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Abstract
The growing demand for high-energy storage, rapid power delivery, and excellent safety in contemporary Li-ion 
rechargeable batteries (LIBs) has driven extensive research into lithium manganese iron phosphates 
(LiMn1-yFeyPO4, LMFP) as promising cathode materials. The strong P-O covalent bonds in the olivine structure of 
LMFP ensure exceptional thermal and structural stability compared to conventional layered LiNi1-y-zCoyMnzO2 
(NCM). In addition, the relatively low energy density of LiFePO4 (LFP), which is isostructural to LMFP, has been 
significantly increased by the incorporation of Mn redox reactions with a strong reducing tendency. This 
widespread recognition has advanced our understanding of the physicochemical characteristics of LMFP, which are 
closely related to its chemical compositions, particle morphology, synthesis processes, and cycling conditions. 
Despite notable progress in improving the structural integrity and electrochemical superiority of LMFP, most 
academic research has focused on LMFP/lithium metal half-cell systems. However, practical applications of LIBs 
require more intricate system configurations involving non-Li anode materials, such as graphite and Li4Ti5O12 (LTO). 
This comprehensive review explores key electrochemical phenomena in LMFP/graphite and LMFP/LTO full cells 
under both standard and elevated temperatures. Additionally, it offers insights into optimal cell design strategies 
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and practical technologies aimed at achieving a well-balanced combination of energy density, thermal stability, and 
cost-effectiveness. These advancements position LMFP-based rechargeable batteries as a promising solution for 
next-generation energy storage systems.

Keywords: Lithium manganese iron phosphates, graphite, lithium titanate, cell design optimization, practical 
technologies, lithium-ion rechargeable batteries

INTRODUCTION
Since 1991, advancements in Li-ion rechargeable batteries (LIBs), which provide intermittent power to 
electric devices as needed, have driven societal progress[1]. However, current LIBs face increasing challenges 
related to sustainability and safety due to the scarcity of rare-earth elements (Co and Ni) and the limited 
structural and thermal stability of cathode materials[2]. As a result, the dominance of conventional layered 
LiNi1-y-zCoyMnzO2 (NCM) is being challenged, leading to a gradual shift to olivine LiFePO4 (LFP) and 
LiMn1-yFeyPO4 (LMFP) cathode materials[3,4]. The structural integrity and extended cycle life of olivine 
L(M)FP, supported by strong P-O covalent bonds, have been demonstrated even under high current 
densities and extreme environmental conditions. Additionally, the widespread availability of its key 
transition metals (Fe and Mn) in the Earth’s crust significantly reduces production costs. Despite these 
advantages, the tap density and low-temperature performance of L(M)FP are inferior to those of the NCM 
materials[3,5]. In this context, it is imperative to comprehensively consider energy density, temperature-
dependent reaction kinetics, cycle life, safety, sustainability, and cost across multiple scales, including the 
particle, electrode, cell, and pack levels, when engineering optimal cathode materials.

The theoretical gravimetric energy density (~578 W h kg-1) of LFP remains lower than that of LMFP due to 
its relatively low average electrode potential (~3.4 V vs. Li+/Li)[6]. In contrast, LMFP, which is isostructural to 
LFP, offers at least 10% higher electrode potential (> 3.8 V) and energy density (> 646 W h kg-1)[7]. Other 
advantages of LMFP include a cost-effective synthesis process similar to that of LFP and high compatibility 
with NCM within the operating voltage range of commercial LIBs[8]. Battery manufacturers worldwide are 
independently driving the development of high-performance LIBs utilizing LMFP as a cathode, either alone 
or in combination with NCM. Therefore, understanding the fundamental physicochemical properties of 
LMFP and the cell parameters is essential for designing LMFP-based LIBs.

The average discharge potential of LMFP, a solid solution of LFP and LiMnPO4 (LMP), is determined by the 
Mn/Fe mixing ratio and lies between the low Fe3+/Fe2+ redox potential of LFP and the high Mn3+/Mn2+ redox 
potential of LMP[5,9]. As the Mn content (1-y) in LMFP increases, additional Mn3+/Mn2+ redox reactions are 
activated at a potential plateau of around 4.1 V, enhancing the operating voltage and energy density of 
LMFP cells[10,11]. In addition, the side reactions of LMFP with typical organic electrolytes are relatively 
suppressed compared with those of high-voltage cathode oxides because of the lower reactivity between the 
phosphates on the LMFP particle surface and the neighboring electrolyte species[12,13]. In contrast, the 
detrimental Mn dissolution and Jahn-Teller distortion induced by the Mn3+ ions generated during Li-ion 
extraction from LMFP became more pronounced, particularly at elevated temperatures[14], as illustrated 
schematically in Figure 1. Additionally, the facile formation and movement of Mn3+/Mn2+ phase boundaries 
within LMFP particles hinder Li-ion diffusion during cycling[15]. These conflicting effects suggest that 
increasing the Mn content in LMFP enhances the theoretical energy density, while compromising its 
thermal stability. Therefore, elucidating the charge/discharge reaction mechanism in conjunction with the 
phase transition of LMFP is critical. However, these properties are highly dependent on factors such as the 
Mn/Fe  mix ing  ratios[16,17], synthes i s  methods[18-21], app l i ed  current  densities[22], and  par t i c l e  
size/crystallinity/orientation[23-26].
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Figure 1. Advantages and challenges of LiMn1-yFeyPO4 (LMFP) cathode materials for Li-ion rechargeable batteries (LIBs).

Although interpreting these complexities remains challenging, high-quality reviews have comprehensively 
addressed the underlying relationship between the physical and electrochemical performances of LMFP 
cathodes in half-cell configurations using lithium metal anodes[3,14,16,27-29]. This concise review primarily 
focuses on recent research trends and progress in LMFP-based full-cell systems, including LMFP/graphite 
and LMFP/Li4Ti5O12 (LTO), with comparisons to commercial LFP-based counterparts. Finally, we highlight 
the challenges and prospects of LMFP materials and cell designs for the development of LIB technology.

L iMn 1-yFeyPO 4 RECHARGEABLE BATTERIES
Critical considerations in advanced LMFP battery design
The key aspects of LiMn1-yFeyPO4 (LMFP) full-cell design include optimizing the LMFP cathode and 
compatible anode materials, enhancing the electronic/ionic conductivities of the electrodes, minimizing 
interfacial resistances between different phases, and improving the structural and thermal stability of cell 
components. Battery manufacturers can assess the viability of the LMFP cathode through electrochemical 
testing with LMFP full cells. Thus, optimizing full-cell design is essential for achieving maximum 
performance. The first step in LMFP full-cell design is defining the target cell capacity and voltage based on 
the application-specific requirements, including minimum cell capacity, nominal operating voltage, and 
safety considerations. These cell requirements are closely linked to various physical parameters of the cell 
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components, such as the number of stacked electrodes (cathodes and anodes), the area ratio of the active 
electrodes to inactive regions, active material (LMFP and anode materials) loading, the mass ratio of active 
material to conductive agent, and binder, the negative-to-positive (N/P) ratio (i.e., the ratio of anode 
capacity to cathode capacity), the reduction ratio of electrode thickness (the ratio of initial thickness to final 
thickness), electrode density, the thickness of the current collector and separator, the weight and thickness 
of the cell packaging, and electrolyte volume [Figure 2]. From a commercialization standpoint, a stepwise 
design of LMFP cells, electrodes, and materials is the most effective approach.

Among these cell parameters, the N/P ratio is one of the most critical, as achieving a proper balance 
between the cathode and anode is essential for maximizing energy density, enabling fast charging, and 
maintaining a high level of safety in LMFP full cells. To accurately adjust the N/P ratio based on cell design 
requirements, preliminary LMFP and anode half-cell tests are conducted to verify initial and reversible 
capacities[2]. In general, the N/P ratio in conventional LIBs ranges from 1.05 to 1.15 to ensure high capacity 
and superior cycle life, with the anode capacity slightly exceeding that of the cathode. This ratio can be fine-
tuned by controlling the active material loading on both electrodes, and a similar approach can be applied to 
LMFP full cells.

An N/P ratio below unity can enhance initial performance by maximizing anode material utilization and 
reducing the reaction potential. However, it often introduces significant safety concerns, such as Li plating 
and dendrite formation on the anode surface due to localized current concentrations during cycling, 
ultimately leading to rapid capacity degradation and safety risks. Conversely, a higher N/P ratio mitigates Li 
plating and improves cycling stability by providing additional Li storage capacity and reducing stress on the 
anode. However, this approach also reduces energy density and increases material costs, making it less 
desirable for high-performance applications. Consequently, optimizing the N/P ratio to balance high energy 
density, safety, and cost remains a key focus in the research and development of LMFP batteries.

In the battery industry, maximizing energy density within limited cell space requires not only optimizing 
the N/P ratio from an electrode perspective but also improving other parameters, such as electrode density 
and the area ratio between the anode and cathode. The first approach involves maximizing the reduction 
ratio of electrode thickness to bring the electrode density as close as possible to its theoretical value. The 
LMFP cathode material, which has a bimodal particle size distribution consisting of small and large 
particles, was appropriately mixed and applied to the LMFP cathode. However, as the electrode density of 
the LMFP cathode increases, the penetration of the electrolyte into the electrode during discharge and 
charge cycles, as well as Li-ion diffusion, becomes more difficult, leading to rapid degradation of cell 
performance. Therefore, the development of a novel high-density LMFP cathode design capable of 
overcoming these limitations is critical. The second approach focuses on minimizing the difference in the 
area ratio between the anode and LMFP cathode. Typically, the cathode area is at least 20% smaller than that 
of the anode. However, to achieve high energy density in LMFP full cells, industrial designs aim to minimize 
the difference, ensuring that the cathode remains only slightly smaller than the anode. If the area difference 
becomes too small, excessive Li deposition on the edges of the anode may occur, promoting Li dendrite 
growth and increasing the risk of cell failure. Thus, careful attention is required when designing electrode 
areas.

In addition, LMFP cathode materials pose a potential risk related to overcharging due to the distinct 
potential plateau around 4.1 V, corresponding to the Mn3+/Mn2+ redox reactions. Since the high operating 
potential remains constant during charging, it is difficult to determine the exact end point of the process. 
This issue is critical when designing safer LMFP full cells. Therefore, combining the LMFP cathode with a 
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Figure 2. Key parameters for the practical design of LMFP full cells.

compatible anode is crucial, as the charge/discharge profiles, operating voltage, capacity, power, and safety 
of LMFP full cells are significantly influenced by the electrochemical and physicochemical properties of the 
anode materials[30]. A detailed discussion on this topic is presented in the following section.

Recent advances in LMFP/graphite battery technology
Graphite anodes play a pivotal role in conventional LIBs, where initial Li loss occurs during the formation 
of the solid electrolyte interphase (SEI) layer on the surfaces of graphite particles. The SEI layer forms 
through the reduction of the electrolyte on the graphite surface during the initial discharging process, which 
contributes to maintaining the stability of the anode. Specifically, it prevents subsequent Li loss induced by 
continuous electrolyte decomposition on the anode surface throughout cycling, thereby significantly 
improving the long-term cycling performance of the graphite anode.

While LMFP cathodes exhibit remarkable rate capabilities, the dissolution of transition metals, particularly 
Mn and Fe, poses a significant challenge, leading to severe capacity fading in both LMFP half and full cells. 
Dissolved metal cations in the electrolyte migrate to the anode, where they are reduced, resulting in the 
degradation of the SEI layer on the graphite electrodes[31]. X-ray photoelectron spectroscopy (XPS) analysis 
of LiMn0.67Fe0.33PO4 electrodes, compared to LFP electrodes, demonstrated a significant reduction in CO3 
and CO phases upon discharge, indicating SEI layer decomposition on graphite anodes[32].

The higher operating potential of the LMFP electrodes exacerbates reactivity, leading to Mn reduction and 
further degradation of the SEI layer. This layer, essential for the electrochemical protection of the anode 
surface, prevents continuous electrolyte decomposition during cycling and minimizes initial Li loss. 
Graphite anodes benefit from stable SEI phases, providing higher coulombic efficiency compared to alloy-
based anodes, where the SEI layers are unstable and exhibit continuous growth. However, reduced 
transition metals accelerate SEI formation, contributing to irreversible capacity loss. Mn-induced parasitic 
reactions in the SEI also cause gas evolution due to electrolyte decomposition. Neutron imaging and 
Prompt Gamma Activation Analysis (PGAA) have shown that LMFP/graphite cells generate approximately 



Page 6 of Jung et al. Energy Mater. 2025, 5, 500118 https://dx.doi.org/10.20517/energymater.2025.2919

30% more gas than LFP/graphite cells, attributed to Mn deposition on the anode[33]. While LMFP/graphite 
cells exhibit a higher initial capacity loss than LFP/graphite cells, they demonstrate superior long-term 
cycling performance as Mn dissolution decreases with cycling.

To mitigate transition metal dissolution, particularly that of divalent Mn, many studies have focused on 
stabilizing the surface of LMFP cathode materials. Surface coatings with robust outer layers have proven 
effective in enhancing cell performance. Elevated temperatures (e.g., 60 °C) and higher operating voltages 
accelerate the decomposition of the electrolyte salt (LiPF6), leading to hydrofluoric acid (HF) formation and 
decomposition of oxide-based active materials. Applying an LFP outer layer, resistant to HF, on 
LiMn0.85Fe0.15PO4 cathode materials has shown significant improvements[34]. A 0.5 μm LFP coating on LMFP 
reduced Mn and Fe dissolution by over 50% compared to uncoated LMFP. Full-cell tests with graphite 
anodes demonstrated capacity retention of over 97% for LMFP/LFP electrodes, whereas uncoated LMFP 
electrodes exhibited lower stability after cycling at 60 °C and a current density of 0.5 C within the voltage 
range of 2.7-4.5 V. Furthermore, LMFP/LFP electrodes exhibited superior rate capabilities, delivering 
~90 mA h g-1 at 5 C compared to ~75 mA h g-1 for uncoated LMFP electrodes.

Several studies have investigated the surface modification of LMFP cathode materials using other strategies 
such as electrolyte modification and doping. Theivanayagam et al. have explored water-based protective 
coatings, such as SiF4 on LiMn0.8Fe0.2PO4, to enhance surface stability[35]. In the absence of surface treatments, 
simple mixing of electrolyte additives offers a cost-effective industrial approach. For instance, using lithium 
difluoro(oxalate)borate (LiDFOB) or lithium bis(trifluoromethanesulfonyl)imide (LiFSI) salts in 
adiponitrile (ADN)/dimethyl carbonate (DMC) electrolytes enables graphite anode operation without 
fluoroethylene carbonate (FEC) additives, which are required for anodic stability[36]. ADN-based electrolytes 
with LiDFOB facilitated stable cycling of LiMn0.63Fe0.37PO4/graphite full cells [Figure 3A]. The SEI formed in 
ADN/DMC electrolytes with LiFSI and LiDFOB exhibited higher thermal stability than those formed in 
conventional ethylene carbonate (EC)-based electrolytes, with exothermic reaction onset temperatures of 
150-160 °C, compared to 110 °C for EC/DMC electrolytes [Figure 3B].

In addition, considerable attention has been devoted to understanding the relationship between Mn 
dissolution and different crystal surfaces of LMFP as Mn dissociation strongly depends on the local lattice 
distortions associated with the Jahn-Teller effect. Lv et al. investigated the effects of Mg, V and Co doping in 
LiMn0.5Fe0.5PO4 cathode materials using first-principle calculations[37]. Among these, Mg doping yielded the 
lowest formation energy and the lowest volume change rate, leading to the mitigation of the Jahn-Teller 
effect[37]. Li et al. reported the effect of surface concentration of Fe and Mn on the electrochemical 
performance of LMFP, based on the electronic differences between Mn3+ and Fe3+ in MO6 octahedra[38]. 
From density functional theory (DFT) calculations, volume changes and binding energies with HF during 
charging were analyzed. Based on these results, an LMFP/C cathode material with a Fe-rich and a Mn-
deficient surface layer (~2 nm) was synthesized, which exhibited enhanced electrochemical performance. 
This improvement was attributed to the suppression of Mn dissolution and stabilization of crystal lattice 
compared to undoped LMFP/C[38].

Although LMFP electrodes are cost-effective, safe, and exhibit stable cycling performance, they do not 
satisfy the energy density requirements for long-range electric vehicles (EVs). Among available cathode 
materials, NCM cathode materials offer the highest energy density, meeting automotive industry demands. 
Blending LiMn0.6Fe0.4PO4 with NCM improves the energy density of the cells, while reducing charge-transfer 
resistance by enhancing Li-ion diffusion coefficients. LMFP displays voltage plateaus at 3.9-4.2 and 
3.4-3.6 V, with a rapid voltage drop after discharging to 3.0 V. The voltage range of NCM is similar to that 
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Figure 3. (A) Rate capability and cycling stability of LMFP/graphite full cells tested in ADN/DMC (1:1, weight ratio) electrolyte with 
2 wt% FEC in 1 M LiDFOB. (B) DSC analysis results for 1 M ADN/DMC (1:1, weight ratio) electrolytes. Reproduced with permission 
from[36]. Copyright © 2018 Elsevier. (C) In situ DEMS analysis results and (D) decomposition pathways of Li2CO3 as a Li compensation 
agent. Reproduced with permission from[42]. Copyright © 2024 John Wiley & Sons, Inc.

of LMFP under 3.0-4.2 V, enabling synergistic effects in blended materials. Electrochemical analysis of 
blended electrodes revealed three distinct redox peaks at 3.9-4.2, 3.6-3.9, and 3.4-3.6 V, corresponding to 
Mn3+/Mn2+, Ni4+/Ni2+, and Fe3+/Fe2+ redox reactions, respectively. These blended electrodes demonstrated 
improved electrochemical kinetics, including lower charge-transfer resistance and higher Li-ion diffusion 
coefficients, leading to superior rate capability, low-temperature performance, and high-temperature 
stability[39-41]. Table 1 summarizes the components and key electrochemical performances of representative 
LMFP-NCM/graphite 18650 full cells.

Pre-lithiation is a promising strategy to compensate for irreversible Li consumption during SEI formation 
and side reactions in full cells. The initial Li loss primarily occurs due to SEI formation on the anode 
surfaces. While pre-lithiation agents, such as Li silicides, Li alloys, and stabilized Li powders, can address 
this issue, their high reactivity with oxygen and moisture poses safety challenges, particularly during anode 
material preparation in aqueous environments. Alternative methods include direct Li deposition on anode 
surfaces; however, this approach carries risks such as uneven lithiation, excessive lithiation, structural 
damage, dendritic growth, and N/P ratio imbalances.
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Table 1. Components and electrochemical performances of representative LMFP-NCM/graphite 18650 full cells

LMFP composition NCM composition Blending ratio Window voltage 
(V)

18650 cell capacity 
(mA h@C-rate)

Capacity retention 
(%@cycles) Ref.

LiMn0.6Fe0.4PO4 NCM523 30:70 3.0-4.2 2,024@1C 96.2@500 [37]

LiMn0.6Fe0.4PO4 NCM523 70:30 2.5-4.2 1,954@0.5C 97.7@250 [38]

LiMn0.6Fe0.4PO4 NCM523 - 2.5-4.2 2,000@1C 82.6@1,000 [39]

NCM523: LiNi0.5Co0.2Mn0.3O2

In contrast, cathode pre-lithiation involves introducing a stable Li compensation agent, such as Li2CO3, to 
the cathode slurry. During initial charging, Li2CO3 releases Li ions, compensating for SEI-related Li 
consumption and improving cycle stability[42]. However, the high decomposition potential of Li2CO3 lowers 
initial coulombic efficiency. To address this issue, carbon materials rich in carbonyl (C=O) groups can act as 
catalytic sites for Li2CO3 decomposition at lower potentials [Figure 3C]. In LMFP/graphite full cells, using 
carbon substrates with C=O groups resulted in ~82.1% capacity retention after 500 cycles at 1 C, 
representing a 19.1% increase in energy density compared to cells without pre-lithiation  [Figure 3D].

Recent advances in LMFP/Li4Ti5O12 (LTO) battery technology
A recent study demonstrated the synergistic effects of Nb and Mg co-doping on the surface kinetics and 
bulk stability of carbon-coated LiMn0.5Fe0.5PO4 particles. The introduction of Nb facilitated the formation of 
LiNbO3 surface coating layers, enhancing Li ionic conductivity, while a small amount of Mg effectively 
replaced divalent transition metal (Fe2+/Mn2+) sites, mitigating the structural distortion in LMFP caused by 
the Jahn-Teller effect of Mn3+ ions. Consequently, an LMFP/graphite full cell with 1 mol% Nb and 3 mol% 
Mg in the LMFP cathode exhibited outstanding cycling performance, retaining 99% of its capacity over 300 
cycles at a current density of C/2. Nevertheless, the capacity degradation during cycling was more 
pronounced in the LMFP/graphite full cell than in the LMFP/Li half cell, primarily attributed to the loss of 
Li inventory associated with unstable SEI layers forming on the graphite anode surface[43].

The first LMFP/LTO full cells were systematically evaluated for their potential applications in load leveling 
to support the widespread adoption of renewable energy, which requires exceptional power and safety 
characteristics[44]. Despite the inherently higher Ti4+/Ti3+ redox potential (~1.5 V vs. Li+/Li) and lower 
theoretical capacity (~175 mA h g-1, LTO + 3Li + 3e- ↔ Li7Ti5O12), which limit the energy density of the 
battery cells, LTO has garnered significant attention as a promising alternative to graphite anodes[45]. The 
primary advantage of LTO lies in its robust "zero-strain" spinel structure, which minimizes lattice changes 
during cell operation, ensuring exceptional thermal stability (safety) and structural integrity (cycle life) in 
LTO-based full cells. Additionally, the facile Li-ion diffusion through the three-dimensional pathways 
within the spinel structure enhances the power density of the cell. Furthermore, unlike graphite, LTO 
suppresses the formation of undesirable SEI layers and the growth of Li dendrites due to its higher voltage 
window, as shown in Figure 4A, which exceeds the thresholds for reductive electrolyte decomposition and 
Li electroplating. This characteristic also enables the use of thinner and more cost-effective Al foil as a 
current collector in LTO anodes instead of Cu foil. Notably, the viability of LiMn0.8Fe0.2PO4/LTO full cells as 
stable energy storage devices was assessed in this study, demonstrating a high reversible capacity of ~150 
mA h g-1 at a low current density of C/10. However, further optimization of the cells is required.

A subsequent investigation systematically analyzed the electrochemical behaviors of LiMn0.8Fe0.2PO4/LTO 
full cells cycled at 30 and 60 °C[46]. While the initial discharge capacity of the LMFP/LTO cells remained 
constant at 30 °C, the cells experienced severe capacity fading within 100 cycles, induced by the loss of active 
Li from the electrodes rather than the dissolution of divalent transition metal ions (particularly Mn2+) from 
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Figure 4. (A) Operating voltage of an LTO anode and typical cathode materials. Reproduced with permission from[45]. Copyright © 2017 
Elsevier. (B) Charge/discharge profiles of LMFP and LFP half cells as a function of SOC. (C) Calculated entropy change of LMFP/LTO, 
LFP/LTO, LMFP/graphite, and LFP/graphite full cells. Reproduced with permission from[47]. Copyright © 2015 Elsevier. (D) Long-term 
cycling stability of LiMn0.5Fe0.5PO4/LTO full cell at a current density of 1 C. (E) In situ structural characterization of LiMn0.5Fe0.5PO4 
during the charge/discharge process. Reproduced with permission from[48]. Copyright © 2021 American Chemical Society.

LMFP into the electrolyte. To further assess electrode stability, LMFP cathodes and LTO anodes were 
collected from disassembled LMFP/LTO cells after prolonged cycling at 60 °C, and reused in separate 
LMFP/Li and LTO/Li half cells. These electrodes exhibited excellent cycling performance at 30 °C, 
comparable to that of half cells assembled with pristine LMFP and LTO electrodes. More importantly, the 
electrochemical stability of LMFP/LTO full cells operated at elevated temperatures was improved by 
combining a pre-passivated LTO anode, activated during cycling in LMFP/LTO full cells at 60 °C with a 
pristine LMFP cathode. This indicates that the surface reactions between the LTO anodes and electrolytes, 
such as the reduction of alkyl carbonates or LiPF6 salts, become more pronounced at higher temperatures, 
leading to the loss of active Li. However, the LTO anode itself undergoes minimal degradation. As a result, 
the pre-passivated LTO significantly mitigates thermal deterioration in LMFP/LTO full cells, even at 
temperatures up to 60 °C.
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To assess potential risks in large-scale LIBs under harsh environmental conditions, the thermal stability of 
LMFP/LTO full cells was examined by analyzing the entropy change (ΔS) of both the cathode and anode as 
a function of the state of charge (SOC)[47]. ΔS was estimated from the derivative of the open-circuit voltage 
(OCV) with respect to temperature, which correlates with the amount of heat generated by the electrodes 
during cell operation. A sharp change in ΔS was observed in LiMn0.67Fe0.33PO4 within the intermediate 
Fe-Mn transition region, where a single-phase solid-solution reaction occurred, as exemplified by 
Li0.33Mn0.67Fe0.33PO4. Similarly, the graphite anode showed significant variations in ΔS due to its complex 
staging behavior during Li-ion intercalation and deintercalation. In contrast, the LFP cathode and LTO 
anode, both characterized by a two-phase reaction mechanism across nearly the entire SOC range 
[Figure 4B], exhibited an almost constant ΔS within the same SOC region. According to ΔSfull cell, discharge = 
ΔScathode, reduction + ΔSanode, oxidation, the ΔS of LFP/LTO full cells was close to zero due to the offset between the 
individual ΔSLFP and ΔSLTO, which have similar absolute values but opposite signs. However, the ΔS of LMFP/
LTO full cells deviated further from zero compared to LFP/LTO full cells [Figure 4C], indicating a higher 
rate of heat generation and release across the entire SOC range. Unlike other graphite-based full cells, 
including LMFP/graphite and LFP/graphite, LMFP/LTO full cells exhibited the potential for reversible heat 
generation and consumption.

Reducing the particle size of LMFP to the nanoscale facilitated a one-phase transition throughout the entire 
cycling process, with the Li miscibility gap progressively narrowing as the particle size decreased. For 
instance, LiMn0.5Fe0.5PO4 nanocrystals (< 150 nm) with equimolar Mn and Fe showed an impressive 
discharge capacity of ~104 mA h g-1 at a high current density of 10 C. This improvement was attributed to 
the presence of short Li-ion diffusion paths and the absence of the sluggish two-phase Mn3+/Mn2+ transition 
in LMFP nanocrystals during cycling[48]. Additionally, the cycling-dependent volume change in the olivine 
lattice was smaller for LMFP with a zero miscibility gap than for LFP, which typically undergoes Fe3+/Fe2+ 
two-phase reactions, thereby contributing to the extended lifespan of LIBs. A full cell assembled with the 
LMFP cathode and LTO anode delivered a specific capacity of ~124 mA h g-1 at a current density of 1 C 
after 500 cycles, corresponding to ~92.5% of its initial cell capacity [Figure 4D]. The superior power and 
cycling performance of the LMFP/LTO full cell can be attributed to the excellent rate capabilities of both 
electrodes, including the facile Li-ion diffusion during the extended one-phase transition of nanoscale 
LMFP [Figure 4E].

To address the intrinsically low electrical conductivity and surface instability of LMFP cathode materials, 
two highly effective strategies were employed: compositing LMFP particles with conductive materials and 
applying carbon coatings to their surfaces [Figure 5A]. These approaches significantly enhanced the 
electrical conductivity and electrochemical stability of the LMFP surfaces, contributing to the high power 
output and extended cycle life of LMFP/LTO full cells. The reported combinations of carbon sources that 
improve electrical conductivity and complexing agents that regulate the atmosphere include carbon black/
sucrose and polystyrene/citric acid[49,50]. Notably, electrically conductive carbon nanotube (CNT)-embedded 
LiMn0.8Fe0.2PO4/C microspheres demonstrated an outstanding discharge capacity of ~121 mA h g-1, even at a 
high current density of 20 C[51], as exhibited in Figure 5B. Additionally, CNTs offer exceptional mechanical 
strength, effectively preserving the electrical network and accommodating volume changes in LMFP/C 
microspheres during electrochemical cycling. Consequently, a full cell employing CNT-embedded LMFP/C 
as the cathode paired with a high-power LTO anode achieved a discharge capacity exceeding 130 mAh g-1 at 
a high current density of 10 C.

Meanwhile, Li3VO4/carbon hybrid conductors were introduced as ionic/electronic dual-conductive layers 
on the surfaces of LiMn0.5Fe0.5PO4 nanorods (100-200 nm)[52]. These conductive materials also function as 
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Figure 5. (A) Morphology of micro-spherical LiMn0.8Fe0.2PO4 and CNT composites. (B) Charge/discharge profiles and rate capability of 
CNT@LMFP/LTO full cells. Reproduced with permission from[51]. Copyright © 2018 Elsevier. (C) Proposed mechanism of protecting 
layer (PL) formation on the surface of LTO anode induced by the incorporation of 2,3-dimethoxystyrene into the PVDF binder. 
Reproduced with permission from[53]. Copyright © 2021 Royal Society of Chemistry.

surface protectors, mitigating detrimental interfacial reactions between the LMFP nanorods and the 
electrolyte. The optimal conditions for the composition design and synthesis of this complex enabled the 
realization of its excellent rate capability (~125 mA h g-1 at 10 C) and cycling retention properties 
(~120 mA h g-1 at 5 C after 1,000 cycles, corresponding to a low capacity loss of 0.0085% per cycle), 
comparable to those of CNT-embedded LMFP/C microspheres. However, in this study, the capacity 
retention of the LMFP nanorod/LTO full cells after 120 cycles at a current density of 1 C was ~74.3%, which 
was substantially lower than the value observed in the cycling behavior of the hybrid-coated LMFP half 
cells. Further investigation is required to understand the disparity in the electrochemical performance 
between LMFP half and full cells.

In LMFP/LTO full cells, Mn2+ ions released from the LMFP cathode surface diffuse through the electrolyte 
toward the opposing LTO anode, where they ultimately deposit on its surface. The deposited Mn2+ ions are 
then reduced to Mn metal, which catalyzes undesirable electrolyte decomposition side reactions. One of the 
most effective approaches for mitigating the interaction between Mn2+ ions and the electrolyte involves 
incorporating a functional polymer (e.g., 2,3-dimethoxystyrene) into the polyvinylidene fluoride (PVDF) 
binder, which coordinates with multivalent metal ions in LMFP, thereby suppressing their dissolution and 
diffusion[53]. The incorporation of this polymer additive enhanced the capacity retention of 
LiMn0.75Fe0.20Mg0.05PO4/LTO full cells by 16.7% over 300 cycles at 1 C and 45 °C. This improvement can be 
attributed to two primary factors: (1) the suppression of Mn2+ ion dissolution into the electrolyte, which 
maintained the reversibility of Mn3+/Mn2+ redox reactions in LMFP; and (2) the formation of a protective 
layer on the LTO anode, preventing surface degradation and electrolyte decomposition [Figure 5C].

Feasibility of alternative LMFP-based battery technologies
In addition to LMFP/graphite and LMFP/LTO full cells, LMFP-based full cells incorporating ceramic metal 
oxide and metallic alloy anodes have demonstrated superior cell capacity and energy density compared to 
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conventional configurations. Yang et al. combined 1 wt% LTO-coated LiMn0.5Fe0.5PO4/C as the cathode and 
a graphite/SiO2/C composite as the anode for LIBs[54]. As a coating material on LMFP particles rather than as 
an anode material, LTO remained electrochemically inactive within the high-voltage range of LMFP half 
and full cells. However, even at 60 °C, a trace amount of LTO (1 wt%) effectively suppressed the dissolution 
of Mn2+ and Fe2+ ions from the LMFP surfaces into the electrolyte. Additionally, the intrinsically conductive 
nature of the LTO layers on the surfaces of the LMFP particles facilitated Li-ion solvation and desolvation 
while providing physical protection against HF attacks. Consequently, the full cell assembled with the LTO-
coated LMFP/C cathode and high-capacity graphite/SiO2/C anode demonstrated excellent power and long-
term cycling stability.

Metal oxides such as Fe2O3 and Fe3O4 undergo electrochemical charge and discharge processes based on 
conversion reactions, achieving high theoretical capacities of ~1,007 mA h g-1 for Fe2O3 and ~926 mA h g-1 
for Fe3O4

[55,56]. The initial coulombic efficiency and reaction reversibility of these materials can be enhanced 
by nanosizing the active particles and drying the active electrodes above the melting point of the PVDF 
binder. In particular, preheating the pristine electrodes at 250 °C prior to cycling enhances adhesion 
between Fe2O3 or Fe3O4 nanoparticles, binders, and the current collector, thereby mitigating cycling-induced 
volume changes of the metal oxides and preventing disconnection among the electrode components. This 
approach preserved the initial discharge capacity (> 1,000 mA h g-1) of Fe3O4 for up to 1,000 cycles in Fe3O4 
half cells. However, LiMn0.8Fe0.2PO4/Fe3O4 full cells, despite achieving a cell voltage of ~2.0 V and a cell 
capacity of ~130 mA h g-1 based on cathode loading, exhibited degradation within 10 cycles, accompanied 
by significant voltage hysteresis due to the conversion reaction of the Fe3O4 anode. High-performance Sn/C 
or Sn/Fe2O3/C composites have also been employed as anode materials for LMFP full cells[57,58]. To avoid the 
severe degradation of metallic anodes caused by large volume changes, the utilization of these active 
materials was restricted during full-cell operation by increasing the N/P ratio. Consequently, the capacity 
fading of the LMFP cathode was minimized relative to that of the Sn/C or Sn/Fe2O3/C anodes. However, the 
utilization of anode materials remains crucial for maximizing cell capacity and energy density.

Key opportunities and challenges in LMFP battery technology
Enhancing the electrochemical and thermal properties of LMFP full cells requires a comprehensive 
technological approach, including the optimization of LMFP cathodes, integration of compatible anodes 
and electrolytes, and establishment of stable cell operating conditions. These aspects are addressed 
individually in the subsequent subsections.

Advancing LMFP cathodes for practical applications
LMFP faces challenges related to its low electronic conductivity and sluggish Li-ion diffusion kinetics, 
which result in inferior rate capability[6]. Additionally, the pronounced Jahn-Teller distortion and Mn 
dissolution into the electrolyte, driven by an increase in Mn3+ ions in LMFP during charging, lead to 
unstable cycling performance at elevated temperatures compared to commercial LFP[59,60]. To overcome 
these issues, surface protection of LMFP particles with conductive carbon is considered crucial, with an 
emphasis on optimizing the uniformity, content, and degree of graphitization of the coated carbon[61-63]. A 
promising approach involves the construction of three-dimensional conductive networks using highly 
graphitized graphene or CNTs on the surfaces of LMFP particles. In addition to carbon coating, reducing 
the particle size of LMFP to the nanoscale is an effective strategy for enhancing power performance by 
shortening the Li-ion diffusion path within the bulk[18,64]. However, while carbon coating decreases the tap 
density of the LMFP, nanosizing increases the reactive surface area in contact with the electrolyte, negatively 
affecting the volumetric energy density and cycling performance. Therefore, the ideal morphology of the 
LMFP particles consists of porous microscale secondary particles sparsely aggregated with LMFP 
nanoparticles, with a minimal yet uniformly distributed conductive carbon coating on the primary 
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nanoparticles[65].

The theoretical specific energy density of LMFP increases with increasing Mn content (1-y). However, when 
1-y exceeds 0.8, the practical electrochemical performance of LMFP deteriorates due to compositional and 
physicochemical similarities with LMP. Thus, the Mn content in the range of 0.5 to 0.8 is generally 
considered suitable for LMFP applications, depending on whether a fast discharge rate or extended cycle life 
is required. Despite extensive efforts, the exact relationship among Mn/Fe ratios, SOC-dependent phase 
transitions, and electrochemical cycling performance of LMFP remains intricate and not yet fully 
understood[16]. Nevertheless, several consensus approaches have been established based on precise 
electrochemical and in situ structural analyses. Compared to Mn3+/Mn2+, Fe3+/Fe2+ redox reactions are more 
likely to exhibit a single-phase solid solution transition, particularly in the intermediate stages of charge and 
discharge, regardless of the Mn/Fe ratio in the LMFP[66]. In general, Mn3+/Mn2+ redox reactions follow a two-
phase transition mechanism, even when Fe content exceeds that of Mn (i.e., 1-y < 0.5). Additionally, as the 
Mn/Fe ratio increases, the two-phase transition region corresponding to the Mn3+/Mn2+ redox reactions 
steadily expands[17].

Due to these differences in transition mechanisms, the Li-ion diffusivity in the Mn3+/Mn2+ reaction region is 
consistently lower than in the Fe3+/Fe2+ reaction region[28,67]. The inherent limitations imposed by nucleation 
and growth kinetics during cycling further hinder the kinetics of two-phase transition reactions. This effect 
is exacerbated by the Jahn-Teller effect, which distorts the Mn-O bonds in the LMFP lattice and induces a 
lattice mismatch, reducing the number of Li-ion diffusion channels and increasing the activation energy 
barrier for Li-ion migration. Additionally, the inhomogeneous distribution of Mn and Fe weakens their 
mutual interactions, thereby influencing the electronic structure of LMFP during cycling. Specifically, the 
significantly slower kinetics of the Mn3+/Mn2+ redox reactions compared to that of the Fe3+/Fe2+ redox 
reactions retards the charge/discharge rates of LMFP[16]. As a result, completing the Mn3+/Mn2+ redox 
reactions, especially at the end of charging, is challenging. Notably, equimolar amounts of LiMn0.5Fe0.5PO4 
(1-y value of 0.5) frequently exhibit a rapid one-phase transition throughout the cycling process[48]. 
However, in the range of 0.5 < 1-y ≤ 0.8, LMFP inevitably undergoes a sluggish first-order two-phase 
transition of Mn3+/Mn2+ redox reactions during cycling due to the inhomogeneous distribution of Mn and 
Fe. Unlike equimolar LMFP, this inhomogeneity can induce abrupt lattice changes in the olivine structure, 
accelerating kinetic degradation in LMFP cells[68,69]. With respect to Mn and Fe homogeneity in LMFP, 
liquid-phase synthesis methods are considered more advantageous than solid-state counterparts, despite the 
c o m p l e x i t i e s  i n v o l v e d  i n  m a s s  p r o d u c t i o n .  R e p r e s e n t a t i v e  m e t h o d s  i n c l u d e  
hydrothermal/solvothermal[15,20,23,48,52,56,58,59,61,63,67], co-precipitation[13,34,43,51,64,68], and sol-gel processes[70].

Consequently, when designing LMFP cathodes for practical applications, it is imperative to balance Li-ion 
transport kinetics and energy density. This balance is influenced by factors such as chemical composition, 
particle morphology, and atomic distribution uniformity.

Integrating advanced LMFP with compatible anodes
The compatibility and performance of LMFP cathodes with anodes for LIBs have been primarily studied 
using graphite and LTO, focusing on their electrochemical behavior in LMFP/graphite and LMFP/LTO full 
cells. Some studies have reported alternative LMFP full cells incorporating ceramic metal oxides or metallic 
alloys as anode materials. However, these cells demonstrated low operating voltages, poor anode utilization, 
and inadequate capacity retention due to anode degradation caused by large volume changes during cycling. 
Despite its exceptionally high specific gravimetric capacity (4,200 mA h g-1), Si has not been considered an 
anode material for LMFP full cells. This exclusion is primarily due to challenges in controlling anode 
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loading and N/P ratio for proper cell balancing, as the specific capacity of Si significantly exceeds that of 
LMFP. The components and key electrochemical performances of the reported LMFP full cells are 
summarized in Table 2, providing a comprehensive overview of their characteristics.

As demonstrated in Table 2, the combination of the LMFP composition, anode type, and window voltage 
collectively determines the operating voltage, reversible/irreversible capacity, and cycle life of LMFP full 
cells. In addition to the anode materials, enhancing the structural integrity of the LMFP is crucial to prevent 
the dissolution of Mn2+ ions into the electrolyte. These ions migrate to the anode surface, degrading SEI 
layers and causing irreversible capacity loss[71]. Furthermore, parasitic reactions induced by metal reduction 
within the SEI layer generate undesirable gases. In contrast to LTO, which lacks SEI layers and exhibits 
lower surface reactivity, graphite anodes with thick SEI layers are particularly susceptible to these issues 
[Figure 6]. Therefore, the stability of the SEI layer against metal reduction reactions is intrinsically linked to 
the electrical performance and thermal stability of graphite anodes. To maintain a stable SEI layer on the 
graphite surface, even at elevated temperatures (e.g., 60 °C) or high voltages, effective strategies include 
incorporating electrolyte additives (e.g., LiDFOB and LiFSI) and applying surface coatings (e.g., LFP)[70,72-74]. 
Another strategy involves pre-lithiating the LMFP half cells before assembling them into LMFP full cells[42]. 
This approach compensates for irreversible Li loss during initial SEI formation and mitigates side reactions 
in full cells during cycling, thereby enhancing overall performance and stability.

LTO offers a constant reversible capacity (155-160 mA h g-1) and high coulombic efficiency (~100%) during 
cycling, making it highly advantageous for the reliable design of LMFP full cells. Compared to full cells 
containing NCM and/or graphite, LMFP/LTO exhibits superior thermal stability and safety due to their low 
specific heat evolution in both lithiated and delithiated states[75,76].

CONCLUSION AND OUTLOOK
Advancements in LIBs require cathode materials with higher energy density and superior thermal stability, 
which surpass the performance of commercially validated layered NCM and olivine LFP. LMFP is 
particularly important, as its energy density is at least 10% higher than that of LFP while maintaining 
comparable structural and thermal stability. Furthermore, LMFP demonstrates excellent electrochemical 
compatibility with NCM due to their similar voltage windows. Currently, battery manufacturers employ 
proprietary Mn/Fe ratios (e.g., LiMn0.6Fe0.4PO4 and LiMn0.7Fe0.3PO4) and various production processes (e.g., 
carbothermal reduction, hydrothermal/solvothermal, co-precipitation, and sol-gel) for LMFP, with the 
primary applications focusing on blending it with NCM to enhance stability and reduce costs.

The independent use of LMFP as a cathode material can be realized only if the complex effects of its Mn/Fe 
ratio, particle size, antisite defects, charge/discharge rates, and compositional uniformity on charge/
discharge cycling and capacity decay mechanisms are fully understood. Therefore, predicting changes in the 
one- or two-phase transition regions of the Mn3+/Mn2+ and Fe3+/Fe2+ redox reactions during cycling for any 
LMFP composition remains challenging. This issue is critical when designing optimal LMFP cathode 
materials. Increasing the Mn content (1-y) in LMFP leads to an increase in energy density, driven by the 
expansion of the high-voltage Mn3+/Mn2+ redox region. Conversely, the structural stability and cycling 
performance of LMFP are compromised by intensified Jahn-Teller distortion and Mn dissolution, both of 
which result from the high concentration of Mn3+ ions. Additionally, the sluggish Mn3+/Mn2+ redox 
reactions, accompanied by two-phase nucleation/growth transitions, deteriorate the kinetics of LMFP at 
higher Mn contents. Meanwhile, reducing particle size and achieving uniform Fe and Mn distribution can 
expand the metastable single-phase transition region for the Mn3+/Mn2+ and Fe3+/Fe2+ redox reactions during 
cycling. Therefore, developing appropriate synthesis methods that can control defect chemistry and particle 
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Table 2. Comparison of electrochemical performances of reported LMFP full cells

LMFP composition Window voltage 
(V)

Cell capacity 
(mA h g-1@C-rate)

Capacity retention 
(%@cycles)

Initial coulombic 
efficiency (%)

Temp. 
(°C) Ref.

LMFP/graphite full cells

LiMn0.67Fe0.33PO4 2.5-4.3 116@0.05C - 72.5 60 [32]

- 2.0-4.3 - @0.1C 72.5@200 85 25 [33]

LiMn0.85Fe0.15PO4 2.7-4.4 130@0.5C 85@300 93 25 [34]

LiMn0.8Fe0.2PO4 2.7-4.25 132@0.5C 89@450 86 25 [35]

LiMn0.63Fe0.37PO4 2.5-4.4 115@1C 85@50 97.5 20 [36]

LiMn0.6Fe0.4PO4 - 110@1C 78.4@500 98 25 [42]

LiMn0.5Fe0.5PO4 2.5-4.3 95@0.5C 95@300 - 25 [43]

LiMn0.8Fe0.2PO4 2.5-4.2 - 90@100 - 55 [60]

LiMn0.8Fe0.2PO4 2.0-4.25 130@0.5C 79@100 - 30 [71]

LiMn0.8Fe0.2PO4 2.0-4.25 130@0.5C 66@100 - 60 [71]

LMFP/LTO full cells

LiMn0.8Fe0.2PO4 1.7-2.7 150@0.1C - 89 25 [44]

LiMn0.8Fe0.2PO4 0.8-2.7 153@0.5C 96@100 90 30 [46]

LiMn0.8Fe0.2PO4 0.8-2.7 150@0.5C 52@100 - 60 [46]

LiMn0.5Fe0.5PO4 0.8-2.7 147@0.1C - 95.6 25 [48]

LiMn0.5Fe0.5PO4 0.8-2.7 134@1C 92.5@500 100 25 [48]

LiMn0.8Fe0.2PO4 1.0-3.0 70@0.1C 92@200 95 25 [49]

LiMn0.5Fe0.5PO4 0.5-3.0 141@1C - 96 25 [50]

LiMn0.8Fe0.2PO4 0.8-2.9 141@1C 76.6@100 97 25 [51]

LiMn0.5Fe0.5PO4 0.5-3.0 144@1C 74.3@120 95.5 25 [52]

Alternative LMFP full cells

LiMn0.8Fe0.2PO4 0.5-3.75 85@0.2 94@30 85 25 [55]

LiMn0.8Fe0.2PO4 0.5-3.75 130@0.12 80@10 92 25 [56]

LiMn0.5Fe0.5PO4 1.6-4.2 100@0.2C - 95 25 [57]

Figure 6. Summary and comparison of LMFP/graphite and LMFP/LTO full cells with respect to capacity, voltage, and thermal stability.
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size of LMFP is highly recommended. It is essential to carefully balance particle size and packing density for 
practical applications.

From an electrode perspective, improving the adhesion between the active materials, conductive agents, and 
current collectors is essential for prolonging the lifespan of LMFP cells. One effective approach is to dry 
LMFP electrodes at temperatures above the melting point of the PVDF binder. Graphite and LTO are 
promising anode materials for LMFP full cells. In LMFP/graphite full cells, migrated Mn2+ ions from the 
LMFP cathode can disrupt the SEI layers on the surface of the graphite anode, leading to gas evolution due 
to undesirable side reactions. Therefore, surface protection of both LMFP and graphite particles, along with 
pre-lithiation of the graphite anode, should be implemented. Limiting the upper voltage window of LMFP/
graphite full cells is also desirable to minimize the negative effects of Mn3+/Mn2+ reactions and electrolyte 
decomposition at high SOC. In terms of thermal and cycling stabilities, coupling an LMFP cathode with an 
LTO anode holds considerable promise. The lower capacity and higher electrode potential of LTO 
compared to graphite are not critical for load-leveling applications, where space limitations are less of a 
concern.

Given the significant advancements in LFP cathode materials, which have been widely adopted in the 
battery industry, LMFP is anticipated to emerge as a mainstream cathode material for future LIBs due to its 
enhanced performance. To realize this potential, further precise studies are required to understand the 
intrinsic characteristics of LMFP cathode materials with and without cycling, investigate the internal 
phenomena occurring within the LMFP full cell during operation at varying temperatures, and optimize 
different cell parameters.
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