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Abstract

The (001) and (111) surface structures of the LiMn,O4 (LMO) spinel are examined using density
functional theory (DFT) calculations within the generalized gradient approximation (GGA)+U
approach. In order to clarify discrepancies in the literature for previous DFT calculations of these
surfaces, we first carefully study the effects of surface termination/reconstruction, slab
construction, and relaxation schemes, as well as magnetic ordering and U values for Mn on the
calculated surface energies of LMO. We explain these discrepancies and show that the relaxation
scheme and surface reconstruction play the key role in determining the relative stability of (001)
and (111) surfaces. We have further analyzed the thermodynamic stability of LMO surfaces as a
function of oxygen and lithium chemical potentials. We have found that the ratio of (001) to (111)
surface energies is ~1.09 up to the oxygen chemical potential corresponding to ~800 K. This
ratio favors the formation of truncated-octahedron shaped LMO particles dominated by Li-
terminated reconstructed (111) facets with no surface Mn, which can help suppress Mn
dissolution. Higher temperatures or closed systems (with no exchange of material with
surroundings) favor the formation of (001) dominated particles. The observation of a wide
spectrum of polyhedral shapes between (001) and (111)-dominated LMO particles in
experiments can be explained by the narrow range of surface energies and their sensitivity to

synthesis conditions.



I. Introduction
The spinel LiMn,O4 (LMO) has been investigated as a promising cathode candidate for Li-ion
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However, there are

batteries because of its low cost, high voltage, and fast Li" diffusivity.
several drawbacks of LMO including a severe capacity fade during cycling due to a Jahn-Teller
(JT) distortion in the oxide material, as well as dissolution of Mn in the elec‘[rolyte.l'14 Since the
dissolution can initiate from the surfaces of LMO particles, a complete understanding of the
surface structure and stability is the key to suppress the Mn loss and to overcome the current
limitations of the spinel LMO as a Li-ion battery cathode.**'"'?

The electrochemical performance of batteries with LMO cathodes depends on multiple factors
(e.g. phase transformation, particle size, raw materials, etc.), and in particular, the morphology of
the LMO particles obtained with different synthesis conditions can lead to diverse
electrochemical properties.”” For example, Kim ef al. demonstrated that the octahedron-shaped
LMO cathode particles dominated by (111) surfaces exhibit a superior capacity retention
compared to the platelet-shaped LMO dominated by (001) surface.” These findings suggest that
the (111) LMO surface is more resistant to Mn dissolution, while other surfaces such as (001) are
more likely to be more prone to it.

Density functional theory (DFT) calculations have a growing impact on battery materials
research where they can describe material properties such as phase stabilities and diagrams,
intercalation voltages and surface energies of lithium-ion battery electrodes.”*''* The LMO
surface structure was not investigated until very recent years using DFT,” and there are notable
discrepancies in the reported LMO surface energies.” For instance, the reported energies for the
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same (001) Li-terminated surface vary from 0.26 to 0.96 J/m"."" There is also no clear consensus

for the lowest energy crystallographic surface orientation. The Li-terminated (001) surface was



suggested to have the lowest energy among the Li- and Mn/O-terminated (001), Mn/O- and
Li/Mn/O-terminated (110), and O-, Li/Mn-, and, Li/Mn/O-terminated (111) surfaces studied in
Refs. 2 and 3. More recently, the Li-terminated (111) surface reconstructed by swapping surface
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%) was

Mn atoms with subsurface Li atoms (forming a partial inverse spinel arrangement
proposed to be the most stable surface among all the Li- and Mn/O- terminated (001), Mn/O- and
Li/Mn/O-terminated (110), and Li/Mn/O- and reconstructed Li-terminated (111) surfaces in Ref.
4. This reconstructed (111) surface has no Mn atoms near the surface, and therefore is consistent
with the better capacity retention observed for the octahedral-shaped LMO particles dominated
by (111) surfaces.” Furthermore, this (111) reconstructed surface* was recently incorporated to
examine the decomposition reaction of ethylene carbonate on the (111) surface'' and to calculate
the redox potentials of removing Li from surface facets'?.

Depending on the ratio of (001) and (111) calculated surface energies,z'4 the Wulff shape of the
LMO particles can vary from truncated-cube to cubo-octahedron to truncated-octahedron. Such a
wide spectrum of LMO particle shapes have actually been observed in the experiments.”"
Synthesis of oxide particles such as LMO and the formation of surfaces during heat treatment
often take place under conditions where material can be exchanged with the environment (e.g.,
heat treatment in air) and therefore morphologies dominated by (001) or (111) are all accessible
by fine tuning of synthesis conditions (e.g., temperature, reaction time, precursor, and
surfactant).” It is not straightforward to extract relative surface energies from the experimentally
synthesized particle shapes. Thus, there is neither experimental nor a computational agreement
on the relative stabilities of (001) and (111) surfaces of LMO.**"!°

To reveal the mechanisms underlying Mn dissolution from LMO, it is critical to revisit the

(001) and (111) calculated surface energies of LMO. In this work, we first examine both



numerical and physical factors in DFT studies of LMO surfaces in an effort to explain the
discrepancies of calculations in previous literature. > Specifically, we explore surface
termination and reconstruction, supercell size and slab thickness, relaxation schemes, electronic
and magnetic parameters, and subsequent convergence issues that can lead to conflicting surface
energies for LMO. Carefully considering the effects of all these factors, we are able to provide
accurate DFT energies for the (001) and (111) surfaces of LMO. We show that relaxation of all
atomic positions with symmetry-broken DFT calculations is the most robust scheme to fully
capture the local variations of Mn-O and Li-O polyhedral clusters from the surface of the slab to
the bulk, and to eventually obtain converged DFT surface energies. When reference chemical
potentials are acquired from the bulk Li-Mn-O phase diagram (i.e., a thermodynamic system
closed to exchange of material with surroundings), our DFT calculations indicate that the (001)
surface is only ~0.05 J/m” more stable than the (111) surface with a (001) to (111) surface energy
ratio of ~0.94. Under conditions open to exchange of material with the environment; i.e., heat
treatment in presence of the O, gas, and Li chemical potentials where LMO is stable, we find
that the (001) to (111) surface ratio is ~1.09 and does not vary up to ~800 K. The ratio starts to
decrease and the (001) surface becomes more dominant at >800 K. The fact that these two
crystallographic facets are very close in energy (and the surface energy ratio is close to unity) is
in accord with the sensitivity of the relative amounts of such surfaces to synthesis conditions in
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experiments.

I1. Methodology
I1.1. First-principles calculations

All DFT calculations were carried out using the Vienna Ab-initio Simulation Package (VASP)



with the projected augmented wave (PAW) potentials, and Perdew-Burke-Ernzerhof (PBE)

formulation of the generalized gradient approximation (GGA).****

We use Dudarev’s rotationally
invariant DFT+U functional to treat the 3d electrons of Mn ions.”’ U values of 4.5 and 5 eV were
both tested to investigate a possible source of the disagreements in previous studies.** We use a
cutoff energy of 550 eV for the plane-wave basis set in all calculations. We tested using
approximate k-point meshes with 8,000 and 28,000 k-points per reciprocal atom, and found the
former density is sufficient to obtain accurate total energies for bulk LMO. Both ferromagnetic
(FM) ordering3 and different antiferromagnetic (AFM) orderings along the [110] direction®*
were examined for the bulk and surface LMO slab structures. Ouyang et al.” adopted alternating
spin up and down along the [110] direction (1]1]) and Karim et al® adopted the [11] /] pattern
along the [110] direction; thus, we evaluated both AFM patterns. We further tested turning the
symmetry operations off in DFT calculations to allow symmetry lowering distortions and to
evaluate it as another possible source of disagreement among previous studies.”* An appropriate
k-point mesh of 2 x 2 x 1 or 3 x 3 x 1 was adopted for surface calculations depending on the slab
thickness. Gaussian smearing with a smearing width of 0.1 eV was used for the surface
calculations. Upon calculating the phase and surface stability diagrams, we consider the most
stable forms of bulk Mn, Li, Li,O, Li,O,, MnO, Mn3;O4, Mn,03, MnO,, LiMnO,, and Li,MnOs
in addition to LiMn,Oy4 in the Li-Mn-O chemical space in the Open Quantum Materials Database
(OQMD),*****! and recalculate them here at a cutoff energy of 550 eV to preserve consistency
with the rest of our calculations.
I1.2. Surface slab calculations

For every planar termination we considered in this work, i.e., (001) and (111), we test three

different approaches to construct the surfaces. These include building (i) a stoichiometric slab



with asymmetric (i.e., non-equivalent) surfaces on either side of the slab (T1), (ii)) a
stoichiometric slab with symmetrically equivalent surfaces (T2), and (iii) an off-stoichiometric
slab with identical terminations on each surface (T3), as shown in Fig. 1. The first approach (T1)
involves simply cleaving the bulk crystal across the given plane perfectly, yielding two flat but
chemically distinct surfaces on top and bottom faces of the slab. This T1-type of termination is
displayed in Fig. 1 (a), where the top surface is composed of Li atoms while the other surface
exposes the Mn-O layer. This is a Tasker III type construction which cannot be stable due its net
dipole.*® The second approach (T2) involves symmetrizing and removing the polarity of the
surfaces created in T1 by transferring half of the atoms from one surface across the slab to the
other surface, as illustrated in Fig. 1 (b). Both surfaces of the slab are identical in T2, but they are
undercoordinated with respect to the simple cleaved termination of T1. Both T1- and T2-type
surfaces preserve the stoichiometry of the slab, however, the generated slab either has different
chemistries and net charges on each surface (T1), or steps with atoms having fewer neighbors
than the perfectly cleaved surface, i.e., with more unsaturated bonds (T2). The third approach
(T3) is to create surfaces with identical chemistries on each side of the slab by introducing oft-
stoichiometry, as illustrated in Fig. 1 (c). Employing these three different approaches, we also
create three (111) surface slabs with varying surface constructions as shown in Fig. 2.

Surface reconstruction can also play a major role as a mechanism to stabilize surfaces, where
the chemical identity of atoms on lattice sites and their positions near the surface no longer
follow the symmetry of the parent crystal lattice.”* For the current LMO system, it has been
proposed by Karim ez al.* that (111) surfaces may be reconstructed by swapping the Mn atoms in
the octahedral surface sites with the tetrahedral Li atoms in adjacent layers. For all types of (111)

surfaces created using the three approaches, T1, T2, and T3 described above, we also consider



such reconstructions of (111) surfaces as shown in Fig. 3 (T1R) and Fig. 4 (T2R and T3R). In
this work, we have considered these T1-, T2-, and T3-type Li-terminated (001), T1-, T2-, and
T3-type Mn/Li/O-terminated (111), and T1R-, T2R-, and T3R-type reconstructed (111) surfaces
to find the lowest DFT surface energy facet for LMO. For all calculations, we used sufficient
vacuum thicknesses (up to 24 A) to ensure negligible interaction between the slab surfaces. We
tested relaxing all internal and external degrees of freedom in slab calculations (with no change
found in vacuum thickness), where LMO surface slabs would easily access the JT distortion.

In addition to the surface termination and reconstruction, we systematically investigate the
effects of the slab thickness in conjunction with the slab relaxation schemes on the convergence
of surface energies. In slab relaxation schemes, to use slabs as thin as possible, the positions of
atoms are often fixed for a certain number of middle layers to maintain the bulk-like behavior in
the mid-sections, which will be discussed in Section III.2.1. Thus, we have tested different
schemes from relaxing only few surface layers to relaxing all atoms in the LMO surface slabs in
this work, as well as schemes with different constraints on the supercell volume (i.e. relaxations
where supercell vectors are fixed at the bulk lattice constants in plane of the surface, versus
relaxations with no such constraints) for low surface energy LMO slabs. Furthermore, we test the
effect of magnetic ordering and the U value for Mn atoms on the calculated surface energies of
LMO.

I1.3. Surface energies and thermodynamic stability diagrams

In general, the surface energy can be calculated with DFT as,

DFT
_ Gaap =il Egjap — Xinul

24 24

(1)

where G4 1s the free energy of the surface slab, n; is the number of i atoms in the slab, y; is the
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reference chemical potential for the element i, and A4 is the surface area. For the surface cells that
preserve the spinel stoichiometry (T1, T2, TIR, and T2R), }}; n;u; is simply the bulk energy of
LMO calculated with GGA+U multiplied by the number of formula units of LMO in the slab.
However, for the non-stoichiometric slabs, the reference chemical potentials for Li, Mn, and O
need to be defined. For closed systems (i.e., no atoms exchanged with the surroundings) at 7= 0
K, we can obtain these reference chemical potentials (y;) from the mixture of ground state
phases present at the given off-stoichiometric composition in the phase diagram of Li-Mn-O
system by solving equations EJFT = ¥;n;,u; defined for every stable phase ¢ in the
corresponding phase region (n; ; is the number of i atoms in phase q). The calculated Li-Mn-O
(at T = 0 K) ground state phase diagram near the O-corner is shown in Fig. 5. This diagram
contains the stable compounds (points), two-phase mixtures (tie-lines), and three-phase equilibria
(triangles) in Fig. 5. Compositions of T3 slabs mostly fall into the LiMn,O4 — Mn304 — Li,MnO3
region of the ternary phase diagram and are listed in Table I. Therefore, while the off-
stoichiometry in real LMO particles with T3-type surfaces will certainly be much less than what
we can achieve with thin slabs, the reference chemical potentials in the “closed system” will still
stay the same as the composition of real samples will simply approach the LMO corner, i.e.
always remain in this phase region.

In actuality, the synthesis conditions for LMO particles may deviate from such a “closed”
thermodynamic system. For example, the system can be open to exchange of material and react
with O, gas or a Li source. Therefore, the chemical potentials can be controlled externally by the
synthesis conditions® and are not necessarily fixed by other stable phases near LMO in the
ternary phase diagram. Thus, we should further analyze the stability of LMO and its surfaces as a

function of chemical potentials. Thermodynamic stability condition for bulk LMO can be written



as,

GriMnzo4 = MLi + 2Umn + 4o
(2)

and for any other phase ¢ in the Li-Mn-O system, the condition,

Gq > Z Njgli = NLigMLi T MMn,gHhmn T No,qHo

i

3)
ensures that phase g does not have a thermodynamic tendency to precipitate, where the free
energy of phases are denoted as G. In conjunction with the stability of bulk LMO, surface free
energies can be calculated as in Equation (1) as a function as a function of chemical potentials.
Since the surface must be in equilibrium with the bulk, only two of the chemical potentials in
Equation (1) are independent because the third potential is always constrained by Equation (2).
The same is true in Equation (3) for the precipitation of phases other than LMO, where only two
of the chemical potentials can be varied independently. We choose the oxygen and lithium
chemical potentials; i.e., ug and yy; as our independent chemical potentials and calculate the
surface and bulk LMO stability diagrams.

Except for the O, gas, all phases considered in the Li-Mn-O system are solids, so we assume
temperature and pJ contributions to their free energies are negligible compared to the O, gas,
and their free energies G(T,p) can be approximated as their GGA or GGA+U total energies,
ECGGAGU)  Here, EGCAGHY) refers to the GGA+U total energy for all Mn containing oxides and
GGA energy for other solid phases. To overcome the incompatibility of the GGA calculation of
elemental Mn and GGA+U calculations of Mn-oxides, the chemical potential of elemental Mn
GGA | corr

can be written as ugh = pgs: veT where we find the correction factor usfi" to be 2.097 eV

by averaging the correction factors calculated for MnO, Mn,Os, and MnO; at Uy, = 5 €V as
9



described in Refs. 23 and 34.

The chemical potential of gaseous oxygen at finite temperature and pressure can be defined as

uo(T,p) = %[Maz (T) + RTInp,,], where the standard free energy of O, gas is ug,(T) = udk +

Agd,(T). Here, the free energy of O, at =0 K is u3¥, which we approximate as uso" /**; i.e.,

the chemical potential of O, gas fitted to 0 K experimental formation enthalpy data of simple
metal compounds as reported in Ref. 23. Since it was fitted to experimental data, this term
includes the zero point energy of the O, molecule as well. The term Agd,(T) is the change in
standard free energy of O, gas from 0 K to 7 under standard pressure of 1 atm, and is taken from
the experimental data reported in JANAF thermochemical tables.”> The chemical potential of
oxygen can be given with respect to ud% as Aug = uo(T,p) — ud¥ ~ uo(T,p) — ,uggA_f i

Similarly, we give the Li chemical potential in stability diagrams with respect to bulk Li; i.e.,
Apy; = py; — pPse, where uPe€ is the GGA total energy of elemental Li in the body centered
cubic structure.

Furthermore, the Wulff shapes were generated using the Wulffmaker.”® VESTA was used to

create and visualize surfaces.’’

ITI. Results and Discussion
I11.1. Bulk LMO

The relaxation of bulk LMO with a FM structure and symmetry operations preserved yields
lattice constants of @ = b = ¢ = 8.46 A with cubic symmetry (o = B =y = 90°), consistent with the
literature.” The [1 10]-type AFM ordering with a [11]]] spin configuration is found to be slightly
more stable (by 4 meV/atom) than the [1]1]] configuration. Both AFM spin configurations

produce a JT distortion along the z direction (¢ = 8.25, b = 8.28, c = 8.77 A, witha =~ P~y =
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90°). In fact, we find that when the symmetry is turned off, a JT distortion similar to the AFM
calculations can be captured even with FM ordering (a = 8.26, b = 8.29, c = 8.78 A, a = 90.30, B
= 89.82, v = 90.45°). The symmetry-broken FM relaxation: (i) captures the JT distortion of Mn®",
(i1) is almost degenerate with the AFM [11]]] ordering, and (iii) is 40 meV/atom more stable
than the cubic FM ordering. We also find that slight variations in U values for Mn as used in
previous studies™*** (4.5 or 5 eV) do not have a considerable effect on the properties discussed
above.
II1.2. Surface energies of LMO
II1.2.1. The (001) surface

The (001) surface energies reported for LMO in the literature vary between 0.26 and 0.96 J/m?,
despite all being calculated with DFT using GGA+U functionals.”* Ouyang ef al.” used GGA+U
(U = 4.5 eV) and ultrasoft pseudopotentials.’”® In Refs. 3 and 4, GGA+U calculations were
carried out using the PW91 and PBE exchange-correlation functionals, respectively.?¢2%4°
Benedek ef al.’ used the FM ordering with U = 4.84 eV, while Karim et al.* used the AFM
ordering with U = 5 eV. We found that using slightly different U values (4.5 or 5 eV), assigning
AFM or FM ordering with no symmetrization, or changing the amount of vacuum (8 or 16 A) do
not have a considerable effect on the calculated (001) surface energies; i.e., they converge within
0.01 J/m®. Therefore, we suggest that these factors alone cannot explain the disagreements
among the reports in literature.* In addition, we confirmed that the Mn/O-terminated (001)
surface has a higher surface energy than the Li-terminated (001) surface, as already found in
previous works.**

We show the calculated energies of T1-, T2-, and T3-type Li-terminated (001) surfaces as a

function of slab thickness and relaxation schemes in Fig. 6. For the stoichiometric LMO slabs
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(T1- and T2-type), the bulk energy of LMO can be subtracted to calculate the surface energies.
On the other hand, T3-type slab surface energies can vary as a function of chemical potentials of
constituent elements in Equation (1). While investigating the surface energy convergence, the
chemical potentials for Li-terminated T3 slabs in Fig. 6 (c) are referenced to the phase mixtures
in Table I acquired from the calculated ground state phase diagram in Fig. 5.

In Fig. 6, we find that an eight layer thick slab or relaxing only the top two layers of this eight
layer slab similar to Ref. 4 are both inadequate to obtain well-converged (001) surface energies,
regardless of the type of surface termination. In fact, relaxing the atomic positions in the top two
layers on each side of the slab misleadingly converges to around 0.1 — 0.2 J/m® higher energies
than a fully converged relaxation scheme. The two other schemes; i.e., relaxing 50% of the slab
(for odd number of layers, the ratio deviates from the 50%) and relaxing the entire slab, converge
to almost the same surface energy for all different surface constructions as shown in Figs. 6 (a) —
(c). The T1-type Li- and Mn/O-terminated (001) surface, T2-type Li-terminated (001) surface
energies converge to 0.86 and 0.84 J/m’ respectively. The T3-type Li-terminated (001) surface
converges to 0.72 J/m* with respect the chemical potentials from the ternary phase diagram in
Fig. 5. While this T3-(001) surface turns out to be the most stable one with respect to the set of
chemical potentials acquired from the phase diagram in Fig. 5, its energy will vary as a function
of the environmental conditions (i.e., chemical potentials), which we will discuss in Section II1.3.
Lastly, in all panels of Fig. 6, it is clearly seen that the fastest converging scheme is the one
where all atoms of the slab are relaxed, predicting surface energies closest to the converged
values even in the smallest supercell with 56 atoms.

I11.2.2. The (111) surface (unreconstructed)

The (111) surface calculations shown in Fig. 7 also follow the same procedures we used in
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(001) surface calculation in Fig. 6. However, for (111) surface calculations, we relaxed all atoms
in the supercells, since we have already showed in Fig. 6 that this method gives the most
consistently converged surface energies. For the thinnest slab in Fig. 7 (a), we find the T2-type
(111) LisMn,¢03, surface energy to be 1.21 J/m?, which is very close to the 1.18 J/m? reported
for the same surface by Karim ef al.* However, as we increase the slab thickness, we find that
T1- and T2-type (111) surfaces converge to a smaller energy of ~1.08 J/m’ as shown in Fig. 7 (a).
Thus, the local structural distortions induced in subsurface layers by the presence of the LMO
surface could not vanish in the thinnest slab model. In general for the LMO system, when the
slab thickness is sufficiently large and stoichiometry of LMO is preserved, the surface energy
obtained from the asymmetric surface (T1) is very similar to the symmetrized surface (T2)
energy both for (001) and (111) [See Figs. 6 and 7].

For the T3-type (111) surface in Fig. 2 (c), there are four additional Mn atoms added to the
bottom surface shown in Fig. 2 (a). Therefore, as explained in Section II.2, energies of these T3-
type surfaces will be a function of chemical potentials of elements. For convergence tests, we
again use the reference phase mixtures from the ground state phase diagram in Fig. 5 for such
LiMn,;4O4 slabs as listed in Table I. The composition of the thinnest T3 slab LigMn;oO3, falls on
the over-lithiated spinel LiMnO; (i.e., Li,Mn,04) and Mn3Oy tie-line in Fig. 5 and therefore the
corresponding ground state phase mixture does not contain LMO. The LMO spinel does not
become a major component of the phase mixture (>50%) until a thicker slab of 24 formula units
is used, and the corresponding compositions all fall into the LiMn,O4 — Mn304 — Li,MnOj5 region
in the phase diagram in Fig. 5.

111.2.3. The reconstructed-(111) surface

The (111) facet reconstructions have been found to be stable in the inverse spinel
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142425 and we apply the reconstruction described by Karim et al® to the (111)

arrangement,
surfaces as shown in Figs. 3 and 4. The respective surface energies are plotted in Fig. 7 (b) as a
function of slab thickness. For several slabs, reconstruction could not be performed. The TIR-,
T2R-, and (T3R)-type LisMn;620)032 slabs are too thin to carry out the reconstruction at both
terminated surfaces. For the T1R LigMn;¢O3; slab, the reconstruction was performed only at the
top surface as shown in Fig. 3 (a). Also, the T1R slabs in Figs. 3 (b) and (c) have the Li/O-
termination at the bottom surface, where Li/Mn swapping cannot be incorporated. For the
reconstruction of the T2R surfaces in Figs. 4 (a) and (c), four pairs of the Li/Mn atoms were
exchanged. For the T3R surfaces, eight pairs of the atom swapping were carried out as shown in
Figs. 4 (b) and (d). A relaxation scheme with only top two and the bottoms two layers relaxed as
described in Ref. 4 may not provide accurate energies in this case, since the local environment of
Li that replaces Mn in the bulk after reconstruction needs to be relaxed as well. Comparing Figs.
7 (a) to (b), we see that reconstruction notably lowers the (111) surface energies. The energies of
the TIR- and T2R-type (111) converge to 0.78 and 0.77 J/m?, respectively. These reconstructed
(111) surface energies are close to the corresponding (001) surface energies. Because the (111)
reconstructed surface energy is much lower than the unconstructed (111) surface energy, the
experimentally observed (111) surface is consistent with the Li-terminated (111) surface
stabilized by reconstruction. The energy of the T3R-type (111) surface converges to 0.84 J/m’
with respect to the chemical potentials acquired from the ternary phase diagram, but its energy
will vary with chemical potentials due to the non-stoichiometry of T3-terminations.
111.2.4. Constrained and unconstrained supercell volume calculations

For low surface energy LMO slabs T3-type (001), T2R- and T3-type (111) surfaces, we

compare the surface energies obtained from calculations with fully-constrained supercell vectors
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(i.e. fixed-volume supercell calculation where the slabs are constrained to the bulk lattice
parameters in plane of the surface), to relaxed-volume supercell calculation where there are no
such constraints in Fig. 8 (a). Karim ez al.* previously showed that when the supercell volumes
are allowed to relax, the obtained relative stabilities of surfaces, and surface energies for
different facets remain similar to the fixed supercell volume calculations. Confirming the results
of Karim et al., we also find that the differences in surface energies obtained with the relaxed-
and fixed-volume calculations are small (all less than 0.05 J/m?) as shown in Fig. 8 (a). In Fig. 8
(b), we further show that the interlayer spacing profiles in the direction perpendicular to the
surface in T3-type (001) slab obtained with different relaxation schemes are very similar. In the
mid-sections of the slabs, the interlayer spacings remain close to the bulk values, and therefore a
bulk-like behavior is maintained in all fixed- or relaxed-volume supercell calculations. The
change in lattice parameters parallel to the surface are also relatively small, i.e. less than 1%
when supercell vectors are allowed to relax in the directions parallel to the surface.
I11.3. Stability diagram for bulk LMO and LMO surfaces

Having systematically calculated the surface slab energies of LMO, we now construct the
thermodynamic stability diagram in Fig. 9 to reveal how stability of bulk LMO and LMO
surfaces correlate as a function of oxygen and lithium chemical potentials. We find that bulk
LMO is stable in a chemical potential range bounded by the precipitation of Mn,0O3, MnO,, and
Li;MnOs, where the precipitation line for Mn3Oy4 also approaches the stability region of LMO at
high temperatures. These compounds and the associated temperature ranges for the stability of
LMO agree very well with most of the experimental studies on the synthesis of LMOQ.”'%#!43
There are three main stability areas for surfaces in Fig. 9: T3-(001), T2R-(111), and T3R-

(111). We find that the stability window of bulk LMO overlaps mostly with the stability region of
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T2R-(111) and extends into the stability region of T3-(001). Therefore, (111) and (001)
dominated particles are both accessible upon synthesis for bulk LMO depending on the synthesis
conditions. We observe in Fig. 9 that a lower temperature route is more likely to result in LMO
particles with T2R-(111) dominated surface than a high temperature route. The T3R-type (111)
particle surface is not accessible in or near the stability window of bulk LMO; that is, it is less
likely to form than its T2R-type analogue during synthesis open to atmosphere. The T3-(001)
surface is stable only at high temperatures and high Li chemical potentials when bulk LMO is
synthesized in air.

While the particle shape for a given pair of oxygen and lithium chemical potentials will
certainly be dominated by the most stable surface in Fig. 9, minimization of total surface energy
in Wulff construction requires the energies of other surfaces as well. A variety of particle shapes
between an octahedron of purely (111) facets and a cube with purely (001) facets can be obtained
depending on the ratio of (001) and (111) surface energies. More stable (111) surfaces will yield
structures such as the truncated-octahedron, while increasing the stability of (001) surfaces will
add more cube-like character to particles and alter the shapes to cubo-octahedron or truncated-
cubes. We compare the surface free energies as a function of lithium chemical potential at two
different oxygen chemical potentials corresponding to 300 K and 800 K at po, = 0.2 atm in Fig.
10. In the range of Li chemical potentials that stabilizes bulk LMO at 300 K in air, the T2R-(111)
surface has the lowest energy, but the T2-(001) is only slightly higher in energy. Up to ~800 K,
the stability regions of bulk LMO and of T2R-(111) overlap (Figs. 9 and 10), and the ratio of the
energies of the most stable (001) and (111) surfaces remains fixed at ~1.09. Starting slightly
below 800 K, the surface stability shifts from T2R-(111) to T3-(001) within the stability window

of bulk LMO with increasing Li chemical potential as shown in Figs. 10 and 11 for 800 K.
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Therefore, from low temperatures to around 800 K and under synthesis conditions that favor
stability of LMO without any precipitation of other phases, the equilibrium shape of the LMO
particle is predicted to be a truncated-octahedron with a (001) to (111) surface energy ratio of
1.09. At higher Li-chemical potentials and temperatures, this ratio sharply decreases to form (001)
dominated particles, as shown in Fig. 11.

The energies of (001) and (111) surfaces being very close agrees with the ease of tuning the
surface ratios by varying synthesis conditions as shown by Kim e al.’ If (111) surfaces are
composed of Li-rich surface layers rather than the Mn-rich, the LMO spinel particles with (111)
facets could be more resistant to the Mn dissolution, compared to the particles dominated by
(001) or (110). Thus, we can speculate that in cases where experiments show a severe Mn
dissolution of LMO cathode particles, these samples are likely to contain more (001) surfaces
with the particle morphologies similar to Ref. 9. Based on Figs. 9 — 11, we suggest that Li-excess
environments and too high temperatures should be avoided upon synthesis to yield particles with
less (001) character (i.e., surfaces more prone to Mn dissolution). In addition, higher
synthesis/sintering temperatures lead to narrow chemical potential windows for the stability of
LMO. Such narrow windows will increase the chances of LMO to decompose into other phases

44-46

such as Mn304, Mn,03, LiMnO,, or Li,MnOs as observed in several experiments, which will

lead to poor electrochemical performance.***

We should note that above conclusions are for synthesis of LMO under equilibrium conditions
that allow exchange of Li and O with surroundings. Synthesis conditions such as under vacuum
or an inert gas with limited or no exchange of material with the surroundings may be represented

more closely as a closed system with reference chemical potentials defined by the ternary phase

diagram as discussed in Section IIl.2. In that case, as shown in Figs. 6 and 7 (and also
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superimposed on Fig. 9 for comparison) the T3-(001) will be the most stable surface with an
energy of 0.72 J/m® followed by the T2R-(111) with an energy of 0.77 J/m% and the

corresponding (001) to (111) energy ratio of ~0.94 will lead to a truncated-cube like particles.

IV. Conclusion

We have carefully analyzed different stoichiometric and non-stoichiometric surface models to
calculate the (001) and (111) surface energies of LMO using GGA+U calculations. We find that
the effect of LMO surfaces on the local geometry of subsurface layers is long-ranged, and
therefore the surface energies converge slowly with respect to the number of layers employed
parallel to the surface planes in slab models. The slab relaxation schemes play a critical role in
calculation of the surface energies, and relaxing all atoms in the slabs gave us the most consistent
values.

Our calculations indicate that the (001) and (111) surface energies are very close and their
relative ratio can be easily altered under varying experimental synthesis conditions, which
explains the spectrum of cube-like to octahedron-like particle shapes obtained in experiments.
Under synthesis conditions open to atmosphere and chemical potentials that stabilize LMO, the
ratio of (001) to (111) surface energy is ~1.09 and the resulting LMO particles are predicted to be
of truncated-octahedron like below ~800 K. Higher temperatures and high lithium chemical
potentials should be avoided to obtain LMO particles dominated by reconstructed-(111) surfaces
with no Mn atoms, which might mitigate the Mn dissolution. Synthesis conditions similar to a
closed system (i.e., no exchange of material with the surroundings) are predicted to result in

LMO particles with more (001) facets, i.e., more cubic character.
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Table I. Compositions and reference phase mixtures for off-stoichiometric Li;Mn,O4 and
LiMn,,O4 surface slabs obtained from DFT phase diagram in Fig. 5.

Chemical Formula Phase Mixtures
Li;+.Mn,Oy4 type slabs
Li;oMn;6035 4.67 LiMn,O4 + 2.67 Li,MnO3 + 1.33 Mn304
Li]gMIl32064 12.67 LiMn204 +2.67 LizMnO3 +1.33 Mn304
Li;6Mnsg09g 20.67 LiMn,O4 + 2.67 Lio,MnO3; + 1.33 Mn3Oy4
LiMn;.,O4 type slabs
LigMny¢Os; 8 LiMnO; + 4 Mn304
Li;sMn3¢064 5.33 LiMn,O4 + 5.33 LioMnO; + 6.67 Mn;O4
Li,4Mns,Ogg 13.33 LiMn,O4 + 5.33 LioMnOs + 6.67 Mn3O4
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Figures & captions
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FIG. 1. The atomic structures of the spinel LMO (001) surfaces: (a) T1: asymmetric Li- and Mn/O-terminated
LigMn;603, surface (8 layers), (b) T2: symmetric Li-terminated LigMn;cOs, surface (a surface Li from the top
surface was moved to the bottom surface; 9 layers), and (c) T3: symmetric Li-terminated off-stoichiometric
Li;oMn;603; surface (9 layers). The green, purple, and red circles represent Li, Mn, and O atoms, respectively.
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FIG. 2. The chemical structures of the spinel LMO (111) surfaces: (a) T1: asymmetric Mn/Li/O- and Li/O-
terminated LiyMnygOys surface (18 layers), (b) T2: symmetric Mn/Li/O-terminated LiysMnysOg surface (two
surface Mn atoms from the top surface were moved to the bottom surface; 19 layers), and (c) T3: symmetric
Mn/Li/O-terminated off-stoichiometric LiyMns;Ogs surface (an extra layer of four Mn atoms was added to the
bottom surface; 19 layers).
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FIG. 3. The atomic structures of the (111) LMO T1 surfaces with reconstruction (T1R) at the top surface: (a)
LigMn 403, surface (6 layers), (b) Li;sMn3,0¢4 surface (12 layers), and (c) LisMnyg006 surface (18 layers).
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FIG. 4. The atomic structures of the symmetrical spinel LMO (111) surfaces with reconstruction at the top and

surface (13 layers), (c) Li)sMny0q6

layers).
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—a— Stable phases
© Slab compositions

O Li,0, Li,0

FIG. 5. The calculated ground state (7 = 0 K) phase diagram of the Li-Mn-O system near the O-corner.
Compositions of the off-stoichiometric T3-type slabs are also shown. Chemical potential of oxygen gas is obtained
from Ref. 23, where it was fitted to experimental formation enthalpies of simple metal oxides extrapolated to 7= 0
K.
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FIG. 6. Calculated DFT (001) surface energies with increasing slab thicknesses: (a) Li- and Mn/O- terminated T1
surface, (b) Li-terminated T2 surface, and (c) Li-terminated T3 surface. T2-type surface is undercoordinated with
respect to the surface shown in T3. Different relaxation schemes were performed from relaxing few surface layers to
relaxing the entire slab. For example, T2-type 112 atoms LMO in (b), both top and bottom layers (5 layers each)
were relaxed, while the bulk regions (7 layers) were fixed [blue square (112 atoms)]. T1-(001) surfaces have 8§, 16,
and 24 layers with increasing number of atoms in the supercell, respectively. T2- and T3-(001) surfaces always have
one extra layer compared with T1-(001) surfaces.
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FIG. 7. Calculated DFT surface energies with increasing slab thicknesses: (a) unconstructed (111) surface energies
for T1, T2, and T3 and (b) reconstructed-(111) surface energies (T1R, T2R, and T3R). The non-stoichiometric T3-
and T3R-type surfaces have additional atoms in the supercell compared with the stoichiometric surface slabs, as

shown in the parentheses.
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FIG. 9. Thermodynamic stability diagram of bulk LiMn,0, (LMO) and LMO surfaces as a function of oxygen and
lithium chemical potentials. Solid lines separate the stability regions of different types of surfaces whereas dotted-
lines correspond to precipitation of the marked phases (Eq. 3). The dashed-lines enclose the stability region of LMO.
Temperature scale on the y-axis corresponds to po, = 0.2 atm, and is based on the experimental free energy of O, gas
as described in Section II. For comparison, the small circle shows Apg and Apy; corresponding to the LiMn,O, —
Mn;0,4 — Li,MnO; region of the ternary ground state phase diagram in Fig. 5.
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FIG. 10. Surface energies of LMO as a function of Li chemical potential at O chemical potentials corresponding to
T =300 K and 800 K (assuming an oxygen partial pressure po, of 0.2 atm). Bold lines represent the lowest surface
energies as a function of Li chemical potential. Shaded regions show the stability range of bulk LMO.
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FIG. 11. The (001) to (111) surface energy ratio and the corresponding representative LMO particle shapes as a
function of Li chemical potential at an oxygen chemical potential corresponding to 7 = 800 K and po, of 0.2 atm.
Shaded region shows the stability range of bulk LMO.
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