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By doping and aging in a ferroelectric, we realize a “reversible domain switching” that produces the
desirable double hysteresis loop typical of an antiferroelectric with a small remnant polarization and
consequently large storage densities. We use Ginzburg-Landau modeling to demonstrate our concept the-
oretically, and then our predictions are experimentally validated in BaTiOsz-based single crystals (K™
doped) and ceramics (Nb°>" and Mn** doped), where we measure the enhancement of energy storage due
to aging. Based on our experimental results, we estimate that our proposed strategy of doping and aging
will result in storage energy density increases of 5 to 35% depending on the ferroelectric system. Thus, our
proposed concept can be widely employed across the range of ferroelectric systems. Moreover, as energy
dissipation and output efficiency are useful in energy-storage applications, we show how our hybrid dop-
ing with acceptor and donor is an efficient way to decrease dissipation and increase output efficiency. In
terms of fatigue, we show that even after 10° cycles, the double hysteresis loop of the aged acceptor-doped
ferroelectric material yields an energy-storage density and efficiency that is quite robust.
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I. INTRODUCTION

Dielectric capacitors, consisting of a dielectric layer
between two electrodes, store and release charges and elec-
trical energy through the application and removal of an
external electric field [1-3]. They can serve as components
in a rechargeable energy-storage system of high-power
and pulsed-power applications due to their high electric
power output, fast charge-discharge capability, and long
cycling lifetimes [4]. However, the low energy densities
from dielectric materials limit their applications in com-
pact and efficient electric power systems [5,6]. Hence,
there is a critical need to explore new mechanisms that
can significantly increase the energy densities of dielectric
materials. The stored energy density of a dielectric mate-
rial (J) is determined by the applied electric field (£) and
the electric polarization (P) and is given by

Pmax
J=/ EdP, (1)

where the upper limit P,y is the polarization under the
maximum electric field, and the lower limit P, is the rem-
nant polarization (P,) at zero electric field. Thus, J strongly
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depends on P,, P, and E, where the maximum of £
is limited by the dielectric breakdown strength (Ep). It is
desirable to have a small P, and large Py.x and E, for
electric energy-storage applications [2]. Figures 1(a)-1(c)
illustrate the characteristics of three types of dielectric
materials used in capacitors that are in common use today.
A linear dielectric material responds linearly to the applied
electric field according to P = gg&,E, giving a P, of 0,
as shown in Fig. 1(a). The corresponding J is thus given
by J = %soerz. However, a low value of the relative
dielectric constant (g,) limits the size of the polarization
and therefore J. In order to enhance J, many efforts have
been devoted to increase the breakdown strength (Ej) by
increasing the density, changing the architecture of devices
or by optimizing the microstructure [5,7—11].

A ferroelectric material possesses mesoscale size
domains with spontaneous polarization, which can be
switched along the field direction under an applied electric
field. This gives rise to a large Pp.x. However, the ferro-
electric domains often cannot be switched back if the elec-
tric field is removed. Consequently, a large remnant polar-
ization (P,) is obtained, as shown in Fig. 1(c). Thus, by Eq.
(1), a ferroelectric material tends to have a low energy-
storage density, even though the electric field breakdown
strength (£3) can be moderately large. Antiferroelectric
materials are currently the most promising candidates for
energy-storage applications [12,13]. In an antiferroelectric,
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FIG. 1. Schematic illustrations of the polarization as a function
of electric field for (a) linear dielectrics; (b) antiferroelectrics;
(c) ferroelectrics; (d) acceptor-doped ferroelectrics after aging.
The shaded areas in orange and blue are the recoverable energy
density and dissipated energy density, respectively. The pinched
double hysteresis loops with large spontaneous polarization and
small remnant polarization in (b),(d) are favorable for energy
storage. The antiparallel arrangement of dipoles in adjacent unit
cell in antiferroelectrics is the ground state, which will give rise
to the double hysteresis loop, as shown by the schematic beside
(b). After acceptor doping and aging treatment, the domain
switching in ferroelectrics becomes reversible, giving rise to
a pinched double hysteresis loop, as shown by the schematic
beside (d).

the electric dipoles align in opposite directions in adja-
cent unit cells, leading to a net zero polarization. Such an
antiferroelectric state can be field induced into a ferroelec-
tric state, and thereby made to exhibit a large net polar-
ization (Ppa.y) under the influence of an electric field. The
antialignment is energetically stable and the antiferroelec-
tric state is restored as long as the external electric field is
removed, resulting in a near zero P,, as shown in Fig. 1(b).
The double hysteresis loop of Fig. 1(b) allows antiferro-
electric materials to provide better energy-storage-density
performance than their ferroelectric and linear dielectric
counterparts. However, the number of antiferroelectric sys-
tems available to date is quite limited and many of them,
such as La-doped Pb(Zr, Ti)Os, are Pb-based that intro-
duce their own environmental concerns [12]. In contrast,
ferroelectric materials are abundant with many Pb-free sys-
tems to choose. Therefore, an alternative strategy, which is
the focus of this work, is to start with ferroelectrics but
consider how they can be made to have the desired charac-
teristics of antiferroelectrics with a double hysteresis loop.
This would then enlarge the possible pool of candidates,
especially those without Pb, for acceptable energy-storage
densities.

To set the stage for our proposal in this work, we
note that in ferroelectrics different domain states are

energetically degenerate and thus there is no driving
force to re-establish the initial multidomain state [14].
Consequently, a single-domain state with large remnant
polarization P, always appears after the removal of the
field. This inherent irreversibility with regard to domain
switching makes it difficult to get potentially large energy
storage in ferroelectrics. Here we show that acceptor dop-
ing and aging treatment in ferroelectrics can generate an
“Intrinsic” restoring force to facilitate reversible domain
switching so that a small P, can be obtained without
sacrificing Pp.x. The small P, and large P, give rise
to an enhanced energy-storage property in ferroelectrics.
The acceptor dopants (i.e., ions with valence smaller than
the host ions) always generate oxygen vacancies (V{)) in
the lattice due to charge conservation [15]. These V{; are
mobile and can redistribute over a long period after a
sudden change, such as a structural phase transition or
domain reconfiguration [16—18]. In the equilibrium fer-
roelectric state (i.e., after aging in the ferroelectric state
for a long time), the polar crystal symmetry of the ferro-
electric phase will lead to a polar distribution of V(). This
is supported by electron paramagnetic resonance (EPR)
spectroscopy results, which have shown a polar alignment
of the cation-V{; dipoles (P,) in acceptor-doped BaTiO3
[19,20]. Statistically, such a polar alignment creates a net
defect polarization Pp = ) 4 ... Py in the same direction
as the spontaneous polarization P, (Pp || Py), and produces
an internal bias field [16,21—24]. Thus, within each domain
of the multidomain state, the defect polarization Pp and
induced internal field stabilize the spontaneous polariza-
tion Pg. When such stable domains are switched by an
electric field, domain switching occurs abruptly (without
diffusion) with P; following the external electrical field
direction. However, the Pp cannot be rotated in such a dif-
fusionless process, since the reorientation of Pp involves
the migration of V{; [25]. This unswitchable Pp provides a
restoring force or reverse internal field favoring a reverse
domain switching when the electric field is removed, so
a double polarization-electric field (P-E) loop is observed
and the remnant polarization P, is minimized. There-
fore, high energy-storage density can be achieved. Such
a double hysteresis loop looks similar to that of antifer-
roelectric materials, but originates from the very different
mechanism of reversible domain switching, as shown in
Fig. 1(d). In Sec. II we use a Ginzburg-Landau model
for BaTiOj; to predict how a single loop becomes a dou-
ble loop after aging in a doped system. Moreover, we
show how the initial domain pattern of an aged sample
can be restored on unloading for the case of the double
loop, in contrast to a single loop, and we calculate the
energy-storage increase. These predictions are followed by
our experimental validation of increases of energy storage
due to aging in BaTiO3-doped single crystals and ceram-
ics. Based on our experimental results, we estimate that
our proposed strategy of doping and aging will result in
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storage energy density increases of 5 to 35% depending
on the ferroelectric system. Our idea is quite general and
applicable to a wide class of ferroelectrics, including thin
films, as the phenomena we describe occurs in almost all
acceptor-doped ferroelectric materials.

II. MODELING AND EXPERIMENTS
A. Modeling

To give credence to the concept we present above,
we first carry out two-dimensional (2D) Ginzburg-Landau
simulations in which we introduce a contribution to the
Gibbs free energy due to an internal field induced by
defects. By evolving the Gibbs free energy as a function
of the polarization (P), which serves as an order parame-
ter, and the defect field, we can obtain the response of the
system to an applied electric field. In particular, we can cal-
culate the polarization-electric field (P-£) hysteresis loop,
the evolution of domain patterns under an applied £, and
the energy-storage density as a function of aging time.

The total free energy, G can be written as the sum of five
contributions, including the influence of the internal field
(p) associated with the defect and aging [26],

G=G,+ Ggrad + GES + Gem + Gp~ (2)

The term G is the Landau expansion of the free energy in
terms of (P) and is given by

G, = / a1 (P + P}) + an (P} 4 P)) + aiPiP;
+ i (P + P) + a1 (PEP + PIP))

+ o111 (P +P§) +a1112(P§P§ —i—PfPi)
—|—O[1122P;:P;1 — E . I3dv,

)

where P, and P, are the components of the polarization
(13), and E is the external electric field applied to the ferro-
electric material. The Ginzburg term Gy,q is the gradient
energy representing the energy to form a domain wall and
is given by

&1
Gorad = / ?(ij +Pl)

82
+ (P TP @ePePrydy,  (4)

where P;; represents the partial derivative of P;(i = x,y)
with respect to j(j = x,y). The term Ggg is the electro-
static energy representing the energy contribution of the
interaction between depolarization field and dipoles. It can

be written as
1 - -
GES = —5 /P-Eddv, (5)

where E; is the depolarization field originating from
the polarization. The term Ggy is the electromechanical
energy, which describes not only the pure elastic energy
but also the coupling between polarization and strain. We
define e = (€4 + eyy)/«/i, e = (€xx — eyy)/ﬁ ande; =
€.y, Where the ¢;; are the components of the strain tensor.
Then Ggy takes the form

o, 1 5, 1 2 2
Gem = 5A1€1 + EAzez + §A3€3 +ae (P +P))

+ Ber(P; — P)) + ye3PxPy] dv. (6)

The above terms are the traditional Ginzburg-Landau free
energy. The term G, is the contribution associated with
ferroelectric aging due to the defect field, which we assume
to be quadratic in p with a coupling term 4 - P so that in
equilibrium P is determined by p. The internal field is not
created abruptly that would demand a fourth-order term in
p. The rationale here is that the point-defect distribution
symmetry follows the symmetry of the ferroelectric phase
and consequently the defect polarization Pp aligns along
the direction of the order parameter P [16-18,25]. The G,
is given by

Gy = [antt + 5} - Pa. )

where p, and p, are the components of the internal field
vector p, w is the coefficient that controls the aging pro-
cess. The kinetics of the domain evolution is described
by

0P, 6G

—=-T—, 8
ot SP; ®

where I' is the constant describing the evolution rate. By
solving Eq. (8), we are able to obtain P, and P,, including
their values at a steady state where the right-hand side is
close to zero. The distribution of P, and P, gives us the
equilibrium domain pattern of the ferroelectric system. The
evolution of the internal field is governed by the equation,

opi 5G
LAY}

=-M—, 9
ot (Spl ( )
By solving Eq. (9), the values of the internal field at differ-
ent aging times can be obtained. We thus can calculate the
polarization and domain evolution as a function of external
electric field at different aging times.
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TABLEI. Coefficients of the Ginzburg-Landau free energy and
electromechanical energy from Refs. [27,28] (in SI units and T
in K).

Coefficient Values Unit

o 4.124 x 10°(T — 388) C2m2N
o 4.554 x 108 C*m°®N
o 8.676 x 108 C*m°®N
o111 1.294 x 109 C‘6m10N
o112 —1.950 x 109 C‘6m10N
o1111 3.863 x 1010 C‘Sm”N
o1112 2.529 x 1010 C’Sm”N
g1 5% 10710 C?m*N
@D 2.7 x 1071 C?m*N
23 0 C?m*N
Al 2.744 x 10! m2N

A2 0.816 x 10'! m—2N

A3 4.88 x 10! m—2N

o —1.281 x 100 C2m2N
B —0.773 x 1010 C?m?N
Y —1.415 x 100 C2m?N

We utilize BaTiO; as a model system, and the coeffi-
cients of BaTiO; for the traditional Ginzburg-Landau free-
energy terms are listed in Table I [27,28]. The parameter
w; = 8.667 x 107° N/V? is chosen so that the magnitude
of |p| reaches 1.02 x 107 V/m, comparable to the coercive
field. The model is simulated on a 128 x 128 grid repre-
senting a 0.125 um x 0.125 um sample. The two kinetic
evolution equations, Egs. (8) and (9), are solved numeri-
cally. As the explicit form of §G/3P; only exits in Fourier
space, Eq. (8) is solved using a third-order semi-implicit
Fourier spectrum method, which allows a faster and more
precise solution [29]. Equation (9) is solved using the Euler
method, which greatly simplifies the calculation without
sacrificing much precision. We note that, at room temper-
ature, domain switching is much faster kinetically than the
diffusion of defects, such as V};. Therefore, the rate con-
stant I for domain switching is set to be much larger than
M for the evolution in p. Thus, the internal field p can be
considered as a constant during the domain-switching pro-
cess, and we obtain the internal field p by solving Eq. (9)
based on a stabilized domain configuration. The internal
field p is then included in the total free energy to obtain
the net polarization and microstructure under an external
field by solving Eq. (8). The domain configuration and P-E
hysteresis loops are then calculated at different aging times
(i.e., different values of p).

B. Experiments

Experimental validation of our theoretically guided
work constitutes a key component of our design strat-
egy. We employ aged and unaged K*-doped (Ba, Sr)TiO3
single crystals and Nb>* and Mn>*-doped BaTiO; fer-
roelectric ceramics to measure the P-E hysteresis loops.

The as-grown samples are annealed at 1000°C for 10 h
to remove F~ so that the remaining K™ ions are on the
Ba?*t site as an acceptor dopant so that oxygen vacan-
cies could be created by charge compensation. The Ba/Sr
ratio is analyzed to be about 85/15 and the concentra-
tion of K™ is determined to be about 1.4 mol% by using
an X-ray fluorescence analyzer XRF-1800 from Shimizu
Corporation. The Curie temperature of the single crystal,
determined by the permittivity versus temperature curves,
is about 76 °C. The samples for polarization measurement
are coated with silver electrodes on both sides. The ceramic
samples are fabricated with a conventional solid-state reac-
tion method using starting chemicals of BaCO3 (99.95%),
NbOs (99.9%), Mn,O3 (99%), and TiO; (99.9%). The
starting powder is ball milled for 5 h followed by calci-
nation at 1250 °C for 2 h. The presintered product is milled
into powder again and then mixed with PVA as the glue
to combine the powder together. The mixture is pressed
into pallets under 13 MPa, and then sintered at 1350°C
for 4 h. The aging temperature is set to 80 °C, which is
in the ferroelectric state. The ceramic sample for polariza-
tion measurement is coated with silver electrodes on both
sides. The ferroelectric hysteresis loops are measured with
a ferroelectric tester (Radiant Workstation) at 10 Hz, and
the fatigue measurements are also conducted on the same
tester at 80 Hz under a 30 kV/cm alternating electric field.

III. RESULTS AND DISCUSSION

A. Time-dependent Ginzburg-Landau simulations of
the enhancement of energy storage via aging

Figure 2 shows our simulation results for defect-doped
BaTiO;. We simulate the domain switching and polariza-
tion change as a function of the electric field for BaTiO;
before aging (o = 0). As shown in Fig. 2(a), we start from
point (I), a multidomain state with zero net polarization. As
the electric field increases, the polarization also increases
because domains switch under the influence of the field. At
max electric field, a single-domain state is observed where
polarization has increased to a maximum (point (2) in the
P-E curve).

When the electric field is reduced to zero, the single-
domain state is preserved and the polarization does not
return to zero, giving rise to a remnant polarization (point
@ in the P-E curve). Moreover, applying the electric
field in the reverse direction results in another single-
domain state (point @) in the P-E curve) and a normal
single hysteresis loop is observed. A high remnant polar-
ization (about 26 1 C/cm?) we see in Fig. 2(a) gives rise
to a low energy-storage density, as indicated by the red
shaded area in Fig. 2(a). We next simulate the domain-
switching behavior of well-aged BaTiO; by applying an
electric field to a multidomain state with net polarization
of zero, as shown by point (I) in the hysteresis loop of
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FIG. 2. (a) P-E hysteresis loops from time-dependent
Ginzburg-Landau simulations for unaged and aged ferroelectric,
respectively. After aging, a single loop turns into a double loop.
The insets of (a),(b) are typical domain patterns during loading
and unloading. The initial domain pattern of the aged sample in
(b) can be restored after unloading, in contrast to that in (a). Both
the energy-storage density and the energy efficiency increase
with aging time, as shown in (c). The solid line is a guide to the
eye.

Fig. 2(b). When the field reaches the maximum, a single-
domain configuration is observed, which corresponds to
the state of maximum polarization (point @) in the P-E
curve). When the electric field is decreased to zero, the
same multidomain pattern as the original one is recovered
(compare morphologies at points () and (@) and the net
polarization is zero. Furthermore, a similar phenomenon is
observed if the electric field direction is reversed except
that the polarization assumes a negative value. We thus
observe a double P-E hysteresis loop in the aged sample
due to reversible domain switching by a cyclic electric

field [17,30]. Of note, the remnant polarization becomes
zero, which significantly increases the energy-storage den-
sity [the shaded region in Fig. 2(b)]. Figure 2(c) shows
the energy-storage density J, calculated from the simu-
lated P-E curve as a function of aging time. Our time scale
corresponding to the aging time is represented by the num-
ber of time iterations or steps in the numerical simulation
of Eq. (9). Both the energy-storage density and efficiency
exhibit a gradual increase with time and then saturates.
In addition to J, the energy efficiency n, defined as the
ratio of recoverable energy density to overall energy input
density, is also calculated and is shown as the function of
aging time in Fig. 2(c). As the aging-induced reversible
domain switching decreases the remanent polarization P,,
n follows the same tendency as J. Thus, we see that aging
over an adequate time period facilitates the formation of
an internal field by the diffusion of oxygen vacancies (V7)),
which in turn enhances the energy-storage density as well
as the energy efficiency of ferroelectrics.

B. Experimental validation of energy-storage
enhancement via aging

We first present our experimental validation of the above
theoretical predictions on unaged K*-doped (Ba, Sr)TiO;
single crystals at room temperature for which we mea-
sure the hysteresis loops. The K%t ions substitute for
Ba’t in the perovskite structure of the (Ba,Sr)TiO;
crystal and serve as acceptor dopants to generate oxy-
gen vacancies (V;) by charge compensation. We obtain
a normal square P-E hysteresis loop as in Fig. 3(a)
because there is no defect-induced internal field to facili-
tate reversible domain switching. The remnant polarization
is high (9.13 ©C/cm?) and the corresponding energy den-
sity is quite low (0.022 J/cm?). We subsequently aged the
K*-doped (Ba,Sr)TiO; crystal at room temperature for
324 h and measured its P-E hysteresis loop. As expected,
a double hysteresis loop appears, as shown in Fig. 3(b).
The remnant polarization P, drops rapidly to 1.78 1C/cm?
and the corresponding energy-storage density is enhanced
to 0.050 x J/cm?, as indicated by the shaded region in
Fig. 3(b). In addition, the energy efficiency n also increases
from 22 to 36%. To find the aging time dependence of J
for the single-crystal sample, we proceed to age the sample
for different times and calculate J from the correspond-
ing measured P-E loops. In order to ensure the reliability
of our experiments, we deage the samples at 200 °C for
30 min after each measurement of the hysteresis loop. At
200°C, the ferroelectric phase transforms into the para-
electric phase, and the oxygen vacancies (V;) redistribute
randomly at this temperature [25]. We then repeat the pro-
cess by aging the sample at room temperature for a given
time period. The energy-storage density J and efficiency
n are plotted as a function of aging time in Fig. 3(c). We
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FIG. 3. P-E hysteresis loop for (a) the unaged and (b) aged
K™ -doped strontium barium titanate (BST) single crystal, respec-
tively. The shaded areas in (a) and (b) are the recoverable storage
energies (/). The aging time for (b) is 324 h. A single loop
transforms a double loop with increasing aging time. (c) The
energy-storage density and energy efficiency as a function of
aging time. The lines serve as a guide to the eye.

can see that J and 7 increase with aging time in a similar
manner to the simulated result in Fig. 2(c)

We next validate our predictions on ferroelectric ceram-
ics, which are widely used in industrial applications.
Our ceramic consisted of a Nb>™ and Mn** hybrid
doped in BaTiO;. The Mn®" ions serve as acceptor
dopants, substituting for Ti** so that oxygen vacancies
(V) get created by charge compensation. Although Mn
manifests with several valence states, such as Mn?T,
Mn’*, and Mn**, EPR data shows that the Mn>* ions
are dominant in Mn-doped BaTiO; ceramics [31-35].
Adding the donor dopants Nb>" increases the aging
rate and decreases the coercive field, especially the
energy dissipation associated with the hysteresis [36—
38]. Thus, we expect a more obvious aging effect in
this case due to Nb°>" doping, and hence an enhanced
energy efficiency. Figure 4 compares the hysteresis loops
for Ba(Tig.99Mng1)O3-s and Ba(Tig9gMng.91Nbg1)O3 s
after aging for 2700 h. The drop in the remnant polar-
ization P, of the sample with Nb>* is more obvious
than that for BaTiO; without Nb>*. This suggests that
Nb>* and Mn** hybrid-doped BaTiOs ceramics give rise
to more acute aging effects than Mn>*-doped BaTiO;

20
1% Mn** and 1% Nb%*-doped BaTiO,
- 1% Mn%*-doped BaTiO,
N
£
s 10
—
O
=
c
2 or
et
©
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P
8
o}
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FIG. 4. P-E hysteresis loops for Ba(Tigg9Mng;)O3_s and
Ba(Tip9sMng 01 Nbg1)O3_s after aging for 2700 h.

under the same aging time. Moreover, the energy dis-
sipation, the area between the loading and unloading
curves, is smaller in Ba(Tig9gMng g; Nbg 91 )O3_s compared
to Ba(Tipg99Mng1)O3_s. We, therefore, utilize the hybrid-
doped BaTiO;3 system for the rest of our measurements.
The Curie temperature for the sample, determined from
the permittivity versus temperature curves, is about 100 °C.
Typical hysteresis loops of unaged and aged samples
are shown in Figs. 5(a) and 5(b), respectively. They are
similar to the single-crystal sample shown in Figs. 3(a)
and 5(b). For the unaged ceramic, a single P-E hystere-
sis loop is obtained with a small energy-storage density of
0.077 J/cm?® and efficiency of 41%. However, for the aged
ceramic, a double P-E hysteresis loop gives rise to a large
energy-storage density of 0.150 J/cm?, about twice that of
unaged sample. Moreover, the efficiency in the aged sam-
ple increases to 73%, and the aging time dependence of the
energy-storage density J and the efficiency » are shown in
Fig. 5(c). We can see that J and 7 increase with aging time
in a similar manner to the simulated result in Fig. 2(c)

C. Fatigue performance after aging

The stability of the response of the ceramic as a function
of the number of cycles with respect to the applied field is
crucial for practical energy-storage applications. It deter-
mines the fatigue performance of the aged acceptor-doped
ferroelectric ceramic, which we study in this section.
We apply an alternating electric field of 30 kV/cm to a
Ba(Tig9gMng o1 Nbg1)O3_s ceramic sample, which was
previously aged for 2700 h. The P-E hysteresis loops of
the aged Ba(Tip9sMng 91 Nbgo1)O3_s sample for different
cycle numbers are shown in Fig. 6(a), where we compare
the behavior to unaged Ba(Tig9gMngg;Nbgo1)O3_s. We
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observe that the double-loop behavior with higher energy-
storage densities persists even after 10° cycles. Figure 6(b)
shows the energy-storage density and the efficiency as a
function of cycling number. The energy-storage density
starts to degrade after 10* cycles, although the reduction in
the energy-storage density is no more than 11% even after
10% cycles. It is still appropriately 80% higher than that of
the unaged Ba(Tip9sMng g1 Nbg.9;)O3_s ceramic. The effi-
ciency of the aged Ba(Tip9sMng o Nbgo;)O3_5 ceramic is
more robust, decreasing a little from 10 to 10° cycles.
Moreover, we find that during the fatigue measurement, a
short break in the electric field cycling allows the ceramic
to rejuvenate so that the energy-storage energy recovers.
We believe this is because of the hyperfast reaging pro-
cess, which allows the energy-storage density to recover
[39]. Therefore, the enhanced energy-storage density after
aging can be potentially used for cycling applications.

In our study, the obtained energy-storage density of the
aged BaTiO; sample is about 0.15 J/cm?, compared to val-
ues from 0.1 ~ 0.25 J/cm? [40—47] in BaTiOs-based sys-
tems under the similar electric field range in the literature.
The higher values reported are achieved either by fabri-
cating denser and better samples to increase the dielectric
breakdown strength, or by doping ions to increase the
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FIG. 6. (a) P-E hysteresis loops for Ba(TipggMngg;

Nbo)O3_s ceramic after cycling for 1, 10, 10°, and 10°
cycles. (b) The energy-storage density and the efficiency as a
function of cycle number.

maximum polarization and consequently the permittivity.
Our approach of acceptor doping and aging can be fur-
ther utilized to enhance the energy-storage density of these
reported systems via changing the single P-E hysteresis
loop to a double loop. It should be also noted that the
aging treatment may not be applicable to the other two
types of dielectrics shown in Figs. 1(a) and 1(b). In antifer-
roelectrics, the double hysteresis loop persists after aging
but with some decay in the maximum polarization [48].
The aging affects only slightly changes the P-E curve of
linear and paraelectric materials, however, it can result
in a small increase in the dielectric constant [25]. Thus,
aging does not have an influence on the energy-storage
densities of antiferroelectric, linear materials, compared to
ferroelectrics.

IV. CONCLUSIONS

We demonstrate from our predictions using a
Ginzburg-Landau model, and subsequent validation
experiments on doped single crystal and polycrystalline
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ferroelectrics, that energy-storage densities in bulk sam-
ples can be enhanced by aging. The acceptor doping
generates mobile oxygen vacancies and the aging treat-
ment allows a polar distribution of these mobile defects to
induce an internal bias field. This field provides a restor-
ing force for the domains to switch back to their initial
domain states to consequently give rise to a double P-E
hysteresis loop with extremely low remnant polarization.
Thus, similar to a double P-E hysteresis loop for anti-
ferroelectrics, we realize a high energy-storage density
in ferroelectrics. There are many acceptor-doped ferro-
electric systems, including BiFeO;, K¢ sNaysNbO3, and
Biy sNag sTiO3-BaTiO3; [49—51], where a double hysteresis
loop and the reversible domain switching can, in general,
be realized. Thus our concept can be widely applied across
the range of ferroelectric systems. Moreover, as energy dis-
sipation and output efficiency are useful in energy-storage
applications, we show how our hybrid doping with accep-
tor and donor is an efficient way to decrease dissipation
and increase output efficiency [36]. In terms of fatigue, we
show that even after 10° cycles, the double hysteresis loop
of the aged acceptor-doped ferroelectric material yields an
energy-storage density and efficiency that are quite robust
[52]. Our concept is a basis for future improvements in
which the choice of ferroelectric system and appropriate
hybrid doping can further optimize desired performance.
Although we focus on bulk ferroelectrics, our concept can
be readily applied and used in thin films, particularly in
Pb-free systems, where some of the highest storage energy
densities have been measured to date [53]. What is more,
the parameters of the phenomenological free energy need
to be determined by fitting the results from experiments
or simulations. There is considerable scope for the use of
molecular simulations and ab initio calculations to deter-
mine unknown parameters to make the modeling more
realistic. For example, the coefficient w; could be deter-
mined for BaTiO3; by REAX calculations, by monitoring
the change in polarization due to aging by varying the
defect concentration [54,55].
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