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ABSTRACT

A series of molecular dynamics computer simulations of the self-diffusion of lithium in pure
and several doped lithium-manganese spinel materials has been completed. The theoretica
approach is part of an effort to understand the mechanisms and rates of lithium diffusion, and to
evaluate the structural control of the cathode materials upon lithium intercalation (charge-
discharge) process. The molecular dynamics approach employs a fully ionic forcefield that
accounts for electrostatic, repulsive, and dispersion interactions among al ions. A reference unit
cell comprised of 56 ions (LigMn*sMn*g03,) is used to perform the simulations under constant
volume and constant pressure constraints. All atomic positions are allowed to vary during the
simulation. Simulations were completed for the undoped and doped LiMn,O, at various levels
of lithium content (based on the number of lithium ions per unit cell and manganese oxidation
state). The molecular dynamics results indicate an activation energy of approximately 97
kJmole for self-diffusion of lithium in the undoped material. Lithium ion trajectories from the
simulations provide diffusion coefficients that decrease by a factor of ten as the cathode
accumulates lithium ions during discharge. Molecular dynamics results for the doped spinel
suggest a decrease in the diffusion rate with increasing dopant ion.

INTRODUCTION

Molecular modeling and atomic-based energy calculations have recently been used to
supplement the synthesis and testing of new oxide materials for lithium ion rechargeable
batteries™?. The ability to derive a predictive model is critical to the development of new
cathode materials and the improvement of battery performance. Of interest is the investigation
of the effects of doping on the crystal chemistry, lattice constants, and electrochemical
performance of the lithium manganese oxide spinels®. The LiMn,O; spinel is one of the best
oxide phases for a cathode material, having a voltage plateau of 4 V, a high specific capacity,
high thermal stability, low cost, and no or little impact on the environment®. Lattice expansion
and contraction during, respectively, lithiation and delithiation creates a buildup of stressin the
cathode material, and can lead to significant degradation in the battery performance. By
providing an atomistic description of lithium ion diffusion through the bulk LiMn,O, crystal
lattice, a molecular model will be able to evaluate possible diffusion mechanisms, and determine
the relative diffusion rates of the lithium for dopant metal and dopant amount, and different
levels of lithium intercalation.

Our theoretical approach includes the use of an empirically-derived set of interatomic
forcefield parameters to evaluate the stability and crystal structure of pure LiMn,O,4 spinel and
several metal-doped derivative compounds. The LiMn,O, structure is characterized by a cubic
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unit cell of 56 atoms (LigMn®*sMn**03) and a space group symmetry of Fd3m. Oxidation of
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Tablel. Lennard-Jones energy parameters for ion interactions.

Interionic Pair A (KJA") B (kJA®
Lit-O* 141382 0
Mn** - O% 195681 13
Mn* - 0% 525395 8728
AP - O* 200700 156
Co* - O* 719640 4863
Ni% - O* 385447 0
o*-0* 4138809 2832

the cathode material during battery charging creates the lithium-absent spinel A-MnO, as lithium
ions are transported through the open channels along the [110] direction of the lattice.
Conversdly, diffusion of lithium back through the channels is important during battery discharge
in order to obtain the fully-lithiated and reduced state (LiMn,O,) of the cathode. The
reversibility of this process is linked to the fade of the specific capacity and the overall battery
performance. A molecular dynamics method is used in this study to evaluate lithium ion
diffusion in the pure compound and several doped lithium manganese spinels.

THEORETICAL APPROACH

The interaction energy E of two ions is based on the summation of electrostatic, repulsive,
and van der Waals (dispersion) energies as a function of the distance r between the ions™:

E(r,) = r g (1)

The electrostatic term includes the electron charge e and the ionic charge z. The interaction
parameters A (repulsive) and B (van der Waals) are derived from the observed structures, elastic
constants, and dielectric properties of simple binary oxides or from molecular orbital calculations
(Table1)°. Thetotal energy of the crystal at O K is obtained by the summation of the interactions
of the atoms of areference cell (usualy based on the unit cell) with each other and all ionsin the
other cells. The summations are carried out partially in reciprocal space in order to achieve
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Figure 1. Energy-minimized crystal structure of LiMn,O,4 showing slight distortionsin the
manganese octahedra and the channels for lithium ion diffusion.
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Figure 2.  Traectories of lithium ions from a molecular dynamics simulation of
LisMn*,Mn* 1,05, indicating the preferred diffusion path along the (110) directions. The
reference unit cell used in the periodic ssmulation is denoted by the gray outline in the upper
right of the lattice.

proper energy convergence. Theionic model assumes arigid ion approximation by representing
each ion as a point or hard sphere of charge; al ions are assigned their full forma charge.
Temperature and transient effects are simulated by a molecular dynamics (MD) method. Atomic
velocities are initially assigned based on a Boltzmann distribution of thermal energy. The
classical equations of motion are then solved for successive time steps to obtain trajectories of
atomic motion as the assembly evolves during the simulation.

Energy minimization and MD calculations were performed using the Discover energy
program (Molecular Simulations Inc., San Diego) with periodic boundary conditions (PBC).
Initial structures of the LiMn,O, and doped derivatives are based on the observed structure
parameters and asymmetric unit of LiMn,O,°. A unit cell was generated and then converted to
P1 symmetry, thereby, allowing all atoms to fredly transate during each ssmulation. Doped
structures were created by substituting AI**, Co*, or Ni?* for Mn® on the octahedral (16d) site
and, if necessary, increasing the amount of Mn** to maintain a neutral unit cell. MD simulations
were performed for constant volume (NVT ensemble) and constant pressure (NPT ensemble)
conditions, and for temperatures of 2000 K, 3000 K, 4000 K, and 5000 K. Simulations were
completed for times up to 30 psec using a one fsec time step. Lithium ion traectories were
monitored after an initia equilibration period of 100 fsec, and were obtained for unit cells having
one, four, or seven lithium ions. The elevated simulation temperatures are required to ensure
statistically significant transport of lithium during the computationally-limited MD calculation.

RESULTSAND DISCUSSION

The energy-minimized structure of pure LiMn,O, obtained from a constant pressure
calculation is provided in Figure 1. All of the theoretical cell parameters agree to within 1.5 %
of the experimental values. The optimized structure remains cubic and exhibits slight distortions
among all of the manganese octahedra. The excellent structural agreement supports the use of
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the ionic model for simulating the structure and dynamics of the spinel cathode materials and
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Figure 3. Mean-square displacement as a function of time for all lithium ions from the 3000 K
molecular dynamics simulation of LisMn*,Mn*1,0%. The value for the optimum slope is
obtained from afit to the data from the first 21 psec of the ssimulation.

underscores the quality of the energy parameters used in describing the ionic interactions.

Figure 2 exhibits the lithium ion trgjectories obtained from a 5000 K MD simulation of
LisMny603, superimposed on a large representation of the initial spinel structure. Although all
atoms all allowed to trandate, only the lithium ions are energetic enough and are able to
overcome the energy barriers between the 8a tetrahedral sites. Lithium diffusion is controlled by
the crystallography and occurs preferentially by way of zigzag paths along the family of [110]
channels. The integrated mean-square displacement for four lithium ions was calculated as a
function of simulation time (Figure 3). The slope of this function is directly related to the self-
diffusion coefficient of lithium. The excursions of the mean-square displacement for this
example after 25 psec reflect the transient motion of one or several of the lithiums back toward
their original positions. Diffusion coefficients derived from several constant pressure MD
simulations are in agreement with the constant volume calculations. Cell parameters vary by less
than 2 % and produce a cubic lattice that has cell lengths that are within 1.5 % of those used in
the constant volume simulations.

The results of the MD simulations for the pure spinel compound at the various levels of
lithium content can be compared in an Arrhenius plot as provided in Figure 4. Calculations for
the lowest lithium content (LiMn**Mn*1504,) provide the fastest lithium diffusion coefficients,
whereas those for the unit cells with the larger number of lithiums (Li-Mn**;Mn*40s,) have the
slowest rates. This result is related to the availability of vacant tetrahedral sites for diffusion to
occur. Of course, no lithium diffusion was observed for MD simulations performed for the fully-
lithiated (fully-occupied tetrahedral sites) LigMn®*gMn**g0s, spinel. Activation energies derived
from the Arrhenius plot are similar for all the three compositions with a mean value of 97
kdJmole. Assuming that the lithium diffuson mechanism remains the same at lower
temperatures, the extrapolation of these data to room temperature provides a very slow diffusion
rate of 8 x 102 m?/sec. However, the spinel will be subjected to a voltage and redox effects
when performing as a cathode in a real battery, and one would expect significantly faster
diffusion rates and ionic mobilities. Nonetheless, the pathway for lithium transport will be
equivalent and the MD results will provide a convenient test for relative materia performance.
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Figure 4. Arrhenius plot of the self-diffusion coefficients for lithium ion in LiMn,O, obtained
from the molecular dynamics simulations.

MD simulations for the doped LiMn,O, compounds suggest a genera decrease in lithium
diffusion with increasing dopant amount (Figure 5). The doping of the spinel with low amounts
of Co®" and Ni%" results in lithium diffusion values that are slightly enhanced relative to the pure
material but decrease with increasing dopant amount. The faster lithium diffusion rates observed
for the single and double-doped Co*" and Ni?* spinels are related to the reduced electrostatic
interactions associated with the lower-charged metals compared to the Mn®*. Further increases
in dopant amounts tend to reduce the diffusion rates. Substitution of a similarly-charged dopant
such as AI*" does not appear to increase the lithium diffusion rate. No significant lattice
distortions are observed for the doped spinel materials.

Due to the limitations of the ionic model in performing the MD simulations, the theoretical
diffusion coefficients and activation energies can only be interpreted as relative values.
Electronic polarization processes have been ignored and can significantly enhance the rates of
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Figure 5. Effect of type and amount of dopant metal on the lithium self-diffusion coefficient as
derived from MD simulations at 5000 K.
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lithium diffusion. Large anions and some polarizable cations are best described by a shell model
in which the electronic shell can be shifted away from the atomic core'. Future models of the
dynamic properties of lithium in the spinel materials would necessarily require this refinement
for deriving diffusion coefficients and analyzing the activation energy for lithium migration.

CONCLUSIONS

The ionic modeling of lithium manganese spinels and their doped derivatives provides a
fundamental basis for evaluating the interaction of component ions and predicting their structural
and dynamic properties. Results from MD simulations suggest that the lithium self-diffusion
coefficient decreases by an order of magnitude during the transition from the oxidized (charged)
state to the reduced (discharged) state for the pure LiMn,O, cathode. Simulations for the doped
spinelsindicate adlight increase in lithium diffusion for low levels of divalent metals, however, a
general decrease is observed once a dopant level of 13 % is achieved. The theoretical models
provide a convenient basis for screening potential dopants and new materials that would be both
time-consuming and costly to synthesize and test in the laboratory.
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