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S1. As-prepared LiFe1-xMnxPO4 (0 ≤ x ≤ 1) 

The XRD patterns of the as-prepared LiFe1-xMnxPO4 (0 ≤ x ≤ 1) are shown in Supporting 

Figure S1. Phase-pure olivine materials were identified from the powder XRD measurements. 

No noticeable impurity or second phase was observed in the XRD pattern of each sample. 

The solid solution between LiMnPO4 and LiFePO4 was confirmed at 0 ≤ x ≤ 1 of LiFe1-

xMnxPO4 with continuous variations in the lattice parameters a, b, and c as tabulated in 

Supporting Table S2.1, 2 The small difference in lattice parameters among LiFe1-xMnxPO4 was 

caused by the different ionic radii of Mn2+ and Fe2+ (Mn2+ > Fe2+) and their composition ratio 

in the materials.3-5 

The thermal stability of the as-prepared LiFe1-xMnxPO4 series was first examined. 

Supporting Figure S2 shows the XRD patterns of each LiFe1-xMnxPO4 measured from 25oC 

to 700oC. No noticeable phase transformation was observed up to 700oC. Only the thermal 

expansion of the olivine crystal LiFe1-xMnxPO4 was detected from the shift of the XRD peaks 

at elevated temperatures. The quantitative analysis of the lattice parameter change from the 

Rietveld refinement is shown in Supporting Figure S3 with the thermal coefficients tabulated 

in Supporting Table S3. Linear thermal coefficients of a, b, and c lattices and the volumic 

thermal coefficients of the Li1-yFe1-xMnxPO4 samples were all within the same orders of 

magnitude. 

The delithiated samples of Li1-yFe1-xMnxPO4 were prepared from the chemical 

method as described in the experimental section. It was observed that the delithiation process 

generally took longer with higher contents of Mn in the sample, which is in agreement with 

the fact that Mn-rich olivine cathodes usually exhibit a low power capability.6 The 

delithiation mechanism of Li1-yFe1-xMnxPO4 at 25oC was monitored by the XRD patterns, as 

shown in Supporting Figure S4. Similar to previous reports,7, 8 the delithiation mechanism of 
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the two-phase reaction was observed with the single component olivine (LiFePO4 and 

LiMnPO4). However, the binary component olivine showed a mixed behavior of one-phase 

and two-phase reactions. Delithiation of LiFe0.5Mn0.5PO4 and LiFe0.25Mn0.75PO4 exhibited the 

growth of a new delithiated olivine phase accompanied with an apparent XRD peak shift of 

the mother phase (LiFe0.5Mn0.5PO4 and LiFe0.25Mn0.75PO4).
2 In the case of LiFe0.75Mn0.25PO4, 

the XRD peaks were continuously shifted with delithiation and no emerging new XRD peaks 

from the second phases was observed. In the following sections, we evaluated the thermal 

characteristics of Li1-yFe1-xMnxPO4 using these prepared samples.  

 

S2. In-situ XRD patterns of Li1-yFe1-xMnxPO4 (0 ≤ x, y ≤ 1) 

Supporting Figure S5 shows that in-situ XRD patterns of fully delithiated Fe1-

xMnxPO4 (0 ≤ x ≤ 1) at temperature from 25oC to 700oC and at 2θ from 15o to 45o. All fully 

delithiated phase experienced a two-tiered thermal decomposition by elevated temperatures. 

First, Fe1-xMnxPO4 (0 ≤ x ≤ 1) were decomposed into (Fe1-xMnx)3(PO4)2 (0 ≤ x ≤ 1). After 

more heating, (Fe1-xMnx)3(PO4)2 (0 ≤ x ≤ 1) were finally decomposed into (Fe1-xMnx)2P2O7 (0 

≤ x ≤ 1). The first decomposition temperature of each fully delithiated phase was influenced 

by Mn contents in the structure. Higher Mn contents exhibited poor thermal stability of the 

materials.  

Supporting Figure S6 shows that in-situ XRD patterns of partially delithiated Li1-

yFe1-xMnxPO4 (0 ≤ x ≤ 1, y ≈ 0.6) at temperature from 25oC to 700oC and at 2θ from 15o to 

45o. The XRD patterns of Li0.6FePO4, LiFe0.5Mn0.5PO4, and LiFe0.25Mn0.75PO4 started to 

merge with the appearance of broad patterns for the solid solution phase at high temperature 

(≥ 250oC) and LiFe0.75Mn0.25PO4 exhibited the solid solution phase at room temperature. In 

case of Li0.5MnPO4, the fully delithiated phase (=MnPO4) gradually disappeared and the 
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Mn3(PO4)2 phase appeared at the expense of MnPO4 instead of forming a solid solution of 

Li0.5MnPO4 as observed for Li0.6FePO4. At more elevated temperature (≥ 550oC), all partially 

delithiated materials are decomposed into Fe1-xMnxP2O7 (0 ≤ x ≤ 1, y ≈ 0.6). 
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Figure S1 XRD patterns of as-prepared LiFe1-xMnxPO4 [0 ≤ x ≤ 1] 
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Figure S2 in-situ XRD patterns of as-prepared (a) LiFePO4, (b) LiMnPO4, (c) 

LiFe0.75Mn0.25PO4, (d) LiFe0.5Mn025PO4, and (e) LiFe0.25Mn0.75PO4 at temperature from 25oC 

to 700oC and at 2θ from 15o to 45o 
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Figure S3 (a) Lattice parameter a, (b) Lattice parameter b, (c) Lattice parameter c, and (d) 

volume of LiFe1-xMnxPO4 [0 ≤ x ≤ 1] varied by temperature. 

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry
This journal is © The Royal Society of Chemistry 2012



8 

 

 

Figure S4 (a) Evolution of XRD patterns of (a) Li1-yFePO4 (b) Li1-yMnPO4, (c) Li1-

yFe0.75Mn0.25PO4, (d) Li1-yFe0.5Mn0.5PO4, and (e) Li1-yFe0.25Mn0.75PO4 [0 ≤ y ≤ 1] with a 

delithiation process. 
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Figure S5 in-situ XRD patterns of fully delithiated (a) FePO4, (b) MnPO4 (* : the XRD peak 

of Pt holder), (c) Fe0.75Mn0.25PO4, (d) Fe0.5Mn025PO4, and (e) Fe0.25Mn0.75PO4 at temperature 

from 25oC to 700oC and at 2θ from 15o to 45o  
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Figure S6 in-situ XRD patterns of partially delithiated (a) Li0.6FePO4, (b) Li0.5MnPO4, (c) 

Li0.44Fe0.75Mn0.25PO4, (d) Li0.4Fe0.5Mn025PO4, and (e) Li0.46Fe0.25Mn0.75PO4 at temperature 

from 25oC to 700oC and at 2θ from 15o to 45o 
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Figure S7 (a) Comparison of lattice parameter a of LiyFePO4 [y = 0, 0.6, and 1] varied by 

temperature and (b) XRD patterns of partially delithiated Li0.6FePO4 at 700oC compared with 

Fe2P2O7 and Fe7(PO4)6 among at 2θ from 15o to 45o. 
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Figure S8 (a) in-situ XRD patterns of fully delithiated MnPO4 at temperature from 200oC to 

400oC and at 2θ from 24o to 40o and (b) in-situ XRD patterns of fully delithiated MnPO4 at 

temperature from 450oC to 600oC and at 2θ from 15o to 45o (* : the XRD peak of Pt holder) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry
This journal is © The Royal Society of Chemistry 2012



13 

 

 

Figure S9 Comparison of lattice parameter a of (a) LiyFe0.75Mn0.25PO4 [y = 0, 0.44, and 1], (b) 

LiyFe0.5Mn0.5PO4 [y = 0, 0.4, and 1], and (c) LiyFe0.25Mn0.75PO4 [y = 0, 0.46, and 1] varied by 

temperature 
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Table S1  Atomic ratio of Li, Fe, and Mn in Li1-yFe1-xMnxPO4 [0 ≤ x, y ≤ 1] 

 

 

 

 

 

 

 

 

 

 

 

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry
This journal is © The Royal Society of Chemistry 2012



15 

 

 

Table S2  Lattice parameters of fully lithiated LiFe1-xMnxPO4 [0 ≤ x ≤ 1] 
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Table S3  The thermal coefficients of fully lithiated LiFe1-xMnxPO4 [0 ≤ x ≤ 1] 
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