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ARTICLE INFO ABSTRACT

Keywords: Perovskite oxides are promising multi-functional materials with enhanced physical and chemical properties. In
SrMnO3 this study, high-crystalline SrMnO3 perovskite oxide nanofibers have been successfully synthesized by sol-gel
Doping' electrospinning followed by calcination at different temperatures, using polyvinylpyrrolidone as a sacrificial
Perovskite . polymeric binder. The change in porosity and grain size with calcination temperature imparted a substantial
gi?;:;g::i;imﬁber effect on the electrochemical properties of the obtained SrtMnO; nanofibers. The SrMnO; nanofiber electrode
Electrode calcined at 700 °C exhibits an electrochemical capacitance of 321.7 Fg~! at a discharge current density of

0.5A g~ 1. The effect of doping Ba/Ca on Sr, and Co/Fe/Ni on Mn, respectively, on the specific capacitance of
SrMnO; nanofibers is studied. 20 mol% Ba loading shows the best performance as a supercapacitor electrode
with a specific capacitance of 446.8 Fg~! at a discharge current density of 0.5 A g~ '. The nanofibers retained
87% its initial capacitance after 5000 successive cycles. The device fabricated using the nanofibers show an
energy density of 37.3 Whkg ™! at a power density of 400 W kg™, and it is retained as 15.7 Whkg ™' even at a
high-power density of 8006 Wkg™?, indicating the potential of this electrode material for high-rate charge/

discharge operations in supercapacitors.

1. Introduction

The abrupt increases in energy demand and device miniaturization
have given rise to a sudden urge to explore alternate sources of energy
storage systems with high power density, high cyclic stability and fast
storage while keeping at low costs. Supercapacitors are anticipated as
promising energy storage devices with fast charging and power density
adequate for small electronic devices, and they can fill the gap between
the conventional capacitors and batteries [1]. The supercapacitance of
an electrode material is associated with reversible faradic reactions of
active species on the surface of the electrode [2]. The improvement of
this synergic interaction between the electrode and electrolyte can ul-
timately enhance the supercapacitance. Nanosized materials with large
surface areas and conductivities are primarily used as supercapacitor
electrodes. The performance of transition metal oxides [3-5], various
forms of carbon materials [6-8], conducting polymers [9] and their
composites [10,11] have been investigated as supercapacitor elec-
trodes. In spite of their poor conductivity, metal oxides exhibit large
specific pseudocapacitance due to multi-electron transfer during the
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faradaic reactions [12], and also high power density and better stability
than the organic electrochemical double-layer capacitor electrodes.

The supercapacitance of an electrode material is contingent to the
number active sites on the electrode and ease of access to them by the
electrolytic ions. The number of active sites are further determined by
the integrity of the lattice and the numbers of oxygen vacancies and it
increases remarkably with the decreasing dimensions of metal oxide
crystals [13]. As the oxide supercapacitor materials store energy on
their surfaces, the active materials as the electrodes with larger surface
areas and porosity favor higher capacities during charge-discharge
process. In order to increase the surface area and porosity, nanosized
materials are often used as supercapacitor electrodes. The nanosized
oxides of transition metals, such as MnO, [3] NiO [4] and Co304 [5]
have been extensively studied as supercapacitor electrode materials.
Despite the nanosize, there are other ways to improve the electrode-
electrolyte interaction. The number of active sites on electrodes for the
electrolyte ions can be improved either by defect engineering (doping,
cationic vacancies, etc.), creating layered structures, or improving
porosity.
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Recently, nanosized perovskite oxides with ABO3; formula have been
widely investigated for their applications in catalysis [14], water
splitting [15], supercapacitance [16], batteries [17], optical [18], su-
perconductivity [19], etc., and are considered to be a replacement for
single oxides in the stipulated application. ABO3; perovskites are pro-
mising for supercapacitance owing to the presence of multiple transi-
tion-metal ions in their crystal structure and therefore, perovskite
oxides have the potential to enhance the performance of the super-
capacitor through different charge storing mechanisms [20,21], by
controlling the ratio of metallic ions used during the synthesis [22].
Moreover, perovskite oxides are capable of accommodating a large
number of inherent oxygen vacancies [23].

The potential use of mixed-valent perovskite with trivalent lantha-
nide ion in the A site is extensively studied as supercapacitor electrode,
e.g., LaFeO3 [20], LaMnO3 [21], LaCoO3 [24], LaNiO5 [25], etc. The
LaMnOj possesses an orthorhombic structure, with space group of Pbnm
and lattice parameters of a = 5.531 f\, b =5.602 /O\, and ¢ = 7.742 A
[26]. Doping these perovskites, where the divalent Sr ion incorporated
in lanthanide perovskite lattice sites, for instance, La,Sr; \NiOs_s [27],
La,Sr; xCoO3.s [28], LaggsSrg1sMnO3 [29], etc. enhanced the super-
capacitor performance. On the other hand, the prospective of per-
ovskites with SrBO5; (B = Ti, Mn, Co, Fe, Ru, etc.) formulae with di-
valent Sr ions in the A site as supercapacitor electrodes is explored for
SrRuO3 [30], SrTiO3 [31] and SrCoOs_s [16], and SrFeOs3 [32] and
SrMnOj; [33] are identified as the promising candidates. The SrMnO3
possesses a hexagonal structure, with space group of P63/mmc and
lattice parameters of a = 5.443A and ¢ = 9.070 A (refer to Results
section of this paper). Besides supercapacitance, perovskites with StBO3
(B = Mn, Co, Fe, etc.) formulae have been reported as potential can-
didate for water splitting [34], solid state fuel cells [35], oxygen per-
meation [36], and gas sensing [37], etc.

In the present work, porous SrMnOj3, nanofibers were fabricated
through a simple sol-gel assisted electrospinning process followed with
calcination in air. SrMnOs consists of a three-dimensional network of
MnOg octahedra and a large number of characteristic oxygen vacancies,
leading to properties, such as, antiferromagnetism [38], electronic
conductivity [39], thermochromism [40], etc. Doping with other ele-
ments ameliorate above said properties tremendously [41-43], be-
cause, the physico-chemical and transport properties are altered by the
engineering of oxygen vacancies generated during doping. The gener-
ated oxygen vacancies show greater oxygen diffusion rates due to de-
creased transport lengths and it can ultimately improve the specific
capacitance of metal oxide materials [44].

The morphology and texture of the SrMnO3 nanofibers were con-
trolled by calcining the electrospun precursor nanofibers at different
temperatures to optimize the supercapacitance of the electrodes using
cyclic voltammetric and charge-discharge measurements. The nanofi-
bers with better specific capacitance are doped with Ba/Ca on Sr, and
Co/Fe/Ni on Mn, respectively, through electrospinning process to
compare the effect of dopants on the specific capacitance, since the
oxygen vacancies of the material can be controlled by substitute ions at
A or B sites of the perovskite materials [45,46]. Finally, the doped
nanofibers with highest specific capacitance were further studied with
different dopant loading. Although orthorhombic perovskite La;.
XS, MnO3 (x = 0, 0.15, 0.3, 0.5) has been evaluated for supercapacitor
[47], a study on high-crystalline hexagonal SrMnOs-based perovskite
nanofibers as a supercapacitor electrode material has not been reported
in the literature. A supercapacitor based on the porous Ba doped
SrMnOs3 nanofibers has been fabricated, and the performance is eval-
uated as a potential supercapacitor application. This work provides a
facile strategy to synthesize other porous perovskite nanostructures.

2. Materials and methods

Polyvinylpyrrolidone (PVP) with mean molecular
M, = 1.3 x 10°% strontium (II) acetate (Sr(Ac),,

weight
assay 98%),
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manganese (II) acetate (Mn(Ac)., assay 98%), N, N-dimethylformamide
(DMF) and acetic acid purchased from Sigma Aldrich, were used
without further purification to fabricate the precursor composite fibers.
Na,SO4 procured from Acros Organics, and graphite sheets and acti-
vated carbon obtained from Alfa Aesar were used for the super-
capacitance measurements.

To prepare electrospinnable sol of PVP and the metal salts, the re-
spective acetate salts in the stoichiometric molar ratio of 1:1, in a total
of 5g, were dissolved first in a mixed solvent containing 50 mL acetic
acid and 50 mL DMF. Further, 10 g PVP was added and stirred mag-
netically for 12 h before it was loaded to an electrospinning unit (MSK-
NFES-4, MTI Corporation). The weight ratio of metal salts to PVP was
1:2. The electrospinning was carried out under an applied voltage of
18kV, a tip to collector distance of 17 cm and a solution flow rate of
600 uL h~!. The precursor composite fibers were randomly collected on
a static collector plate. The electrospun PVP/Mn(Ac),-Sr(Ac), compo-
site nanofibers were then dried at 150 °C for 12h. The fibers were
subsequently calcined in air at 600, 700, 750 and 800 °C, respectively,
and the obtained nanofibers are represented as SrMnOs; @ 600,
SrMnO;@700, SrMnO;@750 and SrMnO;@800, respectively. The se-
lection of the calcination temperature was based on the degradation
temperature of the precursor composite fibers during their thermo-
gravimetric analysis (TGA) (Shimadzu DTG-60) in a nitrogen atmo-
sphere at a heating rate of 10 °Cmin ~’. The calcination was carried out
at a heating rate of 1 °Cmin ™' with dwell time of 6 h at the calcination
temperature to obtain SrMnO; perovskite nanofibers. The doped na-
nofibers were made using the similar method, in which respective
molar percentage of acetate salts of the dopants are added to replace the
subsequent amount of Sr(Ac),, and the aforesaid procedure was fol-
lowed. All the doped SrMnO3; and BaMnO3 nanofibers were calcined at
700 °C.

The morphology of the nanofibers obtained at different calcination
temperatures were examined by a field-emission JEOL JXA-8530F
electron probe microanalyzer (EPMA) for imaging in the scanning
electron microscope (SEM) mode, equipped with an X-ray energy-dis-
persive spectrometer (EDS) for chemical compositional analysis. The
samples were coated with ~ 10 nm carbon prior the EPMA analysis. The
nanofibers for transmission electron microscopy (TEM) were prepared
in pure ethanol solutions, sonicated for 1 min and then dispersed on
carbon-film supported grids. The grids were observed in the Argonne
chromatic aberration-corrected TEM (ACAT, a FEI Titan 80-300 ST)
with both spherical Cs and chromatic C. aberration corrections at
200kV. The X-ray diffraction (XRD) patterns of the nanofibers were
recorded using Rigaku MiniFlex 600 X-ray diffractometer in a scan
range of 10-90° and a scan speed 0.06° min~*. To determine the change
in lattice parameter and the unit cell volume after doping, the XRD
patterns are refined by Rietveld method using PDXL2 software by
Rigaku. Fourier-transform infrared (FTIR) spectra (IRPrestige-21,
Shimadzu) were recorded in transmission mode by KBr pellet method in
the wave number range of 300-4000 cm ™! at an average of 32 scans.

The electrodes for supercapacitance measurements were prepared
on graphite sheet (GS) cut to the size 1 cm X 1 cm. To modify the GS as
working electrodes, a slurry in DMF containing the nanofiber, activated
carbon and polyvinylidene fluoride in the ratio 80:15:5 were prepared
in a mortar and pestle and applied to the GS and then dried in air, 1 mg
of active material was loaded to the GS working electrodes. These
electrodes were soaked in 0.5M Na,SO, for 30 min to attain equili-
brium before supercapacitance measurements. The electrochemical
studies were performed using a three-electrode system with modified
GS electrode with an effective surface area of 1cm? as the working
electrode, platinum wire as the counter electrode and Ag/AgCl as the
reference electrode. The supercapacitive studies of modified GS elec-
trodes with nanofibers calcined at different temperatures were per-
formed under 0.5M Na,SO, medium, using a computer-controlled po-
tentiostat/galvanostat (CH Instruments, USA). An asymmetric
supercapacitor was fabricated using the nanofiber modified GS as



G. George et al.

positive electrode and activated carbon loaded GS as negative elec-
trode. These electrodes were separated by Whatman filter paper soaked
in 0.5M Na,SO4 medium.

3. Results and discussion

The TGA and DTA plots of PVP/Sr(NO3)/Mn(NO3), composite na-
nofibers are shown in Fig. S1. The composite nanofibers exhibit three-
step degradation before it is completely transformed to StMnO3 nano-
fibers, whereas the pure PVP exhibit a single step in its thermal de-
gradation profile [48]. The actual onset of degradation of the nanofi-
bers is at 300 °C and the degradation is completed at 500 °C. The First
step in the degradation process at ~ 100 °C is due to the removal of
water from the nanofibers. The second step in the degradation process
can be linked to the conversion of the acetate salts to the respective
carbonates and the complete degradation of the organic phases takes
place in the final step. The DTA curve reveals the occurrence of multiple
exothermic and endothermic phase transformations during the de-
gradation process. Though there is no remarkable weight loss above
500 °C, the phase transformation is perceptible from the DTA peaks
above 500 °C.

3.1. Morphology and structure

The successful transformation of the precursor composite fibers to
SrMnOj; perovskite nanofibers was confirmed with the XRD analysis as
shown in Fig. 1a. The very sharp peaks in the XRD patterns of the
calcined nanofibers reveal the crystalline nature of the obtained na-
nofibers. The obtained SrMnO; structure can be indexed to JCPDS
standard data file No. 01-084-1612, with space group of P6s;/mmc
(a=5.443A and ¢ = 9.070 A). On comparing the XRD patterns of the
obtained SrMnO; nanofibers calcined at different temperatures, it is
observed that the pure STMnO3 phase is formed at 700 and 750 °C. The
XRD pattern of the nanofibers calcined at 800 °C reveals the transfor-
mation of hexagonal SrMnO3 to Sr;Mn40;5 or Srs;Mn3;0;o phase. At a
calcination temperature of 600 °C, the degradation of polymeric part is
completed, but the presence of strontium carbonate is identified in the
respective pattern.

XRD patterns of the doped SrMnO5 nanofibers are shown in Fig. 1b.
Upon doping with various elements (Ba, Ca, Co, Fe, and Ni) in SrMnO;
nanofibers the crystal structure of SrtMnO; remains unaffected until
20 mol% loading of the dopants, Fig. 1b, as there is no apparent peak of
the dopant oxide in the XRD pattern of the respective nanofibers. Re-
presentative Rietveld refined XRD patterns of doped SrMnO3 nanofibers
are shown in Fig. 2, and the estimated lattice parameter and unit cell
volume are presented in Table 1. The refined weighted-profile factor
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R, and profile factor R, are indicated in Fig. 2 and Table 1. One can
observe a remarkable difference in the lattice parameters of the doped
SrMnOj3 nanofibers as compared with pure SrMnOs nanofibers. This
change in the lattice parameters is attributed to the difference in the
atomic radii of the dopant ions with respect to the parent ions. While
the Ba loading is increased to 50 mol%, additional peaks are originated,
which can be attributed to the formation of BaMnOj structure as in Fig.
S2. On further increase of Ba loading to 75 mol%, a significant change
in the XRD pattern is observed as compared with pure SrMnO3 struc-
ture. The new phase appeared in the pattern of 75mol% Ba doped
SrMnOj3 is BagMn,;Og (JCPDS data file No.). Nanofibers with pure
Bas;Mn,0g and BaMnOj structure are also successfully produced. The
XRD patterns of BazMn,Og and BaMnO3 nanofibers can be indexed to
PDF cards 2008132 and 026-0168, respectively.

The representative TEM images of the calcined SrMnO;@700 na-
nofibers are shown in Fig. 3. The TEM images reveal that the nanofibers
are polycrystalline in nature, with a grain size ~ 30 nm (Fig. 3a). The
electron diffraction pattern in Fig. 3b shows a ring pattern from poly-
crystalline nanocrystals with high crystallinity, which is indexed as the
hexagonal structure being consistent with the XRD. Grains are ran-
domly oriented in the nanofiber and they are formed during the pyr-
olysis of the composite nanofibers, due to homogeneous nucleation and
the space confinement of the nanofibers [49]. The measured d-spacings
from the high-resolution TEM (HRTEM) image (Fig. 3c) are consistent
with the XRD results.

Fig. 4a-c shows the SEM images of randomly oriented nanos-
tructured SrMnO; nanofibers obtained at different calcination tem-
peratures. One can observe a significant difference in the morphology/
texture of the nanofibers obtained after calcination at each tempera-
ture. On comparing the surface texture (Figs. 4, 5) of the nanofibers
obtained at different calcination temperatures, the surface SrMnO;@
600 nanofibers is smooth and there is no clear evidence of highly
porous structure within the nanofibers. While in the sample of
SrMnO3;@700nanofibers, one can distinguish the highly porous nature
of the nanofibers, composed of myriads of small grains. However,
SrMnO;@800 nanofibers are composed of large grains with a smaller
nanofiber diameter. The SEM images of the representative doped
SrMnOs; nanofibers calcined at 700 °C are shown in Fig. S3a and b. The
doped nanofibers also retained the continuous-long fibrous mor-
phology, however, the BaMnO3; nanofibers shown in Fig. S3c has a
beaded morphology. In the EDS spectrum (Fig. S4) of the representative
nanofibers, the peaks corresponding to Sr, Mn and O and the re-
presentative dopants are present. The representative elemental maps of
the pure and doped nanofibers are shown in Figs. S5-S6.

The complete elimination of organic parts from the precursor
composite fibers is confirmed with the FTIR spectra (Fig. S7). In all the
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Fig. 1. Comparison of XRD patterns of (a) StMnO3; nanofibers calcined at different temperatures, and (b) doped SrMnO; nanofibers calcined at 700 °C.
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Table 1
Lattice parameter and unit cell volume of pure and doped SrMnO; nanofibers
estimated after Rietveld refinement.

Nanofiber a® b@A) c@A Ruwp(%) R, (%) Volume of unit cell
(cubic A)

SrMnOs;@700 5.454 5.454 9.086 9.02 7.16 234.0566

SrosBapMnOs; 5.544 5.544 9.162 10.42 8.07 243.8679

SrosCapMnOs 5417 5.417 8.869 7.64 6.43 225.3772

SrMn gC09.203 5.475 5.475 9.027 8.57 6.79 234.6015

SrMnogNip .03 5.498 5.498 8.979 10.17 7.86 235.0473

SrMno sFep 03 5.466 5.466 9.042 8.95 5.97 234.1579

FTIR spectra, the peaks between 3600-3085cm ™! are due to the ad-
sorbed water molecules. In the IR spectrum of PVP/Sr(Ac),-Mn(Ac),
nanofibers, the peaks at 2957 and 2890 cm ~! represent the symmetric
and asymmetric vibrations of CH in CH, and CHs, respectively. The
peaks 1648, 1562, 1439 and 1287 cm ™! are attributed to C=0, C=C
stretching in aromatic rings, CH, bending and C=N vibrations, re-
spectively [50]. The broad peak between 800 and 400 cm™* is due to
the several vibrational modes of pyrrolidone ring [51]. On comparing

2110 $
110102

the IR spectrum of the PVP/Sr(Ac),-Mn(Ac), composite nanofibers with
those of SrMnO;@600 and SrMnOs;@700, as in Fig. S7a, the char-
acteristic IR peaks of PVP disappear. There is a strong evidence on the
presence of SrCO; in SrMnO3;@600 nanofibers as detected in the XRD
data. In the IR spectrum of SrMnO;@600 nanofibers, the observed
peaks at 1671, 1467 1188 cm ™! and 984 cm ™! are originated from C=O,
C-OH and C-O stretching, respectively [50], corresponding to SrCO3
and the remaining peaks, 642 and 532cm™! are due to the Mn-O
stretching in MnOg octahedra, Mn-O-Mn bending [52], respectively,
from the SrMnOj structure. The IR spectrum of STMnO3;@700 nanofi-
bers exhibits peaks from SrMnOj structure only. From Fig. S7b, the
peaks originated by Mn-O-Mn bending and Mn-O stretching in StMnO;
are modified in the presence of dopants. The shift in Mn-O stretching
peaks and modification of Mn-O-Mn bending peak can be associated
with dopant induced defects in those fibers [53]. It is worthwhile to
note that pure SrMnO;@700 and BaMnO3 nanofibers exhibit well-de-
fined peaks corresponding to and Mn-O stretching and Mn-O-Mn
bending vibrations.

¥'2101°

. 201
<

103 | Y202
2038 q
212 -

Fig. 3. (a) TEM, (b) SAED pattern, and (c) HRTEM images of StMnO3;@700 nanofibers.
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Fig. 4. SEM images of (a) StMnO;@600, (b) StMnO3;@700, and (c) StMnO3;@800 nanofibers.

3.2. Electrochemical characterization of SrMnO3 perovskite nanofiber

The electrochemical properties of the SrMnO5 nanofibers calcined at
different temperatures and Ba, Ca, Co, Fe and Ni doped SrMnOs na-
nofibers as a supercapacitor electrode is studied using cyclic voltam-
metry (CV), Galvanostatic charge-discharge curves (GCD) and electro-
chemical impedance spectroscopy (EIS) techniques. The area under the
cyclic voltammogram is a measure of electrochemical charge storage
capacity of the electrode [54]. The representative cyclic voltammo-
grams of the as-fabricated SrMnO; nanofiber calcined at 600, 700 and
800 °C are compared in Fig. 6a, in 0.5 M Na,SO, (aq.) recorded at a scan
rate of 10mV s~ ! for the same mass loading. In all the voltammograms,
the voltammetric current is directly proportional to the scan rate. The
voltammograms has the shapes close to the electric double layer ca-
pacitance, without any superficial Faradaic oxidation/reduction peaks.
The symmetry of the cyclic voltammograms indicates the reversibility
of the electrodes for charging and discharging cycles. The voltammetric
curves of the electrospun SrMnOj3 electrode exhibit a nearly rectangular
shape in the applied potential range, which is an indicative of an ideal
capacitor with a compromise of both pseudocapacitive and double layer
capacitance. The symmetry between cathodic and anodic regime is
concomitant to the fast-reversible process of ionic intercalations on
electrode surface. The transition of manganese oxidation states between
Mn®*<Mn** alleviates the ionic intercalation/deintercalation over
electrode material. While comparing the area of cyclic voltammograms
of nanofibers obtained at different calcination temperatures, the
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oS Seise
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SrMnO3;@700 electrode has the largest area at a scan rate of 10 mVs™ 1
indicating the good capacitive capability of those nanowires. The better
performance of STMnO3;@700 can be attributed to the high porosity of
these nanofibers as observed in SEM images, and the pure SrMnO3;
phase is observed in SrMnO;@700 nanowires from the XRD analysis.
SrMnO3;@700 electrode could have the best electrochemically active
surface with good accessibility to the ions, and one can expect enhanced
capacitive behavior than the nanofibers obtained at other calcination
temperatures.

The variation in the Galvanostatic charge-discharge (GCD) cycles of
the electrodes calcined at different temperatures at a current density of
0.5A g~ ! is shown in Fig. 6b. The near linear range in the triangular
GCD curves indicates the electrochemical double-layer capacitance
behavior, which may take place at the interface between electrode and
electrolyte [55].

The specific capacitance is calculated according to the following
equation from the charge discharge curves [56]:

Cyp = IAt/mV [¢))

where, Cg;, is the specific capacitance (F g~ 1), I'is the discharge current,
At is the discharge time and m is the mass of the active materials (in g)
and V is the potential window, respectively.

The specific capacitance values of the SrMnO; electrodes at dif-
ferent current densities are shown in Fig. 6¢. The electrospun SrMnO3
supercapacitor electrode exhibits a remarkable specific capacitance,
which is dropped at high current densities by ~ 60%. As expected from

SrMn0,@800
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Fig. 5. Enlarged SEM images (top) and schematic illustrations of the texture of the SrMnO3 nanofibers obtained at 600 °C (a), 700 °C (b) and 800 °C (c).
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Fig. 6. (a) CV (scan rate = 10mVs~!) (b) GCD curves (current density = 0.5A g™ "), and (c) specific capacitance of SrMnO; nanofibers calcined at different

temperatures.

Table 2
The specific capacitance (Fg~ ') of nanofiber electrodes at different current
densities.

Nanofiber Current Density (Ag™ ")
0.5 1 2 5 10

SrMnO;@600 235.6 176.2 146.8 117.5 90.4
SrMnO;@700 321.7 240.4 199.0 146.7 122.9
SrMnO;@800 272.7 201.4 170.3 135.7 96.2
Sry gCag ,MnO3 338.2 242.7 202.1 147.3 120.3
SrMng §C0p 203 418.4 312.4 258.4 189.9 158.5
SrMny sFeg 203 345.6 257.5 213.3 156.4 119.1
SrMny gNip 203 354.6 229.9 218.5 166.2 127.0
Sro.0Bag ;MnO; 372.7 273.4 211.1 168.6 134.1
Sro.gBag ,MnO3 446.8 333.2 270.8 196.7 161.0
Sro.7Bag sMnO3 375.9 276.4 218.4 159.7 134.6
Sro.sBag sMnO; 261.4 190.2 154.3 115.5 93.6
Sro.25Bag 7sMnO; 177.5 130.2 100.3 80.3 63.8
BazMn,0g 241.0 177.2 140.6 102.4 86.3
BaMnO3 216.8 162.1 131.8 95.2 77.84

CV data, SrMnO5;@700 has the highest capacitance (Table 2), which
may be attributed to the better morphological and structural para-
meters such as surface area, pore size, and crystallite size. The high
porosity and surface area are likely to improve the double layer capa-
citance through more ion diffusion and adsorption in the charge-dis-
charge process. Moreover, with high porosity, sufficient electro-
chemically active sites are exposed that can hold a large quantity of
electrolyte and thereby providing more electrode—electrolyte accessi-
bility [57,58].

To explore the effect of doping on SrMnO3 nanofibers, a calcination
temperature of 700 °C is selected as the optimum calcination tem-
perature. Ba, Ca, Co, Fe and Ni are selected as the doping elements for
the present study. The elements Ba and Ca replaces Sr site (A site) and
the elements Co, Fe and Ni replaces the Mn site (B site) in the SrMnO3
perovskite lattice. The cyclic voltammograms of SrMnOs; nanofibers
doped with 20 mol% of Ba, Ca, Co, Fe and Ni are compared in Fig. 7a,
recorded at a scan rate of 10mV s~ . The shape of the CV curves is
unaltered as compared with the pure SrMnO3, though the area under
the CV curve is increased after doping. On doping the elements, Ba, Ca,
Co, Fe and Ni, in SrMnOs, the specific capacitance is increased than
pure SrMnOj; nanofibers. On comparing the GCD curves (Fig. 7b) of the
doped nanofibers, a longer charging and discharging time is observed
than the pure SrMnOj; nanofibers calcined at 700 °C and therefore a
higher specific capacitance. The specific capacitance at different cur-
rent densities are shown in Fig. 7c. The highest specific capacitance is
observed on Ba doping among the above doped nanofibers, as presented
in Table 2. The performance of perovskite materials as supercapacitor
electrodes is owing to their inherent nature to comprise oxygen

vacancies as the charge carriers [47]. The amount of oxygen vacancies
can be tailored by doping as the dopant ions with a different ionic ra-
dius than the parent ion can generate lattice distortions and an in-
creased oxygen vacancies in oxides [59]. In the present study, the ionic
radius of Ba is higher than the other dopants and therefore more oxygen
vacancies are plausibly generated as charge carriers.

While increasing the Ba loading, the CV curves (Fig. 7d) are iden-
tical to that of SrMnO3 without any significant oxidation or reduction
peaks. The Galvanostatic charge discharge cycles (Fig. 7e) reveals the
near symmetric charge-discharge pattern from all the fibers. The spe-
cific capacity (Fig. 7f) calculated from GCD curves tends to decrease at
higher Ba loading, which can be attributed to more lattice distortions
and thereby reduced oxygen adsorption in those fibers [47]. The spe-
cific capacity of pure BaMnO3; and Ba;Mn,Og nanofibers are lower than
the pure and 20 mol% Ba loaded SrMnOs3 nanofibers.

In SrMnOj; structure Mn (IV) is the Jahn-Teller-ion when it is re-
placed by other elements, and thus the oxygen framework of the per-
ovskite structure is distorted [60]. The lattice distortion is possible by
introducing other elements analogous to the incorporation of Ba or Ca
in place of Sr. As the ionic radius of Ba (II) (1.35 A) is bigger than that of
Sr (II) (1.18 ./0\), lattice expansion in the perovskite structure is expected
when doped with Ba, while lattice contraction when doped with Ca
(1.0 A), therefore, resulting a larger lattice parameter in Ba doped
SrMnOj; nanofibers than that of pure StMnO3 nanofibers as presented in
Table 1. The lattice expansion may create more oxygen vacancies and
consequently Mn (III) ions to balance the charge. The oxygen vacancy
sites in turn have a strong affinity towards electrolyte anions. Hence the
vacancy occupied by anionic intercalation followed by a change in
oxidation states of Mn atom (Mn®* — Mn**), ultimately augments the
pseudocapacitance of the Ba doped SrMnOs nanofibers [61]. On the
other hand, when SrMnOj3 is doped with Co, Fe and Ni where Mn is
replaced by these dopants, only octahedral distortions are expected and
the change in lattice parameters is insignificant as evident in Table 1, so
they showed lower pseudocapacitance than Ba doped SrMnOs;.

On comparing the Galvanostatic charge-discharge measurements of
the as prepared nanofibers calcined at different temperatures and dif-
ferent compositions at a current density of 0.5A g~ ! as in Figs. 6b and
7b&e, one can observe the near symmetric nature of the curves and the
highest capacitance was obtained for a current density of 0.5A g~ *. The
near symmetric charge-discharge curves indicate the electrochemical
reversibility of the electrode materials. The symmetry of the charge-
discharge curves is different for the nanofibers with different compo-
sition. The change in symmetry of the charge-discharge curves can be
coupled with the interaction of electrodes with the cations of the
electrolyte. The accessibility of the cations to the active surfaces are
influenced by the impurity present in the fibers. The change in the
symmetry of the charge-discharge curves are accurately estimated in
terms of the coulombic efficiency [62]. The coulombic efficiency was
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Fig. 8. Coulombic efficiency and available active sites for the nanofibers.

compared among the nanofibers fabricated in this study for a charge
and discharge current density of 0.5 A g~ using the relation (Fig. 8),

n= 4« 100
te ()]

where, 7 is the columbic efficiency, tq4 is the discharging time, and t. is
the charging time.

The conductivity and ease of mobility of the cations within the
electrode surface determines the performance of the electrode. The
electrode performance can be evaluated by calculating the active sites
on the electrodes (Fig. 8). The highest number of active sites are ob-
tained for nanofibers with highest specific capacitance, which can be
corroborated to the morphological/compositional properties of those
nanofibers. The available active sites (Z) are determined from the
specific capacitance of the nanofiber electrodes using the following
equation [63]:

,_ CalVW
-~ F 3

where, Cq;, is the specific capacitance, AV is the potential window, W is
the molecular weight of nanofiber material, and F is the Faradaic
constant.

The impedance behavior of the nanofiber/GS electrodes was mea-
sured in the frequency range of 1-100 kHz with an amplitude of 5 mV
and the corresponding Nyquist plots are shown in Fig. 9. The im-
pedance spectra of the all as synthesized nanofibers exhibit a straight
line at the low-frequency and a quasi-semicircle at high-frequency re-
gime. The impedance data are fit to an equivalent Randles circuit as
shown in Fig. 9d. The Randles circuit has the following components.
The charge transfer resistance (R.) corresponding to the diameter of
the semicircle at high frequency region at the electrode-electrolyte
boundary, i.e., resistance to the diffusion of ions at the interface be-
tween the electrode and electrolyte [64]. The changes in R in the
reported samples are due to the different level of distortion of the
electron conduction path (Mn-O-Mn bonds), caused by dopants [65].
As insignificant semi-circles at high frequencies were observed, it in-
dicated a negligible charge-transfer resistance across the interface of
nanofibers/electrolyte [66]. The lowest R, values are observed for
Sro.sBag ,MnO; electrodes shows a smaller charge transfer resistance
than the nanofibers with other compositions. The slope of the im-
pedance in the low frequency region correspond to the mass transfer
rate of the electrolyte in the pores and diffusive resistance of the elec-
trolyte in the electrode pores, Warburg impedance (Z,,). The solution
resistance (R;) is obtained from the intersection of the high frequency
side with the horizontal axis of the Nyquist plot [67]. Therefore, the
electrode with small charger transfer resistance and low diffusive re-
sistance may increase the synergic interaction with the electrolyte.
Table 3 shows the parameters obtained by fitting the equivalent circuit
model. C, is the pseudocapacitance component, and Cg is double layer
capacitance. In La; 4SryMnOj3 perovskite system, the partial substitution
of Sr increases the conductivity of the system with a maximum
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Fig. 9. EIS spectra of (a) StMnOj3 nanofibers calcined at different temperatures, (b) StMnO3; doped with different elements, (c) pure BaMnO3 and Sr doped BaMnOs,

and (d) equivalent Randles circuit.

Table 3

Values of equivalent circuit components of EIS spectra.
Nanofiber R (Q) Car (UF) Rs (€9 Zw Cp (mF)
SrMnO;@600 2.21 25.4 13.2 0.001 15.4
SrMnO;@700 0.65 32.7 7.6 0.008 23.2
SrMnO;@800 0.84 28.8 8.6 0.005 11.6
Srg.gCap ,MnO3 2.03 22.2 8.3 0.005 18.9
SrMng gC0p 203 0.54 30.5 8.1 0.002 53.5
StMny gFeg 203 1.2 24.6 6.7 0.006 35.8
SrMng gNig 203 2.02 23.8 6.4 0.007 41.9
Srp.9Bag 1MnO3 0.73 20.8 5.1 0.007 39.4
Sro.gBag.,MnOs 0.33 24.73 4.1 0.006 74.4
Sro.7Bag sMnOs 0.63 29.73 6.3 0.006 56.7
Srg.5Bag sMnO3 0.56 26.5 7.6 0.006 16.6
Srg.25Bag 75sMnO3 1.15 29.5 8.1 0.005 14.2
BazMn,0g 1.89 22.1 6.7 0.005 13.8
BaMnO3 1.93 28.3 5.3 0.010 16.3

conductivity correspond to x = 0.15 [47] and those samples exhibit the
highest specific capacitance than pure LaMnOs. The capacitance of La;.
S, MnOs is increased to 102F g~ * as compared with 60 F g~ * of pure
LaMnO; nanoparticles, on adding 15mol% Sr [47]. A similar char-
acteristic is observed in the EIS spectra of the present study, where the
overall resistance of the SrMnO; nanofibers are dropped in the presence
of dopants, which ultimately resulted in an enhancement in the su-
percapacitance of the doped nanofibers. The capacitance of SrMnO3
nanofibers is significantly higher than that of LaMnO3 nanoparticles,
probably because of enhanced surface areas of the electrospun nanofi-
bers.

The construction of asymmetric capacitor for two electrode study is
shown in Fig. 10a. The CV analysis of the electrodes were performed
separately in 0.5 M Na,SO, solution and it is shown in Fig. 10b. The CV
(Fig. 10c) analysis of the electrode assembly shows that, the increase in
scan rate from 5 to 100 mV s~ ! subsequently increased the current. As
the scan rate is increased, the CV curve is largely deviated from the near

rectangular shape observed at low scan rate. It is due to the insufficient
time for the electrolyte species to access the electrode material through
the tunnels or pores present [61]. The Galvanostatic charge-discharge
curves of the asymmetric supercapacitor is shown in Fig. 10d. The
asymmetrical nature of GCD is mainly attributed to the electrochemical
oxidation/reduction reaction at the electrode/electrolyte interface,
during which Mn** is converted to Mn®>* and vice versa [68]. The
specific capacitance was calculated using the following equation [69].

C= 2IAt

mv ()]

where I is the discharge current, At is discharge time, m is the mass of
active material and V is the potential window, respectively. The specific
capacity of the supercapacitor device is 420.3Fg~! at a density of
0.5A g™ '. Approximately 60% specific capacity is retained when the
current density is increased to 2A g1, as in Fig. 10e. The Nyquist plot
of this device is similar to that of the three-electrode system as dis-
cussed before.

Specific energy and specific power are calculated for the asymmetric
supercapacitor device and the respective Ragone plot is shown in
Fig. 10f. Specific energy and specific power determines the power ap-
plications of supercapacitor. The Ragone plot for the device is obtained
at the potential window of 0.8 V in 0.5 M Na,SO, aqueous solution. The
specific energy (E) and specific power (P) are calculated using the
following equations [70].

Ccv?
= in WhKg—!
2% 3.6 (in &) 5)
3600 E
P="—"——" (inWKg?
A (nWKgT ©)

where C is specific capacitance, V is the potential window and At is the
discharge time, respectively.

The specific energy decreases with respect to an increase in the
specific power as the galvanostatic (GV) charge/discharge current
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Fig. 10. (a) schematic of the assembly, (b) comparison of CV curves of Sry gBag -MnO3 nanofibers as positive electrode and activated carbon as negative electrode, (C)
CV curves, (d) Galvanostatic charge/discharge curves at different current densities, (e) specific capacitance at different current densities (Nyquist plot in the inset)

and (f) Ragone plot of Srg gBag 2MnO3 asymmetric supercapacitor.

increased from 0.5 to 10Ag~ . The energy density nanofiber super-
capacitor is estimated as 37.3Whkg™' at a power density of
400 Wkg ™. The energy density is 15.7 Whkg ™! even at a high-power
density of 8006 Wkg™?, indicating the potential of these electrode
materials for high-rate charge/discharge operations in supercapacitors.
These results are compatible among reported asymmetric devices and
similar to perovskite-based supercapacitors [16,21,68,71-73].
Another important requirement for supercapacitor applications is
cycling life. The long cycle life is an important parameter for evaluating
the performance of a supercapacitor. The long-term cycle ability of the
Sro sBag ,MnO3 nanofiber supercapacitors was evaluated by repeating
the charge-discharge test at a current density 10 A g~ " for 5000 cycles,
as shown in Fig. 11, using constant current galvanostatic (GV) charge/
discharge cycling techniques in the potential windows ranging from 0
to 0.8 V. The specific capacitance of the SrygBag ,MnO3 nanofibers is

100 -
801
2
_§ 60 - 0.6-
A
e 2041
2407 3
(&) o
3 0.2
M
© 20

9400 9500 9600 9700 9800 9900
0 Time/sec
0 1000 2000 3000 4000 5000

Number of cycles

Fig. 11. Cycle stability of the SrpgBag,MnO3; supercapacitors at a current
density of 10A g~ ", inset shows a sample cycling interval.

decayed to 87% after 5000 cycles, illustrating the utilitarian long-term
cyclability of the nanofibers as supercapacitor electrode.

4. Conclusions

In conclusion, perovskite SrMnO; porous nanofibers have been
successfully fabricated using a simple sol-gel assisted electrospinning
process and calcination. The SrMnOs; nanofibers calcined at 700 °C
exhibit a superior supercapacitance than the nanofibers calcined at
other temperatures. The porous nanofibrous morphology is revealed in
the SEM analysis, and the nanosized particles composing the nanofibers
are observed in TEM analysis. The influence of Ba, Ca, Co, Fe and Ni
doping on supercapacitance of SrMnO3 nanofibers are studied further.
The XRD analysis reveals that the obtained SrMnO3 nanofibers at 700 °C
possess a hexagonal structure and the structure is unaltered by the
dopant loading until 20 mol%. Doping 20 mol% Ba to SrMnO; matrix
significantly enhance the specific capacitance from 321.7 F g~ to up to
446.8F g~ ! at a discharge current density of 0.5A g™ !. The enhance-
ment in specific capacitance by doping is postulated as the increase in
the oxygen vacancies by lattice distortions. An asymmetric capacitor
device fabricated using Ba-doped SrMnO3 nanofibers exhibit a specific
capacitance of 423 F g~ ! with an energy density of 37.3Whkg ™' at a
power density 400 W kg ™. The nanofibers retained 87% its initial ca-
pacitance after 5000 successive cycles. The superior capacitive prop-
erties of 20 mol% Ba doped SrMnOs; nanofibers distinguish them as a
promising candidate for supercapacitor applications.
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