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ABSTRACT: Layered Li(Ni1−x−yMnxCoy)O2 (NMC) oxides are promising cathode
materials capable of addressing some of the challenges associated with next-generation
energy storage devices. In particular, improved energy densities, longer cycle-life, and
improved safety characteristics with respect to current technologies are needed.
However, sufficient knowledge on the atomic-scale processes governing these metrics in
working cells is still lacking. Herein, density functional theory (DFT) is employed to
predict the stability of several low-index surfaces of Li(Ni1/3Mn1/3Co1/3)O2 (NMC111)
as a function of Li and O chemical potentials. Predicted particle shapes are compared
with those of single crystal NMCs synthesized under different conditions. The most stable surfaces for stoichiometric NMC111
are predicted to be the nonpolar (104), the polar (012) and (001), and the reconstructed, polar (110) surfaces. Results indicate
that intermediate spin Co3+ ions lower the (104) surface energy. Furthermore, it was found that removing oxygen from the (012)
surface was easier than from the (104) surface, suggesting a facet dependence on surface-oxygen vacancy formation. These results
give important insights into design criteria for the rational control of synthesis parameters as well as establish a foundation on
which future mechanistic studies of NMC surface instabilities can be developed.

1. INTRODUCTION

Energy storage devices with high energy densities are needed in
order to meet the increasing demands of portable electronics
and electric vehicles. Layered Li(Ni1−x−yMnxCoy)O2 (NMC)
oxides are promising cathode materials that are intrinsically
capable of meeting many of these demands.1−3 However, in
order to take advantage of these high, intrinsic energies,
charging voltages of >4.2 V (vs graphite) are necessary. At such
high voltages, surface degradation phenomena take place at
untenable rates, thereby reducing the battery lifetime. There-
fore, to take full advantage of NMC-based, lithium-ion cells, the
fundamental processes underlying issues of surface reactivity
must be fully understood. Toward this end, it is a prerequisite
to determine an atomic-scale view of the most relevant NMC
surfaces at play. Only after this can a mechanistic understanding
of NMC surface-reactivity be developed.
Layered LiCoO2 (LCO) has been successfully used for years

as a cathode material. However, because of LCO’s low intrinsic
stability at high states of charge (SOC), it is limited in practical
capacity. Large-scale substitution of Co with different transition
metals (TMs), (i.e., Mn and Ni to create NMCs) has been
shown to improve stability at higher SOCs; promising both
higher energy densities and lower costs with respect to pure
LCO.4−6 The structure of these layered materials (space group
R3̅m) can be interpreted as an ordered rocksalt with alternate
layers of lithium and metal ions occupying octahedral sites in a

cubic close-packed oxygen array with an ABCABC stacking
sequence.7 This structure facilitates the relatively facile removal
of Li+ ions, where the practical capacity of layered materials
depends on the range of concentrations, x in Li1−xMO2 (M =
Mn, Ni, Co), over which Li+ ions can be reversibly
intercalated.8,9 Key to this reversibility is the ratio of Mn:Ni:Co.
In particular, Li:Ni antisite exchange between the layers,
mitigated by the presence of Co, can have a profound effect. In
addition, irreversible surface reconstructions have been
reported to affect cell performance via impedance rise and
capacity loss. The nature of reconstructed surfaces may play an
important role in understanding chemical interactions with
electrolytes.10−14 Experimental data,15 as well as our own
AIMD simulations (not included here), suggest that surface
reactivity plays a key role in cell degradation before the onset of
bulk instabilities. As such, the most pressing challenges to the
practical, high-energy implementation of NMC cathodes are
phenomena related to surface instabilities, electrode-crosstalk,
and capacity fade when cells are cycled to the necessary cutoff
voltages (>4.2 V vs graphite).16,17

Knowledge of the nature and proportion of the different
facets of NMC crystals can help in the understanding of
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interfacial phenomena. For example, the rate performance of
batteries has a dependence on the characteristics of the particle
surfaces and orientation, which controls the kinetics of Li
diffusion and the stability of the surface phase transitions.
Different factors such as chemical composition, crystal
structure, and different morphologies can also produce various
interface structures and crystal surfaces.18 A DFT study on the
structure of LCO found that the (104), (001), and (012)
surfaces are present in the equilibrium crystal shape.19 The
same study also found that the (104) surface has the highest
stability among the nonpolar surfaces, in agreement with
experimental findings.20,21 Another theoretical study found the
same facets to be the most stable surfaces for LiNiO2. However,
the surface energies of LiNiO2 were smaller than those of LCO
for all facets.22 The unit cell volume of NMC111 (100.6 Å3) is
midway between LCO (96.8 Å3) and LiNiO2 (102.3 Å3).4 To
the best of our knowledge, comprehensive theoretical studies to
determine NMC particle morphologies, surface energies, and
surface terminations have not been conducted. In the present
work, we use density functional theory (DFT) to identify the
lowest energy surfaces of low-index facets of NMC111. The
Wulff construction23 is used to predict the thermodynamic
equilibrium particle shape as a function of O and Li surface
coverage. The results are compared with experimentally
observed particle shapes of single-crystal NMCs, synthesized
under various conditions and, as shown, may be extended, in
general, to other NMC compositions.

2. METHODOLOGY
All calculations were carried out by spin-polarized DFT as
implemented in the Vienna Ab Initio Simulation Package
(VASP).24,25 The exchange-correlation potentials are treated by
the generalized gradient approximation (GGA) parametrized by
Perdew, Burke, and Ernzerholf (PBE).26 The interaction
between valence electrons and ion cores is described by the
projected augmented wave (PAW) method.27 Furthermore, the
GGA+U scheme is used for applying the on-site correlation
effects among 3d electrons of the TM, where the parameter of
(U−J) is set to 5.96, 5.00, and 4.84 eV for Ni, Co, and Mn,
respectively.28 The wave functions were expanded in the plane
wave basis up to a kinetic energy of 500 eV. All surface
calculations were performed using a periodically repeating slab
separated by vacuum layers along the surface normal. A vacuum
thickness of 10 Å was adopted to remove interaction between
the slab layers. The lattice parameter of the supercell was fixed
at its bulk value. All the ions were allowed to be relaxed until
the total energy differences were no more than 0.003 eV. After
geometry optimization within the DFT+U framework,
electronic relaxation was performed using a single point
calculation with the hybrid functional HSE06,29 to determine
the surface energy at that level of theory. Figure 1a shows the
bulk crystal structure of NMC111 (R3 ̅m). In order to establish
the ion ordering in the TM layers, it is necessary to use a
supercell that is at least three times bigger in the a and b
directions than for a single-metal, layered material such as
LiCoO2. A k-point mesh of 3 × 3 × 3 was found sufficient to
get accurate electronic energies for bulk calculations on this
unit cell. The resultant ion ordering is shown in Figure 1b. Each
ion has six neighbors in groups of three of the other TM
arranged in a triangular shape. This ordering has been found to
be the most favorable using solid state NMR.30 This structure
was also confirmed by DFT calculations of an initial set of 30
lowest energy configurations determined based on electrostatic

interactions only (not shown). The ordering can be explained
based on the local charge balance. The sum of the
electrovalencies of the nearest-neighbor cations should be
equal to the charge of the anion in ordered rocksalt structures.
All low index families of surfaces were considered; limited

herein to stoichiometric surfaces. That is, unit cells consist of an
integer number of formula units. Among the surfaces
considered, some are polar surfaces. As a consequence, it is
necessary to cancel the total dipole of the slab in order to get
meaningful results within the DFT periodic boundary
conditions approach. Charge compensation was accomplished
by moving half of the charge from the top layer to the bottom
layer.

2.1. (110) Surface. An index notation based on the original
standard hexagonal unit cell was used. The polar surfaces
examined were the (110), (012), and (001). In order to
illustrate the procedure used to avoid a dipole in the slabs, we
consider the (110) surface as an example. A schematic diagram
of the slab representing the (110) surface is shown in Figure 2a.
We can consider the slab as a stack of layers. The layers parallel
to the surface contain two kinds of TM ions, a consequence of
the ordering and stacking that we chose for the TM. This
ordering produces a configuration with two kinds of layers
having a total formal charge of +1 and −2. This configuration
leads to a surface type III according to the classification
proposed by Tasker.31 A polar surface cannot be stable without
substantial reconstruction. Figure 2b shows a possible
rearrangement of the TM ions that produces a Tasker type I
surface, that is all the layers are neutral. This configuration is
possible because each layer maintains a stoichiometric ratio of
atoms. To form this configuration from the original slab, the
TMs on one layer are displaced one position up in the direction
perpendicular to the surface. The positions of the ions are the
same as in the original slab. However, the nature of the ions has
changed. Now, there is one TM of each type per unit cell in all
the layers. Hence, each layer has a stoichiometric ratio of the
species. The shifting of a complete TM with respect to the
other layers is in fact an extended defect that does not seem to
considerably affect the total energy of the bulk structure (ΔE =
0.02 eV). This “reconstruction” is in fact a bulk transformation
rather than a surface reconstruction, as it requires a new
stacking sequence of the TM layers. Hence, a different
reconstruction is needed to eliminate the overall dipole of the
(110) slab.
A more natural reconstruction of the original (110) surface

slab, with the constraint of keeping the slab stoichiometric, is
obtained by moving half of the surface atoms (hence charge)
from the top layer to the bottom of the slab, converting the
surface to a Tasker type II. A symmetry plane is created in the

Figure 1. Illustration of the bulk geometry of NMC111 with R3 ̅m
symmetry. (b) Schematic representation of ion-ordering in NMC111
TM layers.
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center of the slab and the overall dipole is eliminated. This
concept is illustrated in Figure 2c. There are several different
ways of ordering the remaining half-coverage atoms on the
surface. Figure 3a shows the top layer of the original (110)
surface. Figure 3b,c shows the two lowest energy configurations
of the surface atoms at half coverage. The surface energy of the
configuration shown in Figure 3c is 0.44 eV lower than that in
Figure 3b.
2.2. (001) Surface. Another polar surface studied is the

(001). This surface can be terminated in different planes.
Namely, half a monolayer of lithium on both sides of the slab,
lithium deficient 1/2Li−(O−TM−O)−1/2Li layer or oxygen
deficient 1/2O−(Li−O−TM)−O1/2 layers. Previous work
found that the termination with half a monolayer of Li is more

thermodynamically favorable.19 Therefore, we limit our
investigation to this termination. Figure 4 shows a schematic
of the slab used for the calculation and the reconstruction of the
top and bottom layers. The (001) surface terminated at lithium
ions is only sensitive to changes in the chemical potential of
lithium. The changes in the Li potential depend on the Li
content during material synthesis and on the voltage during
cycling.

2.3. (012) Surface. The (012) surface is polar and
preferentially terminated by oxygen atoms. A schematic
representation of a top view of this configuration is presented
in Figure 5. The removal of half of the oxygen atoms from the
surfaces compensates the dipoles in the slab. There are two
kinds of surface oxygen sites. In site (A), O is coordinated to

Figure 2. Surface termination and reconstructions for the surface (110). (a) Original slab presenting a finite net dipole. (b) Modified slab where
TMs in one of the layers are displaced one position up. (c) Modified slab where half of the charge is taken for the top and bottom layers. Green
spheres represent Li, purple spheres represent Mn, gray spheres represent Ni, blue spheres represent Co, and red spheres represent oxygen. The
same color scheme is used in the remaining figures.

Figure 3. Scheme of the top layer of the surface (110). (a) Original surface with all the ions. (b) Reconstruction where the TMs and Li ions were
taken off in rows alternating with rows where oxygen vacancies are formed. (c) Reconstruction where all the TMs, lithium ions, and oxygen ions are
taken off from the same row (missing-row reconstruction). Empty circles represent vacancies.
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two TM atoms and one lithium atom. In site (B), O is
coordinated to two lithium atoms and one TM atom. As
expected, and according to previous work,19 the most stable
surface is produced by a configuration where every site A is
occupied by an oxygen atom.

We have also considered the nonpolar surfaces (104) and
(100). Both of these surfaces are Tasker type I with a
stoichiometric ratio of atoms in each layer. Hence, there is no
driving force for reconstruction or dependence on O or Li
chemical potentials of these surfaces.
The surface energy can be defined as the difference in the

free energy between the bulk material and a model slab surface
per unit area. For a stoichiometric composition, the surface
energy can be computed using eq 1. We also assume the
entropic and volumetric contributions to be negligible.

γ = −
A

E E
1

2
( )slab bulk (1)

where γ is the surface energy, A is the surface area of the slab
model, Ebulk is the total electronic energy of the bulk material,
and Eslab is the total electronic energy of the slab. For
nonstoichiometric surfaces, the energy of the surface depends
on the chemical potential μi of the species in excess or shortage
(Δi). This can be computed according to eq 2

∑γ μ= − + Δ
A

E E
1

2
( )

i
i islab bulk (2)

Experimentally, NMC crystals were synthesized by a molten-
salt method previously reported.14 All chemicals were obtained
from Sigma-Aldrich with a purity of 97% or higher.
Stoichiometric amounts of Mn(NO3)2·4H2O, Co(NO3)2·
6H2O, and Ni(NO3)2·6H2O were first dissolved in a small
amount of deionized water. LiNO3 or Li2CO3 in 10% excess (or
Li:M = 1.1:1 where M = Mn + Ni + Co) was added to the
solution followed by the addition of the CsCl flux (m.p. = 645
°C). The R ratio, defined as the molar ratio between the flux
and the total TM, was controlled at 2 or 4. The mixture was
transferred into an alumina crucible with a lid, and the trace
water was removed by heating to 200 °C at 2 °C/min and then
held at 200 °C for 5 h. The resulting dry powder was further
heated to 850 or 900 °C at a rate of 4 °C/min, soaked at high
temperature for 8 or 12 h, and then cooled to room
temperature at a rate of 4 °C/min. The final product was
obtained after thoroughly washing with deionized water to
remove the flux and then drying in a vacuum oven overnight at
80 °C.

3. RESULTS AND DISCUSSION
3.1. Surface Energies and Morphology. The results of

surface energy calculations for stoichiometric slabs are
summarized in Table 1. The surface energy is an indication
of the relative stability of different facets and terminations. The
(104) surface is found to be the lowest surface energy among
all the investigated surfaces, as it requires the least amount of
bond breaking (one M−O bond). As in previous work19,32 the
trend on surface energy can be rationalized by counting the
broken bonds when the surface is cleaved. This surface is
nonpolar and each layer contains a stoichiometric amount of
each component, making it less sensitive to changes in the O
and Li chemical potentials. The flat, nonpolar structure helps
stabilize this facet. Figure 6 shows a schematic representation of
the (104) surface.

Figure 4. Schematic representation of the slab used to model the
(001) surface.

Figure 5. Schematic of the (012) surface with 1/2 monolayer of
oxygen coverage. The occupied sites are coordinated with two TMs
and one Li-ion (site A). The less favorable site B is also indicated by an
empty circle.

Table 1. Surface Energies for the Low Miller Index Families
of Surfaces for NMC111 Under a Stoichiometric Ratio of the
Species

surface orientation surface termination surface energy (J/m2)

(104) Ni, Mn, Co, O 0.76
(001) Ni, Mn, Co, O 0.89
(110)A

a Ni, Mn, Co, O 1.32
(110)B

a Co, O 1.67
Ni, O 1.77
Mn, O 1.88

(012) Ni, Mn, Co, O 1.97
(100) Ni, Mn, Co, O 2.27

a(110)A: surface reconstruction. (110)B: bulk extended defect.

Figure 6. Schematic representation of the top two layers of the (104)
surface.
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The (001) surface is the second most stable (see Table 1). In
the next section, the sensitivity of the (001) surface to changes
in the Li chemical potential is studied. The third most stable
surface is the reconstructed (110) surface (a missing-row
reconstruction). The TM shifting approach (110)B (Figure 2b)
does not seem to be favorable.
Figure 7 shows a schematic representation of (110)A

reconstructed surface. In this rearrangement, the surface
forms a zigzag of (104) facets, such that the surface TMs are
also 5-fold coordinated.
The (012) surface is another polar facet considered (see

Figure 8a,b). This surface consists of alternating planes of
cations and oxygen ions. Thus, there are two possible
terminations for a dipole-free model of the slab; either a
partially unoccupied, cation-terminated layer, or a partially
oxygen-terminated surface. The cation-terminated surface is
found to be unstable;19 hence, an oxygen-terminated surface is
studied. The stoichiometric ratio is achieved with half a
monolayer of oxygen on the surface. For stoichiometric slabs,
the (012) surface is less stable than the (001) surface. However,
the partial coverage of oxygen makes the (012) surface sensitive
to changes in the oxygen chemical potential. A thermodynamic
analysis is needed to estimate the surface energy for different
conditions.
Finally, the nonpolar (100) surface presents the highest

energy among all the computed surfaces with a surface energy
more than double the energy of the other nonpolar, (104)
surface. The TMs in the top layer are 3-fold coordinated. This
produces a metal−oxygen coordination loss of three compared
to one for the (104) surface. Figure 8c shows a schematic
representation of this surface.
According to the magnetization and Bader charge analysis,

Co3+, Ni2+, and Mn4+ are present in the bulk model. We could

not find any other oxidation state for the TM in NMC111. This
is consistent with the experimental findings, and it keeps the
average formal charge of the metals equal to three.33−35 The
same was the case for all the surface slabs. However, the
magnetization of the surface TM in the (104) surface was
different and required further analysis. Figure 9 shows the
projected density of states (PDOS) on the d orbitals of the Co
ions in the slab representing the (104) surface. Figure 9b shows
that, in the bulk region of the slab, the eg orbitals dx2−y2 and dz2
are unoccupied. Furthermore, the magnetization is zero,
indicating Co3+ in the low spin configuration. The t2g orbitals
dxy, dxz, and dyz are in the filled state region showing occupancy
in the spin up and spin down with a very similar range of
energies suggesting no magnetization. This configuration is
consistent with the d band splitting caused by an octahedral
coordination. A schematic representation of the d orbital filling
is shown in Figure 9d. The crystal field splitting energy is less
than the spin pairing energy. Hence, the low spin configuration
is favored. Figure 9a shows the PDOS for the Co ions in the
surface layer of the slab. In this position the projection on dz2
presents filled states in the spin up and empty states only in the
spin down, indicating one electron in this orbital. The
projection along dx2−y2 indicates no electrons in this orbital.
Similar to dz2, the projection along dxy orbitals indicates just one
electron in the spin up state. The combination of the
magnetization, Bader charges, and PDOS analysis indicates
Co3+ in an intermediate spin state. This result is in agreement
with previous work21,36 showing experimental37 and theoretical
evidence of intermediate spin of the five coordinated Co3+ ions
at the surface of LCO.21 Other previous work35 has also found
that changes in the coordination symmetry around Co ions
change its electronic configuration, as expected. Figure 9c
shows a schematic representation of the d orbital filling for the
Co ions at the surface of the slab. In this case, the crystal field
splitting energy is greater than the spin pairing energy in the dxy
orbital. This is expected for a square pyramidal coordination of
the TM. Moreover, the axial oxygen is farther from the Co ion
than the equatorial oxygen. The Co−O axial bond in the
surface is 2.01 Å, and the equatorial bonds are 1.95 Å on
average, while 1.99 Å is obtained in the bulk region. The
increase in Co−O axial bond distance lowers the energy of the
dz2 orbital even more. This is also consistent with the
magnetization of the Co ions at the surface with a value of
2.3 μB associated with t2g

5 eg
1 configuration, corresponding to an

intermediate spin.

Figure 7. Reconstruction of the (110) surface that leads to lower
surface energy. Sites where the ions were taken off are indicated by an
empty circle. Also, the (104) facets formed by the reconstructions are
indicated by a dashed line.

Figure 8. First three layers of the (012) surface. (a) One monolayer of oxygen coverage, which produces a surface dipole. (b) Half a monolayer of
oxygen coverage, which produces a stoichiometric ratio of the elements and a nonpolar surface. (c) Schematic representation of the top three layers
of the (100) surface.
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These results were obtained while keeping the ions in the
bulk region of the slab fixed and relaxing only the two
outermost layers of the surface. When the entire slab was
relaxed, a distortion of the octahedron formed by the oxygen
ions around the TM was observed. The axial Co−O bond (2.21
Å) in the inner layers of the slab is greater than that in the
“fixed” bulk model (1.99 Å). Also, the equatorial Co−O bonds
became shorter (1.96 Å). This distortion produces Co3+ ions in
the intermediate spin state in the bulk region of the slab, which
is not expected. This suggests that thicker slabs (>9 layer)
should be used or that the inner layers should be fixed to bulk
values to get more reliable results. However, a thicker slab
would be computationally expensive. Therefore, the bulk region

was fixed to avoid this issue. Co3+ was also found in a high spin
state at the surface caused by the large distortion (axial Co−O
bond 1.98 Å) of the symmetry around the TM when all the
atoms in the slab were relaxed. High spin states of Co3+ at LCO
(104) surfaces, with square pyramidal coordination, have been
reported.38 Qian et al.21 found that the surface energies are
minimized when the surface Co3+ ions are in either the
intermediate or high spin states. They found an energy of 0.31
J/m2 for the (104) surface of LCO with intermediate/high spin
Co3+ compared to 1.0 J/m2 for a (104) surface with low spin
Co3+. We also found a low value (0.79 J/m2) for the energy of
the (104) surface of NMC111 when considering high/
intermediate spin Co3+. This seems to be consistent with the

Figure 9. Co PDOS d-orbitals. (a) Co in the surface layer of the slab. (b) Co in the bulk region of the slab. (c) Surface layer Co d orbital electronic
configuration scheme. (d) Bulk Co d orbital electronic configuration scheme.

Figure 10. Surface energy of the (012) facet as a function of the oxygen chemical potential. The crystal particle shape from the Wulff construction is
shown at select conditions indicated by the dotted lines. A SEM image of the synthesized particles is also shown.
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value found for LCO since NMC111 has a lower concentration
of Co3+. The rest of the TMs (Ni2+ and Mn4+) do not present
any change in spin state because they are already in high spin
states at these oxidation states. The stabilization produced by
Co at the surface generates a driving force for segregation to
this specific facet. Previous work10 has shown Co segregation to
the (202 ̅) surface of a monoclinic cell for a layered NMC
material, which is equivalent to the (104) surface using a
hexagonal unit cell.
The (012) surface has also five-coordinate Co ions at the

surface for the stoichiometric composition (1/2 monolayer of
oxygen). However, the magnetization of the Co ions at the
surface is zero. Hence, Co3+ at the (012) surface is present in
the low spin state. The spin state is different despite having the
same coordination as the ions at the (104) surface. This may be
a consequence of the different distortions of the square
pyramids formed at the surface. The square pyramids at the
surface form an angle of about 45° with the surface leaving two
of the equatorial oxygen under-coordinated compared with the
oxygen in the bulk region. These two bonds are shorter (1.8 Å)
than the other two equatorial bonds (2.1 Å) and the axial bond
(2.02 Å). This distortion produces a different crystal field.
According to our findings, this configuration does not favor an
intermediate or high spin state.
3.2. Thermodynamic Analysis of the Polar Surfaces. In

order to predict the equilibrium particle shape of NMC111
crystals, it is necessary to take into account the conditions of
the surrounding environment. Based on the possible surface
compositions, there are two types of surfaces susceptible to
changes with the synthesis conditions. Namely, the (012)
surface is sensitive to changes in the oxygen chemical potential
and the (001) surface is susceptible to changes in the Li
chemical potential. Figure 10 shows the relationship between
the surface energy and the oxygen chemical potential for five
different oxygen coverage values on the (012) surface. The
surface with a full monolayer of oxygen is favored at high
oxygen chemical potentials (oxygen-rich environment). Highly

oxidizing environments would lead to more stable (012)
surfaces. It can be seen in Figure 10 that for those conditions
the (012) surface dominates energetically. The inset in Figure
10 shows a scanning electron microscopy (SEM) image of
NMC532 crystals synthesized using Mn(NO3)2·4H2O, Co-
(NO3)2·6H2O, and Ni(NO3)2·6H2O as TM precursors, 1.1 ×
LiNO3 as Li source and CsCl as the flux (R = 2). The sample
was obtained after heating in air at 850 °C for 8 h and then
cooling at a controlled rate of 4 °C/min. In agreement with the
theoretical calculation, about 70% of the exposed crystal
surfaces are (012) facets. In contrast, in a less oxidizing
environment, the predicted shape is dominated by the (104)
surface, which is the most stable at stoichiometric conditions.
The (001) surface appears in the particle at all conditions at a
practically constant proportion. However, this surface is
covered by 1/2 of a monolayer of lithium and hence sensitive
to variations in the chemical potential of Li.
The experimental conditions are complex and hard to

directly relate with the theoretical calculations. However, one
can gain some insight from the temperature and oxygen partial
pressure dependence. The chemical potential axis can be
expressed in terms of the temperature at a given pressure or in
terms of the pressure at a given temperature. Three examples
are shown in Figure 10. The second axis shows that for a given
pressure (0.2 atm) higher temperatures favor the formation of
the (012) surface. The third and fourth axes show that higher
partial pressures of oxygen also favor a higher coverage and the
stabilization of the (012) surface.
The chemical potential of lithium changes with lithium

content during the synthesis of the material and during cycling.
Although, during cycling kinetic barriers impede changes in the
particle shape. Figure 11 shows the (001) surface energy
change with the chemical potential of Li at an oxygen chemical
potential value of −0.1 eV. This surface becomes predominant
at 1/4 of monolayer Li coverage on the surface, adopting a
platelet shape. With increasing Li chemical potential, the
particles adopt more polyhedral shape. Excellent agreement

Figure 11. Surface energy of the (001) facet as a function of the Li chemical potential. The crystal particle shape from the Wulff construction is
shown at select conditions indicated by the dotted lines. The inset shows a SEM image of synthesized NMC crystals for comparison with the
constructed particle shape.
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with experimental results was obtained under the high O and
low Li chemical potential conditions. Figure 11 inset shows the
SEM image of NMC532 crystals synthesized using Mn(NO3)2·
4H2O, Co(NO3)2·6H2O, and Ni(NO3)2·6H2O as TM
precursors, Li2CO3 as Li source, and CsCl as the flux (R =
4). The crystals were obtained after heating in air at 900 °C for
12 h and then cooling to room temperature at 4 °C/min. The
same morphology was also found on NMC111 crystals
synthesized under similar conditions, as shown in the SEM
image in Figure 11. As can be seen from Figures 10 and 11, an
NMC composition in the range of 111 to 532 does not alter the
main conclusions of particle morphology drawn from our
calculations of NMC111, implying some generality. However,
as the relative Ni content increases, the effect of Li/Ni exchange
and/or TM segregation may play an important role. Studies
along these lines are currently in progress.
3.3. Oxygen Vacancy Formation Analysis. The oxygen

vacancy formation energy at the surface can be considered an
indication of the surface propensity to reduction. The (104)
surface has three different kinds of oxygen atoms. In the bulk,
oxygen atoms occupy the vertices of the octahedron (four
equatorial and two axial M−O bonds). Surface oxygen atoms in
the (104) surface form the equatorial M−O bonds, while the
oxygen in the second layer forms the axial M−O bond. Surface
oxygen atoms are also the vertex of the inverted square pyramid
formed by the cleaved surface plane. Note that surface oxygen
is always coordinated to the three TM (Ni2+, Mn4+, Co3+).
However, there are three different configurations depending on
the nature of the TM axially coordinated with the oxygen. In
the case of the (012) surface, oxygen atoms are coordinated to
two TMs in an equatorial configuration.
Table 2 shows the oxygen vacancy formation energy of each

oxygen type on the (104) and (012) surfaces. The results show

that, on the (104) surface, the oxygen that is axially coordinated
to Mn is the easiest to remove, followed by Ni and, finally, Co.
A similar trend is observed for the (012) surface. Specifically,
oxygen is more difficult to remove when it is coordinated to
Co. The oxygen-vacancy defect would be primarily located on
top of Mn ions. This observation could have important
consequences, as under-coordinated surface Mn could con-
stitute a possible pathway for the preferential dissolution of Mn.
However, TM dissolution study requires a more complex
model that takes into account the electrolyte and other
magnetic and electronic effects. For instance, surface reduction
can occur not only with the formation of oxygen vacancies but
also as a result of a reaction with the electrolyte, such as with
EC.39

The energy of formation of oxygen vacancies changes with
the content of lithium in the material as shown in Figure 12.
The process of removing an oxygen atom from the surface

leaves two unpaired electrons in the lattice. Thus, the material
is reduced upon formation of an oxygen vacancy. On the
contrary, the delithiation process leads to the oxidation of the
material. The lower the lithium content (high SOC, high
voltage), the easier it is to reduce the surface. Indeed, for
lithium contents below ∼40% (60% SOC), the release of
oxygen from the (104) surface becomes a spontaneous process.
However, for the (012) surface this process becomes
spontaneous for lithium contents below 60% (40% SOC).
This is an indication of the reactivity of the surface oxygen
atoms of these surfaces. Specifically, our results indicate that
(012) surfaces would be more reactive toward electrolyte
oxidation due to the relative ease of oxygen vacancy formation
with respect to the (104) surfaces. Conversely, (104) surfaces
should be more robust with respect to electrolyte interactions.
This trend is also consistent with the calculated surface energies
of these two surfaces where the surface energy of the (104)
facet is lower than the surface energy of (012) facet (see Table
1).

4. CONCLUSIONS
Atomistic simulations based on first-principles density func-
tional theory at the GGA+U level, as well as at the hybrid
HSE06 level, were performed to investigate the stability of
several low-index surfaces of Li(Ni1/3Mn1/3Co1/3)O2
(NMC111) as a function of Li and O chemical potentials.
The morphology and crystal shape dependence on changes in
chemical potentials (oxygen and lithium) were also explored. A
good agreement between the predicted particle shapes and
those of single-crystal NMCs (111 and 532), synthesized under
different conditions, was obtained. Valuable insights were
presented into not only the effects of O and Li environments
during synthesis but also into the determination of the crystal
facets and surface terminations most relevant for further
studies. We found that only the (104), (012), and (001) facets
appear in the equilibrium shapes. The predominant surface for
a highly oxidizing environment is the (012). Lower values of
the Li chemical potential would produce more platelet-shaped
particles. Additionally, we found evidence of intermediate spin

Table 2. Oxygen Vacancy Formation Energy on the (104)
and (012) Surfaces

surface coordination
energy of formation of an oxygen vacancy

(eV)

(104) Co; axial 5.4
Ni; axial 2.2
Mn; axial 1.5

(012) Co, Ni; equatorial 1.9
Co, Mn; equatorial 1.1
Mn, Ni; equatorial 0.6

Figure 12. Energy of formation of an oxygen vacancy on the (104)
and (012) surfaces of Li(Ni1/3Mn1/3Co1/3)O2 as a function of Li
content in the slab.
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states for the Co3+ ions at the surface of the (104) facet. This
electronic configuration is linked with the high stability of the
(104) surface. We also found evidence of preferential defect
formation at sites where oxygen is coordinated to Mn. This
result has possible implications for mechanistic studies on Mn-
ion dissolution. Furthermore, the energy of formation of an
oxygen vacancy depends on the content of lithium (SOC). The
release of oxygen becomes spontaneous for delithiation levels
higher than 60% for the (104) surface and 40% for the (012)
surface. Based on these results, choosing synthesis conditions
that favor the formation of (104) over (012) facets may
enhance the electrochemical stability of NMC particles.
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