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ABSTRACT: All-solid-state lithium-ion batteries have been a promising solution for next-generation energy storage due to their
safety and potentially high energy density. In this work, we developed a density-functional tight-binding (DFTB) parameter set for
modeling solid-state lithium batteries, focusing on the band alignment at electrolyte/electrode interfaces. Despite DFTB being
widely applied in the simulation of large-scale systems, parametrization is usually done for single materials, and less attention is paid
to band alignment among multiple materials. Band offsets at the electrolyte/electrode interfaces are key quantities determining the
performance. Here, an automated global optimization method based on DFTB confinement potentials of all elements is developed,
while the band offsets between electrodes and electrolytes are introduced as constraints during the optimization. The parameter set
is applied to model an all-solid-state Li/Li2PO2N/LiCoO2 battery, and its electronic structure shows a good agreement with that
from density-functional theory (DFT) calculations.

Conventional lithium-ion batteries employ liquid electro-
lytes, which may cause oxidative decomposition, gas

generation, and combustion at an elevated temperature.1,2

Replacing the liquid electrolyte and separator, the solid-state
electrolyte avoids using organic solvents, thus solving these
safety problems.2,3 In addition, solid electrolytes, owing to
their lightness, stand out from liquid ones with extraordinary
potential in increasing energy density. Currently, the energy
density of lithium-ion batteries is approaching its theoretical
limit and needs to catch up in meeting the demands in the
fields of electric vehicles and portable electronics. Therefore,
next-generation batteries with higher energy density are in
strong pursuit. All-solid-state batteries are considered one of
the most promising directions to achieve that goal.4

Given the prospects of all-solid-state batteries for various
applications, it becomes necessary to fabricate them and
reliably model their properties at an appropriate size and time
scale. While density-functional theory5,6 (DFT) is the most

widely used electronic structure theory,6−8 the high computa-
tional cost limits its application to relatively small systems.
Alternatively, similar accuracy may be attained by applying a
simplified density-functional tight-binding (DFTB) meth-
od,9,10 which significantly reduces the computational cost
using a parametrized Hamiltonian. The DFTB method exhibits
a speedup of 2 orders of magnitude compared to standard
DFT without a significant loss of accuracy.11 Therefore, it
serves as a computationally efficient method to facilitate the
investigation of underlying processes in solid-state batteries.
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Materials for solid-state batteries involve complex chemical
compositions. Generally, a solid-state Li-ion battery comprises
a cathode, an anode, and a solid electrolyte. During the
discharging process, deintercalated Li-ions from the anode
move across the electrolyte and intercalate into the cathode,
while charging undergoes the reverse process.12 Meanwhile,
the electrolyte is responsible for transporting Li-ion and
blocking electrons.13 Therefore, at the electrolyte/electrode
interfaces, the electronic structure plays a significant role in
determining these devices’ ion transport and performance.
From the modeling perspective, an accurate description of the
band alignments at these interfaces is crucial to simulate these
processes in batteries. Band alignment can be calculated based
on the branching point energy (BPE)14−18 or charge neutrality
level19,20 as a common reference. In this way, energy bands of
different semiconductor materials can be aligned without
building a contact interface. In this work, the relative positions
of the valence band maximum (VBM) and Fermi level between
electrodes and electrolytes are precalculated to ensure a correct
band alignment. An automated global optimization method
using the multielement confinement potential is developed.
The process is based on a genetic algorithm21,22 implemented
in Python to fit the electronic structure and band alignment of
the electrolyte/electrode composite in all-solid-state lithium-
ion batteries, which provides an automatic tool to generate
DFTB parameter sets.
This letter is organized as follows. First, the DFTB method

is introduced in Section I. A description of our optimization
tool for parametrization follows this. A parameter set explicitly
developed for the all-solid-state lithium-ion battery (Li/
Li2PO2N/LiCoO2 battery composite) is then applied to
simulate the interfacial electronic properties. The calculated
electronic structure reproduces the result of DFT with
Perdew−Burke−Ernzerhof functional (PBE)23 calculations.
We further calculate the electrical parameters of the battery
at different states of charging, and a good agreement with
experimental data is achieved. Finally, we summarize this work
in Section III.

I. METHODOLOGY
The DFTB method is based on the second-order expansion of
the Kohn−Sham total energy9,10,24 with respect to charge
density fluctuations δρ(r)
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The first term is the band structure energy, EBS, arising from
a Hamiltonian built on the reference density, ρ0. The second
term, ESCC, captures second-order charge fluctuations due to
Coulomb and exchange-correlation interactions, which is
solved self-consistently. The last line contains two-body
interactions, which are collected into a single energy term,
the repulsive energy, Erep.
In DFTB, a minimal basis is used which contains only one

radial function for each angular momentum orbital. The single-
electron molecular orbital can be written as a linear
combination of atomic orbitals
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Application of the variation principle with respect to the
coefficients gives out the secular equations
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where hμν is the elements of the Hamiltonian; h0 and s are the
parametrized Hamiltonian and overlap matrices as described in
the next section; A, B, and I label atom indices in the system;
and h1 reflects the electrostatic potential between atom A and
B due to charge fluctuations. The γ matrix is determined by the
types and distance between atoms A/B and I. Eq 3 must be
solved iteratively because the Hamiltonian matrix elements
depend on the Mulliken charges,25 which in turn depend on
the molecular orbital coefficients, cνi.
To obtain the matrices h0 and s, the atomic orbitals are first

solved for pseudoatoms, which are determined from an atomic
DFT calculation with an artificial confinement potential
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The additional confinement potential compresses the atomic
orbitals to represent the chemical environment when bonded
in a solid. The confinement potential is characterized by the
confinement radius r0 and the exponent p which are per
chemical element.
Using the orbitals of the pseudoatom, overlap matrix

elements can be calculated

r r rs ( ) ( ) d= *
(6)

Similarly, the Hamiltonian matrix elements are obtained as
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where Veff[ρ0] is the effective potential evaluated at the neutral
density ρ0 of the system. Here, the one-center approximation is
adopted for the diagonal elements, hμμ = εμ, where εμ is the
eigenenergy of free atoms. For off-diagonal elements, three-
center and four-center terms are ignored which leads to

r r rV V V( ) ( ) ( )A A B Beff 0 0, 0,[ ] [ ] + [ ] (8a)

or

rV V( ) A B
eff 0 eff 0 0[ ] = [ + ] (8b)

where VA[ρ0,A](r) is the Kohn−Sham potential with the
density of a neutral atom. The effective potential can be
approximated as a sum of the effective potentials of two
atoms,24 which is called potential superposition as in eq 8a. The
effective potential can also be calculated from the sum of
electron density, called density superpositions as in eq 8b.10 Eqs
6 and 7 are integrated numerically to obtain the required
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Slater-Koster integrals for all orbital pairs. This is done for a set
of distances, and the integrals are stored in a table.
The optimization process is done using the genetic

algorithm originated from simulations of biological sys-
tems.21,26 In the optimization process, we used an initial
population of 50 and a mutation probability of 0.5% to vary the
confinement radii r0 and exponents p of Li, P, O, N, and Co.
During the potential superposition optimization process, the
density compression and wave function compression radii and
exponents are all varied independently to get better band
structures. Hubbard values can be obtained as the partial
derivative of the single atomic orbital energy with respect to
the orbital occupancy number.27 And on-site energies, i.e., the
orbital energies, are calculated by Slater-type basis functions
with proper orbital exponents. The Hubbard and on-site values
obtained by the basis functions we chose are almost consistent
with the results obtained by T. Heine et al.28 In general,
Hubbard values of the highest occupied shell are chosen.
However, for P, we found the electronic structure of LiPON is
significantly improved if the Hubbard value of the d shell is
used, instead of the p shell. This can be attributed to the fact
that d orbitals of P are partially occupied in LiPON.
Eigenvalues at high symmetry points are chosen, and their
root mean square differences (RMSDs) compared to DFT
results are evaluated during the genetic algorithm process. A
loss function is calculated based on the RMSD and their
corresponding weights. Parameters in the confinement
potential of eq 5 are then updated based on the loss function,
and the process is repeated until the error is lower than a
preset value. All self-consistent-charge DFTB10 calculations are
done using DFTB+,29 while DFT calculations are done using
the Vienna Ab initio Simulation Package (VASP).30 The VASP
calculations are performed with the PBE+U31,32 (U − J = 3.3
eV for cobalt) functional and a 520 eV energy cutoff. We used
the VASPKIT33 code for postprocessing slab calculations of
VASP and the DensityTool package34 to compute the local

density of states from the projected density of states output by
VASP. For DFTB+, the PBE functional is used to generate
Slater-Koster files. The zeroth-order regular approximation
(ZORA)35 and DFTB+U36 fully localized limit function are
applied to cobalt (U − J = 3.3 eV), while the relativistic effects
of VASP are included in the pseudopotential. The DFT band
structure of LiCoO2 without +U correction is difficult to fit, so
we use the DFTB+U method to fit the DFT+U results with the
same U − J value.

II. RESULTS AND DISCUSSION
In this work, Li metal is chosen as the anode, while Li2PO2N
(denoted as LiPON) and LiCoO2 are used as the electrolyte
and cathode, respectively. As the first step, the electronic
structure of lithium metal is optimized. The body-centered
cubic (bcc) structure is the most stable form for lithium metal
at ambient conditions and is therefore chosen as the reference
structure (Im3m-Li). We choose four atomic orbitals to
represent Li, with an electronic configuration of 2s12p0, and use
different confinement radii for different angular momenta. For
the bcc lithium metal, we found that potential superposition is
better than density superposition in terms of the resulting band
structure. Since we are interested in the performance of
batteries, the bands within the open-circuit voltage of the
battery are most relevant. Therefore, the frontier orbitals
within −5 and 5 eV with respect to the Fermi level are
optimized against DFT/PBE+U results. The result of the
optimization is reported in Figure 1(a), which shows a good
agreement compared with the DFT band structure. The space
group of LiPON is Cmc21, while that of LiCoO2 is R3m. All
these structures are obtained from MaterialsProject37 and
further optimized using VASP. With the optimized Li
parameters, we proceed with the parametrization for both
electrolyte and cathode materials. The confinement potentials
of N, O, P, and Co are varied. To achieve a better agreement of
bandgaps, 10 times larger weights are given for the first

Figure 1. Band structure of (a) Im3m-lithium, (b) Cmc21-Li2PO2N, and (c) R3m-LiCoO2. Black lines: DFT and red lines: DFTB results. (d)
Relative energy levels of the battery composites. Shaded area: occupied orbitals. Here, the VBM of LiCoO2 is higher than the Fermi level of Li, and
this false alignment fails to describe the electrochemical properties of the battery.
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conduction band energies when we evaluate the loss function.
The resulting band structures for the two materials are plotted
in Figure 1(b)-(c). Overall, the DFTB calculation reproduces
the PBE band structures, particularly for bands that are close to
Fermi energy for both materials. For bands away from the
bandgap, DFTB results still quantitatively agree with PBE.
In this way, the optimization is done separately for each

material without considering band alignments between them.
As discussed above, although electronic properties are obtained

individually, the band alignments between electrolytes and
electrodes are key quantities to ensure accurate descriptions of
the underlying processes in batteries. We examine the relative
energies between the three materials in Figure 1(d). The VBM
of the cathode material is higher than the Fermi level of the
anode material, which fails to describe electrochemical
processes in battery systems. The results reveal that band
offsets must be considered explicitly during the DFTB
optimization of the electronic part. To determine the relative

Figure 2. (a) Electrostatic potential curve of LiCoO2 (about a 10-Å bulk and 15-Å vacuum) to obtain the absolute energy level of the DFT. (b)
Relative energy levels of the battery composites. Shaded area: occupied orbitals. Band structures of (c) Li, (d) LiPON, and (e) LiCoO2 after band
alignment. Black lines: DFT and red lines: DFTB results.

Figure 3. (a) Atomic structure of a model battery composite, including the anode (Li), electrolyte (Li2PO2N), and cathode (LiCoO2). (b) Fermi
levels or the Fermi level/VBM difference between the anode and cathode at different Li concentrations. Black line: DFT and red line: DFTB. Local
density of states of the model was calculated by (c) DFT+U and (d) DFTB+U.
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energy levels between electrolyte and electrodes, we calculate
the average bulk electrostatic potential with respect to the
vacuum level for each material using VASP as shown in Figure
2(a). Unit cells of Li, LiPON, and LiCoO2 were calculated to
obtain the Fermi level of Li, the VBM of LiPON and LiCoO2,
and average bulk electrostatic potentials using VASP. In
addition, slab models of Li with the (1, 0, 0) surface, LiPON
with the (1, −1, 0) surface, and LiCoO2 with the (1, 0, 4)
surface were also calculated. About 10 Å of Li, LiPON, or the
LiCoO2 bulk structure and 15 Å of the vacuum region were
used to get the average bulk electrostatic potentials and
vacuum potentials. We can thus approximately compute the
Fermi level/VBM relative to the vacuum. For DFTB, since the
vacuum level is 0 eV (see SI Part 4), the calculated energy
levels of each material are already with reference to the vacuum
level. For the composite system, a potential superposition
scheme is used in the pseudoatom calculations. In addition, we
found that if we used the preoptimized density superposition
parameter of Li−Li during the GA process, the electronic
structure of LiPON and band alignments would become better
(see SI Part 3). Thus, the parameter of Li−Li is replaced by the
preoptimized density superposition during one band alignment
optimization (i.e., Li−Li integrals with density superposition,
Li-X and X-Li integrals with potential superposition).
Consequently, all three materials are optimized again
simultaneously, where the band alignments between them
are explicitly included in the loss function. Considering the
band offsets between each material, the optimized electronic
structures for Li, Li2PO2N, and LiCoO2 are plotted in Figure 2.
As compared to the band structures in Figure 1, the overall
agreement with DFT results is preserved. A notable exception
is the dispersion of the conduction band in LiCoO2 and
LiPON due to the extra constraints imposed. The parameter
set is then applied to simulate a model battery system, as
shown in Figure 3(a), rendered using VESTA.38 The battery
system consists of the anode Li, electrolyte LiPON, and

cathode LiCoO2. All directions are periodic, while the a
direction has 10-Å vacuums on both sides.
The electronic structure of the Li/Li2PO2N/LiCoO2

composite is simulated with DFTB as implemented in
LODESTAR.39 The local density of states (LDOS), i.e., the
projected density of states along the ion transport direction in
real space, is plotted in Figure 3(d). Similarly, the same model
is calculated using DFT for comparison, and the resulting
LDOS is reported in Figure 3(c). As shown in Figure 3(d), the
band gaps of LiPON and LiCoO2 are 5.8 and 1.1 eV,
respectively, which are in good agreement with that of DFT
(5.8 and 1.0 eV). More importantly, the composite
demonstrates a correct energy alignment between electrodes
and electrolytes. DFTB’s band offsets between Li/LiPON and
LiPON/LiCoO2 are 2.69 and 0.38 eV, respectively, while
DFT’s band offsets are 2.40 and 0.43 eV, respectively. When
the battery is charged and discharged, the relative energy level
positions of different lithium-ion concentrations in the cathode
play a key role in determining the performance of the battery.7

We prepared many structures with different Li concentrations
by randomly removing lithium atoms in a supercell of LiCoO2.
Here, we generate Li0.5CoO2, Li0.6CoO2, Li0.667CoO2, and
Li0.75CoO2. The VASP (PBE+U) geometry optimizations are
performed on these structures, the single point energies are
calculated, and the lowest energy structures of LiCoO2 with
different Li concentrations are selected. Figure 3(b) shows the
comparison of the Fermi level difference between Li and
LixCoO2 for PBE and DFTB at different x values40 and the
Fermi level/VBM difference between Li and LiCoO2. The
Fermi level or Fermi level/VBM difference is a key quantity
that determines the battery’s open circuit voltage. From Figure
3(b), it can be clearly seen that the current parameter set
correctly predicts the electrical characteristics at different
battery charge states. This further demonstrates the applic-
ability of the present parameter set to simulate the all-solid-
state lithium battery.7,40

Figure 4. Band structures of (a) R3m-lithium, (b) P63/mmc-lithium, and (c) Pmn21-Li3PO4 for transferability of the band alignment parameter set.
Black lines: DFT and red lines: DFTB results. Equation of state curves of (d) Im3m-lithium, (e) Cmc21-Li2PO2N, and (f) R3m-LiCoO2 for DFTB
repulsive part fitting. Black curves: DFT and red curves: DFTB results.
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One critical issue of the DFTB method is the transferability
of its parameters. While the band alignment of the Li/
Li2PO2N/LiCoO2 composite is enforced, the transferability of
the current parameter set to other materials is questionable.
Thus, we calculate the electronic structures of different
compounds to examine the transferability of the current
parameter set. Li’s parameters in our band alignment
parameter set are optimized with Im3m-lithium. In the case
of R3m-lithium and P63/mmc-lithium (see Figure 4(a)-(b)),
the DFTB calculation essentially reproduces the DFT/PBE
band structures. In addition, the transferability of the Li2PO2N
parameters is examined by calculating Pmm21-lithium
phosphate. The results also show the excellent agreement of
the electronic structure compared to DFT/PBE (Figure 4(c)).
On the other hand, the agreement of the Fermi levels of
LixCoO2 with different lithium concentrations for PBE and
DFTB also indicates that the parameters have good trans-
ferability between different lithium cobalt oxide materials
(Figure 3(b)). Overall, the agreements between electronic
structures for these compounds, obtained within DFTB and
PBE+U approaches, are reasonably good, demonstrating the
transferability of the method we developed.
Besides the DFT-accuracy electronic part in our band

alignment parameters set, we also fitted the repulsive
potentials. The repulsive potentials are obtained by fitting
the DFT’s equation of state curves of Li, LiPON, and LiCoO2
(VASP/PBE+U calculation). The Li’s equation of state curve
was fitted first in Im3m-Li (see Figure 4(d)), and the fitted
repulsive parameters of Li−Li were used in fitting the other
LiPON’s repulsive parameters (see Figure 4(e)). Repulsive
parameters of Li−Li, Li−O, and O−O obtained by Li and
LiPON were then applied to fit the LiCoO2’s (Co−Li, Co−O,
and Co−Co) repulsive parameters (see Figure 4(f)). The DFT
and DFTB equation of state curves are aligned with their
minimum energies (Emin), respectively. Bulk moduli are
calculated by DFT (Li: 13.625 GPa, LiPON: 154.617 GPa,
and LiCoO2: 193.046 GPa) and DFTB (Li: 13.765 GPa,
LiPON: 154.604 GPa, and LiCoO2: 193.240 GPa), respec-
tively. The excellent agreement of the equation of state curves
and bulk modulus shows that the obtained band alignment
electronic parameter set could generate satisfactory repulsive
parameters.

III. CONCLUSIONS AND PROSPECTS
We proposed a DFTB parametrization scheme for the band
alignment of an interfacial system. In the optimization process,
we only need to perform a first-principles calculation to obtain
the standard band structure or use experimental data as a
reference to obtain the more accurate electronic structure of
DFTB. We succeeded in developing a set of DFTB electronic
structure parameters for a typical all-solid-state lithium-ion
battery system (Li/Li2PO2N/LiCoO2). This set of parameters
considers the band structure of the three crystals and the band
alignments among them. The parameters generated by this
method are transferable for the systems made of the same
elements and the Fermi levels of LixCoO2 which represent
different charge and discharge states in the batteries. In the
future, we will focus on the complex battery system which
enables the molecular dynamics simulation based on this set of
DFTB parameters.
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