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Abstract

The solid electrolyte interphase (SEI) is a passive layer, typically a few hundred angstroms
thick, that forms on the electrode surface in the first few battery cycles when the electrode
is in contact with the electrolyte in lithium-metal batteries. Composed of a combination of
lithium salts and organic compounds, the SEI plays a critical role in battery performance,
serving as a channel for Li-ion shuttling. Its structure typically comprises an inorganic
component-rich sublayer near the electrode and an outer organic component-rich sublayer.
Understanding heat transport through the SEI is crucial for improving battery pack safety,
particularly since the Li-ion diffusion coefficient exhibits an exponential temperature de-
pendence. This study employs first-principles calculations to investigate phonon-mediated
temperature-dependent lattice thermal conductivity across the inorganic components of
the SEI, including, LiF, Li, O, Li,S, Li,CO;, and LiOH. This study is also extended to the
dependence of the grain size on thermal conductivity, considering the mosaic-structured
nature of the SEL
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1. Introduction

The increasing demand for drones and electric vehicles (EVs) underscores the need
to enhance the reliability of Li-ion batteries (LIBs), particularly in mitigating thermal
runaway events while optimizing for high energy density. A high energy density necessi-
tates compact packing within the LIB, which increases the risk of internal short-circuiting
primarily due to the formation of lithium dendrites on the electrode surfaces. These needle-
shaped nanostructures typically form on anodes during the long-term cycling of the battery.
The formation and growth of dendrites are strongly influenced by a very thin complex
layer known as the solid electrolyte interphase (SEI), which forms on the electrode surface
when the electrode is in contact with the electrolyte [1]. The SEI serves as a protective layer
specifically for anodes, and it prevents the tunneling of electrons from the anode to the
electrolyte while permitting Li-ion shuttling. Given its strategic position within a battery,
the SEI also acts as a medium for transporting Joule heat generated within the electrolyte
and electrode during battery cycling. This role becomes particularly significant when the
temperature gradient influences the dendrite growth mechanism [2].

The concept of the SEI was first introduced by Peled [3] in 1979. In subsequent years,
revised and promising multilayered SEI models were proposed, with significant advances
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made in the late twentieth century [4,5]. The most accepted SEI model has a bilayered
mosaic structure. This mosaic-type interphase forms when the lithium electrode is in
contact with the liquid electrolyte, which is composed of organic solvents and lithium salts.
The lower reduction potential of electrolytes compared to that of the electrode facilitates
the instantaneous reduction of lithium and electrolyte species. Then, the insoluble products
formed from the redox reactions between active lithium ions and the anionic species of
electrolytes deposit on the metallic anode surface, forming the SEI [6]. This reaction occurs
during the first full cycle and can reduce the capacity of the battery pack by up to 10% due to
its consumption of active Li and electrolyte ions [7]. Morphologically, the average thickness
of this interphase ranges from 10 to a few hundred nanometers [8]. When the structure is
meticulously assessed, the SEI can be modeled as a bilayered, multicomponent structure,
with organic components predominantly found near the electrolyte and inorganic compo-
nents located closer to the electrode. The organic species most commonly reported within
the SEI include ROLi, RCOOLi, ROCOLi, RCOO,Li, and ROCO,Li (R = alkyl groups),
while the inorganic components predominantly consist of LiF, Li,O, LiOH, Li,CO;, and
Li,S [9]. However, there remains ambiguity regarding the structure of the inorganic layer
within the SEI. One model suggests that this layer has a grain-like structure, where Li ions
can diffuse through both the inorganic grains and grain boundaries between them [10].
In contrast, another perspective posits that the inorganic sublayer forms a single, structured
sublayer, with ion diffusion occurring through a knock-off mechanism [11]. Regarding
ion and electronic transport, the organic layer hinders Li-ion diffusion to some extent.
In contrast, studies suggest that Li-ion migration is faster in the inorganic layer, especially
through grain boundaries than through grains. Meanwhile, the elevated electronic bandgap
reported for inorganic components hinders electronic tunneling from the anode material
to the electrolyte. This phenomenon intuitively benefits the battery pack by preventing
further reactions between the electrode material and the electrolyte.

In recent decades, extensive research has been conducted on the SEI to explain its mor-
phology, surface chemistry, lithium-ion diffusion dynamics, dendrite evolution, and aging
mechanisms [12]. Together, these studies underscore the crucial role of the SEI in enhancing
the reliability and energy density of lithium-ion batteries. A wide range of studies have
been conducted on the thermophysical properties of SEI components to improve the design
of the SEI In the experimental realm, Petibon et al. [13] conducted a temperature sensitivity
analysis of the impedance of cell components, electrodes, electrolytes, and their interfaces,
using impedance spectroscopy. Their findings indicated that both interfacial and bulk
impedances decrease significantly with an increasing temperature. Some similar studies
have suggested that an SEI formed at low temperatures results in a stable morphology with
low impedance, while at higher temperatures, SEI components can reorganize to form a
stable structure [6,14,15]. Furthermore, a morphological change of the SEI with respect to
temperature has also been reported in some studies. For example, a study by Kim et al. [16]
using SEM and energy-dispersive spectroscopy reported a variation in SEI morphology
with temperature, particularly a thickening of the interphase at elevated temperatures. Sim-
ilarly, there are many studies that claim that the effect of temperature on the morphology
of lithium deposition spots is related to the efficiency of lithium cycling [17,18]. Another
important study by [19] demonstrated that localized temperature fluctuations in the SEI
can induce significant growth of lithium metals due to the enhanced surface exchange
current in the associated region. This study also pointed out that, while a uniformly applied
elevated temperature can suppress dendrite growth by diffusional smoothing, localized
hotspots accelerate dendrite formation in associated regions [20]. When evaluating the
aforementioned studies alongside other literature surveys, it became evident that research
specifically addressing heat transport in the SEI remains limited. The importance of such a
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study is underscored by the fact that Li-ion transport through the SEI is directly influenced
by activation energy, which is inherently temperature-dependent. This further reiterates
the critical need to understand the response of temperature to the thermal conductivity of
the SEI [21].

Given the focus of this study on the thermal conductivity of SEI components, we also
observed a limited number of molecular dynamics (MD)-based studies addressing this
topic [22]. However, the accuracy of MD-derived results critically depends on the choice
of empirical potential models, which can vary because of differences in the theoretical
treatment of atomic interactions. To avoid these ambiguities, this study adopted a first-
principles approach, which eliminates the reliance on empirical results and provides a more
robust theoretical overview.

Despite growing interest, studies employing first-principles calculations to explore
the thermal conductivity of SEI components remain sparse. Existing studies often overlook
the polycrystalline nature of SEI components and their grain boundary interactions with
other diverse lithium salts present in the SEI

In this work, we calculate the thermal conductivity governed by phonons for SEI
components using harmonic and third-order anharmonic force constants (FCs) obtained
from first-principles calculations, covering a temperature range of 150 to 1000 K, which is
typically reported as the battery operating range [23]. Furthermore, first-principles methods
offer exceptional accuracy in reproducing experimentally consistent phonon dispersion
data for lithium salts, as evidenced in previous studies [24-27].

Our analysis focuses on five commonly reported inorganic SEI components: LiF, Li,O,
Li,S, Li,CO;, and LiOH. Among these, the thermal conductivity of LiF is well documented,
with consistent data reported in various experimental and theoretical studies [28-31].
In contrast, temperature-dependent thermal conductivity data for the other common SEI
inorganic components remain unavailable, particularly when first-principles phonon-based
methodologies are used. This study aims to address this gap by providing a comprehen-
sive analysis of the thermal conductivity of these materials, accounting for heat transport
through Umklapp phonon scattering, as well as the influence of grain boundaries via
phonon—grain boundary scattering. These findings offer valuable insights into the ther-
mophysical behavior of SEI components, particularly in light of the polycrystalline nature
of the SEL

This article is organized as follows: Section 2 details the crystallographic character-
istics and computational methodologies employed in this study. Section 3 presents an
in-depth discussion of the aspects of phonon dispersion. Finally, Section 4 concludes with
a summary of the key findings and their significance in the operational environments of
Li-metal batteries.

2. Materials and Methods

This study collects the geometric structures of LiF, Li,O, Li,S, Li,CO;, and LiOH from
Materials Project with the lowest ‘energy above the hull’ using API. Of the five components,
LiF, Li,O, and Li,S have cubic crystal systems; LiOH has a tetragonal crystal system; and
Li,CO; has a monoclinic crystal system [32]. When magnetic properties are assessed, all of
the aforementioned lithium salts are found to be diamagnetic at the simulation temperature.

In general, the presence of a magnetic dipole or multipole order affects thermal
conductivity through its interaction with phonons [33]. Given the non-magnetic behavior
of the components, we omit such phonon-magnetic dipole coupling in our calculations.
Similarly, all the aforementioned components are well-established wide-bandgap materials;
therefore, electron-phonon scattering is also neglected in this study [34-37].
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The Vienna Ab-initio Simulation Package (VASP) (version 6.2.1) is used to perform
density functional theory (DFT) calculations to relax the systems and extract interatomic
forces. The conventional unit cells of the SEI components are optimized using a Monkhorst-
Pack k-point mesh, specifically defined for each material. The corresponding k-points
used in the Brillouin zone are summarized in Table S1. Likewise, the plane-wave cutoff
energies used for each component are also provided in Table S2. In this study, we compare
the performance of three commonly u sed DFT exchange—correlation functionals: (1) the
Local Density Approximation (LDA), (2) the Generalized Gradient Approximation in the
Perdew—Burke-Ernzerhof form (GGA-PBE), and (3) the revised Perdew—Burke-Ernzerhof
form for solids (GGA-PBEsol). The LDA and GGA-PBE are widely used benchmark
functionals for thermal property predictions. The GGA-PBEsol is chosen in particular due
to its known accuracy in reproducing the experimental lattice parameters and phonon
properties of solids. The geometry optimization of all the components is carried out, with
the convergence criteria for the energy and force being 10~¢ eV and 0.01 eV /A, respectively.
The geometric information with the lattice constant is listed in Table 1, obtained after
complete lattice relaxation using the aforementioned exchange—correlation functionals and
settings. An illustration of the lattice structures of the SEI components used in this work is
presented in Figure 1a—e in the specified order.

Table 1. Structural information of frequently reported inorganic components in the SEI for Li-metal
anode calculated using the LDA, GGA-PBE, and GGA-PBEsol.

Components * a () b (A) c(A) a(°) B () 7 () Lattice Volume (A°)
LiF (mp-1138) 3.90,4.08,4.00 3.90,4.08,400 3.90,4.08,4.00 90,90,90 90,90, 90 90,90,90  59.55,60.09, 64.17
Li, O (mp-1960) 4.50,4.65,4.58 4.50,4.65,4.58 4.50,4.65,4.58 90,90,90 90,90, 90 90,90,90  91.14,100.78, 96.37
Li,S (mp-1153) 5.56,5.67,5.65 5.56,5.67,5.65 5.56,5.67,5.65 90,90,90 90,90, 90 90,90,90 172.49,182.32,181.23
Li,CO; (mp-3054) 8.22,8.28,831 494,496,498 589,607,611 90,90,90 113.56,113.74,113.94 90,90,90  219.66, 228.89, 231.85
LiOH (mp-23856)  4.81,4.93,494 4.81,4.93,494 432,427,432 90,90,90 90, 90,90 90,90,90  100.04, 104.09, 105.69

[*] The Materials Project ID is given in parentheses.

Li S O
Figure 1. Unitcells of (a) LiF, (b) Li,O, (c) Li,S, (d) LiOH, and (e) Li,CO;.

Phonon Dispersion and Thermal Conductivity

Phonon thermal conduction is usually dissipated mainly by its scattering with other
phonons, electrons, impurities, defects, and grain boundaries. Given the wider electronic
bandgaps reported in LiF, Li,O, Li,S, Li,COj;, and LiOH, we assume that the electronic
contribution to thermal conductivity is negligible. Furthermore, we assume the presence
of pristine crystal structures in this study; hence, the contributions of impurity scatter-
ing are not considered. In addition to this, we omit the scattering contribution of other
quasi-particles such as polarons and excitons due to the less pronounced coupling with
phonons in these materials [38—40]. Consequently, heat transport in these materials is
assumed to be predominantly governed by phonons. In this work, we also account for the
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grain boundary-rich structure of the SEI, thereby incorporating the influence of the grain
boundary scattering of phonons and its contribution to thermal conductivity.

This study employs standard phonon transport theory, where key phonon properties,
including the frequency, group velocity, mean free path, and relaxation time, are calculated
using second-order harmonic and third-order anharmonic FCs. A thermal conductivity
analysis is carried out in the ShengBTE (version 1.5.1) framework, which is efficient in calcu-
lating the lattice thermal conductivity of wide-bandgap crystalline solids [24,41]. The Born
effective charge and dielectric constant are included to account for the nonanalytic behavior
of the potential energy surface in the Brillouin zone due to Coulombic interactions and are
given in Table S3. The second-order FCs and third-order FCs for this computation are gen-
erated using the Phonopy and Thirdorder.py (version 1.1.3) frameworks, respectively [42,43].
The force convergence criterion is set to —0.01 eV/A to calculate the second-order harmonic
and third-order anharmonic interatomic FCs with an exchange—correlation functional suit-
able for the respective calculations, as described in Section 3. All phonon calculations
described here are carried outin 2 x 2 x 2 supercells after a convergence test is carried
out on supercells of various sizes. The K-point mesh and the plane-wave cutoff energy are
selected based on the crystal system and the type of elements present in the system, which
are given in Tables S1 and S2. Density functional perturbation theory is used to extract
second-order FCs. For third-order FCs, the finite displacement approach is used with an
atomic displacement of 0.01 A from the equilibrium position and with a closest neighbor
cutoff distance of 3 A. Using dynamic FC matrices of the second and third order, the phonon
relaxation times and the thermal conductivity tensor are calculated using Fermi’s golden
rule in conjunction with the iterative solution of the Boltzmann Transport Equation (BTE).
Using the BTE, the phonon scattering rates are calculated, where the accuracy essentially
depends on the number of sampling points in the first Brillouin zone, which is also given
in Table S1 [44]. Combining the BTE and Fourier’s law [45,46], the phonon lattice thermal
conductivity tensor can be calculated as

1
kP = EZCU,Avf‘\vﬁTfC 1)

where A = (g, v) denotes the phonon mode with polarization v and wave vector g, C,, , is
the volumetric specific heat, v} and vi are the « and 8 components of the phonon group
velocity vector v), and T/{J is the phonon relaxation time [47]. Here, the phonon volumetric
specific heat can be obtained using Bose-Einstein statistics and the phonon relaxation
time from Matthiessen’s rule [46,47]. Through an iterative process using Equation (1),
the thermal conductivity tensor can be solved from the full solution of the linearized
phonon Boltzmann equation [48]. We use system-specific K-space meshes for each system
after convergence tests to solve the BTE.

In general, the total phonon scattering rate (inverse of the phonon relaxation time) in a
crystalline system can be calculated using Equation (2) [49]:

-1 _ -1 -1 -1 -1
Tt = Tpp +7, +7; +7, 2)

where 7,,, 7, L T‘;l, and Tlfl represent the scattering rates due to phonon-phonon (Umk-

1
lapp) scrzictering, phonon-boundary scattering, phonon—defect scattering, and phonon-
isotope scattering, respectively. In this study, the temperature-dependent lattice thermal
conductivity in SEI grains is calculated by considering only Umklapp phonon scattering
and is then compared with the results that include phonon-grain boundary scattering,
accounting for the grain-structured characteristics of the SEI. Since ShengBTE does not

explicitly account for boundary scattering, we modify the code such that the relaxation
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time governed by boundary scattering is T, = |TLA|' where L is the characteristic length, i.e,

the grain size, and v} is the phonon group velocity vector for the respective mode. Now, T/(J

can be written as the sum of the Umklapp scattering rate (Tp_pl) and the boundary scattering

rate as
1 1

] a7 T4 o
Top + T Tpp T %

T = 3)
Therefore, the lattice thermal conductivity is evaluated for grain sizes ranging from
L =2 nm to 10 nm, with increments of 2 nm, to capture the influence of grain boundary scat-
tering on heat transport. It is important to note that Equation (3) assumes perfectly diffusive
grain boundary scattering, which simplifies the boundary interactions by neglecting the
possibility of partial specularity. In real polycrystalline materials, phonon scattering at grain
boundaries may exhibit partially specular behavior depending on the phonon wavelength,
boundary structure, and surface roughness. Additionally, the model does not account
for Kapitza resistance, which can become significant at low temperatures due to phonon
mismatch across grains. These simplifications may introduce discrepancies between the
calculated and experimental values, particularly in a low-temperature regime [46].

3. Results and Discussion

This section presents a detailed analysis of the phonon band structure, mode-resolved
phonon dispersion, and their respective contributions to the lattice thermal conductivity.
Furthermore, this study examines the influence of phonon grain boundary scattering
on thermal conductivity and the variability in thermal conductivity resulting from the
selection of DFT exchange—correlation functionals. To simulate the effects of grain boundary
scattering, the grain size L in Equation (2), ranging from 2 nm to 10 nm in 2 nm increments,
is considered for all components. This range corresponds to the typical grain size observed
in SEI components [8]. Furthermore, here, we also examine the anisotropy in thermal
conductivity observed specifically in LiOH and Li,CO5, which provides insights into the
directional dependencies of heat transport.

LiF: LiF is a stable component of the SEI that forms from the decomposition of salts
such as LiPF, and LiTFSI (lithium bis(trifluoromethanesulfonyl)imide), additives such
as fluoroethylene carbonate, or reactions involving trace HF. The exceptional stability of
LiF has been widely utilized to develop durable artificial interphases due to its ability to
form highly stable interfaces with electrolytes. LiF is also well known for its tolerance to
temperature. For that reason, its presence in the SEI improves the high-temperature cycling
performance of the battery [50,51].

This study further examines the key thermal characteristics of LiF through a phonon
dispersion analysis. From the phonon dispersion spectrum given in Figure 2a, it is deter-
mined that the notable divergence between the longitudinal optical (LO) and transverse
optical (TO) phonon branches at the Gamma point supports the ionic crystalline nature of
LiF. However, at non-Gamma points, the LO-TO bandgap is absent due to the negligible
cation/anion mass ratio (~0.365). The phonon frequency range in the system is observed
to be between 0 and 17.5 THz. In particular, the state density of Li atoms is concentrated in
the higher frequency range of 7-17.5 THz, reflecting their lower mass compared to F atoms,
whose state phonon density lies in the range of 2.5-12 THz. Furthermore, the absence
of imaginary frequencies at both Gamma and non-Gamma points confirms the dynamic
stability of the system and the optimum supercell configuration chosen for this calculation.

Upon examining the contribution of each phonon mode to thermal conductivity,
as shown in Figure 2b, it becomes evident that the optical modes contribute approximately
45%, while the acoustic branches account for about 55%. Within the acoustic phonons,
transverse acoustic (TA) modes contribute more than longitudinal acoustic (LA) modes,
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as reflected in the steeper slope of the TA branches, indicating higher group velocities.
The higher density of states associated with F atoms in both the LA and TA branches
suggests that defects in F atoms may lead to greater variations in thermal conductivity than
defects in Li atoms. Although Li atoms predominantly influence the optic phonons, they
contribute only about 45% to the cumulative conductivity. However, the significance of the
acoustic modes (mainly populated by F atoms), which account for 55% of the thermal con-
ductivity, remains crucial. In short, defects associated with Li atoms, which predominantly
control the optical phonons, may introduce variations in the thermal conductivity of LiF,
but their effect is less pronounced than that of defects associated with F atoms.
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Figure 2. (a) Phonon dispersion curves and corresponding phonon density of states for LiF.
(b—e) Phonon mode contributions to lattice thermal conductivity, three-phonon scattering phase
space as a function of frequency, anharmonic phonon scattering rates versus frequency, and phonon
lifetimes versus frequency at 300 K. (f) Temperature-dependent lattice thermal conductivity curves of
LiF for the temperature range 150-1000 K.

The phase space of three-phonon scattering in LiF is shown in Figure 2c, with the
corresponding scattering rate and phonon lifetime presented in Figure 2d and Figure 2e,
respectively. Scattering remains minimal in the low-frequency regime, where an elevated
phase space is available, compared to the higher frequency range that spans from 12 to
17.5 THz. This reinforces the earlier observation that heat transport in LiF is primarily
facilitated by acoustic rather than optical phonons.

A numerical fit of the temperature-dependent cumulative thermal conductivity
(Figure 2e) reveals a dependence of 1/T"!! on the temperature range of 150 to 1000 K,
which closely aligns with predictions from kinetic theory [52]. As the system approaches
the Debye temperature, Umklapp scattering becomes the predominant phonon scattering
mechanism, particularly given that the perfect crystal model with zero defects leads to
asymptotic thermal conductivity when the temperature increases. The thermal conductivity
at room temperature, calculated using the LDA functional, is found to be 13.01 W/ (mK),
which is close to both experimental and computational studies, as summarized in Table 2.

The influence of the choice of the DFT exchange—correlation functional on the thermal
conductivity of LiF is illustrated in Figure 3a. Among the functionals considered, the LDA
demonstrates the closest agreement with the experimental data, suggesting its accuracy
in this context. Among the other two functionals considered here, the PBE functional also
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provides reasonably close estimates, while the PBEsol functional significantly overesti-
mates thermal conductivity, with deviations being approximately 4 units higher than the
actual values.

(a) (b)
45F oF
—e— LDA >— 2nm
40 —#— GGA PBE sl 4nm
. —¥— GGA PBEsol . —®— 6nm
X 35 <
3 E 7L 8nm
= 301 =
2 2
2 =y
B 25 3
=) =)
g gs5r
3 20 8
E 1sf €4t
[0 [
F £
10 3l
5K 2F ;
1 1 1 1 1 1 1 1 1 1
200 400 600 800 1000 200 400 600 800 1000
Temperature (K) Temperature (K)

Figure 3. (a) Exchange-correlation functional and (b) grain boundary effects (for grain size L = 2 nm
up to 10 nm) on thermal conductivity curves in LiF. Dashed vertical line corresponds to 300 K.

Figure 3b depicts the effects of grain boundary scattering on the thermal conductivity
of LiF, calculated using Equation (3). In the graph of the thermal conductivity temperature
response for grain sizes of 2 nm up to 10 nm, it can be seen that the grain boundary
effect is dominant in the low-temperature regime and becomes less pronounced when
the temperature increases. This is expected from the boundary scattering effect, which is
prominent at low temperatures and gradually decreases due to the increased contribution
of phonon—phonon scattering at higher temperatures. Furthermore, at 300 K, including
grain boundary effects reduces the thermal conductivity on average by approximately 58%
compared to the thermal conductivity governed by Umklapp phonon scattering.

Li,O: This study considers the face-centered cubic structure of Li,O (mp-1960), as il-
lustrated in Figure 1b, which is reportedly stable under ambient pressure [53]. In this
configuration, each Li atom is surrounded by a tetrahedral arrangement of O atoms. Li,O
is a commonly reported SEI component that forms when low-voltage anodes come into
contact with solid or liquid electrolytes containing oxygen [54]. With a high bandgap of
7-8 eV, Li, O exhibits strong insulating characteristics, effectively preventing any significant
electron—electrolyte interaction [55]. This also suggests that heat transport in this material
is predominantly governed by phonon scattering, with very minimal contribution from
electron-mediated processes due to the limited availability of free charge carriers.

The dispersion of phonons along high-symmetry points in the conventional unit cell of
Li,Ois presented in Figure 4a. In the dispersion spectrum, phonon frequencies are observed
in the 024 THz range. The splitting of the LO and TO branches at the I point reflects the
characteristic ionic nature of Li,O. The projected phonon density of the states reveals that
low-frequency modes are primarily associated with heavier O atoms, while lighter Li atoms
dominate higher-frequency modes (>15 THz). This observation underscores the sensitivity
of thermal conductivity to the density and distribution of O atoms within the crystal lattice.
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Figure 4. (a) Phonon dispersion curves and corresponding phonon density of states for Li,O.
(b—e) Phonon mode contributions to lattice thermal conductivity, three-phonon scattering phase
space as a function of frequency, anharmonic phonon scattering rates versus frequency, and phonon
lifetimes versus frequency at 300 K. (f) Temperature-dependent lattice thermal conductivity curves of
Li,O for the temperature range 150-1000 K.

The contribution of various branches of phonons to thermal conductivity is illustrated
in Figure 4b, highlighting the significant role of optical modes in heat transport. This further
suggests that the group velocity of optical modes cannot be neglected in Li,O, contrary
to the behavior often observed in other materials with a higher bandgap. The effect of
acoustic phonon modes on thermal conductivity can be understood from the three-phonon
scattering phase space. This phase space, shown in Figure 4c, indicates a greater availability
of scattering channels at lower frequencies for acoustic modes. This results in fewer
scattering events and longer phonon lifetimes, particularly for acoustic modes, as shown
in Figure 4d and Figure 4e, respectively. Consequently, acoustic phonons also contribute
approximately 51% of the total thermal conductivity, which is equivalent to the contribution
of optic phonons, emphasizing their equally crucial role in heat transport through Li,O.

The thermal conductivity curve shown in Figure 4f exhibits an asymptotic trend with
an increasing temperature due to significant Umklapp scattering, and a power law fit
reveals a dependence of 1/T%!3 for the temperature range 150 to 1000 K, as expected
from kinetic theory [52]. The room-temperature thermal conductivity, calculated using the
GGA-PBE functional, is found to be 21.13 W/(mK), which is well in agreement with the
values reported in both experimental and computational studies, as summarized in Table 2.

When comparing the thermal conductivity calculations using the LDA, GGA-PBEsol,
and GGA-PBE functionals, it was found that the GGA-PBE-based calculations produce
results that closely align with the experimental results, while the GGA-PBEsol overestimates
the thermal conductivity by approximately 7 W/ (mK), as shown in Figure 5a. It was also
observed that the LDA functional produced results closely matching those obtained from
the GGA-PBE functional, indicating its potential as a reliable alternative.
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Figure 5. (a) Exchange—correlation functional and grain boundary effects (for grain size L = 2 nm up
to 10 nm) (b) on thermal conductivity curves in Li,O.

To investigate the influence of grain boundary effects, additional calculations were per-
formed using the GGA-PBE functional, varying the size of the slabs used in the simulation.
The results in Figure 5b indicate that grain boundary dependence is mainly pronounced at
lower temperatures, where phonon boundary scattering becomes significant. Compared
to SEI grains where lattice thermal conductivity is computed considering only Umklapp
phonon scattering, the inclusion of grain boundary effects results in a significant reduction
in thermal conductivity. At 300 K, thermal conductivity decreases by ~64%. Furthermore,
a clear trend of an exponentially proportional increase in thermal conductivity is observed
with an increasing grain size, signifying the influence of boundary scattering on heat
transport properties.

Li,S: The presence of Li,S is confirmed in the SEI mainly when the electrolyte has poly-
sulfide compounds of the argyrodite family [56]. Recent studies suggest that Li,S is also a
promising candidate in the SEI for stable dendrite-free cycling [57,58]. This study employs
the FCC structure of Li,S (Figure 1c) for phonon simulations, which shares a similar crystal
structure to Li,O.

The theoretical electronic bandgap of Li,S has been reported to range from 3.3 to 5.1 eV,
classifying it as an electronic insulator with minimal electronic conduction due to the low
concentration of electron polarons [59]. With wide electronic bandgap characteristics, heat
transport in Li,S is assumed to be carried out mainly through phonon scattering. In the
phonon dispersion spectrum presented in Figure 6a, it can be seen that the frequency of
phonons ranges from 0 to 16 THz. The mass difference between Li and S atoms is evident
in the spectrum, as the optical band is contributed to mainly by Li, and the acoustic band is
mainly contributed to by the S atom. The Li atom especially lies in the higher-frequency
optical bands that span 8 to 16 THz, whereas the lower part of the optic modes mostly
comes from S atoms.

When assessing the contributions of individual phonon modes to thermal conductivity
(Figure 6b), it can be seen that the optic modes contribute equivalently to the acoustic modes
to the total thermal conductivity. Within the acoustic modes, the highest contribution
comes from the TA modes when compared to the LA modes. The lower scattering rate
(Figure 6¢), and, hence, the elevated lifetime of phonons in the lower-frequency regime,
explains the dominance of acoustic modes in thermal conductivity. Meanwhile, a larger
optic bandwidth and dispersion result in more channels in the phase space at a higher
frequency range, as shown in Figure 6¢, which then results in strong acoustic phonon
scattering (hence the shorter lifetime) and subsequently reduces the thermal conductivity,
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as depicted in Figure 6d—f. The temperature-dependent thermal conductivity of Li,S, shown
in Figure 6d, exhibits a typical asymptotic trend with temperature. As the temperature
increases, the power law fit with the fit parameter 1/T¢ yields a value of 1/T*%, which is
in close agreement with predictions from kinetic theory [52].

Figure 7a depicts a comparative analysis of temperature-dependent lattice thermal
conductivity using the LDA, GGA-PBE, and GGA-PBEsol functionals, which reveals that
all three produce closely aligned results. Notably, among them, the LDA functional demon-
strates a closer agreement with the experimental and simulation data. Using the LDA
functional, we also analyze the effects of the grain boundary on thermal conductivity, as
shown in Figure 7b. The results suggest that grain boundary effects are more pronounced in
the lower-temperature regime, with an average decrease in the thermal conductivity values
of almost 60%. The graph also shows that the grain size is exponentially proportional to
the thermal conductivity of the lattice.
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lifetimes versus frequency at 300 K. (f) Temperature-dependent lattice thermal conductivity curves of
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Li,CO;: The presence of Li,CO; reported in the SEI formed from the reduction of organic
carbonate solvents, such as ethylene carbonate and propylene carbonates [1]. Fast Li-
ion transport kinetics is one of the notable phenomena reported in SEI layers rich with
Li,COj [60]. Although it is a good ionic conductor, Li,COj; is known for its poor stability,
leading to a dynamically evolving and porous SEI, especially with Li-metal electrodes [61].
Since the temperature dependence of the ionic conductivity of Li,COj; is well known,
the following discussion of its thermal transport properties provides valuable insights into
the temperature-dependent Li-ion transport profile [62,63].

Here, we used monoclinic Li,CO; with the C2/c space group from the Materials
Project repository with id mp-3054 and the structure illustrated in Figure 1d. The lattice
information for this system is briefly described in Table 1. The atomic arrangement in
Li,CO; forms a three-dimensional network, where the LiO, tetrahedron and the CO;
groups are interconnected. This structural configuration plays a crucial role in maintaining
the overall stability of the lattice.

When analyzing the phonon dispersion spectrum of Li,CO; shown in Figure 8a, it
is found that the asymmetry of the lattice results in distinct group velocities for phonon
modes along the three crystallographic directions [100], [010], and [001]. As illustrated in
Figure 51, the group velocities also vary across these directions, highlighting the anisotropic
nature of phonon transport. This directional dependence arises from the underlying lattice
dynamics, is governed by the elastic moduli tensors, and reflects the variation in vibrational
behavior along different crystallographic axes [64].

The frequency of phonons in Li,CO; varies from 0 to 45 THz, with the density of states
for the acoustic modes predominantly contributed to by oxygen atoms. In contrast, carbon
and lithium atoms contribute primarily to the optical modes. That being said, a distinct
sharp peak in the phonon density of states, arising from oxygen atoms, is observed at
22 THz and 33 THz within the optical band spectrum. This suggests that oxygen atoms,
or associated vacancy defects, play a significant role in influencing the thermal properties
of Li,COj;. Furthermore, the absence of an optical-acoustic bandgap results in an enhanced
interaction between acoustic and optical phonons. This interaction is more likely to have a
significant impact on the thermal transport properties of Li,CO;.

Figure 8b depicts the individual contributions of phonon modes to the thermal conduc-
tivity of the lattice at 300 K. Prima facie, it is evident that there exists a direction dependence
in the contribution to all three phonon modes. For example, in the acoustic mode, the direc-
tion [001] exhibits the lowest group velocity when compared to the other modes, which
implies a reduced contribution to the overall thermal conductivity along this direction,
and this can also be seen in Figure 8f at 300 K. Similarly, within the acoustic mode itself,
the group velocity along the [100] direction is the highest, particularly in the TA1 and TA2
modes. This results in a greater contribution to the thermal conductivity along the [100]
direction, which is especially evident in the low-temperature range, which includes room
temperature, as shown in Figure 8f. Similarly, when analyzing the contribution of the
optical band to thermal conductivity at 300 K, it can also be seen that the contribution of
the phonon mode to thermal conductivity in the [100] direction is the highest, owing to
the higher group velocity in this direction. In general, the influence of the optical mode is
comparatively less pronounced in the low-temperature thermal response.

The asymptotic nature of the thermal conductivity curves with respect to temperature
can be understood from the three-phonon scattering phase space, along with the corre-
sponding phonon scattering rate and lifetime, as illustrated in Figure 8c—e, respectively.
The expanded phase space in the low-frequency regime and a reduced scattering rate lead
to an extended phonon lifetime, contributing to higher thermal conductivity at low temper-
atures. However, when phonon frequencies are moved to higher frequencies, primarily
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associated with optical phonons, where the phase space becomes more constrained, it
results in increased phonon scattering and a shorter lifetime, ultimately leading to lower
thermal conductivity in the high-temperature regime.
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Figure 8. (a) Phonon dispersion curves and corresponding phonon density of states for Li,CO;.
(b—e) Phonon mode contributions to the lattice thermal conductivity, three-phonon scattering phase
space as a function of frequency, anharmonic phonon scattering rates versus frequency, and phonon
lifetimes versus frequency at 300 K. (f) Temperature-dependent lattice thermal conductivity curves of
Li,COj; for the temperature range 150-1000 K.

In Figure 9a, this study compares the cumulative thermal conductivity of the Li,CO,
lattice calculated using three different DFT exchange—correlation functionals: the LDA,
GGA-PBE, and GGA-PBEsol. The cumulative thermal conductivity at 300 K is the lowest
when using the GGA-PBEsol functional, with a value of 9.29 W/(mK), when compared to
the other two functionals. In contrast, experimental studies reported room-temperature
thermal conductivity values of approximately 2.60 W/(mK) and 2.75 W/ (mK) [65,66].
These studies also mentioned the presence of grain agglomeration in the experimental
samples. Considering this, the significant reduction in thermal conductivity due to grain
boundary scattering—discussed in the following paragraph—helps reconcile the discrep-
ancy between the experimental measurements and DFT-predicted values.
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Figure 9. (a) Exchange—correlation functional and grain boundary effects (for grain size L = 2 nm up
to 10 nm) (b) on thermal conductivity curves in Li,CO;.
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The impact of grain boundaries on thermal conductivity is illustrated in Figure 9b.
The thermal conductivity increases with an increasing grain size, consistent with phonon-
boundary scattering theory [67]. Also, at lower temperatures, phonon-boundary scattering
dominates heat transport, significantly reducing thermal conductivity in fine-grained
materials. With an increasing temperature, other scattering mechanisms (for example,
phonon—phonon interactions) begin to play a more dominant role, thus diminishing the
relative influence of grain boundaries on thermal transport [68]. In particular, when grain
boundary effects are taken into account, the thermal conductivity at 300 K decreases by
approximately 78% compared to the heat transport through Umklapp phonon scatter-
ing. For a representative grain size of 6 nm, the cumulative thermal conductivity of the
calculated lattice is closely aligned with the experimental values reported in previous stud-
ies [65,66]. This agreement strongly supports the validity of incorporating grain boundary
scattering into the DFT-based model and resolves the discrepancies between the simulated
and experimental thermal conductivities.

LiOH: Earlier studies attributed the presence of LiOH in the SEI to water contamination [69,70].
However, more recent research suggests that LIOH forms naturally during SEI develop-
ment [71,72]. Some studies reported that LiOH reduces battery efficiency by compositional
transformation in the SEI from lithium ethylene dicarbonate to lithium ethylene monocar-
bonate, ultimately leading to capacity depletion [73]. Furthermore, when LiOH is part of
the SEI, it is generally less conductive than other inorganic species, such as LiF, ultimately
reducing the efficiency of the battery pack [74]. Despite its poisoning nature, LiOH can
contribute to the stability of the SEI layer and can also undergo further reactions, especially
in the presence of other components, such as hydrofluoric acid from the electrolyte, leading
to the formation of more stable compounds such as LiF [75].

This study used an anhydrous form of LiOH with a tetragonal crystal system of the
space group P4/nmm. The structure was obtained from the Materials Project repository
with ID mp-23856, with the structure illustrated in Figure le. In this structure, lithium is
in tetrahedral coordination with oxygen atoms, and oxygen atoms are coordinated to two
lithium atoms and two oxygen atoms in a hydroxide group.

The phonon dispersion spectrum, shown in Figure 10a, reveals that the LIOH phonon
frequencies range from 0 to 22 THz. The relatively heavier oxygen atoms predominantly
contribute to the density of states for the acoustic and low-frequency optical modes. In con-
trast, the lighter lithium and hydrogen atoms primarily contribute to the high-frequency
optical modes. Furthermore, a gap between the acoustic and optical modes is observed in
the 4 to 5 THz frequency range, which is a typical characteristic of ionic crystals. Further-
more, the optic bands are relatively flatter, resulting in a lesser contribution of optic phonons
to thermal conductivity, as seen in Figure 10b. Meanwhile, acoustic phonon branches show
steeper slopes and, hence, a higher group velocity, contributing more to thermal con-
ductivity. Figure 10a,b also show that both LA and TA phonons exhibit crystallographic
direction-dependent group velocities, thus demonstrating variable mode contributions
to the thermal conductivity—a behavior also observed in optical phonons. This direc-
tional dependence arises from the asymmetric nature of the crystal lattice with a lamellar
structure, where atomic masses and interatomic forces vary with the crystallographic di-
rection. Such an asymmetry also influences the phonon dispersion relations, leading to
variations in group velocities along different crystallographic directions. For LiOH, this
strong anisotropy is mainly attributed to the lamellar structure, which exhibits significantly
increased resistance to normal heat flow in the lamellar plane direction [76]. Also, as illus-
trated in Figure 10, the group velocities vary across crystallographic directions, highlighting
the anisotropic nature of phonon transport.
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Figure 10. (a) Phonon dispersion curves and corresponding phonon density of states for LiOH.
(b—e) Phonon mode contributions to the lattice thermal conductivity, three-phonon scattering phase
space as a function of frequency, anharmonic phonon scattering rates versus frequency, and phonon
lifetimes versus frequency at 300 K. (f) Temperature-dependent lattice thermal conductivity curves of
LiOH for the temperature range 150-1000 K.

When examining the three-phonon scattering phase space of LiOH (Figure 10a), a pro-
portional decrease in the available scattering channels with respect to frequency can be
observed. This is likely due to the phonon dispersion in lower-symmetry systems, such
as LiOH, leading to a broader distribution of phonon branches. This broadening reduces
the number of phonon degeneracies and limits the number of allowed three-phonon in-
teractions. The subsequent effects of this can also be seen in the anharmonic scattering
rate and its corresponding phonon lifetime, as visualized in Figure 10a and Figure 10b,
respectively. The scattering rate plot clearly reveals strong anharmonicity at higher fre-
quencies, particularly in the 15 to 24 THz range. Furthermore, the presence of stronger
anharmonicity in this structure does not necessarily expand the three-phonon phase space
but rather redistributes the scattering probabilities.

The end results of the scattering can be seen in the thermal conductivity of the lattice
as a function of temperature. The strong anisotropy in phonon propagation, resulting from
the lower-symmetry lattice, reduces the involvement of optical modes due to anisotropic
effects. This leads to a smoother decrease in the phase space, ultimately causing significant
anisotropy in the thermal conductivity of the lattice, as shown in Figure 10f. In this figure,
the three thermal conductivity curves exhibit a trend of 1/T, with the specific exponents
detailed in the inset. This behavior aligns with the predictions of kinetic theory [52],
where thermal conductivity inversely depends on the temperature. At 300 K, the thermal
conductivity follows the trend of x[g19) > K[109) > K[go1]- In the literature, it has been
reported that LIOH has experimental thermal conductivity values of 0.69 W/(m-K) and
1.69 W/(m-K) [77,78]. However, we observed that such studies did not account for the
anisotropic nature or grain size dependence of thermal conductivity. As a result, the experi-
mentally reported values may vary due to sample orientation and may decrease further
due to the presence of fine-grain boundaries within the sample.

In addition to the exchange—correlation functional LDA, which is discussed above
because of its better agreement with the lower values reported experimentally, this study
also compares the thermal conductivity predictions obtained using the GGA-PBE and
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GGA-PBEsol functionals. The results, presented in Figure 11a, indicate that the GGA-PBE
and GGA-PBEsol produce similar values but tend to overestimate thermal conductivity,
for example, by approximately 13 units at 300 K.
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Figure 11. (a) Exchange—correlation functional and grain boundary effects (for grain size L = 2 nm
up to 10 nm) (b) on thermal conductivity curves in LiOH.

Using the LDA functional, we also estimated the effects of the grain boundary on
the cumulative thermal conductivity in LiOH. Figure 11b shows the thermal conductivity
for a grain size ranging from 2 nm to 10 nm. The influence of the grain boundaries, intro-
ducing an additional boundary phonon scattering term, is particularly significant in the
low-temperature regime, as seen in Figure 11b. Moreover, the increases in thermal conduc-
tivity with the grain size follow a trend closely resembling an exponentially proportional
relationship. In addition, the incorporation of grain boundary effects results in a substantial
reduction in thermal conductivity; for example, values at 300 K decrease by approximately
78% compared to thermal conductivity through Umklapp phonon scattering.

Owerestimation of Lattice Thermal Conductivity

The room-temperature lattice thermal conductivities of all the SEI components dis-
cussed above are summarized in Table 2. For comparison, literature-reported experimental
and computational values are also included. In this table, it can be observed that the
computational simulations overestimate the thermal conductivity values compared to the
experimental measurements for the SEI components, namely, Li,O, Li,CO;, and LiOH.

Although this discrepancy is less pronounced for LiF, it is significantly observable
across the other components. For example, previously reported DFT and MD simulations of
Li,O yield thermal conductivity values notably higher than those obtained experimentally.
In this study, a similar overestimation is also observed for the DFT-calculated values for
Li,CO; and LiOH. This suggests that first-principles predictions, while useful, may not
fully capture all scattering mechanisms in these materials. Molecular dynamics simulations
represent a valuable direction for future work with fine-tuned interatomic potentials to
incorporate anharmonic effects and defect-induced phonon scattering more explicitly,
potentially narrowing the gap between theoretical and experimental results.
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Table 2. Lattice thermal conductivity of SEI components at 300 K calculated using only Umklapp
phonon scattering with the LDA, GGA-PBE, and GGA-PBEsol functionals. Experimental values from
the literature are included for a comparison.

Components K Present Work Theoretical Experimental
(mp-id) W/(m-K) LDA GGA-PBE GGA-PBEsol
13.4515) a[24], 14.09 [30],
) i 13.6 ® [28], 16.5[31],
LiF (mp-1138) K 13.01 1254 18.65 148¢ o], 132 [79],
14.59 4 [25] 15.5[79]
. 20 ¢ [80],
Li,O (mp-1960) K 21.70  21.14 20.89 2238 [81] 15.52 [82]
i
Li,S (mp-1153) K 9.42  12.90 13.02 élj‘?&] [81], N.A
Koum. 1203 11.44 9.26 N.A. 20 {gg%
Li,CO;* (mp-3054)  X[100] 15.07 14.60 10.32 N.A.
K(010] 9.84 1142 9.27 N.A.
K[o01] 1121 831 8.21 N.A.
Koum. 1065 32.72 35.20 N.A. 069 [[%]é "
LiOH * (mp-23856)  X[100] 12.78  38.53 38.94 N.A.
K[010] 1539  40.74 48.00 N.A.
K(oo1] 378 1891 18.66 N.A.

[*] Exhibits anisotropy in thermal conductivity. [a, d, f, i, j] Density functional theory. [b] Numerical approach
through Callaway-Holland model using empirical data. [c] CALPHAD-based prediction. [e] Non-equilibrium
molecular dynamics.

Given the strong grain size dependence of the thermal conductivity demonstrated in
this study, it can be reasonably inferred that the experimental samples used in previous stud-
ies may have had grain-rich microstructures. For example, well-segregated grain structures
have been reported during the laboratory-grade synthesis of Li, O, which also contributes to
lowering the sintering temperatures of ceramic systems [85]. Similarly, for Li,CO,, studies
have shown that the particle size of the crystals varies depending on the precipitation
method employed during synthesis, where homogeneous precipitation typically yields
smaller particles than heterogeneous precipitation under similar conditions [86,87]. More-
over, a study by Wang et al. [66], which is also used here for a comparison, confirms the
presence of distinct grain boundary phases in the samples investigated therein.

For LiOH, we compared the experimental findings reported by Yang et al. [77], Wang
et al. [78], and Li et al. [84]. All three studies consistently reported the presence of fine-
grained microstructures and significant particle agglomeration, as confirmed by SEM
analyses. In this context, the grain size dependence of thermal conductivity observed in
this study, characterized by an exponential decrease in conductivity with a decreasing grain
size further substantiates the validity of our DFT-predicted thermal conductivity, which
explicitly incorporates phonon scattering at grain boundaries.

4. Conclusions

Based on the notion of the direct relation of Li-ion diffusion coefficients with tem-
perature and the influence of temperature gradients on Li-dendrite formation in Li-metal
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electrodes, this study investigates the temperature-dependent lattice thermal conductivity
of the five most common SEI components using a phonon dispersion analysis [19-21].
Among the components analyzed, it is found that Li,CO; exhibits the lowest thermal
conductivity of 9.26 W/m-K, while Li,O shows the highest (21.14 W/m-K) when only
Umklapp phonon scattering is considered as a phonon transport mechanism at 300 K.

To incorporate the grain-structured style of the SEI components, the grain size-
dependent variation in thermal conductivity is also studied here by including phonon
boundary scattering. Typical SEI components are reported to have a grain size between
2 nm and 100 nm, and smaller grain sizes favor faster Li-ion diffusion [88,89]. Taking this
into account, this work also calculates the variation in thermal conductivity for grain sizes
ranging from 2 nm to 10 nm with a step size of 2 nm. At 300 K, the thermal conductivity
of the lattice with the lowest grain size of 2 nm studied here follows the trend of Li,CO4
(1.28 W/m-K) < Li,S (2.07 W/m-K) < LiOH (2.22 W/m-K) < LiF (3.26 W/m-K) < Li,O
(4.34 W/m-K). It is also observed that the thermal conductivity of all components increases
exponentially with respect to the grain size at a temperature range of 150 to 1000 K.

The observed anisotropy in the thermal conductivity of the lattice of Li,CO; and
LiOH arises mainly from their lower structural symmetry compared to the cubic-structured
compounds LiF, Li,O, and Li,S. This effect is well reflected in the phase space of three-
phonon scattering, where, in cubic systems, the phase space initially decreases and then
increases with the frequency of the phonon, while in tetragonal and monoclinic systems
corresponding to Li,CO; and LiOH, it exhibits a more gradual and continuous decline.
The high symmetry of cubic structures leads to isotropic phonon dispersions, resulting in
more uniform phonon group velocities and a broader distribution of allowed scattering
channels. In contrast, the lower symmetry of Li,CO; and LiOH induces anisotropic phonon
dispersion, directly contributing to their directional dependence on thermal conductivity.

These findings offer important insights for the design and engineering of artificial
SEI layers in lithium-metal batteries. The significant reduction in thermal conductivity
observed for nanocrystalline regimes (grain sizes < 10 nm) suggests that tailoring the
grain boundary density could be an effective strategy for modulating local heat dissipation.
Since temperature gradients can accelerate lithium-dendrite growth, engineering SEI layers
with controlled thermal transport properties through the optimal grain size, morphology,
and crystal orientation could help mitigate dendritic propagation and improve battery
safety. Moreover, materials such as Li,CO; and Li,S, which exhibit inherently lower
thermal conductivity, may be more effective as components in artificial SEI layers aimed at
minimizing localized heating.
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