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Abstract

The family of halide perovskite materials is extremely large and has gained huge attention
because of their low manufacturing cost and extraordinary structural, optical, electrical, and
optoelectronic properties. These materials also deliver a pattern for designing new materials
for energy conversion and energy storage applications. Here, we synthesized potassium
cadmium chloride KCdCI3-based halide perovskite nanocomposites with rGO and
fullerene-C60 by facile solvothermal method and studied their physical and electrochemical
properties. The orthorhombic phase of KCdCI3 was confirmed from XRD spectra, and the
existence of constituent elements (K, Cd, Cl, and C) was confirmed from EDX analysis. SEM
images evident the successful anchoring of KCdCI3 particles over rGO and C60. BET results
revealed the high surface area, pore radius, and pore volume of the KCdCI3/C60 electrodes.
Furthermore, the electrochemical measurements demonstrated that KCdCI3/C60-based
electrodes have a higher specific capacitance of 1135 F/g at 5 mV/s and cyclic stability
(97.6% retention over 3000th cycles) than other grown electrodes. Also, GCD measurement
results revealed that KCdCI3/C60 electrode has a high specific capacitance of 1420 F/g, an
energy density of 2052 Wh/kg, and a power density of 4.19 W/kg at 1.0 A/g than other
electrodes. Finally, intensive discussion proposed that halide perovskite hanocomposite
electrodes can be used efficiently as supercapacitors electrode materials for future
development in this field.

1 Introduction

Recently with the increasing intensive and avid demand for power and energy in industries,
the rapid depletion of fossil fuels is creating a big energy crisis [1,2,3]. Therefore, the
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fabrication of sustainable and proficient energy storage devices is necessary [4, 5]. Hence,
the supercapacitor has gained much researcher interest as an emerging storage device. In
light of the charge storage mechanism or cell configuration, the supercapacitor has two main
classes, Pseudocapacitor and electric double-layer capacitor (EDLC) [6]. In
Pseudocapacitor, a redox reaction takes place, and charges store faradically.

In contrast, in EDLC, no redox reaction occurs, although it contains a high specific surface
area and store charge electrostatically (non-faradically) by the adsorption of electrolytic ions
on the electrode materials [7]. Furthermore, in EDLC, no charge transfer occurs between
electrolyte and electrode, and it has low energy density and specific capacitance compared
to Pseudocapacitor [8]. As compared to other energy storage devices, the supercapacitor
has many advantages, such as safety, superior cyclic stability, large power density, rapid
charging-discharging rate, high reversibility, and outstanding power performance, making
them promising candidates for next-generation energy storage devices [9,10,11].

Metal halide perovskites belong to the wonder and exciting class of nanomaterials for energy
storage applications and have gained incredible research interest in the scientific community
due to their remarkable optical, electronic, and ionic properties [12]. The generic formula for
perovskites is ABX3, where A and B are monovalent and divalent cations, respectively, such
as (A =CH3NH3*(MA), CH(NH2)2*(FA), Cs*, Rb*, K*, B=Pb?*, Sn?*, Cd?*, Cu?*, and (X=1I",
Br, CIY, F7) [13,14,15]. Inorganic perovskite materials are more stable in moisture and at
high temperatures than organic halide perovskite. Kumar et al. reported that the metal halide
perovskite CH3NH3PDbBr3 single crystal has an energy density of 12.75 Wh/kg and
volumetric capacitance of 429.1 F/cm® at 5 mV/s, whereas low charge transfer resistance
4.4 k ohm/cm? also exhibits remarkable cyclic stability [12]. Slonopas et al. reported that
CH3NH3PbI3-based supercapacitors synthesized in a spark plasma sintering chamber
exhibited a high energy density (34.2 Wh/kg) at 100 Hz [16]. In addition, Maiji and his
co-workers reported that CsPbl3 material showed a specific capacitance of 7.23 mF/cm? at
2 mV/s and good cyclic stability [17].

Despite the improvement in the properties of halide perovskite materials used in energy
storage applications, there are still certain challenges, including efficiency, scalability, and
stability, which need to be addressed. Carbon-based materials, including metal-organic
framework, carbon nanotubes, graphitic carbon nitride, fullerene, graphene oxide, and
reduced graphene oxide, have played a positive and undeniable role in developing
supercapacitor electrodes [18,19,20]. Reduced graphene oxide (rGO) is an exceptional
candidate and has shown accelerated performance when incorporated with other
nanocomposites because of its outstanding properties, such as good chemical and
mechanical strength and high electrical and thermal conductivity [21]. Fullerene C60 has
tremendous potential for energy storage applications due to its precise structure, high
solubility, superb electron-accepting capacity, and extended redox chemistry [22]. Numerous
efforts have been devoted to developing carbon-based nanocomposites as supercapacitor
electrodes with enhanced performance [23]. Halide perovskites with carbon materials have
improved the crystallinity and morphology of grown nanocomposite. Keeping in view, halide
perovskites (KCdCI3) with carbon-based materials like rGO and C60 due to their good
carriers’ mobility, cyclic stability, large surface area, and high availability of pores are grown
to achieve high specific capacitance [24] and studied their physical and electrochemical
properties. Different approaches are reported to manufacture supercapacitors materials,
such as the hydrothermal method, thermal evaporation, co-precipitation, sol-gel method,
and solvothermal route.
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The present study synthesized KCdCI3 and rGO, C60-based nanocomposites via a
solvothermal route. The physical and electrochemical properties were studied using XRD,
SEM, EDX, BET, IV, CV, GCD, EIS, ECSA, and LSV. The electrochemical measurements
exhibit that rGO and C60-based electrodes have a higher storage ability.

2 Experimental

2.1 Materials

Potassium chloride (KCI), cadmium chloride (CdCI2), fullerene-C60 (purity 99.99%),
Dimethylsulfoxide (DMSO), hydrochloric acid (HCL), and toluene were used as precursors.
All the precursors were purchased from commercial source Sigma Aldrich and used as
received without further process modification. Deionized water was used throughout the
experiment.

2.2 Synthesis of KCdCI3 nanoparticles

A solvothermal approach was used for the synthesis of KCdCI3 nanoparticles. At the start of
the experiment, 0.1 M of KCIl and CdCI2 precursor with a 1:1 molar ratio was dissolved in 50
ml of DMSO and then stirred for 30 min at room temperature to prepare the homogenous
solution. Afterward, 5 pL of HCIl was added dropwise to the above suspension to avoid
precipitation formation and ultrasonicated for 30 min to form a clear solution. Next, the
solution was put in a Teflon-line autoclave for 7 h at 110 °C. Finally, cool down the autoclave
and wash with deionized water, filter the settled material, dry at 120 °C for 2 h, and anneal at
300 °C for 2 h to get a fine powder.

2.3 Synthesis of KCdCI3/rGO and KCdCI3/C60 nanocomposite

First, as reported in the literature, rGO was chemically synthesized using Hummer’s method
[25, 26]. An appropriate amount of 3 g of graphite flake and 3 g of NaNO3 was added to a
beaker and concentrated H2S0O4 (150 cm?) to form black-colored suspensions. To avoid
exothermic reaction, the above suspension was kept in an ice bath, added 18 g of KMnO4
slowly and then stirred further for 1 h. Later, the ice bath was removed, and the suspension
was further stirred for 48 h so that a brown slurry formed. The 500 mL of deionized water
was added with H202 (1 wt%/500 cm?®). After this, washed with deionized water to separate
the residue and solid product and dried under a vacuum for 6 h at 50 °C. Finally, GO was
chemically reduced to rGO using hydrazine hydrate.

To synthesize KCdCI3/rGO nanocomposite, the weighted amount of the as-synthesized
KCdCI3 particles and rGO (1:1) was added in 50 ml deionized water and ultrasonicate for 1
h and dried at 80 °C for 1 h. To synthesize KCdCI3/C60 nanocomposite, 1 g of pure C60
(purity 99.99%) was added to 50 ml toluene, followed by ultrasonication. Afterward, 20 ml of
deionized water was added to evaporate toluene completely until the water phase became
yellow. After this, 1 g of the as-synthesized KCdCI3 particles was added to the above
suspension and further ultrasonicated for 2 h and finally dried at 80 °C for 2 h.
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2.4 Electrochemical test

The electrochemical evaluation of the fabricated electrode was carried out in a
three-electrode setup (Metrohm Autolab instrument PGSTAT-204) using 1 M KOH solution at
ambient temperature, and various tests, including CV, GCD, EIS, LSV, and ECSA, were
implemented. First, to obtain a homogenous slurry, the prepared sample (0.004 g) was
thoroughly ground well into a fine powder, and Nafion binder was added in an amount so
that slurry formed. After this, the slurry was coated on Ni-foam to make a working electrode.
Then, to remove the impurities, the coated electrodes were dried in a Vacuum oven at ~ 80
°C overnight. The slurry was injected over Ni-foam. The CV measurement was achieved with
a potential window - 0.05 to 0.5 V at different scan rates (5, 10, 15, 20, 25, 30 mV/s), and
the GCD test was conducted within a potential window — 1.2 to 0.5 V at a constant 1 A/g
current density. Furthermore, EIS calculations were performed in the frequency range 1 x 10°
to 0.1 Hz keeping an AC voltage of 0.5 V. Also, LSV was recorded in the range of 0.0 to 0.5
V, while ECSA was conducted in the potential range of - 2.5t0 0.5 V.

2.5 Characterization

The structural and phase evaluation of the synthesized materials has been performed using
an X-ray diffractometer (XRD) (Bruker-D8, Cu-Ka, A =1.54 A, 2 06=10°-70° 1.5 /min
scanning rate; 40 kV/35 mA). The surface area, pore volume, and width were determined
using Brunauer Emmett Teller (BET) analysis (specification listed in supporting information).
Current—Voltage (IV) measurements were performed in the voltage range of - 10 to 10 V
using a Keithley picometer (6487), two-probe setup. For IV measurements, the pellets of
synthesized material were made and fabricated contacts with the silver paste by copper
wire. The morphology and elemental content were studied by scanning electron microscope
(Nova Nano SEM) equipped with EDX. The electrochemical studies (CV, GCD, EIS, LSV,
and ECSA) were performed by the Metrohm Autolab instrument (PGSTAT- 204).

3 Results and discussion

3.1 X-ray diffraction (XRD) analysis

The X-ray diffraction (XRD) analysis is used to provide a detailed understanding of the
phase purity and crystallinity of the synthesized material. The XRD profile of the synthesized
products (KCdCI3, KCdCI3/rGO, and KCdCI3/C60) is shown in Fig. 1, along with the labeled
diffraction planes. The observed diffraction peaks in all synthesized samples follow the
standard data JCPDS # 00-018-0995 card, which confirmed that the orthorhombic phase
KCdCI3 was successfully obtained and its composites with rGO and C60. A few additional
peaks in the KCdCI3/C60 nanocomposite corresponding to JCPDS # 01-079-1715 of
fullerene-C60 are further evidence of the formation of the KCdCI3/C60 composite.
Additionally, the structural parameters such as lattice constants (a, b, c), the crystallite size
(D), the volume of the unit cell (V), d-spacing, lattice strain (€), and dislocation density (d)
were calculated by using the equation from the literature [27]. The calculated values are
listed in Table 1. It is observed that a small alternation in lattice parameters and volume took
place because of the interaction of KCdCI3 with rGO and C60. A minor deviation is observed
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in calculated results compared to standard values, showing the phase purity of the prepared
samples. The crystallite size increases, and dislocation density decreases. It may be due to
the agglomeration of rGO and C60.
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Fig. 1 XRD diffraction pattern of KCdCI3, KCdCI3/rGO, KCdCI3/C60 nanostructures along
with standard fullerene-C60 and KCdCI3 perovskite

Table 1 Structural parameters of all compositions

Sample a b c Volume d-spac Crystallite size  Lattice strain Dislocation density & x 10~*
s A A A A ing (nm) €x107° (nm™)
KCdCl3 8.6 145 42 532706 1.896 42 0.915 5.596
03 94 43
KCdCls/r 8.9 146 4.0 527.302  2.003 84 0.708 1.404
GO 85 39 09
KCdCls/ 8.7 145 4.0 521.961 1.920 57 0.648 3.131
C60 82 32 90

3.2 Scanning electron microscopy (SEM) and energy-dispersive X-ray
(EDX) analysis

Morphological properties of KCdCI3, KCdCI3/rGO, and KCdCI3/C60 nanocomposites were
analyzed by SEM at different magnifications, as shown in Fig. 2a—c. From the SEM images
of pure KCdCI3 (Fig. 2a—a4) observed irregular shape formation of aggregated particles and
granular-like morphology, which can be differentiated at different magnifications. The
obtained morphology exhibited a porous-like structure which is beneficial in the storage
mechanism. In comparison to pure KCdCI3, in KCdCI3/rGO and KCdCI3/C60
nanocomposite, the nanoparticles of KCdCI3 adhered over rGO and C60 sheet as depicted
in Fig. 2b—b4, c—c4, which provide the rapid and smooth pathway for the ions/charge
transportation and inhibit the structural collapse during charging—discharging [28, 29].
Additionally, elemental acquiesce, and compositions of prepared samples were carried out
by EDX, confirming the presence of K, Cd, Cl, and C depicted in Fig. 3, and the formation of
KCdCI3/rGO and KCdCI3/C60 nanocomposites. The atomic and weight% (%) of elements
are listed in Table 2.
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Fig. 2 SEM images of a—a4 KCdCI3, b—b4 KCdCI3/rGO, and c—c4 KCdCI3/C60
nanostructures
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Fig. 3 EDX spectra of a KCdCI3, b KCdCI3/rGO, and ¢ KCdCI3/C60 nanostructures

Elements KCdCI3 KCdCI3/rGO KCdCI3/C60

Weight%  Atomic% Weight% Atomic% Weight% Atomic%

K 14.43 18.36 13.32 10.67 12.35 9.66


https://link.springer.com/article/10.1007/s10800-022-01809-4/figures/3

Cd 40.00 17.70 33.00 9.19 32.00 8.70

Cl 45.57 63.94 34.68 30.62 35.65 30.74
C - - 19.00 49.52 20.00 50.90
Total 100 100 100 100 100 100

Table 2 Elemental composition from EDX for all compositions

3.3 Brunauer—Emmett—Teller (BET)

BET analysis was performed to evaluate the surface area, pore size distribution, and pore
volume. The porosity, volume, and specific surface area of the pure KCdCI3, KCdCI3/rGO,
and KCdCI3/C60 are depicted in Fig. 4. Nanocomposites were evaluated by N2
adsorption/desorption measurements and are listed in Table 3. The detailed BET analysis
parameters and related graphs are provided in supporting information. The adsorption
isotherms show type Il with an H3 type of hysteresis loop, as depicted in Fig. 4a—c. Using
Barrett Joyner Halenda (BJH), the pore volume distribution curves of pure KCdCI3,
KCdCI3/rGO, and KCdCI3/C60 are depicted in Fig. 4. Nanocomposites are drawn, as shown
in Fig. S1, and surface area distributions are presented in Fig. 4d—f. The pore sizes of pure
KCdCI3, KCdCI3/rGO, and KCdCI3/C60 nanocomposites are 47.2705 A, 111.5508 A, and
459.4871A, respectively. The results show that pore size, surface area, and pore volume are
larger in the case of KCdCI3/C60 nanocomposite than in others. The increment in the
surface area can increase the number of electroactive sites for charge accumulation
(certainly essential for energy storage application), which enhance the specific capacitance
[30, 31]. Furthermore, the porosity increases in KCdCI3/C60 nanocomposite because of the
heterostructure of KCdCI3 with C60 confirmed from SEM images. These results are
favorable for the energy storage mechanism.

Compositions Surface area (m?/g) Pore volume (cm?3/g) Pore size (A)
KCdCI3 3.6052 0.004261 47.2705
KCdCI3/rGO 6.0488 0.016869 111.5508
KCdCI3/C60 11.4688 0.131744 459.4871

Table 3 Surface area, pore volume, and pore size of grown samples obtained from BET
analysis
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Fig. 4 a—c BET N2 adsorption—desorption curves, d Bet surface area plot, e Langmuir
surface area plot, and f) t-plot for KCdCI3, KCdCI3/rGO, and KCdCI3/C60 nanostructures

3.4 Current—voltage (I-V) measurements

The I-V curve of the as-synthesized nanocomposite at a voltage from — 10 to 10 V is
measured at room temperature and is shown in Fig. 5a. The results indicate that the
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KCdCI3/C60 nanocomposite has a greater current value at end voltage values than others.
The IV curve also displays that the synthesized samples have ohmic nature. The electrical
conductivity (o) and electrical resistivity (p) were calculated using the equation [32] and are
shown in Fig. 5b. The existence of the rGO and C60 in the nanocomposite causes an
increase in conductivity, revealing that the formation of the nanocomposite can enhance the
conductivity of KCdCI3. As the ability of energy storage is related to contact resistance,
prepared samples are efficient materials for energy storage devices.
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Fig. 5 a IV curve and b electrical conductivity and resistivity values, for KCdCI3,
KCdCI3/rGO, and KCdCI3/C60 nanostructures

3.5 Electrochemical activity

In order to evaluate the performance of pure KCdCI3, KCdCI3/rGO, and KCdCI3/C60
nanocomposites, different electrochemical characterizations, including CV, GCD, LSV, EIS,
and ECSA, were performed in 1 M KOH electrolyte solution.

3.5.1 Cyclic voltammetry (CV)

CV test is an efficient electrochemical technique used to check the capacitive behavior at
different scan rates of the synthesized material [33]. The CV loops of the pure KCdCI3,
KCdCI3/rGO, and KCdCI3/C60 nanocomposite electrodes at different scan rates 5, 10, 15,
20, 25, 30 mV/s are taking operating potential between — 0.05 and 0.5 V as shown in Fig.
6a—c. All the CV cycles show paired redox peaks with quasi-rectangular shapes, which
confirms the pseudocapacitive nature of all prepared electrodes. Redox
(oxidation—reduction) peaks shifted toward higher potential by increasing the scan rate,
showing an increment in ion-diffusion resistance. Also, the shape uniformity of CV curves at
various sweep rates proved the higher reversibility of redox reaction. The Csp of all the
synthesized electrodes at different scan rates was computed by using the given equation
[34]:
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Fig. 6 CV loops a KCdCI3, b KCdCI3/rGO, ¢ KCdCI3/C60 nanostructures at varying scan
rates, and d specific capacitance values at various sweep rate

Csp=|llsmVdVv (1)

Here, |1dV gives the area of CV curves, ‘V’ is the operating potential, ‘s’ is the sweep rate,
and ‘m’ is the electrode’s loaded mass. The specific capacitance value of pure KCdCI3,
KCdCI3/rGO, and KCdCI3/C60 nanocomposites and calculated values are 765 F/g, 911 F/g,
and 1135 F/g, respectively. It is observed that KCdCI3/C60 nanocomposite shows a high
capacitance value as compared to others due to the mesoporous nature of C60, which
provides an easy pathway to transfer the electrolyte ions in the electrode surface. The
specific capacitance (Csp) versus different scan rates is manifested in Fig. 6d. At a high
scan rate, specific capacitance decreases due to polarization influence, and there is a short
time to diffuse the electrolyte ions on the electrode surface, resulting in a decrement in
storage capability. Contrarily, at a low sweep rate, maximum active sites are available for the
participation to store charge, leading to higher specific capacitance. The comparison of the
specific capacitance of the fabricated electrode and other reported work is listed in Table 4.
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S.  Material Method of preparation Electrolyt Csp Scan Refere
no. e rate nces
1. CsPbBr3 Chemical 1 M KOH 121 F/lg 5mV/s  [14]
2. MAPDI3 Spin coating 2M 402 F/g 10 [43]
H3PO4 mV/s
3. MA3Bi2l9 Spin coating 2M 550 F/g 10 [43]
H3PO4 mV/s
4, CH3NH3PbB Spin coating TBATFB/C 54.36 5mV/s [12]
r3 H2Cl2 F/g
5. CH3NH3PbB  Inverse temperature DMF 36.82 5mV/s  [44]
r3 crystallization Flg
6. MAPDbBI3@Ni  Wet chemical 1 g/mL 407 Filg 10 [45]
@] H3PO4 mV/s
7 LaAIO3/rGO  hydrothermal 721 F/lg 2mV/s [42]
8. CsPbl3 Chemical Butanol 7.23 2mV/s [17]
mF/cm?
9. CH3NH3PbI3 Chemical HCI 432 5 [16]
mF/cm?  mA/cm?
10. CsPbBr2.9lo. Chemical 1 M LiCIO4 150 0.1 [13]
1 mF/cm?  mA/cm?
11 LaFeO3/rGO In-Situ microwave 1M 170F/g 10 [46]
irradiation Na2S04 mV/s
12  (CN2SH5)3Bi = Solution NaClO4 1030 10 [47]
I6 F/g mV/s
13 LaMnOs3+5 Reverse phase 1 M KOH 586.7 2mV/s [48]
hydrolysis F/g
14  LaMnO3/rG  Situ polymerization KOH 802F/g 2mV/s [49]
O/PANI
15  LaNiO3 Sol—gel 3MLIOH 106.58 5mV/s [50]
Flg
16  SrMnO3 Sol-gel assisted 0.5M 446.8 10 [51]
electrospinning Na2S04 F/g mV/s
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17  KCdCI3/rGO @ Solvothermal 1M KOH 911 5mV/s This
work

18 KCdCI3/C60 Solvothermal 1M KOH 1135 5mV/s This
work

Table 4 Comparison of specific capacitance from CV of grown electrode material with other
reported materials

3.5.2 Cycling stability

To examine the electrochemical stability of highly efficient KCdCI3/rGO and KCdCI3/C60
electrodes, CV cycles were conducted for 3000th cycles at 5 mV/s scan rate with potential
window — 0.05 to 0.5 V in KOH alkaline solution. Figure 7a exhibits the cyclic retention (%) of
both electrodes, which shows that the capacitance ability remained unchanged, evident in
the favorable reversibility and good electrochemical stability of fabricated KCdCI3/rGO and
KCdCI3/C60 electrodes. Furthermore, it is observed that the KCdCI3/rGO electrode retained
97% of the original capacitance, while the KCdCI3/C60 electrode retained 97.6% of the
original capacitance. Finally, it is concluded that KCdCI3/C60 electrode shows high specific
capacitance with high durability and outstanding cyclic stability.
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Fig. 7 a capacitive retention (%) for KCdCI3/rGO and KCdCI3/C60 electrodes, b GCD profile,
¢ Nyquist plots, and d LSV curves, for all compositions

3.5.3 Galvanostatic charge—discharge (GCD)

To further ensure the electrochemical performance of all prepared electrodes, the GCD test
was conducted at a constant current density of 1 A/g with operating potential (- 1.2 to 0.5 V),
as illustrated in Fig. 7b. Figure 7b shows GCD curves of the fabricated pure KCdCI3,
KCdCI3/rGO, and KCdCI3/C60 electrodes depicting the non-linear triangular shape, which
manifested the pseudocapacitive nature of all electrodes. To measure the specific
capacitance (Csp), energy density (E), and power density (P) from the GCD curve, the
following relations were used [35].

Csp=(IdxTd)/(AV*m) (2)
E=0.5xCspxAV"2/3.6 (3)
Ps=Ex3600/Td (4)

AV is the operating potential, Id is the discharge current, Td is the discharge time, and AV?
represents the voltage range. The calculated specific capacitance (Csp) was 570, 775, 1420
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F/g with energy density 824, 1120, 2052 Wh/Kg and power density 4.58, 4.99, 4.19 W/Kg at
a current density of 1 A/g for pure KCdCI3, KCdCI3/rGO, and KCdCI3/C60 electrodes,
respectively. Furthermore, we observed that the maximum value of the specific capacitance
of the KCdCI3/C60 electrode is assigned to the longer discharging time than other fabricated
electrodes. Considering the above finding, it is concluded that the electrode (KCdCI3/C60)
possesses outstanding capacitive performance compared to the other. The specific
capacitance from GCD of synthesized electrode and data collected from the literature is
listed in Table 5.

S. Material Method of Electrolyte Csp Current Referen
no. preparation density ces
1 CsPbBr3 Chemical 1M KOH 116 F/g 1.0 A/g [14]
2 CH3NH3P  Spin coating TBATFB/CH 40.8 0.3 Alg [52]
bBr3 2CI2 Flg
3 LaFeO3/rG Hydrothermal 2 M KOH 367.4 1A/g [53]
(@) F/g
4 (CN2SHs5)3  Solution NaClO4 899 F/g 0.22 A/g [47]
Bile
5 PANI Interfacial 1MHCIO4 554 F/g 10 mA/g [54]
polymerization
6 GO/PANI Soft chemicalrout 1M H2S04 531F/g 0.2 A/g [55]
7 LaNiO3 Template free 6 M KOH 422 Flg 1.0 Alg [56]
method
8 LaNiO3 Wet chemical 3 M LiOH 106.58 1 A/g [50]
Flg
9 LaCoOs3/r = Solvothermal - 317 Flg 1.75A/g [57]
GO approach
10  La2CuMn  Hydrothermal 2 M KOH 205.5 0.25 A/g [58]
Os F/g
11 rGO/PANI  In situ - 1045 0.1 Alg [59]
polymerization F/g
12 La1-xSrx  Sol-gel 1 MKOH 102 F/g 1.0 Alg [60]
MnO3
13  KCdCI3/rG Solvothermal 1M KOH 775 1.0 A/lg This

O work
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14  KCdCI3/C6 Solvothermal 1 M KOH 1420 1.0 A/lg This
0 work

Table 5 Comparison of specific capacitance from GCD of grown electrode material with other
reported materials

3.5.4 Electrochemical impedance spectroscopy (EIS)

EIS is often used to study the fabricated electrode’s charge transfer kinetics, ions diffusion
rate, and capacitance [36]. Figure 7c shows the combined pattern of all electrodes, which
clearly shows that KCdCI3/C60 has a small semi-circular pattern with very small polarization
resistance and charge transfer resistance that fast transportation of ions at the electrode
interface that gives high Cs and shows pseudocapacitive nature [37]. From the results, we
concluded that KCdCI3/C60 electrode provides more active sites to make extra conductive
electrode material.

3.5.5 Linear sweep voltammetry (LSV)

LSV was used to obtain the intrinsic catalytic efficiency and maximum current response of
KCdCI3, KCdCI3/rGO, and KCdCI3/C60 electrodes interacting with electrolytes. Figure 7d
presents the potential dynamic LSV curves of the above-synthesized electrodes. LSV curves
were taken out between the potential windows of 0 and 0.5 V, conducted in 1.0 M KOH
solution. Maximum response in current density with increasing scan rates indicates the
electrodes’ large integrated peak area. The higher current density of the KCdCI3/C60
electrode (Fig. 7d) has a much higher peak than the KCdCI3 and KCdCI3/rGO electrodes,
respectively, that happens due to the high electrochemical surface area (58.6 cm?), large
pore size (=459.4871 A) ,and morphological/structural effects as well.

3.5.6 Electrochemical active surface area (ECSA)

Besides the LSV, ECSA is another main parameter used to calculate the active surface area
of the electrode. To investigate the electrochemical performance of the KCdCI3,
KCdCI3/rGO, and KCdCI3/C60 fabricated electrodes, a non-faradic region is assumed under
CV curves within potential window — 2.5 to 0.5 V. CV cycles under the narrow potential
window were recorded at varying scan rates, i.e., 10, 20, 30, and 40 mV/s shown in Fig.
8a—c. Then, electrochemical double-layer capacitance (Cdl) was measured using these
curves. After that, the calculated active surface area and the measured Cdl was divided by
the capacitance value (0.040 mF/cm?) for the flat electrode, which is generally within the
range of 0.01-0.05 mF/cm [38]. Moreover, ECSA can be determined using the given relation
[39]:


https://link.springer.com/article/10.1007/s10800-022-01809-4#ref-CR36
https://link.springer.com/article/10.1007/s10800-022-01809-4#Fig7
https://link.springer.com/article/10.1007/s10800-022-01809-4#ref-CR37
https://link.springer.com/article/10.1007/s10800-022-01809-4#Fig7
https://link.springer.com/article/10.1007/s10800-022-01809-4#Fig7
https://link.springer.com/article/10.1007/s10800-022-01809-4#Fig8
https://link.springer.com/article/10.1007/s10800-022-01809-4#ref-CR38
https://link.springer.com/article/10.1007/s10800-022-01809-4#ref-CR39

(a) KCdCl, 1(b) KCAC1 /rGO
-~ ;:]Im:i.fs 6 ™—10mV/s
44—20m s G 20 mV/s
_5 — 30 MY /s ,E-E_-_l 4 =30 mV/s
ﬂ 40 mYy/s - M mV/'s
E E
o, 2 bl
g g
=] =
g -2
= =
= =
=2 -4
-6 -
-4 T T T T L T T T T T T T T T T T T T T T T T T T T T T T T T T T
30 -5 -0 -LS -l 05 00 05 1.0 =35 30 225 20 -1.5 <10 <05 00 05 L0
Voltage/V (RHE) Voltage/V (RHE)
10
¢ ](€) KAC1/Ceo 55-(d) @ —— KCdCl,
i | e—lmVs 1
E 6 = =20 mV/s
= ]—30mvis
4 - )
E .—-hlm‘t 5
211
£ 0
=
T2
E
=41
u -
. |
— T T T T T ~ T ~ T - T *~ T W+ T T T T
=35 =30 -25 20 -15 <10 05 00 05 1.0 4 o 8 10 12 14 16 18 2 22
Voltage/V (RHE) Scan rate (mV/s)
10 12
|(©)@ —KCdCrGO (H@ ——KCdCL,/Cen
- 11 -
10 4
3- Hﬁ
o E o
, g’
< g 8-
g —
— < 77
<
5] 6
5_
47 Vaue  Searderd Emor | ‘Walue  Standard Ermor
= = iaa LELCL ]
° - M
d+—4—71—"7"""7"""T17 T T T T T T T ~ T~ T T ~ T~ T
4 6 8 10 12 14 16 18 20 22 4 6 8§ 10 12 14 16 18 20 22
Scan rate (mV/s) Scan rate (mV/s)

Fig. 8 ECSA loops a KCdCI3, b KCdCI3/rGO, ¢ KCdCI3/C60 nanostructures at varying scan
rates, and d—f linear fitting plots for calculating Cdl and ECSA.

ECSA=CdIICs  (5)

The double-layer capacitance (Cdl) and ECSA values of KCdCI3, KCdCI3/rGO, and
KCdCI3/C60 electrodes were 0.0929, 0.1806, and 0.2344 pF and 23.225, 45.15, and 58.60


https://link.springer.com/article/10.1007/s10800-022-01809-4/figures/8

cm?, respectively. From the results, we concluded that the ECSA value of the KCdCI3/C60
electrode is in good agreement with the BET surface area.

3.5.6.1 Performance evaluation

The exceptional electrochemical performance and stability of KCdCI3/C60 electrode is
compared to other electrodes due to fullerene-C60, which has a unique TT-electron
conjugated system and has hierarchical pore structure and active redox sites, and possess
high electrical conductivity [40, 41]. Moreover, the halide perovskite materials contain low
activation energy. Also, the electronic traps and ion kinetics significantly enhance the
mobility of the ions for interstitials [42]. Furthermore, the incorporation of fullerene (C60) in
KCdCI3 causes to increase in the porosity, which improves the capacitive performance. The
outstanding performance is attributed to high porosity and distinctive morphology, as
confirmed by BET analysis, which easily exhibits transportation of ions/charges, leading to
decreased charge transfer and solution resistance.

4 Conclusion

This article comprehensively described the structural and electrochemical properties of the
halide perovskite KCdCI3 and their composite with rGO (KCdCI3/rGO) and C60
(KCdCI3/C60) successfully fabricated by the solvothermal route. An orthorhombic phase of
KCdCI3 was confirmed from XRD spectra, and EDX confirms the existence of K, Cd, Cl, and
C. BET result provided the high surface area, pore radius, and pore volume of C60-based
electrode. The electrochemical analysis provided that the electrode KCdCI3/C60 delivered
high specific capacitance 1135 at 5 mV/s and attained retention 97.6% after 3000th cycles,
which signifies good stability. Finally, we conclude that KCdCI3/C60-based electrode
provides more active sites for electrochemical response and concise the pathway for
charge/ions movement, are highly suitable and competent for next-generation
supercapacitor electrode material.
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