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Abstract

Nanofibers with hollow or porous network structure have numerous prospective realistic applications in electrode materials of a
hybrid supercapacitor. Herein, La, 7Sty 3C005/Co504 nanofibers (LSC/Co3;04 NFs) with hollow network porous structure where
Co30,4 nanoparticles evenly distributed in the LSC single tube both sides of hollow are successfully prepared by one-step
electrospinning. Electrochemical characteristics of LSC-doped composite electrode materials with different proportions have
studied in detail. The result showed the LSC (20 wt%)/Co;0, electrode material displayed the eminent specific capacity of 215 C
g! 430 F g"yat1 A g'. Furthermore, the LSC (20 wt%)/Co50,//AC hybrid supercapacitor showed remarkable cyclic stability
after 5000 cycles with a capacity retention of 86.3% and it showed a tremendous energy density of 21.9 Wh kg™ at a power
density of 358.4 W kg'. Hence, the prepared LSC/Co;0, NFs have promised a new type of electrode for hybrid supercapacitors.

Keywords Lag 7Srg3C003/Co304 nanofibers - One-step electrospinning - Hollow network porous structure - Hybrid
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Introduction

Hybrid supercapacitor is a novel kind of ecologically-gracious
energy storage device with long life and high cycle efficiency
while electrode materials are the key factors that affect the
performance of capacitors [1-3]. As a significant member
of transition metal oxide materials, Co3O,4 has been exten-
sively studied on account of its abundant redox activity and
exhibits pseudo-capacitance behavior (theoretical capacitance
is 3560 F g'l) [4]. However, similar to other transition metal
oxides, low electrode material utilization and poor conductiv-
ity are hindering their practical application [5—8]. Studies
showed combining Co;0,4 with high specific surface area ma-
terial to form composite electrode material can extremely ef-
fectively improve the conductivity of Co3O,4 and enhance the
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electrochemical properties, such as 3D graphene/Co30, elec-
trode [9], Co304/PANI electrode [10], and Co;04@PPy elec-
trode [11]. However, the majority of the composites approach
have been intricate the electrochemical performances, for ex-
ample, specific capacitance and cyclic stability still necessitate
to be improved [12, 13]. Recently, the perovskite-type oxide
of the ABOs; structure has been sizzling and researching on
account of structural stability and electron-ion double conduc-
tivity [14, 15] and it is always coupled with other electrode
materials [16—19] to applied in supercapacitor field [20, 21].
As one of the perovskite-type oxide materials, the
Lay 7Srp3C005_s has a remarkable electronic conductivity, al-
though it can still reach 10°~10* S cm™ at room temperature
according to report [17].

In recent years, increasing the specific surface area of elec-
trode materials and reducing the ion transfer distance have
been considered a new method to improve the electrochemical
performance, of which the design of porous or hollow struc-
tures is a more commonly used method [5, 22, 23].
Electrospinning is a significantly successful strategy for the
production of fibers with diameters from submicron to nano-
meter sizes, which also can prepare various graded nanostruc-
tures such as core-shell, hollow, and porous [24-26].
Electrospinning hollow porous nanofibers have received
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considerable attention as potential electrode materials for hy-
brid supercapacitors because of their high conductivity, large
specific surface area, and self-reliance.

In present work, LSC/Co3;04 NFs have been synthe-
sized by doping with different proportions of LSC via
one-step electrospinning technique. The electrochemical
properties of LSC doped nano fibers with different con-
centrations have been studied for hybrid supercapacitor
electrode material. The sample doped with 20 wt% ex-
hibits most excellent electrochemical properties. The
network connection mode of Co3;04 nanoparticles and
LSC single tube not only promotes the electronic and
ionic transport abilities but also ensures effective contact
between the active substance and the electrolytes, bring-
ing about an improved electrochemical performance.

Experimental section
Preparation of hollow network porous LSC/Co30,4 NFs

According to LSC/Co50,4 doped with different contents
of LSC (LSC=0 wt%, 10 wt%, 20 wt%, 30 wt%, 50
wt%, 100 wt%), weighing different weights of
La(NO3)3°6H,0, Sr(NO3),, and Co(Ac),*4H,O were all
dissolved in 18 mL of N,N-dimethylformamide solvent.
Then, 3.282 g of Polyvinyl pyrrolidone (K88-96) was
added with stirring. The solution was stirred for 10 h to
acquire a homogenecous purple sol at room temperature.
The above-mixed sol was placed in a 20 mL plastic
syringe, mounted on a syringe pump, and connected to
a high voltage power source. The voltage, propulsion
rate, and receiving distance for electrospinning are 15
kV, 0.3 mL/h, and 16 cm, respectively. The precursor
fibers were collected and curing at 80 °C for 12 h and
calcined at 600 °C for 5 h to obtain LSC/Co304 NFs.
Figure 1 shows the process of preparing LSC/Co30,
NFs by one-step electrospinning.
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Material characterization

Determine the crystal phases of prepared samples by X-ray
diffraction (XRD, D8 Advance). Scanning electron microsco-
py (SEM, JSM-6700F) with energy-dispersive X-ray spec-
trometry (EDS) and transmission electron microscopy
(TEM, JEM-2010) is examined the morphology and charac-
terization of the products. Additionally, the surface area of
prepared samples and its pore size is checked by Nitrogen
Adsorption Desorber (ASAP 2020). The state of chemical
elements for samples is examined by XPS measurement
(XPS, ES-CALAB 250 Xi).

Preparation of single electrode and hybrid device

To make a single working electrode, here use traditional slurry
coating method. First, the active material (LSC/Co304 NFs),
conductive agent acetylene black, and graphite are mixed uni-
formly in the ratio of 80 wt%, 7.5 wt%, and 7.5 wt%, and then,
5 wt% of PTFE emulsion and a few drops of alcohol are added
to prepare a uniform slurry material. Secondly, it is coated on
the foamed nickel that has been pretreated, the coating area is
1 cm?, and the mass of the active material is 4 mg. Coat on
nickel foam and dry at 60 °C for 12 h, eventually subjected to
a series of electrochemical tests after being pressurized at
10 MPa for 3 min. The hybrid capacitor device is assembled
by AC and LSC/Co050, coated on foam nickel as the negative
electrode and the positive electrode, respectively. The prepa-
ration method of AC electrode is to mix activated carbon,
PTFE, and conductive agent [27, 28] in a ratio of 80 wt%, 5
wt%, and 15 wt% evenly to form a viscous paste [17, 29-31].
Then, the paste was evenly coated on the foam nickel and
placed in a drying oven at 60 °C for 12 h. Finally, the electrode
is made by pressing the electrode under the pressure of 10
Mpa. The loading masses of LSC/Co30,4 and AC on nickel
foam are 4 mg and 8 mg [32], respectively, calculated by the
following equation [33]:
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Fig. 1 Schematic illustration of the formation process of LSC/Co30,4 NFs with hollow network porous structure
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where m (g) is the mass of the electrode material, and C (F g'l)
is specific capacity and 2V (V) is cell voltage.

Electrochemical measurements

The electrochemical properties are tested at room temperature
in a CHI660D electrochemical work station using6 M KOH as
an electrolyte. In the three-electrode system, with LSC/Co0304
NFs as the working electrode, Pt as the opposite electrode, Hg/
HgO as the reference electrode. The cyclic voltammetry (CV),
galvanostaic charging/discharge (GCD), and electrochemical
impedance spectroscopy (EIS) were successively performed.
In the meantime, a cycle stability test is carried out in the
LAND system. The specific capacity (O, C g ') can be calcu-
lated from GCD curve according to the follow equation [34]:
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Here 7 (A) corresponds to the charging and discharging
current of the electrode material, # (s) represents the discharge
time, and m (g) is the mass of the active material.

When assembling the hybrid device, the specific capaci-
tance (C, F g™') can be calculated from the GCD curve, and
the energy density (E, Whkg™") and power density (P, W kg™)
can be calculated using the following equations [35]:
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Here 7/ (A) corresponds to the charging and discharging
current of the electrode material, A¢ (s) represents the dis-
charge time, m (g) is the mass of the active material, and AV
(V) stands for cell voltage.

Results and discussion
Morphology and structure characterization

SEM and TEM were used to characterize the morphology and
structure of LSC/Co3;04 NFs. As shown in Fig. 2a, the PVP/
Lag 7Sry3Co-O precursor fibers show a continuous state with
a very smooth surface and no fracture, its diameter about 350
nm. The diameter of the calcined LSC/Co;0, NFs was re-
duced to about 140—190 nm put down to the evaporation of
PVP, H,0, and organics [19, 25], as presented in Fig. 2b—e.
Simultaneously, Fig. 2b—e depicts the SEM images of LSC/
Co50,4 with LSC content of 10 wt%, 20 wt%, 30 wt%, and 50
wt%, respectively. It can be seen from the figure that all fibers

have a rough surface due to the formation of pores. When the
LSC ratio is 10 wt%, the pores on the fiber surface are not
uniformly distributed. The LSC (20 wt%)/Co50,4 has a hemp
flowers shape with abundant pores and uniform fiber arrange-
ment. However, when the content of LSC increases, agglom-
eration will occur between the fibers, and it is even difficult to
maintain the fiber shape. Figure 2f shows the overall morphol-
ogy of the fibers, indicating that LSC/Co3;0,4 composite nano-
fibers prepared by one-step electrospinning method have one-
dimensional fiber morphology. Figure 2g shows the SEM
images of section structure LSC/Co3;04 NFs and it can be
clearly seen that one-dimensional nanofibers have hollow
structures. The average wall thickness of the hollow nanofiber
is 50 nm, and the hollow diameter is about 90 nm. The for-
mation of hollow structure can be attributed to the roasting
process, which has great influence on the final crystallization
and structure development of hollow nanofibers [36-38]. The
LSC/Co50,4 gelatinous shell is first obtained by
electrospinning, and the fibers exposed to the air form an
oxide layer during heat treatment, but for the inner fiber, a
lack of oxygen prevents the salt from breaking down into its
corresponding oxide. With the increase of heat treatment tem-
perature, different concentration gradients drive the remaining
salt to migrate from the inner fiber to the surface, forming
LSC/Co050, inorganic particle powder and finally forming
hollow inorganic nanofibers.

A typical hollow structure in the TEM imagines of com-
posite fibers can be exhibited in Fig. 2h. It was worth noting
that Co30,4 (green square) evenly attached to both sides of the
LSC (red square) single tube with uniform thickness, forming
a network porous structure. In addition, Fig. 2i presents the
HRTEM image of the green and red regions in Fig. 2h, which
the lattice fringes were significant visible, and the inter-planar
spacing was 0.165 nm and 0.268 nm, which can be
corresponded to the (422) plane of Co;04 and (104) plane of
LSC, respectively. The PVP/La 7St 3Co-O precursor synthe-
sized by the sol-gel method is uncrystaline state and requires
further annealing to realize the perovskite structure. When
heat treatment is in the air, the precursor begins to crystallize
at about 200 °C. When the annealing temperature rises to 600
°C, Co ions segregate at the LSC-O crystal interface and form
a Co304 heterostructure [39—41]. Moreover, the EDS results
(Fig. S1b) from the fiber surface (Fig. Sla) confirmed the La
and Sr elements were mainly located on core and the O ele-
ment was uniformly situated across the entire structure, while
the Co element focused on the surface of the single tube.
These results showed that Co;04 nanoparticles were evenly
distributed on the LSC framework, forming a high porosity,
which not only made electrons transfer faster, but also short-
ened the electron transfer path.

Figure 3 is an XRD pattern of LSC/Co3;0, composites
doped with different amounts of LSC. It could be seen from
the picture that the Cos0,4 diffraction peak exhibited by the
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Fig. 2 a SEM images of the PVP/La ;Sro;Co-O precursor. b—e SEM
images of LSC (10 wt%)/Co304 NFs, LSC (20 wt%)/Co304 NFs, LSC
(30 wWt%)/Co304 NFs, and LSC (50 wt%)/Co30,4 NFs, respectively. f

20 wt% doping amount is higher than that of other doping
amounts, which is consistent with the optimal content result
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Fig. 3 XRD patterns of LSC/Co3;0,4 NFs with different LSC content
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La, Sr, Co0,
d(14)=0.268 nm

SEM of LSC/Co030,4 overall morphology. g SEM images of section
structure of LSC/Co304 NFs. h TEM images of product with hollow
network porous structure and i HRTEM image

obtained from the electrochemical performance test. For dif-
ferent proportions of LSC/Co030y,, there were six distinctive
peaks at 19.00°, 31.27°, 36.85°, 44.80°, 59.35°, and 65.23° in
the XRD pattern, aparting from the diffraction peaks of LSC,
which corresponded to the crystal planes of (111), (220),
(311), (400), (511), and (440) of the Co;04 phase (JCPDS
No.42-1467), respectively. No other peaks are observed,
which means that the LSC/Co;04 composite has been suc-
cessfully prepared by electrospinning.

Figure 4a exhibits the N, sorption-desorption and resultant
pore size distributions curves of LSC (20 wt%)/Co3;0,4 NFs
sample, which had the higher BET specific surface area of
about 30.73 m” g than LSC (26.02 m*> g "). The pore size
distributions acquired by the BJH model verified the mesopo-
rous feature with the main peak centered between 2.01 to 4.24
nm. In comparison, the optimal pore size distribution range is
2-5 nm, which is larger than the size of the electrolyte ions
[42]. The curve was of type IV with the obvious hysteresis
loops, telling the mesoporous structure [43]. These results
showed that the prepared composites not only have increased
surface area but also have abundant hollow and mesoporous,
which is profit from the diffusion of electrolyte ions. The full-
survey-scan XPS spectrum can explain the existence of La, Sr,



lonics (2021) 27:2629-2638

2633

100
(a) 90 [ gooosf (b)
™ L 0007 } LSC(20 wt"/o)/('n304 Co2p La3d
-~ 80F a2 0006f |l
g E Sows |l ~
&, 70 F oo & =
g 60F oo \.\ <
®_1 50 I v 0.002 '\'v\ A
B B —- £
< 40p . 0 20 40 60 80 100 2
< 3l : &
. 30 = Pore Diameter(nm) )
£ 20} =
= i —
S 10 —=— Adsorption
Uy —o— Dsdsorption

0.0 0.2 0.4 0.6 0.8 1.0

0 100 200 300 400 500 600 700 800 900 1000

Relative Pressure(P/P) Binding Energy (eV)
(©) 780.2 eV Co2p (d) 523 o¥ 531.6ev O Is
795.4 ¢V
= Co2p,, o2 \797.2 v 3
= 782.1 eV 0 2Py, o
-’ N’
2 2
= =
= =
) 5}
o N
= =
L] L]
775 780 785 790 795 800 522 525 528 531 534

Binding Energy (eV)

Binding Energy (eV)

Fig.4 a Nitrogen adsorption—desorption isotherm of the LSC (20 wt%)/Co30,4 NFs and the inset corresponding pore size distributions. b XPS spectrum

of survey spectrum. ¢ Co2pand d O 1s

Co, and O, as can be observed from Fig. 4b. There are four
peaks can be seen in the high-resolution Co 2p spectrum (Fig.
4c). The peaks at 797.2 eV (Co 2p 1) and 780.2 eV (Co 2p
3) were attributed to the chemical state of Co>* while those at
795.4 eV (Co 2p 1) and 782.1 eV (Co 2p 3,) were assigned
to Co’* [44, 45], respectively. Meanwhile, for the O 1s core-
level spectra shown in Fig. 4d, there was one peak at 529.9
eV, corresponding to Co30, in the sample, and another peak
at 531.6 eV was associated with surface hydroxyl groups of
the sample [8, 46]. The XPS results further bear out the exis-
tence of Co3;0,4 and LSC phases in the prepared LSC (20
wt%)/C0o304 NFs.

Electrochemical performances of prepared LSC/Cos0,

Figure 5a shows the comparative CV curves of pure Co3;0y4
electrode, pure LSC electrode, and LSC/Co30, electrodes
with different LSC contents at a scan rate of 20 mV s\
Generally, the specific capacity of the electrode material is
determined by the area of the CV. The results bring to light
that the specific capacity of the LSC (20 wt%)/Cos0,4 higher
than that of other samples. Figure 5b illustrates that the dis-
charge time of LSC (20 wt%)/Co30, is longer than other
electrodes when the current density is 1 A g'l. Furthermore,

all discharge curves showed an approximate plateau rather
than linear curves standing for the distinct capacitor, which
further indicates the typical Faradic (battery-type electrode)
redox reaction characteristic [47, 48]. Based on this result,
we can conclude from the electrochemical performance
shown by the trends of CV and GCD curves that the optimal
doping amount of LSC is 20 wt%. This phenomenon is main-
ly attributed to the morphological structure of the composite
nanofiber. It can be seen from the SEM images of LSC/Co0504
doped with different contents that when the doped amount of
LSC is less than 20 wt%, it is difficult to form holes on the
surface due to the accumulation of Co30, particles. When the
doping amount of LSC is 20 wt%, uniform pores are formed
and the fibers are arranged neatly. The electrolyte easily pen-
etrates into the porous electrode material, and the oxidation-
reduction reaction occurs. At the same time, more CosO4 pro-
vides a larger specific capacitance, so that LSC (20 wt%)/
Co504 achieves the best specific capacitance.

The CV curve of the LSC (20 wt%)/Co30, single electrode
displayed symmetric and gradually enhanced redox peaks at a
scan rate of 5 to 100 mV s™, as shown in Fig. 5c, suggesting
outstanding reversibility after the introduction of LSC thank
the synergistic effect between LSC and Co;0,4. With the ex-
pansion of scan rates, the redox flows continuously upgrade,
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and the oxidation tops were moved towards positive potential,
in contrast the decrease tops moved towards negative poten-
tial, which uncovered good electrochemical reversibility of
the oxidation-decrease forms. The redox responses of the
LSC (20 wt%)/Co304 electrode material as follows [44, 49].
Figure 5d displays the GCD profiles at a high current density
from 0.5 to 10 A g”'. The consequence suggested that the LSC
(20 wt%)/Co504 possessed good super capacitive behaviors,
which corresponded with those results attained from CV anal-
ysis.

Co304 + OH + H,0-3CoOO0H + ¢~
CoOOH + OH «+»Co0; + H,0 + ¢~

(6)
(7)

Figure 6a shows the specific capacitance of LSC/Co3;0,4
doped with different proportions of LSC, which could be
clearly observed that the LSC (20 wt%)/Co;04 revealed the
largest specific capacitance with different current densities
among those samples. The EIS was performed at 0.01-10°
Hz to further analyze the electrochemical kinetics of the
LSC (20 wt%)/Co304 composite electrodes, as shown in
Fig. 6b. Compared with the pure Co;0, electrode and the pure
LSC electrode, the LSC (20 wt%)/Co050, electrode had lower
transfer resistance and diffusion resistance, suggesting exist

@ Springer

high capacitance. At the same time, we also carried out the
electronic conductivity test of the sample, which was 241
s/cm.

The effect of different LSC content on the specific capac-
itance of LSC/Co50, electrode was shown in Fig. 6¢. This
image indicated that the specific capacitance of the LSC/
Co304 electrode obviously improved with the increasing pro-
portion of LSC when X (LSC content) < 20 wt%. Oppositely,
when X > 20 wt%, the specific capacity of the LSC/Co04
electrode decreased with the increase of LSC content, and the
maximum specific capacity of 215 C g (430 F g™') achieved
in LSC (20 wt%)/Co50,4, which was nearly twice that of the
pure Co;0, electrode and more than 5 times that of the LSC
electrode. We supposed this result was caused by the addition
of an appropriate amount of LSC and the hollow porous net-
work structure to promote the transport of electrons. It can be
seen in Fig. 6d that the LSC (20 wt%)/C050, electrode was
subjected to a constant current charge-discharge for 5000 cy-
cles at a current density of 1 A g, which exhibited capacitive
retention of 95.3%. Remarkably, the LSC (20 wt%)/Co50,
composite electrode material was superior to those similar
materials reported in the literature, as shown in Table S2.

Additionally, electrochemical characteristics of the LSC
(20 wt%)/Co30,4 composites for valid uses of a hybrid device
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were created with an AC mode as negative electrode and the
LSC (20 wt%)/Co304 composites as a positive electrode.
Figure 7a demonstrates the CV curves of hybrid device in
potential window ranges of 0—1.5 V. Moreover, it can be
found that the CV curve had a rectangular appearance of the
electric double layer capacitor, attributing to the negative ma-
terial AC belongs to double-layer capacitor material. In addi-
tion, when the scan rate reached 50 mV s, the CV curve still
showed a similar shape, which indicated the excellent revers-
ibility of the hybrid device. Furthermore, the potential window
of'the LSC/Co050, single electrode is 0.5 V, while the potential
window of the capacitor is 1.5 V when assembled into the
hybrid device.

Figure 7b depicts the GCD curves of the hybrid device at
various current densities, represents symmetrical triangular
shapes revealing an ideal capacitive behavior. In order to get
the specific capacitance of the hybrid device, the specific ca-
pacitances have been calculated from GCD curves and found
to be 70, 64.7, 60.2, 54.7, 52.6, and 46 F g’1 at the current
densities of 0.5, 1, 2, 3, 5, and 10 A g’l, respectively. The
cyclic stability of the LSC (20 wt%)/Co0304//AC
supercapacitor was appeared in Fig. 7c. The specific capaci-
tance of the LSC (20 wt%)/Co0304//AC hybrid device
remained at 86.3% after 5000 cycles, demonstrating the con-
sistency in cycling ability. The LSC (20 wt%)/Co304//AC
hybrid device exhibits 21.9 Wh kg ' and 358.4 W kg™! energy
and power densities respectively. Figure 7d shows a compar-
ison of Ragone plots between our work and other works. The
Ragone plots are to compare the performance of the energy
storage device. As can be seen from Fig. 7d, the power density
and energy density of our work are better than some reported
work in recent years [50—52]. It additionally displayed a won-
derful electrochemical reversibility and realistic energy densi-
ties, signifying that the LSC (20 wt%)/Co504 composites are
prospective electrode materials for hybrid supercapacitor.

Conclusions

In summary, the novel hollow network porous LSC/Co030,
NFs with different LSC contents were successfully synthe-
sized via the one-step electrospinning method. It is found that
doping LSC with appropriate content can significantly im-
prove the electrochemical performance of composite electrode
materials. The hollow network porous LSC (20 wt%)/Co304
NFs exhibited a high specific capacity of 215 C g™' at current
densities of 1 A g, and showed outstanding cycling stability
(capacitance retention retains 86.3% after 5000 cycles at 1 A
g'l). Furthermore, LSC (20 wt%)/Co050,4//AC hybrid device
exhibits an energy density of 21.9 Wh kg™ with a power
density of 358.4 W kg', indicating the potential of the LSC
(20 wt%)/Co304 composites electrode in electrochemical en-
ergy storage applications. These results indicate that LSC/
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Co304 NFs is a potentially advantageous electrode material
in the field of hybrid supercapacitors.
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