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a b s t r a c t

The solid electrolyte interphase (SEI), a passivation film covering the electrode surface, is crucial to the

lifetime and efficiency of the lithium-ion (Li-ion) battery. Understanding the Li-ion diffusion mechanism

within possible components in the mosaic-structured SEI is an essential step to improve the Li-ion con-

ductivity and thus the battery performance. Here, we investigate the Li-ion diffusion mechanism within

three amorphous SEI components (i.e., the inorganic inner layer, organic outer layer, and their mixture

with 1:1 molar ratio) via ab initio molecular dynamic (AIMD) simulations. Our simulations show that

the Li-ion diffusion coefficient in the inorganic layer is two orders of magnitude faster than that in the

organic layer. Therefore, the inorganic layer makes a major contribution to the Li-ion diffusion. Further-

more, we find that the Li-ion diffusivity in the organic layer decreases slightly with the increase of the

carbon chain from the methyl to ethyl owing to the steric hindrance induced by large groups. Overall,

our current work unravels the Li-ion diffusion mechanism, and provides an atomic-scale insight for the

understanding of the Li-ion transport in the SEI components.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Rechargeable Li-ion batteries (LIBs) have been widely used in

critical applications such as portable electronics, heavy-duty ve-

hicles, and medical equipment due to their high energy storage

[1–6]. However, as the global energy demand continues to grow, it

becomes increasingly important to develop energy storage systems

with higher energy densities. Solid electrolyte interphase (SEI) or

cathode electrolyte interphase (CEI) is constructed from the side

reactions such as electrolyte decomposition on the electrode’s sur-

face during the first charge and discharge of Li-ion batteries [7].

Although this layer of SEI/CEI would lead to irreversible loss of

battery capacity in the first cycle, a good SEI or CEI layer should

prevent further electrolyte decomposition by blocking the elec-

tron transport while allowing the Li-ion to pass through during

long cycling, thus ensuring good cycling performance of the battery

[8–12]. Meanwhile, the composition, thickness, morphology, and

compactness of SEI/CEI significantly affect battery performance

[13–15]. Therefore, understanding the Li-ion transport properties

of the solid electrolyte interphase is critical for designing long-life

and high-performance batteries.
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Tremendous research has provided a complete picture of SEI

film chemistry and a general understanding of the mechanism of

its formation [16,17]. The composition of SEI/CEI films has been

revealed by researchers, mainly consisting of the inorganic com-

ponents (e.g., Li2CO3, LiF and Li2O) near the electrodes and the or-

ganic components (e.g., ROCO2Li, ROLi (R is an organic group)) near

the electrolyte through in situ and ex situ compositional characteri-

zation techniques [18,19]. The morphological aspects of the SEI/CEI

evolution process and thickness have been proposed with scan-

ning electron microscopy (SEM), transmission electron microscopy

(TEM), and atomic force microscopy (AFM) [20–22]. However, the

Li-ion transport mechanism passing through the SEI and under-

standing of ionic conductivity are still under debate [23,24]. Sev-

eral computational studies developed independently defect ther-

modynamics and diffusion mechanisms of SEI in inorganic crystal

components, organic components such as dilithium ethylene di-

carbonate (Li2EDC) and dilithium butylene dicarbonate (Li2BDC),

and the grain boundary [25–28]. One of the currently accepted

SEIs is the mosaic structure, that is, a dispersion of crystalline

phases in these amorphous phases and its random distribution will

cause more cracks and other problems during the cycles [29,30].

However, relatively little attention has been paid to understanding

the Li-ion transport mechanism in the amorphous structures [31].
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Therefore, it is necessary to understand the Li-ion transport in the

amorphous solid electrolyte interphase.

Molecular dynamics simulations are widely used to estimate

diffusion behavior because it provides dynamic information about

the system’s evolution concerning time [32–34]. Here, the migra-

tion of the Li-ion in the SEI/CEI was investigated through ab ini-

tio molecular dynamics (AIMD) simulations. Three amorphous solid

electrolyte interphases were constructed namely the inorganic in-

ner layer of LiF and Li2CO3, the organic outer layer of ROCO2Li and

ROLi (R=CH3 or CH3-CH2), and the mixing layer of their 1:1 mix-

ture. Room-temperature diffusivities in different components are

obtained using the Arrhenius extrapolation relationship. Further-

more, the effect of the carbon chain length on the Li-ion diffu-

sion in the organic layer is revealed. Our work elucidates the Li-ion

diffusion mechanism in different amorphous SEI components and

provides guides for SEI optimization with enhanced Li-ion conduc-

tivity for battery designs.

In order to study the diffusion of Li-ion in three amorphous

solid electrolyte interphases of the inorganic, organic, and mixing

layers, we have performed density functional theory (DFT) calcula-

tions using the Vienna ab initio Simulation Package (VASP) [35–37].

The projector augmented wave (PAW) method [38] and Perdew-

Burke-Ernzerhof (PBE) [39] functional were used throughout the

work. The kinetic cutoff energy was 500 eV and GAMMA-centered

k-point meth was used for all calculations, determined by the con-

vergence tests.

The calculation and simulation are mainly carried out in the

following three parts: (1) Structural relaxation: to eliminate the

unreasonable contacts in the initially setup amorphous structures;

(2) 10 ps NpT ensemble: AIMD simulation with an NpT ensem-

ble at 300 K was performed to obtain the equilibrium volume of

300 K, i.e., the reasonable density of these different components

in SEI. The Langevin thermostat was used to run an NpT simula-

tion [40,41]; (3) 100 ps NVT ensemble: A range of high tempera-

tures (600, 700, 800, 900, 1000, 1100, 1200 and 1500 K) with NVT

ensembles were performed for the sampling and extrapolating to

the room-temperature diffusivity. The 1 fs time step and the Nose-

Hoover thermostat were used in all NVT simulations [42,43].

The gradient amorphous and crystalline phase components of

SEI affect the internal Li-ion transport. Numerous studies have

found the presence of amorphous interphases on the cathode and

anode surfaces, which exerts a significant influence on the electro-

chemical behavior [20,44]. Therefore, we constructed the following

three types of amorphous SEI components, namely, the inorganic

layer of the LiF and the Li2CO3, the organic layer of the ROCO2Li

and the ROLi (R=CH3 or CH3-CH2), and their mixing layer with

1:1 ratio, to compare the effects of the organic and inorganic com-

ponents on the Li-ion migration, using the DFT method to calculate

the energy and force of the system (Fig. 1).

To construct the amorphous solid electrolyte interphase, we

used the Packmol software [45] to build the inorganic, organic,

and mixing layers, consisting of 15 Li2CO3 and LiF, 8 CH3OLi and

CH3OCO2Li, and 6 Li2CO3, LiF, CH3OLi and CH3OCO2Li molecules,

with a total of 120, 120, and 138 atoms, respectively, based on the

cost and computational time limit of AIMD. The initial box shapes

are 14×14×14 Å3, 13×13×13 Å3, and 18×18×18 Å3, as shown

in Fig. S1 (Supporting information). Similarly, the carbon chain

is increased to an ethyl configuration, containing 6 CH3CH2OLi

and CH3CH2OCO2Li, totaling 126 atoms, and then stacked in a

15×15×15 Å3 cubic simulation box (Fig. S1c). The Li, F and CO3

groups are randomly placed into a box with periodic boundaries

and the bond length and bond angle of the CO3
2- group are de-

rived from the inorganic crystal structure database (ICSD).

The final amorphous morphologies are obtained according to

the steps mentioned above, as shown in Figs. S1a’-d’. The final

sizes of the boxes are 11.07×11.07×11.07 Å3, 11.54×1.54×1.54

Fig. 1. Schematic diagram of Li-ion diffusion in the amorphous SEI regions with

different components.

Fig. 2. (a) Radial distribution functions and (b) coordination numbers for the inor-

ganic layer, the methyl organic layer, the ethyl organic layer, and the mixing layer at

600K. The arrows indicate the first coordination shell: 2.65 Å for Li-F and ∼2.75 Å

for Li-O.

Å3, 11.61×11.61×11.61 Å3, 12.34×12.34×12.34 Å3 for the inor-

ganic layer, the methyl organic layer, the ethyl organic layer, and

the mixing layer, respectively. The atomic groups diffuse uniformly

and C-O and C-C bonds do not cleavage. As the MD simulation

progresses, changes in temperature and energy in each system are

monitored to ensure that the simulation reaches equilibrium. Fig.

S2 (Supporting information) shows the apparent temperature and

energy changes obtained at different temperatures, essentially in

equilibrium after 5 ps.

The amorphous SEI structures are analyzed by examining ra-

dial distribution functions (RDFs) involving F and O, which are

compared among systems with different compositions (Fig. 2). The

higher Li-F RDF peak in the mixing system (Fig. 2a) corresponds to

a relatively smaller coordination number (Fig. 2b) compared to the

inorganic component system because the average densities of the

calculated group in different compositional SEI layers are different.

The Li-F first peak is around 1.85 Å. The Li-F peaks are located at

the same distances of 1.85 Å in different components. The Li+ ion

is strongly coordinated by the F- ions in the inorganic layer as op-

posed to the mixing layer, with coordination numbers of 1.36 flu-

orine atoms in the inorganic layer and 0.75 fluorine atoms in the

mixing layer within a distance of 2.65 Å to a Li+ ion. The choice

of the Li-F coordination number sheath of 2.65 Å depends on the

distance where the Li-F RDF decays to the first valley, so fluorine

within 2.65 Å is considered to be strongly coordinating with the

Li+ ion. The position of the first peak of the Li-O RDF is around

1.95 Å for all systems. Even though the interaction between Li/F

restricts the movement of ions, it still has a similar Li-O coordi-

nation shell of ∼2.75 Å, indicating that the Li+ ion is surrounded
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Fig. 3. Linear fitting of log(D)-1000/T of the inorganic layer, organic layer (methyl,

ethyl) and mixing layer.

by another three to four O atoms in the coordination sheath. Due

to the higher proportion of O atoms in the organic components,

the corresponding first solvation sheath (2.85 Å) is larger and has

more oxygen coordination atoms (3.80) (Fig. S3 in Supporting in-

formation).

We study the Li-ion transport in the SEI by calculating Li-ion

self-diffusion coefficients (Ds) by the mean square displacement

over time in different compositional layers:

Ds = lim
t→∞

[
1

2dt

〈
[�r(t)]

2
〉
]

(1)

where d indicates the Li diffusion dimension and it equals 3 in our

cases. The 〈[�r(t)]2〉, that is MSD(t), is a mean-square displacement

of all Li-ions during time t, calculated according to the following

formula:

〈
[�r(t)]

2
〉
= 1

N

∑N

i

〈
[�r(t + t0)]

2 − [�rt (t0)]
2
〉

(2)

MSD is the average overall Li-ions of N and is a statistical aver-

age over time t0. Speaking generally, a sufficient sampling at room

temperature requires a long time (> 10 ns) simulation, which goes

far beyond the time scale of the AIMD. Therefore, the Arrhenius re-

lationship was used to extrapolate the room-temperature diffusion

coefficient from the high-temperature results [46,47].

To investigate the ionic diffusivity, the MSDs of the Li-ion in

the SEI layer at different temperatures were calculated (Fig. S4a

in Supporting information). The overall MSD at each temperature

was obtained from the three directions a, b and c (Fig. S4b in Sup-

porting information). As shown, the MSD of the Li-ion increases al-

most linearly with time, indicating that sampling is sufficient and

the diffusion is relatively uniform [48]. At the same time, it can be

seen that the diffusion coefficient increases with the increase in

temperature because the high temperature intensifies the move-

ment and collision of molecules, which is beneficial to diffusion.

The slope of the MSD curves is used to calculate the diffusion co-

efficient by Eq. 1. Owing to the poor statistics, the first and last 10%

MSD curves are excluded to linearly fit the diffusivity and the final

results are listed in Tables S1-S4 (Supporting information) [49].

Both the Li-ion diffusion coefficient and ionic conductivity were

extracted from the slopes of the MSD linear fitting and then ex-

trapolated to low temperatures. Based on the above MSD curves,

the Arrhenius plot log(D)-1000/T of the diffusion coefficient from

600K to 1500K are shown in Fig. 3, including the inorganic layer,

the methyl organic layer, the ethyl organic layer, and the mixing

layer. The corresponding calculation data are recorded in Tables S5-

S8 (Supporting information). It can be seen that as the temperature

decreases, the Li-ion diffusion coefficient in the inorganic layer de-

creases more slowly than that of the organic layer, which indicates

that the Li-ion is more mobile in the inorganic small molecules

at low temperatures. Therefore, the Li-ion diffusion coefficient of

Fig. 4. Displacements of the Li-ion for (a) the inorganic layer and (b) the methyl-

organic layer at 600K.

9.24×10-8 cm2/s in the inorganic layer extrapolated to room tem-

perature of 300K was found to be two orders of magnitude larger

than the diffusion in the methyl-organic layer of 8.29×10-10 cm2/s

and at least an order of magnitude larger than the Li-ion diffusion

of 1.63×10-9 cm2/s in the mixing layer (Table S9 in Supporting in-

formation). Although bulk LiF is an electronic insulator, numerous

studies have proved that LiF-rich SEI (polycrystalline and amor-

phous LiF) has a great advantage in Li-ion transport when forming

nanoscale interfaces with other components (Li2O, Li2CO3), which

may be that they synergistically form a heterogeneous structure,

improving the ionic conductivity on the anode side of the bat-

tery, and also consistent with our AIMD simulations [50,51]. At first

glance, the Li-ion diffusion coefficients of the two sizes of organic

group layers are in the same order of magnitude, but the methyl

organic layer is slightly larger, which also indicates that the large

group formed by the increase of the carbon chain does restrict the

Li-ion diffusion. The activation energy of the Li-ion diffusion can

be calculated using the Arrhenius formula. The results show that

the Li-ion has smaller activation energy in the inorganic layer, in-

dicating a faster diffusion coefficient, which is consistent with our

previous calculations.

In order to gain further insights into the transport mechanism

of the Li-ion in different SEI components, the trajectories after 5

ps where the system reaches equilibrium are selected for analysis.

Fig. 4 shows the displacement of the Li-ion over 5 ps, where blue

and pink balls represent the initial and final positions of the Li-ion

during the simulation segment, respectively, and the arrows indi-

cate the directions of each Li-ion’s movement. It can be seen that

in the inorganic SEI component, after the 100 ps AIMD simulation,

the range of Li-ion movement is larger. This visualized schematic

diagram of the Li-ion diffusion is consistent with the calculated Li-

ion mobility, which once again proves the binding effect of organic

components. In the future design of battery performance, it should

be considered to preferentially induce the formation of inorganic-

rich components SEI, to effectively improve the Li-ion diffusion in

the interphases.

In summary, AIMD simulations are performed to investigate

the Li-ion diffusion coefficient and ionic conductivity for differ-

ent amorphous SEI components. Furthermore, the Li-ion transport

mechanism in those components is revealed. Our simulations show

that the Li-ion diffusion in the inorganic layer is significantly faster

than that in the organic layer, while the diffusion in the mixing

layer is between the two. Meanwhile, as the carbon chain increases

from methyl to ethyl in the organic layer, the Li-ion diffusion is

limited and a slightly lower diffusion coefficient is obtained. This

effect is related to the group size of the ROCO2
- anions, which

limits the Li-ion diffusion in the interphases, thereby reducing the

Li-ion conductivity. Overall, our current work provides an under-

standing of the Li-ion transport mechanism in the amorphous SEI

at the atomic scale and provides the guidance for the battery in-

terphase design.
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