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Lead halide perovskite (LHP) thin-film-based energy storage devices have gained considerable attention due
to their favourable electronic and ionic conductivity. Here, we have fabricated electrodes for electrolyte-
based supercapacitors using mechanochemically synthesized LHPs and demonstrated that the type of
starting material and dimensionality of the perovskite strongly influence the device performance. First, we
have compared the electrochemical performance of electrodes obtained from the single crystalline (SCP) and
mechanosynthesized (MSP) methylammonium lead tribromide (MAPbBr3), and ~2 times improvement was
observed in the MAPbBrs; MSP-based energy storage device due to higher average microstrain induced by
ball milling, which modulates ion migration. Next, we fabricated electrodes based on mechanochemically
synthesized MAPbBrsz, 2D MA,PbBr, and quasi-2D BA,MAPb,Br7, and demonstrated that the structure and ion
migration could play a vital role in the overall performance of the LHP-based electrochemical supercapacitor.
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1. Introduction

The utilisation of green energy generated from solar cells may
be limited due to its intermittent nature and weather-
dependent performance. Thus, energy storage is essential to
store the energy generated from solar cells at their peak
performance and utilise the stored energy during the night or
in bad weather. On the other hand, innovative energy storage
devices with low cost and efficient performance are also vastly
desirable to fulfil the growing demand for renewable power
grids and electric vehicles. Electrochemical batteries are
majorly used energy storage devices for uninterrupted energy
supply. Supercapacitors (SUCs) are an attractive alternative to
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improve the interaction between electrolyte ions and the perovskite electrode interface at a lower scan rate.

electrochemical batteries because of their high power density
and long cycle life."” Therefore, many efforts have been made
to solve the relatively low energy density problem of SUCs to
reach the industrial benchmark standards for a wide-range
of applications such as electric vehicles, various electronic
devices, and pulse power systems."

Lead halide perovskites (LHPs) are widely used for the
fabrication of high-efficiency photovoltaic cells and other opto-
electronic devices such as LEDs, sensors, and photodetectors.””
Recently, LHPs have been extensively explored as SUC working
materials due to their high ion diffusion and mixed conductivity
properties.* ! Tons in the LHPs have low activation energies with
significant ionic diffusion coefficients, which are favourable prop-
erties for efficient SUCs. In addition, easy and cost-effective
fabrication of LHP materials with desired high ionic conductivity
attracts the research community as emerging candidates for SUC
application."* ™ Electrochemical supercapacitors (ESCs) typically
consist of two narrow distanced electrodes filled with the
electrolyte.”*'* The porosity of the electrodes increases the effec-
tive surface area with the electrolyte, and increases the ionic
diffusion at the electrode/electrolyte interface. For this reason.,
the ion migration issue of LHP materials is a reward for ESC
application.”
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LHPs can be used as either a cathode or an anode, or both in
the ESCs. Zhou et al. first explored the use of an LHP as an
electrode material in an electrochemical capacitor by utilising the
ionic conduction of methylammonium lead triiodide (MAPbI;).*®
Generally, the electrochemical performance of the electrode
materials is directly related to the morphology and their synthesis
technique. For instance, Bag et al. reported porous electrodes
from MAPDBTr; single crystals (SCs) with an areal capacitance of
81.5 mF cm 2 at a fixed current density of 5 mA cm > as
compared to 39.8 pF cm™> for MAPbBr; thin-films.® On the other
hand, the spark plasma sintering chamber processed MAPbI;
powder-based solid-state pellet SUC devices show ultrahigh energy
density (34.2 W h kg™ at 100 Hz). Therefore, the synthesis
protocol of LHPs strongly influenced the performance of LHP-
based ESCs. Recently, photorechargeable SUCs have been demon-
strated by using MAPbBr; SC-based porous electrodes that can
simultaneously harvest solar energy and store it."”

In this work, we reported for the first time the fabrication
process of electrodes for supercapacitors from the mechanochemi-
cally synthesized LHPs. First, we compared the structural and
morphological properties of MAPbBr; synthesized by high-energy
ball milling of perovskite precursors (denoted as MAPbBr; MSP)
and grinding MAPbBr; single crystals (denoted as MAPbBr; SCP).
The XRD structural analysis of MAPbBr; MSP shows the presence
of higher microstrains compared to the MAPbBr; SC. These
microstrains and applied synthesis protocol for electrode for-
mation highly influence the ion migration in these materials.
We have utilized both materials as potential active electrodes.
The electrochemical capacitor measurements show a maximum
specific capacitance of ~159 mF cm ™ 2/98.36 F g~ * at a scan rate of
5 mV s~ ! for the MAPbBr; MSP-based electrode, which is much
higher than that of all reported MAPbBr;-based ESCs, and surpass
all existing MAPbBr; based electrode’s capacitance with the same
electrolyte and device structure.”'® Next, we investigated the effect
of structural evolution on the total capacitance of LHP-based
supercapacitors by testing 3D MAPbBr;, 2D BA,PbBr, and quasi-
2D BA,MAPD,Br,. It is found that the 2D MA,PbBr, MSP-based
electrode shows maximum areal capacitance (~209 mF cm™ ~) and
specific capacitance (~138.35 F g~ ') at a scan rate of 5 mV s~ ',
besides having relatively slower and lower ion kinetics compared
to the other samples. This is due to the smallest particle size of the
BA,PbBr, MSP as compared to the other MSPs, which improves
the interaction between electrolyte ions and increases the effective
surface area in the perovskite electrode interface. Stability analysis
of these devices was also carried out over 2000 cycles of charging
and discharging. Among the studied materials, the 2D BA,PbBr,
MSP based supercapacitor retains over 97% capacitance and
shows maximum stability due to the slowest ion kinetics.

2. Experimental section

2.1. Synthesis of single crystalline and mechanosynthesized
LHP powders (MSPs)

MAPDbBr; single crystals (SCs) were synthesised using the
inverse temperature crystallisation (ITC) method.'>*° 1.2 M
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MAPDbBr; solution was prepared by dissolving equimolar
amount of lead(u) bromide (PbBr,) and methylammonium
bromide (MABr) in dimethylformamide (DMF) and stirred for
4 h at room temperature. Next, the solution was filtered using a
0.2 pm PTFE filter and kept at 85 °C in a sealed bottle for 3 h,
which resulted in the growth of MAPbBr; SCs. The MAPbBr;
SCs were ground for 40 min in a Retsch MM200 mill at 30 Hz to
prepare MAPDbBr; SC based powder (SCP). All LHP MSPs were
synthesised in a solid-state high-energy ball mill in a similar
way (ground for 40 min at 30 Hz). For MAPbBr;, MABr and
PbBr, and for BA,PbBr,, benzylammonium bromide (BABr) and
PbBr, were taken as starting precursors. Stochiometric propor-
tions of these starting precursors were taken in an airtight vial
and mixed in a Retsch MM200 mill at 30 Hz for 40 min. For the
mechanosynthesis of BA,MAPb,Br;, the as-prepared MAPbBr;
and BA,PbBr, were mixed in 1:1 molar ratio and ground using
a similar procedure.

2.2. Material characterization

All obtained halide perovskite powders were characterized
using an Empyrean X-ray powder diffractometer (PANalytical)
with Cu Ko radiation (/. = 1.5406 A) over a 26 range of 10° to 50°
at room temperature. The operating current and voltage were
kept at 40 kv and 40 mA, respectively. Morphological ana-
lysis of perovskite powders was performed using an FEI
Nova NanoSEM 450 scanning electron microscope under high
vacuum.

2.3. Electrode preparation and electrochemical
characterization

The electrochemical experiments were characterized with a
BioLogic SP-150 potentiostat by using the standard three-
electrode technique in a small-volume analytical cell. For super-
capacitor measurements, LHP powders were used as the work-
ing electrodes, the Pt metal was used as the counter electrode
and the Ag/AgCl was used as the reference electrode. 0.1 M tetra-
butylammonium tetrafluoroborate (C;¢H3sBF,;N) in dichloro-
methane solvent is used as the liquid electrolyte.” LHP based
electrodes were prepared by drop casting a LHP slurry on a glassy
carbon electrode (diameter = 3 mm) and dried at 70 °C for 12 h in
an air oven. The homogeneous slurry of LHPs was prepared by
mixing 80 wt% of the synthesized perovskite powder, 10 wt% of
polyvinylidene fluoride (PVDF) binder, and 10 wt% of activated
carbon in an appropriate amount of NMP solvent for 24 h.

3. Results and discussion

A schematic illustration of the fabrication method of electrodes
is shown in Fig. 1. This method involves the use of LHPs
obtained from the crystallization process and ball milling of
solid starting reagents. Previously, we have shown that the
mechanochemically synthesized perovskite powders can be
effectively used as an absorber layer in solar cells.*'*

Fig. 2a shows pXRD patterns of all the synthesised LHPs
by ball milling. The pXRD patterns of the MAPbBr; SCP and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Aschematic illustration of the electrode fabrication based on single
crystalline (SCP) and mechanosynthesized MAPbBrs powders (MSP) for
supercapacitor application.

MAPDBr; MSP show similar diffraction peaks at 20 = 14.99,
21.21, 30.18, 33.85, and 45.94° assigned to (100), (110), (200),
(210) and (300) planes, which confirmed the formation of the
pure cubic MAPbBr; phase.*® For 2D BA,PbBr,, the presence of
peaks at 6.44, 12.91, 19.36, 25.86, 32.50, and 39.18° assigned to
(002), (004), (006), (008), (0010), and (0012) planes confirmed
the formation of the pure 2D orthorhombic crystal phase.?® The
XRD pattern of the quasi-2D BA,MAPb,Br; (n = 2) powder shows
distinct peaks at a regular interval with a periodicity and
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Fig. 2
images of the synthesised (c) MAPbBrs SCP and (d) MAPbBrs; MSP.
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preferential orientation along the (0k0) plane confirmed the
formation of the pure quasi-2D Ruddlesden-Popper Perovskite
(RPP) phase.””*® As was previously reported,”> the lattice
strain and crystallite size can affect the ion migration in LHP
materials. Therefore, we have calculated the microstrain
induced on the identical crystallography planes for MAPbBr;
SCP and MSP using the Williamson-Hall (W-H) equation:

ﬁcos0:4asin0—|—0'—;/L (1)

where f is the full width at half maximum (FWHM) of X-ray
diffraction peaks, ¢ is the average strain-induced in the materi-
als, 4 is the wavelength of X-ray radiation, 0 is the position
of the diffraction peaks, and D is the average crystallites size.
As seen in Fig. 2b, the MAPbBr; SCP and MSP show different
average microstrains of 4.35 x 10™* and 13.2 x 107%
respectively. The higher value of the MAPbBr; MSP indicates
higher lattice distortion introduced during the solvent-free
mechanosynthesis process of the perovskite particles, which
can modulate the ion migration.”?® SEM images of MAPbBTr;
SCP and MAPbBr; MSP are shown in Fig. 2c and d. The particle
size distribution of MAPbBr; MSP is smaller than that of
MAPDBr; SCP sample due to higher strain induced by solvent-
free ball milling. These results are in good agreement with the
XRD results shown in Fig. 2b. Fig. S1a and b (ESIt) show an
SEM image of BA,PbBr, (2D) and BA,MAPb,Br; (quasi-2D) MSP,
respectively. It can be demonstrated that the 2D MSP has
uniformly distributed spherical shaped micro size morphology

(a) XRD pattern of MAPbBrz SCP, MAPbBrs MSP, BA,PbBrs MSP and BA,MAPb,Br; MSP. (b) A Williamson—Hall plot for MAPbBrz SCP and MSP. SEM
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with the smallest particle size as compared to the MAPbBr; (3D)
and BA,MAPD,Br; (quasi-2D) MSP.

The electrochemical performance of the fabricated bromide-
based materials (MAPbBr; SCP, MAPbBr; MSP, BA,PbBr, MSP,
and BA,MAPDb,Br, MSP) was investigated by measuring their
specific capacitance. Cyclic voltammetry (CV), galvanometric
charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) were performed using three electrode sys-
tems in 0.1 M C;6H3¢BF,N electrolyte solution. The specific
capacitance of the prepared material is evaluated using the
following equations:

[1dv
= 2
Ca VX AV x A &)
_2I><‘dez )
AT TAX A2

where eqn (2) represents the areal capacitance from CV
measurement, eqn (3) shows the areal capacitance from GCD
measurement, [I/dV is the integrated area under the CV curve,
A is defined as sample deposited area (cm?), I is the current
density, v is the scan rate, AV is the potential window (V) and d¢
is defined as change in discharge time.

The corresponding coulombic efficiency (17, %) was calcu-
lated using charging (¢.) and discharging (¢4) times of the GCD
using the following relationship:

4
1 (%) :t—dx 100% (4)
C

Moreover, areal energy density (E,, W h cm™?) was evaluated
using the equation:

==X CAX—— (5)

whereas, areal power density (P,, W cm™~?) was measured using
the equation:

Pa =57 3600 ©)
la

The CV measurements of all the electrodes were conducted
at various scan rates ranging from 5 to 120 mV s * (Fig. S2,
ESIT). All the CV spectra exhibit a high degree of symmetry
between the charging and discharging sweep without any
noticeable redox peak at each scan rate. Therefore, all the
electrochemical cells behave as electric double-layer capaci-
tance, and symmetry between charging and discharging sweep
suggests fast and efficient electrolytic ion transport into the
active pores of all the LHP based electrodes.>**° The quasi-
rectangular shaped CVs of all the ESCs indicate that there is
charge contribution from the faradaic mechanism, which is
attributed to the diffusion-limited intercalation/de-intercalation
process of ions of the liquid electrolyte.* Fig. 3a and b show the
CV spectra of MAPbBr; SCP and MAPbBr; MSP at a scan rate of
5 mV s . The MAPbBr; MSP-based electrode offers a broader
integrated CV area than that of the MAPbBr; SCP electrode, which
can lead to a better storage capacity. The maximum areal/specific
capacitance values for MAPbBr; SCP is 75 mF cm ™ %/50.22 F g " at
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a scan rate of 5 mV s, which are in the same order as the
previously reported work (Table $1, ESIT).? In turn, the maximum
areal/specific capacitance values for the MAPbBr; MSP based
electrode is 159 mF cm 2/98.36 F g~ ' at a scan rate of 5 mV s~ %,
which is almost two times higher than that of the all reported
MAPDBr; based ESCs. The areal capacitance of the electrodes at
different scan rates has been evaluated from the CV curves and is
plotted as shown in Fig. 3c. The plot shows that the areal
capacitance gradually decreases with an increase in the scan rate
from 5 to 120 mV s '. The decrease in capacitance values of
respective electrodes is due to ineffective interaction at the inter-
face between the electrolyte ions and perovskite electrode. At a fast
scan rate, electrolyte ions do not have sufficient time to diffuse
inside the electrode, and only a few ions can access the electrode
surface leading to low values in capacitance. The charge storage
mechanism of the electrode was further investigated using the
Dunn power law: 7, = a’. Here, ip is the cathodic peak current
density at a particular potential (vs. Ag/AgCl), v is the scan rate, and
the b value signifies the exponent adjustment parameter. If the
b value is 1 then it signifies contributions from fast near-surface
activities like surface redox reactions and charging/discharging of
electric double layer capacitance at the electrode-electrolyte inter-
face and/or faradaic charge transfer at the surface-bound atoms
(pseudocapacitance), while the b value of 0.5 represents slow
diffusion-controlled faradaic processes (intercalated pseudocapa-
citance), which involves bulk properties also like a battery (Fig. S3,
ESIT).® The values of b for MAPbBr; SCP vary between ~0.98 and
0.77 in the applied potential range of 0.1 to 0.9 V, indicative of a
capacitive dominant charge storage mechanism, whereas above
0.9 V and up to 1.1 V, the diffusion contribution surpasses the
capacitive contribution part. However, for MAPbBr; MSP, the b
value mostly lies close to ~0.75 in the applied potential range of
0.2 to 0.8 V, which signifies the similar contribution of diffusion
and capacitive behaviour of charge storage mechanism. Elsewhere,
in the potential window of 0.1-1.1 V, the lower b value (<0.7 V) is
related to the diffusion mechanism in the corresponding charge
storage process. Both MAPbBr; SCP and MAPbBr; MSP show
transitional behaviour of energy storage (as the b value varies in
between 0.5 and 1), where the energy storage process of MAPbBr;
SCP is mostly representative of a surface dominated capacitive
process but equal contribution from diffusion-controlled intercala-
tion and surface-capacitive processes is observed for MAPbBr;
MSP. Around a low applied potential range of 0.2-0.3 V, MAPbBr;
SCP acts as a pseudocapacitor and at high potential (~1.1 V)
MAPbBr; MSP acts like a battery type material.®® Fig. 3d and e
show the GCD graphs of MAPbBr; SCP and MSP-based electrodes
at various scan rates ranging from 0.2 to 0.6 mA cm™ 2, respectively.
The areal/specific capacitances are 67 mF cm™ %/44.86 F g~ * for
MAPbBr; SCP and 143 mF cm™ %/86.66 F g~ for MAPbBr; MSP at
0.2 mA cm 2, The capacitance values extracted from the GCD are
consistent with the CV findings, which reveals the excellent storage
capacity of the respective electrode and validate our results. The
variation of areal and specific capacitances with different current
densities is shown in Fig. 3f. The areal and specific capacitances
decrease with an increase in the current density due to the change
in the internal resistance of both electrodes. Long-term charging

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CV curves at a scan rate of 5 mV s~* for the electrochemical cell based on the (a) MAPbBrz SCP and (b) MAPbBrs MSP electrode. (c) Areal
capacitance of both electrodes as a function of scan rate in the range of 5 to 120 mV s~*. GCD curves of the (d) MAPbBrz SCP and (e) MAPbBrz MSP
electrodes at different current densities (0.2-0.6 mA cm™2). () Areal capacitance of both electrodes at different current densities.

discharging cycling stability is one of the key parameters for energy
storage applications. The long-term cycling stability of both elec-
trodes was evaluated by repeating the GCD measurement for 2000
cycles over a current density of 0.6 A cm ™ (Fig. S4, ESIT) within the
potential window of 1.5 V. The stability performance of the
MAPDBr; SCP electrode is found to be ~95% capacitance reten-
tion, whereas the capacitance retention is around ~93% of its
initial capacitance value for the MAPbBr; MSP electrode. The
MAPDBr; SCP based electrode is more stable compared to the

© 2024 The Author(s). Published by the Royal Society of Chemistry

MAPDbBr; MSP based electrode, which can be attributed to the ion
migration in metal halide perovskite materials.>** The lattice
defects and crystallite size affect the ion migration in metal halide
perovskite materials. From the W-H plot (Fig. 1b), we clearly see
that MAPbBr; SCP and MAPbBr; MSP have different crystallite
sizes and microstrain, which can influence the ion migration.
Corresponding changes in E, with P, for MAPbBr; SCP and
MAPDbBr; MSP are shown in Fig. S5 (ESIt), where the decrement
of E, (from ~0.015 to ~0.009 mW h cm 2 for SCP and from

Mater. Adv,, 2024, 5, 3881-3889 | 3885
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~0.05 to ~0.035 mW h cm™? for MSP) occurs with increment in
Py (from ~0.077 to ~0.274 mW cm™ > for SCP and from ~ 0.074 to
0.196 mW cm > for MSP), which is in agreement with previous
reports.’*?> At a particular P, value of ~0.17 mW cm 2, the E,
value is higher (~0.038 mW h cm™ ) for MAPbBr; MSP than the
corresponding value of ~0.011 mW h ecm™> for MAPbBr; SCP,
which signifies better electrochemical performance for MAPbBr;
MSP.*® The air stability of the MAPbBr; MSP based electrode was
investigated over time by monitoring changes in the XRD patterns
of the thick film on a glass slide. Fig. S6 (ESI{) shows the XRD
patterns of the fresh and aged (7 days and 14 days) MAPbBr; MSP
based electrodes stored under ambient conditions. The negligible
intensity drop and broadening of the full width at half maxima
(FWHM) in the aged MAPbBr; MSP based electrodes indicate high
air stability of these electrodes.

Electrochemical impedance spectroscopy (EIS) was per-
formed under 50 mV amplitude of AC voltage. A Bode modulus
plot is shown in Fig. 4a where the total impedance variation
with respect to frequency has been shown. At a low frequency of
0.1 Hz, the impedance reduces from 0.9 kQ for MAPbBr; SCP to
0.66 kQ for MAPbBr; MSP, which again confirms the reduction
in the charge transfer resistances offered by the electrode-
electrolyte system in MSP. The significant improvement in
charge storage capacity for MAPbBr; MSP is ascribed to its
higher ion-migration. Enhanced charge storage performance is
observed in MAPbBr; MSP, which is evident from the frequency
dependent imaginary and real capacitance plots shown in
Fig. 4b and c, respectively. Frequency dependent capacitance
C(f) is classified into real (Crea) and imaginary (Crmaginary)
counterparts revealed by the following equations:

C(f) = CReal 7jCImaginary (7)
Z//
CReal = ——o—s 8
Real 2TCf|Z|2 ( )
7!
C'm' inary — 5 _ 12 9
I onf | 22 ©)

Here, Z denotes the total impedance. The variation of capaci-
tance values with applied frequency (f) depends on the pene-
tration of electrolyte ions from the surface into nanostructure

(a) (b)
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pores. In higher frequency region, capacitive contribution
comes from the surface effects only. As a consequence, lower
capacitive values are obtained and capacitor mostly acted like a
resistor in this region of frequency.’” However, in the lower
frequency region (<1 Hz) the value is enhanced as the bulk
effect also resides in it. At 0.1 Hz applied frequency, the Cgeal
value remains almost constant with variation from 0.36 to
0.38 mF, whereas ~38.3% enhancement in Ciyaginary value is
shown for MAPbBr; MSP (~2.38 mF) in comparison with
MAPDbBr; SCP (~1.72 mF). To investigate the order of ion
migration inside both MAPbBr; SCP and MAPbBr; MSP, the
temperature-dependent conductivity was measured under dark
conditions. A thin layer of silver (Ag) was deposited on both
sides of the MAPDbBr; pellets to record the electrical measure-
ments. The temperature-dependent conductivity of both the
MAPDBr; pellets in the Nernst-Einstein formalism is plotted in
Fig. S7 (ESIt). The ion activation energy (E,) is derived using the
Nernst-Einstein expression:>’

EZl
g-T= O'()eXp(fkiT>
B

where kg is the Boltzman constant, T is the absolute tempera-
ture and o, is a constant. From the Arrhenius plots shown in
Fig. S7 (ESIt) the activation energies (E,) of the ions are
calculated to be 0.23 + 0.07 eV and 0.21+ 0.07 eV for the
MAPbDBr; SCP and MAPbBr; MSP pellets, respectively. The lower
E, of MAPbBr; MSP signifies higher ion migration in compar-
ison with the MAPbBr; SCP. In MAPbBr; MSP, the higher ion
migration can accelerate the decomposition of the MSP active
electrode and generate nonradiative recombination defect sites
in comparison with the MAPbBr; SCP.>®'! As a result, the SCP
electrode shows longer stability compared to the MAPDbBr;
MSP electrode. On the other hand, higher ion migration of
MAPDbBr; MSP signifies better electrochemical performance of
the MAPbBr; MSP based electrode.

Next, to understand in-depth the effect of structural evolu-
tion and layered structure on the total capacitance of LHP-
based supercapacitors, three different LHPs such as 3D
MAPDBr3;, 2D BA,PbBr, and quasi-2D BA,MAPb,Br, were inves-
tigated. Fig. S2c and d (ESIT) show the CV spectra of BA,PbBr,

1.0 ——MAPbBr3 SCP 244 ——MAPbBr3 SCP 041 ——MAPbBr3 SCP
——MAPbBr3 MSP| ——MAPbBr3 MSP ——MAPbBr3 MSP
0.8 = ~
g 18 = 03
— = g
G 2 =
=~ 0.64 g4 =
E .éﬂll 5 024
E @)
0.41 O 0.64 0.1
0.21 . , . . . D0 — 0.01 et ——
100 10° 100 10> 10° 10 10° 100 10° 10" 102 10° 10* 10° 10° 10t 10 10" 10> 10° 10* 10° 10°

Frequency (Hz)

Fig. 4
electrodes.
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Frequency (Hz)

Frequency (Hz)

(a) Total impedance, (b) imaginary part and (c) real part of capacitance are plotted with applied frequency for MAPbBrz SCP and MAPbBrs MSP
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and BA,MAPDb,Br; MSP-based electrodes at different scan rates.
The maximum areal/specific capacitance values for BA,PbBr,
and BA,MAPb,Br, MSP based electrodes are 209 mF cm™ 2/
148.25 F ¢ %, and 205 mF cm 2/138.35 F g~ ! at a scan rate of
5 mV s~ ', which are much higher than those of all reported
similar LHP based ESCs (Fig. 5a and b). The 2D BA,PbBr,
MSP-based electrode shows maximum areal/specific capacitance
values as compared to all other electrodes at a low scan rate
(Fig. 5¢). This can be attributed to the possible effect of highest
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surface area (smallest particle size) as compared to the other MSPs,
which improves the interaction between electrolyte ions and the
perovskite electrode interface. From Fig. 5c, we clearly show that
the areal capacitance of 2D BA,PbBr, decreases gradually with an
increase in the scan rate compared to the other MSP-based
electrode. The faster reduction in the capacitance value of the
BA,PDbBr, electrode is due to the slow ion migration and ineffective
interaction between electrolyte ions and the perovskite electrode
interface at a high scan rate.® On the other hand, the quasi-2D
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Fig. 5 CV curves at a scan rate of 5 mV s for electrochemical cells with (a) BA,PbBr4 MSP and (b) BA,MAPb,Br; MSP electrodes. (c) Areal capacitance of
electrodes (3D, 2D/3D and 2D MSP electrodes) as a function of scan rate. GCD curves of (d) BA,PbBr, MSP and (e) BA,MAPb,Br; MSP electrodes at
different current densities. (f) Areal capacitance of electrodes at different current densities.
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MSP-based electrode shows higher capacitance at a higher scan
rate as compared to the other MSPs. These results can be
correlated to the faster interaction of the quasi-2D MSP-based
electrode due to its square bar type morphological structure
(Fig. S1b, ESIt). Fig. 5d and e show the GCD graphs of BA,PbBr,
and BA,MAPb,Br, MSP-based electrodes at different current
densities of 0.2-0.6 mA cm . The calculated areal/specific
capacitances are 181 mF cm™ %/118.75 F g~ for BA,PbBr, MSP and
171 mF cm™%/107.5 F g~ for BA,MAPb,Br, MSP at 0.2 mA cm >,
which are almost comparable. Furthermore, the variation of areal
capacitance values of 2D, 3D and quasi-2D MSP electrodes with
different current densities (varies from 0.2-0.6 mA cm™?) is shown
in Fig. 5f. All MSP electrodes show a similar trend of decreasing
areal capacitance values with an increase in current density.
However, the decreasing areal capacitance value with the scan
rate is faster for the 2D MSP electrode due to slower charge transfer
and/or ion migration with ineffective interaction at the electrolyte—
electrode interface. The long-term cycling stability of BA,PbBr, and
BA,MAPD,Br; MSP based electrodes is shown in Fig. S8 (ESIT). The
stability performance of the BA,PbBr, SCP electrode is found to be
~98% capacitance retention, whereas the capacitance retention is
around ~96% of its initial capacitance value for the BA,MAPb,Br,
MSP electrode. However, quasi-2D MSP shows excellent capaci-
tance values with acceptable stability among LHP MSP based
electrodes, indicating the most promising alternatives for LHP
based energy storage devices.

4. Conclusion

In conclusion, we have fabricated supercapacitors from pow-
dered 2D and 3D LHPs. First, we demonstrated that the
electrochemical properties of the fabricated working electrode
from MAPbBr; MSP lead to the maximum specific capacitance
of ~ 159 mF cm 2/98.36 F ¢~ ' at a scan rate of 5 mV s~ ', which
is much higher than that of the MAPbBr; SCP and MAPDbBTr;
based electrodes. This enhancement was attributed to the
induced macrostrain, higher ionic migration and lower partial
size of the MAPbBr; MSP electrode. The charge transfer resis-
tance of the MAPbBr; MSP electrode drops to 0.66 kQ from
0.9 kQ for the MAPbBr; MSP electrode due to the increased
ionic conductivity and specific surface area in MAPbBr; MSP.
Next, three different mechanochemically synthesized bromide-
based LHP (3D, 2D, and quasi-2D) based electrodes have been
studied. It was found that the 2D BA,PbBr, MSP based elec-
trode shows the best performance at a low scan rate due to
having the highest surface area among the electrodes, which
helps to improve the interaction between electrolyte ions and
perovskite electrode interface. In addition, the 2D BA,PbBr,
MSP based electrode has retained ~98% of its initial specific
capacitance value even after 2000 GCD cycles and shows super-
ior cyclic stability to other electrodes due to lower level of ion
migration and better stability of the 2D perovskite structure.
Therefore, low dimensional LHPs could be potential alterna-
tives for developing thin-film perovskite-based supercapacitors
with improved performance and stability.
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