance anodes.[2.54, 2.55] 
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Figure 2.2.1 Schematic representation of three typical reaction mechanisms between 

Li-ion and electrode materials.[2.8] 
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Figure 2.2.2 Schematic illustration of reversible electrochemical 

insertion/extraction reaction of MX2 anode materials.[2.9] 
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Figure 2.2.3 Schematic illustration of reversible electrochemical 

alloying/dealloying reaction of elemental M anode materials.[2.9] 
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Figure 2.2.4 Schematic illustration of the local chemistry transformation of 

transition-metal compounds during the conversion reaction.[2.10] 
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Figure 2.2.5 Comparison of density of states (DOS) for oxides, nitrides, and 

phosphides.[2.35] 
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2.3. Conventional Approach for High Performance Anode 

 

To meet the electrochemical performance demands for next-generation 

secondary-ion batteries, alloying and conversion reaction anodes are of great 

significance due to their high theoretical capacity, moderate reaction voltage, and the 

diversity of candidates with various chemical compositions. However, many 

shortcomings, including particle pulverization and aggregation, mainly caused by 

severe volume change during cycling, need to be addressed before they are widely 

implemented in practical applications. In this regard, great attempts have been made 

to find efficient strategies to overcome these issues (Figure 2.3.1).[2.50] Since the 

solid-state charge diffusion accompanied by electrochemical reactions in batteries is 

the kinetically limited stage, high performance requires a nano-sizing approach to 

reduce ion/electron diffusion length as well as the rational design of an anode 

material with high ion/electron diffusion constants in its bulk or surface. In addition 

to the fabricating nanostructure morphology, hybrid nanocomposite fabrication with 

different electrochemical reaction mechanism materials, and introduction of ternary 

compound as conversion/alloying materials (CAMs) can additionally increase the 

ionic and electronic conductivity of anode materials in the bulk and the surface, 

respectively. 
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2.3.1. Nanostructured Material and Nanocomposite with 

Different Electrochemical Reaction Materials 

 

The development of nanotechnology has led to a paradigm shift in material 

design and provided a new path to high performance secondary-ion battery 

anodes.[2.56] Nano-sizing of electrode materials has been widely conducted on 

various nanostructured materials from 0-dimensional (0D) to 3-dimensional 

structures (3D) (e.g. 0D for nanoparticles, 1D for nanowires and nanotubes, 2D for 

nanosheets and films, and 3D for porous hollow structures) to give a short diffusion 

lengths and a high electrochemical active surface area.[2.57-2.63] 

Beyond nano-structural engineering, hybrid nanocomposite fabrication with 

different electrochemical reaction materials is another effective route for improving 

electrochemical performance of high capacity materials. In particular, in case of 

alloying reaction- and conversion reaction-type materials accompanied by large 

volume changes and structural deformation during cycling due to their high 

theoretical capacity, fabricating nanocomposite strategy such as carbon nano-coating 

and embedding in carbonaceous matrix has been proposed. The high elasticity of 

carbon layers can effectively relieve the volumetric change of active materials upon 

cycling.[2.64] In addition, uniform nano-carbon layer on active materials can act as 

a physical barrier to prevent agglomeration of active materials and direct contact 

between active materials and electrolytes. This can retain a stable solid-electrolyte 

interface (SEI) layer to suppress the increase in electrochemical resistance during 

cycling.[2.65] In general, conformal carbon nano-coating is achieved through a 



 

41 

chemical coating process of a polymer layer by using glucose or sucrose as a carbon 

source, and a subsequent carbonization process under an inert gas atmosphere.[2.59] 

Recently, various nano-coating strategies have been proposed with some other 

organic monomers to generate carbon layers.[2.55] Dopamine hydrochloride has 

been reported as a fascinating carbon precursor to form a polydopamine (PDA) layer, 

which is known to be a biomimetic adhesive polymer, that can self-polymerize to 

form the conformal coatings on various substrates and can be converted into 

nitrogen-doped graphitic carbon though carbonization.[2.66-2.68] As an example, 

alloying reaction type transition metal phosphide, V4P7 nanoparticles were 

encapsulated with the conformal carbon layer with a thickness of 30 nm, which is 

achieved through polymerization of dopamine and subsequent carbonization. As-

fabricated V4P7@C nanocomposite showed improved electrochemical properties, 

which is attributed to high electrical conductivity, high Li-ion mobility, and structural 

stability to restrict the aggregation and pulverization of active materials.  

Graphene is another promising conductive material with a carbon monolayer 

packed into a 2D honeycomb lattice, which shows outstanding properties, such as 

excellent electron conductivity, high mechanical flexibility, large surface area, and 

chemical stability. For these reasons, a large number of publications have discussed 

application of graphene in LIBs and SIBs in recent years.[2.69-2.72] 

Another heterogeneous hybrid nanocomposite structure has been introduced 

with other materials group as by mixing or coating insertion reaction anode materials, 

which is mainly carbonaceous material and early transition metal (titanium and 

vanadium) oxide, with alloying or conversion reaction anode materials (Figure 
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2.3.2).[2.73] This approach has improved cycle retention properties with the 

structural integrity of electrode obtained by mitigating the volume expansion, 

pulverization, and agglomeration of alloying or conversion reaction anodes by 

providing buffer spaces with negligible volume change of insertion reaction material. 

The typical example of these nanocomposites are TiO2/Co3O4 porous nanoparticles, 

TiO2/SnO2 mesoporous bead, TiO2/MoS2 nanowires, TiO2@Fe2O3 nanotube 

materials, which nanocomposite was composed with stable insertion reaction of TiO2 

and high capacity alloying or conversion reaction materials.[2.74-2.77] 
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Figure 2.3.1 Schematic illustration of the basic four approaches to enhance the 

electrochemical performance LIBs and SIBs: (a) porous micro-sized secondary 

particle, (b) introduction of carbonaceous secondary nanostructures, (c) 

carbonaceous coating, and (d) transition metal doping.[2.50] 
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Figure 2.3.2 Schematic of the volume expansion of mesocarbon microbeads 

(MCMB) graphite, silicon, and silicon-MCMB graphite composite electrodes.[2.73] 
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2.3.2. Ternary Compound of CAMs (Conversion/Alloying 

Materials) 

 

Recently, conversion/alloying materials (CAMs), a material system that forms 

a single compound with a beneficial combination of conversion and alloying reaction 

materials, has been introduced as a new strategy to overcome intrinsic shortcomings 

of alloying and conversion reaction mechanisms.[2.50] In general, alloying reaction 

anodes exhibit low reaction potential and react with a large number of Li-ions per 

formula unit, resulting in a high energy density. However, large volume expansion 

during cycling leads pulverization, delamination, and agglomeration of active 

materials, resulting in poor cycle retention. To overcome this issue, it might be an 

effective approach to embed alloying reaction elements into a buffering matrix 

consisting of ideally good ionic and electronic conductors. 

 The combination of conversion and alloying reaction in CAMs can relieve 

capacity degradation factors of alloying reaction anodes by using the in-situ 

generated nanocomposite morphology of conversion reaction during lithiation. 

When CAMs were lithiated during discharge process, simultaneous hybrid 

conversion/alloying reaction can occur in very fine nanoscale based on their 

atomically homogeneous distribution in initial state (Figure 2.3.3 and 2.3.4).[2.50] 

The initially formed Li2O matrix and conductive nano-network of metallic nano 

grains (TM0) can serve as a buffer matrix for volume expansion of alloying reaction 

phase (LinM) as well as a physical barrier for hindering agglomeration. Vice and 

versa, CAMs can improve the shortcomings of conversion reaction anodes by 
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increased specific capacities, decreased reaction voltages, and reduced voltage 

hysterises, which can lead improved energy density and efficiency. Thus, the 

beneficial combination of conversion and alloying reactions of CAMs shows an 

excellent synergistic effect that enhances the advantages of each reaction mechanism 

while complementing their shortcomings. The synergistic effects derived from the 

simultaneous hybrid electrochemical reaction of CAMs can be much more effective 

than that of nanocomposites physically mixed with conversion and alloying 

materials due to their atomically homogeneous and fine distribution. However, as 

both conversion and alloying reaction mechanisms involve substantial volumetric 

changes and structural rearrangement during lithiation, reversible electrochemical 

performance can be highly dependent on the composition of CAMs. 

Conventionally known CAMs for LIBs are especially focused on the ternary 

metal oxide compounds, for which one transition metal (TM) is replaced by zinc (Zn) 

or tin (Sn), ZnTM2O4 (TM = Fe, Co, or Mn) or TM2SnO4 (TM = Co, Ni, or Mn) and 

TMSnO3 (TM = Co or Ni), as Zn and Sn can itself reversibly form an alloy phase 

with Li+-ion.[2.79-2.83] Those CAMs can react with much increased the number of 

Li+-ions per unit formula than pure conversion reaction type TM oxides. Typical 

lithiation process with hybrid conversion/alloying reaction is given below.[2.50] 

ZnTM2O4 + 9Li+ + 9e- → 2TM0 + 4Li2O + LiZn (1) 

In case of the CAMs including Sn, a specific capacity can be improved further 

based on high lithium content in the alloy phase (Li4.4Sn). 

TMxSnOy + (2y + 4.4)Li+ + (2y + 4.4)e- → xTM0 + Li4.4Sn + yLi2O (2) 
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Figure 2.3.3 Illustrative summary of the beneficial combination of conversion- and 

alloying-type lithium storage in conversion/alloying materials (CAMs).[2.50] 
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Figure 2.3.4 Schematic illustration of the impact of introducing a TM dopant into 

ZnO on the lithiation mechanism and LiZn crystallite growth.[2.50] 
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Chapter 3. Complete Solid Solution Mn1-xFexP as a 

Conversion/Alloying Hybrid Reaction Anode for 

Lithium-Ion Batteries 

3.1. Introduction 

 

Rechargeable Li-ion batteries (LIBs) are currently being explored for next 

generation energy storage systems such as electric vehicles and hybrid electric 

vehicles.[3.1-3.3] Such applications require electrode materials with high energy 

density, high power density, lower cost, light weight, and improved safety.[3.4] 

Graphite is the most common anode material in commercial LIBs because it shows 

a highly stable cycle retention with an intercalation reaction mechanism, but its 

specific capacity is relatively low (372 mA h g−1) with a poor rate capability.[3.4-3.8] 

To develop high performance anode materials for next generation LIBs, extensive 

research studies have been performed on materials which react with lithium either 

by alloying reaction such as Si, Ge, and Sn or by conversion reaction such as 

transition metal oxides.[3.9-3.15] The alloying reaction anodes offer high specific 

capacities, but the extensive volume expansion, electrode pulverization, and 

aggregation of active materials during cycles hamper their widespread 

implementation in practical LIBs.[3.16,3.17] The conversion materials are also 

alternative high capacity anodes, but accompany the bond cleavage and reforming 

between metals and anions, resulting in a wide operational voltage range, a large 
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voltage hysteresis, and a relatively low energy storage efficiency.[3.16,3.18] 

Recently, the beneficial combination of these two lithium storage mechanisms in a 

single compound, referred to as conversion and alloying materials (CAMs), has been 

noticed to complement the shortcomings of the conversion and alloying 

mechanisms.[3.16,3.19] One approach is the partial substitution of the 

electrochemically inactive transition metal in conversion type compounds such as 

ZnFe2O4 and Co2SnO4 with an element which can reversibly form an alloy with 

lithium.[3.20-3.23] The other alternative is starting from an alloying compound and 

enhancing the reversibility of the Li2O formation by incorporating a transition metal, 

as realized in Fe-doped ZnO and SnO2.[3.24-3.26] The known CAMs exhibited an 

enhanced electrochemical performance over pure conversion or alloying materials 

due to the synergistic effects of both mechanisms, which can effectively buffer the 

large volume expansion and ensure electron and ion transport. 

A new strategy to extend the concept of the present CAMs is to find out material 

systems to form a complete solid solution whose end members have different types 

of reaction mechanisms with Li+-ions, which can additionally control the ratio of 

alloying and conversion materials. A representative example is a SnO2(alloying 

type)–TiO2(intercalation type) solid solution, which showed superior cycling 

stability and rate capability due to the synergistic effects contributed from individual 

components.[3.27] Since most of the current studies about CAMs are limited to 

oxides, it is required to switch from oxides to phosphides, which leads to an 

improved energy density by lowering the Li+ reaction potential and voltage 

hysteresis.[3.28-3.30] However, no such study has been performed on metal 

phosphides, to the best of our knowledge. Transition metal monophosphides exhibit 
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three types of reaction mechanisms (intercalation, alloying, and conversion) and 

form solid solutions depending on the nature of the metals (Figure 3.1.1).[3.31-3.36] 

Among them, MnP and FeP are iso-structural with a space group of Pnma and form 

the complete solid solution of Mn1-xFexP (0≤ x ≤ 1). MnP shows an alloying reaction 

with lithium by forming the LixMnyPz ternary phase and delivers a high initial 

lithiation and delithiation capacity of 1104 and 870 mA h g-1, respectively, but suffers 

a rapid capacity fading (Figure 3.1.2).[3.34] On the other hand, FeP reacts with 

lithium through a conversion reaction by forming the percolating network of Fe 

nanograins embedded in the Li3P matrix and delivers an initial discharge and charge 

capacity of ∼860 and 720 mA h g−1, respectively (Figure 3.1.3).[3.35] The 

combination of conversion and alloying in a single phase Mn1−xFexP is expected to 

generate the in situ nanocomposite where nanocrystalline LixMnyPz and the Fe nano-

network are embedded in the amorphous Li3P matrix, which can effectively buffer 

the accompanying volume variation and ensure electron and ion transport resulting 

in improved capacity retention and high rate stability.  

In this study, we suggest a new concept to tailor the electrochemical 

performance using solid solution compounds of alloying type MnP and conversion 

type FeP.[3.34–3.37] The solid solution series Mn1−xFexP (0 ≤ x ≤ 1) were 

synthesized using a high energy mechanical milling (HEMM), which is widely used 

for the synthesis of metal phosphides and solid solutions of oxides or 

carbides,[3.27,3.38-3.41] and their electrochemical properties as an anode for LIBs 

were investigated. 
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Figure 3.1.1 Crystal structure and electrochemical reaction mechanism for various 

1st row transition metal monophosphides.  
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Figure 3.1.2 (a) Cycle performance, (b) corresponding voltage profiles tested at 

current density of 50 mA g-1, and ex-situ XRD patterns for MnP/Li cell during (c) 

lithiation and (d) delithiation process.[3.34]  
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Figure 3.1.3 (a) Voltage profiles, (b) corresponding differential capacity plots, (c) 

in-situ XRD patterns for FeP/Li cell during lithiation and (d) TEM image of as 

lithiated FeP nanoparticles.[3.35]  
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3.2. Experimental Procedure 

 

Synthesis of the Mn1−xFexP(x = 0, 0.5, 0.75, and 1) nanoparticles 

Mn1-xFexP (x = 0, 0.5, 0.75, and 1.0) nanoparticles (NPs) were synthesized via a high 

energy mechanical milling (HEMM) method using a planetary ball mill (Pulverisette 

6, Fritsch). The starting materials used were commercial manganese (Mn, 99.95%, 

Alfa Aesar), iron (Fe, 99.5%, Alfa Aesar), and red phosphorus (98.9%, Alfa Aesar) 

without further purification. The stoichiometric amount of the starting materials was 

placed into a hardened steel vial (80 cm3) with hardened steel balls (a diameter of 

3/8 in.) at a ball-to-powder weight ratio of 20:1 and the vial was sealed inside an 

argon-filled glove box. HEMM was carried out at room temperature with a rotation 

speed of 300 rpm for 20 h. The as-synthesized powder was collected, softly ground, 

and stored in a glove box to minimize surface oxidation. 

Materials characterization 

The high resolution powder diffraction (HRPD) patterns of the as-synthesized NPs 

were obtained using synchrotron X-rays at the 9B HRPD beamline of the Pohang 

Accelerator Laboratory (PAL). The diffraction data were collected at room 

temperature with 2θ ranging from 10° to 130° with a step size of 0.02° at a 

wavelength of λ = 1.5167 Å. The lattice parameters were determined using Rigaku 

PDXL commercial software.[3.37] The chemical composition of the as-synthesized 

NPs was analyzed by inductively coupled plasma atomic emission spectrometry 

(ICP-AES, OPTIMA 8300, PerkinElmer). The morphology of the as-synthesized 

NPs and the as-fabricated electrodes was observed by field emission scanning 
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electron microscopy (FE-SEM, SU70, Hitachi) and transmission electron 

microscopy (TEM, JEM-2100F, JEOL). 

Electrochemical measurements 

The electrode was prepared by mixing 70% active material, 15% Super P carbon 

black, and 15% carboxymethyl cellulose (CMC) binder by weight to form a slurry, 

which was coated on the copper foil, followed by drying in a vacuum oven at 65 °C 

overnight. The electrode was punched into a round disk with 1.0–1.5 mg cm−2 

loading of active material and then kept in the vacuum oven at 70 °C for 12 h. The 

CR2032 coin cell was fabricated inside an argon-filled glove box by employing a 

polypropylene (Welcose, Korea) separator and a lithium foil counter/reference 

electrode. The electrolyte used was 1.0 M LiPF6 in a mixture of ethylene carbonate 

(EC) and dimethyl carbonate (DMC) (1:1 v/v) with the addition of 5 vol% of 

fluoroethylene carbonate (FEC). A galvanostatic cycling test was performed with a 

battery testing system (Wonatech, Korea) within the voltage range of 0.01–2 V (vs. 

Li/Li+). Electrochemical impedance spectroscopy (EIS) experiment was carried out 

in the frequency range of 100 kHz to 0.1 Hz with an AC amplitude of 5 mV using an 

impedance analyzer (Zive, SP1). 
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3.3. Results and Discussions 

 

3.3.1. Synthesis and Physicochemical Characterization 

 

Figure 3.3.1a shows the XRD patterns of the as-synthesized Mn1−xFexP (x = 0, 

0.5, 0.75, and 1.0) nanoparticles (NPs), and the patterns were replotted based on the 

wavelength of Cu Kα (λ = 1.5406 Å) instead of the measured wavelength (λ = 1.5167 

Å) to compare with the reference ICDD database (MnP: #00-051-0942, Mn0.5Fe0.5P: 

#01-079-3948, and FeP: #01-0781443). All of the synthesized Mn1−xFexP NPs were 

a single phase, and the obtained diffraction peaks were completely indexed based on 

the orthorhombic crystal structure with a space group Pnma. The main XRD peaks 

((121), (220), and (211)) shifted to a higher 2θ with increasing Fe content, due to the 

smaller ionic radius of Fe3+ (0.55 Å, CN = 6) than Mn3+ (0.58 Å, CN = 6).[3.36] The 

lattice constants (a, b, and c), extracted from Rietveld refinements,[3.42] were 

consistent with the reference ICDD database and linearly decreased with increasing 

Fe content obeying Vegard’s law (Table 3.3.1, and Figure 3.3.1b and 3.3.2). Thus, 

the substitutional solid solution Mn1−xFexP compounds were successfully 

synthesized by HEMM between two end members (MnP and FeP). To compare the 

electrochemical properties, a MnP/FeP NP mixture was also prepared by mixing the 

as-synthesized MnP and FeP NPs with a 1:1 mole ratio. The XRD pattern of the 

MnP/FeP mixture was different from that of the Mn0.5Fe0.5P (x = 0.5) compound and 

both MnP and FeP peaks simultaneously appeared in the diffraction pattern (Figure 

3.3.3). The chemical composition of the as-synthesized NPs was analyzed by ICP-

AES and the actual atomic ratios of Mn, Fe, and P in all of the solid solutions are 
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very close to the expected values, as shown in Table 3.3.2. 

The morphology of the as-synthesized Mn1−xFexP NPs observed by SEM and it 

was very similar and the particle size was a few hundred nanometers irrespective of 

chemical compositions (Figure 3.3.4). The as-prepared solid solution Mn1−xFexP (x 

= 0.5 and 0.75) NPs were further investigated by TEM (Figure 3.3.5). The high 

resolution (HR) TEM image of the as-prepared Mn0.5Fe0.5P NPs (Figure 3.3.5a) 

showed lattice fringes with lattice spacings of 1.9, 2.44, and 2.77 Å corresponding 

to the (211), (111), and (011) planes of the Mn0.5Fe0.5P phase (ICDD #01-079-3948). 

In addition, the selected-area electron diffraction (SAED) pattern (Figure 3.3.5b) was 

completely indexed to the Mn0.5Fe0.5P phase, and the ring-like pattern indicates the 

randomly oriented polycrystalline nature. The scanning transmission electron 

microscopy (STEM) image and elemental mapping images by energy dispersive 

spectroscopy (EDS) revealed that Mn, Fe, and P elements were homogeneously 

distributed throughout the Mn0.5Fe0.5P NPs (Figure 3.3.5c). The Mn0.25Fe0.75P NPs 

showed a similar HRTEM image and SAED pattern with slightly smaller interplanar 

spacings of 1.89, 2.43, and 2.76 Å corresponding to the (211), (111), and (011) planes 

consistent with the Rietveld results (Figure 3.3.5d and e). In addition, composed 

elements of Mn, Fe, and P in Mn0.25Fe0.75P compound were also homogenous 

throughout the Mn0.25Fe0.75P NPs (Figure 3.3.5f). Consequently, the substitutional 

solid solution Mn1-xFexP (x = 0.5 and 0.75) compounds between MnP and FeP were 

successfully synthesized via a facile high energy mechanical milling process. 
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Table 3.3.1 The refined lattice parameters for Mn1−xFexP (x = 0, 0.5, 0.75, and 1) 

NPs. 

 

aWeighted profile R-factor. bUnweighted profile R-factor. 
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Table 3.3.2 Elemental analysis results of Mn1−xFexP (x = 0, 0.5, 0.75, and 1) NPs by 

ICP-AES. 
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Figure. 3.3.1 (a) XRD patterns for the as-synthesized Mn1−xFexP (x = 0, 0.5, 0.75, 

and 1.0) NPs and (b) corresponding refined lattice parameters. The reference peaks 

for MnP (ICDD #00-051-0942, black color), Mn0.5Fe0.5P (ICDD #01-079-3948, red 

color), and FeP (ICDD #01-078-1443, blue color) are included. ☆ in (b) is the lattice 

parameter from ICDD. 
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Figure. 3.3.2 XRD Rietveld refinement results for as-synthesized Mn1-xFexP (x = 0, 

0.5, 0.75, and 1.0) NPs. 
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Figure. 3.3.3 XRD patterns of as-synthesized MnP, MnP/FeP mixture, and FeP NPs. 

The reference peaks for MnP (ICDD # 00-051-0942, black color) and FeP (ICDD # 

01-078-1443, blue color) are included. 
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Figure. 3.3.4 SEM images and dynamic light scattering (DLS) particle size 

distributions of the as-synthesized Mn1-xFexP (x = (a) 0, (b) 0.5, (c) 0.75, and (d) 1.0) 

NPs, respectively.  
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Figure. 3.3.5 (a,d) High resolution TEM images, (b,e) selected-area electron 

diffraction (SAED) patterns, and (c,f) STEM images and elemental mapping images 

(Mn K, Fe K, and P K) of Mn1-xFexP (x = 0.5 and 0.75) NPs, respectively. 
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3.3.2. Electrochemical Properties and Reaction 

Mechanism 

 

Figure 3.3.6a and b show the galvanostatic discharge (lithiation) and charge 

(delithiation) voltage profiles and the corresponding differential capacity (dQ/dV) 

plots obtained from the Mn1−xFexP electrodes at a current density of 100 mA g−1, 

respectively. The 1st and 2nd voltage profiles of the alloying type MnP electrode 

exhibited a sloping voltage plateau below 0.25 V vs. Li/Li+ to form a ternary 

LixMnyPz alloy phase in the lithiation and two flat delithiation voltage plateaus at 0.7 

and 1.23 V vs. Li/Li+ for the de-alloying reaction, which are in good agreement with 

the previous report.[3.34] The conversion-type FeP electrode showed two lithiation 

peaks at 0.2 and 0.68 V vs. Li/Li+ and two delithiation peaks at 0.95 and 1.05 V vs. 

Li/Li+ in the dQ/dV plot which are consistent with the previous report.[3.35] In the 

dQ/dV plot of the Mn0.5Fe0.5P( x = 0.5) solid solution electrode, three lithiation peaks 

at 0.66, 0.15, and <0.1 V vs. Li/Li+ and three delithiation peaks at 0.77, 1.05, and 

1.28 V vs. Li/Li+ were observed. All of the voltage plateaus (or peaks in the dQ/dV 

plot) corresponding to the MnP and FeP electrodes appeared in the profiles of the 

Mn0.5Fe0.5P electrode indicating that both the alloying/dealloying reaction of MnP 

and the conversion reaction of FeP simultaneously occurred during the 

discharge/charge process. However, two delithiation peaks of MnP shifted to higher 

voltages and two lithiation peaks of FeP slightly shifted to lower voltages (Figure 

3.3.6c). On the other hand, these peak shifts were not observed in the MnP/ FeP 

mixture electrode and all of the lithiation and delithiation peaks of MnP and FeP 

were found at the same voltages (Figure 3.3.7). The simultaneous reactions in the 
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Mn0.5Fe0.5P solid solution electrode were further confirmed using the ex situ XRD 

pattern, the high magnification TEM image, and the selected area electron diffraction 

(SAED) pattern of the 1st fully discharged (0 V vs. Li/Li+) and charged (2.0 V vs. 

Li/Li+) states. The XRD peaks were broad and weak and thus, the phases were not 

well identified, but the ternary LixMnyPz and Li3MnP2 phases were formed during 

the alloying reaction in MnP and Mn0.5Fe0.5P electrodes (Figure 3.3.8a).[3.33] The 

conversion reacted Fe was observed in the XRD patterns of the Mn0.5Fe0.5P and FeP 

electrodes (Figure 3.3.8a). The ex situ XRD pattern of the 1st fully charged 

Mn0.5Fe0.5P electrode showed an original solid solution phase (Figure 3.3.8b), 

implying the reversible discharge/charge reaction of the solid solution electrode. 

The SAED pattern analysis using TEM was further performed to clarify the 

phase identification and the SAED pattern for the fully discharged Mn0.5Fe0.5P 

electrode (Figure 3.3.9e) showed the fully discharged states of both MnP and FeP 

electrodes, which formed the ternary LixMnyPz and Li3MnP2 phases by alloying 

reaction (Figure 3.3.9d) and the Fe nano-grain and Li3P amorphous matrix by 

conversion reaction (Figure 3.3.9f), respectively. The chemical composition and 

crystal structure of the ternary LixMnyPz phase are not available up to this point.[3.34] 

The STEM and EDS mapping images (Mn K, Fe K, and P K, Figure 3.3.9g-j) 

indicated that Mn, Fe, and P elements were homogenously distributed throughout 

the fully discharged Mn0.5Fe0.5P NPs. The high-magnification HAADF STEM image 

of fully discharged Mn0.5Fe0.5P electrode shows that lithiated Mn0.5Fe0.5P NPs are 

composed with crystallites smaller than 5 nm (Figure 3.3.10a). Further inspection of 

the reduced fast Fourier transform (FFT) pattern of marked area in STEM image 

exhibits that observed planes in the FFT pattern are well matched with both Li3MnP2 
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and Li3P phases as zone axis of [111] and [212], respectively, indicating simultaneous 

alloying and conversion hybrid reactions in few nanometer scale (Figure 3.3.10b). 

This was further corroborated with high magnification EDS mapping images (Figure 

3.3.10c-f) and nano-beam electron diffraction patterns of lithiated Mn0.5Fe0.5P 

electrode obtained with a ~ 4 nm size transmission beam, which is also matched with 

both Li3MnP2 and Li3P phases with zone axis of [302] and [452], respectively (Figure 

3.3.11). 

The voltage profiles of the Mn0.25Fe0.75P (x = 0.75) electrode were very similar 

to those of the FeP electrode with a slight shift of lithiation peaks to lower voltages, 

but still contained those of MnP with a slight shift of delithiation peaks to higher 

voltages. Thus, the discharge/charge voltage profiles of Mn1−xFexP solid solution 

compounds were not a simple linear combination of the voltage profiles of two end 

members (MnP and FeP), which was observed in the MnP/FeP mixture electrode. 

Instead, the solid solution affected the redox reactions of each end member and 

shifted the reaction potentials during discharge/ charge processes.[3.16,3.20,3.21] In 

particular, Mn substitution into FeP resulted in a gradual shift of working potentials 

to lower voltages, which improved the energy density in the negative electrodes. In 

the Zn1−xMnxFe2O4 nanofibers,[3.21] Mn substitution brought down the working 

voltage, which was derived from the lower Gibbs free energy of formation for MnO 

(ΔG°= −363 kJ mol−1) than ZnO (ΔG°=−320 kJ mol−1). In addition, Mn3−xFexO4 

showed that the ratio of the plateau at the upper potential gradually increased with 

the Fe content of the compound.[3.43] In the Mn1−xFexP solid solution compounds, 

it was not accurate to compare the working voltage with only the Gibbs free energy 

of formation for each end member because the electrochemical reaction mechanisms 
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of MnP and FeP are different. The Gibbs free energy of formation for MnP (ΔG°= 

−117.916 kJ mol−1) was lower than that for FeP (ΔG°= −97.281 kJ mol−1), which can 

be related to a relatively low standard redox potential of Mn than that of Fe[3.21] 

and could affect the down-shifting of working potentials. Our obtained results 

suggest that the working potentials of multicomponent transition metal 

monophosphides can be tuned by varying the component and composition in 

transition metals. 
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Figure. 3.3.6 (a) Galvanostatic discharge/charge profiles, (b) corresponding 

differential capacity plots (DCPs), and (c) voltage variation of lithiation and 

delithiation plateaus as a function of Fe content in Mn1−xFexP electrodes. 

 

 

 

 



 

78 

 

Figure. 3.3.7 (a) Galvanostatic discharge/charge profiles, and (b) corresponding 

differential capacity plots (DCPs) of MnP, MnP/FeP, and FeP electrodes. 
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Figure. 3.3.8 Ex-situ XRD patterns for (a) fully lithiated (0.0 V vs. Li/Li+) and (b) 

delithiated (2.0 V vs. Li/Li+) states for Mn1-xFexP electrodes (x = 0, 0.5, and 1.0), 

respectively. 
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Figure. 3.3.9 Ex-situ TEM images and SAED patterns of fully discharged states of 

(a,d) MnP, (b,e) Mn0.5Fe0.5P, (c,f) FeP electrodes, and (g) STEM image and (h-j) EDS 

mapping (Mn K, Fe K, and P K) of (b) Mn0.5Fe0.5P electrode. 
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Figure. 3.3.10 (a) High-magnification HAADF STEM image of fully discharged 

state of Mn0.5Fe0.5P electrode and (b) reduced FFT pattern of the marked area in (a). 

(c) HAADF STEM image and EDS mapping images of (d) Mn K, (e) Fe K, and (f) 

P K, respectively. 
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Figure. 3.3.11 (a) TEM image of nano-sized transmission beam and (b) nano-beam 

electron diffraction pattern of fully discharged state of Mn0.5Fe0.5P electrode. 
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3.3.3. Electrochemical Performance 

 

The cycle performance of the Mn1−xFexP electrodes was investigated in the 

voltage range of 0.01–2 V vs. Li/Li+ at a current density of 100 mA g−1 (Figure 

3.3.12a and b). All the Mn1−xFexP electrodes exhibited a relatively high initial 

coulombic efficiency, and it was 82, 82, 85, and 85% for the electrodes with x = 0, 

0.5, 0.75, and 1.0, respectively. The MnP electrode showed the 1st discharge and 

charge capacities of 842 and 692 mA h g−1, respectively, but the capacity gradually 

decreased and only 229 mA h g−1 was retained after 40 cycles with a 33% cycle 

retention. The initial discharge and charge capacities of the FeP electrode were 777 

and 662 mA h g−1, respectively. The reversible capacity was relatively well 

maintained and reduced to 495 mA h g−1 after 40 cycles, which was 74% of the initial 

discharge capacity. For the Mn0.5Fe0.5P solid solution electrode, the 1st discharge and 

charge capacities were 737.6 and 605.3 mA h g−1, respectively and the reversible 

capacity was 463 mA h g−1 after 40 cycles with a cycle retention of 72%. The 

Mn0.25Fe0.75P electrode showed initial discharge and charge capacities of 783.4 and 

668.5 mA h g−1, respectively and the discharge capacity of 506 mA h g−1 was well 

maintained after 40 cycles with a cycle retention of 76%. Compared to the MnP 

electrode, the Mn0.5Fe0.5P and Mn0.25Fe0.75P solid solution electrodes showed stable 

cycle retention at the current density of 100 mA g−1. One thing to note is that the 

Mn0.5Fe0.5P solid solution electrode showed slightly lower initial capacities, but 

stable cycle retention compared with that of the MnP/FeP mixture electrode (Figure 

3.3.12c and d). The reversible 2nd discharge capacity of the MnP/FeP mixture 

electrode was close to the expected value estimated from the reversible capacities of 
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both the MnP and FeP electrodes whereas the Mn0.5Fe0.5P solid solution electrode 

showed a slightly lower capacity (Figure 3.3.12e). Based on the comparison of the 

reaction peak intensity in the DCPs (Figure 3.3.13), it was found that the contribution 

of the alloying reaction of MnP to the total capacity was smaller in the 2nd cycle of 

the Mn0.5Fe0.5P solid solution electrode compared to the MnP/FeP mixture electrode. 

However, the reversible discharge/charge peaks for MnP continuously decreased 

with the cycles in the MnP/FeP mixture electrode, indicating that MnP is responsible 

for the capacity decay in the MnP/FeP mixture electrode (Figure 3.3.12c and 3.3.13d).  

When the current density increased to 1 A g−1, the initial coulombic efficiency 

was 76, 83, 82, and 82% and the initial discharge capacity was 517.8, 616.6, 545.8, 

and 469.6 mA h g−1 for the Mn1−xFexP electrodes with x = 0, 0.5, 0.75, and 1.0, 

respectively (Figure 3.3.14). The reversible specific capacity after 60 cycles was 260, 

400, 464, and 370 mA h g−1 with the cycle retention of 59, 80, 97, and 95% for the 

Mn1−xFexP electrodes with x = 0, 0.5, 0.75, and 1.0, respectively. Thus, the 

Mn0.25Fe0.75P solid solution electrode showed excellent capacity retention at a high 

current density of 1 A g−1. The good cycling behavior of solid solution electrodes 

was further corroborated by testing the electrodes at an even higher current density 

of 2 A g−1 (Figure 3.3.15). The reversible capacity of the MnP electrode rapidly 

decreased after 20 cycles, but a relatively high reversible capacity of 370 mA h g−1 

was well maintained up to 100 cycles in the Mn0.25Fe0.75P solid solution electrode. 

The high electrode kinetics of solid solution electrodes was further confirmed by the 

rate capability test (Figure 3.3.16). The Mn0.25Fe0.75P electrode delivered a high 

capacity of 364 mA h g−1 at a high current density of 2 A g−1, and the reversible 

capacity fully recovered to its original capacity when the current density returned to 
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100 mA g−1. The obtained specific capacity and cycle retention in the Mn0.25Fe0.75P 

solid solution electrode were superior to those of the previously reported MnP and 

FeP-based anodes (Table 3.3.3). 

Unexpectedly, the FeP electrode exhibited quite different cycling behavior at 

the current density of 2 A g−1. Initially, the capacity of FeP electrode was negligible, 

but it gradually increased with cycles and reached 382 mA h g−1 after 50 cycles 

(Figure 3.3.15a). The galvanostatic discharge voltage profiles for the 1st cycle at 

various current densities showed that the discharge voltage plateau of the FeP 

electrode became lower with increasing current density due to a large polarization 

and reached the cut-off voltage at the current density of 2 A g−1 before the conversion 

reaction occurred, which resulted in a negligible capacity (Figure 3.3.17). 

Meanwhile, in case of solid solution compounds (Mn1-xFexP, x = 0.5 and 0.75), the 

polarization resulting from increased current density is relatively less than that of 

FeP electrode, indicating that the overall alloying and conversion reactions occurred 

at the current density of 2 A g-1. Similar capacity activation behavior was observed 

in the CoP electrode, which was prepared by HEMM under the same synthesis 

conditions (Figure 3.3.15). Both FeP and CoP are conversion-type materials, which 

could suffer from the kinetic problems with solid state lithium diffusion in the 

pristine state by breaking the bond between metal and phosphorus when discharged 

and reforming the bonding when charged. Indeed, unreacted FeP was detected in the 

XRD and selected area electron diffraction (SAED) patterns for the 1st fully 

discharged state obtained at the current density of 2 A g−1 (Figure 3.3.18) indicating 

that the conversion reaction was not completed and a few hundred nanometersized 

powder was not fully lithiated at such a high rate. This was possibly due to the slow 
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layer-by-layer propagation process in the conversion reaction.[3.44,3.45] By 

repeating the cycles, the reversible capacity gradually increased and the 

corresponding DCPs (Figure 3.3.15) also showed a continuous increase of the 

reaction peaks implying that the conversion reaction progressively propagated into 

larger particles by forming an interconnected, percolating network of metallic 

nanograins (Fe or Co) and an amorphous Li3P matrix.[3.44,3.46] The CoP electrode 

showed much slower capacity activation than that of the FeP electrode (Figure 

3.3.15). The difference appears to be related to the diffusivity of the transition metal 

cations, which determines the size of metallic nanograins, but further study is 

required to find out the reason for this difference. 

The capacity activation behavior was also clearly observed in the cycle data for 

the MnP/FeP mixture electrode tested at the current density of 2 A g−1 (Figure 3.3.19). 

In DCPs, the redox peaks for MnP were present from the first cycle and the peak 

intensity corresponding to the lithiation/delithiation for FeP gradually increased with 

cycles, resulting in a continuous increase of the reversible capacity. In contrast, the 

solid solution Mn1−xFexP (x = 0.5 and 0.75) electrodes were fully lithiated from the 

first discharge and retained their capacity up to 100 cycles without the capacity 

activation behavior (Figure 3.3.15). Thus, the occurrence of capacity activation in 

the MnP/FeP electrode can be attributed to the fact that MnP/FeP is a physically 

mixed composite, whereas Mn0.5Fe0.5P is chemically mixed and has a much more 

homogenous distribution of Mn, Fe, and P at the atomic level. This was corroborated 

with TEM observation (Figure 3.3.20). The STEM and EDS mapping images of the 

Mn0.5Fe0.5P electrode showed that Mn, Fe, and P were homogeneously distributed 

throughout the nanoparticles after the 1st cycle (Figure 3.3.20a) and this uniform 
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distribution was well maintained after 100 cycles (Figure 3.3.20b). On the other hand, 

the MnP/FeP mixture electrode exhibited a few hundred nanometer-sized MnP and 

FeP nanoparticles after the 1st and 100th cycles (Figure 3.3.20c and d), implying that 

a few hundred nanometer-sized FeP nanoparticles require capacity activation for the 

full lithiation at such a high rate. However, the capacity activation behavior was not 

observed in the rate capability test of the FeP electrode (Figure 3.3.16) because the 

FeP electrode was fully activated at lower current densities. 

The fast kinetics in Mn1−xFexP solid solution compounds (x = 0.5 and 0.75) were 

supported by the Nyquist plots obtained by electrochemical impedance spectroscopy 

(EIS) where the semicircle at high and middle frequencies represented the SEI and 

charge transfer resistance and the straight sloping line at low frequency corresponded 

to lithium ion diffusion within the bulk electrode (Figure 3.3.21).[3.47] Before the 

cycle, all the electrodes exhibited similar EIS spectra indicating that the charge 

transfer resistance and lithium ion diffusion kinetics were similar (Figure 3.3.21a). 

For the MnP electrode, the semicircle became smaller with the number of cycles up 

to 20, but it was the largest after 100 cycles (Figure 3.3.21b–d). The sloping line at 

low frequency was relatively less steep. This observation (large charge transfer 

resistance and slow lithium ion diffusion) was consistent with the rapid decrease of 

reversible capacity after 20 cycles at the current density of 2 A g−1 (Figure 3.3.15a) 

and might be related to the agglomeration of the active material typical of alloying 

reaction materials.[3.48] In the FeP electrode, the semicircle became smaller and the 

sloping line became steeper with cycles consistent with the capacity activation 

behavior observed at 2 A g−1 (Figure 3.3.15a). The solid solution Mn1−xFexP (x = 0.5 

and 0.75) electrodes exhibited a smaller semicircle and a steeper sloping line during 
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cycling, which indicate that fast electron transfer and facile lithium ion diffusion 

have been achieved in the solid solution electrodes. The fast kinetics in Mn1−xFexP 

solid solution compounds can be attributed to the in situ generated nanocomposite 

microstructure where nanocrystalline LixMnyPz and the Fe nano-network are 

embedded in the amorphous Li3P matrix, which facilitates the electron and lithium 

ion transport.[3.44] 

To further corroborate the enhanced electrochemical performance of solid 

solution Mn1−xFexP electrodes, the morphology of the cycled electrodes (100 cycles 

at 2 A g−1) was examined by SEM (Figure 3.3.22a–h), which were disassembled in 

an argon-filled glove box. The as-prepared pristine electrodes showed similar 

morphologies, and the average particle size was 150–200 nm, irrespective of 

chemical composition (Figure 3.3.22a–d). To demonstrate the structural stability, the 

dissembled electrodes were rinsed with dimethyl carbonate (DMC), acetic acid, and 

D.I. water to remove the SEI layer.[3.47] A severe agglomeration was observed and 

the original morphology was not retained in the MnP electrode resulting in an 

increased particle size of ∼500 nm after 100 cycles at 2 A g−1 (Figure 3.3.22e). On 

the other hand, the agglomeration and structural deformation were less severe in 

Mn1−xFexP (x = 0.5, 0.75 and 1.0) electrodes (Figure 3.3.22f–h) and the average 

particle size was 230, 270, and 290 nm, respectively, indicating that the 

agglomeration of active materials was significantly inhibited. The cycled 

Mn0.25Fe0.75P solid solution electrode (Figure 3.3.22g) was further investigated by 

TEM (Figure 3.3.22i–l). The STEM image showed the nanostructured morphology 

(Figure 3.3.22i) and the EDS mapping images (Mn K, Fe K, and P K, Figure 3.3.22j–
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l) indicated that Mn, Fe, and P elements were homogenously distributed throughout 

the Mn0.25Fe0.75P NPs. From these observations, it can be concluded that the solid 

solution compound electrodes generate an in situ nanocomposite of the Fe nano-

network, the Li3P matrix, and the ternary LixMnyPz phase, which effectively buffers 

the accompanying volume variation, hinders the aggregation of the alloying element, 

and ensures fast electron and ion transport resulting in excellent capacity retention 

and high rate capability (Figure 3.3.23).[3.16,3.46] At this stage, the scale of 

homogeneous distribution, the atomic or nano range, is not clearly identified and 

thus, further study is highly required. 
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Table 3.3.3 Lithium storage performance comparison of Mn0.25Fe0.75P solid solution 

electrode with the previously reported FeP and MnP-based electrodes. 
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Figure. 3.3.12 Cycle performance and corresponding Coulombic efficiency of (a,b) 

Mn1-xFexP (x = 0, 0.5, 0.75, and 1.0) electrodes and (c,d) Mn0.5Fe0.5P and MnP/FeP 

electrodes, respectively. (e) Comparison of experimentally determined and expected 

2nd discharge capacity in Mn0.5Fe0.5P solid solution and MnP/FeP mixture electrodes. 

The expected values were estimated from the reversible capacities of both MnP and 

FeP electrodes. 
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Figure. 3.3.13 Differential capacity plots (DCPs) for MnP, FeP, Mn0.5Fe0.5P, and 

MnP/FeP electrodes for 2nd, 10th, 20th, and 40th cycles at the current density of 100 

mA g-1. 
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Figure. 3.3.14 Cycling performance at current density of 1 A g-1 for Mn1-xFexP (x = 

0, 0.5, 0.75, and 1.0) electrodes, respectively. 
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Figure. 3.3.15 (a) Cycling performance at current density of 2 A g-1 for Mn1-xFexP (x 

= 0, 0.5, 0.75, and 1.0) and CoP electrodes and the corresponding (b) galvanostatic 

discharge/charge voltage profiles and (c) differential capacity plots (DCPs). 
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Figure. 3.3.16 Rate capabilities of the Mn1-xFexP (x = 0, 0.5, 0.75, and 1.0) electrodes.  
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Figure. 3.3.17 Galvanostatic discharge voltage profiles of Mn1-xFexP (x = 0, 0.5, 0.75, 

and 1.0) electrodes for each 1st cycle at 0.1, 1.0, and 2.0 A g-1, respectively.  
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Figure. 3.3.18 (a) Ex-situ XRD pattern, (b) TEM image, and (c) selected area 

electron diffraction (SAED) pattern of FeP electrode for 1st fully discharged state at 

2 A g-1.  
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Figure. 3.3.19 (a) Cycling performance of MnP/FeP electrode at 2 A g-1 and 

corresponding (b) galvanostatic voltage profiles and (c) differential capacity plots 

(DCPs). 
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Figure. 3.3.20 STEM images and EDS mapping images (Mn K, Fe K, and P K) of 

after 1st and 100th cycled electrodes tested at 2 A g-1 for (a,b) Mn0.5Fe0.5P and (c,d) 

MnP/FeP electrodes. 
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Figure. 3.3.21 Electrochemical impedance spectroscopy (EIS) data for Mn1−xFexP 

(x = 0, 0.5, 0.75, and 1.0) electrodes (a) before cycle, (b) after the 1st, (c) 20th, and 

(d) 100th cycles at a current density of 2 A g−1. 

. 
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Figure. 3.3.22 SEM images of the pristine and cycled (100 cycles at 2 A g−1) 

Mn1−xFexP electrodes (a,e) x = 0, (b,f) x = 0.5, (c,g) x = 0.75, and (d,h) x = 1.0, (i) 

STEM image of the cycled (100 cycles at 2 A g−1) Mn0.25Fe0.75P electrode and EDS 

elemental mapping images (j) Mn K, (k) Fe K, and (l) P K) of (i). 
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Figure. 3.3.23 Schematic illustration for the discharged state of MnP, FeP, and Mn1-

xFexP electrodes.  
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3.4. Conclusion 

 

The substitutional solid solution Mn1−xFexP compounds between alloying 

reaction-type MnP and conversion reaction type FeP were successfully synthesized 

via a facile high energy mechanical milling process. The lattice parameters of the as 

prepared compounds determined by synchrotron X-ray diffraction followed Vegard’s 

law confirming the complete solid solution behavior. The Mn1−xFexP solid solution 

electrodes showed the combined lithiation/delithiation voltage plateaus of MnP and 

FeP electrodes with a slight voltage shift indicating that the solid solution affected 

the redox reactions of each end member. The Mn1−xFexP solid solution electrodes 

showed an enhanced electrochemical performance in terms of initial coulombic 

efficiency, reversible specific capacities, cycle retention, and rate capability resulting 

from the beneficial combination of the advantages of two end members. These 

synergistic effects can be attributed to the in situ generated nanocomposite nature of 

the Li–Mn–P alloying element and the Fe nano-network in combination with the 

surrounding amorphous lithium phosphide, which effectively buffers the 

accompanying volume variation, hinders the aggregation of the alloying element, 

and ensures electron and ion transport. The obtained results suggest that the solid 

solution of different reaction type materials is one of the effective methods for 

developing new promising anode materials for lithium- and sodium-ion batteries. 
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Chapter 4. A Novel Solid Solution Mn1-xVxP Anode 

with Alloying/Insertion Hybrid Electrochemical 

Reaction for High Performance Lithium-Ion Batteries 

4.1. Introduction 

 

Rechargeable Li-ion battery (LIB) is emerging as a next generation energy 

storage system owing to its attractive electrochemical properties such as high energy 

and power density, fast charge-discharge capability, and long service lifetime. With 

the emergence of large-scale energy storage applications, including electric vehicles 

(EVs), hybrid electric vehicles (HEVs), and energy storage system (ESS), the 

relatively low charge capacity of the commercial graphite anode limits its practical 

application.[4.1-4.3] Even though the exploration of alternative electrode materials 

for high energy density anode has been conducted on various electrochemical 

reaction mechanisms, such as alloying, conversion, and insertion reactions, the 

intrinsic shortcomings of each reaction mechanism undermine the electrode 

performance.[4.4-4.7] The alloying and conversion reaction anodes typically exhibit 

the high theoretical capacity than insertion reaction anode, but a rapid capacity 

fading occurs during cycles due to large volume change, pulverization, and 

agglomeration of active materials.[4.8-4.11] On the other hand, the insertion reaction 

anodes show an excellent cycle retention but a low theoretical capacity hampers its 

implementation in high energy density applications.[4.7,4.12] 
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The most desirable solution would be a combination between alloying or 

conversion reaction anode with insertion reaction anode to overcome their own 

distinct limitations. Many researches have been conducted on the high performance 

nanocomposite anodes to prevent the electrode degradation by mixing or coating the 

insertion reaction anode materials, which are mainly carbonaceous materials and 

early transition metal (titanium and vanadium) oxides, on the alloying or conversion 

reaction anode materials.[4.13-4.20] This approach has improved the cycle retention 

properties by mitigating the volume expansion, pulverization, and agglomeration of 

alloying or conversion reaction anodes by providing the buffer spaces with a 

negligible volume change of insertion reaction material. 

A new strategy has been proposed to overcome these intrinsic shortcomings 

of each reaction mechanism by introducing the material systems to form a single 

compound with different types of reaction mechanisms and to allow the 

simultaneous hybrid electrochemical reaction of two different mechanisms in a 

single phase. The typical example of this material system is conversion and alloying 

materials (CAMs), which is the beneficial combination of alloying and conversion 

reactions in a single compound, that allow the hybrid conversion/alloying reactions 

in a single phase.[4.21,4.22] This leads to the excellent synergistic interactions due 

to their atomically homogeneous and finer distribution than that of physically mixed 

nanocomposite between two individual materials.[4.23-4.26] However, a single 

compound between alloying/conversion reaction and insertion reaction has been 

rarely investigated. Unlike the CAMs, since the realization of hybrid electrochemical 

reaction with the insertion reaction in a single compound requires sufficient spaces 

to Li-ion insertion/extraction in the crystal structure, the hybrid reaction anodes 
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should be designed with a similar crystal structure of insertion reaction anode, which 

can be mainly a solid solution phase. 

A rutile structure Sn1-xTixO2 (0 ≤ x ≤ 1) solid solution is the typical example of 

a single compound between alloying/conversion reaction and insertion 

reaction.[4.27-4.30] However, a dramatic improvement of the electrochemical 

performance has not been observed yet, and this can be attributed to large initial 

irreversibility and significant structural changes resulting from conversion and 

alloying reaction of SnO2,[4.31] where the lithiated phases (Li4.4Sn and Li2O) have 

no structural relation with initial Sn1-xTixO2 solid solution. In this regard, the 

structural relation between lithiated phase and initial solid solution phase should be 

also considered when designing a highly reversible hybrid electrochemical reaction 

solid solution compounds. 

The monophosphides of 3d transition metals (Ti-Ni) can be promising 

candidates for hybrid electrochemical reaction anodes because they adopt the NiAs-

type crystal structures and form the solid solutions with a high solubility limit,[4.32-

4.34] but they exhibit the different types of electrochemical reaction with Li-ions 

(insertion, alloying, and conversion) depending on the nature of the metals.[4.35-

4.40] In addition, metal phosphide group shows the improved energy density 

compared with the metal oxide group by lowering the Li-ion reaction potential and 

voltage hysteresis.[4.41,4.42] Among the monophosphides, vanadium 

monophosphide (VP) with a hexagonal NiAs structure (space group P63/mmc) shows 

an insertion reaction with Li-ions and delivers a reversible capacity of ~250 mA h g-

1 with an excellent cycle retention.[4.36] On the other hand, manganese 

monophosphide (MnP) with an orthorhombic distorted NiAs structure (space group 



 

111 

Pnma) shows an alloying reaction with Li-ions by forming the LixMnyPz alloy phase 

in which spatial atomic arrangement is similar to the original MnP structure. MnP 

delivers high initial discharge and charge capacities of 1104 and 870 mA h g-1, 

respectively, but suffers a rapid capacity fading.[4.37] The crystal structures of VP 

and MnP are related to NiAs-type and thus, VP and MnP can form the solid solution 

to a certain extent. The solid solution Mn1-xVxP is highly feasible to exhibit both 

insertion and alloying hybrid electrochemical reactions in a few-nanometer scale and 

maintain its initial structure during cycling, which possibly results in a high capacity 

with an excellent cycle stability. 

In this work, Mn1-xVxP solid solution compound is proposed as a high 

performance alloying/insertion hybrid electrochemical reaction anode for LIBs. The 

series of Mn1-xVxP compounds (x = 0, 0.25, 0.5, 0.75, and 1.0) between alloying 

reaction-type orthorhombic MnP and insertion reaction-type hexagonal VP are 

synthesized using a facile and mass productive high energy mechanical milling 

(HEMM). The systematic studies on their structural relation and electrochemical 

properties as an anode for LIBs are carried out and compared with those of MnP/VP 

mixture anode. The Mn1-xVxP (x = 0.25) solid solution electrode shows the excellent 

high-rate cyclability delivering the reversible capacity of 352 mA h g-1 after 1500 

cycles at 1.0 A g-1 by the synergistic effects of two different reaction mechanisms. 
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4.2. Experimental Procedure 

 

Synthesis of the Mn1-xVxP (x = 0, 0.25, 0.5, 0.75, and 1.0) nanoparticles 

Mn1-xVxP (x = 0, 0.25, 0.5, 0.75, and 1.0) nanoparticles (NPs) were synthesized via 

a facile high-energy mechanical milling (HEMM) method with a planetary ball mill 

(Pulverisette 6, Fritsch). The starting materials used for synthesis are commercial 

manganese (99.95%, Alfa Aesar), vanadium (99.95%, Alfa Aesar), and red 

phosphorus (98.9%, Alfa Aesar) without a further purification. Stoichiometric 

amount of starting materials (Mn, V, and red P) were placed into a hardened steel 

vial (80 cm3) with hardened steel balls (diameter of 3/8 in.) at a ball-to-powder 

weight of 20:1 and sealed inside an argon-filled glove box. The HEMM was 

conducted at room temperature with a rotation speed of 300 rpm for 20 h. 

Materials Characterization  

Synchrotron X-ray powder diffraction (SXPD) patterns of as-prepared powders were 

examined at the 9B high-resolution powder X-ray diffraction (HRPD) beamline of 

the Pohang Accelerator Laboratory (PAL) in Korea. The incident beam was 

vertically collimated using a mirror and monochromatized to a wave length of 1.5167 

Å using a double-crystal Si (111) monochromator. Diffraction patterns were 

collected in the 2 theta scan mode with a step size of 0.02o, step time of 15 s, from 

10 to 130o. The lattice parameters of the synthesized samples were obtained with the 

FullProf software. The chemical composition of as-prepared powder was analyzed 

by inductively coupled plasma atomic emission spectrometer (ICP-AES, OPTIMA 

8300, Perkin-Elmer). The morphology of the powder and electrodes were observed 
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by field emission scanning electron microscopy (FE-SEM, SU70, Hitachi), 

transmission electron microscopy (TEM, JEM-2100F, JEOL), and spherical-

aberration (Cs)-corrected scanning transmission electron microscope (STEM, JEM-

ARM200F, JEOL). 

Electrochemical Measurements 

The electrode was prepared by mixing 70% active material, 15% Super P carbon 

black, and 15% carboxymethyl cellulose (CMC) binder by weight to form a slurry, 

which was coated on the copper foil and followed by drying in a vacuum oven at 65 

oC overnight. The electrode was punched into a round disk with 1.0-1.5 mg cm-2 

loading of active material and then kept in the vacuum oven at 70 oC for 12 h. The 

CR2032 coin cell was fabricated inside an argon-filled glove box by employing poly-

propylene (Welcose, Korea) separator and lithium foil counter/reference electrode. 

The electrolyte used was 1.0 M LiPF6 in a mixture of ethylene carbonate (EC) and 

dimethyl carbonate (DMC) (1:1 v/v) with the addition of 5 vol.% of fluoroethylene 

carbonate (FEC) additive. Galvanostatic cycling test was performed with a battery 

testing system (Wonatech, Korea) within a voltage range of 0.01–2 V (vs. Li/Li+). 

Electrochemical impedance spectroscopy (EIS) experiment was carried out at a 

frequency range of 100 kHz to 0.1 Hz with an AC amplitude of 5 mV using an 

impedance analyzer (Zive, SP1). The full-cell was assembled with as-fabricated 

Mn0.75V0.25P electrode as a negative (N) and commercial LiCoO2 (LCO, Welcos 

Corporation, Korea) as positive (P). The preparation process of LCO electrode was 

similar to that of anode. The mass ratio of LCO: Super P: PVDF was 94:3:3. Before 

the full-cell assembly, negative electrode was pre-lithiated for the formation of stable 
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SEI layer. The areal capacity of anode was 2.5 mA h cm-2 while the areal capacity of 

LiCoO2 (LCO) cathode was 2.5 mA h cm-2, giving the N/P (negative electrode 

capacity/positive electrode capacity) ratio of ~1. The full cell was cycled in voltage 

range between 2.0 and 4.2 V using the same separator and electrolyte condition used 

in the half-cell test at current density of 0.1 and 1 C (1 C = 2.5 mA h cm-2). 
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4.3. Results and Discussions 

 

4.3.1. Synthesis and Physicochemical Characterization 

 

The Mn1-xVxP (x = 0, 0.25, 0.5, 0.75, and 1.0) compounds were synthesized 

by a high energy mechanical milling (HEMM) using the micron-sized powders of 

manganese, vanadium, and red phosphorus as starting materials. Figure 4.3.1a shows 

the high resolution powder diffraction (HRPD) patterns of as-synthesized Mn1-xVxP 

compounds obtained by synchrotron radiation X-ray beam. The XRD patterns of as-

prepared MnP (x=0), Mn0.75V0.25P (x=0.25), and VP (x=1.0) were completely 

indexed based on the reported orthorhombic (ICDD #00-051-0942), orthorhombic 

(#01-078-0809), and hexagonal (#01-089-1907) crystal structures, respectively. The 

diffraction patterns of Mn0.5V0.5P (x=0.5) and Mn0.25V0.75P (x=0.75) were very 

similar to those of MnP and Mn0.75V0.25P. The main XRD peaks ((121), (220), and 

(211)) shifted to the lower 2θ with increasing the vanadium (V) substitution up to 

x=0.75, and the (121) and (220) peaks gradually became a single peak with the 

highest intensity (Figure 4.3.1b). As described earlier, the crystal structures of VP 

and MnP are related to NiAs-type structure (Figure 4.3.2) and they are reported to 

form the solid solution up to x=0.25.[4.34] Based on the XRD patterns, it can be 

inferred that the orthorhombic MnP crystal structure (i.e. solid solution) can be 

extended to x=0.75. The peak shift to the lower 2θ is attributed to the larger ionic 

radius of V3+ (0.64 Å, CN = 6) compared with that of Mn3+ (0.58 Å, CN = 

6).[4.33,4.34] The Rietveld refinements were conducted on the obtained XRD 

patterns using FullProf software (Figure 4.3.3) and the refined lattice constants (a, b, 
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and c) and unit cell volume (V) are shown in Figure 4.3.4 and Table 4.3.1. The 

diffraction patterns of Mn0.5V0.5P and Mn0.25V0.75P were successfully refined using 

the MnP crystal structure (space group Pnma) confirming the solid solution up to 

x=0.75. Consistent with the peak shift to the lower 2θ, the lattice constants (aorth and 

corth) and unit cell volume (Vorth) of Mn1-xVxP compounds linearly increased with 

increasing the V substitution up to x=0.75, obeying the Vegard’s law. In addition, a 

MnP/VP mixture (3:1 molar ratio) was prepared by physically mixing the as-

synthesized MnP and VP powders to compare the electrochemical properties. The 

resulting XRD pattern showed the diffraction peaks of both MnP and VP, which was 

different from that of Mn0.75V0.25P solid solution (Figure 4.3.5). The chemical 

composition of as-synthesized Mn1-xVxP compounds was analyzed by inductively 

coupled plasma-atomic emission spectroscopy (ICP-AES) and the actual chemical 

compositions (Mn, V, and P ratio) are very close to the nominal compositions in all 

Mn1-xVxP compounds (Table 4.3.2). 

The powder morphology of as-synthesized Mn1-xVxP (x = 0, 0.25, and 1.0) 

compounds is shown in Figure 4.3.6a-c. All the powders were spherical and average 

secondary particle size determined by a dynamic light scattering was ~150 nm 

(Figure 4.3.6d-f). Thus, Mn1-xVxP nanoparticles were successfully synthesized by 

HEMM and the V substitution did not affect the particle morphology and size. As-

prepared Mn0.75V0.25P nanoparticles were further investigated by TEM. The low 

magnification TEM image shows that as-prepared Mn0.75V0.25P nanoparticles were 

aggregates of ca. 5-10 nm sized nanocrystallites (Figure 4.3.7a). The selected area 

electron diffraction (SAED) pattern was completely indexed to Mn0.75V0.25P and the 

ring-like SAED pattern indicates that Mn0.75V0.25P nanoparticles were randomly 
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oriented polycrystalline (Figure 4.3.7b). The atomic resolution high angle annular 

dark field (HAADF) scanning transmission electron microscopy (STEM) image and 

fast Fourier transform (FFT) pattern of nanocrystallite obtained with spherical 

aberration(Cs)-corrected STEM confirmed an orthorhombic distorted NiAs structure 

(space group Pnma) of Mn0.75V0.25P along the [001] direction (Figure 4.3.7c). The 

elemental mapping images by energy dispersive spectroscopy (EDS) showed the 

homogenous distribution of Mn, V, and P not only in tens of nanometer scale but 

even in a few-nanometer scale (Figure 4.3.7d-f and Figure 4.3.8). In addition, as-

synthesized Mn0.5V0.5P and Mn0.25V0.75P nanoparticles showed the similar 

morphology and elemental distribution to those of Mn0.75V0.25P nanoparticles (Figure 

4.3.9).  
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Table 4.3.1 XRD Rietveld refinement parameters for as-synthesized Mn1-xVxP (x = 

(a) 0, (b) 0.25, (c) 0.5, (d) 0.75, and (e) 1.0) compounds. 
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Table 4.3.2 Elemental analysis results of Mn1-xVxP (x = 0, 0.25, 0.5, 0.75, and 1.0) 

compounds by ICP-AES. 
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Figure 4.3.1 (a) XRD patterns and (b) enlargement of the patterns in 2 theta range 

of 40~50o of Mn1-xVxP (x = 0, 0.25, 0.5, 0.75, and 1.0) compounds. The reference 

peaks for MnP (ICDD # 00-051-0942, black dash line), Mn0.75V0.25P (ICDD # 01-

078-0809, red dash line), and VP (ICDD # 01-089-1907, blue dash line) are included. 
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Figure 4.3.2 Crystal structure and local structure of MP6 octahedron of hexagonal 

VP and orthorhombic MnP. 
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Figure 4.3.3 XRD Rietveld refinement results for as-synthesized Mn1-xVxP (x = 0, 

0.25, 0.5, 0.75, and 1.0) compounds. 
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Figure 4.3.4 XRD Rietveld refined lattice parameters and volumes of Mn1-xVxP (x 

= 0, 0.25, 0.5, 0.75, and 1.0) compounds. 
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Figure 4.3.5 XRD pattern for as-synthesized Mn0.75V0.25P solid solution and 

MnP/VP (3:1) mixture composite. The reference peaks for Mn0.75V0.25P (ICDD # 01-

078-0809, red dash line), MnP (ICDD # 00-051-0942, black dash line), and VP 

(ICDD # 01-089-1907, blue dash line) are included. 
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Figure 4.3.6 SEM images and dynamic light scattering (DLS) particle size 

distributions of the as-synthesized Mn1-xVxP (x = (a,d) 0, (b,e) 0.25, and (c,f) 1.0) 

NPs, repectively. 
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Figure 4.3.7 (a) Low magnification TEM image, (b) SAED pattern of Mn0.75V0.25P 

nanoparticles, (c) atomic resolution HAADF STEM image of nanocrystallite aligned 

along the [001] direction, and elemental mapping images ((d) Mn K, (e) V K, and (f) 

P K) of (c). 
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Figure 4.3.8 Low magnification HAADF STEM image and elemental mapping 

images (Mn K, V K, and P K) of Mn1-xVxP (x=0.25) nanoparticles. 
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Figure 4.3.9 Low magificiation TEM image, SAED pattern, high-resolution TEM 

images, corresponding FFT pattern, STEM imge, and EDS mapping images (Mn K, 

V K, and P K) of Mn1-xVxP ((a) x=0.5 and (b) x=0.75) nanoparticles. 
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4.3.2. Electrochemical Properties and Reaction Mechanism 

 

The galvanostatic discharge (lithiation) and charge (delithiation) voltage 

profiles and corresponding differential capacity (dQ/dV) plots (DCPs) of Mn1-xVxP 

(x = 0, 0.25, 0.5, 0.75 and 1.0) electrodes obtained at the current density of 100 mA 

g-1 are shown in Figure 4.3.10. The discharge/charge voltage profile of MnP 

electrode is in a good agreement with the previous work: the sloping lithiation 

voltage plateau below 0.50 V vs. Li/Li+ for alloying reaction to form the amorphous 

ternary Li-Mn-P phase and two flat delithiation voltage plateaus at 0.70 and 1.23 V 

vs. Li/Li+ for de-alloying reaction.[4.37] The voltage profile and DCP of VP 

electrode are also consistent with the previous report as a topotactic 

insertion/extraction reaction, exhibiting the delithiation peak at 0.95 V vs. Li/Li+ in 

the dQ/dV plot.[4.36] The Mn0.75V0.25P electrode showed a sloping lithiation plateau 

below 0.5 V vs. Li/Li+ in the voltage profile and three delithiation peaks at 0.63, 1.04, 

and 1.18 V vs. Li/Li+ in the dQ/dV plot. Thus, all of the voltage plateaus (or peaks 

in the dQ/dV plot) corresponding to the MnP and VP electrodes were observed with 

a slight peak shift, indicating that both alloying/de-alloying reaction and topotactic 

insertion/extraction reaction simultaneously occurred in the Mn0.75V0.25P electrode. 

The shift of reaction peaks in the Mn0.75V0.25P electrode indicates that the solid 

solution affected the redox reactions of each end member during discharge/charge 

processes.[4.21-4.23,4.38] On the other hand, the reaction peak shift was not 

observed in the MnP/VP (3:1) mixture electrode (Figure 4.3.11a and b). Its 

discharge/charge voltage profile was a simple linear combination of two end 

members delivering the sum reversible capacity of MnP (75%) and VP (25%) 
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electrodes, and all the reaction peaks for MnP and VP were found in the dQ/dV plot 

at the same voltages (Figure 4.3.11b). One thing to note is that the peak intensity at 

0.95 V vs. Li/Li+ corresponding to the delithiation of VP was much higher in the 

solid solution electrode than the mixture electrode (Figure 4.3.11c), implying that 

the insertion/extraction reaction was more contributed to the total electrochemical 

reaction than the composition ratio in the solid solution electrode. Consequently, 

initial discharge/charge capacities of Mn0.75V0.25P electrode were slightly lower than 

those of MnP/VP (3:1) mixture electrode. The Mn0.5V0.5P electrode also exhibited 

the combined voltage profile of MnP and VP electrodes with a further shift to the 

lower voltage, and the contribution of insertion/extraction reaction to overall 

electrochemical reaction was more significant than that of Mn0.75V0.25P electrode 

(Figure 4.3.11d). On the other hand, the voltage profile and DCP of Mn0.25V0.75P 

electrode were very similar to those of VP electrode with a slight peak shift to higher 

voltage and the contribution of alloying/de-alloying reaction in total electrochemical 

reaction was negligible (Figure 4.3.11e). The Li-ion insertion/extraction occurs in 

the prismatic sites of solid solution phases and thus, the increase of 

insertion/extraction reaction contribution in the Mn1-xVxP solid solution electrodes 

can be attributed to the volume expansion and geometry change of prismatic sites 

with V substitution in the solid solution (Figure 4.3.12). In addition, it appeared that 

the partial substitution of V with Mn in the prismatic sites still allowed the Li-ion 

insertion/extraction and increased the contribution of insertion/extraction reaction to 

the overall electrochemical reaction than the composition ratio. These results suggest 

that the V ion substitution into Mn1-xVxP solid solution enables a hybrid 

alloying/insertion reaction and the contribution of each reaction to the overall 
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electrochemical reaction could be controlled by varying the composition ratio in 

Mn1-xVxP. 

To further characterize the alloying/insertion hybrid electrochemical 

reactions in the Mn1-xVxP electrodes, ex-situ XRD analysis was conducted on the 1st 

fully discharged and charged states (Figure 4.3.13). The XRD pattern for the fully 

lithiated MnP showed the formation of amorphous-like ternary LixMnyPz phase with 

the stoichiometry close to Li3MnP2 phase during the alloying reaction although the 

diffraction peaks were weak and broad (Figure 4.3.14).[4.37] On the other hand, no 

phase change was observed in the VP electrode during 1st lithiation/delithiation 

confirming the topotactic insertion/extraction reaction with Li-ion.[4.36] When 

Mn0.75V0.25P and Mn0.5V0.5P electrodes were fully lithiated, ternary alloying Li3MnP2 

phase and pristine solid solution-like phase were observed. Indeed, this pristine solid 

solution-like phase was a topotactic lithium inserted solid solution phase, which was 

confirmed by Cs-corrected TEM and will be discussed in detail later. Upon the fully 

charging, ternary Li3MnP2 phase disappeared and the original solid solution phase 

re-appeared in the XRD patterns. Thus, the simultaneous alloying/insertion hybrid 

reactions in Mn0.75V0.25P and Mn0.5V0.5P solid solution electrodes were further 

confirmed by ex-situ XRD. Consistent with the DCP result, the XRD patterns of the 

Mn0.25V0.75P electrode were unchanged during cycling and the alloying phase was 

not detected in the fully lithiated state indicating the only topotactic Li 

insertion/extraction reaction similar to the VP electrode. 

The alloying/insertion hybrid electrochemical reactions in the Mn0.75V0.25P 

electrode were further examined using the Cs-corrected TEM. The HAADF STEM 
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image and corresponding FFT pattern of lithiated Mn0.75V0.25P nanoparticles are 

matched with the orthorhombic structure of Mn0.75V0.25P with a [100] zone axis 

(Figure 4.3.15a and b). However, the interplanar spacing of (002) plane was slightly 

larger than that of pristine Mn0.75V0.25P solid solution (3.09 vs. 3.04 Å) due to the 

topotactic lithium insertion (Figure 4.3.15c and d). From now on, this phase will be 

referred as Li-inserted Mn0.75V0.25P. In addition, the forbidden {001}, {010}, and 

{012} reflections were observed in the FFT pattern (Figure 4.3.15b), which were not 

detected in the pristine state of Mn0.75V0.25P nanoparticles (Figure 4.3.15c). The 

forbidden reflections in the FFT pattern might be originated from the hybrid 

alloying/insertion reaction in Mn0.75V0.25P nanoparticles such that the diffraction 

patterns of Li-inserted Mn0.75V0.25P and Li3MnP2 phases are overlapped with a [100] 

zone axis (Figure 4.3.16), but further in-situ TEM study with a spectroscopy in 

atomic resolution is required to address this issue. The EDS mapping images of 

lithiated Mn0.75V0.25P nanoparticles indicated that Mn and V were well retained and 

homogeneously distributed at an atomic scale as well as at tens of nanometer scale 

(Figure 4.3.17). The similar atomic arrangement between Li-inserted Mn0.75V0.25P 

and Li3MnP2 phases can minimize the atomic migration and rearrangement required 

for alloying/de-alloying reaction in solid solution Mn1-xVxP and thus, allow the 

reversible hybrid alloying/insertion reaction within a few nanometer scale. In the 

nano-beam electron diffraction (NBED) pattern of fully lithiated Mn0.75V0.25P 

nanoparticles obtained with a beam size of ~5 nm, both ternary Li3MnP2 and Li-

inserted Mn0.75V0.25P phases were confirmed (Figure 4.3.18), but they could not be 

spatially resolved even using Cs-corrected STEM implying that the lithiation 

products had the similar crystal structure and were distributed in a few-nanometer 
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scale with low crystallinity. Unlike the solid solution Mn0.75V0.25P, the XRD pattern 

of MnP/VP mixture electrode showed that MnP and VP separately reacted with Li-

ion as alloying and insertion reactions, respectively (Figure 4.3.19a). The EDS 

mapping images of fully lithiated MnP/VP electrode showed that Mn and V were 

separately distributed in tens of nanometer scale (Figure 4.3.19b). 
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Figure 4.3.10 (a) Galvanostatic discharge/charge voltage profiles and (b) 

corresponding differential capacity plots for Mn1-xVxP compounds (x = 0.0, 0.25, 0.5, 

0.75, and 1.0). 
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Figure 4.3.11 (a) Galvanosatic discharge/charge voltage profiles of MnP/VP 

electrode. Differential capacity plots (DCPs) of (b) MnP/VP (3:1) composite and 

Mn1-xVxP (x = (c) 0.25, (d) 0.5, and (e) 0.75) electrodes, respectively. 
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Figure 4.3.12 (a) Bond lengths and (b) prismatic site parameters of Mn1-xVxP (x = 0, 

0.25, 0.50, 0.75, and 1.0), respectively. 
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Figure 4.3.13 Lithiation/delithiation voltage profiles and ex-situ XRD patterns for 

pristine, fully lithiated (0.01 V), and delithiated (2.0 V) states for Mn1-xVxP (x = 0, 

0.25, 0.50, 0.75, and 1.0) electrodes, respectively. 
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Figure 4.3.14 ICDD database of ternary Li-Mn-P phases (Li8-xMnxP4), ex-situ XRD 

pattern of fully lithiated MnP electrode with reference peaks with LiMnP (# 04-004-

0359, red solid line), Li3MnP2 (# 04-009-9099, blue solid line), and Li7MnP4 (# 00-

014-0045, black solid line), and their crystal structure. 

 

(The chemical composition of amorphous-like ternary LixMnyPz phase is not accurately 

quantified because the observed diffraction peaks were weak and broad and there are many 

Li-Mn-P compounds with a similar crystal structure by varying occupancy and site between 

lithium and manganese[ref], although it can be expected to be close to the Li3MnP2 phase based 

on the observed 2 theta values in ex-situ XRD pattern. 

[ref.] R. Juza, T. Bohmann, Z. anorg. Allg. Chem., 1961, 308, 159-178.) 
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Figure 4.3.15 (a) HAADF STEM image, (b) corresponding FFT pattern for fully 

lithiated Mn0.75V0.25P electrode. High magnification HAADF STEM image with line 

profile along [001] direction of Mn0.75V0.25P nanopaticle for (c) pristine and (d) fully 

lithiated states, respectively. 
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Figure 4.3.16 Crystal structure illustration and diffraction pattern of aligned along 

the [100] direction for Li-inserted Mn0.75V0.25P, Li3MnP2, and hybrid 

alloying/insertion phases, respectively. 

 

(From the similar topological relationship between Mn0.75V0.25P and Li3MnP2 phases, the 

mismatch of interplanar space and crystallographic angle between two phases are negligible, 

which results very similar periodic array of the supercell in the diffraction pattern along the 

same crystallographic direction. Along the [100] zone-axis, two structures may have the 

overlapping positions of Mn, V, and P as shown in the schematic image, in which case the 

diffraction pattern also overlaps as follows, which is similar to the observed FFT pattern in 

Figure 4.3.19b.) 
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Figure 4.3.17 HAADF STAM image and EDS mapping images (Mn K, V K, and P 

K) of fully lithiated Mn0.75V0.25P electrode. 
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Figure 4.3.18 TEM image of nano-beam and nano-beam electron diffraction (NBED) 

pattern for fully lithiated Mn0.75V0.25P electrode. 
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Figure 4.3.19 (a) Lithiation/delithiation voltage profiles and ex-situ XRD patterns 

for pristine, fully lithiated (0.01 V), and delithiated (2.0 V) states for MnP/VP (3:1) 

composite electrode, (b) HAADF STEM image and EDS mapping images (P K, Mn 

K, and V K) of fully lithiated state for MnP/VP electrode. 
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4.3.3. Electrochemical Performance 

 

The cycle retention properties of the Mn1-xVxP (x = 0, 0.25, 0.5, and 1.0) and 

physically mixed MnP/VP (3:1) electrodes were compared at current density of 100 

mA g-1 (Figure 4.3.20a). The initial Coulombic efficiencies of Mn1-xVxP (x = 0, 0.25, 

0.5, and 1.0), and MnP/VP electrodes were 82%, 81%, 71%, 64%, and 82%, 

respectively. The MnP electrode showed the high initial discharge and charge 

capacities of 842 and 692 mA h g-1, but it degraded rapidly. On the other hand, VP 

electrode showed the relatively low initial discharge and charge capacities of 583 

and 375 mA h g-1, respectively and the capacity of 226 mA h g-1 was well maintained 

after 1000 cycles with a cycle retention of 60%, which was derived from the stable 

Li-ion insertion/extraction reaction into VP phase. The physically mixed MnP/VP 

(3:1) composite electrode showed the initial discharge and charge capacities of 734 

and 602 mA h g-1, respectively and higher cycle retention than that of pure MnP 

electrode. However, it also showed a rapid capacity fading indicating that VP in the 

MnP/VP mixture composite was not effective to prevent the degradation of MnP 

electrode performance. On the other hand, Mn0.75V0.25P solid solution electrode 

showed the initial discharge and charge capacities of 619 and 500 mA h g-1, 

respectively, and the reversible capacity of 403 mA h g-1 was well maintained during 

1000 cycles with a cycle retention of 80% indicating highly stable cycle performance. 

In addition, the Mn0.5V0.5P electrode also showed excellent cycle performance with 

cycle retention of 88% after 1000 cycles, however, the retained reversible capacity 

was ~300 mA h g-1, relatively lower than that of Mn0.75V0.25P electrode. 

 Figure 4.3.20b and c show rate capability test and corresponding coulombic 
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efficiency of Mn1-xVxP compounds (x = 0, 0.25, 0.5, and 1.0) at various current 

densities (100, 200, 500, 1000, and 2000 mA g-1). The reversible capacities of Mn1-

xVxP compounds steadily decreased with stepwise increase of current density (Figure 

4.3.20b). In particular, Mn1-xVxP compounds (x = 0.25, 0.5, and 1.0) showed stable 

rate capabilities even at high current density of 2 A g-1, and especially the higher the 

V substitution in Mn1-xVxP compound, the relatively higher coulombic efficiency 

compared to MnP at a step when changing at each current density 10th cycle (Figure 

4.3.20c). The high-rate long-term cyclability was also compared in the Mn1-xVxP (x 

= 0, 0.25, 0.5, and 1.0) and physically mixed MnP/VP (3:1) electrodes at current 

densities of 1 A g-1 and 2 A g-1 (Figure 4.3.21a and b). Both MnP and MnP/VP 

composite electrodes showed reversible capacities were gradually decreased during 

cycles indicating poor high-rate cyclabilities. Although the VP electrode showed 

excellent cyclability with almost negligible capacity fading, the reversible capacity 

could not over than 200 mA h g-1. Both the high reversible capacity and excellent 

high rate cyclability could be obtained in case of the Mn1-xVxP (x = 0.25 and 0.5) 

solid solution electrodes, especially for Mn0.75V0.25P electrode, which reversible 

capacity of 352 mA h g-1 was well maintained during 1500 cycles at a high current 

density of 1 A g-1, with a capacity decay less than 0.0086% per cycle (Figure 4.3.21c). 

The achieved electrochemical performance of Mn0.75V0.25P electrode, obtained 

without conductive carbon-based composite material, showed better performance 

when comparing with state-of-the-art intrinsic electrochemical performance of 

nanostructured LIB anodes such as nanocomposite, ternary compound, and binary 

oxide based on insertion reaction type materials (Figure 4.3.22 and Table 4.3.3). 
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Table 4.3.3 State-of-the-art intrinsic electrochemical performance of nanostructured 

LIB anode materials such as nanocomposite, ternary compound, and binary oxide 

based on insertion reaction type material. 
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Figure 4.3.20 Cycle performance of Mn1-xVxP (x = 0, 0.25, 0.5, and 1.0) and 

MnP/VP(3:1) electrodes at 0.1 A g-1. (b) Rate capability test and (c) Coulombic 

efficiency of Mn1-xVxP (x = 0, 0.25, 0.5, and 1.0) electrodes. 
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Figure 4.3.21 Cycle performance of Mn1-xVxP (x = 0, 0.25, 0.5, and 1.0) and 

MnP/VP(3:1) electrodes at (a) 1 A g-1 and (b) 2 A g-1. (c) Comparison of high-rate 

long-term cycle performance between Mn1-xVxP (x = 0.25) and MnP/VP(3:1) 

electrodes at 1 A g-1. 
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Figure 4.3.22 Comparison of electrochemical performance of Mn0.75V0.25P with state 

of-the-art of nanostructured LIB anode materials such as nanocomposite, ternary 

compound, and binary oxide based on insertion reaction type material. 
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4.3.4. Synergistic Effects of Hybrid Alloying/Insertion 

Reaction 

 

To understand the different cycling behavior between Mn1-xVxP (x = 0, 0.25, 

0.5 and 1.0) compounds and MnP/VP mixture composite electrodes, the differential 

capacity plots (DCPs) were compared at different cycles of 50th, 100th, and 200th 

tested at 1 A g-1 (Figure 4.3.23). Based on the comparison of the reaction peak 

intensity in the DCPs, it was found that the reversible lithiation/delithiation peaks 

for MnP continuously decreased with increasing the cycles in the MnP/VP mixture 

composite electrode, indicating that MnP is responsible for the capacity decay in the 

MnP/VP mixture composite electrode. On the other hand, the reversible 

lithiation/delithiation for both MnP and VP as alloying and insertion reactions were 

well maintained for solid solution Mn0.75V0.25P electrode during cycling. 

To clarify the reason for superior cycle retention in the Mn0.75V0.25P solid 

solution electrode, the morphology of the cycled electrodes was examined by SEM. 

The dissembled electrodes were rinsed with dimethyl carbonate (DMC) for the 

electrodes with SEI layer and further rinsed with acetic acid and deionized water for 

the electrodes without SEI layer.[4.43] As-prepared pristine electrodes for solid 

solution Mn1-xVxP (x = 0, 0.25, and 1.0) and MnP/VP mixture composite had the 

similar morphology derived from the same synthesis conditions (Figure 4.3.24a). 

After 200 cycles at the current density of 1.0 A g-1, a non-uniform and thick SEI layer 

was formed on the surface and a severe agglomeration of active material was 

observed in the MnP and MnP/VP mixture electrodes (Figure 4.3.24b and c). This 
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can be attributed to the accompanying large volume expansion of alloying reaction 

MnP, which caused the unstable SEI layer and particle pulverization and 

agglomeration. Thus, the physical mixing of VP in tens of nanometer scale was not 

effective to suppress the volume expansion and agglomeration of alloying element 

in case of MnP/VP mixture electrode. On the other hand, a uniform SEI layer was 

formed and agglomeration and structural deformation were not observed in the VP 

and Mn0.75V0.25P solid solution electrodes. The TEM-EDS mapping of the cycled 

electrodes further confirmed that Mn, V, and P were homogenously distributed 

throughout the Mn0.75V0.25P nanoparticles at an atomic scale (Figure 4.3.24d) 

indicating that the solid solution phase was well maintained without an 

agglomeration even after 200 cycles at 1.0 A g-1. Consequently, the solid solution 

electrode effectively buffered the accompanying volume variation and hindered the 

aggregation of the alloying element through the hybrid reaction at an atomic scale. 

To determine the electrode resistances related to the morphological change, 

electrochemical impedance spectroscopy (EIS) measurements were conducted at 2.0 

V vs. Li/Li+ for Mn1-xVxP (x = 0, 0.25, and 1.0) solid solution and MnP/VP mixture 

electrodes before cycle and after 200 cycles at the current density of 1 A g-1. At the 

pristine state, all four electrodes exhibited similar EIS spectra indicating that the 

charge transfer resistance (Rct) and lithium ion diffusion kinetics were similar (Figure 

4.3.25a).[4.43] After 200th cycles, the charge transfer resistance of MnP and MnP/VP 

mixture electrode became relatively larger (Figure 4.3.25b) and the sloping line at 

low frequency region in the Nyquist plot corresponding to the diffusivity of lithium 

ion decreased (Figure 4.3.25c), which can be related to the agglomeration of alloying 

elements during cycling (Figure 4.3.24c).[4.44] On the other hand, charge transfer 
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resistance and sloping line of the solid solution Mn0.75V0.25P electrode were well 

maintained during cycling similar to the VP electrode, which can be attributed to the 

structural stability of solid solution Mn0.75V0.25P electrode during cycling. 

Galvanostatic intermittent titration technique (GITT) was used to further 

evaluate the reaction resistance of Mn1-xVxP (x = 0, 0.25, and 1.0) solid solution and 

MnP/VP mixture electrodes at each reaction potential during lithiation/delithiation 

for 2nd cycle (Figure 4.3.26a).[4.45,4.46] During the GITT measurements, a constant 

current of 100 mA g-1 was applied for 10 min and the cells were subsequently rested 

for 90 min at open circuit. Figure 4.3.26b shows the evaluated reaction resistances 

at each reaction potential during lithiation, which were obtained from the potential 

difference between end of the current step and end of the relaxation step. During the 

lithiation process, one and two volcano-shaped profiles were identified for VP and 

MnP electrodes, respectively. The two volcano-shaped profile was also identified in 

the MnP/VP mixture electrode, while two distinct volcano shapes were not observed 

in the Mn0.75V0.25P electrode and the reaction resistance was relatively lower than 

that of MnP and MnP/VP mixture electrodes, which indicates that the Mn0.75V0.25P 

electrode exhibited the improved lithiation kinetics compared to those of MnP and 

MnP/VP mixture electrodes. The reaction resistance of all four electrodes increased 

during delithiation process and the reaction resistance of Mn0.75V0.25P electrode was 

also slightly lower than that of MnP and MnP/VP mixture electrodes (Figure 4.3.26c). 

After 20 cycles, the reaction resistance of MnP and MnP/VP mixture electrodes was 

still higher than that of Mn0.75V0.25P and VP electrodes for both lithiation and 

delithiation processes (Figure 4.3.27). It can be inferred that the solid solution 

electrode not only hindered the agglomeration of the alloying element, but also 
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maintained the structural integrity (i.e. lithium diffusion path), which facilitated the 

electron and ion transport during the extended cycling. 

From these observations, it can be concluded that the substitution of 

vanadium ion into the MnP crystal structure induces the expansion and geometric 

change of prismatic site similar to the VP crystal structure, which can accommodate 

more Li-ion and allows the alloying/insertion hybrid electrochemical reaction in a 

single phase. The solid solution electrode exhibits much improved electrochemical 

performance compared to that of mixture composite electrode due to its synergistic 

effects of alloying/insertion hybrid electrochemical reactions occurred in a few-

nanometer scale, which effectively buffer the volume change, hinder the 

pulverization and agglomeration of alloying reaction elements during cycling, and 

ensure the fast electron and ion transport (Figure 4.3.28).  
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Figure 4.3.23 DCPs of Mn1-xVxP (x = 0, 0.25, 0.5, and 1.0) and MnP/VP(3:1) 

electrodes at 1 A g-1. 
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Figure 4.3.24 SEM images of (a) pristine, (b) cycled (200 cycle at 1 A g-1) including 

SEI layer, and (c) cycled removing SEI layer for MnP, VP, Mn0.75V0.25P, and MnP/VP 

electrodes, respectively. (d) HAADF STEM image and EDS mapping images for Mn 

K, V K, and P K for Mn0.75V0.25P electrode after 200 cycles at 1 A g-1. 
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Figure 4.3.25 Nyquist plots of Mn1-xVxP (x = 0, 0.25, 1.0) and MnP/VP electrodes 

for (a) pristine and (b) after 200 cycles at 1 A g-1; (c) the linear relationship between 

the Warburg impedance (Zre) and the inverse square root of angular frequency in low 

frequency region in (b). 
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Figure 4.3.26 (a) GITT profiles of the state of the lithiation/delithiation process for 

2nd cycle; Reaction resistance derived from GITT measurement during (b) lithiation 

and (c) delithiation for Mn1-xVxP (x = 0.0, 0.25, and 1.0) and MnP/VP electrodes, 

respectively. 

 

 

 

 

 

 

 



 

158 

 

Figure 4.3.27 (a) GITT profiles of the state of the lithiation/delithiation process for 

20th cycle; Reaction resistance derived from GITT measurement during (b) lithiation 

and (c) delithiation for Mn1-xVxP (x = 0.0, 0.25, and 1.0) and MnP/VP electrodes, 

respectively. 
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Figure 4.3.28 Schematic illustration for the cycling behavior of MnP/VP 

nanocomposite and Mn0.75V0.25P electrodes, respectively. 
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4.3.5. Discussion on Hybrid Alloying/Insertion Reaction 

Anodes 

 

Based on the findings in the Mn1-xVxP solid solution electrode, a local 

geometry of Li-ion insertion site in solid solution phase as well as a similar structural 

relationship between lithiated phase and initial solid solution phase could be the 

critical factors to exhibit the reversible hybrid alloying/insertion reaction. In this 

regard, two different electrochemical reaction-type materials with a similar space 

group or group-subgroup relation can form a hybrid reaction solid solution anode 

when the solid solution is composed of an insertion reaction-type material as a host 

structure and an alloying or conversion reaction-type material with a similar local 

geometry of lithium insertion site of this host structure. A case study was performed 

on Mn1-xMoxP compounds to ascertain above correlation for hybrid 

alloying/insertion anode. 

Among the various transition metal monophosphides (Table 4.3.4)[4.47], 

molybdenum monophosphide (MoP) with a hexagonal WC structure (space group 

P-6m2) can be an insertion reaction alternative[4.48] to form the solid solution with 

alloying reaction MnP (space group Pnma) for the alloying/insertion hybrid reaction 

based on the structural similarity and ionic radius (Mn3+ = 0.58 Å, Mo3+ = 0.69 Å, 

V3+ = 0.64 Å, CN = 6) (Figure 4.3.29). The Mn1-xMoxP (x = 0.25 and 0.5) compounds 

were also synthesized by HEMM and the formation of solid solution with 

orthorhombic MnP crystal structure was confirmed by XRD (Figure 4.3.30a). The 

Mn1-xMoxP (x = 0.25 and 0.5) compounds showed the similar structural change to 
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Mn1-xVxP compounds and the diffraction peaks further shifted to the lower 2θ than 

those of Mn1-xVxP (x = 0.25 and 0.5), which was resulted from the relatively large 

ionic radius of Mo3+ (0.69 Å) than that of V3+ (0.64 Å). The Mn0.75Mo0.25P electrode 

showed the alloying/insertion hybrid reaction similar to Mn0.75V0.25P electrode in the 

DCP plots (Figure 4.3.30b). The ex-situ XRD pattern of fully lithiated Mn0.75Mo0.25P 

electrode indicated the formation of Li3MnP2 and Li-inserted Mn0.75Mo0.25P phases 

(Figure 4.3.30c). Thus, the Mn0.75Mo0.25P electrode showed the stable cycle 

performance similar to Mn0.75V0.25P electrode at high current density of 1.0 A g-1 

(Figure 4.3.30d). On the other hand, the DCP of Mn0.5Mo0.5P electrode was very 

similar to that of VP electrode and the ex-site XRD pattern was unchanged and the 

alloying phase was not detected after the full lithiation (Figure 4.3.30b-d). 

Consequently, the Mn0.5Mo0.5P electrode showed only topotactic Li-ion 

insertion/extraction reaction different from the Mn0.5V0.5P electrode, which can be 

attributed to the greater structural change and prismatic site expansion of 

Mn0.5Mo0.5P due to the larger radius of Mo3+ than that of V3+.  

This preliminary result shows the promising potential of the solid solution 

electrodes with hybrid electrochemical reactions achieved through the multi-

component substitution by considering the local structural geometry for Li-ion 

insertion as well as structural similarity between lithiated phase and initial solid 

solution phase. Following these considerations, there would be many candidates in 

other transition metal compounds (TMaXy, TM = transition metal and X = O, P, S, 

N, As, and etc.) to form the solid solutions that enable the hybrid alloying/insertion 

reactions to develop high performance anodes for secondary-ion battery applications. 
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Table 4.3.4 Space group and structure type of transition metal monophosphide 

compounds.  
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Figure 4.3.29 Illustration of crystal structure and prismatic site for MnP, VP, and 

MoP, respectively. 

 

(MoP structure has a relatively large volume of prismatic site compared to that of MnP and 

VP structures. The metal arrangement in MoP structure that consists prismatic site is almost 

identical to that of MnP and VP structures and the height of prismatic site is large, which can 

increase the height and volume of the distorted prismatic site in MnP structure when Mo ion 

is substituted into MnP structure.) 
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Figure 4.3.30 (a) XRD patterns, (b) voltage profiles and DCPs of MnP and Mn1-

xTMxP (TM = V and Mo, x = 0.25 and 0.5). (c) Ex-situ XRD pattern of Mn1-xMoxP 

(x = 0.25 and 0.5) electrodes for pristine and lithiated state. (d) Cycle performance 

of MnP and Mn1-xTMxP (TM = V and Mo, x = 0.25 and 0.5) electrodes at current 

density of 1 A g-1. 
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4.3.6. Practical Application with Full-Cell Configuration 

 

To evaluate the possibility of Mn0.75V0.25P solid solution for practical 

applications, a full-cell has been constructed with as-synthesized pure Mn0.75V0.25P 

electrode as negative (N) and commercially available LiCoO2 (LCO) electrode as 

positive (P) at a commercial level of mass loading (areal capacity > 2.5 mA h cm-2). 

The negative electrode Mn0.75V0.25P was precycled at 100 mA g-1 to higher the initial 

Coulombic efficiency of Mn0.75V0.25P/LCO full cell. The Mn0.75V0.25P/LCO full cell 

was electrochemically tested at C-rate of 0.1 C and 1 C (1 C = 2.5 mA h cm-2) within 

the voltage range between 2.0 and 4.2 V (Figure 4.3.31). The Mn0.75V0.25P/LCO full 

cell showed initial charge and discharge capacities of 2.54 and 2.26 mA h cm-2 with 

high initial Coulombic efficiency of 89% at 0.1 C (Figure 4.3.31a). In addition, the 

Columbic efficiency of Mn0.75V0.25P/LCO full cell continuously increased and 

reached 99.8% within 10 cycles indicating highly stable reversible charge/discharge 

reactions (Figure 4.3.31c). The Mn0.75V0.25P/LCO full-cell delivered the high areal 

capacity of 1.57 mA h cm-2 after 100 cycles with average Columbic efficiency of 

99.73%. In addition, the high-rate cycle performance of the Mn0.75V0.25P/LCO full-

cell was tested at 1 C after two activation cycles at 0.1 C and 0.5 C, respectively, and 

it still exhibited an excellent performance with a high reversible capacity of 1.48 mA 

h cm-2 after 100 cycles with a coulombic efficiency of about 99.8%. (Figure 4.3.31b 

and d). This demonstrates the sustainable operation of the pure Mn0.75V0.25P electrode 

even at the full-cell configuration with commercial LCO electrode at the practical 

mass loading. 
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Figure 4.3.31 Galvanostatic charge/discharge voltage profiles and cycle 

performance of Mn0.75V0.25P/LiCoO2 full cell tested at current density of (a,c) 0.1 C 

and (b,d) 1 C with two activation cycles at 0.1 C and 0.5 C, respectively. 

 

 

 



 

167 

4.4. Conclusion 

 

The introduction of solid solution compound between two different materials 

with similar crystal structure and different electrochemical reaction mechanism is a 

very promising and novel approach that can strengthen the advantages of each 

reaction mechanism while mitigating the shortcomings as well. The solid solution 

compounds of Mn1-xVxP (x = 0, 0.25, 0.5, 0.75 and 1.0) between alloying reaction 

type MnP and insertion reaction type VP were firstly synthesized via a high energy 

mechanical milling. The homogeneously substituted vanadium ions in the Mn1-xVxP 

compounds enable the alloying/insertion hybrid electrochemical reactions in a single 

phase by changing the local structure of prismatic site in Mn1-xVxP close to the that 

of insertion-reaction type VP. The superior electrochemical performance of Mn1-

xVxP was attributed to the synergistic effect of hybrid alloying/insertion 

electrochemical reaction occurred close to a few-nanometer scale in a single 

compound Mn1-xVxP phase, which effectively relieve volume change and 

agglomeration of active materials and ensure fast electron and ion transport. This 

kind of novel approach suggests that multi-component substitution in different 

reaction type anode materials with considering their structural and chemical relation 

can substantially improve the tunable electrochemical performance and it is one of 

the methods for developing a new promising anode material for LIBs. 
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Chapter 5. Solid Solution Mn1-xTMxP4 (TM = V and Fe) 

Anode with High Performance Conversion Reaction 

for Sodium-Ion Batteries 

5.1. Introduction 

 

Over the past three decades, Li-ion batteries (LIBs) have attracted great 

attention as the common power sources in energy storage fields of consumer 

electronics, electrical vehicles (EVs) and grid-scale energy storage system (ESS). 

However, since the increase in the cost of LIBs by finite lithium resources cannot 

meet the ever-increasing demand for LIBs, Na-ion batteries (SIBs) can be a possible 

alternative to conventional LIBs owing to the natural abundance and low cost of 

sodium resources.[5.1-5.3] Although, the battery components and energy storage 

mechanism of SIBs is basically similar with those of LIBs, many challenging issues 

derived from thermodynamic and kinetic aspects should be overcome. The 

commercial graphite anode used in LIBs is electrochemically less active in Na cells, 

presumably due to the thermodynamic instability of Na-graphite intercalation 

compounds resulting from a greater degree of change of the stretched C-C bond 

length in the graphite layer.[5.4] In addition, another promising anode silicon, which 

shows the highest specific capacity among LIB anodes with alloying reaction 

forming lithium-rich alloy phase Li15Si4 (Theoretical capacity of 3590 mA h g-1), 

cannot form Na-rich alloy phase. Theoretical calculation shows that silicon can react 
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with sodium-ion as Na0.76Si phase (Theoretical capacity of 725 mA h g-1), even 

experimentally confirmed reversible capacity was about 500 mA h g-1 due to the 

reaction kinetic limit.[5.5-5.7] Therefore, the major scientific challenge for SIBs 

resides in developing new anode materials with high specific capacity and an 

appropriately low redox potential to enhance the energy density of SIBs. 

Since the phosphorus can react with Na-ion to form sodium-rich Na3P phase, 

corresponding to the specific capacity of 2596 mA h g-1, it has been attracted as a 

great potential anode for SIBs.[5.8,5.9] Although phosphorus shows the highest 

theoretical capacity and moderate operating voltage (~0.4 V vs. Na/Na+) among 

other SIB anode candidates, its practical application is severely hindered by several 

formidable problems. The large volume expansion (300-500%) of red phosphorus 

during cycling can cause great stress and crack formation, which will result in 

electrode performance degradation, and the low electrical conductivity (~10-14 S cm-

1) slows the reaction kinetics.[5.10-5.12] To address this issues, electrochemical 

conversion reaction-type metal phosphide (MPx) was introduced as anode for SIBs 

because it lessened volume variation in the electrochemical sodiation/desodiation 

process due to the formation of less volume-variation components, which can act as 

a buffer matrix to accommodate volume change of alloying reaction P. In addition, 

faster kinetic reaction could be obtained because of the highly conductive metal 

phosphide phase and the generation of conductive metallic components through 

conversion reaction (MPx + 3x Na+ + 3x e- → M + xNa3P).[5.13-5.20] 

Various metal phosphides MPx have been reported as anode materials for both 

LIBs and SIBs and their reaction mechanism are different according to the features 



 

173 

of the metal and the metal-phosphorus bonds stability when reacted with Li- or Na-

ion. Among the various metal phosphide based anode material for LIBs, in particular, 

phosphorus-rich phases, have attracted considerable interest due to their outstanding 

properties, such as good electrical conductivity and high theoretical capacity.[5.21-

5.26] The earth-abundant element containing manganese tetraphosphide (MnP4) was 

introduced as a promising anode material for LIBs by Nazar et al. showing that a 

high lithiation/delithiation capacity by forming the high lithium content of Li7MnP4 

crystalline phase (MnP4 + 7Li+ + 7e- ↔ Li7MnP4, theoretical capacity of 1050 mA h 

g-1) within potential window 3.0-0.57 V vs. Li/Li+.[5.25] Further study on 

electrochemical reaction mechanism of MnP4 for a LIB anode confirmed that it 

firstly transformed to crystalline Li7MnP4 phase and undertake conversion reaction 

(Li7MnP4 + 5Li+ + 5e- → Mn + 4 Li3P, theoretical capacity of 1800 mA h g-1) with 

further lithiation within potential window 2.0-0.01 V vs. Li/Li+.[5.26] Despite such 

a superior capacity characteristic of MnP4, practical electrochemical performance 

such as cycle retention and rate capability has never been reported previously. One 

possible reason may be related to the conventional synthesis process of MnP4 phase, 

which was synthesized by high pressure or chemical transportation with iodine or 

bromide at high temperature for a long annealing time, making it difficult to obtain 

the nanoparticle nature and corresponding superior electrochemical performance of 

MnP4.[5.27-5.30] For this reason, although the MnP4 phase can be a promising 

candidate of high capacity anode for both LIBs and SIBs, the electrochemical 

performance is unknown yet and study on the electrochemical reaction mechanism 

for SIBs is also highly required. 

In this study, phosphorus-rich MnP4 phase was firstly synthesized via a facile 
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and mass productive high energy mechanical milling process to prepare nanoparticle 

nature of MnP4 for high performance anode application. In addition, MnP4 phase was 

introduced as an anode for SIBs and its electrochemical performance and reaction 

mechanism were firstly investigated. To improve its electrochemical performance, 

MnP4/graphene nanocomposite was fabricated with commercial graphene 

nanosheets. As-fabricated MnP4/graphene nanocomposite exhibits improved cycle 

retention property, which delivers reversible capacity of 446 mA h g-1 for 250 cycles 

at high current density of 0.5 A g-1. Further, different cation substitution of vanadium 

and iron in MnP4 as forming substitutional solid solution strategy was also 

introduced to higher reaction kinetics of conversion reaction. Since the electronic 

structure calculation of TMP4 (TM = V, Cr, Mn, and Fe) phases indicated that 

physicochemical and electrical properties of TMP4 structure are varied with different 

metal components[5.31], substitutional Mn1-xTMxP4 (TM = V and Fe, x = 0.25) solid 

solution was introduced to vary its physicochemical and electrochemical properties. 

Among the substitutional Mn1-xTMxP4 solid solutions, Mn1-xVxP4 (x=0.25) electrode 

showed improved high rate capability, which delivers reversible capacity of 790 mA 

h g-1 for 50 cycles at high current density of 0.5 A g-1. 
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5.2. Experimental Procedure 

 

Synthesis of MnP4 and solid solution Mn1-xTMxP4 (TM = V and Fe) Nanoparticles 

MnP4 and Mn1-xTMxP4 (TM = V and Fe; x = 0.25 and 0.5) solid solution 

nanoparticles were synthesized via a facile high energy mechanical milling (HEMM) 

method with a planetary ball mill (Pulverisette 6, Fritsch). The starting materials 

used for synthesis are commercial manganese (99.95%, Alfa Aesar), vanadium 

(99.95%, Alfa Aesar), iron (99.5%, Alfa Aesar), and red phosphorus (98.9%, Alfa 

Aesar) without a further purification. Stoichiometric amount of starting materials 

was placed into a hardened steel vial (80 cm3) with hardened steel balls (diameter of 

3/8 in.) at a ball-to-powder ratio of 40 (in weight) and sealed inside an argon-filled 

glove box. The HEMM was conducted at room temperature with a rotation speed of 

300 rpm for 30 h. 

Fabrication of MnP4/Graphene Nanocomposite 

As prepared MnP4 nanoparticles and commercial graphene nanosheets (Angstron 

Materials) were placed into a hardened steel vial (80 cm3) with hardened steel balls 

(diameter of 3/8 in.) at a ball-to-powder ratio of 60 (in weight) and sealed inside an 

argon-filled glove box. The HEMM was conducted at room temperature with a 

rotation speed of 150 rpm for 3 h. 

Materials Characterization 

Synchrotron X-ray powder diffraction (SXPD) patterns of as-prepared powders were 

examined at the 9B high-resolution powder X-ray diffraction (HRPD) beamline of 

the Pohang Accelerator Laboratory (PAL) in Korea. The incident beam was 

vertically collimated using a mirror and monochromatized to a wave length of 1.5167 
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Å  using a double-crystal Si (111) monochromator. Diffraction patterns were 

collected in the 2 theta scan mode with a step size of 0.02o, step time of 15 s, from 

10 to 130o. The lattice parameters of the as-synthesized samples were obtained with 

the FullProf software. The morphology of the powders and electrodes were observed 

by field emission scanning electron microscopy (FE-SEM, SU70, Hitachi) and 

transmission electron microscopy (TEM, JEM-2100F, JEOL). The ex-situ 

measurement of X-ray absorption near-edge structure (XANES) was carried out with 

a transmission mode at the 7D beamline of Pohang accelerator laboratory (PAL, 

Korea) in a storage ring of 2.5 GeV with a ring current of 330-360 mA. The cross 

section of electrode was examined using a cross section polisher (CP, IB-19510CP, 

JEOL) and FE-SEM. 

Electrochemical Measurements 

The electrode was prepared by mixing 70% active material, 15% Super P carbon 

black, and 15% carboxymethyl cellulose (CMC) binder by weight to form a slurry, 

which was coated on the copper foil and followed by drying in a vacuum oven at 65 

oC overnight. The electrode was punched into a round disk with 1.8-2.2 mg cm-2 

loading of active material and then kept in the vacuum oven at 70 oC for 12 h. For 

electrochemical measurements, the CR2032 coin cell was assembled inside an 

argon-filled glove box. For Li-ion battery cell, lithium foil was used as a 

counter/reference electrode and a poly-propylene (Welcose, Korea) was used as a 

separator. The electrolyte used was 1.0 M LiPF6 in a mixture of ethylene carbonate 

(EC) and dimethyl carbonate (DMC) (1:1 v/v) with the addition of 5 vol.% of 

fluoroethylene carbonate (FEC) additive. The cells for Na-ion battery were also 

assembled in a similar manner by employing glass micro fiber (Whatman) separator 
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and sodium metal foil as a counter/reference electrode. The electrolyte used was 1.0 

M NaClO4 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) 

(1:1 v/v) with an addition of 5 vol.% of fluoroethylene carbonate (FEC). 

Galvanostatic cycling and cyclic voltammetry (CV) tests were performed with a 

battery testing system (Wonatech, Korea) within a voltage range of 0.01–2.0 V (vs. 

Na/Na+). Electrochemcial impedance spectroscopy (EIS) experiment was carried out 

at a frequency range of 100 kHz to 0.1 Hz with an AC amplitude of 5 mV using an 

impedance analyzer (Zive, SP1). For the ex-situ SEM and TEM analyses, the 

electrode materials were collected by disassembling the test cells in the argon-filled 

glove box, rinsing with DMC several times, and drying at room temperature. 
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5.3. Results and Discussions 

 

5.3.1. Synthesis and Physicochemical Characterization 

 

Figure 5.3.1a shows the XRD pattern of as-synthesized MnP4 nanoparticles 

obtained by synchrotron X-ray beam. The XRD pattern was well matched with a 

triclinic (P-1) structure of MnP4 (ICDD # 01-072-0949) confirmed by Le Bail fitting 

result (Table 5.3.1). There are four different polymorphs in MnP4 (2-MnP4, 6-MnP4, 

8-MnP4, and γ-MnP4), which are classified according to the arrangement of MnP6 

octahedra in the crystal structure.[5.30] In as-synthesized triclinic structure of 6-

MnP4, manganese atoms are octahedrally coordinated with six P atoms and the 

zigzag arrangement in unit of six edge–sharing MnP6 octahedra is repeated along the 

a-axis (Figure 5.3.1b). This triclinic MnP4 phase is different from the previously 

reported MnP4 phase used for LIB anode whose crystal structure was monoclinic 

(C/2c) of 8-MnP4 (ICDD # 01-071-0334). The calculated band gaps of 6-MnP4 and 

8-MnP4 were 1.76 and 1.60 eV, respectively and the difference between indirect and 

direct band gaps at the Γ point was only about 0.09 eV, which is expected to show 

the similar electrical behavior.[5.31] The electronic structure and phonon calculation 

for MnP4 polymorphs showed that the 6-MnP4 phase is thermodynamically favorable 

at lower temperature and the high-temperature synthetic routes prefer to form the 8-

MnP4 phase.[5.30] This is consistent with our experimental result that the 6-MnP4 

phase was synthesized using the relatively low temperature HEMM process than the 

conventional synthesis processes.[5.27-5.30] 
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As shown in the SEM image (Figure 5.3.1c), the relatively low temperature 

synthesis condition of HEMM produced the nanoparticles of 6-MnP4 phase. The low 

magnification TEM image shows that the agglomerated MnP4 nanoparticles were 

composed of 5 to 20 nm-sized crystallites (Figure 5.3.1d). The selected-area electron 

diffraction (SAED) pattern was well indexed to 6-MnP4 phase and the ring-like 

SAED pattern indicates the randomly oriented polycrystalline nature (Figure 5.3.1e). 

The lattice fringes were clearly observed in the high resolution TEM image and the 

corresponding spots in fast Fourier transform (FFT) pattern were indexed with a zone 

axis of [110] of triclinic (P-1) MnP4 structure (Figure 5.3.1f). To confirm the 

elemental distribution throughout as-synthesized MnP4 nanoparticles, the high-angle 

annular dark-field (HAADF) scanning transmission electron microscopy (STEM) 

image and elemental mapping images by energy dispersive spectroscopy (EDS) were 

obtained (Figure 5.3.1g-i). The EDS mapping images of Mn K and P K reveal the 

homogeneous distribution of Mn and P elements throughout the MnP4 nanoparticles. 

The MnP4 electrode is expected to show the high reversible capacity in both 

LIBs and SIBs and the high capacity discharge/charge reactions might result in the 

particle cracking and loss of active material, which leads to the continuous 

electrolyte decomposition and increase of the cell resistance during cycling. To 

relieve the capacity degradation, a highly conductive graphene nanosheet was 

introduced to fabricate the MnP4/graphene nanocomposite. As-synthesized MnP4 

nanoparticles were mixed with the different content of graphene (10 and 20 wt% 

referred as MnP4/G10 and MnP4/G20, respectively) using the HEMM under 150 rpm 

for 3 h, and the graphene content was optimized to be 20 wt% based on the 

electrochemical performance presented later. The XRD pattern of as-fabricated 
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MnP4/G20 indicates that no phase change occurred during mixing with MnP4 

nanoparticles and graphene nanosheets under the mechanical milling condition 

(Figure 5.3.2). The morphology of as-fabricated MnP4/G20 shows that the 

agglomerated MnP4 nanoparticles were wrapped with the graphene nanosheets 

(Figure 5.3.3a and b). The high resolution TEM image and corresponding FFT 

pattern (Figure 5.3.3c) indicates that the observed lattice fringes are indexed with a 

zone-axis [124] of MnP4 structure. The HAADF STEM image and EDS mapping 

images for Mn K, P K, and C K indicate that the MnP4 nanoparticles homogeneously 

distributed throughout the MnP4/G20 nanocomposite (Figure 5.3.3d-g). 
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Table 5.3.1 Le Bail fitting results of as-synthesized MnP4 nanoparticles. 
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Figure 5.3.1 (a) XRD pattern and refined results, (b) crystal structure, (c) SEM 

image, (d) TEM image in low magnification, (e) SAED pattern, (f) HR-TEM image, 

(g) HAADF STEM image, and EDS mapping images of (h) Mn K and (i) P K of as-

synthesized MnP4 nanoparticles. 
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Figure 5.3.2 XRD pattern for as-fabricated MnP4/G20 composite. The reference 

peaks for MnP4 (ICDD # 01-072-0949, black dash line) is included. 
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Figure 5.3.3 (a) SEM image, TEM images in (b) low magnification and (c) high 

magnification, (g) HAADF STEM image, and EDS mapping images of (e) Mn K, (f) 

P K, and (g) C K of as-synthesized MnP4/G20 nanocomposite. 
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5.3.2. Electrochemical Reaction Mechanism and 

Performance 

 

To evaluate the electrochemical performance and understand the 

electrochemical reaction mechanism of MnP4 electrode as an anode for LIBs, the 

galvanostatic discharge and charge test was performed at a current density of 100 

mA g-1 within a potential range of 0.01-2.0 V (vs Li/Li+). The voltage profiles and 

corresponding differential capacity (dQ/dV) plots (DCPs) indicate that the MnP4 

electrode delivered the high initial discharge and charge capacities of 1876 and 1615 

mA h g-1, respectively, with a high initial Coulombic efficiency (ICE) of 86% (Figure 

5.3.4a and b). In the first lithiation process, the MnP4 electrode delivered the 

discharge capacity of ~1000 mA h g-1 corresponding to ~7 Li ion insertion per MnP4 

with a voltage plateau at 0.57 vs. Li/Li+, which is in agreement with the two-phase 

reaction of anti-fluorite Li7MnP4 phase (MnP4 + 7 Li+ + 7e- → Li7MnP4) observed 

in previously reported MnP4 electrode at 0.62-0.65 V vs. Li/Li+.[5.25,5.26] In the ex-

situ XRD pattern of MnP4 electrode at 0.5 V vs. Li/Li+ during lithiation process, anti-

fluorite Li7MnP4 phase (ICDD # 00-014-0045) was well identified (c2 state in Figure 

5.3.4c). The ex-situ XRD pattern for further lithiated MnP4 electrode at 0.01 V vs. 

Li/Li+, delivering the capacity of 1876 mA h g-1 equivalent to ~12 Li ion insertion 

per MnP4, indicates that the conversion reaction (Li7MnP4 + 5 Li+ + 5 e- → Mn0 + 4 

Li3P) occurred (c3 state in Figure 5.3.4c). In addition, the noticeable change in ex-

situ normalized Mn K-edge X-ray absorption near edge structure (XANES) spectra 

of fully lithiated MnP4 electrode (at 0.01 V vs. Li/Li+) further confirmed the 

metallization of Mn0 at fully discharged state (Figure 5.3.4d). During the first 
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delithiation process, a voltage plateau was observed at 1.13 V vs. Li/Li+ (Figure 

5.3.4a and b) and the full amorphization occurred (c4 state in Figure 5.3.4c) after the 

fully delithiation (at 2.0 V vs. Li/Li+), which well agreed with the previous 

report.[5.26] The XANES spectrum of fully charged MnP4 electrode (at 2.0 V vs. 

Li/Li+) indicates that manganese was oxidized close to that of pristine state indicating 

the reversible electrochemical reaction of MnP4 electrode (Figure 5.3.4d).  

The cycle performance of MnP4 and MnP4/G20 electrodes was investigated 

by galvanostatic discharge/charge test at the current density of 100 mA g-1 (Figure 

5.3.5a). For the MnP4 electrode, the high initial reversible capacity of 1615 mA h g-

1 was rapidly reduced to 515 mA h g-1 after 40 cycles. On the other hand, the 

MnP4/G20 electrode delivered the initial discharge and charge capacities of 1728 and 

1326 mA h g-1, respectively, with an ICE of 76.7%. The relatively low ICE of 

MnP4/G20 electrode could be derived from the high irreversible capacity by forming 

a solid-electrolyte interface (SEI) layer on the high surface area of graphene. The 

MnP4/G20 electrode showed the improved cycle retention property delivering the 

high reversible capacity of 1004 mA h g-1 after 100 cycles, corresponding to the cycle 

retention of 75.7%. In addition, the MnP4/G20 electrode exhibited the improved rate 

capability and the reversible capacity was 1295, 1100, 1022, and 950 mA h g-1 at the 

current density of 100, 500, 1000, and 2000 mA g-1, respectively (Figure 5.3.5b-d). 

The high capacity of 950 mA h g-1 obtained at 2000 mA g-1 was well maintained and 

reduced to 856 mA h g-1 after 100 cycles corresponding to the high cycle retention 

of 90%. The obtained high rate capability of MnP4/G20 electrode was an outstanding 

result among other transition metal (TM)-based phosphorus-rich phosphides (TMPx, 

x > 2) as anodes for LIBs (Figure 5.3.6).[5.20-5.21,5.32-5.42] 
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Based on the reversible lithiation/delithiation reaction of MnP4 electrode, we 

performed the galvanostatic discharge/charge test for MnP4/Na cell to verify the 

electrochemical activity of MnP4 in sodiation/desodiation. The voltage profiles and 

corresponding DCPs obtained at the current density of 50 mA g-1 within a potential 

range of 0.01-2.0 V (vs. Na/Na+) indicate that the MnP4 electrode delivered the 

discharge and charge capacities of 1234 and 1028 mA h g-1, respectively, with a high 

ICE of 83.3% (Figure 5.3.7a and b). The MnP4 electrode showed a voltage plateau 

below 0.2 V vs. Na/Na+ in the first sodiation process and a voltage plateau at ~0.43 

V vs. Na/Na+ in the first desodiation process. Thus, the voltage profile of MnP4/Na 

cell was similar to that of the high voltage region of MnP4/Li cell resulting from the 

relatively high redox potential of Na/Na+ than that of Li/Li+. The ex-situ XRD 

patterns, XANES spectra, and TEM image of MnP4 electrode during sodiation 

indicate that MnP4 was directly converted to Mn0 and Na3P without the formation of 

Na-Mn-P ternary compound during sodiation process (Figure 5.3.7c and d, and 

Figure 5.3.8). This can be attributed to the rare presence of ternary Na-Mn-P 

compounds unlike the various ternary Li-Mn-P compounds (Table 5.3.2). 

The cycle performance of MnP4 and MnP4/G20 electrodes was also examined 

in Na cells for SIB applications. As shown in the Figure 5.3.9a, the galvanostatic 

discharge/charge test of MnP4 electrode at the current density of 50 mA g-1 indicates 

that the initial reversible capacity of 1028 mA h g-1 was gradually decreased to 617 

mA h g-1 during 40 cycles with a cycle retention of 60%. On the other hand, the 

MnP4/G20 electrode showed the low initial reversible capacity of 718 mA h g-1, but 

exhibited much improved cycle retention maintaining the high reversible capacity of 

627 mA h g-1 after 100 cycles with a cycle retention of 87.3%. In addition, MnP4/G20 
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electrode showed the better rate capability than that of MnP4 electrode delivering the 

reversible capacities of 724, 697, 656, 600, 478, and 385 mA h g-1 at the tenth cycle 

at the current densities of 50, 100, 200, 500, 1000, and 2000 mA g-1, respectively 

(Figure 5.3.9b-d). When the current density returned to 50 mA g-1, the reversible 

capacity of 700 mA h g-1 was recovered exhibiting a good rate capability. To compare 

the long-term cyclability of MnP4, MnP4/G10, and MnP4/G20 electrodes, a 

galvanostatic discharge/charge test was conducted at high current density of 500 mA 

g-1 for 250 cycles with an activation at 50 mA g-1 for 3 cycles (Figure 5.3.10a). At 

the current density of 500 mA g-1, the MnP4 electrode delivered 695 mA h g-1 at initial 

cycle and it gradually decreased during 50 cycles. Although MnP4/G10 electrode 

showed relieved capacity fading compared to MnP4 electrode, long-term stability 

could not be achieved due to continuous degradation of reversible capacity during 

cycling. In case of MnP4/G20 electrode, initial reversible capacity was 575 mA h g-

1 at 500 mA g-1 and this was well retained as 446 mA h g-1 corresponding cycle 

retention of 78%, exhibiting highly improved long-term cyclability. The obtained 

electrochemical performance of MnP4/G20 electrode was superior to those of 

previously reported various phosphorus-rich metal phosphide nanocomposites 

synthesized by a high energy milling as anodes for SIBs (Figure 

5.3.10b).[5.14,5.22,5.32,5.43-5.48] 

Such a good cycling performance of the MnP4/G20 electrode can be attributed 

to the void space between adjacent MnP4 nanoparticles enwrapped with the flexible 

graphene nanosheets, which effectively relieves the large volume change, hinders 

agglomeration of active materials during cycling, and ensures good kinetics 

favorable for surface charge transfer and fast ionic diffusion. This was corroborated 
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by comparing the electrode morphology by ex-situ SEM and TEM and 

electrochemical impedance of MnP4 and MnP4/G20 electrodes before and after cycle 

test. To observe the degree of electrode swelling that occurs after the sodiation 

process, a cross-sectional polishing was performed on MnP4 and MnP4/G20 

electrodes before and after 1st sodiation. To prevent the swing of electrode specimens 

during the cross-sectional polishing, Cu tape was attached on the electrode (Figure 

5.3.11a). In the pristine state, MnP4 and MnP4/G20 electrodes showed the similar 

electrode thickness of 17-18 µm (Figure 5.3.11b and d). The thickenss of MnP4 

electrode drastically increased to 41 µm after the 1st sodiation, corresponding to an 

expansion rate of 228% (Figure 5.3.11c). On the other hand, the thickness of the 

MnP4/G20 electrode increased to 26 µm with the expansion rate of 153% (Figure 

5.3.11e), relieving the volume change compared to that of MnP4 electrode. Such a 

superior relieving volume change was also observed in silicon anode for LIBs by 

enwrapping with the reduced graphene oxide nanosheet.[5.49] Furthermore, the 

original morphology of the MnP4/G20 electrode was relatively well retained than 

that of MnP4 electrode after 100 cycles at 500 mA g-1, inhibiting the severe 

agglomeration of MnP4 nanoparticles during cycling (Figure 5.3.12). To determine 

the electrode resistances related to the morphological change, electrochemical 

impedance spectroscopy (EIS) measurements were conducted at 2.0 V vs. Na/Na+ 

for MnP4 and MnP4/G20 electrodes before cycle (Figure 5.3.13a) and after 100 

cycles tested at 500 mA g-1 (Figure 5.3.13b). At the pristine state, the MnP4 and 

MnP4/G20 electrodes showed the comparable charge transfer resistance (Rct) at high 

frequency region, but the MnP4/G20 electrode exhibited the steeper straight sloping 

line at low frequency region implying the fast sodium ion diffusion within the bulk 
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electrode. After 100 cycles, the observed Rct of MnP4/G20 at charged state (2.0 V vs. 

Na/Na+) was much smaller and the incline line was much steeper than those of MnP4 

electrode indicating that the fast kinetics was well maintained during cycle in case 

of MnP4/G20 electrode. Consequently, the high performance of MnP4/G20 electrode 

for both LIBs and SIBs was derived from high capacity and electrochemical activity 

of MnP4 nanoparticles as well as structural integrity of conductive and flexible 

enwrapping graphene nanosheets. 
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Table 5.3.2 ICDD database of Li-Mn-P and Na-Mn-P ternary compounds. 
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Figure 5.3.4 (a) Galvanostatic discharge/charge voltage profiles, (b) corresponding 

differential capacity plots (DCPs), (c) ex-situ XRD patterns, and (d) X-ray absorption 

near-edge structure (XANES) spectra of MnP4/Li cell for fully discharged and 

charged states. The reference peaks for MnP4 (ICDD # 01-072-0949, black solid line), 

Li7MnP4 (ICDD # 00-014-0045, green solid line), and Li3P (ICDD # 01-076-9759, 

red solid line) are included in (c). 
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Figure 5.3.5 Cycle performance of MnP4 and MnP4/G20 electrodes for LIBs at 

current density of (a) 100 mA g-1, and (b) 2 A g-1 with activation of each initial 3 

cycles at 100 mA g-1, 500 mA g-1, and 1 A g-1. Galvanostatic discharge/charge voltage 

profiles of (c) MnP4 and (d) MnP4/G20 electrodes for (b). 
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Figure 5.3.6. State-of-the-art high-rate capability of transition metal-based P-rich 

phosphides (TMPx, x > ~2) as anodes for LIBs. 
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Figure 5.3.7 (a) Galvanostatic discharge/charge voltage profiles, (b) corresponding 

DCPs, (c) ex-situ XRD patterns, and (d) XANES spectra of MnP4/Na cell for fully 

discharged and charged states. The reference peaks for MnP4 (ICDD # 01-072-0949, 

black solid line) and Na3P (ICDD # 01-073-3917, green solid line) are included in 

(c). 
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Figure 5.3.8 (a) HAADF STEM image and EDS mapping images of Na K, Mn K, 

and P K, respectively, for fully sodiated MnP4 electrode (0.01 V vs. Na/Na+), and (b) 

TEM image of marked area in (a). 
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Figure 5.3.9 (a) Cycle performance of MnP4 and MnP4/G20 electrodes for SIBs at 

current density of 50 mA g-1 and (b) rate capability. Galvanostatic discharge/charge 

voltage profiles of (c) MnP4 and (d) MnP4/G20 electrodes for each 10th cycle at 

various current densities for (b). 
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Figure 5.3.10 (a) Cycle performance of MnP4 and MnP4/G electrodes for SIBs at 

current density of 500 mA g-1 with activation initial 3 cycles at 50 mA g-1. (b) State-

of-the-art electrochemical performance of P-rich phosphides (TMPx, x > ~2) 

synthesized by a high energy milling as anodes for SIBs. 
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Figure 5.3.11 (a) Schematic image, SEM image, EDS mapping images of Cu K, Mn 

K, P K, and C K for cross section of MnP4 electrode before cycle. Cross sectional 

SEM image of MnP4 and MnP4/G20 electrodes of (b,d) before cycle and (c,e) after 

fully sodiated state (0.01 vs. Na/Na+) at 50 mA g-1, respectively. 
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Figure 5.3.12 (a) SEM image of before cycle, and (b,f) SEM, (c,g) TEM, (d,h) 

HAADF STEM, and EDS mapping images of C K, Mn K, and P K for after 100 

cycles at 500 mA g-1 for MnP4 and MnP4/G20 electrodes, respectively. 
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Figure 5.3.13 Nyquist plots of MnP and MnP4/G20 electrodes (a) before cycle and 

(b) after 100 cycles tested at current density of 500 mA g-1. 
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5.3.3. Improvement of Rate Capability by Forming Solid 

Solution 

 

In addition to fabricating MnP4/G nanocomposite with conductive carbon 

based material to improve the electrochemical properties of MnP4 electrode, we also 

introduced a novel approach forming a substitutional solid solution to change 

physicochemical properties of the MnP4 phase and corresponding electrochemical 

properties for SIBs anode. As discussed in the phase analysis part for 6-MnP4 phase, 

the arrangement variation of MnP6 octahedron affect the electronic structure among 

four different polymorphs for MnP4. This electronic structure variation was also 

observed in other composition materials of TMP4 (TM = V, Cr, and Fe) phases, which 

have similar crystal structure to MnP4 phase.[5.31] The electronic structure 

calculation for TMP4 (TM = V, Cr, and Fe) phases indicated that VP4 showed a 

continuous band energy indicating metallic behavior and CrP4 showed a relatively 

narrow bandgap of 0.63 eV than that of MnP4. On the other hand, three different 

FeP4 polymorphs showed relatively large band gap of 1.76, 1.83, and 2.13 eV with 

semiconducting behaviors. Based on their electronic structure variation and 

structural similarities, substitutional solid solution Mn1-xTMxP4 (TM = V and Fe, x 

= 0.25) was synthesized using HEMM to vary its electronic structure and 

electrochemical properties. 

 Figure 5.3.14 shows the XRD patterns of as-synthesized MnP4 and Mn1-

xTMxP4 (TM = V and Fe, x = 0.25) compounds measured by X-ray synchrotron beam. 

In the XRD patterns for Mn1-xTMxP4 (TM = V and Fe, x = 0.25) compounds, 
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characteristic peaks were similar to those of MnP4 phase with no impurity phase, 

however, the peak shifts of 2 theta value were observed with obvious shape change 

of main characteristic peak region of 30-34o. For vanadium ion substitution for 

manganese ion as Mn1-xVxP4 (x = 0.25), characteristic XRD peaks were shifted to 

lower 2 theta value compared with those of MnP4 phase due to the larger ionic radius 

of vanadium ion than that of manganese. In addition, main peak region of 30-34o 

changed similar to monoclinic structure of VP4 phase (space group of C/2c, ICDD # 

01-077-0262). On the other hand, iron ion substitution for manganese ion as Mn1-

xFexP4 (x = 0.25) indicated that its characteristic XRD peaks were slightly shifted to 

higher 2 theta value compared with those of MnP4 phase due to the smaller ionic 

radius of iron ion than that of manganese and the main XRD peaks also changed 

similar to monoclinic structure of FeP4 phase (space group of C/2c, ICDD # 01-079-

0486). This might be derived from the different MP6 octahedron arrangement of 6-

MnP4, 2-VP4, and 4-FeP4 phases (Figure 5.3.15). Since the reference ICDD database 

of Mn1-xTMxP4 (TM = V and Fe, x = 0.25) compounds does not exist, a structural 

identification was performed with the Fullprof Software. The structure refined 

results for Mn1-xTMxP4 (TM = V and Fe, x = 0.25) compounds indicated that those 

compounds, in accordance with extinction rules, were the same crystal structure with 

triclinic 6-MnP4 phase, indicating substitutional solid solution (Figure 5.3.16a and b, 

and Table 5.3.3). In addition, the XRD pattern of Mn1-xVxP4 (x = 0.5), which 

additional vanadium ions are substituted, shows similar characteristic peaks with 

Mn1-xVxP4 (x = 0.25) and secondary phase VP2 (ICDD # 01-080-0990), indicating 

that solid solution limit of vanadium is close to Mn1-xVxP4 (x = 0.25) (Figure 5.3.16c). 

The chemical composition and elemental distribution of Mn0.75TM0.25P4 (TM = V 
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and Fe) compounds were confirmed by EDS spectrum and mapping images, which 

showed homogenously distributed with the expected composition of the components 

throughout the solid solution nanoparticles (Figure 5.3.17a and b).  

The electrochemical properties of Mn0.75TM0.25P4 (TM = V and Fe) 

electrodes were examined as anodes for both LIBs and SIBs. The galvanostatic 

discharge/charge voltage profiles and corresponding DCPs at 100 mA g-1 of 

Mn0.75TM0.25P4 (TM = V and Fe) electrodes are identical with those of MnP4 

electrode for LIBs, indicating that same conversion reaction was occurred in two 

solid solution electrodes (Figure 5.3.18a-c). The Mn0.75TM0.25P4 (TM = V and Fe) 

electrodes showed similar cycling behavior to MnP4 electrode at a low current 

density of 100 mA g-1, whereas different rate capabilities were observed in solid 

solution electrodes when the current density changed from 100 mA g-1 to a high 

current density of 1 A g-1 (Figure 5.3.19a). The reversible capacity reduction of MnP4 

and Mn0.75TM0.25P4 (TM = V and Fe) electrodes with kinetic polarization at high 

current density was 24%, 11%, and 52%, respectively, showing reversible capacities 

of 943, 1285, and 592 mA h g-1, which indicates superior rate capability of 

Mn0.75V0.25P4 electrode (Figure 5.3.19b). 

Those observed different rate capabilities of MnP4 and Mn0.75TM0.25P4 (TM 

= V and Fe) electrodes were also obvious in SIBs application (Figure 5.3.20). In 

addition, the high-rate cyclability of three electrodes were compared at 500 mA g-1 

with the initial activation process of 3 cycles at 50 mA g-1 (Figure 5.3.21). In case of 

the Mn0.75V0.25P4 electrode, it delivers high initial capacity of 909 mA h g-1 at 500 

mA g-1 and reversible capacity of 790 mA h g-1 was well maintained during 50 cycles 
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with a high capacity retention of 87%. At pristine state, the Nyquist plots of 

Mn0.75V0.25P4 electrode showed smaller semi-circle and steeper inclined line than 

those of MnP4 and Mn0.75Fe0.25P4 electrodes and this tendency was well maintained 

after 50 cycle test, exhibiting fast reaction kinetics of Mn0.75V0.25P4 electrode (Figure 

5.3.22). On the other hand, the Nyquist plots for Mn0.75Fe0.25P4 electrode showed the 

largest charge transfer resistance and slowest diffusion kinetic among three 

electrodes. The different kinetic behavior of the two solid solution electrodes 

compared to MnP4 electrode could be derived from electronic structure changes 

close to metallic VP4 phase and semiconducting FeP4 phase, respectively, caused by 

their observed structural change (Figure 5.3.14). The electronic structure calculation 

of two solid solution phases using the density functional theory (DFT) calculation is 

not available at this stage because the low crystallinity, along with the low symmetry 

of the triclinic structure, makes it difficult to determine the physically meaningful 

atomic positions using the Rietveld refinements. Nevertheless, the above result 

suggests that formation of solid solution based on crystal structure and chemistry 

relation can affect the intrinsic physicochemical properties and corresponding 

electrochemical performance of anode materials and it can be a new opportunity for 

achieving better electrochemical performance for previous reported anode materials 

in LIBs and SIBs. 
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Table 5.3.3 Le Bail fitting results of as-synthesized Mn1-xTMxP4 (TM = V and Fe, x 

= 0.25) nanoparticles. 
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Figure 5.3.14 XRD patterns for MnP4 and Mn1-xTMxP4 (TM = V and Fe, x=0.25), 

respectively. The reference peaks for MnP4 (ICDD # 01-072-0949, black dash line), 

VP4 (ICDD # 01-077-0262, green dash line), and FeP4 (ICDD # 01-079-0486, brown 

dash line) are included. 
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Figure 5.3.15 Crystal structures of triclinic (P-1) MnP4 and monoclinic (C2/c) of 

FeP4 and VP4 phases. 
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Figure 5.3.16 XRD pattern and refined results of (a) Mn0.75V0.25P4 and (b) 

Mn0.75Fe0.25P4 compounds, respectively. (c) XRD pattern of Mn1-xVxP4 (x=0.5) with 

the reference peak for VP2 (ICDD # 01-080.0990, purple dash line). 
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Figure 5.3.17 HAADF STEM image, EDS mapping images for Mn K, V K, and P 

K, EDS spectrum and detected composition table for as-synthesized Mn0.75TM0.25P4 

(TM = (a) V and (b) Fe) compounds, respectively. 
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Figure 5.3.18 (a) Cycle performances of Mn1-xTMxP4 (TM = V and Fe, x = 0.0 and 

0.25) electrodes as anodes for LIBs tested at current density of 100 mA g-1. 

Galvanostatic discharge/charge voltage profiles and corresponding DCPs for 1st and 

2nd cycles for Mn1-xTMxP4 (TM = (b) V and (c) Fe, x = 0.25) electrodes. 
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Figure 5.3.19 (a) Cycle performances of Mn1-xTMxP4 (TM = V and Fe, x = 0.0 and 

0.25) electrodes as anodes for LIBs at current density of 1 A g-1 with initial activation 

5 cycles at 100 mA g-1. (b) Galvanostatic discharge/charge voltage profiles for 5th, 

6th, and 40th cycles for Mn1-xTMxP4 (TM = V and Fe, x = 0.0 and 0.25) electrodes. 
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Figure 5.3.20 Rate capability of Mn1-xTMxP4 (TM = V and Fe, x = 0.0 and 0.25) 

electrodes as anodes for SIBs at various current densities. 
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Figure 5.3.21 High rate cyclability of Mn1-xTMxP4 (TM = V and Fe, x = 0.0 and 0.25) 

electrodes as anodes for SIBs at current density of 500 mA g-1 with initial activation 

3 cycles at 50 mA g-1. 
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Figure 5.3.22 Nyquist plots after 50 cycles (inset figure for pristine state) for MnP4 

and Mn1-xTMxP4 (TM = V and Fe, x=0.25) electrodes, respectively. 
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5.4. Conclusion 

 

In summary, phosphorus-rich MnP4 phase was firstly synthesized in 

nanoparticle nature via a facile and mass productive high energy mechanical milling 

process for high performance anode application. MnP4 phase was introduced as an 

anode for both LIBs and SIBs, and its electrochemical performance and 

electrochemical reaction mechanism for SIBs were firstly investigated. Based on the 

ex-situ XRD and XAS analyses, it was revealed that conversion reaction of MnP4 

was ocurred in SIB application, which is same trend in LIB application. As-

fabricated MnP4/graphene nanocomposite exhibits improved cycle retention and 

high-rate capability with superior electrochemical performance for both LIBs and 

SIBs, which delivers reversible capacities of 856 mA h g-1 for 100 cycles at high 

current density of 2000 mA g-1 for LIBs and 446 mA h g-1 for 250 cycles at current 

density of 0.5 A g-1 for SIBs, respectively. Further, different cation substituted Mn1-

xTMxP4 (TM = V and Fe, x=0.25) solid solution exhibits different rate capability at 

high current density for both LIBs and SIBs, which might be derived from the 

structural and electronic structure changes. Among the substitutional Mn1-xTMxP4 

solid solutions, Mn1-xVxP4 (x=0.25) electrode showed improved high rate capability, 

which delivers reversible capacity of 790 mA h g-1 for 50 cycles at high current 

density of 0.5 A g-1. The facile synthesis process and its excellent electrochemical 

performance of MnP4/graphene nanocomposite and its substitutional solid solution 

make it as a promising alternative anode material for high-performance both LIBs 

and SIBs system. 
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Chapter 6. Conclusions 

In this study, the novel hybrid electrochemical reaction anode was 

introduced by forming substitutional solid solution strategy with structural and 

chemical relationship to obtain high performance secondary-ion battery. This new 

strategy is suggested to overcome intrinsic shortcomings of each electrochemical 

reaction mechanism (insertion, alloying, and conversion reaction) by generating 

hybrid electrochemical reaction of two different mechanisms in a single phase.  

First of all, complete solid solution Mn1−xFexP (0 ≤ x ≤ 1) compounds 

between alloying reaction-type MnP and conversion reaction type FeP were 

introduced as conversion/alloying hybrid electrochemical reaction anode by using 

their isostructural character. As-prepared Mn1−xFexP (0 ≤ x ≤ 1) electrode showed the 

hybrid reaction with alloying reaction of MnP and conversion reaction of FeP 

electrodes, and it was investigated that the contribution rate of conversion and 

alloying reactions to total electrochemical reaction can be controlled by varying the 

composition in Mn1−xFexP solid solution. Through this novel strategy, the intrinsic 

shortcomings of fast capacity fading for MnP electrode and capacity activation 

behavior at high current density for FeP electrode were improved by hybrid 

conversion/alloying reaction of Mn1-xFexP (x=0.75) electrode, which delivered a 

reversible capacity of 360 mA h g-1 after 100 cycles at high current density at 2 A g-

1. This improved electrochemical performance of Mn1-xFexP electrode can be 

attributed to the in situ generated nanocomposite nature of the Li–Mn–P alloying 



 

222 

element and the Fe nano-network in combination with the surrounding amorphous 

lithium phosphide, which effectively buffers the accompanying volume variation, 

hinders the aggregation of the alloying element, and ensures electron and ion 

transport. 

Based on the feasibility of tunable conversion/alloying hybrid electrochemical 

reaction of complete solid solution Mn1-xFexP, alloying/insertion hybrid 

electrochemical reaction anode as Mn1-xVxP was introduced to further obtain highly 

stable cycle retention properties with intermediate specific capacity. The series of 

Mn1-xVxP compounds (x = 0, 0.25, 0.5, 0.75, and 1.0) between alloying reaction-type 

of orthorhombic MnP and insertion reaction-type of hexagonal VP are synthesized 

based on their similar crystal structure relation. The homogeneously substituted 

vanadium ions in the Mn1-xVxP compounds enable the alloying/insertion hybrid 

electrochemical reactions in a solid solution phase by expanding the volume of 

prismatic site in Mn1-xVxP close to the that of insertion-reaction type VP. The 

optimized Mn1-xVxP (x=0.25) electrode showed reversible capacity of 352 mA h g-1 

after 1500 cycles even at high current density of 1 A g-1. Such a superior 

electrochemical performance of Mn1-xVxP was attributed to the synergistic effect of 

hybrid alloying/insertion electrochemical reaction occurred close to a few-

nanometer scale in a single compound Mn1-xVxP phase, which effectively reduce the 

rate of volume change and hinder pulverization and agglomeration of alloying 

reaction elements and ensure fast electron and ion transport. 

Finally, phosphorus-rich MnP4 phase was firstly synthesized in nanoparticle 

nature for high performance anode application and it was firstly introduced as an 

anode for SIBs. By encapsulating as-synthesized MnP4 nanoparticles with 
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commercial graphene nanosheets, superior electrochemical performance for both 

LIBs and SIBs could be achieved, which delivered reversible capacities of 856 mA 

h g-1 after 100 cycles at 2 A g-1 for LIBs and 446 mA h g-1 after 250 cycles at 0.5 A 

g-1 for SIBs, respectively. Further, different cation substituted Mn1-xVxP4 (x=0.25) 

solid solution exhibits improved rate capabilities for both LIBs and SIBs, which 

could be derived from the structural and electronic structure change. The Mn1-xVxP4 

(x=0.25) electrode showed improved high rate capability, which delivers reversible 

capacity of 790 mA h g-1 for 50 cycles at high current density of 0.5 A g-1. 

The obtained results through this thesis show the promising potential with 

dramatic changes in performance of hybrid electrochemical reaction materials 

designed with multi-component substitution by considering chemical and structural 

relation and suggests that there are many other candidates in transition metal 

compounds to explore in high performance both lithium-ion and sodium-ion battery 

application. 
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Abstract in Korean 

국 문 초 록 

 

고성능 이차 전지용 하이브리드 전기화학 반응 고용체 

음극 소재 연구 

김 경 호 

서울대학교 공과대학 

재료공학부 

 

전세계적으로 에너지 수요 및 저장에 대한 이슈들이 계속적으로 

늘어나면서 친환경적인 에너지 저장 장치의 중요성이 대두되고 있다. 

재충전 식 리튬 이온 전지와 소듐 이온 전지는 높은 에너지 및 전력 

밀도 특성으로 인해 전기 자동차, 하이브리드 전기차 또는 그리드 규모 

에너지 저장 장치 등의 대용량 에너지 저장에 적용할 수 있는 차세대 

에너지 저장 시스템으로 떠오르고 있다. 현재 리튬 이차 전지에서 

상용화 되어 있는 음극 소재는 흑연으로 이를 대체할 높은 에너지 

밀도의 음극 소재 개발을 위해 삽입, 합금, 변환 반응을 전기화학 반응 

메커니즘으로 하는 다양한 소재들에 대해서 연구 개발이 이루어지고 

있다. 하지만 각 전기화학 반응 메커니즘들이 가지는 고유의 단점들이 

존재하여 충-방전 시 전극의 성능을 열화시키는 요인으로 작용하고 

있다. 

각 반응 메커니즘들이 가지는 고유의 단점을 보완하기 위한 방안 중 

안정적인 충-방전 특성을 보이는 삽입 반응 음극 소재를 상대적으로 

전극 성능 저하가 빠르게 일어나는 합금 및 변환 반응 음극 소재와의 

조합을 통해 이를 해결하고자하는 노력이 있다. 전극 성능 저하가 빠른 

합금 및 변환 반응 음극 소재들에 대해서 전도성 탄소 계열 음극 소재나 
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티타늄 혹은 바나듐 산화물 계열의 삽입 반응 음극 소재를 혼합 또는 

코팅하는 접근을 통하여 전극 열화를 완화하는 기존의 연구들이 많이 

수행되어왔다. 충-방전 시 상대적으로 부피 변화가 작은 삽입 반응 

소재들이 합금 및 변환 반응 소재의 큰 부피 팽창을 완충하는 공간을 

제공할 수 있어 전극 구성 입자의 파쇄 및 응집 현상들을 완화하여 전극 

구조의 안정성 향상을 통해 전극 수명 특성을 개선하였다. 하지만 

이러한 접근을 통한 전극 성능의 개선에는 이종의 반응 메커니즘을 

보이는 소재 간 나노 복합체를 형성하기 위한 균일한 혼합 공정의 

최적화가 요구되며, 나노 복합체 내의 이종 반응 소재들은 나노 단위 

영역에서 개별적으로 반응하기 때문에, 이종 소재 간 상호작용 및 

시너지 효과가 제한되어 나노 영역에서 일어나는 전극 열화 인자를 

효과적으로 완화하기 어렵다. 

따라서 본 연구에서는 각 반응 소재의 고유 단점들을 효과적으로 

보완할 수 있는 하이브리드 전기화학 반응 고용체 음극 소재 연구를 

통해 고성능의 이차 이온 전지를 개발하는 것을 목표로 한다. 각 

전기화학 반응 메커니즘의 단점을 완화하기위한 이 새로운 전략은 서로 

다른 반응 메커니즘을 보이는 이종의 소재 간 구조-화학적 관계를 

활용하여 치환형 고용체를 형성하고 이를 통해 이종의 혼합된 전기 화학 

반응을 하나의 고용체 소재에서 발현시킨다. 고용체 결정 구조 내 

이종의 원소가 초기 원자 단위에 가깝게 혼합된 형태에서 기인하여 

극대화된 두 이종 전기화학 반응 간 상호 작용 및 시너지 효과는 이종 

소재가 물리적으로 혼합된 나노 복합체보다 뛰어난 전극 특성 향상을 

가져올 것으로 기대한다. 또한, 개발된 고용체 전극 소재를 구성하는 

이종 원소 간의 비율 조절을 통해 발현되는 전기화학 반응 메커니즘의 

비율을 조절하여 원하는 전극 성능을 조정한다. 

먼저 전기화학 합금 반응을 보이는 MnP 구조와 변환 반응을 

보이는 FeP 구조 간 동형 구조 특성을 이용해 전율 고용체(전 
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조성범위에서 고용체를 형성)를 합성하고 그에 따른 하이브리드 

합금/변환 반응을 도입하여 리튬 이온 전지 전극 특성을 확인하였다. 

합성된 Mn1-xFexP (0≤x≤1) 고용체 전극의 화합물 조성에 따른 

전기화학 반응 메커니즘, 반응 전위, 용량 및 수명 특성의 조절 

가능성을 중점적으로 연구하였으며 물리적으로 혼합된 MnP/FeP 나노 

복합체 전극의 전기화학적 거동과 비교 분석하였다. 합성된 Mn1-xFexP 

(0≤x≤1) 고용체 전극들의 전기화학 반응 분석을 통해 고용체 전극의 

총 전기화학 반응에 대한 합금 및 변환 반응의 기여율을 조성비로 

제어할 수 있음이 확인되었다. 조성 최적화를 통해 MnP 합금 반응 

전극의 빠른 용량 감소의 단점과 FeP 전극의 고 전류 밀도에서의 용량 

활성화 거동 (가역 용량이 초기에 완전히 구현되지 않고 점진적으로 

활성화)의 단점을 Mn1-xFexP (x=0.75) 조성에서 완전히 개선하여 2 A g-

1의 고 전류밀도에서 약 360 mA h g-1의 가역 용량을 100 싸이클 동안 

유지하였다. 이러한 전극 특성 향상의 경우 하이브리드 합금/변환 반응 

시 형성되는 나노 복합체 형상 (Li-Mn-P 삼성분계 합금 상과 환원된 

Fe 나노 입자가 비정질 Li3P 매트릭스에 둘러 쌓인 나노 네트워크)에 

의해 합금 반응의 부피 팽창을 완충하는 동시에 응집 현상을 억제하여 

전극 구조의 안정화를 통해 리튬 이온 및 전자의 이동을 빠르게 잘 

유지하였다. 

상기 연구 결과를 기반으로 후속 연구에서는 높은 용량 특성을 

보이면서 수명 특성도 안정적일 수 있는 반응 소재들 간의 조합인 Mn1-

xVxP 하이브리드 합금/삽입 반응 고용체 소재를 제안하였다. 합금 반응 

소재인 orthorhombic 구조의 MnP 소재와 유사한 결정학적 관계를 

가지는 hexagonal 구조의 삽입 반응 소재 VP 간의 고용체 화합물 

Mn1-xVxP (x = 0.25, 0.5, 0.75)를 합성하고 이차전지 전기화학 특성을 

분석하였다. Mn1-xVxP 고용체 화합물 내 균일하게 치환된 바나듐 이온은 

리튬 이온이 삽입될 수 있는 프리즘 자리를 VP 구조에 가깝게 

변화시키면서 그 부피를 팽창시켜 하이브리드 합금/삽입 반응을 
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가능하게 하였고 최적화된 Mn1-xVxP (x=0.25) 조성의 고용체 화합물은 

1 A g-1 의 고 전류 밀도에서 약 352 mA h g-1 의 가역 용량을 1500 

싸이클까지 잘 유지하였다. 이러한 Mn1-xVxP 고용체 전극의 우수한 

전기화학 성능은 몇 나노 단위 내에서 하이브리드한 형태로 일어나는 

합금/삽입 반응의 시너지 효과로 인해 충-방전 시 전극 입자의 체적 

변화율을 효과적으로 낮추고 합금 반응 입자의 파쇄 및 응집을 방해하여 

빠른 전자와 이온의 이동을 가능하게하였기 때문이다. 또한, 이 연구를 

통해 확인된 구조-화학적 관계를 이용하여 유사한 조성의 화합물(Mn1-

xTixP 및 Mn1-xMoxP)에 대한 합성 및 분석을 통해 합금/삽입 

하이브리드 음극 소재 개발 시 중점적으로 고려해야할 요인에 대한 

고찰을 진행하였다. 

마지막 파트에서는 상기 고용체 형성을 통한 이차전지 전기화학 

성능의 변화 유도를 Mn1-xTMxP4 (TM = V 및 Fe) 조성에 적용하여 

우수한 전기화학 성능을 나타내는 고 용량의 소듐 이차 전지 음극 

소재를 개발하였다. 리튬 이차 전지 음극 특성 평가에 대한 사전 연구를 

통해 유망한 음극 소재로 판단되는 MnP4 음극 소재에 대해 소듐 이차 

전지로써의 가능성을 확인하고 전기화학 반응 메커니즘을 연구하였으며 

이종 원소 치환을 통한 고용체 형성을 통해 전기화학 성능을 향상시켰다. 

또한, 합성된 MnP4 나노 입자와 상용 그래핀 나노 시트를 이용해 

MnP4/그래핀 나노 복합체를 제조하여 리튬 이온 전지에서 약 856 mA h 

g-1 의 높은 가역 용량을 2 A g-1 의 고 전류 밀도에서 100 싸이클 동안 

유지시켰고, 소듐 이온 전지에서 약 446 mA h g-1의 가역 용량을 0.5 A 

g-1의 전류밀도에서 250 싸이클 동안 유지시켰다. 또한, 이종의 원소 (V 

또는 Fe)를 MnP4 구조에 치환한 고용체 전극 소재의 경우 결정 구조 

및 전자 구조 변화에서 기인한 고속 충-방전 특성 변화를 리튬 및 소듐 

이차전지 모두에서 보였다. 최적화된 Mn1-xVxP4 (x=0.25) 고용체 전극의 

경우 0.5 A g-1 의 고 전류 밀도에서 약 790 mA h g-1 의 높은 가역 
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용량을 50 싸이클 동안 안정적으로 유지하는 향상된 고속 충-방전 

특성을 나타내었다. 

위와 같은 일련의 결과들을 통해 본 연구에서는 이종 반응 음극 

소재들의 구조-화학적 관계를 고려하여 도입한 하이브리드 음극 반응 

고용체 개발을 통해 각 반응 메커니즘이 보이는 고유의 단점들을 

완화하는 시도를 수행하였다. 본 연구의 결과들은 구조적, 화학적 

관계를 가지는 다성분계 치환을 통해 개발된 하이브리드 반응 고용체 

전극은 기존의 각 성분 소재들이 나타내지 못하는 전기화학 특성을 

보이는 우수한 잠재력을 보여주었으며, 차세대 리튬 및 소듐 이차 

전지의 고성능 달성을 위해 해결해야할 각 반응 메커니즘의 한계점을 

극복하는 새로운 방법을 제안한다. 

 

주요어: 하이브리드 전기화학 반응, 고용체, 금속 인화물, 음극 소재, 

리튬 이차 전지, 소듐 이차 전지 

학번: 2015-20800 
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