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English Abstract 

The cathode material of a Lithium-ion battery (LIB) is the key material that determines the 

battery’s energy and cycling performance. Encouraged by the successful commercialization of 

LiFePO4 for electric vehicles (EVs), a combination of LiFePO4 and LiMnPO4 to form a LiFexMn1-

xPO4 (LFMP) solid solution has attracted worldwide attention to combine the characteristics of the 

increase in conductivity brought by Fe and the higher energy density brought by Mn. However, its 

inherent low electron conductivity and Li-ion diffusion coefficient are critical obstacles to 

overcome. In this study, we proposed that a hybrid coating of Li-ion and electron conducting layers 

on the LFMP particle surface can simultaneously provide transfer paths for electrons and Li-ions 

to practically improve the overall performance of the LFMP material. To demonstrate our proposal, 

a conductive coating layer containing carbon (C) and Li1.3Al0.3Ti1.7(PO4)3 (LATP) solid electrolyte 

on LiFe0.4Mn0.6PO4 (LFMP) cathode material (LFMP@C_LATP) was successfully synthesized by 

the conventional solid-state method. The structure and morphology of LFMP@C_LATP were 

characterized by X-ray diffraction and a scanning electron microscope equipped with energy dispersive 

X-ray spectroscopy. Solid-state nuclear magnetic resonance with the magic angle spinning technique 

identified the formation of LATP while thermogravimetric analysis and Raman spectroscopy 

measurements characterized the carbon layer. The electrochemical properties were studied by cyclic 

voltammetry, electrochemical impedance spectroscopy, and galvanostatic intermittent titration 

technique. Our systematic investigation revealed that the LFMP@C_LATP exhibits excellent capacity 

and cycling performance, compared to the pristine LFMP and the conventional carbon-coated LFMP 

(LFMP@C). Considering the effects of the coating, the hybrid coating material was found to improve 
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the Li-ion diffusivity, prolong and stabilize the operating voltage of the core LFMP, and contribute an 

additional capacity to the LFMP material.  
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국문 초록 

리튬이온 배터리의 양극 소재는 배터리 에너지를 결정하는 핵심 소재다. 

전기자동차용(EV)용 리튬인산철 (LiFePO4, LFP)의 성공적인 상용화에 힘입어, 리튬인산철의 

상대적으로 높은 전도 특성과 리튬인산망간 (LiMnPO4, LMP)의 높은 에너지 밀도 특성을 

결합한 리튬인산철망간 (LiFexMn1-xPO4, LMF)이 전세계적으로 많은 주목을 받고 있다. 그러나 

LFMP 는 본질적으로 낮은 전자전도도와 리튬이온확산계수를 가지고 있다. 따라서, LFMP 

표면에 리튬이온 및 전자전도층을 하이브리드 코팅함으로써 전자와 리튬이온의 전달경로를 

동시에 제공하며 단점을 극복할 수 있을 것으로 기대된다. 본 연구에서는 탄소 (C)와 

Li1.3Al0.3Ti1.7(PO4)3 (LATP) 고체 전해질을 하이브리드 코팅한 LFMP (LFMP@C_LATP)를 

고상법으로 합성했다. LFMP@C_LATP 의 구조 및 형태를 분석하기 위해 X-선 회절 장치(XRD), 

에너지 분산형 X-선 분광기(EDS)가 장착된 주사 전자 현미경(SEM)을 이용한다. MAS 기법을 

이용한 solid state NMR 을 통해 LFMP 표면의 리튬이온전도층인 LATP 를 확인했으며, 

열중량분석(TGA) 및 라만 분광기(Raman)를 측정함으로써 탄소층을 조사했다. 전기화학적 

성능은 galvanostatic automatic battery cycler 를 이용한 충·방전 테스트 및 전기화학 임피던스 

분광법 (EIS), 정전류식 간헐적적정 테크닉 (GITT) 측정 통해 평가되었다. 그 결과, 

LFMP@C_LATP 는 pristine LFMP 와 LFMP@C 에 비해 우수한 용량 및 사이클링 성능을 

나타냈다. 하이브리드 코팅층은 리튬이온 확산도를 개선하고 전압 고원을 연장 및 안정화하며 

LFMP 에 추가적인 용량을 기여하는 것을 확인할 수 있었다.   
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1. Introduction 

A battery is a device that converts chemical energy into electrical energy through spontaneous 

oxidation-reduction reactions. Batteries can be divided into primary and secondary batteries. 

Primary batteries include alkaline batteries, zinc-carbon (Zn-C) batteries, lithium (Li) batteries, 

etc.1 The electrochemical reaction in primary batteries is irreversible, which means that once their 

chemical energy is depleted, they cannot be recharged and reused. Therefore, primary batteries 

can only be used once in their lifetime. They are typically used in low-drain devices such as remote 

controls, flashlights, and some medical devices. In contrast, secondary batteries can be recharged 

and reused many times, making them more cost-effective and environmentally friendly in the long 

run. Secondary batteries include nickel metal hybrid batteries (NiMH), nickel-cadmium batteries 

(NiCd), lithium-ion batteries (Li-ion), etc.2 They are commonly used in high-drain devices such as 

laptops, smartphones, electric vehicles, and renewable energy storage systems. The choice 

between primary and secondary batteries depends on the requirements of the specific application, 

such as energy density, cost, environmental impact, and the need for reusability. 

Lithium-ion batteries (LIBs) are a type of rechargeable battery that has gained widespread 

popularity due to their high energy density, relatively low self-discharge, and ability to be 

recharged hundreds of times. A LIB stores and uses lithium ions as its main energy source. Lithium 

is the lightest metal and has the lowest standard reduction potential, allowing high electromotive 

forces of over 3V to be achieved, resulting in high energy and power density when used as an 

electrode material, as shown in Fig.1.1.3. In addition, LIBs have a wide operating temperature 

range, fast charging capability, no memory effect, relatively long cycle life, and low self-discharge 
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rate.4 For these reasons, LIBs are widely used in mobile applications such as cell phones and 

laptops and dominate the electric vehicle (EV) and energy storage system (ESS) markets.  
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Fig. 1.1. Comparison of different secondary batteries.3  
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1.1 Principle of Li-ion batteries 

Li-ion rechargeable batteries consist of two electrodes, anode and cathode, immersed in an 

electrolyte and separated by a polymer membrane. This basic device configuration has remained 

throughout the development of the batteries. The anode and cathode of a typical Li-ion battery 

(LIB) have different potentials, resulting in a potential difference. The potential difference is the 

electromotive force that facilitates the movement of Li ions between the two electrodes and induces 

the flow of electricity in an electric circuit. During charging, an external power source provides a 

voltage that drives the Li ions from the positive electrode (cathode) through the electrolyte to the 

negative electrode (anode). The Li ions are embedded or intercalated into the structure of the host 

material in the anode, typically made of graphite or other carbon-based materials. Simultaneously, 

the cathode material releases the Li ions and electrons. When the battery is discharged, an 

electrochemical oxidation reaction occurs at the anode. The Li ions are de-intercalated from the 

anode, transferred through the electrolyte, and react with the host material in the cathode. The 

movement of the Li ions results in the flow of electrons through the external circuit, generating an 

electric current that powers the connected devices. The heterogeneous redox reactions in LIBs are 

always accompanied by solid-state mass diffusion and the Li-ion concentration varies in the 

cathode and anode with the charge and discharge states. The electrochemical reactions during the 

charge/discharge of a LIB consisting of a LiFePO4 cathode and a conventional carbon anode are 

shown below. 

At the cathode           xLi+ + xe- + Li1-xFePO4 ↔ LiFePO4 

At the anode              LixC6
 ↔ xLi+ + xe- + C6  

Overall reaction        LiFePO4
 ↔ FePO4 + LiC6 
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The process of charging and discharging a lithium-ion battery is shown in Fig.1.2. The 

electrolyte is a Li-ion conductor and is not conductive to electrons. The electrode and electrolyte 

must be in contact to allow Li ions to be transferred. The anode and cathode should be in close 

contact to minimize internal resistance but their direct contact will cause an internal short circuit, 

and thus a separator must be placed between these two electrodes to prevent this.5 In a LIB, both 

electrodes have current collectors that help transport electrons. Cu foil is usually used as the current 

collector for the anode while Ai foil is used for the cathode. In addition to the active materials, the 

electrodes contain polymeric binders to bind the active material particles together, and carbon 

black to enhance electron conductivity. 

The cell voltage strongly depends on the compatibility of the cathode, anode, and electrolyte.6 

The cell working voltage is generally determined based on the difference in chemical potential 

between the anode and the cathode. This working voltage is limited by the electrochemical window 

of the electrolyte which is determined by the energy gap from the highest occupied molecular 

orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). The anode and cathode must 

be carefully selected. While the potential of the anode is below the LUMO, the potential of the 

cathode is located above the HOMO to prevent the reduction of the electrolyte on the anode and 

the oxidation of the electrolyte on the cathode. The electrolyte redox reactions induce the formation 

of a passivating solid electrolyte interphase film which leads to both power and capacity loss.  

The charge-discharge process is reversible, allowing the battery to be charged and discharged 

multiple times. The efficiency and performance of the battery are affected by factors such as the 

rate of charge and discharge, temperature, and the nature of materials used in the electrodes and 
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electrolyte. Understanding these factors is essential but challenging for optimizing the 

performance, longevity, and safety of LIBs in various applications.  
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Fig. 1.2. Scheme of the cell configuration and electrochemical processes of a LIB.7 
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1.2 Cathode materials for Li-ion batteries 

1.2.1 Features of cathode materials  

Cathode materials are a critical component of LIBs and play a key role in determining the 

battery's performance, capacity, and voltage since they are responsible for storing and releasing 

Li-ions during the charge and discharge cycles. In addition, almost half the cost of battery 

manufacturing is related to the processing of the cathode material.8,9 When cycling, Li ions are 

transferred back and forth between the anode and the cathode through the electrolyte. The Li-ion 

intercalation must be easy and the structure of the active material must remain stable.10 Any 

irreversible phase transitions in the crystalline structure of the host materials will reduce the 

capacity delivery and shorten the battery lifetime, thus it must be critically avoided.12,13,14 To 

achieve high power, the cathode material must be as light as possible and must possess high 

electronic and ionic conductivity.15 Additionally, the cathode material must be electrochemically 

stable and comparable to the electrolyte to prevent unexpected reactions that may reduce its 

efficiency.15, 16 

Several selection criteria for cathode materials for LIBs have been proposed, considering their 

impacts on society, economy, and techniques. A potential cathode material should possess natural 

abundance, eco-friendly characteristics for processing, usage, and recycling, and, especially, low 

cost. The electrode materials must offer a large reversible storage capacity and high energy density. 

Cathode materials are commonly transition metal compounds, oxides, or complex oxides. Typical 

commercialized cathode materials include layered oxides LiMO2 (M = Co, Ni, Mn), spinel oxides 

LiM2O4 (M = Mn, Ni), and olivine LiMPO4 (M = Fe, Mn, Co, Ni). The properties of these typical 
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cathode materials are listed in Table 1.1 and their crystal structures are shown in Fig. 1.3. Detailed 

discussion of their performance is given in the following section.  
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Table 1.1. The properties of some typical cathode materials.17 

Properties LiCoO2 LiNiO2 LiMn2O4 LiFePO4 

Redox couple Co4+/Co3+ Ni4+/Ni3+ Mn4+/Mn3+ Fe3+/Fe2+ 

Voltage (V) 3.6 4.0 3.9 3.5 

Specific capacity (mAh g-1)a 274 274 148 170 

Discharge capacity (mAh g-1)a 145 160 105 155 

Eco-friendliness Poor Fair Good Good 

Availability Low Fair High High 

Cost High Fair Low Low 

(a) Theoretical, (b) Practical  
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Fig. 1.3. Crystal structure of three common cathode compounds. In their structures, Li ions are 

mobile through the 2-D (layered LiCoO2), 3-D (spinel LiMn2O4), and 1-D (olivine LiFePO4) 

frameworks.18  
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1.2.2 Material structure and electrochemical properties 

Layered oxides (LiMO2 with M = Co, Mn, Ni) have been the most widely used and 

commercialized cathode materials for LIBs.19,20 The structure of lithium transition metal oxide is 

shown in Fig.1.3. LiCoO2 is the parent compound of this LiMO2 family, which was first suggested 

as the intercalation compound for rechargeable LIBs in 1976 and then commercialized in the early 

1990s. LiMO2 is densely packed with slabs of edge-sharing MO6 octahedra separated by interstitial 

layers of Li.21 In this structure, relatively large amounts of Li ions can be stored between the wide, 

flat layers. More importantly, the Li-ions can easily move through its two-dimensional channels.22 

However, with the Li-ion removal from the layered crystal lattice during charging, 

nonstoichiometric Li1-xCoO2 compounds are formed. An irreversible crystal transformation occurs 

when half of the Li ions have been extracted from the parent structure, resulting in a practically 

achievable capacity of 145 mAh g-1 (Table 1.1). Due to this low practical capacity and the 

relatively high cost of Co, a layered LiNiO2 has been developed as a possible replacement (Table 

1.1). However, extensive characterizations have revealed the presence of the Li-Ni disorder due to 

the very similar ionic radii of Li+ and Ni2+. Furthermore, Ni-rich layered oxides, LiNi1−x−yCoxMyO2 

with M = Mn, Al, etc. known as NCM, NCA, which possess high specific capacity depending on 

Ni fraction, become the most widely used cathode materials for high-energy-density LIBs. 

Recently, industrialization and commercialization of Co-free Ni-rich cathode materials have been 

pursued. 23,24  

LiM2O4 (LiM2O4, M = Mn, Ni) is a class of cathode material with a spinel structure. LiMn2O4 

was first proposed for LIBs in the early 1980s. LiM2O4 is highly stable because of the strong edge-

sharing of octahedral MO6 to form a lattice structure.25 Moreover, the unique crystal framework 
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allows Li ions to diffuse through three-dimensional channels (Fig.1.3) and is therefore very 

promising for high-energy and high-power applications.26 The 3D diffusion path can provide 

excellent rate capability. In addition, the large amount of Mn can guarantee good thermal stability. 

However, its limited practical discharge capacity results in limited achievable energy density 

despite the rather high operating voltage (Table 1.1). Moreover, it suffers from severe capacity 

fading, especially when cycling at elevated temperatures, due to the irreversible structural 

transformation caused by the presence of Jahn-Teller (J-T) active Mn3+ ions and the dissolution of 

Mn2+ in the electrolyte by the corrosion of H+.27,28 Adding Ni to LiMn2O4 increases its cyclability 

but causes electrolyte decomposition on the particle surface due to the high potential of the 

Ni2+/Ni4+ redox couple.  

The olivine-based cathode materials LiMPO4 (M = Mn, Fe, Co, Ni) with a successful 

commercialization of LiFePO4 (LFP) have been extensively studied.29,30 In particular, LFP attracts 

a lot of attention due to its inherited merits, including relatively high specific capacity, low cost, 

abundant availability, low toxicity, and high safety, as shown in Table 1.1.31 The crystal structure 

of fully discharged LiFePO4 and fully charged state FePO4 is similar, and thus a small volume 

change occurs during cycling, leading to an excellent cycle life and low capacity fade.32 However, 

LFP exhibits the disadvantage of a low Li-ion diffusion coefficient and low electron conductivity, 

as Li-ion transport occurs by diffusion through one-dimensional channels (Fig.1.3)33, thus its high 

current charging and discharging capacity are crucially limited. LFP cathode has a lower operating 

voltage and thus a lower energy density than other olivine phosphate materials such as LiMnPO4 

(LMP), LiCoPO4 (LCP), and LiNiPO4 (LNP). As a result, the LMP, LCP, LNP, and their 

combinations have attracted considerable effort for high-voltage olivine cathodes. Unfortunately, 



26 

 

their intrinsic characteristics of lower conductivity and higher resistivity than the LFP limit their 

practical performance. In addition, LMP is electrochemically inactive and suffers from structural 

distortion and the discharge voltage plateaus of LCP and LNP are outside the potential window of 

the common electrolytes to be pessimistically suitable for Li-ion batteries.34 To practically improve 

the performance of the olivine materials, studies have been strongly focusing on morphology 

control,35,36 doping,37,38 and coating the particles to increase both electron conductivity and Li-ion 

diffusivity (Fig 1.4).39,40 While morphology control and ion doping aim to facilitate Li-ion transfer 

in the crystal structure, the surface coating can improve the overall conductivity of the material 

and protect the particle surface from unexpected interfacial reactions. As an effective strategy to 

modify the interfacial chemistry of electrode materials, surface coating has become a leading 

strategy to improve the overall electrochemical performances of the olivine cathode material. It 

should be emphasized that carbon coating is the most common approach for olivine materials. 

Carbon can be deposited in situ on the particle surface during synthesis and can simultaneously 

reduce particle size, improve conductivity, and enhance structural and thermal stabilities. The 

quality of the carbon coating generally depends on the carbon source and the synthetic conditions. 

However, as the electron conductivity can be remarkably improved by the carbon coating, the Li-

ion diffusion can be the rate-limiting factor and thus the Li-ion conductive coating is vital to 

regulate the Li-ion migration at the interfaces. Results from Kang et al.41 showed that nanosized 

LFP with pyrophosphate coating provided a capacity of 130 mAh g−1 at 50.0 C. Their research 

provided experimental evidence for the need for a Li-ion conductive coating material on the LFP 

particle surface for practical improvement.  
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Fig. 1.4. Typical technical solutions to improve the olivine cathodes, including morphology 

control,42 element doping43, and surface coating.44 
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1.3 Development of LiFe1-xMnxPO4 cathode materials 

Encouraged by the successful commercialization of LiFePO4, various combinations of 

transition metals (M = Mn, Fe, Co, Ni) have been studied to develop multicomponent olivine 

materials with higher energy density to broaden their applications.45,46,47,48 This approach has been 

demonstrated by the mature development of LiFexMn1-xPO4 (LFMP) and the involvement of Co 

in the formation of LiFexMnyCo1-x-yPO4 (LFMCP). With a negligible difference in the ionic radii 

of Fe2+ and Mn2+, the LFMP is a stable solid solution for a wide range of Fe:Mn ratio with a critical 

composition of Mn of 0.8 to preserve the same crystal phase during cycling.49 The solid solution 

LFMP is of interest to take advantage of both Fe and Mn to achieve the increase of conductivity 

brought by Fe, and the higher energy density brought by Mn. The delithiated Fe-rich domains can 

promote a more effective local structural change and thus facilitate the delithiation of the 

neighboring Mn-rich domains.50 The coexistence of Fe and Mn on the transition metal sites, 

therefore, results in higher apparent diffusivity values with respect to Mn as compared to LiMnPO4. 

However, the Li-ion diffusivity values in the Mn regime are remarkably lower than those in the Fe 

regime, making Mn to be the rate-limiting factor in the Mn-containing olivine materials. In 

addition, the strong electron-lattice interaction induced by the trivalent manganese (Mn3+:3d4) in 

the charged state (Fex
3+Mn1-x

3+)PO4 has been highlighted as the intrinsic obstacle, leading to large 

anisotropic distortion and structural destabilization. As a result, it has been critical to achieving 

full theoretical capacity and high capacity retention for LFMP materials. In addition, the 

delithiation of the LFMP is prevented and the degradation is induced by the spin-transition of Mn3+ 

from the high-spin to the low-spin state with the critical Fe:Mn ratio of 0.4:0.6 and thus the decent 

electrochemical properties of the LFMP have been proposed in the Mn range of less than 0.6 at 
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slow rates.51 Controlling particle size,52,53 doping,54,55, 56 and surface modification57,58 have been 

studied to improve both electron and Li-ion conductivity. However, the carbon coating layer can 

block the insertion/extraction of lithium ions by increasing the activation barrier for lithium-ion 

migration at the interface.59,60 Therefore, it is necessary to balance electron conduction and lithium-

ion diffusion.61 Most available Li-ion conductors for coating rely on a solid electrolyte. A solid 

electrolyte coating improves the charge transfer at the cathode-electrolyte interface and provides a 

physical barrier to protect the cathode material from undesirable side reactions. Among common 

solid electrolytes, the phosphate-based NASICON–type Li1.3Al0.3Ti1.7(PO4)3 (LATP) is attractive 

to be employed due to its high ionic conductivity at room temperature and good chemical stability 

in the ambient atmosphere. In addition, the LATP is compatible and stable with olivine materials. 

The sintered product from a mixture of LFP and LATP can form a small fraction of NASICON–

type Li2FeTi(PO4)3 interphase,62 which exhibits comparable ionic conductivity with that of LATP 

and significantly enhances Li ion transport kinetics within bulk LFP during charge and discharge 

processes. 

In this study, the benefit of the interfacial Li-ion transfer channels for practical improvement 

of a high-voltage LiFe0.4Mn0.6PO4 (LFMP) olivine cathode has been investigated by comparing 

the electrochemical performance of three different materials, including pristine LFMP, carbon-

coated LFMP (LFMP@C), and a combination of carbon and Li1.3Al0.3Ti1.7(PO4)3 (LATP)-coated 

LFMP (LFMP@C_LATP). Different methods, including X-ray diffraction, 7Li and 31P magic 

angle spinning nuclear magnetic resonance measurements, and high-resolution transmission 

electron microscopy, have been used to characterize the crystal phase, structure, and morphology 

of the synthesized materials. The electrochemical characterizations by cyclic voltammetry, 
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electrochemical impedance spectroscopy, galvanostatic intermittent titration technique, and 

cycling performance have been performed to realize the advantages of the coating.  
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2. Experimental  

2.1 Material synthesis 

Hybrid coating of carbon (C) and L1.3A0.3Ti1.7(PO4)3 (LATP) solid electrolyte on 

LiFe0.4Mn0.6PO4 (LFMP) particles (LFMP@C_LATP) was synthesized by a two-step solid-state 

reaction in which pristine LFMP is first synthesized, followed by simultaneous coating of C and 

LATP as shown in Fig 2.1.  

The LiFe0.4Mn0.6PO4 (LFMP) and L1.3A0.3Ti1.7(PO4)3 (LATP) precursors were separately 

prepared by mixing a stoichiometric amount of the corresponding raw materials in an acetone 

medium (Samchun, 99.7%) using a planetary mill (Pulverisette, Fritsch) with zirconia balls (ø = 5 

mm, SciLab) at a speed of 300 rpm for 3 h. Li2CO3 (Aldrich, 99.0%), FeC2O4.2H2O (Junsei, 

99.0%), MnC2O4.2H2O (Alfa Aesar, 99.0%), and NH4H2PO4 (Junsei, 99.5%) were used to prepare 

LFMCP precursor, while Li2CO3, AlOH(OOCCH3)2 (Aldrich, 100.0%), TiO2 (Aldrich, 100.0%), 

and NH4H2PO4 were used to prepare LATP precursor. Sucrose (Junsei, 100%) was ground before 

use as the carbon source. 

First, the prepared LFMP precursor was purged in the tube furnace under pure Ar gas at 170 °C 

for 3 h. It was then heated at 370 °C for 4 h and sintered at 670 °C for 6 h for the formation of 

pristine LFMP. LFMP@C and LFMP@C_LATP were synthesized by adding 7.5 wt% of sucrose 

or 7.5 wt% each of sucrose and LATP precursor to the synthesized pristine LFMP, followed by 

ball milling and heating in a tube furnace under the same conditions as before.  LATP was 

synthesized under the conditions used for coating to evaluate the formation of the LATP solid 

electrolyte in this research.
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Fig. 2.1. Solid-state synthetic procedure of LFMP@C_LATP.   
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2.2 Material characterization 

The powder X-ray diffraction (XRD) analysis was obtained using an X-ray diffractometer 

(Rigaku Ultima IV, Germany) with Cu Kα radiation (λ = 1.506) over a 2θ range between 10° and 

80° in continuous scan mode at a rate of 2° min-1. 7Li and 31P magic angle spinning (MAS) nuclear 

magnetic resonance (NMR, Bruker Avance III 300, Germany) measurements were performed at 

room temperature using a 7.04T magnet. The 7Li NMR experiment was performed with a 2.5 mm 

MAS probe and the 31P NMR experiments were performed with a 4.0 mm MAS probe. All spectra 

were observed with the Hanh-echo pulse sequence (90°–τ–180°–τ–acq), where τ = 1/νr. The 7Li 

NMR spectra were referenced to a 1M LiCl at 0 ppm. The sample spinning rate was 27 KHz. All 

7Li MAS NMR spectra were acquired with a π/2 pulse width of 2.0 μs, a repetition delay of 0.5s, 

512 transients, and a spectral width of 1.48MHz. The 31P NMR spectra were referenced to 

NH4H2PO4 at 0ppm. The sample spin rate was 13 KHz. All 31P MAS NMR spectra were acquired 

with a π/2 pulse width of 4 μs, a repetition delay of 0.5 s, and 2048 transients. The 31P NMR 

experiment was performed in two parts. One part of the signals could be obtained with the center 

of the chemical shift axis of 0ppm and the spectral width of 0.24 MHz. The other part of the signals 

could be obtained with the center of the chemical shift axis of 5000 ppm and the spectral width of 

0.88 MHz. Thermogravimetric analysis was performed in air from room temperature to 750 °C at 

a heating rate of 10 °C min-1 using an SDT Q600 instrument. The Raman spectroscopy was 

performed with the use of a DXR™3 instrument (Thermo Fisher Scientific Inc., USA). The 

morphology and elemental composition of LFMP@C_LATP were investigated by field-emission 

scanning electron microscopy (FE-SEM, JEOLJSM-6500F, Japan) equipped with energy 

dispersive X-ray spectroscopy (EDX, Oxford Instrument X-Max, UK). 
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2.3 Electrochemical performance 

The electrode was fabricated from a slurry containing 80 wt% synthesized active materials, 

10 wt% Super P, and 10 wt% poly(vinylidene fluoride) (Aldrich, MW = 534,000) in N-methyl-2-

pyrrolidone (Duksan, HPLC grade) solvent. The electrochemical performances were measured 

using CR2032-type coin cells assembled in an Ar-filled glove box with a Li metal foil as the 

counter electrode, 1.0 M LiPF6 in ethylene carbonate/dimethyl carbonate (EC:DMC = 1:1 v/v) as 

the electrolyte (Panax Etec Co. Ltd, Korea), and a porous polypropylene membrane (Celgard 2500) 

as the separator. The electrochemical impedance spectroscopy (EIS) measurements were 

performed at the same state of charge for all samples, using the SP-300 instrument (Biologic) in 

the frequency range of 100 mHz to 1 MHz. The galvanostatic intermittent titration technique 

(GITT) measurements were performed at 0.05 C with intermittent charging and discharging for 15 

min followed by 1 h of rest in the voltage range of 2.0-4.5 V (vs. Li/Li+). The cycling performance 

was tested using a Galvanostatic automatic battery cycler (WonATech WBCS 3000, Korea) with 

a constant current-constant voltage (CC-CV) protocol at various current rates (1.0 C = 170 mA 

g−1) at room temperature.   
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Fig. 2.2  Schematic diagram of the coin cell fabrication for electrochemical investigation. 
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3. Results and Discussion 

3.1 Material characterization 

3.1.1 X-ray diffraction  

Fig. 3.1(a) shows the XRD patterns of pristine LiFe0.4Mn0.6PO4 (LFMP), carbon-coated LFMP 

(LFMP@C), and carbon (C)- and Li1.3Al0.3Ti1.7(PO4)3 (LATP)-coated LFMP (LFMP@C_LATP). 

The sharp diffraction peaks of all synthesized materials are well aligned and similar to the 

theoretical crystal peaks of olivine materials with Pnma space group. The well-matched XRD 

patterns between all three samples indicate that the LFMP material retains its structural integrity 

after coating. For LFMP@C and LFMP@C_LATP no peak of carbon can be identified. This is due 

to the small amount of carbon formed or the dominance of amorphous carbon. It is challenging to 

distinguish the crystal phase of the LATP after coating even though only the XRD pattern of 

LFMP@C_LATP shows the presence of minor peaks at the 2θ of 24.6° which are close to the most 

intense characteristic peak of LATP prepared under similar conditions (Fig 3.1(b)). As indicated 

in Fig. 3.1(b), all XRD peaks of the synthesized LATP are well matched with the reference 

material (ICSD#14585), indicating that the synthesis conditions are suitable for forming LATP 

and, thus, for coating LATP on the LFMP particle surface. Some minor peaks corresponding to 

AlPO4, Li3PO4, and TiO2 are observed for the synthesized LATP. It should be noted that AlPO4, 

Li3PO4, and TiO2 have been used to coate on various LIB cathode materials, showing improvement 

in their practical performances.65,66 Those minor phases with negligible fractions are not expected 

to contribute dramatically to the overall electrochemical characteristics of the coated materials.  
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Fig 3.1 The XRD patterns of (a) pristine LFMP, LFMP@C, LFMP@C_LATP, and (b) LATP 
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synthesized at the same conditions. 

3.1.2 7Li and 31P magic angle spinning nuclear magnetic resonance  

It is important to study the local environment of Li as it is involved in the electrochemical 

reactions of Li-ion batteries. In addition, the formation of LATP can be confirmed by the magic 

angle spinning (MAS) nuclear magnetic resonance (NMR) measurements since all related phases 

in the LFMP@C_LATP material are revealed as shown in Fig. 3.2. Fig. 3.2(a) shows the spectrum 

of 7Li MAS measured at a spinning rate of 27 kHz for LFMP@C_LATP. A single isotropic peak 

observed at -1.2 ppm with large spinning sidebands confirms the presence of a single local Li-ion 

environment in octahedral sites, due to the interaction of the 7Li nucleus with the unpaired electrons 

on the metal atom through the Li-O-M bond for LiMPO4 (M = Fe, Mn, Co, Ni) and the dominant 

occupation of Li ions with six-fold oxygen coordination for LATP. For the synthesized LATP, an 

isotropic 7Li peak at -18.5 ppm can be observed as shown in Fig. 3.3(a).  

Considering 31P MAS NMR spectra of the LFMP@C_LATP (Fig. 3.2(b) and (c)), two peaks 

at 4879.2 and -28.5 ppm are recorded at a spinning rate of 12 KHz. It should be emphasized that 

the 31P MAS NMR spectra are very sensitive to the chemical bonding of P with different 

neighboring atoms. The peak at 4879.2 ppm relates to the local environment of P in the olivine 

phosphate material while the peak at -28.5 ppm represents P(OM)4, of the phosphate group of 

LATP, matching with the result observed for the synthesized LATP an isotropic 31P peak at -26.5 

ppm, Fig. 3.3(b) and (c)). The 31P MAS NMR measurements further confirm the formation of 

LATP, supporting our previous XRD results. More importantly, the NMR measurements indicate 

the compatibility between the olivine LFMP and the LATP coating material. With the presence of 

LATP, Li ions can be easily transported within the LATP structure using interstitial sites connected 
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by low–energy barriers.67,68 As a result, the Li-ion migration at the interfaces can be regulated, and 

the inferior Li-ion transfer kinetics of the olivine material can be mitigated. 

 

Fig. 3.2. (a) 7Li, (b), and (c) 31P MAS NMR spectra of LFMP@C_LATP. The isotropic peaks are 

marked with asterisks.  
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Fig. 3.3. (a) 7Li and (b) 31P MAS NMR spectra of LATP synthesized under the coating conditions. 

The isotropic peaks are marked with asterisks.  
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3.1.3 Raman spectroscopy and Thermal gravimetric analysis 

Raman spectroscopy is the technique of choice for characterizing carbon-based materials used 

in Li-ion batteries. Fig. 3.4(a) shows the Raman spectra of LFMP@C and LFMP@C_LATP to 

investigate the nature of the carbon coating. Two prominent Raman peaks located at 1350 and 

1594 cm-1 are observed, corresponding to D-band which is attributed to disordered carbon, and G-

band which is attributed to graphitic carbon.69 The observed ID/IG ratio is relatively high for both 

LFMP@C and LFMP@C_LATP, indicating the dominance of amorphous carbon coating.70 These 

results are consistent with the XRD results where no peak of graphitic carbon can be clearly 

identified.  

Fig. 3.4(b) shows the thermal gravimetric analysis (TGA) curves of LFMP@C and 

LFMP@C_LATP at a heating rate of 10 °C min−1 in the air from room temperature to 750 °C. The 

TGA results reveal a slight weight loss at low temperatures, corresponding to the release of 

materials absorbed on the particle surface. As the temperature increases, the weight gain obtained 

below 400°C may be due to the partial oxidation of M+2 to M+3 (M = Fe, Mn). The major weight 

loss due to carbon combustion can be observed when the loss exceeds the weight gain due to M2+ 

oxidation, and therefore, a fractional reduction consistent with M2+ oxidation must be taken into 

account to determine the actual content of the carbon coating.71 Accurately distinguishing M2+ 

oxidation from carbon combustion is challenging. A final weight loss of approximately 2.15% is 

observed for LFMP@C while a loss of 2.84% is roughly calculated for LFMP@C_LATP. Even at 

relatively low levels, a conductive carbon coating layer is essential for conducting electrons 

through the entire surface of the olivine particles, thus improving the kinetics and reversibility of 

the Li insertion/extraction during charge/discharge processes.  
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Fig. 3.4. (a) Raman spectra and (b) TGA curves of LFMP@C and LFMP@C_LATP. 



43 

 

3.1.4 Field emission scanning electron microscopy and energy dispersive x-ray spectroscopy 

Fig. 3.5 shows the morphology and elemental distribution for Fe, Mn, Ti, and C in the 

LFMP@C_LATP. As shown in Fig. 3.5(a) the LFMP@C_LATP particles exist in an 

agglomerated form with a wide range of particle sizes as a result of the solid-state reaction, which 

has limitations in controlling particle nucleation, growth, and aggregation. The formation of solid 

solution olivine LFMP can be represented by the uniform distribution of Fe and Mn while the 

presence of Ti indicates the inhomogeneous distribution of LATP on the LFMP particles (Fig. 3.5 

(b-f)). The Al signal is less intense compared to the Ti due to the lower elemental concentration 

of Al. The good distribution of C expresses the carbon coating on the LFMP material. 

It should be emphasized that there are several challenges to homogeneously coating carbon 

and LATP on the LFMP particle surface. First, it is difficult to uniformly distribute solid precursors 

of carbon and LATP on the LFMP particle surface. Second, considering the heterogeneous 

nucleation, carbon and LATP can nucleate and grow at some favorable sites on the LFMP particle 

surface which have relatively lower surface energy. Consequently, the coating materials can exist 

locally, especially for LATP, as indicated by the significant agglomeration of Ti (Fig. 3.5(e)). In 

addition, some small-sized particles may acquire enough kinetic energy in the high-temperature 

process to migrate at the nanometer scale and sinter to become larger and more thermodynamically 

stable, which also affects the distribution of carbon and LATP on the LFMP particle surface. 

Although it is challenging to achieve a homogeneous and thin coating throughout the material, 

the coating can provide channels for the transport of both electrons and Li-ions during cycling. 

The coating of carbon and LATP, even with a non-uniform structure, can be expected to efficiently 

regulate the surface reactions to improve the electrochemical performance of the LFMP material. 
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Fig. 3.5. (a) SEM image and (b) EDS image of LFMP@C_LATP with corresponding elemental 

distribution (c) Fe, (d) Mn, (e) Ti, and (f) C.  
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3.2 Electrochemical performance 

3.2.1 Cyclic voltammetry  

Cyclic voltammetry has long been a fundamental analytical technique to evaluate the 

oxidation and reduction potential as well as the reversibility of the redox reactions. Fig. 

3.6(a) shows the CV profiles of pristine LFMP, LFMP@C, and LFMP@C_LATP at a rate 

of 100 mV sec-1 in the voltage range of 2.0-4.5V (vs. Li/Li+). For all samples, the redox 

reactions of Fe2+/Fe3+ exhibit an oxidation peak at ~ 3.58 V and a reduction peak at ~ 3.45 

V while the redox reactions of Mn2+/Mn3+ exhibit an oxidation peak at ~ 4.17 V and a 

reduction peak at ~ 3.91 V. Among those materials, only LFMP@C_LATP possesses 

additional reversible reduction and oxidation peaks at the low voltage region of 2.0-3.0 V 

(vs. Li/Li+) as highlighted in Fig. 3.6(a). The reversible peaks at the voltage region of 2.0-

3.0 V can be attributed to the insertion/extraction of Li ions into/from the LATP 

component. To confirm that, the CV profile corresponding to the synthesized LATP 

material is measured and shown in Fig. 3.6(b), exhibiting reversible redox couples in the 

low voltage range of 2.0-3.0 V (vs. Li/Li+) due to the Li-ion intercalation in different 

LATP crystal sites.72,73 It should be noted that the Ti4+ substitution by Al3+ and Li+ in the 

LATP structure generally leads to the Li-ion occupation at different sites: the well-known 

M1 sites with octahedral geometry and the vacant neighboring sites for charge 

compensation. The Li-ions can easily jump between the different sites in the LATP 

structure, making the LATP an excellent Li-ion conductor.74,75 Once coated on the LFMP 
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particles, the Li-ion movement between the different sites in the LATP structure can 

possibly be induced by the inferior Li-ion diffusion in the core LFMP material, resulting 

in the appearance of multi-redox peaks in the active voltage range of LATP as shown in 

Fig 3.6(a). As an electrochemical material, the electrochemical window of LATP merges 

with the LFMP material to extend the operating voltage range of the cathode material. 
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Fig. 3.6. (a) CV profiles of pristine LFMP, LFMP@C, and LFMP@C_LATP. (b) CV 

profile of LATP prepared under the conditions for coating.  



48 

 

3.2.2 Galvanostatic intermittent titration technique   

Galvanostatic intermittent titration technique (GITT) is an experimental method to 

measure the change in open circuit voltage by applying a constant current to induce a 

change in voltage during charging and discharging, and then cutting off the current supply. 

Applying a constant current to the electrode material causes a Li-ion concentration 

gradient due to delithiation and lithiation from the electrode material particles. 

Fig. 3.7(a) shows the GITT measurements for the LFMP@C and LFMP@C_LATP. 

Typical voltage vs. time plots in selected charge-rest and discharge-rest periods are given 

in Fig. 3.7(b, c), showing the estimation of the quasi-equilibrium potential, the voltage 

difference after a charge or discharge pulse, and the voltage difference after relaxation. 

Two characteristic voltage plateaus around 3.5 and 4.1 V (vs. Li/Li+), corresponding to 

the redox reactions of Fe2+/Fe3+ and Mn2+/Mn3+, can be observed from the charge and 

discharge curves of both LFMP@C and LFMP@C_LATP. The LFMP@C_LATP 

generally achieves relatively longer and more stable plateaus with lower quasi-equilibrium 

potential during charging than the LFMP@C. The voltage differences after a charge or 

discharge pulse, and after relaxation are also smaller for the LFMP@C_LATP than for 

the LFMP@C (Fig. 3.7(b, c)), indicating that the capacity can be delivered more stably 

for the LFMP@C_LATP and a better structural adaptation of the material during cycling 

after coating with carbon and LATP. While the LFMP@C can deliver a charge capacity 

of 149.65 mAh g-1, the LFMP@C_LATP can deliver a charge capacity of 164.69 mAh g-
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1. Considering the discharge, LFMP@C can deliver a capacity of 147.10 mAh g-1, and the 

LFMP@C_LATP can deliver a better capacity of 156.28 mAh g-1. 

The remarkable improvement of LFMP@C_LATP over LFMP@C can be attributed 

to the presence of LATP coating. A combination of carbon and LATP coating takes 

advantage of both carbon and LATP to remarkably improve the electrochemical 

characteristics of the olivine cathode material. As shown in Fig. 3.7(a), when carbon and 

LATP are coated simultaneously on the LFMP particles, the electrochemically activated 

onset voltage decreases for the LFMP@C_LATP. Consequently, Li-ions can be easily 

extracted from the LATP at the beginning of the charging at a relatively low voltage, 

forming a Li-ion concentration gradient between the surface (LATP) and the core (LFMP). 

The Li-ion concentration gradient then becomes the driving force for Li ions' continuous 

and consistent movement from the core LFMP material to the outer layer. Li ions occupy 

the empty spaces and then are rapidly extracted due to the high ion-conducting 

characteristic of LATP. 

Regarding discharging, Li-ions first occupy the Li sites within the lithiated LATP. As 

a result, a Li-ion enriched zone is formed at the particle surface. After that, Li ions can 

easily migrate to neighboring vacancies and gradually move into the core lithiated LFMP 

material since the cationic vacancies are considered mobile charged species. At the end of 

discharge, the working voltage drops but is still adequate for LATP and thus causes the 

continuous lithiation of the LATP, providing an additional capacity to the cathode material. 
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Since the inferior Li transfer kinetics is mitigated, the LFMP@C_LATP material shows 

significantly larger charge and discharge plateaus, yielding higher capacities than 

conventional material with only carbon coating (LFMP@C). It should be noted that a 

detailed assessment of LATP’s capacity contribution is challenging. LATP not only 

simply provides an additional capacity but also induces the charge transfer from the core 

LFMP. Nevertheless, the achievement of better capacity delivery and more excellent 

retention can be expected from the contribution of LATP.  
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Fig. 3.7. (a) GITT profiles and (b) typical charge-rest and discharge-rest pulses of 

LFMP@C and LFMP@C_LATP. The cells are constantly charged or discharged at 0.05 

C for 15 min, followed by relaxation for 1h in the voltage range of 2.0-4.5 V, vs. Li/Li+. 
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3.2.3 Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) is a powerful tool to investigate 

electrochemical kinetic reactions for the pristine LFMP, LFMP@C, and 

LFMP@C_LATP electrodes as shown in Fig. 3.8. As indicated in Fig. 3.8(a), the Nyquist 

plots are composed of a semicircle at high to medium frequency related to the charge-

transfer resistance (Rct) and a linear part at a low-frequency range related to the Warburg 

impedance. Obviously, coating the pristine LFMP particles with either carbon (LFMP@C) 

or carbon and LATP (LFMP@C_LATP) helps reduce the Rct of the electrode. A lower 

charge-transfer resistance is observed for the LFMP@C_LATP electrode compared to the 

LFMP@C electrode, indicating a better charge transfer throughout the LFMP@C_LATP 

electrode than the LFMP@C electrode.  

In addition, the DLi
+ estimated from the EIS is reversibly proportional to the square 

of the Warburg factor (σ) (DLi
+ ∝ 1/σ2) based on the following equation: 

𝐷௅௜శ =
𝑅ଶ𝑇ଶ

2𝐴ଶ𝑛ସ𝐹ସ𝐶ଶ𝜎ଶ
 

where R is the gas constant, T is the absolute temperature, A is the surface area of the 

cathode electrode, n is the number of electrons per molecule during oxidation, F is the 

Faraday constant, C is the Li ion concentration, and σ is the Warburg factor. 

As indicated in above equation, a smaller Warburg factor (σ) reflects a larger DLi
+ 

and thus a better Li-ion diffusion. The Warburg factor σ can be estimated based on the 

linear relationship between Re(Z) and ω−1/2 (Re(Z) ∝ σω−1/2) as provided in Fig. 3.8(b) 
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and Table 3.1. Obviously, a smaller value of σ is obtained for the LFMP@C_LATP 

electrode compared to the LFMP@C and pristine LFMP electrodes, indicating a better 

DLi
+ in the LFMP@C_LATP electrode.  
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Fig. 3.8. (a) Nyquist plots and (b) the linear relationship between Re(Z) and ω−1/2 of 

pristine LFMP, LFMP@C and LFMP@C_LATP. The linear relationship is calculated in 

the low-frequency range of 100 mHz to 1 Hz.  
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Table 3.1. Slope and intercept of the relationship between the resistance (Re(Z)) and the 

inverse square root of the angular frequency (ω-1/2) of pristine LFMP, LFMP@C, and 

LFMP@C_LATP. 

Equation y = a.x + b 

Material Pristine LFMP LFMP@C LFMP@C_LATP 

Slope 195.49  5.79 141.79  5.39 117.74  4.79 

Intercept 156.99  2.25 132.62  2.10 57.31  1.86 
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3.2.4 Cycling performance  

Fig. 3.9 shows the rate performance of pristine LFMP, LFMP@C and 

LFMP@C_LATP  with their typical performance at 0.05 C. Table 3.2 summarizes their 

average discharge capacity at various C rates from 0.05 C to 5.0 C. A remarkable 

improvement can be observed for the olivine LFMP material after coating with carbon 

and LATP (LFMP@C_LATP), especially at high C rates. While the pristine LFMP can 

provide an average discharge capacity of 147.49 mAh g-1 at 0.05 C, an improvement can 

be achieved by carbon coating as an average discharge capacity of 155.76 mAh g-1 is 

delivered by the LFMP@C. A further improvement is obtained for the LFMP@C_LATP 

with an average discharge capacity of 158.15 mAh g-1 at the same current rate. The 

improvement becomes more prominent at hier current rates. At 1.0 C, an average 

discharge capacity of 134.47 mAh g-1 can be provided by the LFMP@C_LATP while the 

LFMP@C and the pristine LFMP can only provide an average discharge capacity of 

126.35 and 108.87 mAh g-1, respectively. Even at very high rate of 5.0 C, the 

LFMP@C_LATP can provide an excellent discharge capacity of about 103.35 mAh g-1 

while the LFMP@C_LATP exhibits a discharge capacity of 95.05 mAh g-1 and the 

pristine LFMP shows a very poor capacity of 71.01 mAh g-1. 

As shown in Fig. 3.9(b), several technical issues should be emphasized. First, the 

initial charge voltage is lower for the LFMP material with carbon and LATP coating 

(LFMP@C_LATP). Second, with the presence of LATP, additional charge and discharge 
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capacities at low voltage regions are observed for the LFMP@C_LATP. In addition, 

charge and discharge voltage plateaus of the LFMP@C_LATP material are more stable 

than those of the pristine LFMP and LFMP@C. These observations are consistent with 

the GITT measurement, revealing that the LATP coating crucially contributes its 

electrochemical properties and superior Li-ion conductivity to improve the performance 

of the core LFMP material. 
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Fig. 3.9. (a) Rate performance at various C-rates from 0.05 C to 5.0 C and (b) typical 

charge-discharge profiles of pristine LFMP, LFMP@C and LFMP@C_LATP at 0.05 C. 
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Table. 3.2. The average discharge capacity corresponding to various C-rates (0.05 C to 

5.0 C) of pristine LFMP, LFMP@C and LFMP@C_LATP. 

Material 
Average discharge capacity (mAh g-1) 

0.05 C 0.1 C 0.5 C 1.0 C 2.0 C 5.0 C 

Pristine LFMP 147.49 141.01 121.90 108.87 92.46 71.01 

LFMP@C 155.76 151.78 137.50 126.35 114.01 95.05 

LFMP@C_LATP 158.15 156.84 144.27 134.47 122.67 103.35 

  



60 

 

Superior capacity delivery and capacity retention of the LFMP@C_LATP to the 

pristine LFMP and LFMP@C can be observed by performing these materials at 1.0 C for 

50 cycles as shown in Fig. 3.10 and as summarized in Table 3.3. While the 

LFMP@C_LATP possesses discharge capacity of 131.68 and 125.46 mAh g-1 at the 1st 

and 50th cycles, respectively, giving a capacity retention of 95.3 %, the LFMP@C can 

deliver a discharge capacity of 120.27 mAh g-1 at the 1st cycle and its discharge capacity 

reduces to 110.10  mAh g-1 at the 50th cycle, giving a capacity retention of 91.5%. Of 

course, without coating, the pristine LFMP material exhibit the poorest performance with 

only 113.64 mAh g-1 can be delivered at the 1st cycle. Discharge capacity of the pristine 

LFMP drastically reduces as obtaining 97.43 mAh g-1 after 50 cycles, giving a capacity 

retention of 85.7 %. 

 As demonstrated by previous GITT measurements, the LFMP@C_LATP shows a 

more stable operating voltage plateaus and a better structural adaption during cycling than 

the LFMP@C. At the electrode level, previous EIS measurements show a remarkable 

reduction in charge transfer resistance and significant improvement in Li-ion diffusion for 

the LFMP@C_LATP. Consequently, the LFMP@C_LATP exhibits a better capacity and 

capacity retention than both the pristine LFMP and LFMP@C. Thanks to the  presence of 

LATP as an electrochemically active material and a Li-ion conductor on the LFMP particle 

surface, the redox reactions on the LFMP particle surface are regulated, resulting in 

mitigating the inferior Li transfer kinetics in the olivine LFMP material to practically 
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achieve a high-voltage cathode material for Li-ion batteries.  



62 

 

  

Fig. 3.10. Long cycle performance of pristine LFMP, LFMP@C, and LFMP@C_LATP 

at 1.0 C. 

 

Table. 3.3. Summary of long cycle performance of pristine LFMP, LFMP@C, and 

LFMP@C_LATP at 1.0 C. 

Material 
Discharge capacity (mAh g-1) Capacity retention 

(%) 1st cycle 50th cycle 

Pristine LFMP 113.64 97.43 85.7 

LFMP@C 120.27 110.10 91.5 

LFMP@C_LATP 131.68 125.46 95.3 
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4. Conclusion 

In this study, we have demonstrated that the construction of Li-ion and electron 

channels based on a simultaneous coating of carbon and Li1.3Al0.3Ti1.7(PO4)3 (LATP) solid 

electrolyte on the surface of LiFe0.4Mn0.6PO4 (LFMP) particles can effectively improve Li 

transfer kinetics, stabilize the operating voltage of the LFMP material for practical 

applications. Along with the carbon coating, which generally serves as a protective 

material and a conductive agent to improve electrical conductivity, the LATP component 

contributes several important factors as an electrochemically active material and a fast Li 

ion conductive compound. First, since the LATP is electrochemically active at a lower 

voltage than the LFMP material (2.0 V - 3.0 V, vs. Li/Li+), the LATP coating can extend 

the operating voltage range of the product material. Second, the presence of LATP on the 

particle surface possible provides channels for Li-ion transport, thus improving Li 

diffusion. Third, LATP can initiate Li-ion extraction at a relatively low voltage during 

charging and regulate Li-ion insertion into the core material during discharging. Finally, 

LATP can self-store Li ions to contribute an extra capacity to the active material. 

Our electrochemical investigation has revealed that the LFMP@C_LATP possesses a 

more stable operating voltage with a better structural adation during cycling. At the 

electrode scale, the LFMP@C_LATP electrode shows a lower charge transfer resistance 

and better Li-ion diffusion compared to the LFMP@C. As a result, the LFMP@C_LATP 

has superior performance compared to the pristine LFMP and conventional LFMP@C. 
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For instance, the LFMP@C_LATP can provide a discharge capacity of 158.3 mAh g-1 at 

1.0 C with 95.3 % retention after 50 cycles while the LFMP@C and pristine LFMP can 

deliver 120.27 and 113.64 mAh g-1 with retention of 91.5 and 85.7% under the same 

cycling conditions. This coating approach can be universally applied for other active 

materials to achieve high energy, high rate, fast charge materials for Li-ion batteries. 
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