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ABSTRACT: Using first-principles calculations, we study how to enhance thermal
stability of high Ni compositional cathodes in Li-ion battery application. Using the
archetype material LiNiO2 (LNO), we identify that ultrathin coating of Al2O3 (0001) on
LNO(012) surface, which is the Li de-/intercalation channel, substantially improves the
instability problem. Density functional theory calculations indicate that the Al2O3 deposits
show phase transition from the corundum-type crystalline (c-Al2O3) to amorphous (a-
Al2O3) structures as the number of coating layers reaches three. Ab initio molecular
dynamic simulations on the LNO(012) surface coated by a-Al2O3 (about 0.88 nm) with three atomic layers oxygen gas evolution
is strongly suppressed at T = 400 K. We find that the underlying mechanism is the strong contacting force at the interface
between LNO(012) and Al2O3 deposits, which, in turn, originated from highly ionic chemical bonding of Al and O at the
interface. Furthermore, we identify that thermodynamic stability of the a-Al2O3 is even more enhanced with Li in the layer,
implying that the protection for the LNO(012) surface by the coating layer is meaningful over the charging process. Our
approach contributes to the design of innovative cathode materials with not only high-energy capacity but also long-term thermal
and electrochemical stability applicable for a variety of electrochemical energy devices including Li-ion batteries.
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■ INTRODUCTION

A Li-ion battery (LIB) has been extensively utilized to empower
locomotive electric vehicles and portable electronic devices.
Recently, it was also considered promising for storing large-
scale electric energies connected with renewable energy systems
through a smart grid network.1,2 While the high energy capacity
and power density of LIB have been substantially improved
over the last several decades, still long-term electrochemical and
thermal stability remain unsolved issues.3,4 This was largely
ascribed to unfavorable interface reactions between the
electrolyte and electrode of the LIB system. For example, it
was reported that conventional liquid-phase organic electrolytes
had potential risks to inflame at high operational voltage
conditions,5,6 whereas cathodes with high Ni compositions
were seriously damaged by thermal instability.7,8

Recently, it was reported that surface coatings on the
electrodes with thin oxides could improve the durability.9−16

For example, Lee and co-workers12,13 demonstrated that
ultrathin Al2O3 layers on LiCoO2 coated by atomic layer
deposition (ALD) enhanced both the cycling performance and
the lifetime of LIB in a liquid electrolyte environment. Similar
benefits were also reported for Li[Ni,Co,Mn]O2

14 and in Li-
excessed Li[Li,Ni,Co,Mn]O2

15,16 cathodes. It was speculated
that Al2O3 layers suppressed electrochemical dissolution of
transition metals via prevention of direct physical contact
between the cathode and the electrolytes. However, thermal
stability of cathodes in LIB application with the surface coatings
has been rarely reported in previous theoretical and
experimental studies.

In this paper, we studied LiNiO2 (LNO) cathode with and
without Al2O3 overlays on a (012) surface, the Li channel for
the de-/intercalation process. We chose the LNO material since
it is a archetype cathode showing high-energy capacity but low
thermal stability resulting from substantial surface reconstruc-
tion over long period of time of LIB operation.17,18 Using first-
principles density functional theory (DFT) calculations and ab
initio molecular dynamics (AIMD), we identified energetically
stable interface structures between the LNO(012) surface and
deposited Al2O3 layers as a function of the coating thickness.

■ COMPUTATIONAL DETAILS
Our model system was the interface between LNO(012) surface and
Al2O3 deposits in the (0001) direction of corundum structure (α-
Al2O3) as shown in Figure 1: (0001)Al2O3

/(012)LNO. Experimental
observation revealed that LNO cathode underwent severe structural
degradation especially in the direction of Li-ion intercalation (or
deintercalation) channels.18 The unit cell of the model system was
composed of 36, 36, and 72 atoms of Li, Ni, and O, respectively, for
LNO(012) slab, which contacted with Al2O3 having 12 and 18 of Al
and O atoms per each layer. First-principles DFT calculations were
performed with the spin-polarized Perdew−Burke−Ernzerhof19
exchange-correlation functionals and the projector-augmented wave20

method, as implemented in the Vienna Ab-initio Simulation Package
(VASP).21 The Hubbard U values (GGA+U)22 6.70 and 6.53 eV were
used for LiNiO2 and Li0.75NiO2 in all calculations to correct the
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delocalization of 3d electron states of Ni as proposed in the
literature.23 We use the gamma-centered 1 × 1 × 1 k-point scheme
to integrate the Brillouin zone.
AIMD simulations were utilized to estimate thermal stability of the

model system. The time step of a AIMD simulation was chosen to be 1
fs with 1000 time steps, except for bare LNO (2000 time steps), in the
NVT ensemble under constant volume and Nose-Hoover thermo-
stat24 conditions.

■ RESULTS AND DISCUSSION
Our DFT calculations indicated that Al and O in Al2O3 were
positioned with the ordering of the parent α-Al2O3 crystallinity

if the coating thickness is less than two atomic layers (Figure
1a,b). Surprisingly, with three atomic layers Al2O3 was
stabilized by phase transformation form the crystal to the
amorphous structure (a-Al2O3) as shown in Figure 1c. The
interlayer distance of the crystalline Al2O3 was about 2 Å, but 3

Figure 1. Interface structures of the LNO(012) surface and Al2O3
coatings as a function of the layer thickness. No Li inside the Al2O3 are
depicted in (a), (b), and (c), while in (d), (e), and (f) Li was located at
the outmost coating of the Al2O3 layer. Green, silver, light-blue, and
red solid spheres mean Li, Ni, Al, and O atoms, respectively.

Figure 2. Profile of electron localization function (ELF) in the (0001)Al2O3
/(012)LNO model system with different Al2O3 coating thicknesses: (a) 0.20

nm, (b) 0.42 nm, and (c) 0.88 nm. The 1.0 of the numerical scale on the side bar implies complete ionic bonding between Al in the bottommost
Al2O3 layers and O on top of the LNO(012) surface, and the lower the value, the weaker the ionic bonding character.

Figure 3. (a) Projected density of state for O on bare LNO(012)
surface with different Li compositions. AIMD simulations at T = 400 K
of Li1.0NiO2 in (b) and in (c) Li0.75NiO2 predicted both the
LNO(012) surfaces are vulnerable to oxygen gas evolution but more
serious in the case of less Li composition. Yellow dashed circle means
that O was partially oxidized into O−2+δ in a delithiated state.
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Å in a-Al2O3 due to larger free volume of the amorphous phase,
which agreed well with ALD experiments at low temperatures
(393−453 K).25−30 In such temperatures, α-Al2O3 (corundum
structure) was known as thermodynamically unstable compared
to a-Al2O3.

31 Our DFT calculations showed that Al in the
bottommost layer of a-Al2O3 strongly bonded to O of the
LNO(012) surface as they were in the corundum structure. The
Al atoms in the third layer were completely disordered.
Using the electron distribution profile calculated by the

electron localization function (ELF)32 implemented in VASP,
we characterized the chemical bonding nature between Al and
O near the contact interface of the model system. The ELF
values range from 0 to 1, where ELF = 1 represents an entire
localization of the electrons, while ELF < 0.5 means no
chemical bonding. Figure 2 illustrates the ELF of Al and O as a
function of Al2O3 coating thickness. It clearly shows that Al−O
features strong ionic bonding.
To understand how the ionic bonds influenced the contact

strength of (0001)Al2O3
/(012)LNO, we calculated interface

decohesion as a function of Al2O3 thickness. We defined
interface decohesion energy, Wde, as eq 1

=
+ −

W
E E E

Ade
LNO Al O inter2 3

(1)

where ELNO and EAl2O3
are total energies of the LNO(012)

surface and Al2O3 layers, respectively. A is the interface area and
Einter is the total energy of the (0001)Al2O3

/(012)LNO interface.
Our DFT calculations provided us Wde values of 1.91, 1.35, and
1.24 J m−2 for one, two, and three atomic layers of coatings,
respectively. The positive decohesion energies implies that
thermodynamically these two materials are stable in the
formation of the interface, although the interface contact
strength decreases with the thickness of the coating layer,
agreeing with a previous report.33 By increasing the number of
coating layers, O in the LNO(012) surface exchanges electrons
with more Al, reducing the decohesion energy. Because of the
positive decohesion energies, the chemical-bonding character-
istics of Al−O are still sustained in spite of the increased layer
thickness.
We investigated the effect of state of charge of Li on

thermodynamic stability of the interface model (0001)Al2O3
/

(012)LNO, which was rarely reported previously. Our DFT
calculations indicated that Li on the LNO(012) surface
thermodynamically prefer to move into the Al2O3 layers with
different propensity depending on the thickness: −4.88, −3.00,
and −4.37 eV for one, two, and three atomic layer coatings,
respectively (Figure 1d,e,f). It agrees well with experimental
observation34−36 that Al2O3 with one or two layers were further
stabilized as Li3.4Al2O3, with extra Li. In addition, the ternary
phase diagram for Li, Al, and O shows that high Li composition
in Al2O3 can induce phase transformation from crystalline to
amorphous structures.37 Consequently, Li on the LNO(012)
surface is thermodynamically driven to migrate into the Al2O3
layers, especially over the first charging process.
Using ab initio molecular dynamics (AIMD) at T = 400 K,

we investigated the thermal stability of the LNO(012) surface
without and with Al2O3 coating. First, we studied the bare
LNO(012) surface at two extreme conditions of Li
compositions: fully lithiated (Li1.0) and delithiated states
(Li0.75). Figure 3a illustrates the projected density of state
(DOS) of the 2p orbital of O, on the outmost LNO(012)
surface, which clearly shows that O was partially oxidized into

Figure 4. ELF (a, c) and AIMD simulations (b, d) in the (0001)Al2O3
/(012)LNO systems with and without Li atom in the Al2O3 coating layers. With

Li in Al2O3 deposits (c, d) protect the LNO(012) surface versus O2(g) evolution much better than without Li (a, b) in the layer. The underlying
mechanism was analyzed by bonding characteristics between the component elements.

Figure 5. RDF of amorphous-phase Al2O3 coated on the LNO(012)
surface calculated by DFT calculations (solid line) and AIMD
simulations at T = 400 K (dotted line).
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O−2+δ in a delithiated state, leading to chemical instability. This
electronic structure explains the reason why LNO materials are
unstable, particularly in a delithiated state versus serious surface
reconstruction from layered to rock-salt structures. Indeed, our
AIMD simulations at T = 400 K showed that O2(g) evolved
from LNO(012) surface only after 1 ps in a delithiated state
(Figure 3c). Therefore, both DOS and AIMD simulations
consistently propose that the bare LNO(012) surface is
vulnerable to thermal structural degradation when Li
composition is lower than 1.0. The results of AIMD steps are
depicted in Figure S1 in the Supporting Information.
In contrast, the LNO(012) surface coated by a-Al2O3 with Li

inside showed dramatically high thermal stability as shown in
Figure 4. To understand the origin, we utilized DFT
calculations to obtain bond characteristics of the a-Al2O3 with
(Figure 4a) and without (Figure 4c) Li on the outmost layer.
The yellow (O−O) and red (Al−O and Li−O) colors indicate
covalent and ionic bonds, respectively. Moreover, our AIMD
simulations showed that O2(g) evolved from the LNO(012)
surface coated by Al2O3 without Li (Figure 4b), where covalent
bonding is dominant. The a-Al2O3 with Li, however, no O2(g)
evolution was observed (Figure 4d). Consequently, our results
indicate that the a-Al2O3 coating enhances structure stability of
the LNO(012) surface by forming strong ionic bonds between
Al and O located at the contacting plane. In turn,
thermodynamic stability of the Al2O3 coating layers is
substantially improved by Li within the layers, which eventually
leads to better protection of the LNO(012) surface versus
O2(g). In accordance with the facts the radial distribution
functions (RDF) obtained by AIMD simulations at T = 400 K
indicated that bond distances of Al−O (1.85 Å) and Li−O
(2.00 Å) barely changed as depicted in Figure 5. Again, it shows
that the LNO(012) surface with the amorphous-phase-coated
Al2O3 with Li inside is thermally stable.

■ CONCLUSION
Using first-principles DFT calculations and AIMD simulations,
we characterized thermal stability of the LNO(012) surface
with ultrathin Al2O3 coating. We identified that Al2O3 with one
and two atomic layers in the (0001) direction of corundum was
stabilized with the parent crystallinity, but phase-transformed
into amorphous structure at three atomic layers. Interface
decohesion energy between the LNO(012) surface and Al2O3
decreased with the increase of Al2O3 thickness but still
maintained strong Al−O ionic bonding, which controlled the
interface contact strength of the two materials. Our AIMD
simulations and RDF consistently confirmed a-Al2O3 and Li
composition in the coating layers are key parameters keeping
the LNO(012) surface from serious degradation via O2(g)
evolution. Our work will contribute to guiding rational design
of a high-performance LIB system with thermally stable
materials over a long period of operation.
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