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Abstract 

 

 

LiFePO4 and LiMnPO4 have been characterized using 7Li and 31P MAS NMR 

spectroscopy. LiFePO4 was synthesized by a hydrothermal route and LiMnPO4 was 

synthesized at high temperature in an inert atmosphere. Both compositions give rise to 

single isotropic 7Li resonances. The MAS isotropic peak linewidth for LiFePO4 is 

considerably larger than that for LiMnPO4, suggesting the presence of local disorder in 

the Li coordination sphere for LiFePO4. In both samples, the isotropic peak is 

accompanied by a large, asymmetric spinning sideband manifold, arising from bulk 

magnetic susceptibility broadening and the paramagnetic interaction between the lithium 

nucleus and transition metal unpaired electrons.  
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Introduction 

 

 Much recent research has been focused on the possibility of using LiFePO4 as a 

positive electrode material in lithium rechargeable batteries, especially those intended for 

transportation applications. Since the first reports of reversible lithium de-intercalation 

from LiFePO4,
1,2 several research groups have developed methods of enhancing the 

electrochemical behavior of this material. Improvements have included coating the 

LiFePO4 particles with a conductive carbonaceous layer to enhance the utilization,3,4 

preparing the materials at low temperature to preclude the formation of oxidized Fe3+ 

impurities,5 and replacing some of the Fe with Mn to increase the operating voltage at the 

beginning of discharge.6 Fundamental studies of LiFePO4-related materials, however, 

have been limited; a few research groups have used Mössbauer spectroscopy6,7 and 

EXAFS8 to determine structural features pertaining to the Fe/Mn site. Magic angle 

spinning nuclear magnetic resonance (MAS NMR) spectroscopy is a complementary 

technique that is very sensitive to the atomic and electronic environment at the lithium 

site; successful application of the MAS NMR technique would allow direct observation 

of bulk Li in these interesting materials. NMR studies of electrode materials are, 

however, often obfuscated by effects of electronic, ionic, and magnetic properties of 

these materials. These effects can even preclude quantitative study without the use of 

specialized NMR techniques. We describe in this paper the direct observation of 7Li and 

31P MAS NMR in the end members of the Li(Fe,Mn)PO4 series, LiFePO4 and LiMnPO4. 

  

 

 3



 

Experimental Techniques 

A modification of the hydrothermal method described by Whittingham et al.9 was 

used to synthesize LiFePO4. A mixture of FeSO4
.7H2O, H3PO4, and LiOH (mole ratios 

1:1:3) dissolved in water were heated together at 120 ºC in a Teflon-lined Parr reactor for 

24 hours. The resultant greenish-white powder was washed well with distilled water and 

dried overnight at 40 ºC in air. LiMnPO4 was prepared from a 1:1 mixture of LiH2PO4 

and MnCO3 at 750°C in flowing N2 for 16 hours. The sample contained a few percent of 

Mn2P2O7. 

 Electrodes for lithium polymer cells were fabricated as previously described.10 

Li/P(EO)8LiTFSI/LiFePO4 cells were assembled and heated to 85 ºC for at least one hour 

prior to electrochemical testing. A MacPile II (Bio-Logic, SA, Claix, France) was used to 

cycle cells galvanostatically. 

NMR experiments were performed on a Bruker AMX spectrometer, with a 7mm 

MAS probe (Doty Scientific) tuned to 7Li frequency of 38.9MHz or 31P frequency of 

40.5MHz. 7Li shifts were referenced to 1M LiCl(aq), and 31P shifts were referenced to 

85%H3PO4. A 90°-τ-180° (90°=1.2µs) pulse sequence with τ=(spinning frequency)-1 was 

used to obtain the spectra shown. Recycle delays of 50ms and 20s were used to avoid 

saturation of the 7Li and 31P signals, respectively. Isotropic peaks were identified by 

varying the spinning speed.  An inversion recovery sequence was used to measure T1 

(spin-lattice relaxation time). The spin-spin relaxation time (T2) was estimated by varying 

the delay between the 90° and 180° pulses to be integer multiples of the rotor period. 
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Fitting the exponential decay of the echo intensity vs. pulse delay length yields an 

estimate of T2.  

 

Results and Discussion 

 The olivine LiFePO4 structure contains electrochemically active Li in a 

framework composed of PO4 tetrahedra and distorted FeO6 octahedra. The strong 

covalent PO4 unit tends to reduce the covalency of the Fe-O bond, modifying the redox 

potential for the Fe2+/3+ couple, and thus producing a useful open-circuit potential for 

lithium extraction and reinsertion1 (as shown in Figure 1). Mn can replace the Fe in the 

structure, although LiMnPO4 is electrochemically inactive towards lithium extraction.1 

The local Li environment for LiFePO4 is shown in Figure 2. The lattice positions were 

taken from the refinement of neutron diffraction, as presented in Reference 11. It is clear 

from Figure 2 that we might expect through-space or through-bond (specifically, the Li-

O-Fe bond) transfer of unpaired electron density from the transition metal d-orbitals 

(Fe2+:t2g
4eg

2 and Mn2+:t2g
3eg

2) to the lithium orbitals, which could result in a significant 

NMR chemical shift for the 7Li nucleus. The possibility of a Knight shift is unlikely in 

these materials because they are electronically insulating.  

 The 7Li MAS NMR spectra of LiFePO4 and LiMnPO4 are shown in Figure 3. 

Both compositions give rise to a single isotropic 7Li resonance, confirming the existence 

of a single lithium site in both structures. The isotropic 7Li peak arising from the LiFePO4 

sample is considerably broader than that observed for the LiMnPO4 sample. This large 

linewidth probably arises from chemical shift dispersion, suggesting that there is 

considerable local disorder in the coordination sphere of Li in LiFePO4, perhaps in the 
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form of site vacancies or Li/Fe site mixing. The spin-lattice (T1) and spin-spin (T2) 

relaxation times were measured for both samples, and are presented in Table 1. The short 

T1 times are typical of nuclei in paramagnetic materials because the coupling of nuclei to 

unpaired electrons is a very efficient relaxation mechanism. This fast relaxation allows 

the use of short NMR recycle delays and acquisition of high-quality spectra in a short 

period of time. The T2 times measured for these materials are also quite short (more than 

3 times shorter than those observed for 7Li in LiMn2O4,
12 for example). We therefore 

expect considerable dephasing and loss of echo intensity during the MAS rotor period, 

suggesting that faster spinning speeds would be desirable.  

 A large manifold of spinning sidebands accompanies the isotropic 7Li MAS NMR 

peaks for both compositions studied here. Linebroadening which can be reduced to a 

spinning sideband pattern under MAS can result from quadrupolar interaction of the 

nucleus with a local electric field gradient, nuclear dipolar coupling (to 7Li or 31P), 

paramagnetic coupling (to localized, unpaired transition metal electrons), chemical shift 

anisotropy (CSA) or bulk magnetic susceptibility effects. A significant contribution from 

the quadrupolar interaction is unlikely: we would not expect an appreciable electric field 

gradient at the Li site because of the local near-octahedral symmetry. No distinct 

quadrupolar satellites were observed. Furthermore, nutation data were consistent with 

excitation of all the 7Li spin states: 90° pulse lengths measured for the LiMPO4 samples 

were identical to that measured for 1M LiCl in water (1.2µs), whereas the 90° pulse 

would have been half as long if only the central transition was being excited (and not the 

quadrupolar satellites). The nuclear dipolar contribution is largely averaged away by 

magic angle spinning. The 7Li isotropic peak linewidth for LiMnPO4, however, decreased 
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slightly with increasing spinning speed, suggesting that some residual dipolar broadening 

is present in these materials.13 The effect of spinning speed was probably masked by the 

large residual linewidth in the LiFePO4 sample.  

 We are left, then, with CSA, paramagnetic coupling, and bulk magnetic 

susceptibility effects as the remaining possible contributors to the large spinning sideband 

manifold. It is clear in Figure 3 that there is a large asymmetry in the sideband manifold 

observed for LiMnPO4 (and to a lesser extent LiFePO4). It is therefore tempting to assign 

the broadening to CSA. However, the local near-octahedral symmetry of the Li site 

would seem to preclude a significant CSA contribution to the sideband manifold. We 

therefore assert that the large sideband manifold arises not from CSA, but from 

anisotropic paramagnetic coupling and bulk magnetic susceptibility. This assertion is 

supported by a comparison of 7Li and 31P MAS NMR spectra, below. 

 In the LiMPO4 structure the PO4 unit displays strong covalent bonds1 and is very 

nearly tetrahedral, precluding any significant CSA interaction for the 31P nucleus. On the 

basis of this information, we expect a single, featureless 31P resonance, such as that 

observed for K3PO4 (Figure 4a), possibly accompanied by a sideband manifold arising 

from paramagnetic coupling and bulk magnetic susceptibility. The 31P NMR spectrum of 

LiMnPO4 (Figure 4b) yields an isotropic 31P peak at -10ppm, consistent with a partial 

oxygen bridging to the Li or Fe site.14,15 The spectrum also shows a broad sideband 

manifold, with nearly identical asymmetry to that observed for 7Li in LiMnPO4, implying 

that the asymmetry arises from the same fundamental mechanism. The similarity is made 

apparent in the comparison of spectra shown in Figure 4b. The sideband manifolds for 

7Li and 31P NMR of LiFePO4 were also coincident (not shown). CSA is unlikely to give 
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rise to such similar sideband patterns from different nuclei in different chemical sites. 

The absence of CSA is consistent with the negligible 7Li quadrupolar effects discussed 

above; assuming the chemical shift is dominated by electronic effects, we would expect 

anisotropy in the chemical shift to be accompanied by significant quadrupolar 

broadening. We therefore conclude that the broad, asymmetric sideband manifold for 

LiMPO4 materials arises from anisotropic paramagnetic coupling and bulk magnetic 

susceptibility. It is not surprising to find anisotropy in these interactions, given the non-

cubic magnetic lattice for these materials, shown in Figure 5. 

 Asymmetric sideband envelopes have been interpreted previously to yield 

structural information pertaining to the distribution of paramagnetic centers in solid 

compounds.16,17 Such studies are most successful when the bulk magnetic susceptibility 

arising from the localized paramagnetic centers is small and isotropic. In the present 

compounds, the bulk magnetic susceptibility is expected to be large, due to the high 

concentration of paramagnetic centers, and probably contains an anisotropic part due to 

the non-cubic transition metal lattice (Figure 5). The anisotropic part of the bulk magnetic 

susceptibility (ABMS) is expected to be manifest as an increase in the residual MAS 

linewidth for the individual sidebands.18-20 The above discussion of the residual linewidth 

would suggest that such ABMS broadening is not a significant contributor to the 

observed linewidth for LiMnPO4, although a contribution to that observed for LiFePO4 

cannot be ruled out on the basis of the present data.  

 The large isotropic part of the susceptibility is expected to give rise to 

inhomogeneous linebroadening that can be “spun away” with MAS, but nevertheless 

contributes to the shape of the sideband manifold. It would therefore be desirable to 
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remove the effects of the bulk magnetic susceptibility before attempting to quantify the 

structural information contained in the asymmetry of the sideband manifold. The 

“susceptibility matching” technique for minimizing bulk magnetic susceptibility effects 

has been described previously,21,22 and involves immersion of the sample powder in a 

solution which has the same bulk magnetic susceptibility as the solid particles. The 

magnetic boundaries of the sample are then determined by the sample holder, and not the 

individual powder particles. We attempted to match the susceptibility of the LiMPO4 

samples with a saturated aqueous solution of Er(NO3)3.
22 No change in the shape of the 

NMR spectrum was observed, probably because the bulk susceptibility of the sample 

powders was too high to be effectively matched. The following analysis was therefore 

performed on the unmatched spectra.   

 We estimated the anisotropic shift and asymmetry parameter that describe the 

paramagnetic coupling using HBA, a widely available program for applying Herzfeld-

Berger analysis23 to MAS spectra. The anisotropic shift, δ, and the asymmetry parameter, 

η, are defined as  

δ=δ33-δiso     (1a) 

η=(δ22-δ11)/δ                     (1b) 

where δiso is the isotropic chemical shift and δ11, δ22, and δ33 are the principal components 

of the paramagnetic interaction tensor. δ represents the linewidth of the paramagnetic 

broadening, while η indicates the deviation of the interaction symmetry from the 

extremes of axial symmetry (η=0) or spherical symmetry (η=1). This analysis does not 

account for the effects of susceptibility broadening, which masks the paramagnetic 

anisotropy. The calculated values are presented in Table 1. It should be noted that this 
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analysis can also be used to describe CSA, although CSA and paramagnetic broadening 

arise from different mechanisms.  

 

Conclusions 

 We have studied LiFePO4 and LiMnPO4 using MAS NMR spectroscopy. Both 

compositions give rise to single isotropic 7Li resonances, accompanied by broad spinning 

sideband manifolds. The 7Li isotropic MAS peak linewidth for LiFePO4 is probably 

dominated by chemical shift dispersion, suggesting some disorder in the local Li 

coordination sphere. The MAS linewidth for LiMnPO4 contains a significant contribution 

from residual dipolar broadening. The spinning sideband manifold is notably asymmetric 

in the case of LiMnPO4, and slightly asymmetric in the case of LiFePO4. Comparing the 

sideband manifolds for 7Li and 31P MAS NMR spectra of the samples confirmed that the 

sideband manifold arises primarily from anisotropic paramagnetic coupling and bulk 

magnetic susceptibility broadening. Future work will focus on determining the shift 

mechanism which gives rise to the positive and negative 7Li NMR shifts observed in 

these materials.  
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 14



Table 1.  

Sample δisotropic (ppm) T1 (ms) T2(ms) δ (ppm) η 
LiFePO4 -14 1.2 440 1360 0.97 
LiMnPO4 63 3.9 220 1380 0.83 

 15



 

Figure 1.  

 16



 

 

 

 

 

 

 

Li

Fe

O

P

Figure 2.  

 17



-3000-1500015003000

In
te

ns
ity

 (a
.u

.)

Shift vs. 1M LiCl
(aq)

 (ppm)

* (a)

LiFePO
4

-3000-1500015003000

In
te

ns
ity

 (a
.u

.)

Shift vs. 1M LiCl
(aq)

 (ppm)

* (b)

LiMnPO
4

 18

Figure 3.  



-1500-1000-500050010001500
Shift  (ppm)

In
te

ns
ity

 (a
.u

.)

*
(a) K

3
PO

4

(b) LiMnPO
4

 19

Figure 4.  



 

 

 

 

 

 

 

c

a

b  

Figure 5.  

 20




