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Abstract

We investigated the relation between the electrode performance and electronic states of LiMn, M, 04 (M = Ni, Zn) as cathode active
materials for the 4V class of lithium secondary batteries. The cycle performance is improved by substitution of Mn with Ni or Zn. We obtained
the electron density distribution by XRD using the MEM/Rietveld method. Moreover, we investigated the electronic states of LiMn; 75M 2504
(M = Mn, Ni, Zn) using first-principles calculation by the DV-Xa method. The net charges of each atom, and the bond overlap populations of
Li-O, Mn-O, Ni-O and Zn-O were calculated. From the results, Li has a high ionicity and the covalent bonding of the Mn-O of
LiMn, 75M 2504 (M = Ni, Zn) is stronger than that of LiMn,O,. As a result of the DOS, the oxygen 2p orbital and Mn 3d orbital provides the
overlap and the overlap of LiMn; 75sM 150, is greater than that of LiMn,Oy,.
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1. Introduction

LiMn,Oy is a well-known cathode material for 4V class
lithium batteries. It has the advantages of low cost and low
toxicity. However, its capacity loss during cycling in the 4V
region has become an obstruction to practical use. The main
factor of capacity loss is that Mn®" dissolves during the
cycling and produces an unstable spinel structure [1]. Recent
work in order to improve the cycle performance is to sub-
stitute another transition metal of Mn with M, LiMn,_ M, O,
M = Li, Al, Ti, Ge, Fe, Co, Zn, Ni, Ga, Cu, Mg, Cr) [2-6].

In this study, we investigated the relation between the
properties, the crystal structures, and electrode performances
of LiMn,_ M, 04 (M = Mn, Ni, Zn). We also estimated the
ionicity, the bond overlap population (BOP), and the density
of states of these materials using the first-principles calcula-
tion by the DV-Xa method.

2. Experimental

The LiMn, M,0,4 powders (M = Zn: x = 0, 0.05, 0.1;
M = Ni: x =0, 0.1, 0.3) were prepared by using "Li,COs,
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MnO,, Zn(NOs3), and Ni(OH), so as to avoid the high
neutron absorption of °Li. The mixtures were preheated
at 600 °C for 24 h in air, then heated at 700-800 °C for 24 h
in oxygen.

The samples were determined to be single phase and the
evaluation of the lattice parameter was examined by XRD.
The sample compositions were determined by ICP. The Mn
valence was determined by iodometry, chelatometry and ICP
[7].

The crystal structures were obtained from a Rietveld
analysis (Rietan 2000) by neutron powder diffractions using
the HERMES [8] of IMR at JPR-3M. From the results, we
calculated the bond length of Mn, Zn, Ni (16d)-O (32e), Li
(82)-0 (32e). We also calculated the Madelung energy using
the Rietveld analysis results. The electron density distri-
butions of LiMn,_ M, 04 (M = Mn, Ni, Zn) were analyzed
by the MEM/Rietveld method using the XRD results.

The electrochemical measurement used a three-electrode
cell. The cell consisted of the LiMn,_M,0O4 (M = Ni:
x=20, 0.1, 0.3; M =7Zn: x=0, 0.05, 0.1) cathode (WE)
and Li films (CE and RE). The cathode was prepared by
pressing a blend of active material (25 mg), acetylene black
(10 mg) and PTFE (10 mg) onto a Ni mesh and then
drying at 150 °C for 12 h under vacuum. The electrolyte
used was a 1M LiClO,~PC/DMC (1:1) solution. All
procedures were carried out in an argon-filled glove box.
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The charge—discharge tests were performed at a constant
current density (0.2 mA cm ) with cut-off potentials of
3.5-4.3 V versus Li/Li* at 25 and 50 °C.

We investigated the ionicity and the covalency of the
atoms for LiMn,_M,O, (M = Ni, Zn, Mn) using a first-
principles calculation. We examined the net charges, the
bond overlap populations, and the density of states by the
discrete variational DV-Xo method on model clusters.

3. Results and discussion
3.1. Sample characterization

The powder X-ray diffraction profiles of the LiMn,_ -
M, O, M =Ni: x=0,0.1, 0.3; M =Zn: x =0, 0.05, 0.1)
were identified as a single phase cubic spinel with the space
group Fd3m. The metal composition of these samples,
which were determined by ICP, are the same as the nominal
composition. Next, the Mn valence was determined by
iodometory, chelatometry and ICP. Fig. 1 shows the relation
between the Mn valence and lattice parameter, a, determined
by the XRD of LiMn, M,0O4 (M =Zn, Ni). The Mn
valence increases and the lattice parameter a decreased with
the increasing Ni or Zn content. From these results, the
substitution of Ni* " or Zn*" into the Mn-site is accompanied
by the oxidation of Mn>" to Mn*™.

3.2. Structural analysis of neutron powder
diffraction data

The neutron-diffraction intensity profiles of LiMn,_,-
M,04 M =Ni: x =0, 0.1, 0.3; M = Zn: x =0, 0.05, 0.1)
were analyzed over a wide range at room temperature and
200 K. A refinement was carried out by assuming a cubic
unit cell (space group Fd3m) using Rietan 2000 [9]. The
final results for "LiMn; 95Zng 0504 at room temperature are
listed in Table 1. Fig. 2 shows the results of the refinement
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Fig. 1. Relationship between Mn valence and lattice parameter determined
by X-ray diffraction measurement of LiMn,_,Zn, O, and LiMn,_,Ni,Oy.

Table 1
Final results of the Rietveld refinements for "LiMn, 95Zng 05Oy in space
group Fd3m (Cubic, z = 4)

Atom Site  x y z B (nm?)

Li 8a 0 0 0 0.0107 (19)
Mn,Zn 16d 5/8 5/8 5/8 0.0028 (6)
o 32e  0.38818 (8) 0.38818 (8) 0.38818 (8) 0.0089 (4)

B are isotropic thermal parameters. The site Mn, Zn is occupied by Mn and
Zn in a 0.975:0.025 ratio. The sites Li and O are occupied fully. Numbers
in parentheses are estimated standard deviations of the last significant
digit, and those without deviations were fixed. Ry 6.84%, R.: 4.63%, Ry
5.30%, S: 1.48, a = 0.82308 (7) nm, V = 0.5576 (1) nm°.

pattern for LiMn, 95Zng 0504 at room temperature, where
good agreement between the observed and calculated
patterns were obtained. The results for the other materials
show the same tendency. From these results at room
temperature and 200 K, it is seen that the phase transition
(cubic to orthorhombic) was restrained by substitution of M
for Mn. The bond lengths of Li-O, (Mn, M)-O (M = Ni,
Zn) and the Madelung energy decrease with the increasing
M content. The bond lengths of the (Mn, M)-O dependence
on temperature decreased with the increasing M content, x
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Fig. 2. Rietveld refinement patterns for 7LiMn, 95Zng 0sO4. Plus marks show observed neutron diffraction intensities, and a solid line represents calculated
intensities. The vertical marks below the patterns indicate the positions of allowed Bragg reflections. The curve at the bottom is the difference between the

observed and calculated intensities in the same scale.
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Fig. 3. Galvanostatic discharge curves for the first cycle of LilLiMn,  ,M,0, (M = Ni, Zn) cells at 25 °C and 0.2 mA cm 2 A:x=0,B: M = Zn; x = 0.05,
C:M=Zn;x=0.10,D: M=Ni; x =0.1, EE M= Ni; x=0.3, F: M = Ni; x =0.5.

(M = Zn, Ni). Hence, the crystal structure is made more
stable by the substitution of Zn or Ni for Mn.

3.3. Evaluation of the electrode performance

Fig. 3 shows the galvanostatic discharge curves for the
LilLiMn,_ . M,O4 (M = Ni, Zn) cells during the first cycle at
25 °C. The first discharge capacity decreases with increasing
M content since the Mn valence increases with the increas-
ing M content. The discharge capacity in the 4V region is
very low for LiMn, sNig 504 since the Mn valence is almost
4. The material was used for the 5V class cathode active
materials [10]. The two plateaus are less distinct with the
increasing M content. This suggests that the single phase
region of LiMn, M,04 (M = Ni, Zn) is maintained during
the charge—discharge with an increasing M content. Table 2

Table 2

shows the capacity of the first cycle and the fade in the
discharge capacity after the first discharge for various
LiMn,_ M, 04 (M = Ni, Zn) compounds at 25 and 50 °C.
From these results, it can be seen that a significant improve-
ment in the cycle performance was observed with an
increase in the Ni or Zn content. The cycling performance
at 50 °C has the same trend as that at room temperature.
These results are similar when substituting a part of Mn with
Li or Mg [6,7,11].

3.4. Investigation of electronic structure by
first-principles calculation

For the theoretical investigation of the structural stability
and bonding state as a function of substitution of Mn with Zn
or Ni, the ionicity was estimated from the net charge of

The capacity of first cycle and the fade of discharge capacity for the first discharge capacity of LiMn,_ M,04 (M = Ni, Zn) at 0.2 mA cm ™2 and 25, 50 °C

Sample Capacity of first

cycle (mAh g™ ")

10 cycles (%)

20 cycles (%)

30 cycles (%) 40 cycles (%) 50 cycles (%)

(a) LiMn,_,Zn, O, at 25 °C

x=0 125.6 90.8
x = 0.05 107.4 96.0
x=0.1 838.2 99.0
(b) LiMn,_,Ni, O, at 25 °C
x=0 125.6 90.8
x=0.1 924 92.9
x=03 37.8 98.1
x=0.5 15.0 100
(¢) LiMn,_,Zn, O, at 50 °C
x=0 124.5 76.7
x = 0.05 101.4 93.1
x=0.10 82.4 934
(d) LiMn,_,Ni, Oy at 50 °C
x=0 124.5 76.7
x=0.1 80.3 92.9
x=03 399 91.3
x=05 154 98.4

80.6 71.1 64.1 57.9
929 71.1 70.1 58.8
98.9 98.4 97.8 97.2
80.6 71.1 64.1 57.9
85.0 712 69.3 61.4
97.4 97.0 96.1 96.1
100 99.2 98.6 97.9
59.0 48.2 41.0 35.1
82.5 71.8 61.9 52.8
86.2 78.9 - -

59.0 48.2 41.0 35.1
85.0 712 69.3 61.4
90.1 90.0 87.9 86.1

98.4 98.2 97.9 97.3
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Table 3
Results of bond overlap population of atoms for LiMn; 75sM 2504
M Mn-O M-O Li-O
Mn 0.203 0.237 0.019
Zn 0.266 0.137 0.014
Ni 0.211 0.219 0.013
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Fig. 4. Density of states for LiMn; 75Mg »50, cluster. Broken line shows
Li 2p, a dotted line shows O 2p orbital, a bold dotted line shows M
(M =Zn, Ni) 3d orbital, and a solid line shows Mn 3d orbital. (a)
M = Mn; (b) M = Zn; (c) M = Ni.

atoms and the covalency was estimated from the bond
overlap population of each atom using first-principles cal-
culations by the DV-Xa method. From the net charge results,
the Li is shown to have a high ionicity in all cases [12]. The
ionicity of Zn and Ni is slightly lower than that of Mn.
Table 3 shows the bond overlap population (BOP) for
LiMnL75M0_25O4 (M = Mn, ZI], Nl) The BOP of Mn-O
increases with the substitution of Mn with M (Zn, Ni). On
the other hand, the BOP of Li—O is low, that is it corresponds
with the high ionicity of Li. The BOP of Mn—O, which holds
for most of the 16d sites, for LiMn; 75M( 504 (M = Ni, Zn)
is stronger than that of LiMn,0y.

The electron density distributions of LiMn; 75M( 2504
(M = Mn, Ni, Zn) were also calculated using first-principles
by the DV-Xa method. Fig. 4 shows the densities of states for
LiMn,; 75sM 1504 (M = Mn, Ni, Zn). The O 2p orbital and
Mn 3d orbital provide the overlap. The overlap of
LiMn; 75Zng 504 is greater than that of LiMn,O,4. Hence,
the Li ionicity remains high and strong covalent bonding of
Mn-O was found for substitution of part of the Mn with Zn.
There is the same tendency for LiMn; 75Nig 504, but the
difference is small compared to LiMn,0,. Consequently, the
crystal structure is made more stable by substitution of part
of the Mn with Zn or Ni.

4. Conclusion

The cycling performance was improved with increasing
Zn or Ni content (x in LiMn,_,M,0,4). The phase transition
was restrained by the substitution of Zn and Ni for Mn. From
the first-principles calculation, the Li ionicity remained high
and the Mn—-O covalent bonding for the substitution of Mn
with M (M = Zn, Ni) is stronger than that of LiMn,Oj,.
Hence, the crystal structure is made more stable by the
substitution of Mn with Ni or Zn. Consequently, the cycling
performance closely correlates with the structural stability.
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