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ABSTRACT: Modern studies of lithium-ion battery (LIB) cathode materials employ a large range of experimental and theoretical
techniques to understand the changes in bulk and local chemical and electronic structures during electrochemical cycling (charge
and discharge). Despite its being rich in useful chemical information, few studies to date have used 17O NMR spectroscopy. Many
LIB cathode materials contain paramagnetic ions, and their NMR spectra are dominated by hyperfine and quadrupolar interactions,
giving rise to broad resonances with extensive spinning sideband manifolds. In principle, careful analysis of these spectra can reveal
information about local structural distortions, magnetic exchange interactions, structural inhomogeneities (Li+ concentration
gradients), and even the presence of redox-active O anions. In this Perspective, we examine the primary interactions governing 17O
NMR spectroscopy of LIB cathodes and outline how 17O NMR may be used to elucidate the structure of pristine cathodes and their
structural evolution on cycling, providing insight into the challenges in obtaining and interpreting the spectra. We also discuss the
use of 17O NMR in the context of anionic redox and the role this technique may play in understanding the charge compensation
mechanisms in high-capacity cathodes, and we provide suggestions for employing 17O NMR in future avenues of research.

1. MOTIVATION
Lithium-ion batteries (LIBs) play a critical role in enabling
future sustainable energy sources by storing energy for grid
usage and powering devices and transportation.1−3 To ensure
that electric vehicles (EVs) powered with LIB technologies are
competitive with those that use fossil-fuel energy sources, LIB
components must be low-cost and environmentally sustainable
(ideally, fully recyclable)4 while also achieving high capacities
over long lifetimes. At present, a major bottleneck to high
capacities, long lifetimes, and cost is the cathode.5 As such,
multiple research initiatives have sought to identify, develop, and
optimize cathode materials to improve the electrochemical
performance of LIBs.

2. INTRODUCTION
Layered LIB cathodes, with a general formula LiTMO2 (TM =
transition metal), are perhaps the most promising class of
cathode materials currently available and, with related materials,
are the focus of this Perspective.5−13 Here, edge-sharing TMO6
octahedra are arranged into “TMO2” layers, with Li+ cations in
the interlayer spaces [Figure 1]. The structures are commonly
described according to the notation used by Delmas et al.:14 a
letter denoting the coordination environment of Li+ (O for
octahedral, T for tetrahedral, and P for prismatic) and a number
describing how many distinct TMO2 layers there are per unit
cell. For example, O3 describes a layered cathode with
octahedrally coordinated Li+ ions and three distinct layers per
unit cell. A second notation uses the crystallographic symmetry
of the cell, the number denoting the order in which the phase is
found on cycling the battery. For example, on delithiating
pristine LiCoO2, an O3 phase in Delmas notation or H1
(hexagonal) phase in the latter notation, a new O3 phase forms,

denoted O3′ or H2. Intergrowth phases can similarly form, in
which two distinct stacking sequences are combined in an
ordered manner, and again both notations are used. For
example, H1-3 describes an intergrowth of the O1 and O3
phases.

To understand the electrochemical properties of the cathode,
the bulk and local structural changes that take place during
cycling are evaluated, so that a clear picture of the redox
mechanisms and phase changes induced during cycling may be
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Figure 1. Crystal structure of a layered LIB cathode, LiTMO2, with the
layers and local TM and Li+ coordination polyhedra highlighted.
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constructed. These studies commonly use techniques such as ex
situ or operando X-ray diffraction (XRD),15−17 X-ray absorption
spectroscopy (XAS),18−20 and ab initio calculations.21−25

Recent studies of local structure have also used solid-state
nuclear magnetic resonance (NMR) spectroscopy, owing to the
high natural abundance and receptivity of (in particular) NMR-
active 6Li and 7Li nuclei.16,17,26−28 While 17O NMR has proven
an invaluable characterization technique in materials chem-
istry,29−36 and despite oxygen being the primary anion in LIB
cathodes, there are, however, comparatively many fewer studies
that have used 17O NMR.37−41

In this Perspective, we assess how 17O NMR has been used to
understand the local (chemical and electronic) structures of LIB
cathodes in both pristine and electrochemically cycled materials.
In some cathode materials, capacities exceeding those of
conventional TM redox couples and voltages above those of
the TM redox couples have been observed. Such capacities have
been assigned to redox reactions involving O2− anions
(henceforth O or anion redox). We therefore also examine
how 17O NMR can help to report the changes in ionicity and
covalency of the TM−O bonds during charge and discharge and
ultimately provide important clues about the nature of the
oxygen species. In order to appreciate the challenges associated
with acquiring 17O NMR spectra, we start by discussing some of
the practical and theoretical aspects associated with 17O NMR
spectroscopy.

3. THE NEED FOR ISOTOPIC ENRICHMENT
17O is the only NMR-active nucleus of oxygen. With a natural
abundance of 0.037%, enrichment is generally required to
achieve a good signal-to-noise ratio.31 Enrichment is expensive,
thus 17O NMR should be used judiciously. Syntheses of
enriched LIB cathodes can also be challenging, owing to the
small scale (typically <100 mg) and the subtle differences in
conditions used to prepare them, as compared to “natural-
abundance” syntheses. For example, enrichment is often
performed either as an annealing step in a static 17O2 gas
atmosphere or by heating 17O-enriched starting materials in a
static inert atmosphere, while a “normal” synthesis might use air
or flowing O2 gas. Hydrothermal methods using H2

17O have also
been employed but require careful optimization.38,42

4. DOMINANT INTERACTIONS IN 17O NMR
SPECTROSCOPY

4.1. Chemical Shift. The chemical shift, which arises from
the shielding of the applied magnetic field by electrons
surrounding the nucleus, spans a vast range for 17O
(approximately −100 ppm to +2500 ppm43,44); by contrast
the 6,7Li chemical shift spans less than 10 ppm. While the
chemical shift rarely dominates the observed 17O shifts in
LiTMO2 cathodes due to the presence of paramagnetic centers
(either as-synthesized or formed on cycling), it may still need to
be accounted for in these paramagnetic systems.

4.2. Hyperfine Shift. As alluded to above, perhaps the most
important consideration when acquiring 17O NMR of LIB
cathode materials is the effect of paramagnetism.26,28 The
hyperfine interaction between unpaired electron density (in
LiTMO2, unpaired electrons on the TM centers) and nuclear
spins in a material generally results in fast nuclear relaxation
times, broad signals, and large in magnitude shifts.26,28,45

The large shifts are invariably dominated by the Fermi contact
shift, which arises from the interaction between unpaired

electronic spin density at the nucleus and the nuclear spin under
observation. In practice, this arises from transfer of unpaired
electron density from paramagnetic ions to s orbitals on O
[Figure 2a,b]. The TMd and O orbitals interact with each other

to give fully occupied bonding orbitals (dominated by O
orbitals, but still containing some TM character; bottom of
Figure 2a) and either empty or partially filled anti-bonding or
non-bonding orbitals (dominated by TM orbitals but with some
O character, top of Figure 2a).

In the case of the bonding combination of t2g and O orbitals,
the unpaired electrons in the t2g* orbitals or indeed any TM
orbital (whose spin is arbitrarily chosen as “up” in the
proceeding argument) polarize(s) the fully occupied orbital
such that the spins of electrons circulating nearby the TM center
are in the same direction as those on the TM. This interaction is
mediated via the exchange interaction, where electrons with the

Figure 2. Illustrations of the hyperfine interaction in NMR. (a) The
Fermi contact (through-bond) interaction of unpaired electron density
on TM cations with a neighboring O nucleus. The bonding (t2g and eg)
and anti-bonding (t2g* and eg*) combinations ofTMd orbitals and s or p
orbitals on O result in different spin density transfer processes. Bonding
combinations cause spin polarization of electrons in filled s orbitals on
O, while anti-bonding combinations cause spin delocalization (and
polarization, in the case of the t2g* interaction). The sign of the spin
density induced at the s orbitals (which defines the Fermi contact shift)
is indicated to the right. (b) The interaction of the O nucleus with the
nearest-neighbor and next-nearest-neighbor unpaired electron spins in
the TMO2 layer (of which there are z1 and z2) of a typical layered LIB
cathode. These paths induce hyperfine shifts of δ1 and δ2, respectively,
giving a total shift of δtot.
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same spin occupy different regions of space, thus reducing the
repulsion between them and lowering the energy of the system.
Since the electron near the TM is polarized “up”, the nearby O is
polarized “down”, because the two electrons occupying this
orbital are spin-paired. This in turn polarizes the electrons
occupying the s orbitals on O (again via the exchange
interaction) such that these s orbitals align anti-parallel to the
TM spin. This is denoted “negative” spin density (as it is
opposite in sign to the TM, arbitrarily labeled as “positive”). By
contrast, if the anti-bonding version of the same (t2g) orbital is
partially occupied, then electron density is delocalized directly
over the TM and O centers, such that the sign of the electron
spin is preserved regardless of which center the electron sits
nearer. This again polarizes the s orbitals, but now with
“positive” spin density, where the electrons in O s orbitals are
preferentially aligned with the TM spins. Note that if this anti-
bonding combination is fully occupied, then the same argument
as in the bonding combination applies, while if it is vacant, then
negligible spin delocalization or polarization occurs.

The TMeg orbitals can overlap directly with the O s orbitals: In
the case of the bonding combination, the O s acquires negative
spin density (again, from spin pairing), while the anti-bonding
combination results in positive spin density, again due to
delocalization of an unpaired spin across both centers. Note that
in all cases discussed above, O is formally diamagnetic and has a
complete outer shell of electrons, while the TM has a partially
filled d shell and is (generally) paramagnetic. The polarization of
spin density does not alter oxidation states or orbital
populations, but merely the distribution (relative populations)
of spins. The net unpaired spin at O results in the strong
hyperfine interaction.

A robust method for analyzing and assigning the complex
spectra of paramagnetic materials is bond pathway analysis,
developed originally to analyze 6,7Li and later 31P spectra.46,47

Here, the overall shift of a nucleus is assumed to be given by the
sum of the shifts induced by each paramagnetic nearest and next-
nearest TM neighbor [Figure 2b]. This generally holds true for
LiTMO2 systems.

The individual shift contributions depend on the chemical
identity of the TM cation, its oxidation state (which defines the
number of electrons and often the degree of covalency or orbital
overlap), and the bond angles and distances between the TM
cation and nucleus of interest. Deviations of the total shift from
this sum occur for significant deviations away from ideal 180°
and 90° bond pathways. Interactions either between different
TMs, or within the same ion but between the orbital and spin
angular momenta, L and S, respectively, can complicate the
analysis, and the reader is directed to ref 45 for a more in-depth
discussion of these effects. In the case of the latter, when
electrons occupy orbitals with (often only partially quenched)
orbital angular momentum, L and S couple to give a set of
electron spin microstates whose energies are modified from the
spin-only picture. This, depending on the site symmetry, can
lead to an anisotropic magnetic susceptibility, and in turn a
pseudo-contact shift, which also needs to be taken into account.

The temperature dependence of the time-averaged electron
spin moment is reflected in the hyperfine shift: as the moment
size increases, the magnitude of the shifts increases, too. These
shifts may be calculated via hybrid density functional theory
(DFT) calculations and rationalized using the Goodenough−
Kanamori rules (see later).48−50 Through careful modeling,
these complex spectra can be appropriately assigned to reveal
valuable information about the local environments in a material.

While bond pathway analysis of 6Li and 7Li NMR spectra is
well-established, the situation is more complex for 17O NMR,
Since O is directly bonded to TM cations, the shifts induced are
generally significantly larger, and the overall shift is often
composed of several competing Fermi contact interactions with
unpaired spins on several nearby TM cations.40 Typical
(calculated) bond pathway shifts for O bound to different
paramagnetic centers are shown in Table 1. These shifts can

provide considerable insight into local magnetic exchange
couplings between TM cations and therefore act as a local
handle on the electronic spin density distribution in the material.

An additional, through-space, anisotropic component of the
hyperfine interaction, the dipolar hyperfine interaction,
contributes to the hyperfine shift observed but is usually smaller
than the Fermi contact interaction.45 The dipolar interaction
does, however, generate a broad sideband manifold under magic
angle spinning (MAS) which spans several thousand ppm,
meaning that a single radiofrequency pulse cannot excite the
entire spectrum.29,40,41 As a result, variable-offset cumulative
spectra (VOCS) experiments are often required to excite the
entire spectrum (see the Supporting Information (SI)).51

In addition to a strong hyperfine interaction, the short TM−O
distances result in stronger paramagnetic relaxation enhance-
ment than on 6,7Li, leading to short relaxation times (on the
order of the receiver deadtime or the echo evolution period).
This results in severely broadened resonances which, in the
worst-case scenario, may be unobservable or so broad that they
are lost in the baseline.

To mitigate the effect of the hyperfine interaction, low
magnetic field strengths are preferred, in contrast to the
quadrupolar interaction (see later).

4.3. Quadrupolar Interaction. On top of the practical
difficulties and large chemical shift ranges, 17O NMR spectros-
copy is complicated by the strongly quadrupolar nature of 17O
(nuclear spin I = 5/2),31 quantified by the quadrupolar coupling
constant, CQ. Even under MAS, a broad spinning sideband
manifold is commonly observed�once again making VOCS
critical to spectral acquisition�as well as broadening of the
central transition (isotropic resonance) and a field-dependent
contribution to the chemical shift (known as the quadrupole-
induced shift, QIS). For 17O, CQ varies between hundreds of
kHz (high-symmetry O sites) and 10s of MHz for more
anisotropic environments (e.g., phosphates, peroxides, and
organic systems), the magnitude depending on the covalency or
ionicity of the local bonding environment: O sites with more

Table 1. Nearest-Neighbor 17O Fermi Contact Shift Bond
Pathways for Different TM Cations Bound to O and
Quadrupolar Coupling Constants, CQ, from Ref 47a

TM−O path bond pathway (ppm) ref

Mn4+−O 900−1100b 32
Ni3+−O (long) 12500 108
Ni3+−O (short) 2300 108

fitted CQ (MHz) calcd CQ (MHz) ref

4.40−4.55 4.50−4.60 47
aThe Mn4+−O pathways and CQ values were determined for
Li 2MnO3; the Ni3 +−O (long/short) pathways for Li-
[Ni0.8Co0.15Al0.05]O2. bThe bond pathway strongly depends on the
bond length and the Mn−O−Mn angle.
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covalent TM−O bonds have a larger CQ than ionic TM−O
bonds.52

The effect of the quadrupolar interaction may be mitigated by
increasing the field strength at which the experiments are
performed. However, the Fermi contact interaction and dipolar
interactions with the unpaired electrons scale with the field, so
performing 17O NMR of paramagnetic solids at high fields is not
always possible. In practice, “intermediate” field strengths (e.g.,
7−11 T) and fast MAS speeds (“fast” compared to the size of the
hyperfine and quadrupolar interactions, typically >50 kHz) have
been employed to performed 17O NMR spectroscopy of LIB
cathodes. For additional information regarding the effects of the
quadrupolar interaction, please see the SI (section S1).

Finally, we note that both the quadrupolar and hyperfine
interactions discussed above contribute to the breadth of the
observed resonance. Beyond this, additional broadening arises
from a distribution of local environments (due to distributions
in local bond angles and lengths, often from disorder); small
deviations in the pathways can lead to a change in up to 200 ppm
for the bond pathway [Table 1]. In general, peak breadth due to
a distribution of local environments dominates over the
broadening due to relaxation effects due to the interaction,
which in turn exceeds the broadening from quadrupolar
interactions. This is not always the case, for example, for
materials containing Co4+ and Ni2+/3+ paramagnetic ions (see
the LiNi0.80Co0.15Al0.05]O2 and LiCoO2 case studies below).

5. CALCULATING 17O NMR PARAMETERS
To assist the interpretation of 17O NMR, parameters such as the
chemical shift, hyperfine shift, and quadrupolar tensors may be
calculated.30,40,43 Although the observed resonances are
generally severely broadened�making fitting from scratch
challenging, with many models giving similar quality fits�
fitting the spectrum to an initial model guided by ab initio
calculations is often invaluable in spectrum assignment.

Calculation of these parameters in paramagnetic systems such
as LIB and sodium ion battery (NIB) cathodes, however, is not
straightforward, owing to the strong electron correlation in
3dTM systems. While challenging, however, calculation of
quadrupolar and hyperfine NMR parameters of LIB and NIB
systems has been successfully completed for a range of
materials.29,30,40

The layered TM oxide materials used as LIB and NIB
cathodes generally have many local chemical environments�for
example, for an O3 layered cathode material with two TM
cations occupying the TM sublattice in a disordered or partially
ordered array, there exist 42 possible local environments for O2−

ions (considering nearest- and next-nearest-neighboring TM
cations only). Calculating the shifts of each of these sites is
possible but computationally expensive.

Another approach is to use the bond pathway contribution of
a TM cation to the nucleus of interest (see above). Here, the
Fermi contact shift, δFC, may be decomposed into individual
shifts from each TM cation, δpath:

where zi is the number of pathways of type i, with a shift
contribution of δpath,i (see Table 1 for examples). Appropriate
combinations of these pathways may then be compared to the
observed spectra to enable assignment.

The quadrupolar parameters may be extracted from the local
electric field gradient (EFG) tensors, V, in a material (for

definitions see SI). Hence, the quadrupolar and hyperfine
parameters may be readily computed and compared by fitting to
the experimental spectrum [Table 1].

6. APPLYING 17O NMR TO STUDYING LIB CATHODES
While it is challenging to acquire and interpret the spectra, 17O
NMR is rich in information about both the local chemical
structure of a material (through its quadrupolar interactions)
and the local electronic and magnetic structure (through the
hyperfine interaction).29−33 In this Perspective, we present a
series of published studies on LIB cathodes utilizing 17O NMR,
alongside a new study on the 17O NMR of Li[Ni0.8Co0.15Al0.05]-
O2. Each case study examines a different cathode and aims to use
17O NMR to understand the local structure of the pristine
material and/or structural evolution during charge/discharge.

7. 17O NMR AS A TOOL FOR PRISTINE MATERIAL
CHARACTERIZATION

We first examine how 17O NMR may be used to establish the
chemical structure and magnetic properties of pristine cathode
materials and illustrate the use of bond pathway analysis.

7.1. Li2MnO3. The first use of 17O NMR to examine a LIB
cathode was in 2016 by Seymour et al., where the local O
environments of Li2MnO3 were explored and the experimental
spectra assigned using ab initio hybrid DFT calculations of the
17O shifts.40

Li2MnO3 adopts a layered structure whose formula can be
rewritten as Li[Li1/3Mn2/3]O2, with the Li+ and Mn4+ cations
adopting an ordered honeycomb arrangement [Figure 3a]. This
compound is highly susceptible to stacking faults, where the
[Li1/3Mn2/3]O2 layers may be offset relative to each other; the
“ordered” regions correspond to an O3 structure with space
group C2/m, while the “faulted” regions retain the O3 structure
and are locally analogous to the P3112 Li2MnO3 polymorph
[Figure 3a]. The extent of stacking faults depends on the
synthesis method.53

Seymour et al. enriched a sample of Li2MnO3 using a post-
synthetic gas enrichment process and acquired 17O Hahn-echo
NMR spectra using VOCS to excite the entire spectrum.40 By
examining spectra at different magnetic field strengths, Seymour
et al. were able to identify five isotropic resonances (i.e., five
unique local 17O environments; Figure 3b,c). These resonances
were assigned to specific local environments using bond
pathway analysis.

Calculations revealed that the bond pathway shift in both the
C2/m and P3112 polymorphs varied with Mn···O distance. In
general, however, a single Mn bound directly to O (i.e., the
nearest-neighbor Mn to O) gives a shift of +1000 ppm, while Mn
indirectly bound to O (i.e., the next-nearest-neighbor Mn to O)
contributes approximately +200 ppm. Each unique combination
of nearest- and next-nearest-neighbor Mn−O distances (i.e., the
unique local environment) results in different shifts for each site.

Based on these bond pathways, two of the observed peaks
were assigned to the “ordered” (C2/m) Li2MnO3; crystallo-
graphically, these are known as the 4i and 8j sites (Wyckoff
labeling), both coordinated to two Mn4+ and one Li+ cation
within the Li+ layer, but in different relative positions in the layer.
The remaining three were assigned to O environments in the
“faulted” (P3112) structure, known as 6c(1), 6c(2), and 6c(3)
[Figure 3a,c]. By carefully examining the intensities of the
resonances, a 1:2 ratio of the 4i and 8j sites was identified, while
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the intensity ratios for the stacking fault resonances were
approximately 1:1:1, as anticipated from the crystal structure.

This work demonstrated that 17O NMR, in conjunction with
ab initio bond pathway calculations, can identify defect
structures and subtle differences (i.e., TM···O distances and
bond angles) in local environments.

7.2. Li2RuO3. The next study explored the structure and
phase transformation of Li2RuO3, whose honeycomb-ordered
structure with Li+ and Ru4+ ions in the TMO2 layer (i.e.,
[Li1/3Ru2/3]O2, Figure 4), well-characterized Ru4+/5+ redox

couple, and reversible electrochemistry make this material a
good model compound for studying oxygen redox.41 The Ru4+

cations adopt an ordered array of Ru−Ru dimers with short Ru−
Ru distances (generated from direct overlap of the Ru 4d
orbitals), in addition to long and medium distances [Figure
4a].54 The dimerization affects the magnetic susceptibility of the
material: at temperatures below 540 K, the magnetic
susceptibility is low (due to electron spin pairing), while at
high temperatures, a phase transition takes place, where the Ru−
Ru bond lengths fluctuate and the dimers are no longer ordered

Figure 3. 17O NMR spectroscopy of Li2MnO3. (a) Structure of ordered and stacking-faulted Li2MnO3 with honeycomb ordering in the Li1/3Mn2/3
layers, but different stacking sequences and symmetries of these layers. Distinct crystallographic O sites are shown and labeled with their Wyckoff
positions. (b) 17O NMR Hahn-echo VOCS slices and sum for a sample of 17O-enriched Li2MnO3 at 11.7 T and a 60 kHz MAS rate. (c) Expansion of
the isotropic region of the spectrum, with peaks from the ordered and faulted phases labeled. Adapted with permission from ref 40. Copyright 2016
American Chemical Society.
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over the structure, resulting in a greater unpaired electron spin
density and a higher magnetic susceptibility.54

The room-temperature 17O NMR Hahn-echo VOCS of
Li2RuO3 comprised four distinct isotropic resonances whose
shifts were rationalized based on shifts calculated using DFT and
bond pathway analysis and by considering the local orbital
interactions between the Ru−Ru dimers and the surrounding
ligand field of O2− anions. The four resonances correspond to
O2− which is on the inside edge of an Ru−Ru dimer [O1 in
Figure 4b]; O2− on the outside edge of an Ru−Ru dimer (O2);
O2− between a non-dimerized pair of Ru4+ cations (O3); and
O2− which is axial relative to an Ru−Ru dimer [O4; Figure 4b,c].

The phase transition was then examined by using variable-
temperature 7Li and 17O NMR (see ref 42 for the 7Li NMR
spectra). On increasing temperature, the authors observed an
increase in the shift of the 17O isotropic resonances [Figure 4d].
This is unusual, as one typically expects a decrease in isotropic
shift, as, in most materials, the time-averaged electron spin
decreases and hence the spin density transferred to nearby nuclei
decreases with increasing temperature. In Li2RuO3, the low-
lying paramagnetic states (corresponding to the non-dimerized
structure) become accessible at higher temperatures, meaning
that the time-averaged spin moment�and therefore the shift�
increases.

At temperatures between room temperature and the high-
temperature phase transition, two distinct 17O resonances were
observed and assigned to the two crystallographic O sites in the
high-temperature structure, 8j (2320 ppm) and 4i (2140 ppm),

based on a qualitative comparison of the expected spin densities.
The 8j site sits closer to the Ru cations, while the 4i sites sit
farther away; this is analogous to the relative shifts of the 8j and
4i sites in (ordered) Li2MnO3. The other two resonances seen at
room temperature were no longer present, which was ascribed to
broadening and greater overlap of the resonances and sidebands,
due to a slower MAS speed, as well as faster relaxation times
induced by a greater magnetic susceptibility at higher temper-
atures and hence a stronger hyperfine interaction.

Above the phase transition, the two resonances broadened
further and were again assigned to the two crystallographic
environments (8j and 4i) in non-dimerized Li2RuO3. The
authors noted, however, that the non-dimerized model was
likely an approximation to a dynamic structure, in which short
Ru−Ru distances persist but fluctuate rapidly on the NMR time
scale. This rapid fluctuation contributed to the broadening of the
resonances and led to a dynamically averaged hyperfine
interaction.

This study highlighted how 17O NMR may be used as a tool
for probing structural phase transformations in layered cathode
materials�in terms of both the changes to local environments
and the dynamics of these changes.

8. 17O NMR AS A TOOL FOR EX SITU
CHARACTERIZATION

We now turn to examining the changes in 17O NMR spectra on
electrochemical cycling. Since NMR is a non-destructive
technique, using only low-energy radiofrequency radiation, it

Figure 4. Variable-temperature 17O NMR spectroscopy of Li2RuO3. (a) Structure of Li2RuO3 (left) with honeycomb ordering in the Li1/3Ru2/3 layers
and ordered arrangement of Ru−Ru dimers (right). (b) Local O environments relative to the Ru−Ru dimers. (c) Room-temperature isotropic 17O
NMR resonances for 17O-enriched Li2RuO3 at 11.7 T under 60 kHz MAS. (d) Variable-temperature 17O NMR Hahn-echo VOCS spectra acquired
under 16.4 T and 14 kHz MAS. Adapted with permission from ref 41. Copyright 2019 American Chemical Society.
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is ideally suited to studying metastable compounds such as
cycled cathode materials.

8.1. Li[Ni0.85Co0.10Al0.05]O2. LixNi0.8Co0.15Al0.05O2 (NCA)
is a commercial battery cathode used in many EVs, and doping
of Co and Al into the parent material, LiNiO2, significantly
improves its electrochemical performance. To understand the
local structural evolution of NCA during cycling, we obtained ex
situ17O, 27Al, and 59Co NMR spectra. Here, we focus on the 17O
NMR results and only briefly discuss the 27Al and 59Co NMR
data (see SI for a longer discussion, section S5 and Figures S10−
S15).

Pristine NCA contains paramagnetic Ni3+ and diamagnetic
Co3+ and Al3+ ions, but with no long-range order of these cations
in the TMO2 layers. Ni3+ is Jahn−Teller (JT) distorted�with
very different calculated Fermi contact shifts for the shortened
and lengthened Ni−O bonds [Table 1]. There is no overall
ordering of the JT axes of Ni3+, and it has been argued that this is
because the JT distortion is dynamic.

The 17O NMR spectrum of pristine NCA is severely
broadened (width >30 000 ppm) with a high center-of-mass
shift (ca. 13 000 ppm), likely due to a strong hyperfine
interaction between the O nuclei and JT-distorted Ni3+ centers

Figure 5. 17O, 7Li, 27Al, and 59Co NMR spectroscopy of 17O-enriched Li[Ni0.80Co0.15Al0.05]O2 (NCA). (a) 17O NMR VOCS data obtained for pristine
NCA at 11.7 T under 60 kHz MAS and at “room temperature” (i.e., the ambient temperature of the rotor due to frictional heating, typically 320 K at 60
kHz). (b) Different paramagnetic local O environments and bond pathway contributions in pristine NCA. (c) Room-temperature spectra obtained for
electrochemically charged (i.e., delithiated) NCA, also at 11.7 T under 60 kHz, with composition Li0.18[Ni0.8Co0.15Al0.05]O2 calculated based on the
current passed.
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[Figure 5a].29 A sharp feature around 0 ppm is also seen, due to
diamagnetic O2− either from surface impurities (e.g., Li2CO3,
LiOH) or from O2− surrounded by diamagnetic (Al3+ and Co3+)
centers in the transition metal layer. This diamagnetic feature is
also consistent with a γ-LiAlO2 impurity phase seen in the 27Al
NMR (Figure S10).

Bond pathway analysis was used to assign the broad
resonance, assuming a random TM distribution model, where
any TM site can be occupied by Ni3+, Co3+, or Al3+, with
occupation probabilities given by the NCA stoichiometry. We
define three paramagnetic environments, categorized according
to the number of nearest-neighbor Al3+ or Co3+ (dopant)
centers�a 0-dopant site, where O is bound to three Ni3+ nearest
neighbors; 1-dopant, where O has two Ni3+ and one Al3+ or Co3+

nearest neighbor; and 2-dopant, with one Ni3+ and two
diamagnetic neighbors, Al3+ and/or Co3+�with relative
concentrations of 51%, 38%, and 10%, respectively. The
remaining sites (ca. 1%) are diamagnetic, with no Ni3+

neighbors. Additional complexity arises as a single Ni3+ neighbor
can be coordinated to O via a JT-lengthened bond (whose bond
pathway contribution is δL, approximately 12 500 ppm) or a JT-
shortened bond (bond pathway shift δS, approximately 2300
ppm). These bond pathway contributions were taken from
previous hybrid DFT calculations of Al-doped LiNiO2.27

For the 0-defect site, there are four “sub-environments”, due
to different configurations of long and short JT-distorted Ni−O
bonds. O can be bound to Ni3+ via three δL paths; two δL paths
and one δS path; one δL path and two δS paths; or three δS paths
[Figure 5b]. Under a dynamic JT distortion model�known to
model the 7Li NMR spectra�the shift of the 0-defect site will be
the thermodynamic average of these sub-environments. We
anticipate that the environment with one δL path and two δS
paths (total shift of 17 100 ppm) will be the lowest in energy (all
others will be more strained and therefore higher energy). As a
result, the shift of O with three Ni3+ nearest neighbors in a
dynamic JT network will be close to the 17 100 ppm. The 17O
NMR results are, therefore, consistent with a dynamic JT
distortion.

The 1-dopant site comprises three local environments for a
static JT, with total shifts of 25 000 ppm (2δL), 14 800 ppm (δL +
δS), and 4600 ppm (2δS). Previous publications suggested that
the dopants may pin the JT distortion so that the NiO6 long axis
points toward the smaller Al3+ dopant. If all Ni3+ JT ions are
dynamic, then a broad resonance is seen whose center-of-mass is
an average of the above shifts results. This shift is likely weighted
toward the low-strain δL + δS and 2δS environments (analogous
to the 0-defect sites; Figure 5b).

Finally, for the 2-dopant sites, the shifts due to Ni3+ are either
12 500 ppm (δL) or 2300 ppm [δS; Figure 5b]. In the case of
dynamic JT averaging, we expect a shift of 5700 ppm (i.e., (δL +
2δS)/3).

Independent of the degree of dynamics for the JT, a wide
range of resonances are generated, and therefore the breadth of
the observed resonances for pristine NCA likely arises from the
overlap of several resonances with very different shifts. We must
also consider the rapid fluctuation of the electron spin moment
due to the dynamic JT axes. If the rate of these fluctuations (i.e.,
1/tJT, where tJT is the time scale of a single JT fluctuation) is close
to the frequency difference between the signals from different JT
orientations, then significant line broadening will occur.55 The
overlap of several of these individual broad resonances and their
sideband manifolds results in a severely broadened spectrum.

The loss of paramagnetic Ni3+ centers on charging NCA is
evident from 17O NMR: a simultaneous decrease in intensity
near the paramagnetic region (13 000 ppm, as seen in the
pristine material) and increase in intensity near the diamagnetic
region (near 0 ppm) is seen, resulting in a much lower center-of-
mass shift, around 600 ppm [Figure 5c]. Despite possible
oxidation of diamagnetic Co3+ to paramagnetic Co4+ (note that
some Li remains in the structure at the end of charge), little
effect is seen in the 17O (or 7Li and 27Al) NMR, likely due to the
small bond pathway shifts for Co4+ (Co4+ has only one unpaired
electron). Furthermore, Co4+ induces rapid relaxation, and any
resonances arising from environments with pathways to Co4+

may be severely broadened, analogous to the disappearance of
the 7Li NMR signal in LiCoO2 on charging.56 As low-spin Co4+

is a t2g
5 ion, its degenerate ground state has residual orbital

angular momentum, potentially introducing further broadening
mechanisms (see SI).

The 17O NMR results for electrochemically charged NCA are
therefore consistent with oxidation of Ni3+ to Ni4+; further
evidence for this charge compensation scheme can be seen in the
59Co NMR spectra (SI, Figures S14 and S15). Intriguingly, NCA
at the end of charge has been shown to exhibit a feature in the O
K-edge resonant inelastic X-ray scattering (RIXS) spectrum at a
certain energy.18 Some claim this as characteristic of highly
covalent TM−O bonds and the removal of electron density from
both the TM and O ions, while formally oxidizing the TM ion;18

others view this feature�albeit in different materials�as a
signature for anion redox processes.57−60 No clear evidence for
O oxidation is seen via the 27Al or 59Co NMR spectroscopy, and
the 17O NMR spectra of NCA do not appear to contain any
signals that can be assigned to either paramagnetic O species or
any (O2)n− dimers, though the question remains: If para-
magnetic O species exist, either holes or dimers, would they be
observed? We discuss this further in the next section and provide
a more detailed discussion of the results and charge
compensation mechanisms in NCA in the SI (section S5).
What is clear, however, is that acquisition of 17O from Ni3+-
containing disordered samples is extremely challenging, as is the
quantification of the 17O spectra with the accuracy required to
rule out minor species. Thus, care must be taken in using 17O
NMR to make definitive statements in the absence of other
complementary characterization tools when disorder and
paramagnetic Ni ions are present.

8.2. LiCoO2. Lithium cobalt oxide, LiCoO2 (LCO), has
dominated the market as a cathode for LIBs in portable
electronics for years.61 Pristine LCO adopts a layered O3
structure [Figure 6a], and its structural evolution during cycling
is well-characterized [Figure 6b].62−64 The pristine phase can be
partially delithiated before transforming via a two-phase reaction
with a large immiscibility gap to a metallic phase O3met. O3met
can be further delithated eventually forming another metallic
phase, O′3met (with composition close to Li0.5CoO2), with an
ordered array of Li+ ions and vacancies. This ordered phase has
monoclinic symmetry and only persists over only a very small
composition range. The symmetry of the O′3met phase, when
further delithiated, returns to hexagonal (as the Li-ordering is
lost) and eventually transforms into the H1-3 phase; further
delithiation results in a two-phase reaction between H1-3 and
the O1 phase, which persists to the end of charge [Figure 6a,b].

Commercially, LCO is generally only charged up to the
O′3met structure, corresponding to 0.5 equiv of Li+ removed, as
the (high-voltage) phase transformations are destructive,
resulting in degradation of LCO and the electrolyte.65,66 We
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note that materials that can withstand cycling to 4.3 V vs Li have
more recently been developed.67,68

To understand these destructive phase transformations, Geng
et al. studied LCO using ex situ17O NMR for the first time,
alongside 7Li and 59Co NMR.38 They prepared samples using
17O-enriched H2O�highlighting that this synthetic route may

be successfully employed for layered cathode materials�and
carried out post-mortem analysis on a series of cells cycled to
different states of charge [Figure 6]. Single-pulse experiments
were used, as the authors observed that the Hahn echo resulted
in a loss of signal intensity during acquisition, due to rapid
transverse relaxation times, T2. Additional experiments were
carried out at a different receiver offset frequency. Note that a
resonance with negative intensity appears at 378 ppm,
corresponding to ZrO2, for reasons discussed in the SI (section
S4).

The pristine LCO spectrum comprised a single, sharp
resonance at −636 ppm from O2− centers bound to diamagnetic
Co3+; this resonance is sharper than in paramagnetic LIB
cathodes,37,39−41 as there is no hyperfine interaction between O
and the nearby diamagnetic Co3+. On delithiating LCO up to
point C5 (i.e., the O′3met phase up to Li0.5CoO2), the resonance
at −636 ppm broadened and decreased in intensity; this was
ascribed to a faster relaxation rate of 17O due to the formation of
paramagnetic Co4+ centers. The loss of intensity of this
resonance is, however, unsurprising, as the delithiation reaction
occurs via a two-phase reaction to form a second distinct phase,
O3met.

By correlating the 17O results with changes in the 7Li and 59Co
NMR spectra, as well as the electrochemical profile and expected
phases, the authors concluded that the 17O signal from the
metallic phase O3met could not be observed. They assigned the
resonance at 900 ppm to O2− in the Li+/vacancy ordered O′3met
phase and the 1250 ppm resonance to O2− in the H1-3 phase.

One difficulty in interpreting these results is the lag between
the appearance and disappearance of the different 17O
resonances and the state of charge (as measured electrochemi-
cally), which the authors ascribed to their 17O labeling
procedure: the characteristic 7Li signals were observed for
each phase/stage, albeit at a different (nominal) Li+ content
than expected. The authors ascribed the difficulty in observing
the 17O resonance from the O3met phase to t2g electron
delocalization (no signal was observed via 59Co NMR, either).
They argued that this was evidence for high spin density near
these nuclei, the large hyperfine interactions causing rapid
relaxation of the NMR nuclei. Despite this, the 7Li signals are
still observable, the observed shifts being ascribed to a
transferred hyperfine interaction to Li nuclei via O2−. This
phase is, however, generally considered to be metallic�as per
conductivity measurements69�with the Li shift controlled by
the Knight shift. However, the 17O results suggest that a simple
metallic picture may not be appropriate and that some
“intermediate” spin character may be needed to describe the
Co ions; a more detailed variable-temperature NMR study is
required to understand the nature of defects in pristine and
cycled LCO, to reconcile the 17O and 7Li NMR shift mechanism,
and to establish the role that hyperfine (with localized electron
spin density) vs Knight shifts play in the observed spectra.

In addition to monitoring the different environments
generated during charge, the authors extracted information
about the quadrupolar interaction of each O environment. Good
fits to the observed spectrum were obtained with a quadrupolar
model, where the CQ was observed to increase from 1.47 MHz in
pristine LCO to 7.22 and 7.98 MHz at higher states of charge.
This large increase was ascribed to increasing covalency of the
Co−O bond,52 due to the lowering in energy and contraction of
the Co 3d orbitals (resulting in improved spatial and energetic
overlap with the O 2p orbitals). Further studies to investigate the
field dependences of the quadrupolar broadening would be

Figure 6. Ex situ17O NMR results for LixCoO2 (1.00 < x < 0.07) during
the first charge. (a) Structures of the O3, H1-3, and O1 phases of
LixCoO2. (b) Corresponding voltage profile and locations of ex situ
sample points. (c) 17O NMR spectra collected at 14.1 T under 24 kHz
MAS. Adapted with permission from ref 38. Copyright 2019 Royal
Society of Chemistry.
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useful to explore this change in CQ, especially since the changes
in the degree of local ionicity and covalency of O have important
ramifications for the charge compensation mechanism in layered
LIB cathodes.70

9. HIGH-CAPACITY CATHODES AND 17O NMR:
OXIDIZED OXYGEN SPECIES

We now examine the use of 17O NMR spectroscopy to study
materials that nominally operate via anion redox processes.
Oxidation of O is not necessarily surprising, given that oxidation
of sulfur-based cathodes is well-known71−74 and that O
oxidation readily occurs in biological settings.75 However, the
nature of oxidized O (i.e., how these species are stabilized)
remains under fierce debate and appears to be material-
dependent. Broadly, the nature of oxidized oxygen may be
classified in one of two groups: (1) superoxo/peroxo-like species
and/or trapped O2 units;39,70,76−80 (2) rehybridization,
delocalization, and changes to ionicity and covalency of the
TM−O bonds and Li−O−Li units.81−84 Both schemes indicate
that O participates in redox couples of layered cathode materials,
with the extent of its involvement depending on the degree of
local ionicity or covalency of O. An explanation of the most
common mechanisms (formation of peroxo-like (O2)n−

species;78−80 molecular oxygen trapping;39,77,85 localization of
holes onto O;84,86,87TM migration;88−90 and π redox81) is
beyond the scope of this Perspective, but a brief summary may
be found in the SI, section S3 and Figures S4−S8.91

The most common method used to understand charge
compensation mechanisms in O redox cathodes is O K-edge
XAS.39,85,92−95 In particular, advanced XAS techniques such as
RIXS and hard X-ray photoelectron spectroscopy (HAXPES)
are becoming increasingly common for examining the highest
occupied and lowest unoccupied electronic states around O.92,94

While XAS can provide an element-specific local handle on the
oxidation state and electronic and chemical structures of a
material, the high-energy X-rays used in these techniques can
damage the sample.93 Some studies have also chosen to
incorporate XRD,88,89,96ab initio electronic structure calcula-
tions,81,82,97 electron paramagnetic resonance (EPR) spectros-
copy,37,98 and 6Li and 7Li NMR.37,39,85 Thus far, however, only
two have used 17O NMR spectroscopy.37,39 We now examine
why the application of 17O in these cases has been so challenging
and discuss what information can be obtained.

9.1. Li1.2Ti0.4Mn0.4O2 (LTMO). The first study to examine an
O-redox-active cathode using 17O NMR was carried out by
Geng et al. on Li1.2Ti0.4Mn0.4O2 (henceforth LTMO), a
disordered rocksalt.37 Disordered rocksalts are a class of cathode
materials which are distinct from (but related to) layered
cathodes. They comprise two interpenetrating face-centered-
cubic lattices of octahedrally coordinated ions: one of O2−

anions and the other with a disordered (or partially ordered99)
array of cations [Li+ and TM; Figure 7a]. Some disordered
rocksalts may be made lithium-rich, where the Li:TM ratio
exceeds 1 and Li+ cations replace TM centers; here, it is
hypothesized that the highly ionic Li−O bonds raise the energy
of the O non-bonding lone pairs, making these electrons
available for reversible redox reactions.7,8,100−103

To examine the charge compensation scheme, Geng et al.
sought to identify the local structural changes through 17O NMR
and, as discussed in their paper, 7Li NMR and EPR.37 The 17O
NMR spectra for LTMO were acquired using a solid echo pulse
sequence; the difference between this and the Hahn-echo and

single-pulse experiments used in the earlier studies is detailed in
the SI (section S4, p S-13).

Pristine LTMO has a 17O NMR spectrum which is severely
broadened, with sidebands that overlap significantly with the
most dominant and most intense isotropic resonance at
approximately 550 ppm. The 550 ppm peak was assigned to
O2− bound to Mn3+ centers [Figure 7b] and was confirmed as
the isotropic resonance by acquiring spectra at different MAS
speeds and field strengths. Given the shifts seen in the related
layered materials where the paramagnetic ions have been found
to cause large hyperfine shifts, it seems unlikely that this
assignment is correct. Since the spectra in this work are not
VOCS, we anticipate that only a small portion of the spectrum

Figure 7. 17O NMR spectroscopy of the 17O-enriched disordered
rocksalt Li1.2Ti0.4Mn0.4O2. (a) Structure of Li1.2Ti0.4Mn0.4O2, with a
“random” distribution of the metal cations (Li+, Mn3+, and Ti4+). (b) Ex
situ spectra recorded at 18.8 T under 60 kHz MAS, with the states of
charge on the voltage curve in (c). Adapted with permission from ref 37.
Copyright 2020 Royal Society of Chemistry.
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was recorded, and that additional isotropic resonances may lie at
higher frequencies�even in the spectrum presented, a broader
signal (which may not have been fully excited under the
acquisition conditions) sitting underneath, but at higher
frequencies than the 550 ppm resonance, is likely present.

The severe broadening of the observed spectrum was assigned
to a broad distribution of local environments, a consequence of
the disordered nature of the material, as well as the presence of
strongly paramagnetic Mn3+ cations, resulting in rapid nuclear
relaxation rates.

On charging LTMO, the 17O isotropic shift moved to slightly
higher frequencies (ca. 780 ppm). The shift decreased on
discharge but did not return to the same shift as the pristine
material, reflecting the hysteretic behavior seen over the first
charge−discharge cycle [Figure 7b,c]. It was suggested that the
small increase in shift is due to the similar Fermi contact shifts
induced by Mn4+ and (O2)n− (peroxo-like) species. The authors
also noted a broader sideband manifold in the 17O NMR
spectrum on charging and ascribed it to a stronger quadrupolar
interaction (i.e., a larger CQ and therefore a more covalent TM−
O bond) and/or a broader distribution in local environments.

Given that O bound to Ti typically resonates near 500
ppm31,104 and that the probability of not having a paramagnetic
Mn in the first coordination sphere, but instead having a
configuration OTixLi6−x (where 0 < x ≤ 6), constitutes a
significant fraction of the oxygen sites (26%), we reassign the
550 ppm resonance to O bound to Ti4+ rather than Mn3+

centers. The broad shoulder to higher frequencies is then due to
configurations with Mn3+ ions in the first coordination shell. At
C3, all Mn3+ should have been oxidized to Mn4+, based on the

typical bond pathways expected for Mn4+ bound to O�i.e.,
900−1100 ppm for a nearest neighbor and 200 ppm for a next-
nearest neighbor, based on the bond pathways in Li2MnO3�
and given that no new resonances are observed at this state of
charge, we expect that any environments in which O is
surrounded by Mn are at higher frequencies and likely buried
in the broad shoulder.

The typical 17O shift range of diamagnetic peroxide species is
200−800 ppm,43 suggesting that the assignment of some of the
observed signal as (O2)n− is at least plausible. However, it is well-
known that peroxide species have large CQ values105 (up to 20
MHz for Li2O2), suggesting that this assignment would need to
be verified via calculations of the CQ and shift parameters. It
appears likely that distortions in the O sublattice are seen as the
Li+ ions are removed, resulting in broadening of the O signals,
and it is more likely that these species are, in fact, lattice oxygen.

More importantly, if there are unpaired electrons on O (i.e., if
n in (O2)n− deviates from 2), it seems highly unlikely that the
17O signals could be seen using NMR: the rapid relaxation
induced by the extremely strong hyperfine interactions would
likely cause signal decay within the dead time, resulting in
severely broadened features and/or a significant loss of signal
intensity.

9.2. Li1.2Ni0.13Co0.13Mn0.54O2 (LR-NMC). The second
(published) study to have explored the charge compensation
mechanism of high-capacity cathode materials using 17O NMR
(among other techniques) was from House et al., who studied a
lithium-rich nickel−manganese−cobaltate (NMC) material.39

As in lithium-rich rocksalts, Li+ ions in lithium-rich layered
cathodes substitute some of the TM cations in the TMO2 layers

Figure 8. 17O NMR spectroscopy of the 17O-enriched lithium-rich cathode Li1.2Ni0.13Co0.13Mn0.54O2. (a) Structure of Li1.2Ni0.13Co0.13Mn0.54O2, with a
honeycomb arrangement of the Li+ and TM cations. (b) Ex situ sampling points on the voltage curve, with the corresponding spectra shown in (c),
recorded at 9.45 T under 34 kHz MAS. Adapted with permission from ref 39. Copyright 2020 Nature-Springer group.
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[Figure 8a]. In this work, House et al . studied
Li1.2Ni0.13Co0.13Mn0.54O2 (henceforth LR-NMC) to understand
the charge compensation scheme during the first charge−
discharge cycle [Figure 8b].

On the basis of O K-edge RIXS data obtained at the end of
charge, the authors proposed that charge compensation in LR-
NMC proceeded via the oxidation of the lattice oxygen, which is
subsequently stabilized by pairing, TM migration, and the
formation of trapped O2. To complement their RIXS data, they
acquired ex situ17O NMR spectra using a short-delay pre-
saturation echo pulse sequence (as illustrated and discussed in
the SI, Figure S9). Briefly, the pre-saturation sequence enables
only species with short longitudinal relaxation times, T1, to be
observed. In theory, if O becomes strongly paramagnetic and
relaxes quickly, it would be more clearly separated from the
diamagnetic species than if longer delays were used.

The 17O NMR spectrum of pristine LR-NMC showed a
severely broadened signal, which, while not explicitly assigned or
fitted by the authors, likely arises from overlapping resonances
which correspond to O2− ligands bound to varying numbers of
Mn, Ni, and Co cations;39 each of these resonances will likely
have a rapid transverse relaxation time (T2), due to the strongly
paramagnetic nature of the TM cations,45 resulting in a broad
resonance [Figure 8c], consistent with the 17O spectrum
obtained for NCA [Figure 7].

On charging, a (comparatively) sharp resonance develops at
approximately 2800 ppm, which becomes more intense and
moves to approximately 3200 ppm at the end of the first charge
[Figure 8c]. This resonance was assigned to trapped molecular
O2, based on a prior study that reported the 17O NMR spectrum
of condensed (liquid) 17O2 at 77 K. While the experimental
magnet strengths and temperatures differ between the two
studies, a Curie−Weiss scaling may be used to translate between
the shifts.46 Assuming a Weiss constant of −71.3 K (from ref
106), and converting from the reported shift of 8220 G for liquid
O2, we obtain a shift of approximately 10 980 ppm for O2 at 310
K (the temperature expected at this MAS frequency; see SI,
section S7, for details on conversion calculations), which is
significantly different from the observed resonance reported by
House et al.39

The shift of the observed resonance is, however, comparable
to those seen for 17O2 environments in isolated haem complexes
(whose shifts lie around 1600−2000 ppm).107 These complexes
contain strongly coupled TM−O2 interactions, such that the
Fe−O2 complex is diamagnetic, with the 17O2 changing very
little between 298 and 77 K. Thus, if this is indeed “O2”, then it
cannot be free triplet (S = 1) oxygen, and it must interact
strongly with the metal sublattice. Such O2 species would also
likely have large CQ values (comparable to peroxides, up to 5
MHz107); this quantity can be readily obtained via DFT.

Based on the shift and rapidly relaxing nature of the resonance
seen by House et al.,39 it is also possible that this resonance
corresponds to O environments bound to strongly paramagnetic
Mn4+ and/or Co4+ cations (note that Ni4+ is expected to be
diamagnetic). Furthermore, as previously shown for the
Li2MnO3 system, O sites connected to two Mn4+ are expected
to have shifts around 2000 pm, suggesting that these new
features are simply O bound to Mn with longer 17O T1,2
relaxation times (giving rise to sharper resonances), and which
become visible due to the loss of paramagnetic Ni2+ and Ni3+

centers.
The study by House et al. highlights the importance of using

several techniques�both theoretical and experimental�to

probe the changes to electronic and chemical structure so as
to verify the assignments.

9.3. Li2MnO3. The most recent study of the O redox
mechanism using 17O NMR examined Li2MnO3 both ex situ and
in situ.108 On cycling, the reversible capacity extracted from this
material is, in principle, charge compensated by O redox only, as
Mn is already in the +4 oxidation state. In this study, Li et al.
synthesized 17O-enriched Li2MnO3as per the method used by
Seymour et al.40 and carried out pjMATPASS experiments on ex
situ cycled samples. Importantly, the authors showed that in situ
(static) 17O NMR was possible through use of the quadrupolar
Carr−Purcell−Meiboom−Gill (qCPMG) to increase the
sensitivity and temporal resolution of spectra.109,110 A gradual
loss in the intensity of all O peaks on charging was seen, where
the losses in intensity were greatest for 17O environments from
the stacking-faulted (P3112) domains. This was ascribed to
formation of paramagnetic O species, predominantly stabilized
via Mn−O π redox (see SI, sections S3 and S9 and Figure S17).
Additional signals were observed, which we suggest arise from
degradation products, most likely facilitated by proton insertion
and densification at the surface of Li2MnO3 particles.111−113

This work highlights the utility of 17O in analyzing local
structures during operation of a battery�i.e., without the
structural relaxation that may occur in ex situ samples after
cycling.

10. OUTLOOK AND CONCLUSIONS
17O NMR spectroscopy is an invaluable technique for
determining the local structures of LIB�and indeed other�
cathode materials. It is capable of reporting the changes to
chemical structure, phase transformations, and electronic
structure during charge and discharge.40,41

In the pristine material, the O starts as an oxide ion and is
generally bound to at least one highly paramagnetic TM center,
resulting in a strong hyperfine interaction, large shifts, and rapid
nuclear relaxation. How well-defined or broadened a resonance
is depends primarily on the strength of the hyperfine interaction,
the 17O nuclear relaxation times, and the distribution of local
environments. The quadrupolar interaction also contributes to
the observed breadth, but generally to a much smaller extent.

Spectra with well-defined resonances are anticipated for
ordered compounds (e.g., Li2RuO3), systems where the O
species are not bound to a dynamic Jahn−Teller distorted
paramagnetic center (i.e., not bound to Mn3+ or Ni3+), where O
has distinct chemical environments, and/or where little or no
spin−orbit coupling is present. Where resolved signals are seen,
e.g., in Mn4+-containing compounds such as Li2MnO3, disorder
can be probed�for example, stacking faults which generate
discrete local environments with distinct (and calculable)
hyperfine shifts. For systems containing Ni2+/3+, Mn3+, and
Co4+, significant broadening of the resonances results, likely
from JT distortions and/or non-zero orbital angular momen-
tum, L, particularly when fluctuations (such as the dynamic JT
effect) are present on the time scale of the hyperfine interaction.
Magnetic interactions between paramagnetic ions, or spin
pairing for paramagnetic systems that undergo metal−insulator
transitions, will also result in broadening as the magnetic or
metallic phase, respectively, is approached. Additional work is
required to understand these broadening mechanisms, perhaps
using EPR and/or magnetic susceptibility studies.

Hybrid DFT calculations of the expected shifts not only assist
the assignment and interpretation of a spectrum but also aid in
the initial search for a resonance. However, care must be taken
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when making assignments: one must ask whether the observed
resonance(s) are from diamagnetic surface species (and thus
easier to see, e.g., Li2CO3, Li2O) or from the bulk, and indeed if
the full spectrum has been excited (i.e., whether VOCS is
necessary). Are the spectra quantitative, and are all the signals
from the whole sample being seen, or are some signals lost via
some of the mechanisms discussed above?

Further information may be gleaned by extracting the
quadrupolar parameters, since these report the degree of ionicity
and covalency. To properly assess and extract these quadrupolar
parameters, further experiments are often required, be it
measurements at different field strengths, nutation profiles (by
acquiring spectra with different pulse lengths), or the use of
quadrupolar-filtering pulse sequences.29 Variable-temperature
experiments are also important to help tease apart the various
interactions�be they diamagnetic, Fermi-contact, or Knight
shift�and to explore the nature of magnetic interactions in
these systems.

Having established the nature of O environments in the
pristine material, the consequences of cycling can be explored
using similar approaches. The width of the observed resonances
and the short nuclear relaxation times make it extremely
challenging to assign spectra to specific O environments, be they
O2− anions or more oxidized oxygen species.

Moving forward, 17O NMR should be a useful tool for
exploring the inherently challenging O redox chemistry, as it
provides a non-destructive method of examining the local
chemical environment around O. From the studies presented in
this Perspective, it is clear that further work is required to fully
understand how paramagnetic O centers (either as holes on O,
delocalized spin states, or (O2)n−-like species) manifest in the
17O NMR spectrum of cathodes at the end of charge.

As new materials are discovered, it may be possible to find
systems containing fewer paramagnetic ions and local environ-
ments, to simplify the analysis. Dynamic nuclear polarization
(DNP) using endogenous radicals may enhance the 17O signals
and select for nearby environments,114 and, again, with a
judicious choice of system with only dilute paramagnetic ions,
low-concentration O defects may become visible. Care must also
be taken that electrolyte reactions do not complicate the
analysis, particularly at high states of charge where proton
insertion is common.

It is also advisable to obtain additional data, for example,
magnetometry to understand the number of and interactions
between unpaired electrons and EPR to probe the local
environment of these unpaired electrons. When combined, a
truly holistic picture of both the charge compensation
mechanism and the structural evolution of a cathode during
cycling may be obtained, and controversial questions regarding
the nature of oxygen’s involvement in the electrochemistry of
this class of materials may be answered.
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