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ARTICLE INFO ABSTRACT

Keywords: In this work, we demonstrated for the first time, use of Europium doped lanthanum silicate
Lafsliha““m silicates nanoparticles (LS NPs) as electrodes for supercapacitor applications. Europium (Eu**) doped (5
Eu mol%) LS NPs were synthesized by green solution combustion method using Mexican mint leaf
Eﬁ? extracts. Various analytical techniques such as High-Resolution Transmission Electron Micro-

Cyclic voltammetry scopy (HRTEM), Selected Area Diffraction (SAED), Powder X-ray Diffraction (PXRD), Fourier

Galvanostatic charge discharge Transform Infra-Red Spectroscopy (FTIR) and Diffuse Reflectance Spectroscopy (DRS) techniques

Supercapacitor were used to confirm the morphological and structural characteristics of the synthesized nano-
particles. The HRTEM and SAED patterns confirms the formation of NPs having agglomerated
structure with a particle size less than 50 nm. The PXRD patterns reveals crystalline cubic
structure for the NPs. Further, the FT-IR spectra reveal the successful doping of Europium in
Lanthanum Silicate NPs. The DRS (Diffuse Reflectance Spectroscopy) studies confirm the reduced
band gap for Europium (Eu3+) doped (5 mol%) LS NPs. Cyclic voltametric and electrochemical
impedance spectroscopy experiments were performed in an alkaline medium to compare the
electrochemical activity of Eu>* doped LS NPs with that of their undoped counterpart. The Eu3*
doped (5 %) LS NPs electrodes attained a specific capacitance of 373.3 Fg'! at a current density of
0.5 Ag™ in comparison to pure LS NPs which is about 267 Fg™!. The long-term stability of the Eu>*
doped (5 %) LS NPs electrodes show excellent stability up to 4000 cycles of operation in com-
parison pure LS NPs electrodes. Doping of Eu®" had a favourable effect on the conductivity and
electrochemical activity of LS NPs. Due to favourable green combustion synthesis, superior
electrochemical performance, these Eu>* doped LS NPs could be potential materials for new
generation supercapacitors in energy storage applications.

1. Introduction

The Nanoparticles (NPs) distinctive optical, chemical, physical, mechanical, electrical, and radiation-detection capabilities make
them useful in a wide variety of applications, including medical imaging systems, flat-panel displays, electroluminescent and
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optoelectronic devices [1]. Nowadays, the rare earth-doped lanthanum silicates are attracting a lot of attention because of their
remarkable electro-optical, photo-electric, nonlinear, and piezo-electric capabilities, as well as their exceptional chemical and physical
stability [2]. Many different methods exist for synthesizing these silicates, including the following: the oxalate synthetic route, the
combustion method, the wet chemical method, the solid-state reaction method, the citric-gel method, the optical floating zone method,
the reaction-sintering method, the coprecipitation/calcination method, the microwave-assisted solvothermal method and many more
[3-7]. Supercapacitors, often referred to as electrochemical capacitors or ultracapacitors, are rechargeable energy storage devices that
store energy as charge on the electrode surface or subsurface layer after converting chemical energy into electrical energy through
electrochemical reactions. Supercapacitors may produce high power because of the ease with which they release energy from the
electrode surface, in contrast to batteries that store energy in bulk material. This is made possible by the charge being stored on the
electrode surface. Because the charging and discharging process takes place on the electrode surface rather than causing significant
structural alterations to electroactive materials, supercapacitors have exceptional cycling ability. Supercapacitors, which currently fall
between electrochemical batteries and conventional capacitors, are therefore seen as a promising alternative to batteries, particularly
for applications requiring maximum power, long cycle life, operational stability, fast charge-discharge time, low level of heating,
appropriate dimension/weight, and low cost [8-12]. They are also seen as a viable replacement for batteries in the areas of load
levelling and electrical energy storage devices.

Supercapacitors (SCs), with their higher capacity and high-power density at lower cost, have been acknowledged as a significant
potential and extended cycle life/energy storage device for the next generation. Based on how they are built and stored, capacitors are
divided into three categories: electrochemical, electrostatic, and electrolytic. The first generation of electrostatic capacitors, they are
made up of two additional metallic plates that are spaced apart by air or an insulating material like mica, wax, ceramic and plastic
parts, etc. The dielectric medium of the second-generation capacitors is supplemented with electrolytic content. The conducting
electrolyte and metal foil functions as an anode (positive electrode) and cathode (negative electrode) of the dielectric medium,
respectively [13,14]. By using an etching technique, a thin oxide layer has been added to the anode surface, serving as a dielectric layer
to prolong the charge’s duration. At that point, the capacitance of a standard electrolytic capacitor can increase to millifarads. The
third generation of capacitors was constructed by using ceramic material combined with fine ferroelectric nano particles. Although
these are employed in intricate electronic circuits, military-grade applications need the robust and durable capacitors that are designed
with higher capacitance.

Tender perennial of the Lamiaceae family, Mexican mint (Plectranthus amboinicus, syn. Coleus aromaticus) is grown as a deco-
rative pot plant in Japan [15-18]. The southern and eastern regions of Africa were home to this species. Its pleasant scent and ease of
proliferation by cuttings have led to its widespread cultivation in recent times. Several nanoparticles have been synthesized in the
recent past using Mexican mint as a primary source [19,20]. Synthesis of novel nanoparticles/nanocomposites using biological
methods has been recently emerged as a cost-effective and efficient strategies to prepare the electrodes for energy storage applications
[21-23].

Si, one of the most fascinating inorganic multifunctional materials, that has been extensively applied in diverse applications
including sensors, electronics and opto-electronics [24,25]. In last few years, Silicon based nanomaterials and their composites have
been widely used in energy storage and conversion [26,27]. In comparison to comparison to commercially available graphite mate-
rials, Si exhibits much higher reversible capacities due to their high theoretical capacity (such as 4.4 Ah g-! for a Li4.4Si form) and are
considered as the next-generation electrode materials (anodes) for energy storage [28]. Yet, Si or Silicate based materials undergoes
drastic volume expansion issue during the continuous charge-discharge cycles, that leads to the pulverization of Si products and results
in rapid decrease of reversible capacity [29]. Furthermore, the typical electroconductivity hinders their performance in practical
energy storage applications [30]. Hence, these silicates are modified to form suitable composite material and further doping by rare
earth materials. Hao Wan et al. and others, their advantages and have discussed in detail about the structural, physical and chemical
features of various silicate materials suitable for energy conversion and storage, their advantages and drawback as well as suitable
remedies [31-33].

In this work we report the facile biological synthesis of Europium (Eu®") nanoparticles using Mexican mint extracts. The
Lanthanum silicate NPs were synthesized by combustion technique and doped with (Eu®h) nanoparticles. These Eu®* doped
Lanthanum Silicate NPs were characterized by several analytical methods to study their morphological, structural and chemical
features. The electrochemical performance of the fabricated electrodes based on Eu" doped Lanthanum Silicate NPs were examined
through cyclic voltammetry (CV), Galvanostatic charge-discharge (GCD), impedance spectroscopy (EIS) analysis in 1M KOH elec-
trolyte. The specific capacitance of the novel fabricated electrodes was examined and their stability was tested for 4000 cycles of
charge-discharge cycles.

2. Experimental
2.1. Preparation of plant extract
Mint leaves collected, weighted (10 gm) and washed with distilled water to remove the impurities. Washed leaves boiled for about

15 min with 100 ml distilled water. Boiled Extract cooled and filtered through Whatman filter paper. Filtered, obtained plant extract
used for the synthesis of LNPs nanoparticles, extract stored in refrigerator for further study.
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2.2. Preparation of LNPs

10 mmol solution of the Lanthanum silicate were prepared in the distilled water and the prepared solution reduced with the
prepared plant extract with 9:1 ratio. Prepared 10 mmol solution of the metal precursor were keep at 60°C under constant stirring, as
the solution temperature is reached at 60°C plant extract is added dropwise to the reaction and then stand the reaction for 2 h with
constant stirring and heating. Formation of NPs was confirm by the change in color of the reaction solution and UV characterization
study, synthesized NPs washed several time with distilled water and ethanol. Particles were dried in hot air oven at 50-60°C and
further characterization were done.

2.3. Synthesis of Eu®" (5 mol%) doped LS NPs

The Eu®' (5 mol%) doped LS NPs were synthesized using the green solution combustion process. A stoichiometric amount of
Lanthanum nitrate (La(NO3)3.6H20: 99.99 %, Sigma Aldrich Ltd.), Europium nitrate (Eu(NO3)s3, 99 %, Sigma Aldrich Ltd.), fumed
silica, and Mexican mint leaf extract in a Petri dish with doubled distilled water, ensuring an oxidizer-to-fuel ratio of 1 [34]. After-
wards, the uniform reaction mixture is introduced in a hot furnace that has been preheated and kept at a temperature of approximately
450 + 10 °C to form a foam like mass. At first, the solution boils, turning it into a see-through gel. Then reaction mixture undergoes
dehydration and smouldering, with liberation of large quantity of gaseous products leaving behind the white powder. The whole
process only takes around 10 min, and the exothermic combustion process supplies all of the energy needed for the synthesis. Using an
agate mortar and pestle, the product was ground into a fine powder. In addition, the crystallinity was enhanced by calcining the sample
at 950 °C for 3 h. The above procedure was repeated for preparing the pure LS NPs sample without Eu>* for comparative purposes and
flowchart of synthesis is shown in Fig. 1.

2.4. Characterizations

PXRD was used to describe the phase formation of the powder sample using an X-ray diffractometer (Shimadzu) that used CuKo
(1.541 A) radiation at 50 kV and 20 mA while scanning at a rate of 2 min per minute through a nickel filter. To examine the surface

La(NO3)3+502 Mexican mint plant
+Eu(NO3)3 Leaves extract

300 ml distilled water

Heterogeneous
aqueous
redox mixture

Dehydration

Heated in a muffle
Furnace for 450 °C

Spontaneous ignition
And liberation of toxic gases

Formation of foam
like mass

Calcination at 950 °C
For 3 hrs

Eu3* (5 mol%
doped LS NPs)

Fig. 1. Flow chart for the preparation of Eu>* (5 mol%) doped lanthanum silicate NPs.
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morphology, we employed a JEOL JEM-2100 EDS (accelerating voltage up to 200 kV, LaB6 filament) with a 1.5 A TEM resolution.
Various chemical and functional groups present in the obtained nano ferrites was analyzed through Fourier Transform Infrared
Spectroscopy (FTIR) (Thermo Nicolet, Avatar 370 -India). The optical properties in terms of optical absorption for the synthesized
ferrites was investigated using UV-visible spectrometry (Perkin Elmer-Canada).

2.5. Preparation of working electrode for electrochemical studies

Working electrode was fabricated using graphite powder, synthesized LS NPs (pure and Eu®* doped) and PTFE solution in the ratio
0f 15:70:15 % (0.075 g: 0.350 g: 0.075 g). After that, a nickel mesh was attached onto the sheet, to form a highly conductive surface. To
further enhance contact, the glued electrodes were pressed for 3 min at 20 MPa. To facilitate a strong connection between the elec-
trodes and the electrolyte, a 30-min soak in 1 M KOH was carried out prior to their use. The electrode and wire on the circuit’s negative
side were insulated with Teflon tape. A detailed flow chart and schematic representation of work carried out in this study is illustrated
in Fig. 2.

3. Results and discussion
3.1. PXRD studies

Fig. 4a displays the Rietveld refining pattern for doped LS NPs. The Thomson-Cox-Hasting pseudo-voigt function and the FULL-
PROF programme were utilised to fit the various parameters. Software called Diamond was used to extract the potential packing
diagram of LS NPs. For the cubic phase of LS NPs, the fitting parameters (Rp, Rwp, and «2) shows that the refined and observed PXRD
patterns coincide fairly well. The current sample’s GOF (Goodness of Fitting), which is determined by GOF = Rwp/Rexp, was found to
be approximately 0.95, indicating that the experimental and theoretical plots fit the data well [34].

As illustrated in Fig. 3, the PXRD of LS NPs doped with Eu** was produced via green solution combustion method with mexican
mint as fuel and it was then calcined at 950 °C for 3 h. The JCPDS card No. 53-0291, space group P¢3/m, point group symmetry Dzh,
and hexagonal ox apatite phase are all well indexed with all the prominent characteristic peaks of the PXRD pattern [35]. The
Debye-Scherrer formula (eqn-1) is used to determine crystallite size of NPs [36].

where A-wavelength of X-rays, p-Full width at half maximum (FWHM) of XRD peaks and the average crystallite size was observed in
the range of 30 nm.

Structural parameters of LS NPs like Inter planar spacing, volume, number of unit cells (n) in the particle (considering it to be
spherical in shape), micro strain, dislocation density, x-ray density, specific surface area, Stress (¢) and stacking fault (SF) were
calculated for the present material using the following relations (eqns (2)-(10)).

1 4|h*+hk+1*| P
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I

/
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Applications
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Fig. 2. Schematic representation of the work carried out in this study.
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Where M; molecular mass, N; Avogadro’s number (6.0223 x 10% particles mol ™)), a; lattice constant, and D represent the number of
La;(SigO27molecules per unit cell, ‘E’; the elastic constant or generally known as Young’s modulus of the material. Young’s modulus of
the Laj(SigO27 is 122 GPa. All the calculated values are given in Table 1.

ﬂcosez%-&-%sina ————————— an

where ‘¢’; the strain associated with the nanoparticles [36]. The above equation represents a straight line between ‘4sin®” (x-axis) and
‘Bcosd’ (y-axis) as shown in Fig. 4b. The slope of the line gives the strain and intercept of this line on y-axis gives crystallite size (D)
around 28.20 nm.

3.2. Transmission electron Microscopy (TEM) analysis

TEM investigations were conducted on LS NPs doped with 5 mol% Eu®* along with SAED, HRTEM, and the images are shown in
Fig. 5(a—c). All the particles are strongly agglomerated, as expected of combustion-synthesized products (Fig. 5(a—c)). Fig. 5d shows a
clear ring pattern in the chosen region electron diffraction (SAED) of LS NPs. According to the HRTEM (Fig. 5e), the interplanar
distance ’d’ was approximately 0.20 nm, which is very near to the 0.20 nm value for the (210) planes Fig. 6a shows the purity of the
prepared nanomaterials and Fig. 6b shows average distribution of crystallite size [37].

Table 1
Estimated crystallite size and strain values of La;oSigO27:Eu’* nanoparticles.
Parameters
Sample D dmm) VA% nx10®° Dx10* 5x 101 £ 6x10%(Pa) SF
(nm) (kgm™>) (kgm~3)72 x1073
Eu®* (5 mol%) doped LS NPs ((300) 30 0.39 562.12 6.244 2485 1.6773 1.781 227.932 0.4733

plane)
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Fig. 4b. W-H Plot of Eu®>" (5 mol%) doped LS NPs. Further, crystallite size of the doped nanoparticles prepared by combustion method is calculated
using the W-H plots (using eqn-11).

3.3. FT-IR studies

FTIR spectra of undoped and (5 mol%) Eu®* doped LS NPs recorded in the wave number range of 400-4000 cm ™! were presented in
Fig. 7. The observed band at 645 cm ™! is attributed to the La-O bond formation. A band appeared at 854 cm™! is attributed to Si—-O-Si
asymmetric stretch, while a band at 1063 cm ! corresponds to SiOg group. IR bands at 1500 cm ™ is due to the stretching vibration of
the surface silanol hydrogen bond (Si-OH) to molecular water and the peak at 2353 cm ™! corresponds to stretching vibration of O-H
group [38,39]. Addition of Eu®* into the lattice of LS NPs has not affected the FTIR spectra of LS NPs significantly except for the slight
change be due to structural modifications in SiOg network upon Eu* doping.

3.4. Raman spectroscopy

The Raman spectroscopy was used to analyze the microstructures of pure Lanthanum NPs and Eu®* doped Lanthanum NPs. The
Raman spectra of both the samples were depicted in Figure-8. The Raman spectroscopy was effectively analyzed using the optical
phonon vibrations of the molecules present in the sample. As it can be seen from the figure that the intense peaks in the Raman spectra
confirms the formation of Lanthanum Silicate NPs. The high intensity Raman absorption at characteristic 656 cm ™" confirms the cubic
phase of the crystal lattice as observed in case of XRD analysis. The characteristic broad peak around 656 cm ™ also indicates presence
of Bg phonon mode in the LS NPs, whereas the peaks at 438 cm ™! and 481 cm ™! indicates the presence of two Ag phonon modes. The
distortions in the Raman signal as observed in the spectra mainly arises due to randomly distributed vacancies in LS NPs. The char-
acteristic peak around 656 em ™! also indicates the RE-O bond and presence of oxygen vacancies in the sample. The doping of Eu®*
results in slight increase in peak intensity as well as broadening of characteristic peaks associated with LS NPs.
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(a)

Fig. 5. (a, b & C) TEM images (d) SAED pattern and (e) HRTEM of Eu** (5 mol%) doped LS NPs.
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Fig. 6. (a) EDAX b) Histogram of the Eu®" (5 mol %) doped LS NPs.

3.5. Diffuse Reflectance Spectroscopy (DRS)

The absorption characteristics of crystalline, powdered and nanostructured materials can be accurately through spectral bands
using DRS. The spectra show modifications when the spectrometer beam hits the sample and reflects, scatters and transmits through
the substance. In Fig. 9 (a), diffuse reflectance spectra of pure and Eu3t (5 mol%) doped LS NPs were shown. The absorption coef-
ficient, denoted as F(R), is used to plot the spectra. The optical energy band gap was calculated from the spectra via the Kubelka-Munk
equation (eqn-12) [38].

F(Re)hv = C(hv — Eq)" 12)

Where, F (R, )-Kubelka-Munk function, hv-photon energy, C-constant, Eg-Optical energy band gap, n-constant associated with different
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Fig. 7. FT-IR spectra of undoped and (5 mol%) Eu** doped LNs.
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Fig. 8. Raman spectra of undoped and (5 mol%) Eu®>* doped LNs.
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Fig. 9. (a) DRS and (b) Energy band gap spectra of pure and Eu®>" (5 mol%) doped LS NPs.

kinds of transitions viz., n = 1/2 for a direct allowed transition, n = 2 for an indirect allowed transition, n = 3/2 for a direct forbidden
transition and n = 3 for an indirect forbidden transition. Eu>* doped LS NPs may absorb UV and visible areas of solar radiation, as

indicated clearly in Fig. 9 (b), where the optical band gap of the resulting NPs was found to be 5.52 and 5.44 eV, respectively, acquired
by extrapolating the line to zero.
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3.6. Electrochemical studies

Electrode reversibility, charge efficacy, and charge-discharge properties of an electrode can be investigated using cyclic voltametric
curves. A range of scan rates were employed for the nanomaterial electrodes containing both pure and 5 % Eu®" doped LS NPs (as
shown in Fig. 10-a, b). Potential range from —0.25 V to 1.0 V was used for the CV studies against Ag/AgCl in 1M KOH electrolyte. These
results are compared with the redox behaviour of pure and 5 % Eu®" doped LS electrodes are crucial to the current study and shows
significant redox peaks. The CV curves indicate a pseudo capacitor behaviour than an actual electrical double-layer capacitor [39]. The
additive-treated electrodes have a higher capacity because La can be entirely oxidised to La®* in this mechanism [40].

Using eqn 13 and 14 for reversible processes developed by Randles-Sevcik [41], the height current is shown as

ip=2.69 x 10° x n*2 x A x D2 x Gy x v'/? 13)

The number of electrons transferred, rate of diffusion, size of the electrode, initial concentration and the scanning rate can be
represented using the variables n, D, A, C, and v respectively.

Co=E— - 14)

The density and the molar mass of pure and 5 % Eu®* doped LS electrodes were signified by p and M.

The relationship between ip and v'/2 are shown in Fig. 11. Hydrogen diffusion appears to be a limiting factor in the electrode
reactions of pure and 5 % Eu" doped LS electrodes, as seen via linear relationship between ip and v*/2. 5 % Eu®" doped LS electrode
material (5.717 x 10~> cm? s~!) showed an enhanced proton transport coefficient than the pure LS electrode (2.2322 x 107% em?™1),
according to our results.

The Electrochemical Impedance Spectroscopy (EIS) for all the samples were recorded in the frequency range 100 KHz-0.1 Hz. The
EIS spectra of pure and 5 % Eu>" doped LS electrodes are shown in Fig. 12, Warburg resistance is depicted by a slope in the spectra at
low frequencies, while charge transfer resistance is shown at high frequencies [42-45]. Since the electrode resistance drops
dramatically in presence of 5 % Eu>" doped LS electrode, it is clear that this electrochemical reaction occurs prior to pure LS electrode.
The increased electrochemical activity of 5 % Eu>" doped LS electrode compared to pure LS electrode is revealed by lower Ret and
higher Cdl values (Table 2) [46]. This result indicates that the presence of 5 % Eu®* doped LS electrode improves the charge transfer
process and its efficiency.

In circuit, W represents Warburg part that is within the low frequency region of impedance spectra; generally, for a plate-like
electrode, the Warburg slope is about 45° and is proportional to 1/CD'? (C is the concentration of diffusive species and D is the
hydrogen diffusion co-efficient). However, for porous electrodes and for those systems which involve a series of reactions; this relation
does not hold true [47]. The charge transfer resistance (Rct) and double layer capacitance (C) values measure the two-dimensional
figure at high frequencies as observed in the resistance plot (Fig. 12). A rise in the capacitance and lowering of the charge transfer
resistance on addition of Eu>* unambiguously manifests the superiority of LS electrode with 5 % Eu>* additive over pure LS electrode.

Figs. 13 and 14 depicts the GCD curves for pure and 5 % Eu>* doped LS electrode for the First 5, 1000th, 2000th cycles at a current
density of 1 Ag’}, these investigations were carried out in comparison to Ag/AgCl during 2000 cycles in potential window of 0-0.6 V.
Experiments were conducted to determine the electrodes’ durability, their charge-discharge functionalities. The 5 % Eu>" doped LS
electrode has the best cycle stability compared to the pure LS electrode (see Fig. 15).

Fig. 15 (a, b) displays the GCD curves for pure and 5 % Eu>* doped LS electrodes at varying current densities. The results show that
the charge-discharge curves seem more like those of a pseudo-capacitor than that of a standard electric double-layer capacitor. More
energy can be stored at higher current densities as more surface area is integrated along the current-potential axis. The capacitance at
each electrode was analyzed using the relation mentioned below (eqn-15) [48,49].

it

7777777 (15)

where, i-applied current, AV-potential range, At-time of a discharge cycle and m-mass of pure and 5 % Eu>* doped LS electrode.
Specific capacitance values of pure and 5 % Eu®t doped LS electrodes at various current densities are shown in Table 3, it shows high-
capacitance for 5 % Eu®" doped LS electrode. Even after 2000 cycles of charge-discharge in 1M KOH, the 5 % Eu®* doped LS electrode
taken more than 90 % of its primary capacitance.

At a current density of 0.5A/g, pure and 5 % Eu®* doped LS electrodes are shown to be stable up to 2000 charge-discharge cycles
(Fig. 16). After 2000 cycles, the voltage is seen to drop significantly in case of pure LS NPs, whereas for the 5 % Eu>* doped LS
electrodes, the decrease is marginal. After the completion of 4000 cycles of charge-discharge, the 5 % Eu®* doped LS electrodes show a
capacitance retention rate of nearly 90 %. The improved stability of the electrodes is attributed to the doping of Eu®" in LS NPs. The
electrochemical supercapacitor performance of the Eu>* doped LS electrodes investigated in the present study are compared with the
previously published literature on Lanthanum related materials and is depicted in table-4.

4. Conclusions
Using Mexican mint leaves extract as a fuel, nanocrystalline pure and Eu" (5 mol%) doped lanthanum silicate NPs were syn-

thesized through solution combustion approach, exhibiting remarkable physicochemical properties and enhanced electrochemical
performances. PXRD determined the NPs crystallinity, phase purity, and crystallite size, revealing that the samples contain a hexagonal
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Fig. 11. Relationship between cathodic peak current (i,) and square root of the scan rate (v'/ 2) of pure and 5 % Eu®* doped LS electrodes.
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Fig. 12. Nyquist plot of pure LS and 5 % Eu®" doped LS electrodes with fitted circuit.

oxapatite phase with crystallite sizes 30 nm. The electrochemical performance of pure LS NPs and Eu>* doped (5 %) LS NPs were
analyzed through CV, GCD, EIS and stability studies. The Eu®" doped (5 %) LS NPs electrodes attained a specific capacitance of 373.3
Fg'! at a current density of 0.5 Ag! in comparison to pure LS NPs which is about 267 Fg'!. The long-term stability of the Eu>* doped (5
%) LS NPs electrodes show excellent stability up to 4000 cycles of operation in comparison pure LS NPs electrodes. Eu>* doped (5 %)
LS NPs electrodes retain >90 % of its capacitance after 4000 cycles of operation. Due to cost effective biosynthesis, excellent elec-
trochemical properties and long-term stability, these Eu>" doped LS NPs electrodes could be potentially used in the fabrication of
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Table 2
Circuit parameters fitted with the EIS data.
Name of the Electrode Rs (Q) Ret (Q) Cdl (F) Proton diffusion coefficient (D) cm? s™*
Pure LS electrode 16.1 0.00395 0.000650 2.2322 x 107°
5 % Eu>' doped LS electrode 12.2 0.00299 0.000932 5.717 x 105
06-] First 5 Cycles 06-] 1000" Cycles 064 2000 Cycles
054 05+ 0.5
0.4 0.4 E 044
2 S z
£ 034 F 03 034
g 5 <
z g
0.2 0.2 024
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Time (S) Time (S) Time (S)
Fig. 13. First 5, 1000th, 2000th GCD cycles of pure LS electrode.
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Fig. 14. First 5, 1000th and 2000th GCD cycles of 5 % Eu®" doped LS electrode.
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Fig. 15. GCD curves of (a) pure and (b) 5 % Eu®" doped LS electrodes at various current densities.
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Table 3
Specific capacitance values in various current densities of pure and 5 % Eu®>' doped LS
electrodes.

Current density Specific capacitance (F/g)

Pure LS 5 % Eu®* doped LS

1A/g 86.8 121.7

0.9A/g 158.6 216.1

0.8A/g 214.1 296.3

0.7 A/g 250.3 344.7

0.6 A/g 261.9 365.8

0.5A/g 267.4 373.3

z
3
=
P
CE
& 0.2
) ——5% Eu*" doped LS electrode
1 —@— Pure LS electrode
0.1
0.0 L

T T T T
0 1000 2000 3000 4000
Cycle number

Fig. 16. The variation of potential with cycle numbers at a current density of 0.5 A/g of the pure and 5 % Eu>* doped LS electrodes.

Table-4
Comparison of Specific capacitance with previous literature Lanthanum NPs.
SLNo Material/Synthesis Electrolyte Specific Capacitance Reference
1 RGO/LaAlOj; (Hydrothermal) 1M KOH 283 Fg~! @0.5 Ag™! [501
2 LaMnO; (Hydrothermal) 1 M KOH 73Fg ' @ 0.5Ag! [511
3 LaNiO3 6 M KOH 422Fg-1@1Ag-1 [52]
4 LaFeO3 LiOH 16.43F g—1 [53]
LaCros 2440F g-1
5 LaMnOs/RGO/PANI 3 M KOH 111Fg'@25Ag! [54]
6 La; —XSrXMnOs3 1 M KOH 12Fg ' @1Ag™! [551
7 Eu®* doped (5%Mol) Lanthanum Silicate NPs 1M KOH 373.3Fg ! @ 0.5 Ag™! Present work

(Green Synthesis)

supercapacitors. Further, detailed studies on effect of Eu>* concentrations in LS NPs may lead to stabilizing these electrode materials
for technological applications.
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