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Bismuth ferrite (BFO) is considered as a significant (ABO3) perovskite ceramic in

electronics and energy storage. Since the A site (Bi3+) presents electrochemical active

feature, electrochemical performance of the perovskite bismuth ferrite as an electrode

material is improved by proper calcium ion doping in the aqueous basic electrolyte

environment. For substantially promoting the electronic transport capabilities, Ca2+ ions

are used for substituting partial Bi3+ ions at A site via introducing oxygen vacancies.

The electrochemical performance suggests that utilization of 10% Ca2+ doping (BFO-

10%Ca) would offer 305.5 mAh g−1 at 1A g−1. Specifically, the assembled BFO-

10%Ca//graphene asymmetric energy storage devices could deliver a stable energy

storage capability up to 3,000 cycles at a current density of 5 A g−1. The results

indicate that heterogeneous ion doping would be an effective strategy for improving the

electrochemical performance for energy storage application.

Keywords: perovskite ceramic, BiFeO3, Ca ion doping, electrochemical performance, conductivity, rate capability

INTRODUCTION

With the continuous consumption of non-renewable energy, renewable energy is constantly
being explored by researchers. Solar energy, wind energy, tidal energy, etc., as valuable energy
provided by nature to humans, are kinds of intermittent energy. To address this problem,
energy storage devices have also been developed, such as lithium-ion batteries, sodium-ion
batteries, aluminum-ion batteries, and supercapacitors (Kundu et al., 2015; Sun et al., 2015; Nayak
et al., 2017; Ho and Lin, 2019). With the continuous development of science and technology,
the requirements of 3C (Computers, Communication, and Consumer electronics) products for
batteries are gradually increasing. Simultaneously, the energy storage equipment is required to have
excellent performance, such as high energy density, small volume, and fast charge-discharge rates
(Choi and Aurbach, 2016; Zhang et al., 2019).

Perovskite materials with a general formula of ABO3 are used in energy storage materials such
as solar cells, lithium ion batteries, fuel cells, and supercapacitors (Mefford et al., 2014; Saliba et al.,
2016; Zhang et al., 2016; Zhou et al., 2016). In the previous work, the B site was widely studied as an
active site. However, there is a few electrochemical processes that are linked with the ions from the
A site. In recent work, we have found that the A-site with the largest atomic radius of the perovskite
BFO can also act as an electrochemically active site (Ma et al., 2019). The results indicate that A
site with heterogeneous ion doping would be a new perspective for improving the electrochemical
ability in energy storage.
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GRAPHICAL ABSTRACT | Improving the intrinsic conductivity of perovskite

BiFeO3 by doping with heterogeneous Ca2+ ions is an effective method for

raising the electrochemical performance of energy storage devices.

The inherent conductivity of transition metal oxides is
low, which restricts the rapid charge—discharge process for
high-performance electrode materials (Xia and Alshareef, 2015;
Lukatskaya et al., 2017). In order to solve this problem, various
strategies have been proposed to improve conductivity of
materials, such as using a conductive carbon-based composites
(Wang et al., 2016a,b). The synergistic effects of hybrid materials
are widely used to improve conductivity and electrochemical
property of a single-phase material. In order to essentially
enhance the conductivity of the material, a strategy of
heterogeneous ion doping is proposed to increase the material
conductivity. For instance, Park et al. reported that the
electrical conductivity of the perovskite oxide Pr1−xSrxCoO3−δ

for intermediate-temperature solid oxide fuel cells was enlarged
with increasing strontium content (0.1 < x < 0.3). When the
substitution amount x was >0.3, the conductivity of the material
decreased. Thus, substitution of appropriate heterogeneous ions
can improve the material conductivity. The electrochemical
performance of Pr1−xSrxCoO3−δ//Ni-GDC cell demonstrates
that the maximum power density at 973K was 1.19W cm−2

with x = 0.3 (Park et al., 2012). Li et al. found that a niobium
and tantalum co-substituted perovskite SrCo0.8Nb0.1Ta0.1O3−δ

exhibits high electroactivity. A symmetrical fuel cell consisting
of SrCo0.8Nb0.1Ta0.1O3−δ positive electrode and Gd0.1Ce0.9O1.95

negative electrode has peak power densities of 1.2Wcm−2 and 0.7
Wcm−2 at 500 and 450

◦

C, respectively. The high performance
is attributed to an optimal balance of oxygen vacancies (Li
et al., 2017). The electrical conductivity of La0.5Ca0.5CoO3 was
significantly increased and the specific capacitance reached 170 F
g−1 at current density of 1A g−1 (Mo et al., 2018).

As a typical ABO3 perovskite structure, bismuth ferrite also
faces the problem of unexpected conductivity. The potential
strategy is proposed to raise the intrinsic conductivity of BFO by
ion doping. The introduction of oxygen vacancies can effectively
improve material electronic transport capabilities. In this article,
this strategy is used to enhance the conductivity of BFO through
the doping of Ca2+ ions. By comparing the electrochemical
performance of different Ca2+ ion doping amounts, it is found
that 10% Ca2+ doping (BFO-10%Ca) can offer 305.5 mAh
g−1 at 1A g−1. The assembled BFO-10%Ca//graphene hybrid
electrochemical energy storage devices exhibit excellent cycle
stability at 5 A g−1 after 3,000 cycles.

EXPERIMENTAL SECTION

Materials
All the reagents were of analytical grade and were not purified
prior to use. Bi(NO3)3·5H2O, Fe(NO3)3·9H2O, Ca(NO3)2·4H2O
and ethylene glycol were bought from Shanghai Macklin
Biochemical Co., Ltd, China. Graphene nanoplatelets were
purchased from Strem Chemicals, Inc.

Synthesis of BFO and BFO-Ca
Synthesis of BFO was obtained by sol-gel method. The
specific steps were as follows by three steps. In the first step,
Bi(NO3)3·5H2O(5.822 g) and Fe(NO3)3·9H2O(4.040 g) were
dissolved in a certain amount of ethylene glycol. This solution
was stirred well and stirred at 50

◦

C for 1 h. Then the temperature
was raised to 90

◦

C until the solvent was evaporated to obtain
a dry gel. In the second step, the dry gel was treated at a high
temperature for calcination to remove the solvent under air
conditions. In the third step, the powder sample was once again
calcined at 650

◦

C to remove impurities and increase the crystal
of BFO. Finally, the resulting BFO was washed with dilute nitric
acid having a volume fraction of 10% and dried at 60

◦

C for 12 h.
Three samples, BFO-x%Ca (x = 5, 10, and 20),

were also synthesized in the same process at the mole
ratio of 19:1, 9:1, and 8:2 between Bi(NO3)3·5H2O and
Ca(NO3)3·4(H2O), respectively.

Fabrication of BFO and BFO-x%Ca
Electrode
The electrode preparation process was prepared according to the
following steps as follows. Specifically, the 80 wt% BFO, 10 wt%
conductive carbon black and 10 wt% polytetrafluoroethylene
(PTFE) were mixed to form a plasticine-like sheet and then
pressed on the foamed nickel under a pressure of 5 MPa.
The BFO-x%Ca (x = 5, 10, and 20) electrodes were fabricated
according to the same method.

Three-Electrode System Electrochemical
Measurements
In this experiment, the three-electrode system mainly consists
of a working electrode, a reference electrode and a counter
electrode. BFO and BFO-x%Ca (x = 5, 10, and 20) electrodes
were used as working electrode, Hg/HgO electrode as reference
electrode, and Pt foil as counter electrode. Electrochemical
testing of electrodes was mainly completed in a three-electrode
system, included cyclic voltammogram (CV), galvanostatic
charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS) by using a Biologic VMP3 electrochemical
workstation in 6mol L−1 KOH aqueous electrolyte. All the
electrochemical testing procedures were performed at room
temperature. The frequency range of EIS is set at 10−2-105 HZ.

Two-Electrode HEESDs
HEESDs were assembled with BFO-10%Ca as the positive
electrode and graphene as the negative electrode. A cellulose
separator was used as the separator to prevent direct contact
between the positive and negative electrodes. In the two-electrode

Frontiers in Materials | www.frontiersin.org 2 January 2020 | Volume 7 | Article 15

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Ma et al. Tailoring Electrochemical Behaviors of Bismuth Ferrite

FIGURE 1 | (A,B) Schematic diagram of the crystal structure of BFO and BFO-Ca; (C) XRD pattern of different Ca2+ ion doping; (D) Partial enlargement of the 2 theta

(∼32◦) of BFO, BFO-5%Ca, BFO-10%Ca, and BFO-20%Ca.

system, the positive and negative electrodes remain electrically
neutral and should satisfy the relationship Q+

= Q−.

Material Characterizations
X-ray diffraction (XRD) testing of BFO and BFO-x% samples was
performed by the Bruker D8 Advance (Germany) diffractometer
operating in the reflection mode with Cu-Ka radiation. The angle
range of 2 theta was set in the range of 15–90

◦

at scan speed 2
◦

min−1. Themorphological analysis of the samples was performed
using a field-emission scanning electron microscope (FESEM,
S4800, Hitachi, Japan) and transmittance electron microscope
(TEM) (Tecnai G2 F30, FEI, America). The TEM samples were
prepared as follows. Firstly, ∼1.5mg of the sample, which was
cleaned and dried in advance, was placed in a glass bottle. Then,
5–8ml of absolute ethanol was added to the glass bottle and
dispersed by ultra-sonication for 10min. Finally, the uniform
solution was dropped on a 300-mesh copper grid with a pipette
to dry naturally at room temperature. X-ray photoelectron
spectroscopy (XPS) was examined using an ESCALAB 250Xi
instrument (Thermo Fisher Scientific).

RESULTS AND DISCUSSION

A single-phase perovskite structure of BiFeO3 was synthesized by
sol-gel method. As presented in Figures 1A,C, the XRD patterns
of BFO are well consistent with the standard value reported
in JCPDS card (no. 86-1518), which reveals the presence of a
rhombohedral crystal structure (R3c space group). After calcium
ions doping into BiFeO3, the single-phase BiFeO3 (R3c space
group) gradually transforms into a new phase (P4mm space
group), which is mainly attributed to the change of Bi-O bond

and the Ca-O bond after the Bi3+ ions were partially replaced
by the Ca2+ ions (Figure 1B). Ca2+ ion-doped BFO crystal
structure introduces oxygen vacancies due to the substitution of
divalent Ca2+ ions for trivalent Bi3+ ions. At the same time, the
introduction of oxygen vacancies can improve the conductivity
of the material. The XRD results of BFO and different Ca2+ ion
doped BFO samples are shown in Figure 1C. The XRD of BFO
is in good agreement with the standard spectrum JCPDS card
(no. 86-1518), while the XRD patterns of three samples, BFO-
5%Ca, BFO-10%Ca, and BFO-20%Ca, exhibit little difference in
position and intensity from the shape. The partially magnified
patterns at 2 theta (∼32◦) show that the diffraction peak shifted
toward a higher angle with the increase of the doping amount
of Ca2+ ions (Figure 1D). The lattice parameters (a and c) of
the R3c phase decrease with increasing doping level (Figure 1D),
which causes the structure of BFO distorts or changes from
rhombohedral to tetragonal phase.

In order to compare the differences in the morphology of
pure BFO and Ca2+ ion doped BFO samples, SEM was used to
characterize the morphology of the particles. Figure 2a shows
the SEM image of pure BFO. It can be seen that the size of
BFO particles is different, and mainly distributed in the range
of ∼400–700 nm. As displayed in Figures 2b–d, the particle size
of three samples (BFO-5%Ca, BFO-10%Ca, and BFO-20%Ca) is
significantly smaller than that of the pure BFO, which exhibits a
typical feature of nanoparticle cluster. The introduction of Ca2+

ions into BFO has a great influence on the size of the particles
due to the smaller crystal unit cell volume of the tetragonal phase.
The SEM images exhibit that the surface of the BFO sample after
Ca2+ doping is smoother than that of pure BFO. This can be
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FIGURE 2 | SEM images of (a) neat BFO; (b) BFO-5%Ca; (c) BFO-10%Ca;

(d) BFO-20%Ca.

attributed to small nucleation cores aggregating together into big
grains (Costa et al., 2014).

HRTEM was utilized to characterize the microstructure of the
neat BFO, BFO-5%Ca, BFO-10%Ca, and BFO-20%Ca samples,
as shown in Figures 3a–d. In particular, the spacing of the
adjacent lattice fringes in the neat BFO is about 0.284 and
0.399 nm (Figure 3a), in accordance with the (104) and (012)
planes of pure BFO (Li et al., 2016). The TEM images of high-
resolution images along [110] zone axis are shown to confirm
small changes in the crystal structure (Figures 3e–h) (Gao et al.,
2018). As shown in the inset, the coexistence of rhombohedral
and tetragonal phases in the calcium ion doped BFO samples
are also found by the fast Fourier transform (FFT). The results
of selected area electron diffraction (SAED) pattern show good
single-crystal characteristics for pure BFO. The presence of
1/2{ooo} superlattice spots confirms the rhombohedral phase
BFO using SAED pattern along the [110] zone axis direction
(Figure 3i) (Cheng et al., 2009; Liu et al., 2018;Wang et al., 2018).
This corresponds to the standard XRD card and demonstrates
that a pure phase BFO sample can be obtained by sol-gel
method (Figure 1C). Figures 3j–l shows that the new tetragonal
phase is found in the BFO-5%Ca, BFO-10%Ca, and BFO-20%Ca
three samples. 1/2{ooo} superlattice spots disappear gradually
with increasing amount of calcium ions. This is attributed to
the changes of value of c/a, when the Bi3+ ions are partially
replaced by Ca2+ ions. The spacing of the adjacent lattice
fringes is 0.279, 0.284, 0.296, and 0.396 nm in the BFO-5%Ca
BFO-10%Ca and BFO-20%Ca responds to the [110], (104), and
(012) crystal plane of rhombohedral BFO, [110] crystal plane
of tetragonal phase BFO, respectively (Zeches et al., 2009; Han
et al., 2016; Li et al., 2016). The tilt of the same plane for
the two phases is about 3.8◦, in agreement with the existence
of two phases (Figure 3l) (Cheng et al., 2009; Guo et al.,
2017).

The chemical bonds of the elements can be monitored in
BFO samples and three different Ca2+ ion doped BFO samples
were used to track the valence state of each element by XPS
spectrum analysis, as displayed in Figure 4. The wide XPS survey

spectrum of the BFO samples with different calcium ion doping
amounts is shown in Figure S1. As illustrated, the narrow-scan
Bi4f spectrum of the neat BFO reveals two peaks located at
158.7 and 164.0 eV (Figure 4A), identified as Bi4f 7/2 and Bi4f
5/2, respectively. As reported in previous literature, this can
be identified as Bi3+ (Bai et al., 2019). The bonding energy of
the element Bi4f was shifted to the lower angle with increasing
the amount of doped Ca2+ ions, because the introduction of
Ca2+ ions changes the chemical environment around the Bi3+

ions. At the same time, this further proves that the change
of Ca-O bond and Bi-O bond length formed by Ca2+ ions
(radius: 1.12 Å) partially instead of Bi3+ ions (radius: 1.17 Å)
causes structural change. For the Ca2p spectrum, the main
Ca2p peaks were situated at 346.3 and 349.8eV (Figure 4B),
corresponding to Ca2p3/2 and Ca2p1/2, respectively. This is one
typical characteristic and demonstrate that Ca2+ ions were doped
into BFO samples (Zhang et al., 2018). As an approximately
quantitative analysis, the increased integrated area of the calcium
2p peak indicates that the content of calcium ions in the
doped BFO sample gradually increases (Zhao et al., 2007; Wang
et al., 2019). The difference electronegativity values of Ca and
Bi elements results in slight shift of Bi4f peaks toward the
lower binding energy side with increasing Ca2+ content in BFO
samples. In this case, the Fe2p spectrum also shows different
valence changes due to the surrounding environment changing.
In the track of elemental Fe, two typical Fe2p 1/2 and Fe2p
3/2 peaks could be observed, at 724.6 and 710.8 eV, respectively.
The Fe2p spectrum reveals one satellite peaks (“sat.”) at 718 eV,
which is the characteristic peak of Fe3+, as reported in the
literature (Ma et al., 2013). The Fe2p1/2 and Fe2p3/2 peaks
split into two peaks with the introduction of Ca2+ ions. At
the same time, the peaks appeared at 725.6, 723.4, 712.0, and
710.0 eV, which also indicates that Fe3+ and Fe2+ ions coexist
in calcium-doped BFO samples (Ye et al., 2017; Spivakov et al.,
2019). The formation of tetragonal BFO is accompanied by
transformation of the FeO6 octahedra into FeO5 pyramids
(Rossell et al., 2012). Thus, divalent and three irons coexist in
three samples doped with Ca2+ ions. The high-resolution O1s
spectrum can feed back the information including oxygen-metal
bonding and oxygen vacancies. O1s spectra can be separated
into three peaks three peaks at 529.3, 530.6, and 532.6 eV, which
correspond to Fe-O, Bi-O bonds, and the surface-adsorbed water
(Soltani and Lee, 2016; Gu et al., 2019). The bond energy was
shifted from 530.6 to 530.2 eV, which indicates the presence of
oxygen vacancies with different doping amounts of Ca2+ ions
(Ibrahim et al., 2007; Jaafar et al., 2019). The formation of
these oxygen vacancy defects may be attributed the Ca2+ ion
substitution at Bi3+ ions of BFO to maintain charge neutrality
(Ramachandran et al., 2012).

A three-electrode system was used to accurately characterize
the electrochemical properties of the materials. Figure 5A

displays the CV of BFO at various scan rates. A pair of obvious
redox peaks exhibited in the CV diagram, which is mainly
attributed to the redox reaction of Bi3+ ions located at the
A site of the perovskite structure at different potentials. Due
to the unexpected conductivity of pure BFO, the BFO (the
inside electron conductance) does not match well with the
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FIGURE 3 | HRTEM images of (a–h) neat BFO and BFO with different doping amounts of Ca2+ ions (inset: FFT patterns); (i–l) SAED patterns along the [110] zone

axis direction.

FIGURE 4 | XPS spectra of BFO, BFO-5%Ca, BFO-10%Ca, and BFO-20%Ca, (A) Bi4f peak, (B) Ca2p peak, (C) Fe2p peak, and (D) O1s peak.
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FIGURE 5 | CV plots of (A) the neat BFO, (B) BFO-5%Ca, (C) BFO-10%Ca, and (D) BFO-20%Ca at various scan rates.

external ions as the current increased, which will cause the
distortion of the CV curves (Figure 5A). In order to improve
the conductivity of the BFO material, calcium ions partially
replace the Bi3+ ions to form more oxygen vacancies to improve
the conductivity of the neat material (Mo et al., 2018). By
measuring the electrochemical properties of different Ca2+

doping amounts, a suitable degree of substitution is finally
selected. By comparing the CV plots of the different amounts of
Ca2+ ion doping, it can be found that the degree of distortion
in the CV curves is gradually reduced at the scanning rate 2,
5, 10, 20, 40, and 60mV s−1 and finally the 10% calcium-
doped BFO is determined to be a suitable degree of substitution
(Figures 5B–D). This also shows that doping of heterogeneous
ions is an effective way to improve the electrical conductivity
of materials.

Testing of the electrode material was completed through
a three-electrode test system. Figure 6A shows a neat BFO
charge—discharge curves. The charge—discharge test line
does not exhibit good symmetry due to the poor conductivity
of the material. However, the charge—discharge curves of
Ca2+ ion doped samples with different doping levels are
almost symmetrical, indicating that these materials have
good reversible capacity and excellent coulombic efficiency
(Figures 6B–D). The charge-discharge diagrams of pure BFO
and calcium-doped BFO samples can also correspond to
the cyclic voltammogram obtained at different scan rates
(Figure 5). The specific capacity calculated at different current
densities is shown in Figure 6E. Comparing different doping
amounts of Ca2+ ions, 10% of the samples (BFO-10%Ca)
shows the best specific capacity 305.5, 182.0, 102.1, 76.2,
and 74.8 mAh g−1 at diverse discharge current densities of
1, 3, 10, 20, and 30A g−1, respectively. The performance

improvement of BFO-10%Ca is mainly attributed to the
better electrical conductivity with appropriate increasing
calcium content and on the other hand the improved
performance of calcium-modified BFO is higher than the
capacity loss in the samples substituted by Ca2+ ions. This
energy storage mechanism of BFO with different doping amount
of Ca2+ ions can be expressed by the following equation
(Ma et al., 2019):

Bi3+ + 3OH−
→ Bi(OH)3 (1)

Bi(OH)3 + 3e → 2BiO−

2 + 4H2O + OH−
+ Bi(0) (2)

Bi(0) + 6OH−
↔ Bi2O3 + 3H2O + 6e (3)

The electrochemical impedance spectroscopy (EIS) spectra
of pristine BFO, BFO-5%Ca, BFO-10%Ca, and BFO-20%Ca
are shown in Figure 6F. In contrast to the neat BFO
sample, three samples of Ca2+ ion doped electrodes shows
smaller semicircle diameter, manifesting a lower electron
transfer resistance at the electrode interface and higher
electrochemical conductivity after the introduction of Ca2+

ions. Noticeably, the results of the ohmic impedance at
higher frequency suggest that the values were measured to
be 0.95, 1.02, and 1.06 Ohm in the BFO-5%Ca, BFO-10%Ca,
and BFO-20%Ca, respectively. These values are apparently
lower than that of the pristine BFO (1.17 Ohm), which
also indicates that the doping strategy could reduce the
ohmic impedance, favorable for boosting the charge and
discharge capabilities.
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FIGURE 6 | Electrochemical properties of the BFO, BFO-5%Ca, BFO-10%Ca, and BFO-20%Ca powders in a three-electrode system. (A–D) Charge-discharge

curves of the four samples at various current densities; (E) the specific capacitance at various current densities; (F) Comparison of EIS curves of BFO, BFO-5%Ca,

BFO-10%Ca, and BFO-20%Ca.

Calcium ions were doped at the A site in the BFO samples.
The trivalent Bi3+ ions were replaced by the bivalent Ca2+

ions, which will cause the uneven charge distribution. Such
doping effect would compensate Ca2+ ion acceptors in terms
of generating oxygen vacancies as donor impurities (Masó
and West, 2012). This conductor-insulator transition can be
accepted in terms of the competition between a mobility
edge and the Fermi energy through band-filling control. In
a proper amount of calcium ion-doped BFO samples, the
conductivity of the doped samples is enhanced by band
filling (Park et al., 2012; Yang et al., 2012).

ASSEMBLED HYBRID
ELECTROCHEMICAL ENERGY STORAGE
DEVICES (HEESDs)

Figure 7 shows the electrochemical performance test using
the three electrodes and two electrodes. A HEESD consists
of BFO-10%Ca as the positive electrode and commercial
graphene as the negative electrode. The cyclic voltammogram
is obtained through a three-electrode system, which shows a
rectangle with increasing scan rate. In order to characterize
the electrochemical storage capacity of the graphene, a
galvanostatic charge-discharge test was performed through a
three-electrode system with graphene as the working electrode.
This figure shows an isosceles triangle shape, indicating that
graphene stores charges by means of an electric double layer
(Figure 7B). The specific capacitances were 99.2, 74.6, 68.4,
60.8, 55.8, and 52 mAh g−1 at 1, 3, 5,10, 15, and 20A g−1

(Figure 7C), respectively.

The HEESDs were fabricated using the BFO-10%Ca as
the positive electrode and the graphene as the negative
electrode. Electrochemical performance testing of the HEESDs
was achieved using a two-electrode test system. The voltage
range of 0–1.4V was selected in accordance with the absence
of polarization in the 6mol L−1 KOH aqueous solution by test
results of CV plots at various potential windows (Figure S2).
The CV diagram shows two typical electrochemical storage
mechanisms, that is, the electric double layer characteristics
in the 0–0.5V voltage range and the Faraday reaction in the
0.5–1.4V range. The discharge curve of the HEESDs is almost
symmetrical with the charging curve, showing an isosceles
triangle, as exhibited in Figure 7E. The specific capacity at
different current densities can be obtained by calculation of the
discharge curve. The specific capacitances were calculated to
be 37.7 and 21.3 mAh g−1 at 0.5 and 20A g−1 (Figure 7F),
respectively. Cyclic performance, as an important performance
indicator, was performed through 3,000 consecutive charge—
discharge tests. The assembled HEESDs exhibited excellent
cycle stability at 5 Ag−1 after 3,000 cycles. Compared to
the capacity after 3,000 cycles, very limited capacity loss was
observed, showing that the assembled HEESDs presented good
reversible capacity (Figure 7G). The capacity fading is related
with carrier concentration loss and internal impedance growth
in the HEESDs. This is mainly due to the charge transfer and
diffusion resistances, caused by the formation of new phases
after repeated charge and discharge cycles of BFO-10% Ca. It
can be also proved by comparing the change of EIS diagrams
before and after the different cycle numbers (Schmitt et al.,
2017; Upadhyay et al., 2017; Yu et al., 2018). The EIS spectra
of the HEESDs were shown in Figure 7H. The Nyquist diagram
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FIGURE 7 | Electrochemical properties of HEESDs: (A) CV and (B) charge-discharge curves of the commercial graphene electrode at various scan rates and current

densities; (C) Specific capacity at different current densities under a three-electrode test system with the commercial graphene; (D) CV and (E) charge-discharge

curves of the BFO-10%Ca//commercial graphene HEESDs at various scan rates and current densities; (F) The relationship between current density and capacity; (G)

Cycling performance of the HEESDs at a current density of 5 A g−1; (H) EIS comparison curves of the HEESDs for the first cycle and 3,000th cycle.

clearly includes the arc in the high frequency region and the
straight line in the low frequency region. After 3,000 cycles,
the semi-circular arc is larger in the high frequency region,
indicating that the charge transfer resistance was significantly
larger than that of the first cycle (Xu et al., 2017), which
is in a good response to the decay of performance after
multiple cycles.

CONCLUSIONS

In summary, the electrical conductivity is enhanced by
introducing oxygen vacancies via partial replacement of Bi3+

ions by Ca2+ ions in the BFO perovskite materials. By
tuning the doping amount, the electrochemical performance
of BFO-10%Ca was significantly improved. The HEESDs were
fabricated using the BFO-10%Ca as the positive electrode and
the commercial graphene as the negative electrode, showing
excellent cycle stability at 5 Ag−1 after 3,000 cycles. The
strategy by improving the intrinsic conductivity of materials
by doping with heterogeneous ions is an effective method
for improving the electrochemical performance of energy
storage devices.
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