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Understanding the elastic mechanical behavior of layered Li(Ni,Mn, Co.)O, (NMC) cathode materials
is critical for developing strategies to address their prominent cracking issues and mitigate the mechanical
degradation of the cathode of lithium-ion batteries (LIBs). So far, a systematic and in-depth investiga-
tion into the elastic mechanical properties of NMC materials is still lacking. Hence, both the isotropic
and anisotropic mechanical properties, including elastic constants, Young’s modulus, shear modulus, bulk
modulus, compressive modulus, linear compressibility, Poisson’s ratio, Pugh’s ratio, Cauchy pressure,
and Kube’s log-Euclidean and universal elastic anisotropy indexes, of seven NMC materials with differ-
ent compositions are systematically studied here through first-principles calculations. The bulk modulus
is proved to be an isotropic mechanical quantity, and its proper relationship with the anisotropic linear
compressibility is revealed. Then, we investigate how the isotropic and anisotropic mechanical proper-
ties of NMC materials can be tuned by the compositions of Ni, Mn, and Co. It is found that the elastic
moduli of NMC materials decrease as the Ni content increases, and Mn plays a positive role in not only
enhancing the elastic moduli but also in reducing the mechanical anisotropy of NMC materials. Through a
quantitative chemical bond analysis, we find that the reason for such a dependence of the elastic moduli on
the transition metal (TM) compositions of NMC materials lies in the difference in the strengths of TM—O
bonds, and the positive effect of Mn mainly stems from the contribution of the ionic bonding part of the
Mn—O bond due to the high average valence state (4+4) of Mn ions; this highlights the benefits of dop-
ing with other high-valence-state ions for the promotion of the mechanical properties of NMC materials.
Besides, the applicability, physical meaning, and proper use of Pugh’s ratio and the Cauchy pressure in
metal-oxides like NMC materials, as well as their relations with Poisson’s ratio, are clarified. The analysis
of the relative ductility and brittleness of NMC materials with different compositions via Pugh’s ratio and
the isotropic Poisson’s ratio reveals a negative correlation between the relative ductility and the magnitude
of the modulus. Cauchy pressures of layered NMC materials are found to be directional, with an intralayer
negative value but an interlayer positive value, which predicts the significant covalent bonding character
of the TM—O bonds, but a nearly ionic dominated bonding character of the Li—O bonds, and this quali-
tative result has been further proved by a quantitative chemical bond analysis. Furthermore, an in-depth
investigation of the three-dimensional spatial distribution characteristics of anisotropic mechanical prop-
erties of NMC materials is conducted. It is found that, first, the distributions of directions of the extreme
values of various anisotropic mechanical properties all exhibit an approximate trigonal symmetry to some
extent; second, the anisotropy is most prominent in the {210} crystal plane family; third, the (104) plane
and [481] direction are, respectively, prone to be the cleavage plane and cleavage direction, along which
the microcracks and even mechanical failures may be susceptible to occur due to stress concentration.
The findings presented in this study will provide guidance for the design and development of robust and
reliable LIBs.
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The rechargeable lithium-ion battery (LIB) has become
a piece of equipment required daily for modern human
society, as it plays a vital role in powering today’s
various portable electronics and electrical vehicles (EVs).
The performance and durability of current LIBs are
largely determined by the cathode materials, among
which the layered Li(Ni,Mn, Co.)O, (NMC,x +y+z=1)
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materials have emerged as the frontrunners due to their
high energy density [1-3]. To meet the increasing demands
for longer driving ranges of EVs, NMC materials are
gradually evolving towards a higher nickel content [1].
However, the Ni-rich NMC materials suffer from poor
cycling stability caused by microcracking, owing to the
high degree of lithium utilization [4—10]. Therefore, inves-
tigating the mechanical properties of layered NMC cathode
materials is essential for developing strategies to mitigate
mechanical degradation and improve the long-term cycling
stability and reliability of LIBs.

Previous traditional polycrystalline NMC materials
(PNMCs) consist of secondary particles formed by
agglomerating primary particles, and the intergranular
fracture and induced decohesion between primary grains
constitute the major mechanical degradation processes in
the weakly bonded NMC secondary particles [11—13].
Therefore, the so-called “single-crystal” NMC materials
(SNMCs), directly comprised of microsized primary par-
ticles, were proposed and have been successfully applied
in recent years due to their better structural integrity
and stability under cycling compared with the PNMCs
[14-21]. However, despite the effectively alleviated inter-
granular cracking in SNMCs, intragranular microcracking
can still be observed within the single-crystalline parti-
cles of SNMCs after long-term cycling under high cut-
off voltages [15,22-24]. In addition, besides intergran-
ular cracking, intragranular cracking is also a promi-
nent issue in PNMCs [25-27]. To address the issue
of intragranular cracking, it is crucial to investigate
the anisotropic mechanical properties within the primary
single-crystalline particles of NMC materials because
this knowledge holds important guiding significance for
microscopic mechanical failure analysis of NMC mate-
rials. For instance, along the direction of the minimum
value of the anisotropic Young’s modulus, crystal cleav-
age is prone to occur due to stress concentration, lead-
ing to microcracks and even mechanical failures. As
another example, the motion of dislocations is closely
related to the magnitude of the shear modulus. Along the
planes where the two directions of the minimum value
of the anisotropic shear modulus are located, the resis-
tance to dislocation motion is lower, making the crystal
susceptible to slipping and resulting in plastic defor-
mation. It has been reported that the motion of dislo-
cations is closely related to the generation and propa-
gation of intragranular cracks in layered NMC [25,27]
and LiNiO; (LNO) [28] cathode materials. Addition-
ally, recent studies have revealed a close correlation
between the dislocation slipping and phase transitions
during the delithiation process in layered LNO [28-30],
LiCoO, (LCO) [30], and NMC [31] cathode materials.
Therefore, investigating the anisotropic shear modulus of
NMC materials is also helpful to understand their phase
transition behavior. Additionally, the anisotropic elastic

properties are also very important for studying the change
of electrochemical potential due to stress at the solid-
solid interfaces between the solid electrolyte and electrode,
since previous works [32,33] have shown that the resis-
tance to the formation of dendrites at the Li metal anode
can be affected and tuned by different isotropic and espe-
cially anisotropic elastic properties. Therefore, such stud-
ies can also be conducted for the interfaces between the
solid electrolyte and cathode materials such as NMC, if
knowledge of the anisotropic elastic properties of the latter
can be accessed.

Several previous works reported experimental measure-
ments [12,34-37] or theoretical computations [38] of the
mechanical properties of NMC materials. Nevertheless,
these results involved only the isotropic mechanical prop-
erties, while the anisotropic elastic mechanical proper-
ties of NMC materials are rarely reported. On the one
hand, the complete sets of elastic constants that charac-
terize the entire mechanical anisotropy of a single crystal
are hard to obtain experimentally due to the requirement
for large (macroscopic sized) grain single crystals and
the difficulty in precise experimental measurements, in
particular for low-symmetry crystals like NMC materi-
als. On the other hand, although elastic constants can be
accessed by first-principles calculations, the computational
cost and accuracy of the elastic calculation results are
closely related to the symmetry of the crystal. Therefore,
despite several reports [30,39,40] on the computational
results of elastic constants and the anisotropic elastic prop-
erties of LCO and LNO with simple lattices, it is hard
to find similar reports for NMC materials with a more
complex lattice. In computational work by Sun and Zhao
[38], the elastic constants of some NMC materials seem
to have been calculated through the virtual crystal approx-
imation [41,42] method, which is often used for alloy
systems, but they only studied the isotropic mechanical
properties obtained from the elastic constants, whereas
the anisotropic mechanical properties were not investi-
gated and the elastic constants were not provided in their
paper. The elastic constants of Li(NiggMng ;Cog ;)O, were
reported in the work of Li et al. [43], while the results
are missing nonzero elements like Cy4, and hence, are not
a complete set of elastic constants. Very recently, Zhao’s
group [44] reported the experimental measurement results
of the anisotropic mechanical properties of NMC materi-
als, yet their measurement results had quite a large range
of deviations, and the elastic constants were only available
for Li(Nig¢Mng,Cog2)0;. Considering the fact that the
mechanical properties are wildly different for NMC materi-
als with different compositions of Ni, Mn, and Co, there is
still a lack of systematic and in-depth research on the com-
plete anisotropic mechanical properties based on precise
elastic constants.

This paper aims to systematically and comprehensively
study the elastic mechanical properties of various layered
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NMC cathode materials through first-principles calcula-
tions. Both the isotropic mechanical properties, including
the Young’s modulus, shear modulus, bulk modulus, Pois-
son’s ratio, and Pugh’s ratio, and the anisotropic mechan-
ical properties, including elastic constants, the Young’s
modulus, shear modulus, compressive modulus, linear
compressibility, Poisson’s ratio, and Cauchy pressure, are
systematically studied for seven NMC materials with dif-
ferent compositions. The contents of this paper are pri-
marily divided into two main sections: theory and com-
putational results. In the theory section, we offer a brief
overview of the fundamentals of elastic mechanics first,
and then, considering the extensive errors present in the
relevant literature, the proper methods of obtaining var-
ious isotropic and anisotropic mechanical properties and
their interrelations are introduced. We place an emphasis
on demonstrating that the bulk modulus is an isotropic
mechanical quantity and discuss its proper relationship
with the anisotropic linear compressibility or compressive
modulus. Besides, the correct forms of Cauchy pressures
for different crystal systems and their relations are clari-
fied. In the section on the computational results, how the
isotropic and anisotropic mechanical properties of NMC
materials can be tuned by the compositions of Ni, Mn, and
Co is investigated by contrasting their individual contribu-
tions. In addition, in response to the widespread misuse of
the Pugh’s ratio in numerous research papers, the applica-
bility and correct usage of the Pugh’s ratio in metal-oxides
like NMC materials is clarified, and the relative ductility
and brittleness of NMC materials with different composi-
tions are analyzed via Pugh’s ratio and the isotropic Pois-
son ratio. Furthermore, the three-dimensional (3D) spatial
distribution characteristics of various anisotropic mechan-
ical properties of NMC materials are studied by analyzing
the directions of their extreme values. Besides, the elastic
anisotropy within the three major crystallographic planes
(210), (010), and (001), is investigated, and in particu-
lar, the relationships between the distribution directions of
extreme values of the Young’s modulus and the atomic
packing direction in the (210) crystal plane with the most
prominent anisotropy are revealed. Moreover, the overall
elastic anisotropy of various NMC materials is examined
by using the universal and Kube’s log-Euclidean elastic
anisotropy indexes. Additionally, the physical meaning of
the Cauchy pressure, its relations with Pugh’s ratio and
Poisson’s ratio, as well as its proper use, are elaborated.
Then the qualitative bonding character of layered NMC
materials is evaluated by the Cauchy pressure. Finally,
quantitative chemical bond analysis is discussed to gar-
ner a deeper understanding of the mechanical properties
of NMC materials.

II. COMPUTATIONAL METHODS

The first-principles calculations were implemented
within the plane-wave-basis-set-based Vienna ab initio

simulation package (VASP) [45,46] under the Kohn-
Sham-equation-based density functional theory (DFT)
[47,48] framework. The Perdew-Burke-Ernzerhof [49,50]
exchange-correlation functional at the generalized gra-
dient approximation level was chosen. The projector
augmented-wave method [51,52] was used to describe the
interactions between the core and shell electrons. The Hub-
bard U approach [53,54] was adopted to correct the strong
Coulomb repulsion between the partly filled valence 3d
shell electrons localized on transition metal ions, and the
U parameters were set as 6.4, 3.3, and 3.5 eV for Ni, Co,
and Mn, respectively, according to our own tests in our
previous studies [55,56], as they have shown good consis-
tency with experimental data. To ensure the convergence
of the stress tensor, which is crucial in elastic calculations
by the stress-strain method, parameters including ENCUT,
k-point density, EDIFF, and EDIFFG have been carefully
tested. The results indicate that 700 eV is enough for the
cutoff energy ENCUT of plane waves, and this is greater
than the recommended value (“ENCUT = 1.3 x default cut-
off” according to the VASP manual) and is also consistent
with the previous study [57]. A uniform k-point density
of approximately 1000 per reciprocal atom [57] is used
by setting the KSPACING values according to the super-
cell size. The energy convergence criterion EDIFF for the
electronic self-consistent loop is set to 1077 eV in all our
calculations to obtain very accurate results. The full geom-
etry optimizations (which mean that all the degrees of
freedom, including ionic positions, cell volume, and cell
shape, are allowed to change) were performed by using
the conjugate-gradient minimization approach and the cal-
culations did not stop until the Hellmann-Feynman forces
EDIFFG were less than 0.01 eV A~! per atom. In addition,
the full geometry optimizations were repeatedly carried out
by successively copying the CONTCAR to the POSCAR and
restarting the run until the number of relax steps of the final
relaxation calculation reduced to 1, which meant that the
final full relaxation was a volume conserving relaxation
which ensured elimination of the Pulay stress. All our cal-
culations were carried out with spin polarization, and an
antiferromagnetic structure [55,56,58—62] was adopted for
all the NMC materials. All the supercell structures built
in this work are based on the layered trigonal LiNiO, and
LiCoO, structures with space group R3m, as the prototype
a-NaFeO, model. More details about the construction of
supercell models are discussed in Sec. S1 within the Sup-
plemental Material [63] (see also Refs. [64—74] therein).

I1II. THEORY

A. Basics of elastic theory

The generalized form of Hooke’s law expressed by
tensors can be written as [75]

0jj = Cjjki€i, (D
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where o;; and gy are the second-rank stress tensor and
strain tensor, respectively, each containing nine compo-
nents. Cyy denotes the fourth-rank elastic stiffness tensor,
which consists of 81 stiffness constants. Note the Einstein
summation convention is adopted in Eq. (1). Considering
the symmetry of the stress and strain tensors, the number
of independent o;; and &y components are both reduced
from nine to six, which reduces the total number of inde-
pendent Cyy; constants from 81 to 36. Hence, Eq. (1) can
be simplified from the tensor form to the following matrix
form:

6
o; = Z Cies (2
j=1

by adopting the Voigt notation [75], i.e.,

Oxx = 01, Oy, =03, 0z = 03,

0y; = Oz = 04, Oy; = Oz = 05, Oxy = Oyx = 06,

(3)
and

Exx = &1, &y = &, &z = &3,

“
Eyz + Ezy = &4, Exz + & = &5, Exy + Eyy = &6.
Due to the arbitrariness of the order of the differential, Cj;
in Eq. (2) is a symmetric matrix, which actually possesses
only 21 independent stiffness constants, and thus, can be

written as

Chi Cip Ci3 Cu Cis Ci
Cn Cun Cu Cs Cy
Gz Gy G5 Csg

Ci = 5
v Ca Css5 Cye )
Css  Csg
Ces

The above stiffness constants are calculated in VASP by
the finite difference method, which performs six finite
distortions on the lattice and then derives the elastic
constants from the stress-strain relationship [76]. Further-
more, the ionic relaxation contributions are included by
considering the displacements of each ion in each direc-
tion of Cartesian coordinates and then inverting the ionic
Hessian matrix and multiplying by the internal strain
tensor [77].

B. Isotropic mechanical properties

Based on the obtained stiffness constants Cj; from DFT
calculations, isotropic polycrystalline mechanical proper-
ties can then be obtained by using some approximation
methods. The most widely used approximation method is
the Voigt-Reuss-Hill (VRH) approximation because it is

simple, practical, and usually close to experimental values.
Therefore, the VRH approximation is adopted in this work,
and thus, a brief introduction to it is given below. Con-
sidering the random orientation of crystallites, a regular
polycrystalline material may be treated as quasi-isotropic
or isotropic in a statistical sense. The elastic response of an
isotropic system is generally described by the bulk mod-
ulus, B, and shear modulus, G, which may be obtained
by averaging the single-crystal elastic constants [78,79].
Voigt [80] proposed an averaging scheme to obtain the
effective isotropic elastic modulus based on the assump-
tion that the strain field is uniform throughout the samples,
resulting in the following equations:

1
By = 5[(C11 + Cy + C33) +2(Cia + Cp3 + C31)], (6)

1
Gy = E[(C“ + Con + C33) — (Cio + Coz + C31)
+ 3(Cys + Css + Cep)]. (7

In contrast, Reuss [81] proposed a different averaging
scheme based on the assumption that the stress field is
uniform throughout the samples, resulting in the following
formulas:

1

= [(S11 + 822+ 833) +2(S12 + S23 + S50, (8)
R
1

— = —[4(S11 + Sxn + S33) — 4(S12 + S23 + S31)

Gr 15

4 3(Cuq + Css + Ceo)], ©)

where §j; are the compliance constants, which can
be obtained from the inverse matrix of the stiffness
matrix Cj;. Hill [82] demonstrated that the Voigt and
Reuss schemes actually provided the upper and lower
bounds, respectively, and found that their arithmetic mean
value provided a better approximation of the polycrys-
talline elastic modulus, which was often close to exper-
imental data [83]. Hence, the VRH approximation is
given by

B B
By = M, (10)
2
G G
Gy = %_ (11)

With the bulk modulus, B, and the shear modulus, G,
obtained from the VRH approximation, one can get
the isotropic Young’s modulus, £, and Poisson’s ratio,
v, by

9BG

= — 12
3B+ G (12)
B—2
V= u (13)
2B3B+G)
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The ratio of the isotropic bulk modulus to the isotropic
shear modulus is called Pugh’s ratio, which is denoted here
by R, ie.,

B
R = —. 14
G (14)

As early as 1954, Pugh [84] comparatively analyzed the
ratios of B to G for various pure metals and found that pure
metals with higher values of this ratio had good malleabil-
ity. This ratio was called Pugh’s ratio by later researchers
and was widely used in a wide variety of material systems,
such as alloys [85,86], metal oxides [87], quasicrystals and
bulk metallic glasses [88], and various kinds of materials
[57]. In fact, Pugh’s ratio and Poisson’s ratio are correlated
with each other. According to Egs. (13) and (14), we can
get [84]

3B-2G 3RP -2
= = , (15)
23B+G)  6RP+2
or
B 242 2(1
Rr_B_ +2v  2(1+v) (16)

G 3—6v 3(1=2)

Equation (16) shows that within the entire theoretical value
range of the isotropic Poisson’s ratio, v,i.e., —1 < v < 0.5
[89], the Pugh’s ratio, R”, increases monotonically with
v. Hence, like the Pugh’s ratio, R”, the isotropic Pois-
son’s ratio, v, can also be used to evaluate the plasticity
and brittleness of materials [84,89]. It was pointed out in
some reports [40,83,87] that there was a critical criterion
for Pugh’s ratio, namely, R” = B/G = 1.75, and the mate-
rials were considered either as plastic or brittle, depending
on whether their Pugh’s ratio was greater or less than 1.75.
However, in the other reports [78,79,88], the ratio of G to
B was defined as Pugh’s ratio, which is the reciprocal of
R? defined here by Eq. (14), and thus, the critical value
became G/B = 1/1.75 = 0.57. And in some other reports
[85,86], the critical value was set as G/B = 0.5, which was
probably approximated from 0.57, and thus, this results in
RP =B/G=1/0.5=2. If R” takes these two so-called
critical values, it can be solved from Eq. (16) that the cor-
responding critical values for the isotropic Poisson’s ratio
are 0.26 and 0.286, respectively.

C. Anisotropic mechanical properties

The most significant feature of the mechanical proper-
ties of a single crystal is anisotropy, and many mechanical
quantities, such as the Young’s modulus, shear modu-
lus, Poisson’s ratio, and linear compressibility, show such
anisotropic properties. Anisotropy means spatial depen-
dence, and hence, such anisotropic properties of these
mechanical quantities can be obtained by examining the

spatial distribution of the values of these mechanical
quantities in various directions in 3D space. This can
be done by performing the coordinate transformation of
the elastic tensor. Here, the anisotropic Young’s modu-
lus is taken as an example to display how to achieve
this.

In the Cartesian coordinate system, O(x,y,z), the
Young’s modulus along the direction of a certain axis, such
as the x axis can be given by [75,90,91]

1 1

F=— = 17
S Sun a7

The Young’s modulus along the other directions, except
for the y and z axes, cannot be simply obtained directly
from S;; through Eq. (17). However, considering the coor-
dinate transformation relationship of elastic compliance
tensor Sy [see Egs. (S2) and (S4) within the Supplemen-
tal Material [63]], they can be obtained from the Young’s
modulus along the x’ axis of a new coordinate system,
O(x',y’,z'), which is determined by rotating the original
coordinate system, O(x,y,z), by a certain angle in 3D
space [75,79,92]:

1 1 1

S ruryruduSn @iy agarSir

(18)

Here, the Einstein summation convention is adopted. r;; is
the rotation matrix [i.e., the direction cosine matrix given
by Eq. (S7) within the Supplemental Material [63]] of
the coordinate axes between the two coordinate systems,
and a; is the direction cosine of the first axis basis vec-
tor,a = €'y, of O(x',y’,z’) in O(x, y, z). More details about
the coordinate transformation of the elastic tensor and the
direction cosine matrix can be found in Sec. S2 within the
Supplemental Material [63].

When the rotation angle takes different values, the
direction of the x’ axis can coincide with every orien-
tation in 3D space, and hence, Eq. (18) can give the
anisotropic Young’s modulus along an arbitrary direction.
The Young’s modulus, E’, expressed by Eq. (18) can be
called the directional Young’s modulus, which reveals that
the anisotropic Young’s modulus of a single crystal is a
function of the direction cosine, a;, of a certain vector, a,
in 3D space.

Similarly, the directional shear modulus, G’; directional
Poisson’s ratio, v’; and directional linear compressibil-
ity, B/, can be obtained by the following expressions,
respectively [75,79,90-92]:

P
S

oo L1 _1 1
Se6  4S1212  AruryruruSiu
1 1
= ——, (19)
4 a,-bj akaSijkl
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o S Sun
S S

_aia;bibiSiu

11 P2kt 2Sikl

rLrG 1S

: (20)
aiajaka[Sijkl

/ /
B = S 11pp = F1il1j Tkt pkSijik = 117 Sijik = @i Sk

e2))

Unlike the Young’s modulus, which can be determined in
one direction, the determination of the shear modulus and
Poisson’s ratio requires two orthogonal directions. Hence,
the direction cosine, b;, of the second axis basis vector,
b =¢',, of O(,)’,z') in O(x,y,z) appears in Egs. (19)
and (20).

What should be clarified is that the bulk modulus is not
an anisotropic mechanical quantity, which can be verified
by [75]

B 1 1 1
VmiV'mi pk¥ kaiikk Siikk

=B (22)

S mmpp

In the summation process of the subscripts i in Eq. (22),
FmiVmi 0 €ach term of summation represents the inner prod-
uct of the vector r,,; with itself. Here, r,; for a certain
i represents the ith column vector of the rotation matrix
rij. (For example, r,,; represents the first column vector of
rotation matrix r;;.) Therefore, vector 7., is a unit vector
because the rotation matrix r;; is an orthogonal matrix [see
Eq. (S7) within the Supplemental Material [63]]. Hence,
the result of the inner product of a unit vector r,; with
itself is naturally equal to one. For the same reason, 7,7k
in Egs. (21) and (22) represents the inner product of a unit
vector r,,; with itself, and hence, the result is also equal to
one in the summation process of the subscript £.

Owing to the similarity between the concepts of the
bulk modulus and linear compressibility, which are both
defined under the same precondition, i.e., the subjection
to unit hydrostatic pressure, the bulk modulus is often
mistaken for being equal to the reciprocal of the linear
compressibility [79] or one-third of the reciprocal of the
linear compressibility [93]. It is easy to find the result-
ing problem of the first wrong approach because directly
setting B = 1/8 will cause the value of bulk modulus
B to be obviously too large (much larger than both the
Young’s modulus and shear modulus). As for the second
misleading approach, i.e., setting B = 1/(38), the result
makes sense in value only for the cubic crystal system and
isotropic materials, of which the linear compressibilities,
B, along three coordinate axes are equal to each other (i.e.,
St = S = S33ik), but it still does not make sense in
concept; besides, it does not make sense in either value
or concept for the other six crystal systems because their
linear compressibilities, 8, along three coordinate axes are
not equal to each other (i.e., S1im 7# Soorr 7 S33i:)- In fact,
the reciprocal of linear compressibility is the concept of

the compressive modulus, which is an anisotropic mechan-
ical quantity. Here, the compressive modulus is termed
k and, according to Eq. (21), the directional compressive
modulus, «’, can be expressed as

A T 1 1
K = — = = =
B S Py ek oSk Ty Sijkk
1
- . (23)
a,-ajSijkk

The elastic anisotropy of a crystal with arbitrary symmetry
can be described by the universal anisotropy index, 4Y,
which is defined as [94]

By _G
AV="L4152 _6>o0,
Bx  Gp

(24)
where By and Gy are the bulk modulus and shear mod-
ulus in the Voigt approximation, as defined in Egs. (6)
and (7), respectively, and Bz and Gy are the bulk mod-
ulus and shear modulus in the Reuss approximation, as
defined in Egs. (8) and (9), respectively. The universal
anisotropy index, 4, is identically defined as equal to zero
for locally isotropic single crystals, and any positive depar-
ture of AY from zero indicates the extent of single-crystal
anisotropy [94]. However, 4Y is still a relative measure of
anisotropy with respect to the limiting value (i.e., zero),
and the magnitude of 4Y cannot be used to compare the
multiplicative relationship of anisotropy between two crys-
tals [83,95]. To overcome this limitation, the log-Euclidean
anisotropy index, 4°, was devised by Kube [95] through
seeking an anisotropy distance measure between the Voigt
and Reuss estimations of elastic constants; this is defined

oG] (]

In contrast to AY, which can provide only a relative
measure of anisotropy, A’, which is improved based
on AY, can provide an absolute measure of anisotropy
for different crystals, and thus, is capable of compar-
ing the multiplicative relationship between two crystals
[95]. Tt is evident that A® > 0; A% =0 denotes elastic
isotropy, and any positive value of A’ indicates elastic
anisotropy.

It may be a little confusing that 4Y and 4% evidently
have to be taken into account for both the bulk and shear
contributions, but the bulk modulus is proved to be an
isotropic mechanical quantity in Eq. (22). In fact, it should
be noted that the bulk modulus defined in Eq. (22) is equal
to the bulk modulus of the Reuss approximation given in

(25)
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Eq. (8),1.e.,
. 1 _ 1
Stk (St1 + Saa + S33) + 2(S12 + Sa3 + S31)
= Bg. (26)

This fact again proves that the bulk modulus defined in
Eq. (22) is an isotropic mechanical quantity because the
Reuss approximation is an isotropic result. Actually, con-
sidering that the Voigt approximation and Reuss approx-
imation are based on the two assumptions of a uniform
distribution of strain field and a uniform distribution of
stress field, respectively, it is not difficult to understand that
the discrepancy between them can reflect the mechanical
anisotropy of a crystal.

D. Cauchy pressure

The Cauchy pressure is widely used to predict the bond-
ing characters of crystals. However, it is often misused,
and the main mistake lies in directly extending the rela-
tional expression Cjp, — Cy4, which is only applicable to
the cubic crystal system, to other crystal systems with
lower symmetry. For example, Cj; — Cy44 has been mis-
used for hexagonal or trigonal crystals in some papers
[96-99]; in addition, in some other papers [78,83,88],
C1; — Cyq4 has been introduced as a universal rule by mis-
take, without emphasizing the limitation of its applicability
only to the cubic crystal system. This mistake might stem
from the fact that early research concerning the Cauchy
pressure, such as Pettifor’s article [100] published in 1992,
mainly focused on cubic crystal metals; later, numerous
papers [85,86,88,101-104] attributed the Cauchy pres-
sure to Pettifor’s 1992 article [100] as the source litera-
ture. Additionally, in the paper by Thompson and Clegg
[105], it was even wrongly believed that the Cauchy
pressure was defined by Pettifor. In fact, the Cauchy pres-
sure stems from Cauchy relations and, according to the
claim by Ledbetter and Migliori [106], the latter were
reported as early as 1828; in addition, the term “Cauchy
pressure” was reported [107—109] before Pettifor’s 1992
article and was not defined by Pettifor. According to
Hausstihl [110], the complete Cauchy relations can be
expressed as

Cijik = Cyi(i #j , k). (27)
Equation (27) includes the following six relationships:

Criz = Ci12, Ci133 = Ci313, Co233 = Caans, (28)
Cri23 = Ci213, Co13 = G123, C3312 = G132, (29)
Equations (28) and (29) in tensor notation are consistent

with the form in Voigt notation reported by Quesnel et al.
[111]. Cauchy pressures are defined as the deviations from

these Cauchy relationships [112], and usually, only the
three relationships in Eq. (28) are of concern, since they are
related to the shear elastic constants, i.e., Ci212, Ci313, and
Cy323. Hence, the three Cauchy pressures are (transformed
from tensor notation to Voigt notation)

Cauch: Cauch:
PN = Cip — Cep, P = Co3 — Cug,

PN = Cy3 — Css. (30)
Obviously, Eq. (30) is adapted for crystals with orthorhom-
bic symmetry. For hexagonal, trigonal, and tetragonal crys-
tal systems, owing to Cs4 = Css and C3 = Cy3, Eq. (30)
becomes

Cauch Cauch Cauch
PN = Cip = Cep, P = PV = Ci3 — Caay

31

and for the cubic crystal system, owing to Cyy = Cs5 =
Ces and Cjp = Ci3 = (a3, Eq. (30) becomes
P)Syauchy — szauchy — chauchy — C12 _ C44. (32)
In fact, aside from widespread reports on the Cauchy
pressure for cubic crystals, as expressed by Eq. (32), the
Cauchy pressures, as expressed by Eq. (31), have been
reported for hexagonal [113—118], trigonal [119,120], and
tetragonal [115,117,121,122] crystal systems in the litera-
ture, and the Cauchy pressures, as expressed by Eq. (30),

have also been reported for orthorhombic crystals in the
literature [79,112,118,122—128].

IV. RESULTS AND DISCUSSION

A. Lattice parameters and volume

As shown in Fig. 1(a), the Li(Ni;Mn,Co.)O, mate-
rials studied here include three representatives of the
“Ni = Mn” group with the pure Ni*" state [55,56,58], i.e.,
Li(Nig 33Mnyg 33C0033)O02 (NMC333), Li(Nig.4Mng 4Cop2)
02 (NMC442), and Li(Ni0.425Mn0,425C00,15)02 (NMCSSZ),
and four representatives of the “Ni-rich” group with
mixed Ni2t and Ni** valence states [55,56,58], i.e.,
Li(Ni0,5Mn0,3C00.2)02 (NMC532), Li(Nio.sMn()gCO().z)Oz
(NMC622), Li(Nio_7Mn0_15C00.15)02 (NMC71515), and
Li(NiggMng 1Cog.1)O, (NMC811). The supercell model of
the NMC532 sample was selected as a representative, as
shown in Fig. 1(c), which displayed a R3m-like structure
with some Ni atoms substituted by Mn and Co atoms from
the prototype trigonal LNO lattice. However, as the sym-
metry of the lattice is significant for the calculation of
the elastic tensor, here we emphasize that the substitution
of partial transition metal (TM) atoms and its subsequent
effect of lattice distortion will obviously reduce the sym-
metry of the lattice, causing the entire crystal to lose the
trigonal symmetry of the original R3m lattice. Therefore,
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(a)
LiNiO,

(811)
(71 515)

o (622)

(552)
(442)
LiNi, ;3Mn, 5;C0, 3,0,
(333)

LiMnO,

FIG. 1.

LiCoO,

(a) Schematic representation of the composition distribution of various NMC materials studied in this work. (b) Top view and

(c) side view (visualized by VESTA [129]) of the crystal structure model for the supercell of Li(NigsMng3C0¢,)O; as a representative
of the various NMC materials studied. Green, Li; red, O; silver, Ni; purple, Mn; blue, Co. Note that for the convenience of viewing,
the relative size of O ions and metal ions shown here are not consistent with their actual sizes.

none of the NMC materials belongs to the R3m space group
in the strict sense, and usually, they all directly become
the lattice belonging to the P1 space group with the low-
est symmetry (except for some individual cases with a
superlattice arrangement of TM atoms).

The lattice constants and volume are significant for the
calculation of mechanical properties, since the accuracy
of the latter is very sensitive to the former. The cal-
culated results of lattice constants a and ¢ and volume
V of the studied NMC materials are listed in Table S2
within the Supplemental Material [63] (see also Ref. [130]
therein), in which the corresponding experimental results
reported previously in the literature are also listed for the
convenience of comparison. Our results show that the lat-
tice constants @ and ¢ and volume V' of various NMC
materials calculated in this work are very close to their
corresponding experimental values, with an average devi-
ation between the calculated and experimental values of
around 1% for lattice constants a and ¢ and 2% for lat-
tice volume V. The accuracy of these calculated results
of lattice parameters provides a prerequisite for the accu-
racy of the subsequent calculated results of mechanical
properties.

B. Elastic stiffness constant matrix and elastic stability

The calculated elastic stiffness constants, Cj;, of various
NMC layered materials are listed in Table 1. In addition,
the Cj; of LNO with a standard R3m structure have also
been calculated, and the results, as well as the standard
template of Cj; of trigonal system I, are also listed in
Table I for comparison. A more detailed explanation of

these matrices in Table I can be found in Sec. S3 within the
Supplemental Material [63] (see also Ref. [131] therein).
These elastic constants, which are not available in previ-
ous reports, are the most basic elastic properties and can
be provided as the key prerequisite in subsequent more
macroscopic simulations, such as finite element method
calculations [43]. The specific form of the elastic constant
matrix is closely related to the symmetry of the crystal
because the latter can reduce the number of independent
elastic constants. The triclinic crystal system with the low-
est symmetry has 21 independent elastic constants [see
Eq. (5)], while the R3m structure belonging to the trigonal
crystal system has only six independent elastic constants
(see Table I). Our calculated results (see Table I) demon-
strate that the matrix Cj; of various NMC materials does
not strictly, but only roughly, conform to the form of the
template of C;; of the R3m structure (although that of LNO
does), which is consistent with what we mention above,
namely, that no NMC materials belong to the R3m space
group in the strict sense due to the reduced symmetry of the
lattice caused by the partial substitution of TM atoms and
the subsequent effect of lattice distortion. Nevertheless, it
can be seen that, although the matrix C; of various NMC
materials seems to resemble Eq. (5) of the triclinic crystal
system, there are still many similar characteristics between
the matrix C; of various NMC materials and that of LNO
with the R3m structure. For example, for all the NMC
materials, the following approximate relations between the
elements of matrix Cj; are satisfied:

Ci =~ Cy >» Css, (33)
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TABLE 1. Calculated elastic stiffness constant matrix, Cj;, of various NMC layered materials in comparison with R3m LNO and
the standard template of C;; of the trigonal system I. Numbers in the positions corresponding to the non-zero matrix elements of the
trigonal system I are highlighted in bold for the sake of comparison.

NMC

Elastic stiffness constants matrix C;; (GPa)

[Cii ]trigonal 1

LNO

333

442

552

532

622

71515

811

[Ci

238.87

7301.93

285.23

[291.17

[269.77

[259.73

[255.45

[245.19

Ci
Ch

86.22
238.87

87.72
301.41

83.84
283.61

85.01
290.43

81.45
275.38

84.15
258.70

81.79
259.18

79.36
262.52

Ci; Cu
Cs -G
Cs3 0

Cus

53.20
53.20
192.03

52.19
51.61
216.28

49.53
49.49
206.62

48.72
48.51
208.85

44.70
44.69
197.77

46.33
46.44
198.41

44.37
45.63
193.67

42.43
46.02
196.89

0
4 0
0
0
Cu

—17.33
17.33
0
40.95

—11.25
11.69
0.12
49.72

—16.12
14.53
1.96
45.15

—13.24
13.73
—0.08
48.33

—15.69
15.17
0.54
44.44

—16.17
16.51
0.79
44.93

—17.06
14.11
—-1.59
43.40

—16.58
10.86
—2.70
46.80

0
0
0
0
Cus
Cn—Cn
2 i
0 0
0 0
0 0
0 0
4094 —17.32
76.32
0.70 0.57 7
—0.18 —1.53
0.23 0.30
1.27 0.40
52.34 —10.47
107.74 |
—-3.93 —1.047]
—-1.02 -2.59
—-0.34 0.16
—148 —0.94
43.66 —15.40
100.98 |
—0.17 0.29 7
-0.71 =2.16
0.69 —0.04
—0.61 0.46
4798 —13.67
102.96 |
2.94 1.14 7
2.71 3.51
—-0.95 —-0.09
0.65 —0.57
42,59 —-16.05
98.39 |
—4.66 —4.117
2.32 0.22
-2.17 —1.33
—-226 —1.47
45.22 —-14.15
94.19 |
—0.81 —0.387]
—2.89 —4.80
—-1.73 —1.07
0.08 0.56
42.46 —15.38
85.42 |
0.64  0.80 7
—0.25 0.47
0.90 —0.65
0.51 0.99
4433 —13.68
90.29 |
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Chy—-C
Ces ~ % > Cy4 = Css, (34)
Ci3 = Cy, (3%5)
Ciy = —C15 = Csg, (36)
Cu~Cs~Ceg=0(G{=1,23,4). (37

If all the approximately equal signs in the above rela-
tional expressions are replaced by equal signs, this corre-
sponds to the case of R3m LNO. Therefore, the difference
between the two sides of the approximately equal signs in
the above relational expressions can be used as a method
to evaluate the deviation of the symmetry of each NMC
material from the trigonal crystal system. In fact, the rela-
tionships shown in Egs. (33) and (34) reflect the character-
istics of the anisotropic structure of layered materials, that
is, the intralayer interaction is stronger than the interlayer
interaction. Because the high stiffnesses of Cy; &~ Cy, and
Ce correspond to deformations (tensile and shear, respec-
tively) within the layers where the bonding is strong, the
low stiffnesses of Cs3 and Cy4 & Cs5 correspond to defor-
mations (tensile and shear, respectively) with components
acting out of the layers where the bonding is relatively
weak [132]. Here, strong intralayer bonding refers to the
TM—O bonds within the TMOg slab [Fig. 1(c)], while weak
interlayer bonding stands for the Li—O bonds between
the two TMOg slabs [Fig. 1(c)]; this is further demon-
strated through a quantitative chemical bond analysis in
the following section.

Elastic stability is one of the important aspects of the
reflection of lattice stability [133]. The most commonly
used elastic stability criterion is to evaluate whether all the
eigenvalues of a matrix C;; are positive. The eigenvalues of
the matrix C; of all our calculated NMC materials are posi-
tive, as can be seen from Table S3 within the Supplemental
Material [63], which demonstrates that all our calculated
NMC materials are elastically stable, and hence, reflects
the reliability of our calculations. More details about the
elastic stability assessment can be found in Sec. S4 within
the Supplemental Material [63] (see also Refs. [134—136]
therein).

C. Isotropic mechanical properties of polycrystalline
NMC materials

The isotropic mechanical properties are of great signifi-
cance to NMC cathode materials because both the recently
popular SNMCs and the traditional PNMCs actually are
polycrystalline materials. Through the previously intro-
duced VRH approximation, the isotropic mechanical prop-
erties of various NMC materials can be obtained according
to Egs. (6)~(13). The results of these mechanical properties
in the Voigt, Reuss, and Hill approximations, respectively,
are depicted in Fig. 2, and the specific values of the Hill
approximation results are listed in Table S4 within the

Supplemental Material [63], in which some previously
reported experimental or computational results with spe-
cific numerical values [12,34,36,37] have also been listed.
It can be seen that our results are generally consistent
with the previously reported results, which mainly focus on
the Young’s moduli of NMC333 and NMC532 (Table S4
within the Supplemental Material [63]). In addition, there
are still some other previously reported experimental [35]
or computational [38] results that are not given as spe-
cific values but mentioned only in a range of values or
just shown in diagrams in the original literature, and hence,
those results are not listed in Table S4 within the Supple-
mental Material [63]. The estimated values of those results
also show a general consistency with our data. In general,
the values of previously reported experimental results are
over a wide range, depending on different particle struc-
tures of samples and different testing methods. In fact, the
results of DFT calculations for Young’s moduli are closer
to the experimental results of the densified NMC cathode
samples rather than the usual NMC cathode with a porous
secondary particle structure, as already shown in previ-
ous reports [12] and demonstrated here again in Table S4
within the Supplemental Material [63]. Therefore, only
those experimental results [12,37] of the densified NMC
cathode samples are displayed in Fig. 2 for the sake of
clarity. As can be seen from Fig. 2, our calculated results
show that the Voigt and Reuss approximations indeed pro-
vide the upper and lower bounds, respectively, and the
Hill approximation, as their average, is naturally in the
middle; this verifies the reliability of our DFT computa-
tional results of stiffness constants C;;. More importantly,
Fig. 2 shows that, among the three approximation results,
the Hill approximation results are indeed closer to, and
actually very close to, the experimental values, which
demonstrates the applicability of the VRH approximation
scheme to NMC materials. Especially for NMC333, our
calculated results for the shear modulus, Young’s modulus,
and Poisson’s ratio (77.95 GPa, 195.06 GPa, and 0.252,
respectively) are all surprisingly close to the reported
experimental results [37] [(78 £ 1) GPa, (194 +2) GPa
and 0.25, respectively; this demonstrates the reliability and
accuracy of our calculations.

Figure 2 displays the variation trend of the isotropic
mechanical properties with the increment of Ni content
in various layered NMC materials. As the Ni content
increases, the isotropic elastic moduli (including bulk
moduli, shear moduli, and Young’s moduli) of NMC mate-
rials all show an overall trend of decline [Figs. 2(a)-2(c)],
although there are still several exceptions. More specifi-
cally, the trends of Young’s moduli and shear moduli are
almost exactly the same, and the opposite trends occur
between the pair of NMC442 and NMC552, as well as
between the pair of NMC71515 and NMC811. How-
ever, the opposite trend occurs only between the pair
of NMC442 and NMC552 in the case of bulk moduli.
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FIG. 2. Average mechanical properties of bulk NMC polycrystal. (a) Isotropic bulk moduli B, (b) isotropic shear moduli G, (c)
isotropic Young’s moduli £, and (d) isotropic Poisson’s ratio v and Pugh’s ratio R”. Subscripts ¥, R, and H denote the Voigt, Reuss,

and Hill approximations, respectively.

Overall, NMC333, with the lowest Ni content, is the one
with the largest Young’s modulus, shear modulus, and bulk
modulus among all seven NMC materials. NMC71515 is
the one with the smallest Young’s and shear modulus,
and NMCS811 is the one with the smallest bulk modu-
lus but, actually, the difference in bulk moduli between
NMC71515 and NMC811 is very small (about 1.03 GPa).
In fact, for Young’s moduli, the trend shown in Fig. 2(c)
is very similar to the trend of the previously reported
computational results [38], although there is still a slight
difference. In their results, since NMC552 and NMC71515
were not included, NMC622 was the one with the smallest
Young’s modulus (smaller than their value of NMC811); in
our results, NMC811 is the one with the smallest Young’s
modulus, if excluding NMC71515, although the differ-
ence between NMC811 and NMC622 is very small (about
0.67 GPa). The overall declining trend of elastic mod-
uli with the increment of Ni content shows that the Ni
component contributes less to the elastic moduli than Mn

and Co in NMC materials. As for the two exceptions, i.e.,
the NMC442 and NMC552 pairs and the NMC71515 and
NMC811 pairs, a careful analysis of the components of
these two sets of NMC materials reveals that this phe-
nomenon is actually related to the relative proportions of
Mn and Co. Compared with NMC442, NMC552 has not
only a higher Mn content, but also a lower Co content (see
Table S1 within the Supplemental Material [63]), and in
fact, NMC552 has the highest Mn content among these
seven NMC materials. Therefore, the relatively high elas-
tic moduli of NMC552 seem to show that Mn contributes
more to enhancing the elastic moduli than Co in NMC
materials. This is also reflected in the case of NMC71515,
since the relatively low elastic moduli of NMC71515 could
be caused by the fact that the actual Mn content (0.13) is
lower than the actual Co content (0.167) in our NMC71515
supercell (see Table S1 within the Supplemental Mate-
rial [63]). In fact, our results of the relatively high elastic
moduli of Mn-rich NMC materials are consistent with the
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previously reported experimental results [35], which have
shown that Mn-rich NMC materials have higher Young’s
moduli than Ni-rich NMC materials.

The isotropic Poisson’s ratios, v, and Pugh’s ratios, R”
[Fig. 2(d)], show exactly the same trends owing to the
monotonicity expressed by Egs. (15) and (16). Further-
more, they show the opposite trend to all three kinds of
moduli, i.e., an overall upward trend with an increment of
Ni content, except for NMC442 and NMCS811. It seems
that the one with a relatively small value of modulus has
a relatively large value of Poisson’s and Pugh’s ratios,
which is obviously shown in Fig. 2 where the concave
points at NMC442 and NMC71515 in Figs. 2(b) and 2(c)
exactly correspond to the convex points at NMC442 and
NMC71515 in Fig. 2(d). In Fig. 2(d), one of the aforemen-
tioned so-called critical values, i.e., R” = 1.75 (v = 0.26),
is marked with a black dotted line, which is also used as
the reference base for the alignment of the left and right
vertical axes. As for the other one of the so-called crit-
ical values, i.e., R =2 (v = 0.286), it is approximately
equal to the maximum value of the ordinate in Fig. 2(d).
If we refer to the first so-called critical criterion, i.e.,
RP =1.75 (v = 0.26), as done in previous reports [78,79,
83,87,88], the Reuss results seem to classify all the NMC
materials as brittle-type materials, while on the contrary,
the Voigt results seem to classify all the NMC materials
as ductile-type materials. The Hill results seem to clas-
sify some of the NMC materials (NMC442, NMC622, and
NMC71515) as ductile-type materials, while classifying
the others as brittle-type materials. However, all the Voigt,
Reuss, and Hill results seem to recognize all the NMC
materials as brittle-type materials if we refer to the sec-
ond so-called critical criterion, i.e., R” =2 (v = 0.286),
as done in previous reports [85,86]. In fact, it is worth
noting that neither B/G = 1.75 (v = 0.26) nor B/G =
2 (v = 0.286) have been mentioned in Pugh’s original arti-
cle [84], and such so-called critical criteria are merely an
empirical statistical rule, which is probably summarized
by later researchers from a large amount of pure metal
data (such as data given in Pugh’s original article [84]).
Thus, here we point out that such a so-called critical crite-
rion for Pugh’s ratio (or Poisson’s ratio) is not a universal
rule, and these so-called critical values [either B/G = 1.75
(G/B=0.57) or B/G =2 (G/B =0.5)] may be applica-
ble to a specific type of material, such as pure metals, but
it may not be feasible to generalize them for a variety of
materials.

Nevertheless, the method of evaluating the relative duc-
tility or brittleness of a certain type of material by com-
paring the relative size of the B/G value still has a certain
generality because it is based on the following facts, as
elucidated by Pugh [84]: the shear modulus of a material
is proportional to its ability to resist plastic deformation
(namely, the larger the shear modulus of a material, the
less likely it is to be plastically deformed), while the bulk

modulus of a material is proportional to its ability to resist
fracture (namely, the larger the bulk modulus of a material,
the less likely it is to be fractured), and therefore, the ratio
of the bulk modulus to the shear modulus can reflect the
relative ductility and brittleness characteristics of a mate-
rial. However, it should also be noted that there may be still
a premise for the correct use of Pugh’s ratio, that is, a com-
parison of relative ductility or the brittleness of materials
should be limited to a certain type of material with a simi-
lar structure. Otherwise, the results may be unreliable due
to the differences in crystal structures between the different
types of materials. For example, the effect of the crystal
structure has been reported in some Laves phases [105].

Here, the various NMC materials have the same layered
structures and thus, the Pugh’s ratio and Poisson’s ratio
data in Fig. 2(d) actually show that, roughly speaking, the
NMC materials become more ductile with an increment
of Ni content, except for NMC442 and NMC811; addi-
tionally, NMC442 and NMC71515 show a relatively more
ductile characteristic compared with the other NMC mate-
rials. This phenomenon may be caused by the variation of
moduli, since a material with a smaller modulus is eas-
ier to deform elastically under stress, and thus, may be
more likely to deform plastically too. Or to put it another
way, the Young’s modulus (the slope of the linear elas-
tic region of the tensile stress-strain curve) is related to
the yield strength (the highest stress point of the tensile
stress-strain curve within the range of elastic deformation),
which is the most important one among the differently
defined strengths of a material, and a material with a
higher Young’s modulus (i.e., larger slope) usually has a
higher yield strength (i.e., larger value of the ordinate of
stress) when compared with its counterparts of the same
type with similar structures. Furthermore, a material with a
higher strength usually shows a tendency to be more brittle.
Therefore, the variation trend of Pugh’s ratio and Poisson’s
ratio of NMC materials with an increment of Ni content
could be due to the opposite variation trend of elastic
moduli.

D. Anisotropic mechanical properties of single crystals
of NMC materials

With the increasing application of SNMCs, the primary
particle size of NMC materials has increased from the
nanometer scale in traditional PNMCs to the micrometer
scale in SNMCs. Therefore, understanding the mechani-
cal anisotropy inside the large primary single-crystalline
particle becomes more important to address the intragranu-
lar cracking issue. The directional Young’s modulus given
by Eq. (18) indicates that the anisotropic Young’s mod-
ulus of a single crystal has a spatial dependence and its
3D spatial distribution can be visualized. Likewise, the
directional compressive modulus (or linear compressibil-
ity), directional shear modulus, and directional Poisson’s
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ratio can be also visualized. However, the visualization of
directional shear modulus and directional Poisson’s ratio
is a little complicated since the shear modulus and Pois-
son’s ratio depend on two perpendicular directions. When
the first vector, a, is oriented along a certain direction in
3D space, the second vector, b, can rotate at any angle
within the plane perpendicular to vector a, and thus, the
values of shear modulus and Poisson’s ratio for each direc-
tion can take many different values. Therefore, the two
representations of maximum and minimum values were
selected to be separately visualized. These 3D visualiza-
tion results obtained from the VASPKIT [137] tool, and
the two-dimensional (2D) projection results obtained from
the ELATE [138] tool, of all the studied NMC materials
(together with the results of LNO as a reference for the
correspondence of orientation) are shown in Figs. S3—S16
within the Supplemental Material [63], from which it
can be seen that all the NMC materials have a sim-
ilar spatial distribution of these anisotropic mechanical
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FIG. 3.

properties, since the orientation of the Cartesian coordi-
nate axes of each NMC material have been adjusted to
coincide with that of the hexagonal conventional crystal
unit cell (CCUC) of R3m LNO in the same manner as
that shown in Fig. S17 within the Supplemental Material
[63] (also see Sec. S3 within the Supplemental Material
[63]). Therefore, here NMC532 is selected as a represen-
tative, with its 3D visualization results given in Fig. 3, to
study the characteristics of the spatial distribution of these
anisotropic mechanical properties. For the sake of conve-
nience, a spherical coordinate system, (r,6, ¢), is used
for analysis in the following discussion, and its correspon-
dences to the Cartesian coordinate system, O(x,y,z), and
the LNO hexagonal CCUC (a, b, ¢) are shown in Fig. S17
within the Supplemental Material [63].

Figure 3 shows that, except for the Young’s modulus
[Fig. 3(a)], all the other anisotropic mechanical proper-
ties [Figs. 3(b)-3(f)] seem to exhibit local minima along
the z-axis direction, while the value of the Young’s
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Ia)

3D spatial distribution of the anisotropic mechanical properties of bulk NMC532 single crystal. (a) Directional Young’s

modulus, (b) directional compressive modulus, (c) directional shear modulus in maximum values, (d) directional shear modulus in
minimum values, (e) directional Poisson’s ratio in maximum values, and (f) directional Poisson’s ratio in minimum values. Distribution
directions of maxima and minima can be, respectively, referred to as red and blue areas. Notably, the y-z plane here corresponds to
¢ = 90°, and thus, corresponds to the (210) crystal plane, and the six planes obtained by rotating the y-z plane around the z axis at
the angles of ¢ = k x 60° (k =0,1,2,3,4,5) constitute the crystal planes of the {210} family. Visualization is completed by MATLAB
with data processed by the VASPKIT [137] tool. Data of directional compressive moduli were postprocessed by us based on data of
directional linear compressibility obtained from VASPKIT. The values of the moduli shown here are in GPa.
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modulus [Fig. 3(a)] along the z-axis direction is not a
local minimum but is smaller than the values in all direc-
tions in the x-y plane. This is actually a reflection of the
characteristics of layered materials, in which interlayer
interactions are weaker than intralayer interactions. This
characteristic is most simply reflected in the compressive
modulus [Fig. 3(b)]. Since the compressive modulus refers
to the anisotropic modulus of a material under isotropic
hydrostatic pressure, strong intralayer interactions lead to
maxima of the compressive modulus in all directions in
the x-y plane, while weak interlayer interactions lead to
a minimum of the compressive modulus along the z axis.
Unlike the compressive modulus (and linear compress-
ibility), other mechanical properties are not defined under
the condition of isotropic hydrostatic pressure, and thus,
exhibit stronger anisotropy. In addition, it is precisely
because of this difference that the compressive modulus
is much larger than the Young’s (tensile) modulus, as the
former is restricted in all three directions and the axial
compressive deformation cannot be increased through lat-
eral free expansion, while the latter is free in the two
lateral directions and the axial tensile deformation can
be enhanced by the accompanying lateral free contrac-
tion (which is the origin of Poisson’s ratio). Next, we
specifically discuss the orientations of the maxima and
minima of these significantly anisotropic mechanical prop-
erties. These extreme values are the most direct reflection
of the anisotropy and play a crucial role in understanding
the anisotropic elastic mechanical characteristics of NMC
materials.

Except for the compressive modulus [Fig. 3(b)], the
spatial distributions of the Young’s modulus [Fig. 3(a)],
shear modulus [both Figs. 3(c) and 3(d)], and Pois-
son’s ratio [both Figs. 3(e) and 3(f)] all exhibit an
approximate trigonal symmetry, to some extent. Each
of them has (at least) six global maxima (red areas in
Fig. 3), and the directions in which the six global max-
ima appear are all distributed at intervals of 60° around
the z axis. Moreover, three of them, distributed at inter-
vals of 120°, constitute an upward layer (6 < 90°), and
the other three constitute a downward layer (8 > 90°).
More specifically, in the spherical coordinate system
(r,0,¢), the directions of their respective six global max-
ima all satisfy ¢ = 30° + £ x 60° (k=0,1,2,3,4,5) and
0 <90°VEk=1,3,500 >90°V k=0,2,4) for Figs. 3(a)
and 3(e), while, on the contrary, 6 > 90°V k= 1,3,5(0 <
90°Vk =0,2,4) for Figs. 3(c), 3(d), and 3(f). In fact,
as shown in Table S6 within the Supplemental Material
[63], the specific directions of these maxima lie within the
six crystallographic planes of the {210} family of planes.
Notably, the (210) crystal plane corresponds to ¢ = 90°,
and thus, corresponds to the y-z plane in Fig. 3, and the
other five crystal planes in the {210} family refer to the
planes obtained by rotating the y-z plane around the z axis
at angles of ¢ = k x 60° (k= 1,2,3,4,5). For LNO with

the highest symmetry, the specific directions of these max-
ima are listed in Table S7 within the Supplemental Material
[63], which can serve as a reference for NMC materials,
since they exhibit similar results (as observed from Figs.
S3—S8 within the Supplemental Material [63]). However,
due to certain deviations in the lattice symmetry of NMC
materials, these six maxima are not exactly equal but only
approximately equal, and there may be some discrepancies
in the orientations of these maxima compared to data in
Table S7 within the Supplemental Material [63]. The dis-
tortions caused by these deviations can be well observed
from the 2D projections shown in Figs. S9—S16 within the
Supplemental Material [63].

Regarding the minima, an interesting point is that there
are also six global minima of Young’s modulus [blue areas
in Fig. 3(a)], and they always appear in pairs with maxima
at the same angle ¢ (but at different angle 6, see Table S7
within the Supplemental Material [63]). For the shear mod-
ulus, the situation is a bit special, with 12 global maxima
in Fig. 3(c) and 12 global minima in Fig. 3(d), the spe-
cific orientations of which can be referenced to that of LNO
given in Tables S7 and S8 within the Supplemental Mate-
rial [63]. When first vector a is along the z-axis direction
(i.e., # = 0°), no matter which direction second vector b
takes, the shear modulus always takes the same local min-
imum [i.e., the values of shear modulus along the z axis
in both Figs. 3(c) and 3(d) are equal]. However, when first
vector a lies in the x-y plane and points along any of the
six crystallographic directions of the (100) family of direc-
tions, the shear modulus can take either a global maximum
[red areas in Fig. 3(c)] or global minimum [blue areas in
Fig. 3(d)], depending on the specific orientation of second
vector b. The other six global maxima and minima of the
shear modulus all appear within the six crystal planes of the
{210} family. As for the situation of Poisson’s ratio, there
are also twelve maxima in Fig. 3(e) and twelve minima
in Fig. 3(f), and their specific orientations are also similar
with those of the shear modulus (i.e., with the same ¢ for
all, but different 6 for some). However, among these 12
maxima and 12 minima, there are only six global maxima
and six global minima, with the former located within the
six crystal planes of the {210} family [red areas in Fig. 3(¢)]
and the latter along the six crystal directions of the (100)
family within the x-y plane [blue areas in Fig. 3(f)]. The
other six maxima and minima are local rather than global.
Additionally, it is special that there are two sets of six local
maxima of Poisson’s ratio in Fig. 3(f) (small yellow fangs),
both of which pair with each other at the same angle ¢ (but
at different angle ) and are all located within the six crystal
planes of the {210} family.

Interestingly, Figs. 3(e) and 3(f) (as well as Figs. S7
and S8 within the Supplemental Material [63]) show that
the global maxima of Poisson’s ratio have exceeded the
theoretical range (—1, 0.5) for the isotropic Poisson’s ratio,
and the global minima of Poisson’s ratio for many NMC
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materials are negative. Actually, the theoretical range (—1,
0.5) is for the isotropic Poisson’s ratio, and the anisotropic
Poisson’s ratio is not subject to this restriction [139], so
it is possible to exceed this range. In contrast to the max-
ima, the negative minima of Poisson’s ratio deserve more
attention, as the negative Poisson’s ratio of a material is
a rare phenomenon and is usually accompanied by some
novel properties. Materials with negative Poisson’s ratio
are known as auxetics [139] and have been more and more
extensively studied [89,139—143] since the first report by
Lakes [144]. In addition, it is worth mentioning that spinel
LiNigsMn; 504, another cathode material for LIBs, has
been reported [145] to exhibit auxeticity after delithiation
at high voltage. Nevertheless, here some NMC materials
are found to exhibit auxeticity in several directions before
delithiation, although the values of these negative Pois-
son’s ratios are so close to zero that they can even be
considered to result from the fluctuation within the error
range of numerical calculations. In fact, in contrast to
the rare isotropic auxetic, the directional auxetic proper-
ties of anisotropic materials are quite common, as it was
reported [140,142] that 69% of the cubic elemental met-
als exhibited auxetic behavior in at least one direction;
these materials are known as partial auxetics [142]. There-
fore, it is perhaps not surprising that NMC materials may
exhibit partial auxetic properties. However, considering
that the Poisson’s ratio of NMC materials is positive in
most directions in 3D space, it is currently unclear whether
the negative minima of Poisson’s ratio, which appear in
only a few directions, can bring about other special prop-
erties for NMC materials. Perhaps further study can reveal
the potential application of the peculiar phenomenon of the
anisotropic Poisson’s ratio of NMC materials.

On the whole, from Fig. 3, it can be observed that the
global maxima and minima of various anisotropic mechan-
ical properties all appear in certain directions within the six
crystal planes of the {210} family (also see Table S7 within
the Supplemental Material [63]), except for the global min-
ima of Poisson’s ratio, which appear along the six crystal
directions of the (100) family (also see Tables S8 and S9
within the Supplemental Material [63]). Additionally, the
other six global maxima and minima of the shear modulus
also repeatedly appear in directions of the (100) fam-
ily (also see Tables S8 and S9 within the Supplemental
Material [63]). It should be noted that, in layered NMC
materials, the (100) crystal direction family actually are
the intralayer close-packing directions and are the inter-
section lines between the intralayer (001) close-packing
plane and the interlayer sparse-packing planes of the {010}
family. On the other hand, the members of the (210} crys-
tal plane family are actually the interlayer close-packing
planes, and their intersection lines with the intralayer
(001) close-packing plane correspond to the (120) crystal
direction family, which are the intralayer sparse-packing
directions. Their relationships can be seen in Tables S5

and S6 within the Supplemental Material [63], as well as
in Fig. S18 within the Supplemental Material [63], which
displays the lattice packing directions of the (210), (010),
and (001) planes. In fact, these three planes correspond to
the y-z, x-z, and x-y planes, respectively, and thus, corre-
spond to the projection planes of the 2D projection plots
of various mechanical properties shown in Figs. S9—S16
within the Supplemental Material [63]. Thus, the differ-
ence in mechanical anisotropy among these three planes
can be roughly observed from the projection plots. On the
other hand, our custom-defined average anisotropy param-
eter (see Table S10 within the Supplemental Material
[63]) indicates that, taking into account various mechani-
cal properties, the order of mechanical anisotropy strength
for these three planes is y-z plane > x-z plane > x-y plane
(1.73 > 1.59 > 1.27). In other words, the {210} crystal
plane family contains the most significantly anisotropic
planes for NMC materials; this is obviously related to
the special lattice packing pattern within the {210} crys-
tal plane family. Therefore, the direction of lattice packing
within the (210) crystal plane and the directions of the
global maximum and minimum of the Young’s modulus
of the simplest LNO are shown in Fig. S19 within the Sup-
plemental Material [63] as an example to demonstrate such
relations. It can be noted that the close-packing direction
within the (210) crystal planes consists of parallel Li-TM-
Li atomic chains and is actually the [481] crystal direction
(see Fig. S19 within the Supplemental Material [63]). The
direction of the global maximum of the Young’s modu-
lus spans the parallel Li-TM-Li atomic chains at a certain
angle (about 47°, see Fig. S19 within the Supplemental
Material [63]), while the direction of the global minimum
of the Young’s modulus is along the gap between the two
parallel Li-TM-Li atomic chains (with a very small angle
of about 5° to the Li-TM-Li atomic chain). Considering the
fact that the [481] close-packing direction within the (210)
crystal planes is actually the intersection line between the
(210) and (104) planes (as can be seen in Fig. S20 within
the Supplemental Material [63]); therefore, the direction of
the global minimum of Young’s modulus is also between
two parallel (104) planes. This means that the (104) plane
and [481] direction are prone to be the cleavage plane
and cleavage direction, respectively, along which micro-
cracks and even mechanical failures may be susceptible
to occur due to stress concentration. A more detailed dis-
cussion is given below Fig. S19 within the Supplemental
Material [63].

Similar to the isotropic mechanical properties, we are
also concerned about whether the anisotropic mechanical
properties of various NMC materials are related to the
composition differences in NMC materials. Although the
anisotropic mechanical properties of various NMC mate-
rials have similar spatial distributions (see Figs. S3—S8
within the Supplemental Material [63]), there are differ-
ences in the magnitudes between their respective maxima
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FIG. 4. Maximum and minimum values of anisotropic (a) Young’s modulus and (c) shear modulus of bulk NMC single crystal.
(b),(d) Assessment of their corresponding anisotropies by the custom-defined anisotropy parameters.

or minima. Therefore, the maxima and minima of the
anisotropic mechanical properties are taken out and then
their variation trends with the increment of Ni content
in various layered NMC materials are drawn in Figs. 4
and S21 within the Supplemental Material [63], in which
the corresponding custom-defined anisotropy parameters
are also shown. Figure 4 shows that the maxima and
minima of the anisotropic Young’s and shear moduli dis-
play a similar overall decline trend and the same convex
point at NMC552 and concave point at NMC71515 with
the isotropic Young’s and shear moduli shown in Fig. 2.
In addition, the custom-defined anisotropy parameters of
Young’s and shear moduli [Figs. 4(b) and 4(d)] all indi-
cate that the elastic anisotropies of NMC333, NMC552,
and NMCS811 are lower than the others. In particular,
NMC442 shows the highest elastic anisotropy. There-
fore, from the perspective of the anisotropic Young’s and
shear moduli, NMC442 shows relatively poor mechanical

performance, not only with relatively small maximum and
minimum values but also with relatively high anisotropy.
On the contrary, NMC552 has a better mechanical
performance, with relatively larger maximum and min-
imum values and relatively lower anisotropy. Similarly,
the contrast between NMC71515 and NMC811 shows a
similar comparative relationship between NMC442 and
NMCS552. These results indicate that the role of Mn is ben-
eficial not only for enhancing the elastic moduli (similarly
to the case of the above isotropic mechanical properties),
but also for reducing the mechanical anisotropy of NMC
materials. On the whole, among the seven NMC mate-
rials studied here, NMC333 shows the best mechanical
performance in terms of anisotropic Young’s and shear
moduli, not only with the largest maximum and minimum
values but also with almost the lowest elastic anisotropy.
Regarding the compressive modulus, the variation trends
of its maxima and minima are also similar to those of the
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isotropic elastic moduli, but the anisotropy parameter indi-
cates that NMCS811 has the highest anisotropy in terms of
compressive modulus (see Fig. S21 within the
Supplemental Material [63]), which is different from the
case of the anisotropic Young’s and shear moduli. As for
the anisotropic Poisson’s ratio, the variation trend of its
maxima is consistent with the isotropic Poisson’s ratio,
while that of its minima is different and even shows almost
the opposite trend to its maxima (see Fig. S21 within
the Supplemental Material [63]). This may be ascribed to
the negative minima of the anisotropic Poisson’s ratio of
some NMC materials. Lastly, the variation trend of the
anisotropy parameters of the anisotropic Poisson’s ratio is
also similar to that of the anisotropic Young’s and shear
moduli.

Evaluating the elastic anisotropy of various NMC mate-
rials is of significant importance, as the smaller the elastic
anisotropy, the lower the likelihood of stress concen-
tration and subsequent failure within the material. The
custom-defined anisotropy parameters generally reflect the
anisotropy of each kind of mechanical property of NMC
materials quite well. However, the results they give are not
entirely consistent. Although this can be understood as the
same NMC material having different anisotropy character-
istics of different mechanical properties, on the contrary, it
also indicates a lack of generality in these custom-defined
anisotropy parameters of the four mechanical properties.
Therefore, to comprehensively consider the anisotropy
of various mechanical properties, a universal measure of
mechanical anisotropy is required. The aforementioned
universal elastic anisotropy index, 4Y, and Kube’s log-
Euclidean elastic anisotropy index, 4%, can precisely fulfill
this role, as they consider both the bulk and shear con-
tributions from the perspective of the Voigt and Reuss
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FIG. 5. Universal elastic anisotropy index, 4Y, and Kube’s

log-Euclidean elastic anisotropy index, 4%, of bulk NMC single
crystals.

estimations of elastic constants, as seen from their expres-
sions given in Eqs. (24) and (25). 4Y and A* are calculated
for various NMC materials and their Ni content dependent
variation trends are plotted in Fig. 5, from which it can be
observed that the variation trends of 4Y and A are syn-
chronized. Figure 5 bears some resemblance to Figs. 4(b)
and 4(d), as they all indicate that NMC333, NMC552, and
NMCS811 have a relatively low elastic anisotropy com-
pared to other NMC materials. However, there are also
significant differences, particularly for the NMC622 mate-
rial. In Figs. 4(b) and 4(d), the anisotropy of the Young’s
and shear moduli of NMC622 is significantly higher than
that of NMC71515, while AY and 4 in Fig. 5 show that
the elastic anisotropy of NMC622 is slightly lower than
that of NMC71515. This is because, as aforementioned, 4Y
and A* take into account both the bulk and shear contribu-
tions; besides, the anisotropy of the compressive modulus,
which has a certain correlation with the bulk modulus, of
NMC622 is quite low [see Fig. S21(b) within the Supple-
mental Material [63]]. In addition, another special case is
NMC811, which has the highest anisotropy of the com-
pressive modulus [see Fig. S21(b) within the Supplemental
Material [63]], yet still has relatively small values of 4Y
and A%, owing to its relatively low anisotropy of the shear
modulus. Therefore, A4V and A’ can more comprehen-
sively reflect the mechanical anisotropy of NMC single
crystals because they consider the contributions from dif-
ferent mechanical properties. Finally, since AL is devised
to be capable of comparing the multiplicative relationship
between two crystals, it can be concluded that, among
these seven studied NMC materials, the NMC532 crys-
tal has the strongest elastic anisotropy, while the NMC333
crystal has the weakest elastic anisotropy, and the elastic
anisotropy of the former (4" = 0.466) is 1.37 times greater
than that of the latter (4- = 0.34).

E. Cauchy pressures and bonding characters

The Cauchy pressures are calculated with Eq. (30) rather
than Eq. (31) because the relations of C44 = Css and Cj3 =
Cy3 are not satisfied for our calculated elastic constants of
NMC materials due to their reduced symmetry. The results
of all the NMC materials calculated based on our com-
putational elastic constants are listed in Table S11 within
the Supplemental Material [63], and it is shown that the

values of Pi™*" are all negative for all the NMC materi-

als, while the values of szamhy and PS5 are almost all
positive (except for NMC333 and NMC811, with negative
but quite small values). Before discussing the implica-
tions of these results, the physical meaning of the Cauchy
pressure should be carefully checked, since the descrip-
tion of the bonding characters predicted by the Cauchy
pressure is still incomplete and even inappropriate in a
large amount of the literature. Usually, most reports simply
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classify the positive Cauchy pressure (PCP) as a metal-
lic bonding character and the negative Cauchy pressure
(NCP) as a covalent bonding character, while ionic bond-
ing is missing because the ionic bonding effect is negligible
in the alloy systems discussed in these reports. However,
when the Cauchy pressure was extended to ionic crystals
in several papers [83,97,126,146—149], the NCP was also
described as a covalent bonding character, but the PCP was
described as an ionic bonding character and metallic bond-
ing was not discussed. A comprehensive discussion of the
relations of all the three types of bonds and the Cauchy
pressure is rarely reported. Therefore, here we point out
that, taken together, the NCP reflects the covalent bond-
ing character, but the PCP should be able to reflect either
metallic or ionic bonding characters, depending on the sys-
tems studied. Based on a mechanism-oriented analysis, the
reason can be elucidated as follows. According to Eq. (30),
an NCP means that the shear components (Ca4, Css, and
Ceg) are larger than the corresponding volume compo-
nents (Cy3, C3, and C,, see the discussion below), which
means that the ability to resist shear deformation (which
is bond bending dominated) is stronger than the ability
to resist volumetric deformation (which is bond stretching
dominated). Thus, as previously reported, the NCP reflects
the angular dependent many-body interactions [100,109,
115,150], which result in a directional bonding charac-
ter [106,151] with strong resistance to interatomic bond
bending [106,150,151], and actually, all these characters
are the nature of the covalent bonding interaction. On the
contrary, both metallic and ionic bonding are governed
by the electrostatic interaction, which is a kind of central
force (i.e., forces related only to the distance but not direc-
tion characterized by angles), and thus, is not resistant to
bond bending. Therefore, for metallic and ionic bonding,
bond stretching is dominant during deformation, which
means that the volume components (Cp3, Ci3, and Cjs,
see the discussion below) are larger than the correspond-
ing shear components (Cysq, Css, and Cg), and this results
in a PCP. This analysis of the Cauchy pressure is consistent
with previous reports on the bonding characters predicted
by the isotropic Poisson’s ratio. On the one hand, it was
reported [125,127,128,152] that for typical covalent, ionic,
and metallic materials, the values of the isotropic Pois-
son’s ratio were about 0.1, 0.25, and 0.33, respectively. On
the other hand, it was also reported [125,127,153] that, for
central forces in crystals, the lower and upper limits of the
isotropic Poisson’s ratio were 0.25 and 0.5, respectively.
In addition, these reports on the relations of Poisson’s ratio
and bonding characters demonstrated that the Cauchy pres-
sure might have some connection to Poisson’s ratio, and
thus, Pugh’s ratio.

In fact, the Cauchy pressure is indeed related to Pugh’s
ratio and Poisson’s ratio, and we find that the relations
between these three parameters can be seen as follows.
Notably, in Eq. (30), Cy4, Css, and Cgs are all the shear

components of elastic constants; C,, Ci3, and Cy3 are all
the components related to lateral deformation, which is
related to Poisson’s ratio, as shown in Eq. (20), and thus,
related to volume changes [78,79]. Therefore, it can be
found that the Cauchy pressure is similar to Pugh’s ratio,
since both are comparing shear deformations to volume
changes. The difference between the two lies in the start-
ing point of consideration. The former is considered from
the anisotropic elastic constants of single crystals, while
the latter is considered from the isotropic elastic mod-
uli of polycrystals. Actually, similar to Pugh’s ratio and
Poisson’s ratio, the Cauchy pressure has also been used
to evaluate the relative ductility of materials by assum-
ing that the NCP corresponds to brittle character, while the
PCP corresponds to ductile character. This is because the
characteristic of resistance to bond bending of a covalent
bond with an NCP reflects the resistance to shear behav-
ior, and thus, reflects the resistance to plastic deformation.
However, here we emphasize that such use of the Cauchy
pressure for evaluating the relative ductility of materi-
als is only applicable to systems concerned with covalent
bonding because for metallic and ionic bonding systems,
although the former is generally more ductile than the lat-
ter, this comparison relationship cannot be well manifested
by the PCP. Furthermore, whether it is a metal (alloy) or
an ionic compound crystal system, the Cauchy pressure
can actually be either positive or negative, depending on
the contribution of covalent bonding in the crystal. For
instance, it was reported [112,127,154] that ionic crys-
tals could have both a large PCP (RbF) or a large NCP
(MgO). Besides, although most metals have a PCP, there
are still some metals that have a small NCP, such as irid-
tum [155—-157], thodium [156—158], and many transition-
metal-based intermetallic compounds [156,157]. However,
the ductility of ionic crystals (such as RbF) with a large
PCP may not be as good as that of metallic crystals (such
as iridium) with a small NCP. Therefore, the use of the
Cauchy pressure for ductility evaluation is not convenient
and sometimes may not be correct, and hence, we suggest
that the Cauchy pressure might only be used for bonding
character analysis at best.

Here, in our calculated Cauchy pressure results for NMC
materials, all the negative values of Py™"" imply that the
intralayer directional bonds have a significant covalency,
while nearly all the positive values of szaUChy and PS5
imply that the interlayer directional bonds are nearly ionic
bonding dominated. To better understand these results,
one should review the crystal structure features of lay-
ered NMC materials. In layered NMC materials, the O
ions constitute the O3 close-packing framework (i.e., in
a sequence of ... ABCABCA... along the c-axis direc-
tion) of the crystal structure, with the TM and Li ions
alternately filling the O close-packed octahedral interstitial
layers, as shown in Fig. 1(c). Hence, in the intralayer direc-
tion, every two O ions are connected by two TM—O bonds

013012-18



ELASTIC MECHANICS STUDY OF...

PRX ENERGY 3, 013012 (2024)

in the manner of O—TM—O and by two Li—O bonds in
the manner of O—Li—O, while in the interlayer direction
between two TMOg slabs, every two O ions are connected
by four Li—O bonds in the manner of two O—Li—O bond-
ing chains. Therefore, the Cauchy pressure results actually
imply that the Li—O bonds are nearly ionic bonding dom-
inated, while the TM—O bonds have significant covalency.
This is consistent with our intuition and is further proved
through the quantitative chemical bond analysis given in
the following sections.

In addition, we also calculated the Cauchy pressures of
NMC622 based on the recently reported [44] elastic con-
stants from experimental measurements, and the results
(also listed in Table S11 within the Supplemental Mate-
rial [63]) show that the three Cauchy pressures all have
very large values, and more importantly, the signs of them
are not correct. This demonstrates that the elastic constants
from their experimental measurements are not precise. In
fact, as pointed out by themselves, their results had quite
a large range of deviations, especially for Cy; and C);.
Actually, the deviation of Cy4 in their results is also quite
large (which they did not discuss but can be observed from
the error bar in their figure). Thus, the large deviations
of their Cyj, Ciz, Cy4, and also Cgs (noting that Cg =
(C11 — C12)/2 in their assumption, which approximately
recognizes that NMC622 belongs to the trigonal crystal
system) lead to the wrong results for the Cauchy pressures.
Additionally, it may be noted that the Cauchy pressure
of layered LiNi,Co;_,O, cathode materials has also been
reported in a recent study [99], but unfortunately, their
results with large positive values are not correct because
they have misused the relationship of Cj; — Cy4, which is
only applicable to the cubic crystal system and not to their
trigonal crystal system.

F. Chemical bond analysis for a deeper understanding
of mechanical properties

The above analysis of the roles of the Ni, Mn, and
Co components on the mechanical properties of NMC
materials reveals that the contributions of components to
enhancing the elastic moduli in NMC materials are in the
order of Mn > Co > Ni, which is inferred from the results
and the reasons behind them have not been explored yet.
Actually, in terms of the reason for the declining trend
of Young’s moduli with increasing Ni content in NMC
materials, Sun and Zhao [38] proposed a rough qualita-
tive explanation that focused on the variation of valence
electron density resulting from the variation of average
ionic size. They only considered the influence of Ni con-
tent and the variation of the ionic size of Ni ions, but
ignored the difference in the number of valence electrons of
various NMC materials and the effect of different Co sto-
ichiometries. However, the factors ignored by them may
actually be important. For example, the variation of the

ionic size of Co ions is also an important factor, as seen
from the variation of TM—O bond length shown in Fig. S22
within the Supplemental Material [63]. Besides, the above
bonding characters predicted by the Cauchy pressures are
just qualitative results. Therefore, here we introduce a
quantitative description method based on chemical bond
analysis to explain the variation trend of elastic moduli
with the variation of stoichiometric ratios of TM atoms
in NMC materials, and to explain the qualitative Cauchy
pressure results.

From a macroscopic point of view, the elastic modu-
lus of a material characterizes the ability to resist elastic
deformation under stress, i.e., the larger the elastic mod-
ulus, the harder it is to deform a material. In contrast,
from a microscopic perspective, the elastic modulus rep-
resents the strength of interactions between atoms, i.e., the
interatomic binding force or binding energy, and thus, the
larger the elastic modulus, the greater the interatomic bind-
ing force. The interatomic interactions can be described
either by the interaction potential (or force) function curve
or by the strength of a chemical bond. The chemical bond
in a solid crystal can be described by the concept of the
crystal orbital Hamilton population (COHP) [159], which
partitions the band-structure energy of a crystal into the
bonding, nonbonding, and antibonding contributions. The
projected COHP (PCOHP) [160,161] can extract chemi-
cal bonding information from our plane-wave-based DFT
results, and its integral (i.e., IPCOHP), from the lowest
occupied bands up to the highest occupied bands (i.e.,
the Fermi level) for each chemical bond accounts for
its contribution to the band-structure energy of a crystal,
and hence, gives the bond strength measurements [160].
In addition, the TM—O bonds in NMC materials com-
monly consist of a mixture of ionic and covalent bonding,
and their contributions to the bond strength have all been
described by the IPCOHP values, while the contributions
of covalent bonding to the TM—O bonds can be sepa-
rately quantified by the crystal orbital bond index (COBI)
[162] as its integral (i.e., ICOBI) equals the chemical
bond order. Therefore, the PCOHP and COBI calcula-
tions were carried out in the LOBSTER package [163,164]
to obtain information about the chemical bond strength
of the studied NMC materials. Since the contribution to
the energy of bonding mainly comes from the nearest
M—0O (M =Li, Ni, Mn, Co) bonding interaction in lay-
ered NMC materials, the IPCOHP and ICOBI values were
calculated for each M —O bond of various NMC materi-
als. Then, the average IPCOHP and ICOBI values were
separately calculated for each species of Li—O, Ni—O,
Mn—O0, and Co—O bonds, respectively. And finally, their
overall averages of all the M —O bonds were calculated.
All these results are depicted in Figs. 6 and S23 within the
Supplemental Material [63]. Notably, the [IPCOHP values
are negative because they represent the energy of bonding,
and the smaller the [IPCOHP values (namely, the greater its
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FIG. 6. M—O bond strengths in various NMC materials. (a) —IPCOHP average of each M —O bond species, (b) —IPCOHP overall
average of all the M—O bonds, (c) ICOBI average of each M—O bond species, and (d) overall average covalent and ionic bond

strengths of all the M —O bonds. M =Li, Ni, Mn, Co.

absolute value), the stronger the bond, that is, the negative
value of IPCOHP (i.e., —IPCOHP) is positively correlated
with the bond strength. Therefore, the —IPCOHP value,
instead of the IPCOHP value, is depicted in Fig. 6 for the
convenience of viewing.

The —IPCOHP averages for each type of M—O
bond in Fig. 6(a) clearly show that the bond strength
of M—O in all NMC materials is in the order
of Mn—0O > Co—O > Ni-O > Li—O0, although the bond
strength of Ni—O and Co—O is increased with the incre-
ment of Ni content in NMC materials due to the increase
of the average valence state. This result provides direct
proof for our previous inference that Mn contributes more
than Co, and they both contribute more than Ni, to enhanc-
ing the elastic moduli of NMC materials. Furthermore,
for all the NMC materials, the average —IPCOHP val-
ues of TM—O bonds are all obviously much larger than
the average —IPCOHP values of Li—O bonds. This result
corresponds to the above discussion of the characteristics

of the elastic constants of layered materials, as shown in
Egs. (33) and (34).

Figure 6(b) shows that the overall average bond strength
of all M—O bonds displays an overall declining trend,
which is surprisingly consistent with the trends of the
elastic moduli shown in Figs. 2 and 4. Moreover, even
the convex point at NMC552 and the concave point at
NMC71515 in Figs. 2(a)-2(c) and in Figs. 4(a) and 4(c)
are consistently shown again in Fig. 6(b). Therefore, the
overall average of the —IPCOHP of all M —O bonds could
be a good quantity to describe the variation trend of elas-
tic moduli with the variation of stoichiometric ratios of
TM atoms in NMC materials. It is evident that the appear-
ance of the trend in Fig. 6(b) results from not only the
difference in average bond strength of each type of M—0O
bond [Fig. 6(a)], but also the difference in the quantities of
each type of M—O bond, i.e., the specific TM composi-
tion proportions [see Fig. S24(a) within the Supplemental
Material [63]]. Therefore, combining these two factors,
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the summation results of —IPCOHP counted in formula
units [i.e., one unit of Li(TM)O;] for each M—O species
are given in Fig. S24(b) within the Supplemental Material
[63]; these explain the trend and the convex and con-
cave points in Fig. 6(b). More details can be found in
the discussion below Fig. S24 within the Supplemental
Material [63].

The ICOBI value of a chemical bond is in the range of
[0,1], and the larger (the closer to one) the ICOBI value,
the higher the covalency of a chemical bond; conversely,
the smaller (the closer to zero) the ICOBI value, the
higher the ionicity of a chemical bond. Therefore, the aver-
age ICOBI values shown in Fig. 6(c) clearly demonstrate
the mixing nature of TM—O bonds in NMC materials.
Figure 6(c) indicates that all types of TM—O bonds in NMC
materials have a significant contribution from covalent
bonding, especially the Mn—O and Co—O bonds. How-
ever, even the highest average ICOBI value of Mn—O
(approximately 0.44) is still smaller than 0.5, which
implies that all TM—O bonds in NMC materials are still
dominated by ionic bonding. Besides, Fig. 6(c) also shows
that the Li—O bond, with a very low value of ICOBI (about
0.07), is almost a purely ionic bond, which is commonly
accepted knowledge, and hence, proves the reliability of
ICOBI analysis. These ICOBI results directly provide the
quantitative proof for the above qualitative analysis of the
chemical bonding characters by the Cauchy pressures of
NMC materials. Therefore, in addition to the weak bond
strength of the Li—O bond, as indicated by the —IPCOHP
value, the low covalency of the Li—O bond, as indicated
by both the Cauchy pressure above and the ICOBI value
here, demonstrate that the Li—O bonds between the two
TMOs slabs are not resistant to bond bending, and hence,
are not resistant to shear deformation. This is the reason
why the interlayer glide occurs easily in layered NMC
cathode materials, especially in the delithiated states when
a lot of Li—O bonds disappear.

The overall average covalent bond strength and ionic
bond strength of all the M —O bonds can be separately
obtained through the combination of the ICOBI overall
average of all the M —O bonds (shown in Fig. S23 within
the Supplemental Material [63]) and the —IPCOHP over-
all average of all the M —O bonds [shown in Fig. 6(b)]; the
results are depicted in Fig. 6(d). There is an interesting phe-
nomenon in Fig. 6(d) in which NMC552 has a higher ionic
bonding strength but a lower covalent bonding strength
than NMC442, which implies that the higher bond strength
[Fig. 6(b)] and higher elastic modulus [Figs. 2(a)-2(c), 4(a)
and 4(c)] of NMC552 than NMC442, caused by the higher
Mn content, mainly results from the enhanced contribution
of ionic bonding rather than covalent bonding of Mn—O.
Considering that Mn ions have the highest average valence
state (4+4) in NMC materials, the strong ionic bonding of
the Mn—O bond is easy to understand. This suggests that
doping the other high-valence-state ions in NMC materials

may also have a positive effect on improving their mechan-
ical performance by enhancing the elastic properties. As
recently reported often in the literature, the doping of
high-valence-state ions (such as Mo®", Ta>*, Nb>*, and
Ti**) can effectively enhance the cycling performance of
NMC [165], Co-free NMC [166—168], and Mn-free NMC
[169,170] materials; this has been attributed to factors such
as stabilization of surfaces and lattice [165], reduction of
volumetric strain [167], refinement of the primary particle
size [166], stabilization of the delithiated cathode structure
through the Li-TM cation-ordered superlattice [166,170],
aligned crystallographic texture of primary particles [169],
and modified grain microstructures [170]. However, the
improvement effect of high-valence ion doping on the
elastic mechanical properties of NMC materials has been
overlooked.

Finally, it may be noted that the average bond strength
of M—O is more correctly measured by the average
—IPCOHP values [Fig. 6(a)] than the average bond length
(Fig. S22 within the Supplemental Material [63]). The
difference mainly appears in the relatively average bond
strength between Mn—O and Co—O bonds in the Ni-rich
NMC materials. The average —IPCOHP values of the
Co—O0 bond increase with the increment of Ni content but
are still smaller than the Mn—O bond for all the NMC
materials [Fig. 6(a)]. However, the average bond length
of Co—O becomes shorter than that of Mn—O in the Ni-
rich NMC materials (see Fig. S22 within the Supplemental
Material [63]). Inspecting the average ICOBI in Fig. 6(c),
one can find that the shorter length of the Co—O bond in
Ni-rich NMC materials is mainly induced by strengthened
covalent bonding, since the average ICOBI values of the
Co—O0 bond are almost the same as that of the Mn—O bond
in Ni-rich NMC materials like NMC71515 and NMCS811.
Nevertheless, due to the aforementioned facts that ionic
bonding plays a stronger role than covalent bonding in
the M—O bond of layered NMC materials [Figs. 6(c)
and 6(d)] and the strong ionic bonding of Mn—O bond,
the average bond strength of Co—O is still smaller than
that of Mn—O0, as shown by the average —IPCOHP val-
ues in Fig. 6(a). Therefore, the more correctly measured
bond strength by —IPCOHP provides a better quantitative
description method than the rough qualitative explanation
proposed by Sun and Zhao [38], which considers only the
influence of variation of the ionic size of Ni ions.

V. CONCLUSIONS

The isotropic and anisotropic elastic mechanical prop-
erties of seven layered NMC cathode materials with dif-
ferent compositions are systematically and comprehen-
sively studied through first-principles calculations. The
tuning relationship of Ni, Mn, and Co compositions on
the isotropic and anisotropic mechanical properties of

013012-21



JIAHUA LIU et al.

PRX ENERGY 3, 013012 (2024)

NMC materials is investigated by contrasting their indi-
vidual contributions. It is found that the elastic moduli
of NMC materials decrease as the Ni content increases,
and Mn plays a positive role in enhancing the elastic
moduli. Besides, the applicability and correct usage of
Pugh’s ratio in metal-oxides like NMC materials is clari-
fied, and the relative ductility and brittleness analysis based
on Pugh’s ratio and the isotropic Poisson’s ratio reveals
that NMC442 and NMC71515 show higher ductility due
to their relatively lower elastic moduli. Analysis of the
3D spatial distribution characteristics of the anisotropic
mechanical properties of NMC materials demonstrates that
the distributions of directions of the extreme values of
various anisotropic mechanical properties all exhibit an
approximately trigonal symmetry to some extent, with at
least six global maxima and six global minima distributed
around the ¢ axis. By investigating the elastic anisotropy
within the three major crystallographic planes (families), it
is found that the anisotropy is most prominent in the {210}
crystal plane family, in which the most global maxima
and minima of various anisotropic mechanical properties
are located. An investigation of the relationships between
the distribution directions of global maximum and mini-
mum values of Young’s moduli and the atomic packing
direction in the (210) crystal plane with the most promi-
nent anisotropy reveals that the (104) plane and [481]
direction are, respectively, prone to be the cleavage plane
and cleavage direction, along which microcracks and even
mechanical failure may be susceptible to occur due to
stress concentration. Through the examination of the over-
all elastic anisotropy of various NMC materials by using
the custom-defined anisotropy parameters, the universal
elastic anisotropy index, AY, and the Kube’s log-Euclidean
elastic anisotropy index, 4%, it is found that NMC333,
NMC552, and NMC811 display a relatively low elastic
anisotropy compared with the others, and the role of Mn
is beneficial not only for enhancing the elastic moduli but
also reducing the mechanical anisotropy of NMC materi-
als. After elaborating the physical meaning of the Cauchy
pressure, its relations with Pugh’s ratio and Poisson’s ratio,
as well as its proper use, the qualitative bonding charac-
ter of layered NMC materials is evaluated by the Cauchy
pressure, and the results indicate that the intralayer direc-
tional O—TM—O bonds have significant covalency, while
the interlayer directional O—Li—O bonds are nearly ionic
bonding dominated; these results are further proved by
the quantitative ICOBI values. Finally, through quantita-
tive chemical bond analysis by —IPCOHP and ICOBI, we
highlight that the reason for the dependence of the elastic
moduli of NMC materials on the TM composition lies in
the difference in the TM—O bond strengths, and the posi-
tive effect of Mn on enhancing the elastic moduli of NMC
materials mainly stems from the contribution of the ionic
bonding part of the Mn—O bond due to the high average
valence state (+4) of Mn ions. This reveals that, in addition

to the many factors that have already been reported, the
improvement of the mechanical properties of NMC cath-
ode materials may also be one of the reasons for effectively
enhancing the cycling performance by doping with other
high-valence-state ions.

By gaining insights into the elastic mechanical proper-
ties, this research provides a fundamental understanding
of the elastic mechanical behavior in layered NMC mate-
rials. The findings presented in this study serve as a
valuable resource for the subsequent further study of the
microscopic processes related to elastic mechanical prop-
erties, such as crack propagations, dislocation interactions,
and phase transitions, in layered NMC cathode materi-
als. Overall, this investigation highlights the significance
of considering the elastic mechanical aspects of cathode
materials and may provide guidance for the design and
development of advanced LIBs with improved perfor-
mance, enhanced safety, and prolonged lifespan. Further
investigations into the evolution of the elastic mechanical
behavior of NMC materials in various delithiation states,
as well as the impact of Li-Ni exchange on their elastic
mechanical properties, are about to be conducted soon.
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