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Abstract

Spinel powders of LiMn; 99Ndg 91 O4 have been synthesized by chemical synthesis route to prepare cathodes for Li-ion coin cells. The structural
and electrochemical properties of these cathodes were investigated using X-ray diffraction (XRD), scanning electron microscopy (SEM), Raman
spectroscopy, cyclic voltammetry, and charge-discharge studies. The cyclic voltammetry of the cathodes revealed the reversible nature of Li-ion
intercalation and deintercalation in the electrochemical cell. The charge-discharge characteristics for LiMn; g9Ndg;O4 cathode materials were
obtained in 3.4-4.3 V voltage range and the initial discharge capacity of this material were found to be about 149 mAh g=!. The coin cells were
tested for up to 25 charge-discharge cycles. The results show that by doping with small concentration of rare-earth element Nd, the capacity fading
is considerably reduced as compared to the pure LiMn, O, cathodes, making it suitable for Li-ion battery applications.

© 2006 Published by Elsevier B.V.
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1. Introduction

During the past decade, a number of efforts were made
by researchers towards the development of high performance
rechargeable Li-ion batteries with high specific capacity, long
cycleability, and calendar life [1-7]. The discovery of new
intercalation materials through different crystal chemistries and
improved solid-state engineering should lead to the emerging
superior Li-ion battery technologies. The commercial Li-ion
batteries based on LiCoO; cathode materials, which have sev-
eral drawbacks, e.g., high cost and toxicity of cobalt. Many
efforts are being made to make lithium manganate (LiMn,0O4)
(LMO) spinel cathode viable as an alternate to LiCoO, because
of its economical and non-toxic nature [8—14]. However, pure
LiMn,O4 has several drawbacks which prevent it from commer-
cialization in Li-ion batteries, e.g., it suffers from the capacity
fading and the structural instability, especially at 3 V range oper-
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ation and at elevated temperatures. This capacity loss is reported
to be due to several reasons [15,16] such as (i) the phase tran-
sition from cubic to tetragonal phase upon 3 V cycling; (ii) the
micro-crack formation on the surface of the cathode material
after electrochemical cycling; (iii) the formation of a surface
dead layer (SEI layer) on the surface of the electrodes after
electrochemical cycling, and (iv) the formation of oxygen vacan-
cies due to the dissolution of manganese in the electrolyte.
LiMn;O4 cathode, even in the 4 V range, shows poor cycleabil-
ity as reported by several workers [17-19]. However, the phase
transformations and the volume changes in spinel LiMn,O4 are
mostly reported to affect the capacity. Ahn and Song [20] pre-
pared LiMn,O4 by solid-state reaction at various temperatures
between 650 °C to 900 °C. The initial discharge capacities of all
the samples were found to be less then 100 mAh g~!. They found
that the sample annealed at 750 °C for 48 h shows the highest
discharge capacity and best cycling performance due to its crys-
tallinity and large grain size. He et al. [21] prepared spherical
LiMn;O4 by controlled crystallization method. The initial dis-
charge capacity of the synthesized materials was found to be
about 125 mAh g~! with capacity retention of 92.4% after 100
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cycles. Lee and Yoshino [22] reported that the spinel structure
becomes more tolerant to repeated charging and discharging, by
doping of Al in the Mn site. They found that LiMn,Oy4 exhibits
typical capacity loss in 3—4 V ranges. In the 3 V range the capac-
ity retention was ~60% after 50 cycles while in the 4 V range
it was found to be about 70% of its initial value. Furthermore,
they reported that the Al doped LMO (LiAlp.1Mnj 9O4) exhib-
ited excellent capacity retention (96%) in the 4 V range, while
in the 3V range it decreased drastically to 40% of its initial
value after 50 cycles. Nieto et al. [23] synthesized LiMn;Oq4
and Lij2AlpgsMnj 9504 by acetate based chemical solution
route. They found that a small amount of codoping with Al
and Li (by replacing Mn in the octahedral 16d site) reduced
the discharge capacity by 10% as compared to pure LiMn;O4
but the cycleability improved dramatically. Kannan and Man-
thiram [24] have synthesized layered LiNigg5Cog 1502 and
LiNig g5Cog.12Alp.0307 oxides by a gel method and a hydroxide
precursor method. They found that the LiNig g5Coq.12Alg.0302
oxide prepared by the hydroxide precursor route exhibits a
reversible capacity of around 170 mAh g~! with improved cycla-
bility. Molendra et al. [25] reported that the phase transition in
manganese spinel can be suppressed by Cr doping. They also
reported that LiyCr,Mn;_,O4 cathode material could be used
for 5V battery, where 5V potential corresponds to the oxida-
tion of Cr*3 into Cr**. Often surface morphology, particle size,
microstructure and morphology of the cathode materials also
play important roles in improving the electrochemical properties
[26]. Bao et al. [26] reported that LiCry.1Mnj 903 .95F¢ 05, pre-
pared by sol—gel method have slightly larger and predominantly
cubic spinel structure as compared to that of LiCrg 1Mnj 9O4.
The discharge capacity of LiCry ;Mnj 903 95Fg 05 was found to
be ~130.6mAhg~! and it reduced to 116.6mAh g~ after 30
cycles.

Substitutions of rare-earth elements like La, Nd etc. often
play major role in controlling the cationic disorders and hence
structural and electrical properties in most perovskite struc-
tures [27,28]. In the hope that such substitutions might affect
the electrochemical properties of cathode materials, synthesized
rare-earth element Nd doped LiMn;O4 (LiMnj99Ndg0104)
cathode, replacing a very small amount of Mn by Nd and we
studied its structural and electrochemical behavior. This mate-
rial has clearly demonstrated a good improvement in the capacity
and cycleability in a Li-ion cell.

2. Experimental

99.9% pure grade lithium acetate [LIOOCCH3-2H, 0], Man-
ganese (II) acetate [Mn(CH3COO),-4H,0] and nickel acetate
[Ni(CH3COO),-4H,0] (Alfa Aesar) were used as precursor
materials. Neodymium acetate hydrate [Nd(OOCCH3)3-XH»O]
was used for Nd doping in lithium manganate powder. As the
rare-earth elements (La, Nd) doping were expected to stabilize
the structure [27,28] and hence electrochemical properties, we
do not yet know the effect of higher concentration of Nd dop-
ing, and the work has to be extended, but we intended to start
with a lower concentration of Nd doping (1%) in LiMn,O4
cathode material. The stoichiometric ratios of these metallic

salts were dissolved separately in 2-ethylhexanoic acid at 50 °C,
followed by continuous stirring for about 1h. Afterwards, all
solutions were mixed and heated at 50 °C for 4 h, followed by
continuous stirring. The resulting solution was dried overnight
at about 100 °C to get LiMnj 99Ndg 9104 in the powder form.
The obtained powders were fired at 400 °C for 4 h in air for com-
plete organic removal. The powders after organic removal were
calcined at various temperatures from 700 °C to 900 °C with
an increment of 50 °C. The phase formation behavior of the
calcined powder was characterized by XRD (Siemens D5000
powder diffractometer), using Cu Ka radiation (operated at
45kV and 30 mA) and at a scan rate of 3° min—'. The cathode
was prepared by mixing above active material, carbon black and
polyvinylidene fluoride (PVDF) in a weight ratio of (80:10:10)
and emulsified in n-methyl-2 pyrolidon. The resulting paste was
spread on aluminum foil and dried overnight at about 100 °C.
The coin cell was prepared in an Ar atmosphere inside a glove
box (MBraun, USA) using Li metal foil as anode and electrolyte
consisting of 1 M LiPFg, dissolved in ethylene carbonate and
diethyl carbonate (1:2 volume ratio). The working electrode and
Limetal foil were separated using Cellgard 2400 membrane. The
cyclic voltammetric studies were carried out at room using PC
4.750 potentiostat/galvanostat controller electronics and PHE
200 electrochemical software (Gamry Instruments Inc.). The
charge-discharge measurements were carried out at room tem-
perature and at a current density of 0.2mA cm™2 in 3.5-4.3V
range.

3. Results and discussions

Fig. 1 shows XRD powder patterns of LiMnj 99Ndgo;O4
(Nd-LMO), calcined at 850°C for 14h. All of the peaks in
the XRD pattern correspond to the cubic spinel structure. The
phase purity of Nd-LMO was confirmed from the absence of
any secondary peak in the spectra. The crystallinity of the poly-
crystalline Nd-LMO was determined from the peak intensities
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Fig. 1. XRD pattern of as prepared LiMn| g9Ndg ; O4 cathode material, calcined
at 850 °C for 14 h.
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and peak widths of the diffraction lines. The analysis of the
diffraction data was performed by Peakfit software using Pear-
son VII amplitude function curve fitting. Comparing the results
of pure LiMn,O4 [13,20,21] with the dope ones, it is evident
that the spinel structure did not change due to small doping of
neodymium in the octahedral site (16d) in the crystal lattice. The
lattice parameter for LiMnj 9g9Ndg 0104 was determined from
the XRD patterns and it was found to be about 8.2539 A, which
is very similar to that of the pure LiMn;Oy4.

Fig. 2 shows the cyclic voltammogram of the coin cells con-
taining Nd-LMO as cathode material. All measurements were
taken at room temperature at a scan rate of 0.1 mVs~! and
in voltage range of 3.5-4.5V Li/Li*. The two cathodic peaks
during charging at 3.84 V and 4.015V correspond to two-step
Li* de-intercalation from the cathode and two anodic peaks at
4.146V and 4.284V correspond to Li* intercalation into the
cathode. The distinct separation of the peaks (of magnitude
AE,~0.16 V) and the their symmetrical nature during both
oxidation and reduction revealed the reversible/quasireversible
nature of Li*-transport in the electrochemical cell between
LiMn;04 and A-MnO, structures.

Fig. 3 shows the charge-discharge characteristics of
Nd-LMO, carried out at room temperature in 3.5-4.3 V range,
at a current density of 0.2 mA cm™2. It can be seen that the initial
charge and discharge capacities of Nd-LMO cathode material
were about 166 mAhg~! and 149 mAhg~!, respectively. The
irreversibility of about 10% in first cycle may be due to the for-
mation of solid electrolyte interface (SEI) layer onto the spinel
LiMnj 99Ndg 0104, as explained earlier by Zhang et al. [29].
After 25 cycles, the discharge capacity was found to be about
132mAhg~!. Fig. 4 shows the cycleability of the Nd-LMO
electrode for 25 charge-discharge cycles. It can be seen from the
figure that after 25 cycles the initial discharge capacity retention
is about 91%. This improvement in the cycleability is believed
to be due to the structural stability by Nd doping in LiMn,O4.
Table 1 shows the comparison of the discharge capacities of
our LiMn| 99Ndg .01 O4 with pure LiMn, Oy, reported by various
researchers.
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Fig. 2. Cyclic voltammetry of LiMnj 99Ndg 1O4/(EC + DMC)/Li coin cell in
3.5-4.5V range at a scan rate of 0.1 mVs~!.
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Fig. 3. Charge-discharge characteristics of 1st and 25th cycle of
LiMn; g9Ndg 104 coin cell at room temperature and 0.2 mA cm™2 between
3.5Vand4.3V.
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Fig. 4. The discharge capacity vs. number of cycle of LiMnjg
Ndy.; O4/(EC + DMC)/Li coin cells.

In most cases the microstructure and surface morphology are
important factors in deciding the appropriate diffusion pathway
that improves the Li* intercalation kinetics. Larger grain size
involves slow diffusion coefficient of Li* ion in the host whereas
the smaller grains produce higher diffusion coefficient, due to
decrease in the diffusion distance. However, the scaling is not

Table 1
Comparison of discharge capacities of LiMnyO4 with LiMnj 99Nd 0104 cath-
ode materials

S.no. Cathode Initial discharge ~ Discharge Reference
material capacity capacity after
(mAhg~1) 25 cycles
1 LiMn;O4 125 115 [21]
2 LiMn;04 118 105 [32]
3 LiMn; 04 120 15 [28]
4 LiMn; 99Ndg 0104 149 132 Present work
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Fig. 5. SEM micrograph of LiMn| g9Ndp 1 O4 cathode before charge-discharge
cycles.

so simple and linear as it appears and there are controversies in
nanoscale region regarding the electrochemical performances of
Li-ion batteries [30]. In case of our samples, the grains are in the
micron scale and hence there is no ambiguity in the correlation.
Figs. 5 and 6 show the scanning electron micrograph of Nd doped
cathode materials before and after 25 charge-discharge cycles,
respectively. It can be seen from the figure that the grain size

Fig. 6. SEM micrograph of LiMn; 99Ndp 104 cathode after charge-discharge
cycles.

2000

LiMn, __Nd___ O , calcined @85000, 15 hr

199 0.01°4

(b) after 50 cycles

(a) as prepared
500+

T " T X T x T T
400 500 600 700 800
Raman Shift (cm™)

Intensity (arb Units)
=)
S
1

o

Fig. 7. Raman spectra of LiMnj 99Ndo 1 O4 cathode (a) before charge-discharge
cycles; (b) after charge-discharge cycles.

is in the micron range. The average grain size from the SEM
micrographs before and after 25 electrochemical cycling was
found to be in 0.5-1.5 wm range.

Fig. 7 shows the Raman spectra of LiMnjg9Ndgo1O4,
before and after charge-discharge cycles measured using 514 nm
excitations. Before charge-discharge cycles the most intense
peak, Ajg, and the shoulder peak T(23g) appear at 628.13 cm ™!
and 578.4cm™!, respectively, and all other Raman peaks of
LiMnj 99Nd,0104 were found to be extremely weak. Ajg
mode is predominantly due to the oxide ion displacements in
Mn(Nd)Og octahedra whereas T(23g) phonon is characterized by
the large oxygen ion motions and very small Li displacements
[31]. After charge-discharge cycles, many changes in the Raman
spectra were noticed. The Ay and T(23g) modes were shifted to
lower wave number sides and also the FWHM were increased.
The shift in wave number towards lower value may be due to
the increased effective mass of Mn(Nd)—O bond because of
larger atomic weight of Nd than Mn. The increase in FWHM
is due to the disorder at the site of the oxygen octahedral. The
appearance of the other Raman active modes at the peak posi-
tions of 426.77cm~! and 383.76 cm™~! were observed, which
are assigned to ng(z) and E, phonon modes, respectively. Fur-
ther, these vibrations were assigned due to large oxygen ion
motions. Table 2 shows the shifts in the various Raman modes
after charge-discharge cycles of LiMnj g9Ndg 91 O4 cathode.

Table 2

Comparison of Raman peak position of LiMnj 99Ndg 91 O4 cathode material with pure LiMn;Oy4, before and after charge-discharge cycles

Phonon symmetry LiMn;04 (calculated LiMn;Oy4 (Observed LiMn1_99Nd0_0104y LiMl’l]_ggNdo_0104, Pek shift
positions in cm™h) positions in cm™ ) peak position (cm™h), peak position (ecm™Y), (cm™1)
[32] [32] before cycle after 25 cycles

Ay 598 625 628.13 595.03 33.1

E, 434 432 426.77 419.48 7.29

T%; 354 365 383.76 380 3.76

T(zgg) 455 480 489.77 473.1 16.67

Ty 597 590 579.04 578.4 0.64
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4. Conclusions

We have synthesized phase pure LiMnj.99Ndg 01 O4 by chem-
ical solution route. The XRD data showed the cubic spinel
network (Fd3m). It is believed that the presence of Nd ion
in the host LMO stabilizes the structure, leading to a more
reversible electrochemical reaction. This is corroborated from
the charge-discharge characteristics of the electrochemical cell.
The initial discharge capacity of the LiMn] 99Ndg 01 O4 cathode
material was found to be about 149 mAh g~!, with the capac-
ity retention of about 91% after 25 charge-discharge cycles. It
can be seen that the severe capacity fading in LiMn,O4 cathode
can be improved significantly by doping with small concentra-
tions of rare-earth element such as Nd. The improvements were
explained on the basis of the structural stabilities imposed by
the rare-earth element. Structural analyses of the as prepared
and cycled electrodes were investigated and from Raman spec-
troscopic results it has been concluded that the oxygen motions
in the spinel framework play important roles in charge-discharge
characteristics.
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