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F. X. Hart 
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ABSTRACT 
Discharge - charge cycling of thin-film rechargeable lithium batteries with an 

amorphous or nanocrystalline Li,Mn,,,O, cathode reveals evidence for a true 
hysteresis in the lithium insertion reaction. This is compared with an apparent 
hysteresis attributed to a kinetically hindered phase transition near 3 V for 
batteries with either a crystalline or a nanocrystalline Li,Mn,-,O, cathode. 

INTRODUCTION 
Hysteresis in the lithium insertiodextraction reactions has been observed for 

several compounds used as anode and cathode materials for thin-film 
rechargeable lithium batteries fabricated at ORNL. Not only is this of 
fundamental interest to our understanding of the insertion reaction, but it is also a 
practical issue as it adversely affects the energy efficiency of the battery. 

Two different situations will be discussed. For the nanocrystalline (n)  or 
amorphous (a) electrode materials we find examples of a true hysteresis process. 
Here over a 1 to 3V range the chemical potential of the lithium was found to be 
not only a function of the composition, but also a function of the charge-discharge 
path followed to achieve the desired composition. Secondly, a large apparent 
hysteresis will also be discussed. This is observed for well crystallized (c) 
cathodes as well as the nanocrystalline materials within the two-phase 
composition range. Although an equilibrium chemical potential is reached, the 
relaxation rate can become very sluggish. 

BACKGROUND 
At ORNL thin-film lithium batteries are fabricated by successive film 

depositions onto a substrate support material using physical vapor deposition 
processes. Each film in the battery stack is between 300 A and 5 pm giving an 



overall battery thickness of -10 pm. An amorphous lithium phosphorous 
oxynitride material, known as Lipon, serves as the solid electrolyte for all the 
thin-film batteries. Lipon is chemically and structurally stable for temperatures to 
>25OoC and cell potentials >5V versus metallic lithium. Batteries have been 
fabricated with a variety of cathode and anode materials.’ 

Most of the results discussed here will be for batteries with a metallic lithium 
anode, prepared by thermal evaporation, and a crystalline or nanocrystalline 
cathode of Li,Mn,y04. The cathodes were prepared by rf magnetron sputter 
deposition from a LiMn,04 source. The as-deposited films were dense 
(>4.0g/cm3) and at least partially nanocrystalline (-50 A grains).’ Well 
crystallized films (- lOOOA grains) are formed by subsequent annealing at 700°C.’ 
The lithium transport in the 700°C annealed films is -lOOX higher than for the as- 
deposited films. The composition and microstructure of the Li,Mn2-y0, films 
depend on the conditions chosen for the sputter deposition, including the 
temperature, deposition rate, and working gas pressure and composition.’ 

Because the battery is fabricated as a stack of dense films, the lithium 
transport is essentially oneldimensional and the cathode-electrolyte interface area 
is limited to the planar area of the battery. This is in contrast to the much larger 
effective interface area for typical batteries with a liquid electrolyte and a cathode 
formed as a low density powder compact ( -7040% pth). The thin-film batteries 
are routinely cycled at a constant current (0.002-5 mA/cm’) between selected 
upper and lower cut-off voltages. At any point in time, the measured cell 
potential reflects the difference in the chemical potential of the lithium across the 
Lipon electrolyte. Using a metallic lithium anode gives a well defined reference 
potential, so the cell voltage reflects the chemical potential of the lithium in the 
cathode within a few atomic layers 
of the of the electrolyte interface. 

RESULTS AND DISCUSSION 
A constant current discharge - 

charge (D-C) cycle for 4.5-3 V is 
shown in Fig. 1 for a battery with a 
crystalline Li,Mn,,O, cathode. The 
displacement between the curves is 
small, -20 mV, and attributable to 
the resistance of the battery. The 
energy efficiency for this cycle is 
99%. In this voltage range, the 
lithium ions are inserted and 
removed from the 8a sites of the 
spinel structure. 
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Fig. 1. Discharge and charge 
curve for battery with a 
c-Li,Mn,,O, cathode. 



Figure 2 shows the D-C cycles for different cathodes over a much wider 
voltage range. In each case there is a large gap between the D and C curves and 
the energy efficiency is only -80%. A crystalline cathode, annealed at 700°C is 
shown in Fig. 2a. A large apparent hysteresis between the constant current D-C 
curves (solid line) appears when the battery is discharged below 3 V. This 
virtually disappears when the current is interrupted and the battery is allowed to 
equilibrate to its open circuit potential (OCV, data points). Equilibration of the 
battery reveals a wide constant voltage plateau at -3 V, which has been attributed' 
to a two-phase equilibrium initiated when the 8a sites of the spinel become fully 
occupied of 

Li + (Li)8a[MnZ-yLiyl 1 6 d 0 4  -$ (LiZ),6c[Mn2-yLiyl 16d04. 

The equilibration rate to obtain the OCV becomes increasing sluggish as each end 
of the two phase transistion region is 
approached. A model for this apparent 
hysteresis will be presented towards the 
end of the paper. 

As shown in Figs. 2b and 2c, a 
voltage plateau near 3 V is also 
observed for the nanocrystalline 
cathodes. Here once again the 
equilibrium cell potentials are nearly 
equal when relaxed from the D or C 
half-cycles. At higher voltages, >3 V 
however, a clear hysteresis remains in 
the OCV data after the battery is well 
equilibrated. We believe this reflects a 
true hysteresis in the Li insertion 
reaction for these poorly crystalline 
cathodes. Similar observations have 
been reported for poorly crystalline or 
amorphous V,O,? Li,MnO,,6 titanium 

Fig. 2. Low current D-C cycles and 
OCV potential for cells with 
Li,Mn,,O, cathodes: annealed at 
700°C (a), as-deposited (b), and 
annealed at 300°C (c). The OCV 
was recorded when AV<5m V over 
1.5 h. 
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Fig. 3. (Ieft), Fig. 4. (right), and 
Fig. 5. (lower) showing hysteresis 
for a battery with a n-Li,Mn,,O, 
cathode. 

oxysulphide: and amorphous silicon 
tin oxynitride'. 

Several experiments shown in 
Figs. 3-5 verify that a true hysteresis 
is observed at the higher voltages for 
the nanocrystalline cathodes as 
opposed to a sluggish equilibration. 
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Figure 3 demonstrates that the OCV loop from the D and C half cycles persists 
relatively unchanged even at 100°C. A set of typical relaxation curves following 
a C versus D path to the same lithium concentration are plotted in Fig. 4. 
Extrapolation of the curves reveals a 80 mV difference at infinite times. Lastly, 
Fig. 5 is an example the reproducible scanning curves generated by a slow cycling 
between different voltage limits. Such curves are typical of hysteresis? 

Hysteresis in solid state systems is understood to occur to some extent for all 
lst order transitions at temperatures where the lattice mobility is small.'' The 
effect is appreciable when the transformation requires a significant threshold 
driving force and occurs well away from equilibrium. This results in a dissipation 
of energy attributable to processes such as boundary motion, formation of 
dislocations, disordering, or plastic deformation. In order to describe real 
materials, it is often assumed that the material is composed of many independent 
'domains' giving a distribution of values for the transformation thresholds.' 

For the n-crystalline cathodes, the lithium concentration is the driving force 
and when a threshold Li concentration is achieved, the domains transform to a 
different state or phase. The consequence of this behavior for the thin-film 
battery materials is that the lithium concentration in the cathode does not uniquely 



define the cell potential. The chemical potential of Li also depends on the path- 
sensitive 'state' of the cathode. An additional complication due to the thin-film 
battery geometry and 1-dimensional diffusion is that even at equilibrium there is 
likely a gradient in the lithium concentration from the interface into the bulk of 
the cathode film. 

Although the cause of the hysteresis 
for the n-Li,Mn,,O, cathodes has not 
been determined, a plausible model 
assuming a phase transformation 
(denoted as cx + p) can be drawn using 
free energy of mixing curves as shown in 
Fig. 6. The intercept of the tangent 
drawn at any point along a free energy 
curve gives the chemical potential for the 
lithium and hence the cell potential. 
Common tangents define equilibrium 
two-phase regions, whereas parallel 
tangents, such as those drawn for the 
discharge reaction in Fig. 6, define the 
irreversible transformation and the 
metastable phase regions for a particular 
transformation threshold. For this 
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Fig. 6. Sketch of plausible free energy 
of mixing curves for three phases 
showing the threshold lithium 
concentration for the to p transition. 
The equilibrium phase regions are 
shown at the bottom. 

discharge r'eaction, the metastable cx phase shifts the transformation to the right of 
equilibrium, while a charge reaction, extends the p phase toward the left of 
equilibrium. This would give a distinct trapezoid shape for the hysteresis loop. 
With a distribution of threshold concentrations, a smooth envelope similar to the 
D-C loop between 4.5 and 3V for the n-crystalline cathode may be constructed. 

Returning again to the apparent hysteresis of the 3 V plateau range, all 
observations indicate that there is no significant true hysteresis. Extrapolations of 
the relaxation curves from the D and C half cycles always approach a common 
-3 V cell potential, and at higher temperatures, the D and C curves nearly 
overlap. It is interesting that we observe such a large D-C loop for the thin-film 
crystalline cathodes with thicknesses >500 A, while similar observations for bulk 
cathodes formed from LiMn,O, powders have not been reported. We believe this 
is the result of the relatively large current densities across the planar electrolyte- 
cathode interface area of the thin-film batteries compared to much smaller current 
densities for the typical composite cathode + liquid electrolyte batteries4 due to a 
large electrolyte-cathode interface area. 

Two explanations for the large D-C loop for the c-Li,[Mn,,Li,]04 cathodes in 
the two-phase (x= 1,2) composition range have been considered. Cyclic 
voltammetry results" indicate that the current peaks corresponding to the 
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Fig. 7. Plausible equilibrium voltage - 
composition for c-Li,[Mn,,Li,]O,. 
p and y correspond to x=l and x=2 
compositions, respectively. 

metastable voltage plateaus near 2 V and 
4 V are not due to a simple diffusion 
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Fig. 8. Lithium concentration 
in the thin film cathode upon 
discharge as p transforms to 
the y phase. Electrolyte and 
current collector interfaces a t  
l/l,=O and 1, respectively. 

limited process. A phase transition which is limited by the nucleation of the 
second phase is one possible explanation. In this case the large -1 V separation 
about the 3V plateau would be attributed to the nucleation overpotential required 
to form grains of the second phase. An alternative, is to attribute this non-Fickian 
behavior to a moving phase boundary process,12 similar to a model proposed for 
the reaction of Li with V,0,.13 This model is illustrated in Figs. 7 and 8 by a 
plausible equilibrium voltage-composition plot and sketches of the phase layers 

that may be formed within the 
film. Here y and p phases 
a r e  assumed to have  
narrow composition ranges 
about Li,[Mn,;Li,]O, and  
Li [Mn2,Li,] 0,, respectively . The 
observed cell potential reflects 
the chemical potential of Li at the 
ca tho d e/e 1 e c tro 1 y t e in te rf a c e 
(l/l,=O) upon discharge and the 
subsequent relaxation to an 
equilibrium mixture of y@. The 
sketches (a) and (b) indicate the 
equilibrium lithium distribution 
when only a small amount of the 
p phase has transformed to the y 
phase. At longer times, as in 
sketch (c), the relaxation would 
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Fig. 9. Selected relaxation curves for 
a battery with n-Li,Mn,,O, cathode 
following a discharge to compositions 
early (a), midway (b), and near the 
end (c) of the 3 V two-phase region. 



become much slower due to the larger distance to the ylp phase boundary. The 
increasingly sluggish relaxation is illustrated by selected relaxation curves in 
Fig. 9. Finally, formation of a third phase, 6,at the interface, depicted in the 
sketch 8(d), may be responsible for voltage inflections observed in the time 
dependence of both the discharge and relaxation curves for steps near the end of 
the 3 V plateau region. Obviously, the picture would be just the reverse upon 
charge of the cathode, with the gradual buildup of a layer of the p phase at the 
electrolyte interface. 

CONCLUSIONS 
Over some voltage ranges, large displacements are observed between the 

discharge and charge curves for thin-film Li,[Mn,,Li,]O, cathodes which 
decrease the energy efficiency of the battery. Within the x=l,  x=2 two phase 
region for the crystalline cathodes, the -1 V separation between the equilibrium 
voltage and the constant current curves is attributed to the initiation and growth of 
the second phase as a layer at the electrolyte interface. For nanocrystalline 
cathodes there is an additional true hysteresis for the lithium insertiodextraction 
reaction at voltages >3 V. Although the structural basis for this hysteresis is 
unknown, the phenomena can be modeled as a threshold limited transition 
between two nonstoichiometric phases. 
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