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and battery applications
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The integrated device of a perovskite solar cell with a Li-ion battery is an innovative solution for decentralized
energy storage in smart electronic devices. In this study, we examine the stability of Li ions intercalated in
a CsPbI3 perovskite and their effect on the electronic structure of LixCsPbI3 compounds using first-principles
density functional theory. Our simulations demonstrate that the insertion of Li at concentrations up to x = 1
into CsPbI3 perovskite is energetically possible. Moreover, we identify that the distortion of the Pb-I octahedra
has the strongest impact on the change in the electronic band gap. Specifically, an increase in the amount of
intercalated Li causes larger structural distortions, which in turn lead to an increasing band gap as a function of
the Li content.

DOI: 10.1103/nvxh-kwzt

I. INTRODUCTION

Advances in the design of smart electronic devices pose
significant challenges for the integration and miniaturization
of solar cells and energy storage components [1–4]. A promis-
ing approach involves the incorporation of halide perovskites
as photovoltaic absorbers and Li-ion battery electrodes in
commercial applications. Halide perovskites possess mixed
ionic-covalent bonding character [5,6], unlike the covalent
or polar semiconductor compounds that are typically used in
photovoltaic devices, and show good ionic conductivity [5].
Therefore, halide perovskite materials, which were originally
designed for solar cells, may serve as multifunctional materi-
als for both light harvesting and Li storage.

The maximum amount of Li ions that can be stored in
the unit cell of a perovskite crystal is determined by the
quantity of available interstitial sites for the Li ions and their
respective binding energies. Understanding and improving
the performance of perovskite-based electrode materials for
Li-ion batteries requires the knowledge of how the stability
of materials is influenced by the intercalation of Li. Despite
its importance, the interaction between inserted Li ions and
the perovskite host crystal structure has not been studied
extensively so far. Several experimental studies have looked
at the structure and stability of Li-perovskite systems, and
have reported a wide range of Li uptake limits of x = 0−6 in
LixCsPbI3 [7–10]. However, this wide range has not yet been
comprehensively interpreted in the literature.
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Furthermore, the insertion of interstitial elements always
alters the electronic structure of the host crystal [11], which
will have an influence on the performance of the solar cell
[12]. While band gaps of Li-perovskite material systems have
been measured experimentally [13,14], the relationship be-
tween the Li concentration and the band gap has not yet been
systematically studied or explained.

In this work, we present a computational study based on
density functional theory (DFT) to investigate the effects
of Li-ion intercalation in LixCsPbI3 as a prototype. CsPbI3

is a well-studied reference compound for inorganic halide-
perovskite materials, with good light-harvesting capabilities
[15–20]. We investigate two structural scenarios that serve as
limiting cases for the dynamic CsPbI3 perovskite structure un-
der device-operation conditions [21]. The two cases, namely
the cubic α structure and the distorted γ ′ structure, represent
the highest saddle point configuration and the configurations
at the local energy minima (when tetragonal lattice distortions
are neglected) of the vibrating CsPbI3 crystal, respectively.
We study the Li uptake limit in the CsPbI3 perovskite structure
for both cases, and the influences of Li on the crystal and
electronic structures of CsPbI3 are systematically explored.

The paper is organized as follows. Sec. II introduces the
computational setup and the definition of the formation energy
of Li inserted into CsPbI3. In Sec. III, we present the results on
the stability of interstitial Li within CsPbI3 and its influence
on the electronic structure. In Sec. IV, we discuss our results
in view of other findings in the literature, and we summarize
and conclude in Sec. V.

II. COMPUTATIONAL DETAILS

All calculations are carried out with the Vienna ab
initio simulation package (VASP) [22] employing projector-
augmented waves [23] and the strongly constrained and
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appropriately normed (SCAN) meta-generalized gradient ap-
proximation functional [24,25]. An energy cutoff of 520 eV
was used for the plane-wave basis. Total-energy differences
and forces on atoms for all structural degrees of freedom
are converged within 1 × 10−5 eV and 5 × 10−3 eV/Å, re-
spectively. The Brillouin-zone integrals were sampled by 4 ×
4 × 4 Monkhorst-Pack k-point grids [26] with a Gaussian
smearing of 1 × 10−3 eV for the 2 × 2 × 2 supercell models,
containing 40 atoms (i.e., eight ABX3 formula units). Struc-
tural relaxations for these systems are carried out in internal
coordinates [27]. The implementation was improved to retain
the initially set symmetry of the crystal.

To obtain accurate crystal structures, we combined the
SCAN functional with the nonlocal correlation functional
rVV10 [28] to account for van der Waals (vdW) dispersion
interactions in our DFT calculations for the perovskite struc-
tures. Numerous authors have reported that the inclusion of
vdW interactions in DFT calculations is useful to get quanti-
tatively more accurate structural parameters for crystals, as
compared to experimental data; see, e.g., the work of Xue
et al. [29,30] or other previous studies [31–33]. In our present
work, the obtained values for the equilibrium lattice con-
stant of CsPbI3 are a0(PBE) = 6.39 Å [21] and a0(SCAN +
rVV10) = 6.27 Å. The SCAN + rVV10 result agrees better
than the PBE result with reported experimental data that vary
from a0 (Expt.) = 6.18 Å to 6.30 Å [34–36].

The defect formation energies of Li ions intercalated at
interstitial sites in the perovskite crystal are calculated as

Eform = Etot[LixCsPbI3] − Etot[CsPbI3] − xLiEtot[Libcc]

xLi
,

(1)

where Etot[LixCsPbI3] is the total energy of the considered
perovskite crystal containing Li, Etot[CsPbI3] is the energy of
the reference crystal without Li, Etot[Libcc] is the energy per
Li atom in the body-centered cubic one-atom unit cell of the
elemental Li metal, and xLi is the proportion of Li per formula
unit of the perovskite crystal. We assume that the perovskite
crystal is in a Li-rich environment, i.e., in contact with a
thermodynamic reservoir of metallic (body-centered cubic,
BCC) Lithium. Therefore, the reference chemical potential is
the energy per atom of the bulk BCC Li metal. The calculated
lattice constant of BCC Li is 3.42 Å, and the total energy
per atom of this metal was calculated using a 10 × 10 × 10
Monkhorst-Pack k-point grid and otherwise the same compu-
tational parameters as for the perovskite.

For calculating the electronic structure, we employ the
DFT + 1/2 method [37] including spin-orbit coupling [38].
This method provides a similarly accurate electronic-structure
description as hybrid-functional methods for CsPbI3 per-
ovskites, as demonstrated in our previous study [33].

III. RESULTS

A. The stability of interstitial Li in CsPbI3

We studied two structural models, the α and γ ′ struc-
tures, to represent the two limiting cases of the dynamical
CsPbI3 phase at finite temperature. Figure 1 illustrates these
two models. The ordered cubic α structure is observed as a
temporal and spatial average in experimental studies [39,40]

FIG. 1. The two limiting models of the dynamic crystal structure
of CsPbI3, illustrating the degrees of structural distortion. The B-site
atoms are located on the lattice points of the cubic (pseudo-cubic)
structure. The off-center displacement of the A-site atoms (�rCs) and
the tilts of B-X octahedra described by the averaged Pb-I-Pb bond
angle difference (�Pb-I-Pb) quantify the structural distortion.

and represents the highest saddle-point energy configuration
of the phase, while the disordered γ ′ structure is obtained as
the configuration of the local energy minimum of the α phase.
Note that in reality, the tetragonal lattice distortions toward the
γ phase, which are observed at lower temperatures, are likely
to occur in an averaged manner at higher temperatures, too.
However, the influence of the concomitant small structural
changes is weak, [21,41] (e.g., the γ phase is more stable than
the γ ′ structure by only 4.2 meV per unit cell) and, therefore,
neglected for the remainder of this study. The structural dif-
ference between α and γ ′ can be attributed to two factors: the
off-center displacement of the A-site Cs atoms (�rCs), and
the octahedral B-X tilts that occur around two axes [36] in the
ABX3 compound CsPbI3. Here, we quantify these octahedral
tilts by the averaged Pb-I-Pb bond angle difference (�Pb-I-Pb).

In the following, we study the stability of interstitial Li as
a function of its concentration in the two structural models
using a 2 × 2 × 2 supercell. By subsequently adding Li to the
two models, LixCsPbI3 was obtained with Li concentrations
varying from x = 1/8 to x = 1 for the α structure, and x =
1/8 to x = 2 for the γ ′ structure. We analyzed various Li
arrangements in the two models, as Li-Li interactions need
to be considered for Li concentrations above the dilute limit.

1. The stability of interstitial Li in the α structure

In the α structure, the high-symmetry interstitial sites are
three octahedral (O) and eight tetrahedral (T) sites, as dis-
played in Fig. 2(a). The O site is located in the center of an
octahedron formed by two Cs atoms and four I atoms, while
the T site is located in the center of a tetrahedron formed by
one Cs atom and three I atoms.

Figure 2(b) shows the formation energies of Li in both
interstitial sites ranging from −0.20 to 1.10 eV for x = 1/8 to
x = 1. We study the influence of varying the Li concentration
x by: (i) excluding changes to the lattice constant (Vfixed), (ii)
optimizing the volume (Vopt), and (iii) allowing full relaxation
of unit-cell degrees of freedom (Eopt) for each x. The highest
point symmetry of a Li atom on an O site (D4h) or a T site
(C3v) is maintained at every concentration x in all three cases.

For the fixed cell at low concentrations of x = 1/8 and x
= 1/4, the insertion of Li atoms at the O sites is energetically
more favorable by approx. 0.2 eV compared to the T sites.
At x = 1/8, the E form on the O site is −0.20 eV, and an
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FIG. 2. (a) Li interstitial sites in the α structure, located in the
center of an octahedron (O) or a tetrahedron (T) formed by host
lattice atoms. (b) Formation energies of interstitial Li as a function
of the concentration x. The horizontal dotted line labels 0 eV. Square
symbols indicate results obtained for a fixed simulation cell (Vfixed),
circle symbols indicate that the volume of the cell was optimized, but
the rectangular shape of the cell was maintained during optimization
(Vopt), and the triangle symbols indicate structural relaxation in all
degrees of freedom (Eopt). The point symmetry of the interstitial Li at
the O site (D4h) or T site (C3v) is maintained for all Li concentrations.

optimization of lattice degrees of freedom does not further
stabilize the interstitial site. Increasing the concentration to
x = 1/4 rises E form to −0.08 eV for the O site. In contrast,
the results for x = 1 differ significantly from those for the two
lower concentrations. The order of E form of the two sites is
reversed and, compared to x = 1/4, the formation energy of
Li is increased by at least 0.42 eV (when changes in lattice
parameters are excluded). Additionally, variations in lattice
volume and shape have an influence on the E form at x = 1.
Compared to keeping the volume fixed (Vfixed), allowing the
volume to adjust to the Li content (Vopt) results in a stabiliza-
tion of 0.06 eV for the O site and 0.31 eV for the T site [energy
differences between square and circle symbols at x = 1 in
Fig. 2(b)], accompanied by an increase of the volume of 9%
and 17%, respectively. Structural distortions away from the
cubic structure, by relaxing all lattice parameters (Eopt) are
energetically stabilized further by 0.016 eV for the O site and
0.10 eV for the T site [energy differences between circle and
triangle symbols at x = 1 in Fig. 2(b)]. The lattice undergoes
a tetragonal distortion with the insertion of Li at the O site,
while the insertion of Li at the T site transforms the lattice
into a rhombohedral cell with a cell-edge angle of 81◦.

While the previous paragraphs apply to Li arrangements
keeping the high symmetry of the host crystal structure, we
now consider various Li arrangements at x = 1/4 without en-

FIG. 3. The relationship between the formation energy of in-
terstitial Li and the structural distortion �Pb-I-Pb with varying Li
concentration x in the α structure at fixed volume and cell shape.
Blue and green symbols indicate interstitial Li on O and T sites,
respectively. The different Li concentrations are indicated by these
symbols: “+” for x = 1/8, � for x = 1/4, and � for x = 1. Filled
and open symbols represent high-symmetry and low-symmetry
structures of the LixCsPbI3 compounds, respectively.

forcing any symmetry. The different arrangements of Li atoms
influence their formation energy in the perovskite crystal. We
observed that the formation energy is primarily associated
with structural distortions of the host lattice, specifically char-
acterized by a decrease of the formation energy with an in-
crease of �Pb-I-Pb. This relationship even exceeds the changes
concentration brings to the formation energy. As we observed
in Fig. 3, this relationship holds for all concentrations and Li
arrangements investigated for the α structure. As the struc-
tural distortion increases, the α structure transforms to the γ ′
structure, accompanied by a decrease in the formation energy.

Therefore, the stability limit for interstitial Li in CsPbI3

while maintaining the symmetry of the α structure is at x =
1/4. For structures with x = 1/2, it was impossible to main-
tain this high symmetry with any reasonable Li distribution.

2. The stability of interstitial Li in the γ ′ structure

Due to the lower symmetry of the γ ′ structure, compared
to the α structure, the six O and eight T interstitial sites are
no longer symmetry equivalent. After optimization, the most
stable T and O sites have formation energies of −0.43 and
−0.31 eV per Li atom, respectively, in the 40-atoms supercell,
i.e., at a Li concentration of x = 1/8. We label these two most
stable interstitial sites as TFf and OC− in accordance with the
nomenclature introduced in our preceding work [21].

Figure 4 summarizes the Li formation energy of in-
terstitial Li in the γ ′ structure for x = 1/8, 1/4, 1/2, 3/4,
and 1, on the TFf and OC− sites. In this model, the Li
atoms are arranged as far away from each other as pos-
sible in the given supercell. Higher concentrations of Li
consistently result in stronger structural distortions, but
do not always lead to higher formation energies. From
x = 1/8 to x = 1/2, the formation energy increases with
increasing structural distortion �Pb-I-Pb. When x exceeds
1/2, Eform reaches a peak. By further increasing x to 1
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FIG. 4. The relationship between the formation energy of inter-
stitial Li and the structural distortion �Pb-I-Pb for the most stable O
and T sites with varying Li concentration x in the γ ′ structure. The
different Li concentrations are indicated by these symbols: “+” for
x = 1/8, � for x = 1/4, � for x = 1/2, � for x = 3/4, and � for
x = 1.

on TFf sites, a slight decrease of E form is observed. However,
Li is no longer stable on OC− sites in structures with x = 1,
and the Li atoms move to the neighboring TFf sites during the
geometry optimization. The energy profile is again consistent
with the γ ′ structure being the energetically most favorable
structure. The minimum energy is obtained for a Li content of
x = 1/8 for which the resulting crystal structure is closest to
the γ ′ structure.

To further explore the potential concentration limit for the
intercalation of Li into the γ ′ structure, we investigate the Li
concentrations up to x = 2 at the T sites in the γ ′ structure.
In this structure, three ways to insert and arrange the Li
ions are followed. The different arrangements of Li ions may
have different formation energies in the perovskite crystal.
The crystal model is a 2 × 2 × 2 supercell, comprising eight
pseudo-cubic perovskite unit cells. Each cell is represented as
a cubic cell marked by eight corner Pb atoms. Accordingly,
these are the three arrangement ways: (i) The “consecutive”
arrangement means to add sequentially one atom to each
cell until all eight cells contain one Li atom. And then, the
procedure is repeated to add a second atom to each cell until
all cells contain two Li atoms. (ii) The “pair” arrangement
stands for adding two Li atoms to the same cell at a time,
followed by adding two atoms to another cell. This procedure
is continued until all eight cells contain two Li atoms. (iii) The
“all -n-one unit” arrangement means to select a single cell and
to add all Li atoms to that cell. In this arrangement, all Li
atoms are concentrated in one cell, while the other seven cells
remain devoid of Li atoms. Please note that our investigation
here focuses on the potential concentration limit for Li in this
perovskite crystal. It does not involve the methods of the pro-
cess of inserting Li atoms or seek any controlled process to get
a certain arrangement. The O sites are not considered in these
arrangements because their formation energy is substantially
higher compared to that of the T sites. These strategies explore
the stability of interstitial Li atoms from the most uniform to
the most clustered Li distributions, which corresponds to the
possibility of Li clustering in experiments.

FIG. 5. The relationship between the formation energy of Li ions
at T sites of the γ ′ structure and the concomitant distortion of the
pseudo-cubic perovskite structure, for different Li concentrations up
to x = 2. The distortion is quantified by the average displacement of
Pb atoms at B sites, and the Li concentration is illustrated by the color
code. Formation energies for Li ions at O sites are not included in
this figure because their values are considerably higher. The symbols
denote consecutive (�), pairwise (©) and all in one unit (�) distribu-
tions of Li atoms, respectively. The vertical dashed line at d = 0.6 Å
distinguishes perovskite-type crystal structures for d < 0.6 Å, which
are weakly distorted by the inserted Li, from strongly distorted, no
more perovskite-type crystal structures for d > 0.6 Å.

Figure 5 illustrates the variation of the formation energy
for different arrangements of Li with concentrations up to x
= 2. We observe a correlation between the formation energy
and another type of lattice distortion. This lattice distortion
can be quantified by the average displacement of Pb atoms
from the B sites, denoted as �dPb. The pseudo-cubic lattice of
the perovskite structure is formed by Pb atoms located at the
B sites; thus, this average displacement serves as an indicator
of the degree of distortion from the pseudo-cubic perovskite
structure. In that structure, a chemical bond distortion may
become clearly recognizable when the lattice length changes
by more than 10%. Given that the lattice constant of the cubic
perovskite structure is 6.27 Å, we set 0.6 Å as the threshold
for �dPb to indicate a significant distortion away from the
pseudo-cubic structure. When this threshold is exceeded, the
pseudo-cubic framework undergoes such a deformation that
the structure can no longer be classified as perovskite-like.
Although some high Li concentrations are energetically favor-
able, a detailed study of such non-perovskite-type structures
would deviate from the focus of our research. In the figure,
we have marked this threshold with a vertical gray dashed
line. Within the range that does not exceed this threshold,
the concentration limit for Li uptake is found to be x = 1.
Any case with x > 1 will have a severely deformed crystal
structure. Hence, we infer that the concentration limit for the
uptake of Li in the γ ′ structure of CsPbI3 is x = 1.

B. Electronic structure analysis

In the following, we investigate the effect of interstitial Li
atoms on the electronic band gap of the CsPbI3 perovskite.

245103-4



INFLUENCE OF INTERSTITIAL Li ON THE … PHYSICAL REVIEW B 112, 245103 (2025)

FIG. 6. (a) Band gap E g vs �Pb-I-Pb for LixCsPbI3 with different
Li content x and Li distribution. Black and red symbols denote
Li in the γ ′ and α structures, respectively. Orange and light blue
colored areas indicate the structural regimes, respectively. Different
concentrations are indicated as x = 0 (•), x = 1/8 (+), = 1/4 (�),
x = 1/2 (�), x = 3/4 (�), x = 1 (�). Filled symbols refer to struc-
tures that retain D4h and C3v symmetry for O and T sites in the α

structure, respectively. Other lower symmetry arrangements of Li are
indicated by open symbols. (b) Band gaps obtained after subtracting
the influence of x extra electrons in the conduction band, estimated
as x · 0.22 eV (see text for details). The black and red lines are linear
fittings to the corresponding data points.

We examine several factors, such as the Li-induced structural
distortion, the electronic screening, and the defect states in
the band gap related to the interstitial Li atoms. We limit the
examined Li concentrations to x � 1 due to the instability of
the perovskite structure for higher Li concentrations.

The relationship between the band gap Eg and the variation
of the bond angle �Pb-I-Pb for the α and γ ′ structures is
illustrated in Fig. 6(a). We find a relationship between the two
variables that appears linear across the high and low symmetry
arrangements of Li in structures that were derived by adding
Li into the α structure (red symbols). The structure with x
= 1 for the insertion of Li at the O site is an outlier, as it
maintains the host crystal structure due to an artificially high
symmetry. The band gap increases as the Li concentration
rises. This growth trend is consistent with the earlier analysis

of the structural distortion that arises when the Li content
increases, i.e., increasing x leads to an increase of �Pb-I-Pb,
which in turn increases Eg.

In the γ ′ structure, we observe a similar linear relationship
between Eg and �Pb-I-Pb (black symbols). However, the two
linear regimes differ in slope and axis intercept.

The strong dependence of Eg on �Pb-I-Pb, which is in
line with the different band gaps of the α structure (1.29 eV,
�Pb-I-Pb = 0◦) and the γ ′ structure (1.82 eV, �Pb-I-Pb = −26◦),
indicates that the structural changes dominate the influence
that interstitial Li atoms have on the electronic structure of
CsPbI3. This is in line with the notorious sensitivity of band
gaps in group-IV halide perovskite structures to the octahedral
tilt angles [42].

To understand the direct effects of the insertion of Li atoms
on the electronic structure of a CsPbI3 crystal, we analyze the
density of states (DOS) in the proximity of the band gap in
Fig. 7(a). Upon the addition of Li to the α structure, the Fermi
level (EF ) shifts to the edge of the conduction band for x > 0.
An interstitial Li atom adds its 1s orbital as a deep core state
(not shown). The Li 2s orbital remains mostly unoccupied,
but hybridizes with Pb and I orbitals in the regions of the
conduction and valence band edges (CBE and VBE), respec-
tively. For a small concentration x of Li, there is a significant
distance of states with Li contributions to the two band edges
[�EVBE and �ECBE, cf. Fig. 7(b)]. With increasing x of Li,
this distance shrinks, cf. Fig. 7(c). This implies that Li affects
the local environment of more I and Pb atoms as the value of
x increases. When Li atoms are located on the T sites, their
contribution to the DOS has a broader distribution in energy,
compared to Li atoms at the O sites at the same concentration.
This indicates a stronger hybridization of Li with the Pb and I
orbitals on the T sites than on the O sites.

We have also analyzed the DOS for various concentrations
of interstitial Li in the γ ′ structure and obtained qualitative
similarities to the findings for Li in the α structure. With
a higher Li concentration, stronger structural distortions oc-
cur, resulting in a higher Eg. The Li 2s orbitals contribute
to both the VBE and CBE at any concentration due to the
stronger structural distortion, but their impact is still minor in
magnitude.

Figure 8 displays the band structures of α−LixCsPbI3 with
Li content x = 1 at O and T sites to further analyze the
hybridization between Li 2s orbitals and the host-crystal or-
bitals. The Li contribution to the bands is indicated by blue
circles. When the Li atoms are located on O sites, the Li 2s
states form a recognizable defect level (the bands with dense
blue circles) that is more localized and has no contribution to
the band edges. On the T site, the hybridization between Li
2s orbitals and Pb 6p orbitals occurs over a broader energy
range.

The strength of the orbital overlap can be estimated based
on the distances from Li to I and Pb. The nearest Li–I and Li–
Pb distances of Li on T sites are 2.61–2.66 Å and 2.79–3.03 Å,
respectively. For Li on O sites, the Li–I and Li–Pb distances
are larger, 2.85–3.11 Å and 4.40–4.47 Å, respectively. As a
result, the increased overlap estimated from the smaller spatial
distance in case of the T site is consistent with a broadened Li
2s contribution that extends closer to the band edges for Li on
T sites. However, in either case, the Li 2s contribution to the
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FIG. 7. (a) DOS of LixCsPbI3 in the α structure and (b) the
detailed DOS for interstitial Li on the O and T site with x = 1.
Structures with D4h and C3v symmetry are considered for O and T
sites, respectively. Total DOS (gray) and Li projected DOS (green)
are shown. EF is indicated by red dashed lines and the energy sepa-
ration of bands containing Li contributions from the two band edges,
�EVBE and �ECBE, are marked by black lines and labels (c) The
energy separation of bands with Li content from either band edge,
�Eedge (edge: VBE or CBE), for LixCsPbI3 with varying x in the α

structure.

band edges is negligible compared to the manifold of I and Pb
states, cf. Fig. 7(a).

So far, we have analyzed the case of inserting neutral
Li atoms into the neutral perovskite crystal. Besides the 2s
orbital, which appears to have a weak effect on the band

FIG. 8. Band structure of LixCsPbI3 with Li atoms on the (a)
O and (b) T sites for x = 1 in the α structure. Li contributions to
bands are indicated by blue circles. The circle radius indicates the
magnitude of the contribution.

edges, the insertion of a Li atom also introduces an additional
electron into the CsPbI3 crystal. In this scenario, the Fermi
level (EF ) shifts into the conduction band, and the band gap of
CsPbI3 with Li in the O sites changes by 0.22 eV from x = 0
to x = 1, even without any structural alterations. This indi-
cates that the extra electron in the conduction band directly
influences the electronic structure. We quantify this effect in
three different α structures, the one for x = 0 as well as the
cases x = 1 with Li in O and T sites, respectively. Here, we
keep the crystal structures unchanged when varying Nel.

The relationship between Eg and the number of excess elec-
trons per perovskite formula unit, Nel, is illustrated in Fig. 9.
In all three investigated cases, the band gap increases with Nel;
this behavior is rather well described by a linear relation. The
three slopes vary only between 0.21 and 0.23 eV per electron.
This means that the influence of extra electrons at the CBE
in LixCsPbI3 alloys on the band gap can be modeled by an
average shift of approximately 0.22 eV per extra electron.

We can use this relationship to subtract the influence of the
extra charges by subtracting x · 0.22 eV from the computed
band gap values. Doing so, our computed structures serve
as representative model structures for dilute LixCsPbI3 alloys
with very small x, where the structural changes of Li dopants
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FIG. 9. Band gap change with varying number of electrons in the
conduction band for three α structures of LixCsPbI3 with x = 0 and
x = 1 with Li atoms at O or T sites. The straight lines are linear
fittings to the corresponding data points.

occur locally, but the extra electrons may be delocalized. This
description of this dilute limit is, however, not our main focus,
having a battery application and, thus, large x in mind.

In the concentration range of interest, we can use the above
relation to isolate the structural influence on the band gap
from the two influences of Li (extra electrons and band hy-
bridization) that also contribute to the relation between Eg and
�Pb-I-Pb.

The resulting behavior without the additional influence of
extra electrons is displayed in Fig. 6(b). As noted above, the
region of γ ′-like structures is well represented by a linear
relationship. Likewise, the structures with Li being added to
the α structure are described well by a linear relationship.
Accounting for the influence of a varying amount of extra
electrons, the outlier mentioned above for Li on the O site
with x = 1 fits well now to the linear relation.

We also analyzed the removal of all Li contributions,
i.e., we determined the CsPbI3 structures with the distortions
caused by Li atoms, and then we removed the Li atoms when
evaluating the electronic structure (i.e., the extra electrons, the
2s bands, and the ionic cores of Li are omitted). We find that
the influence on Eg, coming only from the structural changes
of the CsPbI3 lattice in that way does only in some cases
correlates well with the band-gap data given in Fig. 6(b). In
about half of the cases, the interactions that are omitted when
removing Li as a bonding partner lead to significant changes
in the local DOS of the Iodine p orbitals that are directed
toward Li. Thus, the change of Eg with the Li content is
dominated by the structural changes of the CsPbI3 lattice, cf.
Fig. 6(a), and one can describe these changes by separating the
structural effect from the varying amount of extra electrons in
the conduction band, cf. Fig. 6(b). But describing the observed
band-gap variation purely by the structural changes of the
CsPbI3 lattice and neglecting the presence of Li as a bonding
partner is not successful.

IV. DISCUSSION

The ordered cubic α structure has served as the struc-
tural model of choice in most previous theoretical studies

[16,17,43]. However, recent studies [33,39,40,44] suggest that
this model is probably not the preferred structural representa-
tion of the dynamic CsPbI3 crystal around room temperature
and the γ ′ structure is a more reasonable model. We find that
the latter choice is even more relevant when adding Li to the
structure, which itself promotes the occurrence of octahedral
tilts in our results, cf. Fig. 3.

According to our simulation results, the limit for Li up-
take into a hypothetical high symmetry α structure would be
x = 1/4, cf. Fig. 2. This is in line with the DFT results of
Dawson et al. (from x = 0.037 to x = 1) on MAPbI3 and
MAPbBr3 [10]. These results indicate that both hybrid halide
perovskites cannot bear a Li concentration of x = 1, and
perovskite dissolution or distortion is energetically preferred.
Similarly, Büttner et al. [7] reported that the electrolytes
containing Li dissolve the perovskite immediately, and they
concluded the impossibility to store Li ions in the hybrid
halide perovskites. This can be explained by the ability of the
organic cations in hybrid perovskites to form hydrogen bonds
to polar solvent molecules, which facilitates the perovskite
decomposition [45]. This decomposition is even thermody-
namically favorable for Pb-based hybrid halide perovskites
[46]. In contrast, the inorganic CsPbI3 perovskites are ther-
modynamically stable [46].

As opposed to the case of the α structure, the formation
energy of interstitial Li in the γ ′ structure increases with
increasing �Pb-I-Pb for the most stable O and T sites at low Li
concentration, cf. Fig. 4. Thereafter, for x = 1/2, the forma-
tion energy reaches a plateau, while the structural distortion
still increases with increasing concentration. Overall, the en-
ergy profile is in line with a stabilization of the γ ′ structure,
with the lowest energy obtained for the Li-containing structure
that is closest to the γ ′ structure. The formation energies in
a range from −0.43 eV to −0.30 eV (from x = 1/8 to 1)
indicate the potential for battery applications.

Higher Li concentrations with x > 1 disrupt the perovskite
structure, altering the cubic lattice by the displacement of Pb
(�dPb) instead of only changing the Pb-I-Pb angles (�Pb-I-Pb),
cf. Fig. 5. This structural distortion differs significantly from
the conditions of Li in the α structure and the lower Li con-
centrations in the γ ′ structure. We propose that it is unfeasible
to maintain the perovskite structure in high concentrations of
Li, whereby the limiting concentration of Li is x = 1.

Interestingly, as the concentration of Li increases beyond
x = 1, the structural change is accompanied by a lower
formation energy than for x < 1. It indicates a high ca-
pacity of the material for Li storage. Similar results have
been reported from experiments [8,9]. Xia et al. [8] demon-
strated an astonishingly high Li concentration with x ≈ 6 in
LixMAPbBr3, although the Li capacity faded rapidly after
only 30 charge/discharge cycles. Vicente et al. [9] reported
that the Li concentration in LixMAPbBr3 reaches a value as
high as x = 3.7. The rapid fading of the high Li capacity indi-
cates structural distortion away from the perovskite structure,
which is in line with our results for high Li concentrations.

Finally, we found that the insertion of Li increases the
band gap of the CsPbI3 perovskite, cf. Fig. 6. Similar results
for Li containing perovskite compounds were reported from
photoluminescence experiments [13,14,47]. Jiang et al. [13]
found a blue shift in the photoluminescence spectrum by Li
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inserted in CsPbBr3, and attributed it to the Burstein–Moss
effect [48]. This effect refers to the phenomenon that electrons
at the VBE require higher energies to be excited due to the
occupation of the CBE, thus exhibiting a higher absorption
band gap. A similar blue shift was also found in LixMAPbBr3

by Mathieson et al. [14]. They suggested that although the
inserted Li atoms narrow the band gap, the electrons can only
be excited by photons of higher energy due to the occupied
CBE. However, the influence of the Li atoms on the band gap
of the perovskite crystal is multifaceted, and the mechanism
mentioned in the cited literature is only about the occupied
CBE. According to our results, the main reason for the in-
creased band gap is the inevitable structural distortion induced
by the Li atoms.

The band gap increase caused by the inserted Li is de-
termined by the covalent bonding character of the halide
perovskite. The VBE and CBE of CsPbI3 are mainly com-
posed of the covalent σ*-bonding states of p and s orbitals
of Pb and I [49], and the dispersion of the bands is deter-
mined by the overlaps of these orbitals. The insertion of Li
atoms increases the �Pb-I-Pb by attracting I atoms and, thus,
reducing the overlap between the Pb and I orbitals. As a
result, the presence of Li significantly increases the band gap,
finally rendering three-dimensional halide-perovskite crystals
not suitable for use in photo-battery devices. But the organic-
inorganic hybrid layers in two-dimensional perovskites may
be more promising for Li storage and photovoltaic func-
tion. Ahmad et al. demonstrated the insertion of Li ions
into a perovskite compound with a capacity of approximately
100 mAh/g and without compromising the photovoltaic
efficiency [50]. Li is stored in the organic layer of the two-
dimensional perovskite, which does not affect the band gap
of the inorganic perovskite layer. Furthermore, Chen et al.
[51] proposed a plausible Li storage mechanism involving
carbonyl groups. The aforementioned mechanism (or related
ones) holds the potential for developing an integrated halide-
perovskite photo-battery.

V. SUMMARY

In this work, the structural stability of CsPbI3 when Li
is intercalated, and the effect that Li has on the electronic
structure of the resulting LixCsPbI3, are investigated. By ex-
ploring LixCsPbI3 compounds with various concentrations
and arrangements of Li ions, we find that structural distortions
need to be considered for getting the Li formation energies
to identify the Li concentration limit, and that the distortion

of Pb-I-Pb bond angles is a more influential key feature for
the band gap increase of LixCsPbI3 materials than just the Li
concentration.

We analyze the structural stability as a function of the Li
insertion by two structural models for CsPbI3: first, the cubic
perovskite α structure, which is a hypothetical structure to
be understood as a reference model with negligible proba-
bility to occur at room temperature; second, a distorted γ ′
structure, closely related to the γ phase, that represents the
lowest energy structure at room temperature. The hypothetical
α structure energetically disfavors Li uptake and is likely
to be structurally unstable for x > 1/4. Thus, such a theo-
retical model is unsuitable for interpreting experiments that
demonstrate the existence of LixCsPbI3 compounds. In the
γ ′ structure, interstitial insertion of Li is energetically favor-
able. Concentrations up to x = 1 are accessible while keeping
the perovskite host structure intact. In principle, forming the
compound with an even higher Li concentration is feasible.
However, our investigation of structures with up to x = 2
indicate that in such cases, significant distortions of the host
lattice structure occur. The structural distortions of such phase
transitions and their potential irreversibility require further
investigations.

For the concentration range 0 � x � 1, the interstitial Li
has several effects on the electronic structure of LixCsPbI3: (i)
the induced structural distortion reduces the band dispersion,
leading to a significant increase of the band gap; (ii) the
electronic screening of extra electrons in the conduction band
leads to a slight increase of the band gap; (iii) although the Li
2s orbitals hybridize with I and Pb orbitals, their effect on the
band gap and the band edges is negligible.

Altogether, these effects result in an increased band gap in
LixCsPbI3 compared to CsPbI3. The band gap Eg increases
linearly with the induced averaged angle distortion �Pb-I-Pb

in the two structural regimes of the α and γ ′ models. For
x = 1, this leads to Eg of 2.96 eV. This continuously increas-
ing band gap needs to be taken into account for potential solar
cell applications.
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