Hindawi
Journal of Nanomaterials
Volume 2018, Article ID 5078473, 10 pages
https://doi.org/10.1155/2018/5078473

Research Article
Fabrication of Strontium Bismuth Oxides as Novel Battery-Type
Electrode Materials for High-Performance Supercapacitors
Yinghui Han ,1,2 Le Li ,1,3 Yunpeng Liu ,1,3 Xue Li,1,3 Xiaohan Qi,1,3 and Lili Song1,2
1

Hebei Key Laboratory of Distributed Energy Storage and Micro-Grid, North China Electric Power University, No. 619 North of
Yonghua Street, Baoding 071003, China
2
School of Mathematics and Physics, North China Electric Power University, No. 619 North of Yonghua Street,
Baoding 071003, China
3
Department of Electric Engineering, North China Electric Power University, No. 619 North of Yonghua Street,
Baoding 071003, China
Correspondence should be addressed to Yunpeng Liu; liuyunpeng@ncepu.edu.cn
Received 4 July 2018; Accepted 5 August 2018; Published 17 September 2018
Academic Editor: Sheng-Heng Chung
Copyright © 2018 Yinghui Han et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
A simple and eﬃcient process method for the preparation of strontium bismuth oxides (SBOs) via an impregnation-calcination
method is presented. The synthesized active materials are characterized using X-ray diﬀraction, scanning electron microscopy,
and X-ray photoelectron spectroscopy. The electrochemical performance of the as-synthesized SBO samples is observed to
decrease gradually as the strontium content is increased from 25% to 50%. The SBO sample with a Sr/Bi ratio of 1 : 3 shows the
highest speciﬁc capacitance of 1228.7 F g−1 (speciﬁc capacity of 204.8 mAh g−1) at a current density of 1 A g−1 and a good cycling
stability (75.1%) over 3000 charge-discharge cycles. The improved performance of the supercapacitors can be attributed to the
unique structural features resulting from the addition of appropriate portions of Sr, which supports high electron conductivity
and rapid ion/electron transport within the electrode and at the electrode/electrolyte interface. All the results show that the
SBOs have considerable potential for use as high-performance battery-type electrodes in supercapacitors.

1. Introduction
With a growing concern over serious issues such as global
warming and increasing depletion of fossil fuels, researchers
have been motivated to work towards improving the performance of the energy storage and conversion devices [1, 2].
The supercapacitor, also known as an electrochemical capacitor, is an excellent energy storage device, owing to its fast
charge-discharge ability, high power density, and remarkable
cycling stability [3].
Energy can be stored in supercapacitors by two diﬀerent mechanisms: (1) non-Faradaic charge separation in a
Helmholtz double layer at the interface between the conductive electrode and electrolyte (electrical double-layer
capacitors, EDLCs) and (2) reversible Faradaic redox reactions at or near the electrode surface (pseudocapacitors)

[4–6]. Supercapacitors have a lower energy density than batteries, which may hinder their wide usage [7]. To overcome
this disadvantage, new electrode materials with rational
nanostructures have been developed in recent years. These
materials demonstrate superior electrochemical properties
for use in supercapacitors [8]. Carbon-based materials, conducting polymers, and metal oxides are the three basic types
of electrode materials [9]. Among them, metal oxides have
been extensively investigated because they have a higher
energy density than traditional carbon-based materials and
a better electrochemical stability than conducting polymers
[2]. For example, NiO [8], MnO2 [10], Co3O4 [11], and
TiO2 [12] exhibit an excellent electrochemical performance,
owing to their reversible multielectron redox Faradaic reactions [13, 14]. However, an electrode using a single metal
oxide has drawbacks such as low conductivity and poor
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cycling stability [11]. Coupled metal cations can contribute to
improving the metallic conductivity and electrochemical
activity [15], which are indispensable for pseudocapacitor
applications [16].
Binary metal oxides, such as NiMn2O4 [13], NiCo2O4
[17], MnCo2O4 [18], NiMoO4 [19], and CuCo2O4 [20],
are in high demand as supercapacitor electrode materials.
In recent studies, strontium-based bimetal oxides (SrxMyOz,
where M is any metal ion, for example, SrRuO3 and
SrTiO3) have been demonstrated to have excellent metallic
properties and show immense potential for supercapacitor
applications [21–23]. The preparation of a brownmilleritetype SrCoO2.5 nanostructure with a speciﬁc capacitance
of 168.5 F g−1 (speciﬁc capacity of 28.1 mAh g−1) has been
reported by Xiao et al. [24]. SrZrO3 nanocrystals were synthesized by Dasa et al. [25]. A SrZrO3 electrode exhibited
a high speciﬁc capacitance of 23.0 F g−1 (speciﬁc capacity of
7.7 mAh g−1) at a current density of 1 mA cm−2. A speciﬁc
capacitance of ~270 F g−1 (speciﬁc capacity of 90 mAh g−1)
for a SrRuO3 perovskite electrode in 6 M KOH has been
reported by Wohlfahrt-Mehrens et al. [26]. However,
there are limited reports on the use of strontium-based
bimetal oxide electrodes in supercapacitors, and it is still
a challenge to obtain the desired speciﬁc capacity from
these electrodes.
The high ionic conductivity [27], superior superconducting behavior [28], small bandgap energy [29], and
excellent high-temperature stability [30] of strontium bismuth oxides (SBO) have generated a signiﬁcant interest
in the possibility of their application as electroceramic
materials, photocatalysts, superconductors, and fuel cells.
To the best of our knowledge, the supercapacitive performance of a bimetal SBO has not been reported. In this
work, SBO active materials were successfully synthesized
as potential battery-type electrode materials for supercapacitors via a simple and eﬃcient impregnation-calcination
method. Their physical and chemical properties were characterized using scanning electron microscopy (SEM) and
X-ray diﬀraction (XRD). Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) analysis, and electrochemical
impedance spectroscopy (EIS) were used for electrochemical
characterization in a typical three-electrode system. The
electrochemical measurements showed that the SBO-based
electrodes possessed excellent capacitive properties and
electrochemical stability.

2. Experimental
2.1. Material Preparation. All the analytical grade reagents
were used as-purchased without further puriﬁcation. Pure
Bi2O3 was prepared from a Bi (NO3)3⋅5H2O precursor using
a chemical bath reaction method that was reported in a previous work [31]. The SBO-active material was obtained by an
impregnation-calcination method.
0.761 g of Sr (NO3)3 and 2.5 g of Bi2O3 (with a Sr/Bi
molar ratio of 1 : 3) were ﬁrst dispersed in 10 ml of deionized
water under vigorous stirring. This homogeneous solution
was treated in an ultrasonic cleaning machine at a frequency
of 120 kHz for 10 h and then kept at 80°C under stirring until
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a viscous gel was formed. After being dried at 10°C for 12 h,
the dried precursors were ﬁnally calcined at 800°C for 12 h
in air. When the precipitate cooled to room temperature
(25°C), a yellow powder was obtained, which is denoted as
SBO-1 : 3. For comparison, composites with diﬀerent Sr/Bi
molar ratios (1 : 2 and 1 : 1) in the initial reactants were prepared. The corresponding samples are denoted as SBO-1 : 2
and SBO-1 : 1, respectively.
2.2. Fabrication of the Electrodes. The as-obtained electroactive materials, acetylene black, and polytetraﬂuoroethylene
in a weight ratio of 85 : 10 : 5 were ground homogeneously
for 2 h to fabricate the precursor. Then, the mixture was dissolved in ethanol to form a homogeneous paste. The resulting
slurry was ﬁrst spread onto the surface of a nickel foam substrate with a spatula and then dried at 120°C overnight to
remove the solvent. The nickel foam and the mixture were
pressed at 12 MPa by a bead machine to obtain the electrode
and then cut into circular disks using a manual slicer of
MSK-T10 (with diameter and area of 12 mm and 1.13 cm2,
respectively). The mass loading of the electrodes was approximately 5 mg cm−2.
2.3. Characterization. The crystal structure and phase
composition of the samples were analyzed using an X-ray
diﬀractometer (D/MAX-RB, Rigaku, Japan) with a Cu Kα
radiation (λ = 1 5418 Å) and recorded in a 2θ range of 20°
to 70°; the tube voltage and applied current were 40 kV and
40 mA, respectively. The microstructures and morphologies of the samples were investigated using a scanning electron microscope (NanoSEM450, Nova, America) equipped
with energy-dispersive X-ray spectroscopy (EDS) equipment. The chemical states of the samples were characterized using X-ray photoelectron spectroscopy (Escalab250,
Thermo, America).
The electrochemical measurements were conducted in a
standard three-electrode system using a CHI 760E electrochemical workstation (Shanghai CH Instruments, China)
in a 6 M KOH electrolyte solution. A platinum foil and a
saturated calomel electrode (SCE) were employed as the
counter and the reference electrodes, respectively. The CV
measurements were performed between −0.8 and −0.2 V
at various scan rates between 5 and 30 mV s−1. The GCD
tests were conducted at various current densities between
1 and 5 A g−1. The EIS data were collected by applying an
AC voltage with an amplitude of 5 mV in a frequency range
of 10−2 to 105 Hz.

3. Results and Discussion
3.1. Structural and Morphological Characterization. The
XRD patterns of the SBO samples with diﬀerent Sr/Bi ratios
are shown in Figure 1. Figure 1(a) shows that the strongest
diﬀraction peaks of the SBO-1 : 3 composite appeared at 2θ
values of 26.1, 26.7, 28.2, 28.9, 30.4, 45.7, and 54.6° from
the (101), (012), (009), (104), (015), (110), and (119) crystal
planes, respectively. According to the standard diﬀraction
card (PDF number 82-1058), SBO-1 : 3 was a pure crystalline
phase of Sr0.25Bi0.75O1.36 with a hexagonal crystal structure
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Figure 1: The X-ray diﬀraction (XRD) patterns of the SBO
samples with diﬀerent Sr/Bi ratios: (a) SBO-1 : 3, (b) SBO-1 : 2,
and (c) SBO-1 : 1.

belonging to the R-3m (166) space group. As the Bi content
of the SBO decreased (SBO-1 : 2), the diﬀraction peaks in
Figure 1(b) show a greater agreement with Sr0.25Bi0.75O1.36
(PDF number 82-1058), Sr2Bi2O5 (PDF number 89-155 3),
and SrBi2O4 (PDF number 39-1424), indicating that the
calcined product changed from single-phase Sr0.25Bi0.75O1.36
to a multiphase mixed oxide. For a Sr/Bi molar ratio of 1 : 1
(the SBO-1 : 1 sample), the diﬀraction peaks in Figure 1(c)
shifted signiﬁcantly and matched well with the standard pattern of the orthorhombic phase of Sr2Bi2O5 (PDF number
89-1553). No peaks for other phases were observed, conﬁrming that pure Sr2Bi2O5 was formed.
The morphologies and microstructures of the three samples prepared using diﬀerent molar ratios are shown in
Figure 2. All the micrographs showing particles with coarse
surfaces, rough boundaries, and low thickness indicate that
they are porous samples consisting of microstructures with
a network of open pores. Figure 2(a) shows that the SBO1 : 3 powder is composed mainly of closely interconnected
irregular grains. Owing to their high surface energy and surface tension, these grains with an average diameter of 10–
500 nm form an unconsolidated agglomerate that participates in the calcination process [32]. Many gaps, macropores,
and spaces exist between the primary particles, which
improve the capacity by increasing the speciﬁc surface area
for redox reactions. It is noteworthy that nanopores were also
observed on the surfaces of these clusters (Figure 2(b)) which
provide a path for rapid ion movement at the electrode/electrolyte interface [33]. Surface irregularities including rod-like
and bulk shapes can be observed in the SEM image of the
SBO-1 : 2 composite shown in Figure 2(c). As the bismuth
content decreases, the boundaries between the particles
become clear and the size of the particles increases. It can
be observed that the particle surface of SBO-1 : 1 as shown

in Figure 2(d) is smoother and the particle size is larger than
that of the other two composites, resulting in smaller pores.
Thus, this structure may inhibit further improvement in the
electrochemical characteristics. The chemical composition
of the particles in the samples SBO-1 : 3, SBO-1 : 2, and
SBO-1 : 1 was analyzed using EDS, as shown in the insets of
Figures 2(a)–2(d). The atomic ratios of Sr to Bi in the samples
were 4.71 : 13.97, 5.64 : 11.66, and 9.54 : 10.32, which are close
to the ideal values of 1 : 3, 1 : 2, and 1 : 1, respectively. This is
in agreement with the XRD results.
To obtain information on the chemical states of the
bimetal SBOs, XPS measurements were performed, and
the results are shown in Figure 3. The survey spectrum
of Sr0.25Bi0.75O1.36 (Figure 3(a)) shows the peaks at 132.1,
158.8, and 530.8 eV which correspond to Sr3d, Bi4f, and
O1s, respectively. Additionally, C appears in the survey spectrum due to exposure to air. Figure 3(b) shows a highresolution Sr3d spectrum at 130–137 eV. The two peaks at
131.88 and 133.48 eV, with a separation of ~1.5 eV, correspond to Sr3d5/2 and Sr3d3/2, respectively. The +2 oxidation
state of Sr is conﬁrmed by the resolved peaks at 132.59 and
134.32 eV [34]. The peaks at 131.94 and 133.38 eV correspond
to the metallic Sr [35]. The Bi4f spectrum in Figure 3(c)
shows multiple splitting with the two main peaks centered
at 158.33 and 163.67 eV, which correspond to Bi4f7/2 and
Bi4f5/2 of Bi3+ [36], respectively. The O1s core-level spectra
in Figure 3(d) were ﬁtted with the four components mentioned below. The binding energies of O1 (529.08 eV) and
O2 (529.66 eV) can be attributed to the oxygen atoms in the
Bi–O and Sr–O layers [37]. The O3 component at 530.77 eV
corresponds to the lattice oxygen of Sr0.25Bi0.75O1.36 [38]. At
a high binding energy, the O4 contribution, which appears at
531.62 eV, is assigned to low oxygen coordination and is in
good agreement with the previously reported energy values
[39]. The XPS results conﬁrm the presence of Sr2+, Sr0, and
Bi3+ in Sr0.25Bi0.75O1.36.
3.2. Electrochemical Properties. To explore potential application of the SBO in high-performance supercapacitors, we
investigated their electrochemical supercapacitive behavior
in a 6 M KOH aqueous electrolyte using a conventional
three-electrode conﬁguration with a Pt plate as the counter
electrode and an SCE as the reference electrode. Figure 4(a)
shows the CV curves of the SBO samples in the potential
range of −0.8 to −0.2 V at a scan rate of 10 mV s−1. The average speciﬁc capacitance (F g−1) and speciﬁc capacity values
(mAh g−1) were calculated from the CV curves using the following equations [32, 33]:
C=

Idt
F g−1 ,
ΔVmv

C=

Idt
mAh g−1 ,
3 6mv

1

where I is the oxidation or reduction current (A), △V
indicates the potential window (V), dt is the sampling timespan (s), m is the mass of the active electrode material (g),
and v is the potential scan rate (V s−1). The average speciﬁc
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Figure 2: The scanning electron microscopy (SEM) of the three samples prepared using diﬀerent molar ratios (a) and (b) is SBO-1 : 3 in
diﬀerent magniﬁcations, (c) SBO-1 : 2, and (d) SBO-1 : 1. The insert is the energy-dispersive X-ray spectrometry (EDS) image.
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Figure 3: X-ray photoelectron spectroscopy (XPS) spectrum of SBO-1 : 3 (Sr0.25Bi0.75O1.36). (a) The full-range XPS survey and the highresolution spectrum of (b) Sr3d, (c) Bi4f, and (d) O1s.
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Figure 4: (a) CV curves of diﬀerent SBO samples in the potential range of −0.8 to −0.2 V at a scan rate of 10 mV s−1, (b) CV curves of SBO1 : 3 electrodes at scan rate of 5 mV s−1, and (c) CV curves of SBO-1 : 3 electrodes at scan rate from 5 to 30 mV s−1.

capacitance (speciﬁc capacity) of SBO-1 : 3, SBO-1 : 2, and
SBO-1 : 1 are 559.2, 478.8, and 255.6 F g−1 (93.2, 79.8, and
42.6 mAh g−1), respectively. The value is observed to decrease
gradually with an increase in the Sr content.
The CV curves of the SBO consisting two oxidation peaks
and a sharp reduction peak are diﬀerent from those of the
EDLCs. The redox peaks are visible in each voltammogram,
indicating that the measured capacity arises mainly from
the redox mechanism. The SBO-1 : 3 electrode exhibits a substantially larger capacitive current density than the SBO-1 : 2
and SBO-1 : 1 electrodes, demonstrating a superior electrochemical performance. The cyclic voltammogram of the
SBO-1 : 3 electrode is presented in Figure 4(b). The reduction
and the oxidation peak potentials of Sr0.25Bi0.75O1.36 are similar to those of the Bi2O3 in the presence of OH− ions [40].
The peaks at potentials of approximately −0.38 and −0.56 V
during the anodic sweep can be attributed to the transition
from Bi metal to Bi(III). The peak at a potential of approximately −0.74 V during the cathodic sweep is due to the transition of Bi(III) to metallic Bi. The reaction process can be
described as follows [41, 42].

During the cathodic sweep,
Sr0 25 Bi0 75 O1 36 − → BiO−2
BiO−2 − → BiO−2
BiO−2 ads

+e

2H2 O + 3BiO2−
2

−

ads

ads

R1

− → BiO2−
2 ads
− → 2BiO−2

ads

+ 4OH− + Bi0ads

During the anodic sweep,
Bi0ads − → Bi+ + e−
2Bi+ − → Bi3+ + 2Bi0ads
3OH− + Bi3+ − → Bi OH

R2

3

Bi OH 3 − → BiOOH + H2 O
The reaction principles of SBO-1 : 2 and SBO-1 : 1 samples are the same as those above. They are not described here.
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Figure 5: (a) Charge-discharge curves of diﬀerent SBO sample electrodes at current density of 1 A g−1, (b) charge-discharge curves of SBO1 : 3 electrodes at diﬀerent current density, (c) cycling stability of SBO-1 : 3 electrodes at the current density of 1 A g−1 (the inset is the ﬁrst and
last charge-discharge cycles), and (d) Nyquist diagrams of the SBO-1 : 3, SBO-1 : 2, and SBO-1 : 1 electrodes at frequencies ranging from
0.01 Hz to 100 kHz (the insets are the ﬁtting circuit (below) and magniﬁcation of the high-frequency area (above)).

Fundamental investigations showed that the combination of
Bi and Sr in an appropriate proportion yielded a considerable
number of oxygen vacancies for pseudocapacitive charge
storage. As the oxygen vacancies can contribute to the bulk
structure through the mechanism of oxygen intercalation,
the observed redox reaction associated with the pseudocapacitive storage in a Bi-based metal oxide is attributed to the
direct intercalation of oxygen ions transferred by the oxygen
vacancies [43, 44]. During calcination, oxygen vacancies are
comparable with the level of Sr doping. This results in oxygen
vacancies in Sr0.25Bi0.75O1.36 (SBO-1 : 3), where strontium
appears in two valence states, Sr(0) and Sr(II), according to
the XPS results described earlier. No oxygen vacancies were
revealed in the analysis of the chemical formula and the
valence states of Sr2Bi2O5 (SBO-1 : 1). The electrochemical
performance of SBO-1 : 3 was better than that of SBO-1 : 1.
As an intermediate between SBO-1 : 3 and SBO-1 : 1, the
capacity of SBO-1 : 2 was also an intermediate value, which

was calculated using the appropriate capacitance formula.
The eﬀect on the capacitive properties and electrochemical
reaction mechanism of Sr0 in the samples were discussed
here. First, Sr has only one oxidation state and was not
involved in the redox reactions and thus would not contribute
to the pseudocapacitance [45, 46]. Compared with SBO-1 : 1,
without any diﬀerent redox peaks could be observed of SBO1 : 3 and SBO-1 : 2 in the same potential window through
CV. Second, a higher capacitance could be calculated with a
higher Sr0 content in samples. We speculate that Sr0 can
improve the electronic conductivity and provide a rapid and
reversible mass transfer and charge transport. The existence
of Sr0 not only decreases the surface resistance of SBO electrode but also increases the probability of the proton transfer
[47]. A faster ion/electron migration might be accomplished
owing to the close contact through Sr0.
The CV curves of the SBO-1 : 3 electrode at various scan
rates from 5 to 30 mV s−1 in the potential range of −0.8 to
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−0.2 V are shown in Figure 4(c). As the scan rate increases,
the peak current increases in a nonnegligible manner. The
shape of the curves is almost retained, and the discrepancies
among the three redox peaks also become more noticeable as
a result of the inadequate redox process at a rapid scan rate
[48, 49]. The calculated capacitances and capacities are
567.6, 559.2, 394.2, and 340.8 F g−1 (94.6, 93.2, 65.7, and
56.8 mAh g−1) at scan rates of 5, 10, 20, and 30 mV s−1,
respectively. The capacitance decreases as the scan rate
increases. This decrease in the capacitance can be ascribed
to the diﬀusion of the ions from the electrolyte into almost
all the available pores of the electrode at a low scan rate, leading to a complete insertion reaction [5].
GCD measurements are signiﬁcant in the analysis and
prediction of the performance of electrode materials under
practical operating conditions [50]. The charge-discharge
cycling behavior of the three SBO electrode samples at a rate
of 1 A g−1 in the potential range between −0.8 and −0.2 V is
shown in Figure 5(a). These curves have asymmetric shapes,
suggesting that the capacity characteristics of the three SBO
samples are not a characteristic of EDLCs. Two discharge
plateaus are observed in the three discharge curves, which
agree with the result of the CV test. These curves resemble
each other quite closely owing to similar changes in the
valence state of bismuth [Bi0 → Bi(III) → Bi0] during the
charge and discharge processes. However, diﬀerent intermediates were produced in the reversible Faradaic reactions,
resulting in diﬀerent voltage plateaus in the three samples.
The speciﬁc capacitance (F g−1) and the speciﬁc capacity
(mAh g−1) of the electrode materials are calculated from the
discharge time using the following equations:
It
F g−1 ,
mΔV
Idt
mAh g−1 ,
C=
3 6mv
C=

2

where I is the discharge current (A), t is the discharge
time (s), △V indicates the potential window (V), and m
is the mass of active material (g). The speciﬁc capacitances
and speciﬁc capacities calculated from the discharge curves
were 1228.7, 1042.2, and 556.2 F g−1 (204.8, 173.7, and
92.7 mAh g−1) for the SBO-1 : 3, SBO-1 : 2, and SBO-1 : 1 electrodes, respectively. Moreover, these values are consistent
with the order indicated by the CV curves. The speciﬁc
capacitance of the SBO-1 : 3 electrode is considerably larger
than that of the SBO-1 : 2 and SBO-1 : 1 electrodes. The
remarkable capacitive behavior of SBO-1 : 3 is attributed to
the introduction of oxygen vacancies, which greatly improve
the free-electron concentration and thus increase the electron mobility and enhance the rate of redox reactions [51].
Additionally, it is found that sample SBO-1 : 2 (containing
Sr0.25Bi0.75O1.36, Sr/Bi ratio of 1 : 2) possesses a low abundance of oxygen vacancies, whereas SBO-1 : 1 (Sr/Bi ratio
of 1 : 1) has no oxygen vacancies. Oxygen intercalation and
electron motion may be blocked, owing to the shortage
of oxygen vacancies. Therefore, the speciﬁc capacitance
decreases with increasing Sr content in the mentioned range

[43]. The charge-discharge curves of the SBO-1 : 3 electrode
at diﬀerent current densities to evaluate its rate performance
are shown in Figure 5(b). The speciﬁc capacitance and capacity of SBO-1 : 3, at a current density of 1 A g−1, are calculated
to be 1228.7 F g−1 and 204.8 mAh g−1. At a higher current
density of 5 A g−1, the speciﬁc capacitance of SBO-1 : 3 is
512.4 F g−1 (85.4 mAh g−1 of speciﬁc capacity).
The long-term cyclic stability of supercapacitors is
another critical parameter in practical applications. The
supercapacitors should work steadily and safely, which
demand minimal changes in the speciﬁc capacitance of the
electrode materials [15]. The relationship between the speciﬁc capacitance and the cycling number of the SBO-1 : 3
material is shown in Figure 5(c). The speciﬁc capacitance of
SBO-1 : 3 is 1228.7 F g−1 (204.8 mAh g−1 of speciﬁc capacity)
at the ﬁrst cycle, and it decreases gradually as the number
of cycles increases. Within 500 cycles, the capacitance was
lost up to 95.1%; however, even up to 1500 cycles, the capacitance was retained up to 87.5%. Its capacitance retention
ratio is 75.1% after 3000 cycles. The ﬁrst and the last
(3000th cycle) charge-discharge curves are shown in the inset
of Figure 5(c), demonstrating that SBO-1 : 3 retains a good
charge-discharge performance. All the results indicate that
SBO-1 : 3 shows excellent electrochemical stability.
EIS measurements were performed to determine the
resistance of the three SBO electrode materials. The Nyquist
diagrams of the SBO-1 : 3, SBO-1 : 2, and SBO-1 : 1 electrodes
at frequencies ranging from 0.01 Hz to 100 kHz with an
amplitude of 5 mV are shown in Figure 5(d). The impedance plot was ﬁtted using the ZSimpWin software, and
the ﬁtting circuit is shown in the inset of Figure 5(d). The
Nyquist spectra are generally expected to exhibit a semicircle in the high-frequency region and a straight line in the
low-frequency region [41]. In the ﬁtting circuit, Rs , Rct ,
C dl , W, and C p are the solution resistance, charge transfer
resistance, electric double-layer capacitance, Warburg resistance, and pseudocapacitive element, respectively. The intercepts in the high-frequency region give the values of Rs ,
which are 0.69, 0.64, and 0.68 Ω for SBO-1 : 3, SBO-1 : 2,
and SBO-1 : 1, respectively. The Rs values represent a combination of the ionic and electronic resistance, the intrinsic
resistance of the electrodes, and the diﬀusive and contact
resistance at the electrode/current collector interface [20].
The semicircle in the high-frequency region is related to the
charge transfer resistance (Rct ) at the electrode/electrolyte
interface, which is due to the Faradaic redox reaction of the
electrode [41]. The Rct values of SBO-1 : 3, SBO-1 : 2, and
SBO-1 : 1 are 0.23, 0.72, and 0.98 Ω, respectively. A lower
Rct value suggests that the Faradaic reaction proceeds more
easily and has high reversibility. Thus, SBO-1 : 3 exhibits
the most enhanced supercapacitor performance. The electrochemical active surface area of SBO-1 : 3 is calculated to be
25.98 cm2. A more vertical line in the low-frequency region
indicates that the supercapacitor behaves more like an ideal
capacitor [49]. The phase angles for the Nyquist spectra of
the SBO samples are higher than 45°. This suggests that the
SBO samples exhibit a notable capacitive behavior. The high
capacity, low resistance, and long cycle life demonstrate that
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the SBO-active materials (especially SBO-1) are promising
electrode materials for supercapacitor applications.

4. Conclusions
Three bimetal SBOs with diﬀerent Sr/Bi molar ratios were
successfully synthesized via an impregnation-calcination
method. The electrodes exhibited reversible charge-discharge
behavior and comparable speciﬁc capacity values owing to
their enhanced electronic conductivity and ion diﬀusion at
the electrode/electrolyte interface. Among the electrodes,
the highest speciﬁc capacitance 1228.7 F g−1 (204.8 mAh g−1
of speciﬁc capacity) at a constant discharge current density
of 1 A g−1 and good cycling stability (75.1%) over 3000
charge-discharge cycles was exhibited by the SBO-1 : 3 sample with an Sr/Bi ratio of 1 : 3. An excellent frequency
response for all the SBO samples was revealed by the EIS
analyses. All these results indicate that the SBO may be
promising materials for electrochemical capacitors.
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