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1. Introduction
Lithium intercalation or insertion materials have

been widely investigated in the search for new
electrode materials for use in high-voltage recharge-
able batteries.1-6 The first commercial Li-ion re-
chargeable battery contains the layered materials
LiCoO2 (Figure 1) and graphite as the cathode (or
positive electrode) and anode (or negative electrode),
respectively.7 Although this battery is the current
standard in many applications including cell phones
and laptops, its slow charge and discharge rates and
cost have prevented its use in applications that
require cheap high power and capacity, such as
hybrid electric vehicles and electric vehicles. The
toxicity of Co is also an issue. A wide variety of
materials have been studied,5,6 which include doped
LiCoO2 phases, layered compounds based on the
LiCoO2 structure (e.g., LiNiO2

8 and LiNi0.5Mn0.5O2
9,10),
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Nicolas Dupré was born in Chatillon-sous-Bagneux, France, in 1975. He
received his Ph.D. (2001) degree from Université Pierre et Marie Curie−
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and a series of materials with two- and three-
dimensional hosts for Li (e.g., Li1+xMn2-xO4

11 and
LiFePO4

12). While long-range structural information
is typically available from diffraction methods, solid-
state NMR is an extremely useful tool for character-
izing local structure in these materials, even in highly
disordered systems. The lithium nuclei (7Li and 6Li)
are typically (but by no means exclusively) used as
probes because it is the lithium ions that are directly
involved in the electrochemical processes. The NMR
spectra are strongly influenced by the electronic
structure of the materials, and it is often possible to
distinguish between insulators and conductors and
between diamagnets and paramagnets. The method
is quantitative and can be used to determine which
species are removed on charging the battery and how
the local structures change on extended cycling. NMR
is also sensitive to dynamics that occur on the NMR
time scale, and one-dimensional (1D) and two-
dimensional (2D) NMR have, for example, been used
to investigate Li-ion motion in vanadates (1D)13 and
between two different nanosized domains in anatase,
LiyTiO2.14

This paper describes the approaches taken by us
and other researchers over the past few years to
interpret and extract chemical information from this
class of materials. We focus on ex-situ analysis of
electrode materials (i.e., samples that have been
extracted from cycled batteries) since these ap-
proaches allow higher resolution spectra to be ob-
tained. Use of a toroid detector (to obtain the NMR
signal) has allowed working batteries to be studied
in situ by spectroscopy and imaging methods,15 and
more recent studies have shown that NMR signals
may be obtained from plastic bag batteries.16 In-situ
methods have not, to date, been combined with the
high-resolution method magic angle spinning (MAS)
due to a number of experimental difficulties that still
need to be surmounted and are, therefore, not
discussed here. The theory required to interpret the
NMR spectra is first presented (section 2); the use of
this theory to extract chemical information is then
described (section 3). This is followed by illustrative
recent examples from the field. In so far as this is
possible, section 4 has been written so that it does
not require a detailed understanding of NMR
theory (beyond that discussed in section 2.1) and
should be accessible to the non-NMR audience. A
more comprehensive discussion of some of the techni-
cal aspects associated with obtaining NMR spectra
of cathode materials can be found in an earlier review
article.17

2. NMR Background

2.1. Lithium NMR Spectra of Cathode Materials:
Introduction

The chemical shift range for lithium NMR spectra
is very small, and it is not always possible to resolve
resonances due to different local environments in the
NMR spectra of diamagnetic materials based solely
on the chemical shift interaction. Sometimes im-
proved resolution can be obtained at higher field
strengths, allowing chemical information to be ex-
tracted from the spectra.18,19 Fortunately, the lithium
NMR spectra of most battery samples are strongly
affected by a series of larger interactions which
include quadrupole coupling (6Li, I ) 1; 7Li, I ) 3/2)
and interactions with unpaired electrons for para-
magnetic samples (hyperfine interactions) and with
the conduction electrons in metals (the Knight shift).
7Li has the much higher natural abundance (93%)
and larger quadrupolar and gyromagnetic moments.
In contrast, 6Li is only 7% abundant, but its smaller
quadrupole and gyromagnetic moments can result in
higher resolution spectra that are often easier to
interpret. The quadrupolar interaction, which results
from the interaction of the quadrupolar nucleus with
the electric field gradient (EFG) at the nucleus, is
typically very small for 6Li but can result in charac-
teristic broadening in static and a series of spinning
sidebands in magic angle spinning (MAS) 7Li NMR
spectra due to the satellite (|+3/2〉 - |1/2〉 and |-1/2〉
- |-3/2〉) transitions. This (anisotropic) interaction
contains information concerning the local environ-
ments at the lithium nucleus and can be used to
distinguish between ions in distorted and more
symmetric environments. Many battery materials are
paramagnetic in the discharged or charged state. For
example, the cathode material LiMn2O4 is a mixed-
valence compound containing Mn3+ (d4) and Mn4+ (d3)
ions. Although the Co3+ d electrons in LixCoO2 are
paired in the fully discharged state, LixCoO2 contains
Co4+ d5 ions when charged. The NMR spectra of
paramagnetic materials are dominated by the inter-
actions between the nuclear and electronic spins
(Figures 2 and 3). These interactions may be much
larger than any of the other interactions and can
dominate the spectra of these materials, but they can
also contain valuable information concerning both
local crystallographic and electronic structure. Hence,
we will now consider these interactions in some
detail.

2.2. NMR Spectra of Paramagnetic Materials

Paramagnetic ions with electronic spin, S (e.g., S
) 3/2 for d3 ions Mn4+ and Cr3+), are associated with
magnetic moments, µe, that align in the presence of
a static magnetic field, B0 (Figure 2), typically defined
to be the z-direction. Sz represents the component of
the spin along this direction. Electron spin resonance
(ESR) probes the transitions between the different
spin (or Zeeman) states |ms〉. Often the lifetime of an
ion in a particular electronic state (T1e) is very short
on the relatively long time scale probed by NMR
(from many seconds to 10-8 s, depending on the size

Figure 1. Structure of the cathode material LiCoO2,
showing the alternating layers formed by edge-sharing
CoO6 octahedra and Li+.
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of the electron-nuclear interaction). In this situation,
the NMR spins cannot couple to Sz (i.e., the different
spin states |ms〉) and instead couple with the time
average of the local field, 〈Sz〉. This is nonzero due to
the differences in populations of the different |ms〉
states in a magnetic field. The time average of Sz is
proportional to the net magnetic moment of an
ensemble, which is the quantity measured in a
magnetic susceptibility measurement

where µ0 is the permeability, g the electron g-factor,
µB the Bohr magneton, N0 Avogadro’s number, and
øM the magnetic molar susceptibility in m3 mol-1.20

The size of the electron-nuclear interaction can be
quantified via a hyperfine coupling constant, A/h (in
Hz) (see below), and NMR experiments are feasible
for ions with short T1es, such that21

As the T1es lengthen and 1/T1e (s-1) approaches the
size of the electron-nuclear interaction, considerable
NMR line broadening can occur, and it may not be
possible to acquire high-resolution NMR spectra
under these conditions. The effect of T1e on the
nuclear relaxation times is discussed in more detail
in ref 22. Large hyperfine constants are observed (of
many MHz) when the nuclear and electronic spins
are on the same atom. For example, a hyperfine
constant A/h of -324 MHz was measured by electron

spin resonance (ESR) for the S ) 1/2 51V4+ vanadyl
ions in VO(H2O)5

2+,23 and the T1e’s for these ions are
10-8-10-9 s.22 1/T1e is similar in magnitude to A/h,
and high-resolution NMR spectra are not observed.
When the nuclei under observation are further from
the paramagnet, A is much smaller (the proton-
electron hyperfine coupling constants are only 2.1-
0.01 MHz for water molecules in the same vanadyl
complex24-26) and the condition in eq 2 is more readily
achieved. This is the case for lithium spins, which
are generally separated by two or more bonds from
the paramagnet. In addition, bonding involving Li+

is largely ionic, again reducing the size of A. Shorter
T1es are generally observed for ions with S > 1/2 (S
* 5/2), such as Mn3+, Ni2+, and Co2+, and higher
resolution spectra are more readily achieved.22 Broader
6Li/7Li resonances have been observed for local
environments containing the paramagnetic S ) 1/2
ion Ni3+ (e.g., for LiNiO2

27 and LiCo1-xNixO2
28), but

the resonances are not sufficiently broad to prevent
detailed analysis of the local environments in these
compounds.28,29

The nuclear spins can interact with the time-
averaged magnetic moments via either through-space
(dipolar) or through-bond (Fermi-contact) interac-
tions. The 6Li MAS NMR spectrum of LiMn2O4 is

Figure 2. (a, b) Effect of a static magnetic field on a
paramagnet with magnetic moment µe and electronic spin
S ) 1/2. Note that the lowest energy level for S ) 1/2 in the
magnetic field is the |-1/2〉 state due to negative charge of
the electron. (The magnetic moment of the electron µe
associated with this state is still aligned along the direction
of the static magnetic field; in many of the subsequent
drawings, we will use arrows to represent directions of the
net magnetic moments on the electrons/paramagnets.) (c)
ESR probes the transitions between the spins states |+1/
2〉 T |-1/2〉. Spins in these states relax with a rate 1/T1e,
which is typically much faster than the size of many of the
interactions probed by NMR (i.e., T1e is shorter than the
NMR time scale). Thus, NMR experiments are generally
only sensitive to the time-averaged value of the magnetic
moment, µje (-gµB〈Sz〉).

〈Sz〉 ) -
B0

µ0 gN0 µB
øM (1)

|A/h| , 1/T1e (2)

Figure 3. (a) 6Li MAS NMR spectrum of the spinel
LiMn2O4 synthesized at 850 °C acquired with a spinning
speed of 10 kHz at a field strength of 4.7 T. The spinning
sidebands and the isotropic shift are marked with asterisks
and its shift value (520 ppm), respectively. (b) Li local
environment in LiMn2O4 showing a tetrahedrally coordi-
nated Li ion and the 12 nearest Mn ions (in the octahedral
sites of the spinel structure). Schematics illustrating (c) the
transfer of unpaired electron spin density from the un-
paired electrons in the t2g d electrons (on one of the 12
nearby Mn ions) via the 2p orbitals on the intervening
oxygen atom to the 2s orbital on Li, which causes the large
shift seen for the LiMn2O4 isotropic resonance and (d) the
dipolar coupling between a 6Li nuclear spin and net
magnetic moment due to a nearby Mn ion. The spinning
sidebands shown in (a) primarily result from this interac-
tion, which is not completely removed by MAS.34
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presented in Figure 3a to illustrate the effect of the
different interactions on the NMR spectrum of this
paramagnetic material.

2.2.1. Fermi-Contact Interaction
This is a measure of the unpaired electron spin

density that is transferred from the paramagnet to
the nucleus of the spin under observation. In the
regime defined by eq 2, the NMR shift (δ ) (∆ω/ω0))
induced by the Fermi-contact interaction is directly
proportional to 〈Sz〉30,31

The sign (and size) of the hyperfine constant Ac/h
(Hz) determines the direction (and size) of the shift

and depends on the electron spin (i.e., unpaired
electron) density at the nucleus, F(r ) 0). γN is the
gyromagnetic ratio for the isotope studied by NMR,
and ω0 is its Larmor frequency (in radians). The
6Li/7Li hyperfine shift can be very large for many
transition-metal oxides and shift the Li resonances
well out of the typical range observed in the Li NMR
of diamagnetic materials (0 ( 5 ppm) (Figure 3a).

F(0) depends on the connectivity between the
orbitals on the paramagnet and the orbitals on the
NMR-active atom (Figure 3c). Only the electrons in
s orbitals are associated with a finite probability of
being found at the nucleus, and only the electron
density transferred to the s orbitals needs to be
considered. Electron density may be transferred
either directly from the paramagnet or indirectly via
a transferred hyperfine interaction to the s orbitals,
and thus, the interaction contains chemical informa-
tion about the bonding involving the paramagnets,
Li, and the intervening oxygen atoms. For example,
in LiMn2O4, the transferred hyperfine interaction will
primarily involve the manganese t2g, oxygen 2p, and
Li 2s orbitals (Figure 3c). The Fermi contact shift is
generally considered to be additive, so that the shift
due to many magnetic ions may be obtained from a
sum of the shifts induced by each magnetic ion,
although exceptions occur in systems with very
delocalized spin states. One challenge in this field
has been to relate shift to local environment to
extract chemical information from these often-
complex systems. The correlation between shift and
local environment will be explored in some detail in
section 3.

The Knight shift, which dominates the spectra of
metallic samples, is analogous to the Fermi-contact
shift, except that now the shift is a measure of the
density of states at the Fermi level, N(Ef). This
relationship arises because the Pauli paramagnetism
øp of a metal is proportional to N(Ef),32 and thus, since
the electron-nucleus interaction is dependent on 〈Sz〉
and hence ø (eqs 1 and 3), the Knight shift is
dependent on N(Ef). Again, since hyperfine coupling
requires that unpaired electron density is present at
the nucleus under investigation, the Knight shift

depends, to a first approximation, on the contribution
of the s orbitals of the NMR-active atom (lithium) to
the crystal orbitals with energies at or very close to
Ef (i.e., N(Ef)Li,2s the Li 2s partial density of states at
the Fermi level; this can be quite different than the
value of N(Ef) that is important in controlling the
bulk conductivity of the sample). Often the d or p
orbitals at the atom under investigation may have
larger contributions to N(Ef). This will be the case
for some metals and the 51V Knight shifts of vana-
dates. Here, spin density can also be transferred to
the s orbitals via a polarization mechanism and both
positive and negative Knight shifts can result, de-
pending on the nature, populations, and locations of
the orbitals involved in the process. Polarization
mechanisms are discussed in more detail in section
3.1.

2.2.2. Dipolar Coupling

The dipolar interaction is the same interaction that
occurs between two or more nuclear moments and is
caused by the local magnetic fields of the nuclear or
electronic (S) spins that are felt at the nearby nuclear
(I) spin (Figure 3d). When the dipolar interaction
involves coupling to S ) 1/2 nuclear spins, coupling
to both the |1/2〉 and |-1/2〉 eigenstates will occur,
resulting in the classic Pake doublet pattern for a
powder. In contrast, when the second set of coupled
spins are electrons (or paramagnetic ions), the nuclear
spins can only couple to the time-averaged magnetic
moment (again because the electronic relaxation time
T1e is extremely fast on the NMR time scale). The
line shape in this case resembles that of the chemical
shift anisotropy (CSA), and like the CSA, it scales
linearly with the field.33 The Hamiltonian for this
interaction, Hen, can be represented by33,34

where µje is the time (or thermally) averaged magnetic
moment of the electrons (i.e., -gµB〈Sz〉) and D̃en is the
dipolar coupling tensor between the unpaired elec-
tron and nucleus, which is defined by its matrix
elements as follows35,36

and depends on both the distance between the
nuclear and electronic spins, r (e.g., the Li and Mn
atoms in Figure 3b), and the orientation of the
interatomic (Li-Mn) vector with respect to the static
magnetic field, B0. δij is the Kronecker delta (δij ) 1
for i ) j and 0 for i * j), ei and ej are the x, y, z
components of a unit vector pointing from the nuclear
spin to the electron spin in a chosen coordinate
system. These interactions (and the CSA) are second-
rank tensors and therefore averaged by MAS. Since
the size of the dipolar interaction is generally larger
than the MAS frequency, a series of spinning side-
bands result (Figure 3a) that contains information
concerning the size of the interaction and the relative
orientation of the spins.37

∆ω
ω0

) -
Ac

ω0h
〈Sz〉 (3)

Ac/h ) g µBγNF(r)0)µo /3S (4)

Hen )
µ0

4π
µje D̃en µN (5)

Dij ) 1
r3

(δij - 3eiej) (6)
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For isotropic magnetic moments, µje, the interaction
results in a line broadening of the resonance only but
no overall shift.38 This will not be the case for an
anisotropic magnetic moment. Here, both line broad-
ening and a “pseudo-contact” shift will occur. This is
an important mechanism for “shift reagents” in
solution NMR and has also been shown to be neces-
sary to explain the 89Y shifts that arise due to
lanthanide ions in the solid state.39 The pseudo-
contact shift arises from a similar mechanism as the
broadening and line splitting due to a coupling to a
quadrupolar nucleus (the interaction involves a fourth-
rank tensor). Thus, the line broadening is no longer
completely removed by MAS. In many of the batteries
studied to date, the size of the shift and line broaden-
ing are small and the interaction can often be ignored
to a first approximation. More detailed studies are
still, however, required to correlate this interaction
with line broadening.

The size of the dipolar interaction is often straight-
forward to calculate as 〈Sz〉 can be readily estimated
from expressions for the susceptibility. For example,
assuming spin-only paramagnetism, which is a good
approximation for d3 ions such as Mn4+ and Cr3+ 40,41

and thus µje is given by42

where k is the Boltzmann constant. In an extended
solid, the nuclear spins are typically surrounded by
more than one paramagnet and the total Hamilto-
nian for the dipolar coupling, Hen, is obtained by
summing the individual coupling tensors for coupling
to each individual paramagnetic ions in successive
coordination spheres.34,43

Since µN, the magnetic moment ()γN(h/2π)Iz),
depends on the gyromagnetic ratio, γN, larger dipolar

couplings are seen for nuclei with larger values of
γN. Thus, 7Li with its much larger gyromagnetic ratio
than 6Li (γ7Li/γ6Li ) 2.6) results in MAS spectra with
much larger spinning sideband manifolds. Further-
more, unlike the dipolar coupling between nuclear
spins, the size of the interaction depends on the
magnetic field strength (eq 8). Consequently, the
effect of this interaction can be minimized and
spectra simplified by using low fields, fast MAS, and
nuclei with low γNs. The effect of γN is illustrated in
Figure 4, which compares the 6Li and 7Li spectra of
the spinel LiMn2O4 prepared at 600 °C obtained at
an identical spinning speed and magnetic field
strength. The sidebands in this system result prima-
rily from the dipolar interactions. Clearly, it is
difficult to see all the resonances in the 7Li spectrum
at this spinning speed, and some of the weaker peaks
are obscured by the sidebands originating from the
more intense resonance at ca. 511 ppm.

3. Extracting Chemical Information from the
Spectra of Paramagnetic Materials

3.1. Fermi-Contact Interaction
To extract chemical information from the NMR

spectra of paramagnetic battery samples (e.g., Figure
3a), we need to be able to assign a particular value
of the hyperfine shift to a specific local environment.
To achieve this goal, we44-47 and other workers28,48,49

have now studied a series of lithium compounds
containing transition metals with electronic configu-
rations from d1 to d.8 This has allowed us to rational-
ize the differences in the shift mechanisms that result
from the presence of unpaired electrons in the t2g and
eg orbitals of the transition-metal ions. Since the
interaction is analogous to the J-coupling that occurs
between nuclei and to magnetic interactions between
paramagnets, approaches similar to those used in
these fields may be used to predict the sign and
magnitude of the hyperfine interaction. The correla-
tions developed between the shift and local environ-
ment in these lithium NMR studies will now be
explored.

To rationalize the large hyperfine shifts observed
for lithium manganates such as the spinel LiMn2O4
(Figure 3a), we synthesized a whole series of com-
pounds within the MnO2-LiMnO2-Li2MnO3 phase
diagram. The NMR spectra of these compounds were
then acquired to obtain typical hyperfine shift ranges
for these materials (Figure 5). Even without a
complete understanding of the causes of these large
shifts, it then became possible to assign different shift
ranges to different lithium local environments. For
example, lithium spins in the octahedral site of a
Mn4+ spinel typically give rise to a resonance at
1800-2300 ppm, while lithium spins in the tetrahe-
dral site of the spinel resonate at ca. 800 ppm. This
is illustrated in Figure 5 for the ordered spinel (Li0.5-
Zn0.5)tet(Li0.5Mn1.5)O4, which contains Li ions on both
the octahedral and tetrahedral sites of the spinel
structure. Two resonances are clearly visible, which
can be assigned using our hyperfine shift scale to the
two different sites in this structure.50 Similar ap-
proaches have been used by us and others to deter-

Figure 4. Comparison of the spectra of LiMn2O4 synthe-
sized at 600 °C obtained with 6Li and 7Li MAS NMR at a
MAS spinning speed of ∼10.5 kHz and a magnetic field
strength of 4.7 T (200 MHz for 1H). (Reprinted with
permission from ref 17. Copyright 2003 Elsevier.)

ø ) (µ0/4π)N0 g2µB
2S(S + 1)/3kT (7)

µje ) g2µB
2S(S + 1)B0/3kT (8)
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mine the locations of lithium ions in a series of
transition-metal-doped spinels, LiMn2-xMxO4 (M )
Cu, Co, Li, Ni, Cr).17,51

We examined the local environments around lithium
in a series of Mn(IV) compounds to explain the
different hyperfine shifts in these materials. By
breaking up the local environments according to the
numbers of manganese ions in the first cation coor-
dination sphere around lithium and the Li-O-Mn
bond angles, we determined the contribution of each
Li-O-Mn interaction to the overall lithium shift.17,44

This analysis involves two assumptions: (1) that the
major shift contribution arises from the hyperfine
shift due to manganese ions in the first cation
coordination sphere and (2) that there are no signifi-
cant interactions between paramagnets at the tem-
peratures at which the NMR spectra were acquired
(close to room temperature). This latter assumption
allows the shifts between different compounds to be
compared. (The validity of this assumption can be
tested by studying the temperature dependence of the
shifts to determine whether there is any evidence for
large deviations from Curie-Weiss behavior.45,46) For
example, one local environment for Li in Li2MnO3
contains 12 sets of Li-O-Mn4+ bonds, each with a
bond angle of close to 90° (Figure 6a). This environ-
ment is associated with a hyperfine shift of 1500 ppm
or a shift of 125 ppm per Li-O-Mn4+ interaction.
More generally, Li+-O-Mn4+ bonds with bond angles
of 90° were found to result in large positive shifts of
ca. 120-150 ppm, while linear Li-O-Mn4+ bonds
resulted in smaller negative shifts from -60 to -125
ppm, the exact value depending largely on the
coordination number of oxygen (Table 1).47

The size and direction of the shifts was then
rationalized by using the Goodenough-Kanamoori
rules, originally designed to predict the sign of the
coupling between d electrons in transition-metal
oxides. For example, overlap between a half-filled t2g
orbital of a manganese ion and an empty 2s lithium
orbital in a Li-O-Mn 90° arrangement may occur
either directly or via an intervening p orbital on an
oxygen atom. In the case of the transferred hyperfine
interaction, an interaction with the t2g electron and

the filled oxygen p orbital can only occur via transfer
of spin density of the opposite sign to that already
present in the half-filled t2g orbital since the t2g orbital
is half-filled (Figure 6b). This then results in transfer
of positive spin density to the empty Li 2s orbital and
shifts of ca. 120-150 ppm per Li-O-Mn interaction.
In the case of a 180° interaction, no direct overlap
mechanism is possible involving the t2g orbitals. In
this case, the interaction occurs via the empty eg
orbitals (Figure 6c). Here, the exchange coupling
between the eg and t2g orbitals on the same atom
favors the transfer of spin density with the same sign
of spin polarization as that in the t2g orbitals to the
eg orbitals. This results in a net transfer of negative
spin polarization from manganese to the empty 2s

Figure 5. 6Li MAS NMR spectrum of the Mn(IV) spinel
(Li0.5Zn0.5)tet(Li0.5Mn1.5)OctO4 and the typical hyperfine shifts
observed for lithium in a series of local environments.
Hyperfine shifts are given next to the two isotropic
resonances in the 6Li spectrum; all other peaks are spin-
ning sidebands, which are predominantly caused by the
electron-nuclear dipolar coupling.

Figure 6. 6Li MAS NMR spectrum of the layered com-
pound Li2MnO3 acquired at a MAS frequency, νr, of 35 kHz.
Spinning sidebands are marked with asterisks. The local
environment in the Mn4+/Li+ layers that gives rise to the
isotropic resonance at 1500 ppm is shown. Spin density
may be transferred to the 2s orbital of Li via the interaction
with (b) a half-filled t2g orbital and (c) an empty dz

2 Mn
orbital to produce the hyperfine shifts seen in the spectrum
of Li2MnO3. The large arrows represent the magnetic
moments of the electrons in the t2g and p orbitals, while
the smaller arrows indicate the sign of the spin density
that is transferred to the Li 2s and transition-metal d
orbitals.

Table 1. Comparison of the Hyperfine Shifts (in ppm)
Observed for Lithium Coordinated to a Single Mn4+

Ion via an Intervening Oxygen Ion for a Series of
Local Environmentsa

Li-O-M bond angle (deg) Ooct
b Otet

c Olinear
d

90 122 163
122 76
180 -60 -75 -125

a Shifts are classified according to the coordination number
or environment of the intervening oxygen atom in each Li-
O-Mn4+ interaction. b Li2MnO3.47 c Spinel compounds such as
(Li0.5Zn0.5)(Li0.5Mn1.5)O4.50 d Perovskite and K2NiF4-related
compounds such as La2(LiMn)0.5O4.53

4498 Chemical Reviews, 2004, Vol. 104, No. 10 Grey and Dupré



Li orbital and, consequently, a negative shift. The
lithium (tetrahedral) environment in the spinel struc-
ture contains 12 Li-O-Mn bond angles of ca. 122°
(Figure 3b), and a shift intermediate between that
observed for linear and 90° interactions is observed
of ca. 76 ppm, as expected, based on orbital overlap
arguments. The tetrahedral site in the ordered spinel
(Li0.5Zn0.5)(Li0.5Mn1.5)O4, whose spectrum was shown
in Figure 5, contains nine sets of Li-O-Mn bonds
with 122° bond angles (the remaining three are Li-
O-Li bonds), consistent with the shift for this
environment of 688 ppm.

The different shift mechanisms may be understood
in more detail by considering the effect of the
magnetic field on the populations and energies of the
different crystal orbitals (Figure 7a). Transfer of
electron density via the 90° interaction arises due to
a direct delocalization of spin density due to overlap
between the half-filled t2g*, oxygen π*, and empty Li
2s atomic orbitals (the delocalization mechanism,
Figure 7b).52 This overlap is responsible for the
formation of the t2g* (antibonding) molecular orbital
in a molecule or the t2g* crystal orbital (or band) in a
solid. No shift occurs for the 180° interaction from
this mechanism as the eg* orbitals are empty.

A second mechanism (the polarization mechanism)
arises due to the polarization of the fully occupied
(bonding) crystal orbitals formed by the eg, oxygen
2p, and Li 2s atomic orbitals in the presence of a
magnetic field. A fully occupied crystal (or molecular)
orbital in reality comprises one one-electron orbital
occupied by a “spin-up” electron and a second one-

electron orbital occupied by a “spin-down” electron.
This results in the so-called “fully occupied” crystal
orbital that contains two paired electrons. In the
presence of a field, the energies of the two orbitals
are no longer necessarily identical, the one-electron
orbital with a magnetic moment aligned with the
field being lower in energy. In the case of a “half-
filled” orbital, this is the source of the hyperfine shift,
as only one out of the two one-electron orbitals is
occupied. However, when both of these one-electron
orbitals are occupied this does not directly result in
a shift. Instead, the shift arises from the effect of the
field on the contributions of the different orbitals to
the crystal orbitals. In the absence of a magnetic
field, the individual one-electron orbitals are identical
(i.e., the contributions of the different atomic orbital
to the crystal orbital are the same), but this need not
be the case when a field is applied. Exchange
coupling between electrons in different orbitals low-
ers the energy of electronic configurations containing
parallel electrons. Thus, the presence of “spin-up”
electrons in the t2g* orbitals will stabilize the “spin-
up” one-electron orbital formed from the eg orbitals.
This results in a polarization of the eg crystal orbitals,
so that the contribution of eg atomic orbital to the
crystal orbital will be larger for the “spin-up” one-
electron orbital and smaller for the “spin-down”
orbital. This is illustrated schematically in Figure 7c.
Since the “spin-down” orbital is still a one-electron
orbital, the contribution to this orbital from the
oxygen 2p and Li 2s atomic orbitals must be larger,
and thus the concentration of “spin-down” electrons
on the Li 2s orbitals is higher than the concentration
of “spin-up” electrons, resulting in a net transfer of
negative spin density. This picture is entirely equiva-
lent to one where the presence of the magnetic field
is considered to mix the eg and eg* orbitalssthe
extent of mixing is different for the “spin-up” and
“spin-down” orbitals, leading to differences in the
contributions of the metal d, 2p O, and 2s Li atomic
orbitals to the crystal orbitals. A similar phenomenon
can occur, for example, in a ferromagnetic solid, the
presence of ordered electronic spins acting as the
source of the local magnetic field.

The relative sizes of the polarization and delocal-
ization mechanisms will depend on the orbitals
involved in the overlap and the occupancies of the
metal orbitals. For example, the polarization mech-
anism appears to be relatively weak for Ni3+, in
contrast to Mn4+ and Cr3+, even when both mecha-
nisms involve eg orbitals.52 This is most likely due to
the smaller exchange interaction expected for the
Ni3+ system, which contains fewer unpaired elec-
trons. Some earlier studies neglected the polarization
mechanism, assuming that it was much weaker than
the other possible shift mechanisms, which lead to
incorrect assignments.28

Recent density functional theory (DFT) calculations
have been used to calculate the transfer of unpaired
electron spin densities to the nearby atoms and
analyze the orbitals involved in these mechanisms.52

For example, Figure 8 shows the spin densities
obtained for Cr3+-doped LiCoO2. The spin densities
can be calculated by subtracting the “spin-up” elec-

Figure 7. (a) (Partial) band diagram for a transition-metal
oxide, with transition-metal ions located in sites with
octahedral symmetry. (The t2g and t2g* crystal orbitals are
formed from an overlap of the t2g d orbitals and oxygen 2p
atomic orbitals, while the eg and eg* crystal orbitals are
formed from the eg d orbitals and oxygen 2p and 2s atomic
orbitals. The t2g* bands are partially occupied for Mn4+ and
Cr3+ d3 ions.) (b) Delocalization mechanism involving the
half-filled t2g* crystal orbital, and (c) polarization mecha-
nism involving the two one-electron orbitals that make up
the “filled eg orbital”. The sizes of orbitals in c represent
the relative contributions of these orbitals to the crystal
(or molecular) orbital; the sign of the spin-density trans-
ferred to the Li 2s orbital is indicated with a “+” or “-”
sign.
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tron density from the “spin-down” electron density
at a particular location in space. The unpaired
electron density in the Cr3+ (d3) t2g atomic orbital is
clearly visible. Direct overlap of this orbital with a
nearby 2p O orbital results in positive spin density
in this orbital and positive spin density at the site of
the Li nucleus, connected via the 90° interaction. This
is consistent with the resonance at 40 ppm seen in
the 6Li NMR spectrum of LiCo1-xCrxO2 (x ) 0.1 and
0.05), which was also assigned to the presence of one
Cr3+ in the local coordination sphere of a lithium ion.
Negative spin density is present in the 2p O orbital
that points directly to the Cr3+ ion and the Li ion
connected via this 180° interaction, consistent with
the observation of a resonance at -70 ppm in the
NMR spectrum.

Analysis of the spectra of Mn(III) compounds is
more complicated as (i) the eg orbitals are partially
filled, (ii) Jahn-Teller distortions typically occur
resulting in one half-filled and one empty eg* orbital,
(iii) many of these compounds contain sizable anti-
ferromagnetic interactions between manganese ions,
which result in strong deviations from Curie-Weiss
behavior, even at around room temperature. We have
analyzed the Mn(III) compounds by examining the
Mn-O bond lengths, the longer Mn-O bond lengths
(of greater than 2 Å) in the MnO6 octahedra being
indicative of electron occupancy of the (antibonding)
eg* orbitals. The Mn(III) compound, La2(LiMn)0.5O4

will be considered initially since this contains isolated
manganese ions within the Li/Mn/O planes that are
only weakly coupled.53 La2(LiMn)0.5O4 is isostructural
with K2NiF4, and the lithium is coordinated to four
manganese ions via linear Li-O-Mn bonds. A shift
of -480 ppm was observed for this compound. This
is consistent with a Jahn-Teller distortion of the d4

Mn ions and the population of the eg* (dz2) orbital
perpendicular to the Li-O-Mn axes (i.e., perpen-
dicular to the Li/Mn/O planes), so that the Li shift is
dominated by the four interactions involving empty
dx2-y2 orbitals. The shift mechanism is similar to that
observed for interactions involving empty dz2 orbitals
(Figures 6c and 7c).53

The three Mn3+ rock-salt related compounds with
stoichiometry LiMnO2 show much smaller shifts of
between 40 and 143 ppm in comparison to the shifts
observed for La2(LiMn)0.5O4 and the Mn(IV) com-
pounds.45 All the lithium atoms in these compounds
have similar numbers of manganese ions in their
local coordination sphere, resulting in 12 Li-O-Mn
90° interactions, but differ in the number of types of
Li-O-Mn 180° interactions. The slightly larger
shifts seen for the tetragonal-Li2Mn2O4 and mono-
clinic-LiMnO2 compounds (99-143 ppm) in compari-
son to the shift seen for orthorhombic-LiMnO2 (40
ppm) may be rationalized by the presence of ad-
ditional interactions involving half-filled eg orbitals,
which, for the same reason discussed for the 90°
interactions involving t2g orbitals, should result in a
positive shift. However, by using arguments outlined
above for the Mn(IV) compounds, we would predict
a very large shift for these Mn(III) compounds of
greater than 1400 ppm. One cause of the large
differences is the strong antiferromagnetic interac-
tions between Mn3+ ions, which are responsible for
non-Curie-Weiss behavior and in the case of o-
LiMnO2 for a Néel transition temperature of -11
°C.54 This suggestion was tested by following the 6Li
shifts of these compounds as a function of tempera-
ture.45 These results demonstrate significant devia-
tion from Curie-Weiss temperature dependence, the
shifts being essentially independent of temperature
between 0 and 250 °C. Recent density functional
theory (DFT) calculations for m-LiMnO2 suggest that
changes in bond lengths caused by the Jahn-Teller
distortion also strongly affect the relative magnitudes
of the different shift mechanisms, resulting in smaller
than predicted shifts for these compounds.52

These findings are not unique to the manganese
systems, and other materials showing strong anti-
ferromagnetic interactions between paramagnets
show smaller than predicted shifts. Examples include
the NMR spectra of R and â LiFeO2 where shifts of
ca. 500 ppm were observed,27 even though the d5 Fe3+

ions in these compounds contain both partially filled
t2g and eg atomic orbitals. Again, strong deviations
from Curie-Weiss behavior are seen for these com-
pounds.

3.2. Dipolar Interaction

Although the sidebands that result from the dipolar
interaction can often complicate analysis of the

Figure 8. Calculated spin polarization density map in a
Co/Cr-O-Li plane in LiCr1/8Co7/8O2 from DFT calcula-
tions.52 The positions of the Cr, Co, Li, and O ions are
indicated. Li(1) has a Cr3+ ion as its second cation coordi-
nation shell, while Li(2) has a Cr3+ ion in its first cation
coordination shell. The 6Li spectra of LiCrxCo1-xO2 (x ) 0.05
and 0.1)47 are shown along with the assignments of
resonances corresponding to Li(1) and Li(2) local environ-
ments.
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spectrum (Figure 3), this interaction does contain
extremely useful structural information that can be
relatively straightforward to extract. The effect of
different arrangements of paramagnetic ions on the
NMR spectra has been explored, and different ar-
rangements can result in characteristic line shapes.
This is illustrated in Figure 9 for the two Mn4+

compounds Li2MnO3 and the spinel (Li0.5Zn0.5)tet(Mn1.5-
Li0.5)octO4. The Li ions in the transition-metal layers
of Li2MnO3 and in the octahedral site of the spinel
are coordinated to the same number of Mn ions (six),
but the arrangements of these ions are very different.
For Li2MnO3, these ions are located in the same plane
as the central Li ion (an oblate arrangement), while
in the spinel, they lie above and below an imaginary
plane running through Li (a prolate arrangement).
As discussed above, the total dipolar coupling inter-
action is a sum of all the individual Li-Mn4+ dipolar
interactions. The total interaction will be very sensi-
tive to the relative orientations of the Li-Mn inter-
atomic vectors. For the sites in the two compounds
discussed here, although the magnitude of the inter-
action is similar, the sign of the interaction is
opposite in sign. Differences in the signs of the
interaction result in characteristic changes in the line
shapes of the two compounds. The shapes of the
sideband manifolds for the two groups of resonances
in Li2MnO3 () Li[Li1/3Mn2/3]O2 in the notation used
to describe layered compounds) are also very differ-
ent. Li located in the Li layers is nearby manganese
ions arranged above and below the plane of Li ions,
and thus the shape of the sideband manifolds of the
resonance due to this site is similar to that seen for
the octahedral sites in the spinel. The shape is
characteristic for Li ions between layers of paramag-
netic ions and may be used as a signature for this
environment. Much smaller sideband manifolds are
seen for the tetrahedral sites, in part because the Li-

Mn distances are larger and also because the ions
are arranged more symmetrically around the tetra-
hedral Li ions so that individual dipolar couplings
partially cancel, resulting in a smaller overall dipolar
coupling. Again, this smaller dipolar coupling can be
used as a signature for the tetrahedral site in these
compounds.

4. Applications of NMR Spectroscopy to the
Study of Cathode Materials

MAS NMR has now been used to study LiCoO2-
derived layered materials28,29,55 as well as a wide
range of alternative cathode materials including
manganates,44,48,49,56-58 vanadates,13,59-61 and iron and
vanadium phosphates.62-64 We will now discuss the
application of NMR to some of these materials to
illustrate the type of information that has been (and
can be) obtained by using this method.

4.1. Spinels
The spinel materials, LiMn2-xM′xO4, have been the

most extensively investigated of all the lithium
manganates.65,66 These materials can be cycled at ca.
4 V (vs Li) from LiMn2O4 to MnO2, the manganese
ions retaining the spinel host framework through-
out.1,67 Capacities of 148 mAg-1 are, in theory,
possible for the stoichiometric spinel, but in practice
no more than 100-120 mAg-1 has been achieved over
multiple charge-discharge cycles.68 The spinels rep-
resent cheap alternative cathode materials which can
be charged and discharged sufficiently rapidly to
meet the power requirements for use in electric
vehicles. Unfortunately, many of the spinels suffer
from rapid capacity fade following extended storage
or on cycling, particularly at high temperatures.5 This
has prompted much research on these materials to
identify the source and then prevent this fade.69-71

Surface treatment methods have also been developed
to help prevent manganese dissolution,69 and Li-
excess spinels Li1+xMn2-xO4, x ) 0.05-0.1, are now
being produced as cheap cathode materials particu-
larly for use in high-power applications. Figure 10
shows a typical potential profile (obtained in a
galvanostatic mode, i.e., by using constant current)
for the spinel Li1.05Mn1.95O4.56 Initial capacities of 125/
115 (charging/discharging) mAh/g were obtained
(theoretical capacity ) 126 mAh/g). Good capacity
retention was observed for this material, with 96%
of the initial discharge capacity being retained after
30 cycles.

NMR spectroscopy has been performed on these
systems to investigate structure before and after
electrochemical cycling. A large hyperfine shift of
more than 500 ppm from the chemical shift range of
typical diamagnetic compounds containing lithium is
typically observed in the 6Li or 7Li MAS NMR
spectrum of the stoichiometric spinel LiMn2O4 (Fig-
ure 2) synthesized in air at a temperature of between
700 and 850 °C.44,48,58,72 LiMn2O4 is a mixed-valent
compound containing both Mn3+ and Mn4+ ions; it is
also a hopping semiconductor, hopping occurring
between the eg orbitals of the manganese ions. Since
this hopping time scale is fast in comparison to the

Figure 9. 6Li MAS NMR spectra of the ordered spinel
[Li0.5Zn0.5]tet[Li0.5Mn1.5]OctO4 and Li2MnO3.34 The asterisks
indicate the spinning sidebands of the resonances from Li
in the octahedral site in the spinel and the 2b site of Li2-
MnO3 (i.e., the site due to Li in the Mn layers). The local
environments for Li in these sites and the Li in the Li
layers of Li2MnO3 are shown. These spectra were acquired
at a moderately slow spinning speed of 8.7-8.8 kHz (cf.
Figure 6) to increase the intensity seen in the spinning
sidebands (relative to the isotropic resonance), improving
the accuracy of the analysis of the sideband manifolds.
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NMR time scale (ca. 10-5 s), the lithium spins “see”
an average manganese oxidation state of 3.5 (i.e.,
“Mn3.5+” ions), and thus there is only one magneti-
cally inequivalent lithium site (the 8a site). The NMR
spectra are clearly sensitive to this hopping mecha-
nism, and NMR spectroscopy may be used to follow
the partial charge-ordering process that occurs just
below room temperature in the stoichiometric mate-
rial.44

In our initial study of these systems44 we investi-
gated the effect of synthesis temperature on the local
structure in the nominally stoichiometric spinel
LiMn2O4, since its stoichiometry and manganese
oxidation state depend on the preparation condi-
tions: Li2Mn4O9 (Mn4+) may be synthesized at 400
°C,73 while an increase of temperature results in the
formation of defect spinels with a progressive reduc-
tion of the manganese oxidation state. Eventually an
average oxidation state for manganese of 3.5 is
achieved in the stoichiometric material LiMn2O4
synthesized at ∼850 °C.74 Figure 11 shows that the
6Li MAS NMR spectra of this compound vary dra-
matically with synthesis temperature. Despite the
fact that the structure of the stoichiometric spinel
contains only one crystallographic site for lithium
(the 8a site; see Figure 3b), a large number of
different local environments are observed for the
compounds synthesized at lower temperatures. The
spectrum of the material synthesized at a tempera-
ture of 600 °C resembles the spectrum of samples
with excess lithium (e.g., Li1.05Mn1.95O4),56 which typi-
cally show improved cycling behavior.75-77 Further-
more, a weak resonance at 2300 ppm can be detected
in the 7Li MAS NMR spectra of the materials
synthesized at both 550 and 600 °C, collected using
an extremely fast MAS spinning speed of 40 kHz.17

The spinning sideband pattern seen for this reso-
nance is similar to that found for the octahedral site
in the spinel Li0.5Zn0.5[Mn0.5Li0.5]O4, confirming that
this resonance is due to Li substitution (for Mn) on
the octahedral (16d) site of the spinel structure. Thus,
the spectra provided clear evidence that the samples
prepared at lower temperature contain excess Li,
despite their stoichiometry. The residual Mn is
presumably present as Mn2O3, as shown by Paulsen
et al.78 The additional resonances in the spectra of
the nominally stoichiometric material LiMn2O4 can
be assigned by using our hyperfine shift scale (Figure
5) to tetrahedral lithium environments nearby Mn4+

ions. These Mn4+ ions arise from the substitution of
Li+ in the octahedral (16d) site: For every Li+

substituted on this site, five Mn3.5+ ions must be
oxidized to Mn4+. Additional resonances at lower
frequency than the main spinel (520 ppm) resonance
were observed for spinels prepared above 850 °C or
in inert atmospheres.56 These peaks were ascribed
to the presence of Mn3+ ions in the Li local coordina-
tion sphere, caused by the presence of Mn2+ ions on
the tetrahedral (8a) site of the spinel structure. Now,
the substitution of a Mn2+ for Li+ requires that two
Mn3.5+ ions are reduced to Mn3+ for charge balance.

4.1.1. Cation-Doped Spinels

The Jahn-Teller distortion that occurs on inter-
calation of LiMn2O4 to form Li2Mn2O4 is associated
with a large change in cell volume.66 One possible
source of capacity fade in the spinel material has
been ascribed to this Jahn-Teller distortion, which
can occur (particularly at the surface of the particles)
when the oxidation state of the manganese drops
below 3.5 during discharge.66,79 Doping has been
investigated extensively in the spinel system because
it represents a method for controlling the oxidation
state of the manganese at the end of discharge (of
the ca. 4 V plateau).69 On the basis of charge balance
arguments, substitution of a manganese ion for a
dopant cation with charge of n+ will result in the
oxidation of (3.5 - n)2 manganese ions with average
oxidation states of 3.5 to Mn4+.

Figure 10. Potential profile of Li1.05Mn1.95O4 during the
first charge and discharge in the voltage range of 3.3-4.5
V. The cell (comprising Li1.05Mn1.95O4 as the positive
electrode (cathode) and Li as the negative electrode (anode))
was charged/discharged with a constant current corre-
sponding to a charge rate of C/10 (∼10 mA per gram of
active material; C/10 indicates that the cell was fully
charged in 10 h; a charge rate of 1C corresponds to 1 h).
[Similar cells and cycling conditions were used to prepare
the samples for the NMR experiments described in section
4.1.1 and in ref 56. Here, cycling was arrested at different
potentials, the cells disassembled in a glovebox, and the
cathode mixtures packed in NMR rotors.]

Figure 11. 6Li MAS NMR spectra of the spinel LiMn2O4
(structure shown on the left) as a function of synthesis
temperature (adapted from ref 44). The cluster of Mn4+ ions
formed as a result of Li substitution on the octahedral site
is shown, and the resonances due to Li ions near this
cluster are assigned.
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The spectra of the doped materials (Cr3+, Ni2+,
Zn2+, Li+, Co3+, Al3+) are similar to those seen for the
nominally stoichiometric materials, and sets of reso-
nances between 500 and 700 ppm are seen on cation
doping17,51 in addition to that of the normal spinel
environment (at ca. 500 ppm). Again, these reso-
nances are assigned to lithium ions near manganese-
(IV) cations. The lower intensity of the additional
resonances seen on Cr3+ substitution, in comparison
to Zn2+ or Ni2+ substitution, is consistent with the
oxidation of fewer manganese ions near the dopart
ions. For the Li- and Zn-doped spinels, resonances
at ca. 2300 ppm were also observed, which are
assigned to lithium ions in the octahedral sites of the
spinel structure. In the case of Zn doping, it is clear
that the preference of Zn2+ for the tetrahedral site
of the spinel structure forces the lithium onto the
octahedral site.

The NMR results indicate that cation doping does
not increase the manganese oxidation states of all
cations in the whole phase evenly. Instead, the
manganese cations near the dopant cations are
oxidized, leaving the bulk relatively unperturbed.
This is borne out in the mechanism of deintercalation
of these systems, which differs noticeably from the
deintercalation mechanism of stoichiometric LiMn2O4.
Two-phase behavior was observed during charging
of stoichiometric LiMn2O4 samples synthesized at 650
°C and above.80 In contrast, the results for Li1.05-
Mn1.95O4 (whose potential profile was shown in
Figure 10) indicate that the lithium cation is deinter-
calated from the different local sites sequentially.56

Li is deintercalated first from the site containing all
Mn3.5+ ions in its local coordination sphere (ca. 500
ppm); this is followed by Li deintercalation from sites
nearby progressively more Mn4+. The resonance at
2100-2300 ppm can be seen throughout the whole
charging range studied, indicating the lithium in the
octahedral sites is not deintercalated. Li is pinned
in the tetrahedral sites near these octahedral Li ions
and Mn4+ ions. We proposed that the presence of
excess Li+, which serves to pin the tetrahedral Li ions
in the lattice, helps to prevent the formation of a
series of cation-ordered phases during charging.56

Instead Li1+xMn2-xO4 forms a continuous solid-
solution on charging and discharging,81 improving the
stability of this material during extended cycling.

On deintercalation of ca. 25% of the Li ions from
the tetrahedral site of Li1.05Mn1.95O4, the additional
resonances due to Li in tetrahedral sites near Mn4+

ions disappear.56 The fine structure returns on cool-
ing the sample to -60 °C. This indicates that the
creation of Li-ion vacancies on charging results in a
noticeable increase in Li mobility, involving jumps
between the different tetrahedral sites.56 Verhoeven
et al. used 2D 7Li NMR experiments to study the
dynamics of Li in the fully lithiated material Li1.04-
Mn1.96O4.57 Their 7Li NMR spectra are very similar
to our 6Li spectra of a similar material and also the
“stoichiometric” material prepared at 600 °C (Figure
11). At temperatures above room temperature, they
detected “cross-peaks” in the 2D exchange spectra
between the 7Li resonances at 500-650 ppm, indicat-
ing that motion between different Li sites in the

spinel structure was occurring on a millisecond time
scale. This was consistent with the complete collapse
of the fine structure at higher temperatures in our
earlier work, where it was ascribed to either mobility
of Li+ or mobility of the holes on the manganese ions
near the defects in these materials (i.e., the octahe-
dral 16d Li ions17).44 Later variable-temperature
NMR results for LiNi0.1Mn1.9O4, where similar phe-
nomena were observed, suggested that Li+ motion
must play a role in the collapse of the fine structure.46

By monitoring the change in cross-peak intensity as
a function of temperature, Verhoeven et al. extracted
an activation energy for the jump process of 0.5 (
0.1 eV and also an estimate for the difference in
energy between Li in the normal tetrahedral site and
Li in the site that gives rise to the resonance at ca.
590 ppm of ca. 700 K (or 0.05 eV). However, their
assignments of the spectra are very different from
ours.56 They assigned the two most intense extra
resonances at ca. 550 and 590 ppm in Figure 11 (and
at slightly higher frequencies in their study) to Li in
the 16d (Mn) and 16c sites, respectively. These
assignments were made based on the earlier neutron
diffraction experiments82 but, if correct, suggest that
the 16c site is occupied in significant concentrations,
even at room temperature. The 16c site is an octa-
hedral site which is empty in LiMn2O4 but is occupied
on insertion of Li to form Li2Mn2O4.83 Given our direct
observation of the 16d Li site (at 2300 ppm17) and
that a much larger shift than 590 ppm is predicted
for the 16c site, based on our hyperfine shift scale,44

we suggest that the motion observed here is due to
8a-8a hops, the measured difference in energy
between the two sites (0.05 eV) arising from the effect
of the Li incorporation into the octahedral (16d) site
and formation of the Mn4+ ions nearby the “590 ppm”
site. The authors suggest that their activation energy
corresponds to that of an 8a-16c jump. Most likely,
the 8a-8a jump process does occur via the 16c site,
the 16c representing a metastable intermediate state.
In this case, the measured activation energy still
corresponds to that of a 8a-16c hop; however, it
seems unlikely that the 16c site is populated for a
significant length of time, as implied by this study.

NMR can be used to follow the changes in the
electrode materials following multiple charging cycles
to determine why some materials fail and others
maintain high capacities for extended cycling times.
For example, Tucker et al. performed a series of
detailed lithium NMR studies to explore the effect
of cation doping on the long-term stability of the
spinel materials.49,51 They systematically explored a
series of proposed failure mechanisms by preparing
model electrode materials where structural changes
associated with the proposed failure mechanisms
were intentionally introduced. The lithium spectra
of the model compounds were then compared with
spectra of electrodes extracted from cells that had
been charged/discharged for varying numbers of
cycles. For example, samples were soaked in moisture-
contaminated electrolyte, and the spectra of these
were compared to the spectra of the cycled materials.
Soaking in wet electrolyte resulted in a shift of the
spinel peak to 633 ppm and the appearance of a
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resonance at 0 ppm due to the SEI (surface electrode
interphase). This shift was not observed in the
spectra of the cycled materials. This was in contrast
to cells cycled at Stony Brook, where a shift to higher
frequency was observed on extended cycling,80 pre-
sumably a consequence of moisture introduced during
cell assembly. Both studies ascribed the shift to Mn2+

dissolution and the consequent increase in oxidation
state of the spinel material which can occur via a
reaction such as84

Li+ loss, but without an increase in manganese
oxidation state, can also occur due to ion exchange
of Li+ for any H+ ions in the electrolyte.85 Sato et al.
showed that the ion-exchange process occurred pre-
dominantly on the surface for crystalline spinel
samples, the oxidation state of the manganese ions
at surface remaining close to 3.5, the average Mn
oxidation state of the bulk increasing to 3.9 on
treatment with acid.86 Pickup et al. used Li NMR to
examine the effect of chemical delithiation in sulfuric
acid solutions on the spinel material.87 A resonance
was observed at ca. 950 ppm for delithiated spinel
samples LixMn2O4, x < 0.3, which was ascribed to Li
in the tetrahedral site in Mn4+-rich domains in the
center of the particles. The authors also proposed that
these domains resulted from H+/Li+ ion-exchange on
the surfaces of the particles; the presence of a surface
layer of HMn2O4 was supported by parallel FTIR
studies. The 950 ppm resonance was seen in earlier
studies at the top of charge for stoichiometric spinels
and following multiple charge-discharge cycles.80

An alternative approach for investigating the hy-
drogen content of cathode materials involves the use
of 2H or 1H NMR. For example, we showed that 2H
NMR could be used to detect deuterons in samples
following chemical or electrochemical reduction.88

This approach was used to follow the structural
changes that occur on acid leaching of Li2MnO3.89 2H
NMR signals are much easier to detect than 1H
signals because of the much smaller electron-nuclear
dipolar couplings involving 2H due to its smaller γN.
A 2H NMR signal from Li1.05Mn1.95O4 soaked in D2-
SO4 due to ion-exchanged deuterons has been ob-
tained, but no studies following extended cycling have
been performed to date.90

Finally, NMR has also be used to study other
spinels materials that do not contain manganese. For
example, the intercalation/deintercalation of lithium
titanate spinels such as Li4/3+xTi5/3O4

91 and Li1.1-
Ti1.9O4+δ

92 have been investigated. These materials
may be used as anode materials in combination with
cathodes operating at 4 V (vs Li) to produce cells with
potentials of ca. 2.5 V.93 These materials are either
diamagnetic or metallic,94 and unlike the mangan-
ates, only very small differences in shifts are seen
for Li in the different sites of the spinel structure.
Nonetheless, these shift differences are enough to
allow the concentrations of the different sites to be
quantified and monitored following insertion of Li92

or as a function sample preparation method.94

4.2. Cr3+- and Ni 2+-Substituted Layered Lithium
Manganates

Lithium NMR spectroscopy has similarly been
applied to investigate the local structure and cycling
properties of a number of alternative layered man-
ganese cathode materials. Layered, monoclinic Li-
MnO2 is isostructural with LiCoO2 and has been
widely studied as a possible cathode material.95,96

Unfortunately, this material transforms on cycling
at 3-4 V (vs Li) to the more thermodynamically
stable spinel phase.97,98 Cation doping has been used
to stabilize the layered phase with some success.99,100

One series of materials that has generated consider-
able recent interest includes several cathodes, in
particular, containing Ni2+ or Cr3+ (Li[Li0.2Mn0.4Cr0.4]-
O2 and Li[Ni0.5Mn0.5]O2) where the charging and
discharging cycles involve multiple electron transfers
per transition-metal ion.6,9,10,101 The manganese re-
mains in the +4 valence state at all times, preventing
the instabilities associated with Mn3+ (i.e., the layered-
to-spinel conversion). High capacities of up to 190-
220 mAhg-1 have been seen for these materials.

Chromium was shown to cycle reversibly between
Cr3+ and Cr6+ in the mixed Cr-Mn oxide Li[Li0.2-
Mn0.4Cr0.4]O2.6,102 Lithium NMR spectroscopy showed
that the material contains Li2MnO3-like and Mn4+-
doped LiCrO2 local environments or domains.47 Only
the Li ions in the Mn4+-doped LiCrO2 regions of this
“nanocomposite” are removed on cycling and largely
responsible for the capacity, while the Li2MnO3 parts
were inactive. The toxicity of Cr6+ restricts the use
of this cathode material, and subsequent NMR work
has focused on solid solutions of Li[NiMn]0.5O2 and
Li2MnO3.

Although the widely studied layered material
LiNiO2 functions via the reversible cycling of nickel
between oxidation states of 3 and 4, nickel may also
be cycled between Ni2+ and Ni4+ at higher voltages
in both layered materials and spinels. For example,
the spinel LiNi0.5Mn1.5O4 cycles at ca. 4.8 V, the
manganese, present as Mn4+ in this material, acting
as in inert spectator ion.103 The presence of Ni2+ (and
not Ni3+) in the spinels LiNixMn2-xO4 was clearly
demonstrated by NMR.46 A similar Ni2+/Ni4+ process
occurs in layered LiNi0.5Mn0.5O2 and its Li-excess
versions at a much lower voltage (between ca. 3.7 and
4.6 V).9,10,104,105

6Li NMR has been used to study the local environ-
ments in the Li2MnO3-Li(NiMn)0.5O2 solid solutions
(Li[NixMn(2-x)/3Li(1-2x)/3]O2). Li resonances due to Li
ions in the predominantly Li layers (500-800 ppm)
and in the transition-metal layers (1360 and 1560
ppm) can be clearly resolved at frequencies close to
those seen for similar environments in Li2MnO3
(Figure 12).106,107 Surprisingly, even for the x ) 0.5
end member, Li ions are still observed in the transi-
tion-metal layers (circled in Figure 12), indicating
that Ni2+-Li+ exchange between the layers has
occurred. The presence of nickel in the Li layers has
been confirmed by diffraction experiments.104,105 The
intensities of the resonances due to Li in the transi-
tion-metal layers were used to develop a model for
cation ordering and demonstrate that the ordering
in these layers was far from random. The Li ions in

2LiMn2O4 + 4H+ f

Mn2+(aq) + 3MnO2 + 2H2O + 2Li+(aq) (9)
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the Ni/Mn layers show a strong preference for
substitution in environments near six Mn4+ ions, as
found in the end member compound Li2MnO3. A
model was proposed that was based on the “honey-
comb” ordering of the Mn4+ and Li+ ions in the Mn/
Li layer of Li2MnO3, where the Ni2+ ions substitute
into ordered layers so as to minimize the number of
Li+-Ni2+ contacts (Figure 13).107

Studies of these materials following charging and
discharging showed that both the Li in the Li layers
and in the transition-metal layers participate in the
electrochemistry.106 Even the Li in the Ni/Mn layers
can be cycled reversibly at least in the first few
cycles.108 Preliminary results suggest that the Li
vacancies created in this process at the top of charge
may represent a possible mechanism for creating
increased disorder in these materials following ex-
tended cycling.

4.3. LiCoO 2 and Related Materials
LiCoO2-related cathode materials have been inves-

tigated extensively by NMR. The NMR of these
systems may be used to follow not only the oxidation

of the Co3+ and doped ions, but also changes in the
electronic conductivities of these materials. In par-
ticular, the NMR spectra are extremely sensitive to
semiconductor-to-metal phase transitions.109 Al-
though low-spin d6 Co3+ ions are nominally diamag-
netic, the layered (O3) LiCoO2 (Figure 1) and the
layered O2 polytype show a very weak, temperature-
independent (Van-Vleck) paramagnetism,110 which is
presumably due to mixing in of higher (paramag-
netic) states. The labels “O2” and “O3” for the two
structures indicate that the Li environment is octa-
hedral in both but that the stacking sequences of the
oxygen layers are ABCB and ABCABC, leading to
two and three sets of Co and Li layers in the
hexagonal unit cell, respectively.

The 6Li and 7Li spectra of the O3 and O2 LiCoO2
phases both show a resonance at -0.2 ppm consistent
with lithium in an essentially diamagnetic local
environment and the presence of low-spin (t2g

6) Co3+

ions.28,110,111 Shift anisotropies, obtained by analysis
of the 7Li and 6Li NMR line shapes, were extremely
close to those calculated by using the experimentally
determined values for the susceptibility øm for both
phases. 59Co (I ) 7/2) NMR has also been used to
probe the structure of these materials and extract
detailed information concerning the coordination
environments in these phases.110,112 O2 and O3 show
quite different 59Co MAS NMR spectra, and the 59Co
(I ) 7/2) quadrupolar coupling constant (QCC) for the
octahedral site in O2 is much larger than that found
for the Co site in the O3 material, consistent with
the differences in the two structures: the CoO6
octahedra in the O2 structure share a face and three
edges with the LiO6 octahedra, while they only share
(6) edges in the O3 structure.110

NMR spectroscopy has been used to follow the
cycling of LixCoO2.109 The results indicate that Co4+

ions are formed during the initial stages of deinter-
calation.109 A broad resonance appears at x ) 0.94,
the shift being ascribed to a Knight shift, due to
interaction between the Li nuclei and the conduction
electrons in the t2g* band formed from the overlap-
ping t2g cobalt orbitals (Figure 14). The NMR results
suggest that the biphasic region that exists in Lix-
CoO2 from 0.75 e x e 0.94 is due to this phase
transition. Additional 7Li resonances have been seen
for Li-excess nonstoichiometric Li1+xCoO2, which have
been ascribed to the presence of paramagnetic Co2+

ions that are formed in conjunction with oxygen and
cobalt vacancies.55 Materials synthesized at higher
temperatures have also been shown to contain oxygen
vacancies. These oxygen vacancies result in the
presence of five-coordinate Co3+ ions, the NMR
results suggesting that these Co3+ ions are not
diamagnetic but rather present as so-called “inter-
mediate-spin” Co3+ defects.113

Lithium NMR has also been used to investigate the
Ni3+ doping in LiCoO2.28 A series of 7Li NMR reso-
nances were observed, which correspond to local
environments formed by Ni3+ substitution in the first
and second cation coordination spheres surrounding
the lithium ions. The resonances can be assigned by
using similar arguments as those used to assign the
spectra of the manganates. Recent DFT calculations

Figure 12. 6Li MAS NMR spectra of Li[Li(1-2x)/3Mn(2-x)/3-
Nix]O2, with x ) 1/10, 1/3, and 1/2. The resonances
corresponding to local environments Li(OMn)6 and Li-
(OMn)4(OLi2) found in Li2MnO3 are marked. The Li(OMn)6
local environment is shown on the right. The frequencies
of the major resonances are indicated; asterisks indicate
spinning sidebands.

Figure 13. Schematic of the ordering scheme found in Li2-
MnO3 showing the honeycomb structure formed by Li (red
circles) and Mn (left-hand side) and the structure derived
by replacing two Li and one Mn by three Ni (green circles).
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have shown (in contrast to earlier studies28) that the
negative shifts seen in these systems are due to Ni3+

ions in the Li first coordination shell (90° interac-
tions), while the positive shifts are due to 180°
interactions with half-filled eg orbitals.52 The large
positive shifts are caused by the delocalization mech-
anism involving the partially filled eg* orbitals, while
the negative shifts are due to the polarization mech-
anism now involving the filled t2g orbitals (formed
from the metal dxy, dxz, and dyz and the oxygen 2p
orbitals) (see section 3.1). These new assignments do
not significantly alter the conclusions reached in
earlier papers. The distributions of the Ni3+ ions and
the extent of Ni3+ substitution were quantified by
extracting the intensities of the different resonances,
the results demonstrating that the LiNi1-yCoyO2
phases have a tendency to form cobalt-rich clus-
ters.28,29 7Li NMR spectra of the partially deinterca-
lated material LixNi0.3Co0.7O2, (1 < x e 0.85) indicate
that the Ni3+ ions are oxidized at a lower potential
than the Co3+ ions, the results suggesting that Ni3+/
Ni4+ electronic hopping occurs in the early stages of
charge. However, at Li0.7Ni0.3Co0.7O2 where in prin-
ciple all the Ni3+ should be oxidized to diamagnetic
Ni4+, an NMR signal at ca. 20 ppm is seen. This is
not consistent with the presence of only Ni4+ and Co3+

ions (which are both diamagnetic) and indicates that
both Ni3+ and Co3+ are oxidized in this composition
range. Furthermore, the variable-temperature NMR
results for this sample suggest that both hopping
between both Ni and Co ions occurs (Ni3+/Ni4+ and
Ni4+ + Co3+ f Ni3+ + Co4+). Thus, the question as to
which ion is being oxidized was suggested to be
“irrelevant” in this range. At x ) 0.40, metallic
behavior was seen by NMR (and thermoelectric
power measurements) but electronic conductivity
measurements showed that the conductivity is still
an activated process. The discrepancy was ascribed

to the presence of Ni4+ ions, which result in local
distortions and prevent full electronic delocalization
between Co3+ and Co4+ ions.29

NMR studies have shown that structural defects
such as oxygen vacancies and, to a lesser extent,
intermediate-spin Co3+ are created upon Mg substi-
tution in LiCoO2.114 7Li resonances with noticeable
Knight shifts were seen by NMR, even before Li+-
ion deintercalation, but no evidence for metallic
conductivity was seen from the electric properties.
This was ascribed to the presence of metallic behavior
at the local level in small domains surrounding the
doped Mg2+. The domains are presumably too well
separated and too small to allow percolation (of the
conduction electrons) throughout the solid.114 Doping
with other transition metals such as Fe has been also
probed by NMR,115 and the electrochemical properties
of the “O2 phase” of LiCoO2 have been investigated
in some detail.116

Finally, 27Al (I ) 5/2) and 59Co NMR spectroscopy
have been used to probe Al3+ in Al-doped lithium
cobalt oxides and lithium nickel oxides.117,118 A 27Al
chemical shift of 62.5 ppm was observed for the
environment Al(OCo)6 for an Al3+ ion in the transi-
tion-metal layers, surrounded by six Co3+ ions.
Somewhat surprisingly, this is in the typical chemical
shift range expected for tetrahedral environments
(ca. 60-80 ppm), but no evidence for occupancy of
the tetrahedral site was obtained from X-ray diffrac-
tion and IR studies on the same materials.117 Sub-
stitution of the Co3+ by Al3+ in the first cation
coordination shell leads to an additive chemical shift
decrease of ca. 7 ppm, and the shift of the environ-
ment Al(OAl)6 (20 ppm) seen in spectra of materials
with higher Al content is closer to that expected for
octahedral Al. The spectra are consistent with a
continuous solid solution involving octahedral sites
randomly occupied by Al and Co.117 It is possible that
the unusual 27Al shifts seen for this compound are
related to the Van-Vleck susceptibility of this com-
pound.

4.4. Lithium Phosphates
Recently, LiFePO4, which adopts the olivine struc-

ture, has been widely studied as a possible cheap
cathode material.12 Although the specific capacities
of this material and the related NASICON structures
are relatively low (typically 100 mAhg-1), these
compounds are cheap and open up new avenues for
research. 7Li MAS NMR studies of a series of olivines
LiMPO4 with M ) Mn, Fe, Ni, and Co were carried
out by Tucker et al.64,119 A single resonance with large
spinning sidebands envelope was observed for all the
compounds, indicating the presence of one local
environment for the lithium cations. In contrast to
the lithium manganese oxide spinels, much smaller
shifts from -90 to 70 ppm were seen. The difference
between the compounds was rationalized by consid-
ering the electronic configuration of the transition-
metal cation site in Cs symmetry. Interestingly, the
smaller shifts observed in these compounds and in
the related vanadium-containing NASICONs62 is
most likely related to the same phenomena that
results in the high voltages of these systems (the

Figure 14. 7Li MAS NMR spectra for LixCoO2 (asterisks
indicate spinning sidebands). The spikes at 0 ppm seen in
the spectra of x ) 0.50 and 0.6 are artifacts. The LiCoO2
local environment and resonance due to the metallic phase
are marked. (Reprinted with permission from ref 109.
Copyright 1999 Royal Society of Chemistry.)
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Fe2+/Fe3+ couple is at 2.8-3.5 V in these struc-
tures120), namely, the so-called inductive effect of the
phosphate groups. The covalent P-O bonds of the
phosphate groups will presumably increase the ionic
character of the Li-O and M-O bonds in these
compounds,120 reducing the extent of overlap and
thus hyperfine interactions in these materials.

4.5. Vanadates
Highly oxidized oxides of vanadium, chromium,

niobium, and molybdenum are well known for their
ability to intercalate large concentrations of lithium
ions on electrochemical reduction.121-127 Although
many vanadium compounds have limited cycle lives
in lithium-ion cells, limiting their commercial use,
the vanadium oxides V2O5, V6O13, and LiV3O8, in
particular, are all potential rechargeable 3 V elec-
trode materials and suitable for use in conjunction
with polymer electrolytes. These systems have re-
ceived considerable attention by NMR spectrosco-
pists. In addition to lithium NMR, 51V MAS NMR
spectroscopy represents a powerful tool for studying
the local environments in these materials, particu-
larly for compounds containing the diamagnetic, d0

ions V5+. We briefly discuss some of the information
that can be obtained from 51V NMR before describing
the applications of NMR to these materials.

4.5.1. 51V NMR
The 51V nucleus is quadrupolar (spin 7/2, natural

abundance 99.76%), and thus, the spectra can be
affected by both the first- and second-order quadru-
pole interaction, though the second-order broadening
is generally not the largest source of line broadening
in these materials.128 In general, three major aniso-
tropic interactions influence the line shapes seen in
the 51V NMR spectra of solid samples: (i) the qua-
drupolar interaction, (ii) the chemical shift anisotropy
(CSA), which can be significant for 51V, and (iii) the
dipolar interaction between the 51V nucleus under
observation and nearby nuclei or electrons. Analysis
of the line shapes of these compounds is typically
nontrivial, particularly at moderate or high field
strengths, and careful simulation of the spectra is
required to extract the various parameters describing
the CSA (σ11, σ22, σ33) and quadrupolar tensors. The
line shapes of the 51V NMR spectra are strongly
influenced by the CSA in high magnetic fields and
by the quadrupolar interaction in low magnetic fields,
and thus, spectra should be acquired at multiple field
strengths to ensure accurate measurements of the
various interactions.

Although much of the 51V NMR has been performed
on model systems or catalytic materials containing
vanadium,129,130 compounds such as V2O5 or VOPO4
are used in both the catalysis and lithium battery
fields, and many of the results can be used to help
elucidate the structures of vanadium-containing cath-
ode materials. 51V NMR spectra are sensitive to
changes in the vanadium coordination number and
distortions of the vanadium local environments from
regular tetrahedra or octahedra.131-133 51V isotropic
chemical shifts of between -400 and -800 ppm are
seen for vanadium oxides, and unfortunately, unlike

27Al and 29Si NMR,134,135 the isotropic chemical shifts
for 51V nuclei in vanadates in different coordination
environments overlap. The anisotropy of the chemical
shift is, however, sensitive to the arrangement of
oxygen atoms in the first coordination sphere: Va-
nadium atoms in distorted octahedral sites are typi-
cally associated with CSAs that are nearly axially
symmetric and with spans (∆σ ) σ11 - σ33) of ca.
600-1400 ppm. For vanadium atoms in distorted
tetrahedral sites, a chemical shift tensor with a large
asymmetry parameter η (which indicates the devia-
tion from axial symmetry η ) (σ11 - σ22)/(σiso - σ33),
0 e η e 1; η ) 0 for an axially symmetric tensor) is
obtained along with a span of 400-600 ppm. The
span drops to 100-300 ppm for a slightly distorted
tetrahedral site. The isotropic chemical shift is sensi-
tive to the type of atoms in the second coordination
sphere,136-138 providing additional structural infor-
mation.

As discussed in section 2.2, 51V NMR spectra of VIV

compounds with localized d1 V4+ ions are typically
“invisible” by NMR when standard MAS NMR meth-
ods are used. In contrast, 51V spectra may be detected
for metallic V4+ samples,139 and large shifts are
typically observed as a result of the Knight shift. For
instance, a large negative Knight shift was observed
at -4788 ppm for R-VO2.140 51V resonances for the
V5+ ions in mixed V5+/V4+ compounds may, however,
be “visible”. A good example is provided by the work
of Delmaire et al.,141 who assigned the resonance at
-1447 ppm observed in reduced forms of Bi4V2O11-δ
to V5+ ions near V4+ ions, the large shifts resulting
from V5+-O-V4+ hyperfine interactions. V2O5 does
not show metallic behavior on partial or complete
reduction of V5+ to V4+ or V3+. Evidence for partial
delocalization of spin density has been obtained for
some reduced vanadates by using ESR and NMR
spectroscopy, but in these systems delocalization
results from a hopping mechanism rather than from
metallic behavior.62,142,143 The main problem associ-
ated with the use of 51V NMR to characterize cathode
materials is the broadening and/or loss of the signal
on reduction, so that it becomes difficult, or impos-
sible, to follow change in the vanadium local environ-
ment during lithium intercalation/deintercalation.
However, NMR of other nuclei such as 6,7Li or 31P
can sometimes be performed in parallel to probe
these systems.144,145

4.5.2. NMR Studies of Vanadium Oxides

The vanadium oxide, V2O5, shows particular prom-
ise as a positive electrode material in polymer bat-
teries. Because of the existence of the short vanadyl
bond,146 it can either be considered as a two-
dimensional layered structure comprising VO5 square
pyramids or a 3D structure formed from VO6 octa-
hedra. The strong anisotropy of the structure ac-
counts for its ability to accommodate lithium. Inter-
calation to form LixV2O5 at ca. 3.3 V vs Li0/Li+ results
in two phases, R (x < 0.1) and ε (0.35 < x < 0.7),147

which differ in their interlayer spacing. δ-LiV2O5 is
formed after the shearing of the layers.148 For 1 < x
< 2, the δ phase undergoes an irreversible transfor-
mation involving considerable reconstruction to form
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a γ phase that can cycle between 0 < x < 2.149 The
intercalation of a third lithium atom into the struc-
ture yields the ω phase, which is able to cycle for
more than 100 cycles between 3.4 and 1.9 V, yielding
a specific energy of 450 Wh/kg.150

Numerous studies have been performed using
6,7Li and/or 51V NMR of chemically and electrochemi-
cally intercalated V2O5 bronzes,60,143,151 different
LixV2O5 phases (0 < x <2),152,153 and LixV2O5 aerogels
with compositions of 1.00 < x < 5.84.62,142 Intercala-
tion of lithium causes distortions resulting in a
decrease in the a lattice parameter, an increase in
the c parameter (puckering of the V2O5 layers148), and
a change in the coordination of the lithium. Different
7Li MAS NMR resonances are seen for the various
lithium sites encountered during electrochemical
lithium intercalation: R-LixV2O5 (-16 ppm; trigonal),
εΙ-LixV2O5/εΙΙ-LixV2O5(-25/-22ppm;trigonal),δ-LixV2O5
(-12 ppm; tetrahedra), γ-LixV2O5 phase (5 and 16
ppm; distorted octahedra and tetrahedra respec-
tively), and ú-LixV2O5 (10 ppm).154 The lithium sites
in the γ-phase are associated with smaller QCCs,
smaller dipolar couplings, and smaller shifts. Sites
with low occupancies were more readily seen with
7Li NMR due to its higher sensitivity, while higher
resolution spectra were obtained with 6Li NMR.

Hirschinger et al.143 used NMR to show that the
biphasic domain seen on chemical lithiation of V2O5
at high temperatures to form lithiated â (7Li NMR
resonance at -27 ppm due to monocapped trigonal
prisms) and â′ (-31 ppm; tetrahedral site) phases
should be extended from x ) 0.33 to 0.48 (at 600
°C).155,156 The unpaired electrons become increasingly
delocalized as the lithium content decreases in the
â/â′ phases, in contrast to the γ phase, where the
electrons were localized on specific vanadium sites.

Stallworth et al. showed that the Li sites in V2O5
aerogels occupy sites with axial symmetry, consistent
with proposed structural models where the interca-
lated lithium ions are situated at the apical oxygen
position between adjacent V2O5 layers.62,142 New sites
are occupied on incorporation of larger amounts of
lithium, which are associated with nonbridging oxy-
gens in the equatorial plane of the VO5 unit. 51V NMR
resonances were seen for all the reduced samples,
allowing the V4+/V5+ ratio to be evaluated.

In addition to structural information, 7Li MAS
NMR T2 relaxation measurements and analysis of
7Li line shapes have been used to probe the dynamics
of the lithium ions.13,153 Holland et al.13 identified two
different species with different mobilities (interfacial
Li (longer T2, rapid dynamics) and intercalated
lithium (shorter T2, slower dynamics)) in the elec-
trochemically lithiated V2O5 xerogel matrix. Li hop-
ping frequencies were extracted from an analysis of
the 7Li line widths and the appearance of a quadru-
polar splitting as the temperature decreased in a
related system.153

Li1+xV3O8 has received considerable attention as a
cathode material for secondary lithium batteries over
the past few years.157-162 Li1+xV3O8 has a layered
framework suitable for reversible lithium intercala-
tion processes that can allow up to four Li+ ions per
formula unit to be inserted (i.e., x can vary from 0 to

4). The compound forms a continuous solid solution
between 4.2 and 3.0 V and shows two reversible
phase transitions at lower potential during cycling.
The V3O8 layers of LiV3O8 are comprised of vanadium
in square pyramids (V1), distorted octahedra (V2),
and more regular octahedral (V3).160 Experimental
and theoretical studies performed by Benedek et
al.,161 Picciotto et al.,159 and Jouanneau162 suggested
a number of different possible (octahedral and tet-
rahedral) sites for Li.

Both the 51V and 7Li NMR spectra show multiple
vanadium and lithium local environments for the as-
synthesized material (x ) 0.15), and the spectra
cannot be explained by using a simple model145 based
on the number of crystallographically distinct vana-
dium sites.159,161 On Li-ion intercalation, the 51V
resonances sharpen and shift to higher frequencies
(Figure 15); three sharp resonances along with two
broader resonances are clearly resolved for the
samples prepared at potentials of 3.4 and 3.0 V (x )
0.3 and 0.5, respectively). This behavior is consistent
with solid-solution behavior in this potential range
and is ascribed to the presence of localized V4+ defects
at x close to 0 and electron delocalization for 1 > x >
0.05. Three lithium sites were observed in the 7Li

Figure 15. 51V MAS NMR spectra of Li1+xV3O8 obtained
at different stages of the intercalation process (νr ) 13
kHz), plotted in a quantitative mode. The isotropic reso-
nances are marked with circles.
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NMR spectra for 0 < x < 1, which are assigned to
the octahedral site and two tetrahedral sites between
the lithium layers. A phase transition has been seen
in the electrochemical data at ca. 2.8 V to form
Li2V3O8, but no evidence is seen for this transition
with structural probes (such as diffraction and trans-
mission electron microscopy). The phase transition
results in a dramatic change in the NMR spectra. A
noticeable decrease in intensity and resolution of the
51V resonances is seen, which has been ascribed to a
first-order electronic transition with charge ordering
and the formation of localized V4+ and V5+ ions. The
lithium NMR spectra are similarly consistent with
localized paramagnets. Small negative shifts are
seen, consistent with the presence of d electrons in
the dxy orbitals of the vanadium ions.

Lithium intercalation in V6O13 has been studied by
Stallworth et al.60 Variable-temperature 7Li NMR
indicated considerable mobility for Li+ in the inter-
calated materials. The 7Li NMR data were compared
with ESR spectra and near-edge X-ray absorption
fine structure (NEXAFS) data on the same materials,
and a correlation between vanadium oxidation state
(from NEXAFS data) and NMR shift was observed.
The authors explained the shifts in terms of different
coupling mechanisms between the V4+ and V3+ shifts.
The shifts were, however, extracted from static NMR
experiments, and it is possible that some of the
different local environments, typically revealed in a
MAS spectrum, were not seen in this study.

4.5.3. Vanadium Phosphates

More recently, lithium vanadium phosphates (Li3V2-
(PO4)3 and Li3FeV(PO4)3,163,62 with open NASICON
framework structures, have also been studied. Re-
versible electrochemical lithium deintercalation/re-
intercalation at a higher potential (in comparison to
the V5+/V4+ couples seen for the oxides) of between 3
and 3.5 V (vs Li0/Li+) is seen along with high lithium
diffusion rates. VOXO4 materials (X ) S, P, As)164-167

contain two- or three-dimensional frameworks168-170

that can accommodate lithium. They have high
theoretical specific capacities (from 135 to 165 mAhg-1,
depending on X), reversible Li intercalation occurring
at a potential of ca. 4 V for â-VOPO4

165 and at 3.5-
3.7 V for RII-VOPO4.166,167

51V, 6,7Li, and 31P MAS NMR spectroscopy have
been performed to study the two first electrochemical
cycles of RII-VOPO4 and â-VOPO4.144 Lapina et al.171

and Siegel et al.172 determined both the magnitude
and relative orientation of the quadrupole and chemi-
cal shift tensors for the RI-, RII- (δiso) -755 ppm), and
â-VOPO4 (δiso) -735 ppm) phases from 51V NMR
data with slightly different results being obtained
between the two groups for the RII phase. 6,7Li, 31P,
and 51V magic angle spinning (MAS) NMR were used
to follow the evolution of RII-VOPO4 during the two
first electrochemical cycles. Lithium intercalation in
RII-VOPO4, to form RII-LiVOPO4, occurs in two volt-
ages on the first reduction, at 3.7 (16% of the total
capacity) and 3.5 V (84% of the total capacity),
resulting in a 6Li resonance at 120 ppm (Figure 16)
characteristic of RII-LiVOPO4. The subsequent lithium
deintercalation occurs in three steps, all of them

involving the RII phase, at 3.5 (26%), 3.7 (16%), and
3.9 V (58%), while the second lithium intercalation
takes place in two steps at 3.9 (75%) and 3.7 V (25%
of the total capacity). These changes reflect an
electrochemically driven structural rearrangement
that occurs upon cycling of RII-VOPO4, which leads
to a change in the lithium intercalation/deintercala-
tion potential. This transformation was proposed to
involve local rearrangements of ions as well as the
nucleation and growth of well-defined phases. A 6Li
signal corresponding to the â phase, present as an
impurity, is seen even at high potentials (3.75 V) at
0 ppm.

Only the nonlithiated diamagnetic phase may be
seen by 51V NMR, lithium intercalation resulting in
a dramatic loss of signal, presumably due to the large
51V-electron hyperfine interaction (as discussed in
section 2.2), the 6Li NMR resonance at 120 ppm
confirming the presence of V4+ ions. Thus, the method
cannot be used to follow the lithium intercalation into
the different sites in the host structure. The percent-
age of â phase (12%) present as an impurity could
be extracted from the 51V MAS NMR spectrum. The
signal corresponding to the â phase disappears at the
beginning of the discharge but reappears at the end
of the cycle, at high potential (4.0 V), showing that

Figure 16. Quantitative 6Li MAS NMR spectra of RII-Lix-
VOPO4 acquired during the first and second electrochemi-
cal cycles at B0 ) 7.1 T (νr ) 8.0 kHz). The shifts of the
isotropic resonances are marked next to the peaks. The
circles and asterisks indicate extra impurity peaks and
sidebands, respectively.
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the RII and â phases cycle independently. The inten-
sity of RII phase decreased as a function of cycle
number, suggesting that other paramagnetic phases
are formed; this is confirmed by observation of
additional resonances in the 6Li and 31P MAS NMR
spectra of the same materials.

No 51V NMR studies have been performed on the
rhombohedral form of Li3-xV2(PO4)3 due to the local-
ization of electrons on the V4+ and V3+ ions. 7Li NMR
experiments have however been performed on this
system, which suggest that ions on the M(3) sites of
the NASICON structure in Li3V2(PO4)3 move onto the
M(1) sites on extraction of Li to form LiV2(PO4)3.62 A
shift of the isotropic resonance from 85 to 62 ppm on
deintercalation of two Li+ ions is attributed to the
change in site geometry and the change in vanadium
oxidation state from V3+ to V4+. Finally, 7Li NMR
studies performed on the monoclinic form of LixV2-
(PO4)3 provide strong evidence for Li and vanadium
charge ordering on insertion of lithium, the ordering
driving the series of phase transitions seen for this
material.173

5. Conclusions
NMR represents a powerful method for studying

the local structures and electronic properties of
cathode materials as a function of state of charge.
The research reviewed in this article clearly demon-
strates that it is now possible to obtain a wealth of
information from the NMR spectra of cathode mate-
rials, even in the paramagnetic or metallic state, both
prior to and following electrochemical cycling of a
battery. The paramagnetic properties of many of
these systems, rather than being a complication, can
often provide increased resolution of resonances from
different local environments. The lithium hyperfine
shifts of many systems can be rationalized in terms
of the coordination environment for lithium and the
numbers and types of unpaired electrons on the
nearby paramagnets. In the case of systems whose
hyperfine shifts obey a Curie-Weiss Law, it is often
possible to predict the magnitude and direction of the
shifts by analyzing the connectivity between lithium
and nearby paramagnetic ions.

NMR may be used to probe the effect of doping on
local structure. For example, NMR studies of the
spinel phases show that cation doping results in an
increase in the oxidation state of the manganese ions
near the cation dopant, while cation doping in LiCoO2
has a dramatic effect on the electronic structure of
the material. NMR may be used to determine the
cation ordering and investigate the effect of local
structure on the electrochemical properties of the
cathode materials. In phosphates and vanadates,
additional probes such as 51V and 31P NMR provide
additional information concerning local structure and
electronic properties. In conclusion, NMR has now
been applied to a wide range of cathode materials for
lithium-ion batteries and is rapidly becoming an
essential characterization tool in this research area.
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variault, J.-M.; Déramond, E.; Galy, J. J. Phys. Chem. 1993, 97,
10301.
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(167) Dupré, N.; Gaubicher, J.; Angenault, J.; Wallez, G.; Quarton,
M. J. Power Sources 2001, 97, 532.

(168) Jordan, B.; Calvo, C. Can. J. Chem 1973, 51, 2621.
(169) Gopal, R.; Calvo, C. J. Solid State Chem. 1972, 5, 432.
(170) Tietze, R. Aust. J. Chem. 1981, 34, 2035.
(171) Lapina, O. B.; Khabibulin, D. F.; Shubin, A. A.; Bondareva, V.

M. J. Mol. Catal. A 2000 162, 38.
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