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Abstract: LiMnxFe1-xPO4 possesses notable advantages including high energy density, excellent safety 

performance, scalability for large-scale production, and low cost. Thus emerging as one of the most 

promising olivine-structured cathode materials. However, key technical hurdles still hinder its 

large-scale application, such as intrinsically low electrical conductivity and compromised cycling 

stability induced by the Jahn-Teller effect. Accordingly, this paper commences with an overview of the 

structural characteristics and underlying reaction mechanisms of lithium iron manganese phosphate 

LiMnxFe1-xPO4, examines the merits and limitations of Mn/Fe ratio optimization on its electrochemical 

performance, and provides a comprehensive reviews the of doping modification strategies targeting 

distinct lattice sites of this material. Finally, the critical issues, new research directions, and 

perspectives on further commercialization of LiMnxFe1-xPO4 are discussed. 
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1. Introduction 

With the advancement of the electrochemical field, ever since Whittingham[1] first prepared 

lithium-ion batteries in 1976, this technology has drawn extensive research attention. Today, the 

development of new energy vehicles has fueled the rapid progress of lithium-ion battery materials. In 

recent years, olivine-structured phosphate materials for automotive power battery cathode have 

emerged as a prominent research focus (Figure 1). The discovery and research of olivine-structured 

phosphate materials LiMPO4(M = Mn, Co, Fe) can be traced back to the research report published by 

the Goodenough[2] team as early as 1997. Using first-principles calculations, key parameters including 

voltage plateau, energy density, and specific capacity of these cathodes can be derived.[3-4] Table 1 

summarizes and compares these critical parameters. 

Table 1 Voltage Plateau, Theoretical Specific Energy, and Theoretical Specific Capacity of LiMPO4 (M 

= Mn, Co, Ni, Fe) Cathode.[3-4] 

 Voltage Plateau Theoretical Energy Density Theoretical Specific Capacity 

LiFePO4 3.5 (vs. Li)/V 683.5 Wh·kg-1 169.9 mAh·g-1 

LiMnPO4 4.1 (vs. Li)/V 713.5 Wh·kg-1 170.9 mAh·g-1 

LiCoPO4 4.8 (vs. Li)/V 816.4 Wh·kg-1 166.6 mAh·g-1 
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Figure 1 (a)Timeline diagram of partial typical works related to the structure and mechanism of olivine 

type LiMnxFe1-xPO4. (b)Brief summary of Mn/Fe ratio regulation and element at distinct sites in 

LMFP cathodes. 

2. Structural characteristics and lithium storage mechanism of LiMnXFe1−XPO4 

The structure of LiMPO4 (M = Mn, Co, Fe) adopts an olivine-type crystal structure, which 

crystallizes in the orthorhombic system with the Pnma space group. The transition metal cation M (Mn, 

Co, Fe) coordinates with O to form MO6 octahedra, while P bonds with O to constitute PO4 

tetrahedra.[5] Notably, the strong covalent P-O bonds make oxygen extraction from the crystal lattice 

highly unfavorable, thereby endowing olivine-structured phosphate materials with excellent stability 

and safety. As shown in Figure 2a, the LiFePO4 (LFP) unit cell forms a well-ordered spatial structure 

with tetrahedral PO4 and octahedral FeO6 and LiO6 distributed alternately.[6-7] LiCoPO4 suffers from 

high Co costs and a relatively low theoretical specific capacity, while LiMnPO4 (LMP) is intrinsically 

an insulator with a band gap of 2eV.[8] Among these olivine phosphates, only LFP has extensively 

adopted as a cathode material for new energy vehicle power batteries, owing to its excellent safety, 

environmental benignity, and low cost-effectiveness.  

However, the low electronic conductivity, ionic conductivity, and operating voltage of LFP result in 

poor rate performance, hindering its ability to meet the growing electrochemical performance demands 

for power cathode materials. To overcome this limitation, researchers developed the LiFe1-xMnxPO4 

(LMFP) cathode material, drawing on the structural similarity between LFP and LMP, and the small 

ionic radius difference between Fe2+ and Mn2+—properties that allow Mn and Fe to form solid 

solutions in any proportion.[9-10] As early as 2001, Yamada et al.[11] investigated the reaction 

mechanisms of the LMFP system: 

Two-phase reaction: (0 ≤ x ≤ 0.6, 4V, Mn3+/Mn2+) 

(Mn0.6
3+ Fe0.4

3+ )PO4+xLi
+
+xe-⇌(0.6-x)(Mn0.6

3+ Fe0.4
3+ )PO4+xLi0.6(Mn0.6

2+ Fe0.4
3+ )PO4 

Single-phase reaction: (0.6 ≤ x ≤ 1.0, 3.5V, Fe3+/Fe2+) 

Li0.6(Mn0.6
2+ +Fe0.4

3+ )PO4+(x-0.6)Li
+
+(x-0.6)e-⇌Lix(Mn0.6

2+ +Fe0.4
3+ )PO4 
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The development of LMFP simultaneously mitigates LFP’s low voltage platform and LMP’s poor 

electrical conductivity[12-13], exhibiting commercial potential to replace LFP. Figure 2b shows that 

LMFP shares a similar crystal structure with LFP and LMP, all adopting an olivine structure where 

MO6 octahedra (M = Mn, Fe) are interconnected with PO4 tetrahedra.[14] Lithium ions exhibit facile 

intercalation and deintercalation, facilitated by the polyanionic nature of this three-dimensional 

framework. 

While LMFP exhibits relatively high structural stability, the incorporation of Mn inevitably induces 

the Jahn-Teller effect, triggering Mn dissolution.[15] Although Mn content correlateds positively with 

LMFP’s voltage platform, the Jahn-Teller effect of Mn3+ and electrostatic repulsion between Mn2+ and 

P5+, cause elongation of Mn-O bonds in edge-sharing PO4 tetrahedra. Upon delithiation, Mn3+ migrates 

toward lithium-ion diffusion channels[16], which ultimately reduceds lithium intercalation capacity and 

severely degrades the battery’s electrochemical performance.(Figure 2c) 

 

Figure 2 (a)Schematic diagram of the LFP crystal structure projected along the [001] direction.[6] 

(b)Schematic diagram of the LiFe1-xMnxPO4(0<x<1) crystal structure.[14] (c)Schematic diagram of 

crystal structure changes induced by the Jahn-Teller effect.[15] 

3. The intrinsic relationship of the Mn/Fe ratio 

The performance of LMFP exhibits a general functional dependence on the Mn/Fe ratio. In general, 

the voltage platform and energy density of LMFP systems tend to increase rising manganese content. 

However, the Jahn-Teller effect and intrinsic low conductivity of high-Mn compositions mean that 

tuning the Mn/Fe ratio enables the development of materials tailored to various application 

scenarios.[17] 

LMFP with a high Mn content may be regarded as Fe-doped LMP via impedance impedance 

analysis (Figure 3a), Yi et al.[18] revealed that Fe doping significantly reduces the charge transfer 

resistance (Figure 3b). The lithium-ion diffusion coefficient (DLi+) was calculated using the slope of Zct 

vs.ω-0.5 (Figure 3c), and it can be observed from Figure 3d that DLi+ increases with the amount of Fe 

doping. DFT calculations show that the Fe-O bond is stronger than the Mn-O bond, and it can be 

inferred that the thermal stability of LMFP is superior to that of LMP (Figure 3 e,f).Xiong et al.[19] 
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propose that the capacity loss of LMFP is mainly attributed to the phase transition of Mn2+/Mn3+ during 

the charge-discharge process, which is consistent with the Jahn-Teller effect[15]. Simultaneously, both 

discharge voltages attain their maxima at a manganese content of 0.8.[20] 

LMFP with a high Fe content is considered Mn-doped LFP, which can improve the electrochemical 

rate performance and cycling performance of the material.[21] Following Mn doping, the voltage 

platform of LFP was enhanced. As the degree of the Mn substitution increased, the redox peaks in the 

high-voltage region (~4V) grew more distinct (Figure 3g). Moreover, Mn incorporation also expanded 

the lattice constants, facilitating lithium diffusion through the one-dimensional channels on the (010) 

plane (Figure 3h).[22] 

Recent research suggests that LMFP with a Mn/Fe ratio of 4:6 offers broader application prospects 

and research value. The Mn/Fe ratio corresponding to the optimal performance remains undetermined, 

though it is generally accepted that this ratio does not exceed 8:2.[9] Table 2 summarizes the specific 

capacities and corresponding capacity retention of LMFP across varying Mn/Fe ratios, while 

non-stoichiometric ratios, whose mechanisms remain unclear—offer novel insights for researchers. 

Table 2 Electrochemical performance of LMFP with different component ratios 

Cathode material specific capacities corresponding capacity retention Ref 

LiFe0.5Mn0.5PO4/C 134mAh/g (5C) 84.6% (5C, 100 cycle) [18] 

LiFe0.4Mn0.6PO4/C 152.4mAh/g (1C) 98.2% (1C, 100 cycle) [19] 

LiFe0.3Mn0.7PO4/C 145.4mAh/ (0.2C) 50.62% (1C, 100 cycle) [20] 

LiFe0.98Mn0.02PO4/C 139.9mAh/g (1C) 95.9% (1C, 200 cycle) [21] 

LiFe0.7Mn0.3PO4/C 157mAh/g (0.1C) 100% (0.1C, 50 cycle) [22] 

 

Figure 3 (a)Nyquist plots, (b)fitted values of charge transfer resistance, (c) corresponding pertinence 

between Zre and ω-0.5 at the low-frequency area and, (d) calculated Li-ion diffusion coefficients for 

carbon-coated LiMn1-xFexPO4(0<x<0.5), (e)Total density of states (TDOSs) for LiMnPO4 and 

LiFe0.5Mn0.5PO4, (f) crystal orbital overlap populations (COOPs) for the M-O bonds in 

LiMn0.5Fe0.5PO4 system.[18] (g)Cyclic voltammograms of LMFP, (h)Evolution of DLi as a function 

of lithium content in olivine samples.[22] 
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4. Other ionic doping improves LMFP performance 

Ionic doping introduces lattice defects in LMFP, mitigates the Jahn-Teller effect, and accelerates 

lithium-ion diffusion within grains, thereby optimizing the performance of LMFP materials.[23] 

Li-site doping with ionspossessing larger ionic radius broadens lithium-ion diffusion channels, 

lower the lithium-ion activation energy barrier. Li et al.[24] performed Na+ and Fe2+ co-doping on LMP 

and synthesized Li1-xNaxMn0.8Fe0.2PO4/C nanocapsule particles via a liquid-phase method (Figure 4a). 

Optimal electrochemical performance was achieved at x=0.3, delivering a specific capacity of 

125mAh/g at 0.5C, and a capacity retention of 96.65% after 200 cycles (Figure 4b). It can be seen that 

the particle size of the Na-doped sample from Figure 4c and 4d reveal that Na-doping exhibit notably 

smaller particle sizes, indicating that Na+ doping inhibits nanocapsule growth.  

 

Figure 4 (a)Schematic diagram of the formation , (b)cycling performance and charge-discharge curves 

and (c)(d)HRTEM images of nanocapsule Li1-xNaxMn0.8Fe0.2PO4/C.[24] 
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The ionic doping of LMFP primarily targets the transition metal(TM) sites, and the advantages and 

disadvantages caused by doping this system with different metal elements differ substantially. Typical 

dopant elements include Ni[25-26], Mg[27-29], V[30], Co[31-32], Ti[33-34], Al[35], Nb[36], Ca[37], 

and others. 

 

Figure 5 SEM images of LiMn0.8Fe0.2PO4(a) and LiMn0.8Fe0.19Ni0.01PO4(b) samples.[25] (c)rate 

capability of different samples at various rates ranging from 0.1 to 15 C, (d) cycling performance of 

different samples at 1 C.[26] 

The Ni-doped LMFP exhibits small particle sizes, uniform morphology, and a large specific surface 

area. Wang et al.[25] synthesized LiMn0.8Fe0.19Ni0.01PO4 with length and width both below 100 nm 

along the [100] direction (Figure 5a,b). Tian et al.[26] reported that optimal rate performance (Figure 

5c) and cycling stability (Figure 5d) are achieved with 2mol% Ni doping. As shown in Figure 6a, Mg 

doping modifies the lattice parameters of the material, which expands lithium-ion transport channels 

and enhances the lithium-ion mobility (Figure 6b).[27] Prior research indicates that the optimal 

magnesium doping content for LMFP systems ranges from 1-2mol%.[28-29] Vanadium doping notably 

boosts the electrochemical activity of LMFP. Since (valence state +3) substitutes for Fe2+ (metal site 

valence state +2) in the lattice, it introduces vacancies that the carrier concentration in the system. And 

it is usually denoted by□to represent a Fe vacancy.[30] Co doping effectively mitigates material 

agglomeration while improving specific capacity and cycling stability.[31] Liu et al.[32] acquired XRD 

patterns of {010}-oriented LiMn0.7Fe0.3PO4-1%Co, as shown in Figure 6c.The intensity ratios of 

I(020)/I(200) for LFMP and LFMP-1%Co reaches 2.578 and 2.558, respectively (Figure 6d) indicative of 

an ac-facet plate-like morphology for both samples. A comparative study of the Mn dissolution at the 

ac and bc facets was conducted at 0 % and 100 % state of charge (SOC) (Figure 6e), Mn ions are less 

prone to dissolution from the ac crystal facets (Figure 6f), contributing to the material’s excellent 

electrochemical performance. Ti doping enhances the cycling stability of LMFP.[33] Zhang et al.[34] 

synthesized LiMn0.6Fe0.38Ti0.02PO4/C using TiO2 as the Ti source, which exhibits superior 

low-temperature cycling performance. Aluminum(Al) doping stabilizes the LMFP structure and 

improves the initial capacity and capacity retention of the cathode material.[35] Niobium(Nb) doping 

forms Nb-O bonds that effectively alleviate the Jahn-Teller effect.[36] Meanwhile, Calcium(Ca) doping 

increases the lattice constants, significantly enhancing the high-rate electrochemical performance of 

LMFP.[37] 
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Figure 6 (a)Schematic diagram of LMFP modified by Mg-doped, (b)Nyquist plots of 

LiMn0.6Fe0.4-xMgxPO4/C(x=0,0.01,0.02,0.03) samples.[28] (c)XRD patterns of LMFP and 

LMFP-1%Co and (d) intensity ratio of I(020)/I(200) of XRD.(e) Graphic illustration of Mn ions 

dissolved from ac and bc facets at100 % and 0 % SOC. (f) Energy needed for dissolution of Mn ions 

from ac and bc facets.[32] 

Furthermore, anion doping also enhances the electrochemical performance of LMFP, though the 

underlying mechanism remains to be fully elucidated. Sin et al.[38] prepared LiFe0.4Mn0.6(PO4)1-xIx via 

a solid-state method, wherein I- anions substitute for O2- in the LMFP lattice. This material delivers a 

specific capacity of 102.1 mAh/g at a high rate of 3C (Figure 7a), and good cycling stability (Figure 

7b). As shown in Figure 7c, F doping substitutes O sites at five distinct sites within the PO43- tetrahedra, 

and the doping leads to an n-type doping effect, which in turn enhances the electrochemical 

performance.[39] F- incorporation modulates the crystal orientation of LMFP and boosts lithium-ion 

diffusion kinetics.[40] 
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Figure 7 (a)rate performance and (b)cycle performances (at a rate of 1C between 2.5 and 4.6 V) of 

LiFe0.4Mn0.6(PO4)0.99I0.01.[38] (c)The F-doping sites are defined by the neighboring ions sharing 

the substituted.[39] 

With the commercialization of LMFP, tailoring doping elements to specific application scenarios 

can allow LMFP cathode materials to fulfill diverse requirements. The electrochemical performance 

and underlying mechanisms of LMFP modified via dual-element co-doping and multi-element 

high-entropy doping remain inadequately explored. In summary, ionic doping offers additional avenues 

for the modification of LMFP. Table 3 summarizes the impacts of various dopant elements on the 

specific capacity of LMFP. 

Table 3 The effects of doping different elements on the specific capacity of LMFP. 

Dopant Cathode Material Specific Capacity Ref 

Na Li0.97Na0.03Mn0.8Fe0.2PO4/C 141.7mAh/g (0.05C) [24] 

Ni 
LiMn0.8Fe0.19Ni0.01PO4 143mAh/g (0.5C) [25] 

LiMn0.6Fe0.38Ni0.02PO4/C 147.3mAh/g (1C) [26] 

Mg 

LiMn0.8Fe0.19Mg0.01PO4 122mAh/g (1C) [27] 

LiMn0.6Fe0.39Mg0.01PO4/C 159.6mAh/g (2C) [28] 

LiMn0.48Fe0.5Mg0.02PO4 160.7mAh/g (1C) [29] 

V LiMn0.8Fe0.2-0.045V0.03□0.015PO4 155mAh/g (0.1C) [30] 

Co 
LiFe0.4Mn0.4Co0.2PO4/C 163.3mAh/g (1C) [31] 

LiMn0.7Fe0.3PO4-1%Co 150mAh/g (5C) [32] 

Ti 
Li(Mn0.85Fe0.15)0.92Ti0.08PO4/C 144.4mAh/g (1C) [33] 

LiMn0.6Fe0.38Ti0.02PO4/C 157.8mAh/g (0.2C) [34] 

Al LiMn0.6Fe0.4PO4/C/Al 168.4mAh/g (0.1C) [35] 

Nb LiMn0.5Fe0.5PO4/C/1%Nb 152mAh/g (0.1C) [36] 

Ca LiFe0.497Mn0.5Ca0.03PO4/C 162.6mAh/g (0.1C) [37] 

I LiFe0.4Mn0.6(PO4)0.985I0.015 141.5mAh/g (0.1C) [38] 

F 
LiFe0.4Mn0.6PO3.970F0.03 153mAh/g (0.1C) [39] 

LiMn0.5Fe0.5PO4/C-1%F 106mAh/g (5C) [40] 

5. Conclusion and outlook 

LiMnxFe1-xPO4 emerges as a promising olivine-structured cathode material for lithium-ion batteries, 

integrating key merits including high energy density, good safety, low cost, and scalability for 

large-scale production. While LMFP incorporates the high conductivity of LFP and the high energy 

density of LMP, its widespread application is constrained by intrinsic limitations such as low electronic 

and ionic conductivity, compromised cycling stability arising from the Jahn-Teller effect of Mn3+, and 

an unclear optimal Mn/Fe ratio. Over the past decades, substantial advances have been achieved in 
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understanding LMFP’s structural features, lithium storage mechanisms, and modification strategies of 

LMFP, particularly in optimizing the Mn/Fe ratio and ionic doping modifications. These efforts have 

laid a robust foundation for the material’s practical implementation. 

Future research on LMFP may center on three key directions. Firstly, lattice distortion and Mn 

dissolution induced by the Jahn-Teller effect remain core bottlenecks restricting cycling satbility. 

Subsequent studies should fprioritize optimizing the crystal structure and mitigating the Jahn-Teller 

effect via ionic doping, with further efforts to elucidate the microscopic mechanisms underlying Mn3+ 

migration and crystal evolution changes during charge-discharge cycles under different ion dopings 

conditions. Second LMFP’s intrinsic one-dimensional lithium-ion diffusion channels give rise to 

sluggish ion transport kinetics. Future investigations may integrate first-principles calculations, 

machine learning and advanced characterization techniques to explore strategies for widening 

lithium-ion diffusion channels and lowering activation energy barriers. Third, LMFP research should 

not be confined to laboratory-scale investigations. Future work should focus on identifying the 

appropriate optimal Mn/Fe ratio under practical operating conditions such as power batteries and 

large-scale energy storage to match real-world applications demands. There is also a need to develop 

eco-friendly synthesis routes with large-scale industrial production, thereby advancing the practical 

application of energy storage technologies. 
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