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Local Structure and First Cycle Redox Mechanism of Layered
Li; ,Cry 4Mn, 40, Cathode Material
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Electrochemical, X-ray diffraction, and K and L edge X-ray absorption data are reported for the layered cathode material
Li, ;Mng 4Cr; 40, . The structural data show that this material can be understood as a solid solution of the layered phases Li,MnOs
and LiCrO,, comprising tretravalent Mn and trivalent Cr, with approximately 0.2 lithium incorporated in the transition metal
layers. According to the analysis of the K edge extended X-ray absorption fine structure, lithium ions in the transition metal layers
are clustered around Mn ions. L edge X-ray absorption near edge spectra show that in the first charge-discharge cycle chromium
is the electrochemically active species, cycling between Cr’* and Cr®*. Manganese remains as Mn** throughout charge and

discharge.
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Layered lithium manganese oxides are of interest as cathodes for
rechargeable lithium batteries due to the safety, low cost, and low
toxicity of manganese-based materials. However, basic problems
such as the collapse of the layer structure toward the spinel structure
have not yet been solved. This collapse usually leads to poor rate
performance and to evolution of a two-plateau voltage profile, both
of which are undesirable for practical applications.1

Recently the development of a novel layered oxide cathode ma-
terial, Li; ,Cry4Mng40,, was reported, showing high capacity and
good cycling stability in lithium-ion cells.? The material belongs to
the solid solution series Li,,Cr,Mn, , 0,5 first reported by
Davidson et al.,>* corresponding to the formulation Li;CrMnOs us-
ing the notation given by Davidson ef al. (in the present work
we prefer to use the notation Li;,Cry4Mn,40, because it relates
better to the rock salt crystal structure, as discussed below).
Davidson ef al. have evaluated the solid solution range in
Liy; CryMn, 04,5 from y = 0.49 to y = 1.46, and found that
discharge capacity tends to increase with higher Cr/Mn ratio, up to
230 mAh/g.> Although lower Cr/Mn ratios gave lower capacities,
high reversible capacities of up to 200 mAh/g were found in ex-
amples with a Ct/Mn ratio of around 1.0.

The objective of the work reported here is to examine in greater
detail the structure and electrochemistry of the Li;,Cry4Mnj 40,
material. We are interested in this phase because the composition
has shown high capacity and yet contains 50% of its transition metal
content as Mn. During the first charge of this material, up to 270
mAh/g (corresponding to nearly 1 Li in Li;,Cry4Mnj40,) can be
extracted. This is only possible if either side reactions occur or the
average transition metal valence state in the charged cathode is
higher than the expected tetravalent state. The work reported here
uses a combination of X-ray diffraction, and X-ray absorption at the
transition metal K and L edges, to investigate the crystal and elec-
tronic structure of Li; ,Cry 4Mn, 40, , as prepared and during the first
charge-discharge cycle. X-ray diffraction (XRD) gives information
about the long range order. X-ray absorption spectroscopy (XAS)
provides independent local structural information for the manganese
and chromium coordination environments, including information
about the oxidation state. Together these methods allow a full de-
scription of the structure and redox processes occurring during the
first cycle to be given.

* Electrochemical Society Active Member.
“ E-mail: brett@pacificlithium.co.nz

Experimental

Sample preparation.—Li, ,Cry 4,Mn, 4,0, was prepared by react-
ing stoichiometric amounts of coprecipitated mixed hydroxides of
chromium and manganese with lithium carbonate at 800°C for 10 h
under flowing argon. Inductively coupled plasma (ICP) analysis of
the chemical composition gave Li; 7Cry4;Mng4,0,, close to the
target stoichiometry.

For the XAS experiments samples of LiCrO,, Li,MnO;, and
monoclinic LiCry;oMng 99O, were prepared as model compounds
for Cr**, Mn**, and Mn®*, respectively, in layer-type rock salt
crystal environments. LiCrO, and Li,MnOj; were prepared by solid-
state reactions, reacting stoichiometric amounts of lithium carbonate
with Cr,O5 (20 h at 800°C in air), and MnO, (20 h at 800°C in air)
respectively. LiCrg ;oMng 9O, was prepared as described in an ear-
lier work.

X-ray diffraction—Powder XRD data were collected on a Phil-
ips X’Pert diffractometer using Cu Ko radiation. Rietveld refine-
ment of the data was carried out using Fullprof® software.

Electrochemical testing and preparation of cathodes for ex situ
measurements.—For the electrochemical cycling and ex situ XRD
and XAS measurements, cathodes comprising the Li; ,Cr;, sMn 40,
powder + carbon black + poly(vinylidene fluoride) in 80:12:8
weight ratio were coated on an aluminum foil current collector.
Cathodes were assembled in coin cells together with lithium metal
foil anodes, glass fiber separators, and 1 M LiPF4 in (50 w/w eth-
ylene carbonate + 50 w/w dimethylene carbonate) electrolyte solu-
tion, under a dry (<1 ppm H,0O) argon atmosphere. An Arbin series
BT2043 automated battery charging system was used to cycle the
cells.

For the ex situ experiments, cells were charged and discharged at
10 mA/g to the desired voltage, and allowed to equilibrate for 40 h
before opening the cells to recover the cathodes. The cathodes were
rinsed with diethyl carbonate and stored in dry sealed containers
until the X-ray absorption near-edge structure (XANES) measure-
ments.

X-ray absorption experiments—XAS experiments were carried
out at the Synchrotron Radiation Research Center (SRRC), Hsinchu,
Taiwan. All data were collected at room temperature. Cr and Mn K
edge data were recorded in transmission mode on as-synthesized
powder mounted on Scotch tape, at the BL17C Wiggler beamline
using a double-crystal Si(111) monochromator. The higher X-ray
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Figure 1. Powder XRD pattern of Li, ,Cry4Mn, 4O, annealed at 800°C for
10 h and, for comparison, annealed at 750°C. (Inset shows buckle corre-
sponding to short-range Li ordering in transition metal layers.)

harmonics were rejected by mirrors. The spectra were scanned from
5.8 to 7.5 keV using a gas-ionization detector. The ion chambers
used for measuring the incident (/,) and transmitted (/) beam in-
tensities were filled with a mixture of N, and He gases and a mix-
ture of N, and Ar gases, respectively. The energy scales were cali-
brated by monitoring with Cr and Mn foils. Data were normalized
and analyzed using the extended X-ray absorption fine structures
(EXAFS) programs of Michalowicz,” following procedures de-
scribed previously.®

XANES measurements.—These measurements at the Cr and Mn
L,; edges were performed directly on the cathode films, on the 6 m
high-energy spherical grating monochromator (HSGM) beamline.
Samples were put into an ultrahigh vacuum chamber (10~° Torr) in
order to avoid surface contamination. The XANES spectra were
recorded by the sample drain current mode at room temperature. The
incident photon flux (/,) was monitored simultaneously by a Ni
mesh located after the exit slit of the monochromator. All X-ray
absorption spectra were normalized to /,. The photon energies were
calibrated within an accuracy of ~0.1 eV using known absorption
peaks of CuO.

Results

X-ray diffraction—Figure 1 shows the powder XRD pattern of
the Li; ,Cry 4Mn 4O, material. For comparison a pattern of a sample
prepared at lower temperature (750°C) is added. The inset enlarges
the region between 15 and 32° 26. In this region a buckle appears,
more or less pronounced depending on the annealing temperature.
Figure 2 shows the X-ray data together with the calculated pattern
and the difference between the calculated and observed patterns. The
pattern can be indexed in the R3m space group. The unit cell pa-
rameters for the hexagonal cell are @ = 2.886 A and ¢ = 14.372 A.
The Rietveld refinement delivers {Li; .M, }3p[Li,M; _,13,(05)6c
with x = 0 (x = —0.01) and y = 0.16. Thus the layer structure
consists of lithium layers (3b sites) alternating with transition metal/
lithium layers (3a sites), separated by oxygen layers. M was fixed as
M = [CripMnyp].

The crystal structure is similar to that of other layered
lithium transition metal oxides such as LiCoO, (which is
{Li}3,[C0]34(01)6.), Wwith the significant distinction that
Li; ,Cry4Mny 40, has additional lithium incorporated in the transi-
tion metal layers. Lithium and transition metal ions have very dif-
ferent scattering powers so that an ordering of Li and M in the
transition metal layers would result in superstructure peaks.
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Figure 2. Comparison of calculated and observed XRD patterns of
Li; ,Cry4Mn, 40, annealed at 800°C. The crystallographic data used for the
calculation are given in the figure.

Li,MnO; is a layered phase with [ Li; 3sMn,;] long-range ordering in
the transition metal layers, resulting in a series of well-resolved
superstructure peaks located in the region 21 to 32° 26. In the XRD
pattern of Li; ,Cry4Mn; 40, a broad buckle is present in this same
region, indicating that similar near-ordering correlations are present
as in Li,MnOs, but more diffuse at long range.

From the lattice constants a c¢/a ratio of 4.979 is calculated. A
c/a ratio of 4.90 corresponds to cubic lattice constants. The more
the c/a ratio deviates from 4.90, the better is the layer character. It
can be concluded that Li; ,Cry4Mng40, has a pronounced layer
structure. The c¢/a ratio approaches that of well-layered LiCoO,
(4.99), and is higher than that of LiNiO, (typically around 4.93).

K edge XANES.—In general, the shape of K edge XANES spec-
tra of transition metals in oxides is sensitive to the local structural
environment of the element, while the threshold energy position of
the absorption edge is sensitive to oxidation state. Figure 3A shows
the XANES spectrum for Li; ,Cry4Mn 40, at the Cr K edge, com-
pared with the spectrum for layered LiCrO,. The two spectra are
practically identical, indicating that the Cr environments in the two
compounds are similar. It can be concluded that chromium in
Li; ,Cry4Mng 40, is trivalent and in octahedral sites similar to
LiCrO,.

Figure 3B shows the XANES spectrum for Li; ,Cry4Mng 40, at
the Mn K edge, compared with spectra for Li,MnO; and layered
LiCrj ;9Mng 99O, . Manganese is tetravalent and octahedrally sur-
rounded by oxygen in Li,MnO;, and trivalent with an octahe-
dral environment distorted by Jahn-Teller stabilization in
LiCrj 19Mng 99O, . The distorted octahedral environment in the latter
compound gives rise to the broadened features in the XANES spec-
trum, while the lower oxidation state shifts the absorption edge
threshold of Mn3" to lower energy than that of Mn**. The compari-
son shows clearly that Li, ,Cry4Mn, 4O, has tetravalent manganese
in regular octahedral coordination similar to Li,MnOj.

K edge EXAFS—Analysis of K edge EXAFS data provides
quantitative information about the local coordination environment of
the target element. Figure 4 shows the Fourier-transformed EXAFS
data recorded for Li; ,Cry 4Mn, 4O, at the Cr and Mn K edges. Table
I gives the coordination numbers and interatomic distances for the
first coordination shell of oxygen, and second coordination shell (in
this compound corresponding to the occupancy of the six nearest-
neighbor cation sites in the transition metal layer), around Cr and
Mn, obtained by least-squares fitting of the EXAFS data. Data ob-
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Figure 3. X-ray absorption near-edge spectra for Li; ,Cry,Mn(,0,. (A) Cr
K edge spectrum, compared with LiCrO,. (B) Mn K edge spectrum, com-
pared with Li,MnO; and LiCr, ;iMn, 9,0, .

tained from the K edge EXAFS spectra of LiCrO, and Li,MnO; are
also given for comparison. The Cr-O and Mn-O distances in
Li; ,Cro4Mn, 40, correspond closely to those for Cr** in LiCrO,
and Mn** in Li,MnO;. We note that the Mn-O coordination envi-
ronment determined by EXAFS for Li; ,Cr4Mng 40, is clearly dif-
ferent from the Jahn-Teller distorted Mn-O coordination of Mn®* in
LiCrg 1oMng 900,

The Cr-M and Mn-M distances in Li; ,Cry4Mn, 40, are practi-
cally identical to each other, and between the second coordination
shell distances observed in LiCrO, and Li,MnOj. This latter obser-
vation supports a single-phase solid solution of Cr and Mn in
Li, ,Cry4Mn( 40, . However an interesting discrepancy between the
Cr and Mn data sets is observed in the number of nearest transition
metal neighbors determined by the refinements. The difference is
observable in the different intensities of the second peak (M-M dis-
tance) in the Fourier-transformed data. Six transition metal neigh-

= —O— Cr-edge
—®— Mn-edge

Intensity (arb. units)

Distance (A)

Figure 4. Fourier transformed EXAFS data for Li, ,Cry4Mn, 40, at the Mn
and Cr K edges.

Table I. Structural parameters from EXAFS data: R is the inter-
atomic distance between the absorbing and back-scattering at-
oms, NV is the number of back-scattering atoms at this distance,
and o is the corresponding Debye-Waller factor for the coordi-
nation shell. Estimated uncertainties in R are +=0.006 A, and in NV
(where refined) *0.5.

R (A) N o ()

Li,MnO, Mn-O 1.905 6 0.055
Mn-Mn 2.837 4.5 0.073

Li; ,Cr sMng 40, Mn-O 1.904 6 0.059
Mn-M 2.879 43 0.074

Cr-0 1.972 6 0.059

Cr-M 2.874 6.0 0.076

LiCrO, Cr-0 1.993 6 0.054
Cr-Cr 2.892 6 0.063

@ Fixed parameters.

bors are expected in a perfect layered {Li};5[ M]5,0, phase. Addi-
tional lithium as in {Li}5.[Lij,M5]3,0, should decrease this
number. However full occupancy (all six sites occupied by Cr or
Mn) was obtained when fitting the Cr data, whereas occupation of
only around 4.5 out of the six sites was obtained for the Mn envi-
ronment. This leads to a structural model in which the transition
metal layers consist of localized clusters of [ Li;;;Mn,;] and clusters
of transition metal, predominantly chromium.

Further evidence for the local [ Li;;3Mn,;;] cluster model derives
from the observation that the peak present in the Fourier-
transformed Cr edge data at ca. 5.7 A is much weaker in the Mn
data. The distance corresponds to twice the nearest-neighbor cation
distance, i.e., to the next-nearest-neighbor Mn or Cr ion along the
linear path formed by the edge-sharing MO, octahedra within the
transition metal layers. The intensity of the peak in the Cr data is
enhanced by a multiple scattering of the EXAFS photoelectron, a
so-called focusing effect where the presence of the intermediary
atom acts as a kind of lens.’ The coherence of this M-M-M interac-
tion appears to be lost in the Mn data, consistent with local clusters
of [Li;;3Mn,3]-type ordering. In Li,MnOj the linear transition metal
chains are interrupted by lithium, following the sequence M-M-Li-
M-M-Li...

Electrochemical testing and XRD of charged and discharged
cathodes.—Figure 5 shows the first and second cycle charge-
discharge voltage curves for Li, ,Cr,4Mn, 4,0, between 4.4 and 2.5
V, cycling at a 7.5 mA/g current rate at 20°C. Like other composi-
tions in the series reported by Davidson et al.,’ the first charge curve
is different from subsequent charges and shows a large coulombic

45 PR S R TN (T TR SA N EN SN TN ST T (NN SR THN ST SN AN ST SN TR OO A S
4 -
S ] C
3 351 C
S ] [ -
E 3 ] . 1st charge (258 mAh/g) C
. - C
] ! = 1st discharge (173 mAh/g) r
25 —: ----- 2nd charge (172 mAh/g) _-
e 2nd discharge (171 mAhig) |

2 LT N ISR JN SR S LR SO S R SN B I RN B N A L

0 50 100 150 200 250
Capacity (mAh/g)

Figure 5. First and second cycle charge-discharge voltage curves for
Li; ,Cry4Mn, 4O, between 4.4 and 2.5 V (7.5 mA/g rate, 20°C).
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Figure 6. XRD patterns recorded for electrodes comprising
Li; ,Cry4Mny 40, , extracted from Li button cells after first charge to 4.4 V
and one full charge-discharge between 4.4 and 2.5 V.

irreversibility. Subsequent discharges are, however, the same as the
first discharge, suggesting that no significant irreversible structural
changes occur after the first cycle. Figure 6 shows XRD patterns
recorded for cathodes extracted from cells after the first charge to
4.4V, and after one full charge-discharge cycle between 4.4 and 2.5
V. Relative peak intensities are unreliable, particularly at lower
angle, as a result of recording data on electrode films. Nonetheless

the data show single phases with R3m symmetry for the cathode in
both the charged and discharged state, with hexagonal cell param-
eters of a = 2.863 A and ¢ = 14.20 A, and a = 2.886 A and
c = 14.34 A, respectively. The overall structural framework and
layered character of the material is therefore preserved through
charge and discharge, although the ¢/a ratio decreases slightly in the
charge process.

Figure 7 shows the results of extended cycling. Both at room
temperature and 55°C the cathode material shows very good capac-
ity retention. Figure 8 shows the discharge voltage profiles of the
cells at current rates from C/5 (30 mA/g) to 2C (300 mA/g) mea-
sured from cycle 16 to 19, and from cycle 96 to 99. The voltage
profiles remain stable, without evidence for the evolution of a
double plateau around 4 V which typically appears in the discharge
curves of layered manganese oxides as they undergo structural
modification to spinel-related phases.1 The appearance of a 4 V step
in the discharge profiles of layered manganese oxides occurs when

250 —————F———— T
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o o i

G 15209 — ]
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Figure 7. Extended cycling of Li; ,Cry4Mn, 40, at 20 and 55°C. The first
five cycles used a C/5 (30 mA/g) rate, and thereafter a C/2 rate (75 mA/g)
was used. Spikes are due to occasional measurements of rate capability and
resistance using different rates.

Voltage (V)
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T —r—rr-r—r-rrr—r—7Trr—— 47T
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Figure 8. Voltage profiles of Li; ,Cry 4Mn, 40, at different rates during the
extended cycling tests of Fig. 7. (A) 55°C and (B) 20°C.

Mn ions migrate out of the transition metal layer leading to nucle-
ation of spinel-like domains in the crystal structure with tetrahedral
sites available for insertion of Li ions, as recently described by Reed
et al.'® The absence of a 4 V step in the discharge profile of the
Li; ,Cry 4Mn, 40, material after extended cycling is therefore strong
evidence for no significant formation of spinel-type phase.

L edge XANES.—Figure 9 (top) shows the Cr L edge XANES
spectra  recorded ex situ for  electrodes  comprising
Li; ,Cry4Mn, 40, , extracted from Li button cells after charge to 4.4
V, after charge to 4.4 V followed by discharge to 2.0 V, and after
simple storage in the uncharged (pristine) state, compared with the
spectrum for layered LiCrO, .

The Cr L edge spectrum for Li; ,Cry4Mn, 40, before charging
matches well to that of Cr* " in LiCrO,, confirming the conclusions
from the K edge XAFS. After charging to 4.4 V, the basic spectrum
of the LiCrO,-type structure is maintained (although with slightly
lowered intensity), but an additional strong peak appears at around
579 eV. The latter peak corresponds to the energy position known
for the 2ps/, spectrum of Cr®*.!! XANES spectra recorded on cath-
odes at intermediate states of charge, 3.85 and 4.1 V (not shown in
Fig. 9), show that the 579 eV peak appears early in the charge cycle
and simply increases in intensity with increasing state of charge.
During charge, therefore, Cr’* is consumed and Cr®" is formed. The
mechanism is reversible. When the cathode is discharged to 2.0 V
the 579 eV peak vanishes and the spectrum returns to that of triva-
lent Cr in the LiCrO,-type environment.

Figure 9 (bottom) compares the Mn L-edge spectra for the same
cathodes as Fig. 9 (top), with the spectrum of Li,MnOj;. Again, the
Mn spectrum of Li; ,Cry4Mng 40, matches very well with that of
Li,MnOs;, confirming the conclusions from the K edge XAFS that
Mn is predominantly in a 4+ oxidation state. With charge and dis-
charge the Mn L edge spectrum shows only small variations in the
relative intensities of the different components of the multiplet, but
no change in energy position. The small changes in relative intensi-
ties indicate some changes in the local structural environment, but
no significant change in electronic state.

Discussion

XRD and EXAFS data together provide detailed information
about the distribution of lithium, chromium, and manganese ions in
Li; ,Cry4Mn(4O0,. From XRD, Li;,CrysMny40, has a layered
structure without transition metal located in the lithium layers. From
the buckle at 21-32 °26 in the diffraction data, together with the K
edge EXAFS analysis, it can be concluded that lithium in the tran-
sition metal layers creates some diffuse ordering of the type ob-
served in Li,MnOs, forming local [Li;sMn,;]-like clusters. How-
ever the Li,MnOj3-type structure in Li; ,Cry4Mng 40, is clearly at a
short-range length scale, as it does not give rise to a discrete second
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Figure 9. Cr (top) and Mn (bottom) L edge XAS recorded for electrodes
comprising Li; ,Cry4Mng 40, extracted from Li button cells, compared with
LiCrO, (Cr) and Li,MnO; (Mn).

phase by diffraction. The XRD pattern for Li; ,Cry4Mnj 40, shows
the presence of a single phase with lattice parameters
(a = 2.886 A and ¢ = 14.372 A) intermediate between Li,MnO;
(a = 2.847 A, ¢ = 14.228 A, in the equivalent hexagonal cell) and
LiCrO, (a = 2.902 A, ¢ = 14.42 A), and is clearly distinguishable
from the XRD pattern of a phase-separated mixture of the two com-
pounds. The second shell Mn-(Mn/Cr) and Cr-(Mn/Cr) distances

determined by EXAFS (Table I) are also identical to each other
within the uncertainties of the refinements, but different from the
distances for either of the pure Li,MnO; and LiCrO, phases, imply-
ing an intimate atomic level mixing of [Li;3Mn,;;] clusters and Cr
ions in Li; ,Cry4Mng40,. Intimate mixing rather than phase sepa-
ration is clearly important for the electrochemical activity of the
material. Neither Li,MnOj; nor LiCrO, are active as cathode mate-
rials, whereas Li; ,Cry 4Mn, 40, may be cycled with high reversible
capacity.

Local short-range ordering between Mn and Li in
Li; ,Cry4Mn, 4O, can be understood in terms of a simple application
of Pauling’s rule of electroneutrality to ordered rock salt phases.'? In
layered phases with mono-, tri-, and tetravalent cations, only
LiM**0, and Li[M;,3sM3/5]0, stoichiometries can preserve local
electroneutrality around oxygen. A complete disorder of Li, Mn, Cr
in the transition metal layers, although preferred by entropy, would
not conform to Pauling’s rule.

The L edge X-ray absorption data demonstrate that the electro-
chemical oxidation and reduction of Li; ,Cry4Mn( 4O, in the first
cycle consists mainly of cycling of some part of the Cr between the
trivalent and hexavalent states. To account for the capacity observed,
approximately half of the Cr*" in the compound would need to
undergo this oxidation-reduction. There is no evidence in the Cr L
edge spectra for Cr oxidation states intermediate between 3+ and
6+, i.e., Cr*" or Cr’*, at any state of charge. A similar observation
was made for Li insertion into Cr;Og, using X-ray photoelectron
spectroscopy (XPS).!"! Amorphous Cr;Og has been shown to be cy-
clable over a limited range of approximately 1 Li per Cr, i.e., around
one-third of the Cr could be reversibly cycled between the hexava-
lent and trivalent states without capacity loss.'!

It is known that Cr** has a high stabilization energy for octahe-
dral sites, but Cr®" is only stable in tetrahedral sites. This implies
that the Cr ions must reversibly migrate between octahedral and
tetrahedral sites in the structure during charge and discharge. This
would mean that lithium diffusion is coupled with a migration of
chromium, which may account for the higher capacities obtained at
55°C relative to 20°C. The migration of Cr ions into tetrahedral sites
during charge is difficult to determine with any precision from the
XRD data of the charged cathode in Fig. 6, however structural evi-
dence for reversible migration of Cr ions between octahedral
and tetrahedral sites has been observed by in situ XAFS
measurements.'®  Surprisingly, the Cr migration does not have
an adverse effect on the cycle life of the cathode, since
Li, ,Cry4Mn, 4O, has been cycled for more than 200 cycles at a C/2
charge and discharge rate with no serious loss of capacity.

As yet, it has not been possible to effectively stabilize O3 lay-
ered lithium manganese oxides, with manganese predominantly
trivalent in the discharged state, against collapse toward spinel-type
structure during cycling. The present results indicate that O3 layered
phases with tetravalent manganese may present a different behavior.

Conclusions

The lithium-rich manganese chromium oxide Li;,Crq4Mng 40,
may be prepared with a layered structure in which the additional
lithium is incorporated in the transition metal layers. The structure
can be understood as a solid solution of layered Li,MnO; and
LiCrO,, comprising tetravalent Mn and trivalent Cr with a local
clustering of transition-metal-layer Li ions around Mn. Large
amounts of lithium, translating to capacities near 200 mAh/g, can be
reversibly extracted and intercalated. At least in the first cycle, Cr is
the redox active species, cycling between Cr’* and Cr®*, embedded
in an inert Li,MnOj3-like framework.

Pacific Lithium (New Zealand) Limited assisted in meeting the publica-
tion costs of this article.
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