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ABSTRACT

BiFeOs-based lead-free ferroelectrics have attracted great interest in energy storage applications
due to their high spontaneous polarisation strength, however, the high residual polarisation strength
(Pr) has become a serious obstacle to their practical application. In this work, (1-
X)Bio.ssNdo.10Smo.02FeO3-xBaTiO3+0.1 wt% MnO2 ceramics were designed by ion doping and solid
solution modification strategies, where Sm® and Nd** promote ionic disorder and reduce leakage
current, and the introduction of nano-BaTiOs induces the crushing of long-range ferroelectric
structure into polar nano-regions with enhanced relaxation. As a result, the ceramic is able to
maintain a high maximum polarisation intensity while possessing a low residual polarisation.The
recoverable energy density (Wec) of the 0.50BSNF-0.50BT ceramic is as high as 3.61 J/cm?® with an
efficiency of 70.11%. In addition, the 0.50BSNF-0.50BT has good thermal stability (W:ec variation
<7%) at 25-120°C. In the charge/discharge test, the Wais was 2.58 J/cm?® and the discharge time was
273 ns. These results indicate that the 0.50BSNF-0.50BT ceramic is an ideal candidate as a material
for energy storage applications.
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1. INTRODUCTION

Facing the urgent challenges of global environmental protection and sustainable development, the
research and development of green and efficient energy storage technologies has become one of the
hot spots in the field of scientific research!!?l. Among today's diverse energy storage technologies,
dielectric capacitors are attracting more and more attention due to their extraordinary power density
and excellent fast charging and discharging capabilities, showing great potential in high-tech
applications such as LIDAR systems, high-speed electronic communication infrastructures, and new
energy vehicles®’l. The energy storage density of a dielectric capacitor is usually calculated from the
P-E curve by the following series of equations*!:
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where Wil and Wi denote the total energy density and effective energy storage density during
charging, respectively, Pmax 1S the maximum polarisation, P; is the residual polarisation, # is the
energy storage efficiency, and E is the electric field. Obviously, a large difference between high
dielectric breakdown strength (Ep) and AP (AP=Pnax-P:) is necessary to achieve high Wi !®.
According to the different characteristics of P-E curves, ceramic energy storage materials can be
classified into four categories: linear dielectrics (LDs), normal ferroelectrics (FEs), relaxation
ferroelectrics (RFEs), and antiferroelectrics (AFEs)!"®l. Linear dielectrics are characterised by zero
P: and high Ey, but the small polarisation limits their energy storage density. Typical FEs have
significant Pmax but are limited by their relatively poor Wi, 77, and Ej,. antiferroelectrics exhibit double
hysteresis loops with higher W;.. but lower # and poor temperature stability!®.. Therefore, relaxation
ferroelectrics with higher Pmax and lower P; have received significant attention for energy storage
applications.

In recent years, several lead-free ABO; chalcogenide-structured relaxing ferroelectric ceramics,
BaTiOs (BT), modified (BigsNaos)TiO3z (BNT) and (Ko.5Nags)NbO3; (KNN), have been extensively
investigated in order to replace widely used Pb-based relaxing ferroelectric ceramics, taking into
account environmental protection issues, and have achieved a great improvement in energy storage
performance!!%!2, However, it is difficult to obtain both high W;.. (>2 J/cm?) and efficiency (7 >70%)
for most Pb-free ceramics!!¥l. Bismuth ferrate (BiFeO3,BF) is a promising candidate for lead-free
ceramics due to the unique 6s® isolated electron pair structure of Bi*" ions, with spontaneous
polarisation strengths up to ~100 pC/cm?!'¥l. Although its energy storage application is limited by
large Py, it can be optimised by doping modification. Barium titanate (BaTi03,BT) has moderate Pmax
and low P:. Lil'> proposed that the structural evolution of BiFeOs3-BaTiOs (BF-BT) solid solution
exhibits the coexistence of two phases, and shows excellent saturation polarization strength near the
quasi-isotropic phase boundary (MPB), so modification studies based on the BF-BT material are
highly favoured in the field of energy storage .Zhul'® et al. showed the modification of BF-BT
material by adding a dopant to the 0.52BiFe03-0.48BaTiO3 ceramics modified by adding La,O3; and
MnO,, which effectively enhanced the Eb of the material, with Wi of 1.22 J/cm® and 5 of 58% at
140 kV/em Ep. Liul'l et al. designed 0.6BiFe0s;-0.48BaTiO; ceramics by introducing
Ba(Zn;;Tax3)03 (BZT) into BF-based ceramics. In order to inhibit the formation of long-range
ordered structures, BiFe03-0.34BaTiO3-0.06Ba(Zn;3Taz3)03 composite ceramic structures were
constructed by constructing random fields. Under an electric field of 160 kV/cm, the Wr.. was 2.56
J/em? and the # was 71%.Wang!'¥] et al. achieved a Wi of 2.56 J/cm® and an 7 of 71% when they
doped Nd into a 0.75 (Bi11-xNd,) FeO3-0.25BaTiO3 composite system, a W of up to 1.82 J/cm? was
obtained at 180 kV/cm Ej, indicating that rare-earth doping can effectively modulate the storage
performance of BF-BT solid solutions.

In this study, rare earth ions Nd** and Sm** doping were introduced to overcome the defect of high
leakage current of pure BF and promote the formation of random field and stress field inside the
ceramics, meanwhile, nano-BaTiO3; was added to form a solid solution, and the long-range ordered
ferroelectric domains were transformed into short-range ordered nano domains or polar nano-regions,
which further reduced the value of P; and obtained a high W.. In addition, the ceramics were added
with a small amount (0.1 wt%) of MnO, was added to the ceramics to further reduce the leakage
current. The results show that all the samples (x=0.33-0.55) have a pure chalcogenide structure and a
dense microstructure. high W of 3.61 J/cm? and high # of 70.11% were achieved at x=0.50 under
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an electric field of 280 kV/cm. Meanwhile, the ceramics exhibit good thermal stability (25-120°C)
and excellent charge/discharge performance. These results indicate that (1-x)BSNF-xBT ceramics
have a promising future for energy storage devices.

2. EXPERIMENTAL SECTION

(1-x)Big.8sNdo.10Smp 02FeO3-xBaTiO3+0.1 wt% MnO, ceramics (referred to as (1-x)BSNF-xBT
ceramics, x=0.33, 0.42, 0.50, 0.55) were prepared by the solid phase method. The main raw materials
were Bi203 (99.5%), Fe O3 (99.5%), Nd203 (99.9%), nano-BaTiO3 (99.9%), Sm203 (99.9%) and
MnO; (98%). The raw material powders were weighed according to the stoichiometric ratio and ball-
milled with ZrO; balls in ethanol for 24 h. After drying, they were calcined for 5 h at 750°C. After
calcination, a small amount (0.1 wt%) of MnO, was added to imP;ove electrical insulation and ball-
milled again with anhydrous ethanol and zirconia balls for 24 h. 8 wt% polyvinyl alcohol solution
(PVA) was added dropwise and pressed to form discs of about 10 mm diameter. To remove the PVA
from the samples, the samples were sintered at 550°C for 1 h and then at 860-940°C for 3 h.

The phase structure and microstructure were investigated by X-ray diffraction (PANalytical X'Pert
Pro, The Netherlands) and scanning electron microscopy (Merlin Compact, Germany), and Raman
spectroscopy was carried out using a Raman spectrometer (LabRAM HR, Horiba Corporation, Japan)
with an excitation source of 514 nm. a A ferroelectric tester (Radiant Technologies Inc. precision
Premier I, USA) was used to test the hysteresis loop (P-E). The dielectric temperature spectrum was
tested by a dielectric temperature spectrum test system (DMS-2000, China). Charge/discharge
performance was tested by charge/discharge test system (GT-002, China).

3. RESULTS AND DISCUSSION

Fig. 1(a) shows the X-ray diffraction patterns of (1-x)BSNF-xBT ceramic samples with different
BaTiOs contents. From the figure, it can be clearly observed that all the prepared (1-x)BSNF-xBT
ceramics are of chalcogenide structure with no heterogeneous phases generated, which indicates the
successful doping of Nd, Sm, and nano-BaTiOs3 into the BiFeOs; matrix lattice. The (200) diffraction
peak region was magnified locally as shown in Fig. 1(b). The results show that the (200) diffraction
peak gradually shifted to a lower angle with the increase of the BaTiOs fraction, indicating that the
lattice was slightly expanded due to the substitution of Bi** (~1.03 A) by Ba?" (~1.35 A), which has
a larger ionic radius, in the A-site. The (200) splitting peak at x=0.33 indicates that the 0.67BSNF-
0.33BT ceramic The existence of two phases, orthorhombic and pseudocubic, coexisted, and the (200)
splitting peak shifted to an asymmetric single peak as the BT doping increased, indicating that the
ceramic structure shifted from an orthorhombic phase to a pseudocubic phase!'*2%. In order to explain
the lattice expansion effect more accurately, the lattice constants a, b and c of different samples were
calculated with the help of Jade software, and the results are shown in Table 1. Comparative analysis
of the data reveals that the corresponding three lattice constants a, b and ¢ show an increasing trend
with the increase of BaTiO3; content, which further confirms that the lattice expansion induced by
doping BaTiOs.

To further illustrate the effect of BT incorporation on the ceramic structure, Figure 1(c) shows the
Raman spectra of (1-x)BSNF-xBT ceramics.The Raman peaks near 280 cm™! broaden with increasing
BT content, probably due to the doping of ions with different ionic radii and different valence states,
which leads to the disorder and structural complexity of the A-site cation Increase. The wavelength
changes from 280 cm™ to 296 cm™ with increasing BT content, reflecting the weakening of the B-O
bond and the transition of the system to the relaxed ferroelectric state?!). The Raman mode broadens
at 400-600 cm™' when x<0.55, indicating that the increase in the nano-BaTiO; content leads to an
increase in the disorder of the system and the formation of PNRs, and the peaks become sharp when
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the x content is further increased, which can be attributed to a decrease in the degree of disorder, and
this evolution coincides with the energy storage properties of the ceramics discussed later??],
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Fig. 1 (a) XRD patterns of (1-x)BSNF-xBT ceramics at 20-70° and (b) 45-46°. (c) Raman spectra
of (1-x)BSNF-xBT ceramics at room temperature

Table 1. Lattice constants of (1-x)BSNF-xBT ceramics

X a b c
0.33 3.9831 3.9831 3.9831
0.42 3.9905 3.9905 3.9905
0.50 3.9953 3.9953 3.9953
0.55 3.9972 3.9972 3.9972

Fig. 2 microstructural images of the surface of (1-x)BSNF-xBT ceramics (a) x=0.33, (b) x=0.42, (¢)
x=0.50, (d) x=0.55, (e) Elemental mapping distributions of 0.50 BSNF-0.50 BT ceramics

Fig. 2(a)-(d) shows the scanning electron microscope (SEM) images of (1-x)BSNF-xBT ceramic
samples with different BaTiO; contents. It can be clearly seen that all the samples have uniform grain
size with obvious grain boundaries and dense microstructure. Fig. 2(e) shows the elemental mapping
distribution of 0.50BSNF-0.50BT ceramics, and the images indicate that the elements of Bi, Ba, Ti,
Fe, Nd, Sm, Mn, and O are uniformly distributed without elemental enrichment and segregation, and
the uniform elemental distribution is conducive to the obtaining of stable electrical properties. When
the BT content was increased from 0.33 to 0.55, the grain size decreased from the original 2.17 um
to 1.56 um, reflecting a significant grain refinement effect, as shown in Fig. 3 (a)-(d). The decrease
in grain size can be explained by the gradual decrease in the concentration of volatile ions Bi with the
increase in BT content, leading to a decrease in the concentration of oxygen vacancies, which inhibits
mass transfer!?324],
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Fig. 3 Grain size distribution of (1-x) BSNF-xBT ceramics: (a) x=0.33, (b) x=0.42, (c) x=0.50, (d)
x=0.55, (¢) Weibull distribution, and (f) average grain sizes and Eb values of different BT doping

The breakdown electric field of (1-x)BSNF-xBT ceramics was analysed using the Weibull statistical
method, as shown in Fig. 3(e). The relevant calculation formula is as follows!?:
Xi=In(E)),Yi=In(In(1/(1-P;))), where 1 is the number of the sample, E; is the breakdown electric field
of the sample numbered i, and n is the total number of samples. It can be observed that all the
experimental data points show a good linear relationship with a slope greater than 9, which reflects
the high reliability and consistency of the obtained data. With the increase of BaTiO3 content, the
average breakdown electric field, Ep, of the ceramic materials generally shows an increasing trend
from 200.34 kV/cm at x=0.33 to 304.90 kV/cm at x= 0.50, followed by a slight decrease. Figure 3(f)
shows that the breakdown electric field tends to increase as the grain size decreases. The decrease in
grain size implies an increase in the number of grain boundaries per unit volume. The presence of
grain boundaries can effectively hinder the internal charge migration and help to improve the
breakdown strength of ceramic materials*®). When x>0.50, a slight decrease in the electric field
strength occurs, which is due to the fact that £y, is affected by factors such as porosity, relative density
and defects in addition to grain size!?].

Figs 4(a)-(d) show the dielectric properties of (1-x)BSNF-xBT ceramics. With the increase of
frequency, the dielectric constant peak broadens and moves to the high temperature direction, and the
& value gradually decreases, showing obvious characteristics of frequency dispersion and diffuse
phase transition(?8). With the increase of BT, & decreases steadily, and a wide peak plateau appears
between the non-traversed relaxation states and the traversed relaxation states. The ¢ curve becomes
flat in the temperature range of 0-200°C, revealing that the enhancement of relaxation behaviours and
the long-range ordering of ferroelectrics are damaged, which is conducive to inducing more traversed
relaxation states, which prompts the transformation of the large ferroelectric domains into PNRs, and
thus reduces the P and improves the energy storage performance. In addition, the flat & curve over a
wide temperature range indicates that the temperature stability of (1-x)BSNF-xBT ceramics is
improved with the addition of BT. At lower temperatures, the tand values of all ceramics remain small,
indicating that the leakage current is reduced after the incorporation of BT. tand gradually increases
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with the increase of temperature, which may be due to the increase of leakage current due to the
increase of defects at high temperature!?’],
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Fig. 4 Dielectric properties and losses of (1-x) BSNF-xBT ceramics with temperature (a) x=0.33,
(b) x=0.42, (c) x=0.50, (d) x=0.55

The ferroelectric properties of the ceramics can be visualised by the P-E curve. From Fig. 5(a), it can
be seen that at x=0.33, the curve exhibits a fatter, with a large polarisation intensity as well as a high
residual polarisation intensity, and a strong ferroelectricity. With the increase of BT doping, the
relaxation is enhanced and the polarisation intensity decreases from 47.60 kV/cm to 23.82 kV/cm,
and P; also decreases from 13.90 uC/cm? to 2.06 pC/cm?, and the P-E curve is refined. The
corresponding change in energy storage performance is calculated as shown in Fig. 5(b). When the
BT doping increases, the energy storage density decreases due to the decrease in polarisation strength,
while the significant decrease in P; leads to the increase of # to about 80%. The bipolar P-E curves
of (1-x)BSNF-xBT ceramics at maximum electric field are shown in Fig. 5(c), and the corresponding
energy storage density and efficiency variations with BT content are shown in Fig. 5(d). As the BT
doping content increases, # gradually increases while the ceramic material shows higher E, and
delayed polarisation saturation. When x=0.50, the (1-x)BSNF-xBT obtains a maximum breakdown
electric field of 280 kV/cm and maintains a high saturation polarisation intensity of 41.13 pC/cm?,
and the residual polarisation decreases to 5.76 uC/cm? meanwhile, the W reaches 3.61 J/cm?, which
corresponds to an energy storage efficiency of # of 70.11%, which sufficiently demonstrates that the
material has better energy storage characteristics. When the doping ratio exceeds x=0.50, the lower
P, leads to a subsequent decrease in the energy storage density Wiec.

The 0.50BSNF-0.50BT ceramic system, which exhibits the best energy storage performance, was
further investigated. It can be seen in Fig. 6(a) that Py, increases significantly with increasing electric
field strength while P; is maintained at a low level, and all curves have a slender shape due to the
excellent relaxation properties. Fig. 6(b) shows that the energy storage density increases with the
enhancement of the electric field strength, and the energy storage efficiency # of the 0.50BSNF-
0.50BT ceramics is consistently above 70%, which is attributed to the formation of PNRs that make
the polarisation flip easier, while grain refinement promotes the Ej, increase***!l, The ambient
temperature has a significant impact on the performance of electronic devices and energy storage
materials, so excellent temperature stability of energy storage materials is important.
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Fig. 6 (a) Bipolar P-E curves of 0.50BSNF-0.50BT ceramics at different electric fields, (b)
corresponding energy storage density and efficiency, (c) P-E curves of x=0.50 samples at different
temperatures under 180 kV/cm electric field, (d) corresponding changes in 1 and Wrec values with

temperature

Fig. 6(c) shows that the 0.50BSNF-0.50BT ceramic P; is increased by enhanced ionic conduction and
increased leakage current as the temperature increases from room temperature to 120°C, but still
maintains the shape of the elongated P-E curve. Meanwhile, it is shown in Fig. 6(d) that W slightly
decreases from 2.31 J/cm? to 2.20 J/cm? with increasing temperature, and the overall change is less
than 7%. The above results show that the ceramic material can still maintain good storage
performance at higher temperatures, reflecting the excellent temperature stability of the 0.50BSNF-
0.50BT energy storage ceramic.
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Fig. 7 (a) The underdamped discharge current density curve of 0.50BSNF-0.50BT sample under
different electric fields; (b) the relationship between PD and CD and electric field; (c) the
relationship between Wdis and time; (d) the changes of Wdis and t0.9 values with applied electric
field

In order to evaluate the performance of the capacitors for practical applications, the charging and
discharging performance of the 0.50BSNF-0.50BT ceramics was tested*?. (Underdamped discharge
current density curves for Fig. 7(a). As the electric field strength increases, the peak current increases
from 2.63 A at 100 kV/cm electric field to 3.37 A at 180 kV/cm. From Fig. 7(b), it can be seen that
both the discharge current density (Cp = Imax/S) and the discharge power density (Pp = E X Imax/S, S
refers to the electrode area) increase with the increase of the electric field and reach the 180 kV/cm
maximum value (Cp=428.57 A/cm?, Pp=38.58 MW/cm?). The ceramics were tested for overdamped

discharge with a load resistance of 1634 Q. Figure 7(c) shows that when the electric field rises from

100 kV/cm to 260 kV/cm, The discharge energy density (W,;, = w) increased from 0.10 J/cm?

to 2.58 J/cm? , reaching the highest value in a very short time. Wgis slightly smaller than Wi calculated
from the P-E curve for the same electric field, and this difference may be attributed to the fact that
the loading frequency during charging and discharging is much higher than that during the
measurement of the P-E return line . Usually #9 is regarded as the time to release 90% of the
discharged energy, and Fig. 7(d) shows that with the increase of electric field Wis and #99 show an
overall increasing trend, and #p9 is about 273 ns for 0.50BSNF-0.50BT ceramics under an electric
field of 260 kV/cm. Taken together, the above data indicate that 0.50BSNF-0.50BT ceramics have
excellent charge-discharge performance, and the application prospect is broad.

4. CONCLUSION

Lead-free (1-x)BSNF-xBT relaxation ferroelectric ceramics were successfully prepared by solid-
phase method. The pseudo-cubic phase chalcogenide structure was confirmed by XRD. The
introduction of rare earth elements Sm and Nd reduced the leakage current and promoted the ionic
disorder, and the solid solution of nano-BT induced the generation of polar nano-regions and
enhanced the relaxation behaviour. By improving the endogenous and exogenous factors
(microstructure, average grain size), the 0.50BSNF-0.50BT ceramics obtained a high W of 3.61
J/em® and a high efficiency of 70.11% at 280 kV/cm. In addition, the 0.50BSNF-0.50BT ceramic
maintains excellent stability in the temperature interval of 25-120°C, along with impressive Cp
(857.31 A/cm?) and Pp (94.25 MW/cm3) at an electric field of 220 kV/cm, and a significant
enhancement of the Wgis up to 2.58 J/cm? at 360 kV/cm. 9 of 273 ns, indicating the excellent
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charge/discharge performance of the material. These results indicate that 0.50BSNF-0.50BT ceramics
are a potential alternative material for energy storage.
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