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Abstract

Defects and surface reconstructions are thought to be crucial for the long term sta-

bility of high-voltage lithium-manganese-rich cathodes. Unfortunately, many of these

defects arise only after electrochemical cycling which occur under harsh conditions

making it difficult to fully comprehend the role they play in degrading material per-

formance. Recently, it has been observed that defects are present even in the pristine

material. This study, therefore, focuses on examining the nature of the disorder ob-

served in pristine Li1.2Ni0.175Mn0.525Co0.1O2 (LNMCO) particles. Using atomic resolu-

tion Z-contrast imaging and electron energy-loss spectroscopy measurements we show
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that there are indeed a significant amount of anti-site defects present in this material;

with transition metals substituting on Li metal sites. Furthermore, we find a strong

tendency of segregation of these types of defects towards open facets (surfaces per-

pendicular to the layered arrangement of atoms), rather than closed facets (surfaces

parallel to the layered arrangement of atoms). First principles calculations identify

anti-site defect pairs of Ni swapping with Li ions as the predominant defect in the

material. Furthermore, energetically favorable swapping of Ni on the Mn sites were

observed to lead to Mn depletion at open facets. Relatively, low Ni migration barriers

also support the notion that Ni are the predominant cause of disorder. These insights

suggests that certain facets of the LNMCO particles may be more useful for inhibiting

surface reconstruction and improving the stability of these materials through careful

consideration of the exposed surface.
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Current lithium-ion battery technology is limited by the availability of high energy den-

sity cathodes. During the last decade, there have been significant efforts towards the de-

velopment of high-voltage (> 5 V) cathode materials. Notable among these are lithium-

manganese rich layered oxides and high voltage spinels.1–4 In particular, lithium-manganese

rich cathodes have almost two times higher capacities compared to conventional cathodes,

such as the widely used commercial LiCoO2 when cycled above 4.5 V.5 These lithium rich

Li(LiyNix−yMnxCo1−2x)O2 oxides, more aptly written as xLi2MnO3·(1-x)LiMO2 (M=Mn,

Ni, Co), are solid solutions with ordered nano sized domains limited to a few layers along

the c-axis.6

Unfortunately, these high-voltage cathode compositions have structural and chemical in-

stabilities, which emerge during electrochemical cycling, thereby limiting their use in heavy-

duty applications such as plug-in hybrid electrical vehicles. The structural and phase in-
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stabilities are manifested in terms of a progressive decay or loss of charge and a discharge

voltage plateau during cycling (known as voltage fade). It has been shown that the reduc-

tion of the voltage plateau is accompanied by the migration or diffusion of transition metal

(TM) cations in the host lattice.7–11 For instance, the high-voltage layered oxide undergoes a

number of irreversible surface and interfacial processes during its first electrochemical charge

cycle, such as the loss of oxygen12 and reactions of the highly charged cathode surface with

the electrolyte.13 Literature reports suggest that the phase transformation, from a layered

to a spinel-like phase, is initiated by inter-site exchange between the Li and TM cations,

and the concomitant segregation of the Mn rich phase.6,14–17 Recently, we and others,14 have

observed inter-site exchange behavior even in the pristine material. As such a mechanistic

understanding of the surface reconstructions and the formation of antisite defects in this

pristine material may enable novel design approaches where disorder can be pursued as a

strategy for retaining high energy densities.18

In this article, using a synergistic combination of atomic scale experimental and the-

oretical techniques, we investigate the origin of the TM disorder observed in the pristine

(uncycled) Li1.2Ni0.175Mn0.525Co0.1O2 (LNMCO) cathode material. Atomic-resolution Z-

contrast imaging and electron energy-loss spectroscopy (EELS) experiments, performed in an

aberration-corrected scanning transmission electron microscope (STEM), show the presence

of antisite defects in the bulk and predominantly at the surface. Interestingly, the EELS

scan along the [11̄0] direction show higher concentrations of Ni antisite defects compared

to the [001] direction. The surfaces along these two directions are oriented differently with

respect to the layered arrangements of the Li, oxygen and TM atoms in the LNMCO cathode

material. First-principles calculations indicate that the experimentally observed TM antisite

defects are prevalently Ni antisites, both in the bulk and at the surface. Furthermore, the

defect formation energies are facet dependent with ‘open’ surfaces (i.e. surfaces exposing the

alternating Li, oxygen and TM layers to the vacuum along the [11̄0] direction) having higher

concentrations of antisite defects as compared to ‘closed’ surfaces (parallel to the layered ar-

3



rangement of Li, oxygen and TM layers along the [001] direction). EELS measurements also

show significant depletion of Mn at the surface for open facets. First-principles calculations

reveal that this is due to the preferential substitution of Ni at the Mn site. Additionally, Ni

atoms have the lowest migration energy barriers for inter and intra-layer diffusion among the

group of TM atoms which indicate higher mobility of Ni in the LNMCO cathode material.

These findings suggest that surface segregation can be minimized by shape-control synthesis

of LNMCO particles, where the primary cathode particle has preferred crystallographically

oriented facets. Thus providing a path for controlling the stability and performance of these

materials.

Results and discussion

Figure 1: (Color online) Experimental Z-contrast STEM image taken along the [110] zone
axis, showing the presence of anti-site defects in the bulk layered structure. The brighter
atomic rows corresponds to TM planes, while the darker atomic rows are Li planes. (Right)
Enlarged Z-contrast image and the corresponding image intensity line profile acquired from
the region highlighted by the dashed cyan rectangle. Some Li atomic columns display much
higher image intensity than their neighboring Li sites (see the overlaid structure model,
Li:green TM:magenta and O:red), arising from the presence of TM anti-sites in these Li
columns.

Figure 1 shows an atomic resolution Z-contrast image of bulk LNMCO, where alternating
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Figure 2: (Color online) Z-contrast images and EELS line scan profiles for a LNMCO particle
along the a) [11̄0] and b) [001] direction. The panels on the right show the close-ups of the
surface regions and the relative concentration line profiles obtained from EELS. Surface
reconstruction and segregation of Ni in the reconstructed layers is observed along the (11̄2)
plane. For the (001) plane, however, there is a slight increase in anti-site defect concentration
in the first Li layer, as highlighted by the green arrow. The Ni and Co concentrations also
increase slightly in the surface region, but no significant segregation or reconstruction was
observed in contrast to the (11̄2) plane.
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lithium-oxygen-transition metal layers can be observed. A relatively large concentration of

anti-site defects (TM replacing Li) in the Li layers (brighter spots in the dark-contrast rows

in this figure) can also be seen. However, with this image alone one cannot distinguish which

TM atom among Ni, Mn or Co forms the antisite defect. Moreover, EELS experiments to

quantify the relative concentration of the TM antisite defects at each Li column require

spectra with high signal-to-noise ratio, which is not possible due to electron-beam damage

to the sample. As such, we performed first-principles calculations to investigate the nature

and formation energies of TM antisite defects present in the Li layers. It is important to

note that the mobility of the Li+ ions in and out of the layered structure determines battery

performance.19 Here, the presence of TM atoms in the Li layer results in the formation of

nanoscale inhomogeneities, which may significantly affect Li ion mobility.

Two types of antisite defects (MLi) are considered - non-stoichiometric substitutional

antisite defects (a Li atom is replaced with a TM atom from reservoir) and stoichiometric

antisite defect pairs (i.e. Li and TM atoms are interchanged between their respective layers).

The bulk LNMCO cathode material was modeled by constructing a 2
√

3×2
√

3 supercell from

the parent LiMnO2 hexagonal crystal. Each layer (either Li or TM or oxygen) in the model

supercell contains 12 atoms, which were arranged in ABC stacking, resulting in a total of

144 atoms. Earlier theoretical calculations proposed a broken zig-zag arrangement of the Ni

atoms in the TM layer for the Li[Li1/6Ni1/4Mn7/12]O2 cathode material.20 Using this model

as a starting point, we further incorporated Co atoms by replacing one of the Ni atoms in

the transition-metal layer leading to Li[Li2/12Ni2/12Mn7/12Co1/12]O2 stoichiometry. In this

configuration, the Co atoms prefer a site that bridges adjacent Ni atoms within their broken

zig-zag arrangement. The optimized lattice parameters of the supercell were a = b = 9.80 Å

and c = 14.87 Å, in reasonable agreement with the experimental values of a = b = 9.63 Å

and c = 14.80 Å reported for similar compositions.6

The calculated formation energies of the substitutional antisite defects in bulk LNMCO

are 3.94, 3.24 and 3.80 eV, for Ni, Mn and Co, respectively (Table 1). On the other hand, the

6



Table 1: Formation energy (in eV) of transition metal, M (M = Ni, Mn and Co), substitu-
tional and antisite pair defects in the LNMCO cathode material.

Type Ni Mn Co

Bulk
MLi substitutional 3.94 3.24 3.80
MLi antisite pair 0.52 1.76 1.71

(010) surface Layer no.
MLi substitutional 1 3.37 3.07 3.35
MLi antisite pair 1 -0.18 1.42 1.26
MLi antisite pair 2 0.18 1.68 1.33
MLi antisite pair 3 0.26 1.84 1.38

(001) surface Layer no.
MLi substitutional 1 3.09 2.15 2.80
MLi antisite pair 1 0.45 1.05 1.56
MLi antisite pair 2 0.48 1.34 1.62
MLi antisite pair 3 0.51 1.68 1.70

formation energies of the antisite defect pairs are drastically lower than the substitutional

antisite defects; 0.52, 1.76 and 1.70 eV, for Ni, Mn and Co, respectively. The relatively high

formation energies of substitutional antisite defects results in extremely low concentration

(∼10−19/f.u. using Eq. 2 in the Methods section), ruling out their presence in the LNMCO

cathode material. In other words, stoichiometric disorder is favored compared to the non-

stoichiometric disorder in bulk LNMCO. Among the TM atoms, Ni has the lowest formation

energy whereas the formation energies of Mn and Co are comparable to each other.

Although EELS experiments of individual antisites were not possible, we were able to

acquire EELS line scans near the surface of the LNMCO particles along the [11̄0] and [001]

directions intersecting the exposed (11̄2) and (001) planes, respectively (see Figures 2 a

& b), where defects can be easily observed in the Z-contrast images. Surprisingly, the

acquired EEL spectra show changes in the concentrations of the TM atoms at the LNMCO

surface depending on orientation. For the [11̄0] direction, the EEL profile shows a strong

enhancement of the Ni signal within ∼1.5 nm from the surface that is associated with a

notable structural reconstruction along the (11̄2) plane. Simultaneously, a decrease in the

7



intensity of the Mn signal is observed while the Co intensity remains almost unaffected.

Similar segregation of Ni atoms towards the surface was also experimentally observed in

Li1.2Ni0.2Mn0.6O2 particles15,21 and also in Li1.2Mn0.61Ni0.18Mg0.01O2 particles.22 In contrast,

the [001] direction shows only a slight variation in the TM composition in a narrow region

(∼0.5 nm) near the surface.

Figure 3: (Color online) Schematic for (010) surface geometry of LNMCO (Li:green,
TM:magenta and O:red) and the corresponding equilibrium defect concentrations at high
temperatures. Antisite pairs are formed by replacing Li by TM atom in the vertical Li
columns.

Figure 4: (Color online) Schematic for (001) surface geometry of LNMCO (Li:green,
TM:magenta and O:red) and the corresponding equilibrium defect concentrations at high
temperatures. Antisite pairs are formed by replacing Li by TM atom in the Li layers.

To elucidate the facet dependent segregation of Ni to the surface we calculated the for-

mation energies of anti-site pairs near the LNMCO surface. Here, we consider two surface
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geometries, the (010) and (001) surface. It should be noted that simulating the exact ex-

perimental geometry along the (11̄2) plane as shown in Figure 2 requires large supercells,

which are computationally prohibitive. Nevertheless, the [11̄0] direction in the experiment is

normal to the (11̄0) plane, which is equivalent to the (010) surface in the hexagonal lattice.

Moreover, the (010) surface closely resembles the (11̄2) surface in the EELS experiment with

both possessing an alternating arrangement of Li and TM columns perpendicular to the

surface (open facet) and the (11̄2) planes can also be viewed as a collection of (11̄0) planes

with atomic steps. The surface geometry was modeled using a ∼3 nm thick slab, which was

constructed by doubling the 144 atom bulk supercell along the b and c-directions. The pe-

riodic images of the slab were separated by ∼12 Å of vacuum to minimize their interaction.

The (010) surface was terminated by a mix of cations and anions and the (001) surface was

terminated by an oxygen layer (see Figure 3 & 4 (left panel)).

First, we discuss the (010) surface. The formation energies of the anti-site pairs in the

first, second and third layers, as illustrated in Figure 3 (left panel), were calculated and

are listed in Table 1. The calculated formation energies of the anti-site pairs in the first

layer were -0.18, 0.77 and 1.26 eV for Ni, Mn and Co, respectively. In contrast to bulk,

we observed that the formation of Ni antisite pairs in the first layer of the (010) surface is

favorable, while the formation energies of Mn and Co antisite pairs are significantly reduced.

Furthermore, a systematic study of the layer-by-layer formation energies reveals an increase

in the formation energies, approaching the bulk limit, as we move away from the surface.

Thus, a larger concentration of defects is expected in the surface region than in the bulk;

indicative of a tendency towards surface segregation of the TM antisites as observed in

the EELS experiment. We also observed that the TM-oxygen bonds in the open facet are

elongated by ∼1-2% resulting in Jahn-Teller distorted MO6 (M = TM atom) octahedra.

Next, we considered the (001) slab which contained six layers of Li and TM atoms and

twelve layers of oxygen. The calculated formation energies of the anti-site pairs in the first

layer are 0.45, 1.15 and 1.56 eV for Ni, Mn and Co, respectively. The formation energies at
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the surface are lowered compared to their bulk counterpart by 0.07, 0.56, and 0.24 eV for Ni,

Mn and Co, respectively. Jahn-Teller distorted MO6 (M = TM atom) octahedra were also

observed for the closed facets, however, these are minimized compared to the open facets.

The lowering of the formation energies at the surface was also observed in the case of

substitutional antisite defects. As listed in Table 1, we find that the formation energies of

the substitutional antisite defects at either the (010) or (001) surfaces were reduced relative

to their bulk counterpart. However, they were still significantly higher than those of the

antisite pair defects indicating that the antisite pairs are predominant.

To analyze the prevalence of each anti-site pair defect species, we have calculated the

defect concentrations using the formation energies obtained from our first-principles calcu-

lations. A solid-state synthesis approach is typically used to prepare the LNMCO cathode

material and it involves high temperatures in the range of 700-1100 K. Defects are usually

formed during synthesis at high temperature and may be retained in the sample owing to

their slow diffusion at lower temperatures. At thermodynamic equilibrium the defect concen-

tration is proportional to the formation energy and it can be computed using the Boltzman’s

distribution function (Eq. 2 in the Methods section). The calculated defect concentrations

for the TM antisite pairs as a function of temperature are shown in Figures 3 & 4 (right

panel). The calculations clearly indicate that Ni anti-site pairs are the dominant defects;

having significantly larger concentrations than Mn or Co anti-site pairs. Thus, the Ni anti-

site pairs are the leading cause of disorder in the LNMCO cathode material, both at the

surface and in the bulk.

Another interesting feature observed in the EELS was the depletion of Mn at the (11̄2)

surface. Since the overall stoichiometry of the LNMCO cathode material is unchanged, one

possibility is the substitution of Mn with Ni atoms from adjacent TM layers. The calculated

formation energies for the NiMn antisite pairs are -0.40 eV and 0.35 eV for the (010) and (001)

surfaces, respectively. The results indicate that the formation energies are facet dependent

and Ni-Mn swapping is only favored at the (010) surface, as seen in the EELS profile. The
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(001) surface, on the other hand, should show less dramatic changes in the TM concentration

near the surface; again observed in the EELS profile.

Figure 5: (Color online) Energy barrier for intra-layer [010] and inter-layer [111] diffusion of
the TM antisite defect to the nearest Li vacancy site.

Finally, we evaluated the migration barriers for TM atoms moving into adjacent Li va-

cancy sites in the bulk to examine their diffusion kinetics. The migration barriers were

calculated along two different paths 1) within the TM layer along the [010] direction of the

supercell (intra-layer diffusion) 2) between the TM and Li layer along the [111] direction

of the supercell (inter-layer diffusion). The energy barriers for both the in-plane and out-

of-plane diffusion are shown in Figure 5. Among the group, the Ni atoms have the lowest

energy barriers for intra- and inter-layer diffusion. Furthermore, the energy barrier for Ni

diffusion is about 1 eV, which is comparable to that of the Li ion.15 The similar mobilities of

Li and Ni atoms are due to their comparable ionic radii. The Mn and Co atoms, on the other

hand, require significant activation energies for out-of-plane movement (inter-layer) whereas

their in-plane (intra-layer) diffusion barriers are marginally higher than the Ni cations. The

higher mobility of Ni, again contributes to the probability that Ni cations are the leading

cause of disorder within these materials.
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Conclusions

In conclusion, we have shown that the Ni anti-site pairs are the leading cause of the disorder

experimentally observed in the LNMCO cathode material. A significant concentration of Ni

anti-site pairs is expected during the solid-state synthesis of these layered oxides which could

be dependent on controllable experimental synthesis conditions, such as annealing tempera-

ture and the stoichiometry of the cathode composition. Moreover, the formation energies of

antisite pairs are facet dependent with open facets, i.e. surfaces perpendicular to the layered

arrangement of the Li, oxygen and TM layers, showing significant Ni segregation towards the

surface. Mn and Co antisite pairs are also present but in significantly lower concentrations

than Ni. An interesting result is the Mn depletion and simultaneous enhancement in the

Ni concentration at the (11̄2) surface as observed experimentally in EELS. Our calculations

on a similar (010) surface confirms that this may be due to the preferential swapping of

surface Mn cations with Ni ions from adjacent layers. We also find a lower migration energy

barrier for Ni atoms compared to Mn and Co, for both intra and inter-layer diffusion. More

importantly the Ni, migration barrier is comparable to that of the Li ion which implies that

both Ni and Li have similar mobilities during electrochemical cycling. The prevalence of Ni

anti-site pair defects along with their low migration barrier for both intra and inter-layer

diffusion suggest a plausible mechanism for Ni segregation. A large number of Ni antisites

are formed during synthesis and later they migrate towards the surface, segregating selec-

tively in the first Li surface layer as confirmed by both theory and experiment. Interestingly,

the formation energies and surface reconstructions are facet dependent with the (11̄2) facet

having higher concentrations of antisite pairs and reconstructions compared to the (001)

facet. Hence, the selection of appropriate facets of the LNMCO particles can be used to

minimize the surface segregation of the Ni atoms, which may have important implications

for the cathode performance and stability.
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Methods

The LNMCO material having nominal composition, Li1.2Ni0.175Mn0.525Co0.1O2, was obtained

from the pilot scale facility of Toda-Kogyo Corporation, Japan. This class of cathode mate-

rials is generally synthesized using standard co-precipitation methods forming TM hydrox-

ide or carbonate precursors followed by reacting with LiOH·H2O at higher temperatures

(900◦C).23 Atomic resolution Z-contrast imaging and EELS experiments were performed in

an aberration-corrected STEM, Nion UltraSTEM 100, which has a cold field-emission elec-

tron source and can correct 3rd and 5th-order aberrations.24 The microscope was operated

at a 100 kV acceleration voltage, using a 30 mrad probe-forming semi-angle, a 48 mrad

EELS collection aperture angle, and an energy dispersion of 0.5 eV/channel. The experi-

ments were performed using an electron beam of ∼1 Å in diameter with ∼50 pA nominal

probe current. A dwell time of 0.15 second per pixel and a step size of 0.5 Å were used

for the EELS line scans. STEM ADF images were taken before and after the EELS line

scans to ensure that no obvious structural change was induced by the electron beam. The

low accelerating voltage (100 kV) used in our experiment also helps to reduce electron beam

damage, as compared to typical 200 kV or 300 kV settings used.25 The EELS signals for

the TM elements were integrated over 30 eV energy windows, after background subtraction,

for quantification of their relative concentrations. Theoretical investigations were performed

using density functional theory (DFT) within the generalized gradient approximation by

Perdew, Burke and Ernzerhof (GGA-PBE) and the projector augmented plane-wave (PAW)

method 26,27 as implemented in the VASP package.28 The PAW potentials used explicitly

treat 1 valence electrons for Li (2s1), 10 for Ni (3d8 4s2 ), 9 for Co (3d7 4s2 ), 7 for Mn (3d5 4s2

) and 6 for oxygen (2s2 2p4 ). An energy cutoff of 520 eV was used with a Monkhorst-Pack

special k-point grid of 2×2×1. Ions were relaxed until the forces on each atomic site were

below 10 meV/Å and simultaneously achieving a total energy convergence of 10−6 eV. To

describe the effect of localized d electrons of the 3d TM ions, the Hubbard parameter U =

5.96, 5.00 and 3.40 eV was applied for Ni, Mn and Co, respectively. The applied effective
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U values are consistent with earlier calculations and provide an accurate estimation of the

formation enthalpy of stable binary oxides in good agreement with the experiment.20,29,30

2
√

3×2
√

3×1 supercells consisting of 144 atoms for bulk and 288 atoms with 12 Å vacuum

for the surface were used. The migration barriers were calculated using the nudged elastic

band (NEB) method31 choosing a set of five images between the initial and final state. The

defect formation energy (Ef [Dq]) for a defect (D) in a charge state q was defined as:

Ef [Dq] = Etot[D
q]− Etot[bulk] +

∑
i

niµi + q[EF + Ev + ∆V ], (1)

where Etot[D
q] is the total energy of the supercell containing the defect, Etot[bulk] is the total

energy of the supercell without a defect, ni is the number of atoms of the type i (ni > 0 if

an atom is added and ni < 0 if an atom is removed), and µi is the corresponding chemical

potential which are determined using the formation enthalpy of stable binary oxides - NiO,

Mn3O4 and Co3O4. EF is the Fermi energy with respect to the top of the valence band, Ev,

of the primitive unit cell. ∆V is the difference in the reference potential of the supercell with

and without a defect. In the presence of defects, the position of band edges (valence band

maximum, conduction-band minimum) are affected, and the term ∆V is used for correct

band alignment. Here we used a simple and computationally economical method to calculate

∆V which is discussed in Ref.32 The defect concentration under thermal equilibrium can be

obtained using:

C(Dq
A) = C(AA) exp

(−
Ef (D

q
A

)

KBT
)
, (2)

where C(AA) is the concentration of site A without any defect, KB is the Boltzman constant

and T is the temperature.
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