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Abstract

Perovskite structures have great potential to act as multifunctional electrocata-
lysts with excellent surface chemistry, reactivity, and electrode kinetics for energy
storage and conversion. It is a big challenge to fabricate the bulk perovskite
material using low-cost and eco-friendly synthetic route along with desirable
characteristics, that is, exposed active sites. To address this issue, we synthesized
an important model perovskite material, viz. La; 35St 1sNiO4 (LSNO), using an
instantaneous flame synthesis technique. The current synthesis procedure is a
rapid and economical technique regarding raw material cost, synthesis duration,
and energy consumption, thereby eliminating the usual multi-step processing
compared to other reported techniques so far. The synthesized LSNO has been
characterized using various physico-chemical techniques such as thermogravi-
metric analyses (DTA/TG), X-ray diffraction (XRD), Fourier transform infrared
(FT-IR), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), electron
microscopy (SEM/TEM), etc. XRD analysis confirmed the formation of a single
phase of LSNO after sintering at 900°C for 12 h. In FT-IR spectra, the absorp-
tion bands were noticed at 520, 664, and 880 cm~! corresponding to the La-0,
Ni-O, and Sr-O vibrations. The energy dispersive X-ray spectroscopy (EDX) and
XPS studies showed the presence of La, Sr, Ni, and O elements which confirm the
purity and stoichiometry of LSNO. Here, we report the quick and hassle-free syn-
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1 | INTRODUCTION and BACKGROUND

The modern era of advanced energy storage and con-
version systems has great potential toward the growing
market for smart electronics and electrical vehicles (EVs).!
The continuous global industrial growth needs the mass
production and evolution of environment-friendly, eco-
nomical, portable, and green/renewable energy conver-
sion and storage systems with high power and energy
densities.* There are numerous energy storage and con-
version systems such as batteries (Li-ion, Na-ion, lead
acid, metal air, etc.), supercapacitors (SCs), solar cells,
fuel cells (FCs), and capacitors.* To meet the demand
of environment-friendly, high-energy density, high power
density, and excellent stability, FCs and SCs are the two
most promising energy storage candidates for electronics
devices and EVs.

Design of suitable electrode materials for robust elec-
trocatalysis is still challenging in energy storage and
conversion systems.’ Several types of electrode mate-
rials are being investigated, including carbon based
(graphene, nanotubes, etc.), transition metal dichalco-
genides, MXene, oxide, layered perovskites, etc. Cationic
substitution is a great tool to enhance electrocatalytic
reactions in oxide/perovskite materials.® Moreover, the
tunable bandgap, excellent conductivity, feasible mechan-
ical characteristics, hydrophilicity, abundant active sites
and tunable electrochemical features make MXene struc-
ture suitable, but aggregation and restacking of its layers
prove a hindrance. This leads to the prospective develop-
ment of other promising and functional materials for FCs
and SC applications.” Moreover, multifunctional compos-
ite materials are better alternatives for simultaneously pro-
viding structural stability and improved electrochemical
properties.®

ovskite, supercapacitor

thesis. LSNO showed excellent oxygen reduction reaction (ORR) activity with an
onset potential of 0.88 V versus Reversible Hydrogen Electrode (RHE), which is
lower than several existing perovskite-based electrocatalysts. This sample could
also be used as supercapacitor material. The galvanostatic charge/discharge test
showed stability even at high current densities with a capacity retention of 97.25%
even after 500 cycles. The superior ORR activity and electrochemical perfor-
mance of LSNO provides an impetus for exploring this economical approach
toward perovskite-based material synthesis for energy conversion and storage

electrochemical energy storage, flame synthesis, fuel cell, oxygen reduction reaction, per-

The cathode is the main intrinsic component of FCs
and SCs energy storage devices on which the power den-
sity, energy density, and efficiency of the system depend.
Nowadays, a trend has emerged to utilize the multi-
functional materials as the potential candidates for the
various device components to perform robust functions in
a plethora of industrial applications, that includes energy,
medicine, nanoelectronics, aerospace, defence, semicon-
ductor, among others.”!° The multifunctionality of these
materials mainly relies on the properties such as electri-
cal, magnetic, electrochemical, optical, mechanical, etc.!!
These multifunctional materials have tremendous poten-
tial to impact new system performance in any field (espe-
cially in energy storage and conversion) by reducing size,
cost, and complexity while improving catalytic efficiency,
safety, and versatility.'?

In the case of energy conversion, FCs have received
much research attention, but constant efforts are needed to
effectively apply them in industry. The main disadvantage
of FCs is the need for high operating temperatures,'® which
leads to accelerated performance degradation and imposes
strong demands on the materials that impede long-term
stability."* Till date, platinum/carbon (Pt/C) and other Pt-
based materials have been considered as state-of-the-art
catalysts for the oxygen reduction reaction (ORR)."> How-
ever, the use of FCs is limited by the slow ORR activity
at the cathode'® and the high cost of noble metal-based
catalysts used. On the other hand, non-noble metal-based
catalysts, especially transition metals as Mn, Co, Fe, and
Ni, are attracting significant interest due to their high
abundance and low cost, but the slow kinetics in ORR and
oxygen evolution reaction (OER) still pose a challenge to
commercialize the FCs.

On the other hand, SCs play a vital role in futuris-
tic electrochemical energy storage devices which require

85U8017 SUOWILLOD BAIE81D 3dedl|dde ay) Aq pausenob a1e Ssppile O 8sh JO SNl 10} ArIq1T 8UIIUO A1 LD (SUONIPUD-PUE-SULBI WO A8 | 1M Ae1q 1 U1 |UO//SANL) SUORIPUOD PUe SWie | 8U188S *[9202/90/50] Uo Akidiauluo Ae|im ‘ABojouyde | JO ensu| ueipu| Aq 9400, 89R(/TTTT 0T/I0p/L00 A3 1M Aleiq | Bul [0SO IWe80//:SdNy WOl pepeoiumod ‘TT ‘SZ0Z ‘9T62TSST



SINGH ET AL.

jour urnal 1 ses

high power density. The energy density, specific capacity,
capacity retention, and thermal stability mainly depend
on the electrode material. The scientists and technolo-
gists have started to explore the various perovskites mixed
with noble metals because it offers low cost, good electri-
cal conductivity, and transport electrons that result from
oxidation/reduction to the current collectors. Although
perovskites are abundant and cost-effective, their electrical
conductivity is low. To overcome these disadvantages, vari-
ous composite materials are being investigated for FCs and
SCs. By combining perovskite oxides with noble metals,
it is expected to improve the performance of SCs through
synergistic effects.”” Among them, perovskite materials
based on the ABO; formula (where A and B are cations
of different sizes and O is the anion)'® may be potential
candidates as electrode materials for FCs as well as SCs.
Therefore, there is a need to develop advanced materials
that can show good performance for both SC electrodes
and electrochemical water splitting systems simultane-
ously. The materials should also be low-cost and easy
to synthesize for the mass production for commercial
applications.

Herein, we investigate the La, gsSt( ;sNiO,4 (LSNO) per-
ovskite material as a multifunctional cathode material
for FCs as well as electrode material for SCs. The per-
ovskite structure of LSNO is very helpful in designing high
energy-density based SC electrodes.'® As per reported ear-
lier literature, Sr-doped LaNiO; via the sol-gel method
maintains significant porosity in this perovskite struc-
ture by precisely utilizing the Sr dopants. The doping
increases specific capacitance as well as retentivity.?’ Per-
ovskite oxides show the pseudo-capacitance behavior and
the oxygen vacancies of the material should be the charge
storage sites. Thus, the number of oxygen vacancies can be
increased to maximize the energy density. In bulk material,
the oxygen vacancies can be changed by partially substitut-
ing supplementary metal ions in the B-sites. In the current
studies, the Sr** doping distinctly increased its oxygen
vacancies.? In addition, perovskites have been shown to
have better photovoltaic and energy storage capabilities
than various other transition metal compounds and even
some precious metal oxides. However, further improve-
ment in perovskite performance is required, facilitated by
the preparation methods, substitutions, enhancement of
electronic conductivity, assembly process, and selection
of proper electrolytes.”” Lanthanum nickelates (LaNiO5)
belong to a relatively new family of nickelate-based com-
pounds. Additionally, there are multiple derivatives of this
structure including Ruddlesden-Popper (RP) oxides that
have a crystal structure represented as A, 1B, 03,41 or
equivalently (AO)(ABOs_ s),, Where n(BOg) octahedra per-
ovskite layers are separated by rock salt (AO)(OA) double
layers. Oxygen diffusion through vacancies within the per-
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ovskite lattice or through the rock salt layer of the RP
structure aided in the exceptional performance of these
oxides toward the OER.>*** These materials exhibit var-
ious electrochemical, magnetic, electrical, optical, and
electronic properties, making it a promising candidate as
electrode material for FCs and SCs. The present research
article for the first time emphasizes the multi-faceted
nature of lanthanum nickelates, RP oxides by providing
ease of fabrication, structural stability, highly crystalline
structures, and a discussion of its significance in energy
conversion systems for FCs and electrochemical energy
storage for SCs. So far, only a few works on dielectric
and ferroelectric properties of lanthanum nickelates have
been reported. However, a study by Cao et al."” reported
the formation process of lanthanum nickelates and Sr-
doped lanthanum nickelates through direct oxidation, but
it degraded the electrochemical abilities. As such, special
attention is placed on the strategic synthesis method of lan-
thanum nickelates and its energy applications for modern
devices such as FCs and SCs. In addition, easy fabrication
of doped lanthanum nickelates is sought after.

We report the flame synthesis technique to fabricate
the LSNO for the first time. Although there are several
traditional techniques reported so far for the synthesis of
lanthanum nickelates, for example, traditional solid-state
route, soft-chemical routes such as co-precipitation, sol-
gel, and hydrothermal etc., but the above-mentioned tech-
niques require tedious work, cumbersome handling, mul-
tistep, complex methodologies and utilizing high energy
and long-time during synthesis process. The current syn-
thesis process takes only a few minutes from weighing the
metal nitrates precursor to obtaining the precursor powder
of LSNO (~55-65 min), unlike the traditional solid-state
route (~10-60 h) and wet chemical methods (~10-55 h).

2 | EXPERIMENTAL

2.1 | Material synthesis

La; gsSro15NiO, (LSNO) was synthesized using a
temperature-induced rapid automatic flame synthesis
method. The process is efficient, simple, and saves time
and energy, making it promising for large-scale pro-
duction of LSNO. The chemicals used in the synthesis
La(NO3);.6H,0 (Alfa Aesar, 99.90%), Sr(NO3), (Alfa
Aesar, 98.00%), Ni(NO3),.6H,0 (Sigma Aldrich, 98.50%),
and 2-methoxyethanol (Alfa Aesar, 99.50%) were of ana-
lytical grade and used without further purification. The
stoichiometric amounts of La3* (13.5451 g), Sr>*(0.4498 g),
and Ni** (4.9187 g) metal nitrates were dissolved in
a ~150 mL amount of 2-methoxyethanol in a beaker,
sonicated for 10-15 min, and heated on a hot plate with a
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magnetic stirrer at 120°C-150°C to vaporize the organic
solvent. The ignition of metal ions resulted in the release of
a huge quantity of gas and a greenish flame. Within 15-20
s, a fluffy precursor powder of La; g5 Sr 15NiO, (LSNO)
was produced. Videos of the flame synthesis process can
be found in the supplementary information (Supplemen-
tary Video SV1). The obtained product was ground using
a pestle and mortar and sintered at 900°C for 12 h in an
ordinary electric furnace without pre-calcination.

2.2 | Materials characterization

The crystalline structure of the La; g5 Sry5NiO, sintered
powder, which was heated at 900°C for 12 h, was ana-
lyzed using X-ray diffraction (XRD, Rigaku Ultima IV,
Japan) with Cu K, radiation. Rietveld refinement of XRD
data using FULL-PROOF Software with a peak shape of
pseudo-Voigt in the 26 (°) region of 20°-80° was done to
examine the phase identification of LSNO. The morphol-
ogy and composition were examined using a scanning elec-
tron microscope (SEM, JEOL JSM6500F, Japan) equipped
with energy-dispersive X-ray spectroscopy (EDX) for ele-
mental analysis. X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Ka, USA) was conducted to investigate the
constituents and oxidation states of the material. Fourier
transform infrared (FT-IR, Shimadzu IRAffinity-1S, Japan)
spectra were obtained using KBr pellets with an appro-
priate component range from 400 to 1600 cm~!. Raman
spectra with a resolution of 4 cm™ were collected using
a Raman microscope with a diode laser (1o, = 785 nm,
power = 44 mW), a CCD detector, and a holographic grat-
ing (Kaiser Optical Inc., USA). The samples were placed
on a microscope stage, and the laser beam was focused
using a 10x/0.25NA objective lens to collect the spectra.
The particle size and crystallinity of the material were
analyzed using a transmission electron microscope (TEM,
JEM-2100F, Japan). The Brunauer-Emmett-Teller (BET)
surface area analysis of the LSNO was performed to deter-
mine the pore size distribution. Analysis was done by using
XRD, FE-SEM, and EDX at the total-period analysis cen-
ter for Ulsan Chemical Industry of Korea Basic Science
Institute (KBSI).

2.3 | Electrochemical characterization

231 | Fuelcell

The glassy carbon electrode (GCE) with an area of 0.196
cm? was cleaned by using 0.05-um alumina powder and
sonicated for 30 s, then left to air dry. The electrode was
then coated with a 1.0% suspension of La; g5Srq15NiOy,

which was fabricated by dispersing 10 mg of LSNO mate-
rial in 1.0 mL of N, N-dimethylformamide (DMF). The
suspension was sonicated for 30 min before being applied
to the GCE, resulting in the creation of a GCE/LSNO
modified electrode.

2.3.2 | Supercapacitor

Electrochemical measurements were conducted using a
two-electrode system in a 1 M Na,SO, electrolyte solu-
tion. The sample was prepared by mixing active material,
acetylene black, and polytetrafluoroethylene in the ratio
of 80:10:10 and dispersing the mixture into isopropanol.
The solution was then dropped onto two 1 mm thick
glass microfiber filter plates. A separate uncoated glass
microfiber filter served as a separator between the two
electrodes, and 1 M Na,SO, was used as the electrolyte.
The experiments were performed at a constant current
density of 1 A g~! with various scan rates, and the charge—
discharge experiment was carried out at a 1 V DC bias
voltage.

3 | RESULTS AND DISCUSSION

3.1 | Material characterization
The XRD patterns of LSNO shown in Figure 1 were ana-
lyzed to identify the crystallographic phase of the sample.
The various peaks present at different particular 26 angles
were taken with the LaNiOj; reference pattern (JCPDS 11-
0557). The XRD pattern of LSNO at 20 peaks: 24.2°, 28.4°,
31.5°, 33.4°, 42.8°, 44.6°, 46.7°, 53.03°, 56.1°, 58.5°, 65.5°,
68.9°,76.02°,77.5°, 85.6°,88.5°, and 96.4° were respectively
corresponding to (111), (004), (113), (020), (006), (024),
(220), (131), (026), (227), (315), (028), (331), (111), (045), (242),
and (139) Bragg peaks. The sharp peaks of the sample indi-
cate its crystalline nature. The average crystallite size of the
LSNO sample was determined using the Debye-Scherrer’s
equation (d = 0.91/8 cos 6, where k is the Debye-Scherrer
constantidentical to 0.9, 4 is the X-ray wavelength of 1.5406
A, B s the full width at half maximum of the highest peak,
and 0 is the Bragg angle in radians) and was found to
be 28 nm. Thus, the XRD results confirm that the LSNO
sample was fabricated in this process.'®

Moreover, Rietveld refinement of XRD data using FULL-
PROOF Software with a peak shape of pseudo-Voigt in the
26 (°) region of 20-80 was done to examine the phase iden-
tification of LSNO. The results are displayed in Figure 1B.
As can be seen from the figure, there is an excellent match
between the computed pattern (represented by the red cir-
cle) and the observed pattern (represented by the black
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FIGURE 1 (A)Indicates XRD pattern and (B) represents Rietveld refinement of XRD data of LSNO perovskite. XRD, X-ray diffraction.

line), which perfectly overlaps. A positive confirmation
of the single-phase development with tetragonal phase
belonging to the space group P42/ncm (lattice parameter,
a =b =5450174 A and ¢ = 12.693995 A) was obtained
by indexing all the peaks matching to LSNO with JCPDS
card No. 11-0557 and also, further no additional peaks were
observed during refinement of XRD data other than those
of the host materials. The goodness of fit of XRD data for
LSNO is also verified with the help of the lower value of
goodness of fit (y).>> The following formulae were used to
obtain the R-factors, which show the quality parameters
of the fits and show good agreement between refined and
experimental XRD data.?®

i | Yiobs = Yicall
Rp _ ( Zl iobs ical % 100 )

Zi |Yiobs|
1
2\ 2
Wi (Yiobs — Yical)
pr _ Zl i.\Liobs 12ca % 100 (2)
Zi Wi.(Yiobs)
1
—P 2
Rexp = < N—2> x 100 (3)
Zi Wi.(Yiobs)
Ryyp
= . 4
X Rexp 4)

In this case, the profile factor, predicted profile factor,
weighted profile factor, and goodness of fit of the XRD
data are denoted by R, Reyp, Ryp, and y, respectively.
Additionally, the diffractogram’s measured points, refined
parameters, degrees of freedom, variance inverse, inten-
sity computed at point ‘i, and intensity seen at point 4’
are denoted by the variables N, P, (N—P), W}, Yio,s, and
Yical, respectively. All the refined parameters such as space
group, lattice parameter (a,b,c), 2, R-factors in % (Rp,
Rexps Ryp), RF-factor (Rg), and Bragg’s R-factors (Rpragg)
are disclosed in Table 1.

eramic Society
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TABLE 1 Depicts refined parameters and reliability factor (R,,,

Ryp» Rexp) of LSNO ceramic.

‘Wp?

Formula La, 3581, 15sNiO,
Cycles of refinement 20

20 range (°) 20-80

Step (°) 0.010

x? 7.5

Crystal system Tetragonal
Space group P42/ncm
Crystallize size (nm) 128

Lattice parameters (a, b, c)

a=b=5450174 A, and ¢ =
12.693995 A

Veen (A%) 377.0674

FWHM (U,V,W) 0.436574, —0.172672,
parameters 0.049379

Ry, Ryps Rexpy (%) 21.5,19.6,3.32

RF’ RBragg (%) 6.192, 4.921

The FT-IR transmittance spectra of the LSNO sample
were recorded using ATR and are shown in Figure 2, which
represents the chemistry and formation of the sample. As
seen from the figure, the peaks of La-O, Ni-O, and Sr-O
were respectively found at 520, 664, and 880 cm~! due to
symmetric vibrations. A strong COO bond at 2338 cm™"
reveals the formation of carboxylate, which increases the
electrochemical activity. Furthermore, the peaks at 3735,
1750, and 1351 cm™! correspond to CO;2~, COO~, and C-O
bonds. A peak representing OH bending of water was seen
at 1630 cm™! in the spectra. The FT-IR analysis implies
that the LSNO sample has a lot of carboxyl groups, which
would help increase the Faradaic reactions and eventually
the supercapacitance.?’

The SEM micrograph (Figure 3A) shows the morphol-
ogy of LSNO. It exhibits an RP structure, consisting
of perovskite Sr doped LaNiO; and LaO layers with
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FIGURE 2 FT-IR spectrum of LSNO perovskite. FT-IR, Fourier transform infrared.
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analysis, and (D) high-resolution transmission electron microscopic image of LSNO perovskite. EDX, energy dispersive X-ray spectroscopy.
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FIGURE 4 TGA-DSC graph of LSNO perovskite. DSC,
differential scanning calorimetry; TGA, thermo-gravimetric.

homogenous distribution and some pores. Some agglom-
eration of grain can be seen, which may be due to the
overlapping of small grain. The grain size distribution his-
togram shown in Figure 3B indicates that the average grain
size is approximately 49 nm. The EDX analysis confirms
the elements present at the top in LSNO, as shown in
Figure 3C. The presence of all elements in LSNO con-
firms the purity of the synthesized material, similar to that
observed in reported literature.”

The TEM image shown in Figure 3D indicates that the
particles show aggregated faceted morphologies. The par-
ticles have a diameter size ranging between 1 and 3 um,
as measured from the TEM images. It is observed from
the TEM images that the particles are connected in such
a manner that forms a highly porous structure, which is
responsible for the enhancement of its specific surface
area, electrode contact area, and overall electrochemical
performance of LSNO."

The thermal stability of LSNO is important for its appli-
cations. Therefore, we performed thermo-gravimetric and
differential scanning calorimetry (TGA-DSC) analyses on
the sample. Figure 4 shows the weight loss occurring in
four steps. The first step, a weight loss of 10.6%, occurs
between 30°C-360°C and is mostly due to the absorbed
water and exothermic mass loss on the DSC curve at
around 360°C. The second weight loss of 3.2% taking
place at around 360°C-497°C is related to the burning of
excess number of organic species present in the precur-
sor powders. A weight loss of 2.7% occurs in the range
of 497°C-1000°C and sintering occurs at 814°C due to
decomposition of the intermediate. These results suggest
that LSNO is relatively stable around 800°C and after
that, obvious decomposition occurs leading to loss of
functionality.”’

The chemical environment and compositions of the
LSNO ceramic were evaluated through XPS spectra. All

the detected peaks of the expected elements (and absence
of any other elements) in LSNO ceramic with different
respective chemical environments are represented by wide
spectra in the XPS spectrum with binding energy range
from 0 to 1400 eV, and is shown in Figure 5A. The pres-
ence of these elements in the LSNO ceramic was justified
with the help of EDX and XRD results. Figure 5B reveals
doublet peaks of La 3d spectrum namely La 3ds;, and La
3ds/, located at 838.2 and 851.5 eV, respectively, confirmed
the existence of +3 oxidation state of La. The deconvoluted
Ni 2p spectra obtained by the Gaussian fitting method
for LSNO ceramic depicted in Figure 5C represents the
presence of two peaks, in which one of the main peaks
corresponding to Ni 2p3/, is located at binding energy
of 847.2-859.5 eV and the other peak located at 872.8 eV
described Ni 3d,;,,. A satellite peak is also found which
corresponds with the binding energy of 860.2-869.5 eV.
The peaks corresponding to the binding energy of 851.1
and 872.8 eV show the presence of Ni2* state, and with
the binding energy 855.2 eV, represent the +3 oxidation
state of Ni (Ni**) in the LSNO ceramic.’® The deconvo-
luted Sr 3d spectra were fitted with the help of the Gaussian
method that depicts doublet line of Sr 3ds;, and Sr 3d;,,
respectively in the high-resolution XPS spectrum of LSNO
ceramic, are represented in Figure 5D. Both of these lines
are located at 133.5 and 136.3 eV, respectively, and no other
peaks were observed despite these two peaks in the Sr 3d
spectra of the LSNO sample. The position of the main peak
corresponding to St 3ds/, located at 133.5 eV confirmed the
oxidized state of Sr, reported in the earlier paper.’! The core
level high-resolution XPS spectra of O 1s elucidates three
typical peaks named as O1, O2, and O3, respectively spec-
ified in Figure 5E. The respective peaks of O1, 02, and O3
are ascribed to their respective binding energy 528.7, 531.5,
and 533.4 eV, which are attributed to metal-oxygen (M°C-
0O) bond, oxygen defect with low-O, coordination, and last
were regarded as physisorption/chemisorbed water at the
surface of the materials.*?

3.2 | Electrocatalytic oxygen reduction
reaction studies

Cyclic voltammetry (CV) and linear sweep voltammetry
(LSV) responses were measured by purging with nitro-
gen (for nitrogen-saturated conditions) and oxygen (for
oxygen-saturated conditions) for 15 min in a 100 mL elec-
trochemical cell containing 0.1 M KOH. Figure 6 shows the
CV responses for the electrocatalytic ORR at bare GCE and
GCE/LSNO in the absence (i.e., nitrogen atmosphere) and
presence of oxygen, with a scan rate of 20 mV/s in a poten-
tial window from 0.0 to 1.2 V (vs. RHE). The CV responses
indicate that both bare GCE and GCE/LSNO exhibit no
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FIGURE 5 XPS, binding energy, and elemental characteristics curves (A,B,C,D and E) of LSNO perovskite. XPS, X-ray photoelectron
spectroscopy.
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FIGURE 6 CV responses of bare GCE (a, a’) and GCE/LSNO .
(b, b’) at 20 mVs~ in N, (a, b) and O, (2, b") saturated atmosphere. FIIG UdRE 8 Tafel’s plot for GCE/LSNO. GCE, glassy carbon
electrode.

CV, Cyclic voltammetry; GCE, glassy carbon electrode.
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FIGURE 7 LSV polarization curves of bare GCE (a, a’) and

GCE/LSNO (b, b’) at a scan rate of 5 mV s~! and a rotation rate of
1600 rpm in N, (a, b) and O, (a’, b’) saturated conditions and (C)
GCE/Pt-C in O, saturated conditions. GCE, glassy carbon electrode;
LSV, linear sweep voltammetry.

significant peaks in the absence of oxygen, but a dis-
tinct peak for ORR is observed in the presence of oxygen,
suggesting that GCE/LSNO has ORR activity.

The LSV responses were recorded at a scan rate of
5 mV/s and a rotation rate of 1600 rpm in the same poten-
tial window in the absence and the presence of oxygen
(Figure 7). The onset potential for bare GCE (curve a
and a’ in Figure 7) is around 0.73 V veersus RHE, while
that of GCE/LSNO (curve b and b’ in Figure 7) is around
0.88 V versus RHE which are lower than Pt/C (curve
¢ in Figure 7). Additionally, CV and LSV analysis for

GCE/LSNO indicate that oxygen is reduced in a two-step
process, in which hydrogen peroxide (H,0,) is formed in
the first step and then reduced to water (H,O) in the second
step.'*'® The LSV curves of GCE/LSNO also show that no
plateau or limiting region is obtained, and the current den-
sity continues to increase in the negative potential region.
This phenomenon is well discussed by Masa et al.”” and
Jiang et al.,>® who indicated that it could be due to hetero-
geneous distribution of electrochemically active sites on
the electrode surface. Since perovskites have a cage-like
structure, the active sites are well embedded within the
framework, resulting in a non-plateau current.

The Tafel slope values for GCE/LSNO (Figure 8) were
obtained from the LSV polarization curve at 1600 rpm and
were found to be 78 mV/dec. The Tafel slope obtained
for GCE/LSNO is better than or comparable with many
reported electrocatalysts like iron-nitrogen doped meso-
porous carbon material (Fe-N-C 800 and Fe-N-C 900)
showed the Tafel slope value of 100 and 108 mV/dec,>*
respectively while perovskite LaNiO;_s prepared at 800°C
showed Tafel’s value of 95 mV/dec.*® Furthermore, some
advanced materials like Au—Rh bimetallic nanostructures
showed Tafel slope value of 57 mV/dec*® and (cobalt
tetra methoxy phenyl porphyrin (CoTMPP) immobilized
on mesoporous carbon nitride showed the Tafel value of
112 mV/dec.”’

To study the kinetics of the ORR on the GCE/LSNO
electrode, a K-L plot was obtained by recording LSV polar-
ization responses at different rotation rates (Figure 9A).
The parallel nature of the K-L plots (Figure 9B) suggests
that first-order kinetics are being followed for the ORR at
the GCE/LSNO electrode surface.’>® However, the num-
ber of electrons for the ORR cannot be calculated from the
K-L plot as no limiting current is observed.***° The ORR
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(A) LSV polarization curves of GCE/LSNO at a scan rate of 5 mV s~! and at various rotation rates (800-2000 rpm) in O,

saturated atmosphere and (B) the corresponding K-L plot. GCE, glassy carbon electrode; LSV, linear sweep voltammetry.

TABLE 2
S. No. Catalysts
1 La gSry,MnO, 5
2 Laj Sr;;Co0;5
3 BaTiO;,
4 BaMnO;
5 (Lag §510.2)09Mn9C001Og 3
6 LSNO (La, g5Sr(15NiO,)
7 (Lag §Sr9.2)0.95sMn 95110 0503
8 Bay 551 5C0p s Fep 203
9 LaCoygMn,,0;
10 La, 551y sNiMn, sRu 5Oy

Abbreviation: ORR, oxvoen reduction reaction.

activity of LSNO is compared with other perovskite-based
electrocatalysts (Table 2) under similar conditions and
the onset potential (0.88 V vs. RHE) of LSNO is found to
be better than many reported perovskite-based catalysts,
such as LaggSro,MnO;,* LagoSry;Co0;,* BaMnO;,*
(Lag §S10.2)0.0Mng,9C00;1 003, BagsStg sCopsFeg,03,"
and LaCoygMn,,05.%° LSNO electrocatalyst shows
onset potential comparable to BaTiO;,.* How-
ever, perovskites (LaggSry2)9sMngoslryosO0s*  and
La, 551, sNiMn, sRu, s04*® which consist of expensive
metals (Ir or Ru), show slightly higher onset potentials
than the LSNO electrocatalyst.

3.3 | Supercapacitor

Perovskite oxides possess unique energy storage capabili-
ties. In this work, we attempted to prepare LSNO through a
simple one-pot method, which could significantly reduce
the cost of material preparation. It has been observed in
previous studies that defects can arise during the synthe-
sis process due to thermal fluctuations, which disrupt the

Comparison of ORR onset potentials of various perovskites catalysts with the LSN in 0.1 M KOH.

Onset potential (V vs. RHE) References
0.77 27]

0.81 28

0.88 29

0.78 V 30

079V 31

0.88V This work
092V 32

0.78 V 33

0.76 V 34

094V 35

periodicity of perovskites and result in lattice positions
becoming vacant. These defects introduce useful proper-
ties for energy storage applications such as batteries, SCs,
SOFCs, and solar cells. The electrochemical properties of
La; g551( 1sNiO,4 perovskite as an electrode material were
analyzed using CV and galvanostatic charge-discharge
(GCD). Figure 10A plots the current density against poten-
tial for scan rates ranging from 2 to 50 mV/s in a 1 M
Na,SO, electrolyte. The CV curves are quasi-rectangular,
which suggests effective reversible capacitive behavior,
but they do not resemble the ideal shape for an electric
double-layer capacitance (EDLC).

So, it can be stated that the capacitance is of EDLC type
with probability of some contribution of pseudo capac-
itance. The mechanism of charge storage is due to the
contribution of both EDLC and Faradaic reactions (pseudo
capacitance) on the overall capacitance. The CV curve
demonstrates general characteristics with a fast charge—
discharge rate. The increase in scan rate increases the
current density, indicating that the redox processes are pri-
marily governed by ion insertion and de-insertion. The CV
graphs are nearly symmetrical, which makes the samples
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capacitance (obtained from CV curves) with scan rate of LSNO electrode. (C) GCD curves with different specific current density and (D)
variation of specific capacitance (obtained from GCD curves) with specific current of LSNO electrode. CV, Cyclic voltammetry; GCD,

galvanostatic charge-discharge.

highly suitable as electrodes for excellent SCs. The specific
capacitance of our samples was calculated from the graph
using Equation (5)*:

Vi
1
Coo = =5 / 1V)dv )
Ve

where Cyc denotes the specific capacitance, m for the mass
of the La; g5Sr15NiO, at the electrode surface, v for the
scan rate, (V}, -V,) for the potential window, and I for the
current response of electrode in electrolyte.

Table 3 displays the specific capacitance values deter-
mined from the CV curves for various scan rates. The
specific capacitance values are satisfactory and compa-
rable. The value of specific capacitance of perovskites is
primarily due to the contribution of EDLC, which arises

TABLE 3 Scan rate vs. specific capacitance.

Scan rate (mV/s) Specific capacitance (F g 1)

2 362.86
5 207.07
10 139.55
25 135.70
50 120.20

from the charge-discharge process at the surface of the
electrolyte—electrode material. >

As seen in Figure 10B, the specific capacitance of the
electrode material decreases with increasing scan rates.
This is because at low scan rates, ions have adequate
time to diffuse into the surface of the electrode mate-
rial, allowing both the outer and inner pore-surfaces to be
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TABLE 4 Specific capacitance from GCD curves. 24 —— GCE/LSNO
Specific current (A g 1) Specific capacitance (F g1) —e—GCE
1.0 93.46
2.5 92.25 18}
5.0 90.74 o
7.5 90.14 %
10.0 89.45 :" 12+
Abbreviation: GCD, galvanostatic charge-discharge. N|
6 L
utilized effectively. However, at high scan rates, ions have
limited time to intercalate into the surface of the elec-
trode, and only the outer pore-surface is utilized, resulting 0 L L L L
in a decrease in the specific capacitance of the elec- 0 6 12 18 24
trode material. This is referred to as the ion-exchange 7' (kQ)
mechanism.>
FIGURE 11 EISresponses of GCE and GCE/LSNO fitted in

The GCD method is performed under the same
electrode-electrolyte conditions as the CV for the electrode
sample. Figure 10C shows the charge/discharge curve of
the La,; gsSry15NiO, perovskite as an electrode material at
different current densities. The nonlinearity of the charge
and discharge curves reveals the EDLC behavior of the
electrode material. In the GCD curves, we can see that
the discharge part has two different slopes: one for rapid
discharge caused by IR drop and the other for a slow
decay. The specific capacitance value of the electrode can
be calculated from the GCD curve using Equation (2).

_ 4IAt

s = W’ (6)

where m denotes for mass of the electrode material, I for
the current density, At for discharge time, and AV for
potential window.

The specific capacitance calculated from the GCD graph
is reported in Table 4. The decrease in specific capac-
itance with increasing current density (Figure 10D) is
due to the effect of ohmic drop and slow kinetics of
the charge-discharge and separation of ion mechanism.>*
The rise in charge mobility with increasing current den-
sity also contributes to this decrease. As the sample was
prepared in a novel manner, future variations in the ele-
ments are possible for optimization of the electrochemical
performance.

Cyclic stability is critical for the practical implemen-
tation of energy storage devices, so we synthesized the
material in a way that they can be used as an efficient
electrode with good cyclic stability. The capacity retention
curve (Figure S1) demonstrates that the specific capacity
remains nearly constant throughout all ranges of cyclic
numbers. After 500 cycles, the LSNO electrode retained
97.25% of its specific capacitance, which can be ascribed
to the reduced agglomeration of nanoparticles for larger
cyclic numbers.

R(Q(R(CR))) equivalent circuit, where the R, denotes the solution
resistance, Q denotes a constant phase element, R, signifies charge
transfer resistance, C indicates capacitance, and the R; indicates
film resistance. GCE, glassy carbon electrode; EIS, electrochemical
impedance spectroscopy.

Electrochemical impedance
responses were recorded in a solution of 10 mM Fe
with 0.1 M KCI. The EIS data were best fitted using an
equivalent circuit represented as R(Q(R(CR))), where the
first R denotes the solution resistance (Ry), Q represents
a constant phase element, the second R signifies charge
transfer resistance (R.), C denotes capacitance, and the
third R indicates film resistance (R;). Figure 11 illustrates
the Nyquist plot of GCE and GCE/LSNO. The charge
transfer resistance (R.) for GCE/LSNO was measured
as 100 Q, whereas for the bare GCE it was found to be
174.3 Q. This indicates that the LSNO material exhibits
superior conductivity compared to the unmodified GCE.

Furthermore, BET surface analysis was carried out to
measure the surface area and porosity of electrode materi-
als. Surface area has a significant impact on the properties
of nanomaterials® and the defects in the samples often
make them efficient electrode materials for energy storage.
The effective surface area and pore size of the LSNO sam-
ple were analyzed by nitrogen gas adsorption/desorption
at —196°C using the BET measurement technique. The
total active specific surface area was about 20.14 m? g~
The variation of pore volume with pore size is shown in
Figure S2.

spectroscopy  (EIS)
2+/3+

4 | CONCLUSIONS

In this study, we investigated the synthesis of
La; g5Sr)1sNiO, (LSNO) perovskite material using an
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economical and novel one-step approach under ambient
conditions, without the need for a multi-step pro-
cess or external energy source. The LSNO produced
had high purity and crystallinity, and was sintered
at a temperature of 900°C for 12 h. XRD results con-
firmed the formation of a crystalline perovskite phase,
while infrared spectrum showed no evidence of sec-
ondary phases. High-resolution transmission electron
microscopy revealed a homogeneous size distribution of
nanometric LSNO powders. The highly crystalline and
thermally stable tetragonal structure of LSNO provides
enhanced oxygen reduction and evolution reactions, as
well as improved SC performance. The bi-functional
properties of LSNO as an electrocatalytic material and
electrochemical SC open up new avenues for design-
ing and synthesizing multifunctional perovskites-based
materials.
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