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ABSTRACT: We study the electronic structure and valence states in LiNi,Mn,Co,O,
(NMC) materials and compare the resulting electronic, structural, mechanical, and
thermal properties of a class of NMC compositions. The Jahn—Teller distortion in the
transition metal (TM) octahedral complex allows us to determine the ionic states of the
TM elements. The variation of Ni**/Ni’>" and Co>'/Co%* as the NMC
composition changes alters the structural stability, electrical conductivity, lattice parameters,
elastic modulus, and thermal stability. The theoretical predictions are in excellent
agreement with the experimental results. Through intensive computational screening,
we further show that long-range atomic ordering is absent in the NMC lattice due to the
mixture of the ionic states and similar ionic radii of the TM elements. The
first-principles modeling provides a theoretical foundation on a complete
understanding of the physicochemical properties of NMC at the level of electronic
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structures.

B INTRODUCTION

Electrification of automotive transportation and integration of
renewable energies constitute two critical pathways toward reduc-
tion of gas emissions and mitigation of environmental risks.'
These imperative demands incur challenges in terms of energy
storage technologies, for which Li-ion batteries emerge as a
versatile and efficient option. LiNi,Mn,Co,0, (x +y + z = 1) is
the state-of-the-art choice of cathode materials for high-capacity
Li-ion batteries in the electric vehicle applications.”” NMC is
formed by partially replacing Co in LiCoO, by Ni and Mn to
achieve the improved electrochemical performance while reduc-
ing the material cost.” The composition of Ni, Mn, and Co can
be tuned to optimize the capacity, cyclic rate, electrochemical
stability, and lifetime.

The class of NMC materials has the same hexagonal
a-NaFeO, (R3m) structure, where Li, O, and transition
metals (TMs) occupy alternating atomic layers, and the TM
elements reside at the center of the O octahedron.’ Ni, Mn, and
Co contribute to the enhanced performance of NMC in different
ways. Ni-rich compositions demonstrate high discharge
capacity;® Mn-rich compositions maintain better cycle life and
thermal safety; while Co-rich compositions provide excellent rate
capability.” On the other hand, the addition of Ni and Mn is also
associated with different challenges; for instance, Ni-rich cathode
suffers from structural degradation during cycles because of the
Ni mixing with the Li sites, while Mn-rich material has a reduced
capacity because of the inactivity of Mn** during Li reactions.”’
Therefore, there is ample room to optimize the composition of
the ternary material NMC to reach a balanced behavior among
the capacity, rate capability, structural stability, and cyclability.

This paper studies the electronic structure and valence states
in NMC and compares the resulting electronic, structural,
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mechanical, and thermal properties of a class of NMC materials
based on the first-principles theoretical calculations. We select five
different NMC compositions, LiNi; 5;Mn, ;Co, 0, (NMC333),
LiNi, ,Mn, ,Co,,0, (NMC442), LiNi, Mn,;Co,,0,
(NMC532), LiNiy ¢Mng,Co,,0, (NMC622), and
LiNiygMn,;Co,y,0, (NMC811), to systematically vary the
composition of the TM elements and map their physicochemical
properties. We determine the ionic states of Ni**/Ni**,
Co**/Co’, and Mn*/Mn* by examining the Jahn—Teller
(JT) distortion of the TM—O octahedral complex. The occupa-
tion fractions of Ni**/Ni** and Co?*/Co*" vary as the NMC
composition changes which leads to the alternation of the
electronic properties, lattice parameters, mechanical properties,
as well as the thermal stability. The theoretical predictions are
in excellent agreement with the existing experimental results.
Furthermore, the superlattice ordering in NMC is largely
unknown which prohibits the implementation of atomistic models
of NMC. We screen 81 configurations for each composition and
conclude that there is no long-range atomic ordering in the
TM layer due to the mixture of ionic states and similar ionic radii of
the TM elements.

B COMPUTATIONAL METHODS

Supercell Model. The supercell models are built using the
Vienna Ab-initio Simulation Package (VASP).'"”"" The NMC
supercell is constructed with the R3m space group, where Li, O,
and TM occupy the 3b, 6¢, and 34 sites, respectively. 120 atoms
are contained for each NMC composition. Projector-augmented-
wave (PAW) potentials are used to mimic the ionic cores, while
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the generalized gradient approximation (GGA) in the Perdew—
Burke—Ernzerhof (PBE) flavor is employed for the exchange
and correlation functional. To model the Coulombic repulsion
between localized electrons in TMs, the DFT + U method is
adopted. The Hubbard U — ] values for Ni, Mn, and Co are set as
6.7,4.2, and 4.91, respectively.'” The plane-wave set is expanded
within an energy cutoft of 520 eV. The 2 X 1 X 1 mesh of k points
in the Monkhorst—Pack scheme is chosen for the Brillouin zone
sampling. Energy optimization is considered complete when the
magnitude of force per atom is smaller than 0.04 eV/A.

Virtual Crystalline Approximation (VCA) Method. The
VCA method significantly reduces the computational expense
and smoothly handles all complicated stoichiometric portions of
compositions. The VCA model for NMC contains 6 O atoms,
3 Li atoms, and 3 virtual TM atoms whose pseudopotentials
are constructed within the first-principles VCA scheme. In the
calculations of mechanical properties, electronic structure, and
thermal properties, the VCA models built by ABINIT and
CASTEP are adopted. In ABINIT, norm-conserving pseudopo-
tentials generated by the Troullier—Martins method and local
density approximation (LDA) of exchange correlation functional
are used. A k-point mesh of 6 X 6 X 2 in the Monkhorst—Pack
scheme is adopted for Brillouin zone sampling. The first self-
consistent convergence is achieved within an energy cutoff of
50 hartree when the tolerant potential residual V(r) is less than
1.0 X 107'® Hartree. Before calculation, optimization of atom
positions is done using the conjugated gradient method until the
maximum force per atom is less than 1 X 107° Hartree/Bohr.
In CASTEDP, the ultrasoft pseudopotentials are expanded within
a plane-wave cutoff energy of 550 eV, and generalized gradient
approximation of PBE is described as the exchange-correlation
functional. The k-point of 6 X 6 X 2 mesh is used in Brillouin
zone sampling.

Generation of 81 Configurations for Each NMC
Composition. We adopt the structural evolutional algorithm
implemented in USPEX to create a series of different con-
figurations for each NMC composition. The NMC lattice with
R3m space group built by VASP is used as the seed structure.
The successive 80 structures for each NMC composition are
developed by four evolutional generations using the merely
permutation method, which randomly swaps the atomic positions
of Ni, Mn, and Co in the lattice. Every structure created by
USPEX is input and relaxed in VASP to obtain the free energy.

COOP Analysis. The COOP analysis is implemented in the
LOBSTER tool which generates the overlap population-
weighted density of states by processing the electronic-structure
output from the self-consistent simulations in VASP.

Density of States. Total density of states is calculated using
the smearing technique with a smearing parameter of 0.005 Ha.
Partial density of states for Li, O, and TM are plotted based
on the tetrahedron method using a nonshifted k-point grid in
the whole Brillouin zone. Phonon frequencies are obtained by
diagonalizing the dynamical matrix based on the density func-
tional perturbation theory (DFPT). To compute the phonon
band structure and phonon density of states in the Brillouin zone,
an elaborate Fourier interpolation of force constants is used by a
4 X 4 X 2 k-point sampling.

Mechanical Properties. In the supercell model, we employ
the uniaxial tension simulation in the three directions and
calculate the average Young’s modulus from the slope of the
stress—strain curves. In order to avoid the uncertainty due to the
structural deviation, five different atomic configurations for each
NMC composition are adopted in VASP. In the VCA model,
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the matrix of elastic constants is calculated based on the elastic
response with respect to the displacement perturbation in the full
set of directions. The Voigt—Reuss scheme is employed to obtain
the mechanical properties."” According to the Voigt approx-
imation, bulk and shear modulus are obtained by

1
By ;{2(C11 + Cyy) + 4C5 + Cy3}

1
Gy 3—0{CH + Cyy + 2Cy; — 4Cy5 + 12C,, + 12C4}

In terms of the Reuss approximation

BR = {(Cn + Clz)c33 - chzz}/(cn + C12 + 2C33 - 4C13}

S
Gp = (E){[(Cn + CIZ)C33 - 2C122]C55C66

/{3BVC55C66 + [(Cll + CIZ)C33 - ZCIZZ]Z(CSS + C66)}
Based on the above approximation, we obtain the effective
. 1 1
moduli B = 2(By + By), G = J(Gy + Gg).
Young’s modulus is further calculated as

Y = 9BG/(3B + G)

Thermal Properties. Based on the phonon structure,
thermal properties are calculated by the finite volume method
using the quasi-harmonic approximation according to the follow-
ing equations

F= 3nNkBTf ™ In{2 sinh| _ha g(w)dw
0 2k T
S= 3nNka h l( ho )coth[ ho
0

2k, T 2k, T )
w

) n
- 1n{2 smh( T )}]g(a)) dw

2
(Umax
Cy = 3nNka o csc i o (w)dw
o\ 2k,T 2k, T

B RESULTS AND DISCUSSION

Figure 1 shows the ionic radius and 3d electron population of
the six TM ions,”> Ni**/Ni**, Co?*/Co*, and Mn>*/Mn*".
The size of the TM ions can be generally divided into two groups.
The TM elements with low oxidation states (Ni**, Co?*, Mn>")
have similar ionic radius in the rage of 64—69 pm, while the high
oxidation states (Ni**, Co®*, Mn*") are associated with smaller
radius of 53—56 pm. Figure 1 also shows that the 3d orbital
electron population splits into the eg* level with a higher energy
and the t2g level with a lower energy due to the ¢ interaction
between TMs and O and the JT distortion effect.'® The low-spin
(LS) Co*, Ni**, and Mn*" are inactive JT ions. In comparison,
the low-spin Ni**, low-spin Co**, and high-spin (HS) Mn** with
a singly occupied orbital at the eg* level are active JT species.
The oxidation state of TM elements determines the JT effect
as well as the TM—O bond length. Figure 2(a) shows the atomic
lattice of NMC. The TM elements reside at the octahedral site
surrounded by six O atoms. Figure 2(b) shows the local view of five
representative TM—O octahedral complexes in the NMC lattice.
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Figure 1. Ionic radius and 3d electron population of the six transition
metal ions.

Because of the multivalence state of Ni, Co, and Mn cations,
different TM—O bond lengths coexist for each TM element.
We find that the TM—O bond length can be roughly divided into
two groups, long bonds which are above 2.0 A and short ones
below 1.98 A. The octahedra of inactive JT ions (Co’*, Ni**,
Mn*") are of the similar bond length in the 4-fold symmetry axes,
while the active JT ions (Co**, Ni**, Mn®*) distort the octahedral
complexes in one of the three 4-fold symmetry axes—the short
and long bonds coexist in the TM—O octahedra, as shown in
Figure 2(b). Specifically, one of the 4-fold axes in the Co*"
octahedron shortens, while one axis in the Ni** octahedron
elongates, to form the distorted complexes. The bond length
analysis and JT distortion in the TM—O octahedral complexes
allow us to determine the ionic states of the TM elements.
We perform radial distribution function analyses using a cutoff
distance of 2.2 A to calculate the population of the short and
long TM—O bonds in the five NMC compositions. As shown in
Table 1, all the Mn—O bonds are short bonds of the length 1.94—
1.96 A, indicating that the Mn valence state is exclusively Mn**.
Based on the populated percentages of the short and long bonds
of Ni—O and Co—O, we can determine the occupation fractions
of Ni**/Ni** and Co?*/Co>" in the five NMC compositions.
Figure 3 shows the occupation percentage of the Ni and Co
cations as the NMC composition varies. In NMC333, NMC442,
and NMCS32, Ni** is predominant over Ni*', indicating an
enhanced structural stability in the three compounds. As Ni
content increases, the occupation of Ni** steadily increases at the

Table 1. Population of the Short (S) and Long (L) TM—O
Bonds in the Five NMC Compositions

Ni-O Co—0 Mn—O
NMC S L S L S
333 0% 100% 86% 14% 100%
442 2% 98% 80% 20% 100%
532 8% 92% 64% 36% 100%
622 24% 76% 70% 30% 100%
811 38% 62% 100% 0% 100%
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Figure 3. Occupation fraction of NiZ*/Ni** and Co?*/Co’" in the five
NMC compositions.

cost of Ni**. The Ni** fraction is up to 58% in NMC811, and the
large fraction of Ni** will deteriorate the structural stability in the
Ni-rich compounds. This may explain the common observation
that the high Ni-content NMC is more vulnerable to structural
degradation—a mechanism in addition to the Li/Ni disorder
effect in the electrochemical cycles. It is also worth pointing out
that Ni occupies the largest portion among the three TM
elements in NMC materials. The variation of the Ni valence state
will predominantly control the overall physicochemical proper-
ties of NMC cathodes. For Co, when the Ni composition
increases, the fraction of Co’" first decreases until it reaches

()

(b)

Figure 2. TM—O octahedral complexes in NMC. (a) Ni, Mn, and Co reside at the octahedral site surrounded by six O atoms. (b) Local view of the
TM-O octahedral complexes. Ni** and Co*" are active Jahn—Teller ions. Ni**, Co®*, and Mn*" are inactive Jahn—Teller species. The degree of
distortion of the octahedra indicates the ionic states of the TM elements. The gray, blue, and purple spheres represent Ni, Co, and Mn atoms in the TM

layer, respectively, and the red sphere represents O atoms.

DOI: 10.1021/acs.jpcc.7b00810
J. Phys. Chem. C 2017, 121, 6002—6010


http://dx.doi.org/10.1021/acs.jpcc.7b00810

The Journal of Physical Chemistry C

(®

Figure 4. (a) NMC lattice with the R3m space group. (b) Population map of the 81 configurations for each NMC. Different configurations are made of
different arrangements of Ni/Mn/Co in the TM layer. 81 configurations are constructed for each NMC composition and are categorized in five groups
according to the difference of free energy per atom relative to the lowest energy state. Atomic arrangement from (c) the top-view and (d) the a-axis view
of the TM layer in a NMC supercell consisting of 36 energetically favorable configurations. The dashed lines mark the possible cluster units. Multiple
clusters with random population indicate the absence of long-range atomic ordering. The gray, blue, and purple spheres represent Ni, Co, and Mn atoms,

respectively.

minimum in NMCS532 and then gradually increases in NMC622
and NMC811. The occupation of Co>* shows the opposite
behavior with a maximum fraction in NMCS532. From the above
analysis, we learn that NMC333, with the dominant inactive
JT cations Ni** and Co®', possesses much improved structural
stability over other compositions.

The atomic arrangement in the NMC lattice is elusive in the
literature. Based on the above analysis of the fractional occupa-
tion of TM cations, we expect that the coexistence of the
aliovalent ions and similar ionic radii (Figure 1) would suppress
the long-range atomic ordering in the TM layer of NMC.
Figure 4(a) shows the supercell structure of NMC with the space
group R3m. The supercell contains 120 atoms with an alternative
sequence of Li—O—TM layers along the c-axis. To explore the
atomic ordering in the TM layer, we construct 81 distinct con-
figurations for each NMC composition (details in the Computa-
tional Method section) and screen their energetics. In each
configuration, the Ni, Mn, and Co sites are randomly assigned
in the TM layer using the USPEX program.'” We perform the
energetic relaxation and classify the 81 configurations into five
groups based on the energy difference per atom relative to lowest-
energy configuration. In Figure 4(b), each column represents the
probability of NMC configurations within a given interval.
In general, the maximum energy difference per atom in the overall
81 configurations for each composition is less than 0.05 eV.
Considering that the average energy per atom in the supercell is
around 5.5 eV, the small energy difference per atom (less
than 1%) among the 81 configurations indicates that the random
arrangement of TM elements gives similar thermodynamics states
of NMC. More specifically, the configuration population shows
more even distribution for NMC333 and NMC442 due to the
similar portions of Ni, Mn, and Co, which may provide more
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possibilities of atomic mixing. When the Ni content increases,
most configurations are located in the regime of the small energy
difference less than 0.03 eV, which may result from the similar
coordination environment where Ni is dominant. It is clear that
there is not a single favorable pattern of Ni, Mn, and Co, of long-
range ordering, in the TM layer in the NMC supercell. We show
the top-view (Figure 4(c)) and the a-axis view (Figure 4(d))
of the atomic arrangement in the TM layerina 7 X 3 X 3 supercell
using a cluster expansion approach'® that consists of 36 energeti-
cally favorable configurations of NMCS32. The dashed lines
mark the possible cluster units of TM elements. Multiple
clusters of random geometries and population are observed,
confirming that no specific ordering exists in the superlattice
scale. This is consistent with the previous experiments using
X-ray diffraction and neutron diffraction characterization on
Li,/3[Co,Ni, /3_,Mn, 3]0, which demonstrated that Co sup-
pressed the superlattice ordering when x > 1/6."* A special note
on NMC333 is that the valence states for Ni and Co are
dominantly Ni** and Co®'. The radii difference of Ni** and
Co®*/Mn*" is larger than 15% which may lead to the short-range
pattern,”’~>* while the long-range ordering is compromised by
the coexistence of Co?* and Co**. We calculate the population of
the TM—TM pairs in NMC333. Supporting Information Table S1
shows that indeed the TM elements distribute dispersedly in the
short-range, and thus a [/3 X v/3]R30°-type superlattice (in the
Wood’s notation) may exist for NMC333.>

Next, we study the electronic properties of NMC and seek to
understand the interactions of aliovalent TM cations with O.
According to the ligand field theory, the interaction between
TMs and the ligand (O) is mainly o-bonding with small con-
tribution of z-bonding in the TM—O octahedral complex.”*
Supporting Information Figure S1 shows an example molecular
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Figure S. Total and partial density of states of (a) NMC333, (b) NMC442, (c) NMC532, (d) NMC622, and (e) NMC811, respectively. The dashed
lines represent the total density of states. The blue, red, and green lines represent the partial density of states of the TM 3d orbital, O 2p orbital, and
Li s orbital, respectively. Fermi energy is shifted to zero. Energy level below —4 eV shows large overlaps between O 2p and TM 3d orbitals due to the
strong covalent interactions. The t2¢ population for the TM 3d orbital dictates the energy range of —2 to 0 eV. The higher energy region above the Fermi
level represents the antibonding states between the eg* population in the TM 3d orbital and partial O 2p orbital. The band gap gradually closes, and the
Fermi energy shifts to larger values from NMC333 to NMC811 due to the increasing portion of Ni.

orbital diagram of the TM complex with the 3d orbital electron
population of Co®* and O 2p orbital. The eg level has a large
overlap in the energy scale with the O 2p orbital and constitutes
the covalent bonding orbital with a large coefficient for the
ligand orbital. The three degenerated t2g orbitals, d,,, d,,, and d,,,,
contribute to both the nonbonding and antibonding states.
Other antibonding interactions are contributed by the two
degenerated eg* orbitals d,, and dxl_yz.25 The orbital interactions
are depicted in the plot of density of states (DOS). Figure S
shows the total and partial DOS of the five NMC compositions.
The dashed lines represent the total DOS. The blue, red, and
green lines are the partial DOS of the TM 3d orbital, O 2p orbital,
and Li s orbital, respectively. Fermi energy has been shifted to
zero. Overall, there is little contribution of the Li s orbital in
the energy range of —9—3 eV of the total DOS. Energy level
below —4 eV shows a large overlap between the O 2p and TM 3d
orbitals due to the strong covalent interactions. The t2g
population for the TM 3d orbital dominates the energy range
of =2 to 0 eV. The higher energy region above the Fermi level
represents the antibonding states between the eg* population in
the TM 3d orbital and partial O 2p orbital. Comparing the DOS
of the five NMC compounds, the Fermi energy shifts toward
larger values when the Ni content increases because more valence
electrons fill in the 3d orbital of Ni than Mn and Co. Furthermore,
the band gap gradually closes from NMC333 to NMC811 indicat-
ing the metallic character of Ni-rich compounds. As discussed
in Figure 3, when the Ni portion increases, more Ni transits
to Ni** which increases the density of the electron/hole
carriers and thus enhances the overall electrical conductivity.*®
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Previous experimental measurements indeed showed a significant
increase of electrical conductivity from NMC333 to NMC811
that is in good agreement with the DOS plot.” Another interesting
fact that stronger JT distortion associated with the Ni-rich
compound is also reflected in the density of states. The ligand
field theory indicates that the distorted bond in TM octahedral
complexes results in further splitting of the t2g orbitals, leading to
the partial electron occupation at a lower energy level. Figure §
shows that the peak value of the t2g orbital decreases with more
DOS filling in between the lower valence regime and the t2g peak.
The DOS at the eg* level slightly decreases as well because of the
transition from Ni** to Ni** from NMC333 to NMC811.

The comparative TM—O interactions can be revealed
using the crystal orbital overlap population (COOP) analysis.””
Figure 6 shows the COOP values for the TM—O pairs in
NMC333. Positive values represent the bonding states, and
negative values show the antibonding interaction. The broad
positive regime around —5 eV corresponds to the strong covalent
bonding between the eg level and the O 2p orbital. Around the
Fermi level, the t2g level contributes to the antibonding and
nearly nonbonding states at the Fermi level. In the conductive
band, the COOP demonstrates the antibonding states between
the eg™* level and partial O 2p orbital. At the Fermi level, the
Co—0 bond shows the minimum antibonding characteristic
which might be related to the stable 3d-electron configuration
of Co*". Besides, less antibonding in the conduction band is
observed for Ni—O compared with Mn—O and Co—O. Mn—O
exhibits the largest antibonding effect which may elongate the
TM—O bonds in Mn-rich NMC compounds.
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Figure 6. Crystal orbital overlap population analyses of the TM—O pairs.
A positive value represents the bonding state, whereas a negative value
shows the antibonding state. The broad bonding regime (—9 ~ —4 eV)
corresponds to the strong covalent states between TMs and O. Near the
Fermi energy, the t2g level contributes to the antibonding states and
nearly no bonding at the Fermi level. Above the Fermi energy, negative
COOP indicates the repulsion of TMs and O because of the interactions
of the eg* level and O 2p orbital.
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Figure 7. Lattice constants in (a) the a-axis and (b) the c-axis directions
of the five NMC compositions. The average (symbols) and standard
deviation (error bars) are calculated from the 81 configurations in each
NMC composition. (c) Variation of the (001) plane spacing in different
NMC compositions. The theoretical predictions (green line) show the
same trend compared with the XRD measurement (black line).

The TM—O and TM—TM interactions determine the lattice
parameters of NMC. A slight change in the lattice parameters has

a significant effect on Li transport. It was predicted that when the
Li slab space (Figure 2) increases by 0.1 A the activation barrier
of Li diffusion decreases by 100 meV.”® Figure 7(a) and (b)
shows the lattice constants in the g-axis and c-axis directions of
the five NMC compositions, respectively. The average (symbols)
and standard deviation (error bars) are calculated from the
81 configuration for each NMC composition. The lattice con-
stants in both orientations show a similar parabolic behavior
and reach maximum in NMC 442. Figure 7(c) plots the variation
of the (001) plane distance in NMC in comparison with XRD
measurements (black curve).”” The (001) plane distance is the
sum of the Li slab and TM slab distances (Figure 2). Although an
~0.1 A systematic difference exists in the theoretical calculation
compared with the experimental results which is mostly due
to the generalized gradient approximation (GGA) correlation
functional adopted in the DFT calculation, their results follow
exactly the same trend. The lattice constants increase from
NMC333 to NMC442 and then gradually decrease with the rise
of the Ni content. Table 2 gives more detailed information on the
average TM—O and TM—TM pairs. As expected, the TM slab
and Li slab distances follow the same trend of the (001) plane
distance. The general decrease of the c-axis lattice constant is
due to the weaker antibonding effect of the TM 3d orbital as
we discussed in Figure S when the Ni content increases.
Meanwhile, since NMC442 contains the largest content of Mn
and the Mn—O has the strongest repulsive interaction, the c-axis
lattice parameter reaches maximum in NMC442. The TM—TM
distance determines the g-axis lattice parameter. The average
lengths of Ni—Mn and Ni—Co pairs are relatively larger than that
of Mn—Co due to the larger ionic radius of Ni. Since NMC442
has the largest mixing of Ni and Mn, a relatively larger value of
a-axis lattice constant is expected.

Next, we explore the comparative mechanical, dynamic, and
thermal properties of NMC materials and understand the
electronic origin of the physicochemical properties. The finding
that no long-range ordering is present in the TM layer of NMC
allows us to use the virtual crystalline approximation (VCA)
method which treats the TM elements as disordered alloying
atoms (details in the Computational Methods).”® The VCA
model significantly reduces the computational cost and smoothly
handles the stoichiometric variation in the five NMC composi-
tions. Here we use both the supercell model and the VCA
method to calculate the elastic modulus of NMC. Figure 8 shows
the variation of Young’s modulus in the five NMC compositions
calculated by the two methods in comparison with the experi-
mental values. The three solid lines show the Young’s modulus
calculated separately by VASP, CASTEP, and ABINIT. The
green dots mark the experimental values of NMC333 and
NMC532 measured by nanoindentation.” ™** The theoretical
predictions and experimental measurements quantitatively agree
with each other. Elastic modulus monotonically decreases from
NMC333 to NMC622 and then slightly increases in NMC811.
Supporting Information Figure S2 shows the bulk modulus of the

Table 2. TM and Li Slab Spacing and Average Bond Length of TM—TM and TM—O Pairs

slab spacing (A) average length (A)
NMC TM layer Li layer Ni—Mn Mn—Co Ni—Co Mn—-0O Ni—O Co-0O
333 2.19 2.64 293 2.89 2.92 1.95 2.06 1.99
442 223 2.66 2.93 291 292 1.95 2.07 1.99
532 2.23 2.65 291 291 2.92 1.94 2.05 1.98
622 2.22 2.64 291 2.88 291 1.94 2.02 1.97
811 2.19 2.63 291 2.85 2.88 1.94 2.00 1.94
6007 DOI: 10.1021/acs.jpcc.7b00810
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five NMC compositions calculated from the VCA model
NMC622 has the minimum values of both Young’s modulus
and bulk modulus. Mechanical properties are closely related with
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Figure 8. Young’s modulus of the five NMC compositions calculated
from the supercell model (VASP) and the virtual crystal approximation
model (CASTEP and ABINIT) in comparison with the experimental
values.

the electronic structure. The valence electron density (per atomic
volume) determines the bulk modulus of materials, and a large
valence electronic density will result in a high bulk modulus. From
the DOS plot and the COOP analysis, we learn that the valence
orbitals (eg level for TM and 2p for O) contribute to the covalent
bonding of TM—O, and the t2g and eg* levels contribute to
the broad antibonding state. In the valence band (=9 ~ =3 eV,
Figure 5), all five NMC compositions have similar amount of
valence electrons. Thus, the TM atomic size will be a determining
factor on the valence electron density. Considering the difference
in the Co stoichiometry is small and Mn remains the same valence
state in the different compounds, the variation of atomic size is
mainly controlled by Ni. As Ni has larger ionic radii compared to
Co and Mn (Figure 1), the overall average atomic size increases
when the Ni composition increases. Therefore, the valence
electron density would generally decrease when the Ni content
increases, and so does the bulk modulus. Nevertheless, the ionic
size decreases when a number of Ni cations undergo the transition
from 2+ to 3+ oxidation state from NMC333 to NMC811.
The above two competing factors on the ionic size result in the
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Figure 9. (a—e) Phonon dispersion and phonon density of states of NMC333, NMC442, NMC532, NMC622, and NMC811, respectively. In the
phonon dispersion curves, the three lowest branches represent the acoustic mode, and the other 30 three branches represent the optical mode.
In the DOS curves, the high- and medium-frequency regimes are contributed by Li and O, while the low-frequency regime is mainly contributed by TMs.
From (a) to (e), the two peaks in the low-frequency regime sharpen and slightly shift toward higher values, indicating the increase of the TM—O
bonding strength. (f) Longitude acoustic frequency in the five NMC compounds around the Gamma point. The acoustic frequency increases from

NMC333 to NMC811 due to the weaker electron screening effect.

DOI: 10.1021/acs.jpcc.7b00810
J. Phys. Chem. C 2017, 121, 6002—6010


http://dx.doi.org/10.1021/acs.jpcc.7b00810

The Journal of Physical Chemistry C

| Article |

minimum valence electron density and modulus in NMC622—
the difference in the elastic modulus between NMC333 and
NMC622 is around 21 GPa.

On the dynamic properties, Figure 9(a)—(e) shows the
phonon dispersion curves for the phonon population along the
I'-K—I'-A—L path in the reciprocal space and the phonon
density of states contributed by Li, O, and TMs in the five NMC
compounds. The VCA model contains 12 atoms, and thus there
are 3 acoustic branches and 33 optical branches in the phonon
dispersion curves. The acoustic branches locate at the lowest
energy regime. Figure 9 (f) shows that the longitudinal acoustic
frequency around the Gamma point gradually increases from
NMC333 to NMC811 due to the weaker electron screening
effect when the electron DOS at the Fermi level decreases
(Figure S). Furthermore, the low phonon frequency branches
(marked by two arrows in (a)—(e)) slightly move toward a
higher-frequency regime when the Ni content increases. From
the plot of phonon density of states, it shows that the medium
and high-frequency regimes are contributed by Li and O, and the
low-frequency regime is mainly contributed by the TM elements.
The sharpening and shift of the two peaks in the low-frequency
regime indicate the strengthening of the TM—O bonds in the
Ni-rich compound, which is consistent with the general
decreasing lattice constant in the c-axis.

We further calculate the thermal properties of NMC including
the vibrational Helmholtz free energy F, the vibrational
entropy S, and the constant-volume specific heat capacity C.
Figure 10 shows the results in the range of 50—450 K. The
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Figure 10. Thermal properties of NMC including the Helmholtz free
energy F, the vibrational entropy S, and the constant-volume specific
heat capacity Cy.

thermal properties of the five NMC compounds are nearly
identical and are similar to LiCoO,."* This is understood that the
crystalline symmetry mainly determines the thermal properties.
Both LiCoO, and the NMC lattice have the R3m space
group, resulting in similar phonon vibration modes in the lattice.
Figure 10 also shows that the heat capacity approaches to the
classical Dulong—Petit asymptotic limit when the temperature
increases to infinity. In the VCA model, the primitive cell contains
four atoms. Thus, the constant-volume heat capacity approaches
the limit value of 12R (99.7 J/mol/K, where R is the gas constant
in the unit of J/mol/K) when temperature tends to the positive
infinity.

Thermal stability of the electrodes is a key issue for the safe
operation of Li-ion batteries. We show the correlation of
calculated cohesive energies, defined as the energy required to
break the compositions up into isolated free atoms, with the
thermal stability of the five NMC compositions in Figure 11.
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Figure 11. Thermal stability (experimental values, blue triangles) and
cohesive energies (theoretical results, red rectangles) of the five NMC
compositions. Thermal stability gradually degrades in the Ni-rich
compounds.

Thermal stability is represented by the exothermic reaction peak
temperature in the calorimetry experiments.”* The cohesive
energy steadily decreases when the Ni content increases which
corroborates that the thermal stability degrades in the Ni-rich
compounds. The thermal stability is also closely related with
the structural stability as a stable structure will experience a
high phase transition temperature. Thus, the JT effect we dis-
cussed earlier can be an indicator of the thermal stability.
Recall that the JT distortion in NMC is mainly induced by the
increasing portion of Ni**, and the degradation of thermal
stability in the Ni-rich compounds is expected.

B CONCLUSION

In conclusion, we study the electronic structure and valence
states of TM elements in NMC cathode materials. The multi-
valence states Ni**/Ni>* and Co®*/Co®" coexist, and their occupa-
tion fractions vary by the NMC composition. The variation of the
valence states determines the comparative structural, electrical,
mechanical, and thermal properties in NMC. Through detailed
analysis on the molecular orbital interactions and bonding
characteristics, we validate that NMC333 possesses the highest
structural stability, thermal stability, and elastic modulus, while
the electric conductivity is improved in the Ni-rich compounds.
The theoretical predictions are in excellent agreement with the
experimental results. Furthermore, we demonstrate that no long-
range ordering exists in the TM layer of NMC through intensive
computational screening. The first-principles theoretical studies
provide fundamental understanding of the physicochemical
properties at the intrinsic level of electronic structures and will
offer important insight in the selection of NMC materials for
enhanced electrochemical performance.
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