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Abstract: A first-principles method is applied to comparatively study the stability of lithium metal oxides with layered or spinel structures to
predict the most energetically favorable structure for different compositions. The binding and reaction energies of the real or virtual layered
LiMO, and spinel LiM,O, (M = Sc-Cu, Y-Ag, Mg-Sr, and Al-In) are calculated. The effect of element M on the structural stability, espe-
cially in the case of multiple-cation compounds, is discussed herein. The calculation results indicate that the phase stability depends on both
the binding and reaction energies. The oxidation state of element M also plays a role in determining the dominant structure, i.e., layered or
spinel phase. Moreover, calculation-based theoretical predictions of the phase stability of the doped materials agree with the previously re-

ported experimental data.
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1. Introduction

Lithium-ion batteries (LIBs) are acknowledged as one of
the most important technologies for electrical energy storage
because of their high energy density. The performance of
LIBs critically depends on the intrinsic properties of their
electrode materials. The design and application of novel
cathode materials will enable significant improvements in
the performance of LIBs [1-3]. Generally, LIB active cath-
ode materials are lithium-intercalation oxides [4-5], which
are structurally classified as layered (e.g., LiCoO,), spinel
(e.g., LiMn,O,), or olivine (e.g., LiFePO,) phases [6].
Computation could be the most powerful complementarity
for experiments, which is beneficial for understanding
macro-properties and designing novel materials [7-8].
First-principles calculations based on the density functional
theory (DFT) to solve the Schrédinger equation under some
rational approximations have been applied to calculate the
average lithium intercalation voltage [9-10], analyze the Li*
intercalation and deintercalation mechanism [11-12], and
optimize the structure [13-15] of LIB electrode materials.
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The presence of spinel-like structures in the as-prepared
layered materials and the gradual transformation of layered
compounds into spinel-like structures during cycling are
well known to result in capacity fading, stability deteriora-
tion, and safety problems in LIBs [16-17]. Such phase
transformations have been investigated via theoretical stud-
ies, most of which have been focused on the influence of the
Li concentration in the cathode material during electro-
chemical cycling [18]. Doping is known to be an effective
experimental approach to tailoring LIB cathode materials;
this approach can improve the materials’ structural stability
and electrochemical performance. Therefore, understanding
the influence of doping on the structural properties of cath-
ode materials through calculations is an effective way to de-
termine the dopants and dopant concentrations that will re-
sult in cathode materials with excellent electrochemical
properties

In this work, we modeled the real or virtual layered
(LiMO,) and spinel (LiM,0,4) phases with their M-sites oc-
cupied by 4th- and 5th-period transition metals and some of
the 2nd- and 3rd-subgroup metals; we also calculated bind-
ing energies of two phases and the reaction energies of lay-
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ered phases [19]. This study was focused on the stability of
specific compounds and on the influence of different metals
or dopants in the M-sites on the structural stability of lay-
ered cathode materials.

2. Methods
2.1. First-principles methodology

First-principles calculations were performed using the
Cambridge Sequential Total Energy Package (CASTEP)
[20], which is based on DFT. The exchange-correlation po-
tential was described by the spin-polarized generalized gra-
dient approximation (GGA) as implemented in the PW91
functional [21]. The calculations were performed via ultra-
soft pseudopotential plane-wave bases with an energy cutoff
value of 380 eV. The GGA+U method was performed to
mitigate the self-interaction error in calculating the materials
with 4th-and 5th-period transition metals that contain local-
ized d electrons. The U-values were chosen to be 3.5 for the
4th-period and 2.5 for the 5th-period transition metals. All
of the metal elements were set to be in their high-spin state
and in the up direction. Additionally, a k-mesh of 10 x 10 x
10 for layered phases and 5 x 5 x 5 for spinel phases over
the Brillouin zone were used.

In the calculations, the conjugate gradient minimization
(CG) method was selected for electronic energy minimiza-

tion. The Pulay density-mixing scheme was used in the
computations of self-consistent total energy. The self-con-
sistent field tolerance was set as 5 x 107" eV/atom. Moreover,
lattice parameters and atomic positions were relaxed ac-
cording to the Broyden—Fletcher-Goldfarb—Shanno (BFGS)
scheme to minimize the total energy. The optimization pro-
cedure was terminated when the total energy converged to 5
x 107® eV/atom and the residual force was less than 0.1
eV/nm. The atomic displacement and the stress converged
to 5 x 10> nm and 2 x 107 Pa, respectively.

2.2. Calculation models

The lattice models were first constructed on the basis of
the crystal parameters of LiCoO, and LiMn,O, to describe
layered and spinel phases, respectively, as shown in Table 1
and Table 2. Subsequently, geometry optimizations for the
real or virtual phases with M replaced by other transi-
tion-metal elements in the 4th and 5th periods or by some
metals in the 2nd and 3rd subgroups were performed during
the calculation process.

Table 1. Lattice parameters of LiCoO, and LiMn,O,

Materials Space group a/nm b/nm c/nm
LiCoO, R3m 0.28160  0.28160 1.40510
LiMn,O, Fd3m 0.82487  0.82487  0.82487

Table 2. Structure models and atom positional parameters of LiCoO, and LiMn,O,

Layered-LiCoO, Spinel-LiMn,0,
Crystal model Atom(site) X y z Crystal model Atom(site) X y z
Li(3a) 0 0 0 Li(8a) 0 0 0
Co(3b) 0 0 0.500 Mn(16d) 0.375 0.375 0.375
O(6c) 0 0 0.260 0O(32¢) 0.388 0.388 0.388

3. Results and discussion
3.1. Binding energy Eg and reaction energies Eg

The total energy of a system is generally obtained from
energy calculations, which unfortunately cannot represent
the structural stability of a material directly. In the present
work, binding energies were calculated as fundamental data
for predicting the phase stability of materials [22-23].

The binding energy Eg is given by the following expres-
sion:

Eg = Z E atom(o Ny ~ Erota @)

where Erqg IS the total energy of the crystal lattice, Eawom
is the total energy of isolated atom k in vacuum, and ng, is

the number of atom k. In addition, a 1 x 1 x 1 nm® supercell
(P1 space group) with isolated atom k in the center was con-
structed to calculate Eawomg) [22]. Eg is related to the phase
stability of the material: a larger Eg indicates that the struc-
ture is more likely to exist and be stable in reality.

The structural evolution reaction from layered-phase
LiMO; to spinel-phase LiM,0, can be expressed as
LiM02+%02=%LiMZO4+%LiZO 2
This structural evolution originates from the rearrangement
of Li* and transition-metal M ions, which corresponds to the
variance in the number of atoms of the calculation model. In
view of the difference in atomic ratios between LiMO, and
LiM,0O,, the binding energy of spinel-phase LiM,0y is rep-



526

resented as [Eg(LiM,0O4) + 1/2Eg(Li,O) — 1/4E5(0,)]}/2 in
comparison to that of layered LiMO,. Therefore, the differ-
ence in binding energies between layered-phase LiMO, and
spinel-phase LiM,O, can be described as Eg(LiMO,) —
[Es(LiM,O,4) + 1/2Eg(Li,0) — 1/4Eg(0O,)]/2, which is nu-
merically equal t0 Eqom(LiMO;) — [Erom(LiM2O4) +
1/2E10ta(Li,0) — 1/4E142(02)]/2 and to the AG of the struc-
tural evolution reaction (2). More importantly, binding en-
ergies Eg in the calculation replace Erqm, Which is physi-
cally meaningless without any energy reference. Therefore,
the stability difference between layered-phase LiMO, and
spinel-phase LiM,0, was described according to the differ-
ence in Eg, which is expressed as Eg (LIMO,) — [Eg(LiM,0,)
+ 1/2E5(Li,0) — 1/4E5(0.)]/2.

Li,O and O, were calculated as illustrated in the preced-
ing section (as described in 2.1 First-principles methodol-
ogy). The lattice parameters of Li,O were a = b =c¢ =
0.32994 nm, and Li and O occupied positions (0.25, 0.25,
0.25) and (0.5, 0.5, 0.5), respectively. The structure of O,
was constructed in a 1 x 1 x 1 nm® supercell, and the two
oxygen atoms occupied positions (1, 0, 0) and (1, 1.3, 0),
respectively. Because the distance between each oxygen
molecule in the supercell was sufficiently large, the oxygen
molecules were considered to be isolated from each other.
Thus, the calculated energy could be approximated as the
free oxygen molecule energy. The variation tendencies of
the binding energy Eg as functions of element M in layered
LiMO, and in spinel LiM,0, are shown in Fig. 1.

Fig. 1. Comparison between the binding energies of the cor-
responding real or virtual phases (M = transition-metal ele-
ments in the 4th and 5th periods and some elements in the 2nd
and 3rd subgroups).

In addition, reaction energies Eg were also calculated;
these energies are described as the difference of the sum of
the binding energy between products and reactants. In the
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present work, Er was combined with the binding energy Eg
to precisely predict the phase stability of a material. Er is
represented by

Er = X E; (Reactant) - X E; (Product) ®3)

The formation reaction of layered-phase LiMO, from
Li,O, O,, and the M-oxide MO,,, (x = 1-5; the oxidation
state of element M refers to that in the most stable M-oxide)
is represented as

1 3—X

- Li:0+MO,, += =0, =LiMoO, 4)

Thus, the reaction energy Eg can be expressed as
1 .
Ex (4)=E; (MOX,2)+EEB (Li,0)+

2B (0,)-Ey (LiMO,) ®

The energies of the M-oxides were calculated as illus-
trated in the preceding section (2.1 First-principles method-
ology). Er determines the driving force of a formation reac-
tion; i.e., a reaction with a greater Er will be more likely to
occur to form the more stable product.

3.2. Prediction of dominant phase between layered
LiMO; and spinel LiM,O,4

The dominant-phase figure of real and virtual phases was
plotted on the basis of the calculated results of Eg and Eg, as
shown in Fig. 2. In this figure, the Y-axis represents the dif-
ference in Ep values between the layered LiMO, and spinel
LiM,0, phases (based on Fig. 1), which reduces the partial
influence of the system error induced from the selection of
calculation parameters such as the exchange-correlation
functional, U values, calculation model, crystal constant, etc.
The X-axis depicts the reaction energy Er of the layered
phase. The plot can be divided into three dominant regions:
a layered stable region, a spinel stable region, and an unsta-
ble region, which indicates clearly the energetically favor-
able phases with different elements M. The negative
X-values in Fig. 2 suggest that systems with elements M
such as Zr, Ti, and Ru in the unstable region cannot exist as
stable layered phases [24]. Additionally, a larger value of X
indicates a larger Eg, implying that the compound is inclined
to be synthesized or to be stable in reality. The system with
M = Co and Ni appears in the layered stable region, whereas
the system with M = Mn locates in the spinel stable region.
The calculation results confirm that, unlike Co and Ni, Mn
does not form a stable layered LiMnO, phase. The system
with M = Mn prefers the spinel structure rather than the lay-
ered one. In addition, the positive X-value of M = Co, Ni,
and Mn indicates that a layered phase containing these three
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elements can be synthesized in reality. However, layered
LiMnO, is much more difficult to prepare and suffers a se-
vere structural transformation to the spinel phase during the
charge/discharge process. Similarly, the absolute value of
the Y-axis value for M = Co is much larger than that for M =
Ni, whose Y-value lies very close to the X-axis (i.e., it lies
close to Y = 0), which suggests that layered LiCoO, is more
stable than layered LiNiO, [2,7]. Furthermore, the results
related to the large X-value of M = Fe in Fig. 2 predict that
the synthesis of layered LiFeO, is easy, consistent with re-
ported experimental observations [25]. Likewise, the calcu-
lation results indicate that layered LiVO, is not stable, con-
sistent with this material’s reported irreversible transforma-
tion to the spinel phase during delithiation [26].

Fig. 2. Distribution of the calculated phases for layered and
spinel structures (M= transition metal elements in the 4th and
5th periods, and some elements in the 2nd and 3rd subgroups).
The shaded areas distinguish the difference in the valence of a
given element M: green, pink, blue, gray, and red indicate va-
lences of 1+, 2+, 3+, 4+, and 5+, respectively.

In addition, the areas in Fig. 2 are marked in different
colors according to the common oxidation state of the ele-
ment M (i.e., a valence of 1+, 2+, 3+, 4+, or 5+). The stabil-

ity of the dominant phase is closely related to the oxidation
state of element M. Elements M in 4+ or 5+ valence states
lie almost in the unstable region. For example, the smaller
X-value of the Nb system with a 5+ valence element dem-
onstrates that layered LiNbO, is very difficult to synthesize
in reality. In contrast, elements M in 2+ and 3+ valence
states occupy the region of X > 0 in the dominant-phase fig-
ure; additionally, elements M in a 3+ valence state almost all
locate in the layered stable region, which indicates that a
layered phase with M in the 3+ valence is likely to be more
stable. We concluded from the color contours that layered
phases with elements M in high valence states (4+ or 5+) are
clearly difficult to prepare and less stable but that layered
phases with most of the elements M in 2+ or 3+ valence
states can be synthesized; in particular, phases with M** tend
to be stable.

The coexistence of several elements M in layered LiMO,,
such as phases prepared via multiple-cation doping, appears
to be an effective method to improve the stability of LiMO..
The partial substitution of Ni in LiNiO, by one or more
metal ions such as Co, Al, Mn, Ga, Mg, and Ti has previ-
ously been proposed and investigated [2,27-29]. Some re-
ported layered-structure compounds with multiple cations
are included in Table 3. The crystal structure affects the dif-
fusion pathway for Li* and the diffusion coefficient of Li*
(Dvi+) in cathode materials [30]. For example, 2D layered
LiCoO, exhibits greater Li* diffusivity than 3D spinel
LiMn,O,4 [31]. Thus, reported Dy;. values of compounds
with multiple cations are also included in Table 3 to reveal
the relationship between our calculation results, i.e., the do-
minant-phase figure, and the macro-performances of cath-
ode materials. To ensure comparability of the results from
different references, only Dy, data determined by the gal-
vanostatic intermittent titration technique (GITT) were se-
lected. Supposing that the binding energy of these multiple
phases can be linearly superimposed on each other, the

Table 3. Typical layered cathode materials and their lithium diffusion coefficients

Number Formula B-site elements Diffusion coefficient / (10 * m%s ™) Reference
1 LiCoO, Co 500 [32-33]
2 LiNig15C00550, Ni, Co 300 [34]
3 LiC0g75Al 250, Co, Al 120 [35]
4 LiC0oNig4O, Co, Ni 100 36]
5 LiC0sNigsO; Co, Ni 9 [37]
6 LiNig75C002Mgg 502 Ni, Co, Mg 30 [38]
7 LiNigsMng3C0q,0, Ni, Mn, Co 19 [39]
8 LiMng4Nig4C0g20, Mn, Ni, Co 13.87 [40]
9 LiNig75Al 250, Ni, Al 4 [41]
10 LiNiO, Ni [41]
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location of these reported multiple M compounds can be de-
termined in the dominant-phase figure (Fig. 2) via the ingre-

dient percentage weighted average method, as shown in Fig. 3.

For example, the values of X and Y for LiNiy75C02Mgg 0502
(the 6th compound) in Fig. 3 can be calculated from the
formulae X = 0.75Xy; + 0.2Xc, + 0.05Xnmg and Y = 0.75Y; +
0.2Yco + 0.05Ywg, respectively. The definite location of a
compound with multiple cations can predict its stability;
specifically, larger values of X and/or Y predict a more sta-
ble layered structure and a relatively greater D,;. value for
multiple-cation compounds, which is consistent with the
experimental data reported in the literature (listed in Table
3). Therefore, we conclude that the dominant-phase figure
derived from the first-principles calculations is a powerful
tool to predict the effect of doping on the structural stability
of layered cathode materials.

Fig. 3. Location of the reported LiMO, layered materials
(Table 3) in a dominant-phase figure. The X and Y values were
calculated in terms of related component proportion.

4. Conclusions

(1) The structural stability between the layered LiMO,
and spinel LiM,O4 (M = Sc—-Cu, Y-Ag, Mg-Sr, and Al-In)
and the influence of M as dopants on the preferential phase
were studied by comparing the binding and reaction ener-
gies determined via the first-principles calculations.

(2) A dominant-phase figure was obtained on the basis of
the calculation results for the binding energies of two phases
and the reaction energies of layered phases; the results indi-
cate that the dominant phase between layered LiMO, and
spinel LiM,0, is closely related to the oxidation state of
element M.

(3) The location of the compounds with multiple M
cations in the dominant-phase figure was determined by the
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ingredient percentage weighted average method. The theo-
retically predicted phase stabilities and Li* diffusion coeffi-
cients of multiple-cation materials are in agreement with the
previously reported experimental data. Thus, the domi-
nant-phase figure offers a reliable route to the effective de-
sign of novel LIB cathode materials.
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