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Oxygen Redox Activity in Battery Cathodes and the Role of

Underbonded Oxygen

Yangyang Zhao,” Laurence Middlemiss,” Xuan Zhi,” Peter Gross,” and Anthony R West®

Dedicated to Martin Jansen on the occasion of his 80" birthday.

It is widely recognised that oxygen redox makes a significant
contribution to the high capacity of some cathode materials in
addition to the more usual transition metal redox. We attribute
this to the presence of underbonded oxide ions, either in bulk
structures or at surfaces, which act as the initial source of
oxygen redox during charging. Underbonded oxide ions
experience departures from local electroneutrality; examples
include Li,Mn;O;,, spinel and Li-rich layered rock salt structures
but not stoichiometric LiCoO, or Li,MnO;. Underbonded oxide
ions ionise more readily than fully-stabilised lattice oxide ions
since, using an ionic bonding description, they are associated
with a deficiency of positive charge in the coordination sphere
of surrounding cations. Pauling’s electrostatic bond strength

Introduction

Since the first report of reversible oxygen redox in lithium ion
battery cathode materials,”’ oxygen redox activity has been,
with a few notable exceptions,” widely recognised as contribu-
ting to the performance of certain high capacity lithium and
sodium battery cathodes.” It has not been possible to predict
and rationalise which materials could show oxygen redox, in
particular during the initial charge process. For example, within
the large family of rock salt-related structures, LiCoO,” does
not show reversible oxygen redox under usual charge-discharge
conditions, whereas some of the newer cathode materials, such
as Li-rich layered rock salt oxides,”! numerous nonstoichiometric
layered rock salt Na oxides® and some disordered rock salt
oxides,”’ do have both redox-active oxygen and the usual,
redox-active transition metals.

Oxygen redox based on the O*” ion may occur in two main
stages.®'? The first stage involves loss of one electron leaving
behind a hole that is either localised as a small polaron on one
specific oxygen,®'” or delocalised over several" lattice oxygen
atoms. The second stage involves loss of another electron; the
association of two doubly ionised oxygen atoms then leads to

[al Y. Zhao, L. Middlemiss, X. Zhi, P. Gross, A. R West
Department of Materials Science & Engineering, University of
Sheffield, Mappin Street, Sheffield S1 3JD, UK

O © 2024 The Author(s). Zeitschrift fiir anorganische und allgemeine
Chemie published by Wiley-VCH GmbH. This is an open access
article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

criterion gives a simple guide to structures or compositions that
may show departures from local electroneutrality and provides
the starting point for a new way to consider oxygen redox.
Li,Mn;0,, behaves as an anode due to Mn redox below 3 V but
also behaves as a cathode due to reversible oxygen redox
above ~3.8V. In the high symmetry cubic structure of
Li,Mn,0O,,, depending on the local distribution of cations over
the occupied tetrahedral and octahedral sites, some oxygens
are inevitably underbonded whereas others must be over-
bonded, although none show local electroneutrality expected
from the average crystal structure. Underbonded oxygens are
also identified in other structures, including high capacity Li-
rich layered rock salt structures.

the generation of molecular 0,"” In some cases, there is
evidence that these molecules may be trapped in voids within
the cathode lattice,”'” but usually it is irreversibly lost, either
directly as O, gas,”™ or as singlet oxygen atoms that oxidise
solvent molecules of the electrolyte."® While the two stages can
occur at different potentials and therefore sequentially in some
materials, like Li;,oMngs,C0413Nig 130, resulting in the first
stage of anionic redox occurring homogeneously over the bulk
of the oxide sublattice and loss of the second electron and
generation of O, attributed to reaction of surface oxide ions,"”
in many cases both oxygen redox stages occur simultaneously,
for example when 0, gas is evolved directly from O ions in
crystal lattices as a result of either reduction or equilibration
with the atmosphere at high temperature."” In order to utilise
oxygen redox in reversible batteries, it is essential that only the
first stage occurs; as yet, this is often not achieved in isolation
and consequently, material performances degrade due to
oxygen loss on cycling.

There is much discussion in the literature concerning the
mechanism(s) of oxygen redox. The nature of the intermediate
species between 0*~ and O, may simply be O ions, catenated
species such as O,” or more generally, O,"". Evidence for the
different species is usually circumstantial, especially in cathode
materials that are in a state of partial charge or discharge,
although modelling studies on the intrinsic delithiation mecha-
nism in Li,MnO; involves oxidation at the oxygen site leading to
the formation of bound oxygen hole polarons,”” i.e. localised
O~ ions. We do not enter further into that discussion here and
refer to the intermediate species generally as O~ ions.

In all the discussions and speculation about anion redox,
one factor that appears to have been overlooked is whether the
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cationic environment around oxygen meets the (ideal) require-
ments for local electroneutrality - somewhat surprisingly, given
that bond-length/bond-strength arguments were employed to
explain ionic diffusion in the very same materials."® Certainly,
the nature of the cation environment around oxygen features
in discussions on possible oxygen redox and the location of
holes." For example, in lithium-rich layered rock salt structures
in which oxygen atoms are surrounded octahedrally by six
cations, Figure 1, those that have linear Li—-O—Li configurations
are suggested to be linked to oxygen redox through the
separation of hybridised oxygen 2p and transition metal 3d
states.”) In Na-deficient, Mn-based layered structures, two
configurations of oxygen atoms have been identified, one
containing OMn; units that do not contribute oxygen redox
and one containing OMn, units that do contribute, by involving
labile electrons in non-bonded O2p states just below the Fermi
Ievel.“”‘”

Our contention is that the key parameter that controls the
onset of oxygen redox activity, at least during the first cycle of
cathode charging, is the reduced amount of effective positive
charge that surrounds some oxygen atoms in the crystal
structure. If this is significantly less than 2+, the oxide anions
are underbonded and liable to oxidise; indeed, if underbonding
is extreme, ionisation does not require an applied voltage and
may be spontaneous."? This is because, as discussed later, the
isolated O™ ion is unstable in the gas phase; it is stabilised in
the solid state only by the ionic lattice energies or covalent
bond energies of the crystal structures.

Simple considerations of local electroneutrality, embodied
in Pauling’s original electrostatic bond strength ideas, highlight
those structures and/or compositions in which some oxide ions
may be underbonded. This leads to a generally-applicable and
powerful criterion for rationalising oxygen redox and has the
possibility to predict new redox-active materials. We illustrate
the arguments involved with three sets of materials: (i) well-
studied layered rock salt structures, both stoichiometric which
are not oxygen redox-active and (ii) Li-rich® which are oxygen
redox-active; (iii) Li,Mn;O,,, which is usually not considered as a
possible cathode material, as it contains only Mn(lV), and was
therefore believed to offer no charge compensation mechanism

(@)
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to facilitate delithiation during charging. However, anodic
behaviour involving the Mn(IV)/Mn(lll) redox couple is well
established,”” and is combined with its recently described
oxygen redox behaviour in hybrid cation-oxygen-redox.”** In
reality, it can be difficult to identify whether transition metal
cations or oxide ions are redox active under a certain set of
conditions; often, both may be redox active simultaneously. For
this reason, Li,Mn;0,, is important as a test case, as discussed
later.

Local Electroneutrality Considerations

Pauling’s original local electroneutrality criterion for ionic
structures considers the effective total cationic charge that
surrounds a given oxygen atom in terms of the electrostatic
bond strength, ebs, of each cation, given by its ratio: charge/
coordination number CN. The requirement for local electro-
neutrality is given by:

Zebs = Z cation charge/cation CN = +2

For high symmetry crystal structures such as those consid-
ered here, Pauling’s criterion gives a good description of local
structures and electroneutrality. For more complex, low symme-
try structures that have variable cation-oxygen bond lengths,
consideration of Brown’s bond valence sum, bvs, criterion®®”
may be more appropriate since this allows quantification of
bond strength-bond length correlations. However, it then
becomes more difficult to determine whether more complex
structures do show residual departure from local electroneu-
trality or whether this is taken care of by application of the bvs
model. Similarly, the oxygen bonding situation in highly
covalent 4d and 5d metal oxides is probably beyond the scope
of Pauling’s description of ionic structures.

In the layered rock salt structures of stoichiometric LiCoO,
and Li,MnO; (=Li[Li,sMn,;0,]), the oxygen coordination envi-
ronments are octahedral (OCos,lLi;) and (OMn,Li,), respectively,
Figure 1(a,b). Since each cation is octahedrally coordinated by
oxygen, as CoO, MnOg and LiOg octahedra, the sum of the

(b) (©)

Figure 1. (a) octahedral OCosLis, (b) octahedral OMn,Li,, (c) tetrahedral OA™B3™.
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electrostatic bond strengths around each oxygen atom, Xebs, is
+2 for these stoichiometric structures and local electroneu-
trality holds. LiCoO, is redox-active by means of the Co®/**
couple but stoichiometric Li,MnO; containing Mn*" is essen-
tially inactive.””’ Although layered Li,MnO, has been reported
to undergo a phase transition into a disordered rock salt phase
during high energy ball milling,”? which would allow different
(OMng_,Li,) octahedra and consequently a variety of under- and
overbonded oxygen atoms to be present, subsequent studies
have highlighted the domain structure of some disordered rock
salt compounds, which feature nano-domains that show a
layered rock salt pattern and therefore, most octahedra are
(0,Mn,Li,).”" However, the high surface area of nanomaterials
such as these in which oxygen atoms do not have a full
complement of surrounding cations, may be a source of
underbonded oxygen atoms. Some underbonded oxygen
atoms may also be present as the result of stacking faults,
which are difficult to resolve by diffraction methods on nano-
sized materials, but their abundance in Li,MnO; is well
documented by both transmission electron microscopy and
electron diffraction,”® and a link between their presence and
enhanced oxygen redox behaviour is well established.”**”
Computational studies yielded similar energies for different
stacking sequences, explaining the abundance of stacking faults
in Li,Mn0;.B"

Oxygen atoms in the spinel structure of Li,Mn;O,, occupy
tetrahedral sites with 4 cation neighbours, Figure 1(c); one of
these neighbours is tetrahedrally coordinated to oxygen, the
other three are octahedrally coordinated. The expanded
structural formula may be written as Li;*(Li,Mn;)°“0,,, consis-
tent with the reported structure showing tetrahedral sites
occupied by Li and octahedral sites occupied by a disordered
mixture of Li and Mn.”? It is not possible for any combination
of Li" and Mn** ions distributed over three octahedral sites and
Li* on one tetrahedral site to achieve local electroneutrality in
this undistorted crystal structure; YXebs values for the different
possibilities which are either underbonded or overbonded are
Li*Mn,°% 42.25, Li* (Mn,2Li*%): +1.75, Lt (Mn°Li,>Y): +1.25
and Li*'Li;>% +0.75. The only electroneutral possibility would
have Mn on the tetrahedral sites with Mn*(Mn°“Li,*")O,: -+ 2.00.

Pauling’s criterion is a very useful starting point for
considering ionic crystal structures and possible departures
from local electroneutrality. It has stood the test of time over
many decades and has been a guiding principle for the
description of ionic crystal structures.®® Nevertheless, crystal
structures such as Li,Mn;O,, do exist in which possible
departures from local electroneutrality must be taken into
consideration. One way in which local electroneutrality could
possibly be restored is if structural distortions leading to a
range of cation-oxygen distances occur, and the structures
could be tested using Brown'’s bvs criteria. However, there is no
structural evidence of a lower symmetry structure or of local
structural distortions in the high symmetry structure of cubic
Li,Mn;0,,. This is also supported by excellent agreement
between calculated and measured Kubo-Toyabe static muon
depolarization rates, A, which implies no significant deviation
of local bond lengths from those measured by diffraction.®
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A second way in which local electroneutrality could possibly
be restored involves back transfer of electron density from
oxygen to high valence cations, such as observed in the charge
transfer spectra under visible or UV radiation of permanganate
species such as MnO,". The occurrence of charge back transfer
implies significant covalent bond formation between oxygen
and the transition metal element which would reduce the
underbonding on oxygen. However, this would also reduce the
driving force for oxygen redox activity in the oxyanion species,
consistent with the lack of examples of oxygen redox associated
with oxyanions such as PO,*” in LiFePO,

Li,Mn;0,, is not a particularly stable material and may be
regarded as being on the edge of thermodynamic stability. It is
believed to decompose above~ 400°C to give a mixture of a
different spinel, LiMn,O,, and Li,MnO,.®? Departure of the
crystal structure from local electroneutrality may be associated
with this limited thermodynamic stability and the emerging
phenomenon of oxygen redox activity may be a direct
consequence of this limited stability.

Similar arguments to the above may be applied to the well-
studied, high capacity Li-rich layered rock salt structure oxides.
These have formulae such as Li;,,(Mn,Ni,Co),_,O, and many
show a high level of oxygen redox activity in addition to that of
the transition metal components.”**>" Assuming that their
structures are similar to that of LiCoO,, the metal octahedra
surrounding oxygen are undistorted (OLi;_,TM,_,). If x=0, local
electroneutrality holds, Figure 1(a). If x>0, the average TM
charge will be >3+ and many of the octahedra cannot show
local electroneutrality. For instance, in the octahedra (OLi, TM**
TM*™), Sebs= +1.83 and (OLi,TM,*"), Sebs= +1.67, whereas
for (OLi;TM,>"TM,*"), Yebs= +2.167 and (OLi;,TM;**TM,*"),
Yebs= +2.33. One octahedron does retain local electroneu-
trality, (OLi,TM,*"), Yebs= +2 but this can represent only a
small number of the octahedra.

Another established class of cathode materials that shows
reversible oxygen redox is cation-deficient, layered Na,;[Mg;,
sMn,,510,-type materials,*® in which cation vacancies in the Na
layer will, applying the same principle as outlined above, allow
for an even wider distribution of local deviations from electro-
neutrality. The logical conclusion, therefore, is that the non-
stoichiometry and local structure of high symmetry layered rock
salt materials leads inevitably to a large number of oxygen
atoms that may be underbonded. Several studies have shown
that high capacity lithium-rich layered rock salt structure
materials undergo three processes on first charge. First is
oxidation of the transition metals to the 4+ state. Second is
characterised by a 4.5V plateau attributed to first step
oxidation of oxygen O®~ and presumably formation of the O~
state, without oxygen release. Third, at even higher voltages,
the second oxygen oxidation step leads to the release of O,
gas. Remarkably, the main cation in these materials is Mn** but
it takes little part in the redox reactions which instead involve a
combination of oxygen and the other transition elements.

The literature contains numerous reports on the synthesis,
structure and properties of Li,Mn;0,,*” and especially,
Li,Mn0,.” We report here confirmatory studies on Li,MnO; and
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additional structural, thermodynamic and magnetic character-
isation measurements on Li,Mn;0,,.

Experimental

Li,MnO; with layered rock salt structure was made by solid-state
synthesis. Li,CO; (Sigma Aldrich, 99%) and MnO (Sigma Aldrich,
99%) were weighed in stoichiometric amounts to give a 5 g sample
and hand ground with pestle and mortar facilitated by addition of
a few drops of acetone. The reaction mixtures were filled in
corundum crucibles, transferred to a muffle furnace and heated to
400°C at a rate of 5°C/min, kept at temperature for 12 h for
calcination and allowed to cool naturally. The resulting powders
were reground with a pestle and mortar, filled in corundum
crucibles, transferred to a muffle furnace and heated to 800°C at a
rate of 5°C/min, kept at temperature for 36 h for reaction to
complete and then allowed to cool naturally.

Li,MnO; with disordered rock salt structure and Li,Mn;O,, were
both prepared by mechanosynthesis. Li,O (Sigma Aldrich, 95%) and
MnO, (Sigma Aldrich, 99%) were weighed in the respective
stoichiometric ratios to give a total sample mass of 3 g and filled in
20 ml zirconia ball milling jars containing 10 zirconia balls of 10 mm
diameter. The mechanosynthesis was performed in a Fritsch P7
planetary ball mill for 16 cycles of milling at 750 rpm for 1 h each,
followed by a rest period of 5 min between cycles.

X-ray diffraction was performed on a STOE STADI P diffractometer
(Darmstadt, Germany) operated in transmission mode with a
MYTHEN strip detector and a Ge monochromator. The diffractom-
eter was operated at 45 kV and 45 mA using Mo Ka,, radiation, 1=
0.7090 A. The scan range was 20 =4-60° with a step size of 1.5°
and count time of 70 s. Samples were prepared by hand grinding
the powder by pestle and mortar and finely distributing it between
two discs of acetate film mounted on a specimen holder.

Powder neutron diffraction patterns were collected in Banks 1-5 of
the Polaris instrument™®” at the ISIS pulsed neutron and muon
source at the Rutherford Appleton Laboratory, UK. Around 3 g of
finely ground Li,Mn;O,, powder was loaded into a cylindrical
vanadium can (diameter: 11 mm). The data were collected at room
temperature over a time-of-flight region 0.25-23 ms.

Rietveld refinements of combined X-ray data and neutron data
were performed using GSAS-IL.”? The instrument parameter file of
STOE was obtained by careful refinement of the XRD pattern of
LaB, standard collected before the measurement of the samples;
instrument parameter file of Polaris was offered by ISIS.

The DC magnetic susceptibility was measured as a function of
temperature on a Quantum Design MPMS 3 magnetometer. Finely
ground, polycrystalline samples (about 20 mg) were mounted in a
gelatine capsule. After cooling from room temperature to 4K
without applied magnetic field, a field H=1000 G was applied and
the zero field cooled (ZFC) DC magnetisation measured as a
function of temperature during heating to room temperature.
Subsequently, the sample was cooled back to 4 K while applying a
magnetic field H=1000 G, and the field cooled (FC) DC magnet-
isation measured as a function of temperature during heating to
room temperature.

Thermogravimetric analysis was performed using a SETSYS instru-
ment (Setaram, France). Around 50 mg of sample was used for each
measurement, while the atmosphere needed was set to flow at
40 ml/min. Samples were stored prior to use either in a desiccator
or a glove box, then heated/cooled at 5K/min during the
procedure.
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For electrochemical testing, each Li-Mn—O composition was mixed
separately with polyvinylidene fluoride (PVDF) binder (Solvay) and
C65 carbon black conductive additive (Imerys) in an 8:1:1 ratio.
Uniform slurries were formed with N-methyl-2-pyrrolidone (NMP)
(Sigma Aldrich) using a THINKY ARE-250 non-contact planetary
mixer. Each slurry was drawn down onto carbon-coated Al foil
(MTI), dried and stored in an 80°C vacuum oven. Once dry, 12 mm
diameter electrodes were punched from the foil and used for cell
preparation. Electrochemical experiments were performed using
CES 2032-type coin cells with a Whatman glass fibre separator and
16 mm lithium chip (CES) as the counter electrode. The electrolyte
was 1 M LiPF4 in a 3:7 solution of ethylene carbonate (EC) and ethyl
methyl carbonate (EMC) (Solvionic). The cells were assembled in an
argon-filled glove box (MBraun) with oxygen and water contents
less than 0.1 ppm. Electrochemical cycling was performed using a
Maccor Series 4000 Automated Test System. All cells were held at a
constant temperature of 25+40.5°C. Each cell was left for 8 h at
25°C prior to cycling to allow time to equilibrate. The cells were
charged and discharged at 15 mAg™', in a voltage window of 2-
4.7 V. At 4.7V, a 30 minute constant voltage step was used to
complete the charging process.

Results and Discussion
Electrochemical Properties

We illustrate the effect of underbonded oxygen atoms on
electrochemical properties by the contrasting behaviour as
cathode materials of two standard lithium manganese oxides,
Li,MnO; and Li;Mn;0,,, and in particular by the confirmation
that Li,Mn;O,, is, unexpectedly, a reversible high capacity
cathode.??*1 Their crystal structures are very similar -
layered rock salt and spinel, respectively - and are both based
on cubic close packed oxide ions but with cations distributed
rather differently over the available tetrahedral and octahedral
sites. Because both structures contain Mn*" cations, neither
would be expected to show much redox activity as cathodes.
This is indeed the case for well-ordered, monoclinic
Li,MnO,."*" When prepared by high temperature solid state
reaction, Figure 2, it shows only a small charge-discharge
capacity, Figure 3(a), on repeated cycling, as expected. Similarly,
when prepared by mechanosynthesis as a cubic disordered rock
salt structure, Figure 2, its reversible charge-discharge capacity
is small, Figure 3(b) and further illustrates that stoichiometric
Li,MnO; offers little possibility as a cathode. In agreement with
the literature, layered Li,MnO; shows an initial irreversible first
charge capacity larger than that of disordered Li,Mn0,.%? and is
attributed to oxygen loss and surface rearrangement to from a
MnO,-shell around a Li,MnO, core.”® Mechanosynthesised
disordered Li,MnO; is believed to show surface densification by
disproportionation reaction to Li, ,MnO; and Li,O, with the
latter regarded as the actual redox active component.””

There are reports of high redox activity of nano-Li,MnO,
prepared by high energy ball milling,”*?*" but also evidence
that in some cases, the products are oxygen-deficient, such as
Li,MnO, 5> leading to redox-active Mn®** ions. In our
materials, there is no evidence that nano-Li,MnO; made by
either mechanosynthesis, or by ball milling ordered Li,MnO;
initially made by solid-state synthesis, is oxygen-deficient. The
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Figure 2. XRD patterns of Li,MnO; and Li,Mn;0,, synthesised via
different routes.

reversible capacities of Li,MnO; made by either mechanosyn-
thesis or high temperature solid state reaction followed by ball
milling are small, Figure 3(a,b), which is an indication that the
materials are oxygen stoichiometric and do not contain
significant amounts of Mn*" ions. The small residual capacity
that is observed could be variously associated with a small
oxygen deficiency and the presence of Mn*" ions, or under-
bonded oxygen atoms in either the surface structure, at nano-
domain interfaces®” or stacking faults.””

Li;,Mn;0,, was prepared by mechanosynthesis at room
temperature as nano-sized particles, Figure 2. The spinel
structure and composition was confirmed by Rietveld refine-
ment of combined powder X-ray and neutron diffraction data,
Table 1 and Figure 4. The Li:Mn cation ratio was close to the
expected (Table 1b), and was hence fixed to allow for a stable
and reliable refinement of isotropic atomic displacement
parameters, Uiso; full occupancy of the oxygen sites was
confirmed, Table 1(a). This is important as it confirms, indirectly,
that Mn was present solely as Mn**. Because of its formula,

25 30 35 40 45 50 55 60
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Li;Mn,O,, does not fall simply into the ‘normal/inverse’ spinel
categories. The tendency is for it to adopt a ‘normal’ structure
with Li in tetrahedral sites and Mn in octahedral sites, but the
excess Li that is present beyond the usual spinel stoichiometry
is disordered with Mn over the octahedral sites.

The results of our DC magnetometry study, Figure 5,
corroborate these findings. The material shows Curie-Weiss
behaviour at high temperatures (150-300 K), and the ZFC
inverse molar magnetic susceptibility .., ' was well described
by the Curie-Weiss law with a Curie-Weiss temperature 6qy,=
—58.4(3) K and a Curie constant C=1.934(3) emumol™'K™". The
latter corresponds to an experimentally determined effective
magnetic moment of pi’ =3.93 ug, which agrees very well
with the value obtained for a 3d® spin-only model, u& =3.88
g, thereby implying that the vast majority of manganese
species are Mn**,

Li,Mn;0,, is not a stable high temperature material but is
reported to decompose above about 400 °C to give a mixture of
the spinel LiMn,0, and Li,MnO,®¥ This lack of thermal stability
is confirmed by preliminary thermogravimetry results, Figure 6
of a sample heated at 5°Cmin~" in N,. The sample starts to lose
weight gradually soon above room temperature and weight
loss continues to at least 700°C. Work is in progress to
characterise the decomposition products and compare the
weight loss profile in different atmospheres. Care is clearly
required to avoid, and be aware of, this decomposition because
the XRD pattern of LiMn,O, spinel is very similar to that of
Li,Mn;0,, and LiMn,0O, contains Mn** which is redox-active.

Electrochemical results on Li,Mn;0,, are shown in Figure 7
and are similar in general appearance to those reported
previously.”? Cycling over the range 3-4.7V (ab) shows a
reversible cathodic process with capacity 84 mAhg™' that is
attributed to oxygen redox based on the 0*/O~ couple. The
reversibility indicates that the second step of oxygen redox and
evolution of O, gas does not occur. We have no direct
spectroscopic evidence to discount the possibility of Mn**
oxidation during charging above 3V but note that there has
not been any strong evidence of Mn*' oxidation in the
literature on Mn-based materials.

Table 1. Refinement of combined X-ray and neutron diffraction data on mechano-synthesized Li,Mns0;, in space group Fm —3 m, a=
8.1325(6) A, ¥>=7.29, WR=4.661% (a) Uiso refinement only, constraint of Uiso(Li1) = Uiso(Li2) applied; (b) Cation fraction and oxygen
position refinement based on fixed Uisos; constraint of fraction(Li2) + fraction(Mn1) =1 applied.

(a)

label elem mult X % z frac Uiso

Li1 Lit 8 0.125 0.125 0.125 1.000 0.021(1)

Li2 Li* 16 0.5 0.5 0.5 0.150 0.021(1)
Mn1 Mn** 16 0.5 0.5 0.5 0.850 0.00916(3)
01 o* 32 0.262578 0.262578 0.262578 1.000 0.00100(1)
(b)

label elem mult X y z frac Uiso

Li1 Li* 8 0.125 0.125 0.125 0.941(25) 0.021

Li2 Lit 16 0.5 0.5 0.5 0.170(9) 0.021

Mn1 Mn*? 16 0.5 0.5 0.5 0.830(9) 0.0092

01 o* 32 0.26256(4) 0.26256(4) 0.26256(4) 1.000 0.001
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Figure 3. Charge/discharge curves for (a) solid-state synthesized, (b) mechano-synthesized Li,MnO; vs. lithium in 2-4.7 V range at a rate of
15 mA/g; coulombic efficiency and capacity vs. cycle number for (c) solid-state synthesized, (d) mechano-synthesized Li,MnOs.

Subsequent cycling over the range 2-4.7 V shows both the
high voltage cathodic process and also anodic insertion of Li
below 3V associated with the Mn**/Mn** couple. The anodic
capacity is cycle-dependent and gradually decreases from an
initial value of about 80 mAhg™'. The overall Coulombic
efficiency is high (97%) over 100 cycles, apart from the
anomalous first half cycle, during which the total discharge
capacity exceeds the observed charge capacity due to the
pristine material being only partially lithiated and the true
columbic efficiency cannot be calculated simply from the
measured capacities. The capacities show a gradual decrease on
cycling from 174-110 mAhg™".

It is proposed that the higher voltage cathodic results which
are attributed to redox-active oxygen are associated with the
presence of underbonded oxygen atoms in the spinel crystal

structure of Li,Mns0,,. The difference in profiles between the
first and subsequent cycles on charging above 3V, indicates
possible structural changes on the first cycle; however, the high
reversibility on cycling, Figure 7(b) indicates that oxidation of
0% is limited to one-electron step. The anodic behaviour of
Li,Mns0,,?" is similar to that of Li,Ti;O,, which behaves as an

anode in its charged state, Li;Ti;O,, and contains mixed valence
Ti3+/4+ [55]

Underbonded Oxide lons and Redox Activity
The next question to be addressed is: why are underbonded

oxide ions able to ionise readily, but those in electrically neutral
environments are not? The answer comes from the well-known
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Figure 4. Rietveld refinement of mechano-synthesized Li,Mn;O,, using combined neutron and XRD data.
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fact that the oxide ion, O, is spontaneously unstable in the  do, of course, exist), because more stable crystal structures built
gas phase and should ionise to give O~ +e~."? This does not  of O ions or covalently-bonded O atoms are always preferred
readily happen in crystal lattices because the O> ion is  energetically.

stabilised either by the higher lattice energy of ionic crystal Underbonded oxide ions represent a situation of intermedi-
structures built of divalent oxide ions than that of (hypothetical)  ate stability since they are not surrounded by a full complement
crystal structures built of monovalent O ions or by the strong  of positive charge. This may lead to various levels of destabilisa-
covalent bonds formed by O in combination with high valency  tion of the O*~ ion and a decrease in its first ionisation potential;
cations. Consequently, there has never been any serious in extreme cases, this stabilisation may become zero leading to
suggestion that crystal structures built of O~ ions could exist  spontaneous oxidation, as observed in the p-type behaviour of
(although structures built of peroxide, 0, and superoxide, 0,  acceptor-doped titanate ceramics."? Three situations may be
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Figure 6. TGA plot of mechano-synthesized Li,Mn;0O,,

envisaged in which oxide ions in regular oxide lattices are
underbonded:

First, in acceptor-doped crystal structures in which a cation
of a parent structure is substituted by a cation of lower charge,
as in Mg-doped BaTiO;, BaTi;_,Mg,0;_,. Oxygen atoms that
have one Ti atom substituted by Mg in its first coordination
shell experience reduced total positive charge, which leads to
the relatively easy first oxidation of those oxide ions and
creation of holes on oxygen that are responsible for p-type
conductivity.®® Such p-type conductivity associated with elec-
tron holes appears to be commonplace in many acceptor-
doped oxides, especially those whose defect structure contains
oxygen vacancies which are able to absorb oxygen from the
atmosphere, dissociate and ionise to give O~ ions.

Second, many oxide ions are coordinatively unsaturated at
the surface, for instance those in the outer (222) layer of rock
salt structured oxides, which can be a layer of either oxide
anions or metal cations. This may account for the common
observation of oxidised oxygen species such as peroxide 0,
superoxide O,” and O~ anions in surface science studies,
although these are not found to the same extent in sample
interiors.””

Third, in materials such as stoichiometric Li,Mn;O,, which
have high symmetry cubic structures, some of the oxide ions
are inevitably underbonded and cannot avoid departures from
local electroneutrality. Compositional constraints mean that the
structure around an oxygen site is an average of several
contributing local structures; some of these are underbonded
and others are overbonded. The family of Li-rich layered rock
salt solid solutions of general formula Li, ,TM,_O, contains
several high capacity cathodes which have a significant redox-
active oxygen contribution. As discussed above for x>0, the
average TM charge will be > +3 which ideally, leads to a
mixture of underbonded and overbonded oxygen atoms,
depending on their immediate cation environment. A similar

situation of locally under- and overbonded oxygen atoms may
arise in stoichiometric layered rock salt oxides that exhibit a
degree of cation disorder, whether it be antisite defects in truly
stoichiometric compounds, or a small amount of reduced
transition metal ions in the Li layer due to slight Li deficiency in
compounds like Li;,,_,NiO,, which is notoriously difficult to
synthesise for x=0 as the temperature ranges of crystallisation
and decomposition overlap.®®

The link between underbonded oxide ions and their redox
activity has previously not been recognised explicitly for its
involvement with high capacity cathodes, although there is
widespread acknowledgement that during charging, holes may
be created by oxidation of O®" ions.”® The focus of this
publication is on the nature of oxygen species in pristine
condition materials. Most of the discussions in the literature
concern their nature in the charged state, in which holes
created during charging are located on oxygen but the nature
of the resulting oxygen species is still a matter of debate.?1"”
It has been suggested variously that: the holes may be
localised®™ or delocalized;""" catenated species such as 0,>~, O,~
or other peroxo species may form®*¢"; in the absence of direct
evidence, non-specific species O™~ have been labelled.?*? We
have no direct spectroscopic evidence for the nature of the
oxygen species involved, but since anionic redox processes
must always be initiated by a hole localised on the anion,”*” it
is, for present purposes, sufficient to refer to them simply as O~
ions.

Conclusions

Very few stoichiometric crystal structures show significant
departures from Pauling’s local electroneutrality criterion. The
only example of which we are aware is the spinel Li,Mn;0,,
(and analogues such as Li,TisO;,). This spinel is neither normal
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Figure 7. (a) Charge/discharge curves for mechano-synthesized Li,MnsO;, vs. lithium in 3-4.7 V range at 15 mA/g with (b) coulombic
efficiency and capacity vs. cycle number; (c) charge/discharge curves in 2-4.7 V range at 15 mA/g with (d) coulombic efficiency and capacity

vs. cycle number.

nor inverse. A combination of local structural and compositional
constraints causes it to have significant departures from local
electroneutrality which lead to a distribution of under- and
overbonded oxygen atoms. There is no experimental evidence
of structural distortions or lower symmetry local structures that
could reduce the departure from local electroneutrality. For
more complex, lower symmetry structures, Brown’s bond
valence calculations are usually used to rationalise possible
departures from local electroneutrality.

Departures from local electroneutrality may occur widely in
non-stoichiometric materials such as the Li-rich layered rock salt
materials, and defective, sub-stoichiometric materials such as
Li,,,_4NiO, in which lithium loss involves displacement of the
generated Ni** ions into the Li layers.

Oxide ions, O* are spontaneously unstable in the gas phase
but are usually fully stabilised in the solid state by the lattice
energy of crystal structures: each oxide ion is surrounded by an
effective positive charge of 2+. Underbonded oxygen atoms
that are not surrounded by a full complement of cation charge
have reduced stabilisation, are readily oxidised and appear to
be the source of oxygen redox processes in cathode materials
such as Li,Mn;0,, and Li-rich layered rock salt materials.

Li;Mn,O,, shows a clear separation of redox-active oxygen
and cathodic behaviour above 3V from redox-active Mn and
anodic behaviour below 3 V. Although a similar separation is
found for highly covalent model compounds like Li,  ,MO;,,
(M=Ru, I, this is, to the authors knowledge, the first
example of a practical material featuring solely earth-abundant
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3d metal elements in which oxygen redox is clearly separable
from cation redox. The high reversibility of the anion redox
indicates that in this case, oxidation of O*" ions is a one-
electron process, which is highly desirable for application
possibilities that must avoid O, loss during cycling. The oxygen
atoms in Li,Mn;O,, are tetrahedrally coordinated and the
possibility of linear Li—O—Li units with O in octahedral
coordination being responsible for the oxygen redox activity
can be excluded.

Use of electrostatic bond strength ideas does not require
that the structures are ideally ionic since most bonds are of
mixed ionic-covalent character. But a combination of valence
bond theory and ionic bonding ideas demonstrates that either
departures from local electroneutrality are present, or other
structural/bonding changes would be required to regain local
electroneutrality. The simple approach used here has powerful
predictive possibilities, can rationalise which structures may
show underbonded oxygen atoms and thereby, suggest a direct
link to possible oxygen redox activity.
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