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It is shown that by varying the conditions used to exchange
Na by Li in layered sodium manganese oxide based
compounds, not only are the guest ions exchanged but the
defect chemistry of the host is modified and this has an
important effect on the reversibility of lithium intercalation;
in particular, defect 2.5% Co doped layered lithium man-
ganese oxide exhibits a capacity to store lithium equivalent
to 200 mA h g—! which fades by only 0.08% per cycle on
cycling at 25 mA g—1.

One of the greatest challenges in the field of rechargeable
lithium batteriesisto replace the LiCoO, positive electrode with
an dternative lithium intercalation compound that is safer,
cheaper and less toxic, such as a lithium manganese oxide. The
spinel, LiMn,O,, has been widely studied in this regard.14
Recently, we reported the first synthesis of the layered
intercalation compound, LiMnO,, which involved the low
temperature ion exchange of Na by Li in NaMnO,.56 The
present interest in layered LiMnO, based materials is sig-
nificant.5-12 When doped with Co, high capacitiesto storeLi are
obtained but reversibility on cycling is insufficient. Here, we
report that varying theion exchange conditions has an important
effect on the defect chemistry in these layered materials, and
this has a critical influence on the all-important reversibility of
the lithium intercalation reaction.

The layered sodium manganese cobalt oxide phases,
NaMn; _,Co,0,, were prepared as described previously.1t
Theinitia reaction mixture contained 1 mol of Naper transition
metal ion, i.e. x = 1. lon exchange was carried out using an
8-fold excess of LiBr in either ethanol at 80 °C for 48 h or
hexanol at 160 °C for 8 h. Following ion exchange the materials
were washed with ethanol and water. Powder X-ray diffraction
was carried out on a Stoe STADI/P diffractometer in transmis-
sion mode and using an Fe-Ka; source (A = 1.936 A). Neutron
diffraction data were collected on the GEM diffractometer at
RAL. Chemical analysiswas carried out using well established
methods; for Li and Na this was conducted by flame emission

T Electronic supplementary information (ESI) available: powder neutron
diffraction profile for Liy(Mngg75C00025)0, prepared in ethanol. See
http://www.rsc.org/suppdatalcc/b0/b002552f/

whereas atomic absorption spectroscopy was employed for Mn
and Co. Oxidation states were obtained by KMnO,/iron(ir)
ammonium sulfate titration.'3 BET measurements indicated
that the surface areas were between 5 and 10 m2 g—1.

Powder X-ray diffraction patterns of the as-prepared Na
materials revealed that they contain two phases, one may be
indexed based on the layered phase whereas the other exhibits
the characteristic peaks of Na,COj3. Evidently the Na,CO3 has
not reacted completely and by implication the layered sodium
phaseisNadeficient, i.e. x < 1. The Na,COs isremoved during
the ion exchange and subsequent washing in ethanol-water.
Focussing on the layered lithium phases, powder neutron
diffraction patterns for these phases prepared in either hexanol
or ethanol exhibit a single phase that may be indexed based on
the layered O3 structure of LiCoO, (space group R3m, structure
type «-NaFeO,). For the Co doped materials prepared in
hexanol, full structure refinements have been reported pre-
viously.11 Before discussing further Rietveld refinement of the
ethanol samples it is instructive to consider the results of
chemical analysis (Table 1). Several conclusions may be drawn
from these results. First the sodium phase is alkali metal
deficient (x < 1), consistent with the XRD data, and this is
carried through to the Li phases after ion exchange. There is
evidence of a somewhat greater alkali metal content after ion
exchange than before indicating that some lithium intercalation
accompaniestheion exchange process. Table 1 also revealsthat
the Na phase contains vacancies on the transition metal sites,
these vacancies are retained in ethanol samples prepared at
80 °C whereas ion exchange in hexanol at 160 °C eliminates
amost all the vacancies. The transition metal vacancies in the
Na phase will be associated with negative effective charges
which are likely to trap some of the Na+ ions; this can explain
the retention of a small amount of Na during the ethanol
exchange. Theion exchange conditions used here are somewhat
reducing, and this is sufficient to result in some lithium
intercalation in ethanol and hexanol. The more aggressive
conditions of reflux in hexanol at 160 °C cause, in addition,
reduction of the host with the associated elimination of the
transition metal vacancies, without the transition metal va-
canciesto trap Na*, theion exchange process is more compl ete.
Overall it is evident that the ion exchange process is not

Table 1 Compositional analysis of as-prepared 2.5% Co Na phase2 and ion exchanged Li phases for layered A,Mn,_,Co,0, materials

Nominal A = Naor Li; lon Average TM No. of TM Mn3+ occupancy
Co content  exchange conditions Composition oxidation state  vacancies of TM sites
0.025 Na Nag 53MNg.92C0p 025022 3.672+ 5.5% 28.5%

0.025 LI, Ethanol, 80 °C N&)048L|058M no_91C00_02502 3.610+ 6.5% 33.8%

0.025 Li; Hexanol, 160 °C Na()oogL|062M N0.96C00.02802 3.412+ 1.2% 55.3%

0.1 Li; Ethanol, 80 °C N30035L|054M No.87C00.0870> 3.579+ 4.3% 31.5%

0.1 Li; Hexanol, 160 °C Nap.012L10.64MNp.90C00.00402 3.368+ 0.6% 53.4%

a Content of Na determined by CHN analysis, thereby allowing the amount of Na;CO3 and Nain the main phase to be calculated.
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Fig. 1 Discharge capacities as afunction of the number of charge-discharge
cyclescarried out at 25 mA g—1 (C/7) and 30 °C between potential limits of
2.4and 4.6 V for; (@) 2.5% Co prepared in ethanol: (A) 2.5% Co prepared
in hexanol: (OJ) 10% Co prepared in hexanol: (X) Li; 07(Mny.78C00,05)O4
spinel and (+) LiCoO, cycled between 3.3 and 4.2 V.

restricted to the anticipated simple exchange of Na by Li,
instead it playsacritical rolein controlling the defect chemistry/
non-stoichiometry of the transition meta host.

Returning to the neutron data for the 2.5% Co doped ethanol
sample (ESIT), Rietveld refinement was carried out based on the
O3-LiCoO, structure, which possesses cubic close packed
oxideions. Li and Nawere placed in the octahedral sites (3b) of
the alkali metal layers and Mn and Co in the octahedral sites
(3a) of the transition metal layers. The Na and Co occupancies
were fixed at values obtained from the chemical analysis
(N30_048Li0.58Mn0‘91C00_02502). The Li and Mn OCCUpanCiS
were alowed to vary freely. The refined occupancies are in
good agreement with the chemical analysis. A good fit to the
observed data was obtained and the crystallographic data are
presented in ref. 14. LiMnO, is monoclinic owing to a
cooperative Jahn—Teller distortion promoted by the high spin
Mn3* ions. For the Co doped materials it has been shown that
cobatisinthetrivaent state.11 The presence of Co3*+ along with
the akali metal deficiency and, in the case of the ethanol
samples, vacancies on the transition metal sites conspire to
reduce the occupancy of the octahedral sites by Mn3+ to alevel
where they can no longer promote a cooperative distortion
which typically occurs at ca. 50% occupancy of the transition
metal octahedral sites by Mn3+. Asaresult none of the samples
exhibit a monaoclinic distortion.

What effect does the presence of transition metal vacancies
have on the behaviour of these materials as intercalation
electrodes? The variation of discharge capacity with cycle
number is shown in Fig. 1. Considering first the hexanol
samples, reducing the Co content from 10 to 2.5% improves the
capacity retention on cycling. However the highest degree of
reversibility is obtained from the 2.5% Co doped sample
prepared in ethanol; this corresponds to a capacity fade of only
0.08% per cycle. High capacities to store Li are of no value for
application in rechargeable lithium batteries unless accom-
panied by a high degree of reversibility of the intercalation
reaction. Thisis now becoming recognised as a key feature that
must be built into the chemistry of intercalation compounds for
rechargeable lithium battery electrodes. The capacity of
LiCoO,, used asthe positive electrode in the current generation
of rechargeable lithium batteries, is also shown for comparison.
The layered manganese based materials may be particularly
relevant to the market in sub 3 V éectronics for which high
capacity cathodes delivering their charge above 2.4 V could be
combined with graphite anodes to yield high capacity low
voltage cells for such electronic applications. Thisis one of the
most rapidly growing markets for rechargeable lithium bat-
teries.

We have shown previously that Co doped materials prepared
in hexanol convert to spinel on cycling.1! Thisis also the case
for the samples prepared in ethanol. The merging of the 108 and
110 peaks is indicative of the transformation (Fig. 2). It is
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Fig. 2 Powder X-ray diffraction patterns collected on Liy-
(Mng.975C00,025)O2, prepared in ethanol at 80 °C, (a) before cycling, (b)
after 10 cycles, (c) after 50 cycles and (d) after 132 cycles. Cycling was
carried out at 25 mA g1 and over therange 2.4-4.6 V.

interesting to compare the capacity fade of the layered
compounds prepared in hexanol and ethanol which convert to
spinel in situ, with a directly prepared cobalt doped lithium
manganese spinel cycled over the same voltage range. The
chosen spinel, which was prepared by conventiona solid state
reaction, has a very similar composition to the 2.5% Co doped
material prepared in ethanol containing, as it does, a similar
concentration of vacancies on the transition metal sites.
Whereas spinels are known to cycle well when confined to a
potential range around 4 V, the irreversibility of the inter-
calation process on cycling over the wider voltage range is
clearly severe even for Co doped samples (Fig. 1), yet thisisnot
the case for the in situ spinels.

Theresults presented here show that by changing themildion
exchange conditions, it is possible to modify the defect
chemistry/stoichiometry of the host. In particular, by forming a
layered lithium manganese oxide based spinel with Co and
vacancies on the transition metal sitesit is possible to improve
significantly the reversibility of the intercalation process
which is a critical property for applications as an electrode
meaterial.

P. G. B. isindebted to the EPSRC for financial support and
RAL for the provision of neutron facilities.
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