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Lavered Naj; - [NiggsMny, 4:]O- compounds have been synthesized by a sol-gel method. using glycolic acid as a
chelating agent. Nai, [ NiysMng o5]O- precursors were used to prepare layered lithium manganese oxides by ion
exchange for Na by Li. using LiBr in hexanol. Powder X-ray diffraction shows the layered Liq <[Niy, sM 05]O-
has an O3 type structure. which exhibits a large reversible capacity of approximately 190 mA hg™' in the 2.4-
4.5 V range. Lig «[Ni; p:Mng 05]O2 powders undergo transformation to spinel during cycling.
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Introduction

Commercialized lithium-ion batteries use laver structured
LiCoO- cathodes. Because of the high cost and toxicity of
cobalt, an ntensive search for new cathode materals has
been underway in recent vears. One of the most attractive
cathode matenals are the spinel LiMn-O; and its denvatives
due to their low cost. abundance, and nontoxicity.'” How-
ever. the spinel LiMn~O; and its denvatives demonstrate
smaller discharge capacity than laver structured materials
and a slow capacity loss at elevated temperature in the range
of 50-80 °C.%* Therefore, researchers have studied the
preparation of lavered LiMnO» with the O3 (o-NaFeO»)
structure as LiCoO- and LiNiOs. Direct synthesis of O3
LiMnO- is not possible because the non-lavered structures
LiMn~O; (spinel). LiMnO- (orthorhombic). or Li-MnOs:
(rock salt) are more stable at high temperature. Monoclinic
LiMnO- (m-LiMnO-) with the layered rock salt structure (-
NaFeOs: type) has been svnthesized by ion exchange of
lithium salts with NaMnOs. but significant loss has been
reported at room femperature though the initial capacity is
high.""'- Stoichiometric LiMnO- converts to the stable
spinel-like phase by minor cationic rearrangements during
cveling, leading to degradation of electrode performance.

According to a phase diagram of Na.MnOs: developed by
Parant ef ¢/.. Nag sMnOs exists in two different phases. the
oxygen-rich stoichiometry @-LiasMnOssy (0.05 <y <0.23)
and SB-Lig MnOa-y (v <0.03). The o-Liy sMnO--, is stable
below at 600 °C and has hexagonal P2 structure. while high-
temperature -Liy sMnO--y has an orthorhombic-distorted
P2 structure '’ Recently. Paulsen ef af. reported that the high
temperature  O2-type  Lio7NipaMna;O- prepared by ion
exchange Li for Na from the P2-type NapsNi:sMnazOs
showed a large capacity of about 180 mAl/g and good
capacity retention.'*'® Although they prepared a very pure
low-temperature O3-type LipsMnO--, phase. the material
converts gradually to spinel by the evolution of plateaus at 3
and 4 V.

In the present study. a sol-gel method was employved to

prepare layered Lia 7[NinosMni os]O- powders. using glvcolic
acid (HOCH-COOH) as a chelating agent at the low
temperature condition. The dissociation constant and water
solubility of the glycolic acid is 3.83 and 1E+006 mg/L (at
23 °C). respectively. The sol-gel method. one of the solution
methods. has many advantages. such as good stoichmetric
control and production of active submicro-size particles in a
relatively shorter processing time at a relatively lower
temperature. compared with manufacturing methods that use
by the conventional solid- state reaction. Another advantage
is the association of the solid colloidal state with a liquid
medium, thus avoiding any pollution by eventual dispersion
of dust."” The structural and electrochemical properties of
the materials are investigated using various analytical
techniques and correlated to explain the electrochemical
properties of the materials.

Experimental Section

Samples of Naq 7[NinasMnies]O: powders were synthe-
sized using a sol-gel method with glvcolic acid as chelating
agent. Sodium acetate (NaCHaCO-. Aldrich). manganese
acetate (Mn(CH2COO)»-4H-O. Acros Organics) and nickel
acetate (Ni(CH;COOQ)»4H-O, Aldrich) salts were used as
starting materials. NaCH:CQO-. Mn(CH:COQ):4H-O and
Ni(CH2COO)-4H-0 salts with a cationic ratio of Na : Ni :
Mn =0.7:0.05: 0.95 were dissolved in distilled water. and
added drop wise to a continuously stirred aqueous solution
of glveolic acid. The molar ratio of glycolic acid to total
metal ions was unity. The pH of the solution was adjusted in
the range of 7-8 by adding ammonium hydroxide. The
resultant solution was evaporated at 70-80 °C until a
transparent sol was obtained. As the water evaporated
further. the sol turned into a viscous transparent gel. The
resulting gel precursors were decomposed at 400 °C for 35h
in air to eliminate the organic substances. The decomposed
powders were calcined at 600 °C for 12 h in air.

The prepared precursor. Na7[NinosMnies]O- powders.
was introduced into a mixed solution of hexanol and lithium
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bromide. The ion exchange of Na for Nay,z[NigysMnges]O2
with i was carried out at 160 °C for § h in solution in a
batch reactor equipped with a reflux condenser to prepare
Lip7[NiggsMnops]Qs. After the reaction, the solution was
filtered using vacuum suction filtering equipment, and the
remaining powder was washed with water. The washed
powder was dried at 180 “C for one day in a vacuum oven,

Powder X-ray diffraction (XRD, Rigaku, Rint-2000) using
Cu Ko radiation was employed to characterize the structural
properties of as-prepared powders and cycled electrodes.
Rietveld refinement was then performed on the XR[ data to
obtain the lattice constants. The contents of lithium, nickel,
and manganese were measured using the inductively coupl-
ed plasma (ICP) method by dissolving the powders in dilute
nitric acid. Measurement for the average oxidation state of
manganese was carried out by potentiometric titration.

The method is based upon the titration of manganese (1)
ions with permanganate in neutral pyrophosphate solution;

AMn?* = MnQ4 - 8H™ + 15H,P0+
= 5Mn(H3P30?)33_ - 4H-0

The manganese (1l[) pyrophosphate complex was an intense
reddish-violet, consequently the titration was performed
potentiometrically. A bright platinum indicator electrode and
a saturated calomel reference electrode were used, The
change in potential at a pH between 6 and 7 is large {(about
300 millivolts). The potential of the platinum electrode
quickly became constant after each addition of the pota-
ssium permanganate solution, thus permitting direct titration
to almost the equivalence point and reducing the time
required for a determination to less than 10 minutes, With
relatively pure manganese solutions, a sodium pyrophos-
phate concentration of 0.2-0.3 M, and 4 pH between 6 and 7,
the equivalence point potential was +0.47+£0.02 volt
compared with the saturated calomel electrode, At a pH
above 8 the pyrophosphate complex is unstable and this
method cannot be used.'®

For the fabrication of the electrode, the Liz[NinosMnaos]O2
powders {10 mg) were added to mixed carbon black and
polytetrafluoroethylene (PTFE) (6 mg). and pressed onto
stainless Exmet. The cell consisted of a cathode and a
lithium metal anode separated by a porous polypropylene
film. The electrolyte used was a 1:1 mixture of ethylene
carbonate (EC) and dimethyl carbonate {3MC) containing |
M LiBFs by volume. The charge-discharge test was
performed galvanostatically at a current density of 0.25 mA
em™, with cutoff potentials of 2.4 to 4.5 V (vs. Li’Li").
Cyclic voltammetry was carried out using a Potentiostat at a
scan rate of 200 uV s,

Results and Discussion

The Rietveld refinement of the prepared Lig =[Nio¢sMnoos]O2
powders is shown in Figure 1. The as-prepared powder was
confirmed to have O3 structure with space group Rm. The
calculated pattern agrees quite well with the observed one.'®
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Figure 1. XRD pattcrn and Rictveld refinement of the O3-
|)il] ?[Ni.‘}.‘}ﬂ M Ny 95]03 POw ders.

Though it was difficult to distinguish layered structures from
spinel structures due to similarity of the patterns for the
materials, we determined that this pattern manifests the
layered structure, as is evident from the presence of the split
of the (108) (110) peaks at around 63, In contrast, the spinel
structure shows the (108) {110) peaks having merged into a
broad peak.'” We observed that the peak at 28= 16° resulting
from the initial layered sodium manganese phase disappear-
ed, which indicates that the ion exchange is almost
complete, The lattice constants, a and ¢, of a hexagonal unit
cell was calculated by Rietveld refinement from the X-ray
ditfraction data to be 2.870 and 14.304 A, respectively. The
measuwred ¢/a ratio of the powders is 4,98, indicating the
formation of hexagonal phase. Tigure 2. shows XRD
patterns tor the samples calcined at different temperatures,
As seen in Figure 2, the sample calcined at 600 °C (Figure
2(c)} shows the split of the (108) (110) peaks at around 63°,
but there are no peak splits around 63° in the samples
calcined at 400 “C (Figure 2(a)) and 500 °C (Tigure 2(b)).
We concluded that the samples calcined below 600 °C might
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Figure 2. XRD patterns for the samples caleined at various
temperature, (a) 400 °C. (b) 500 °C and (¢) 600 °C.
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increase the formation of cubic phase in the host material,
resulting in a degradation of electrochemical performance.
The inductive coupled plasma (ICP) analyzed data showed
that the real composition was Liyzs [NipesiMngoes]Os. The
average oxidation state of manganese in the material was
3.38, which was measured by a potentiometric titration
method reported in the literature.'® This value is very similar
to the theoretical average oxidation state of manganese,
3.37.

Figure 3 shows the discharge capacity for the Li/l.igs-
[NigosMnyos]O2 cell at room temperature, The cycling was
carried out at a constant current density of 0.25 mA em™ and
between potential limits of 2.4-4.5 V. This cell initially
delivers a discharge capacity of 163 mA h g™', which rapidly
increases to about 190 mA h g™ after the Sth cycle and
retains 97% of the Sth capacity after the 30th cycle, Shao-
Horn and co-workers report that the layered [LiMnO:
electrodes show greater stability compared with normal
Li,[Mn:]Oy spinel electrodes, which is attributed to the
presence of Lij Mny Oy spinel domains (0 <27 < 0.33) in
the composite electrode structure.” Fvidence suggests that
the increment of the initial discharge capacity may be
associated with the activation of the cathode material. The
voltage profiles tor the material are also displayed in Figure
4, The first discharge curve showed a relatively featureless
voltage profile, However, with continued cycling, the plateau
in 4 V region appeared and the discharge voltage profiles
showed two distinet plateaus at around 4 and 3 V, with a
sharp slope between the two plateaus. Although the 4 V
plateau did not evolve with c¢ycling, the voltage drop
between the two plateaus increased. This profile resembles
that observed for a spinel-type manganese oxide structure,
where the 4 V plateau relates to the insertion of lithium into
tetrahedral site, and the 3 V plateau relates to insertion into
octahedral site.?! Research has established that layered
materials with small amounts of Al and Co substitution
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transform to spinel-like phase during cycling. < Recently,
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Figure 3. Specific discharge capacity ol a Liy7[NigosMnges]O:

cathode as function of cycle number during expanded cyvcling at

room temperature.
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Figure 4. Cicling charge-discharge curves for LifLinz[Nigos-
Mnipes]O= cell in the voltage range o 2.4-4.5 V.

Quine and co-workers reported that layered Li\NipysMngosOa
with the O3 (o-NaleQ,) structure delivers a high capacity of
220 mA h ¢! in the voltage range 2.4-4.5 V; however, the
cycled electrode transforms to a spinel-like structure after
scores of cycling.” This result indicates that the cathode
materials transtorm to spinel during cycling, although the
transformation to spinel evolves slowly.

The investigation of Lig+[NiyosMngoes]O2 compared with
normal LiMnaQ, spinel synthesized by our laboratory was
carried out using cyclic voltammogram. Examination of the
cyclic voltammogram for layered compound in Figure 5,
reveals the presence of only one reduction peak at 3.9 V up
to the 2nd cycle, After the 3rd cycle, another reduction peak
gradually grows at 4.1 V, indicating slow transtformation to
spinel phase. The cyclic voltammograms for Liaz[Niyos-
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Figure 5. Cyclic voltammogram of lavered Lins|NiogsMngus]Os
and spinel LiMnaOy measured at 200 uV s™'. The C.V. data ol
lay ered 1.ig 2[NigesMig o:]O- electrode. highlighting the 4V region,
are displayed in the inset of the Figure 3.
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Figure 6. XRD pattcrns of layered manganese. (a) Lios|Nipos-
Mg os]O2 as-prepared powders (b) Lis7[NisasMingos] Oz electrode
alter 30 cycles,

Mnos]Qs compound, highlighting the 4 V region, are
displayed in the inset of the Figure 5. The arrows show the
direction of progress of cyclic voltammograms, which
proves the activation of cathode materials in Figure 3.

To investigate the structural change of the Lios|Niges-
Mngos]Qs during cyeling, the cycled electrode previously
used for the capacity cycle test was characterized with XRD,
where the sample was analyzed in the fully discharged state
(2.4 V). The results are shown in Figure 6(b). For compari-
son, data for as-prepared Liys|NigesMnyos]Oy powders is
also presented in Figure 6(a). When comparing XRD
patterns of the cycled Liy < NigasMngos]Oa with that of as-
prepared, no difference could be tound in the position of the
characteristic peaks, although the cycled electrode shows
somewhat low crystallinity, Difficulty is encountered in
distinguishing between layered and spinel phases, using X-
ray diffraction pattern, due to the similarity of their diffrac-
tion patterns. The distinct differences, marked by # and * in
Figure 6, are binder and stainless Exmet, respectively. The c/a
ratio of the as-prepared powders has an initail value of 4,98
and then it changes to 4.93 after the 30th cycle. Although we
could not find any distinct differences in the position of
characteristic peaks between the as-prepared powder and
cycled electrode, the change of the c/a ratio suggests that the
cathode material slowly converted to spinel on cyvcling
because the c/a ratio of 4.899 in hexangonal symmetry is
equivalent to a cubic unit cell. This result reinforces the
conclusion of the voltage profile studies and the cyclic
voltammograms.

Conclusion
Layered Lioz[NigosMnoos]O2 material prepared at 600 °C

has a O3 type oxygen packing with space group R3m. After
stabilization, this material shows that the capacity is approxi-
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mately 190 mA h g™’ with the excellent cycleability in the
2.4-4.5 V range. The voltage profile of Liyz[NigesMnyos]Oa
and the cyclic voltammogram data allow us to determine
that the Liy 7[NigosMnyos]Os cell gradually converts to spinel
during cycling, although we could not find a distinct ditfer-
ence between as-prepared powder and after cycled electrode
in the XRD patterns.
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