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Abstract


Commercialized lithium iron phosphate (LiFePO4) batteries have become mainstream energy storage batteries due to their incomparable advantages in safety, stability, and low cost. However, LiFePO4 (LFP) batteries still have the problems of capacity decline, poor low-temperature performance, etc. The problems are mainly caused by the following reasons: (1) the irreversible phase transition of LiFePO4; (2) the formation of the cathode–electrolyte interface (CEI) layer; (3) the dissolution of the iron elements; (4) the oxidative decomposition of the electrolyte; (5) the repeated growth and thickening of the solid–electrolyte interface (SEI) film on the anode electrode; (6) the structural deterioration of graphite anodes; (7) the growth of lithium dendrites. In order to eliminate the problems, methods such as the modification, doping, and coating of cathode materials, electrolyte design, and anode coating have been studied to effectively improve the electrochemical performance of LFP batteries. This review briefly describes the working principle of the LFP battery, the crystal structure of the LFP cathode material, and its electrochemical performance as a cathode. The performance degradation mechanism of LFP batteries is summarized in three aspects—cathode material, anode material, and electrolyte—and the research status of LFP material modification and electrolyte design is emphatically discussed. Finally, the challenges and future development of LFP batteries are prospected.
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1. Introduction


Lithium-ion batteries are widely used in fields such as electronics, electric vehicles, and grid energy storage due to their high energy density and long cycle life [1,2,3,4]. The principle of a lithium battery is that lithium ions shuttle back and forth to the anode and cathode materials with the help of electrolytes, and at the same time, external electrons are transferred to realize the mutual transformation between electric energy and chemical energy [5]. In the process of use, complex changes have taken place in the lithium battery, such as SEI film growth and degradation, electrolyte degradation, diaphragm damage, graphite peeling, etc., which lead to the problems of actual capacity attenuation, internal resistance increase, and poor discharge capacity. Moreover, battery aging and failure will not only affect performance but also cause some safety problems [6,7]. In the field of electric transportation, with the expansion of electric vehicle sales, the safety accidents of power batteries increase year by year. There were more than 200 reported electric vehicle fires and burning accidents in China in 2021, and the safety of electric vehicles has become one of the most concerning issues for consumers and electric vehicle enterprises. In the field of power grid energy storage, more than 30 power station accidents occurred in South Korea during 2017–2021 [8]. In April 2021, an explosion accident occurred at Dahongmen electrochemical energy storage power station in Beijing. The direct cause was a short circuit fault in a single lithium iron phosphate battery, which caused the heat to spread out of control and catch fire, killing two firefighters [9]. On 15 May 2024, a fire broke out at the Gateway 250 MWh energy storage power station in San Diego, which lasted for six days and produced a lot of toxic smoke and hydrogen. With the increasing application of lithium-ion batteries, their safety has been widely discussed and studied in industry and academia.



These fire and explosion accidents of electric vehicles and energy storage power stations show that the current lithium-ion battery energy storage technology is not perfect. Through dissecting and analyzing all kinds of failed batteries, people realize that it is necessary to improve lithium-ion battery materials through various technologies and gradually solve the problems of capacity attenuation, internal resistance increase, internal short circuit, flatulence, thermal runaway, and so on.



A lot of previous work has focused on explaining the failure mechanism of ternary batteries. The main causes of failure include the dissolution of active materials, particle breakage, electrolyte decomposition, the corrosion of current collectors, and lithium precipitation by anode side reaction [10,11]. Atalay et al. [12] established a theoretical model to calculate the linear decline and accelerated nonlinear decline at the end of life and thought that the battery capacity decline mainly came from SEI thickening, lithium evolution, and anode pore shrinkage. In the process of studying the influence of mechanical force on the battery, through EIS testing and analysis, it is found that mechanical stress mainly affects the dynamic performance of the anode, which accelerates the side reaction inside the battery [13,14].



At present, there is much research on the failure of ternary lithium-ion batteries, but the research literature on the failure of lithium iron phosphate batteries is not comprehensive. In order to prolong the service life of lithium iron phosphate batteries and avoid safety problems, it is very necessary to analyze the failure mechanism of the battery and put forward improvement strategies. In this paper, we first analyze the performance degradation mode of lithium iron phosphate batteries under various operating conditions. Then, we summarize the improvement technologies of lithium iron phosphate battery materials, including doping and coating.



The remaining part of this paper is arranged as follows: Section 2 introduces the crystal structure and electrochemical performance of LiFePO4. Section 3 summarizes various attenuation mechanisms of the anode and cathode respectively. Section 4 introduces several methods to improve the performance of LiFePO4/C batteries. Finally, in Section 5, the conclusions are summarized.




2. Crystal Structure and Electrochemical Performance of LiFePO4


A commercialized LFP battery mainly includes a graphite anode, LFP cathode, lithium salt electrolyte, and a separator permitting only lithium ions to pass. To make electrical contact, the cathode, anode, and separator should be as close to each other as possible. Normally, the anode of an LFP battery is coated on copper foil after the graphite, binder, and conductive agent are mixed and ground. Moreover, the positive electrode is an aluminum foil coated with a composition of active substances, binder, and conductive additives after they are ground. Porous polyethylene or polypropylene is usually used as a separator. The electrolyte consists of lithium salt and organic solvent, typically 1 mol L−1 LiPF6 for the lithium salt and primarily carbonates for the organic solvent [15].



The LFP exhibits an orthorhombic olivine structure characterized by a distorted hexagonal close-packed (h c p) framework, in which Li and Fe atoms are located in the 4a and 4c sites in the oxygen octahedral, respectively, and P in the center position of the oxygen tetrahedral [16]. FeO6 octahedral layers are corner-shared in the b–c plane, while LiO6 octahedrons are edge-shared chains along the b axis (i.e., [010] direction), creating lithium-ion transportation tunnels [17,18]. The PO4 tetrahedral connects the corner-shared FeO6 octahedral and edge-shared LiO6 octahedral, extending parallel to the b-axis, forming a stable three-dimensional structure, as shown in Figure 1 [11,16]. The lattice parameters are as follows: a = 10.33 Å, b = 6.01 Å, c = 4.69 Å, and V = 291.2 Å3 [19].



During the charging and discharging process, Li+ can be extracted from LiFePO4 and reversibly inserted into FePO4, without changing the olivine skeleton, following the phase transition reaction (LiFePO4 ⇌FePO4 + Li+ + e−). This process results in a flat potential of approximately 3.5 V vs. Li+/Li and offers a theoretical capacity of 170 mAh g−1. Moreover, LFP exhibits good cycle stability, with a small volume change (6.8%) and excellent thermal stability because of the robust covalent bonding between the oxygen and phosphorus ions, forming (PO4)3− polyanionic clusters [20]. Owing to these merits, LFP is widely used as a positive electrode material for LIBs. However, the electronic conductivity (10−9 S cm−1 at 298 K) and Li+ diffusion coefficient (ranging from 10−13 to 10−16 cm2 s−1) of LFP are low [21,22], which results in the practical capacity being lower than the theoretical value and poor rate performance.




3. Capacity Fade Mechanism


Figure 2a depicts a series of physical and chemical reactions in a lithium iron phosphate battery from the aging of the anode and cathode. It is evident that battery aging primarily stems from the phase transition of LiFePO4/FePO4, the destruction of active material structure, the dissolution of iron elements, the formation of SEI film at the anode/electrolyte interface, lithium dendrite deposition, and electrolyte decomposition. The internal aging reactions occurring in the anode and cathode are the primary drivers of capacity degradation, but their reaction mechanisms and influence on capacity loss are quite different. In addition, compared with cathode, anode, and electrolyte, the reactions occur within inactive materials, such as collectors and binders, which exert minimal influence on battery aging. In other words, we can classify these side reactions into two main aging modes: the loss of active material (LAM) and lithium inventory loss (LLI), as shown in Figure 2b.



3.1. Degradations at the Cathode


As is well known, the cathode material plays a key role in LIBs. Firstly, we demonstrate the two different phase transition mechanisms (the two-phase transition mechanism and the solid–solution phase transition mechanism) of LFP electrode material and how they affect the battery capacity, including phase change and the formation of cracks, etc. Next, we explain the rarely mentioned CEI, including the composition, the formation process, and the influence of the CEI layer on the battery capacity decline. Last, we illustrate the dissolution of iron at high temperatures and how it affects the battery capacity decline.



3.1.1. Irreversible Phase Transition


LFP is a typical phase change material featuring a two-phase system comprising a single lithium-poor phase, heterosite (FePO4), and a lithium-rich phase, triphylite (LiFePO4). Initially, the phase transition of LFP is viewed as a two-phase process; during the lithiation/delithiation processes, a grain of single-phase LFP turns into a two-phase structure of LFP/FePO4 with a sharp phase interface [23]. The stress may be exerted on the interface and the phase interface moved along the b-axis, parallel to the a–c plane [24,25]. Accordingly, pores and cracks gradually develop and expand with increased cycles [26,27]. SEM images reveal cracks and high porosity in the FePO4 layer due to significant molar volume changes, as shown in Figure 3a [28]. Cycling induces the separation of grain boundaries due to cracks, diminishing connectivity, and electrical contact between grains [29]. Consequently, high polarization is induced and leads to the degradation of battery capacity. In addition, due to the low ionic and electronic conduction of LFP, cracks are likely to cause certain portions of both old particles and newly formed LFP particles, as shown in Figure 3b, to shift slightly towards smaller grains in aged samples compared to fresh ones. These grains become electrochemically inactive, hindering their participation in the overall delithiation reaction within the electrode and consequently leading to a decrease in electrode capacity [27].



Theoretically, LFP does not exhibit excellent rate performance. However, nano LFP displayed good rate performance within the battery, contradicting the two-phase mechanism. To delve into the evolution of stress at the phase boundary, Cheng-Kai Chiu Huang et al. [30] developed the finite element model that incorporates the anisotropic lithium intercalation (deintercalation) mechanism. In this model, the increased mechanical stress at the two-phase interface during Li+ insertion is revealed. With the complete embedding of lithium into particles, the stress on its surface reaches the maximum, which may lead to the formation of cracks. Furthermore, the study investigates the relationship between C-rate and stress. The results indicate that under the same level of lithiation, particles have varying strain energies at different C-rate discharging conditions. This study further proves the different phase transition mechanisms of the LFP cathode. The solid solution mechanism is illustrated in Figure 3c. The primary distinction between the solid solution process and the two-phase process lies in the phase interface. The phase transformation of LFP appears to be influenced by its material characteristics and environmental factors [31]. To elucidate the development process of the metastable LxFP phase and its influence on the electrochemical properties, Ikuma Takahashi et al. [32] directly observed the phase transition behavior at 10C charge/discharge rate using operando XRD. The observed phase transition behavior is schematically shown in Figure 3d. During the charge reaction, a two-phase coexistence between the LFP and FP phases occurs. Conversely, during discharge, the metastable LxFP phase is formed and persists until the end of discharge. The asymmetric phase transition between LFP and FePO4 leads to decreased discharge capacity and increased irreversible capacity under high-rate conditions.
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Figure 3. (a) SEM image of cracks and pores in a delithiated LiFePO4 single crystal [28]; (b) particle size distribution for LiFePO4 [27]; (c) Schematic diagram of the solid solution process and two-phase process [31]; (d) phase transition behavior of LiFePO4 during charge and discharge at a high rate [32]. 






Figure 3. (a) SEM image of cracks and pores in a delithiated LiFePO4 single crystal [28]; (b) particle size distribution for LiFePO4 [27]; (c) Schematic diagram of the solid solution process and two-phase process [31]; (d) phase transition behavior of LiFePO4 during charge and discharge at a high rate [32].
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Compared with other cathode materials of LIBs, such as ternary material, the phase transition mechanism of the LFP battery is somewhat complicated, encompassing both a two-phase mechanism and the solid solution mechanism. The phase transition mechanism of LFP is influenced by factors such as particle size, the rate of lithiation/delithiation, and so on. In summary, both the two-phase phase transition mechanism and the solid–solution phase transition mechanism have impacts on the battery capacity decline during continuous cycles. For the two-phase mechanism, cracks and pores gradually develop and expand as the number of cycles increases, which leads to poor electric contact between grains or active particles and carbon. Consequently, high polarization is induced and contributes to capacity fading. In addition, for the solid solution mechanism, the phase transition from LxFP to the Li-rich phase is observed to be less likely to proceed further during discharge. This asymmetric phase transition results in a decrease in discharge capacity and an increase in irreversible capacity.




3.1.2. Formation of Cathode–Electrolyte Interface (CEI) Layer


Similar phenomena occur at the cathode; the passivation film grown on LFP during the first and subsequent charging process is called the cathode–electrolyte interface (CEI) film. Typically, it is thinner (around 5 nm for the LFP) than the SEI film. As mentioned above, the ion and electron conductivity of LFP is low, so commercial LFP batteries are usually coated with carbon and add carbon black (CB) as a conductive material [27]. The formed CEI layer at the electrode/electrolyte interface has a great effect on the degradation process. The layer may be a mixture of electrolyte decomposition products and carbon, such as Li-organic species and fluorophosphates. These components are anticipated to partially obstruct electrolyte passage, consequently elevating ionic resistance [27,33]. In addition, the structure of carbon agglomerates changes from quasi-crystalline to amorphous in aged batteries, which results in the electronic conductivity decreasing [34]. To gain a clear understanding of the formation and evolution of the LFP/electrolyte interphase, studies are also performed on non-carbon-coated LFP in the presence of LiPF6 in 1:1 EC: DMC(DC) electrolyte systems. The formation of a CEI layer involves various species, including Li-organic species, fluorophosphates, and LiF [35,36]. HRTEM results reveal that initially, there is no CEI layer on the electrode surface (state Ⅰ). However, upon charging to 4.2 V (state Ⅱ), a CEI layer forms with a thickness of 2.9 nm. Upon discharging to 2.5 V (state Ⅲ), the CEI layer thickness increases to 10.7 nm (Figure 4a). The schematic representation of the CEI layer formation process on the LFP electrode surface is shown in Figure 4b. Furthermore, during overcharging, electrolyte decomposition and formation of the inert layer of CEI are believed to contribute to capacity decay by consuming the Li+ in the system. The electrochemical impedance spectroscopy (EIS) results indicate that the impedance of the positive electrode is higher than that of the negative electrode, indicating that CEI contributes more to the impedance of the LiFePO4/graphite battery [37]. XPS reveals that higher temperatures promote the formation of organic species on the surface, and interphase growth accelerates the degradation of electrochemical performance by facilitating the accelerated loss of electrical contact within the electrode [38]. In summary, the formation of CEI deepens cathode polarization, potentially explaining the loss of lithium inventory, particularly in overcharged and high-temperature states. Therefore, it can affect the rate performance and reversible capacity of LFP/graphite batteries [39].




3.1.3. Dissolution and Deposition of Iron


High temperature is the main reason for iron dissolution. At 55 °C, the aged LFP cathode displays that Fe2+ is dissolved from the positive active material and reduced to iron on the surface of the carbon-negative electrode. However, such an effect is not observed for cathodes aged at −20 °C [40]. A schematic representation of an LFP/graphite Li-ion cell and the chemical reactions contributing to cell failure are depicted in Figure 5 [41]. The dissolution of iron and its subsequent influence on the battery can be divided into the following steps: (1) LiPF6 hydrolysis producing HF; (2) HF corrosion on the LFP surface; (3) the solvation of Fe2+; (4) the reduction of solvated Fe2+; and (5) potential impairment to SEI, resulting in SEI thickening and gas evolution. During charging, dissolved Fe2+ migrates to the anode and is reduced to Fe, which is deposited on the anode surface. These iron deposits hinder the Li+ intercalation into the graphite anode, leading to the inaccessibility of the graphite layers [42]. Additionally, charge transfer resistance (Rct) analysis using EIS confirms the obstacle of Li+ intercalation, contributing to capacity fade in cells cycled in Fe-containing electrolytes [43]. Moreover, these deposits accelerate electrolyte decomposition and aggravate surface structural disorder in graphite by catalyzing the reduction of some organic SEI components, resulting in a thicker SEI layer [44]. The loss of active lithium ions leads to a decline in battery capacity [45]. In conclusion, both effects contribute to capacity fade upon cycling, resulting in the loss of lithium inventory at the anode and increased electrode polarization [46].





3.2. Degradations at the Graphite Anode


Although there have been some reports about the aging mechanism of graphite anode for LIBs before, here, we just review the mechanism of one type of LIBs (LFP as cathode, graphite materials as anode) concretely, which was not reported. The degradations at the graphite anode involving the dissolution and transfer of iron from the LFP cathode to the graphite anode promote the electrolyte decomposition, the reformation or repair of unstable SEI, the attenuation of graphite active materials, and the formation of lithium dendrites (Figure 6).



3.2.1. Formation of Irreversible SEI Layer


As is well known, it is common for an SEI film to form at the negative electrode of LIBs. Undoubtedly, LFP/graphite Li-ion batteries are also inevitable. During the initial charge, the formation of an SEI precedes the intercalation of Li+ into the graphene inter-layers of the graphite anode. A robust SEI film, characterized by its stability, thinness, and compactness, is crucial for the chemical and mechanical integrity of the electrode. Its primary function is to passivate the electrode surface to significantly reduce electron transfer while allowing Li+ to pass through easily [47]. The protective film shields the electrode from solvent molecules and electrolyte anions, allowing only the intercalation and deintercalation of Li+ [48]. There are two principal sources of components deposited on the anode surface. The first source is the reduction of solvated Li+ at the anode/electrolyte interface, resulting in the deposition of insoluble Li salt species. The second potential source is organic products and dissolved Fe2+ from the LFP cathode as mentioned above, which can diffuse through the separator and deposit on the graphite surface [49]. The composition of the electrolyte [47] and external factors like temperature and current density have a great effect on SEI [50]. With the continuous cycle and the influence of various factors, there are three different mechanisms related to the growth and rearrangement of SEI: (I) Thermal failure. As mentioned above, we know that the Fe dissolution and deposit under high temperatures accelerate the decomposition of the electrolyte and the reformation/repair of unstable SEI in graphite. Furthermore, the battery generates heat through three mechanisms: ohmic heat, reaction heat, and reversible heat [51]. Especially in high-rate conditions, ohmic heat predominates, which results in the instability of the electrode/electrolyte interface and may lead to an unstable SEI layer on the exposed graphite anode surface [50]. (II) Chemical reaction. Some Li salts deposited on the anode surface dissolve in the electrolyte. This dissolution leads to the generation of new SEI species, repairing the defects on the film and consuming reversible Li. This process may contribute to the loss of Li+. This is especially more obvious at high temperatures [52,53]. (III) Micro cracks in the SEI film. Graphite particles undergo approximately a 10% volume change during charge and discharge, potentially causing SEI cracking due to particle expansion and contraction. This crack refreshes the anode surface, inducing the continuous reduction of electrolyte components to form new SEI films [54]. Overall, the formation of the SEI layer primarily causes Li+ loss, the main contributor to capacity loss [55,56,57]. Moreover, the SEI increases the charge transfer resistance or reduces the ion conductivity by its thickening, and it obstructs pores on the carbon anode electrode. This obstruction limits Li+’s accessibility to the anode surface, resulting in irreversibly increased capacity [49,50,55].




3.2.2. Structure Deterioration


The structure degradation of graphite anodes in commercial LIBs is related to cycling numbers and charge rates. Stress induced during the lithiation and delithiation initiates and propagates cracks. Figure 7a shows that these cracks occur along grain boundaries [58]. During the long-term cycling, the micro-cracks expand, causing volume expansion of the graphite particle and the overall cell volume [59]. Figure 7b illustrates the SEM images of fresh and cycled anodes, revealing cracks occurring on the graphite particles after cycling, indicating the physical damage caused by the inherent volume change [58]. Particularly, higher charge rates increase the likelihood of anode electrodes cracking, given graphite’s higher tensile strength [54]. In addition, the EDS spectra and related test results of the surface of the anode electrodes are shown in Figure 7c [54]. No signal for F and P was observed on the fresh electrode, signals indicative of F and P were present on all cycled electrodes, and O, F, and P elements are the major components of SEI films, as mentioned above. So, we can draw the conclusion that the uninterrupted volume change among graphite particles leads to the generation and agglomeration of composites [60]. These composites may be the result of the recombination/repair of the SEI layer and the reaction of electrolytes with the newly exposed anode surface [61]. Cycled graphite internal structural analyses of full XRD pattern spectra and the characteristic (002) peaks plot (Figure 7d,e) confirm graphite expansion and rupture during repeated lithiation/delithiation processes [62]. The volume changes introduce irreversible damage to the SEI layer, leading to carbon negative/electrolyte interface instability, suspected as the cause of lithium inventory loss. Since battery capacity hinges on active lithium quantity, the capacity loss directly correlates with the loss of active lithium [63]. In conclusion, the structural degradation of the graphite anode prompts active Li+ consumption for SEI film repair and side reactions and causes the loss of active material due to the material expanding and rupturing.




3.2.3. Growth of Lithium Dendrites


The lithium plating reaction of LFP batteries most likely first occurs at the anode–separator interface, which is greatly affected by the lower ambient temperature and higher current rate. These factors influence both the kinetics and the diffusion rate of Li+, leading to the deposition of lithium on the anode electrode’s surface (Figure 8a) instead of Li+ intercalating into the graphene interlayers. Lithium is easier to deposit owing to the decreased solid diffusion coefficient and lower anode potential at low temperatures. Furthermore, lithium deposition may break the SEI film at a high current density owing to stress, which will repair the SEI film and increase its thickness [64]. Consequently, the electrolyte reacts with lithium to produce a new SEI film on the deposited lithium surface, exacerbating the loss of cycled lithium and thickening the SEI film once more [65], and the increased thickness elevates resistance (Figure 8b) [66]. Non-uniform lithium deposition on the anode surface may cause protrusions on the SEI film [67]. Over time, some of these protrusions can develop into lithium dendrites, capable of piercing the separators and causing internal short circuits, which significantly risks battery safety. Moreover, as lithium plating progresses, portions of the deposited lithium may fracture and detach. When the deposited lithium is completely wrapped by the insulating SEI, it cannot be reversed to active lithium, which leads to a continuous decrease in the lithium source in the battery and a decrease in battery capacity [65,68]. A framework combining incremental capacity analysis (ICA) and model simulations quantified that the pace of loss of lithium inventory quadrupled with the emergence of lithium plating [69]. Additionally, the active material encapsulated by the deposited lithium experiences part volume expansion, resulting in an increase in mechanical stress [66,68]. This stress can induce the active material cracking during cycling, resulting in further reduction in anode capacity. In conclusion, lithium dendrite deposition can lead to the loss of cyclable lithium and cause an internal short circuit, resulting in severe capacity degradation and safety hazards for LFP batteries.






4. Enhancement Strategies


The capacity fade of LFP batteries primarily stems from several factors, including phase transition, CEI layer formation, Fe dissolution from cathode active materials, the decomposition of electrolytes, SEI film thickening, structure deterioration of anode materials, and lithium dendrite growth. Consequently, in order to improve the electrochemical performance of LFP batteries, three main aspects can be optimized: cathode, anode, and electrolyte (Figure 9).



4.1. Doping


Given that electrons preferentially transport along the ac plane while Li+ diffuses along the b-axis direction in LFP, it is reasonable to assume that the doping effect on electron and ion conduction may vary by site [70,71]. Both X-ray absorption experiments [72] and first-principles calculations [73] indicate that doping enhances electronic conductivity. Various doping types, such as lithium site substitution, iron site substitution, and polyanion doping, are helpful in improving the structural stability of LFP, which increases the Li+ diffusion coefficient and reduces the charge transfer resistance. The enhancements significantly impact electrochemical performance, even in extreme environments.



4.1.1. Lithium Site Substitution


Substituting Li+ with other metal ions significantly enhances the electrochemical performance of LFP. First-principle calculations reveal that substituting Li+ with Na+ not only enhances electronic conductivity but also improves ionic transport characteristics, making it more favorable for high-rate performance compared to pure LFP [74], so the sample substituting Li+ with an appropriate amount of Na+ showed superior cycle stability and improved rate capability, e.g., Li0.99Na 0.01FePO4 demonstrated remarkable capacity retention, maintaining 86.7% after 500 cycles at 10C. This performance can be attributed to its unique ac facet morphology and expanded lattice parameters in a and c. Meanwhile, introducing a suitable amount of Na significantly reduces the charge transfer resistance, as illustrated in Figure 10a [75,76]. Moreover, Nb doping was observed to widen the one-dimensional diffusion channels of Li+ along the [010] direction, thus enhancing Li+ diffusivity. With its various valences, Nb tends to induce n-type doping, thereby improving the electron conductivity of the materials. The improved electrochemical performance indicates that the Nb doping can enhance the electrochemical property of LFP/C [77]. Compared with pristine LFP, the Li1−x−vVxFePO4 shows higher capacity (Figure 10b) and conductivity, which are attributed to the substitution of V at the Li site and the consequent generation of Li vacancies. This was confirmed by ex-situ X-ray absorption near edge structure (XANES) results, as shown in Figure 10c [78]. It is also because of the increased concentration of lithium vacancies; the LFP cathode material, upon partial substitution of lithium by aluminum, improved the electrochemical performance [79]. In addition, defects were generated with two positive charges after Y3+ substituted Li+ and iron atomic holes were generated, leading to positive hole conduction, which reduced the material’s resistance and enhanced its conductivity. Meanwhile, the grain size of Y-doped LFP decreased, and its grain morphology became more uniform compared to undoped LFP, as illustrated in Figure 10d,e, which increased the Li+ diffusion and improved the conductivity, so the electrochemical performance improved [80]. Tian et al. [81] prepared a series of samples of lanthanum-doped Li1–xLaxFePO4 by the solid-state synthesis method. The optimum sample, Li0.99La0.01FePO4 showed higher capacities and better long-term stability than other cells. The roles of La include reducing particle size to the nanoscale, enhancing electrical conductivity, and affecting charge transfer resistances in cells based on the doping amount. In comparison to pure LFP, the unit-cell parameter and volume of Li0.98Cu0.01FePO4 are both reduced. This is due to the smaller ion radius of Cu 2+ compared to Li+, resulting in a decrease in the length of the c-axis. Additionally, the stronger binding force between Cu 2+ and O2− compared to Li+ and O2− leads to the shrinkage of the unit-cell volume of Li0.98Cu0.01FePO4. These reasons cause the electrochemical performance of Li0.98Cu0.01FePO4 to be better than LFP [82]. Similar to the influence mechanism of Cu doping, doping with 1% Ti4+ (molar fraction) improves electrochemical performance, delivering an initial specific capacity of 146.7 mAh/g at a 0.3C rate. Electrochemical impedance results indicate that doping an appropriate amount of Ti4+ significantly reduces the charge transfer resistance of the sample (Figure 10f) [83].



All in all, the influence mechanisms of doping Na, Y, V, Cu, etc., at the Li site include widening the one-dimensional diffusion channels for Li+, inducing lithium vacancies in the crystal structure, reducing the grain size and making the grain morphology more regular, and shrinking the unit-cell volume, which enhances the electrochemical performance greatly. However, excessive guest ions doped on Li sites may block the diffusive path of Li+ since the diffusion coefficient of Li+ is primarily fast along the tunnel c-axis [84]. This is also the reason why different amounts of guest ion doping are studied.




4.1.2. Iron Site Substitution


Substituting cations at the Fe site (M2 site) in LFP typically leads to higher ionic mobility and Li+ diffusion coefficients. This is attributed to the cell volume expansion and weakened Li-O interactions, a phenomenon known as the pillar effect. It reinforces the layered crystalline structure, preventing collapse during the lithiation/delithiation. Weakened Li-O interactions reduce charge transfer resistance, enhancing cyclic reversibility. In addition, first-principle calculations indicate that metal ion doping at the Fe site facilitates Li+ diffusion along the 1D pathway, increasing electronic and ionic conductivity [85]. For example, Zn and Ru doping preserve LFP’s lattice structure, providing a more stable lattice structure, and the doped atoms protect the LFP crystal from shrinking during lithiation/delithiation. This kind of “pillar’’ effect expands space for Li+ movement, thus improving conductivity and Li+ diffusion coefficients. These enhancements ultimately boost the discharge capacity and rate capability of LFP [86,87,88]. The olivine-type LFP structure and the doping sites of V atoms on Fe atoms are depicted in Figure 11a [89]. Vanadium doping reduces the barrier of Li+ diffusion along the one-dimensional channel in both LiFePO4 and FePO4 phases (Figure 11b). Structural analysis reveals that the lower diffusion barrier is closely tied to the volumetric expansion of the diffusion channel. Proper V doping refines the LFP particle size, induces lattice distortion, and weakens the Li-O bonds, thereby enhancing Li+ diffusion and electronic conductivity, resulting in improved electrochemical performance of LFP/C composites (Figure 11c) [90]. Co-doping strengthens the PO4 structure and also weakens the Li-O band, thus leading to the superior electrochemical performance of the LiFe0.99Co0.01PO4/C composite [91]. Cupric substitution enlarges the interplanar distance of planes parallel to the [010] direction of the LFP crystal, widening the diffusion channels of Li+ along the same direction. Cupric ion-substituted LFP/C composites exhibit improved electrochemical activity for Li+ storage compared to LFP/C [92]. The LiTi0.08Fe0.92PO4 cathode demonstrates enhanced specific capacities, higher capacity retentions, and good rate capabilities (Figure 11d), likely owing to the improvement in ionic migration pathways formed by the strategically placed NASICON particles between the olivine particles [93]. An appropriate amount of Mo doping at the Fe site preserves the olivine structure of LFP while significantly enhancing Li+ diffusion compared to the undoped materials [94]. Similarly, appropriate Mn2+ doping increases electronic and ionic transportation, enhancing the performance of LFP/C under extreme conditions [95,96]. However, the large radius and poor intrinsic kinetic properties of Mn in LFP/C lead to a negative cooperative effect, where the large radius benefits charge transfer but the poor intrinsic kinetic properties hinder electrochemical reactions [97]. Doped Ni reduces electrode polarization and electrochemical impedance compared to pure LFP, achieving a specific capacity of 175.8 mAh·g−1 at 0.2C after sufficient activation, surpassing the theoretical value of 170 mAh·g−1 (Figure 11e) [98]. Rh substitution enhances the rate capability of LFP/C, with the LiFe0.975Rh0.025PO4/C sample demonstrating a high-rate performance and a longer cycling life than LFP/C at high temperatures [99]. Ce doping optimizes crystal microstructure and particle size, decreases charge transfer resistance, and improves electrical conductivity and Li+ diffusion rate in LFP/C. The LiFe0.9Ce0.1PO4/C has good cycle performance; that is, the capacity retention ratio is 99.6% after 100 cycles of 1 C [100]. Furthermore, proper Sm doping at the Fe site improves electronic conductivity and Li+ diffusion while reducing charge-transfer resistance [101].



In conclusion, substituting iron ions is a straightforward method for enhancing both the structural stability and electrochemical properties of LFP cathode materials, and it can enhance their performance even in extreme environments. Moreover, to further enhance the electrochemical performance through synergistic effects, co-doping at the Fe site has been adapted, such as co-doping Ni and Mn at the Fe site, co-doping Ti and V at the Fe site, etc. [102,103]. However, similar to the lithium site substitution, the amount of element doping is too much; it could hinder the Li+ diffusion during the cycle, which would have a negative impact on electrochemical performance. Therefore, it is very important to carefully adjust the amount of substitution in the synthesis process to optimize its properties.




4.1.3. Polyanion Doping


Polyanion doping has been used to improve the properties of LFP materials, significantly influencing the stability of LFP’s crystal structure, Li+ insertion/extraction rate and pathway, and electronic conductivity. Doping can occur at the P site and O site. Fluorine doping induces the closure of gaps in the electronic structure, thereby improving the conductivity properties of the doped compound. Rietveld refinement analyses indicate that fluorine ions preferably occupy specific oxygen sites [104]. Owing to the distinct ionic radius and electronic configurations of F− and O2−, fluorine doping can modify lattice parameters, increase lattice volume, adjust interatomic distances, narrow the band gap, and reconfigure the electron cloud, resulting in enhanced high-rate performance and cycling stability, reduced polarization, decreased charge transfer resistance, and an improved diffusion coefficient of Li+. The fundamental rationale behind the enhanced electrochemical performances lies in F doping’s ability to boost electronic conductivity, accelerate the Li+ diffusion coefficient, and maintain structural stability [105,106]. In addition, the F-doped samples exhibit significantly improved cycling life at elevated temperatures compared to the undoped sample (Figure 12a) [107]. Cl doping enhances the electrochemical reaction during cycling, thereby improving high-rate performance primarily through enhanced Li+ diffusion, which is facilitated by Cl−’s incorporation into the lattice of the olivine structure, weakening Li-O bonds [108,109]. Additionally, Cl doping effectively alters the microstructure, enhances structural stability, and boosts rate performance (Figure 12b) [110]. S doping in the LFP matrix expands the lattice due to the larger ionic radius of S2− compared to O2−, which also suppresses     F e   L i   .     antisite defects in Li+ diffusion channels. These defects promote the easy migration of Li+ without channel blockage, leading to enhanced electrochemical properties. As a result, S-doped LFP nanoparticles exhibit improved electrochemical properties, with a high discharge capacity of ~113 mAh g−1 even at a high rate of 10C [111]. Moreover, sulfur doping in LFP material can also improve its performance at high temperatures. The LiFePO3.98S0.03 cell demonstrates nearly identical discharge capacities (~155 mAh g−1) across all temperatures studied, exhibiting stable behavior [112]. With boron doping LFP at the P site, the proper amounts of B can decrease the particle size and agglomeration relatively, improve Li+ diffusion coefficients and electronic conductivity, and enhance discharge capacity, cycling stability, and rate performance. However, excessive B doping may induce oxygen defects in the material, leading to reduced active lithium content and unfavorable electrochemical performance [113,114]. Regarding N doping in LFP, first-principle investigations reveal that substituting nitrogen for oxygen on the (010) surface of LFP (Figure 12c) is energetically favorable, which can significantly reduce the band gap of LFP, indicating improved electronic conductivity. Research indicates that on pure LFP (010) surfaces, the substantial intrinsic activation energy of Li+ diffusion impedes rapid Li transport. Nevertheless, this barrier can be significantly diminished through nitrogen surface modification (Figure 12d). N doping on the LFP (010) surface holds the potential to enhance both its electron conductivity and ion diffusion characteristics [115,116].





4.2. Coating


Above all, the doping of lithium site substitution, iron site substitution, and polyanion doping on LFP are pivotal in improving electrochemical performance, including rate performance and cycle stability. In addition, they bolster structural stability and enhance performance even in extreme environments, etc. In order to further improve the electrochemical performance through synergistic effects, co-doping or co-substitution at the Fe site was adopted, as mentioned above. Similarly, co-doping at the Li site and Fe site, co-doping at the Fe site, polyanion doping, and various combinations of the three kinds of doping were adopted to improve the performance [85,117,118,119]. Of course, doping with other elements to improve the electrochemical performance of LFP is also worth studying.



As is well known, the low intrinsic electronic conductivity of LFP and the low diffusion coefficient of Li+ are primary limitations hindering its industrial application. Surface coating with electronically conductive layers has proven remarkably effective in boosting the electronic conductivity of this material. Various coating materials, such as carbon, metal, metal oxide, conducting polymers, etc., have been explored to enhance the performance.



4.2.1. Carbon Coating


Carbon coating stands out among various coating materials for its exceptional conductivity, electrochemical stability, affordability, and ease of application. This approach significantly enhances electronic conductivity and the kinetics of lithiation and delithiation, and avoids the aggregation of nanoparticles. The carbon-coating effectively prevents the agglomeration of the nano LFP, ensuring that embedded LFP primary nanocrystallites receive electrons and Li+ from all directions. The high-rate performance and cycle stability of the LFP@C composite are mainly attributed to its uniform coating morphology and low contact resistance between active material particles [120,121]. To further enhance the performance of carbon coating, some improved methods were adopted, e.g., coating Super P (SP) on LFP/C enhances the surface area and pore structure. The optimized LFP/C-SP5 cathode exhibits a capacity of 165.6 mAh/g at 0.1C and exceptional rate performance with a capacity of 59.8 mAh/g at 10C [122]. Additionally, using calcium lignosulfonate as one of the carbon sources results in the formation of a thin layer of calcium-doped carbon on the surface of LFP particles, which is expected to reduce side reactions between LFP and electrolytes and improve electrode stability. Compared to the LFP/C samples prepared by the solid-state method, derived LFP/C composites demonstrate excellent rate performance, cycle life, and low-temperature capability (Figure 13a) [123]. The attachment of fluorine-doped carbon (FC) onto the surface of LFP particles creates a three-dimensional (3D) conductive network structure, fostering excellent grain-to-grain electrical contact, minimizing Li+ diffusion distance between grain interfaces, and facilitating rapid electron transfer during charge/discharge. This configuration results in exceptional electrochemical performance in LIBs, with superior rate performance and cycling stability (Figure 13b) [124]. Additionally, nitrogen-doped carbon networks surrounding lithium iron phosphate nanoparticles promote the transfer of Li+ and electrons throughout the electrodes, reducing internal resistance and enhancing LFP’s efficient utilization (Figure 13c) [125]. Moreover, boron-doped carbon coating introduces significant defects, enhancing the electronic conductivity of LFP. Consequently, the boron-doped composite exhibits superior rate capability and cycle stability compared to the undoped sample, maintaining a high capacity of 126.8 mAh g−1 even at a high rate of 10C, with a capacity retention ratio of about 98.2% after 100 cycles [126]. Last but not least, highly graphitized advanced carbon materials (carbon nanotubes, graphene, etc.) possess exceptional electronic conductivity, high specific surface area, and excellent structural stability, making them superior to traditional carbon materials for coating LFP and addressing rate performance limitations [11], e.g., multilayer graphene films decorating carbon-coated LFP nanospheres create a unique 3D “sheets-in-pellets” and “pellets-on-sheets” conducting network structure, rich in mesopores, enhancing rate and cyclic performance by promoting electronic and ionic transport (Figure 13d) [127]. Carbon nanotubes embedded within LFP nanoplates, with graphene nanosheets coating the surface, form a crosslinked three-dimensional mixed conducting network, accelerating both electron conduction and ion diffusion, resulting in significant improvements in specific capacity and cycling performance (Figure 13e) [128]. Furthermore, a biomimetic composite comprising litchi-like LFP spheres assembled with 20 nm nanoparticles and reduced graphene oxides (rGO) facilitates short electron transfer pathways within and on the surface of LFP spheres, exhibiting high capacity, good coulombic efficiency, and high capacity retention even at −5 °C (Figure 13f) [129]. However, excessive carbon negatively affects tap density and energy density, underscoring the need to optimize carbon content during the coating process. Among the carbon-coated samples, LFP/C composites with 1.65 wt% carbon display the best initial discharge capacity and coulombic efficiency, attributed to the low Rsf value and preferential orientation of the (010) plane [130].




4.2.2. Other Layers


Besides carbon coating, metal, nonmetal, metal oxide, nonmetal oxide, phosphide, etc., can also be used as modification materials on the surface of LFP materials, which have a great effect on the electrochemical performance. Compared to pristine LFP/C, the Sn-coated LFP/C exhibits improved electric contact among particles, significantly reduced charge-transfer resistances, and enhanced Li+ diffusion rates, particularly at low temperatures. Furthermore, the Sn-coating layer shields the active materials from chemical attack by HF, thereby mitigating the dissolution of Fe from LFP in LiPF6-based electrolytes [131]. Moreover, uniformly dispersing small fractions of silver (approximately 1.37 wt%) throughout the LFP film enhances electrical conductivity, resulting in a favorable combination of moderate specific capacity, stable cycling, and notably, exceptional tolerance against high rates and over-charging and -discharging [132]. The surface modification of the nano-sized Si with a crystalline Si core and amorphous Si shell yields reduced coarsening, improved rate performance, and enhanced cyclic performance at high current densities, particularly at elevated temperatures (Figure 14a). Moreover, the surface modification of nano Si protects the active material from undesirable side reactions between the electrolyte and electrode, consequently suppressing the degradation of LIBs [133].



The typical oxide coatings enhance the cycle stability, rate performance, and low-temperature capabilities, decreasing the capacity fading. SiO2 on the LFP particle surface effectively prevents direct contact with the electrolyte solution, improving structural stability, reducing interfacial resistance, and enhancing Li+ conductivity. It also regulates Li+ insertion into the lattice, enhancing the order of Li+ occupation in the outer lattice of the particle [134]. CeO2-coated and V2O3-modified LFP/C cathode significantly improved electrochemical performance at low temperatures and rates. This improvement is attributed to reduced electrode polarization, enhanced electrical contact between cathode grains and the current collector-to-particles, and increased charge-transfer reaction activity at the LFP/C-electrolyte interface [135,136]. The positive surface modification effect of the SnO2 layer reduces material degradation during charging/discharging cycling, exhibiting excellent lithium intercalation reversibility in modified LFP, demonstrating outstanding coulombic efficiency, almost reaching 100% (Qdc/Qc), compared to the 97% efficiency of pure LFP [137]. Significant improvements in capacity and cycling stability at high charge/discharge rates can be achieved by nano-sized CuO and carbon co-coatings. The capacity fading of the CuO/C-LFP electrode is reduced to 1.6% after 20 cycles at a 1C rate [138]. Furthermore, metal composite oxide and ion-doped metal oxide coatings provide a new idea. ZnAl2O4 coating has many advantages, as follows: it enables the rapid and enhanced diffusivity of Li+ into the LFP surface, enhances resistance to HF acid attack, improves chemical and thermal stability, reduces ohmic (Rs) and interfacial resistance (Rct), and decreases chemical diffusion resistance at the solid–electrolyte interface region. Essentially, ZnAl2O4 coating significantly enhances the stability of the crystal structure and provides additional conduction pathways for lithiation/delithiation [139]. Surface treatment with aluminum-doped zinc oxide (AZO) coating greatly enhances the rate capability and low-temperature capabilities of LFP (Figure 14b), which can be assigned to the electrically conductive coating, increasing the electronic conductivity of LFP and the tap-density of LFP [140].



Nitrides, carbides, fluoride, phosphide, and phosphate were also utilized as surface modification materials for LFP. Nano-sized TiN particles, along with an amorphous carbon layer, formed an integrated network on the LFP surface, improving electrode activity and kinetics, resulting in reduced charge transfer resistance and an improved Li+ diffusion coefficient, which effectively enhances the discharge capacity and cycle stability, particularly at high rates (Figure 14c) [141]. Compared with the pristine LFP/C, Ti3SiC2-modified LFP/C samples exhibited lower charge-transfer resistance and higher Li+ diffusion coefficients, especially for the 4 wt% Ti3SiC2-modified samples at low temperatures, attributed to the conductive “bridge” effect facilitated by well-dispersed Ti3SiC2 [142]. LiF modification enhanced Li+ diffusion into the lattice due to better crystallinity and smaller particle size, achieving a high-rate capacity of 112.2 mAh g−1 at 10C, with stable cycling performance for LFP [143]. The electronic conductivity of the LFP/Fe2P composite increased with the Fe2P phase amount, particularly evident in the sample containing 8% Fe2P, showing high discharge capacity and rate capability at high current densities (Figure 14d) [144]. In addition, the co-coating effect of phosphate and carbon on the LFP cathode surface also has been studied and was shown to protect LFP from electrolyte corrosion and enhance its ion and electron transport ability, thereby ensuring its stability and increasing its capacity retention and rate performance [145,146,147].



Conductive polymers have garnered significant attention in recent decades for their unique semi-conducting and optoelectronic properties. The combination of LFP with conductive polymers has emerged as a promising avenue, enhancing electronic conductivity and Li+ surface exchange, especially showing good electrochemical performances in a wide temperature range. Composites such as Polypyrrole (PPy)/Polyethylene glycol (PEG) coatings on LFP particles improve electron transport via the resulting polymer network and Li+ exchange, leveraging PEG’s excellent salt dissolving property. This configuration ensures stable and reversible capacity, achieving a high capacity of ca. 100 mAh g−1 even under high-rate cycles of 5C [148]. Similarly, the coating of polythiophene (PTH) significantly improves LFP’s electronic conductivity, facilitating charge transfer reactions. The 10.56 wt.% LFP/PTh composite exhibits superior cycle ability and excellent rate capability (Figure 14e) [149]. Nanosized LFP particles coated with a uniformly thin polyacene (PAS) layer exhibit low polarization and excellent electrochemical performance across a wide temperature range of −20 °C to 60 °C [150]. In addition, conductive polymers and carbon co-coated LFP composites were also studied, as shown in Figure 14f. Compared with the PAS-coated LFP, the PAS/carbon-coated LFP showed lower charge transfer resistance (Rct) and a higher Li+ diffusion coefficient due to the double coating layer (PAS and carbon) and the small grain size. The dual PAS/carbon coating layer enhanced both initial discharge capacity (161.7 mAh g−1 at 0.2C) and capacity retention (99.7% after 50 cycles), ensuring ideal conductivity, electrolyte wetness, and the hindrance of direct contact between electrolyte and active particles [151]. Meanwhile, a novel electrode of free-standing poly (3,4-ethylenedioxythiophene) (PEDOT)-LFP composite films was successfully developed, eliminating electrochemically inactive materials (carbon, polymer binder, and current collector) commonly adopted in conventional cathodes. Despite this, the high discharge capacity of ~160 mAh g −1 is preserved, considering the relative amount of LFP in PEDOT-LFP film, offering a promising avenue for the exploration of ionic/electronic conducting support structures for LFP particles [152].
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Figure 14. (a) Cycling performance of LiFePO4@C and LiFePO4@C/Si at 1 C under 60 °C between 2.5 and 4.3 V [133]; (b) initial discharge curves of undoped-LiFePO4 and AZO-LiFePO4 powders tested at −20 °C [140]; (c) cycling stability of 5 wt% TiN-LiFePO4/C and LiFePO4/C at the current rate of 1C [141]; (d) electronic conductivity of LiFePO4/Fe2P composite as function of Fe2P concentration and an initial discharge capacity at C/20 and C/1 current rate (between 2.5 and 4.3 V) [144]; (e) the rate and cycling capability of bare LiFePO4 and LiFePO4/PTh composite at various C rates [149]; (f) schematic diagrams of the double coating process of PAS/carbon-coated LiFePO4 [151]. 
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As mentioned above, the carbon material is the main coating method, which leads to a great improvement in electronic conductivity directly, delivering better rate capability and cycle stability. However, carbon coating cannot improve the electrochemical performance at low or elevated temperatures and other conditions. Therefore, metal, nonmetal, metal oxide, nonmetal oxide, phosphide, etc., can also be used as modification materials on the surface of LFP, which protects the active material from undesirable side reactions between the electrolyte and electrode, shows higher rate performance and better cycle stability, particularly at low or elevated temperatures, and decreases capacity fading. So, we can conclude that the coating is an effective way to enhance the electrochemical performance of LFP.





4.3. Microstructure Control


The reduction in particle size of olivine LFP is widely acknowledged as an effective approach to enhance electrochemical performance, which shortens the Li+ and electron transportation path, alleviating strain during the phase transition of LiFePO4 and FePO4. Additionally, it has been noted that the rate capability of LFP is predominantly influenced by its specific surface area, further emphasizing the effectiveness of minimizing particle size. Delacourt et al. [153] synthesized carbon-free LFP powders with a narrow particle size distribution of around 140 nm, resulting in exceptional electrochemical performance, showing a discharge of 147 mAh g−1 at a 5C rate with negligible capacity fade over 400 cycles. In addition, LFP nanoparticles, synthesized via a polyol process, exhibited various shapes such as nanorods and nanoplates, with an average size of 300 and 100 nm, respectively. The decrease in particle size was evident in the initial discharge curve, with a capacity of 168 mAh g−1 at the 0.1C rate, reaching 98% of the theoretical specific capacity [154]. Moreover, carbon-coated LFP particles with reduced size, a geometric mean diameter of 146 nm, and a geometric standard deviation of 1.4, demonstrated first discharge capacities of 165 mAh g−1 at 0.1C and 105 mAh g−1 at 20C while maintaining excellent rate performance with no capacity fading after 100 cycles across various rates from 1 to 60C owing to the decreased particle size [155].



Controlling morphology is another effective method for enhancing the electrochemical performance of LFP. A hollow structure (Figure 15a) provides a shorter pathway for Li+ diffusion and void space to accommodate stress induced by volume changes during cycling, improving electrode stability and Li+ diffusivity, leading to the enhanced rate capability and cycle performance (Figure 15b) [156,157]. In addition, porous electrode materials (Figure 15c) offer a large specific surface area and porous structure, enhancing the contact between electrolyte and active material and the structural stability during the cycling processes and reducing Li+ diffusion length for lithiation/delithiation. Therefore, the porous electrode shows good cycle stability and exceptional rate performance (Figure 15d). They are regarded as promising methods for enhancing LFP electrode performance [158,159].



All in all, the enhanced strategies of doping, coating, and microstructure control all have great effects on the electrochemical performance of LFP cathodes. Among them, the methods of reducing the size and carbon coating are the most economical and direct and also the simplest, which greatly affects the conductivity and the Li+ diffusion coefficient, showing better cycle stability and rate performance. The properties of LFP cathode materials are affected not only by their own structures but also by the side reactions between the material particles and the electrolyte interface. However, suitable doping and coating can significantly improve the electrochemical properties and temperature adaptability of LFP.




4.4. Electrolyte


We described the methods of cathode modification as mentioned above. Meanwhile, the modifications of electrolytes are also crucial for enhancing the electrochemical performance of LFP cathode materials or achieving certain functions of batteries. While the precise composition of mixed solvent may vary, a fundamental mixture typically includes ethylene carbonate (EC) with a cyclic structure, alongside one or more dialkyl carbonates with a linear structure: dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethylmethyl carbonate (EMC) [160]. However, the abundance of flammable organic solvents poses a safety problem for batteries [161]. Meanwhile, LiPF6 is the predominant lithium salt utilized in commercialized LFP batteries due to its superior ionic conductivity, favorable electrochemical window, and beneficial interface formation properties on graphite anodes and Al current collectors compared to other lithium salts. Nevertheless, LiPF6 is susceptible to degradation in organic carbonate solvents, especially under elevated temperatures or catalyzed by traces of water in the electrolyte. The resulting decomposition products, HF and PF5, can dissolve metal moieties in cathode materials and react with carbonate solvents, thus diminishing battery capacity and increasing impedance [162]. Consequently, there is an urgent need to develop a new electrolyte system with enhanced thermal and electrochemical stabilities for LFP batteries.



Firstly, significant efforts have been devoted to advancing the core technology of novel lithium salts for LFP batteries. Lithium bis (trifluoromethanesulfonylimide) (LiTFSI) emerges as a promising alternative to Li salt due to its high stability against water and heat. However, its strong corrosion tendency on the Al current collector (around 3.7 V vs. Li+/Li) is fatal [163]. Li et al. [164] discovered that incorporating an appropriate amount of lithium difluoro (oxalate) borate (LiODFB) into the LiTFSI electrolyte effectively mitigates aluminum corrosion. Furthermore, LFP-based batteries utilizing LiTFSI0.6-LiODFB0.4-based electrolytes exhibit superior cycling stability and rate capability compared to those using LiPF6-based electrolytes (Figure 16a). In addition, synergistic effects between lithium bis(fluorosulfonyl)imide (LiFSI) and lithium bis-oxalato borate (LiBOB) salt in LiPF6/EC/EMC electrolyte were investigated by Zhang et al. [165]. Incorporating 0.2 mol L−1 of LiFSI into 1.0 mol L−1 LiPF6-based electrolytes effectively enhances the cycling stability and rate performance of the graphite anode. However, the LFP cathode faces challenges in cycling due to severe corrosion of the aluminum current collector by LiFSI. To address this issue, 0.2 mol L−1 LiBOB was introduced, effectively passivating the aluminum current collector and suppressing the corrosion caused by FSI anions. Additionally, LiFSI aids in reducing high impedance at the electrode/electrolyte interface arising from LiBOB salt. Consequently, full cell tests of LFP cathodes and the graphite anodes based on the LiPF6/LiFSI/LiBOB ternary-salt system demonstrated a commendable capacity retention ratio of approximately 84.3% after 200 cycles at 1 C rates, with a high average coulombic efficiency exceeding 99.8%. Furthermore, a novel single-ion gel polymer electrolyte emerges as a promising candidate for next-generation LIBs. The single-ion gel polymer electrolytes, including EC/DMC swollen polymeric lithium pentaerythrite borate (PLPB)@poly(vinylidenefluoride-co-hexafluoropropene)(PVDF-HFP) and polymeric lithium di(trimethylolpropane) borate(PLDB)@PVDF-HFP, exhibit favorable ionic conductivity across a wide temperature range, superior electrochemical stability, significantly high amounts of lithium ions, and effective Al passivation. LFP batteries utilizing these single-ion conducting electrolytes demonstrate stable charge/discharge behavior and outstanding cycle performance, both at room temperature and elevated temperatures [166].



Secondly, incorporating functional additives stands out as a highly effective and economical means to optimize electrolyte composition and improve the performance of LFP batteries. The SEI protecting layer emerges as a crucial factor for facilitating rapid kinetics and broad temperature suitability, particularly for enabling the fast charging of cells with graphite as anodes. Novel electrolyte additives such as fluorosulfonyl isocyanate (FI) [167] and tetraethylammonium tetrafluoroborate (TEABF4) [168] have been introduced to promote the formation of a conductive SEI film on the graphite surface, leading to a significant reduction in resistance at the graphite/electrolyte interface. Consequently, Li/graphite cells with the two additives both exhibited better rate performance, and LFP/graphite cells displayed better electrochemical performance, which was caused by an effective and stable SEI film at the electrolyte/electrode interface. Trimethyl borate (TMB) [169] and Tris(trimethylsilyl) borate (TMSB) [170] are effective electrolyte additives for enhancing the high-temperature performance of LFP cells due to the enhanced thermal stability of the electrolyte. Notably, among the tested TMB concentrations, the highest (0.1 M) concentration yields optimal performance, showcasing significantly higher capacity retention and mitigated thermal decomposition of the LiPF6-based electrolyte after 100 cycles at 60 °C in tested cells, resulting in a reduced capacity fade of only 47%. Additionally, LFP batteries employing a composite LiPF6-based electrolyte containing 1 wt% TMSB additive demonstrate superior discharge retention and enhanced cycling performance compared to those without TMSB additive at both 30 °C and 55 °C. Low temperature has great negative impacts on LFP batteries. Consequently, various electrolyte additives, including organic (fluoroethylene carbonate (FEC)) [171] and inorganic (sodium chloride (NaCl)) additives, have been proposed to ameliorate the low-temperature performance [172]. EIS results (Figure 16b) indicate that the low-temperature performance of the LFP electrode was enhanced through the formation of an SEI film with higher ion conductivity and reduced electrochemical reaction polarization facilitated by FEC. This accelerates the migration of Li+ through the SEI layer and boosts the electrochemical reaction rate. Additionally, the inclusion of NaCl as an electrolyte additive added to low-temperature electrolytes led to a notable improvement, delivering a high capacity of 115 mAh g−1 at 2 C, 20 mAh g−1 more than its NaCl-free counterpart. To solve the flammability problem of carbonate-based organic electrolytes, the flame-retardant electrolyte additive is the simplest and most effective method to avoid safety hazards. The combustion rate of carbonate solvents containing three kinds of flame retardants (phenoxycyclophosphazene, phosphate, Tris (2-chloropropyl) phosphate) decreased to varying degrees, significantly altering the flame characteristics of the solvent samples. Notably, tris (2-chloropropyl) phosphate exhibited the most effective flame-retardant properties by significantly reducing the combustion rate of carbonate solvent and lowering the peak flame and fuel temperatures, thereby significantly enhancing solvent safety [173]. It was also found that the electrolyte containing 10% phosphazenic compound triethoxyphosphazen-N- phosphoryldiethylester (PNP) effectively mitigated the flammability concerns without seriously compromising cell performance. The capacity and cycling performance of an LFP cathode in 10% PNP electrolyte showed no significant change compared to the baseline electrolyte [174]. In addition, other functional additives are also studied, such as overcharge protection additives for LFP battery electrolytes. Cyclic voltammetry (CV) curves revealed that the monomer 9-Phenyl-9H-carbazole (9P9HC) could be electro-polymerized to form a conductive polymer on the cathode surface, preventing voltage runaway during overcharging. Charge/discharge tests of the LFP/C batteries demonstrated their ability to control voltage within a safe range below 4.2 V, with no significant impact on electrochemical performance over 50 cycles [175].



Thirdly, alongside the modification of lithium salts and additives, altering the entire electrolyte system represents another approach to enhancing LFP battery performance. For instance, the lithium sulfonylbis(fluorosulfonyl)imide (LiSFSI) electrolyte, supplemented with lithium bis(fluorosulfonyl)imide (LiFSI) additive, demonstrates excellent ionic conductivity σ (8.9 mS/cm at 30 °C), a transference number (tLi+) of 0.64, and anodic stability of 5.47 V. This combination results in high efficiency and improved specific capacity, reaching to 156 mAh g−1, with outstanding capacity retention (99.93%) even after 500 cycles in the full cell LFP/electrolytes/graphite battery system [176]. Another example involves the utilization of a binary eutectic mixture of lithium LiFSI and potassium bis (fluorosulfonyl)imide (KFSI) molten salt electrolyte in natural graphite/LFP cells, despite exhibiting a low capacity ranging from 71 to 86 mAh g−1 due to a substantial irreversible capacity (71 mAh g−1) during the first cycle, maintaining a specific capacity of 71 mAh g−1 after 100 cycles at 80 °C [177]. Furthermore, the introduction of 3-((Trimethylsilyl)oxy) propionitrile as a non-volatile solvent for LIBs electrolytes, alongside bis(trifluoromethanesulfonyl)imide (LiTFSI) as a lithium salt, enhances both thermal and chemical stability, thereby improving safety compared to conventional volatile carbonate electrolytes. In cell tests, the investigated LiTFSI nitrile silyl ether electrolyte proves to be compatible with both LFP and graphite active materials (Figure 16c) [178]. The triglyme (TG)/lithium bis(fluorosulfonyl)amide (LiN(SO2F)2 (LiFSI)) 1:1 molar mixture electrolyte for high-safety lithium-ion secondary batteries showed relatively high thermal stability. Remarkably, extended charge/discharge cycles of the [LFP positive electrode|TG-LiFSI electrolyte|graphite negative electrode] cell result in 82% capacity retention after 100 cycles [179]. Additionally, an intelligent self-adaptable gel polymer electrolyte (GPE) built upon a novel copolymer with functional pendent groups facilitates lithium ion migration, enhances redox stability, catalyzes cyclization reactions, and mitigates combustion through a synergistic effect of these groups (Figure 16d). This innovation not only endows various batteries with superior long-term cycling performance at room temperature but also ensures thermal shutdown function at high temperatures and flame retardancy in fire exposure scenarios. Notably, an LFP/GPE/graphite pouch battery, initiating with a capacity of 24.06 mAh, retains 75.9% of its capacity and exhibits a coulombic efficiency of 99.6% after 200 cycles at 0.5 C and demonstrates outstanding resistance to mechanical damage, high temperatures, and flames, presenting a compelling proof of concept for extensively enhancing the safety of practical LIBs [180].
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Figure 16. (a) Cycling performance of Li|LiFePO4 cells using 1 M LiTFSI0.6-LiODFB0.4 and 1 M LiPF6 [164]; (b) electrochemical impedance spectra of fully discharged LiFePO4 electrodes without FEC and with FEC at −20 °C [171]; (c) average values of the charge–discharge performance in LiFePO4 half cells at a 1C rate of the TMS-OPN-LiTFSI electrolyte in comparison to the EC/DEC (3:7)-LiPF6 electrolyte [178]; (d) the effects of DEVP segments in P(AN-DEVP)-based GPEs under different circumstances [180]. 
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In short, electrolyte modification can be studied from three aspects: novel lithium salts, functional additives, and new electrolyte systems, which can restrain side reactions and improve the performance of LFP batteries. The development of new lithium salts and the combination of multi-functional additives should attract more attention in future research, resulting in the development of more valuable new electrolyte systems. In addition, although the safety performance of LFP batteries is higher than ternary lithium-ion batteries, etc., it is still a great challenge. Therefore, in addition to addressing the electrochemical performance, the focus should also be on battery safety hazards, such as lithium dendrite growth at low temperatures and combustion at high temperatures.




4.5. Anode


As analyzed above, the degradations at the graphite anode involve the formation of an irreversible SEI layer, structural deterioration, and the growth of lithium dendrites. The modification of electrolytes (such as novel lithium salts and additives) proposed above can alleviate the problems of the unstable SEI film and the growth of lithium dendrites during the cycle, which affect the performance of the LFP batteries. In addition, coating, doping, and other methods to modify graphite anode materials can also solve the above problems to some extent. For example, Kim et al. [181] employed a straightforward sol–gel method to modified graphite with an amorphous Al2O3 coating. This layer enhances electrode material wettability, facilitating electrolyte infiltration into the graphite anode, thereby improving Li+ insertion kinetics and cycle stability. Surface-engineered graphite with 1 wt% Al2O3 demonstrates a reversible capacity of approximately 337.1 mAh g−1, even at a high rate of 4000 mA g−1, corresponding to 97.2% of the capacity obtained at a current density of 100 mA g−1. Additionally, a microwave-assisted coating method synthesizes a high-performance Si oxide-coated graphite flake (SGF) composite anode for LIBs. This SGF composite exhibits a reversible specific capacity of nearly 480 mAh g−1, retains 97% of its capacity at a current density of 2.5 A g−1 (approximately 5 C-rate), and maintains 94% capacity retention after 500 cycles, with an average coulombic efficiency exceeding 99.9%, thus it can be employed as a fast-charging LIB anode [182]. Furthermore, a Nitrogen-doped carbon-coating graphite (NHG@C) anode material with a hollow structure is developed through a facile and scalable process. This hollow structure, composed of graphite flakes with disordered orientation, facilitates electrolyte penetration and shortens Li+ diffusion pathways. The NHG@C anode material effectively limits side reactions between the organic electrolyte and superfine graphite, maintaining electrode structure stability during cycling, which exhibits excellent rate capability and achieves a high reversible capacity of 304 mAh g−1 at 1 A g−1 after 500 cycles [183].



Besides the advancements in graphite anode modification techniques, extensive research is being conducted on novel anode materials. Among these, spinel Li4Ti5O12 has great prospects owing to its high safety, relatively low manufacturing cost, and excellent cycle stability. Furthermore, Li4Ti5O12 exhibits a notably flat and high charge–discharge voltage plateau of approximately 1.55 V vs. Li+/Li, effectively preventing the formation of SEI films and lithium dendrites caused by electrolyte reduction decomposition below 0.8 V vs. Li+/Li [184]. Consequently, it greatly reduces active Li+ consumption in the first cycle, increases coulombic efficiency during cycling, improves compatibility with various electrolyte systems, facilitates Li+ diffusion across interfaces, and improves LIBs safety. However, its poor electrical conductivity and low lithium diffusion coefficient severely limit its rate capability, hindering practical applications for high-rate charging/discharging [185]. Moreover, silicon is also being employed as a promising LIB anode material. Compared with Li4Ti5O12 and graphite electrodes, it has the advantages of low cost, high theoretical capacity, and high safety [186,187]. Nevertheless, challenges such as low electronic conductivity, Li+ diffusion coefficient, huge volume expansion/shrinkage, and low initial coulombic efficiency during cycling impede the commercialization of Si-based anodes, indicating the need for further development [188]. The formation of SEI films poses a significant challenge for silicon-based anodes. Therefore, silicon-based materials still need great efforts to be studied. The primary hurdles to overcome remain the substantial volume effects and extremely low conductivity. As another one of the anode candidates, transition metal sulfides (TMSs) emerge as promising candidates for anodes, garnering increased attention due to their high theoretical capacity, cost-effectiveness, and eco-friendliness, which are based on the conversion reaction of lithiation/delithiation [189]. In contrast to graphite anodes, TMSs typically exhibit voltage platforms above 1.0 V, mitigating lithium dendrite formation and ensuring high safety. Furthermore, TMSs boast significantly higher theoretical specific capacity and electrical conductivity compared to Li4Ti5O12 [190]. However, the volumetric changes during cycling and side reactions with electrolytes of TMS materials also require numerous efforts to solve.





5. Conclusion and Outlook


Owing to the stable three-dimensional structure and the strong covalent bonding between the oxygen and phosphorus ions forming (PO4)3− polyanionic clusters of the LFP cathode, the batteries exhibited good cycle stability and thermal stability. LFP batteries are currently extensively used for power grids, new energy buses, and electric ships. However, irreversible phase transition, iron dissolution, and other factors will lead to capacity decline for LFP batteries. In addition, the low electronic conductivity and Li+ diffusion coefficient of the LFP cathode limit its further application. Therefore, analyzing the capacity fade mechanism of LFP batteries and putting forward promotion strategies is of significance.



This paper mainly analyzes the capacity fading mechanism of LFP batteries. We divide those physical and chemical reactions into two main aging modes, the loss of lithium inventory (LLI) and the loss of active material (LAM). The main reasons mainly involve three parts: cathode, anode, and electrolyte, which can be divided into seven parts: (1) irreversible phase transition; (2) the formation of the cathode–electrolyte interface (CEI) layer; (3) the dissolution of iron elements; (4) the oxidative decomposition of the electrolyte; (5) the repeated growth and thickening of a solid–electrolyte interface (SEI) film on the anode electrode; (6) the structural deterioration of graphite anodes; and (7) the growth of lithium dendrites. Among them, we concluded the influence of two different phase-change mechanisms (two-phase mechanism and solid–solution mechanism) on battery capacity fade for the first time, related to particle size and the rate of lithiation/delithiation, etc. The rarely mentioned formation of CEI deepens the cathode polarization and could thus, in part, explain the loss of lithium inventory, especially in an overcharged and high-temperature state. High temperatures are the main reason for iron dissolution, which leads to the loss of lithium inventory at the anode and the increasing polarization of the electrode. The formation of the SEI layer is the predominant source of Li+ loss and limits the accessibility of Li+ to the anode surface, leading to an increase in irreversible capacity. The structural deterioration of the graphite anode will cause the consumption of active Li+ to repair SEI film and cope with side reactions. Lithium plating increased the resistance and the internal short circuit, which induced severe capacity degradation and safety hazards for LFP batteries.



In order to solve these problems, various strategies based on doping, coating, and microstructure control of the cathode material, the design of the electrolyte, and the modification of the anode have been studied to effectively stabilize the LFP cathode and improve the electrochemical performance. Among them, the modification of cathode materials and electrolyte design are emphatically discussed, and the modification of anode materials is also briefly introduced. The doping of lithium site substitution, iron site substitution, and polyanion doping on LFP play an important role in improving structural stability, electronic conductivity, and performance under extreme conditions, etc. In order to further improve the electrochemical performance through synergistic effects, co-doping or co-substitution at the Li site and Fe site or polyanion and various combinations of the three kinds of doping were adopted to improve the performance. Carbon-coated LFP cathodes deliver better rate capability and cycle stability. Moreover, metal, nonmetal, metal oxide, nonmetal oxide, phosphide, etc., can also be used as modification materials on the surface of LFP, protecting the active material from undesirable side reactions between the electrolyte and electrode, showing higher rate capability and better cycling stability, especially at low or elevated temperatures, and decreasing the capacity fading. Microstructure control, reducing the particle size, and designing the morphology (hollow and porous structure) are effective methods to improve the rate and cycling performance. Electrolyte modification can be studied from three aspects: novel lithium salts, functional additives, and new electrolyte systems, which can restrain side reactions and improve the electrochemical performance of LFP batteries. Coating, doping, and other methods to modify graphite anode materials can also be used to improve the electrochemical performance. In addition, some new anode materials are also being widely studied.



In this paper, the effects of two different phase-change mechanisms of LFP cathodes on the battery capacity fade are put forward and have been confirmed in many papers, respectively, but there is no systematic comparative analysis of the effects of these two different phase-change mechanisms on the battery capacity in any paper. This is a point worthy of attention in future research. Due to the relatively low theoretical specific capacity of the LFP cathode, increasing the energy density of battery cells through modeling and experimental work on the electrode structure design is necessary. In addition, the fast-charging technology must make a major breakthrough in future research, which plays a vital role in the further development of electric vehicles. The poor electrochemical performance at low temperatures is another factor that limits the application of LFP batteries. It could be improved by choosing an appropriate new anode material, designing a novel electrolyte, optimizing the thermal management scheme, and charge/discharge methods. Last but not least, the hazards caused by safety problems cannot be ignored. Developing and utilizing higher thermal stability separators and solid-state electrolytes and also optimizing the thermal management scheme can greatly improve safety.
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Figure 1. The crystal structure of olivine LiFePO4 in projection along [001] [16]. 
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Figure 2. (a) The degradation mechanisms of LiFePO4 batteries; (b) schematic diagram of basic electrochemical reaction occurring in a LiFePO4 battery. 
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Figure 4. (a) HRTEM images for LiFePO4 electrodes at different states [36]; (b) the schematic illustration of the CEI layer formation process on the LiFePO4 electrode surface [36]. 
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Figure 5. Diagram of iron dissolution and deposition principle in an LFP battery [41]. 
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Figure 6. A schematic illustration of degradations at the graphite anode. (a) The formation of an irreversible SEI layer; (b) structural degradation; (c) the growth of lithium dendrites. 
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Figure 7. (a) Illustration of the crack formation of the graphite particles from the cycling cells [58]; (b) SEM images of the fresh and cycled anodes [58]; (c) EDS spectra and quantitative analysis results (inset) of fresh and cycled anodes [54]; (d) XRD patterns of graphite anodes from the full batteries at an uncharged state [62]; (e) XRD plot of (002) peaks of cycled graphite anode [62]. 
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Figure 8. (a) SEM image of a lithium deposit (as indicated by the arrow) on the surface of the anode electrode [64]; (b) electrochemical impedance spectra of the graphite electrodes recovered from the full cells at an SOC of 41% [66]. 
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Figure 9. Enhancement strategies of LiFePO4 batteries. 
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Figure 10. (a) Electrochemical impedance spectra with corresponding equivalent circuit module (inset) for the LiFePO4 and Na-doped LiFePO4 electrodes [76]; (b) charge/discharge curves of LiFePO4: V and pristine LiFePO4 cells over a voltage range of 2.0–4.2 V at a rate of 0.1 C [78]; (c) ex situ normalized XANES spectra at V and Fe K-edge measured at the initial state (containing Fe2+) and the delithiated state (containing Fe3+) of LiFePO4: V at 0.1 C [78]; SEM images of (d) LiFePO4 and (e) Li0.99Y0.01FePO4 [80]; (f) electrochemical impedance spectra of Li1–4xTixFePO4/C cathodes [83]. 
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Figure 11. (a) Pure LiFePO4 in a unit cell and 25% vanadium doped into the Fe site of LiFePO4 [89]; (b) the minimum energy path for Li+ diffusion along the b-axis tunnel in pure and doped LiFePO4 with complete lithiation and complete delithiation phases [89]; (c) the cycling performance of LiFe1-xVxPO4/C (x = 0, 0.01, 0.03, 0.05) under varying discharge currents [90]; (d) the first charge/discharge curve, cycling performances (at 29 mA g−1 (0.2 C)) and rate performance of the pure and Ti-doped samples [93]; (e) initial charge/discharge curves of the pure and Ni-doped samples at a 0.1C rate [98]. 
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Figure 12. (a) Cycling performance of Li|LiFe(PO4)1-xF3x/C (x = 0, 0.025, 0.05, 0.1) cells at a 1 C rate under 55 °C [107]; (b) rate ability of LiFePO4/C and Cl-doped LiFePO4/C [110]; (c) the relaxed surface structures of the N-doped LiFePO4 (010) surface [115]; (d) Li+ transport paths along the b-channel of the N-doped LiFePO4 (010) surface [115]. 
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Figure 13. (a) Comparison of the capacity retention of both full cells (LiFePO4/C and LiFePO4/calcium-doped C) at different temperatures [123]; (b,c) rate performance and cycling performance of the LiFePO4@FC-II and other control samples (herein referred to as discharge capacity) [124]; (d) Nyquist plots of the discharge state of approximately 50% SOC with the frequency range of 10−1–106 Hz for the LiFePO4/CNWs and LiFePO4/N-CNWs samples [125]; (e,f) rate performance and cycling performance at 10C of LiFePO4@C and LiFePO4@C/Graphene (herein referred to as discharge capacity) [127]; (g) cycling performance of the pristine LiFePO4 and LiFePO4-GS-CNT composite from 2.5 to 4.0 V at the current density of 10 mA g−1 [128]; (h,i) cycling performance of the LiFePO4/rGO composite and pristine LiFePO4 when cycling at 0.5C under a temperature of −5 °C [129]. 
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Figure 15. (a) SEM images of hollow-structured LiFePO4 [156]; (b) rate capability and cycling performance of a hollow-structured LiFePO4 cathode [157]; (c) SEM images of 3D directional porous LiFePO4 (DLFP); (d) cycling performance for DLFP and LiFePO4 at various rates and long-term stability for DLFP at 1C [159]. 
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