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One-Step in Situ Polymerization of Polythiophene
Fibrous Microbundles for Electrochemical Storage

Application
Rahul S. Redekar?, Kishor V. Patil?, Alaka A. Bhoite?, Nilesh L. Tarwal®*

*Department of Physics, Shivaji University, Kolhapur 416 004 (MS) India.
*Corresponding author: nlt.phy @unishivaji.ac.in

ABSTRACT

Supercapacitors have been far explored in these years due to their higher power
density and energy density than other energy storage devices. In this study,
polythiophene fibrous microbundles are synthesized one-step in situ polymerization
method. The structural and morphological analysis of polythiophene powder is carried
out with help of X-ray diffraction, Fourier transforms infrared spectroscopy, and
Scanning electron microscopy. The electrochemical performance of polythiophene-
coated stainless steel is studied in 1 M KOH electrolyte within a -0.1 to 0.3 V potential
window at various scan rates and current densities. The obtained specific capacitance
was 155.58 F/g at 1 mA/cm? current density. Based on the results, Polythiophene
powder can be used as an electrode for high-performance supercapacitor
applications.

KEYWORDS
Polythiophene, Polymerization, Supercapacitor, Energy storage.

1. INTRODUCTION

In recent years, climate change has become a major issue in front of the world. Also,
non-renewable resources are facing a burden due to the growing industrialization and
population which put the world into an energy crisis issue. Use of the renewable
resources is one of solution on the climate change as well as the energy crisis. Among
all renewable resources, solar, wind, and tidal resources have eco-friendly nature, are
cheap, and are easy to access. But they have intermittent nature. So, it is necessary to
store the energies from these resources for future purposes [1,2]. For storing such
energies, various types of energy storage systems (ESS) have developed in the last few
years. Among them, capacitors, supercapacitors, and batteries are the most known
ESS. By virtue of advantages, recently supercapacitors have been studied extensively
as more efficient energy storage devices. It has more energy storage capacity than the
capacitor and more power density than the battery. It has the ability to fill the gap
between the conventional capacitor and the battery [3]. The basic construction of a
supercapacitor has consisted of two conducting electrodes. The electrolyte solution is

Page 1



placed in the space between these two electrodes. As the potential is applied to
electrodes, the charge formation takes place in the electrolyte solution. These charges
are traveled towards the polarized electrode which results in the storage of charges at
the electrode-electrolyte interface [4]. Based on the materials used in electrodes, these
charges are stored in two ways, one is electrostatic (non-faradic) and the second is
electrochemical (faradic) [5]. Respective of these two ways, supercapacitors are
broadly classified as electrical double-layer capacitors, pseudocapacitors, and hybrid
supercapacitors [6]. In EDLC, the charges are stored electrostatically in a double-layer
known as the Helmholtz double-layer. On the contrary, charges are stored via
adsorption, redox reactions, and intercalation in a pseudocapacitor [7]. The hybrid
supercapacitor has both types of electrodes, one is EDLC type and another is
pseudocapacitive type. Again, a hybrid supercapacitor has also three sub-types such as
asymmetric, composite-type, and battery-type whereas all hybrid sub-types are better
promising supercapacitors with excellent performance [8]. As mentioned above, the
storage mechanism of the supercapacitor is primarily dependent on the electrode
material. Comparing the performances of all materials, pseudocapacitive materials
have come forward with superior specific capacitances, high energy densities, and
excellent power densities [9]. Conducting polymers and metal oxides are dominant
groups of pseudocapacitive materials. Among them, conducting polymers have been
explored for pseudocapacitance due to their characteristic properties like high
conductivity, high mechanical strength, lightweight, easy synthesis and processibility,
high purity, high theoretical capacitance, excellent rate capability, and ability to
intercalate [10, 11]. Up to now, various conducting polymers were examined for
supercapacitive performances. Conducting polymers like polyaniline (PANI) [12],
Polypyrrole (PPy) [13], Polythiophene (PTh) [14], and derivatives of polythiophene
[15] have shown their excellent contribution in the supercapacitor field. Among these
conducting polymers, polythiophene has been studied as a supercapacitor material by
many researchers due to its high structural stability and better electrochemical
performance. Till now, polythiophene synthesized using cost-effective routes such as
in situ polymerization and electrochemical polymerization. Gnanakan et al. [16]
synthesized the nanoparticles of polythiophene by dilute polymerization with help of
a surfactant. The synthesized polythiophene nanoparticles were coated on stainless
steel foil to fabricate electrodes. The obtained specific capacitance of the electrode was
about 134 F/g at a scan rate of 5 mV/s. besides, Senthilkumar et al. [17] compared the
performances of the chemically polymerized pure polythiophene and surfactant-
assisted polythiophene. The sample prepared with Triton-X surfactant showed better
specific capacitance than the pure one. The highest specific capacitance of the Triton-
X-assisted polythiophene was about 117 F/g at 5 mV/s.

In the present study, polythiophene fibrous microbundles have been
synthesized by a cost-effective in situ polymerization method. Polythiophene fibrous
microbundles have been characterized for its structural, morphological, and
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electrochemical properties. The electrochemical properties have been examined in 1
M KOH solution for various scan rates and current densities. Based on the results,
polythiophene can be considered an electrode material for supercapacitor applications.

2. EXPERIMENTAL SECTION
2.1. Chemicals

Thiophene monomer (99%, pure), FeCls (Ferric chloride anhydrous, 99% pure), and
Chloroform (99%, pure) were purchased from Cisco-SRL Co. Ltd and used as a
precursor. All chemicals are AR grade and used without further purification

2.2. Synthesis of Polythiophene Fibrous Microbundles

The in-situ polymerization of the thiophene monomer was carried out with help of the
oxidizing agent FeCls. In prior synthesis, 0.1 M of thiophene monomer was added to
20 ml of chloroform and then the solution was stirred for 20 min vigorously. Similarly,
0.1 M of FeCls was added to another beaker with 20 ml chloroform and stirred for 20
mins. After stirring, the FeCls solution was added dropwise to the monomer solution.
After the addition of FeCls, the colour of the reaction solution was changed from
colour-less to black colour and polymerization of the thiophene monomer was started.
After 2 hrs, the black-colored precipitate was collected and washed with ethanol and
acetone to remove unreacted monomer and oxidizing agent. After washing, the colour
of the precipitate was changed from black to brown which confirm the polymerization
of thiophene. Finally, the precipitate was dried at 60°C for 6 hrs. The final product was
brown-colored polythiophene powder

2.3. Characterizations

The structural and morphological properties of the polythiophene powder were
investigated by various characterization techniques. The structural formation was
investigated by X-ray powder diffractometer (XRD) with Cu Ka = 1.54 A wavelength
(Bruker AXS Analytical Instruments Private Ltd., Germany, D6 phaser). The
functional group analysis was carried out with help of Fourier transform infrared
spectroscopy (FT-IR) in the range 4000-400 cm™ (JASCO, Lisses, France). The
morphology and surface analysis were studied by Scanning electron microscopy
(SEM) (JEOL JSM-6360).

2.4. Electrochemical Characterization

The electrochemical properties were studied with the help of Autolab potentiostat)
(Metrohm Autolab, PGSTAT302N, Netherland). The analysis was carried out in a
three-electrode system with 1 M KOH as an electrolyte. In the three-electrode system,
Graphite was used as the counter electrode, saturated calomel electrode as a reference,
and the polythiophene-based working electrode. The working electrode was prepared
by making a slurry of synthesized polythiophene powder (80%), carbon black (10%,
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conducting agent), and polyvinylidene fluoride (PVDF) (10%, binder) in the solvent
N-Methyl-2-pyrrolidone (NMP). The prepared slurry was coated on a 1 cm? pre-
treated stainless steel substrate and dried at 70°C for 12 hrs. The mass of active material
in prepared electrode was 0.9 mg/cm?.

3. RESULTS AND DISCUSSION

The XRD pattern of the polythiophene powder is shown in Figure-1. From the XRD
pattern., it is revealed that; the polythiophene has amorphous nature. Near a diffraction
angle of 20°, a presence of a broad peak was observed [18]. The presence of this peak
indicates the intermolecular n-n stacking of the polythiophene rings.
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Figure-1. XRD pattern of Polythiophene powder.

The detection of the function groups and bands is confirmed by the FT-IR
spectrum in the range of 500-4000 cm™'. The FT-IR spectrum of polythiophene is
shown in Figure-2. In Figure-2, the functional absorption peak at 678 cm’ is
attributed to the C-S stretching in the ring of thiophene. Besides, during the
polymerization of the monomer, out-of-plane vibration of the C-H bond caused the
absorption of the peak at 781 cm™! [19, 20]. While in-plane stretching vibration of C-
H can be seen at 1021 cm!. The peaks present at 1482 and 1436 cm™! are attributed to
the stretching vibrations of the C=C vibration. The presence of the water can be seen
at 3425 cm!. The region 600-1500 cm™ is corresponding to the polythiophene
fingerprint region [21]. All Peaks are well agreed with the literature.
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Figure-2. FTIR spectra of Polythiophene powder.

The surface morphological studies of polythiophene powder were carried out
with help of SEM micrographs. Figure-3a to Figure-3d show the SEM micrographs
of polythiophene powder at various magnifications such as X 1000, X 5000, X 7500,

and X 10000, respectively.

Figure-3. SEM micrographs of Polythiophene powder at different
magnifications (a) X1000, (b) X5000, (c) X7500, and (d) X10000.
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From Figure-3, Formation of the small bundles of the cloth-like fibrous
microstructure of the polythiophene can be seen. Some cloth-like microbundles were
wrapped around themselves and interconnected with each other’s to form a porous
microstructure. The formation of the such interconnection helped to store more charges
during the redox reactions.

The electrochemical behavior of the polythiophene-coated stainless steel was
studied in the 1 M KOH solution within the potential window -0.1 to 0.3 V against the
SCE. The cyclic voltammetry was analyzed at different scan rates such as 10, 20, 40,
60, 80, and 100 mV/s as given in Figure-4. From Figure-4, It is seen that the shapes
of the CV plots have deviated from the typical rectangular shape which confirmed the
pseudocapacitive nature of the polythiophene electrode [22].
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Figure-4. Cyclic voltammetry of polythiophene electrode.

Also, as the scan rate increased, the area under the CV curves increased. At a
high scan rate of 100 mV/s, a maximum area under the curve was observed [23]. The
deviated rectangular shape of CV curves denoted the Faradic capacitive charge storage
in polythiophene. Basically, the polythiophene stores the charges through the
doping/oxidation and de-doping/reduction processes. The potential charging-
discharging mechanism can be given as follows [24, 25],

PTh+ K* + e~ — K(PTh) (1)

From the above equation, it can be seen that the formation of the polaron led
to the pseudocapacitive charge storage of the polythiophene. The charge storage
capacity of the polythiophene electrode was investigated by the galvanostatic charge-
discharge technique. The GCD plots of polythiophene were studied at various current
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densities as 1, 2, 3, and 4 mA/cm®. Figure-5 shows the GCD plots of polythiophene
electrodes. The deviation from the triangular shape of GCD plots represented the
pseudocapacitive nature of the electrode during charging and discharging [26]. At a
low current density of 1 mA/cm?, the electrode shows higher discharging which means
higher charge storage. The specific capacitances (C), energy densities (E), and power

densities (P) from these GCD plots were calculated using the following expression
[27],

I X At F
~mxAV (§> @
Cx AV2 (Wh
~2x36 (k_g) ®)
E x 3600 /W
P=—n (k_g) )

Here, I is current density, At is discharge time, m is mass of active material and AV is
a potential window.

Potential (V) vs SCE

L0 -y T T
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Figure-5. Galvanostatic charge-discharge profiles of polythiophene electrode.

The calculated specific capacitances of the polythiophene electrode from the
GCD plot were as 155.58, 71.05, 21.75, and 12.22 F/g at 1, 2, 3, and 4 mA/cm?,
respectively. This showed that polythiophene electrodes could be good electrode
material for supercapacitors. The energy densities and power densities of the
polythiophene electrode were calculated using formulae (2) and (3). The highest
energy of 5.186 Wh/kg was obtained at 333.33 W/kg power density and the highest
power density of 1332.01 W/kg was obtained at 0.402 Wh/kg energy density.
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The electrochemical impedance of the polythiophene was analyzed in the
frequency range 100 kHz-0.1 Hz with an AC amplitude of 10 mV. Figure-6 shows the
Nyquist plot of the polythiophene electrode. From the Nyquist plot, at high frequency,
a small deviated semicircle and a straight line at the lower frequency region are seen
[28, 29].
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Figure-6. Nyquist plot of Polythiophene electrode.

In the high-frequency region, the value of the series resistance (Rs) was
obtained at about 1.25 Q and in the mid-frequency region, the charge transfer
resistance (Rci) of 5.49 QQ was obtained.

4. CONCLUSION

Single-step in situ polymerization method was used to synthesize polythiophene
powder. From the XRD pattern, the amorphous nature of polythiophene was observed
while from the FTIR study, the polymerization of monomer was confirmed. The
interconnected fibrous microbundles of polythiophene served as porous microstructure
for storing the electrochemical charge. The obtained highest specific capacitance of
polythiophene electrode was 155.58 F/g at 1 mA/cm?. The highest energy density was
about 5.186 Wh/kg and the highest power density was about 1332.01 W/kg.
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Recent Spray Deposited Materials

for Solar Cell Application
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ABSTRACT

In recent decades, various materials have been used for energy conversion devices.
Thin films attracted great attention for photovoltaic applications. The spray pyrolysis
technique is the low costs chemical method used for large-area deposition of thin
films in a compact nature that were useful for photovoltaic applications. The method
is largely applicable to the synthesis of metal oxides, sulfides, nitrides, selenides, and
quaternary chalcogenide semiconducting materials. The compactness of thin films,
easy synthesis process, and large deposition area made it more popular for solar cell
applications. This review, the based on the basics of the solar cell and its parameters
and spray-deposited materials that have been used for photovoltaic applications.

KEYWORDS
Solar cell, Spray pyrolysis, Semiconducting materials, Thin films, Efficiency.

1. INTRODUCTION

Recently, the global environment being unbalanced due to the enormous rise in the
population, overuse of fuels, the high release of hazardous gases due to the burning
of fossil fuels, etc. which highly contribute to global warming-like issues. So,
shifting from these non-renewable energy sources to renewable ones is today’s
generation's need. Free, highly available, renewable energy sources like wind, solar,
tidal, hydro, geothermal, biomass energies, etc. have a large capability to fulfill our
recent as well as future energy needs without harnessing the environmental
conditions. Among all of these, solar energy has great potential for fulfillment of
energy demand, as one-hour solar energy is sufficient for a one-year energy
requirement of the whole world [1]. To decrease environmental pollution, changing
weather conditions, imbalance in the seasons on earth, and the global rise in the heat,
etc. the scientific community is more convenient to use renewable energy sources on
a large scale to fulfill the expected 33% energy need in next 20 years [2].

Most of the solar energy reaches the earth in the form of radiation i.e., UV,
visible, and infrared. These high-energy radiations can be utilized for the conversion
of energy by different photoabsorbing materials. Different solar cell devices based on
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the photovoltaic effect were used for electricity production. Solar cell devices are
made up of various layers in which photo-absorbing materials are the heart of the
device [3]. Various solar cell devices have been used for this conversion of light into
electricity viz. thin film solar cells (TFSC) [4], dye-sensitized solar cells (DSSC) [5],
perovskite solar cells (PSC) [6], multijunction solar cells [7], organic solar cells [8],
etc. Among all of these, the TFSC has great attention in the field of energy
conversion devices due to their high stability, low consumption of materials, high
device efficiency with less input, easy fabrication techniques, etc. [9]. For the
crystalline silicon solar cell, the record breaks efficiency of about 26.7% [10],
beyond that due to the sophisticated instrumentation and high costs that replacing it
with other materials [11]. Whereas, in the next era of TFSC technology the CdTe and
CIGS have attracted great attention from all the researchers due to their well
optimum band gap, low costs, and slightly high efficiency than the costs of silicon
solar cells. The CdTe and CIGS solar cells show the maximum solar cell efficiency
of about 22% and 22.8% respectively [12,13]. These TFSCs have more
commercialization due to easy stoichiometry, better reproducibility, and high
efficiency [14]. Thin films have great attention in various fields due to their low
material consumption leading to low-cost devices, large-area deposition, small
thickness, and easy synthesis techniques with flexibility in material properties that
attract more attention in solar cell applications [15]. TFSCs are combined with
different materials in the form of a thin film having a structure of
substrate/transparent conducting oxides/window layer/absorber/top contact [16].
Along with that, the next generation of thin films depends on lower costs, less
toxicity, and commercial solar cell fabrication by using perovskite materials, CZTS,
and quantum dots (QDs) [17]. The photoabsorbing materials were attracting the
attention of the researchers due to the well-optimum band-gap (1-1.8 eV), high
absorption coefficient (>10* cm™), and earth availability of elements [18-20]. Till
now, various photoabsorbing materials have been used for solar cell applications like
amorphous and crystalline Si, CdS, CdTe, CIS,, GalnP, GaAs, etc. i.e., group VI
elements chalcogenides [21,22]. Whereas, after CIGS the problem of scarcity was
resolved by replacing In and Ga to form a CZTS. The CZTS-based TFSC device
shows maximum efficiency of about 12.6 % [23], which was saturated over this due
to defects observed in the material. Also, various synthesis techniques have been
used for the enhancement of the physico-chemical properties of the materials that
would help to enhance the performance of solar cell devices. The physical methods
like sputtering and evaporation techniques, and chemical methods like sol-gel,
chemical bath deposition, spray pyrolysis, electrodeposition, and chemical vapor
deposition methods will be used to deposit good quality thin films for photovoltaic
applications [24]. Among these, the spray pyrolysis method has great attention in the
field of photovoltaic application due to its easy synthesis method, application for
large area deposition, more adherence, and compactness of thin films that are
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beneficent for charge carriers flow for a long distance without recombination that
improves the optoelectrical properties of the device [25]. Whereas, thin films
deposited from the spray pyrolysis method was applicable for photovoltaic
application [26], photocatalysis [27], gas sensor [28], memristor [29], hydrogen and
oxygen evolution reaction [30], supercapacitor and battery applications [31], etc. The
versatility of the spray pyrolysis method for a variety of material synthesis is shown
in Figure-1.

Metal
Selenides Metal
Sulfides

Figure-1. The versatility of the spray pyrolysis method.

In this review, we discussed some basics about solar cells and their
parameters that will be used for the material characterization of the photovoltaic
study. Also, it includes the significance of all the parameters that will enhance the
device's performance is discussed. Also, the recent progress on thin film solar cells
and the materials that are applicable to enhance the efficiency of devices are
discussed shortly.

2. SOLAR CELL PARAMETERS

Characteristics of the solar cell can be studied with the help of solar cell parameters
that can be helpful to investigate the performance of the solar cell devices. The solar
cell 1s a p-n junction diode that works on the photovoltaic effect [32]. Which can
convert one form of energy into another form. Most of the parameters that affect the
photovoltaic performance of devices include short circuit current (Isc), open circuit
voltage (Voc), fill factor (FF), efficiency (1%), etc. The p-n junction in the dark
represents the current-voltage dependance in Equation-1 and after light illumination,
as shown in equation (2) the light-generated current start flowing through the
junction which is greater than the diode current [33].
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After light illumination, the current flowing through the p-n junction is given as [34]:

T=To(e" /KT —1)-Tp ......... @)
2.1 Short Circuit Current (Jsc)

The short circuit current (Isc) is the maximum current flowing through the device that
is short when V=0 i.e., I=l;c when V=0. That widely depends on the band gap (E;) of
the photoabsorbing material that is directly proportional to the intensity of light [35].
The band gap decreases which leads to an increase in the I of the device. As, Eg 1
Isc |, and vice versa.

2.2 Open Circuit Voltage (Voc)

The maximum voltage flowing through the circuit when the current is zero i.e.,
V=V,c when [=0. The V. can be expressed in Equation-3 [36].

KT
Voc =
q

In(=+1) 3)
As V. is dependent on the I, I,, and T. Whereas, the upper limit of V. is
the band gap of the photoabsorbing material (Voc < Ey).

2.3 Fill Factor (FF)

The fill factor confirms how ideally the diode formation takes place in the solar cell.
Ideally, the FF curve measures the squareness of the curve. The ideal value of FF is
1. Most of the good solar cell devices have FF values close to the unity. It is
expressed in Equation-4 below [37].

It is the ratio of output power to the maximum power of the solar cell device.
2.4 Efficiency (%)

The efficiency of the solar cell device is the maximum power output extracted from
the device to the input power. The efficiency is the maximum power (IscVocFF) to the
input power. So, the formula for the efficiency of solar cells is given in Equation-5
below [38]. The performance was tested under AM 1.5 spectrum of the input power
density of 1000 W/m?.
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% = mim — Isclocl® (5)
Pin Pin

where, Pi, = No. of solar cells x Area of solar cells x Intensity of light

These are the major four parameters of a solar cell that need to be studied
for the photovoltaic study of the device. Recently, the TFSC has attracted the
researcher’s attention due to its low material consumption and comparable low device
cost with high efficiency. Some of the materials used for TFSC were listed below.

3. SOLAR CELL MATERIALS

The different materials have been synthesized for TFSC application in various device
structures. Here we have discussed some materials that were used to fabricate the
device structures for energy conversion. We discussed the binary, ternary, and
quaternary materials with their oxide, sulfide, selenide, telluride, and nitride phases
of the material that have been widely used in TFSC. The solar cell device structure
and parameters were reported in Table-1.

Table-1. Solar cell materials by spray pyrolysis method.

Material Precursors Device Solar cell parameters Ref.

Structure

Isc V0c F F Il

V) (%) | (%)

Cu0 0.1 M [Cu| Glass/FTO/ | 991 | 0.37 39.0 0.57 | [43]
(COCH;3)2.Hz | ZnO/CuO/ | %107
O], 01 M| Ag A
CsH1206, 10

ml distilled
water, 20 vol%

2-propanol.

CuO 0.1 M Cu n-CuO/p-Si | 22 0.0073 | 77.0 1.24 | [44]
(NO3)2.3H,0, "
Distilled water mAfc x10

m2

Cdo Cd(CH3COO), | CdO/p- 590 |0.429 |32.0 0.8 [45]
2H,0, 100 ml | .
distilled water, | /A8 mA/e
HCI. m?
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CuO 0.02 M copper | FTO/TiO»/ | 0.9 0.365 |47.0 - [46]
acetate
monohydrate, Cu:0 mA/c
002 M D- m?
glucose.
Ag doped | PbNO;3, FTO/CdS/ | 283 0.267 | 30.0 0.89 | [48]
PbS AgNO:s,
thiourea, 10 ml Ag-PbS/Ag | pA
water
Cu doped | PbNO;3, FTO/CdS/P | 267 0.20 32.0 0.68 | [49]
PbS thiourea, Cu
source, 10 ml bS/Ag A
water.
Sb,S;3 30 mM SbCls, | ITO/TiO2/S | 13.8 | 0.693 | 58.0 5.53 | [50]
SC - (NHo: |y o pHT/ | mA/e
methanolic
Au m?
CulnS; & | CuCl,, InCls, | Mo/CulnS; | 43.9 | 0.420 | 31.0 4.19 | [51]
253 NHLCSNH 1y syzn0r | 2
AZO-Ag- mA/c
AZO/Ni/Al | m?
CuSbS; 9.6 mM/L | Mo/CuSbS, | 4.63 | 0.193 36.9 0.33 | [52]
CuC12-2H20,
233 ML /CdS/ZnO/ | mA/c
SbCls, 150 | ZnO:Al/Ag | m?
mM/L tartaric .
. device
acid
CuZnS 0.01 M | ITO/AZO/i | 497 | 0.505 | 64.28 1.6 [53]
CuCl,.2H,0, i mA/
0.01 M ZnC, ¢
(NH4)CS, 100 | ZnO/CZS/ | m?
ml distilled Al
water
CusSnSs; Copper CusSnSs; 20.2 | 0.0126 | 26.0 - [54]
chloride, tin
chloride, solar cell nA/c
thiourea, m?
distilled water.
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MASnBr3 0.085 g | Glass/FTO/ | 0.46 | 0.37 57.0 0.09 | [59]
MABr, 021 g | ..
SnBr,, 7 ml TiO,/MAS | mA/c 7
DMF nBry/PsHT/ | m?
Ag
CdSe and | 0.01 M | CdSe 0.87 | 0.25 20.8 0.18 | [61]
(CH3CO00),.C
Al-doped 2
P d.2H,0, AL:CdSe 035 [250 |038
CdSe CSe(NH,). mA
1.08
mA
SnSe 40 ml | Mo/SnSe/C | 1.67 | 0.086 | 25.0 - [63]
methanol, 0.30 | 4o/ 0/Zn | mA/e
gof 1, 1-
. 2
dimethyl-2- O: Al m
Selenourea,
0.45 g SnCl,
Cu(In,Ga)(S, | 0.2 M | Cu(In,Ga)( | 24.2 | 0.621 69.84 10.5 | [64]
CuCL.2H,0,
Se), 02 M InCl, S,Se), solar | 9 4
0.2 M GaCls, | cell mA/c
1 M SC(NH>), m?
Culn(S,Se), | 0.IM  CuCl,, | Mo/MoSey/ | 25.4 | 0.418 | 55.0 591 | [65]
0.IM  InCl;,
1.0 M thiourea CISSe/CdS | 8
/ZnO/ITO mA/c
m2
Cu(In,Ga)(S, | 0.09 M | Mo/CIGSS | 25 0.62 63.0 10.0 | [66]
Cu(NO3)3,
Se) 0.07 M e/CdS/ZnO | mA/c
In(NOs3),, 0.03 | /ALl:ZnO m?
M  Ga(NO3),,
0.8 M
thiourea.
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CuZnSnS4

0.009 M
cupric
chloride,
0.0045 M zinc
acetate, 0.005
M stannic
chloride, 0.05
M thiourea.

Metal
contact/
CZTS/CdS/
ZnO:Al/

glass

0.8
mA/c

0.14

[68]

CUQZHSI’IS4

0013 to 0.021
M Cu(N03)2,
0.0115 M
Zn(NOs)s,
0.0115 M
Sn(CH3$O3)2,
0.05 M
thiourea

ITO/ZnO/C
dS/CZTS/
Mo/glass

20.0

mA/c

0.67

61.0

8.1

[69]

CuCoSnSy

CuClz.ZHQO
(0.1 M)

. COC12.6H20
(0.05 M),
SnCl4.5H20
(0.05 M),

CH4NCS (0.4
M), citric acid
0.2M)

ITO/CdS/C
CTS:CQD/
Al

1.1
mA/c

0.24

26.0

0.07

[72]

CuCoSnSqy

0.05 M
CuCl,.2H,0,
0.025 M
COC12.6H20,
0.025 M
SnCl4.5H20,
10 mL
methanol,
CH4N,S

CCTS PEC

solar cell

29
uA/c

0.151

32.0

2.33

[73]

CuzNiSnSy

0.1 M copper
nitrate
dehydrate,
0.05 M nickel

nitrate
dehydrate,
0.05 M stannic

Ag/n-
Si/CNTS/A

u

9.1
mA/c

0.41

53.0

11.3

[74]
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chloride
dehydrate,
0.2 M
thiourea.

CuyZnGeS, 0.12 M | Al/CuZnG | 16.2 | 0.536 | 38.0 33 [75]
CuCl,.2H,0, .
0.06 M eS4/n-Si/Au | 5
Zn(CH3COO), mA/c
.2H,0, 0.06 M .
GeCly, 024 M
thiourea.

3.1 Metal Oxides

Recently, metal oxides have great attention in photocatalysis, energy storage and
conversion devices, gas sensors, solar cells, batteries, and optoelectronic devices
[39,40]. A variety of metal oxides (MO) were used in a TFSC viz. CuO, Co030s4,
Cu20, NiO2, MnOz2, ZnO TiOz, etc. as an absorbing and window layer [41]. The MO
has a band gap in the range of 1.1-3.7 eV [42]. Prabhu et al. [43] fabricated the
heterojunction of two oxide layers of Cu,O with ZnO by spray pyrolysis method.
The cubic crystal structure of spray-deposited Cu2O thin film shows a cubic crystal
structure. The fabricated with the device structure of glass/FTO/ZnO/Cu>O/Ag. The
heterojunction devices show a power conversion efficiency of about 0.57%.
Whereas, the study of the annealing effect on spray-deposited CuO thin films
enhances the optoelectrical properties of the material at 400, 500, and 600°C. They
fabricated the heterojunction solar cell device by spraying CuO on a p-si substrate at
6000C i.e., CuO/p-Si which reported a conversion efficiency 1.24x10* % [44].
Similarly, Ramamurthy et al. [45] fabricated the same heterojunction device by using
CdO spray deposited thin film at 400°C on a p-Si. The device with Al/n-CdO/p-Si/Al
electrode device resulted in a power conversion efficiency of 0.8% with FF of 0.32,
L. of 5.90 mA/cm?, and V. of 0.42 V. Also, SnO, and TiO> are used for solar cell
applications. In which TiO> was used as a buffer layer. The spray deposition
temperature was 560 and 520°C for TiO> and SnO; thin films. The fabricated device
shows an efficiency of 9.3%. The heterojunction formed with Cu2O and TiO2 with
0.5% of Mg doping in the Cu,O thin film that is used for solar cell devices [46].

3.2 Metal Sulfides

Metal Sulfides with the appropriate band gap and good absorption coefficient are
also used for photovoltaic applications. Most of the binary, ternary, and quaternary
sulfide materials like CdS, SnS, PbS, In2S3, SboS3, CulnS,, CuSbS,, etc. Generally,
the band gap of sulfides varies between 1.0 to 3.6 eV [47]. The spray-deposited PbS
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thin film at 200°C was used for the fabrication of a heterostructure thin film device
having the structure of FTO/CdS/PbS/Ag. They varied the percentage of Ag doping
in a pure PbS. The 6% of Ag doping in PbS in a fabricated device shows a
conversion efficiency of 0.89%, also 6% Cu doping in PbS enhances the properties
of the fabricated FTO/ CdS/ Cu:PbS/ Ag heterostructure solar cell efficiency [48,49].
The Sb2S3 material becomes the suitable material due to the 1.7 eV band gap, and
high absorption coefficient >10° cm’!, the hybrid solar cell with structure
ITO/TiO2/Sb2S3/PsHT/Au reported a 5.5% efficiency [50]. Like the CIGS, CulnS>
attracts more attention due to its similar physico-chemical properties. The device was
fabricated with the structure of Mo/CulnS2/In2S3/ZnO/AZ0O-Ag-AZO/Ni/Al in which
metal sulfides were deposited by spray pyrolysis technique. The fabricated device
exhibits a conversion efficiency of 4.19%, I of 43.92 mA/cm?, Ve of 0.42 V, and
FF of 31% [51]. The solar cell device with spray deposited CuSbS> thin films at
290°C with the Mo/CuSbS2/CdS/ZnO/ZnO:Al/Ag device structure of 0.34% [52].
Similarly, the CuZnS thin films are deposited by temperature variation in the spay
pyrolysis technique. They fabricated the device of CZTS at 350°C having a structure
with ITO/AZO/i-ZnO/CZS/Al reported the solar cell parameters as Is, Voc, FF, and
efficiency of 4.97 mA/cm?, 0.505 V, 64.28%, and 1.6% respectively [53]. Mostly,
Cu2SnS;3 (CTS) has largely been used for the TFSC application that spray pyrolysis
synthesized CTS thin films with fabricated solar cell device of
glass/FTO/CTS/CdS/Al:ZnO/Al structure that results in solar cell application [54].

3.3 Perovskites

Perovskite materials that have the same optoelectrical properties that can be useful
for solar cell applications. It shows low trap centers, excellent charge transfer
characteristics, and large diffusion lengths, which made them suitable for photo
absorption [55]. Recently, metal halide perovskites have great attention in PSCs
energy devices [56]. Bartholazzi et al. [57] reported the formation of CH3NH3Pblz
thin film by spray pyrolysis method at 60-140°C substrate temperatures. Sn-based
perovskites have large attention due to the toxicity issue in Pb perovskite materials
[58]. This layer can be synthesized by the spray pyrolysis method and was reported
by Kaleli et al. [59]. They fabricated the PSCs by using the ultrasonic spray pyrolysis
method MASnBr; thin film at 180°C. the fabricated device with structure
glass/FTO/TiO2/MASnBr3/PsHT/Ag shows 0.46 mA/cm? of Iy, 0.370 V of Vo,
57.2% of FF, and 0.097% of efficiency.

3.4 Metal Selenides

Metal selenides were also have been used for solar cells due to their appropriate band
gap, high absorption coefficient, and good stability of the materials. The Sb>Ses
semiconducting material with optimum band gap~"1.03-1.17 eV, simple phase, less
toxicity, and elemental abundance on earth made it suitable for solar cell application
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[60]. Gawali et al. [61] reported the photoelectrochemical study of spray deposited
CdSe thin films at temperature ranging from 200-300°C with spray rate of 2.5
ml/min. The as deposited and Al doped thin films were tested in a
photoelectrochemical solar cell with configuration of CdSe or Al:CdSe/1 M (NaxS—
S—NaOH)/C. the Al-doped CdSe showed the maximum conversion efficiency than
that of pure CdSe solar cell. The enhancement in the efficiency was found to be
0.38% after Al-doping in CdSe. Also, Fadavieslam et al. [62] studied the effect of Se
concentration on SnSe thin films deposited by spray pyrolysis method. The
deposition was carried out at 470°C substrate temperature. Whereas, Rios et al. [63]
successfully  fabricated the SnSe based solar cells with structure
Mo/SnSe/Zn0O/Zn0O:Al, Mo/SnSe/CdS/Zn0O:Al, and Mo/SnSe/CdS/ZnO/Zn0O: Al that
reported the Jsc of 1.67 mA/cm?, Vee of 0.086 V, and FF of 0.25. Quaternary
selenides have also emerged as the best promising materials that improve device
efficiency beyond 10%. The spray-deposited CIGSSe thin films between 300-350°C
were used for good quality deposition of thin films. The device with CIGSSe
structure as Mo/CIGSSe/CdS/i-ZnO/AZO reported an efficiency with an
antireflecting coating of 10.54% [64]. Also, Ho et al. [65] deposited the Culn(S,Se)>
thin film by spray pyrolysis method at 300-350°C substrate temperature. The CISSe
device was fabricated that showed a PCE of about 5.91% with J of 25.48 mA/cm?,
Voc 0f 0.418 V, and FF of 55.0%. Whereas, Na-doping in a sulfide precursor film can
enhance the solar cell performance by about 10.7% [66].

3.5 Quaternary Chalcogenides

Quaternary chalcogenides were also been popularized as a photoabsorbing material.
The CZTS material has great attention in the past few years due to its similar
physico-chemical properties to CIGS [67]. Kumar et al. [68] tried to fabricate the
heterojunction device structure with metal contact/CZTS/CdS/ZnO:Al/glass substrate
that reports low performance. Nguyen et al. [69] synthesized the CZTS thin film by
spray method. They fabricated the TFSC device with ITO/ZnO/CdS/CZTS/Mo/glass
structure that reported an 8% solar conversion efficiency of 20.07 mA/cm? of I,
0.67 V of Vo, and 61% of FF. Also, the saturation occurred in the CZTS TFSC, most
of the researchers over the world will synthesize the different copper-based
quaternary chalcogenides to increase the efficiency of fabricated solar cell devices.
In which Zn was replaced by the Fe, Co, Ni, etc. elements to form CFTS, CCTS, and
CNTS-like materials which can be used as a promising photovoltaic material in solar
cells [70]. Prabhakar et al. [71], used the spray pyrolysis method to deposit the CFTS
thin film for the counter electrode (CE) in DSSC shows a PCE of about 8.03%.
However, Shivagami et al. [72] reported the CCTS thin films were deposited at
170°C as pure and with carbon-based quantum dots (CQD). The fabricated
ITO/CdS/CCTS:CQD/AI device showed 0.07% efficiency than that of a pure device.
Maldar et al. [73] also synthesized the CCTS thin films for PEC solar cells and
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showed an efficiency of 2.33%. The CNTS material also has been synthesized by the
spray pyrolysis method, Elsaeedy et al. [74] fabricated the CNTS/n-si heterojunction
device. In which spray deposited CNTS thin film taken at 350°C on si substrate. The
device shows 11.34% conversion efficiency with Js 9.51 mA/cm?, Vo of 0.56 V, and
FF of 53.0%. Radaf et al. [75] also reported the CuZnGeS4 thin film was
synthesized by the spray pyrolysis method. The film was sprayed on the n-si
substrate to form a heterojunction thin film device with the structure of Al/n-
si/CuyZnGeS4/Au which reports an efficiency of about 3.3% under 100 mW/cm?
light illumination.

4. CONCLUSION

The spray pyrolysis method is a clean, low cost applicable for large-area deposition
of thin films. Thin films synthesized from this method is used for various
applications including photovoltaic application. The basic parameters of solar cells
include short circuit current, open circuit voltage, fill factor, and efficiency. The
synthesized materials for solar cell applications like metal oxides, metal sulfides,
metal nitrides, metal selenides, and quaternary chalcogenides that discussed in this
review. This review focuses on the different materials synthesized by the spray
pyrolysis method that will be applicable for solar cell application. The spray
pyrolysis method is a low-cost, easy synthesis process that can be applicable for
large areas, compact with a uniform thickness which can be applied for solar cell
application. In thin film solar cells (TFSC), different layers were applicable to absorb
the light spectrum of different wavelengths that will be easily deposited by this
technique with varying film thickness. In TFSCs, the layers like metal oxides were
used as a window layer to absorb the high energy radiations. As well as, different
metal sulfides, selenides, chalcogenides, and perovskites were easily deposited by
this method in a large area with less material consumption. That helps to reduce the
device fabrication costs due to less material consumption with better efficiency.
Also, the easy and low-cost technique is used to fabricate transparent and more
efficient devices that impact environmental remediation for CO> reduction.
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ABSTRACT

The application of carbon-based materials to fabricate supercapacitors is trending.
Amongst all carbon-based materials, carbon aerogels grab attention towards them
as they have low density, high electrical conductivity, and porosity with abundant
meso- and micro-porous 3D interconnected carbon networks. In this paper, we
discussed the synthesis method, structural, and morphological characterizations
along with the electrochemical study of chemically derived carbon aerogel. Herein,
the three-dimensional carbon aerogel synthesized by polycondensation of resorcinol-
formaldehyde and dried supercritically in ethanol medium followed by carbonization
in nitrogen at 800°C. This prepared carbon aerogel showed interconnected, porous,
and pearl chain-like carbon structure confirmed by SEM images. The cost effective
and flexible carbon electrode was prepared by coating a carbon aerogel powder on
flexible stainless-steel mesh by screen-printing. The as- prepared electrode showed
the highest specific capacitance of 113 F/g at 5 mV/s scan rate with 40 second
discharge time at 2 mA/cm? current density over 1.9 V wide operating potential
window in 1 M NazSOq4 electrolyte stability of 80% after 2000 charge-discharge
cycles. These electrodes exhibit good charging discharging because of the
interconnected and porous structure.

KEYWORDS
Carbon aerogel, Energy storage device, Supercapacitor, Supercritical drying.

1. INTRODUCTION

Supercapacitors (SCs) are more popular than batteries and they are dominating the
market. Nowadays SCs perform a variety of functions in daily life, ranging from
supplying the initial power necessary to start vehicle engines to serving as a backup
source of energy in telecommunications, public transportation, and medical
procedures [1]. The batteries and conventional capacitors have constraints in terms of
low power and energy density respectively. The high-power density, good energy
density, fast charging-discharging time, and excellent cyclic stability over thousands
of cycles proved SCs candidature in the field of energy storage. Based on the mode
of charge storage SCs are divided into two types 1) Electric double-layer capacitors
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(EDLCs) and ii) Pseudocapacitors. Mostly, metal oxides (RuO2, CuO, and MnO»)
and conducting polymers (polyaniline and polypyrrole) are used to fabricate
pseudocapacitors [2]. Carbon-based materials like activated carbon, carbon
nanotubes, graphene, and carbon aerogels (CAs) are used to fabricate EDLCs [3].

Amongst, CAs are very promising materials used as an electrode material for
SCs due to their 3D interconnected structure, good electrical conductivity (25-100
S/cm), high specific surface area (~ 1100 m?%g), and porosity (80-98%) with
abundance of meso- and micro- porosity and low density [4-6]. The first report on
CA electrodes used for charge storage in capacitors was published by Pekla et al [7]
using resorcinol-formaldehyde (RF). Carbon aerogels were synthesized by using
various precursors like resorcinol — formaldehyde [8], melamine- formaldehyde [9],
cresol- formaldehyde [10], phenol-resorcinol-formaldehyde [11], phenolic—furfural
[5], melamine—formaldehyde, polyurethanes, and polyureas [7]. The wet gels are
transformed into aerogels by supercritical drying, subcritical drying, freeze-drying
and ambient drying [12,13]. The obtained organic aerogels are then converted into
carbon aerogel by carbonization in an inert atmosphere. The physical/chemical
activation is further needed for the better performance of CA to use as an SCs
electrode. Which further increased their cost. Hence the fabrication of economical
carbon aerogel with abundant functionalities, and hierarchical pore structure is still
challenging. Also, the use of as-synthesized CA to fabricate SCs electrodes needs to
be focused to reduce further fabrication cost.

In this work, carbon aerogel was synthesized by polycondensation reaction of
RF to get hydrogels followed by solvent exchange with ethanol and supercritical
drying at 255°C. These RF aerogels are then carbonized at 800°C to get carbon
aerogel. The prepared aerogel showed a pearl-like linked structure with plentiful
pores. Further, the presence of disordered carbons offers better electrode-electrolyte
interactions and surface functional groups which resulted in good supercapacitive
performance. The as-prepared low-cost flexible electrodes showed specific
capacitance (Cs) of 113 F/g in 1 M Na>SOys electrolyte with a wide potential window
of 1.9 V without any further activation.

2. EXPERIMENTAL SECTION
2.1. Materials

Resorcinol (R) (C¢Ha(OH)2, 99%), Formaldehyde (F) (HCHO, 37% in water),
Sodium carbonate (C) (NaxCOs, anhydrous, 99.5%), Ethanol (C2HsOH,99.9%) and
flexible stainless- steel mesh (FSSM) 300 mesh size used for deposition was
purchased from Zain corporation, Pune, India.
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2.2. Synthesis of Carbon Aerogel Monolith

The RF hydrogel was prepared by polycondensation reaction of resorcinol and
formaldehyde with double distilled water used as a solvent and sodium carbonate
(Na2CO:s) as a catalyst. The wet RF hydrogel was prepared by pouring a solution of
resorcinol: formaldehyde: double distilled water: Na>COs; in the molar ratio
1:2:0.47:0.0001 in a cylindrical test tube and kept at 40°C for hydrogel formation.

Y

¢
bR | . Py L] ’ ® Sobr 1 e, . p WX s
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Aok ! — - )
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Schematic-1. Schematic of synthesis of Carbon aerogel.

After 18 hrs the gel is formed and then immersed in ethanol for solvent
exchange to exchange the water from the pores of hydrogel with ethanol. After 72
hrs of immersion in ethanol the hydrogel was turned into alcogel at this step water in
pores was replaced by alcohol. This RF alcogel was then subjected to supercritical
drying in ethanol medium and the system was kept at 255°C with 30-minute hold
time. After cooling at room temperature, the RF aerogel was obtained. This RF
aerogel was kept in tube furnace for carbonization to get carbon aerogel in N2 flow at
800°C for 1 hr. Then the furnace was allowed to cool at room temperature and
aerogel was labelled as carbon aerogel. Schematic-1 showed the synthesis route
adopted for the synthesis of carbon aerogel.

2.3. Fabrication of Working Electrode

To prepare electrodes for supercapacitor the carbon aerogel block was grind to make
powder. The electrode was prepared by screen printing method by mixing carbon
aerogel powder, carbon black, and polyvinylidene fluoride in weight ratio 8:1:1 with
N-Methyl-2- as a solvent. The slurry was coated on the FSSM and dried for 12hrs at
90°C.
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2.4. Characterizations

The structural properties of synthesized carbon aerogel were characterized by X-ray
powder diffractometer (XRD, Model: D8. Advance, Bruker Germany), Fourier
Transform Infrared (FTIR, Model: PN: 1010948106, Bruker Germany)
Spectroscopy, and Raman Spectroscopy (Model: Renishaw INVIA 0120 -20,
Renishaw UK). The morphology and elemental analysis of the prepared sample was
characterized by Scanning Electron microscopy (SEM, Model: JSM 6360, JEOL Ltd.
Japan). The surface wettability study was done by Water contact angle meter.

2.5. Electrochemical Setup

The electrochemical performance of the prepared carbon aerogel electrode was
characterized using three electrode system. The carbon aerogel powder screen
printed on FSSM used as a working electrode, Platinum as a counter electrode and
Saturated Calomel electrode used as a reference electrode. The electrode
performance was tested through Cyclic voltammetry (CV), Galvanostatic Charge
Discharge (GCD), and Electrochemical Impedance Spectroscopy (EIS) in IM
Na>SOy electrolyte using BioLogic vmp3 potentiostat. Formulae used to calculate
specific capacitance from CV and GCD is given below

Specific capacitance from CV [14]

1

v2
5= Ywa-v Jyr 1 DAV

The specific capacitance from charge-discharge curves
1At
Cs = m(V2-v1)
Where, Cs = specific Capacitance, I (V)= current (A), v= Potential scan rate (V/s), At
= discharge time, V> — V| = Potential window (V), m= mass deposited on electrode
surface.
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3. RESULTS AND DISCUSSION

To confirm the structure of prepared material the XRD study was done. Figure-1
showed the XRD pattern of prepared carbon aerogel. The two peaks observed at 23
and 44" corresponds to the (002) and (100) planes respectively [14]. The XRD
showed amorphous nature of material. The broadening of both peaks depicted the
formation of disordered carbon and pointing towards the low degree of graphitization
[15]. To study the various functional groups, present in sample FTIR spectroscopy is
used.

Carbwn \erogel — arlwm Vevugrl

L LM

(am)

Tetenvity
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Figure-1. XRD of carbon aerogel. Figure-2. FTIR of carbon aerogel.

The FTIR spectra of prepared carbon aerogel is shown in Figure-2. The
Peak observed at 1050 cm™ is due to the methylene ether linkage (CH-O-CH>)
formed during polycondensation of resorcinol and formaldehyde [16,17]. The
stretching between carbon -carbon is indicated by peak at 1560 cm™ and C=O is the
most common peak observed in any carbon -based material present at 1860 cm™.
However, the peak at 2928 cm™! corresponds to the symmetric stretching between C-
H present in alkyl groups [18]. The intense and broad peak observed at 3400 cm™ is
an indicative of -OH groups. During carbonization the methylene bridge decomposed
and form the CH»-OH and CH» which is evident of broadening of peak at 3400 cm!
also the surface functional groups like carbonyl, carboxyl groups [19]. The presence
of all these functional groups enhances the wettability of material and boosts the ion
accession on the surface of electrode which in turn increase the capacitive
performance.

The Raman study helped to study the nature of disordered and graphitic
carbon present in sample. The two characteristic peaks for carbon material were
observed at 1342 and 1586 cm™ corresponds to the D and G band respectively as
shown in Figure-3. The D band indicate the presence of turbo-static carbons which

Page 32



are connected to the oxygen based functional groups like carbonyl, carboxyl and
hydroxyl groups [20] whereas G band is related to the sp? hybridised carbons in
structure [21]. The ID/IG ratio of prepared carbon aerogel is 0.99 which is a clear
indicative of presence of disordered carbons [6] and well matches with the XRD
results showing less degree of graphitization.

In case of supercapacitors the morphology plays a vital role as the charge
storage and other faradic reactions took place on the surface of electrode. For EDLC
the surface with abundant meso- and micro porous structure with interconnections is
very important [14]. The mesopores stored the ions of an electrolyte whereas the
micropores provide the short ion diffusion path and reduce the internal resistances
[22]. Figure-4 showed the SEM images of prepared aerogel. The prepared aerogel
showed a 3D porous structure with interconnected pearl chain like structure [16].
This porous structure act as a reservoir to electrolyte ions and enhances the
performance.

Carbon Avwogel
$ A, =am
-
2
o ivee o few 1%ee
Faomam bt (om )

Figure-3. Raman spectra of carbon aerogel.

Figure-4. SEM images of carbon aerogel at 5 and 10 pm respectively.
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3.1. Electrochemical Performance:

To evaluate the electrochemical behaviour of prepared carbon aerogel electrode the
CV, GCD study was done using three electrode system in 1M Na»SO4 electrolyte.
The use of neutral electrolyte is advantageous over acid or alkaline electrolytes as
they worked over large potential window (~2.2V), as well as having low cost and are
environmentally friendly than organic electrolytes and ionic liquids [23]. Figure-5a
showed the CV curves of carbon aerogel over a wide potential window of 1.9V. The
shape of curves is quasi rectangular which showed the EDLC behaviour. From CV
analysis the highest value of specific capacitance was 113 F/g at 5 mV/s scan rate
and for 100 mV/s the capacitance was 30 F/g. With increased scan rate the area
under CV curve increased but value of capacitance decreased. This is due to a higher
scan rate the electrolyte ions did not get sufficient time to interact with electrode
material resulted into lower capacitance value and vice versa.
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The GCD curves are shown in Figure-5b. The curves are quasi triangular in
Figure -5. a) CV curves of Carbon Aerogel electrode at different

scan rates b) GCD curves of Carbon Aerogel electrode at different
current densities C) Nyquist plot of Carbon Aerogel electrode.

nature indicating the fast charge discharge process takes place on surface of carbon
electrode surface. For current density of 2mA/cm? the value of capacitance is 80 F/g.
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Additionally, the small IR drop (0.3V) also observed in GCD curve suggesting the
resistance offered by electrode material. In this range the material did not participate
effectively in charging discharging process resulting in poor value of capacitance
[24,25]. With increased current density the IR drop also increased indicating that at
higher current the material surface was not properly utilized by all electrolyte ions
which caused the decrement in capacitance value.

Figure-5c¢ showed the Nyquist plot of as prepared carbon aerogel electrode
recorded in frequency range 1lmHz to 1MHz. The semicircle appeared at the high
frequency region corresponds to the charge transfer resistance (Rct) and the value of
Rei is 35 Q. The initial intercept on X axis is referred as a solution resistance (Rs) and
for this electrode the Rs is 3Q2 as shown in inset. The combined effect of these two
resistances may cause the decrement in the electrochemical performance of
electrode. The steep slope appear in the nonlinear part at intermediate frequency
region is an evident of EDLC behavior and showed the resistance offered to bulk
electrolyte by porous structure of active material [26].

9 e — . I_—l--l.:bnl.hrn#rl_
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Figure-6. Capacitance retention after 2000 GCD cycles of Carbon
Aerogel electrode at 20 mA/cm? current density in 1M Na2SOu.

Figure-6 showed the retention in capacitance value of as prepared carbon
aerogel electrode after 2000 GCD cycles. The prepared electrode showed good
retention of 80% of its initial capacitance value after 2000 cycles. The 4% decrement
in capacitance value is observed after 1000 cycles indicating the decreased number
of active sites for ion interaction. The further decrement in performance up to 2000
cycles are due to both less ion active sites and the weak connection in between
substrate and active material. As the electrode was screen printed so the connection
between active material and substrate is weaker than those films on which material is
directly grown.
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Table 1. Supercapacitive performance of carbon aerogel derived from
different drying methods.

Electro Potential Specific
de Drying Activati | Electro | Substra . pe
materi method on lyte te window | capacitance | Ref.
al (V) (¥/g)
Supercritic M
CA al CO, CO, H.SO - 0-0.8 95 (5mV/s) [9]
drying 2
Ambient 6M 119
CA drying KOH KOH SSM -1 (10mV/s) [27]
Supercritic M
CA al CO» - LSO Pt mesh - 100 (2 A/g) | [28]
drying 2o
CA gﬁ;‘:ﬁ; i Egg?/[ : 036 | 1733 A/ | 1291
Benzox Supercritic
azine | UHLS ] 6M ] y 19905 | 5,
based i in2 KOH A/g)
CA ying
CA ﬁ?ﬁfgt - Hg& SSM 0-0.7 | 81 (10mV/s) | [31]
Supercritic M
CA al CO, - NaCl - -1 130 (1mV/s) | [32]
drying
Supercritic M This
CA al in - NSO SSM -1.9 113 (5mV/s) | wor
ethanol 42504 k

Table-1 summarized the supercapacitive performances of carbon aerogels
derived from different drying methods reported by various research groups [9,10,27—
32]. Herein the electrodes prepared by the pristine carbon aerogel obtained by
supercritical drying using ethanol. These electrodes tested in neutral electrolyte-1M
NaSO4showed 1.9 V potential window with specific capacitance 113 F/g (5 mV/s).

4. CONCLUSION

In conclusion, a pearl-like, interconnected, and porous structure of carbon with
porosity was observed in the prepared aerogel. This aerogel has a lot of surface
functional groups, which improves surface wettability and raises capacitance. The
prepared carbon aerogel was used as an electrode for EDLC and showed highest
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capacitance 113 F/g in 1M NaxSOs electrolyte. The choice of neutral electrolyte
helped to increase the working potential window. The good retentivity in capacitance
was observed due to the 3D and uniform interconnected network of carbon structure
which facilitate the flow of electron and the porous network bestow the plentiful
active sites for ion interaction. Such low cost, flexible carbon electrodes were proved
themselves as a good candidate for supercapacitors with wide potential window used
in various applications like the energy storage devices.
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ABSTRACT

In present paper, effect of critical power on propagation of super Gaussian laser
beam in collisional plasma is studied theoretically. In present study, the
nonlinearity considered herein due to non-uniform heating of carriers along the
wavefront of the laser beam. Nonlinear differential equation is obtained using
extra paraxial method. The dielectric constant (€) of collisional plasma and
eikonal are expanded upto r*. The regions of critical power are obtained and
propagation of super Gaussian beam is studied within these regions. Results are
found interesting and shown graphically and discussed.

KEYWORDS
Super gaussian beam, Collisional plasma, Self-focusing, Critical power.

1. INTRODUCTION

In last four decades, the physical phenomenon of laser-matter interaction is
studied extensively. The high intense laser through the plasma has wide range of
applications like plasma-based accelerator [1,2], optical harmonic generation
[3,4], X-ray lasers [5], new radiation sources [6] and inertial confinement fusion
with fast igniter scheme [7]. Mostly used model for self-focusing of laser beam in
the plasma is basically based upon the standard WKB and Paraxial Ray
Approximation (PRA) through a nonlinear parabolic wave equation [8-10].
Various investigations have been done on the nonlinear propagation of Super-
Gaussian laser beam in the plasmas [11-15]. Sartang [16] highlighted ring like
structure in self focused beam. Ring formation and collapse dynamics of super
Gaussian beam have been studied by Grow [12]. Mishra [17] and Faisal [18]
have identified region where ring formation occurs and paraxial theory is valid.
Prime interest of paper is to study effect of critical power on propagation of beam
in collisional plasma. So to study effect, region of critical power is calculated.
Propagation of beam is studied using extra paraxial approach. Present paper is
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organized as follows: In section 2 nonlinear differential equation of beam width
parameter is obtained. Discussion of result is done in section 3. Finally brief
conclusion is in section 4.

2. FORMULATION

Consider Super-Gaussian beam propagating through collisional plasma along Z
direction. The electric field of beam is given as

E(r,z) = A(r,2)Expli(kz — wt)] (D

where A(r,z) is complex amplitude of electric field, k = %\/6—0 is propagation

constant and w is frequency of beam. A field distribution of Super Gaussian beam
propagating along Z direction in plasma may be given as

2 E?2 - a,r? N a,r* ( T )Zm )
=— ——t+——)xexp|—|—
f? rozfz 7"04f4 P Tof @)
where m is Super Gaussian coefficient, f is beam width parameter, parameters,

a,, a, symbolises deviation of beam profile from super Gaussian nature. And the
eikonal is given as

r? r4
S:SO+SZ_2+ 54_4_
To To

where S, symbolises spherical curvature of beam and S, symbolises deviation
from spherical nature. Using the field distribution given in equation 2 and
following analysis of Faisal [18], one can obtain following equations for Super-
Gaussian coefficient m = 2 as

2
_ 1y df
a3
Ay ~ (4)
2 2 2
a’f a;—-8 &fp 1 deydf c
A&z eyf3 €g  2€p df dé ®)
dzs 1 5 Sidf S, dey  €4p?
bl L (e Sa) Y Side et
dé? 2€0f° 4 fdé 2e,déE  2¢,

Tow z
where p = Cp E=—=.

Similar equations observed for Super Gaussian beam in Gill [15].
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The effective dielectric constant of collisional plasma is given as

2
Wp | Wp

2 aA?
e=1- oz Tz (2+aA2) (7

4mnge? e?

is plasma frequency, a = — o Here e is the charge on

where Wy =

electron and A is wavelength of laser used. Substituting value of A% from equation
4

(2) in equation (7) and expanding € as series in rL upto :—4, one can get
0 0

3 r? r4 8
€= € roz €2 7'3 €4 ( )
Where
wp
2 "\ o2
—1__P4_ N 7/
€ =1 a)2+(2+P) 9
2
2a,P <%)
=——= 10
2= TP 1 2)2 (10)

(1)2
(w—’;) (4P?% + 3a%P? + 8P — 2a2P)

€e = 2f2(P +2)3 (1)
A3

a
where = —=.
f2

3. RESULT AND DISCUSSION

Equation (5) is nonlinear second order ordinary differential equation governing
the variation of dimensionless beam width parameter along dimensionless
distance . Numerical solution of equation (5) can be obtained using initial
af
ag
beam P is replaced by critical powerP, = aA43. So RHS of equation 5 becomes
function of P, as follows

conditions f = 1,— = 0, S4= 0 and a,= 0. Under critical conditions, power of

a; —8  €p?

F(Py) = (12)

0 €o

Necessary numerical parameters are 1, = 20 x 10™*cm, w = 1.78 x 10rad/sec,
no=5x10¥ cm™3,p =11.84,a, = 1.2.
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Region 1 Region 11 Region 111
0<Py,<0.19 0.19 < Py <20.94 Py > 20.94

To study effect of power on propagation of super Gaussian beam, one has to
consider Figure-1. In Figure-1, three regions of power are observed.

Table-1. Regions of Critical Power.

Figure-2 shows variation of beam width parameter along normalised
distance of propagation. Self-focusing of beam is observed in region I and III
while steady defocusing of beam observed in region II. Trapping of beam is
observed at P, = 0.19 and P, = 20.94. Hence Figure-2 supports investigated limits
of critical power of beam.

)

15§

Lk

FiPy)
Foegion |

k] 2 LY
.\".\.'.
o e -
Region 11 W ooy
= 10 20 30 40
Fy
2.0 :
FiS ran | Figure-2. Variation of f vs § for
' .y different critical powers
1-5¢ i re
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Figure-1. Variation of F(P,) along
Py.
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1.

4. CONCLUSION

In present study, propagation of super Gaussian in collisional plasma is studied.
Nonlinear differential equation is set up using extra paraxial approach. Effective

4
dielectric constant is extended up to :—4 Effect of critical power of beam is
0

studied. Regions of critical power of beam is calculated. Critical power of beam
can influence propagation of beam in a collisional plasma.
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ABSTRACT

It is widely known that the self-focusing length Rn and diffraction length Rd play
crucial role in propagation dynamics of Gaussian laser beam in non-degenerate
germanium having space charge neutrality under ponderomotive nonlinearity. The
key interest of present theoretical investigation is to study the effect of interval of R =
R&/R, to sustain the competition between the phenomena of diffraction and self-
focusing during beam propagation. The differential equation governing the
dimensionless beam width parameter (BWP) f is achieved by using Wentzel—
Kramers—Brillouin (WKB) and paraxial approximations and solved it numerically by
utilizing Runge-Kutta fourth order method. To explain it further the plot between
function F(R) against R is studied. The behavior of the BWP f with the dimensionless
propagation distance & under various intervals of R is examined by numerical
estimates. It is found that the self-focusing length and rate of defocusing changes
with R. The results are presented graphically and discussed.

KEYWORDS
Gaussian, Self-focusing/defocusing, Self-trapping, Germanium.

1. INTRODUCTION

Many novel phenomena were seen and a great deal of interest was generated by the
study of how high intensity laser beams interacted with different types of material
media. One of the crucial and most fascinating aspects of non-linear optics is self-
focusing. Numerous non-linear optical phenomena, such as stimulated Raman and
Brillouin scattering, optical breakdown of gases, two-photon absorption, etc., are
significantly impacted by self-focusing [1-3]. An intense laser beam can shrink when
propagating in a material medium through the influence of self-focusing was first
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proposed by Askar’yan in 1962 [4]. Pilipetskii and Rustamov registered the first
experimental observation of self-focusing by taking pictures of small luminous
filaments stimulated in organic liquids by a focused Ruby laser beam [5]. The work
in the area of self-focusing resulted in a numerous of controversies and many review
articles about self-focusing were published [6-11]. Among these analyses on self-
focusing, Akhmanov et. al. [6] have been introduced the self-focusing of laser beams
for nonlinear media and its pedagogical straight forward development to plasmas by
Sodha et. al. [9]. The self-focusing phenomenon is third order nonlinear effect. When
the laser beam incidents on plasma, it modifies the dielectric constant results in
modification of the refractive index of plasma and hence laser beam self-
focuses/defocuses. There are three prime mechanisms of self-focusing in plasmas: (i)
relativistic, (i1) collisional, and (iii)) ponderomotive force. Self-focusing of laser
beams has wide range of applications such as inertial confinement fusion ICF, laser
wakefield acceleration, higher harmonic generation, generation of THz radiation,
laser-driven plasma acceleration, X-ray lasers etc., [12-17]. Some following different
kinds of laser beam profiles have been explored for the studies of propagation
dynamics like Gaussian beams [18-23], Cosh-Gaussian beams [24-27], Hermite
Gaussian beams [28], Hermite-cosh-Gaussian (HChG) beams [29-32], Quadrupole
Gaussian beams [33], elliptic Gaussian beams [34], Super Gaussian beams [35], and
g-Gaussian beams [36, 37], etc., in the plasmas has attracted the attention of the
many researchers since last two decades.

The present study explores the propagation dynamics of Gaussian laser beam
in non-degenerate germanium having space charge neutrality. In present medium the
nonlinearity is induced because of the non-uniform heating and consequent
redistribution of carriers in the presence of an electromagnetic beam. The current
theoretical investigation is carried out under parabolic wave equation approach via
WKB and Paraxial approximations [6, 9].

2. THEORETICAL FRAMEWORK

Consider a field distribution of Gaussian laser beam of the following form
propagating along z axis

E = A(r,z) expli(wt — koz)] .......... (1)
where, ko = (w/c) /&y , kois the wave number, ¢ is speed of light, and w is

frequency of laser beam used. The effective dielectric constant of the medium
through which laser beam propagates can, in general, be written as [9].

e=¢&y+P(EE") .......... (2)
where, £, = 1 — (w,?/w?) and ®(EE") are the linear and nonlinear terms of the
dielectric constant w,, is plasma frequency w, = /4w n, e?/ my , where my, e, and
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n, are rest mass of electron, the electronic charge, and plasma electron’s density
without laser beam, respectively.

For the non-degenerate germanium, the nonlinear term of the dielectric constant is
given by [29].

2
D(EE) = La, (1 +:—h) AZ 3)

w?

with a, = (e2M /6 kzTyw?m?), where, kg, M, m, T, are Boltzmann constant, mass
of ion, electron mass, temperature of the plasma, respectively.

The propagation of laser beam in plasmas with effective dielectric constant € can be
governed by wave equation.

2 .
PE+ SeE+ 7(25) =0.......... &)

e
2
The last term in the equation (4) can be neglected provided that % | éVZ (In¢) | K

1. This inequality is satisfied in almost all cases of practical interest. Thus, the
equation (4) becomes,

2 w?
V°E + C—ZeE =0.......... 5)

Within the framework of WKB approximation, the equation (5) reduces to a
parabolic wave equation as follows

024 | 104 | w? N 4 _ i, 04

67-'- ;6_r+ C—2¢(EE)A— 2ik, S, (6)
Where,

A(r,z) = Ay(r,z) exp [—ikS(r,z)] .......... (7)

where, S is the eikonal of the wave and A, (7, z) and S(r, z) are the real functions of
r and z. From equations (6) and (7) by separating real and imaginary parts, one can

obtain
23+ () -5+ 2+ ok

and

26 1 (29 (248) 4 (254 229) g3 =
6z+ or or + 37‘2+r6r Ag=0.......... 9)

By following Akhmanov et al. [6] and Sodha et al. [9], the solutions of equations (8)
and (9) are given by

S=TB@+ ¢@ ... (10)
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and

where, ¢(2) is the phase shift, §(z) can written as G) (Z—]Zc) and it is the inverse of

radius of curvature, ro is the initial radius of the laser beam, f is beam width
parameter and it measures width of the beam as well as axial intensity. Following
approach specified by Akhmanov et al. [6] and subsequently developed by Sodha et
al. [9], we have obtained second order differential equation for beam width

parameter f as

agz  f*  f3R}
where, & = Rid,Rd = kr¢, R, = (2e912/,E?)Y/?, Ry, R, and € are diffraction, self-

focusing lengths and dimensionless distance of propagation respectively. The below
necessary numerical parameters are used in the present theoretical investigation:

me =~1x10728 g, my = 3 x1028 g, Noe = 1.5 x10P ecm, Ny = 1.4 x10"°cm™, w =2
x 10" rad/s, ro= 500 um, &, =1.2 x107 esu, Eg= 15 esu, To= 77 K.

3. RESULTS AND DISCUSSION

Equation (12) is second order nonlinear differential equation which gives evolution
of a laser beam during propagation to non-degenerate germanium. The first term on
right-hand side of the equation (12) gives to the diffraction divergence of the beam
which is responsible for defocusing while second term gives the convergence which
is responsible for self-focusing resulting from the ponderomotive nonlinearity. Under

2
initial condition (f =1, % =0and % =0at £ =0) the right-hand side of
equation (12) becomes,
F(R) = 4(1 — R?) (13)

Where, R = R;/R,,.

To explore the effect of R right at the beginning one must pay little attention
to plot shown in Figure-1. The plot can be conveniently studied for three distinct
regions as mentioned below.

Self-trapping region:
F(R)=0forR=1ie,R; =R,
Self-focusing region:

F(R) <OforR>1lie,R; >R,
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Defocusing region:
F(R)>0forR<1lie,R; <R,

The simple analytical approach leads to following limits for R is depicted in Figure-
1.

5
Defocusing Region
0
Self-focusing
-5
Self-Trapping Point
-10
0 0.5 1.0 1.5 2.0

R

Figure-1. Variation of F(R) as a function of R.
The limits of R investigated in above conditions can support the graph of

beam width parameter f versus normalized propagation distance ¢ as shown in
Figure-2. From Figure-2 the steady state defocusing of the beam is observed for R <
1 the beam undergoes defocusing.

Again, as R increases from 0 to 1 rate of defocusing is decreases. The beam
propagates without convergence or divergence (self-trapped mode) at exact value R
= 1. It is also evident from Figure-2 that the self-focusing is observed for R >1 and
as R increases from 1 the self-focusing length decreases. Such type of self-focusing
character of Hermite-cosh-Gaussian laser beams for various mode indices in non-
degenerate germanium having space charge neutrality has been previously reported
in earlier studies [29].
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Figure-2. Dependence of beam-width parameter f with respect to normalized
propagation distance &.

4. CONCLUSION

In the present theoretical investigation, the authors have explored analytically the
propagation dynamics of Gaussian laser beam propagating in the non-degenerate
germanium having space charge neutrality. The nonlinear differential equation for
beam width parameter f is obtained under paraxial and WKB approximations via
parabolic equation approach. It is observed that our investigation shows that pre-
conditioning of self-focusing and diffraction length at the beginning of propagation
can determine propagation dynamics effectively and self-trapping condition is
obtained.
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ABSTRACT

A simple hydrothermal approach is used in this work to deposit nickel phosphate
hydrate (NPH) microplates on the Ni foam. The compositional, morphological, and
electrochemical studies of NPH electrode was thoroughly investigated. An XRD
investigation of NPH material revealed a monoclinic crystal structure. The study of
SEM reveals a microplate-like structure. The electrochemical investigations of the
NPH electrode were performed in a 1 M KOH electrolyte across a potential range of
-0.2 t0 0.55 V vs SCE. At a current density of 10 mA/cm?, the NPH electrode shows a
specific capacitance of 104 F/g (21.66 mAh/g). NPH deposited on Ni-foam is a
competent electrode for energy storage devices.

KEYWORDS
Nickel phosphate hydrate, Supercapacitors, Electrochemical study, Hydrothermal.

1. INTRODUCTION

Electric vehicles (EVs) are becoming more popular owing to their environmental
friendliness. To run, modern EVs need to supply high power density along with
energy density. Because of its intriguing properties, a supercapacitor is an appealing
option among energy storage technologies [1]. Such as fast charging/discharging,
high power density, significant stable cyclic life, a simpler synthesis path than
batteries, and so on. SCs are split into two categories according to how they store the
charges: electric double-layered capacitors (EDLCs) (non-faradic) and
pseudocapacitors (Faradic).

Despite having a low energy density (0.1 Wh/kg), EDLCs have a high-power
density. As opposed to batteries, pseudocapacitors have modest energy and power
density. Different metal-based materials, including oxides [2], nitrides [3], sulphates
[4] and carbides [S] are explored in pseudocapacitors. They have good capacitive
capability as well as efficient cycle life. Various metal phosphates (MPs) [6] have
high electrical conductivity and customizable morphologies [7]. MPs offer a
variety of shapes [8]. Transition MPs have a wide variety of valence states [9].

Owing to their excellent chemical stabilization and catalytic characteristics,
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MPs are at the central core of many technological and economic concerns. MPs are
used effectively in various fields [10-16]. Due to its open structure with extensive
pathways and voids, phosphorus is the most intriguing contender and has reliably
sustained good ion/charge conductivity and storage capacity [17]. Because of their
various active sites, MPs with different micro/nanostructures have long been of
interest [18]. Chemical stability is provided by the structure's strong P-O covalent
bonds [19]. All transition MPs have some potential, but nickel phosphate stands out
as a particularly viable electrode material for energy storage applications.

To date, nickel phosphate has been fabricated by a diverse set of chemical
approaches [13, 20-27]. According to existing literature, the disorder, nonappearance
of grain boundaries, and smaller ion diffusion lengths of the hydrous phase of
materials make them more electrochemically active and stable than the crystalline
phases [28, 29].

gy Ammonium
N.ukcl . dihydrogen Urea
Nitrates = phosphate " 0.1 M e

Ol h’i - Q.’L _h’i‘
S Temperature
R 180 °C
——— Ni foam Time 8 hr
DDW . A

. : l NPH
) Electrode
\\‘-_ —-—{_/
Solution Preparation Teflon Liner Stainless steel autoclave

Figure-1. The hydrothermal synthesis of NPH electrode is shown schematically.

We used the simple hydrothermal approach on nickel foam to develop binder-
free nickel phosphate hydrate (NPH) in this work. On the nickel foam, NPH
microplates grow evenly. NPH microplates can be used as electrode material in
energy storage devices based on electrochemical performance.

2. EXPERIMENTAL SECTION
2.1. Synthesis of NPH Electrode
The hydrothermal technique is utilized to synthesize NPH electrodes. The chemicals

Page 54



(A. R.) were purchased from SRL (India) and were utilized as it is. The Ni foam was
bought from Vritra Tech., India. Firstly, 0.1 M nickel nitrate (Ni(NO3)2.6H>0), 0.1
M ammonium dihydrogen phosphate (NH4H2PO4) and 0.1 M urea (CH4N20) were
added to 80 ml DDW. The solution was then stirred for 15 minutes before being
transferred into a Teflon liner with precleaned nickel foam. After that, for 8 hours,
the hydrothermal was set to 180°C. After deposition, the electrode was then air-dried
at room temperature after being washed with DDW. The prepared electrode was
designated as NPH.

2.2. Synthesis Characterization Techniques

An XRD with Cu Ky = 1.5405 A was used to analyze the structural features of the
electrodes (Bruker Private Ltd., Germany, Model: D6 phaser). The surface
morphology micrographs were captured using SEM (JEOL 6360). The materials
FTIR spectra were obtained using a JASCO 4700 spectrometer (JASCO, Lisses,
France) using the KBr pellet method in the 4,000-400 cm™' wavenumber regions. A
potentiostat (PGSTAT302N Metrohm auto lab, Netherlands) was used to study the
electrochemical features of the electrode in a 1 M KOH electrolyte using CV, GCD,
and EIS. The working, counter, and reference electrodes were the NPH electrode, a
platinum wire, and the Saturated Calomel Electrode (SCE). Electrochemical studies
were performed on an active region (1 cm?) having ~5 mg/cm? mass deposited.

3. RESULTS AND DISCUSSION

The XRD method was used to analyze the phase and structural features of an NPH
electrode The vertical lines in Figure-2 represent the typical JCPDS card peaks. The
NPH sample exhibits monoclinic structure in the XRD pattern, with the most
prominent peak seen at 13.33°, belonging to the (020) plane. In addition to the most
prominent peak, 28 other peaks are seen at 11.32°, 18.35° 19.72°, 20.72°, 22.18°,
23.38°, 24.84°, 27.02°, 28.19°, 30.51°, 32.82°, 33.46°, 33.70°, 34.57°, 35.19°, 36.01°,
37.66°, 39.44°, 40.08°, 41.17°, 41.92°, 42.58°, 45.93°, 46.86°, 47.79°, 48.57°,
49.02°,and 51° which corresponds to (110), (200), (-101), (011), (130), (101), (-211),
(040), (031), (-301), (240), (-321), (-141), (330), (150), (141), (301), (-112), (-202),
(-341), (-251), (-222), (-161), (411), (132), (-332), (-402) and (431) planes
respectively. Here the XRD pattern is well match with JCPDS card number 00-033-
0951 (nickel phosphate hydrate) and 00-004-0850 (Ni foam). In the XRD pattern,
there is no additional peaks seen, confirming the purity of the sample. Crystallite
sizes of the sample is calculated using the Scherrer expression as [30],

092

D= (1)

- B cosB

Here A represents the wavelength of the X-ray, B denotes the full width at half
maximum, 0 refers to the Bragg angle and D symbolizes the size of the crystallite.
For the NPH sample, the computed crystallite size was 53.23 nm using highest
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Figure-2. XRD pattern of the NPH sample.
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Figure-3. FT-IR of the NPH sample.

The existence of several functional groups in the NPH was studied using FT-
IR analysis. The recorded FT-IR spectrum, is depicted in Figure-3. The vibrational
bands for (PO4) * group appears in between 520-640 cm™ (v4(F2)PO4>), 850-960 cm™
U (v4(F2)PO4*) and 1068 cm™ (v3(F2)PO4*) [24]. Furthermore water molecules
bending bands occurs at 1384 cm™ (v2(A1)H20) and 3000-3600 cm™ (vi(A1)H20)

Page 56



[31]. All of the FT-IR bands are consistent with the existing literature of NPH [32].
Figure-4. SEM images of the NPH sample.

4
4

SEM micrographs were acquired at 18 kV with magnifications of X 10,000,
X 5,000, X 2,500, and X 500 to better understand the NPH electrode topologies, as
shown in Figure-4. The NPH microplates are found to be evenly spread across the
Ni foam. The microplates have an average thickness ~1 pm. Zhao et al. [33] and
Liang et al. [34] found a similar plate-like shape of metal phosphate. The CV of the
NPH electrode was investigated at several scan rates (shown in Figure-5a) in a
working potential window ranging from -0.2 to 0.55 V vs SCE with strong redox
peaks indicating that pseudo-capacitance is dominating.
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Figure-5. a) CV (at scan rates of 10 — 100 mV/s) (b) GCD (at current densities of
10, 15 and 20 mA/cm?) of the NPH electrode in 1 M KOH aqueous electrolyte.

The following are the expressions to signify the electrochemical redox aspects of the
NPH electrode [35-37],

Ni;(PO,),.8H,0 + 30H™ © Ni3(P0,),.(0H*)5.8H,0 +3e~  (2)
Nis(PO,),. (OH")5 + OH™ & Nis(P0,),.(0%) + H,0 +e~ 3)
0+ 0° & 0, 1 4)

The NPH electrode showed a considerable area under the curve in the CV analysis,
showing that it had better electrochemical behavior [32]. At the high scan rate, at
which charges are stored at the surfaces hence, capacitive charge contribution rises as
the scan rate rises.

The GCD is a useful approach for analyzing and comparing electrode charge
storage capacity. Figure-5b. depicts the GCD curves of the NPH electrode. Because
of the presence of plateau during charging-discharging, the GCD profiles of the NPH
electrode show Faradic type behavior. The accompanying formulae were used to
calculate the electrodes' charge storage capacity,

_ Iq X td(S)
C=a (8)x AV(V) )

_ Iq(A) xtq(s)
SP. T m (g)x 3600 (6)

c(E)xvew

. Wh

Energy density (E) (k—g) =—%= — (7)
_ w, E ("]‘(’—gh)x 3600

Power density (P) (kg) i—— (8)

Where C denotes the specific capacitance (F/g), Csp represents the specific capacity
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(mAh/g), 14 signifies the current density (A), td represents the discharge time (s), m
refers the deposited mass (g), and V symbolizes the potential window (V). The
determined specific capacitance and specific capacity values for the NPH electrode
are shown in Table-1.

Table-1. Table displaying the supercapacitive properties of NPH electrodes at
different current densities.

) Energy
Current . Specifi Energ Power | Efficiency
. Specific c y .
density . . Rate ., | Densit (%) =
Sampl capacitan | capacit ... | Densit E densit
e code (a) ce y capabili y y ner%l ilinﬂ )
(mé/cm (F/g) (mAh/ ty ( %o ) (Wh/k (W/kg discharg in,_g
) ) Energy densit)
g) g) while
charging
10 104 22 100 8.13 750 91
NPH 15 68 14 65 5.32 1125 85
20 56 12 53 4.33 1500 82

To study the rate capabilities of the NPH electrode GCD techniques was
analyzed at varied current densities. The NPH electrode sustains specific capacitance
up to 53% at 20 mA/cm? relative to 10 mA/cm? as shown in Figure-5b. The rate
capability aspects of the NPH electrode are shown in Table-1. The NPH electrode's
electrochemical performance might be attributed to the uniform covering of NPH
microplates over nickel foam, which boosts the electrochemical performance. The
NPH electrode exhibits improved electrochemical characteristics as a result of all of
these aspects [20, 38, 39].

The electrochemical impedance of the NPH electrode was studied throughout
a frequency range of 100 kHz to 0.1 Hz with an open circuit potential and an AC
amplitude of 10 mV. The Nyquist plot of the NPH electrode is shown in Figure-6a.
Generally, the Nyquist plot is divided into two parts: the high-frequency semicircle
(which includes details on interfacial interactions) and the low-frequency vertical
line (data concerning capacitive behavior). Because of the binder-free grown
microplates, the NPH electrode does not display a semicircle in the high-frequency
area, indicating minimal or no charge transfer resistance. The electrolytic resistance
(Rs) for NPH electrode is 1.60 2, demonstrating a low internal resistance.
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Figure-6. a) Nyquist plot of the NPH electrode (in the frequency range of 100
kHz to 0.1 Hz). b) Graph of Specific capacitance and specific capacity as a
function of current density for the NPH electrode.

4. CONCLUSION

The simple hydrothermal approach was used to effectively produce nickel phosphate
hydrate electrode. XRD pattern confirms the synthesis of nickel phosphate hydrate
on 3D nickel foam. The occurrence of phosphate and hydrate groups in the electrode
is confirmed by FTIR spectroscopy. SEM images reveal the uniform growth of
nickel phosphate hydrate microplates on 3D nickel foam. The NPH electrode has a
specific capacitance of 104 F/g (21.66 mAh/g) at 10 mA/cm?, 8.12 Wh/kg energy
density, and 750 W/kg power density. According to the findings of the thorough
investigation, the synthesis of nickel phosphate hydrate microplates is beneficial for
boosting energy density. Ultimately, the use of low-cost synthesis material and
methodology will be beneficial for emerging energy storage technologies.
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ABSTRACT

Barium Titanate (BaTiOs) (BTO) nanospheres were synthesized using the simple
one-step Co-precipitation method. The prepared BTO samples were annealed at
950°C. The BTO sample with have been further characterized by various physico-
chemical techniques like XRD, FT-IR, FE-SEM, and EDS. The nanosized BTO
samples exhibit spherical morphology. The electrocatalytic activity study showed an
overpotential of 0.446 V at a current density of 10 mA cm™ and Tafel slope of 107
mV dec” in 1 M NaOH solution. The current study reports catalytic activity of BTO
sample with efficient OER finding its applications for catalysis.

KEYWORDS
Barium titanate, Electrocatalyst, FE-SEM, XRD, Nanosphere, Oxygen evolution
reaction, Tafel plot.

1. INTRODUCTION

Modern society has greatly benefited from the most cutting-edge technologies since
the first and second industrial revolutions. But these systems rely on exhaustible
carbon-based fuels like gas, coal, and oil. Due to the increasing demand for energy,
the constant depletion of non-renewable energy sources, and their effects on the
environment, the focus of scientific research has switched to the progress of
renewable energy resources [1-3]. Right now, fossil fuels supply 80% of that energy.
As we know, the stock of fossil fuels under the earth's crust is limited and will be
exhausted soon. Because of their origins, fossil fuels have high carbon content, hence
burning them releases carbon dioxide (COz) into the atmosphere which causes the
greenhouse effect [4-5]. Due to this, it is widely agreed that fossil fuels cannot be the
major energy supplier. This motivated intense research into the pursuit and
utilization of clean and sustainable alternative energy sources [6].
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The two half-reactions in total water splitting are the cathodic hydrogen
evolution reaction (HER) and the anodic oxygen evolution reaction (OER). OER
typically takes place at the anode and has complex kinetics since it needs to oxidise
two water molecules with four electrons, then remove four protons to create a
relatively weak O-O bond (eq". 1) [7-10].

2H,O - 4H' + Oy + 4e (D)

The structural and morphological changes in BTO can enhance catalytic
efficiency in OER reaction could be achieved by Co-precipitation. The present study
describe synthesis and electrocatalytic performance of BTO thin films. The impact of
structural and morphological characteristics of BTO thin film was examined. In order
to describe the ECSA (electrochemical active surface area) and Tafel plot will be
plotted, the relevant OER activities also evaluated using linear sweep voltammetry
(LSV) and EIS (electrochemical impedance spectroscopy) in 1 M NaOH electrolyte
solution.

1. EXPERIMENTAL SECTION
2.1. Chemicals

All analytical-grade materials have been used for the experiment. The chemical
includes Barium (II) Chloride [BaCl;-2H,O], Titanium (III) trichloride [TiCl3] and
potassium hydroxide (KOH) which have been obtained from Thomas Baker India pvt
Ltd. (Mumbai) and used as it is without further purification.

2.2. Synthesis of BTO Nanospheres

Barium titanate was synthesized using the co-precipitation method. In the first beaker
2.4428 ml of Titanium (IIT) trichloride (TiCl3) was slowly added to 50 ml of distilled
water at room temperature under continuous stirring, this is homogeneous solution.
In the second beaker, 1.8971 g of Barium (II) chloride (BaCl,-2H>O) was dissolved
in 50 ml distilled water under continuous stirring. After 20min both aqueous
solutions were mixed with continuous starring under room temperature then 3 M
NaOH solution was added into the solution to maintain the PH 13 at constant stirring.

Prior to deposition, a stainless-steel substrate (1 x 5 cm) was polished using
various polishing papers. The substrate was first washed with 1 M H2SO4 and then
applied to ultrasonic treatment to remove the greasy surface.

2.3. Characterizations

Morphology of BTO thin film was characterized by FE-SEM (field emission
scanning electron microscopy, Mira-3, Tescan Pvt. Brno-Czech Republic), X-ray
diffraction (XRD), (Bruker D2 phaser tabletop model) with a Cu Ka radiation
(1.5405A) was used to investigate the crystal phase of barium titanate. LSV (Linear
sweep voltammetry), CV (Cyclic voltammetry), and EIS (electrochemical impedance
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spectroscopy) measurements were conducted on an electrochemical workstation
(CHI608e, CH Instruments) using a three-electrode configuration. The elemental
analysis of samples was studied with EDS (energy-dispersive X-ray spectroscopy,
Oxford Instrumentations), inbuilt with FE-SEM. All the electrochemical tests were
carried out at room temperature.

2.4. Electrode Preparation and Electrochemical Measurements

The working electrode has been prepared BTO sample, using the mass proportionate
ratio of 80:10:10, carbon black and polyvinylidene difluoride polymer binder are
combined. A 1 cm x 1 cm section of SS was coated with a slurry of N methyl-
pyrrolidinone (NMP) and dried overnight at 80°C in a vacuum. Electrochemical
experiments were performed using a CHI-608E instrument with standard three-
electrode setup. The as-prepared sample were used directly as the working electrode
(1 cm x 1 cm) in 1 M NaOH as the electrolyte. Nernst equation (Eq". 2) was used to
convert the measured potential from the SCE scale to the reversible hydrogen
electrode (RHE) scale as

ErHE = Esce + 0.059 x pH + E'%ce  (2)

Where Ereg is converted potential vs RHE, Esce is the experimentally measured
potential vs reference electrode (SCE) and E’sc is standard redox potential of SCE
at 298 K (0.244 V £ 0.002 V).

By using the Tafel equation to fit a linear section of the Tafel plot, the Tafel
slope was calculated [8,11].

n=blogj+a (3)
2. RESULTS AND DISCUSSION
3.1. XRD

For the structural analysis of the sample, XRD was recorded in the 20 range of 10-
90°. Figure-1 shows the XRD pattern of the BTO sample. The XRD pattern of the
sample revealed the formation of BTO, with a tetragonal crystal structure [JCPDS
card no. #892475]. The diffraction peaks at angles (20) of 22.2°, 31.5°, 38.9°, 45.2°,
50.8°, 56.1°, 65.9°, and 75.0° are assigned to the (100), (110), (111), (200), (210),
(211), (220) and (310) planes of the BTO crystal lattice, with Lattice parameters
a=b= c= 4.03 A°. The crystallite size (D) of the sample are estimated from Scherer’s
formula [12].

091
- BcosO

4

Where all the symbols have usual meaning. The calculated crystallite size for BTO is
20 nm.
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Figure-1. XRD pattern of the BTO sample.

3.2. FT-IR

FT-IR spectra of the synthesized BTO material, Figure-2 the FT-IR spectra of BTO
material in the range of 4000-400 cm™!. The peaks look as if in the range of 400-800
cm! is an M-O bond. The peaks at 560cm! are given to Ti-O stretching modes. The
individual peaks at 1446 cm™' may be dispensed to stretching vibrations of a carbon-
oxygen bond. The individual band at 1645 cm™! specifies the bending / stretching
mode of C-O. The specific broadband seems at 3450 cm™ assigned to the stretching
mode of the O-H bond. From the FT-IR analysis, the formation of BTO material is
confirmed by the existence of the Ba-Ti-O bond [13].
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Figure-2. FT-IR of the BTO sample.
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3.3. FE-SEM and EDS

The FE-SEM image of BTO sample is shown in Figure-3A. It is found that the
surface morphology of BTO shows clear nano-spheres is observed. It is observed that
the diameter of nano-spheres increases with an increase in the particle size of
material due to the interconnected nano-spheres. In the study of chemical
stoichiometry quantitative analysis technique EDS was used. Figure-3B shows the
recorded EDS spectrum on a selected area of the BTO sample by the co-precipitation
method exhibited elemental peaks only for barium (Ba), titanium (Ti), and oxygen
(O) substantiating the presence of the important elements in the as-synthesized BTO
as shown in table 1 compositional analysis of BTO. The present sample study shows
that the prepared BTO consists of O, Ba, and Ti. These results indicated confirmed
the formation of BTO nanosphere.

.
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Figure-3. A) The FE-SEM and B) EDS spectra of the BTO sample.

Table-1. Compositional analysis from EDS of BTO sample.
Sr.No. | Sample Weight %

Oxygen | Barium | Titanium

1 BTO 52.26 28.46 19.27

3. Electrochemical Measurement

Electrochemical properties of BTO sample were measured by LSV and CV
techniques to analyse OER activity. Figure-5 A shows the LSV curves for OER at a
scan rate of 10 mV s in electrolyte solution using 1 M NaOH. The polarization
curve of BTO sample has a distinct oxidative peak at 0.446 V versus RHE, it reached
the overpotential of 446 mV at the current density of 10 mA cm™. At the same time,
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the current density of BTO sample shows an obvious increase in the potential range
of 0 to 0.7 V. The electrocatalytic activity of the prepared perovskite BTO toward
OER has been examined by using Tafel linear polarization measurements. Figure-5
B Tafel curve verified in the potential region of Oxygen evolution for the platinum
electrode. The BTO sample exhibited an overpotential of 446 mV at a current density
of the 10 mA cm and Tafel slope of 107 mV dec™.
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Figure-4. CV of the BTO sample.

Cyclic voltammetry (CV) is a powerful analytical technique to study
electrochemical reactions, which is presented in Figure-4. In the solution of NaOH
cyclic voltametric study is performed by using the standard three-electrode system
such as stainless steel (SS) substrate as cathode, platinum electrode as anode and
SCE as the reference electrode. The voltametric curves are scanned in the potential
range of 0.00 to 0.45 V vs SCE. The typical cyclic voltammograms recorded for
BTO sample substrate electrode in an aqueous solution mixture at different scan rate
at room temperature an enlarged view of the CV curve.
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Figure-5. A) LSV and B) Tafel plot of the BTO sample.
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The electrochemical impedance spectroscopy (EIS) measurement can be
processed at the electrode-electrolyte interface can be better understood. Figure-6
illustrations representative Nyquist plots designed for BTO sample from 10 Hz to
100 KHz by the amplitude of 10 mV. illustrations of representative Nyquist plot for
all the samples with the current collector (CC) and 1M NaOH as an electrolyte. The
inset shows the equivalent circuit electrodes Figure-6 for EIS. The equivalent circuit
is made up of two resistances one Rs is solution resistance and another R is charge
transfer resistance. It is seen that the Rs value of BTO thin film in NaOH is 2.61 Q
cm, respectively. Also, Re value of the BTO sample is 78.41 Q cm™.
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Figure-6. EIS of the BTO sample and the equivalent circuit model.
4. CONCLUSIONS

The BTO nanospheres was synthesized by a simple Co-precipitation method. The
structural properties of XRD shows BTO has a tetragonal crystal structure. FE-SEM
image shows BTO has a nano spherical morphology. EDS is confirmed that product
contains only oxygen, barium and titanium having atomic weight 52.26, 28.46 and
19.17% respectively. The of BTO sample for the OER exhibited an overpotential of
446 mV at a current density of the 10 mA cm™ and Tafel slope of 107 mV dec™'. The
electrochemical impedance spectroscopy measured the Rs value of BTO thin film in
NaOH are 2.61 Q cm?2, respectively. Also, R¢c value of BTO thin film is 78.41 Q cm”
2
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ABSTRACT

Air ions play an important role in the determination of air quality and healthy
environments for human beings living environment. The positive and negative air
ions are measured in Chickpea (Cicer arietinum) Phule G-12 variety and Papaya
(Carica papaya) of Pusa Delicious variety and Guava (Psidium guajava) of variety
Lalit at rural station Bhilawadi (India) with help of Gerdien type air ion counter.
These vegetation areas showed a remarkable count of negative air ions than positive
air ions in the early morning, and midnight and lower in mid-day and late afternoon.
The pollution index is the ratio of the number of positive air ions to the number of
negative air ions. It is an air quality symbol. For a healthy human, it should be less
than one. In Papaya, it is found to be 0.71, for Chickpea and 1.0 for Guava 0.9,
which is good for human beings’ health. Papayas and Chickpeas show enormous
convergence of negative air ions. Radon exhalation, transpiration, and
photosynthesis are generators of negative air ions. Thus, Chickpea, papaya, and
Guavas are natural air ionizers and air purifiers.

KEYWORDS
Air ions, lon counter, Transpiration, Photosynthesis, lonizer, Pollution index.

1. INTRODUCTION

Air ions have an electric charge and conductivity. Air ions are produced by natural as
well as artificial activities. They are produced by cosmic rays, Radon exhalation,
shearing forces of water (Lenard effect), lightning, corona discharge, and plant-based
air ion generation [1-3]. Out of this negative air, ions are beneficial for humans.
There are three types of air ions viz small, intermediate, and large depending upon
their size and mobility. They are harmful or beneficial is depends upon their
concentration and proportion in the air. Headache, fatigue, high blood pressure,
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nervousness, decrease in work productivity occurs due to a higher quantity of
positive air ions [4]. Negative air ions have a positive impact on human health. We
feel happy, delightful, and relaxed, and breathe easily due to the presence of negative
air ions [5].

The level of serotonin (5-hydroxytryptamine) in the blood decreases due to
negative air ions [6] which affects mood and pain relief. Nowadays, air pollution has
become a major environmental risk for public health.

The global burden of disease may be reduced by reducing the level of the
pollution index. According to WHO, approximately 1.3 million deaths occur
worldwide in developing countries due to indoor and outdoor air pollution.
Vegetation canopies can act as a sink for gaseous as well as particulate air pollutants
also [7]. Generally, there are three ways to remove air pollutants by plants from the
air A) absorption by the leaves, B) deposition of particulate matter on the surfaces of
leaves, and C) fallout of particulate on the leeward side of vegetation due to slowing
of air movements [8].

The seasonal variations in the level of air pollutants depend upon
meteorological factors like temperature and relative humidity. Higher humidity
causes the settling down or washing of atmospheric particulate matter by
precipitations [9]. The attachment of small ions to aerosol particles depends upon the
mobility of air ions [10,11]. Air ions having high mobility are attached to the aerosol
particles and settle down on the ground [12]. In clean atmospheric places, the
concentration of aerosol particles is less and as a result, the concentration of air ions
is higher as compared to urban areas [13]. In this study, the measurement of air ion
concentration of Chickpea and papaya vegetation area enables us to understand the
plausible mechanisms for the generation of air ions and pollution index which affects
the air quality.

2. MATERIAL AND METHOD

Chickpeas (Cicer arietinum) Phule G-12 variety, Papaya (Carica papaya) of Pusa
Delicious variety, and Guava (Psidium guajava) of variety Lalit are cultivated in
rural areas Bhilawadi. Chickpea is a vital fix in Mediterranean and Middle Eastern
foods, utilized in hummus, and, when ground into flour, falafel. It additionally is
significant in Indian food, utilized in plates of mixed greens, soups and stews, curry,
chana masala, and other feast items like Channa. Being an amazing wellspring of
iron, calcium, nutrients C, A, E, folate, cell reinforcements, and different
supplements, chickpeas contribute vigorously to one's bone upkeep and improve the
body's iron ingestion limit [14]. Along these lines, osteoporosis and paleness can be
dealt with by the utilization of supplement thick chickpeas. Chickpeas have
dissolvable dietary fiber called raffinose which helps the colon in the stomach-related
interaction. It keeps up with that the gastrointestinal system is solid and encounters
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routineness by flushing out poisons. Harvest its benefit to the fullest to get by and
large stomach well-being.

Papaya is a low-calorie sweet-tasting natural product that is brimming with
nutrients and minerals. Also, the best part is you can partake in all aspects of the
organic product, from its tissue to its seeds. Papaya may likewise work as a
characteristic painkiller in light of the chemical papain [13]. This compound builds
the body's creation of cytokines, which are a gathering of proteins that assist with
directing irritation. The organic product might lessen the torment brought about by
joint pain and comparative conditions.

Guava is a tropical natural product that fills in the dry or damp hotness. Both
the meaty product of the guava plant and the leaves are consumable, with the organic
product frequently eaten as a bite and the leaves ordinarily bubbled into homegrown
tea. Guava is low in calories and fats yet conveys a few fundamental nutrients,
minerals, and cell reinforcement polyphenolic, and flavonoid intensifies that assume
an urgent part in the anticipation of malignancies, maturing, contaminations, and so
forth.

Khatav (16°57°N, 74°31’E), a rural station is 525 km away from Mumbai
(India). Figure-2 and Figure-3 shows the location of the site. The Krishna River is at
a distance of two kilometers away from this vegetation area. This vegetation area is
alongside the road which has a frequency of 4 to 5 vehicles per hour. Figure-1 shows
the instrument used for the measurement of air ions is Gerdien condenser-based air
ion counter which is designed and developed at Arts, Commerce & Science College,
Palus. It works on the principle that the concentration of air ions is directly
proportional to the air ion current [14]. This instrument is kept in a caged box at a
height of one meter above ground level. The instrument set consists of a Gerdien
condenser, data logger, Laptop with Rishcom software, and Op-amp AD549JH
circuit for conversion of the small ionic current into voltage, power supply, and
digital voltmeter. This low-cost instrument measures either positive or negative air
ions at a time. The diurnal variation means ion change in ion concentration in the
daily cycle that is completed every 24 hours. The time 00:00:00 to 24:00:00 is a
diurnal cycle. We have measured these variations of positive and negative air ions
for Papaya, Chickpea, and Guava. The air ion concentration in Papaya was measured
in January 2019, that of Guava is measured in November and December 2018, and
that of Chickpea in December 2019.
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Figure-3. Location of Khatav (India).

The air ion concentration of papaya is measured in January 2019 and that of
Guava in December 2018 and that of chickpea in the month of chickpea in December
2019. All readings are expressed into X 10? ions per cm®. For Papaya average count
of positive air ions in Jan 2019 is 1890 X 10? ions per cm®. The negative air ions in
Papaya are measured as 480 X10? ions per cm®. For Guava the average positive air
ions are found to be 1380 X 10? ions per cm® in December 2018. The average
negative air ions measured are 294 X 10? ions per cm’. Figure-2 shows a cracked
Chickpea vegetation area and an experimental setup kept in the Guava vegetation
area for the measurement of air ion concentrations. Figure-3 shows the chickpea and
Papaya vegetation area with an experimental setup for the measurement of air ion
concentrations in the rural area of Bhilawadi. The cracked field and chickpea
vegetation are shown in Figure-4. The vegetation of Guava with the experimental
arrangement is in Figure-5. Figure-6 indicates the vegetation area of Papaya at rural
station Khatav. The diurnal variation of positive and negative air ion concentrations
of papaya is shown in Figure-7.
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Figure-4. Vegetation area of cracked field of chickpea.

Figure- 5. Vegetation area of Guava. Figure- 6. Vegetation area of Papaya.
3. RESULTS AND DISCUSSION

The processes in the atmosphere produce small air ions. The primary air ions
produced by ionization are O, OH,, NO*, 0%, NO" CO*, 0%, N*, O*, ... most
common gases in the atmosphere. Complex water ions are proportional to humidity
[15,16]. These air ions are produced by transpiration, photosynthesis, and respiration
processes related to plants. Alpha, Beta, and Gamma decay from the cracked ground
is also responsible for the formation of air ions. They provide energy to produce air
ions. The average energy required for the generation of one ion pair for a- particle is
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35 eV. For B- particles, X-rays and y- rays are 33.8 eV [15-16]. The air ions
produced by Radon 222 disintegration are 6.4 X 10°.

In photosynthesis, oxygen is released and in respiration, Carbon dioxide is
released by plants. In transpiration, through cuticle and stomata, water-soluble radon
is released into the atmosphere which produces energy for air ion production along
with cosmic rays and electrode effect. Figure-4 shows the diurnal air ion variation of
the Guava vegetation area during January 2019 at the rural observatory Bhilawadi.

Figure-8 shows the diurnal variation of the chickpea vegetation area during
Nov and Dec 2019. The cracked field of chickpea releases more radon gas and other
radioactive radiations. The sticky and sour fluid of chickpea leaves attracts more
aerosol particles so negative air ions are more in this area as compared to positive air
ions. Geological factors and local humidity and temperature also affect the rate of air
ion production. It may differ from place to place. The negative air ion concentration
measured is 480 x 10? ions /cm>. The positive air ion concentration is found to be
1050 x 10? ions/cm’ in the morning session between 7 am to 11 am.
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Figure-7. Diurnal air ion concentrations of positive and negative air ions for
Papaya.
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The diurnal variation of air ion concentration of Guava vegetation for positive
as well as negative air ions during Dec 2018 was shown in Figure-10. From 6 am to
10 am concentration of positive air, ions are more. From 8 am to 11 am, the
concentration of positive air ions was found to be more. The temperature in guava is
24°C and the relative humidity is 37-39%.

Air ion concentration of Guava, Papaya, and Chickpea (Figure-9) is
measured between December 2018 and January 2019 at rural station Bhilawadi. For
the detection of air quality in the atmosphere, the pollution index and air ion
assessment coefficient, are two components. The average value of positive and
negative air ions is written in Table-1 given below. The ratio of the number of
positive air ions to the number of negative air ions is called as Pollution index or
unipolarity ratio. For clean and fresh air pollution index should be less than one
which is beneficial for human beings and animals. A pollution index greater than one
indicates that the air is not clean, it is polluted and harmful to human beings and
animals. The air ion assessment coefficient (C.I.) is the ratio of the number of
negative air ions to the one thousand times pollution index [16]. For best air quality
C.I. should be greater than one and C.I. less than one indicates poor and polluted air
quality. Table-1 shows the average number of positive and negative air ions,
pollution index, and air assessment coefficient of Guava, Papaya, and chickpea
vegetation area at rural station Bhilawadi. From Figure-11, it is clear that positive air
ions and negative air ions produced by Papaya, Guava, and Chickpea vegetation
areas are different but their average value is nearly the same. The generation of
positive and negative air ions by plants is also different at different time duration.
Table-1 shows the pollution index and air ion assessment coefficient of different
vegetation areas.
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Figure-10. Diurnal air ion concentrations of positive and negative air ions for
Guava.

The air ion assessment coefficient (C.1.) is the ratio of the number of negative
air ions to the one thousand times pollution index [17]. For best air quality C.I.
should be greater than one and C.I. less than one indicates poor and polluted air
quality. Table-1 shows the average number of positive and negative air ions,
pollution index, and air assessment coefficient of Guava, Papaya, and chickpea
vegetation area at rural station Bhilawadi. From Figure-11, it is clear that positive air
ions and negative air ions produced by Papaya, Guava, and Chickpea vegetation
areas are different but their average value is nearly the same. The generation of
positive and negative air ions by plants is also different at different time duration.
Table-1 shows the pollution index and air ion assessment coefficient of different
vegetation areas.

In the process of photosynthesis, oxygen is released into the atmosphere, and
in the respiration process, CO> oxygen is given out in the atmosphere. In the
transpiration process water vapor, which contains dissolved radon escapes into the
atmosphere. This radon gas emits alpha, beta, and gamma radiation. These radiations
provide energy for neutral oxygen, nitrogen, and CO; atoms, molecules which in turn
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are responsible for the production of positive as well as negative air ions in the
atmosphere. Thus, Papaya, chickpeas, and Guava produce positive as well as
negative air ions independently. Human activities, burning gases, and smoke from
factories increase the concentration of positive ions. Nature itself tries to balance ion
concentrations but artificial interference from humans may lead to harmful air quality
for all living things.

Table-1. The pollution index and air ion assessment coefficient of different
vegetation areas.

Average A Airi
. . o verage ir ion
Vegetation | Botanical P.()S{tlve Negative | Pollution | assessment | Air
Area Name arr IO;IS air ions Index coefficient | Quality
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papaya quality
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Psidium 172 190 and
. 21.1
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Comparision of positive and Negative air ions.
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Figure-12. Comparisons of the pollution index and air ion assessment
coefficient.
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The pollution index and air ion assessment coefficient of Papaya, Chickpea,
and Guava with standard error bars are shown in Figure-12. The results are the same
in their respective scales. From the graph, it is clear that among these vegetation
areas, Guava is found to have the best air quality free from air pollutants and
aerosols. These results are in good agreement with results drawn in the measurement
of air ions at Ramanandnagar [18,19]. In Australia, air ion concentrations in various
urban outdoor environments were found to be more positive air ions [20]. The result
from the atmospheric study of small air ions in a semi-Arid city in Northwest China
coincides with it [21-23].

4. CONCLUSION

The diurnal air ion concentrations of Papaya, Guava, and Chickpea are found to be
different. This air ion concentration depends upon the photosynthesis, transpiration,
and respiration of plants. Temperature and humidity also play an important role in it.
Air quality is best means it is rich in negative air ions. It contains less aerosol and
other pollutants. It indicates fresh air. This is the reason why negative air ions are
beneficial for human health. These natural negative air ions are a substitute for
artificial air ionizers and to achieve it one has to go into nature. The air ionization
rate depends upon the exhalation of radon from air and soil. It varies with time near
the ground of vegetation area so air ion concentration is also different. The
coefficient of unipolarity or pollution index in the diurnal variation of positive small
ions was found to be close to that of negative air ions. 1.e., 1 and 0.9 for chickpeas
and Guava in the cold (winter) season. Our measurement of air ion concentration
shows that negative air ions are more in Papaya and Guava during the morning
period. But, for chickpeas, it is more from 10 to 11.30 am. The air quality in Papaya,
Chickpea, and Guava is fresh, pure, and good.
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