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Ultrathin film coatings on battery materials via atomic layer deposition (ALD) have been demonstrated as an
efficient technology for battery performance enhancement. However, the fundamental understanding on lithium
intercalation into active materials through the interface between the coating and active materials is unclear,
which makes it difficult to optimize ALD coating strategies. Further, like most active materials, a coating layer
can undergo volume change during the intercalation process, which can produce detrimental structural changes
and mechanical failure of the layer. In this work, first-principles calculations are conducted to reveal the
behavior of a coating layer on an active material particle by focusing on the intercalation energy variation,
lithium-ion transport, electron chemical potential change, and structural changes of the coating layer. The
analysis comprehensively explains an experimental observation that a CeO, coating on LiMny0O4 particles ex-
hibits better performance in capacity and cycling than an Al,O3 coating on the same particles. The fundamental
knowledge imparted from this work provides an important understanding about the beneficial role of ALD

coatings in lithium-ion battery performance and capacity retention.

1. Introduction

The current performance of battery technology cannot satisfy the
increasing demand for long-lasting and efficient energy storage for
future high energy and power applications. Higher energy and power
density, robust cycling performance, and enhanced safety for lithium-
ion batteries (LIBs) are the persistent needs that must be met in order
to achieve increased functionality and versatility of consumer elec-
tronics [1]. Several families of active materials that serve LIB electrodes
(anode and cathode) have attracted attention as possible materials for
the next generation of high-performance LIBs. However, all electrode
materials for LIBs suffer from degradation phenomena, including solid
electrolyte interphase (SEI) layer formation, stress-induced degradation,
mechanical fracture, and transition metal dissolution of the active ma-
terial [2-5]. For anodes, the SEI layer initially serves as a protective
layer formed on the active particle surface but becomes unstable over
numerous cycles, which exacerbates the aging of cells. Furthermore, the
developed stress due to volume change during Li ion intercalation causes
mechanical fracture of the electrode and any attached layers, acceler-
ating capacity loss. For cathodes, one key challenge is the dissolution of
transition metal ions that becomes expedited at elevated temperatures.

* Corresponding author.
E-mail address: parkjonghy@mst.edu (J. Park).

https://doi.org/10.1016/j.cej.2022.135565

During the dissolution of transition metal ions, the structure of transition
metal-based cathodes undergoes morphological changes, which in turn
reduces the number of the available positions for Li ion intercalation.
Additionally, some metals (e.g., Mn*"), which have higher oxidation
ability, can cause the decomposition of electrolyte solvents producing
deleterious effects on battery performance. Fortunately, several ap-
proaches exist that can arrest these degradation processes. In particular,
interface engineering by coating technology is an effective solution, as
cell aging in both cycling and storage is rooted primarily from the side
reactions at the electrode-electrolyte interfaces [6-8].

To date, the coating materials investigated in LIB applications
include diverse carbon species and structures, metal oxides (e.g., AloOs3,
ZrO,, ZnO, and SiOy) [9-11], and metal phosphates (e.g., AIPO4)
[12-13]. Most of the coating fabrication strategies have been based on
sol-gel methods [14-15]. However, sol-gel methods typically cannot
achieve uniformly thin, defect-free coatings and are beset by defects
such as pinholes as well as high layer thickness, resulting in unstable
interfaces that lead to poor performance and short cycle life [16]. To
achieve a significant performance improvement, an ultrathin, conformal
film coating is needed. Atomic layer deposition (ALD) is an efficient
approach to create such ultrathin films, in which strong chemical bonds
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are created to maintain the physical integrity between the substrate and
the coating layer to produce sub-micron thick coatings. Recently, ul-
trathin film coatings have achieved significant performance improve-
ments and have been implemented on active material surfaces,
including LiNiOz [17], LiCOOz [18-20], Li[Lio'zoMn0.54Nio'13C00.13]02
[21], and FegOg4-reduced Graphene Oxide [22]. The LigPO4 coatings
[23-26] have been demonstrated to significantly improve cell perfor-
mance. Li-excessed LiNiO,, LiCoO», and LiMn,04 [27-28] active mate-
rials have exhibited better performance when coated with an Al,03 ALD
ultrathin film. In particular, an ultrathin CeO film coating on LMO has
significantly improved capacity and cycling performance compared to
uncoated samples as well as AlpOs-coated samples at room and high
temperatures [29-30]. While numerous experiments have been done to
obtain cycling improvement and optimized performance via ALD coat-
ings, few works have been conducted to understand the mechanistic role
of an ALD coating in enhancing battery performance.

Among the few works that have been conducted to understand how
an ALD coating can realize performance improvement, researchers have
focused on providing guidance for high-performance LIBs by identifying
the reduced oxygen evolution and thermal stability of Al,O3-coated
LiNiO, surface using first-principles calculation [17], where the ther-
modynamic and kinetic properties of surface coatings play a vital role in
the electrochemical performance of LIBs. To identify the behavior of Li
ion transport in crystalline and amorphous coatings, Density Functional
Theory (DFT) calculations and statistical mechanics have been com-
bined. It was concluded that Li ions have slower diffusion in crystalline
a-AlF3, a-Al,03, m-ZrO,, and c-MgO coating due to a larger migration
barrier (>0.9 V) that must be overcome. However, amorphous AlyO3
(am-Al303) and amorphous AlF3 (am-AlF3) showed smaller Li ion
migration barriers and, thus, had significantly faster diffusion than the
crystalline structure [31]. Investigation into the Li ion diffusivity in
Lithium Lanthanum Titanium Oxides (LLTO) [32], Li;NiO5 and LixCoO-
structures indicated that the activation barrier was very sensitive to the
lithium concentration [33-34]. Moreover, different Li ion diffusion
characteristics and behaviors in AlpO3 coating on LMO and SiO; coating
on Si have been observed with different Li ion concentrations [35-40].
While these works revealed that the structure and composition of the
coating layer influenced Li intercalation and diffusivity, these studies
limited their investigation to the coating layer without consideration of
the influence of the adjacent active materials, limiting the understand-
ing of the coating and active material interactions and behavior.

In particular, the phenomenon at the interface between the active
material and coating layer is not well understood as most previous works
focused only on the coating layer itself. As Li ions must intercalate from
the coating layer to the active material, the surrounding coating envi-
ronment can influence the behavior of Li ion intercalation into active
materials. Without consideration of the adjacent active material, a large
gap remains in understanding the behavior of Li mobility from the
coating to the active particle. As Li ions must first travel through the
coating layer to reach the active material, the composition of the coating
layer may impact Li diffusivity, thus the ionic transport through the
coating layer must be understood. Furthermore, as Li ions pass through
the coating layer, a volume change can occur and cause mechanical
failure after repeated cycles, making it necessary to comprehend the
mechanical property of different coatings. The objective of the present
work is to seek answers to these questions and to clarify our previous
experimental observation [29]: an electrode made of CeOj-coated
LiMny04 (LMO) particles showed improved performance over an elec-
trode made of Al,03-coated LMO particles. In the previous work, it was
demonstrated that a CeO, coating layer could provide higher perfor-
mance and stability over uncoated active particles and other coating
materials, such as AlpOs. Although a faster lithium ion transport was
identified in the CeO5 coating layer compared to the Al,O3 coating layer
[29], the interfacial physics between coating and active material is still
unknown. Therefore, in this work, CeO, and Al;O3 coatings on LiMnyO4
cathode particles were studied and different parametric aspects of the
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coating were analyzed based on first-principles calculations, including
thermodynamic preferences, ionic transport, and structural changes.

2. Computational method

The Li ion transport in ultrathin coatings can be explained by several
different physical aspects. From the thermodynamic aspect, the energy
relevant to intercalation can be different depending on the coating
material and the concentration of lithium ions. Formation energy
calculation is an energetic point of evaluation and is one of the most
common approaches to analyze the Li ion intercalation behavior
[31,35,41-48], and was thus calculated and studied. By comparing the
total energy change of Al,O3 and CeOj-coated LMO before Li ion
intercalation, after Li ion intercalation into the coating, and after Li ion
intercalation into LMO particles, the preference of intercalation into the
coating layer and active material can be determined. In particular, the
active material impact on Li ion transportation has been considered,
which was found to have a significant impact on the behavior. To reveal
the interfacial reaction between active material and coating layer, Li ion
intercalation preference indicated by the barrier energy of Li ion
transportation of coated active materials as well as the resulting coating
layer structural changes were investigated by first-principles calcula-
tion. LMO slab structures with (001), (110), and (111) surface orien-
tation have been studied extensively [49] and showed that LMO with
(001)_Liy surface orientation structure had the lowest surface energy
and, thus, is the most stable surface orientation. Therefore, LMO with
(001)_Liy slab structure was prioritized in this work. Density functional
theory calculations and Ab initio molecular dynamics simulations were
performed by using Vienna Ab initio Simulation Package (VASP) code
[50-51]. The Perdew — Burke — Ernzerhof (PBE) exchange and corre-
lation functional and the projector augmented wave (PAW) method
were applied [52]. The electronic wave functions were expanded on a
plane-wave basis set of 400 eV for LixAl;0O3 and LixCeO system, and
600 eV for Al,0O3-coated LiMny04 and CeQ,-coated LiMnyO4 system, in
which the Dudarev’s rotationally invariant DFT + U functional was
performed to treat the 3d electrons of Mn ions [53] and U values for Mn
is 4.84 eV [54]. The amorphous LiyAl,03 structure contained 10 x x Li,
20 Al, and 300, and the amorphous LiyCeOs structure contained 10 x x
Li, 10 Ce, and 200 in the cubic supercell. The amorphous structures
were created by quench processing [36], which was performed by ab
initio Molecular Dynamic (MD) simulation, where the initial random
structure was heated from 300 K to 3000 K, followed by an equilibration
process for 1 ps, and finally cooling from 3000 K to 300 K. Varying Li ion
concentrations in LiyAl,O3 and LiyCeO5 (0 < x < 1) were considered to
study the formation energy, volume expansion, and structural evolution,
where a broad range of the lithiation state in those coating materials was
analyzed. The electrochemical kinetics of a cell can be represented by
the following three key steps: (1) Li conduction through the electrolyte
and insertion into the active particle, (2) electron conduction and
insertion into the active particle, and (3) Li diffusion through the active
particle. As active materials are typically mixed ion and electron con-
ductors, either the ionic or electronic transport may be the kinetically
limiting step for the electrochemical reactions depending on the degree
of ionic and electronic conductivity of the active material [55]. Since
most electrode materials have a degree of electronic conductivity that is
often larger than its Li ion conductivity, it is reasonable to consider ionic
mobility as the limiting factor [56-57]. Therefore, the formation energy
of LiyAl,O3 and LiyCeO, as a function of Li ion concentration was
calculated and compared. The formation energy [35,58] of LixAl,O3 and
LiyCeO, was defined as follows:.

Ef(x) = Em, (Ll.xAlz 030rLixC602) - XE,,,, (Ll) - Emz (AIZ 03 OrCEOZ) (1)
where Eyy; (Li,Al;03) and Ey (Li,CeO2) are the total energy per LiyAl;03

unit and per LixCeO» unit, respectively, E, (Li) is the total energy per
atom of bee Li bulk, and E;,; (Al;03) and E, (CeO2) are the total energy
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per Al,O3 unit and per CeO; unit, respectively.

From the kinetic aspect, the Li ion concentration impact on Li ion
intercalation into LMO from the amorphous coating was studied. For
this, the barrier energy was calculated during Li ion transportation by
performing the CINEB (climbing nudged elastic band) method
[31,33-34,59-60] on various diffusion paths, in which three images
between the initial configuration and final configuration were selected
to calculate the Li ion transportation barrier energy. In general, the NEB
method has been used for both crystalline and amorphous materials
[61-63]. Furthermore, ab initio MD simulation was used to calculate the
Li ion diffusivity through the Al;03 and CeO» coating layer, itself. The
atomic structures for these studies are shown in Fig. 2. The system size of
LixAl,03 and LiyCeO, was determined by a convergence test and the
final number of atoms, the termination, and the orientation were
selected as follows: Al,O3 (12Al, 180) and CeO, (7Ce, 140) coated
LiMn304 (16Li, 32Mn and 640) structure [49] with Li-terminated (001)
surface orientation (001_Liy). To calculate Li ion diffusivity in LiyAl,O3
and LiyCeO, as a function of Li ion concentration, the Nosé-Hoover
thermostat [35,58,64-68] was used to control the temperature, and ab
initio MD simulations were performed at T = 1200 K, 1600 K, 2000 K,
and 2400 K, respectively. Then, the Li diffusion coefficient Dg1200k,
D@1600k> D@2000k, and Dga400k can be calculated based on the Einstein
relation [35]:.

< r*(f) >= 6Dt (2)

where < rz(t) > is the mean square displacement of Li, D is the Li
diffusion coefficient, and t is time. The Li diffusion coefficients at 1200
K, 1600 K, 2000 K, and 2400 K were used to extrapolate the Li diffusion
coefficient at T = 300 K based on the Arrhenius law

D = Dyexp(—Ep /kgT) 3

where Dy is the pre-exponential factor, Ep is the barrier energy for
diffusion, T is temperature, and kg is the Boltzmann constant. The Dy and
Ep values can be obtained from four points (1200 K, Dg1200x), (1600 K,
D@1600K): (2000 K, D@ZOOOK)’ and (2400 K, D@2400K). Then, the Li
diffusion coefficient at 300 K (Dg300k) can be calculated based on the
Arrhenius law.

Lastly, from the mechanical aspect, during the intercalation of Li,
there is a volume change that is associated with the mechanical damage
of the coating itself. Therefore, the volume expansion was calculated as a
function of the coating thickness. From the atomistic and electronic
structural aspect, the radial distribution function and the charge state of
atoms were calculated to investigate the structure evolution of amor-
phous LixAl503 and LixCeOo. For the volume expansion calculation, both
the shape and volume were allowed to change with a 3 x 3 x 3
Monkhorst-Pack mesh [35,69] and 520 eV cutoff energy [35,37,58].

3. Results

The first step in the intercalation of Li ions into the coated active
material is the introduction of Li ions into the coating layer. To under-
stand this first step, the formation energy of LiyAl;0O3 and LiyCeO- as a
function of Li ion concentration was calculated and compared. As shown
in Fig. 1, the negative formation energies indicate that Li intercalation
into the coating materials is preferred, and the formation energy of
LixAl,03 (0 < x < 1) agreed well with the reported value [35]. The
formation energy for LiyCeO» was much lower for all Li ion concentra-
tions, which suggested Li ion could intercalate into the CeOy coating
layer more easily than in the Al,O3 coating layer.

In a previous study [35] based on the formation energy calculation,
Li ions preferred to stay in the coating layer as long as the formation
energy was lower. However, this is only the case when a coating layer is
isolated from an active material. In reality, after Li ions pass through the
coating, the Li ions must eventually intercalate into the active materials
to complete the redox reactions. As the coating layer may change the Li
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Fig. 1. Formation energy of Li Al;03 and LiyCeO, as a function of lithium
content without active material.

ion intercalation behavior of the active material, it is necessary to
consider the active material along with the coating layer to capture the
actual physics. To study this, a 0.5 nm thick CeO coating layer was
placed on top of the LMO active material. Then, the energies from three
different stages of the intercalation process into the active material were
compared: (I) before intercalation (Li ions outside of the coating layer),
(ID) Li ions residing in the coating layer, and (III) Li ions intercalation
into the active material.

From the stage (I) to stage (II), to examine whether Li ions preferred
to intercalate into the coating material, the total energy changes before
and after the intercalation into the Al;O3 and CeO; coating layers were
calculated and were found to be —5.71 eV and —3.42 eV, respectively
(Table 1). This implied that Li ions favored intercalation into both
coating layers. Here it can be noted that Al;03/LMO showed a lower
energy than the case of CeO5/LMO for the initial intercalation into the
coating layer. Next, to see whether Li ions further favored intercalation
into the active material from the coating layers, the total energy change
before and after the intercalation into LMO was calculated, where the
energy changes were 2.53 eV and 1.59 eV for Al,O3 and CeOq, respec-
tively. By comparison to the initial intercalation into the coating, the Li
ion in the coatings tended to stay in the coating layer rather than
intercalate into the active material for both the Al;03 and CeO5 coating
layers. This was different from the description of the previous case
(Fig. 1), which was without any consideration of active material
impacts.

However, if Li ions prefer to stay in the layer, no intercalation into
the active particle can happen, which is not true. We then examine
another possibility, that is as one more Li ion comes into the layer, the
interaction among atoms (intercalated Li ions and coating layer host
atoms) changes the environment, thus impacting Li ion intercalation
behavior. To examine this, two Li ions’ intercalation processes have
been tested. As listed in Table 2, the final stage with two Li ions inter-
calated into the active material showed the lowest energy level for both
coating materials. The energy change for each step was —9.89 eV and

Table 1

Energy change during one Li ion intercalation™
structure Ecoating (V) Ermo (eV)
Al,03/LMO -5.71 2.53
CeO,/LMO —3.42 1.59

(* Energy change before Li ion intercalation, one Li ion intercalation into the
coating, and one Li ion intercalation into LMO. Ecoating is the energy change after
one Li ion intercalation into the coating, and Eyyo is the energy change after one
Li ion intercalation into the LMO particle.).
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Table 2

Energy change during two Li ion intercalation™
Structure Ecoating (V) Ermo (eV)
Al,03/LMO —9.89 —2.02
CeOy/LMO —2.58 —2.98

(® Energy change before two Li ions intercalation, two Li ions intercalation into
the coating and two Li ions intercalation into the LMO particle. Ecoating is the
energy change after one Li ion intercalation into the coating, and Ejyo is the
energy change after one Li ion intercalation into the LMO particle.).

—2.02 eV for the Al,03 coating layer, and —2.58 eV and —2.98 eV for the
CeO3 coating layer. These results implied that unlike one Li ion, two Li
ions would further intercalate into the active material after intercalating
into the coating layer. Also, a CeO layer showed a lower energy level for
the intercalation into the active material when compared to Al;Os,
which can be thermodynamic evidence of the observed improved per-
formance of CeOy coating over the Al,O3 coating [29]. Here, in our
atomic structures, the stoichiometric values are 0.14 and 0.29 in Liy.
CeOo, with x corresponding to one and two Li ions, respectively, and the
LixAl,03 stoichiometric values are 0.17 and 0.33, with x corresponding
to one and two Li ions, respectively. The energy change of LiyAl;03/
LMO and LixCeO3/LMO during Li ion intercalation into LMO at different
Li ion concentrations was then considered. As shown in Fig. 2 and
Table A2, we found that the energy change of LixAl,03/LMO reached the
minimum when x = 0.5, while the energy change of LiyCeOy/LMO
reached the minimum when x = 0.29. This indicates that the interca-
lated Li ions into the coating layer may stay until there is a sufficient
accumulation of ions that can then move the intercalated Li ions further
into the active material. An accumulation of ions then causes more
volume expansion in AlyO3 coating than that in CeOy coating. Thus,
there will be more mechanical damage incurred in the Al;O3 coating
than in the CeO, coating. For this possible scenario, there is an experi-
mental evidence that the coating thickness undergoes volume change
during the intercalation process [28]. Our result could be an indirect
support of this reported finding, where the Li ions entering into the
coating layer may accumulate due to the energy barrier to the interca-
lation into the active material, and the accumulated Li ions can then
induce a limited volume change before intercalation into the active
material.

To examine how Li ions transport from the coating to the active
material (stage (II) to stage (II)), the barrier energy of Li ion interca-
lation to the active material from the coating layer was calculated by
using the CINEB method. Several Li ions diffusion pathways were
considered, and the lowest barrier energy of Li ion diffusion pathway is

4 - ; -

-4 } —a=Li AlLO_/LMO
x 23
—.—LiXCeOZ/LMO

-6 1
0 0.2 0.4 0.6 0.8

Fig. 2. Energy change of LiyAl,03 /LMO and LixCeO2 /LMO during Li ion
intercalation into LMO at different Li ion concentrations.
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shown in Fig. 3. The Li ion barrier energy of Aly03-coated LMO was 2.64
eV and barrier energy for CeOy-coated LMO was 2.02 eV. This energy
barrier prevented the intercalated Li ions from passing through the
coating layer to move into the active material, as described above.
Furthermore, the barrier energy for the CeO5 coating was lower than
that for the Al,O3 coating, meaning that it was easier for Li ions to
intercalate into the active material with the CeO, layer.

To identify the electron transfer capability of the LiyAl,03/LMO and
LixCeOy/LMO when Li ions intercalate from coating to the LMO active
material, the electron chemical potential difference of LiyAlo03/LMO
and LiyCeOy/LMO during Li ion intercalation from the coating into the
LMO active material were calculated. Basically, the Fermi energy dif-
ference (AF) equals the electron chemical potential difference (Au) in
the same system [70-71]. As shown in Table 3, it was found that the
Fermi energy of Li ions in the Al,O3 coating and LMO were 0.51 eV and
—0.08 eV respectively. The electron chemical potential difference was
0.59 eV, which indicated the Li,Al;03 coating tended to transfer elec-
trons to LMO active material. Meanwhile, the electron chemical po-
tential of Li ions in the CeO3 coating and LMO were 3.55 eV and 0.05 eV,
respectively. This meant that the electron chemical potential difference
of CeOy/LMO was much higher than that of Al;03/LMO, which indi-
cated that the CeOy/LMO interface was more likely to transfer electrons
to LMO active material than the Al,O3/LMO interface.

As Li ions should diffuse through the coating layer first, another
important property of coating material influencing battery performance
is the Li ion diffusivity. To investigate the transport property of LiAl,O3
and LiCeO coating, the mean square displacement < r? (t) > of Li ions
was calculated by performing ab initio MD simulation at 1200, 1600,
2000, and 2400 K. The D@1200Ka D@16OOK, D@ZOOOK, and D@2400K was
calculated based on the Einstein relation (Figures A2 and Figures A3).
Then, according to the Arrhenius law, the pre-exponential factor (Do),
the barrier energy for diffusion (Ep), and Li ion diffusivity at 300 K
(D@300k) can be obtained [35]. As shown in Table 4, the diffusion co-
efficient of LiCeO, at 300 K was higher than that of LiAl,03, which could
be another piece of evidence to explain the observed better battery
performance found in the CeO, coated particles compared to that of the
Al,O3 coated particles.

One important concern is the mechanical damage of the coating
layer itself due to the volume changes during intercalation and dein-
tercalation of Li ions. To study the mechanical behavior of coating
materials during lithiation, the volume expansion of LiyAl;0O3 and Liy.
CeO, was calculated. As shown in Fig. 4, the volume expansion of Liy.
Al;03 and LiyCeO; increased with increasing Li ion concentration. The

_AIZOS/LMO
-CeOZ/LMO

D 2
>
o
2
w1 )
@
8 0 '
_1 2 '
0 0.5 1 1.5

Diffusion Coordinate/nm

Fig. 3. Barrier energy of Al;03 and CeO»-coated LiMn,04 with intercalation of
two Li ions.
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Table 3
Fermi energy during two Li ion intercalation.
Structure Fermicoating (€V) Fermipyo (€V) AF/Au(eV)
Al,03/LMO 0.51 —0.08 0.59
CeO,/LMO 3.55 0.05 3.50
Table 4
Li ion diffusion coefficients of LiAl,03 and LiCeO, at
300 K.
Structure D@300k (cm?/s)
LiAl,03 1.81E-11
LiCeO, 4.15E-09
Li_ AILO
—A- NATYE
-©-Li CeO
X 2
1.3}

VIVO
X

0.4 0.6 0.8 1

0 0.2
X

Fig. 4. Comparison of the volume expansion of LiyAl;03 and LiyCeO, without
active material.
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volume expansion was determined by the Li:Al and Li:Ce ratio of the
coating; the result shows that the volume expansion was very similar
between the two coating materials when x = 0.2, where the Li:Al and Li:
Ce ratios were 0.1 and 0.2, respectively, indicating that the same amount
of Li ions would produce a lower volume expansion in the CeO; coating.
As discussed earlier, Li ions always tended to intercalate into LMO
particles after passing through the coating. When comparing the two
coating materials, Al,O3 showed a higher volume expansion, which
could lead to a higher possibility of damage of the coating layer and
could also explain why the CeO, coating produced better LIB
performance.

To obtain insight into the physical changes occurring during inter-
calation, further detailed structural changes of the coating materials
were studied by ab initio MD simulations. First, through analyzing the
radial distribution function (RDF), it was found that the Li-O bond
length of LiyAl;03 (Fig. 5A) and LixCeO, (Fig. 5D) was about 2.0 108,
which agreed well with the experimental data of 1.9 Aof Li»05 [35,72].
The Li~O bond length of 2.0 A and Al — O bond length of 1.8 A and Ce-O
bond length of 2.2 A remained unchanged with increasing Li ions
(Fig. 5A, B, D, and E). The Al-O bond length of 1.8 A was the same as the
reported value [35], and the Ce — O bond length of 2.2 A agreed well
with the reported Ce-O bond length of 2.15 A [73]. However, the Al — Al
and Ce-Ce bond length kept changing during lithiation. At low Li ion
concentration, the Al — Al bond length was 3.2 A and the Ge — Ce bond
length was 3.8 A (Fig. 5F). The Ce — Ce bond length was 3.8 A (Fig. 5F)
at concentration x = 0, which agreed with the reported Ce-Ce bond
length of 3.826 A of cubic Ce0,7*. As Liion concentration increased, the
Al-Al bond length decreased from 3.2 A (x = 0) to 2.8 A (x = 0) (Fig. 5C)
and Ce-Ce bond length peak changed from 3.8 A (x=0)to 3.6 A x=1)
(Fig. 5F), indicating that individual Al and Ce atoms had a variety of
charge states during lithiation. Furthermore, the Bader charge analysis
was then used to quantify the charge distribution of atoms in LixAloO3
and LixCeO; coating during lithiation, where the charge analysis can
reflect the amorphous structure alternation. During lithiation, the
charge state of Al changed from + 2.5 (x = 0) to + 2.0 (x = 1) and Ce had
a change from + 2.2 (x = 0) to + 1.9 (x = 1) (Fig. 6A and 6B). This
suggested that individual Al and Ce had various charge states during
lithiation, which was consistent with RDF results. The various charge
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states of Al and Ce mainly originated from the incoming Li and indicated
that different Al and Ce bonding state existed coincidentally, thus
proving that there existed isolated Al and Ce atoms and atomic clusters
inside LixAl,O3 and LixCeO» coating during Li ion intercalation. Mean-
while, the charge state of Li in LiyAl,03 and LiyCeO, were very close to
+ 1 during Li diffusion inside coating. The charge state of O was rela-
tively constant over the entire range of Li concentrations in LiyAl,O3,
and the charge state of O in the LiyCeO, not only varied more than
LixAl,O3 but also was less negative for most of the Li concentration
range. The relatively low negative charge state of O in LiyCeO5 produced
a weaker interaction between passing Li and O in the structure
compared to a high negative charge state of O, which tended to hold the
positively charged Li more strongly. Thus, the low negative charge state
of O can not only accelerate Li transport through coating but also reduce
Li diffusion barrier on the coating/cathode interface when Li intercalate
into active materials, which could also explain why LiyCeO coating
shows better performance than Al,O3 coating in LIBs.

4. Conclusions

In this work, a study was conducted on the thermodynamic prefer-
ence, ionic transport, and structural changes of Al;03 and CeO; coatings
on LiMny04 cathode particles, elucidating the mechanism behind the
improved performance of CeOj-coated active material over that of
Al,03-coated active material through first-principles calculations. First,
from the calculated formation energy for Li intercalation into the
coating layer itself, the energy level of LiyCeO2 was lower than that of
LixAl,03, indicating that Li ions can more effortlessly intercalate into a
CeOg coating than in an Al,O3 coating. Meanwhile, the Fermi energy
change of CeO3/LMO during Li ion intercalation is higher than Al,O3/
LMO, indicating the CeO2/LMO is more likely to transfer electrons to
LMO active material. Next, considering the LiMnyO4 active material
along with Al,O3 and CeO; coating layers, the energy change during Li
ion intercalation was calculated to find that, when compared to one Li
ion, two Li ions could further intercalate LiMny04 after passing through
Al,03 and CeO; coatings. However, there is a barrier energy that must
be overcome. Our finding shows that barrier energy of Li ion trans-
portation from CeO coating to active material is lower than that of
Al,O3 coating, suggesting easy intercalation of Li ions in LiMnyO4 from a
CeO3 coating than from a Al,O3 coating. Kinetically, Li ions in LiCeO5
coating diffuse faster than those in LiAl,O3 coating, which could explain
the observed improved performance of CeO, coating reported in our
previous work. From the structural change analysis, we found that
charge state of Al and Ce atoms have a huge variation during Li ions
intercalation and that the negative charge state of O atoms in Li,CeO5
coating was lower than that in LixAl;O3 which produces a weaker
interaction between the passing positive charge Li atoms and negative
charge O atoms and explain the higher Li diffusivity in LiyCeO2 coating

during Li ion intercalation. In summary, this work provides a clear un-
derstanding of the behavior of ALD coatings with active materials and
how the ALD coating is beneficial to LIB, giving evidence as to why a
CeO; ALD coating has improved performance than other binary coating
material during the lithiation process from the fundamental study at the
electronic level.
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