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Abstract

To improve the cycle performance of eco-friendly and cost-effective spinel LiMn,0, as the cathode of 4 V class
Li secondary batteries, the spinel phase LiCr,Mn, _ ,O4 (x = 0.01-0.20) was synthesized by soft chemistry method
using oxalic acid as chelating agent. The present technique results in better homogeneity, good surface morphology,
shorter heat treatment time, sub-micron sized particles, good agglomeration and better crystallinity. Electro-
chemical studies were monitored in the potential range of 3—4.5 V. The present paper reveals that chromium
substituted manganese spinel improves the structural stability of the parent material.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The LiMn,Oy4 spinel is preferred as one of the most promising cathode material for rechargeable
lithium batteries because of its low cost and environmentally benign nature. Although LiMn,O, cycles
well at room temperature, prolonged cycling at higher temperatures is accompanied by an unacceptable
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capacity fade [1,2]. This capacity fade has been attributed due to several factors such as electrolyte
decomposition, slow dissolution of LiMn,O, [3] unstable two phase reaction, Jahn—Teller distortion [4],
lattice instability [5] and particle disruption [6]. Ohzuku et al. [7] studied a series of 5V cathode
materials obtained by substituting Mn in LiMn,O4 with 3d transition metals such as Co, Cr, Cu, Fe, Ni,
Ti and Zn, which are shown to be effective in surpassing the capacity fade upon cycling. These materials
showed operating voltages above 4.8 V as reported by Lee et al. [8] also. In this regard, Cr as a dopant in
LiMn,0, is also expected to exhibit an excellent electrochemical reversibility upon cycling. In other
words, reduced particle size that enhances the cycleability and rate capability of the positive electrode
has also been aimed at in the present investigation. It is well known that the physical as well as the
electrochemical properties of any cathodes depends upon the method of synthesis and the types of
precursors employed. In recent years, several low-temperature preparation methods have been used such
as sol-gel [9,10], precipitation [11], Pechini process [12] and the hydrothermal method [13]. In this
work, we have made an attempt to stabilize the LiMn,0, spinel structure by sol-gel method, using
oxalic acid as a chelating agent with Cr as a dopant, which has not been previously reported. It is
noteworthy to mention that the soft chemistry techniques have many advantages such as better
homogeneity, low calcinations temperature, shorter heating time, regular morphology, sub-mircon
sized particles, less impurities, large surface area and good control of stoichiometry. Therefore, the
same has been chosen to be employed for the present study to synthesize a series of Cr-doped LiMn,O,
solid solutions.

2. Experimental

LiCr,Mn, _ ,O4 (x=0.01, 0.02, 0.05, 0.10, 0.20) powders have been synthesized by the sol-gel
method using oxalic acid as chelating agent (Plate 1). Stoichiometric amounts of lithium nitrate,
manganese nitrate and ammonium dichromate, were thoroughly mixed and dissolved in deionized water.
The solution was stirred continuously along with mild heating to ensure homogeneity and a solution of
oxalic acid was added to the homogenous solution. The addition of oxalic acid resulted in the formation
of a precipitate, the intensity of which increased with the addition of an increasing amount of oxalic acid.
Simultaneously, pH of the solution was adjusted between 7 and 8.5. The process of stirring and heating
was continued until a solidified mass was obtained. The gel, thus obtained, was heated initially in a
heating oven at 110 °C overnight and then further, in a heating furnace at 400 °C for about 4 h. The
powder obtained was further heated to 800 °C for 4 h to ensure better purity and crystallinity. Ultimately,
the fine powders resulting from the above processes have been collected and subjected to physical as well
as electrochemical characterizations.

2.1. Electrode preparation

Standard 2016 coin cells were assembled using lithium metal as an anode, a Celgard 2400 separator
and 1 M solution of LiPF¢ in a 50:50 (v/v) mixture of ethylene carbonate and dimethyl carbonate.
Cathodes were 1.8 cm diameter aluminum disc spread-coated with a 80:10:10 slurry of the cathode active
powder, graphite and poly-vinylidene fluoride in N-methyl-2-pyrrolidone. Cathode active material
loadings in the samples varied from 0.087 to 0.098 g. Charge—discharge studies were performed using
an in-house charging facility between 3 and 4.4 V.



R. Thirunakaran et al./ Materials Research Bulletin 40 (2005) 177-186 179

LiNO3 Mn(NOs), (NH)Z.CI'207
solution solution solution

pH adjusted to 7-8.5

Formation of Gel '

Drying at 110°C Overnight I

Precursor mass fired
at 400°C for 4 h.

Fired at 800°C for 4h l

Plate 1. Flow chart for the synthesis of LiCr,Mn, _ ,O,4 via oxalic acid assisted sol-gel route.

X-ray diffraction studies were made on a Jeol JDX 8030 X-ray diffractometer (XRD) with nickel-
filtered Cu Ko radiation, in order to study the crystalline phase of the synthesized spinel. Surface
morphology was examined using JEOL JSM 1200 EX II, The Netherlands. Charge—discharge studies
were carried out using TOSCAT-3000V, battery-testing unit, Japan. The cells were assembled in an
argon-filled glove box (Mbraun) with moisture and oxygen levels maintained at less than 1 ppm. Charge—
discharge studies were completed at room temperature using WONATECH (South Korea) company
battery tester.

3. Results and discussion
3.1. X-ray diffraction studies

The X-ray diffraction patterns of Cr**-doped samples show a striking similarity to that of pure
LiMn, Oy (space group Fd3m) in which the manganese ions occupy the 16d sites and the O>~ ions occupy
the 32e sites (Fig. 1). The fact that chromium-doped compounds have a cubic spinel structure has been
demonstrated by several people [14—16]. In fact, the lattice parameter of LiCr,Mn, _ O, is very close to
that of LiMn,Oy4 [17-19]. Substitution of manganese with chromium should result in a shrinkage of the
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Fig. 1. XRD pattern of LiMn,O,4 and LiCr,Mn, _ ,O4 samples calcined at 800 °C for 8 h: (a) 0.00, (b) x = 0.01, (c) x =0.02,
(d) x=0.05, (e) x=0.10, (f) x=0.20.

unit cell volume. This is because in the same oxidation state chromium ions have smaller ionic radii than
manganese ions; Cr°* (0.615 A) Mn>* (0.68 A), Cr** (0.58 A), Mn** (0.60 A) [20]. The decrease in cell
volume should increase the stability of the structure during deintercalation and intercalation of lithium
[21-23]. The stronger Cr—O bonds in the delithated state (compare the binding energy 1142 kJ/mole for
CrO, with 946 kJ/mole for a-MnQO,) may also be expected to contribute to the stabilization of the
octahedral sites. The higher stabilization energy of Cr’* ions for octahedral coordination is well known.
Lately, Sigala et al. [21] demonstrated the structural stability imparted by Cr’* ions to LiMn,Oy spinels,
while [22] demonstrated a similar effect by a chemically modified Cr’* to Cr®" oxide. The incorporation
of Cr’* greatly suppresses the dissolution of manganese ions in the electrolyte (one of the failure
mechanisms of the LiMn,O, cathode) has been shown by Iwata et al. [23]. The lattice parameters of
LiMn,0,4 and LiCr,Mn, _ ,O4 are shown in Table 1. The lattice parameters began to diminish starting
when mCrO was doped into the spinel under pressure. The calculated lattice values for y = 0.00, 0.02,
0.05 and 0.10 in LiCr,Mn, _ ,O, were 8.220, 8.218, 8.220 and 8.214 A.

3.2. Surface morphology

Fig. 2(a—f) depicts the transmission electron micrographs (TEM) of pure and Cr-doped samples of
LiMn,0,. As observed from figures, the particles become agglomerated with an increase in chromium

Table 1

Unit cell parameters and inter atomic distance for LiCr,Mn, _ ,O4 from ammonium dichromate precursor

LiCr,Mn; _ ,O4 a(A) V(A) Ryn-Mn(cr) (A) Ryvinccr—0) (A)
LiMn,O, (y = 0.00) 8.220 555.5(2) 2.908 1.950
LiCrg,0oMn; 950, (y = 0.02) 8.218 (1) 553.2 (2) 2.904 1.940

LiCrg 0sMn; 950, (y = 0.05) 8.220 (1) 554.2 (2) 2.906 1.938

LiCrp 0;Mn; 990, (y = 0.10) 8.214 (1) 552.5 (2) 2.905 1.936
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Fig. 2. Transmission electron micrographs of LiMn,0,4 and LiCr,Mn, _ ,O4 samples calcined at 800 °C for 8 h: (a) 0.00, (b)
x=0.01, (c) x=0.02, (d) x=0.05, (e) x=0.10, (f) x=0.20.

content. Furthermore, the increase in agglomeration of the particles results in effective inter-particle
contact leading to good capacity, and good cycleability. However, it is interesting to note that the
composition with lower Cr doping results in a slightly higher capacity than the undoped LiMn,Oy,.
Moreover, at the higher doping (Fig. 2d—f) the decrease of capacity due to the decrease of manganese ions
results, eventhough particles are well agglomerated.

3.3. EDAX studies

Fig. 3(a—f) represents the atomic percentage compositions of Cr and Mn in the synthesized LiMn,Oy,
and LiCr,Mn, _ ,O4 compounds. It is observed that the peak located around 5.5 keV starts going with
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Fig. 3. Atomic percentage compositions of LiMn,O,4 and LiCr,Mn, _ ,O4 samples calcined at 800 °C for 8 h: (a) 0.00,
(b) x=0.01, (¢) x=0.02, (d) x=0.05, (e) x=0.10, (f) x =0.20.

increase in Cr content of the synthesized material. Further, as seen from Fig. 3(a) this peak is absent
thereby confirming the presence of dopant Cr stoichiometry in the materials (Fig. 3b—f). Table 2 shows
the EDAX results of the atomic percentage compositions of Cr and Mn in the synthesized LiMn,0,4 and
LiCr,Mn, _ ,O4 compounds.

3.4. Charge—discharge studies

Fig. 4 depicts the charge—discharge curves of LiMn,0,4 and LiCr,Mn, _ ,O4 compounds. These cells
were cycled between 3 and 4.25 at 0.1 and 0.2 C rate and the initial specific capacities delivered are
130 and 120 mAh/g. Capacities above 4.25 V were not tapped for fear of electrolyte decomposition
at such voltages. The capacities obtained correspond to the oxidation of Mn** to Mn** and Cr**/Cr**.

Table 2
Shows the EDAX results of the atomic percentage compositions of Cr and Mn in the synthesized LiMn,0, and LiCr,Mn, _ ,O4
compounds

Sample numbers Atomic percentage composition of Cr (%) Atomic percentage composition of Mn (%)
(@ - 100

(b) 0.75 99.25

(c) 3.35 96.25

(@) 7.04 92.96

(e) 13.47 86.53

(63) 23.69 76.31
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Fig. 4. Charge—discharge behavior of LiMn,O,4 and LiCr,Mn, _ Oy cells: (a) 0.00, (b) x = 0.01, (c) x =0.02, (d) x = 0.05, (e)
x=0.10.

The oxidation of Cr** to Cr** occurs at 4.8 V [24-26]. The two-step deintercalation/intercalation process
in the case of chromium-doped LiMn,0,4 may for example be represented as follows:

Li[Cr yMn® Mn* 104251 — yLiy[CrMn* )04 + (1 — y)Lit + (1 — y)

e*ﬂCr4+yMn4+]O4 +yLiT 4 ye~

While in the case of Cr** doped LiMn,O, the Cr** ions would replace the Mn>* ions, reducing the 4 V
capacity of the compound. During the first cycles, the LiMn,0O, spinel exhibits the specific capacity of
128 mAh/g, whereas 0.01 Cr-doped spinel is bestowed with slightly lower capacity than pure LiMn,0y.
Replacement of Mn™* ion by Cr** and the oxidation of a similar amount of Mn>* to the Mn*" state, leads
to an increase in the average oxidation state of manganese. The diminished Mn>* ion concentration can
contribute to a reduced unit cell volume of the spinel, which results in an increased structural stability.
The capacities obtained correspond to the oxidation of Mn** to Mn**. Similarly, the oxidation of Cr** to
Cr** occurs at 4.8 V [27).

3.5. Cycleability studies

The typical graph in Fig. 5 shows that the pure LiMn,O4 and chromium-doped spinel and the 0.01
chromium-doped LiMn,0, exhibit constant capacity of 110 mAh/g up to 100 cycles. Despite the fact that
the pristine LiMn,0,4 exhibits initially higher capacity 118 mAh/g than 0.01 Cr-doped LiMn,O,
(110 mAh/g), its capacity has been decreased drastically. The better cycleability of the doped variety
is due to the increased stability caused by higher octahedral site stabilization energy of Cr>*. Thus, the
effect of chromium is more pronounced in reducing the capacity fade. Furthermore, the ionic radius of
Cr’* is lower than Mn>", i.e. 0.615 A, whereas Mn>*, Cr** and Mn** have a radius of 0.68, 0.58 and
0.60 A, respectively. Hence, the decrease in cell volume increases the stability of the structure during
deintercalation/intercalation of lithium. Thus, the Cr dopant stabilizes the Mn>* structure for increasing
good cycleability.



184 R. Thirunakaran et al./Materials Research Bulletin 40 (2005) 177-186

140
B-a - LiMn,Q,
= °-b - Cr=0.01
s |
< 120
£
>
] 7
& 100
©
Q <
80 ] J L
0 50 100

Cycle Numbers

Fig. 5. Cycling performance of LiMn,O,4 and LiCrgy;Mn; 990, cells: (a) 0.00, (b) x =0.01, (¢) x=0.02, (d) x=0.05, (e)
x=0.10, (f) x=0.20.

3.6. Cyclic voltammogram

Fig. 6(a and b) depicts the cyclic voltammogram (sweep rate: 0.02 mV/s) of the cells employing
LiMn,O, and LiCrgo;Mn; ¢O,, respectively. Despite electrolyte decomposition occurring at such a
high voltage, there was no evidence of such a process in the voltammograms. In fact, LiPFs-based
electrolytes, such as the one used in this study, are fairy tolerant to high voltages [28]. Furthermore,
the difference in capacities observed in Figs. 5 and 6, respectively, is due to the experimental
conditions employed viz., in CV studies the experiments were carried out in a three electrode glass
cell, whereas in the case of the cycling studies: two electrode coin cells were used. Generally, the
anodic and cathodic peak appearing on the cyclic voltammogram are related to the insertion and
extraction of lithium ions in the spinel. In the pristine LiMn,0O,4, the peak around 4.08 V
corresponding to the lithium deintercalation/intercalation into/from the 8a tetrahedral sites, asso-
ciated with the Mn**/Mn** couple and other peak in the LiCryyMn;g9O, around 4.22V,
corresponds to the oxidation/reduction of the Cr**/Cr** couple [29,30]. The cyclic voltammogram
for the chromium-doped spinel reveals that there is an increase in both the anodic and cathodic
peak current and a decrease in peak separation when compared to the undoped spinel. This observation
suggests that the chromium-doped spinel inherits an enhanced reversibility as well as rate
capability.
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Fig. 6. Cyclic voltammogram of (a) LiMn,O4 and (b) LiCrg o;Mn; 9904 vs. at sweep rate 0.02 mV/s.
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4. Conclusion

A new route for the synthesis of LiMn,0,4 and LiCr,Mn, _ ,O4 has been adopted via an oxalic acid
assisted sol-gel method. The sol-gel method rendered advantages such as a pure spinel phase, lower
calcination temperature, and relatively shorter processing time with sub-micron sized particles and
narrow particle size distribution, as expected.

XRD and TEM studies are in favor of the phase purity and well-defined particles of better morphology,
respectively. Charge—discharge studies established the possibility of producing enhanced structural
stability of the LiCr,Mn, _ O, spinels through the Cr dopant. Cyclic voltammetry experiments show
enhanced reversibility and rate capability of a Cr** modified spinel compared to the undoped spinel. It is
further understood, from the present investigation, that the oxalic acid assisted sol-gel method of
synthesis of LiCr,Mn, _ O, (x=0.001, 0.02, 0.05, 0.10, 0.20) has resulted in the formation of
structurally stabilized spinel for better electrochemical behavior.
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