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ABSTRACT 

Olivine LiMnPO4 is a promising cathode material for Li-ion batteries.  One drawback of 

this material is the propensity of its delithiated phase, MnPO4, to evolve oxygen gas above 

approximately 200 °C.  During thermal runaway of cells, this oxygen gas can burn the electrolyte 

and other cell components and thereby jeopardize safety.  Partial substitution of Mn with M’ = 

Fe, Ni, Al, or Mg has been used to improve the lithium intercalation kinetics of LixMnPO4; 

however, the effect of these substitutions on oxygen evolution is not fully documented.  In this 

paper, we calculate phase diagrams and oxygen evolution diagrams for these Mn1-xM’xPO4 

delithiated cathode materials.  To generate the phase diagrams, we use sub-regular solid solution 

models and fit the energetic parameters of these models to density functional theory calculations 

of special quasi-random structures.  The resulting thermodynamic models describe the effect of 

mixing on the initial temperature of oxygen evolution and on the cumulative amount of oxygen 

evolution at elevated temperatures.  We find that addition of Fe increases the initial temperature 

and decreases the cumulative amount of oxygen evolution.  Mn0.5Fe0.5PO4 exhibits an initial 

temperature 50 °C higher than MnPO4 and releases 70% less oxygen gas at 300 °C.  Al is 

insoluble in MnPO4, so addition of Al has no affect on the initial temperature.  However, Al 

addition does slightly decrease the amount of oxygen evolution due to an inactive AlPO4 

component.  Mg and Ni both decrease the initial temperature of oxygen evolution, and therefore 

may worsen the safety of MnPO4. 

 

I. INTRODUCTION 

Portable electronics and electric vehicles require batteries with high energy density and 

thermal safety.  Li-ion batteries are dominating these markets using a variety of existing cathode 
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materials, and new cathode materials are being developed to improve performance.1  Each 

cathode material offers a balance of safety, energy density, and other attributes.  Certain cathode 

materials jeopardize safety at elevated temperatures through oxygen evolution.  Oxygen in the 

cell can contribute to fires and explosions through combustion of the organic electrolyte. 

Olivine LiFePO4 has demonstrated excellent safety due, in part, to a lack of oxygen 

evolution from its delithiated FePO4 phase at temperatures up to 500 °C.2  LiFePO4 also delivers 

exceptional lifespan due to the metastability of FePO4 in the olivine structure.3,4  However, 

LiFePO4 suffers from relatively low energy density due to its low voltage at 3.4 V.5  To increase 

the voltage of olivine cathodes, Fe can be substituted with Mn. 

LiMnPO4 also forms the olivine structure and provides a voltage of 4.1 V.5  However, 

this material suffers from poor kinetics and oxygen evolution.  Kinetics have been improved by 

mixing metals (M’) such as Fe, Ni, Al, and Mg on the Mn sublattice to form mixed LiMn1-

xM’xPO4 materials, which also form the olivine structure.6  Beyond kinetics, a remaining 

problem for LiMnPO4 cathodes is oxygen evolution from the delithiated olivine MnPO4 phase 

that forms in the cell during charging. 

Charging of LiMnPO4 operates via a two-phase reaction where lithiated LiMnPO4 and 

delithiated MnPO4 phases coexist.7  The LiMnPO4 phase is thermally stable up to at least 800 

°C;8 however, the delithiated MnPO4 phase releases oxygen gas above approximately 200 °C.  

This gas release occurs with the formation of Mn2P2O7 according to experimental studies.9-11   

ܲ݊ܯ   ସܱ ՜ 0.5 כ ଶ݊ܯ ଶܱܲ଻ ൅ 0.25 כ ܱଶ     (1) 

It is possible to control oxygen evolution from delithiated cathode materials by synthesizing the 

materials with various mixtures of transition metals.12  For example, mixing metals such as Fe 

onto the Mn sublattice can stabilize the delithiated phase relative to product phases (e.g., Eq. 1), 
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and therefore improve oxygen evolution behavior.13  Inversely, metals that stabilize product 

phases can worsen oxygen evolution.  Metals may be added to purposefully control oxygen 

evolution behavior, or they may be added to control kinetic or other properties with unintended 

consequences for oxygen evolution.  In any case, it is important to understand the relationship 

between composition and oxygen evolution. 

Experimental studies have characterized oxygen evolution from mixed Mn1-xFexPO4 

materials, finding initial temperatures of oxygen evolution between those of the pure MnPO4 and 

FePO4 end-members.13,14  However, these experimental Mn1-xFexPO4 studies have arrived at 

varying conclusions at least partly due to a lack of well-established phase diagrams for these 

delithiated mixed-metal phases.  Therefore, computational studies are useful for providing 

additional understanding of Mn1-xFexPO4 phase diagrams.  Furthermore, the effect on oxygen 

evolution of mixing other metals such as M’ = Ni, Al, and Mg in Mn1-xM’xPO4 has not been 

previously reported to our knowledge.  Density functional theory (DFT) calculations can be used 

to study delithiated cathode materials that are formed in batteries and therefore difficult to 

characterize with experimental techniques.15-18  Following the advent of modern computational 

resources, a large number of DFT papers have been published on technologically important 

materials including lithium-ion cathode materials.19-24  DFT calculations on pure MnPO4 have 

corroborated Mn2P2O7 formation, but these calculations have not yet been extended to mixed 

Mn1-xM’xPO4 cathodes.25 

In this paper, we use DFT and calculation of phase diagram (CALPHAD) methods to 

calculate mixing energies, phase diagrams, and oxygen evolution diagrams for delithiated Mn1-

xM’xPO4 olivine materials with M’ = Fe, Ni, Al, and Mg.  For various cathode compositions, we 

determine the temperature at which oxygen evolution initiates (TO2) and the cumulative amount 
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of oxygen released from the cathode (δ) as a function of temperature.  We find that Fe mixing 

can both increase TO2 and decrease δ.  For example, Mn0.5Fe0.5PO4 exhibits a TO2 that is 50 °C 

higher than MnPO4 and decreases δ by 70% at 300 °C.  We find that Al mixing has no effect on 

TO2 and decreases δ only in proportion to the degree of Al substitution.  We find that Ni and Mg 

mixing decrease TO2 but have no effect on δ.  Within our study, metals that tend to adopt 2+ 

oxidation states in phosphates such as Ni and Mg worsen oxygen evolution behavior; whereas, 

3+ metals such as Fe and Al can sometimes but not always improve oxygen evolution behavior.  

These findings help clarify the effect of transition metal mixing on oxygen evolution and 

therefore facilitate simultaneous optimization of performance and safety. 

 

II. METHODLOGY 

We performed DFT calculations using the Vienna Ab-initio Simulation Package 

(VASP).26-29  We used projector augmented wave potentials30,31 and the PBE32 exchange-

correlation functional.  We use an energy cutoff of 520 eV and k-points of 1,000 per reciprocal 

atom, which results in DFT formation energies converged within 3 meV per formula unit.  A 

DFT+U33-35 correction was applied to transition metal atoms using the method of Dudarev et al.36  

U values were taken from the paper by Wang et al., where they were fit to experimental oxide 

formation energies.37  This paper by Wang et al. provides extensive discussion regarding the 

relationship between U values and oxide formation energies, and validates the DFT+U method 

for studying oxygen evolution reactions.  The U values in eV are UMn = 3.8, UFe = 4.0, and UNi = 

6.4.  These are the same U values used in the Open Quantum Materials Database (OQMD), 

which provided a library of crystal structures as described below.17,38  Calculations were spin 

polarized, and transition metals were initialized in ferromagnetic configurations with +5 μB 
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magnetic moments.  All calculations containing Ni were additionally run with Ni atoms in +1 μB 

initial magnetic moments to facilitate convergence toward low spin states. 

 To describe thermodynamics of mixing, we used a sub-regular solution model for the free 

energies of Mna-a*xM’a*xPbOc (0 < x < 1) phases with binary mixing: 

,ݔሺܩ  ܶሻ ൌ ሻݔሺܪ ൅ ݇஻ܶ כ ሾሺݔሻ lnሺݔሻ ൅ ሺ1 െ ሻln ሺ1ݔ െ  ሻሿ   (2)ݔ

In the sub-regular solution model, H(x) is a third-order Redlich-Kister polynomial for the 

enthalpy. 

ሻݔሺܪ  ൌ ሺ1ݔ െ ଴ܮሻݔ ൅ ሺ1ݔ െ ݔሻሺ2ݔ െ 1ሻܮଵ     (3) 

L0 is the regular solution parameter, and L1 is the sub-regular solution parameter.  H(x) was fit to 

DFT mixing energies calculated for special quasi-random structures (SQSs), which are specially-

constructed small unit cells that mimic the short-range pair and multi-body correlations of 

random solid solutions.39  We used SQSs at x = 0.25, 0.5, and 0.75 compositions, and we 

generated these SQSs with the Monte-Carlo SQS (MCSQS) generator provided in the Alloy 

Theoretic Automated Toolkit (ATAT).40  This approach followed previous work by Snydacker 

and Wolverton on the phase diagrams of LiyMn1-xFexPO4 and LiyMn1-xNixPO4, which showed 

that these phases form mixed-metal solid solutions.41  We modeled solid solutions for all crystal 

structures (not only olivine) that appeared on the DFT convex hull at compositions of Mn1-

xM’xPO4 (M’ = Fe, Ni, Al, and Mg) for oxygen chemical potentials corresponding to a range of 

temperatures between 0 K and 1,500 K.  We used the DFT convex hulls of both the Open 

Quantum Materials Database (OQMD)38,42 and the Materials Project43-45 database.  These 

databases provided similar convex hulls, except for the Fe3P4O14 and Fe7P6O24 compounds, 

which had large primitive cells and appeared only the Materials Project database.  All solid 

phases that appear on the convex hulls at the Mn1-xM’xPO4 compositions are ternary MaPbOc 
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phases with M = Mn, Fe, Ni, Al, or Mg.  Within this set of phases, each unique crystal structure 

was modeled as a Mna-a*xM’a*xPbOc (0 < x < 1) solid solution with M’ = Ni, Fe, Al, or Mg. 

We combined our DFT free energies of compounds and mixed solid-solution phases with 

a temperature-dependent oxygen chemical potential.  We expressed the free energy of oxygen 

gas as a function of temperature, using data from the JANAF Thermochemical tables.46  The free 

energy of oxygen gas was fit to reproduce the experimentally observed 200°C (473 K) initial 

temperature for oxygen evolution from MnPO4.9-11  In these experiments, no partial pressure for 

oxygen gas is reported.  We assumed an oxygen partial pressure of 1.0 bar.  During thermal 

runaway of a lithium-ion cell with a cylindrical 18650 form factor and a LixMn1/3Co1/3Ni1/3O2 

cathode, the generation of oxygen, carbon dioxide, and other gases can increase total pressure up 

to approximately 10 bar.47  Therefore, we also considered an oxygen partial pressure of 10 bar.  

However, we found that increasing oxygen partial pressure to 10 bar did not have a significant 

effect on our calculated results, so we only report results for 1.0 bar. Oxygen evolution from 

MnPO4 occurs according to the reaction shown in Equation 1, which was used to set the 

chemical potential of oxygen gas at 473 K: 

ைସ଻ଷ௄ߤ   ൌ ஽ி்ሾ2ܧ כ MnP ସܱ ሿ െ ଶ݊ܯ஽ி்ሾܧ ଶܱܲ଻ ሿ    (4) ܧ஽ி் are DFT energies.  The temperature-dependence of the JANAF data was then calibrated to 

this reference chemical potential, ߤைସ଻ଷ௄.  This approach allowed us to calculate oxygen evolution 

temperatures for Mn1-xM’xPO4 materials relative to the experimental oxygen evolution 

temperature for MnPO4, independent of DFT errors for O2.37,48  Prior DFT papers have fit 

oxygen chemical potentials to formation energies of oxides,37,48 but in this paper, we fit oxygen 

chemical potentials to the MnPO4  Mn2P2O7 transition to provide accuracy specifically for 

phosphates. 
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The free energy functions for the solid solution phases and oxygen gas formed the 

thermodynamic database for phase diagram calculations.  We use the Thermo-Calc software 

package to calculate phase diagrams.49  Within Thermo-Calc, we input our DFT-derived free 

energies into the Gibbs module.  We created phase diagrams for the binary systems defined by 

Mn1-xM’xPO4 (M’ = Fe, Ni, Al, Mg).  Thermo-Calc settings are described in the Appendix. 

Each phase diagram was calculated by considering all solid solution phases during energy 

minimization, with one exception.  For the Mn-Fe system, we produced one phase diagram that 

included all phases, and another phase diagram that excluded the quartz-type (P3121) FePO4 

phase.  For FePO4, the quartz-type phase gives a lower DFT energy than the olivine phase.25  

During synthesis, the quartz-type phase also forms preferentially to olivine.50  However, the 

quartz-type FePO4 phase is kinetically inaccessible in Li-ion cells with olivine FePO4 delithiated 

cathodes.51  Furthermore, experiments have shown that olivine Mn1-xFexPO4 phases also do not 

convert to quartz-type at elevated temperatures.14  Therefore, we are mainly interested in oxygen 

evolution from the olivine phase and chose to generate a phase diagram that excluded the quartz-

type phase.  This approach is consistent with prior DFT studies on oxygen evolution from 

FePO4, which report phase diagrams alternatively excluding and including the quartz-type 

phase.25 

Oxygen evolution from the cathode materials can be quantified using two metrics.  The 

first metric is the initial temperature of oxygen evolution (TO2), which is the threshold 

temperature where oxygen is first released (at 1 bar) from the cathode during heating.  Once this 

initial temperature is crossed, the released oxygen can burn the electrolyte and continue raising 

the temperature.  The second metric is the cumulative amount of oxygen gas released at 1 bar 

from the cathode at any given temperature (δ).  We define δ according to the MPO4-∂ 
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composition of solid phases in the cathode.  In this notation, a composition of MPO4-∂ implies a 

set of phases that sum to an overall composition of MPO4-∂.  In this paper, both TO2 and δ are 

defined at stable thermodynamic equilibrium. 

We generated oxygen evolution diagrams using equilibria calculated in Thermo-Calc.  

For pure MnPO4, these oxygen evolution diagrams represent the decomposition reaction to form 

Mn2P2O7, which is shown above in Equation 1.  For mixed the Mn1-xM’xPO4 materials, the 

oxygen evolution diagrams represent generalized decomposition reactions whose products are 

the equilibrium phases specified by the phase diagrams.  We calculated equilibrium phases for an 

array of different composition and temperature conditions.  The amounts of oxygen gas in these 

equilibrium calculations were used to create the oxygen evolution diagrams.  We report oxygen 

evolution in terms of δ from MPO4-∂.  We also report mass retention, which is expressed as a 

percentage of the mass of the Mn1-xM’xPO4 material.  For the redox active metals Fe and Ni, 

which are typically used in cathodes at high concentrations, we generated oxygen evolution 

diagrams over a full range: 0 < x < 1 in Mn1-xM’xPO4.  For the redox inactive dopants Al and 

Mg, which are typically used in cathodes at low concentrations, we generated oxygen evolution 

diagrams over a narrower range: 0 < x < 0.2 in Mn1-xM’xPO4. 

 

III. RESULTS AND DISCUSSION 

 We identified ten unique phases on the DFT convex hulls for Mn1-xM’xPO4 (M’ = Fe, Ni, 

Al, and Mg) compositions with oxygen chemical potentials corresponding to temperatures 

between 0 K and 1,500 K.  These phases were used for solid solution modeling and calculation 

of phase diagrams.  All phases on the DFT convex hulls, except for oxygen gas, contained either 

Mn or M’ and contained both P and O.  We identified two Mn-containing phases: MnPO4 
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(Pnma) and Mn2P2O7 (C2/m).  We found five Fe-containing phases: FePO4 (P3121), Fe2P2O7 

(P1ത), Fe3P2O8 (P21/c), Fe3P4O14 (Pnma), and Fe7P6O24 (P1ത).  We also found Ni2P2O7 (P21/c), 

AlPO4 (P3121), and Mg2P2O7 (C2/m).  Mn2P2O7 and Mg2P2O7 share the same C2/m space group.  

FePO4 and AlPO4 have many polymorphs within 10 meV/atom of the convex hull, including the 

shared P3121 (quartz-type) structure, which is observed experimentally for both compositions.  

Therefore, the P3121 structure was used for solid solution modeling of the FePO4 and AlPO4 

phases.  The ten phases comprise eight unique structure types, listed in Table I, that were used 

for solid solution modeling. 

Table I.  Crystal structures found on the DFT convex hulls and used for solid solution modeling. 

Stoichiometry Space group Phases on DFT convex hull
MPO4 Pnma MnPO4
MPO4 P3121 FePO4, AlPO4 
M2P2O7 C2/m Mn2P2O7, Mg2P2O7 
M2P2O7 P21/c Ni2P2O7 
M2P2O7 P1ത Fe2P2O7 
M3P2O8 P21/c Fe3P2O8 
M3P4O14 Pnma Fe3P4O14 
M7P6O24 P1ത Fe7P6O24 

 

Figure 1 shows DFT mixing energies (eV/mixing atom) for binary mixing of Mn with Fe, 

Ni, Al, and Mg in each solid solution phase.  Figure 1 also includes the third-order Redlich-

Kister polynomials, which were fit to the DFT energies.  The regular and sub-regular mixing 

parameters for the Redlich-Kister polynomials are listed in Table II.  Many mixed phases exhibit 

negative mixing energies, which indicates a favorable mixed solid solution phase, and can imply 

the existence of a stable, mixed-metal, ordered phase at low temperatures.  However, no such 

ordered phases were found in the DFT databases.  For example, olivine Mn0.5Mg0.5PO4 exhibits a 

strong mixing energy relative to MnPO4 and MgPO4 end members; however, MgPO4 is not a 

stable phase.  The ground state phases at the Mn0.5Mg0.5PO4 composition at room temperature 
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are MnPO4, Mg2P2O7, and oxygen gas according to our calculated phase diagrams.  These are the 

same ground state phases shown in the DFT databases.  The Mn2-2xAl2xP2O7 (C2/m) polynomial 

fit is distorted due to the large instability of the Al2P2O7 end-member, which decomposes to 

AlPO4, Al2O3, and P.  However, due to the large energy of the Al-rich Mn2-2xAl2xP2O7 phases, 

these phases do not appear in the calculated phase diagrams and do not affect oxygen evolution 

behavior. 

 
Figure 1: SQS mixing energies (eV/mixing atom) and Redlich-Kister third-order polynomial fits 

for sub-regular solid solution models for all eight structure types given in Table I.  Plots a-h 

respectively show phases MPO4 (Pnma), MPO4 (P3121), M2P2O7 (C2/m), M2P2O7 (P21/c), 

M2P2O7 (P ), M3P2O8 (P21/c), M3P4O14 (Pnma), and M7P6O24 (P ). 
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Table II.  Regular (L0) and sub-regular (L1) solution parameters (eV/mixing atom) used in third-

order Redlich-Kister polynomials for sub-regular solid solution models. 

 M’ = Fe M’ = Ni M’ = Al M’ = Mg 
 L0 L1 L0 L1 L0 L1 L0 L1 
Mn1-xM’xPO4 (Pnma) 0.014 0.006 -0.173 -0.026 0.100 0.012 -0.373 -0.146 
Mn1-xM’xPO4 (P3121) -0.040 -0.054 -0.039 -0.016 0.080 -0.061 -0.250 0.028 
Mn2-2xM’2xP2O7 (C2/m) -0.053 -0.125 0.032 -0.024 -0.291 -0.962 -0.355 -0.426 
Mn2-2xM’2xP2O7 (P21/c) 0.071 -0.029 0.080 -0.007 2.389 0.684 0.033 -0.007 
Mn2-2xM’2xP2O7 (P1ത) 0.045 -0.010 0.042 -0.061 1.925 -0.481 0.027 -0.036 
Mn3-3xM’3xP2O8 (P21/c) 0.024 -0.002 -- -- 0.884 -0.326 0.085 0.009 
Mn3-3xM’3xP4O14 (Pnma) 0.008 0.032 -0.276 0.370 -2.776 -1.601 -0.365 0.218 
Mn7-7xM’7xP6O24 (P1ത) 0.074 0.004 -0.354 -0.105 -1.989 -0.214 -0.370 0.206 

 

Figures 2-6 show our calculated phase diagrams for the binary systems of Mn1-xM’xPO4 

(M’ = Fe, Ni, Al, Mg).  For the Mn-Fe system, as described above, we report one phase diagram 

that excludes the quartz phase during energy minimization, and another phase diagram that 

includes the quartz phase.  Coexistence regions are labeled by their phases.  Solid phases with 

majority metals are written with those metals; for example, in Figure 1a, “MnPO4” is written to 

indicate a Mn1-xFexPO4 phase containing a majority of Mn.  Phases with no consistent majority 

metal are written with “M”; for example, “MPO4” is written to indicate a Mn1-xFexPO4 region 

that exists continuously across majority Mn and majority Fe compositions.  The quartz-free Mn1-

xFexPO4 phase diagram includes three distinct Mn2P2O7 regions in the top left.  These regions are 

too small for labels; they contain C2/m, C2/m+P1ത, and P1ത phases from left to right.  Due to this 

polymorphism, we label the Mn2P2O7 phases in this phase diagram with their space groups. 

We can use the phase diagram to understand oxygen evolution as a function of transition 

metal composition.  Fe exhibits complete solubility in MnPO4 at temperatures above 100 K.  

This Fe solubility stabilizes the Mn1-xFexPO4 phase and increases the initial temperature of 

oxygen evolution.  Ni, Al, and Mg exhibit low solubilities in MnPO4.  For this reason, these 
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elements cannot be used to increase the temperature of the transition from MnPO4 to Mn2P2O7.  

However, Ni and Mg do exhibit considerable solubility in Mn2P2O7, stabilizing the 

pyrophosphate, and allowing these elements to decrease the temperature of the transition from 

MnPO4 to Mn2P2O7. 

 

Figure 2:  Mn1-xFexPO4 phase diagram excluding the quartz-type (P3121) FePO4 phase during 

energy minimization.  This phase diagram was calculated using Thermo-Calc with DFT-derived 

sub-regular solution models for each solid phase.  All MPO4 phases form the Pnma space group.  

O2 gas is considered at one bar of pressure. 

 

  



 16

Figure 3:  Mn1-xFexPO4 phase diagram including the quartz-type (P3121) FePO4 phase during 

energy minimization.  This phase diagram was calculated using Thermo-Calc with DFT-derived 

sub-regular solution models for each solid phase.  MnPO4, FePO4, and Mn2P2O7 phases form the 

Pnma, P3121, and C2/m space groups respectively.  O2 gas is considered at one bar of pressure. 

 

Figure 4:  Mn1-xNixPO4 phase diagram, calculated using Thermo-Calc with DFT-derived sub-

regular solution models for each solid phase.  MnPO4, Mn2P2O7, and Ni2P2O7 phases form the 

Pnma, C2/m, and P21/c space groups respectively.  O2 gas is considered at one bar of pressure. 

 



 17

Figure 5:  Mn1-xMgxPO4 phase diagram, calculated using Thermo-Calc with DFT-derived sub-

regular solution models for each solid phase.  MnPO4 forms the Pnma space group, and all 

M2P2O7 phases form the C2/m space group.  O2 gas is considered at one bar of pressure. 

 

Figure 6:  Mn1-xAlxPO4 phase diagram, calculated using Thermo-Calc with DFT-derived sub-

regular solution models for each solid phase.  MnPO4, AlPO4, and Mn2P2O7 phases form the 

Pnma, P3121, and C2/m space groups respectively.  O2 gas is considered at one bar of pressure. 

 



 18

Figures 7-11 show oxygen evolution (δ) and mass retention for Mn1-xM’xPO4 (M’ = Fe, 

Ni, Al, Mg) materials as a function of temperature.  These plots illustrate how transition metal 

mixing affects pure MnPO4 in terms of both the TO2 and δ.  Figure 7 shows oxygen evolution for 

the Mn-Fe system excluding the quartz-type FePO4 phase.  The effect of Fe mixing on TO2 is 

relatively modest.  From 0% Fe to 50% Fe, each 10% increment of Fe mixing achieves a 10 K 

increase in TO2.  Therefore, TO2 increases from 480 K to just 530 K by adding 50% Fe.  

However, the effect of Fe mixing on δ and corresponding mass retention is substantial.  Pure 

MnPO4 loses 5.3% of its mass at temperatures above 480 K.  When Fe is added, mass retention 

is greatly improved at elevated temperatures.  Mn0.5Fe0.5PO4 loses just 2.0% of its mass at 600 K 

and still just 2.5% at 800 K.  At 570 (300 °C), Mn0.5Fe0.5PO4 δ is decreased by 70% relative to 

MnPO4.  This improvement in mass retention could decrease the amount of heat generated 

through electrolyte combustion during thermal runaway and thereby improve safety.  The 

addition of smaller amounts of Fe also can provide some safety benefit.  For example, the 

addition of 30% Fe limits oxygen evolution to 3.1% of mass at 570 K. 
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Figure 7: Oxygen evolution (a) and mass retention (b) diagrams for Mn1-xFexPO4 delithiated 

cathode materials excluding the quartz-type (P3121) FePO4 phase during energy minimization.  

Oxygen evolution (∂) is expressed relative to the system composition of MPO4-∂.  Reaction 

products are the equilibrium phases shown in the phase diagram in Figure 2.  Mass retention is 

expressed as a percentage of the mass of the Mn1-xFexPO4. 

   

Figure 8: Oxygen evolution (a) and mass retention (b) diagrams for Mn1-xFexPO4 delithiated 

cathode materials including the quartz-type (P3121) FePO4 phase during energy minimization.  

Oxygen evolution (∂) is expressed relative to the system composition of MPO4-∂.  Reaction 

products are the equilibrium phases shown in the phase diagram in Figure 3.  Mass retention is 

expressed as a percentage of the mass of the Mn1-xFexPO4. 
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Figure 9: Oxygen evolution (a) and mass retention (b) diagrams for Mn1-xNixPO4 delithiated 

cathode materials.  Oxygen evolution (∂) is expressed relative to the system composition of 

MPO4-∂.  Reaction products are the equilibrium phases shown in the phase diagram in Figure 4.  

Mass retention is expressed as a percentage of the mass of the Mn1-xNixPO4. 

   

Figure 10: Oxygen evolution (a) and mass retention (b) diagrams for Mn1-xMgxPO4 delithiated 

cathode materials.  Oxygen evolution (∂) is expressed relative to the system composition of 

MPO4-∂.  Reaction products are the equilibrium phases shown in the phase diagram in Figure 5.  

Mass retention is expressed as a percentage of the mass of the Mn1-xMgxPO4. 
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Figure 11: Oxygen evolution (a) and mass retention (b) diagrams for Mn1-xAlxPO4 delithiated 

cathode materials.  Oxygen evolution (∂) is expressed relative to the system composition of 

MPO4-∂.  Reaction products are the equilibrium phases shown in the phase diagram in Figure 6.  

Mass retention is expressed as a percentage of the mass of the Mn1-xAlxPO4. 

   

 

Addition of Al to MnPO4 does not affect TO2 because there is no solubility of Al in 

MnPO4 or Mn2P2O7.  For Mn1-xAlxPO4 cathodes, δ is decreased only in proportion to the Al 

concentration.  However, the Al concentration in a cathode must be kept small because Al is 

redox inactive and decreases cathode capacity.  Therefore, Al substitution is not a promising 

strategy for controlling oxygen evolution. 

NiPO4 and MgPO4 are not stable at room temperature and decompose into Ni2P2O7 and 

Mg2P2O7 respectively along with oxygen gas.  Addition of Ni or Mg to MnPO4 decreases the 

initial temperature of oxygen evolution down to at most 90 K, which is the condensation point 

for oxygen gas and is therefore the low-temperature limit of our oxygen gas evolution model.  

Therefore, Mn1-xNixPO4 and Mn1-xMgxPO4 materials can evolve oxygen gas even at room 

temperature granted sufficient kinetics or time to allow nucleation of the M2P2O7 phases.  For Ni 
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and Mn substitution, δ at temperatures below 400 K is increased in proportion to substitution for 

Mn.  For Ni and Mg substitution, δ around 400 K is increased above the proportion of 

substitution for Mn due to the formation of mixed M2P2O7 phases.  This phenomenon is 

especially pronounced for Mg due to a Mn2-2xMg2xP2O7 phase around x = 0.5 that is stable at 340 

K.  These mixed M2P2O7 phases stabilize the reaction products for oxygen evolution and make 

oxygen evolution more favorable at lower temperatures.  The addition of Ni or Mg to MnPO4 

therefore exacerbates the safety risk of thermal runaway.  In summary, of all substitutions 

considered, Mg has the most detrimental effect for safety, followed by Ni.  Al has a small 

positive affect on safety, and Fe has the greatest positive affect on safety. 

Fe mixing in olivine Mn1-xFexPO4 improves safety because Fe stabilizes MnPO4 relative 

to Mn2P2O7.  To further improve the oxygen evolution behavior of MnPO4, other elements 

should be sought that can stabilize oxygen evolution reactants relative to reaction products.  

These elements should be relatively more stable in the M3+ chemical environment of MnPO4 and 

relatively less stable in the M2+ chemical environment of Mn2P2O7.  The Jahn-Teller distortion of 

MnPO4 may complicate this search, as certain 3+ metals such as Al may not be energetically 

favorable in the distorted MnPO4 crystal structure.52  Such metals would not stabilize MnPO4 but 

would rather phase separate as in the case of AlPO4. 

 

IV. SUMMARY 

 LiMnPO4 is a promising cathode material; however, oxygen evolution from the 

delithiated MnPO4 phase facilitates thermal runaway and jeopardizes safety.  Delithiated cathode 

materials that form inside batteries are difficult to characterize experimentally.  We used density 

functional theory calculations to study oxygen evolution from Mn1-xM’xPO4 (M’ = Fe, Ni, Al, 
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Mg) delithiated cathode materials.  We calculated the effect of transition metal mixing on both 

the initial temperature of oxygen evolution (TO2) during heating and the cumulative amount of 

oxygen evolution (δ) at a given temperature.  We find that Fe mixing in MnPO4 increases TO2, 

and also decreases δ.  Addition of Al does not change TO2 but can slightly decrease δ.  Mixing of 

Ni or Mg decreases TO2 and thereby worsens the safety risk associated with oxygen evolution.  

Understanding this relationship between transition metal mixing and oxygen evolution can 

facilitate simultaneous optimization of safety and other performance characteristics.  Further 

work is suggested to identify other metals besides Fe that can stabilize MnPO4 relative to 

Mn2P2O7 and other oxygen evolution reaction products. 
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APPENDIX: THERMO-CALC SETTINGS 



 24

Within Thermo-Calc, we turned on the “global minimization” parameter for accuracy, 

and left all other parameters in their default states.  In some regions of the phase diagrams, 

Thermo-Calc indicated the existence of phases with phase fractions below 10-9.  We assumed 

these phases either were present due to numerical errors or were inconsequential for properties of 

interest.  We therefore removed these phases and their associated phase boundaries in regions 

where they appeared with phase fractions below 10-9.  We retained these phases in regions where 

they appeared with phase fractions above 10-9, and in these regions, the maximum phase 

fractions ranged between 10-2 and unity. 
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