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Summary

Strontium (Sr) incorporated LaMnO3 (La0.7Sr0.3MnO3) nanoparticles have been

synthesized by ball-milling-assisted solid-state reaction to study their perfor-

mance as electrode material for energy storage applications. The La0.7Sr0.3MnO3

nanoparticles exhibit superior electrochemical performance in neutral aqueous

electrolyte (1 M Na2SO4) in comparison to LaMnO3 and SrMnO3 nanoparticles.

This neutral electrolyte provides relatively higher ionic conductivity and viscos-

ity compared to the ionic liquids and a wider potential window compared to the

alkaline electrolytes. Electrochemical study of the electrodes prepared using

La0.7Sr0.3MnO3 nanoparticles reveals pseudocapacitive behaviors with fast

reversible Faradaic charge storage, which plays a key role in charge storage. The

composite materials exhibit highest specific capacitance of 393.5 F g−1 at a scan

rate of 2 mV s−1. Asymmetric supercapacitors fabricated using La0.7Sr0.3MnO3

nanoparticle and activated carbon operates over a wide potential window of

1.8 V, and it reveals high specific capacitance (197 F g−1) as well as high capaci-

tive retention (87%) even after 4000 charge–discharge cycles.
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1 | INTRODUCTION

Energy is the foremost concern of the present day society
because of the exponential rise in global energy demand
and rapid depletion of fossil fuel reserve. In order to miti-
gate the energy crisis as well as pollution issues associ-
ated with fossil fuel burning, continuous innovation in
the energy sector is essential. Current processes involved

in energy generation, delivery, and storage need tremen-
dous upgradation to meet the global challenge for the
generation of clean and inexpensive energy. Solar radia-
tion, ocean tide, wind, and biofuels have been envisioned
as some of the most attractive renewable energy
resources which can provide clean energy at a reasonable
cost. However, due to the intermittent nature of these
renewable energy sources, not only the generation but
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also the storage of generated energy needs substantial
attention. In fact, several energy storage devices such as
supercapacitors, batteries, and fuel cells of enhanced per-
formance have been developed in the past two decades,
although they remained insufficient to fulfill the global
energy demand.

A supercapacitor or electrochemical capacitor or
ultracapacitor is a class of energy storage device, which
received a tremendous attention in recent time because
of its rapid charge–discharge rates, high power density,
and relatively large cycle life compared to Li-ion bat-
tery.1,2 Supercapacitors are broadly categorized into two
classes depending upon their charge storage mechanism:
(a) electric double-layer capacitors (EDLCs) and
(b) pseudocapacitors. In EDLCs, a double layer is formed
at the electrode/electrolyte interface. Mainly, carbona-
ceous materials and their derivatives belong to this cate-
gory.3-6 On the other hand, a pseudocapacitor stores
charge via rapid faradaic reaction within the electrode
material. Transition metal oxides (eg, RuO2, MnO2, NiO,
Co2O3, etc.) and conducting polymers (eg, Polyaniline,
poly-pyrrole, etc.) follow this mechanism.7-14

Among the metal oxides, ABO3-type perovskite mate-
rials have gained ample research interest because of their
excellent electronic structure, outstanding thermal stabil-
ity, and exceptional ionic conductivity. Because of high
electron-ion double conductivities and structural stability
at elevated temperatures, metal oxide perovskite mate-
rials are the automatic choice as electrode materials in
solid oxide fuel cells.15-17 High ionic and electronic con-
ductivity enable them to be efficient electrode materials
for supercapacitors. ABO3-type perovskites also possess
the ability of rapid faradaic redox reaction at their sur-
face, which enables them to be potential candidates for
supercapacitor electrodes.18,19 Moreover, ABO3-type
perovskites with lanthanide or alkaline-earth elements as
A and transition metals as B atom have intrinsic oxygen
vacancies, which enable them to act as electrode material
for supercapacitors via faradic redox reaction.
Pseudocapacitive charge storage mechanism involves
mainly three processes: (a) adsorption of electrolyte ions
to form a monolayer over metal or metal oxide surface,
known as underpotential deposition, (b) fast reversible
redox reaction at the electrode surface, and (c) fast inter-
calation/deintercalation of electrolyte ions into bulk elec-
trode.20 LaMnO3 + δ is a popular metal oxide of
perovskite structure, which can form with sub-
stoichiometric as well as superstoichiometric oxygen con-
tent, that is, . −0.25≤ δ≥ 0.25.21-23 Moreover, it is well-
known that a partial replacement of A site in LaMnO3

with Sr2+ or Ca2+ (lower valance cation) generates holes
in B site. To maintain the charge neutrality, Mn3+ ions of
LaMnO3 lattice oxidize to form Mn4+ ions. This

oxidization enhances the electrical conductivity as well
as ion diffusion rate, which in turn enhances the overall
electrochemical performance of the material. LaMnO3 is
the most commonly used perovskite electrode material
for supercapacitors. It has been observed that substituting
at A site (position of La) as well as B sites (position of
Mn) with suitable element enhances the electrochemical
performance of LaMnO3. As has been reported by Wang
et al, the specific capacitance of LaMnO3 increases from
187 to 198 F g−1on Sr doping. At the same time, the cyclic
stability of the supercapacitors made of LaMnO3

increases from 40% to 80% after 1000 cycles.24 Cao et al
have also seen an enhancement of specific capacitance of
LaMnO3-based supercapacitors from 100 to 464.5 F g−1

by incorporating Sr and Cu at A and B sites, respec-
tively.16 However, both the above mentioned works as
well as most of the previously reported works have uti-
lized either toxic nonaqueous electrolyte or aqueous alka-
line electrolytes (NaOH or KOH) of high concentrations.
Replacement of these electrolytes with neutral and com-
monly available aqueous electrolytes such as Na2SO4

solution will improve the potential window as the hydro-
gen or oxygen evolution potential will shift toward higher
potential due to the low concentration of H+ and OH−

ions in the solution.25 Neutral aqueous electrolytes are
less corrosive compared to high concentration acidic or
basic electrolytes, providing relatively long life for the
supercapacitors.26 Aqueous Na2SO4 electrolyte provides
high power and wide operational temperature over non-
aqueous electrolytes and wide potential window over KOH
electrolyte.27-30 Moreover, the Na2SO4 electrolyte provides
better ionic conductivity and low viscosity compared to the
ionic liquid electrolytes.30 The natural abundance and low
cost of Na2SO4 may act as an advantagious feature for the
commercialization of the supercapacitor.

In the present work, we synthesized La0.7Sr0.3MnO3

nanoparticles along with LaMnO3 and SrMnO3 via ball-
milling and analyzed their structural and electrochemical
properties in an aqueous 1 M Na2SO4 electrolyte. The
potential of the nanoparticles as supercapacitor electrode
material has been studied by fabricating asymmetric super-
capacitors (ASC), which provided a wide potential window
with high specific capacitance and capacitive retention.

2 | EXPERIMENTAL SECTION

2.1 | Chemicals

Precursors and reactants such as manganese nitrate
tetrahydrate (Mn[NO3]2�4H2O, >97.0%), lanthanum
nitrate hexahydrate (La[NO3]3�6H2O, 99.99%), strontium
nitrate (Sr[NO3]2, 99 + %), and acetylacetone (C5H8O2,
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>99.5%) were acquired from Sigma-Aldrich, Mexico.
Sodium hydroxide (NaOH, 98.15%) and sodium chloride
(NaCl, >99%) were purchased from J.T. Baker, and
Omnicom, Mexico, respectively. Deionized (DI) water
from a Millipore system (ρ >18.2 M Ω cm) was utilized
for washing (samples and glasswares) purpose.

2.2 | Synthesis

Metal acetylacetonate complexes (Mn(acac)2, La(acac)3
and Sr(acac)2) were initially synthesized through co-
precipitation method.31 For the synthesis of Mn(acac)2,
sodium acetylacetonate solution (solution 1), which was
used as a precipitating agent, was prepared by drop-wise
addition of 15 mL acetylacetone to 60 mL NaOH solution
(8.7 mM) at 50�C under magnetic stirring. A precursor
solution (solution 2) of Mn was then prepared separately
by dissolving 48.49 mM of manganese nitrate
tetrahydrate in 50 mL of DI water. After that, the hot
sodium acetylacetonate solution (solution 1) was slowly
added to the Mn precursor solution (solution 2) and kept
at 50�C for 30 minutes under magnetic stirring. After
cooling, the pale-yellow precipitate of manganese ace-
tylacetonate (Mn(acac)2) was separated by vacuum filter-
ing in a Büchner funnel, washed four times with DI
water, and vacuum dried for 12 hours. The same proce-
dure was followed to synthesize the La(acac)3 and
Sr(acac)2 precursors. Colors of the latter two precursors
were white and pearl-white, respectively.

La1-xSrxMnO3 nanoparticles were then prepared by
ball-milling-assisted solid-state reaction of the metal
acetylacetonate precursors in presence of sodium chlo-
ride, which acted as a dispersing agent. For the syn-
thesis of La0.7Sr0.3MnO3, 0.5783 g of Mn(acac)2,
0.6863 g of La(acac)3, and 0.1823 g of Sr(acac)2 were
mixed with 7.234 g of NaCl. Then, the mixture was
placed inside a 100 mL agate milling jar filled with
32 agate grinding balls (10 mm diameter) and placed
in a planetary ball-milling (PQ-N2 Gear Drive 4) sta-
tion. The milling was performed at 200 rpm for
24 hours. The obtained fine powder was then trans-
ferred to an alumina crucible and air-annealed inside
a tubular (Carbolite) furnace at 700�C (increased at
5�C/min rate) for 8 hours. To remove NaCl, the
obtained product was washed repeatedly with warm
(70�C) DI water. Finally, the sample was collected by
centrifugation and dried at 70�C for 5 hours. To
induce crystallization in the formed nanostructures,
the powder sample was further air-annealed at 850�C
(at 5�C/min heating rate) for 12 hours. The same pro-
cedure was followed for the fabrication of SrMnO3 and
LaMnO3 nanostructures.

2.3 | Characterization

To analyze the crystallinity and phase structure of the
synthesized nanostructures, powder X-ray diffraction
(XRD) was performed using a Bruker D8 diffractometer,
utilizing CuKα (λ = 1.5406 Å) radiation. The spectra were
recorded at 0.02�/step with a scan rate of 0.2 second/step
in 20 to 80� span. Chemical composition and morphology
of the nanostructures were analyzed in a JEOL JSM-
7800F field-emission scanning electron microscope (FE-
SEM) attached with an Oxford analytical system.

2.4 | Electrode fabrication

To fabricate electrodes, a gel was first prepared by mixing
the sample material (La1−xSrxMnO3, SrMnO3, and
LaMnO3), activated carbon, and polyvinylidene fluoride
(PVDF) (mass ratio 85:10:5) in N-methyl-2-pyrrolidine
(NMP) under ultrasonic agitation. The working elec-
trodes were then prepared by drop-casting the active
material gel on Teflon-coated carbon rods and then dried
overnight at 60�C under vacuum.

2.5 | Device fabrication

The ASCs were fabricated by coating the aforesaid gel on
one side of a stainless steel current collector (3 cm
× 4 cm) which served as a positive electrode and a gel of
activated carbon on one side of another stainless steel
current collector which served as a negative electrode.
These two electrodes were assembled along with a sepa-
rator (Whatman filter paper, pore diameter 25 μm). The
filter paper was soaked with 1 M Na2SO4 electrolyte solu-
tion. The masses of the active materials were selected by
charge balancing theory (Q+ = Q−). According to this
theory, the mass ratio of two electrodes should be:

m+

m−
=

C− ×ΔV −

C+ ×ΔV +
ð1Þ

where, m, C, and ΔV refers to the masses, specific capaci-
tance (F g−1), and the potential window (V) of respective
electrode materials.32,33

2.6 | Electrochemical measurements

A conventional three-electrode set up was utilized to
study the electrochemical performance of the electrode
materials with Ag/AgCl (saturated KCl) and Pt plate
(1 cm × 1 cm) as the reference electrode and counter
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electrode, respectively, and 1 M Na2SO4 aqueous solution
as the electrolyte. An electrochemical analyzer (CS313,
CorrTest, China) was used to measure the cyclic
voltammetry (CV), galvanostatic charge–discharge
(GCD), and electrochemical impedance spectroscopy
(EIS). The values of specific capacitance were calculated
from CV curves using Equation (2):

Cs =
1

2mv V f −V ið Þ
ðV f

V i

I Vð ÞdV ð2Þ

where Cs is the capacitance per unit mass (F g−1),Ð Vf

V i
I Vð ÞdV refers total area enclosed by the CV curve,

m refers to the mass of the active electrode (g), v is the
potential scan rate (V s−1), and (Vf−Vi) is the working
window (V).33-35 GCD curves were also used to compute
the same, using the Equation (3):

Cs =
I

m× dV
dt

ð3Þ

where I/m refers to the discharge current density
(A g−1) and dV

dt refers to the average slope of the discharge
curve.

All three electrochemical measurements, that is,
CV, GCD, and EIS were also performed on the fabri-
cated ASC devices. Specific energy and specific power
of the devices were estimated from the GCD data.
Energy density (E) (Wh kg−1) and power density (P)

(W kg−1) of the ASC devices were obtained using the
equations:

E=
1
2

Cs Vf −Vi
� �2
3:6

" #
ð4Þ

and

P=
3600×E

Δt
ð5Þ

where Δt is the discharge time.36

3 | RESULTS AND DISCUSSION

X-ray diffraction (XRD) patterns of the nanoparticles
were recorded to study their structure, phase, and phase
purity (Figure 1). As can be noticed in Figure 1A, diffrac-
tion peaks of the as-prepared SrMnO3 and LaMnO3

nanoparticles correspond fully to their hexagonal (JCPDF
#04-015-4143) and rhombohedral (JCPDF #04-012-5560)
phase, respectively. No peak associated with impurity or
undesired phase was observed. All the diffraction peaks
of the La0.7Sr0.3MnO3 sample also corresponded to its
rhombohedral (JCPDF #00-056-0616) phase. XRD study
confirms that all the three compounds have ABO3-type
perovskite structures. With the incorporation of Sr2+ in
LaMnO3, the intensity of the diffraction peaks decreased,
probably due to the partial replacement of La3+ ions of

FIGURE 1 A, The XRD curves of SrMnO3,

LaMnO3, and La0.7Sr0.3MnO3; B, typical Rietveld

analysis output profiles of La0.7Sr0.3MnO3

nanostructures; and C, schematic atomic model

of La0.7Sr0.3MnO3 [Colour figure can be viewed

at wileyonlinelibrary.com]
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A-sites by Sr2+ ions. Microstructural properties of the
La0.7Sr0.3MnO3 nanostructures were further investigated
through Rietveld refinement, using GSAS-II (version
4379) data analysis software.37 The experimental and
refined XRD data of La0.7Sr0.3MnO3 are shown in
Figure 1B. Rietveld refinement also confirms the rhom-
bohedral structure of La0.7Sr0.3MnO3 with R-3c:H space
group symmetry and lattice parameters a = b = 5.51 Å
and c = 13.37 Å. Marquardt least-square technique was
used to minimize the difference between experimental
and refined diffraction pattern. Microstrain and lattice
parameters of the crystallites were calculated using the
Pseudo-Voigt (PV) function. The quality of refinement
and reliability of the extracted parameters were
guaranteed by measuring the goodness of fitting (GoF),
which is the ratio of weighted residual error (Rwp) and
expected error (Rex). The goodness of fitting (GoF) value

was 1.06, which is close to unity and implies a good
fitting of the data. The refined output was used to con-
struct the unit cell, using VESTA software package, as
shown in Figure 1C. Typical FE-SEM micrographs of the
LaMnO3, SrMnO3, and La0.7Sr0.3MnO3 nanoparticles are
presented in Figure 2A-C. As can be seen, the SrMnO3

sample consists of quasi-spherical particles of 110 to
500 nm (ca. 256 ± 87 nm) sizes, and the LaMnO3 sample
contains agglomerated quasi-spherical particles of 35 to
180 nm sizes (ca. 89.6 ± 26 nm). Incorporation of Sr2+

ions in LaMnO3 through partial substitution of La3+ ions
at A-sites causes an increment of particle size as observed
in the sample La0.7Sr0.3MnO3 (ca. particle size
128.7 ± 39 nm). Incorporation of Sr2+ ions causes a
reduction in the dispersion of LaMnO3 particles, causing
the formation of an interconnected network due to their
partial fusion during high-temperature annealing. Such

FIGURE 2 FE-SEM images (left column) A-C, N2 adsorption–desorption isotherms (middle column) D-F, and pore size distributions

(right column) G-I, in the synthesized LaMnO3, La0.7Sr0.3MnO3, and SrMnO3 nanostructures [Colour figure can be viewed at

wileyonlinelibrary.com]
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interconnected nanostructures are useful for energy stor-
age applications since they provide a larger accessible
interlinked surface to the electrolyte ions.38

Nitrogen adsorption–desorption isotherms of the
LaMnO3, SrMnO3, and La0.7Sr0.3MnO3 samples recorded
at 77 K are shown in Figure 2D-F. All the isotherms rev-
ealed type III characteristics, with H1-type hysteresis
loop. These type III materials are found to have relatively
week adsorption–desorption interaction with nitrogen
and are not very common. The H1 loops indicate well-
defined cylindrical pore channels in the nanostructures
which are useful for electrolyte ion transport.39,40

Brunauer-Emmett-Teller (BET) analysis was used to esti-
mate the specific surface area of the three materials. The
specific surface area of SrMnO3, LaMnO3, and
La0.7Sr0.3MnO3 samples were 7.8, 10.7, and 7.9 m2 g−1,
respectively. BJH pore size distribution graphs of the
nanostructures are presented in Figure 2G-I. Estimated
average pore diameters in the LaMnO3, SrMnO3, and
La0.7Sr0.3MnO3 samples were 20.1, 32.9, and 37.8 nm,
respectively. Even though the BET surface area of the
La0.7Sr0.3MnO3 nanoparticles is relatively low, larger
pores in them probably allow a large number of electro-
lyte ions to interact with the electrochemically active
sites, resulting in a rapid redox reaction. In our previous
manuscript, we have already demonstrated the TEM,
EDS, XPS, and Raman spectroscopy results.41 EDS of
La0.7Sr0.3MnO3 shows the atomic % of La, Sr, Mn, O, and
Na are 13.22%, 4.90%, 16.24%, 65.24%, and 0.41%, respec-
tively. The existence of Na is also observed from the XPS
measurement as well. The survey scan of the XPS spectra
reveals that there is no trace of chlorine as there is no
peaks at 199 and 201 eV binding energies which are des-
ignated for Cl 2p3/2 and Cl 2p1/3, respectively. All the
chlorine ions are removed because of the annealing at
900�C. Thus, we can conclude that there is no role of Cl−

ions in the electrochemical process. High-resolution XPS

study of La0.7Sr0.3MnO3 shows the presence of La 3d5/2
and 3d3/2 at binding energies (BE) 850.29 and 833.54 eV,
respectively. High-resolution XPS study of Mn 2p con-
firms the presence of both Mn3+ and Mn4+ states. How-
ever, these peaks shift toward higher BEs upon the
substitution of Ls3+ ions by Sr2+ ions. Existence of multi-
ple cationic states of Mn is useful for the rapid redox
reaction.

The CV study of the electrodes made of SrMnO3,
LaMnO3, and La0.7Sr0.3MnO3 nanoparticles was per-
formed in 1 M Na2SO4 aqueous electrolyte within a
potential window −0.2 to 1.0 V (vs Ag/AgCl) at different
scan rates ranging from 2 to 100 mV s−1. Figure 3A pre-
sents a comparison of CV data of SrMnO3, LaMnO3, and
La0.7Sr0.3MnO3 nanostructures at a fixed scan rate of
10 mV s−1. Areas under these CV curves are directly pro-
portional to the charge storage capacity of the materials.
As can be noticed, the area under the CV curve of
La0.7Sr0.3MnO3 is larger than the same of other two sam-
ples for the same scan rate, which directly implies that
La0.7Sr0.3MnO3 possesses better charge storage capacity
among the three samples. The CV curves of
La0.7Sr0.3MnO3 recorded at different scan rates are shown
in Figure 3B (CV curves of other materials are presented
as Figure S1A, B in supplementary information). As can
be noticed in Figure 3A, the shape of the CV curve corre-
sponds to SrMnO3 is almost rectangular. But, the CV
curve of LaMnO3 shows a deviation from the rectangular
shape which indicates the pseudocapacitive mechanism
dominates in charge storage. The highest specific capaci-
tance obtained for La0.7Sr0.3MnO3 is 393.5 F g−1, which is
higher than the specific capacitance corresponds to
SrMnO3 (54.2 F g−1) and LaMnO3 electrodes
(268.8 F g−1). The variations of specific capacitance with
scan rate for all three materials are presented in
Figure 3C. At lower scan rates, the electrolyte ions get
sufficient time to interact with the electrochemically

FIGURE 3 A, CV curve of LaMnO3, SrMnO3, and La0.7Sr0.3MnO3 electrode at fixed scan rate 10 mV s−1. B, CV curves at all scan rates

for La0.7Sr0.3MnO3 electrode. C, Specific capacitance vs scan rates for all three samples [Colour figure can be viewed at

wileyonlinelibrary.com]
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active sites, resulting in greater specific capacitance. At
higher scan rates, the electrolyte ions get lesser interac-
tion time which effectively decreases the specific capaci-
tance. In the CV curves of La0.7Sr0.3MnO3, there is a
redox peak around 0.55 V (vs Ag/AgCl), which corre-
sponds to the transition Mn3+$Mn4+.16 The charge
imbalance developed in LaMnO3 lattice due to the substi-
tution of La3+ ions by Sr2+ ions is compensated either by
oxidizing the Mn3+ ions to Mn4+ or by introducing oxy-
gen vacancies. In both alkaline and neutral electrolytes,
intercalation of ions with active sites plays the main role
in charge storage. The redox reaction occurs in the pre-
sent case can be expressed as19:

La0:7Sr0:3 Mn3+
2δ =Mn4+

2δ
� �

O3−δ +2δe− + δH2O

$La0:7Sr0:3 Mn3+
2δ =Mn4+

1−2δð Þ
h i

O3−δ +2δOH− ð6Þ

Therefore, more oxygen vacancies are formed in the lat-
tice, there would be more room for OH− ions to fill. This
results in greater charge storage. Thus, it is confirmed
that the pseudocapacitive mechanism plays the main role
in charge storage. The charging and discharging curves
are symmetric to each other, which reflect excellent
redox reversibility and outstanding supercapacitive
behavior of La0.7Sr0.3MnO3 electrode. The underlying
charge storage mechanisms of La0.7Sr0.3MnO3 can be esti-
mated using the power law. According to this law, the
anodic peak current (Ip) increases with scan rates (v).
This law can be expressed as Ip = avb, where, both a and
b are adjustable parameters, and the role of b is impor-
tant to determine the storage mechanism.38,42,43 b = 0.5
implies that the storage mechanism is controlled via
faradic redox reaction, whereas b = 1 indicates that the
charge storage occurs via

Double-layer formation. The slope of log Ip vs log
v plot (Figure 4A) corresponds to the value of b. For
La0.7Sr0.3MnO3, the value of b is 0.48, which indicates the
charge storage in the sample is dominated by the redox
process. This result indicates that the peak current varies
linearly with the square roots of scan rate in agreement
with the graph obtained from the experimental data
(Figure 4B). Thus, the faradaic redox process plays domi-
nating role in charge storage. The charge storage mecha-
nisms can be quantitatively evaluated by the method
suggested by Dunn.43 According to this method, the cur-
rent at any particular potential is the sum of the contribu-
tion from the capacitive part (/ v) as well as the
contribution of the faradic reaction (/ v1/2). This can be
expressed by Equation (7).

i Vð Þ= k1v+ k2v
1=2 ð7Þ

The CV curve of La0.7Sr0.3MnO3 reveals that 97.5% of the
total capacity is controlled by faradaic charge storage pro-
cess (Figure 4C). This means that the charge storage of
La0.7Sr0.3MnO3 composite is fully controlled by the fara-
daic redox process rather than capacitive process.

The charge storage behavior of La0.7Sr0.3MnO3 elec-
trode can be further understood following the method
introduced by Trasatti.44 According to Trasatti, the total
specific capacitance (Ctotal) is the sum of the specific
capacitances of the inner part (Cin) and the outer part
(Cout) of the electrode, that is, Ctotal = Cin + Cout.

44-46 The
inner part comes from the bulk of the material which is

FIGURE 4 A, Plots for power law method; B, variation of peak

current with the square root of scan rates; and C, CV curve of

La0.7Sr0.3MnO3 at a scan rate of 10 mV s−1 showing the redox

contribution due to Dunn [Colour figure can be viewed at

wileyonlinelibrary.com]
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due to the redox reactions. On the other hand, Cout arises
from the capacitive process. The total specific capaci-
tance, that is, Ctotal can be obtained if we allow adequate
time to interact the electrolyte ions with the electrode,
which can be estimated from the Csp vs v1/2 curve upto
v ! 0 (Figure 5A). The estimated Ctotal was 473.4 F g−1,
which is the highest possible specific capacitance
La0.7Sr0.3MnO3 can attain. Subsequently, Cout could be
estimated by extrapolating the Csp vs v-1/2 curve upto
v-1/2 ! 0, that is, the scan rate tends to very high value
(Figure 5B). For the extrapolation of the curves, we used
the low scan rate (2—-20 mVs−1) data only, since at
higher scan rates, these curves deviate from linear behav-
ior. The deviation arises from the ohmic drop and irre-
versible redox process. For La0.7Sr0.3MnO3, the highest
possible surface contribution to the specific capacitance
was estimated to be approximately 11.7 F g−1, while the
rest, that is, 461.7 F g−1 is due to the redox controlled
process. This study also agrees with the Dunn method
which reveals that the redox process is the key player for
charge storage.

Electrochemical performance of La0.7Sr0.3MnO3 could
be further investigated by performing GCD at different
current densities between 1 and 10 A g−1, within the
same potential range (−0.2-1 V) in 1 M Na2SO4

electrolyte. Figure 6A presents the comparative GCD
plots of all three samples at a particular current density
of 1 A g−1. As can be noticed, for a particular current
density, the La0.7Sr0.3MnO3 electrode takes longer time
for charging and discharging, which ensures a higher
charge capacity of the electrode. On the other hand, the
discharge curves of LaMnO3 and La0.7Sr0.3MnO3 are
deviated from linearity, indicating the contribution of
redox-dominated storage process in these electrodes. This
observation is also in full agreement with that obtained
from CV data. The GCD plots of La0.7Sr0.3MnO3 at differ-
ent current densities are shown in Figure 6B. The highest
specific capacitance offered by La0.7Sr0.3MnO3 was
409.4 F g−1 at the lowest current density (1 A g−1), which
decreases for higher current densities. The material
exhibits high rate capability due to its excellent charge
reversibility. On the other hand, the highest specific
capacitance values offered by LaMnO3 and SrMnO3 at
the lowest current density (1 A g−1) were 256.6 and
45.7 F g−1, respectively (GCD plots of these two materials
are shown in Figure S2A, B of the supplementary
information).

Performances of the electrode materials have also
been investigated by EIS, which is a nondestructive pro-
cess, providing important kinetic information about the
electrode materials. The data have been recorded in the
0.01 Hz-100 kHz frequency range, applying a small per-
turbation voltage of 10 mV. The EIS results of the sam-
ples are presented in Figure 6C in the form of Nyquist
plots. In the high-frequency region, a small semi-circular
loop appeared at the beginning of the curve (inset of
Figure 6C). This semi-circular loop arises due to small
series resistance (Rs) and a parallel combination of charge
transfer resistance (Rct) and constant phase element
(CPE). From the EIS curves, it is clear that the
La0.7Sr0.3MnO3 sample has relatively low Z/ and Z// com-
pared to other two samples. The EIS plot of
La0.7Sr0.3MnO3 was fitted with Z-view software and pres-
ented in Figure 6D. Corresponding equivalent circuit is
represented as an inset of Figure 6D. The Bode magni-
tude plot (jZj vs log f ) of La0.7Sr0.3MnO3 (not shown) was
used to calculate the contribution of specific capacitance
due to double-layer formation by using jZj = 1/Cdl

(at ω = 1) relation.47 The Cdl value obtained from the plot
was 37.24 F g−1, which agrees well with the value
predicted from Trasatti plot. We could calculate the low-
frequency specific capacitance of the electrode material
(La0.7Sr0.3MnO3) using the relation Csp = 1

2πf Zimð Þ , where
Zim refers to the imaginary impedance at lowest fre-
quency.47,48 The estimated Csp value was 298.67 F g−1,
which is lower than the values estimated from CV or
GCD analysis of the sample. High electrolyte ion density
and high ion transfer resistance of the solution result in

FIGURE 5 A, Plot of specific capacitance vs v1/2 and B,

variation of specific capacitance vs v−1/2 for La0.7Sr0.3MnO3 [Colour

figure can be viewed at wileyonlinelibrary.com]
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the decrease of specific capacitance.48 From the Bode
phase plot of La0.7Sr0.3MnO3 presented in Figure 6E, it is
possible to predict the charge storage mechanism in the
device. For EDLC-type materials, the phase angle at low
frequency, that is, 0.01Hz, reaches to 90

�
, whereas, for

pseudocapacitive materials the phase angle is 37.7
�
,

which is much less than 90
�
. The low phase angle of

La0.7Sr0.3MnO3 indicates the pseudocapacitance mecha-
nism is predominant in the charge storage process of the
electrode.

Cyclic stability of the electrode material was studied
by recording the GCD cycles of the working electrode
over 4000 cycles at a fixed current density of 10 A g−1.
As can be seen in the retention vs cycle number plots
presented in Figure 6F, the material retains about
89.6% of specific capacitance even after 4000 charge–
discharge cycles. The nature of charge–discharge cycle
remained almost same after 4000 GCD cycles, although
there is a slight decrease in charging and discharging
time. The 1st and 4000th GCD cycles are shown in the
inset of the Figure. The material retains a Coulombic
efficiency of 86% after 4000 charge–discharge cycles.
This excellent long-term stability of the material along
with excellent Coulombic efficiency demonstrates the

nanostructured La0.7Sr0.3MnO3 is an efficient electrode
material for supercapacitors. To further explore the
supercapacitive performance of the La0.7Sr0.3MnO3

sample, a prototype ASC device was fabricated (sche-
matic diagram and prototype ASC are shown in
Figure 7A). Electrochemical performances of the device
were tested by studying all three conventional electro-
chemical techniques, that is, CV, GCD, and EIS. The
CV traces were recorded in a large potential window of
1.8 V (0-1.8 V). The CV plots of La0.7Sr0.3MnO3//AC
ASC at various scan rates are presented in Figure 7B.
The ASC exhibited undistorted CV curves even at ele-
vated scan rates, which suggests an excellent reversibil-
ity. There was no indication of gas evolution from the
electrode. The ASC exhibited a maximum specific
capacitance of 192.6 F g−1 at the lowest scan rate of
2 mV s−1. GCD study of the ASC was also been per-
formed for current densities between 1 and 10 A g−1

(Figure 7C). The specific capacitance decreased from
197 to 125.6 F g−1 with the increase of current density
from 1 to 10 A g−1, which suggests an outstanding rate
capability of the La0.7Sr0.3MnO3//AC ASC. At the same
time, the Coulombic efficiency increased from 85.15% to
90.4%, indicating a rapid intercalation/deintercalation of

FIGURE 6 A, GCD curves of LaMnO3, SrMnO3, and La0.7Sr0.3MnO3 at current density 1 A g−1; B, GCD curves of La0.7Sr0.3MnO3 at

different current densities; C, Nyquist plots of all three samples in 1 M Na2SO4 electrolyte (inset) in high-frequency region; D, EIS plot

of La0.7Sr0.3MnO3 along with fitted curve and (inset) equivalent circuit; E, Bode phase plot for La0.7Sr0.3MnO3 sample; and F, cyclic

stability study of La0.7Sr0.3MnO3 sample, (inset) GCD curves during 1st and 4000th cycle [Colour figure can be viewed at

wileyonlinelibrary.com]
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electrolyte ions into the electrochemically active sites.
The La0.7Sr0.3MnO3//AC ASC exhibited a highest specific
energy of 88.7 Wh kg−1 at a power density of 0.9 kW kg−1

and 56.5 Wh kg−1 at a higher power density of 9 kW kg−1

(Table 1). The Ragone plot of the La0.7Sr0.3MnO3//AC
ASC along with some other reported results is shown in
Figure 7D. As can be seen, the La0.7Sr0.3MnO3//AC ASC
has moderate energy and power densities. The energy

FIGURE 7 A, Schematic of prototype of La0.7Sr0.3MnO3//AC ASC; B, CV plots of ASC at different scan rates; C, GCD plots at different

current densities within the same window; D, Ragone plot [a-,52 b-,15 c-,53 d-54]; E, Nyquist plot of impedance, (inset) high-frequency

region; F, Bode magnitude plots; G, Bode phase plots; H, real and imaginary component of capacitance vs frequency plot; and I, long term

stability plot for 4000 cycles, (inset) Coulombic efficiency plots for 4000 cycles [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Various parameters of La0.7Sr0.3MnO3//AC ASC

Current
density (A g−1)

Charge
time (s)

Discharge
time (s)

Specific
capacitance
(F g−1)

Coulombic
efficiency (%)

Specific energy
(Wh kg−1)

Specific power
(kW kg−1)

1 416.4 354.6 197 85.2 88.7 0.9

2 189.6 162.8 180.9 85.9 81.2 1.7

4 57.6 50.8 141.1 88.2 63.5 4.5

10 25.0 22.6 125.6 90.4 56.5 9.0
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efficiency of the ASC has also been calculated using the
relation49:

Energy efficiency %ð Þ= energy density dischargeð Þ
energy density chargeð Þ

× 100 %ð Þ

ð8Þ

The energy efficiency of the supercapacitor was approxi-
mately 90% at current density 10 A g−1, and it reduces to
85% for a current density of 1 A g−1.

The Nyquist plot of the ASC is shown in Figure 7E.
From the high-frequency region (inset of Figure 7E), it is
clear that there is almost zero or negligible series resis-
tance and relatively low charge transfer resistance
(�7 Ω). At the low-frequency region, the curve is inclined
to the x-axis with an angle of approximately 45

�
, which

suggests the presence of diffusion-controlled Warburg
element. The EIS data were further utilized to character-
ize the device. Typical Bode magnetic and Bode phase
plots of La0.7Sr0.3MnO3//AC ASC are shown in
Figure 7F, G. At a lower frequency such as 0.01 Hz, the
phase angle reached to −38.3

�
, clearly suggesting the

pseudocapacitive nature of the device. On the other hand,
the figure of merit of a supercapacitor can be estimated
from its relaxation time. The relaxation time was calcu-
lated using the equivalence τ0 = 1

2πf 0
, where, f0 is the fre-

quency at the phase angle −45
�
(where the contribution

of capacitive and resistive impedance are identical).50

The time constant obtained from the Bode phase plot
was 8.7ms. This small value of the time constant facili-
tates quick ion transport during the electrochemical
process.

The variation of real (C/) and imaginary (C//) compo-
nents of the La0.7Sr0.3MnO3//AC ASC device with fre-
quency was estimated and shown in Figure 7H. The real
part of capacitance depends on the nature of electrolyte,
porosity, and the active mass of electrode material. How-
ever, the imaginary component is directly related to
energy dissipation.51 From the curves, it is clear that the
resistive behavior of La0.7Sr0.3MnO3 at the high-frequency
region changes to capacitive at lower frequencies due to
ion migration. The long-term stability of the
La0.7Sr0.3MnO3//AC ASC was further investigated by per-
forming 4000 GCD cycles at a fixed current density of
10 A g−1 (Figure 7i). As can be noticed, about 87.2% of
the specific capacitance retained even after 4000 GCD
cycles, suggesting excellent stability of the device. The
Coulombic efficiency of the La0.7Sr0.3MnO3//AC ASC device
was also measured over 4000 cycles, which varied in-
between 90.4% and 85.6%. The results obtained in the pre-
sent study suggest that nanostructured La0.7Sr0.3MnO3 is an
excellent electrode material for supercapacitor applications.

4 | CONCLUSIONS

In summary, we demonstrated the possibility of synthe-
sizing strontium (Sr)-doped LaMnO3 (La0.7Sr0.3MnO3)
perovskite nanostructures through ball-milling assisted
solid-state reaction. XRD study confirmed the ABO3-type
rhombohedral structure of La0.7Sr0.3MnO3. N2

adsorption–desorption study confirmed the mesoporous
texture of the nanostructures. Electrochemical perfor-
mances of the La0.7Sr0.3MnO3 nanostructures studied in
neutral aqueous electrolyte (1 M Na2SO4) revealed a max-
imum specific capacitance of 393.5 F g−1. Pseudo-
capacitive mechanism was seen to be responsible for charge
storage in the material. Furthermore, the material has been
utilized to fabricate asymmetric La0.7Sr0.3MnO3//AC super-
capacitors with the same neutral electrolyte. Asymmetric
supercapacitors made of La0.7Sr0.3MnO3 nanostructures as
active electrode material operated within a potential win-
dow of 1.8 V and exhibited a highest specific capacitance of
197 F g−1. Incorporation of Sr in LaMnO3 nanostructures
was seen to improve their electrochemical performance as
well as their electrochemical stability. The results presented
in this work clearly indicate that Sr-doped lanthanum mag-
netite perovskite nanostructures can be used as electrode
material for fabricating supercapacitors with high energy
density.
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