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Abstract: In this paper, we investigate the structural, microstructural, dielectric, and energy storage properties
of Nd and Mn co-doped Bao7SrosTiOs [(BaosSros)1xNdxTityMnyOs (BSNTM) ceramics (x = 0, 0.005, and y = 0,
0.0025, 0.005, and 0.01)] via a defect dipole engineering method. The complex defect dipoles (Mny; — V) and
(Mny; — V) between acceptor ions and oxygen vacancies capture electrons, enhancing the breakdown electric
field and energy storage performances. XRD, Raman spectroscopy, and microscopic investigations of BSNTM
ceramics revealed the formation of a tetragonal phase, increased oxygen vacancies, and reduced grain size with
Mn dopant, respectively. The BSNTM ceramics with x=0.005 and y=0 exhibit a high dielectric constant of 2058
and a dielectric loss of 0.026 at 1 kHz. These values gradually decreased to 1876 and 0.019 for x=0.005 and y=0.01
due to the Mn? ions at Ti*-site, which facilitates the formation of oxygen vacancies, and prevents the decrease
of Ti*". In addition, the defect dipoles act as a driving force for depolarization to tailor the domain formation
energy and domain wall energy, which provides a high difference between the maximum polarization of Pmax
and remnant polarization of Pr (AP=10.39 puC/cm?). Moreover, the complex defect dipoles with optimum
oxygen vacancies in BSNTM ceramics can provide not only a high AP but also reduce grain size, which together
improve the breakdown strength from 60.4 to 110.6 kV/cm, giving rise to a high energy storage density of 0.41
J/em® and high efficiency of 84.6% for x=0.005 and y=0.01. These findings demonstrate that defect dipoles
engineering is an effective method to enhance the energy storage performance of dielectrics for capacitor
applications.

Keywords: ceramic capacitors; donor-acceptor complex; defect dipole engineering; dielectric and ferroelectric
properties; energy storage density and efficiency

1. Introduction

Dielectric capacitors are key components of pulsed power applications, and are extensively used
in microwave communications, electromagnetic devices, hybrid electric vehicles, and high-frequency
inverters [1-4]. Notably, dielectric capacitors display ultrahigh power density, ultrafast charge-
discharge rates, excellent fatigue resistance, and thermal stability as compared to batteries [5-7].
However, their energy storage density performance is lower than that of batteries because of their
low breakdown strength (BDS), which limits their applications in energy storage devices [8-10]. It is
thus necessary to develop new dielectric capacitors with high energy storage density and high energy
efficiency to meet the increasing demands for energy storage devices.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The key parameters for energy storage in dielectric capacitors, such as the total energy storage
density (W), recoverable energy density (Wr.), and energy efficiency (7) can be calculated by the
following equations [7,8,11]:

Pmax
Wior = fo EdpP 1)
Pmax
Wee = [, E dP @
n=—2 % 100% ®)

Wrec+WlOSS

where E is the applied electric field, P is induced polarization, Pmx is maximum polarization, Pr is
remnant polarization, and Wis is hysteresis loss (Figure 1). According to these equations, Wrc and 77
can be improved by increasing the difference between Puww and Pr (AP= Puwa - Pr) and the
BDS/breakdown electric field (Esp), which means that energy storage mostly depends on the AP and
Esp parameters, hence a larger Esp is the cause of high energy storage density. Normally, high
dielectric constant materials with a large Pumax display high dielectric loss, which leads to low BDS and
Whee [12]. Researchers have sought to enhance the BDS by modifying extrinsic properties, such as
reducing the thickness of dielectric capacitors [13,14], porosity [15,16], grain size [17,18], and adopting
a core-shell structure [19,20]. They have also modified intrinsic properties, including enhancing the
bandgap energy [8,21], tailoring electrical homogeneity, and reducing electrical conductivity [22].

In recent years, lead-free dielectric capacitors have received significant attention, and a great
deal of research has been carried out to enhance the energy storage properties due to lead toxicity
and environmental issues. Lead-free dielectrics, such as BaTiOs (BT) [23-25], BiosNaosTiOs (BNT) [26—
30], BiFeOs (BFO) [22,31,32], and KosNaosNbOs (KNN) [33,34]-based materials/composites afford
improved energy storage performance and energy efficiency for energy storage applications. In
particular, the BT-based ceramics are potential candidates and are widely used for capacitor
applications due to their high polarization, high dielectric constant, and low Curie temperature (Tc)
[35,36]. Few oxide materials (Al2Os, SiO2, and MgQO) are used as additives to improve the BDS and
energy storage properties of BT-based ceramics [37-39]. Rafik et al. [40] reported Sr substitution at
the A-site of BT (BaosSrosTiOs) ceramics and improved dielectric properties. However, oxygen
vacancies and conduction electrons can occur during the sintering process of BT-based ceramics at
high temperatures, resulting in a high dielectric loss [41].

Aliovalent doping is an effective method for tailoring the electrical properties of oxide materials.
The use of donor dopants, such as La and Nd, is an effective approach to compensate for the
formation of oxygen vacancies for improving the dielectric properties of BT ceramics. Morison and
Shaikh et al. [42,43] reported La and Nd doped BT ceramics with a high dielectric constant of 25,000
and 13,000 at T, respectively. On the other hand, acceptor (Mn?* at Ti*-site) doping in BT ceramics
promotes the formation of oxygen vacancies and minimizes the decrease of Ti** during the sintering
process in low oxygen atmospheres. Therefore, Mn-doped BT decreases dielectric loss [44—46].
Recently, Yueshun et al. [47] demonstrated defect dipoles by oxygen vacancies in acceptor doped
(specifically Fe) Sr2BisTisxFexO1s (x=0.04-0.12) and enhanced Esp and energy storage properties.

In this paper, we present a defect dipoles engineering method to improve the breakdown
strength and energy storage performance by co-doping of Nd and Mn in Bao7SrosTiOs (BST) ceramics
that have been prepared via the traditional solid-stated reaction method. The Nd-doped BST
[(Bao7Sro3)1-xNd:TiOs, BSNT] ceramics can compensate for the formation of oxygen vacancies,
improving the dielectric constant of BSNT ceramics. In contrast, Mn-doped BSNT ceramics
[(Bao7Sr03)1«Nd+Ti1yMnyOs, BSNTM] facilitate the formation of oxygen vacancies, prevent the
decrease of Ti*, and yield low dielectric loss. Therefore, simultaneously, a high dielectric constant
and low dielectric loss can be expected with Nd and Mn co-dopants in BST. Moreover, the complex
defect dipoles with uniform and small-grained microstructure provide a high difference between Puax
and Pr (AP of 10.39 uC/cm?) and show improved breakdown strength of 110.6 kV/cm with Nd and
Mn, which results in a high energy storage density of 0.41 J/cm?® and high efficiency of 84.6% in
BSNTM ceramics, as schematically shown in Figure 1.

doi:10.20944/preprints202309.1044.v1
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Figure 1. Schematic illustration for energy storage performance of Nd and Mn co-doped BST
ceramics. Defect dipoles (Mng; —V;)* between acceptor ions and oxygen vacancies capture
electrons, reduce grain size, and provide a high difference between Pua and Pr, which improve the
breakdown electric field with Mn, resulting in a high energy storage density and high energy
efficiency in BSNTM ceramics.

2. Materials and Methods

(BaosSro3)1«Nd»TiiMny,Os (BSNTM) (x=0, 0.005, and y=0, 0.0025, 0.005, and 0.01) lead-free
ceramics were synthesized by the traditional solid-state reaction method. The raw materials BaCOs
(Sigma-Aldrich, 99%), SrCOs (Sigma-Aldrich, 98%), Nd20s (Sigma-Aldrich, 99.9%), TiOz, (Sigma-
Aldrich, 99%), and MnO: (Sigma-Aldrich, 99%) were weighed in stoichiometric proportions and ball-
milled for 24h. After drying the slurry, the BSNTM powder was calcined at 1150 °C for 3h to obtain
the phase of BSNTM. Further, 3 wt.% of Li2COs (Junsei, 99%) powder was added to this calcined
powder as a sintering aid, and the powder was again ball milled for 12h to reduce the sintering
temperature and increase its bulk density. Subsequently, 5 wt.% of polyvinyl alcohol (Sigma-Aldrich,
99%) was added and the powder was pressed into pellets with dimensions of 10 mm in diameter and
0.5 mm in thickness at a pressure of 10 MPa followed by sintering at 1050 °C for 2h. Finally, silver
paste (ELCOAT, Electroconductives) was applied on both surfaces of the prepared pellets of BSNTM
to carry out electrical characterizations.

The crystal structure of the BSNTM samples was tested using an X-ray diffractometer (Rigaku,
TTRAX IIT 18 kW) and Raman spectroscopy (JOBIN YVON, LABRAM HR800). A field emission
scanning electron microscope (FESEM, JEOL, JSM-7610F) was used to examine the microstructural
properties. Room temperature (RT) dielectric constant and dielectric loss were measured in the
frequency range of 100 Hz — 100 kHz by an impedance analyzer (Hewlett Packard, 4294A).
Ferroelectric properties (P-E loops) were measured using a ferroelectric tester (Aix ACT, TF Analyzer
2000).

3. Results and discussion

3.1. Phase formation and crystal structure

Figure 2(a) shows the X-ray diffraction (XRD) patterns of BSNTM ceramics for x=0, and 0.005
and y=0, 0.0025, 0.005 and 0.01 in the 20 range of 20-90°. All the samples exhibited a single phase with
a tetragonal crystal structure (P4mm space group), demonstrating that Nd and Mn are incorporated
into the BST system without any secondary phase. At RT, the Bai«Sr:TiOs ceramics exhibit a
tetragonal crystal structure at x=0.3, as reported by Rafik et al.[40]. However, there is no evidence for
peak splitting/changes in the crystal structure with the substitution of Nd and Mn into BST ceramics.
In Figure 2(b), it can be seen that the position of the predominant (101) diffraction peak shifted
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towards higher angles with Nd for x=0.005 and y=0, and further, it shifted back to lower angles with
Mn into BST for x=0.005 and y=0.0025-0.01. The shift towards lower and higher angles in the
diffraction peak demonstrates an increase and decrease in the lattice parameters due to incorporating
Nd and Mn in the BST system, respectively. For x=0.005 and y=0, the Nd3 (1.27 A) ions can be
occupied at the A-site of Ba?* (1.61 A) and Sr2* (1.12 A), whereas Mn2* (0.66 A) ions occupied at the B-
site of Ti* (0.60 A) site of the BST system for x=0.005 and y=0.0025-0.01 due to their mismatch of ionic
radii and valences [40,48]. This indicates that the rise in oxygen vacancies accounts for the increase
in lattice volume. To maintain charge balance, acceptor doping of Mn* and Mn?" occupying at Ti*
leads to a loss of positive charge and releasing lattice oxygen in the form of Oz [49]. The lack of lattice
oxygen makes it challenging for the surrounding cations' positive charges to be neutralized, which
causes the radii of the oxygen vacancies to increase as a result of higher Coulomb repulsion forces
[50]. In addition, the lattice oxygen radius (140 pm) is substantially smaller than the oxygen vacancy
radius (151.5 pm). As a result, the lattice increases because the oxygen vacancies gradually rise with

Mn [51].
0 00 end iS00 101 ~———x=0.005 and y=0.01
(a) —— x=0.005 and y=0.005 (b) EL, ¥=0.005 and y=0.005
(101) ——x=0.005 and y=0.0025 N\ ——x=0.005 and y=0.0025
\ ——x=0.005 and y=0 A \\ —— x=0.005 and y=0
——x=0 and y=0 / x=0 and y=0
(200 @11) =N
(001) [ ("‘1) | ) @10 | (220) (301) S ! —
sp——r—r A e :
© { © 1
= - - i |
.é- == | _)\_<__—}\——A——A—)L—’—/\— .é‘ 1
1723 [} 1
{= < 1
gl h_A A A ~ |2
i = /\
1
L Y Y WS R UG R = = ! |
L
1
A L.__J\ 1
. ! ! ) . L L
20 30 0 70 80 31 33

40 50 6 32

20 (degree) 26 (degree)
Figure 2. (a) XRD patterns of (BaosSros)1-+Nd«Ti14MnyOs ceramics for x=0, and 0.005, and y=0, 0.0025,
0.005, and 0.01. (b) Shift in (101) diffraction peak in the 26 range from 30.7 — 33°.

Raman spectra of BSNTM ceramics in the range of 100-1000 cm?, are shown in Figure 3. The
Raman bands of all samples indicate the tetragonal phase of the perovskite structure in BST ceramics,
is similar to BST-based reports [40,48]. The spectral parameters of the Raman modes, such as the
Raman shift of the central position of each peak and corresponding full width at half maxima
(FWHM), are calculated by fitting the Gaussian function. A total of nine Raman active modes were
observed. The modes appeared around 135 and 168 cm™ associated with the vibration of A-site
cations (A-O), 213, 271, 351 cm™! related to the vibrations of B-O, 510, 539, 565 cm™ related to the
vibrations of BOs, and 740 cm™ corresponds to the A1 + E (LO) overlapping modes [40]. The mode at
135 cm! is slightly shifted to a higher wavenumber of 138 cm! with Nd substitution for x=0.005 and
y=0. This is caused by A-site disorder, which is attributed to the incorporation of Nd3* at Ba?* and Sr
ions. The modes around 271 and 539 cm shifted towards a lower wavenumber with increasing Mn
concentration from x=0.005 and y=0.0025 to 0.01. This is due to an increase in the B-site disorder in
the BSNTM related to the creation of lattice tensile stress because of lattice expansion [52]. These
results demonstrate that the influence of oxygen vacancies at B-site ions is substantially greater than
at the A-site because the coordination number of oxygens at the A-site is 12, whereas that at the B-
site is 6 in the perovskite structure. These results are well supported by XRD, dielectric, and
ferroelectric properties.
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Figure 3. Raman spectra of (BaosSro3)1--Nd:Ti1MnyOs ceramics for (a) x=0 and y=0, (b) x=0.005 and
y=0, (c) x=0.005 and y=0.0025 (d) x=0.005 and y=0.005, and (e) x=0.005 and y=0.01.

3.2. Microstructural properties

FESEM images of the BSNTM ceramics are shown in Figure 4. The x=0.005 and y=0.01 sample
shows a uniform microstructure and has a more compact grain size distribution compared to pure
BST and other samples of BSNTM (x=0.005 and y<0.01). The density of BSNTM ceramics was
estimated by the Archimedes principle to confirm a dense and uniform microstructure. The estimated
relative density was found to be in the range of 91% to 98% of the theocratical density, thus verifying
that all the samples have a highly dense and uniform microstructure. The average grain size of the
BSNTM (x=0 and y=0) was found to be 3.59 um and is reduced to 1.99 pum with substitution of Nd
and Mn co-dopants in BSNTM for x=0.005 and y=0.01. The reduction in grain size with a uniform
microstructure is due to the formation of oxygen vacancies caused by Mn?* occupying Ti*. Soo and
Qiaoli et al. [48,53] reported that the Sm and Yb and Nd and Mn co-doped BT ceramics with
donor/donor-acceptor defect complexes by charge-compensation/oxygen vacancy exhibited uniform
and small-grained microstructure. The smaller grains with a uniform and dense microstructure can
resist higher voltages, which results in high BDS and enhanced energy storage properties [54,55].

30kV X500  50pm 30kV X500  50pm 30kV X500  50pm

30kV X500  50pm 30kV X500  50pm

Figure 4. FESEM images of (BaoSro3)1«NdxTityMnyOs ceramics for (a) x=0 and y=0, (b) x=0.005 and
y=0, (c) x=0.005 and y=0.0025 (d) x=0.005 and y=0.005, and (e) x=0.005 and y=0.01.
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3.3. Dielectric properties

The dielectric constant (&) and the dielectric loss (tan6) of BSNTM ceramic capacitors measured
as a function frequency at RT from 100 Hz to 100 kHz are shown in Figure 5. Pure BST (x=0 and y=0)
exhibited a & of 1868 and tand of 0.0218 at 1 kHz, which are improved to 2058 and 0.0266 with Nd
substitution for x=0.005 and y=0. Further, these values gradually decreased to 1876 and 0.0191 with
Mn substitution into BSNTM for x=0.005 and y=0.01. The Nd and Mn co-dopants in the BST matrix
favor the formation of donor-acceptor complexes. The Nd3 ions in the BST system can compensate
for the formation of oxygen vacancies, leading to enhancement of the dielectric constant of BSNT
ceramics. On the other hand, Mn? ions in the BSNT system facilitate the formation of oxygen
vacancies, prevent the decrease of Ti*, and yield low dielectric loss. Therefore, a high dielectric
constant and low dielectric loss can be achieved simultaneously with Nd and Mn co-dopants in BST

[48].
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Figure 5. (a) Dielectric constant and (b) dielectric loss as a function of the frequency of (BaoSros)i-
xNdxTi1-yMn,Os ceramics.

3.4. P-E loops and energy storage performance

P-E loops of BSNTM ceramics measured at RT under different electric fields at a frequency of 10
Hz are shown in Figure 6. The ferroelectric BSNTM (x=0.005 and y=0) ceramics displayed a large
maximum polarization Pma of 12.5 uC/cm?, small remnant polarization Pr of 3.35 uC/cm?(i.e., AP=9.15
uC/cm?), and a high coercive field Ec of 11.2 kV/cm. The Pua, Pr, and E. values gradually reduced and
increased AP from 9.15 to 10.39 uC/cm? and the breakdown electric field Esp from 60.4 to 110.6 kV/cm
from x=0.005 and y=0 to x=0.005 and y=0.01, as can be seen in Table 1. The BSNTM sample for x=0.005
and y=0.01 (Figure 6e) exhibits a slim saturated P-E loop, and the improved Esp is attributed to the
decrease in grain size and defect dipoles generated with the incorporation of Mn at the Ti-site of the
BST host lattice; this can be understood by Kroger-Vink notation as follows [47,56].

(2Ti07)
Mn,0; — 2Mny; + 30, + V;’ 4)
(Ti0g) ., .
MnO ——- Mny; + 0, +V, (5)

It shows that the oxygen vacancies are generated by Mn* and Mn? replacing Ti* at the B-site.
In Eq. 4 and 5, 2Ti* needs four lattice oxygen O. to charge neutrality, whereas 2Mn?* requires 3Q..
When 2Mn?* substitutes at 2Ti*, 10. is released as ¥2 Oz, generating oxygen vacancies V,” with two
positive charges. Thus, Mn?* replaces Ti* (Eq. 5) [47].
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Figure 6. RT Bipolar P-E loops of (Bao7Sros)1«Nd«Ti1,MnyOs ceramics measured under different
electric fields at 10 Hz for (a) x=0 and y=0, (b) x=0.005 and y=0, (c) x=0.005 and y=0.0025 (d) x=0.005 and
y=0.005, and (e) x=0.005 and y=0.01.

Table 1. Ferroelectric and energy storage parameters of BSNTM ceramics.

Composition P, Piax AP=Piax- E. Esp Wrec i
IC/ecm?) | (uC/cm?) P (kV/em) = (kV/em) (J/cm?3) (%)
x=0and y=0 222 11.2 8.98 5.94 60.4 0.15 48.5
x=0.005 and y=0 3.35 12.5 9.15 11.2 70.6 0.19 38.8
x =0.005 and y=0.0025 2.87 11.9 9.03 9.34 76.6 0.22 48.9
x =0.005 and y=0.005 1.57 11.4 9.83 5.45 90.5 0.3 69.4
x=0.005 and y=0.01 0.81 11.2 10.39 3.09 110.6 0.41 84.6

The Wr. and 1 values of BSNTM ceramic capacitors were derived from P-E loops by equations
(2) and (3), shown in Table 1. The Wi and 1 values gradually increased with increasing Mn
concentration, and the sample with x = 0.005 and y=0.01 exhibits a high energy density of 0.41 J/cm?
at Esp of 110.6 kV/cm and high energy efficiency of 84.6%, as shown in Figure 7e. The enhancement
in the energy storage properties is realized by defect dipole engineering by co-doping of Nd and Mn
in BST (mostly governed by Mn). (Mny; —V5) and (Mng; —V;) defect dipoles between acceptor
ions and oxygen vacancies can capture electrons and improve the BDS. In addition, the defect dipoles
act as a driving force for depolarization making it possible to design domain formation energy and
domain wall energy, which provides a high difference between Pmxr and Pr (AP=10.39 uC/cm?) [47].
Moreover, the complex defect dipoles with optimum oxygen vacancies can provide not only a high
AP but also reduce the grain size, which together improves the breakdown strength with Mn and
leads to high energy storage density and high energy efficiency in BSNTM ceramics. It is well-known
that AP and Esp are key factors for energy storage performance; i.e., higher AP and Esp account for a
huge energy storage density and efficiency [57].
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Figure 7. RT unipolar P-E loops of (Bao.sSr03)1--NdxTii4MnyOs ceramics measured at 10 Hz for (a) x=0
and y=0, (b) x=0.005 and y=0, (c) x=0.005 and y=0.0025 (d) x=0.005 and y=0.005, and (e) x=0.005 and
y=0.01.

4. Conclusions

In summary, we demonstrated a defect dipole engineering method to improve the breakdown
strength and energy storage properties by co-doping of Nd and Mn in BST ceramics, which are
fabricated by a traditional solid-stated reaction method. XRD patterns and Raman spectra of all
samples confirmed a single-phase of perovskite structure with a tetragonal phase. FESEM images of
BSNTM ceramics exhibit a uniform and dense microstructure, whereas the average grain size reduces
with increasing Min concentration. In addition, the dielectric properties were decreased with Mn due
to the formation of oxygen vacancies. Moreover, the complex defect dipoles with smaller grain size
and lower dielectric loss provide a high difference between Pua and Pr and improve the breakdown
strength with Mn, leading to high energy density and efficiency in BSNTM ceramics. These features
suggest that defect dipole engineering is an effective approach to enhance the energy storage
performance for pulsed-power capacitor applications.
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