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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 CsPbls perovskite and their effect on the electronic structure of Li, CsPbls
compounds using first-principles density functional theory. Our simulations demonstrate that the
insertion of Li at concentrations up to z = 1 into CsPbls 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 function of the Li content.

I. INTRODUCTION

Advances in the design of smart electronic devices pose
significant challenges for the integration and miniaturiza-
tion of solar cells and energy storage components [IH4]. A
promising 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], un-
like the covalent or polar semiconductor compounds that
are typically used in photovoltaic devices, and show good
ionic conductivity [5]. Therefore, halide perovskite mate-
rials, which were originally designed for solar cells, may
serve as multifunctional materials for both, light harvest-
ing 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 inter-
calation of Li. Despite its importance, the interaction
between inserted Li ions and the perovskite host crystal
structure has not been studied extensively so far. Sev-
eral experimental studies have looked at the structure
and stability of Li-perovskite systems, and have reported
a wide range of Li uptake limits of = 0 — 6 in Li, CsPbls
[THI0]. However, this wide range has not yet been com-
prehensively interpreted in the literature.

Furthermore, the insertion of interstitial elements al-
ways alters the electronic structure of the host crystal [I1]
which will have an influence on the performance of the
solar cell [I2]. While band gaps of Li-perovskite material
systems have been measured experimentally [I3] 14], the
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relationship between 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 ef-
fects of Li-ion intercalation in Li,CsPbls as a prototype.
CsPDbl; is a well studied reference compound for inorganic
halide-perovskite materials, with good light-harvesting
capabilities [I5H20]. We investigate two structural sce-
narios that serve as limiting cases for the dynamic CsPblj
perovskite structure under device-operation conditions
[21I]. The two cases, namely the cubic a structure and
the distorted 7’ structure, represent the highest saddle
point configuration and the configurations at the local
energy minima (when tetragonal lattice distorsions are
neglected) of the vibrating CsPblz crystal, respectively.
We study the Li uptake limit in the CsPbls perovskite
structure for both cases, and the influences of Li on the
crystal and electronic structures of CsPbls are systemat-
ically explored.

The paper is organized as follows. Section [[I]introduces
the computational setup and the definition of the forma-
tion energy of Li inserted into CsPblz. In Sec. [[TI we
present the results on the stability of interstitial Li within
CsPbl3 and its influence on the electronic structure. In
Sec. [[V] we discuss our results in view of other findings
in the literature, and we summarize and conclude in Sec.

Av!

II. COMPUTATIONAL DETAILS

All calculations are carried out with the Vienna ab ini-
tio simulation package (VASP) [22] employing projector-
augmented waves [23] and the semi-local Perdew-Burke-
Ernzerhof (PBE) [24] exchange-correlation functional.
An energy cutoff of 520 eV was used for the plane-waves
basis. Total-energy differences and forces on atoms for
all structural degrees of freedom are converged within
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1x107% eV and 5x1073 eV/A7 respectively. The Brillouin-
zone integrals were sampled by 4x4x4 Monkhorst-Pack
k-point grids [25] with a Gaussian smearing of 1 x 1073
eV for the 2x2x2 supercell models, containing 40 atoms
(i.e., eight ABX3 formula units). Structural relaxations
for these systems are carried out in internal coordinates
[26]. The implementation was improved to retain the
initially set symmetry of the crystal.

To obtain an accurate lattice constant, we used the
Tkatchenko-Scheffler (TS) correction [27] for the calcu-
lations of the cubic a structure. The obtained equi-
librium lattice constant is ao(PBE+TS)=6.17 A, which
is in good agreement with the experimental value of
ao(Expt.)=6.18 A [28]. For the 7 structure we used
the PBE exchange-correlation functional without TS cor-
rection and obtained an equilibrium lattice constant
ao(PBE)=6.32 A.

The defect formation energies of Li ions intercalated at
interstitial sites in the perovskite crystal are calculated
as
> _ Eit[LixCsPblz] — Eyot[CsPbls] - 2p Eiot [ Libec ]

form = )

TLi

(1)
where Fit[LixCsPbls] is the total energy of the consid-
ered perovskite crystal containing Li, Eio[CsPbl3] is the
energy of the reference crystal without Li, Fiot[Lipec] is
the energy per Li atom in the body-centered cubic one-
atom unit cell of the elemental Li metal, and zy; is the
proportion of Li per formula unit of the perovskite crys-
tal. The calculated lattice constant of the body-centered
cubic Li metal is 3.42 A, and the total energy of metal-
lic Li was computed using a 10x10x10 Monkhorst-Pack
k-point grid (and otherwise identical technical parame-
ters).

For calculating the electronic structure, we employ
the DFT+1/2 method [29] including spin-orbit coupling
[30). This methodology provides an accurate electronic-
structure description for CsPbls perovskites, as demon-
strated in our previous study [31].

III. RESULTS
A. The stability of interstitial Li in CsPbls

We studied two structural models, the o and v’ struc-
tures, to represent the two limiting cases of the dynamical
CsPbl; phase at finite temperature. Figure [1] illustrates
these two models. The ordered cubic « structure is ob-
served as a temporal and spatial average in experimental
studies [32, B3] and represents the highest saddle-point
energy configuration of the phase, while the disordered
~’ structure is obtained as the configuration of the local
energy minimum of the « phase. Note that in reality the
tetragonal lattice distorsions towards the v phase, which
are observed at lower temperatures, are likely to occur in
an averaged manner at higher temperatures, too. How-
ever, the influence of the concomitant small structural
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FIG. 1: The two limiting models of the dynamic crystal
structure of CsPbls, 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 (Arcg) and the
tilts of B-X octahedra described by the averaged Pb-I-Pb
bond angle difference (App-1-p1,) quantify the structural
distortion.

changes is weak, [21] [34] (e.g., the v phase is more stable
than the 4’ structure by only 4.2 meV per unit cell) and,
therefore, neglected for the remainder of this study. The
structural difference between « and +’ can be attributed
to two factors: the off-center displacement of the A-site
Cs atoms (Arcg), and the octahedral B-X tilts that oc-
cur around two axes [35] in the ABX3 compound CsPbls.
Here, we quantify these octahedral tilts by the averaged
Pb-I-Pb bond angle difference (App-1-pp).

In the following, we study the stability of interstitial Li
as function of its concentration in the two structural mod-
els using a 2x2x2 supercell. By subsequently adding Li to
the two models, Li, CsPblz was obtained with Li concen-
trations varying from x=1/8 to =1 for the « structure,
and x=1/8 to =2 for the «’ structure. We analysed var-
ious different 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 o structure

In the « structure, the high-symmetry interstitial sites
are three octahedral (O) and eight tetrahedral (T) sites
as displayed in Fig. Ph. 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 [2b shows the formation energies of Li in both
interstitial sites ranging from 0.16 to 1.65 eV for x=1/8
to z=1. We study the influence of varying the Li concen-
tration x by: i) excluding changes to the lattice constant
(Viixed), 1i) optimizing the volume (Vopy), and iii) allow-
ing full relaxation of unit-cell degrees of freedom (Eqpy)
for each x. The highest point symmetry of a Li atom on
an O site (Dyp) or a T site (Cs,) is maintained at every
concentration z 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 energet-
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FIG. 2: a) Li interstitial sites in the a 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 function of the concentration x. Square
symbols indicate results obtained for a fixed simulation
cell (Vixed), 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 tri-
angle symbols indicate structural relaxation in all degrees
of freedom (Eqpt). The point symmetry of the interstitial
Li at the O site (Dgp) or T site (Cs,) is maintained for
all Li concentrations.

ically more favorable by approx. 0.4 eV compared to the
T sites. At £=1/8, the Efom on the O site is 0.18 eV,
and an optimization of lattice degrees of freedom does
not further stabilize the interstitial site. Increasing the
concentration to x=1/4 gives a similar Egyp, of 0.19 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¢ym of the two sites is reversed and, com-
pared to z=1/4, the formation energy of Li is increased
by at least 0.37 eV (when changes in lattice parameters
are excluded). This is due to Li-Li interactions in these
structures. Allowing the volume to adjust to the Li con-
tent (Vopt), a stabilization of 0.03 eV (0.27 eV) is found
accompanied by an increase of the volume by 4% (14%)
with Li on the O (T) sites. Further structural distortions
away from the cubic structure, by relaxing all lattice pa-

1.6+ Blue Ositel | 1
Green T site ;
1.2 b
% Are=0 :
—~ 0.8- L
= S~ o
£ ==
uf 0.4+ Y structure D
without Li —
0.0 -
N,/ B LA

0 5 -10 -15 -20 -25 -30

App.rpy ! °

FIG. 3: The relationship between the formation energy
of interstitial Li and the structural distortion App-1-pb
with varying Li concentration x in the a structure at
fixed volume and cell shape. Blue and green symbols in-
dicate interstitial Li on O and T sites, respectively. Dif-
ferent concentrations are indicated as x=1/8 (+), x=1/4
(&), and z=1 (QO). Filled and open symbols represent
high and low-symmetry structures of the Li, CsPbls com-
pounds, respectively. Higher energy structures, fitted by
the red curve, are structures where Arcg = 0, due to sym-
metry constraints in the a structure. In the lower energy
structures, fitted by the black curve, a pronounced Cs
off-center displacement is accompanying the angle dis-
tortion.

rameters (Eqp;), are energetically stabilized by 0.19 eV
(0.58 €V). The lattice undergoes a tetragonal distorsion
with the insertion of Li at the O site, while the insertion
of Li at the T site transforms the lattice into a rhombo-
hedral cell with a cell-edge angle of 79°.

In order to study the relevance of Li-Li interactions we
investigated a variety of Li arrangements for z=1/4. We
have not computationally enforced the high symmetry
during the structural relaxations that we carried out at
fixed lattice parameters. The considered arrangements
of Li atoms may affect their energetics in the perovskite
crystal due to different Li-Li distances. We do not find
a clear relationship between the Li-Li distances and the
formation energy. Instead, we observe that the forma-
tion energy is associated with structural distortions of the
host lattice, shown in Figure[3] as quantified by App-1-pp,
and Args. This observation holds true for all concentra-
tions and Li arrangements investigated for the « struc-
ture. The formation energy decreases with increasing
App-1-pp- This trend can be effectively described by an
exponential relationship (y=a- ewe + d), as depicted by
the black line in Figure with z = App-r-pp and y =
Etorm- There are exceptions with significantly higher for-
mation energies in cases where the second measure of
host lattice distortion, Arcs, is equal to zero. Another
exponential fitting curve describes these exceptions, as il-
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FIG. 4: The relationship between the formation energy

of interstitial Li and the structural distortion Apyp-1-pp

for the most stable O and T sites with varying Li con-

centration x in the ~’ structure. Different concentrations

are indicated as z=0 (o), z=1/8 (+), z=1/4 (A), z=1/2
(0), 2=3/4 (%), 2=1 (O).

lustrated by the red line. The cases where Arcg # 0 have
lower formation energies than the case where Argg = 0.
As the two structural distortions increase, the « struc-
ture transforms to the +’ structure, accompanied by a
decrease in the formation energy.

Therefore, the stability limit for interstitial Li in
CsPbl; while maintaining the symmetry of the o struc-
ture is at z=1/4. For structures with £=1/2 it is impos-
sible to maintain this high symmetry with a reasonable
Li distribution.

2. The stability of interstitial Li in the v’ structure

Due to the lower symmetry of the 4’ structure com-
pared to the « structure, the six O and eight T intersti-
tial sites are no longer symmetry equivalent. After opti-
mization, the most stable T and O sites have formation
energies of -0.26 and -0.16 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 Tgr and Oc- in accordance with the nomenclature
introduced in our preceding work [2T].

Figure [f] summarizes the Li formation energy of inter-
stitial Li in the 4’ structure for =0, 1/8, 1/4, 1/2, 3/4,
and 1, on the Tgf and O¢_ 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 in-
creasing structural distortion Apy--pp. When x exceeds
1/2, FEftorm reaches a plateau. By further increasing x
to 1 on Ty sites, a slight decrease of Eg,,p, is observed.
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FIG. 5: Formation energies of Li intercalation in the +’
structure with different Li concentrations up to x=2. The
symbols denote consecutive (O), pairwise (O) and all in
one fau. (A) distributions of Li atoms, respectively. The
distortion beyond the pseudo-cubic structure is evalu-
ated by the average displacement of the B-site Pb atoms
(Adpy,), for which the magnitude is illustrated by the
color code.

However, Li is no longer stable on O¢_ sites in structures
with =1 and the Li atoms move to the neighboring Tr¢
sites during the geometry optimization. The energy pro-
file is again consistent with the ~’ structure being the
energetically most favorable structure. An increase in Li
content leads to an increased structural deformation and
an increase in energy. The minimum energy is obtained
for a Li content of 2 = 1/8 for which the resulting crystal
structure is closest to the ~’ structure.

According to the result that the interstitial Li does not
further destabilize the perovskite structure by increasing
the Li concentration beyond x > 1/2, we suggest that
even concentrations of x > 1 may be energetically acces-
sible for Li insertion into the 7’ structure. Therefore,
we also investigate several hypothetical but plausible ar-
rangements for Li concentrations up to x=2 at the Tps
sites in the 4’ structure (allowing all structural degrees
of freedom to change).

To explore viable options for incorporating Li atoms
into the perovskite structure, we evaluate three potential
strategies for constructing structures with increasing Li
concentration: i) by consecutively adding one Li to each
empty ABX3 unit cell until =1, cf. Fig. 4] then adding
the second Li to each unit cell in the same order until
x=2; ii) by pairwise adding two Li atoms to each empty
unit cell in the supercell; and iii) by adding all Li atoms
to the same unit cell (up to = = 1/2). These strategies
explore the stability of interstitial Li atoms from the most
uniform to the most clustered Li distributions.

As z increases, we quantify the structural distortion of



the perovskite structure by the average displacement of
the B-site atoms (Adpy,), and indicate the distortion by
a color code in Fig.[f] This displacement of Pb atoms af-
fects the bonding within the Pblg octahedra, resulting in
a strong structural deformation away from the cubic or
pseudo-cubic structures of our perovskite models. More
specifically, when Adpy, > 0.4 A(as indicated by the yel-
low color in the figure), the octahedra start to deform
significantly.

We emphasize here that identifying the correct struc-
tural model is difficult in computational studies because
the structures obtained by atomic relaxation are inher-
ently constrained by the symmetry and unit cell of the
chosen starting structure. Nevertheless, since the ob-
served deformations in our model structures are energet-
ically favored, this indicates that phases with such high
Li concentrations can form. However, the potential irre-
versibility of such structural changes upon subsequent Li
removal needs to be investigated further.

In summary, we find that the Li uptake limit of the +’
structure of CsPbls is x=1. Concentrations of x > 1 al-
ways lead to severe and potentially irreversible structural
changes (with Pb shifts of Adpy, > 0.4).

B. Electronic structure analysis

In the following we investigate the effect of intersti-
tial Li atoms on the electronic band gap of the CsPblj
perovskite. 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 inter-
stitial 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 vari-
ation of the bond angle App-1-pp, for the a and +’ struc-
tures 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 a structure (red
symbols). The structure with =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 struc-
tural distortion that arises when the Li content increases,
i.e., increasing x leads to an increase of App-1-pp, which
in turn increases E,g.

In the +’ structure, we observe a similar linear relation-
ship between E, and App-1-pp (black symbols). However,
the two linear regimes differ in slope and axis intercept.

The strong dependence of E, on Apy1-pp, which is
in line with the different band gaps of the «a structure
(1.01 eV, App-1-ppb=0°) and the 7’ structure (1.88 eV,
App-1-pp=-27°), indicates that the structural changes
dominate the influence that interstitial Li atoms have on
the electronic structure of CsPbls. This is in line with
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FIG. 6: (a) Band gap Eg vs. Apppp for Li,CsPbls
with different Li content & and Li distribution. Black
and red symbols denote Li in the v’ and « structures, re-
spectively. Orange and light blue colored areas indicate
the structural regimes, respectively. Different concentra-
tions are indicated as z=0 (o), z=1/8 (+), z=1/4 (A),
x=1/2 (0), z=3/4 (¥ ), =1 (D). Filled symbols refer to
structures that retain Dy, and Cs, symmetry for O and
T sites in the a structure, respectively. Other lower sym-
metry 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 ¢ - 0.18 eV (see text for details). Two volumes are
compared for the « type structures. The resulting aver-
aged trend for the volume of the 7’ structure is shown as
magenta line.

the notorious sensitivity of band gaps in group-IV halide
perovskite structures to the octahedral tilt angles [36].
To understand the direct effects of the insertion of Li
atoms on the electronic structure of a CsPbls crystal, we
analyze the density of states (DOS) in the proximity of
the band gap in Fig. [fh. Upon the addition of Li to the
a structure, the Fermi level (Ep) shifts to the edge of the
conduction band for « > 0. An interstitial Li atom adds
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FIG. 7: (a) DOS of Li,CsPbl; in the « structure and (b)
the detailed DOS for interstitial Li on the O and T site
with z=1. Structures with Dy, and C3, symmetry are
considered for O and T sites, respectively. Total DOS
(gray) and Li projected DOS (green) are shown. Er is
indicated by red dashed lines and the energy separation
of bands containing Li contributions from the two band
edges, AEygg and AFEcgg, are marked by black lines
and labels (c¢) The energy separation of bands with Li
content from either band edge, AFc4g. (edge: VBE or
CBE), for Li,CsPblz with varying x in the « structure.

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), respectively. For
small concentration x of Li, there is a significant distance
of states with Li contributions to the two band edges
(AEvpe and AEcgE, see Fig. ) With increasing x
of Li, this distance shrinks (see Fig. [7c). 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 concentra-
tions of interstitial Li in the ’ structure and obtain qual-
itative similarities to the findings for Li in the « struc-
ture. With a higher Li concentration, stronger structural
distortions occur, resulting in a higher E,. 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 [§ displays the band structures of a-Li, CsPbl;
with Li content z=1 at O and T sites to further an-
alyze the hybridization between Li 2s orbitals and the
host-crystal orbitals. 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 lo-
calized 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 2.53-2.61 A
and 2.70-2.97 A, respectively. For Li on O sites, the Li-I
and Li-Pb distances are larger, 2.88-3.09 A and 4.36-
4.39 A, 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
band edges is negligible compared to the manifold of I
and Pb states, cf. Fig. [Th.

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 edges, the insertion of a Li atom also introduces
an additional electron into the CsPbls crystal. In this
scenario, the Fermi level (Er) shifts into the conduction
band, and the band gap of CsPbls with Li in the O sites
changes by 0.21 €V from =z = 0 to z = 1, even without
any structural alterations. This indicates that the extra
electron in the conduction band directly influences the
electronic structure. We quantify this effect in three dif-
ferent « structures, the one for = 0 as well as the cases
x =1 with Li in O and T sites, respectively. Here, we
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the a) O and b) T sites for = 1 in the « structure. Li
contributions to bands are indicated by blue circles. The
circle radius indicates the magnitude of the contribution.
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FIG. 9: Band gap change with varying number of elec-

trons in the conduction band for three a structures of

Li,CsPbl3 with z = 0 and x = 1 with Li atoms at O or T
sites.

keep the crystal structures unchanged when varying Ne.

The relationship between E, and the number of excess
electrons per perovskite formula unit, N, is illustrated
in Fig. [0 In all three investigated cases, the band gap
increases with Ng; this behavior is rather well described
by a linear relation. The three slopes vary only between
0.16 and 0.20 eV per electron. This means that the influ-
ence of extra electrons at the CBE in LizCsPbl; alloys
on the band gap can be modeled by an average shift of
approximately 0.18 eV per extra electron.

We can use this relationship to subtract the influence of
the extra charges by subtracting z-0.18 eV from the com-
puted band gap values. Doing so, our computed struc-
tures serve as representative model structures for dilute
Li, CsPbls alloys with very small x, where the structural
changes of Li dopants occur locally, but the extra elec-
trons 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 hybridization) that also contribute to the rela-
tion between E, and App-1-pp.

The resulting behavior without the additional influence
of extra electrons is displayed in Fig. |§| (b). As noted
above, the region of 7'-like structures is well represented
by a linear relationship. Likewise, the structures with
Li being added to the a 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 z=1 fits well now to the
linear relation.

However, slope and axis intercept of the two linear
regimes differ. The first reason for this difference is the
different volume when comparing the a-like and ~'-like
(or 7-phase) structures. For comparison we show the
data (blue points in Fig. |§| (b)) for the high-symmetry
cases for the « structures with the larger volume that is
calculated using the PBE functional (without the T'S cor-
rection, see computational details). The resulting slope,
compared to the results in the smaller volume (of PBE
with TS), is almost unchanged, although the two lines
differ in their y-axis intercepts. By scaling the averaged
relationship between E,; and Apy-r-p, of the data sets
to both volumes, we derive the relationship for the vol-
ume of the 4" structure (magenta line). This intercepts
the linear relationship of v’ type structures for £=0, i.e.,
we obtain a continuous transition from a-like to +'-like
structures when increasing App-1-pp. The remaining dif-
ferent slope is attributed to the fact that Li ions in the «
structure affect the Pb-I-Pb bond angles very locally, as
long as (some) symmetry elements of the o phase are re-
tained. In these cases, the obtained band gap is affected
by bands from both tilted and untilted Pb-I-Pb angles.
This is distinct from the 7’ type structures, where all Pb-
I-Pb angles are already tilted. Hence, a change in slope
between the two linear regimes is plausible.



We also analyzed a removal of all Li contributions, i.e.,
we determined the CsPbls 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 E,, coming only
from the structural changes of the CsPbls lattice in that
way does only in some cases correlate well with the band-
gap data given in Fig. |§| (b). In about half of the cases,
the interactions that are omitted when removing Li as
bonding partner lead to significant changes in the local
DOS of the Todine p orbitals that are directed towards
Li. Thus, the change of E, with the Li content is domi-
nated by the structural changes of the CsPbls lattice (see
Fig. |§| (a)), and one can describe these changes by sep-
arating the structural effect from the varying amount of
extra electrons in the conduction band (Fig. [6] (b)). But
describing the observed band-gap variation purely by the
structural changes of the CsPbls lattice and neglecting
the presence of Li as bonding partner is not successful.

IV. DISCUSSION

The ordered cubic « structure has served as the struc-
tural model of choice in most previous theoretical studies
[16, 17, B7]. However, recent studies [31H33] [38] suggest
that this model is probably not the preferred structural
representation of the dynamic CsPbls crystal around
room temperature and the 7' structure is a more rea-
sonable 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.

According to our simulation results, the limit for Li
uptake into a hypothetical high symmetry a structure
would be x=1/4, cf. Fig. This is in line with the
DFT results of Dawson et al. (from x=0.037 to z=1)
on MAPbI5 and MAPbBr; [10]. These results indicate
that both hybrid halide perovskites cannot bear a Li
concentration of x=1, and perovskite dissolution or dis-
tortion is energetically preferred. Similarly, Biittner et
al. [7] reported that the electrolytes containing Li dis-
solve the perovskite immediately, and they concluded
the impossibility to store Li ions in the hybrid halide
perovskites. This can be explained with the ability of
the organic cations in hybrid perovskites to form hydro-
gen bonds to polar solvent molecules, which facilitates
the perovskite decomposition [39]. This decomposition
is even thermodynamically favorable for Pb-based hybrid
halide perovskites [40]. In contrast, the inorganic CsPblg
perovskites are thermodynamically stable [40].

As opposed to the case of the « structure, the forma-
tion energy of interstitial Li in the 4’ structure increases
with increasing App-1-pp for the most stable O and T
sites at low Li concentration, cf. Fig [l Thereafter, for
x=1/2, the formation energy reaches a plateau, while the
structural distortion still increases with increasing con-

centration. Overall, the energy profile is in line with a
stabilization of the v’ structure, with the lowest energy
obtained for the Li-containing structure that is closest
to the ~’ structure. The formation energies in a range
from -0.26 eV to -0.11 eV (from x=1/8 to 1) indicate the
potential for battery applications.

Higher Li concentrations with x > 1 distort the per-
ovskite structure, altering the cubic lattice by the dis-
placement of Pb (Adpyp) instead of only changing the
Pb-I-Pb angles (App-1-pb), cf. Fig This structural dis-
tortion differs significantly from the conditions of Li in
the « structure and the lower Li concentrations in the
~’ structure. We propose that it is unfeasible to main-
tain the perovskite structure in high concentrations of Li,
whereby the limiting concentration of Li is x=1.

Interestingly, as the concentration of Li increases be-
yond x=1, the structural change is accompanied by a
lower formation energy than for x < 1. It indicates a
high capacity of the material for Li storage. Similar re-
sults have been reported from experiments [8, 0]. Xia
et al. demonstrated an astonishingly high Li concentra-
tion with = ~ 6 in Li,MAPbBr3, although the Li ca-
pacity faded rapidly after only 30 charge/discharge cy-
cles. Vicente et al. reported that the Li concentration
in Li,MAPDBrj3 reaches a value as high as « = 3.7. The
rapid fading of the high Li capacity indicates 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 CsPbls perovskite, cf. Fig [f] Similar
results for Li containing perovskite compounds were re-
ported from photoluminescence experiments [13] 14}, 4T].
Jiang et al. [13] found a blue shift in the photolumi-
nescence spectrum by Li inserted in CsPbBrj3, and at-
tributed it to the Burstein—-Moss effect [42]. This effect
refers to the phenomenon that electrons at the VBE re-
quire 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 Li, MAPDbBr3
by Mathieson et al. [T4]. They suggested that although
the inserted Li atoms narrow the band gap, the elec-
trons 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 increased 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 CsPbl; are mainly
composed of the covalent o*-bonding states of p and
s orbitals of Pb and I [43], and the dispersion of the
bands is determined by the overlaps of these orbitals.
The insertion of Li atoms increases the Apy--pp, by at-
tracting 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 the use in photo-battery devices. But the organic-
inorganic hybrid layers in two-dimensional perovskites
may be more promising for Li storage and photovoltaic
function. Ahmad et al. demonstrated the insertion of
Li ions into a perovskite compound with a capacity of
approx. 100 mAh/g and without compromising the pho-
tovoltaic efficiency [44]. 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. [45] proposed a plausible Li storage mech-
anism involving carbonyl groups. The aforementioned
mechanism (or related ones) holds the potential for de-
veloping an integrated halide-perovskite photo-battery.

V. SUMMARY

In this work, the stability of Li intercalated into
CsPDbl; is analyzed together with the effect that Li has on
the electronic structure of the resulting Li, CsPbls com-
pounds. We analyze this by two structural models for
CsPblg: first, the cubic perovskite a structure, which is
a hypothetical structure to be understood as a reference
model with negligible probability to occur at room tem-
perature; second, a distorted v’ structure, closely related
to the v phase, that represents the lowest energy struc-
ture at room temperature. The hypothetical « struc-
ture energetically disfavors Li uptake and is likely to be
structurally unstable for z > 1/4. Thus, such a theoreti-
cal model is unsuitable for interpreting experiments that
demonstrate the existence of Li, CsPblz compounds.

In the +’ structure, interstitial insertion of Li is ener-
getically favorable. Concentrations up to x = 1 are acces-
sible while keeping the perovskite host structure intact.
In principle, forming the compound with even higher Li

concentration is feasible. However, our investigation of
structures with up to z = 2 indicate that in such cases
significant distortions of the host lattice structure oc-
cur. The structural distorsions of such phase transitions
and their potential irreversibility require further investi-
gations.

For the concentration range 0 < x < 1, Li promotes
structural distortions, namely increased Pb-I-Pb bond
angles and Cs off-center displacements, which increase
with the Li concentration. Interstitial Li has several ef-
fects on the electronic structure of Li,CsPbls: i) the in-
duced 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) al-
though the Li 2s orbitals hybridize with I and Pb orbitals,
their effect on the band gap and the band edges is negligi-
ble. Nevertheless, the (presumably fairly ionic) bonding
interaction of the Li cation with the surrounding iodine
anions does modulate the observed band gap.

Altogether, these effects result in an increased band
gap in Li; CsPblz compared to CsPblz. The band gap E,
increases linearly with the induced averaged angle distor-
tion App-1-pp in the two structural regimes of the o and
~" models. For z=1, this leads to Eg of 2.99 ¢V. This
continuously increasing band gap needs to be taken into
account for potential solar cell applications.
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