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ABSTRACT 

Alumina surface coatings are commonly applied to layered oxide cathode particles for lithium-

ion battery applications. Atomic layer deposition (ALD) is one such surface coating technique and 

ultrathin alumina ALD films (< 2 nm) are shown to improve the electrochemical performance of 

LiNixMnyCo1-x-yO2 materials, with groups hypothesizing that a beneficial Li-Al-O product is being 

formed during the alumina ALD process. However, the atomic structure of these films is still not 

well understood and quantifying the interface of ultrathin (~1 nm) ALD films is an arduous 

experimental task. Here, we perform molecular dynamics simulations of amorphous alumina films 

of varying thickness in contact with the (0001) LiCoO2 (LCO) surface to quantify the film 

nanostructure. We calculate elemental mass density profiles through the films and observe the Li-

Al-O interphase extends for ~2 nm from the LCO surface. Additionally, we observe layering of Al 

and O atoms at the LCO-film interface that extends for ~1.5 nm. To access the short-range order 

of the amorphous film, we calculate the Al coordination numbers through the film. We find that 

while [4]Al is the prevailing coordination environment, significant amounts of [6]Al exist at the 

interface between the LiCoO2 surface and the film. Taken together, these principal findings point 

to a pseudomorphic Li-Al-O overlayer that approximates the underlying layered LiCoO2 lattice 

but does not exactly replicate it. Additionally, with sufficient thickness, the Li-Al-O film transitions 

to an amorphous alumina structure. We anticipate our findings on the ALD-like, Li-Al-O film 

nanostructure can apply to other layered LiNixMnyCo1-x-yO2 materials because of their shared 

crystal structure with LiCoO2. This work provides insight into the nanostructure of amorphous 

ALD alumina films to help inform their use as protective coatings for Li-ion battery cathode active 

materials.  
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1. INTRODUCTION 

The positive electrode, which contains the cathode active material, determines the energy 

density of the Li-ion battery1-3 and different chemical formulations of this material—especially for 

the layered transition metal oxide, LiNixMnyCo1-x-yO2 or NMC,—allow for increased access to the 

lithium inventory. However, layered transition metal oxides experience structural disordering 

and/or particle cracking during electrochemical cycling.4-8 This structural degradation manifests 

on the macroscale as significant capacity fade and/or power fade.2, 9, 10 

Surface coatings are frequently added to transition metal oxides to improve electrochemical 

performance for Li-ion battery applications. The surface coatings impart benefits such as reducing 

capacity fade and extending cycling stability.11-14 Coating methods range from wet chemical15-17 

to atomic layer deposition (ALD),11-13, 18-22 with alumina surface coatings being commonly 

deposited for both techniques. To be electrochemically beneficial to transition metal oxides, wet 

chemical Al2O3 coatings require post-process heat treatment. Moreover, researchers agree that this 

high temperature heat treatment leads to the formation of an advantageous Li-Al-O phase at the 

interface between the transition metal oxide and Al2O3 coating.16, 17, 23, 24 The Li-Al-O phase is 

electrochemically beneficial because LiAlO2 promotes Li-ion conductivity over pure Al2O3.12, 17 

Interestingly, ALD coatings do not require annealing to provide electrochemical improvements.12, 

23, 25 In particular, researchers have shown that annealing does not significantly change the 

electrochemical performance of Al2O3 ALD coated NMC532.23  

ALD coatings’ ability to provide electrochemical benefits without annealing poses the open 

question of why ALD coatings are beneficial to layered transition metal oxides. Researchers have 

demonstrated the ALD film can serve as a physical barrier from the electrolyte,19 scavenge HF 

from the electrolyte,26 adjust the redox states of the transition metals,27 and remove surface 
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species.22, 28 More broadly, atomic layer deposition is of interest to the electrochemical storage 

community because of its ability to engineer the interface on a variety of energy materials.29 ALD 

grows conformal, pin-hole free thin films on substrates with sufficient ALD cycles.30 Generally, 

one ALD cycle is comprised of two self-limiting gas-solid phase reactions separated by purge 

steps. Using the trimethylaluminum (TMA)/water chemistry as an example, one ALD cycle 

consists of the introduction of TMA to the substrate, followed by an inert gas purge to remove 

byproducts and excess unreacted TMA, then the introduction of water to the substrate, and finally 

another inert gas purge. A subset of ALD is particle ALD, where conformal films are grown on 

fluidized particles.31, 32 Particle ALD is commonly used on cathode active materials. Whereas 

annealed wet chemical Al2O3 coatings are on the order of tens of nanometers thick, 

electrochemically beneficial ALD Al2O3 films using the TMA/water chemistry are < 1 nm thick, 

which equates to roughly 2-6 ALD cycles.25, 33 

Hoskins et al. cast doubt on the previous understanding that an abrupt interface exists between 

the transition metal oxide substrate and alumina ALD film.33 They performed alumina ALD on 

NMC111 powders and used low energy ion scattering (LEIS) and time of flight mass spectrometry 

(ToF-SIMS) to show lithium is present on the surface of the ALD films while the transition metal 

sites were completely covered. They partly attributed this phenomenon to a Li-Al-O product. 

Additionally, they performed alumina ALD on LiOH, a common surface contaminant found on 

NMC materials. Hoskins et al. observed atypically elevated aluminum deposition on LiOH, which 

is indicative of a non-ALD reaction during the first ALD cycle. They hypothesized this non-ALD 

reaction led to the formation of LiAlO2 rather than Al2O3. The work of Hoskins et al. provides 

evidence for a reactive interface between the transition metal oxide substrate and alumina ALD 
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film, where a new, stable Li-Al-O compound is formed. Put another way: at low ALD cycle counts, 

the alumina ALD process on LiMO2 does not grow pure alumina films, but rather Li-Al-O films. 

Previous literature investigated the quality and stoichiometry of amorphous Li-Al-O films with 

widely varying results. Liu et al. investigated the lithiation of alumina films by galvanostatically 

cycling an Al nanowire anode in a lithium cell. They observed that the native, 4-5 nm thick Al2O3 

surface layer of the wire experienced an irreversible lithiation, creating a Li-Al-O product.34 Other 

groups addressed the question of how many Li atoms an Al2O3 lattice can accommodate. For 

example, Li2O-Al2O3 ALD films grown by Aaltonen et al. achieved a Li/Al ratio of 1.6 in the bulk 

film and a Li/Al ratio of 2.2 at the film surface.35 However, Comstock & Elam grew LiAlOx ALD 

films and found it difficult to make thick films with the correct stoichiometry. Their thin films 

achieved a Li/Al ratio of 0.82; their thick films could only achieve a Li/Al ratio of 0.55.36 Jung & 

Han utilized ab-initio molecular dynamics simulations to suggest that Li3.4Al2O3 is the 

thermodynamically most favorable compound.37 The authors of that study went on to propose the 

electrolyte lithiates the Al2O3 coating in Li-ion batteries. In the context of an Al2O3 coating on a 

lithium-containing LiMO2 material, the more likely scenario is that the cathode active material 

provides the initial lithiation of the film. Indeed, Young et al. provided evidence for lithiation of a 

nucleating alumina film during the ALD process. They observed the formation of a Li-rich surface 

on LiMn2O4 after one cycle of TMA/H2O using X-ray photoelectron spectroscopy (XPS).22 The 

lithium exhibited dynamic behavior and “breathed” away from and to the LiMn2O4 surface during 

the TMA and H2O doses, respectively. Assuming all Li detected by XPS belonged to the surface 

layer, the stoichiometry was Li0.33Al1.89O3. The Li/Al ratio provides a general indicator of film type 

but lacks the insight into the film nanostructure. Additionally, there is considerable variation in the 
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observed or predicted Li/Al ratio in the Li-Al-O film, with values as low as 0.17 and as high as 

2.2.  

While ALD surface coatings are increasingly applied to the cathode active material of Li-ion 

batteries, the theoretical arguments for why a thin alumina ALD film is beneficial are still being 

worked out. The existence of an Li-Al-O interphase between a layered transition metal oxide 

surface and alumina coating deposited by wet-chemical methods is well established.16, 17, 23, 24 

However, the interphase for ultrathin alumina ALD coatings is not as well studied. Our present 

work uses molecular dynamics (MD) simulations to investigate an ALD-like alumina film in 

contact with a layered lithium transition metal oxide surface. We theorize the resulting Li-Al-O 

interphase is crucial to explaining the benefit of alumina ALD on the layered oxide class of cathode 

materials. In addition, we compare the predicted atomic structure of this Li-Al-O interphase to 

experimental coordination values and other simulation studies. We hypothesize that at low ALD 

cycle counts, the layered lithium transition metal oxide surface serves as a template for a 

pseudomorphic, layered Li-Al-O film. By extension of this hypothesis, we conjecture that after 

sufficient ALD cycles, the film structure transitions to the conventionally observed amorphous 

Al2O3 ALD coating. 

2. METHODOLOGY 

A non-bonded α-Al2O3 model and a bonded LiCoO2 (LCO) atomistic model were used to 

simulate the film-layered cathode oxide interface. Both models were parameterized using the 

CVFF form of the INTERFACE Force Field (IFF),38 where the potential energy is represented by 

Eqn. 1. Table S1 lists the parameters for each model. Typical deviations in lattice parameters are 

less than 1% relative to experiment; surface energies and elastic moduli deviate less than ~5% 

from experimental measurements.39-42 
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(1) 

The (0001) LCO surface was studied because it is the lowest energy surface for layered 

transition metal oxides.43-45 Physically, layered LiMO2 particles that display a considerable amount 

of the (0001) surface facet appear as flat, hexagonal plates.43 The non-bonded Al2O3 model was 

chosen because it facilitated the generation and reconstruction of amorphous Li-Al-O films during 

annealing in molecular dynamics simulations.  
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Figure 1. Simulation workflow used to generate amorphous Li-Al-O films in contact with the (0001) LiCoO2 surface. 

For simplicity, the simulation cells were used as orthogonal supercells with equivalent (001) surfaces. The 

equilibration routine consisted of relaxing the bulk Al2O3 and LiCoO2 cells at 393 K, converting them into (001) 

surfaces, and running a series of annealing simulations to randomly generate amorphous Li-Al-O films in contact with 

LCO. The production NVT runs occurred at 393 K for 500 ps and these trajectories were used for analysis. Analyzed 

properties included overall film densities, lithium incorporation energies, element mass density profiles, bond length, 

and atom coordination. Here, Li atoms are colored green, Co as blue, Al as pink, and O as red. 

 

Figure 1 shows the simulation workflow. A multi-step equilibration routine was employed 

to generate equilibrium structures that were then analyzed in the production simulations. For all 

dynamics simulations, a 12 Angstrom van der Waals cutoff was used for pairwise Lennard-Jones 

interactions. The summation of long-range electrostatic interactions was carried out with the Ewald 

method when using Materials Studio and with the PPPM K-space solver when using LAMMPS,46 

both in high accuracy of 10-4. The subsequent sections explain the simulation workflow in detail. 

2.1 Bulk relaxation and (0001) surface creation 

The (0001) surface creation was as follows: the trigonal unit cells of LiCoO2 and Al2O3 

were converted to orthogonal cells, then to equivalent (001) surfaces. The (001) LiCoO2 surface 

was created by first relaxing the bulk structure (2x3x1 orthogonal supercell) in Materials Studio 

using the NPT ensemble (velocity scale thermostat, Parrinello barostat) with a 0.5 fs timestep for 
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100 ps at 393 K and 0.0001 GPa. The 393 K temperature was chosen to replicate the experimental 

ALD conditions of Hoskins et al.33 A (001) LCO surface was formed by creating a 5x5x1 supercell 

that is 14.1 Å thick in the z direction, adding 150 Angstroms of vacuum space in the z direction, 

and moving half of the Li atoms from the bottom LCO surface to the top to prevent a charge dipole 

from forming. Additionally, the LCO surface was further relaxed by running six simulations in the 

NVT ensemble (velocity scale thermostat, Materials Studio Discover module) at 393 K with a 1 fs 

timestep for 100 ps each. The (001) Al2O3 surface was created by first relaxing the bulk structure 

(3x5x2 orthogonal supercell) in LAMMPS using the NPT ensemble (Nosé-Hoover thermostat and 

barostat) with a 0.5 fs timestep for 100 ps at 393 K and 1.0 atm. The equilibrium orthogonal unit 

cell lattice vectors were determined by averaging the last 50 ps of the NPT run. A (001) Al2O3 

surface was formed by creating a 6x6x1 orthogonal supercell, adding 150 Angstroms of vacuum 

space in the z direction, and moving half of the Al atoms from the bottom surface to the top surface 

to prevent a charge dipole from forming.  

2.2 Annealing simulations to create amorphous Li-Al-O films 

Typical alumina ALD has been reported to have a growth per cycle (GPC) of anywhere 

between 0.9 Å/ALD cycle30 to 1.2 Å/ALD cycle.47 It is important to note that GPC is affected by 

temperature and the substrate the ALD is being performed on.30, 48 The alumina GPC on layered 

cathode oxide materials like LCO and NMC is elevated with groups reporting GPCs as large as 

2.2 Å/ALD cycle.12, 33 One monolayer of α-Al2O3 has a z-height of 2.2 Å. From that standpoint, 

the MD simulations of this current work capture a growth per cycle of 2.2 Å/ALD cycle, where 

one Al2O3 monolayer equates to one ALD cycle. However, as we will see later in this paper, one 

simulated Al2O3 monolayer does not produce a fully formed film. 
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Molecular dynamics simulations utilized a 48.7 Å x 29.1 Å x 164.1 Å orthogonal cell 

containing a (001) LCO surface and with a (001) Al2O3 surface (variable number of monolayers) 

brought in contact. Amorphous Li-Al-O films in contact with LiCoO2 were generated using an 

annealing protocol in LAMMPS. There are infinite possibilities when generating amorphous 

structures. Thus, to make the computation tractable, we performed a series of annealing 

simulations, which are commonly utilized when randomly generating amorphous structures.49, 50 

We then selected the lowest energy structure for the production run and extracted properties from 

this final simulation. The semi-automated annealing protocol consisted of three sets of 5 ps NVT 

simulations (canonical velocity rescaling thermostat,51 1 fs timestep), three 25 ps NVT simulations, 

and one 500 ps NVT simulation. It is important to note that the simulated annealing was used to 

generate structures that were comparable to experimental ALD films, but the annealing protocol 

was not used as a re-creation of an actual physical process. During simulated annealing, the bottom 

layer of Li atoms of the LCO surface furthest from the Al-O film was held fixed. An annealing 

simulation began at a high temperature (thousands of Kelvins) and cooled down to 393 K. The 

highest temperature selected for each monolayer system was either 3000 K or 4000 K and 

successive 5 ps runs were 1000 K less than the previous simulation, with the last temperature of 

the set beginning at 1000 K. Similar protocols were used previously to obtain equilibrium 

distributions of alkali ions and earth alkali ions in clay and cement minerals.52, 53 After these three 

rapid annealing sets, three longer annealing NVT simulations were conducted at 25 ps each. The 

first 25 ps simulation began at 3000 K and had a temperature ramp rate of -104 K/ps, the second 

began at 2000 K and ramped -64 K/ps, and the third began at 1000 K and ramped -24 K/ps. A final, 

500 ps NVT simulation was used to equilibrate the structure. The 500 ps equilibration simulation 

began at 1000 K and ramped -1 K/ps.  
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Additional simulations were run for the 10-monolayer systems. The Li-Al-O replicates 1-

3 followed the annealing protocol previously specified while an amorphous Al-O film with 

minimal lithium distribution was generated by freezing the LCO slab and running a 100 ps NVT 

simulation at 2,000 K, then unfreezing all atoms and running a 1 ns NVT simulation at 393 K. A 

fifth structure was generated to have a homogeneous lithium distribution through the Li-Al-O film 

lattice by running a 100 ps NVT simulation at 2,000 K, followed by a 1 ns NVT simulation at 393 

K. 

2.3 Simulations used to generate properties for analysis 

Once equilibrated structures were obtained, the production simulations were conducted in the 

NVT ensemble at 393 K using LAMMPS (canonical velocity rescaling thermostat, 1 fs timestep) 

for 500 ps. Properties calculated from these production runs include overall film densities, lithium 

incorporation energies, film energies, element mass density profiles, bond length, and atom 

coordination.  

2.3.1 Calculation of film density 

The simulated, bulk film densities were calculated by approximating the film geometry as a 

rectangular prism. The film surface, which included the top ~5-7 Å atoms in contact with vacuum, 

was excluded. Then, the number of Al atoms were counted in this rectangular prism and divided 

by two to obtain an approximate number of Al2O3 units. Then, this mass was divided by the volume 

of the rectangular prism to obtain the density (Figure S1 shows an example). The plotted film 

densities (Figure 2h) were calculated every 50 ps of the 500 ps trajectories and averaged. A single 

monolayer does not form a continuous film and was excluded from the film density analysis. 

2.3.2 Calculation of lithium inclusion energy 
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 The energy of lithium inclusion in the Al-O structure was calculated from single point 

energies as a difference between the film-cathode system, the equilibrated pure LCO surface and 

the Al-O film (which is the equilibrated Al-O structure of the film-cathode system with the lithium 

atoms removed). For every monolayer system, the Li inclusion energy was calculated for three 

different amorphous Li-Al-O structures and averaged (Figure 3a). These values serve as a first 

qualitative estimate and dynamic trajectories with extensive sampling can be utilized in future 

work for quantitative analysis. 

2.3.3 Calculation of film energy 

 The film energy per Al2O3 unit was calculated by subtracting the total energy of the LCO 

surface from the total energy of each 10-monolayer system, dividing that difference by the 

simulated cross-sectional surface area, then dividing by the number of simulated Al2O3 units 

(Figure 3d). 

2.3.4 Calculation of elemental mass density profiles 

The density profile tool for VMD54 was used to calculate the lithium, aluminum, and oxygen 

mass density profiles in the z-direction away from the LCO surface (Figure 4). A Δ𝑧 of 0.1 Å was 

used and the density profiles were averaged across the entire 500 ps trajectory (1000 frames) for 

each monolayer system. 

2.3.5 Calculation of bond length 

Bond lengths were calculated by finding the maximum of the first nearest neighbor shell 

of the calculated partial radial distribution function (pRDF) for each bond type. We used OVITO55 

to calculate the partial radial distribution functions. The normalized partial radial distribution 
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function is given by Eqn. 2, where we select a particle of type α as the origin, 𝑟 ൌ 0, and sweep 

out a control spherical volume with radius 𝑟 and thickness Δ𝑟: 

 𝑔ఈఉሺ𝑟ሻ ൌ
〈𝑁ఈఉሺ𝑟,Δ𝑟ሻ〉
𝑁ఉ
𝑉 4𝜋𝑟ଶΔ𝑟

 (2) 

where 〈𝑁ఈఉሺ𝑟,Δ𝑟ሻ〉 is the ensemble averaged number of β particles between a distance of 𝑟 and 

𝑟 ൅ Δ𝑟 from particle α. The number density for particle β in the system volume, 𝑉, is given by 
ேഁ
௏

. 

The pRDFs with a cutoff of 12 Angstroms and Δr of 0.1 Å were calculated for each film system 

every 100 frames (50 ps) for 1000 frames (500 ps) and averaged. The standard deviations of the 

bond lengths were calculated as the full width at half maximum for the first maximum of each 

pRDF. Only the atoms part of the film region (and not the interior LiCoO2 sheets) were included 

in the analysis. The average bond lengths for Al-O, O-Li, and O-O are summarized in Table 1. The 

cumulative radial distribution functions and pRDFs for each monolayer system are included in 

Figures S2 to Figure S8 in the Supporting Information.  

2.3.6 Calculation of coordination numbers 

The coordination number was calculated by integrating the partial radial distribution 

function over a distance—the coordination number is essentially the number of particles within 

that distance. For a particle of type α in the α-β bond, the coordination number was defined as: 

 𝑁ఈఉ ൌ
4𝜋𝑁ఉ
𝑉

න 𝑟ଶ𝑔ఈఉሺ𝑟ሻ𝑑𝑟
௥೎ೠ೟೚೑೑

଴
 (3) 

We used OVTIO to calculate the coordination numbers by applying a shorter cutoff, 𝑟௖௨௧௢௙௙, which 

was equal to the first minimum of that bond type’s pRDF. For example, the coordination numbers 

for Al and O in the Al-O bond of the four-monolayer system were calculated using a cutoff of 2.45 
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Å, which equals the first minimum of the gAl-O pRDF for that system. The coordination numbers 

were calculated every 100 frames (50 ps) for 1000 frames (500 ps) and averaged. The standard 

deviations were on the order of ±1-5% of atoms for each coordination number, with Li having the 

largest standard deviations for the thinnest monolayer systems. 

2.4 Limitations and uncertainties 

The models used in the simulations assume an alumina phase with no hydration, which is a 

good first approximation of ALD experiments, and the reported trends are expected to remain 

semi-quantitatively the same under experimental conditions. The force fields for LCO and alumina 

have excellent reproduction of structural and energetic properties. These properties have less than 

1% deviation in computed geometries and < 10% deviation in computed energy differences,39-42 

which is consistent with the reliability of IFF for other inorganic chemistries.56  

Under ideal laboratory conditions, the ALD process consists of two separate, surface-limited 

gas-solid phase reactions. For example, alumina ALD precursor molecules like 

trimethylaluminum, TMA or Al(CH3)3, should only react with surface hydroxyl groups to form 

AlOH surface species. However, deviations from ideality occur in practice. Chemical vapor 

deposition (CVD) could occur in parallel to ALD if the reaction chamber is not sufficiently purged 

of excess reactant before the next precursor dose is introduced. Moreover, sufficient TMA/water 

ALD cycles deposit an alumina film with a certain amount of hydroxyl group impurities.57 Details 

of such reactions depend on specific thermodynamic conditions, which are beyond the scope of 

this paper and can be examined in follow-on studies. 

Carbonate and hydroxide contaminants such as Li2CO3 and LiOH exist on the surface of 

layered transition metal oxides.58, 59 The presence of these impurities most likely explains the 
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elevated growth per cycle (GPC) of alumina ALD on layered transition metal oxides.33 Typical 

alumina ALD has a GPC of 1.2 Angstrom/ALD cycle.47 In the case of alumina ALD on layered 

transition metal oxide materials, the GPC is 2.2 Angstroms/ALD cycle, or one monolayer per 

cycle.12, 33 Our model LiCoO2 surface does not describe surface contaminants. However, the effect 

of surface impurities on the resulting alumina ALD film thickness is partially accounted for by 

correlating one simulated alumina monolayer to one experimental alumina ALD cycle. 
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3. RESULTS AND DISCUSSION 

 

Figure 2. (a-g) The amount of alumina in contact with the (0001) LCO surface varied from one to six and ten Al2O3 

monolayers. The 10-monolayer system possessed the maximum film thickness of ~3 nm. Here, Li atoms are colored 

green, Co as blue, Al as pink, and O as red. (h) The densities of the simulated, amorphous alumina films were 

calculated every 100 frames for the entirety of the 1000 frame production simulations. These densities were averaged 

and plotted. The simulated alumina density is stable at 3.12 ± 0.01 g/cm3 across monolayers. The experimental 

densities for ALD alumina films are shown as the pink region and range from ~2.5 g/cm3 to ~3.5 g/cm3 depending on 

ALD process conditions.57, 60, 62 The experimental density of α-Al2O3 (3.98 g/cm3) is plotted as a solid black line for 

reference. 

 

Figure 2 provides a visual snapshot of the production simulations. Panels a – g were 

visualized using OVITO.55 One to six and 10 stoichiometric alumina layers were simulated in 

contact with the (0001) LiCoO2 surface. The snapshots were selected halfway through each 500 

ps trajectory (i.e., frame 501). One Al2O3 monolayer consisted of 72 units (144 Al and 216 O 

atoms). The LiCoO2 slab consisted of 2400 atoms (600 Li, 600 Co, and 1200 O atoms), with 100 

Li atoms present at the surface. One simulated alumina monolayer could be correlated to one 

alumina ALD cycle—especially if the reported experimental growth per cycle is 2.2 Å/ALD cycle. 

However, real ALD processes exhibit more nuance: many ALD chemistries experience a delay in 
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film growth since the film must first nucleate on the substrate material, which may need to be 

functionalized with active ALD surface groups.30 Additionally, the growth per cycle is affected by 

the temperature of the ALD process.30, 60, 61 In Figure 2a, the one monolayer simulated film is not 

continuous. In panels 2a – 2g, lithium is present throughout the entire Al-O lattice for all systems 

except the 10-monolayer simulation. At 10 alumina monolayers, the Li atoms exist partway 

through the alumina lattice before the film transitions to a disordered Al-O region.  

Figure 2h summarizes the overall density of the films. The density of α-Al2O3 (3.98 g/cm3) 

is provided as a reference, however, experimental alumina ALD films range in density from ~2.5 

g/cm3 to ~3.5 g/cm3.57, 60, 62 We observe that the simulated film densities fall within the 

experimental density range reported for alumina ALD. Furthermore, the simulated alumina density 

is stable across monolayers and the averaged density (2 – 6 and 10 monolayers) is 3.12 ± 0.01 

g/cm3. These findings indicate that the simulated films are physically representative of 

experimental alumina films grown by ALD. 

3.1 Thermodynamic-mechanical argument 

From a mechanical standpoint, solid-on-solid film growth generates strain in the resulting 

film. It has been well-documented that very thin alumina ALD films (< 10 ALD cycles) are 

beneficial to layered LiMO2 electrochemical performance.12, 18, 23, 25, 33, 63 During the initial ALD 

cycles, the alumina film grows on the substrate surface, rather than a pre-existing alumina film. 

Misfit strain, which arises from lattice mismatch between the film and the substrate plays an 

important role in determining the film overlayer structure.64 Kolasinski defines misfit strain as the 

difference between the film and substrate lattice vectors divided by the lattice vector of the 

substrate.  
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 𝜀଴ ൌ
𝑎௙௜௟௠ െ 𝑎௦௨௕௦௧௥௔௧௘

𝑎௦௨௕௦௧௥௔௧௘
 (4) 

Table S2 lists the lattice vectors for select compounds including α-Al2O3, α-LiAlO2, and LiCoO2. 

Indulging in a theoretical exercise using crystalline structures—while acknowledging the actual 

structure of alumina ALD films is more disordered than crystalline alumina—we use Eqn. 4 to 

calculate the misfit strain for an α-Al2O3 film on LCO in the xy plane as 69%. Positive strain 

indicates the α-alumina film experiences a compressive strain as it tries to conform to the LCO 

substrate surface. From a thermodynamic-mechanical standpoint, the large misfit strain between 

the a lattice vectors of the α-Al2O3 and LiCoO2 unit cells provides a compelling reason for an 

intermediary structure to exist between LCO and the alumina film. This intermediary structure 

serves to help relieve the strain that would otherwise accumulate at the interface. Interestingly, the 

misfit strain for an α-LiAlO2 film on LCO is only -0.55%. Negative strain values indicate the film 

experiences tensile strain. However, since the misfit strain value is so low for α-LiAlO2 on LCO, 

film strain is essentially non-existent, and the two crystal lattices are isomorphic.  

Evidence exists for a LiAlO2 interphase between annealed wet chemical alumina coatings 

on layered transition metal oxides.16, 17, 23, 24 Previous researchers used 27Al solid-state NMR to 

demonstrate that the LiAlO2 interphase exhibits varying amounts of α-LiAlO2 character depending 

on coating conditions.16, 17, 23 Han et al. asserted that α-LiAlO2 in particular is beneficial to 

electrochemical performance because it is lattice matching to NMC and has a higher Li-ion 

conductivity than γ-LiAlO2.16, 23 Zheng et al. used high angle annual dark field scanning 

transmission electron microscopy (HAADF-STEM) to observe an epitaxial, 7 nm thick α-LiAlO2 

film that lattice matched the LCO substrate.24 However, electrochemically beneficial alumina films 

grown by ALD are much thinner (< 1 nm) than films grown by wet chemical methods. Hence, it 

is experimentally difficult to measure the interphase nanostructure.   



19 
 

 

Figure 3. (a) The calculated energy, 𝐸, of including lithium in the amorphous Al-O lattice using the equation 

𝐸௅௜ ௜௡௖௟௨௦௜௢௡ ൌ 𝐸௅௜ି஺௟ିை ௦௬௦௧௘௠ െ ൫𝐸௅஼ை ௦௨௥௙௔௖௘ ൅ 𝐸஺௟ିை ௦௨௥௙௔௖௘൯, where ELi-Al-O system is the total energy of the film-

LCO system, ELCO surface is the total energy of the LCO surface with no alumina film in contact with it, and EAl-O surface 

is the total energy of the amorphous Al-O slab after deleting the Li atoms from it. The energy of incorporating Li into 

the alumina lattice reaches a maximum favorability by three monolayers. The average energy of lithium inclusion in 
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the Al-O film is -109 mJ m-2 Li atom-1 ± 5 mJ m-2 Li atom-1 (excluding the 1- and 2-monolayer simulations). (b-f) The 

lowest energy 10-monolayer structure was investigated, and snapshots of each trajectory are provided. Average 

elemental mass densities through the Li-Al-O films were calculated for the entire 1000-frame trajectories of replicates 

1-3 and the last 1000 frames of the first and fifth structure trajectory. Lithium extends through the Li-Al-O film 

replicates for about 2 – 2.5 nm. The Li average mass density for the fifth structure indicates lithium is homogeneously 

dispersed through the film. (g) The film energy of the last 500 ps for each trajectory is plotted. The lowest energy 

trajectory (replicate 1) was selected for further analysis in the text. 

 

For an experimental system at equilibrium, the free energy—Helmholtz, 𝐹, (if number of moles, 

volume, and temperature are kept constant) or Gibbs, 𝐺, (if number of moles, pressure and 

temperature are controlled)—is minimized. When a system contains multiple phases, the 

interface separates these phases from one another, given sufficiently low activation energies and 

sufficient time. The interface region, coined the interphase, contains all the inhomogeneity and 

nonuniformity between the bulk phases.65 The interface contributes to the free energy through 

the surface area term, in addition to having its own entropic and chemical potential terms. Using 

the surface excess approach for two phases, 𝛼 and 𝛽, an interface, 𝜎, exists between them. The 

total free energy is the sum of each phase: 

 𝑑𝐹 ൌ 𝑑𝐹ఈ ൅ 𝑑𝐹ఉ ൅ 𝑑𝐹ఙ (5) 

MD simulations capture the total energy differences as 

 𝐸௦௬௦௧௘௠ ൌ 𝐸௣௛௔௦௘ ఈ ൅ 𝐸௣௛௔௦௘ ఉ ൅ 𝐸௜௡௧௘௥௙௔௖௘ (6) 

Rearranging Eqn. 6, we obtain, 

 𝐸௜௡௧௘௥௙௔௖௘ ൌ 𝐸௦௬௦௧௘௠ െ 𝐸௣௛௔௦௘ ఈ െ 𝐸௣௛௔௦௘ ఉ (7) 

In the MD simulations, entropy contributions are difficult to capture and typically small in 

vacuum.53 Therefore, the energy differences obtained here are a good approximation for free 

energy differences. However, entropy differences can become significant upon phase changes such 
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as solvation.66 Eqn. 7 was modified to find the approximate energy of lithium inclusion in the 

alumina network:  

 𝐸௅௜ ௜௡௖௟௨௦௜௢௡ ൌ 𝐸௅௜ି஺௟ିை ௦௬௦௧௘௠ െ ൫𝐸௅஼ை ௦௨௥௙௔௖௘ ൅ 𝐸஺௟ିை ௦௨௥௙௔௖௘൯ (8) 

where ELi-Al-O system is the total energy of the film-LCO system, ELCO surface is the total energy of the 

LCO slab, and EAl-O surface is the total energy of the amorphous Al-O film after deleting the Li atoms 

from the structure. 

The result of Eqn. 8 for each simulation system is plotted as Figure 3a. We observe that it 

is favorable to incorporate lithium into the alumina lattice across all monolayer numbers. The 

average energy of lithium inclusion in the Al-O film is -109 mJ m-2 Li atom-1 ± 5 mJ m-2 Li atom-

1 (excluding the one- and two-monolayer systems from the average). The energetic favorability for 

Li inclusion plateaus by three monolayers, which suggests that there is a critical thickness where 

the Al-O structure benefits the most from Li inclusion. We posit that one and two monolayer 

systems have higher (less favorable) Li incorporation energies because they are very thin films (< 

1 nm) and, from a mechanical standpoint, have less strain to relieve than thicker films like the five-

monolayer system. The 10-monolayer system is a thick film that has begun exhibiting a pure Al-

O region; interestingly, it has a slightly higher average Li incorporation energy with large standard 

deviation. We conjecture that the lattice matching benefits of a Li-Al-O region begin to be 

outweighed by the disordered Al-O region. As a comparison, annealed wet chemical alumina films 

that exhibited an α-LiAlO2 phase on LiCoO2 were 7 nm thick.24 

Additionally, we verified that a 10-monolayer film with a partial Li distribution is the 

lowest energy structure. Figure 3b-3f provides a visual summary of the systems investigated. 

Elemental mass density profiles were averaged from the last 500 ps of all simulations and are also 

shown. From the Li-Al-O replicates, lithium extends through the film for about 2 – 2.5 nm from 
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the LCO surface. The average Li mass density profiles verify that the Al-O structure has minimal 

lithium distribution, and the homogenous Li-Al-O lattice has a uniform lithium distribution. Figure 

3g plots the film energies of the last 500 ps of all 10-monolayer trajectories. Interestingly, the 10-

monolayer structures at the extremes of Li distribution had the most unfavorable energies, while 

the Li-Al-O replicates—which captured partial lithium distributions through the film—had the 

most favorable energies. Li-Al-O replicate 1 possessed the lowest system energy and is further 

analyzed in this work. 
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Figure 4. Elemental mass density profiles of the film calculated in the z-direction away from the LiCoO2 surface. (a) 

Graphical representation of how the elemental mass densities were calculated through the Li-Al-O films. Lithium is 

in green, aluminum is in purple, and oxygen is in red. (b-h) The mass density profiles were averaged over the entire 

1000-frame trajectories. The well-defined peaks of Al and O near the LCO surface indicate aluminum and oxygen 

layering. (g-h) This Al and O layering extends for about 1.5 nm before transitioning to a disordered structure. (h) The 

Li-Al-O region extends for about 2 nm from the LCO surface before transitioning to a lithium-free, Al-O region at the 

film surface. 

 

We quantified the nanostructure of our simulated films by calculating the mass density 

profiles of the lithium, aluminum, and oxygen using the density profile tool for VMD.54 Figure 4 

summarizes the mass density profiles calculated in the z-direction away from the LiCoO2 surface. 
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Interestingly, we observe layering of the aluminum and oxygen near the LiCoO2 surface that 

extends for about five aluminum layers and six oxygen layers. This layered region extends for 

about 15 Angstroms (1.5 nm) before transitioning to a disordered structure. Moreover, in Figure 

4h, we observe a transition from a Li-Al-O region to an Al-O region around 20 Angstroms. Table 

S3 provides the first peak integration for the Li, Al, and O mass density profiles. The first peak 

integration is directly proportional to the amount of that element present at the interface between 

the LiCoO2 sheet and the amorphous film. The amount of interfacial lithium is relatively constant 

across the 2- to 6- and 10-monolayer systems and ranges between 36% - 46% of the total lithium 

present throughout the Li-Al-O film.  

Hoskins et al. already experimentally provided evidence for the formation of a Li-Al-O 

region between the cathode active material and Al2O3.33 Our six-monolayer and 10-monolayer 

simulations contain a Li-Al-O region before transitioning to a disordered, mostly or completely 

lithium-free Al-O region. Our simulations support the hypothesis that the interface between the 

ALD Al2O3 – LiMO2 system is a reactive interface that forms a Li-Al-O compound. We can 

consider this Li-Al-O region a pseudomorphic layer64 that approximately assumes the structure of 

the substrate rather than the pure, bulk alumina structure. From our MD simulations, we surmise 

the Li-Al-O interphase is about 2 nm thick before transitioning to an Al-O film. This simulated, 

outer, amorphous Al-O film has experimental corroboration: sufficiently thick (~3 nm) 

experimental Al2O3 ALD films on Li1.2Ni0.13Mn0.54Co0.13O2 do not have a Li-Al-O phase present 

at the surface, as determined by XPS.20  
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3.2 Coordination environment 

Table 1. Experimental and computed bond lengths for Al-O, O-O, and O-Li of lithium aluminates and amorphous 

Li-Al-O and Al-O systems.  

 
System 

Bond length (Å) 
Al-O O-O O-Li 

α-LiAlO2 (Poeppelmeier et al., 1988)67  1.926 
2.647, Al-O sheet 
3.087, Li-O sheet 

2.084 

γ-LiAlO2 (Marezio, 1965)68  1.761 
2.856, tetrahedron about Al 
3.191, tetrahedron about Li 

2.00 

This work, Li-Al-O regiona 1.78 ± 0.11 2.80 ± 0.20 1.79 ± 0.14 

This work, Al-O regionb 1.75 ± 0.11 2.75 ± 0.25 N/A 

Amorphous Al2O3 (Lamparter & 
Kniep, 1997)69  

1.8 ± 0.21 2.8 ± 0.58 N/A 

Amorphous Al2O3, MD simulation 
(Gutiérrez & Johansson, 2002)70  

1.76 ± 0.1 2.75 ± 0.2 N/A 

aThe bond lengths of the Li-Al-O region were averaged from the 2- to 6- and 10-monolayer systems. 
bThe bond lengths of the Al-O region were from the 10-monlayer system. 

 

The local order of the simulated films was further analyzed by computing the bond lengths 

and atom coordination numbers. This work’s Al-O and O-O bond lengths in Table 1 match prior 

experiments and simulations of amorphous Al2O3 quite well.68-70 The bond lengths were calculated 

from averages of two regions: Li-Al-O (which included the two-, three-, four-, five-, and six-

monolayer films and part of the 10-monolayer film) and Al-O, which was only found in part of the 

10-monolayer simulation. The simulated one-monolayer system nor the film surface atoms of the 

other systems were included in the bond length analysis. The Al-O and O-O bond lengths (1.78 Å 

± 0.11 Å and 2.80 Å ± 0.20 Å, respectively) of the Li-Al-O region are smaller than the bond lengths 

of crystalline α-LiAlO2, which suggests that while the Li-Al-O region exhibits Al and O layering 
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in the z-direction (as shown in Figure 3), this region is not a proper α-LiAlO2 phase. Additionally, 

the Al-O and O-O bonds are similar in length to the Al-O bond length of γ-LiAlO2 (and O-O bond 

if one only considers the AlO4 tetrahedron). Moreover, the Al-O and O-Li bonds of this Li-Al-O 

region are also quite similar in length (1.78 Å ± 0.11 Å versus 1.79 Å ± 0.14 Å), which implies the 

Li-Al-O structure has Al and Li residing in similar sites around O. 
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Figure 5. The percentage of elements with a certain coordination number for each simulated film. The percentage of 

Al and O coordination numbers across monolayers is relatively unchanged while there is spread in the percentage of 

lithium coordination numbers. These trends indicate that Li is quite mobile in the stable, amorphous Al-O structure. 

All atom percentages are averaged every 100 frames for the entire 1000 frame trajectories. The standard deviation is 

not shown but is ±1-5%, with Li having the largest standard deviations. Because the 1-monolayer system is not a fully 

formed film, its coordination environment differs from the other monolayer systems. (a) The distribution of Al 

coordination numbers for the Al-O bond. The most common coordination environment for Al is [4]Al, followed by 
[5]Al, and then [6]Al. (b) The O coordination numbers for the Al-O bond. [3]O is the predominant coordination 

environment. (c) The Li coordination numbers for the O-Li bond. The large spread in coordination number suggests 

that Li adopts many configurations in the Li-Al-O lattice. (d) The O coordination numbers for the O-Li bond are 

similar to the O coordination for the Al-O bond. 

 

The averaged coordination numbers for each monolayer system are shown in Figure 5. In 

Figure 5a, b, and d, the one monolayer system is not a fully formed film and as a result, has under-

coordinated Al (primarily [2]Al and [3]Al) and over-coordinated O (significant amounts of [4]O and 

considerable amounts of [5]O and [6]O). This result suggests incomplete or nucleating films need to 

be stabilized with other surface species while the film lattice is being established. Of the fully 

formed films, the amounts of Al and O coordination are stable; the general trend is [4]Al > [5]Al > 

[6]Al and predominantly [3]O. The oxygen coordination for both Al-O and O-Li bonds is extremely 
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similar, which further suggests that Al and Li occupy similar sites in relation to O. Li possesses 

the widest spread in coordination, as shown in Figure 5c. Lithium mainly exists as [3]Li and [4]Li, 

with standard deviations ranging between 3%-5% of Li atoms. The relatively unchanging Al and 

O coordination numbers across monolayers coupled with the wide spread of lithium coordination 

suggests that Li is quite mobile in the stable, amorphous Al-O structure. 

Table 2. Coordination environments for crystalline alumina and lithium aluminates, as well as amorphous (A) 

alumina and Li-Al-O films. 

System 
Coordination number (% of atoms) 

Al in Al-O Li in O-Li O in Al-O and O-Li 
α-Al2O3 6 (100%) N/A 4 (100%) 

α-LiAlO2 6 (100%) 6 (100%) 
6 (50% to Al, 50% to 

Li) 

γ-LiAlO2 4 (100%) 4 (100%) 
4 (50% to Al, 50% to 

Li) 

This work, Li-Al-O 
regiona 

6 (13%) 
5 (29%) 
4 (56%) 
3 (1%) 

7 (2%) 
6 (9%) 
5 (18%) 
4 (31%) 
3 (30%) 
2 (9%) 

5 (2%) 
4 (18%) 
3 (72%) 
2 (8%) 

This work, Al-O regionb 

6 (3%) 
5 (24%) 
4 (62%) 
3 (8%) 
2 (3%) 

N/A 
4 (4%) 
3 (75%) 
2 (21%) 

Amorphous (A) Al2O3 
on Si(100) at 200°C, 

plasma enhanced ALD 
(Lee et al., 2010)71  

6 (5.1%) 
5 (40.6%) 
4 (54.3%) 

N/A Not reported 

A-Al2O3 Si3N4 / Si(100) 
at 25°C, physical vapor 
deposition (Lee et al., 

2010)71 

6 (7.4%) 
5 (36.2%) 
4 (56.4%) 

N/A Not reported 

A-Al2O3 on Si(100) at 
360°C, metal organic 

chemical vapor 
deposition (Sarou-

Kanian et al., 2013)72  

6 (26.2% ± 0.7%) 
5 (40.9% ± 0.7%) 
4 (32.9% ± 0.8%) 

avg. 4.93 

N/A Not reported 
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A-Al2O3 on Si(100) at 
720°C, metal organic 

chemical vapor 
deposition (Sarou-

Kanian et al., 2013)72  

6 (59.2% ± 0.5%) 
5 (12.2% ± 0.6%) 
4 (28.6% ± 0.6%) 

avg. 5.31 

N/A Not reported 

A-Al2O3 on NMC811 at 
200°C, sol-gel coating 

(Riesgo-Gonzalez et al., 
2022)17 

6 (41%) 
5 (21%) 
4 (38%) 

Not reported Not reported 

A-Al2O3 on NMC811 at 
600°C, sol-gel coating 

(Riesgo-Gonzalez et al., 
2022)17 

6 (24%) 
5 (11%) 
4 (65%) 

Not reported Not reported 

A-Al2O3 through anodic 
oxidation of Al foil, 

Reverse Monte Carlo 
simulation (Lamparter 

& Kniep, 1997)69 

5 (22%) 
4 (56%) 
3 (20%) 

N/A Not reported 

A-Al2O3, MD 
simulation (Gutiérrez & 

Johansson, 2002)70 

6 (2%) 
5 (22%) 
4 (76%) 

N/A 
4 (2%) 
3 (78%) 
2 (20%) 

A-Al2O3 film, MD 
simulation (Adiga et al., 

2006)73 

6 (2%) 
5 (20%) 
4 (78%) 

N/A 
4 (2%) 
3 (81%) 
2 (17%) 

aThe coordination numbers of the Li-Al-O region were averaged from the 2- to 6- and 10-monolayer systems. 
bThe coordination numbers of the Al-O region were from the 10-monlayer system. 

 

Table 2 summarizes some reported Al, O, and Li coordination numbers from literature 

along with calculations from this work. In this work, the percentages of atoms exhibiting a 

particular coordination number were calculated for the Li-Al-O region by adding the number of 

atoms exhibiting a certain coordination number for each monolayer system and dividing by the 

total atoms of that type. Using the [4]Al coordination as an example, the averaged number [4]Al 

atoms (counted every 100 frames for 1000 frames) for the two- to six- and 10-monolayer systems 

were summed and divided by the total number of Al atoms (summed across two to six and 10 
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monolayers). The Al-O region atom coordination percentages were calculated using the 10-

monolayer system. 

Crystal phases are included as references. For example, α-LiAlO2 contains only [6]Li while 

γ-LiAlO2 contains only [4]Li. Additionally, [6]Al is the sole aluminum coordination environment of 

α-Al2O3 and α-LiAlO2 while γ-LiAlO2 contains only [4]Al. As an aside, γ-Al2O3 was not included 

because its structural characteristics have not been agreed upon by researchers, with groups 

proposing models ranging from cubic spinel-like to dehydrated non-spinel models.74 The lack of 

consensus stems from the range of structural characteristics γ-Al2O3 adopts depending on the 

starting synthesis material and the temperature of calcination.75, 76 In fact, γ-Al2O3 is the most 

disordered of the transition aluminas,76 with some comparing its surface to amorphous Al2O3.70 

Additionally, pure crystalline alumina phases do not contain [5]Al, hence, [5]Al is solely attributed 

to the amorphous phase,17 with Lee et al. going as far as to call the amount of [5]Al as the “degree 

of disorder in amorphous oxides.”71 

Experimental diffraction data can be fit using atomistic models. Lamparter & Kniep fit a 

Reverse Monte Carlo (RMC) model to total pair correlation functions obtained by X-ray and 

neutron diffraction experiments on amorphous alumina films. Their RMC model determined their 

amorphous sample was primarily comprised of AlO4 polyhedra, with minimal AlO6. Paranamana 

et al. fit RMC-molecular statics models to pair distribution functions obtained by electron 

diffraction data of ALD AlOx films.77 They found the Al atoms had an average coordination 

number of 4.833 in the film bulk, which they attributed to a blend of tetrahedral and octahedral 

aluminum centers (AlO4 and AlO6, respectively) . We highlight the work of Lamparter & Kniep 

and Paranamana et al. to point out that even amorphous Al-O structures can have significant 

amounts of [4]Al. 
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Figure 6. Experimentally measured and simulated aluminum coordination numbers in amorphous alumina films. Jitter 

in the x-direction was added to the scatter points to allow better readability. Although there is large variation within 

an Al coordination number, [4]Al is generally the prevailing coordination number. The amount of [6]Al depends on the 

film growth technique and temperature used while [5]Al is unique to amorphous alumina. [3]Al was only calculated in 

the simulated alumina films, most likely due the simulated surface Al being undercoordinated. The solid markers 

correspond to experimental measurements taken using solid-state 27Al NMR spectroscopy while the empty markers 

correspond to simulated amorphous alumina films. 

 

Figure 6 visualizes the experimentally measured aluminum coordination numbers along 

with some simulations listed in Table 2. The experimental processes to grow amorphous alumina 

films included physical vapor deposition (PVD), ALD, chemical vapor deposition (CVD), and sol-

gel wet chemical coating. There is considerable spread within a coordination number (between 

~30% - 60%); nevertheless, [4]Al is generally the most prevalent coordination environment. The 

amount of [6]Al depends on the process conditions and film deposition technique used. Simulated 
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amorphous Al2O3 films expect the percentage of [6]Al to be low. [3]Al was not experimentally 

measured, but could be present at surfaces and interfaces, which differ from the bulk.73  

The experimentally measured Al coordination environments should come with the caveat: 

they sample the bulk material or very thick films (hundreds or thousands of nanometers). However, 

our system investigates ultrathin alumina ALD films on layered transition metal oxides. Beneficial 

ALD films on these substrates are determined experimentally to be less than 2 nm thick;33 our 

thickest simulated film is only ~3 nm thick. We expect these extremely thin films to be greatly 

influenced by their interfaces. This work follows the trend of predominant [4]Al established by the 

literature. The next question to consider is how the Al coordination changes through an ultrathin 

film. 
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Figure 7. Coordination environment as a function of distance through the simulated 10-monolayer film. (a) The film 

was broken into four regions based on its mass density profile (the colors of the four regions were chosen to highlight 

the different regions and do not correspond to coordination numbers). The coordination numbers were calculated for 

each of the regions every 100 frames for 1000 frames and averaged. (b) Distribution of Al coordination numbers with 

O atoms for the Al-O bonds as a function of distance from the LCO surface. The highest percentage of [6]Al occurred 

in the interface region. Otherwise, [4]Al is the most common coordination environment, especially towards the outside 

of the film. (c) Distribution of O coordination numbers with the sum of Al and Li atoms for the Al-O and O-Li bonds 

as a function of distance from the LCO surface. Oxygen atoms in the film are undercoordinated at the interface, which 

we hypothesize is due to the presence of additional oxygen from the LiCoO2 sheet. (d) Distribution of Li coordination 

numbers for the O-Li bonds as a function of distance from the surface. The large standard deviations indicate the Li 

coordination environment frequently changes. The Al-O film and Al-O surface regions do not contain any Li atoms. 

 

Figure 7 represents the coordination environment as a function of distance through the film. 

The 10-monolayer system was investigated and broken into four subregions based on the mass 

density profile in Figure 4h and reprinted with region demarcations in Figure 7a. The 10-

monolayer cutoffs used in Figure 5 were applied to each subregion. In the case of the 10-monolayer 

system, the cutoff for Al-O and O-Li bonds were the same at 2.45 Å. In Figure 7b, the majority of 

[6]Al occurs at the interface before decreasing to zero at the surface. The surface of the film is 
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mostly composed of [4]Al with a noticeable amount of [3]Al, which Adiga et al. also observed in 

their surface simulations.73 Interestingly, in Figure 7c, oxygen is predominantly [2]O at the 

interface. We hypothesize the low coordination of film oxygen is due to the large oxygen presence 

from the LCO sheet, which was not included in any of this work’s coordination analyses. The large 

standard deviations of Li In Figure 7d correlate to highly mobile Li atoms that switch coordination 

environments frequently. To note, the largest amount of [6]Li occurred at the interface subregion. 

The large percentage of [6]Al and [6]Li at the interface gives the film α-LiAlO2 character and 

evidence for a heteroepitaxial Li-Al-O overlayer. LiCoO2 possesses [6]Co and [6]Li bonding 

environments—and the proximity to the LCO sheet fosters this 6-fold coordination environment 

in the Li-Al-O film. 

4. CONCLUSIONS 

In summary, we have analyzed the nanostructure of amorphous Li-Al-O ALD-like films in 

contact with the (0001) LiCoO2 surface using molecular dynamics simulations. We observe 

layering of Al and O atoms in the Li-Al-O region that extends for about 1.5 nm from the LCO 

surface before transitioning to a disordered Al-O structure. Lithium exists within the Al-O network 

for about 2 nm from the LCO surface. According to our simulations, the ALD film nanostructure 

differs from the α-LiAlO2 lattice matching arguments made for wet chemical alumina films: while 

the simulated ALD-like films possess layered Al-O sheets evocative of α-LiAlO2, they contain 

very little [6]Al and have significant amounts of [4]Al. We note that [4]Al is associated with 

amorphous Al2O3 and also γ-LiAlO2. The lack of [6]Al and prevalence of [4]Al suggests that the 

films are amorphous and function as pseudomorphic overlayers, where the Li-Al-O structure is 

inspired by the underlying layered LCO lattice but does not exactly replicate it. Furthermore, Li 

was found to be quite mobile through the Al-O network, with Li and Al occupying similar sites in 
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relation to oxygen. Because LiCoO2 shares the same 3D space group (𝑅3ത𝑚) as NMC, we expect 

the simulated results of the film nanostructure (that is, layering of Al and O atoms at the interface 

and the Li-Al-O region persisting for ~2 nm) to not change if NMC is used as the model surface. 

This computational study provides atomistic insight into the nanostructure of the alumina ALD 

film-LiMO2 interface and supports the argument that Al2O3 ALD films coat transition metal sites 

while allowing Li to intercalate through the film. Additionally, with the observation of the Li-Al-

O film transitioning to a pure Al-O structure at sufficient thicknesses, this study provides rationale 

as to why low cycles of alumina ALD are most beneficial to the electrochemical performance of 

layered transition metal oxides for Li-ion battery applications.  
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