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We have explored different aspects of charge-carrier dynamics and relaxation in lead-free Cs;Snls dou-
ble perovskite using dielectric spectroscopy and assessed its electrochemical response. The cubic phase
(Fm3m) with a lattice constant of 11.644 A is confirmed for synthesized perovskite. The phonon dispersion
illustrated by density-functional theory indicates the existence of soft optical modes triggered by anhar-
monic rattling of Cs atoms and dynamical rotation of Snlg octahedra. Complex impedance spectra have
provided details of the contributions of grain boundaries, grains, and anharmonic rattling to charge-carrier
dynamics. The Cs,Snlg exhibits electrical conductivity of 3.77 x 107> S cm™! at ambient conditions.
The values of the power-law exponent for all temperatures suggest superlinear power-law (SPL) behavior
of the ac conductivity. The relaxation time and the stretched exponent in the Kohlrausch-Williams-Watts
(KWW) function of the electric modulus are caused by charge-carrier short-range mobility and the hopping
of rattling-assisted polarons. The supercapacitor fabricated with Cs,Snlg as the electrode has delivered a
specific capacitance of 3830 F g~! at a current density of 2 A g~!. A quasi-solid-state asymmetric superca-
pacitor device was also fabricated, which delivered an energy density of 51 Whkg™' and a power density
as high as 852 W kg~ ! at a current density of 1 A g~!. We believe this work will open up the avenue to

another generation of lead-free, perovskite-based, sustainable energy-storage systems.
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I. INTRODUCTION

Along with the widespread progress of hybrid per-
ovskite solar cells [1-3] in the last decade, metal halide
perovskites (MHPs) embraced a wide range of applica-
bility in energy-harvesting and storage devices, including
photodetectors [4,5], light-emitting diodes [6], memory
devices [7-9], and nanogenerators [10—12]. This wide
range of applications is attributed to their various proper-
ties, like superior charge transport, optoelectronic, dielec-
tric, and photovoltaic properties. However, the commercial
applications of Pb-based organic perovskite materials are
hampered by their (i) poor stability when exposed to heat,
light, and moisture [13,14] and (ii) environmental toxicity
due to the presence of Pb [15].
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The structure of halide perovskite is represented by
ABX 3, where “A” is a cation, which can be both organic
and inorganic, “B” represents a metal ion, and “X” repre-
sents a halogen ion. In an ideal cubic structure, “B” cations
are in sixfold coordination, making an octahedral structure
and “A4” cations are in 12-fold cubo-octahedral coordina-
tion. The “4” cations are generally larger in size than the
“B” cations. Subsequently, several approaches have been
employed in order to replace Pb, including (but not limited
to) homovalent and heterovalent substitution. In a homova-
lent substitution, divalent Pb>™ has been replaced by a
divalent cation like Sn>* or Ge?* [16—18]. Although Sn**
and Ge?* could be successfully incorporated to substitute
Pb, they are prone to oxidation in ambient air. In the het-
erovalent substitution approach, the divalent Pb>* cation
can be replaced either by a trivalent metal cation, like Bi**
or Sb>*, and a monovalent cation like Ag™, which gives
rise to a double perovskite structure, or by a combina-
tion of two trivalent cations, viz., Bi**, Sb>*, etc. [19].
Lead-free inorganic perovskites are favorable in terms of
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nontoxicity and stability issues.Cs;Snlg is one of the most
widely explored inorganic double perovskites that show
excellent stability against oxidation [20,21]. Due to its sta-
bility in air, nontoxicity, and other superior properties, such
as electrical properties, absorption coefficient, etc., the
Cs,Snlg perovskite has emerged as a potential candidate
for a wide range of applications, like resistive switching,
LEDs, solar cells, nanogenerators, and photodetectors, etc.
[22,23]. It is significant to note that the halide perovskites
are mixed ionic and electronic conductors. It is also worthy
to note that electrons in perovskites form quasiparticles,
called polarons, due to their interaction with the lattice
deformation present there. The cooperative deformation of
[BX¢] octahedra framework in perovskites occurs due to
the size mismatch of 4-site cations and the cubo-octahedral
void generated by neighboring X -site anions, giving rise
to the formation of polarons. Generally, two types of
polarons, such as large polarons and small polarons, exist
depending on the size (radius) of the polarons. For small
polarons, the polaron radius is confined in a single unit
cell, while the polaron radius extends over many unit cells
for large polarons [24-30].The n-type Cs;Snlg perovskite
is a vacancy-ordered double perovskite with covalent and
ionic bonding [26]. The soft optical modes of a phonon are
created by the anharmonic rattling motion of Cs atoms in
the channel created by [Snlg]>~ and the dynamic rotation
of Snlg octahedra [26].

The MHPs demonstrate intriguing charge-transport
properties compared to the typical I1I-V and other conven-
tional inorganic semiconductors. The hysteresis observed
in the J-V curves (also an indicator of ferroelectricity)
reveals critical insights into the ionic transport mecha-
nism in MHPs [31,32]. The low-frequency (approximately
1 Hz) dielectric response of MAPbX; increases by 3
orders of magnitude when illuminated with photons with
energies greater than its band gap [33]. The photolumi-
nescence study in a mixed halide system has shown that
the halide ions segregate into iodide- and bromide-rich
domains upon photoexcitation [34]. Importantly, even if
stationary defects are assumed, these observations cannot
be justified by the semiconductor theory and necessitate a
thorough investigation of the dielectric properties of such
materials. The high ionic conductivity of perovskite mate-
rials has led to a variety of technological applications, such
as solar cells, Li-ion batteries, dual-ion batteries, photo-
batteries, supercapacitors, and so on [35—41]. Despite the
potential applications of these MHPs, a detailed and fun-
damental understanding of charge-carrier dynamics and
relaxation mechanisms is still lacking. It may be men-
tioned that the dielectric spectroscopy is an exceptional
tool for investigating charge-carrier dynamics, relaxation
mechanisms, ionic conductivity, ferroelectric, and piezo-
electric features of various materials, including polymer
electrolytes, ceramics, transitional metal oxides, and halide
perovskites [42—44].

In this present report, we have synthesized the
lead-free vacancy-ordered Cs;Snlg double perovskite
using hydrothermal process and characterized its struc-
tural, optical, and temperature-dependent dielectric prop-
erties. The cubic phase with Fm3m space group was
confirmed from the Rietveld refinement of the observed
X-ray diffraction (XRD) profile with a lattice constant of
11.644 A. To get insights into the charge-carrier dynam-
ics and relaxation mechanism, the dielectric spectroscopic
data in a wide temperature (7= 193 K—473 K) and fre-
quency range (f=4 Hz—8 MHz) has been measured and
analyzed using different theoretical models. The contribu-
tion of the grain boundaries, grains, and rattling-assisted
polaron response to the dynamics of charge carriers at dif-
ferent temperatures has been described by the quantitative
analysis of dielectric spectra in terms of impedance, ac
conductivity and modulus formalisms. A three-electrode
supercapacitor was fabricated using Cs,Snlg perovskite at
ambient conditions for the storage of energy, and its cyclic
voltammetry, galvanometric charge-discharge, and elec-
trochemical impedance studies were performed, providing
a promising result. An understanding of storage mech-
anisms are presented here. The supercapacitor achieves
specific discharge capacitances of 3830, 2187, 1363, 1041,
462, and 199 F g’1 at different current densities of 2, 4, 6,
8,10,and 15 A g~!, respectively. A quasi-solid-state asym-
metric supercapacitor device, fabricated with the Cs,Snlg
perovskite, delivered an energy density of 51 Whkg~! and
a power density of 852 W kg ~! corresponding to a current
density of 1 A g~ 1.

II. EXPERIMENTAL DETAILS

A. Synthesis of lead-free Cs,Snlg double perovskite

I mmol (237 mg) tin acetate [Sn(CH3CO;),, Sigma-
Aldrich] and 2 mmol (384 mg) cesium acetate (C,H30;Cs,
99.99%, Sigma-Aldrich) were dissolved in 5-ml hydroiodic
acid (HI, Alfa-Aesar). The solution was stirred at room
temperature for about 1 h at 700 rpm and was then kept
at 150°C for 2 h in a 25-ml Teflon container. Afterwards,
it was left to cool down to room temperature, and was
centrifuged three times with iso-propyl alcohol (IPA, Alfa-
Aesar), and dried overnight in a vacuum oven. A schematic
diagram of the synthesis process of the sample with digital
images of synthesis solutions taken at different times dur-
ing the synthesis process and final product is shown in Fig.
S1 within the Supplemental Material [45].

B. Characterizations

X-ray diffraction (XRD), field-emission scanning elec-
tron microscopy (FESEM), high-resolution transmis-
sion electron microscopy (HRTEM), ultraviolet-visible
(UV-vis) spectroscopy, and X-ray photoelectron spec-
troscopy (XPS) were carried out to characterize the
Cs,Snlg perovskite. The dielectric measurements, viz., the
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conductance G(w) and capacitance C(w) of Cs;Snlg halide
perovskite, were carried out at different temperatures using
an LCR meter (HIOKI, model: IM 3536) in the frequency
range of 4 Hz—8 MHz with a perturbation potential of
1.0 V. The details of this material characterization have
been provided within the Supplemental Material [45].

C. Computational details for DFT calculations

All first principles calculations on Cs,Snlg were per-
formed with the CASTEP (CAmbridge Serial Total Energy
Package), which is based on density-functional theory
(DFT) [46,47]. Norm-conserving plane-wave pseudopo-
tentials were employed to describe the electron-ion interac-
tions [48]. The Perdew-Burke-Ernzerhof (PBE) functional
under the generalized gradient approximation (GGA) [49]
and accompanying Koeling-Harmon relativistic treatment
[47] delineated the exchange-correlation energy between
electrons [50]. Both the shape and volume of the initial
unit cell were optimized including the relaxation of all
atomic positions. The respective convergence threshold,
maximum displacement, and maximum force in this cal-
culation were taken as 5.0 x 1076 eV/atom, 5.0 x 1074 A
and 0.01 eV/A, respectively. The electronic bandstructure,
electronic density of states (DOS), phonon dispersion, den-
sity of phonon states, optical properties, thermodynamic,
and other electronic properties were calculated against
a 4 x4 x4 k-point mesh, where the cutoff energy was
limited to 440 eV. Group theoretical calculations were
performed using the VIBRATE! software for the structure.
The details are presented within the Supplemental Material
[45].

D. Electrochemical characterization of the perovskite
in the three-electrode supercapacitor

The working electrode to investigate the electrochemi-
cal energy-storage behavior of the Cs,Snlg perovskite in a
supercapacitor was prepared using the Cs,Snlg perovskite,
carbon black (CB), and polyvinylidene fluoride (PVDF) as
the binder with a weight ratio of 8:1:1. Initially, a mixture
of Cs,Snlg, PVDF and CB in the above ratio was added
to 300 pl of NMP to obtain a homogeneous slurry paste.
The Ni foam (NF) was washed with hydrochloric acid
(HCI), acetone, and deionized (DI) water separately and
dried in a vacuum oven. Subsequently, the slurry paste was
pressed over the Ni foam with active area (1.0 x 0.5 cm?)
and dried overnight at 80°C in the oven. The weight
of the active material coated in the electrode is about
5.4 mg.

Electrochemical performance was executed in a 1-
M KOH aqueous solution at room temperature using
PGSTAT 302N Autolab. A platinum wire and Ag/AgCl
were used as the counter electrode and reference, respec-
tively. All electrochemical measurements, namely cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD),

and electrochemical impedance spectroscopy (EIS) were
carried out to predict the energy-storage performance of
the synthesized perovskite.

E. Fabrication of supercapacitor device and
electrochemical measurements

For asymmetric supercapacitor device fabrication, acti-
vated carbon (AC) (Sigma Aldrich) was used as an active
material. The AC electrode was prepared by coating a
NMP-based slurry containing AC powder, acetylene car-
bon black, and PVDF in the ratio of 80:10:10 (wt %) onto
1 cm x 1 cm Ni foam. After coating of the slurry on the
Ni foam, the clectrodes were dried at 90 °C under vac-
uum for 1 day. Similarly, another electrode was prepared
by coating NMP-based slurry of Cs,Snlg perovskite, acety-
lene carbon black, and PVDF in the ratio of 70:15:15 (wt
%) onto 1 cm x 1 cm Ni foam. The active mass loadings in
the device electrodes were 5.45 mg for the perovskite elec-
trode and 7.23 mg for the AC electrode. The poly(vinyl
alcohol) (PVA), KOH, and deionized (DI) water were
used for the preparation of the gel polymer electrolyte. A
mixture of PVA, KOH, and DI water was stirred vigor-
ously at 90 °C until the solution became transparent and
homogeneous. It was cooled to ambient conditions after
the gel formation to remove the excess bubbles. Finally,
an AC/PVA-KOH gel plus separator/Cs,Snlg perovskite
asymmetric supercapacitor device was assembled at ambi-
ent conditions. Electrochemical measurements such as CV,
charge-discharge, and electrochemical impedance of the
asymmetric supercapacitor were performed using a Gamry
Interface 1000 (potentiostat/galvanostat/ZRA) system. We
used the total active mass of both electrodes for calculating
the specific capacitance from CV and GCD in asymmetric
device system.

II1. RESULTS AND DISCUSSION

A. Structural and morphological characterization of
the Cs,Snl¢ perovskite

XRD analysis was done to verify the purity and crystal
structure of the Cs,Snlg. The XRD pattern with Rietveld
refinement of the synthesized Cs,Snl¢ using the Fullprof-
software is shown in Fig. 1(a). The atomic model of cubic
Cs,Snlg obtained from VESTA software is shown in the
inset of Fig. 1(a). The XRD profile in Fig. 1(a) reveals
the pure phase formation of cubic Cs,Snlg (PDF no. 51-
0466). The diffraction peaks at 13.12°, 26.48°, 30.72°,
43.97°, and 46.07° correspond to the (111), (222), (400),
(440), and (531) planes of the cubic Cs,Snlg perovskite,
which is consistent with the results reported in the liter-
ature [51]. The synthesized Cs;Snlg perovskite is in the
cubic lattice system with the space group Fm3m and a lat-
tice constant of 11.644 A. The Rietveld refinement also
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(a) XRD profile with Rietveld refinement with crystal structure at inset, (b) FESEM image, (c) EDX spectrum, (d){(g) EDX

elemental mapping of Cs;Snlg, (h),(i) HRTEM image, (j) SAED pattern of Cs,Snlg, and (k) lattice (d-spacing) pattern.

demonstrates that the Cs,;Snlg perovskite has no impurity
phase.

The morphology of Cs,Snlg perovskite as studied by
FESEM imaging is displayed in Fig. 1(b). The FESEM
image of Cs,;Snlg reveals the small particlelike structures
with sizes of 50—60 nm over the entire inspected region.
The morphological uniformity of the sample is visible
in the FESEM image. The elemental composition of the
synthesized perovskite was investigated using energy dis-
persive X-ray (EDX) measurement, and the results are
shown in Fig. 1(c). The EDX spectrum of Cs;Snlg shows
intense peaks corresponding to Cs, Sn, and I only. No
additional peaks related to any impurity were registered
in the profile. This result agrees well with the XRD results
and substantiates the pure phase formation. The constituent
elements show an atomic ratio of approximately 21.92:
11.63: 66.45 (Cs: Sn: I) in the sample, which is in
good agreement with the actual stoichiometry. The ele-
mental mapping of these elements over the scanned region
[Figs. 1(d)-1(g)] indicates that the elements are distributed

uniformly. The TEM images of the Cs,Snls perovskite are
shown in Figs. 1(h) and 1(i), which display small particles
with a radius of about 40 nm, indicating that the perovskite
is morphologically uniform. The selected area electron
diffraction (SAED) pattern of the particle [Fig. 1(j)] with
bright circular spots also confirms the single-crystal nature.
Furthermore, the HRTEM image [Fig. 1(k)] of the indi-
vidual particle reveals parallel lattice fringes with an
assessed lattice spacing of 0.33 nm, corresponding to
the (222) plane of the cubic phase of Cs,Snlg, which
confirms the single-crystal nature. The diffuse reflectance
spectrum of the Cs,Snlg perovskite is shown in Fig. S2
where reflectance (R) is plotted as a function of the pho-
ton wavelength A (nm) within the Supplemental Material
[45]. The estimated band-gap value is about 1.50 eV,
which is in good agreement with previously published
values [52].

X-ray photoelectron spectroscopy (XPS) was employed
to investigate the core-level electron binding energies of
Cs,Snlg halide perovskite. The peaks of the constituent
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atoms, namely Cs, Sn, and I originate from the spin-orbit
coupling of electronic states. By using the adventitious C
1 s peak at 284.6 eV as a reference point, all binding ener-
gies were charge corrected. The survey profile of Cs,;Snlg
shown in Fig. 2(a) confirms the presence of peaks asso-
ciated with the constituent elements, i.e., Cs, Sn, and I,
corroborating the EDX results. In addition to the sample
components, additional C- and O-related peaks resulted
from the presence of the ambient carbon and oxygen.
The component constituents of Cs,Snlg are represented
by core-level spectra in Figs. 2(b)-2(d). In the core-level,
Cs 3d spectrum shown in Fig. 2(b), the two main peaks
that correspond to Cs 3ds,; and Cs 3ds),, respectively,
are located at 723.81 and 737.80 eV. The Sn 4f spectrum
demonstrated in Fig. 2(c) exhibits doublet characteristics
with peaks at 485.97 and 494.37 eV, which are assigned to
Sn 3ds;, and Sn 3ds),, respectively. The peaks associated
with I 3d3/,, and I 3ds,, appear at 629.87 and 618.30 eV,
respectively [see Fig. 2(d)]. The positioning of the peaks
shows that the constituent elements Cs, Sn, and I are
in their typical valence states of 11, 47, and 1~, respec-
tively. All these results are also in good agreement with
the literature [53].

(a) XPS survey scan and core level XPS spectra of Cs,Snlg, (b) Cs, (c) Sn, (d) L.

B. Electronic structure of Cs;Snlg using
density-functional theory (DFT)

Figures 3(a) and 3(b) show the electronic band struc-
ture and DOS. The obtained electronic band gap (Ej)
is 0.97 eV, indicating that the gap is direct. However,
according to the previous literature, the material is a semi-
conductor with £, ~1.2—1.5 eV. According to a previous
report, the band gap for PBE or LDA-based pseudopoten-
tials is underestimated [54]. However, hybrid pseudopo-
tentials provide a more acceptable value, though it may be
reduced significantly in the presence of defects or doped
elements [54,55]. The electron-density map and electron-
localization function (ELF) are provided in Fig. S3 of
the Supplemental Material [45]. Considering its symmetry,
the phonon band structure is computed along the sym-
metry path X - R— M — ' - R and is demonstrated
in Fig. 3(c). The density of phonon states as a func-
tion of phonon frequency is illustrated in Fig. 3(d). Both
results exhibit phonon bands with imaginary phonon ener-
gies, especially in the vicinity of the R point. Because of
the anharmonic rattling of Cs atoms and the dynamical
rotation of Snlg octahedra [26], this implies the presence
of anharmonic phonon soft modes, indicating a dynamic
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(a) Electronic band structure, (b) total and projected DOS with orbital contributions, (¢) phonon dispersion and (d) density

of phonon states for the cubic phase of the Cs,Snls double perovskite.

instability in the cubic phase of Cs,Snlg double per-
ovskite [56]. The optical dielectric function and relevant
thermodynamic parameters were also calculated as a func-
tion of temperature and are displayed in Fig. S4 of the
Supplemental Material [45].

C. Analysis of complex impedance spectra

Figures 4(a) and 4(b) show the Nyquist plot (—Z" ver-
sus Z') of Cs,Snlg perovskite at different temperatures in
the temperature ranges 193-323 K and 333-473 K, respec-
tively. Here, the frequency-dependent real and imaginary
parts of the complex impedance Z'(w) are represented
by Z’(w) and —Z"(w), respectively, and are defined by
Z*(w) = Z'(w) — jZ"(w). From the Nyquist plots, it is
observed that the diameter of the depressed semicircles
decreases with increasing temperature. This behavior can
be explained by the fact that the dc conductivity of dielec-
tric materials increases with an increase in temperature.
The Nyquist plot of Cs,Snlg double perovskite can be char-
acterized by three distinct arcs in the temperature range of
193323 K arising from the dominance of different fac-
tors in different frequency ranges such as rattling-assisted
polaron, grain boundaries and grain response at low tem-
peratures. In Cs;Snlg, the anharmonic rattling motion of
positive Cs* and the dynamic motion of negative [Snlg]™
octahedra create a charge separation in the primitive cell,

which form ionic polarization as well as rattling-assisted
polarons in this material [26]. The impedance plot in the
temperature range of 333—473 K can be described by
the two arcs arising from the grain boundaries and grain
response, and the electrode polarization effect is observed
in the low-frequency region at high temperatures. It should
be noticed that the high-frequency arc in the temperature
range of 333—473 K is not observed because it is outside
the measurement range of our instrument.

The depressed semicircles are fitted using the Maxwell-
Wagner equivalent circuit model [57]. Two equivalent
circuit models are used to describe the impedance spec-
tra for the two previously mentioned temperature regions;
these comprise R-CPE circuits in parallel connection,
where R and CPE are resistance and constant phase ele-
ment, respectively. Zcpg is defined by Zcpg = 1/4(G w)”,
where @ denotes angular frequency, 4 is a proportion-
ality constant, and m is an exponent whose value lies
between 0 and 1. The value m = 1 indicates that the CPE is
purely capacitive, and for m =0, the CPE becomes purely
resistive.

The three/two parallel R-CPE circuit models were fit-
ted to the Nyquist plots in Figs. 4(a) and 4(b) in various
frequency and temperature regions. Resistances and CPEs
correspond to grain boundaries, grain and rattling-assisted
polaron contributions are denoted by R;/CPE;, R,/CPE,,
and R3;/CPE; respectively shown in the inset of these
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(a),(b) Complex impedance plots of Cs,Snlg double perovskite at different temperatures. Inset figures show the equivalent

circuit model for analyzing the impedance data, (c),(d) temperature dependence of resistance and constant phase element values
obtained from equivalent circuit model fitting of experimental data, (e) reciprocal temperature dependence of dc conductivity for
Cs,Snlg. Frequency dependence of (f) real impedance spectra (Z) and (g) imaginary impedance spectra (—Z").

figures. To study the variation of the resistances (R,
R,, and Rj3) with temperature, we have plotted those
against temperature in Fig. 4(c) from which it can be
noted that (i) each of these resistances decreases with
increasing temperature, and (ii) the resistance arising
from the grain boundary is the highest among the three
throughout the entire temperature range. The fall of
the resistance values R;, R;, and R; with increasing
temperature is associated with the fact that the con-
ductivity of Cs,;Snlg increases owing to the enhanced
dynamics of thermally activated behavior. The capaci-
tance values from different contributions, such as grain
boundary (CPE;), grain (CPE,), and polaron response
(CPE;) obtained from the fits of the Nyquist plots to the

equivalent circuit model at different temperatures are
shown in Fig. 4(d). For different contributions, the value of
the capacitance increases slightly with increasing tempera-
ture. The increment of the capacitance values with temper-
ature for grain-boundary contribution indicates that more
charge carriers are accumulated near the grain boundaries,
performing as a trapper site of more active charge carriers
changing the mobility [35]. As the temperature increases,
the value of the bulk resistance (R,=R; + R, + R3) con-
tributed by grain, grain boundary, polaron contributions
decreases for Cs,Snlg perovskite. We have calculated the
dc conductivity (o4.) of the Cs,Snlg perovskite at differ-
ent temperatures from the impedance plot by using the
following relationship: o4.(T) = ¢t/R»A4, where t and A4 are
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the thickness and area of the sample pellet, respectively.
The Cs,Snlg perovskite shows a dc conductivity value
of approximately 3.77 x 107> S cm™! at 303 K and the
dc conductivity value increases with increasing tempera-
ture. Figure 4(e) shows the reciprocal temperature depen-
dence of the dc conductivity, which obeys the Arrhenius
relation:

oae(T) = apexp | =22 ) | (1
(kBT>

where o is the pre-exponential factor, E,, is the activation
energy, and kg is the Boltzmann constant. The calcu-
lated value of the activation energy is approximately 0.153
(£0.004) eV. The value of the activation energy is much
less than the half of the optical band gap reported earlier
[54]. This happens due to the presence of polarons arising
from the defects present in the materials [54,55].

Figure 4(f) displays the variation of Z’ as a function of
angular frequency at different temperatures. It is observed
in Fig. 4(f) that the magnitude of Z’ shrinks with increas-
ing angular frequency and temperature, which is related
to the lowering of the barrier height of the space-charge
region at the grain boundaries due to the rise in temper-
ature. The appearance of a plateau in the low-frequency
region is related to the long-range dynamics of charge
carriers, and the decrease of Z' with increasing of tem-
perature reveals the existence of a negative temperature
coefficient of resistance in Cs,Snlg perovskite. The neg-
ative temperature coefficient of Z’ indicates the increase
in conductivity with temperature. The Z’ displays a grad-
ual decrease as the temperature increases and exhibits a
second small plateau region at a high angular frequency
region (shaded region) caused by short-range dynam-
ics of the charge carrier and hopping of rattling-assisted
polarons. Figure 4(g) depicts the variation of —Z” with
angular frequency at different temperatures. It demon-
strates existence of the relaxation peaks at different temper-
atures. Due to charge-carrier dynamics in the low angular
frequency region as well as polaron hopping in the high-
frequency region, two relaxation peaks appear in the angu-
lar frequency dependence of —Z”, indicating the presence
of thermally activated behavior [58,59].

D. Analysis of ac conductivity spectra

The ac conductivity spectra have been studied to gain
a better understanding of the long-range (w— 0) and
short-range charge-carrier dynamics, and rattling-assisted
polaron dynamics for the Cs;Snls double perovskite.
Figure 5(a) represents the ac conductivity spectra in the
temperature region of 193-473 K. The ac spectra at
low temperatures exhibit two different regions, such as
a frequency-independent plateau region and a dispersive
region upto 100 kHz. There exists a slope changing disper-
sive region in the ac conductivity spectra (shaded region)

beyond 100 kHz at low temperatures, and this region shifts
to the high-frequency side with increasing temperature.
This region is not observed at high temperatures due to
our instrumental limitations. The plateau region at lower
frequencies corresponds to long-range dynamics of charge
carriers by hopping process, representing the dc conduc-
tivity of the material. The charge-carrier hopping in this
region can be treated as charge-carrier motion in an infinite
lattice of identical potential wells. The dispersive region up
to 100 kHz can be explained with the short-range charge
carriers hopping between localized sites, and the hopping
mechanism of charge carriers in this region is confined
in the double-well potential with infinite potential barri-
ers via forward-backward hopping on either side [60]. The
conductivity increases exponentially due to perturbation
of the mechanism through the ac electric field [60]. In
the higher-frequency dispersive region beyond 100 kHz,
the motion of the charge carriers is limited to localized
sites and can be caused by the hopping of polarons associ-
ated with anharmonic rattling effects in the Cs,Snlg double
perovskite. With further increase in frequency, the value
of the ac conductivity increases. At higher temperatures,
the plateau region of the ac conductivity spectra, i.e., dc
conductivity becomes relatively dominant in comparison
with lower temperatures, and an electrode polarization
effect is slightly observed in the low-frequency region at
relatively high temperatures. The transition frequency at
which the ac conductivity starts to increase after the dc
conductivity region is called the hopping frequency (wy).
Except the slope-changing dispersive region at high fre-
quencies, the ac conductivity spectra are well fitted to the
Jonscher power-law model modified by Almond and West
[61,62]. According to this model, the ac conductivity can
be expressed as

o' (@) = 04 [1 + (i)] : 2)
wH

where o is the dc conductivity, wy is the hopping fre-
quency, and n is the power-law exponent. The variation of
dc conductivity (o), obtained from the fits, with 1000/7
shown in Fig. 5(b) follows the Arrhenius relation [Eq.
(1)]. Figure 5(b) shows that the values of oy, derived from
the Nyquist plots match well with the oq4. values derived
from the ac conductivity spectra. The activation energy
(E,) for dc conductivity calculated from ac conductivity
is approximately 0.149 (£0.005) eV, which is very close
to that of o4, calculated from the impedance plot. Figure
5(c) illustrates the reciprocal temperature dependence of
the hopping frequency obtained from the power-law fits,
which also obeys the following Arrhenius relation:

—F
wi (T) = wy exp (H’;) , 3)
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FIG. 5.

(a) ac conductivity for Cs,;Snlg at different temperatures and solid line is the best fits to Eq. (2). Reciprocal temperature

dependence of (b) dc conductivity and (c) hopping frequency for Cs;Snlg perovskite. The inset of (c) represents the temperature

variation of the power-law exponent.

where wpy is the hopping frequency. The solid line in
Fig. 5(c) represents the best fit to Eq. (3). The activation
energy (Ey) for wy is calculated as 0.138 (£0.006) eV,
which is very close to the activation energy obtained
for o4, within experimental errors, indicating a common
charge-carrier dynamics and relaxation mechanism in the
Cs;Snlg perovskite. The value of the power-law expo-
nent n at different temperatures is shown in the inset of
Fig. 5(c). It is observed that the exponent n changes with
temperature. Initially, it (n ~ 1.3) decreases with tempera-
ture, reaching a minimum value (n~ 1.05) at T=323 K
and then increasing upto 7’=413 K where the value
of n is approximately 1.6. The value of the exponent
decreases further as temperature increases, where the value
of n~1.34. However, for all temperatures, the value of
the power exponent 7 is greater than unity (n > 1), indicat-
ing superlinear power-law (SPL) behavior [25]. It is also
noted that the slope of the ac conductivity spectra at high
frequencies beyond 100 kHz is about 0.52—0.56.

E. Dielectric properties of the Cs,Snl perovskite

The complex dielectric permittivity & “(w) of the Cs,Snlg
perovskite is described in terms of real and imaginary
parts given by the relation: ¢*(w) = ¢'(w) — j&”(w). The

real part &’(w) (known as dielectric constant) represents
the stored energy and the imaginary part &”(w) (known
as dielectric loss), is the dissipation of energy or loss fac-
tor associated with the polarization process. The frequency
dependence of the dielectric constant and dielectric loss
can be expressed in terms of impedance by the following
relations:

Z/
wCo(Z* 4+ Z")

Z//
wCy(Z* + 2"’
)

where Cy(~ (g94/1)) is free-space capacitance, g is the
dielectric permittivity of vacuum, 4 is the effective elec-
trode area, and ¢ is the thickness of the pellet. Figures
6(a) and 6(b) show the frequency dependence of &'(w)
and &”(w), respectively, at various temperatures. The fig-
ures indicate that at a particular temperature, the values
of both &'(w) and ¢”(w) are higher in the lower-frequency
region and gradually decrease with increasing frequency.
The value of the dielectric constant, i.e., &'(w) is dominated
by orientational and interfacial polarizations in the low-
frequency region, while ionic and electronic polarizations
govern the dielectric constant in the high-frequency region
in consistent with Koop’s phenomenological theory [63].

() = and " (w) =
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FIG. 6. Frequency dependence of (a) dielectric constant ¢’ and (b) dielectric loss &” at different temperatures, (c) real and (d)
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plex modulus with fitting of Kohlrausch-Williams-Watts function at 7= 193 K and (f) reciprocal temperature dependence of inverse

relaxation time (1/7) and the solid lines are the best fits to Eq. (6).

As the dielectric materials consist of a low-resistive layer
of grains that are separated by boundaries of moderately
low conductivity, charges accumulate at the grain bound-
aries, barring charge carriers from moving freely. When
an electric field is applied, opposite charges move towards
opposite poles, making a large number of dipoles align
with the applied electric field. At lower frequencies, these
dipoles can easily follow the varying field, resulting in high

dielectric permittivity values. With increasing frequency,
the dipoles fail to cope with the rapidly changing field,
and hence the dielectric constant decreases with increasing
frequency. The lower values of the dielectric constant indi-
cate that the dipoles are unable to orient easily as per
the applied field at lower temperatures. At higher temper-
atures, the presence of more thermal energy makes the
orientation of the dipoles easy. That is why the values

054032-10



UNVEILING CHARGE CARRIER DYNAMICS ...

PHYS. REV. APPLIED 20, 054032 (2023)

of the dielectric constant rise as the temperature rises.
A shoulderlike feature and a leveling off e, (the high-
frequency limiting value) towards the higher frequencies
are observed in the dielectric constant. At a certain value
of dielectric constant &', a single plateaulike feature is
observed, denoted as low-frequency static values, es,
which are related to the long-range charge-carrier dynam-
ics, contributing to the dc conductivity. The dielectric
relaxation strength Ae is defined as the difference between
the low-frequency static value (&;) and the high-frequency
limiting value (¢,) of the dielectric constant. The dielec-
tric relaxation time (7) is defined as the reciprocal of the
corresponding midfrequency where transitions from static
to high-frequency dielectric constant occur. Initially, &”
decreases monotonically with increasing frequency. It is
noted that ¢” tends to follow the relation: &” ocf~! in the
midfrequency region. The dielectric loss &” spectra in the
very high-frequency region show broad relaxation peaks
corresponding to the rattling-assisted polaron response,
and the peak positions shift to the high-frequency side with
the increase in temperature. At higher temperatures, the
peaks were not observed due to our instrumental limitation.
The relaxation process associated with charge carriers was
not observed in the midfrequency region of ¢” due to the
large electrode polarization effect.

The dielectric constant &' of the material at different
temperatures has been fitted using the real part of the Cole-
Cole function and a typically fitted curve at 7=193 K is
shown in Fig. S5(a) within the Supplemental Material [45].
The Cole-Cole function is given by [64]

&y — €0

(W) = g + ——mm————,
@) 1 + (iwtee) '™

)

where the parameter « is constant for a given material hav-
ing value 0 <o <1 and o =0 for Debye relaxation.zcc
is the dielectric relaxation time, ¢; and &, represents the
static and high-frequency dielectric constants, respectively.
It may be noted that the relaxation time associated with
charge carriers decreases with the increase in tempera-
ture, indicting thermally activated dielectric relaxation pro-
cess. The reciprocal temperature dependence of the inverse
dielectric relaxation time (1/7cc) obtained from the Cole-
Cole fits is shown in Fig. S5(b) within the Supplemental

M () =

Material [45], which follows the Arrhenius relation:

—E,

exp ( kBT) (6)
The activation energy (E-) for the relaxation time obtained
from the fits is approximation 0.136 (£0.006), which is
comparable with the values of E, and Ey. The recipro-
cal temperature dependence of the static dielectric constant
obtained from the fits is shown in the inset of Fig. S5(b)
within the Supplemental Material [45], which indicates
that its value increases almost linearly with increasing
temperature.

The complex electric modulus spectroscopy has been
investigated to understand the dielectric relaxation mech-
anism of the Cs,Snls perovskite. The complex electric
modulus M*(w) is defined as the reciprocal of com-
plex dielectric permittivity:M*(w) = 1/e*(w) = M'(w) +
JM"(w), where M'(w) and M"(w) represent the real and
imaginary parts of the complex electric modulus, respec-
tively. The variations of the real part (M’) and imaginary
part (M") of the complex modulus data with angular fre-
quency at temperatures ranging from 193 to 473 K are
shown in Figs. 6(c) and 6(d), respectively. At all tempera-
tures, M'(w) and M"(w) saturate to zero in lower angular
frequency regions due to suppression of the electrode
polarisation, as shown in Figs. 6(c) and 6(d).With increas-
ing angular frequency, the M’(w) data increases, showing
a shoulder in the midfrequency regions and reaching satu-
ration at high frequencies. On the other hand, the M”(w)
spectra clearly exhibit two relaxation peaks in the mid-
and high-frequency regions at low temperatures. However,
at high temperatures the peaks could not be observed in
the high-frequency region due to our experimental lim-
itation. The low-intensity relaxation peak of M’"(w) in
the midfrequency region is due to the relaxation process
associated with the dynamics of charge carriers, and the
high-intensity relaxation peak in the high-frequency region
is due to the rattling-assisted polaron relaxation process. It
is also noted that as the temperature increases, the relax-
ation peaks shift to the high-frequency side. The imaginary
part M"(w) of the complex modulus data has been ana-
lyzed by the Kohlrausch-Williams-Watts (KWW) function
given by [60,65]

1 1

(1) - 7

(M//max)A

(1= Ba) + (Ba/1 + BOIB1(@max) 4/ @) + (@) (@max) )]

(M//max)B

+ )
(1= Bo) + (Bs/1 + Bo) [Bs(0max) /@) + (0/ (@rmax) )]

(6)
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where (M,,.)4 and (M, )p are the amplitude of the peak
of M” for ionic relaxation (4) and rattling-assisted polaron
relaxation (B) and the relaxation frequencies correspond-
ing to two different relaxation processes are denoted as
(wWmax)4 and (wmax)g. The stretched exponents for the
two processes are 84 and Bp (0 < B8 < 1). For Debye-type
relaxation process, the value of the stretched exponent
B is unity and decreases with increasing deviation from
Debye-type relaxation.

The frequency dependence of the imaginary part of
the complex modulus M”(w) was fitted to Eq. (6). The
best fits at several temperatures are shown in Fig. 6(e).
It may be noted that the fits are very good. The relax-
ation times (74 and tp) obtained from the best fits are
shown in Fig. 6(f) as a function of reciprocal tempera-
ture. It is noted that the relaxation times decrease with
increasing temperature and the value of the relaxation time
(7 4) for the ionic relaxation process is greater than that for
the rattling-assisted polaron-relaxation process. The tem-
perature dependence of relaxation time follows Arrhenius
behavior with activation energies £, ~ 0.150 (£0.040) and
Ep~0.090 (£0.040). It is worthy to note that the acti-
vation energy (E4) for ionic relaxation time (t4) is very
close to that (E,) for the dc conductivity, implying that
similar ion conduction and relaxation mechanisms exist in
these double perovskites. As a result, the complex elec-
tric modulus results can be used to investigate the dynamic
processes of both ions via hopping and rattling-assisted
polarons. Figure S6(a) within the Supplemental Material
shows the temperature dependence of the stretched expo-
nent [45]. The value of 84 increases slightly from 0.78 to
0.89 with increasing temperature, indicating a decrease in
the number of ions in short-range transport. Because of the
decrease in the amount of polarons in the transport process,
the values of the stretched exponent By increase slightly
from 0.51 to 0.58 in the temperature range of 193 to 283 K.

The scaling of the ac conductivity spectra at different
temperatures has received great attention to understand
the temperature dependence of charge-carrier dynam-
ics in various disordered and crystalline materials [35,
42]. Following the time-temperature superposition (TTS)
principle, the scaling of the ac conductivity spectra
has been represented by the following relationship:
(0’ (w, D)/ (04c(T)) = f (w/w*), where f and w* represent
the scaling function and scaling parameter, respectively, as
proposed by Ghosh and Pan [66]. Here, following this rela-
tion we have scaled the conductivity axis o'(w) by o4c
and the frequency axis by the hopping frequency (wg)
at different temperatures. The result is illustrated in Fig.
S6(b) within the Supplemental Material for Cs,Snlg per-
ovskite [45].The superposition of all ac conductivity spec-
tra at various temperatures on a single master curve up to
100 kHz reveals that the charge-carrier dynamics involved
in this double perovskite follows the TTS principle in this
frequency range. It should be noted that the contribution

of rattling-assisted polaron dynamics explains why the ac
conductivity spectra in the high-frequency range do not lie
on a single master curve.

F. Electrochemical performance of the Cs,Snlg
perovskite in a supercapacitor

The electrochemical behavior of the synthesized
Cs,Snlg perovskite is examined in the three-electrode
configuration due to its high ionic conductivity at room
temperature. Figure 7(a) represents the schematic model
for energy storage using the C,Snlg perovskite as the
working electrode. The CV curves at different scan rates
for the Cs,Snlg electrode are shown in Fig. 7(b). The
Cs,Snlg perovskite exhibits a reversible redox mechanism
at the electrode and electrolyte interface and no significant
changes in the shape of CV curves are observed even at
higher scan rates due to intercalation and deintercalation
of ions to the active sites of the working Cs,Snls electrode
[67,68]. The specific capacitance value (CSV) of the per-
ovskite electrode was calculated from the CV curve using
the following equation:

[iav

AVxsxm’

CV(Fgh = (7)

where f idV, AV, s, and m represent the area under the CV
curve, the potential window (V), the scan rate (mV s~ !)
and active mass of the working electrode (g), respectively.
The variation of the specific capacitance (CSV) with the
scan rate is shown in Fig. 7(c). The specific capacitances of
the perovskite-based supercapacitors are 2375, 1365, 823,
463, 204, 140, and 106 F g~! at the scan rates of 2, 5, 10,
20, 50, 75, and 100 mV s~!, respectively at room temper-
ature. The very high specific capacitance (approximately
2375 F g7! at 2 mV s™') of perovskite-based superca-
pacitor decreases gradually with increasing scan rates due
to the faster ion movement at higher scan rates. The gal-
vanometric charge-discharge (GCD) profiles for Cs;Snlg
at different current densities of 2, 4, 6, 8, 10, and 15 A
g~ ! are displayed in Fig. 7(d), which shows a very promi-
nent nonlinearity in the shapes of the discharge profiles of
the Cs,Snlg perovskite electrode. The value of the spe-
cific capacitance C9“P was further determined from the
galvanometric charge-discharge (GCD) profiles using the
following relation:

iAt

CGCDF —1 —
S ) = AT

®)

where i (A) denote the discharging current, and Af (s)
denotes the discharge time. AV (V) is the voltage window,
and m (g) is the active mass of the electrode. The varia-
tion of the CS“P values at different current densities for the
fabricated electrode is shown in Fig. 7(e). The calculated
values of CY“P from each GCD profile are 3830, 2187,
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(a) Schematic model representing energy storage in Cs,Snlg electrode, (b) CV curves at different scan rates, (c) plot of

specific capacitance values derived from CV as a function of scan rate, (d) GCD curves for Cs,;Snlg as a function of current density,
(e) specific capacitance values derived from GCD at different current densities, (f) Nyquist plot with equivalent circuit for Cs,Snlg
perovskite electrode and (g) capacitance retention (%) at current density 8 A g~

1363, 1041, 462, and 199 F g~ ! at current densities of 2, 4,
6,8, 10, and 15 A g~!, respectively, at room temperature.
A gradual decrease of specific capacitance with increasing
current densities is observed, confirming a good agreement
between the GCD and CV results.

The electrolyte resistance, charge-transfer resistance,
and ion diffusion process of the Cs,Snlg electrode
have also been investigated using the electrochemi-
cal impedance spectroscopic measurement. The initial
Nyquist plot in the frequency range of 10 mHz to 100 kHz
at room temperature, shown in Fig. 7(f), is composed of
a semicircular curve at high frequencies that corresponds
to the Faradic interfacial charge-transfer resistance (Rcr)
and an inclined line at low frequencies, which is related to
the Warburg resistance (Zy) [69]. We have used the equiv-
alent circuit model shown in the inset of Fig. 7(f) to fit

the impedance data, and the total impedance (Z7) can be
expressed as

1

Zr = .
Zepg + [1/(Zpy + Z,)]

ZRe 4+

©

The lower value of charge-transfer resistance (R
~ (.53 Q) obtained from the above fitting indicates effi-
cient charge transfer at the electrode-electrolyte interface.
We have recorded the impedance data after 1000 cycles
shown in Fig. S7(a) within the Supplemental Material
[45]. It is observed that the charge-transfer resistance (R.;)
slightly increases to 0.85 2. Actually, the Nyquist plot
just has a Warburg element consisting of a inclined line
with a 45° slope in low frequencies when the mass-transfer
process is much slower than the charge-transfer process
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corresponding to low R value, whereas the semicircu-
lar region at high frequencies will dominate the Nyquist
plot when the Faradaic reactions are kinetically slow corre-
sponding to high Rct value as well as the Warburg inclined
line will not be visible [70]. Thus, the impedance curve of
this electrode reveals its hybrid combination of the redox
reaction kinetics and the ion-diffusion process. However,
the inclined line in the low frequencies of the impedance
plot is endorsed to the ionic diffusion into the Cs,Snlg elec-
trode and the Warburg coefficient (o,,) can be expressed
as

Z =R, + Ry + 0,0 %3, (10)
where R, and R denote the electrolyte and charge-transfer
resistances, respectively. Figure S7(b) within the Supple-
mental Material shows the linear plot of Z' versus the
reciprocal square root of the angular frequencies (w™%°)
for the Cs,Snlg perovskite, which was fitted to Eq. (10) in
Fig. S7(b) within the Supplemental Material using linear
least-squares fits [45]. We have calculated the value of the
ionic diffusion coefficient (oxidant and reductant species)
of the Cs,Snls material using the value of the Warburg
coefficient (o, = 0.089 cm? s°3) obtained from the above
fit. The ionic diffusion coefficient can be determined using
the following relation [69,71]:

Dipn = 0.5 RT_\*
ion — Y- Aon'WC ’

a1
where R is the universal gas constant, 7T is absolute tem-
perature (303 K), 4 is the effective surface area of the
electrode (0.5 cm?), F is Faraday’s constant (96500 C
mol~!), and C is the molar concentration of ions. We
have found a very high value of the ionic diffusion coeffi-
cient (Djon ~ 1.84 x 1073 cm? s™!) for Cs,Snlg perovskite
at room temperature. Actually, the ion transport from
electrolyte to the electrode is a key factor to improve the
performance of the supercapacitors [72]. For practical pur-
poses, cyclic stability is a vital parameter to sustain and
Fig. 7(g) displays the capacitive retention plot of the device
over 1000 charging-discharging cycles at 8 A g~!. The
device retained approximately 85% of its initial capac-
itance value even after 1000 long cycles of operation.
The stable high-crystalline quality, strong ionic conductiv-
ity, high ion diffusion behavior exhibited by the present
Cs,Snlg perovskite electrode is favorable for the superior
electrochemical energy-storage performance as well as the
notable specific capacity retention of the supercapacitors.
A quasi-solid-state asymmetric supercapacitor has been
fabricated using a Cs,Snlg perovskite electrode, activated
carbon (AC) electrode, and PVA-KOH-DI water gel poly-
mer electrolyte. Figure 8(a) represents a digital photograph
of the fabricated device, including a schematic diagram
of the device. The two electrodes (Cs;Snlg and AC) are

pasted together with the help of gel polymer electrolyte,
keeping cellulose filter paper between them as a separa-
tor. Electrochemical measurements such as CV, GCD, and
electrochemical impedance of the device are carried out
to investigate its electrochemical performance. Figure 8(b)
shows the CV curves of the AC electrode and Cs,Snlg
electrode at a scan rate of 2 mV s~! in the potential range
of —1to 0 Vand —0to 0.5 V, respectively. The CV curves
of the perovskite based asymmetric supercapacitor device
at different voltage windows at a scan rate of 30 mV s~ ! are
shown in Fig. 8(c), and the quasirectangular shape of the
CV curves remains unchanged at higher voltage windows.
Figure 8(d) shows the CV performance of the asymmet-
ric device for different scan rates. It is observed that the
shapes of the CV curves remain the same with scan rates,
indicating good reversibility as well as a good capacitive
nature. The current density increases gradually with the
increase in scan rates. The values of the specific capaci-
tances (Cfpv) calculated from CV curves are 262, 168, 113,

80, 62, and 60 F g~! at scan rates of 5, 15, 30, 50, 75,
and 100 mV s~!, respectively. It is found that the specific
capacitance values decrease with an increase in scan rates
for the device. Figure 8(e) shows the galvanostatic charge-
discharge (GCD) curves of the device at several current
densities in the voltage range of 0—1.5 V. The variation of
specific capacitance (Cglif) value calculated from the GCD
curve is shown in Fig. 8(f). It may be noted that the asym-
metric device delivered specific capacitance of 163 F g~!
at a current density of 1 A g=!. The decrease of capacitance
values with current densities is linked to a diffusion-limited
charge-transfer process. The superior electrochemical
performance of the asymmetric supercapacitor, marked in
the Ragone plot, corresponds to a relationship between
specific energy density and specific power density. The
values of the specific energy density (£) and specific power
density (P) of the device have been calculated from GCD
curves at different current rates by using the following
relations:

Clis 5 (AP

-1 sp
EWhke ™) = =536
_ E x 3600, (12)
At

and P(Wkg™!)

where AV is the working voltage window of the device in
the discharge process and Ar symbolizes discharging time.
The calculation of energy density and power density has
been listed in Table SI in detail within the Supplemental
Material [45]. Figure 8(g) displays the Ragone plot of the
device, which delivered an energy density of 51 Wh kg™!
and a power density as high as 852 W kg~! at a current
density of 1 A g~!. Figure 8(h) shows the capacity reten-
tion of the fabricated device at a current density of 5 A
g~ . It is observed that the capacity retention decreases
gradually with increasing cycle numbers and reaches 72%
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(a) Digital image and schematic diagram of a single asymmetry supercapacitor device, CV curves of (b) activated carbon

and Cs, Snlg perovskite at 2 mV s~! in three-electrode configuration, (c) asymmetric supercapacitor device at different voltage ranges,
(d) asymmetric supercapacitor at different scan rates, (e) galvanostatic charge-discharge profiles of the asymmetric supercapacitor at
different current densities, (f) specific capacitances of the asymmetric supercapacitor at different current densities, (g) Ragone plot of
asymmetric supercapacitor device, (h) capacity retention at current density 5 A g~!, (i) Nyquist plots with equivalent circuit model fits
of the device for initially and after 2000 cycles, and (j) snapshots of the glowing LEDs by the fabricated device.

capacity retention at the 2000th cycle. The electrochem-
ical impedance plot (Nyquist plot) of the device before
and after 2000 cycles is shown in Fig. 8(i). It is noted
that the device displays nearly similar behavior in both
cases. The impedance data is fitted with an equivalent cir-
cuit model shown in the inset of Fig. 8(i). The electrolyte
resistance (R,) corresponding to the high-frequency region
of the device changed from 2 to 3.6 Q2 after 2000 galvanos-
tatic charge-discharge cycles. Simultaneously, the charge-
transfer resistance (Rcr) value also increases initially from
19.7 to 41 Q after the 2000 galvanostatic charge-discharge
cycles’ operation due to the loss of binding strength of the
PVA polymer. For the commercial utility test, the series
combination of two fabricated asymmetric devices charged
up to 3.0 V with 20-mA current is capable of powering
commercial red LEDs, and a digital image is shown in
Fig. 8(j).

The specific capacitance of the Cs,Snlg double-
perovskite electrode-based supercapacitor is compared
with the recently reported halide perovskites in Table I
[73-88]. It is worth mentioning that the reported super-
capacitors based on perovskite electrodes have not been
studied under the same conditions in terms of size, mor-
phology of the perovskites, electrolytes, etc. However, this
investigation provides direct evidence that the Cs,Snlg
perovskite electrode for supercapacitors reported in the
present study shows superior performance in terms of spe-
cific capacitance and energy density. It is worth noting that
the metal halide perovskites have received great attention
as promising solar-cell materials [89,90]. However, sci-
entists worldwide have recently focused on exploring the
electrochemical energy-storage behavior of these halide
perovskites in energy-storage devices, such as supercapac-
itors, Li-ion batteries (LIBs), dual-ion batteries (DIBs), etc.
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TABLE I. Comparison of capacitance of the recently reported halide perovskites that are used in the supercapacitor as the electrode.
Scan rate/charge-
Area/specific discharge
S1. No. Perovskites capacitance current Stability (cycle) Ref.
1 CH;NH;Pbl; 432 mF cm™2 5 mA cm™> 7 [73]
2 CsPbls 7.23 mF cm—2 2mVs™! 1000 [74]
3 CsPbBr; 9l 150 mF cm 2 0.1 mA cm™? 2000 [75]
4 CsPbBr;3 121F g! SmVs! 5000 [76]
5 CH;NH;PbBr; 81.5 mFm™2 S5mVs! 1000 [77]
6 CH;NH;Pbl; 21.50 pFem™2 50 mV s~! 1000 [78]
7 CH;NH;PbBr; 36.82F g~! 0.6 mA cm™2 1000 [79]
8 (CH3NH3);3Bi, I 5.5 mF cm™2 2 mA cm™2 10000 [80]
9 (CN,SH35)3Bilg 1030 F g~! 044 A g™! 5000 [81]
10 CH;NH;Pbls 3.68 uFem™2 20mV s~! 10000 [82]
11 Methylammonium bismuth Triiodide 0.28 mF cm™? 10 mV s™! 5000 [83]
12 Cs;Bizlg 280F g~! 0.05A g™! 5000 [84]
13 CspAgBiBry 55F g~! 02Ag! 1500 [85]
14 SrCog9 Mog,1 O3 1223.34 F g~ 1Ag! 5000 [86]
15 PrBaMn,O¢_; 1034.8 F g~! 1Ag™! 5000 [87]
16 Cu-Ni-Co based trimetallic oxide 2535F g~ 1Ag™! 5000 [88]
17 Cs,Snl 3830 Fg! 2Ag7! 1000 cycles This work
2375F g~! 2mVs™!

[37,41,91]. Recently, Li-ion capacitors (LICs), which com-
bine battery and electrochemical capacitors to achieve high
energy density, have also received much attention [92].
Due to environmental impact and carbon emissions, world
scientists are currently designing alternative energy stor-
age units, termed photobatteries and photosupercapacitors,
bridging between dual properties such as energy harvesting
and storing energy in devices [39,93]. Our findings show
that the as-synthesized Cs,Snlg perovskite has good opti-
cal features and has a high energy-storage capability. By
employing this perovskite as an electrode material, it may
be feasible to fabricate photosupercapacitors and photobat-
teries to replace conventional LIBs, DIBs, LICs, etc., in the
future.

IV. CONCLUSIONS

In summary, we have reported the synthesis, charac-
terization, optical, temperature-dependent dielectric prop-
erties, electronic structure, and electrochemical measure-
ments of the cubic phase Cs,Snly perovskite of the Fm3m
space group with a lattice constant of 11.644 A and
investigated the physics behind its charge-carrier dynam-
ics and superior energy-storage behavior. The density of
phonon states as a function of phonon frequency has
also been computed and implies the existence of anhar-
monic phonon soft modes due to the anharmonic rattling
of Cs atoms and the dynamical rotation of Snlg octahe-
dra. A quantitative analysis of complex impedance spectra
was performed to account for the contribution of grain
boundaries, grains, and rattling-assisted polaron response

to charge-carrier dynamics. The value of power-law expo-
nent n for all temperatures suggests superlinear power-law
(SPL) behavior of ac conductivity in Cs,Snlg perovskite.
The dc conductivity derived from impedance spectra, the
hopping frequency obtained from ac conductivity, and the
dielectric relaxation time derived from dielectric response
correspond to charge-carrier dynamics as well as the hop-
ping of anharmonic rattling-assisted polaron responses,
which follow the Arrhenius relation. The Cs,Snlg dou-
ble perovskite exhibits good dc conductivity at 303 K.
The relaxation peak of M”(w) in the midfrequency region
is due to the relaxation process associated with charge-
carrier dynamics, and the relaxation peak in the high-
frequency region is associated with the rattling-assisted
polaron relaxation process. The fabricated supercapaci-
tor using Cs,Snlg perovskite as the working electrode
achieves specific discharge capacitances of 3830, 2187,
1363, 1041, 462, and 199 F g! at the different current
densities of 2, 4, 6, 8, 10, and 15 A g~!, respectively,
due to its high ionic conductivity (3.77 x 107> S cm™! at
303 K) as well as high ionic diffusion coefficient value
(Dion~ 1.84 x 107> cm? s~!). An asymmetric superca-
pacitor with a configuration of AC/PVA-KOH gel plus
separator/Cs,Snlg perovskite delivers an energy density of
51 W hkg™! at a power density of 852 W kg~! at a current
density of 1 A g~!. Commercial red LEDs could be pow-
ered by connecting two fabricated asymmetric supercapac-
itor devices in series. Such a perovskite-based supercapac-
itor with admirable electrochemical performance suggests
its prospects as a building unit for long-term energy-
storage devices.
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