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Li-excess lithium-ion battery cathode materials and the role that reversible anionic redox may play in their high capacities, 
have generated significant interest, motivating studies of the oxygen local structure. Li2RuO3 is an intriguing Li-excess model 
compound, which is studied here by local (7Li and 17O MAS NMR) and long-range (X-ray and neutron diffraction) structural 
probes. Li2RuO3 is  often reported as adopting the C2/m or the C/2c space group, which ignores the important role that Ru–
Ru dimerization plays in controlling its properties.  17O NMR reveals four oxygen sites confirming the room temperature 
P21/m structure proposed by Miura, Y.; Yasui, Y.; Sato, M.; Igawa, N.; Kakurai, K. J. Phys. Soc. Japan 2007, 76, 033705. Through 
the rationalisation of the 17O NMR shifts, at room temperature and through the phase transition (>260°C), detailed infor-
mation concerning the electronic structure and locations of the unpaired electrons in this compound is revealed.

Introduction 

To meet the energy storage needs of the developing electric 
vehicle industry and its requirement for increasingly higher 
capacity batteries, many cathode materials have been stud-
ied. LiCoO2 and its analogues (LiNixMnyCozO2 and 
LiNi0.80Co0.15Al0.05O2, for example) are the current industry 
standards, these materials all adopting the same α-NaFeO2 
structure type, with Li and TM (TM = transition metals) ar-
ranged in layers and octahedrally coordinated by O. Since 
2001, the use of Li-excess cathodes materials, in which 
some of the TM sites are occupied by Li, have been a poten-
tial avenue to push the capacity of the traditional layered 
rocksalts even further1,2. Exchanging TM and Li ought to re-
duce the number of sites available for redox during Li re-
moval, however many Li-excess materials have shown the 
ability to deintercalate more Li than expected if only TM ox-
idation is considered. The hypothesis that O participates re-
versibly in the redox reaction has now been extensively 
studied in these materials, and related model compounds: 
in Li1.2Mn0.54Co0.13Ni0.13O2, Li2Ru0.75Sn0.25O3 and 
Li1.3Mn0.4Nb0.3O2 for example3–5.  The proposed redox pro-
cess in these cases is distinct from the electronic processes 
observed on O as a result of O-TM hybridization, which can-
not increase the capacity beyond the expected TM redox6. 

While the exact mechanism for oxygen redox may depend 
on the type of cathode material in question, two main mech-
anisms are reported. In one case the oxidation of O is accom-
panied by a shortening of the O−O interatomic distances 
leading to stabilization by the formation of peroxo-like spe-
cies.4,7,8 The second, which is proposed to occur in the case 
in which strong, directional hybridization of O–TM prevents 

rotation of the O p orbitals towards one another, is localized 
hole formation on oxygen9–11.  Owing to the difficulty in di-
rectly observing the O redox phenomenon, along with the 
complexity of structures of many Li-excess compounds, 12–

16, model compounds, that simplify the redox processes are 
essential to understanding the functioning of these materi-
als. Li2RuO3, which may be written as Li(Li1/3Ru2/3)O2 to em-
phasize the  layered structure and analogy to LiCoO2, is one 
such model system. However, the anionic redox properties 
of this material cannot be fully rationalized without a full 
understanding of the local crystallographic and electronic 
structures of the starting material.  This is the aim of the 
current study.   

Li2RuO3 has been proposed as a useful and nominally simple 
model compound because of its single, well characterized, 
TM redox couple (Ru4+ → Ru5+) as well as it’s well ordered 
TM layer; Ru4+ is arranged in a honeycomb pattern with Li+ 
in the center of the hexagons (Figure 1)17,18. In addition to 
its study as a battery material, Li2RuO3 is of interest to the 
physics community as a material with unusual magnetic 
properties.   At room temperature, Ru4+ lattice comprises an 
ordered array of dimers, Li2RuO3 forming a valence bond 
crystal (VBC)19,20 (Figure 1b). This dimerization of the low 
spin 4d4 (S = 1) ion leads to the quenching of at least one of 
the unpaired spins on each Ru4+ and a concomitant reduc-
tion in the magnetic susceptibility21,22.  At ~270˚C Li2RuO3 
exhibits a phase transition, evidence from a pair distribu-
tion function (PDF) analysis study showing that although di-
mers remain above the transitions, the dimers are disor-
dered within the lattice and thermal fluctuations drive dy-
namics between different dimer pairs; this is termed a res-
onating valence bond (RVB) state20,21. 



 

 

 

The structure of Li2RuO3 is often described as adopting the 
C2/c unit cell, as was reported in much of the early litera-
ture17,18,23. Owing to the significant influence of the Ru di-
merization upon the magnetism, heat capacity and resistiv-
ity, it’s effect on the structure been more thoroughly ex-
plored by the physics community. Miura et al. used powder 
neutron diffraction to show that the structure adopts space 
group P21/m, in which the dimers form an “armchair” con-
figuration at low temperatures; at high temperature the 
space group is C2/m24. Our own neutron diffraction study 
has reproduced this result, with additional peaks being ob-
served at room temperature that are unexplained by the 
C2/m or the C2/c cell, but consistent are with P21/m cell 
(section S2.1). In this study we investigate the 7Li and 17O 
NMR of Li2RuO3 through its phase transition.  By careful as-
signment and rationalization of the NMR spectra, taking 
into account the dimerization, we provide insights into the 
structure and subtle ordering in this important compound.  
Given the difficulty in acquiring and interpreting the 17O 
NMR spectra of paramagnetic materials 25,26 the current 
work serves as an important first step in applying this meth-
odology to study the electrochemically cycled electrode ma-
terials.   

 

Experimental and Theoretical Methods  

Li2RuO3 was synthesized by solid state methods. Li2CO3 
(Sigma Aldrich 99.997%, 10% excess) and RuO2 (Alfa Aesar 
99.9%, dried at 500 °C overnight) were ground together and 
heated to 600 °C for 12 hrs, then cold-pressed into pellets 
and heated further to 900 °C for 12 hrs and then to 1000 °C 
for 12 h with intermediate grinding. To record the 17O NMR 
spectra, samples were enriched in the I = 5/2 NMR active 
nucleus 17O, by heating the hand-ground precursors materi-
als in a static O2 (70% 17O NUKEM Isotopes) environment at 
~380 kPa at 1000 °C for 24 hrs.   

Powder x-ray diffraction patterns were recorded on a Pan-
alytical Empyrean diffractometer emitting Cu Kα (1.540598 
Å + 1.544426 Å, 1:1 ratio) radiation. Scans were recorded 
from 5-86° 2θ in steps of 0.017° 2θ. Constant-wavelength 
neutron scattering measurements were performed on 
SPODI, the high-resolution neutron diffraction beamline at 
MLZ in Garching, Germany. Li2RuO3 was packed under air 

into a 10 mm diameter cylindrical sample holder made of 
vanadium. Rietveld refinements were performed using 
GSAS-II27. 

NMR experiments were conducted at various fields and 
MAS frequencies. The presented spectra use a rotor syn-
chronised Hahn echo pulse sequence where the echo delay 
is equal to one rotor period. Full NMR acquisition parame-
ters are given in the supplementary section S3.1.  

Density functional theory (DFT) calculations were per-
formed using the augmented planewave plus local orbital 
APW+lo28,29 method in ELK30, a linear full-potential linear-
ized augmented plane wave (FP-LAPW) code. Additional 
computational details are given in supplementary section 
S5.1. 

Results and Discussion  

Li2RuO3 was studied by diffraction, magnetic studies and 
NMR spectroscopy. An effective magnetic moment, μeff, at 
room temperature of 0.41μB (S4.1) was determined, con-
sistent with previous studies confirming that the number of 
unpaired electrons per Ru4+ ion is far fewer than expected 
for a low-spin d4 (S = 1) transition metal18,31,32.  The origin of 
this magnetic behavior is the long-range dimerization of the 
Ru which gives a distorted Ru layer (Figure 1a).  The value 
of μeff is even lower than that expected for a S=1/2 ion using 
the spin only formula consistent with spin-orbit coupling 
and/or partial coupling of both unpaired electrons (see be-
low).  

Room Temperature NMR Spectroscopy: The room tempera-
ture  magic angle spinning (MAS) (60kHz) 7Li spectrum was 
collected and, as observed in previous studies, there are two 
main resonances centered around ~27ppm and 
~47ppm33,34 (Figure 2). These environments can be mod-
elled with three peaks in a 2:1:1 ratio. The P21/m structure 
has three Li sites in the asymmetric unit: Li1 (2e) in the 
Ru-layer and Li2 (2e) and Li3 (4f) sites in the Li-layer (Fig-
ure 1b). We assign the peaks at 25ppm and 31ppm to Li2 
and Li3 based on their similar shifts (they are both Li-layer 
sites) and their integrated intensities, which match what is 
expected from the crystal structure. The 47ppm peak is as-
signed to the structurally distinct Li1 site which lies in the 
Ru-layer. 

As the paramagnetic (Fermi-contact interaction) contribu-
tions to the 6,7Li NMR shift are relatively large, it is reasona-
ble to assume that they are the dominant contributions to 
the total shift.  The overall Fermi-contact interaction can of-
ten be understood using a bond pathway approach where 
the Fermi-contact shift is considered additive: the shift of a 
site being the sum of all the individual nearest neighbor and 
next nearest neighbor contributions. This methodology is 
well established for Li, particularly in the case of octahedral 
Li, where the sign and size of the shift can be predicted by 
consideration of the orbital occupation and the Li-O-M bond 
angle.35,36. Regardless of the effect of the dimerization, for 
Ru4+ with localized electrons the expected shift for a 90˚ Ru–
Li–O pathway is positive whereas for a 180˚ Ru–Li–O path-
way it is expected to be negative36.  Li1 has only 90˚ path-
ways to Ru4+ whereas Li2 and Li3 have both, therefore it is 
reasonable to assign the more positive shift to Li1.  

Figure 1. Schematic representation of (a) the “honey-
comb” Ru layer and (b) the layered structure of Li2RuO3. 
The crystallographic O sites are labelled to show their po-
sition relative to the Ru dimers and the Li sites are shown 
in the position within the layers. 



 

 

 

The observed 6,7Li shifts (and corresponding bond pathway 
contributions) are noticeably lower than those caused by 
the (S=3/2) Mn4+ ions in the structurally related material 
Li2MnO3, which are on the order of 750 and 1500ppm for 
the Li and TM layers respectively.37  This is consistent with 
a reduction in the number of unpaired spins in Ru4+ due to 
dimerization, as discussed in greater detail below, and the 
lower magnetic susceptibility of Li2RuO3: for Li2MnO3 the ef-
fective magnetic moment is close to the spin only value of 
3.85 μB (3.56 μB and 3.43 μB for in plane and out of plane mo-
ments respectively38) much larger than the measured effec-
tive moment for Li2RuO3 of 0.41 μB. 

The 17O NMR spectrum of 17O-enriched Li2RuO3 displays 4 
distinct O shifts at 200, 580, 740 and 1070ppm. The ratio of 
these shifts is approximately 1:2:2:1, which is in line with 
the expectation from the P21/m crystal structure which con-
tains four oxygen sites (Figure 1a). This is in contrast to the 
C2/c structure which contains only 3 O sites with an ex-
pected ratio of 1:1:1. ~4% RuO2 was observed by XRD in the 
enriched sample but was not observed in the NMR spectrum 
of this sample, presumably because of its low concentration.  
The 17O NMR shift of RuO2 is known (917ppm)39 and the 
RuO2 impurity can be observed in samples with a greater 
weight percentage of RuO2 (S1.1). 

In order to assign the 7Li and 17O NMR resonances of 
Li2RuO3 and provide further insight into the electronic 
structure and magnetic properties, first principles calcula-
tions were performed. The DFT optimized P21/m structure 
previously reported by Kimber et al. 21 was first used to cal-
culate the unpaired spin density at the nuclear positions of 
7Li and 17O. In addition to this structure, in which the dimers 
are arranged in an “armchair” configuration, spin densities 
that result from the previously reported21 C2/m (parallel) 

dimer structure and un-dimerized C2/m (uniform) struc-
ture were also calculated for comparison (Figure S5.2). As 
discussed by Kimber et al. calculations with the P21/m 
structure lead to a 0K structure with an unpaired spin den-
sity corresponding to approximately S = ½; the density of 
states plots qualitatively reproduce the MO diagram shown 
in Figure 3c but with close-to-equal occupation of the π* and 
δ* orbitals (see addition discussion in section S5.2), imply 
quasidegeneracy of these orbitals.  

It is necessary to calculate a scaling factor in order to derive 
an ambient temperature Fermi contact shift (the paramag-
netic contribution to the NMR shift), from the calculated un-
paired spin densities of the 0K structure, which correspond 
to a perfect ferromagnetic alignment of all the unpaired 
spins.  In most cases, the ferromagnetic ground state pre-
dicted by DFT has formal spin that is simply determined by 
the oxidation state of the TM ions.  Here, however, due to 
the dimerization this is no longer trivial. As stated above, 
the calculated 0K structure has S=1/2 per Ru4+, whereas the 
experimental effective moment suggests S<1/2.  The exper-
imental effective magnetic moment is used here to scale the 
0K unpaired spin density (equation S3) in order to account 
for this.  The unpaired spin densities, calculated Fermi-con-
tact shifts and experimental shifts are compared in Table 1.  

 In the case of Li, each calculated structure gives unpaired 
spin densities, which qualitatively reproduce the experi-
mental spectrum and the relative sizes of the shifts. I.e. The 
Li1 site in the Li1/3Ru2/3 layer has essentially twice the un-
paired spin density of the Li2 and Li3 sites in the Li layer 
and the multiplicities of these sites give the observed peak 
ratios. The calculated unpaired spin densities are much 
lower for either of the dimerized structures, the fit being 
better for the P21/m vs. C2/m structure (which predicts a 
larger difference between the Li2 and Li3 shifts than seen 
experimentally). However, the Li NMR results do not unam-
biguously prove that the structure is dimerized. 

In contrast, the calculated oxygen shifts can offer more in-
sight. The magnitude of the unpaired spin density at the nu-
clear position of the four O sites (Table 1) in the P21/m 
structure is ρo4≤ρo1≤ρo2≤ρo1, which is in good agreement 
with the observed 17O NMR spectrum, where we observe 
four peaks with the expected 1:2:2:1 intensity ratio.  The 
C2/m structures both only have two O sites and thus only 
two 17O resonances would be expected.  Although the 
Fermi-contact interaction generally dominates the NMR 
shifts of paramagnetic solids, there will also be a contribu-
tion from the chemical shift, which could be significant in 
the case of 17O, particularly in this system where S<1/2: the 
17O resonances of Li2TiO3, which is isostructural to undimer-
ized Li2RuO3, and Li2MnO3, have large 17O chemical shifts of 
372.3 and 409.8 ppm40.  Thus, while the large differences 
between the shifts of the observed Li2RuO3 resonance are 
ascribed to the differences in the Fermi-contact shifts, the 
systematic under prediction of the experimental shifts in 
the DFT calculations is ascribed at least in part to the chem-
ical shift, which on the basis of the Li2TiO3 shifts may con-
tribute as much as 400 ppm to the overall shift.  There is an-
other more subtle point: on initial inspection it may appear 
that the magnitudes of the 17O spin densities of the C2/m 
S=1 non-dimerized structure, which are approximately 

Figure 2. 7Li MAS NMR (a) and 17O MAS NMR spectrum 
(b) of Li2RuO3 at room temperature. Peaks fitted and la-
belled with their shift, assigned site and relative inte-
grated intensity (in brackets). 



 

 

 

 

 

 Unpaired Nuclear Spin Density 1 × 10−3𝜌(0) (1/a03) Calculated Fermi-
contact Shift (ppm) 

Observed 
Shift (ppm)* 

Site  P21/m (armchair) C2/m (parallel) C2/m (uniform) P21/m (armchair) 

Li1  3.14 (2e) 2.18 (2a) 7.23 (2a) 23 47 

Li2  1.48 (4f) 0.93 (4h) 4.32 (4h) 11 25 

Li3  1.71 (2e) 1.47 (2d) 4.54(2d) 13 31 

O1  26.4 (4f) 33.6(8j) 76.9 (8j) 197 580 

O2  47.6 (4f) 49.9 (4i) 70.3 (4i) 355 740 

O3  69.9(2e) - - 521 1070 

O4  9.4 (2e) - - 70 200 

*Observed shift includes contributions from both the Fermi-contact and chemical shifts. 

 

double the P21/m spin densities, might yield shifts closer to 
the experimental shifts. This ignores the scaling factor 
needed to convert the 0K structure to the room tempera-
ture Fermi-contact shift.  If the predicted effective magnetic 
moment that arises from the S = 1 C2/m structure is ac-
counted for, this leads to predicted shifts that are much 
larger than the observed shifts. A similar phenomenon is re-
sponsible for the much larger Fermi contact shifts seen for 
the S = 3/2 Li2MnO3 material.   The previously reported spin 
densities of Li2MnO3 are compared with those of Li2RuO3, 
highlighting the important role that the reduced suscepti-
bility plays in the comparatively small NMR shifts of 
Li2RuO3, in section S5.2. 

Further insight into the causes of the differences in the spin 
densities and Fermi contact shifts of the four resonances 
can be obtained by analyzing the structure and Ru–O/Ru–
Ru bonding in more detail. The unpaired electrons in the 
low-spin d4 Ru4+ ions are found in the t2g symmetry orbitals; 
these valence electrons are normally non-bonding in an oc-
tahedral complex but within the P21/m dimerized structure 
form covalent bonds along the Ru-Ru short distances (Fig-
ure 3a), the strong σ type overlap between the dxy orbitals 
being the main driver for dimerization.  This dimerization is 
calculated by Kimber et al. to cause a bonding-antibonding 
split of >2 eV21. This strong interaction effectively removes 
two unpaired electrons from the Ru–Ru pair leaving six 
electrons to populate the remaining orbitals. By forming ap-
propriate linear combinations of the other t2g orbitals (dxz 
and dyz) π and δ type overlaps are also possible (Figure 3c 
and d). If the energy gap between the π* and δ* orbitals 
were large enough to overcome the electron pairing energy, 
an S = 0 ground state would be formed with filled π, δ and 
π* and empty δ* orbitals. DFT calculations by other authors 
suggest that the π* and δ* orbitals are in fact very close in 
energy so that they can be considered quasidegenerate41. 
This would lead to a ground state with one unpaired elec-

tron per Ru4+ with the unpaired electrons primarily con-
tained in the π* and δ* antibonding orbitals of the Ru–Ru 
bond. The effective magnetic moment for our sample deter-
mined of 0.41μB (S4.1) indicates that the average number 
of unpaired spins may be lower than one with a degree of 
electron pairing in the π* orbital; nonetheless, the unpaired 
spins will still reside in the π* and δ* orbitals. 

In an undistorted octahedron the spin transfer expected 
from a t2g orbital to the M–O–Li pathway is symmetric and 
positive (Figure 3f)36, however due to the dimerization and 
lifting of the degeneracy of the t2g orbitals, the t2g spin trans-
fer pathway, is different for each of the Ru–O bonds and not 
all the t2g orbitals contribute equally to the spin transfer. By 
analogy with bonds formed in C–C molecules, the π* and δ* 
orbitals, which contain the most unpaired electron density, 
comprise lobes which mostly point away from the Ru–Ru 
dimers. The spatial extent of the π* and δ* orbitals is largest 
for the oxygen that are in the plane of and pointing away 
from the Ru–Ru dimer i.e. “outward” pathways (Figure 3h). 
Following the hypothesis that more effective overlap with 
the O 2p orbitals will lead to larger induced shifts, the shift 
caused by each pathway should increase in magnitude from 
smallest to largest: inward, axial, outward (Figure 3).  

 

Table 2. Number of each type of O-Ru bond pathways for 
each O site. 

Site Wyckoff 
Symbol 

Number of d–p π-Type Overlaps 

Outwards Axial Inwards Inac-
tive 

O1 4f 0 0 2 2 

O2 4f 1 2 0 1 

O3 2e 2 0 0 2 

O4 2e 0 4 0 0 

 

Table 1. Unpaired spin density at the 7Li and 17O nuclear positions from  DFT calculations for the various proposed 
Li2Ru2O3 structures.  The calculated room temperature shift for the P21/m structure (obtained assuming the ex-
perimentally determined magnetic susceptibilities) is compared with the experimental NMR shift values.    

  

 



 

 

 

 

 

Each oxygen site has two Ru neighbors and for each Ru 
neighbor each oxygen has two p orbitals of the correct sym-
metry to form p–d π pathways. As the dxy orbital forms the 
σ bond of the dimer it does not contribute to the hyperfine 
shift.  By examining the connectivity of the four sites (Table 
2) and considering their relative intensities it is possible to 
rationalize the magnitude of each of the observed shifts. O3 
is a 2e Wyckoff site with the most outwards pathways (Ta-
ble 2) and so is assigned to the peak at 1070ppm. O2 has the 
next most outwards pathways and is a 4f site, consistent 
with the greater intensity of the 740ppm peak. The second 
4f site (O1) is assigned to the 580ppm peak and finally O4 is 
assigned to the 200ppm peak. These assignments are con-
sistent with the DFT calculations. 

Variable Temperature NMR Studies: The phase transition in 
Li2RuO3 can be probed using variable temperature NMR. In 
the case of both the 7Li and 17O NMR spectra, the peaks move 
to higher shifts on increasing the temperature; this is con-
trary to what is normally observed for Fermi-contact shifts 
of paramagnetic systems in the Curie-Weiss regime, where 
a decrease in shift with temperature is generally seen. In the 
initial stage of heating, this can be ascribed to the increase 
in the number of unpaired spins before the phase transition 
due to thermal fluctuations and the increased occupations 
of higher energy δ* states; in the magnetometry data the 
susceptibility rises slightly above 300K (S4.1). Above the 
phase transition the sharp rise in the susceptibility is ac-
companied by a sharp increase in the size of the observed 
shifts as expected22. 

In the case of 7Li, the signal is lost as the critical temperature 
(of the phase transition) is reached. This is attributed to 
fluctuations, either electronic or magnetic, on the NMR 

timescale that occur at the onset of the phase transition and 
which cause very rapid spin-spin (T2) and/or spin-lattice 
(T1) relaxation such that coherence is lost during the echo 
delay. A similar loss of 7Li signal has been observed in par-
tially delithiated LiCoO2 and low TM content NMCs before 
they undergo their metal-insulator transitions.42,43 Here the 
loss of signal was proposed to be due to localised and iso-
lated Co4+ ions that cause very fast relaxation of the Li nu-
clear spins via a very efficient hyperfine transfer from the 
t2g 3d electrons, which point directly at the Li 2s orbitals, to 
the Li.  A similar mechanism may be responsible for the loss 
of signal in Li2RuO3.  As the critical temperature is ap-
proached and the dimers increasingly break up, more local-
ised and unpaired 4d t2g electrons are formed.   Rapid nu-
clear relaxation is caused by slow electronic relaxation 
times (T1es) of these unpaired electrons on the timescale of 
the electron-nuclear coupling.  As the temperature in-
creases, the fluctuations increase, the T1es decrease, (the 
system becomes increasingly paramagnetic) and the nu-
clear relaxation times increase and Li signal is again ob-
served. Unfortunately, due to hardware constraints, the 
MAS frequency attainable at very high temperatures is quite 
low, which hinders unambiguous assignment of the iso-
tropic resonances. On the basis of the high temperature 
structure reported by Miura et al.24 which has three Li sites 
which are broadly similar to the room temperature struc-
ture, our tentative assignment is that two similar reso-
nances occur at ~135ppm (Li in the Li layer) and a second 
broader resonance is present from 300-500ppm (Li in the 
TM layer). Details of these assignments are in supplemen-
tary section S3.2.   

Figure 3. (a) Cartoon showing the energy levels expected for a Ru–Ru dimer. (b) The strong σ-type overlap between the dxy 
orbitals. (c) The π bonding overlap that is possible by the in-phase overlap of the π symmetry combination of the dxz and dyz 

orbitals. (d) The δ type that is possible by the in-phase overlap of the δ symmetry combination of the dxz and dyz orbitals; out of 
phase combinations give rise to the σ*, π* and δ* molecular orbitals. (e) Visualisation of the π* orbital showing the distortion of 
the paramagnetic electron’s wavefunctions; the δ* orbital is not shown but would have qualitatively identical shape. (f) Sche-
matic of spin transfer from a partially occupied t2g d orbital to the O 2p orbital: The M and O orbitals are of the correct symmetry 
to form a spin orbital and hence the polarisation of the t2g electron is transfer to the whole M–O pathway giving a positive shift. 
(g), (h) and (i) show the effect of the distortion on the spin transfer pathways for each of the possible Ru–O bonds. 



 

 

Although broadening of the 17O resonances is seen at the 
phase transition and above, they never vanish completely 
and the spectra were more easily acquired and the shifts 
tracked through the phase transition (Figure 5).  Using var-
iable offset cumulative spectra (VOCS) collected with an au-
tomatic tuning/matching robot44, the full bandwidth of the 
spectrum of the more strongly paramagnetic oxygen can be 
captured. At 220°C, before the onset of the phase transition 
there are two isotropic 17O resonances at ~1180ppm and 
~820ppm. These evolve steadily to 1500ppm and 1100ppm 
respectively, at 260°C. These intermediate temperature 
spectra are more typical of paramagnetic O and the broad-
ening points to a loss in the distinct identities of the O sites 
as the phase transition approaches along with broadening 
due to increased T1es of the Ru 4d electrons. Above the 
phase transition, the resonances shift further to ~2300ppm 
and ~2150ppm and broad manifold of well resolved spin-
ning sidebands are observed. Although the calculated un-di-
merized ‘uniform’ structure is not a good representation of 
the true high temperature structure, which is an intrinsi-
cally dynamic system in which short Ru–Ru distances per-
sist, it can give some insight into the assignment of the high 
temperature NMR. Without calculating the shifts, qualita-
tive comparison of the unpaired spin densities suggest that 
the peaks can be assigned to the two oxygen sites with 
Wyckoff positions 8j (~2300ppm) and 4i (~2150ppm) in 
the high temperature C/2m structure. This is in agreement 
with the relative magnitudes of the shifts for 8j and 4i sites 
in Li2MnO3.25 Additional discussion of this assignment can 
be found in supplementary section S3.3. The presence of 
only two resonances suggests that the average local struc-
ture experienced by the O is consistent with the C/2m struc-
ture and that the dimerisation above the transition is dy-
namically averaged on the NMR time scale. 

 

That more significant broadening seen for 7Li rather than 17O is 
tentatively ascribed to the orientation of the t2g orbitals which 
point directly towards Li but not towards O, allowing a direct 
overlap with the Li 2s orbitals.  It also likely that the 17O relax-
ation (and thus broadening) depends more sensitively on 
which orbitals are involved (since the Li ions are coordinated 
to multiple oxygen atoms). Interestingly the 740ppm peak (O2) 
has the shortest spin-lattice relaxation (T1) (10ms vs ~200ms 
for the other sites) at room temperature and has a steeper rise 
in shift with temperature. The reason for this may lie in the na-
ture of the thermal fluctuations that lead to the phase transi-
tion. Each O site has only one Ru(t2g)–O(2p)–Ru(t2g) connection 
which plays a role in the magnetic interactions between the 
Ru4+ ions, O2 joins the strongly bonded and spin paired σ or-
bital of one Ru4+ to partially spin unpaired π* and δ* orbitals on 
a second Ru4+, whereas the other O sites link orbitals with the 
same occupation (i.e. σ↔σ and π*/δ*↔π*/δ*). This unique con-
nectivity may cause O2 to be more sensitive to an increase in 
the number of unpaired spins and changes in their electronic 
relaxation times, induced by the thermal excitations.  

Implications for battery chemistry: We now briefly consider 
the effect of the dimerization in Li2RuO3 on its electrochem-
ical performance in a lithium-ion battery.  Ignoring any ef-
fect of Li removal on the structure and considering only the 
Ru4+→Ru5+ oxidation that accompanies the first plateau ob-
served electrochemically (~3.6V vs. Li)4, it might be ex-
pected that oxidation might result in stronger Ru–Ru bonds, 
since electrons are removed from the antibonding π*/δ* or-
bitals. This is consistent with prior work of other authors 
that has shown that, at least in the case of chemical delithi-
ation, the Ru–Ru dimerization is preserved and the mag-
netic susceptibility is reduced, upon removal of 0.73Li per 

Figure 4. High temperature 7Li NMR spectra of Li2RuO3. 
Isotropic resonances are indicated; the additional peaks 
are spinning sidebands. The hashed area indicates the re-
gion in which the second peak in the high temperature 
spectra is expected but for which no sharp resonance is ob-
served. 

Figure 5. High temperature MAS NMR 17O spectra of 
Li2RuO3. Isotropic resonances and their evolution with 
temperature are labelled with dashed lines. Other peaks 
are spinning sidebands. Single offset spectra are recorded 
with a quantitative recycle delay (75ms). The T1 is reduced 
as the temperature rises so the variable offset spectra were 
recorded using a shorter but still quantitative recycled de-
lay (5ms).  



 

formula unit 45.  One proposed mechanism for anionic redox 
in the 4/5d transition metal cathodes relies on a rearrange-
ment of the oxygen sublattice at high potentials, leading to 
stabilization of O23-/2- in peroxo-like dimers4,8,9.  If the struc-
ture contains Ru–Ru dimers, this affects the Ru–O bonding 
(as discussed above) and the Ru–O bond lengths.  This will 
affect both the potential reordering of the oxygen sub-lat-
tice, and also the ionic character of the oxygen anions; the 
latter is significant as, in the second mechanism proposed 
to explain oxygen redox,6,10 the more ionic anions are the 
ones which are proposed to be oxidized at lower potentials.  
The full effect of the dimerization on the electrochemistry 
of Li2RuO3 will be the subject of a future work. 

Conclusions 

In summary, the nature of the local structure and phase 
transition in Li2RuO3 have been determined from 7Li and 17O 
NMR supported by density functional theory, bonding anal-
ysis, and neutron diffraction. These data confirm that the 
room temperature structure contains four distinct O sites; 
this is in good agreement with the previously reported but 
often overlooked P21/m structure and our DFT computed 
shifts. The size of the O hyperfine shifts can be rationalized 
when the Ru dimerization is accounted for: simple bond 
pathway analyses, typically used to analyze the spectra of 
paramagnetic materials, are not sufficient36; instead the ef-
fect of metal-metal bonding on the Ru–O overlap needs to 
be considered.  Careful analysis of both the spin densities 
and magnetic susceptibilities is required in order to make 
accurate predictions of hyperfine shifts.  The much larger 
hyperfine shifts observed above the transition temperature 
for both nuclei show that the unpaired electron density ex-
pected on Ru4+ is largely quenched in the room temperature 
structure.  Of note, by comparing the experimental and DFT-
derived results we show that although the unpaired spin 
densities seen for Li2RuO3—even in the dimerized state—
are larger than those of the related material Li2MnO3, de-
spite the fewer numbers of unpaired spins, the susceptibil-
ity of Li2MnO3 results in a noticeably larger hyperfine shifts 
at room temperature.   

It is common practice to use shifts derived from model com-
pounds such as Li2RuO3 to help rationalize spectra of other 
compounds of interest for example Sn doped and delithi-
ated Li2RuO3.  Here we demonstrated that the room temper-
ature structure of pristine Li2RuO3 may not always be the 
most appropriate model compound with which to help ra-
tionalize the NMR spectra of Ru4+ substituted materials: a 
more careful analysis of how substitution affects long range 
ordering is required.  The high temperature phase may pro-
vide a more appropriate model for this type of analysis and 
we hope that the shifts observed here will prove useful in 
interpreting spectra from other systems and samples rele-
vant to understanding the electrochemical functioning of 
these materials. The extension of the highly versatile bond 
pathway approach to rationalize the NMR shifts of 17O is a 
significant step towards using this challenging nucleus ef-
fectively to understand delithiated Li-ion battery cathodes, 
which is a development that is highly anticipated by the bat-
tery community.  Our results highlight that TM-TM interac-
tions should not be ignored in the case of 4d and 5d TM con-
taining compounds, particularly in the case of anionic redox 

cathode materials, as their effects on the oxygen lattice are 
non-trivial. 
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