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  Bond Angle 
Pathway LiFePO4 LiCoPO4 Difference in Bond angles 

P1 94.272°  93.892° 0.38° 
P2 128.06° 127.47° 0.586° 
P3 120.35° 122.87° -2.516° 
P4 123.65° 126.22° -2.566° 

  Bond length (Å) 
Pathway LiFePO4 LiCoPO4 Difference in Bond lengths 

P1 1.57 + 2.226 = 3.796 1.571 + 2.173 = 3.744 (-0.001) + 0.053 = 0.052 
P2 1.57 + 2.054 = 3.624 1.571 + 2.053 = 3.624 (-0.001) + 0.001 = 0 
P3 1.532 + 2.188 = 3.72 1.534 + 2.113 = 3.647 (-0.002) +0.075 =0.0073 
P4 1.553 + 2.098 = 3.651 1.549 + 2.084 = 3.633 0.004 + 0.014 = 0.018 

Fig. 1 The local environment of a P atom in the olivine structure, LiMPO4, (M = Fe, Co). There are 5 
M-O-P pathways, however 2 are equivalent (P2 and P2’), resulting in 4 distinct M-O-P pathways.  

Table 2 Comparison of the LiFePO4 and LiCoPO4 M-O-P bond lengths in the olivine structure. For 
P1, P3 and P4 LiCoPO4 has shorter bond lengths compared with LiFePO4. The structures were 
obtained from geometry and electronic optimizations in CRYSTAL.1 
 

Table 1 Comparison of the LiFePO4 and LiCoPO4 M-O-P bond angles. P3 and P4 have a significant 
difference in bond angle between the LiFePO4 and LiCoPO4 structure. The structures were obtained 
from geometry and electronic optimizations in CRYSTAL.1 
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Fig. 1 Comparison of the LFP and LCP bond angles and bond lengths around P. P3 and P4 have a 
significant difference in bond angle between the FP and LCP structure. 

P1 – 94.272 ° 
P2 – 128.057 ° 
P3 – 120.349 ° 
P4 – 123.650 ° 

P1 – 1.570 + 2.226 = 3.796 
P2 – 1.570 + 2.054 = 3.624 
P3 – 1.532  + 2.188 = 3.72 
P4 – 1.553 + 2.098 = 3.651 

93.892 ° 
127.471 ° 
122.865 ° 
126.216 ° 

1.571 + 2.173 = 3.744 
1.571 + 2.053 = 3.624 
1.534  + 2.113 = 3.647 
1.549 + 2.084 = 3.633 

Differences in bond angles: 
P1 – 0.38 ° 
P2 – 0.586 ° 
P3 – 2.516 ° 
P4 – 2.566 ° 

Differences: 
P1 – 0.052  
P2 – 0.000 
P3 – 0.073 
P4 – 0.018 
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Fig. 2 Overlay of the X-ray diffraction patterns of LiFexCo1-xPO4. There is a continual and gradual 
shift of the peaks to larger 2θ as the Co content increases (inset). 

Fig. 2 Overlay of the XRD patterns of LiFexCo1-xPO4. 
There is a continual and gradual shift of the peaks to 
large 2θ as the Co content increases. 
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Fig. 3. The affect on the unit cell parameters as calculated from Rietveld refinements as a function of 
Fe content. There is a linear relationship (R2 = 0.9995, 0.99806 and 0.96394 for the a, b and c axes, 
respectively) as the Fe content increases. This is standard Vegard-type behaviour. 

3. Graphs showing the trend of the unit cell parameters as the Fe content increases. There is 
clearly a linear relationship with a gradient ≈ 1.0. This clearly shows Vegard behaviour and 
indicates a solid solution of Fe and Co on the M sites. 
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3. Graphs showing the trend of the unit cell parameters as the Fe content increases. There is 
clearly a linear relationship with a gradient ≈ 1.0. This clearly shows Vegard behaviour and 
indicates a solid solution of Fe and Co on the M sites. 
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3. Graphs showing the trend of the unit cell parameters as the Fe content increases. There is 
clearly a linear relationship with a gradient ≈ 1.0. This clearly shows Vegard behaviour and 
indicates a solid solution of Fe and Co on the M sites. 
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3. Graphs showing the trend of the unit cell parameters as the Fe content increases. There is 
clearly a linear relationship with a gradient ≈ 1.0. This clearly shows Vegard behaviour and 
indicates a solid solution of Fe and Co on the M sites. 
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Fig. 4 The X-ray diffraction patterns and refinements of LiFexCo1-xPO4 (x = 0, 0.25, 0.5, 0.75 and 1 for 
(a), (b), (c), (d) and (e), respectively) using the TOPAS Academic Rietveld refinement software.2 
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Fig. 6 MATPASS (top spectra) and Hahn Echo (bottom spectra) experiments carried out at a 200 MHz 
magnetic field and a spinning frequency of 40 kHz.  
 

Fig. 5 Two spectra of LiFe0.75Co0.25PO4 collected at a magnetic field of 100 MHz using a Hahn echo 
pulse sequence using different carrier frequencies. The patterns have had different number of scans 
(819200 and 51200 in (a) and (b), respectively), resulting in different signal to noise ratio. 

5. Two spectra of LiFe0.75Co0.25PO4 in which the (carrier frequency) frequency at the radio frequency pulse was set was 
different. The peak intensities are the same in the two spectra, inferring that the whole region is fully excited and there is 
no need for variable frequency experiment. The patterns have had different number of scans, resulting in a different 
signal to noise ratio. 

3557 ppm = 40.63 MHz  

4803 ppm = 40.68 MHz 

6. Hahn echo and matpass experiments carried out at a magnetic field of 200 MHz, showing the 
importance of pulse sequences that remove the sidebands, in order to see the isotropic peaks. 
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Fig. 7 The 31P MAS spectra of LiFe0.25Co0.75PO4 using the (a) MATPASS and (b) aMAT pulse 
sequences on the 200 MHz magnet using a spinning frequency of 40 kHz. 

Fig. 8 The three 1D pulse sequences used to test the excitation window of the radio frequency pulses 
that are employed in the aMAT and the MATPASS experiments. The (a) Hahn echo was used to make 
the “model spectrum” for perfect excitation. The (b) SHAP echo3 consists of adiabatic pulses, like 
those used in the aMAT and the (c) stimulated echo uses 90° pulses, like the MATPASS. LiNiPO4 
resonates at 1800 ppm. 
 

7. LiFe0.25Co0.75PO4 using the aMAT and MATPASS pulse sequences on the 200 MHz magnet, 
comparing the same probe, magnetic field strength and sample 
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8. The three 1D pulse sequences used to test the excitation window of the aMAT and the pj-
MATPASS. The standard Hahn echo (a) for LiFePO4, LiCoPO4 and LiNiPO4 was summed and 
used as the “model” spectrum. The (b) SHAP Echo uses adiabatic pulses, like the aMAT and the 
(c) stimulated echo uses 90° pulses, like the pj-MATPASS 

LiNiPO4, resonating at 1800 ppm, was synthesised via the 
sol-gel method as described by XXX et al.REF 
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LiNiPO4 Synthesis 
 
LiNiPO4 powders were synthesized by a citric acid assisted homogeneous precipitation method. In a 
typical procedure, 0.02mol citric acid, 0.011mol lithium acetate, 0.01mol nickel acetate and 0.01mol 
ammonium dihydrogen phosphate were dissolved respectively in 50ml hot water with stirring to get 
homogeneous solutions. Then the nickel acetate, ammonium dihydrogen phosphate and lithium acetate 
solution was added successively into the citric acid solution under vigorous stirring. The mixture was 
then heated at a water bath with a constant temperature of 90 °C under stirring. After heating for about 
10 h, greenish yellow colour precipitates were obtained. The precipitates were separated by 
centrifugation and washed with ethanol and hot water several times. The powders were dried in an 
oven at 160 °C for 10 h and then calcined at 800 °C for 10 h in a furnace at atmosphere environment. 
 

Fig. 9 The two 2D pulse sequences used to separate the sidebands from the isotropic resonances. The 
(a) MATPASS uses a series of 90° pulses, whereas the (b) aMAT employs adiabatic pulses. Figures 
adapted from Hung et al.4 and Clément et al.5 
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8. The two 2D pulse sequences used to separate the sidebands from the isotropic resonances. The 
(d) MATPASS uses a series of 90° pulses, whereas the (e) aMAT employs adiabatic pulses. Both 
sequences efficiently excite >1.26 MHz of the spectrum and after manipulation of the spectra 
result in 1D spectra of the isotropic peaks. Figures adapted from Hung et al. and Clement et al.. 
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Fig. 10 NMR spectra of a mixture of LiFePO4, LiCoPO4 and LiNiPO4. Hahn echo experiments were 
recorded at different carrier frequencies (specified on the left) at a 700 MHz magnetic field and then 
summed as a “model spectrum”.  

Fig. 11 NMR spectra of a mixture of LiFePO4, LiCoPO4 and LiNiPO4. Stimulated echo experiments 
were recorded at different carrier frequencies (specified in the middle) at a 700 MHz magnetic field 
and compared with the model spectrum.  

Fig. 12 NMR spectra of a mixture of LiFePO4, LiCoPO4 and LiNiPO4. SHAP echo experiments were 
recorded at different carrier frequencies (specified in the middle) at a 700 magnetic field and 
compared with the model spectrum.  
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Fig. 13 The MATPASS pulse sequence carried out at a magnetic field of 700 MHz and a spinning 
speed of 60 kHz on the mixture of LiNiPO4, LiFePO4 and LiCoPO4. This pulse sequence has 16 
increments in the indirect dimension. Extracting the 9th layer results in a 1D spectrum of the isotropic 
peaks. 

Fig. 14 The aMAT pulse sequence carried out at a magnetic field of 700 MHz and a spinning speed 
of 60 kHz on the mixture of LiNiPO4, LiFePO4 and LiCoPO4. This pulse sequence has 256 
increments in the indirect dimension. The projection in the indirect dimension contains only the 
isotropic peaks.  
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  LFP, ppm LCP, ppm 

 
Hyb20 Hyb35 Hyb20 Hyb35 

M1 230 201 -436 -412 
M2 1925 1629 1344 1142 
M3 34 -72 657 517 
M4 271 130 271 130 

M5 – 2nd Shell 27 -15 -25 12 

M6 and M7 – 2nd Shell -14 -27 7 -9 

     Sum of moduli 4426 3703 4084 3364 
Modulus % from 2nd shell 0.9 1.1 0.8 0.6 

 

Table 3 Contributions of the transition metals in the 2nd coordination shell in LiMPO4 to the P Fermi 
contact shift. There is less than 2% contribution from the 2nd shell. 

Fig. 15 The electron transfer mechanism (the basis of the Fermi contact shift) for the Fe2+-O-P 
pathway, which subtends an angle of ~ 90°. The spin density can be transferred onto the empty P 4s 
orbital via interactions with the Fe2+ singly occupied t2g orbital and O p orbital. This results in a 
positive Fermi contact shift. The mechanism is adapted from Grey et al.6 

Fig. 15 The Fermi contact mechanism of delocalisation for Fe2+-O-P pathways with angles of 90° 
and 180° (b) and (c), respectively). For the 90° pathway spin density can be transferred onto the P 
4s empty orbital via interactions with the Fe2+ singly occupied t2g dxz orbital and O pz orbital. For 
the 180° pathway spin density can be transferred onto the P 4s empty orbital via interactions with 
the Fe2+ singly occupied eg dx2-y2 or the eg dz2 orbitals and O pz orbital. 

B0 

Fe2+ t2g dxz 
singly 
occupied 

O pz 
doubly 
occupied 

P 4s 
empty 

Fe2+ eg dx2-y2 
or the eg dz2 
singly occupied 

O pz 
doubly 
occupied 

P 4s 
empty 



 
 

 
 
 
 

   
 
 

 
 

 
 

Table 4 The Fermi contact shift1 for P1 in six olivine materials. δP1 decreases steadily as the size of 
the transitional metal ion7 decreases. 

Fig. 16 The relationship between δP1 and the size of the transition metal in the olivine structure for 
LiFePO4, LiMnPO4, LiCoPO4, FePO4, MnPO4 and CoPO4. There is a linear trend and when the size 
of the ion is < 90 pm the Fermi contact shift is negative. 

16. Relationship between the FCS of P1 and the size of the transition metal in the olivine 
structure (forLiFePO4, LiMnPO4, LiCoPO4, FePO4, MnPO4 and CoPO4). As the size of the ion is 
< 90 pm it becomes small enough to interact with the P atom. This results in “down” density 
being transferred from the P to the TM. I don’t know about how the P1 – M distance changes in 
this series (I presume it gets smaller as the ion gets smaller). I know that the TM – P distance is 
2.817 and 2.766 Å in LCP and LFP, respectively. 
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As the size of the ion is < 90 pm it becomes small enough to interact with the P atom. This results in “down” density being transferred from the P to the TM. I don’t know about 
how the P1 – M distance changes in this series (I presume it gets smaller as the ion gets smaller). I know that the TM – P distance is 2.817 and 2.766 Å in LCP and LFP, 
respectively. 

16. Relationship between the FCS of P1 and the size of the transition metal 
in the olivine structure (forLiFePO4, LiMnPO4, LiCoPO4, FePO4, MnPO4 

and CoPO4) 

As the size of the ion is < 90 pm it becomes small enough to interact with the P atom. This results 
in “down” density being transferred from the P to the TM. I don’t know about how the P1 – M 
distance changes in this series (I presume it gets smaller as the ion gets smaller). I know that the 
TM – P distance is 2.817 and 2.766 Å in LCP and LFP, respectively. 

Material Ion Valence Shell Size, pm 
(High-spin octahedral) 

Hyb20 
δP1, ppm 

Hyb35 
δP1, ppm 

LiMnPO4 Mn2+ d5 
97 671 544 

LiFePO4 Fe2+ d6 
92 240 20 

LiCoPO4 Co2+ d7 
88.5 -436 -412 

MnPO4 Mn3+ d4 
78.5 -494 -500 

FePO4 Fe3+ d5 
78.5 -752 -785 

CoPO4 Co3+ d6 
68.5 -1911 -1935 



 
 
 
 
 
 
 
 

Fig. 17 The 32 possible configurations of Fe and Co around P in the olivine structure, LiFexCo1-xPO4 
and the associated labels used in the Monte Carlo simulations, Fe is in brown and Co is in purple. 

Table 5 The T2’ values used for the Fe/Co configurations around P, based on the T2’ values from the 
end members. 

18. 32 Configurations from the Matlab fittings 

1 2 3 4 5 6 7 8 

9 10 11 12 13 14 15 16 

17 18 19 20 21 22 23 24 

25 26 27 28 29 30 31 32 

17. T2 values 

P environment T2’ (µs) 

5 Co around P - LiCoPO4 1199 

4 Co & 1 Fe 1033 

3 Co & 2 Fe 866 

2 Co & 3 Fe 700 

1 Co & 4 Fe 533 

5 Fe around P - LiFePO4 367 
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Fig. 18 Monte Carlo fittings of the calculations using all 32 possible Fe/Co configurations around P 
and fixing them across all 5 spectra, using the Hyb20 calculations as starting values (R2 = 0.9852, 
0.9462, 0.9081, 0.6469 and -1.3938 for LiFexCo1-xPO4, where x = 1, 0.75, 0.5, 0.25 and 0, 
respectively. 

2000300040005000

0

0.2

0.4

0.6

0.8

1

1.2

b(31P) / ppm

Spectrum: 100% Co

 

 
Expt
Fitted

2000300040005000

0

0.2

0.4

0.6

0.8

1

1.2

b(31P) / ppm

Spectrum: 75% Co / 25% Fe

 

 
Expt
Fitted

2000300040005000

0

0.2

0.4

0.6

0.8

1

1.2

b(31P) / ppm

Spectrum: 50% Co / 50% Fe

 

 
Expt
Fitted

2000300040005000

0

0.2

0.4

0.6

0.8

1

1.2

b(31P) / ppm

Spectrum: 25% Co / 75% Fe

 

 
Expt
Fitted

2000300040005000

0

0.2

0.4

0.6

0.8

1

1.2

b(31P) / ppm

Spectrum: 100% Fe

 

 
Expt
Fitted

2000300040005000
0

0.2

0.4

0.6

0.8

1

b(31P) / ppm

Spectrum: 100% Co

 1

 825

2000300040005000
0

0.05

0.1

0.15

0.2

0.25

b(31P) / ppm

Spectrum: 75% Co / 25% Fe

 1

 2
 3

 4 5
 6

 7

 8

 9

10

11
12 13

14

15

16
25

2000300040005000
0

0.02

0.04

0.06

0.08

0.1

b(31P) / ppm

Spectrum: 50% Co / 50% Fe

 825

2000300040005000
0

0.05

0.1

0.15

0.2

0.25

b(31P) / ppm

Spectrum: 25% Co / 75% Fe

 8
1718

19 20 21
22

23

24

25

26

2728 29 30
31

32

2000300040005000
0

0.2

0.4

0.6

0.8

1

b(31P) / ppm

Spectrum: 100% Fe

 825

32


