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ABSTRACT

Lead-free ceramic capacitors with attractive properties such as their environ-
mental friendliness, superior energy density, fast charge and discharge rate, and
superior stability have recently received increased attention to meet liber market
demands for energy storage devices in low consumption systems. However,
overcoming its relatively low energy storage capacity is becoming extremely
important. Based on this task, La>" and Li* co-doped SrTiO; ceramics are
fabricated by a solid-state reaction method. The effect of La®>* and Li* contents
on the structural, microstructure, dielectrics, and energy storage properties of
SrTiO3 ceramics are systematically studied. XRD confirmed the phase structure
along with Rietveld refinement studies. The morphological structure is studied
using SEM. Through X-ray photoelectron spectroscopy spectra, the chemical
composition and the chemical state of Sr¢_)(Lipsolags0),TiO5 (SLLTx); (0 < x
< 8%) ceramics are studied. The energy storage properties are theoretically
estimated by integrating the polarization versus electric field P-E hysteresis
loop. The results show an increase in La®" and Li* content (x), resulting in
enhanced dielectric breakdown strength, and maximum polarization yields a
higher energy storage density. In the sample with x = 8%, it is found that the
energy density is 2.455 J/cm? and the energy efficiency is more than 90%. The
further improvement in dielectric constant, dielectric breakdown strength,
enhanced energy storage densities and the energy efficiency maintained > 90%
make these materials commercially promising for energy storage device
capacitors for a wide range of energy storage applications.
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1 Introduction

The demand for multifunctional materials increases
with the rapid development of electronic, optical, and
biological devices [1-3]. Due to the diverse and
attractive properties of SrTiO; [4-6], it has become
one of the distinctive ceramic materials of great
interest in technological applications. Recently,
SrTiO3; meted an interest of researcher interest in the
field of energy storage development due to its
remarkable properties, such as relatively high
dielectric constant (¢,), low dielectric loss, and mod-
erate dielectric breakdown strength (E;) [7-9].
Despite the remarkable properties of ceramic mate-
rials, the problem of low energy storage density (W)
of dielectric capacitors is a significant challenge
because it is far inferior to other energy storage
devices such as supercapacitors and batteries. In
terms of theoretical physics, and based on the fol-
lowing formula, there are two options to enhance the
energy storage density (W) of ST ceramics capacitors
by increasing its dielectric constant (e,) or its break-
down strength (Ej).

1
WzisosyEi, (1)

where (¢,) is the dielectric constant of the free space.
Many researchers have reported enhancing the
dielectric permittivity in some doped and co-doped
SrTiO3 ceramics [10-20]. For example, Zhong et al.
[10] obtained a colossal dielectric permittivity in co-
doping SrTiO; ceramics by Nb and Mg. Qin et al. [11]
reported that the point defect structure induced by
La-doped SrTiO; ceramics leads to colossal permit-
tivity. Also, Guo, Xu et al. [12] reported that the
doped of La on the Sr site of SrTiO; induced a
colossal permittivity that can be utilized to enhance
the energy storage capacitors. Defect chemistry and
colossal dielectric behaviour of Nd-modified SrTiO;
lead-free ceramic materials were also reported by
Guo, Xu et al. [14]. Alkathy et al. [19] also reported a
colossal dielectric permittivity and high energy stor-
age efficiency in barium strontium titanate ceramics
co-doped with bismuth and lithium. On the other
hand, the enhancement of breakdown strength (E;)
was also reported by several researchers [21-25]. For
example, Zhong et al. [21] are found that doped
SrTiO; with 0.2% Eu®" exhibit high breakdown
strength up to 354 kV/cm and a relatively high
recoverable energy density of 2.13 J/cm®. Zhu et al.
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[22] reported the enhancement of energy storage
density of SrTiO; lead-free relaxor ceramics via
doped Bi at that induced A-site defect and grain size
tuning. Pu et al. introduced Zr** into CagsSrysTiOs
ceramics to suppress grain growth, and the barrier
effect at grain boundaries is enhanced by annealing
in oxygen. Finally, a high E, of 440 kV/cm was
obtained [23]. Pan prepared SrTigoss(Zn;,3Nby/3.
)00 03-xWt%ZnNb,Og  ceramics through synergy
manipulation and brought a high E;, of 422 kV/cm
and an energy storage density of 2.35 J/cm® [24]. In
particular, Dy-doped SrTiO; obtains a high recover-
able energy density of 4.00 J/cm® and an extremely
high breakdown strength of 510 kV/cm through
oxygen treatment and increasing the resistance of
crystal grains and grain boundaries [25]. According
to reports on high dielectric constants in single-doped
STO, co-doping may provide more freedom to con-
trol the dielectric properties due to the effects of
charge, lattice distortion, and defect dipoles
[21, 26, 27]. Numerous studies have been conducted
on solid dielectric materials for energy storage
applications that offer high energy storage density,
high energy efficiency, and good stability in the last
few decades. In Fig. 1, we compare the energy stor-
age properties of our study with another lead-free
energy storage ceramic reported in the recent year
[28-41].

This work focuses on the successful synthesis of
functional, high dense La®" and Li* co-doped SrTiOs
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Fig. 1 A review of the energy storage properties of modified
SrTiO; ceramics and other lead-free ceramics that are promising in
the field of energy storage applications



] Mater Sci: Mater Electron (2022) 33:15483-15494

ceramics using solid-state reaction processing. Co-
doping of La®>" and Li* has been chosen in this study
to tune the electronic properties and dopant popu-
lations effectively. This technique enhances the
dopant solubility, and defects with desired properties
are made more stable, affecting the energy storage
properties. The results of this work show an energy
storage density of 2.55 J/cm® with high energy effi-
ciency exceeding 90%. We guess that the La®" and
Li* co-doped SrTiO; can be considered promising
materials for energy storage applications.

2 Experimental

La®" and Li* co-doped SrTiO; ceramics were pre-
pared using SrCO;, LiCO;, and LayO;, (Sigma-
Aldrich, 99.99% purity) and TiO, (Sigma-Aldrich,
99.98% purity). The general formula for the synthesis
of the samples is:

a—@&@ymxh+gyU§%)

x A .
+ (Z) (La203)al:6hSr(1,x) (Lag.s0, Lio50),
TiOs + (4 — 3%)CO, 1,

where (0 < x < 0.08). The powders were mixed by
ball milling for 10 h to achieve uniform mixing. The
mixed powder was calcined at 1000 °C using an oven
furnace with a dwell time of 6 h and heating and
cooling rates of 5°C/min. After calcination, the
samples were ground well in an agate mortar for 1 h.
Fine calcined powders were prepared by adding 1%
PVA as a binder to form disk-shaped pellets (10 mm
diameter and 1.5 mm thickness) using a pressure of
100 MPa. The green pellets were heated to 500 °C at a
heating rate of 2 °C/minute to evaporate the binder.
The pellets were sintered for a dwell time of 4 h at a
temperature of 1300 °C in a conventional furnace.
Phase confirmation was carried out using X-ray
diffraction (XRD) with an X-ray diffractometer (D8-
Advance) using Cu Ka radiation (40 mA, 45 kV, and
A = 1.5406 A) at room temperature, and the analysis
was carried out in a 20 range of 20°-80°. The JCPDF
program was used for the profile mapping of the
phase structure of the sample. Scanning electron
micrographs were taken using a scanning electron
microscope FE-SEM. The binding energies were
analyzed by XPS using a PHI 5000 Versa Probe II
(ULVACPHI Inc.,, USA) equipped with a micro-
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focused (200 pm, 15 kV) monochromatic Al-Ko x-ray
source (hv = 1486.6 eV). The silver paste was applied
to both surfaces of the sintered pellet to determine the
electrical properties. Frequency-dependent dielectric
constant measurements were performed using an
Agilent 4294A impedance analyzer (40 Hz to
1 MHz). The samples were polished, and the thick-
ness was decreased to 0.32 mm to investigate the P-E
hysteresis loops. The measured frequency was 10 Hz,
and the measured process was done in silicon oil
using a homemade setup based on a sawyer—tower
circuit.

3 Results and discussion
3.1 Phase characterization

Figure 2 shows the XRD pattern for Sry_,(Li;/p,Lay,
2)TiO5(SLLT:x), where (0 < x < 0.08) ceramics. The
obtained results indicated that all sintered samples
possess a single-phase with cubic structure, Pm3m
space group, which matches the standard card for
SrTiO; (JCPDS Card No. 35-0734) [42]. No trace of a
secondary phase is detected in all investigated sin-
tered ceramics. The structural refinements were car-
ried out to investigate the effect of La®* and Li* co-
doping on sintered samples’ structural properties, as
shown in Fig. 3a. The peaks were fitted using the
pseudo-Voigt function. The obtained parameters
such as lattice constant, unit cell volume, theoretical
density, and R-factors of the studied samples are
summarized in Table 1. Figure 3b shows that the
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Fig. 2 XRD patterns of Sr;_,(Lij», La;j;,),TiO3 (SLLT:x)
ceramics with (0 < x < 0.08), the right graph present an
enlarged XRD patterns from 20 = 30 (°) to 2 6 = 33 (°)
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Fig. 3 Rietveld analyses of the XRD pattern show a good
agreement between the observed and calculated intensities and
give a clear indication of the specific phase of Pm3m for SLLT:x,

Table 1 Results of rietveld
refinement and Gaussian
fitting of X-ray diffraction data
of for SLLTx ceramics
investigated at room
temperature
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b schematic structure diagram of Cubic ST, and ¢ Gaussian fitting
of the 110 peaks, and d high-resolution TEM images of SLLT0.08

sample
Sample ST SLLT:0.02 SLLT:0.04 SLLT:0.08
Crystal system Cubic Cubic Cubic Cubic
a (A) 3.9055 3.9042 3.9031 3.9011
vV (A)° 59.57032 59.51085 59.46057 59.36921
Space group Pm3m Pm3m Pm3m Pm3m
SG No 221 221 221 221
Theoretical Density g/cm® 6.12 6.08 6.1 6.11
Measured density g/cm® 5.511 5.541 5.774 5.883
Relative density (%) 90 91 95 96
R, 8.91 8.21 8.37 9.18
Ryp 11.7 11.2 11.1 11.4
Rex 9.83 7.87 8.33 8.92
%2 1.42 2.02 1.78 1.63
FWHM (°) 0.187 0.195 0.212 0.227
Peak positions (°) 31.66 31.71 31.77 31.89
Crystallite size (nm) 46.14 44.25 40.71 38.03
Lattice strain 0.0029 0.0030 0.0033 0.0035
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SLLT sample is a cubic arrangement of BOg octahedra
units linked together by shared oxygen ions at the
corners. From the reported data in Table 1, we can be
seen that the lattice parameters and unit cell volume
significantly decrease with an increase in La®" and
Li" concentrations. This decrease could be caused by
the difference in ionic radii of dopants and host lat-
tice. By considering the 6-coordination number of
Sr**, Li* and La®", Shannon [43] reported that the
ionic radii of S***(VI) = 1.18 A, Li*(VD) = 0.76 A, and
La®* (VD) = 1.032 A. Incorporating small ionic radii
(La®*, Li") in place of large ionic radii leads to
shrinkage of the unit cell volume. This observation
can confirm that the La®>" and Li" ions were succes-
sively substituted on the Sr site of the SrTiO; lattice.
The (110) diffraction peaks were chosen and fitted
using Gaussian fitting as represented in Fig. 3c. We
obtained the peak (6.) position and full width half
maximum (FWHM) from the fitting. The crystallite
size and lattice strain were also estimated via Scher-
rer [44] and Williamson-Hall formulas [45], respec-
tively. The crystallite is irregular in shape on the TEM
image (Fig. 3d). The HRTEM image of the sintered
SLLT0.08 sample and the corresponding apprehen-
sive lattice plane are shown in Fig. 3d.

3.2 Microstructure observation

Figure 4 shows the micrograph images of
SLLT:x sintered ceramics. The observed grains have
varying sizes, shapes, and grain size distributions.
The density of the investigated samples is obtained
by the Archimedes approach [46], and the obtained
values are reported in Table 1. The grain sizes were
estimated using the image j software, and the
obtained grains size was found to be 1.64 um,
1.313 pm, 1.221 and 0.921 pm, with an increase in the
La’* and Li" concentrations from x = 0 to x = 8%,
respectively. The decrease in grain size could be due
to the restrictions of grain growth with the incorpo-
ration of La®>* and Li" in the ST lattice. The La®>* and
Li" ions might be segregated at grain boundaries,
leading to regional grain growth by resisting grain
boundary movement due to the interaction between
the sintering additive and the SrTiOs-based ceramic,
which reduces grain size [47]. Another reason for
grain growth inhibition may be caused by the smaller
ionic radius of La®>* and Li*, and a further increase of
La’* and Li* content affects grain size and shape in
SLLT samples [48]. A similar observation was
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reported by Yadav et al. [49, 50] in a rare-earth ele-
ment. La-doped BT ceramics decrease the average
grain size and are attributed to the lower diffusivity
of the rare-earth elements during grain growth.

3.3 XPS study

To measure the elemental composition and binding
states of the surface of the selected sample, X-ray
photoelectron spectroscopy (XPS) is used. The XPS
survey spectrum of SLLT:4% is shown in Fig. 5a. The
survey spectra show a typical spectrum of Sr, Ti, O,
La, Li and C elements. C 1s at 267.35 eV indicates the
sample holder’s carbon tap, and it was used to cali-
brate the other element-binding energies. The high-
resolution spectra along with Lorentz fitting of Sr 3d,
Ti2p, O 1s, La 3d, and Li 1s, are presented in Fig. 5b—
f. The XPS spectra of Sr 3d in Fig. 5b show a pair of
spin—orbit split doublets (Sr 3ds,, and Sr 3d;,,); the
dominant spectra (Sr 3ds,, at 131.70 eV) correspond
to primary STO lattice, while the weaker spectra,
with a somewhat higher binding energy (Sr 3ds,, at
133.39 eV) are attributed to the strontium oxide
crystallites [51]. The Ti 3p peak spectra consist of
Ti*™2ps,, located at 456.94 eV and Ti*™2p;, located
at 462.74 eV, and these bonding energies are matched
with reported data of TiO, [52]. Additionally, the
spin-orbital splitting energy between two spectra,
Ti*" 2p3/2 and Ti4+2p1 /2, 1 5.8 eV, confirming the
Ti*" oxidation state [52]. Figure 5c shows that there is
no signal identical to that of Ti>", which may result
from low Ti’" concentrations. Figure 5d shows the
XPS spectra of O 1s, consisting of the principal peak
at 528.33 eV and the shoulder spectra located at
529.77 eV. The peak spectra at 528.33 eV correspond
to an oxygen lattice in the Ti-O bond [53], while the
peak spectra at 529.77 eV indicated oxygen vacancies
[54, 55]. Figure 5e shows the XPS spectra of La 3d.
The peak of La 3ds,, located at 835.33 eV and La 3d3,
> at 839.67 eV could be seen with an interval of
4.34 eV, which is characteristics of La,O5 assigned to
La>* [56]. Figure 5f shows Li 1s spectrum. This peak
posited at 56.02 eV, which is indicated to be lithium
carbonate, confirming the Lit state [57].

The concentrations of oxygen vacancies were esti-
mated by taking the ratio of (OII/OI) and it is found
to be 0.214. Therefore, it is concluded that the co-
doped ceramic shows the significant amount of oxy-
gen vacancies which might be resulting from the
valance differences between La®*, Li* and Sr**. In
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Fig. 4 SEM images of the thermally etched surface of Sr;_,(Lij;,La,,,),TiO; (SLLT:x) ceramics with (0 < x < 0.08)

principle the La®" ions substituted for the Sr** ions
act as donors and the Li-ions act as acceptors under
normal oxidation conditions. Physically, La®t is
composed of 57 electrons that revolve around the
nucleus. In this case, the chemical configuration is
[Xe] 5d1 6s2, which means the valence shell has three
electrons correspondingly [58, 59]. Two electrons in
the 5d subshell and one electron in the 6s subshell
from the + 3-oxidation state are responsible for its
properties. According to the Kroger-Vink notation,
the Sr** doped La’*, defect is compensated by the
vacancies created in the lattice of SrTiO; [60, 61].

LayO; = 2Lag, + Vg, + 305 (2)

Furthermore, replacing monovalent Lit with
divalent Sr** resulted in an excess of hole carriers in
the neutral Sr [62, 63]:

Li,COs + VI, — 2Li's; + StO + CO, | (3)

As shown in the dielectric discussion section,
oxygen vacancies confirmed by the XPS study are
crucial to producing a high permittivity, which may
help improve energy storage properties.

@ Springer

3.4 Dielectric study

Figure 6a, b shows the frequency-dependent of
dielectric permittivity and loss tangent of the
(SLLT:x) ceramics with (0 < x < 0.08). This mea-
surement was measured at room temperature in the
20 Hz to 2 MHz frequency range. From Fig. 6a it can
be seen that the dielectric constant of the pure ST
sample decreases sharply with an increase in fre-
quency and reach to saturation state at a frequency
beyond 10* Hz. While the dielectric constant of co-
doped samples is slightly decreased before going
1 kHz, 1.8 kHz and 6 kHz for SLLTO0.02, SLLT0.04
and SLLT0.08, respectively. With an increase in fre-
quency, the dielectric constant after the frequency
mentioned above is sharply reduced, and corre-
spondingly the dielectric loss shows a sharp increase
to > 0.05. The high value of dielectric constant at
frequency < 10° Hz is probably attributed to the
Maxwell-Wagner type interfacial polarization or
space charge contribution at the grain boundaries
[64, 65]. The decrease of the dielectric constant at a
higher frequency may be attributed to reducing the
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Fig. 5 a XPS survey spectra, b—f High-resolution XPS spectra of Sr 3d, Ti 2p, O 1s, La 3d, and Li 1s, respectively, of the (SLLT:4%)

sintered ceramics

space charge polarization effect [64, 65]. The presence
of frequency-dependent electrical relaxation phe-
nomena in this material is shown by the prominent
emergence of the peaks in Fig. 6b as frequency
increases. It can be seen that the dielectric constant at
1 kHz is found to be 244, 507, 651, and 782 for SLLTO,
SLLT0.02, SLLT0.04 and SLLTO0.08, respectively. To
explain the reason, let us consider the charge com-
pensation mechanism. The La®>" ions act as donors,
while the Li act as acceptor dopants; thus, a defect
can be expected in the ST lattice. According to the
previous literature reports [11], La>* doping creates
Lag, + V¢, + Lag, and Schottky defects in ST lattice
resulting in defect dipole formation [11]. As a result

of the increase in co-dopant content, the content of
defect dipoles rises, causing the dielectric constant to
rise. Interestedly to see that the dielectric loss of all
compositions is lower than that of pure ST com-
pounds, which is a helpful attribute for developing
future energy storage capacitor devices.

It is known that polycrystalline materials consist of
grains and grain boundaries, which can play an
essential role in controlling electrical properties. The
ability of complex impedance analysis to discriminate
between grain and grain boundaries resistance is well
recognized. Impedance spectroscopy is a helpful
technique that can estimate grain and grain bound-
aries’ R and C values in several electroceramics using

@ Springer



15490

(1?00 * SLLTO0
4 SLLT:0.02
1200 v SLLT:0.04
« SLLT:0.08
1000
% 800
600
400
200

<

J] Mater Sci: Mater Electron (2022) 33:15483-15494

0.18
() *= SLLTO
4 SLLT:0.02
0.15
v SLLT:0.04
012 o SLLT:0.08
0
=
=0.09
-
0.0
0.03
0.00

10° 104 10°

102 10° 104 10° 108 108
Frequency (Hz) Frequency (Hz)
1.0
© @ SLLT:0.02 Gh Q]
@ SLLT:0.04 H H
~ 08 ¢ SLLT:0.08
g — Fitted
o
(=]
—
_N
N
0.2 0.4 0.6 0.8 1.0 1.2 1.4

7'x10% ()

Fig. 6 a and b Frequency-dependent dielectric constant and dielectric loss and ¢ Cole—Cole plots between Z’ and Z” for SLLT:x ceramics

measured at room temperatures

an ideal equivalent circuit such as that inserted in
Fig. 6c to fit the Z' & Z" data as shown in Fig. 6¢. This
circuit consists of two parallel RC circuits coupled in
series. One of these circuit components is for grain
response, and the other is for grain boundary. The col-
col plot, along with fitting, is shown in Fig. 6c. The
codoped samples show two arcs in the diagram, sug-
gesting relaxation behaviour in the present sample, as
shown in Fig. 6a and b. The Rg, Cg, Rgb, and Cgb
obtained from col-col plot fitting are reported in
Table 2. It can be seen that the values of grain resistance
are more significant than that of grain, suggesting the
excellent insulation performance of the grain bound-
ary. As the co-doping content increases, grain and
grain boundary resistance increase, as shown in Fig. 6a
and b. Also, increasing the resistance with co-doping
can increase the breakdown voltage of the material,
with is essential for energy storage applications.
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Table 2 Cole—Cole plot output results, breakdown voltage,
energy storage density, recoverable energy storage density, and
energy storage efficiency of SLLTx ceramics measured at room
temperature

Sample SLLTO SLLT0.02 SLLT0.04 SLLTO0.08
Rg (kQ) 348E+04 5.23E+04 9.03E+04 3.48E-+04
Rgb (kQ)  3.48E+05 6.53E+05 1.00E+05 3.48E+05
Cg (F) 5.50E—08 1.14E—09 3.45E—08 5.52E—08
Cgb (F) 2.90E—10 7.69E—10 4.39E—10 2.90E—10
Eb (kviem) 249 254 262 270

W (J/lem®)  0.76 1.257 2.024 2.696
Wiee (J/em®)  0.73 1.175 1.878 2.455

n (%) 96 93.47 92.79 91.06

3.5 Energy storage study

To investigate the energy storage property of
SLLT:x ceramics, the polarization—electric field (P-E)
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hysteresis loops were performed. The energy storage
properties of SLLT:x ceramics are illustrated in Fig. 7.
High Py, Low Pr, and high breakdown voltage are
seen in the investigated ceramics in Fig. 7a, and b.
The maximum polarization (Pnax) is approximately
10 pC/cm? at a maximum applied electric field of
269.6 kV/cm obtained for the sample SLLTO.08,
which is about three times large that of the pure ST
sample (3.1 pC/cm?). This may be due to the more
significant sum of average ionic polarizabilities of co-
doping ions La’* and Li* being more than the aver-
age ionic polarizability of Sr ions. Also, this incre-
ment in P, could be attributed to the increase in the
density of the sample with co-doping. Interestedly, it
can be seen that the breakdown strength of co-doped
samples increases in comparison with pure models.
Using the P-E loop and by integrating the area
between the polarization axis and the discharge
curve, as shown in Fig. 7c, and based on the
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following equations, the energy storage density and
energy storage efficiency (1) [66-71].

Prax
W= / Edp (4)
0
Prax
Wiee = | Edp (5)
P,
Prnax
O
=W =P (6)
J Edp
0

where P, denotes the remnant polarization, Ppax
denotes the maximum polarization, and E is the elec-
tric field applied. Hight P .y, low P,, and high Ey, are
necessary to increase the energy storage density. The
estimated values of W, W, and () are shown in
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Fig. 7d. with the increase of La and Li concentration,
the energy storage density increases while the energy
efficiency (1) decrease. Interestingly, the study
achieved a high energy storage density of > 2.5 and a
high energy efficiency of > 90%. As a result, the com-
position with x =0.08 exhibits high breakdown
strength of 279.6 kV, a low dielectric loss of 0.025 at
1 kHz, as well as an energy storage density of 2.75 J/
cm® and high energy efficiency of 91%, indicating that
the La®" and Li* co-doped SrTiOj; ceramics possess
significant attributes for high power applications.

4 Conclusion

In summary Lead-free ceramic of La>* and Li* co-
doped SrTiO; was successfully fabricated by solid-
state reaction method. A single cubic phase was
achieved in all sintered samples. The grain size was
decreased with an increase in La and Li content. The
obtained results revealed an increase in dielectric
constant, breakdown voltage with an increase in the
co-dopant content. The improvement can be attrib-
uted to the improved energy storage density. The
enhanced dielectric breakdown strength is due to the
reduced grain size and increased co-doping concen-
trations. Optimizing intrinsic and extrinsic factors
(bulk structure defect chemistry and grain size)
would improve dielectric breakdown strength,
increase energy densities, and increase energy effi-
ciency in commercially viable energy storage device
capacitors for various applications. As a result, the
composition with x = 0.08 exhibits high breakdown
strength of 279.6 kV, a low dielectric loss of 0.025 at
1 kHz, as well as an energy storage density of 2.55 J/
cm® and high energy efficiency of 91%, indicating
that the La’* and Li* co-doped SrTiO; ceramics

possess significant attributes for high power
applications.
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