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Abstract - This study employs phase-field simulations to 

systematically investigate the impact of barium titanate 

nanoparticle geometry on polarization domain structures and 

energy storage properties in barium titanate/strontium titanate 

nanocomposites. Results reveal distinct polarization domain 

configurations, including dominant c domains in nanowire-

based composites, coexisting a1/a2 and c domains with 

comparable fractions in nanodot systems, and a near-absence of 

c domains in nanodisk geometries. These variations of domain 

structures give rise to divergent hysteresis behaviors, where 

nanowire composites exhibit large hysteresis loops, nanodot 

systems display narrower loops, and nanodisk configurations 

show negligible hysteresis behavior. Notably, transitioning 

barium titanate geometry from nanowires to nanodisks 

significantly enhances discharge energy density and energy 

efficiency, attributed to optimized domain dynamics. The 

findings propose a novel strategy for improving energy storage 

capacity in ferroelectric/paraelectric nanocomposites through 

geometric engineering of the ferroelectric phase to regulate 

polarization domain structures. 

Key words – Energy storage property; Ferroelectric/paraelectric 

nanocomposite; Domain structure; Phase field model. 

1. Introduction 

The accelerated expansion of environmentally 

sustainable energy technologies has generated substantial 

demand for electronic devices exhibiting advanced energy 

storage capabilities [1-3]. This technological evolution 

has intensified focus on optimizing energy density 

capacity and improving power conversion effectiveness, 

driving considerable scientific investigation. Within this 

context, dielectric capacitors have emerged as critical 

elements in modern pulsed power systems, distinguished 

by their ultrahigh power density capabilities and rapid 

charge-discharge cycles [4, 5], characteristics that 

position them advantageously against alternative storage 

solutions like battery systems and electrochemical 

capacitors. Recent research has prioritized ferroelectric 

ceramic dielectrics, which demonstrate elevated dielectric 

constants through spontaneous polarization mechanisms, 

coupled with outstanding durability against fatigue and 

stable thermal characteristics [6]. Nevertheless, traditional 

ferroelectric materials exhibit intrinsic limitations, 

including constrained dielectric strength and significant 

polarization-field hysteresis loops that impede optimal 

energy storage functionality. These challenges underscore 

the necessity for strategic material engineering of 

conventional ferroelectric systems to enable their 

adaptation for high-performance energy storage 

applications. 

Recent research identifies two principal 

methodologies for optimizing dielectric energy storage 

materials, including microstructural refinement through 

grain dimension control and polarization domain 

engineering [7-10]. Microstructural optimization via grain 

size reduction demonstrates improved dielectric strength, 

directly correlating with enhanced energy storage capacity 

[11, 12]. Parallel development focuses on transforming 

conventional ferroelectrics into relaxor variants through 

atomic-scale modifications, where strategic doping and 

solid solution techniques disrupt macro-scale polarization 

structures into localized nano-ordered states [13-16]. This 

nanoconfinement effect reduces inter-domain coupling 

forces and minimizes polarization reversal energy 

barriers, significantly improving energy discharge density 

while maintaining operational efficiency [17, 18]. For 

example, an experimental study shows lanthanum-

modified PZT systems achieving 85 J/cm³ storage density 

with 65% efficiency at 4.5 MV/cm through such domain 

engineering [19]. Advanced multicomponent solid-

solution architectures leverage heterogeneous 

nanodomain configurations (rhombohedral/tetragonal 

phases in cubic matrices) to reach 112 J/cm³ at  

4.9 MV/cm with 85% efficiency [20]. Targeted defect 

engineering through ionic implantation in PMN-PT 

systems elevates performance to 133 J/cm³ under  

5.9 MV/cm electrical stress [21]. Furthermore, a recent 

approach employs nanoscale polar configurations to 

eliminate hysteresis losses while preserving polarization 

intensity, realizing breakthrough metrics of 152 J/cm³ 

storage density with 90% efficiency at reduced  

3.5 MV/cm operational fields [22]. 

While considerable advancements in energy storage 

optimization have been achieved via microstructural 

refinement and domain engineering, current investigations 

predominantly emphasize dielectric breakdown strengths 

for high-field endurance [23]. However, emerging 

applications in miniaturized electronics and integrated 

systems necessitate dielectric capacitors with superior 

low-voltage operational capabilities [24]. Recent efforts 

have addressed this paradigm shift by incorporating 

functional additives to modulate relaxation dynamics and 
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domain architectures, enabling efficient energy storage 

under reduced electric fields [24–30]. This transition 

emphasizes the critical need for developing ferroelectric 

systems optimized for low-voltage environments without 

compromising storage capacity. 

This study systematically examines the energy storage 

characteristics of ferroelectric/paraelectric BaTiO3/SrTiO3 

(BTO/STO) nanocomposites through computational 

modeling. The focus of this study is on the effect of BTO 

nanoparticle geometry embedded in STO matrix on the 

domain structures and energy storage properties. Three 

types of BTO nanoparticle geometry are considered, 

including nanowires, nanodots, and nanodisks. Phase-

field simulations elucidate domain configuration 

evolution and polarization-electric field hysteresis, while 

derived P-E loop analyses enable quantitative assessment 

of discharge energy density and conversion efficiency. 

2. Methodology 

2.1. Free energy of BaTiO3/SrTiO3 nanocomposites 

To investigate domain structures and energy storage 

capacities of ferroelectric/paraelectric BTO/STO 

nanocomposites, a phase-field model is developed. The 

model employs the polarization vector 𝑃(𝑝1, 𝑝2, 𝑝3) to 

characterize domain configurations and their evolution 

under external fields. The total energy H of BTO/STO 

nanocomposites is calculated by integrating the total 

energy density h over the entire volume of the system V 

as follows: 

𝐻 = ∫ℎ𝑑𝑉 = ∫[(1 − 𝑓)ℎ𝐵𝑇𝑂 + 𝑓ℎ𝑆𝑇𝑂]𝑑𝑉 (1) 

where f is a parameter used to define composite 

phases, specifically, f = 0 and 1 correspond to the BTO 

and STO materials, respectively. In Eq. (1), the total 

energy densities of BTO and STO phases are denoted as 

ℎ𝐵𝑇𝑂  and ℎ𝑆𝑇𝑂, respectively. The total energy density of 

BTO consists of Landau, elastic, gradient energy, and 

electric densities, i.e., 

ℎ𝐵𝑇𝑂 = ℎ𝐿𝑎𝑛𝑑𝑎𝑢
𝐵𝑇𝑂 + ℎ𝐸𝑙𝑎𝑠𝑡𝑖𝑐

𝐵𝑇𝑂 + ℎ𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡
𝐵𝑇𝑂 + ℎ𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐

𝐵𝑇𝑂    (2) 

Similarly, the total energy density of STO comprises 

Landau, elastic, gradient energy, and electric densities, 

which can be expressed as 

ℎ𝑆𝑇𝑂 = ℎ𝐿𝑎𝑛𝑑𝑎𝑢
𝑆𝑇𝑂 + ℎ𝐸𝑙𝑎𝑠𝑡𝑖𝑐

𝑆𝑇𝑂 + ℎ𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡
𝑆𝑇𝑂 + ℎ𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐

𝑆𝑇𝑂   (3) 

Detailed expressions of energy density components are 

provided in the previous study [31]. 

2.2. The equilibrium and governing equations 

The equilibrium condition for the mechanical field is 

expressed as 

∇ ∙ 𝜎 =
𝜕

𝜕𝑥𝑗
(
𝜕ℎ

𝜕𝜀𝑖𝑗
) = 0    (4) 

The electric equilibrium is described by 

𝜖0𝜖𝑖𝑗
𝑏∇𝑖∇𝑗ϕ = 𝑝𝑖,𝑖,    (5) 

where ϕ, 𝜖0, and 𝜖𝑖𝑗
𝑏  are the electrostatic potential, the 

vacuum permittivity, and the relative background 

permittivity, respectively. The temporal polarization 

evolution can be described by solving the time-dependent 

Ginzburg–Landau equation, as 

𝜕𝑝𝑖(𝑥𝑗,𝑡)

𝜕𝑡
= −𝑀

𝛿𝐻

𝛿𝑝𝑖(𝑥𝑗,𝑡)
    (6) 

where M and t are the mobility coefficient and the 

evolution time, respectively. 

2.3. Simulation models and procedures 

In this study, ferroelectric/paraelectric BTO/STO 

nanocomposites are investigated. The nanocomposites 

consist of BTO nanoparticles embedded in an STO 

matrix. Three types of BTO geometries are considered, 

including nanowires, nanodots, and nanodisks, as shown 

in Figure 1. Our investigation focuses on studying the 

effect of ferroelectric geometries on domain structures 

and energy storage performance. The solid volume 

fraction of BTO nanoparticles is fixed at 60 %. The 

dimensions of BTO nanoparticles are 16×16×128 nm for 

nanowires, 32×32×32 nm for nanodots, and 64×64×8 nm 

for nanodisks. Note that extensive experimental research 

has successfully fabricated ferroelectric-paraelectric 

nanocomposites [32–36]. These methodologies include 

techniques like the solvothermal process [32], 

hydrothermal method [33, 34], sol-precipitation [35], and 

high-pressure rapid field-assisted sintering [36]. By 

precisely controlling growth parameters, the synthesis of 

the intended architecture is achievable, integrating 

ferroelectric nanoparticles into the paraelectric matrix. 

 

Figure 1. Schematic illustrations of BaTiO3/SrTiO3 

nanocomposites with different nanoparticle geometries:  

(a) 16×16×128 nm nanowire, (b) 32×32×32 nm nanodot, 

 and (c) 64×64×8 nm nanodisk 

To discretize the system, regular grid points with the 

grid size ∆𝑥=∆𝑦=∆𝑧=0.4 nm are employed. The 

coordinate axes x, y, and z correspond to the [100], [010], 

and [001] crystalographic orientations, respectively. 

Periodic boundary conditions are applied in all three 

major directions. The material properties of BTO and 

STO are adopted from previous studies [32, 37]. The 

phase-field simulations are performed at room 

temperature. The equilibrium domain structures of 

nanocomposites are determined by iteratively solving the 

time-dependent Ginzburg–Landau equation, starting from 

an initial polarization setup with small random 

fluctuations and advancing through a sufficient number of 

time steps until the total free energy converges. The 

temporal iteration of the time-dependent Ginzburg–
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Landau equation is performed using the semi-implicit 

Fourier spectral method [33,34]. After establishing the 

polarization configuration at thermodynamic equilibrium, 

we apply a vertical quasi-static electric field in the z 

direction to observe the polarization behavior and 

switching. 

3. Results and discussion 

3.1. Polarization domain structures 

Domain structures formed in nanocomposites with 

different nanoparticle geometries are shown in Figure 2. It 

can be seen from Figure 2a that for a nanowire with a size 

of 16×16×128 nm, the domain structure includes many c 

domains (domains with polarization aligned in the z 

direction) and a few a1/a2 domains (domains in the xy 

plane). In a nanowire with an axial dimension much 

longer than the lateral length, the effect of lateral stress 

arising from the geometry plays an important role in 

determining the domain structures, thus, the nanowire 

favors many c domains and a few a1/a2 domains, as 

shown in Figure 2a. The preferential formation of c-

domains in such nanowires can be attributed to a 

combination of factors, including lateral mechanical 

confinement, suppression of depolarization fields, and 

electrostatic and elastic boundary conditions imposed by 

the surrounding paraelectric STO matrix. Specifically, the 

nanowire experiences lateral compressive stress within 

the ferroelectric BTO core due to its confinement by the 

STO matrix. Lateral compressive stress in the x- and y-

directions energetically favors polarization along the 

vertical (z) axis. As a result, the formation of out-of-plane 

c-domains becomes thermodynamically preferred. This is 

consistent with previous studies which demonstrated that 

compressive in-plane strain promotes the stabilization 

with out-ofplane polarization [38]. Similar polarization 

behavior has also been reported in previous studies on 

single-crystal ferroelectric nanowires [39, 40]. In a 

nanodot with a size equal to 32×32×32 nm, the a1/a2 and c 

domains coexist with similar volume fractions, as shown 

in Figure 2b. Domains assemble into vortex domain 

structures in the nanodot, which has also been observed 

experimentally [38] and verified by first-principle 

calculations [39]. With further decreases in the aspect 

ratio, c domains disappear, and a1/a2 twin domains and 

some in-plane vortex domains become stable, as shown in 

Figure 2c. In nanodisks with significantly reduced 

thickness along the z-direction compared to their lateral 

dimensions, geometric constraints intensify the influence 

of depolarization fields along the z-axis. These 

depolarization fields arise due to the broken periodicity 

and incomplete screening of surface charges at the 

BTO/STO interfaces, which become more pronounced as 

the ferroelectric layer thickness is reduced [40]. Such 

fields energetically penalize out-of-plane polarization, 

destabilizing c-domains and favoring in-plane 

polarization components. As a result, the polarization 

vectors tend to reorient within the plane of the nanodisk, 

leading to the formation of a1/a2 twin domains and the 

stabilization of in-plane vortex domain structures. This 

domain reconfiguration reflects a topological transition 

governed by geometric scaling and electrostatic boundary 

conditions, which suppress the out-of-plane polarization 

component and promote in-plane domain order. Note that 

the polarization absences in the STO paraelectric matrix. 

 

Figure 2. Domain structures of BaTiO3/SrTiO3 nanocomposites 

with different nanoparticle geometries: (a) 16×16×128 nm 

nanowire, (b) 32×32×32 nm nanodot, and (c) 64×64×8 nm 

nanodisk. Yellow, orange, light green, dark green, light blue, 

and dark blue indicate domain structures with polarization 

along the [100], [-100], [010], [0-10], [001], and [00-1] 

directions, respectively 

3.2. Polarization switching and energy-storage 

performance of BTO/STO nanocomposites 

Figure 3 presents the polarization-electric field (P3-E3) 

hysteresis loops for BTO/STO nanocomposites with 

different geometries of BTO nanoparticles. For the 

nanocomposite with BTO nanowires, the material exhibits 

a broad and rectangular-shaped profile of hysteresis loop, 

indicative of a well-defined ferroelectric behavior with a 

substantial remanent polarization. This behavior mainly 

results from the predominance of c domains, whose 

polarization vectors align effectively with the external 

electric field, facilitating strong and reliable dipole 

switching [41]. However, for the nanocomposite with 

BTO nanodots, the P3-E3 loop becomes narrower and 

more slanted, suggesting a weakened ferroelectric 

behavior with a reduced remanent polarization and 

decreased coercive field. This reduction is caused by the 

coexistence of c and a1/a2 domains, resulting in less 

effective polarization alignment and partial dipole 

switching. When the BTO nanoparticles adopt a nanodisk 

geometry characterized by a low aspect ratio, the 

hysteresis loop disappears, and the P3-E3 behavior is 

similar to that of nonlinear paraelectric materials. This 

trend in polarization-electric field behaviors can be 

attributed to the transition of polarization domain 

structures as the BTO nanoparticles change their 

geometries from nanowire to nanodisk. More specifically, 

the large volume fraction of c domains in the 

nanocomposite with BTO nanowires facilitates the large 

remanent polarization, such that resulting in a large 

hysteresis loop. In contrast, the low volume fraction of c 

domains in the nanocomposite with BTO nanodisks gives 

rise to small or even zero remanent polarization, bringing 

about the disappearance of the hysteresis loop. Therefore, 

the change in BTO geometries can tailor the polarization-
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electric field behavior of the BTO/STO nanocomposites. 

This finding emphasizes the ability to tailor the 

ferroelectric properties of BTO/STO nanocomposites by 

engineering the morphology of embedded ferroelectric 

nanoparticles, which directly impacts the domain 

configuration and electromechanical performance. 

 

Figure 3. Polarization-electric field behaviors of BaTiO3/SrTiO3 

nanocomposites with different nanoparticle geometries at room 

temperature under an applied electric field of 500 kV/cm 

Figure 4 shows the dependence of both the maximum 

polarization (Pmax) at E3 = 500 kV/cm and the remanent 

polarization (Pr) at zero electric field on the BTO 

geometry. These values are determined by analyzing the 

P3-E3 behaviors of BTO/STO nanocomposites, as shown 

in Figure 3. Interestingly, while the maximum 

polarization Pmax values slightly decrease with the change 

of BTO geometry, the remanent polarization Pr 

experiences a significant decrease and reaches almost 

zero for the nanocomposite with BTO nanodisks. The 

similar magnitude of Pmax can be attributed to the same 

volume fraction of BTO nanoparticles in the 

nanocomposites. In addition, the difference between 

maximum and remanent polarization, i.e., ∆P = Pmax - Pr, 

is also included in Figure 4. Notably, the magnitude of ∆P 

increases when the BTO nanoparticles change their 

geometries from nanowire to nanodisk. The previous 

study [31] suggests that the large difference between 

maximum and remanent polarizations is beneficial for 

discharge storage energy density. 

 

Figure 4. Dependence of the maximum polarization and the 

remanent polarization on the geometries of BaTiO3/SrTiO3 

nanocomposites 

Next, the energy storage performance of BTO/STO 

nanocomposites is considered. Theoretically, the energy 

storage performance can be evaluated by 

𝑈𝑐 = ∫ 𝐸𝑑𝑝
𝑝𝑚𝑎𝑥

0
    (7) 

𝑈𝑑 = ∫ 𝐸𝑑𝑝
𝑝𝑚𝑎𝑥

𝑝𝑟
    (8) 

𝜂 =
𝑈𝑑

𝑈𝑐
× 100%    (9) 

where Uc, Ud, and 𝜂 represent the charge energy storage 

density, the discharge energy storage density, and the 

charge–discharge efficiency, respectively. In ferroelectric 

capacitors, the large P3-E3 hysteresis loop results in 

inevitable energy loss (Uloss = Uc - Ud). As a result, an 

important parameter called energy efficiency (𝜂) reflects 

the effective utilization of energy storage. The energy 

density is primarily determined by the electrical 

polarization, breakdown strength, and hysteresis loop. 

 

Figure 5. Discharge energy density and charge–discharge 

efficiency of BaTiO3/SrTiO3 nanocomposites with different 

geometries 

Figure 5 illustrates the dependence of discharge 

energy density on the geometry of BTO nanoparticles 

when the nanocomposites are recovered from poled states 

by an electric field of 500 kV/cm. Both discharge energy 

density and energy efficiency increase when the BTO 

nanoparticles change their geometries from nanowire to 

nanodisk. Particularly, the nanocomposite with BTO 

nanowires achieves the discharge energy density of 1.08 

J/cm3 and a low efficiency of 70 %. The nanocomposite 

with BTO nanodots achieves the discharge energy density 

of 2.01 J/cm3 and efficiency of 98 %. Finally, the 

nanocomposite with BTO nanodisks achieves the 

discharge energy density of 3.22 J/cm3 and efficiency of 

100 %. The magnitude of discharge energy density for 

BTO nanodisks is three times higher than that for BTO 

nanowires. The enhanced discharge energy density and 

efficiency arise from the narrow hysteresis behavior 

exhibited by the nanocomposite with BTO nanodisks. 

This remarkable enhancement highlights the critical role 

of morphological engineering in tailoring the energy 

storage performance of ferroelectric-paraelectric 

nanocomposites. By leveraging this geometry-dependent 

mechanism, future design strategies can target specific 

domain configurations-such as vortex or a1/a2 twin 

domains-to optimize dielectric and energy storage 

properties in nanoscale ferroelectric systems. 
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4. Conclusion 

In summary, this study reveals a significant effect of 

BTO nanoparticle geometry on domain structures and 

energy storage performance in BTO/STO 

nanocomposites through phase-field simulations. 

Nanocomposites with BTO nanowires primarily exhibit 

c domains, while those with nanodisks show nearly 

complete suppression of c domains. In contrast, 

nanodot-based systems display coexisting a1/a2 and 

c domains with comparable volume fractions. These 

structural differences produce distinct hysteresis 

behaviors, where nanowire composites exhibit large 

hysteresis loops that progressively narrow in nanodot 

systems and vanish entirely in nanodisk configurations. 

Crucially, transitioning from nanowires to nanodisks 

enhances discharge energy density (from 1.08 to  

3.22 J/cm3) and energy efficiency (70% to 100%). These 

findings demonstrate that geometric engineering of 

ferroelectric phases in nanocomposites enables strategic 

control of polarization domain architectures, providing a 

promising pathway for developing high-performance 

dielectric energy storage systems. 
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