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ABSTRACT 

3d-metal (Me) doped LiMn2O4 thin films were deposited by rf 
magnetron sputtering of Li[MnpgMeo.lJ04 targets in Ar + N2 and Ar + 02 
gas mixtures and annealed at 750°C in 02 for 1 h. From XRD 
measurements, the structure of the Me-doped thin film was dependent upon 
the element and the deposition conditions. The doping level of MelMn of 
cubic phase was less than 0.1 by EDX measurements. The Ti-LiMn204 
films exhibited a capacity close to theoretical for stoichiometric LiMn204. 
This improvement at 4 V comes at the expense of the capacity at 5 V. Cells 
with Tidoped films exhibited the same low capacity fade as those with 
undoped LiMn204 cathodes. Similar electrochemical changes were 
observed with the Cr- and Zn-LiMn204 films. The discharge capacities 
above 4.5 V for the Ni-doped films were about equal to those below 4.5 V, 
and the thin-film cells could be cycled reversibility between 3.5 and 5.3 V. 

INTRODUCTION 

Thin-film lithium cells with LiMn204 cathodes exhibit excellent reversibility when 
cycled between 4.5 V and 3.8 V (4 V plateau) (1). However, the capacity typically is 
about 60% of the theoretical value 1 Li+ per of stoichiometric LiMn2O4 spinel (2) 
while the balance of about 1 Liin2O4 is extracted in a 5 V piateau. The reversibly on 
cycling in this plateau is poor. The distribution of capacity between the 4 V and 5 V 
plateaus varies from film to film and is sensitive to the method of deposition and the post 
deposition processing conditions (2-4). In this research, our goals were to: (i) increase the 
4V capacity and (ii) to improve reversibility at high voltages (24.5 V) by doping LiMn;?o,Q 
with 3d-metal ions. We chose the ions from Tib(d0) to ZnZ+(dlo) as some of these tend to 
occupy octahedral sites in LiMn204 spinel framework while others tend to occupy the 
tetrahedral sites according to the ion size and electronic configuration. 

RESULTS AND DISCUSSION 

Preparation and Structure of 3d-Metal Doped LiMn2Oq Thin Films 
Li[Mnl.gMe0.~]04 (Me = 3d-metal) targets were prepared by heating mixtures of 

LiOHeH20 and MnO2 with TiO2, V2O5, Cr02, Fe203, C0304, Ni(OH)2, CuO, or 2x10 at 
900 "C for 12 hours in air. The a-axis length of each of the compounds was determined 1.0 
be about 8.23-8.24 8, from a least squares analysis of x-ray diffraction data. 

The doped LiMn204 films (Me-LiMn204 film) 0.35-0.40 pm thick were deposited by 
rf magnetron sputtering of Liml.$eo.l]04 in Ar + N2 and Ar i- 0 2  gas mixtures at a 
pressure of 5 mTorr. The x-ray amorphous as-deposited films were heated at S"C/min in 
flowing 02, held at 750°C for 1 hour, and then cooled slowly to room temperature for 3 4.0 
4 hours. The structure of the films were investigated by X-ray diffraction (XRD). After 
characterization, thin film L&ipon/Me-LiMn2O4 solid state lithium batteries were prepared 



using the methods described elsewhere (1 -3). The electrochemical measurements were 
carried out using high impedance channels of a Maccor battery test system. 

The results of the XRD measurements on the Me-LiMn204 films are summarized in 
Table 1, and examples of the x-ray diffraction patterns observed are shown in Fig.1. 
Among the Me-L*2O4 films deposited in Ar + N2, the Ti-, Fe-, Cu- and 
Zn-LiMn204 films had a single phase cubic spinel structure while, with the exception of 
Fe, Cu and Zn, the Medoped films deposited in Ar + 0 2  also exhibited a single cuhk 
spinel structure. The orthorhombic phase identified from the reflections at 23" and 33" in 
2-theta was Mn2O3, and monoclinic Li2Mn03 was identified from the small reflections at 
21" and 22' and the splitting of the (2,0,2) and (-1,3,3) lines. The cubic Me-LW.1204 thin 
films can be classified into two groups in terms of their a-axis lengths: Ti-, Cr-, 
Zn-LiMn204 films with the a-axis longer than 8.19 8, and the V-, Fe-, Co-, Ni-, Cu- 
LiMn2O4 films with shorter a-axis values. From EDX measurements of as-deposited 
films, the doping levels, MeMn ratios, for 3d-metal doped films were estimated to be 
about 0.1, except for Ti- and Zn-LiMn204 films. For Ti- and Zn-LiMn204 films, the 
Me/Mn ratios were 0.03(k0.01) and 0.2(&0.05), respectively. From the REIS 
measurements, the Mn/O ratios of the doped films were generally about the same as the 
undoped films, 0.45(+0.02). For the two Ti-LiMn204 films measured, however, 
Mn/0=0.57(kO.02). 

Improved 4V-Capacity 
As shown in Fig. 1, the Ti-doped film and the Zn-doped film exhibited an increase in 

the 4 V capacity of about 30 96 bringing it close to theoretical value for stoichiometric 
LiMn2Og This improvement at 4 V comes at the expense of the capacity at 5 V as can be 
seen from the differential chronopotentiograms of the Li/Lipon/Ti-LiMn204 film cells in 
Fig.3. When the nitrogen content of the process gas was increased from 10% to 20%, 
there was no apparent oxidation peak at 5 V. From the cycle data in Fig.4, cells with Ti- 
doped films exhibited the same low capacity fade as those with undoped LiMn2O4 
cathodes. 

In order to explain the electrochemical and structural properties LiMn2O4 thin films 
including the 5 V plateau, we have proposed (4) a defect model represented by 

where Mn2+ ions are located on the Sa and 16c sites, and Li+ ions are located on the 8a arid 
16d sites. The 4 V plateau is due to the oxidation of Mn3+ to Mn4+, and it is supposed that 
the 5 V plateau originates from oxidation of the Mn2+ ions on the Sa sites accompanied by a 
migration from the 8a to the 16c sites. The capacity at 4 V is restricted by the concentration 
of Li+ ions on the 16d sites which lowers the number of Mn3+ ions, and the 5 V capacity 
depends on the concentration of Mn2+ ions on the 8a sites and on the concentration of 
Mn3+ ions as well. This model also is consistent with the results of the present study. 
Consider the cases of Ti and Zn doping. As shown in Fig. 1, both dopants result in an 
increase of the 4 V capacity at the expense of the 5 V capacity. Because the Ti4+ ions 
should preferentially occupy the 16d octahedral sites, these ions evidently replace Li+ ctn 
16d resulting in an increase in the concentration of Mn3+. The Zn2+ ions should 
preferentially occupy the tetrahedral sites Sa and replace the Mn2+ ions, thereby 
suppressing the 5 V capacity. At the same time, the Lif ion concentration on the 16d sites 
must be lowered as well causing an increase in the concentration of Mn3+ as evidenced by 
the increased capacity at 4 V. 



Improved Reversibility Above 4.5 V 
It has been reported that Cry Fe, Coy Ni, or Cu substituted LiMnzO4 cathodes exhibit 

voltage plateaus above 4.5 V against Li metal (5-9). In the present study, only Ni was 
observed to increase the capacity and improve the reversibility above 4.5 V in LiMn204 
thin films. Examples of discharge curves at different current densities for a cell with a 
Ni-doped cathode, are shown in Fig. 5 .  The energy-delivered at each of the indicated 
discharge rates is higher by at least 20% than that delivered by cells with undoped cathodes 
at the same corresponding rates. The thin-film cells also could be cycled reversibility 
between 5.3 V and 3.5 V. As shown in Fig. 6,  initially there was a small fade on 
increasing the voltage window from 3.8 - 5 V.40 3.8 - 5.3 V, but after a few cycles, the rate 
of capacity loss decreased to 1.2 % / cycle. The coulombic efficiency of the cell = 1.0 in 
the 3.8 V - 5.3 V window. As the electrolyte is stable to 5.5 V vs. Li, the initial capacity 
fade likely is due to a change in the cathode. For cells with undoped LiMn2O4 cathodes, 
the capacity at 5 V decreases rapidly on cycling (Fig. 6).  

CONCLUSIONS 

Thin films of L a 2 0 4  doped with 3d-metal ions (Me) were prepared by i f -  

magnetron sputter deposition of LiMnl.9Me0.104 The MelMn ratios of the doped filrns 
were estimated to be about 0.1 from the EDX measurements of the as-deposited doped 
films except for Ti- and Zn-LiMn204 films. For Ti- and Zn-LiMn204 films, the Me/Mn = 
0.03(f0.01) and 0.2(+0.05), respectively. The RBS measurements indicated that the 
Mn/O ratios were, except for Ti-LiMn204, the same as those of the un-doped films, 
0.45(&0.02). For Ti-LiMn204 films, Mn/0=0.57(&0.02). Among Me-LiMnzO4 films, 
the Ti- and Zn-doped films exhibited the largest increase in the capacity at 4 V compared to 
undoped films, close to the theoretical capacity of stoichiometric LiMnzO4. For the Ti- 
doped films, the increase in capacity at 4 V results from an increase in the relative number 
of Mn3+ ions. For the Zn-doped films, the reduction in capacity at 5 V is caused by the 
replacement of Mn2+ ions on the Sa sites with Zn2+ ions while the increase in capacity at 4 
V is due to an increase in the relative concentration of Mn3+ ions. The reversibility of the 
Ti- and Zn-LiMnzO, cathodes was equivalent to that of the undoped films. For the Ni- 
doped films, reversible capacity nearly equivalent to that at 4 V was observed between 5.3 
to 4.5 V yielding batteries that can deliver 20% higher energies than cells with undoped 
LiMn204 Compared to undoped films, the Cr- and V-doped films exhibited smaller 
capacities at 5V, 4V, and 3V as well. This reduction in total capacity is presently not 
understood. 

ACKNOWLEDGMENT 

This research was sponsored by the U.S. Department of Energy’s Division of 
Material Sciences and Division of Chemical Sciences under contract No. DE-ACOS- 
960R22464 with Lockheed Martin Energy Research Corp. 



REFERENCES 

1. 

2. 

3. 

4. 
5 .  

6. 

7. 

8. 

9. 

J. B. Bates, D. Lubben, and N. J. Dudney, “Thin-Film Li-LiMnzO, Batteries,” 
Aerosp. Electron. System. Mag. 10, 30 (1995). 
J. B. Bates, D. Lubben, N. J. Dudney, and F. X. Hart, J. Electrochem. SOC. 142, 
L149 ( 1995). 
J. B. Bates, D. Lubben, N. J. Dudney, R. A. Zuhr, and F. X. Hart, p. 215 in Titin 
Film Solid Ionics Devices and Materials, 95-22, The Electrochemical Society 
Proceedings Series (1996). 
A.Ueda and J. B. Bates, to be published. 
C. Sigela, A. Verbaere, J. L. Mansot, D. Guyomard, Y. Piffard, and M. Toumoux, 
J. Solid. State Chem. 132,372 (1997). 
H. Kawai, M. Nagata, H. Tukamoto, and A. R. West, Electrochem. and Solid-state 
Letters. 1, 212 (1998). 
S. Q. Zhong, A. Bonakdarpour, M. Zhang, Y. Bao, and J. R. Dahn, J. Electrochem. 
SOC. 144. 205 (1997). 
Y. Ein-Eli, W. F. Howard, Jr., S. H. Lu, S. Mukerjee, J. McBreen, J. T. Vaughey, 
and M. M. Thackeray, J. Electrochem. SOC. 145, 1238 (1998). 
T.Ohzuku, M. Iwanaga, S. Takeda, and S.Kitano, Abstract No.121 in The 194th 
Meeting Abstracts of The Electrochemical Society, Inc., Volume 98-2( 1998). 



Table 1 Results on XRD measurements of 3d-metal doped LiMnaO4 films. 

Me-LiMn204 
filmS 

LiMn204 

Ti 

V 

Cr 

Fe 

c o  

Ni 

c u  

Zn 

Lattice parameter 
for cubic phase (A) 

Ar/10%N2 

8.185 

8.220 

orthorhombic* 

cubic + orthorhombic 

8.167 

cubic + orthorhombic 

orthorhombic 

8.158 

8.196 

Ar/lO%O, 

cubic + monoclinic1 

8.170 

8.165 

8.205 

cubic + monoclinic 

8.145 

8.155 

cubic + monoclinic 

cubic + monoclinic 

'Monoclinic phase: Li2MnO,(CUc) related structure 
*Orthorhombic phase: Mn2O3 
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Fig. 1. XRD patterns of undoped and 3d-metal doped LiMn204 thin films. Phases 
identified are indicated as &cubic, M=monoclinic, and O=orthorhombic. The lines of the 
orthorhombic phase, Mn203, are indicated by * in the pattern for Ni-LiMn204. Lines 
indicated by the mows belong to the substrate and current collector. 
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Fig. 2. Charge and discharge curves for undoped and Ti- and Zn-doped films in the 
voltage range of 3.5 to 5.3 V at a current of 1 r,rA/crn2. 
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Fig. 3. Graphs of dQ/dE for the charge curves of cells with undoped and Ti-doped films. 
Ti-doped films were deposited in Ar+20%N2 and Ar+lO%N,. 
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Fig. 4. Cycle behavior of undoped and Ti-doped films deposited in Ar+10%N2 in the 
voltage window of 3.8 to 4.5 V at a current of lOpA/cm*. 
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Fig. 5. Rate performance of a cell with a Ni-doped film. The cell was held at 5.3 V untid 
the current was decreased to 1 Wcm2 on each charge half cycle. 
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Fig. 6. 
Inset: Cycle data for a cell with an undoped film in the high voltage range. 

Plot of discharge capacity of a cell with a Ni-doped fdm vs. cycle number. 


