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The growing demand for high energy storage materials has garnered substantial attention towards lead-
free ferroelectric nanocrystals (NCs), such as BaTiOs (BTO), for next-generation multilayer ceramic
capacitors. Notably, it remains challenging to accurately measure the dielectric constant and polariz-
ation—electric field (P—E) hysteresis loop for BTO NCs. Herein, we report on nonlinear ferroelectric
characteristics of BTO NCs via a polymer nanocomposite approach. Specifically, poly(vinyl pyrrolidone)
(PVP)/BTO nanocomposite films of 3—10 pm thickness, containing 380 nm tetragonal-phased and 60 nm
cubic-phased BTO NCs with uniform particle dispersion, were prepared. Theoretical deconvolution of the
broad experimental P—E loops of the PVP/BTO NC composite films revealed three contributions, that is,
the linear deformational polarization of the nanocomposites, the polarization of BTO NCs (Py), and the
polarization from strong particle—particle interactions. Using different mixing rules and nonlinear dielec-
tric analysis, the overall dielectric constants of BTO NCs were obtained, from which the internal field in
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the BTO NCs (E,) was estimated. Consequently, the P,—E hysteresis loops were obtained for the BTO380
and BTO60 NCs. Interestingly, BTO380 exhibited square-shaped ferroelectric loops, whereas BTO60 dis-
played slim paraelectric loops. This work presents a robust and versatile route to extract the P,—E, loops
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Introduction

High dielectric constant ferroelectric nanocrystals (NCs),
especially lead-free BaTiO; (BTO), are highly desirable for
manufacturing high-capacitance-density multilayer ceramic
capacitors.'™ However, as the size of perovskite NCs
decreases below a threshold, both surface and bulk defects
become dominant, preventing the formation of the tetragonal
phase and ferroelectric domains.®® Such a critical size was
found to depend largely on different synthesis methods and
post-thermal annealing processes, ranging from 85 to
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of ferroelectric NCs from polymer/ceramic nanocomposites.

300 nm.”°"'* For sizes below the threshold value, BTO NCs
usually exhibit a paraelectric cubic phase with a low dielectric
constant.

Recently, we investigated the structure-dielectric property
relationship for a series of combustion-made BTO NCs with
the average size ranging from 50 to 500 nm."” Several findings
were obtained from this study. First, the critical size was
between 100 and 200 nm for such combustion-made BTO NCs.
With a particle size of >200 nm, ferroelectric BTO NCs con-
tained an ~85% tetragonal phase and an ~15% cubic fraction.
With a particle size of <100 nm, paraelectric BTO NCs exhibi-
ted a tetragonal-fluctuated cubic phase with large microstrains,
indicating a significant lattice distortion from defects. Second,
the ferroelectric BTO NCs displayed a relatively high dielectric
constant of 150-300, whereas the paraelectric NCs had a low
dielectric constant only around 80. Nevertheless, these values
are much lower than the dielectric constants (a few thousands)
of bulk (i.e., sintered) BTO samples. The much lower dielectric
constant of BTO NCs was primarily attributed to the absence
of 90° domains and domain walls in single crystalline BTO
NCs. Third, this “size effect” was considered to be a result of
surface and/or bulk defects trapped in the samples. However,
it has been difficult to pinpoint the types and locations of

This journal is © The Royal Society of Chemistry 2024
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these defects using high-resolution transmission electron
microscopy.

In addition to the linear dielectric properties, the nonlinear
ferroelectric properties of BTO NCs have not yet been deter-
mined directly and accurately. Although piezoresponse force
microscopy (PFM) can measure piezoelectric responses and
phase hysteresis loops,'® it cannot be used directly to obtain
electric displacement-electric field (D-E) loops. In particular,
the parallel capacitor geometry is difficult to obtain for sphere-
shaped NCs. Moreover, even though a parallel capacitor geo-
metry has been achieved for nanosized perovskite thin films,
significant stray capacitance exists in the measurement, which
needs to be subtracted to produce accurate D-E loops.'”"*®

Herein, we report a nanocomposite approach to determine
the D-E loops of BTO NCs. Using a theoretical deconvolution
of the experimental D-E loops based on the Langevin-type
function,'® three contributions were identified for poly(vinyl
pyrrolidone) (PVP)/BTO NC composites, that is, linear defor-
mational polarization, BTO NC polarization, and particle-par-
ticle dipolar interaction. Specifically, two sets of PVP/BTO com-
posites were prepared, namely, PVP/BTO380 (particle size of
~380 nm with the ferroelectric tetragonal phase) and PVP/
BTO60 (particle size of ~60 nm with the paraelectric cubic
phase). The ferroelectric properties of the BTO380 and BTO60
NCs were thoroughly compared. Notably, BTO380 and BTO60
were found to display a square-shaped ferroelectric loop and a
slim paraelectric loop, respectively. Both nanocomposites
manifest a strong particle-particle interaction at a high
packing fraction, accounting for the significant nonlinear
dielectric loss.

Experimental section

Materials

BTO NCs (99.9% purity) were purchased from U.S. Research
Nanomaterials Inc. (Houston, TX). Poly(vinyl pyrrolidone)
(average molecular weight of 58 kDa, Acros Organics) and
ethanol were purchased from Fisher Scientific (Waltham, MA)
and used without purification. Multi-domain BaTiO; single
crystals (BTO SCs) with the (001) orientation (5 mm x 5 mm x
0.5 mm, both sides polished) were purchased from MSE
Supplies, LLC (Tucson, AZ).

The paraelectric BTO NCs had an average particle size of 62
+ 16 nm (mean + standard deviation),'”> and are denoted as
BTO60. The as-received 200 nm (218 + 65 nm) ferroelectric
BTO NC powder was placed in a 10 mL alumina crucible and
heated in a high-temperature box furnace (SentroTech,
Strongsville, OH) at 950 °C for up to 72 h to improve its ferro-
electric properties by removing the structural defects. After
thermal annealing, the particle size increased to 377 + 102 nm
due to the Ostwald ripening. This ferroelectric BTO NC sample
is denoted as BTO380. The particle sizes were determined by
field-emission scanning electron microscopy (SEM) over 500
particles by manually measuring each particle size using
Image] software.

This journal is © The Royal Society of Chemistry 2024
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PVP/BTO nanocomposite film preparation via spin-coating

PVP films with different volume fractions (7) of BTO60 and
BTO380 NCs, i.e., around 20, 30, and 40 vol%, were prepared
by spin-coating. First, PVP was dissolved in 2.0 mL of ethanol
to prepare a 10 wt% polymer solution. The BTO NCs were
added to PVP solution to prepare suspensions with different
BTO volume fractions. The suspension was stirred for at least
1 h at room temperature and ultrasonicated for about 20 min
in a sonication bath (300 W) prior to spin-coating. As reported
earlier,'® relatively uniform suspensions were obtained with
PVP/ethanol via ultrasonication.

Clean microscope slides (2.5 cm x 2.5 cm) were sputter-
coated with a thin layer (10 nm) of gold (Au) on both sides
using a Quorum Q300T D Plus sputter coater (Quorum
Technologies, Laughton, East Sussex, U.K.). The dispersed
PVP/BTO suspension was then spin-coated on the Au-coated
microscope slides at 500 revolutions per minute (rpm) for 20 s
and then at 1000 rpm for 40 s at an acceleration rate of 500
rpm s~ . After spin-coating, the PVP/BTO nanocomposite films
were dried in a vacuum at 80 °C overnight. Then, circular Au
electrodes with an area of 5.15 mm?® were sputter-coated on
the film top surface. The final film thicknesses were measured
using a P-6 stylus profilometer (KLA-Tencor Corporation,
Milpitas, CA). These films were stored in a vacuum desiccator
before use.

Characterization

Thermogravimetric analysis (TGA) was performed using a TA
Instruments Q500 at a heating rate of 10 °C min™ up to
700 °C under a dry N, atmosphere. Approximately, 5 mg of the
film sample was placed in a platinum pan for each measure-
ment. Based on the mass loss and densities of BTO (6.02 g
cm ™) and PVP (1.20 g cm ™), the volumetric packing fractions
of BTO NCs in the PVP/BTO380 nanocomposites were 0.23,
0.34, and 0.40, while those in the PVP/BTO60 nanocomposites
were 0.21, 0.31 and 0.41, respectively. Therefore, these film
samples are denoted as PVP/BT0380-0.23, PVP/BT0O380-0.34,
PVP/BT0380-0.40, PVP/BTO60-0.21, PVP/BTO60-0.31, and PVP/
BTO60-0.41, respectively.

A Thermo Fisher Apreo 2 field-emission SEM, operating at
10 kV and 0.1 nA, was used to examine the particle sizes and
distribution of BTO NCs in the PVP/BTO nanocomposite films.
The operation mode was immersion and a Trinity T1 detector
was used to collect the back-scattered electrons and minimize
charging from secondary electrons.

Conventional two-dimensional (2D) X-ray diffraction (XRD)
patterns were obtained using a Rigaku MacroMax 002" instru-
ment equipped with a Confocal Max-Flux optic and a microfo-
cus X-ray tube source, operating at 45 kV and 0.88 mA. The Cu
Ko X-ray wavelength was 1.5418 A. 2D WAXD patterns were
recorded using a Fujifilm image plate and scanned with an
Amersham™ Typhoon scanner (Cytiva, Marlborough, MA) at a
resolution of 100 um per pixel. The typical acquisition time
was 12 h. One-dimensional (1D) WAXD curves were obtained
by integrating the corresponding 2D WAXD patterns radially
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using the Polar software developed by Stonybrook Technology
and Applied Research, Inc. (Stony Brook, NY).
Polarization—-electric field (P-E) loop measurements were per-
formed on a Premiere II ferroelectric tester (Radiant
Technologies, Inc., Albuquerque, NM) equipped with a Trek 10/
10B-HS high voltage amplifier (0-10 kV AC, Lockport, NY). For the
BTO (001)-SC sample, circular Au electrodes with an area of
7.06 mm?” were sputter-coated on both sides of the disk sample.
The Au-coated film of the PVP/BTO nanocomposites was
immersed in a silicone oil bath and annealed at 110 °C overnight.
Prior to the P-E loop tests, it was cooled to room temperature to
avoid moisture uptake. During the P-E loop test, the samples
were immersed in silicone oil to avoid corona discharge in air.

110
200

A 5
BTO380

Relative intensity (a.u.)
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Results and discussion

Fabrication of PVP/BTO nanocomposite films with uniform
particle dispersion

The crystalline structures of the BTO380 and BTO60 NCs were
determined by XRD, as shown in Fig. 1A and E. From peak
assignments, the BTO380 NCs exhibited a ferroelectric tetra-
gonal phase and the BTO60 NCs exhibited a paraelectric cubic
phase. As reported earlier,'® the BTO NCs could be dispersed
with PVP in ethanol via ultrasonication. The Fourier transform
infrared result suggested strong dipole-ion interactions
between the amide groups in PVP and the Ba®>*/Ti"" ionic
species on the BTO surfaces. As a result, PVP formed an

Fig. 1 Powder XRD patterns of (A) BTO380 and (E) BTO60 with the insets showing the enlarged 30.5-32 nm™* region. SEM micrographs of (B) PVP/
BTO380-0.23, (C) PVP/BTO380-0.34, (D) PVP/BTO380-0.40, (F) PVP/BTO60-0.21, (G) PVP/BTO60-0.31, and (H) PVP/BTO60-0.41.
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adsorbed corona layer around the BTO core, stabilizing the
BTO NCs in ethanol through the steric repulsion effect.
Therefore, in this study PVP was chosen among other polymers
as the polymer matrix. PVP/BTO nanocomposite films with
uniform particle distribution were fabricated by spin-coating,
and the average thicknesses of final films were determined
using a stylus profilometer: 4.66 + 0.16 um for PVP/BTO380-
0.23, 3.87 + 0.20 um for PVP/BT0O380-0.34, 6.60 + 0.20 um PVP/
BTO380-0.40, 3.20 + 0.08 pm for PVP/BTO60-0.21, 3.55 +
0.12 um for PVP/BTO60-0.31, and 6.70 + 0.52 pm for PVP/
BTO60-0.41, respectively. The film thickness should be at least
3 um to avoid the formation of pinholes penetrating through
the sample. Also, thick films (>10 pm) could not be easily
obtained by spin-coating. SEM micrographs of the PVP/
BTO380 and PVP/BTO60 nanocomposite films are shown in
Fig. 1B-D and F-H, respectively. The bright spots in the micro-
graphs were the BTO NCs embedded in the dark PVP matrix.
The average particle sizes of BTO NCs were determined by
counting over 500 particles for BTO dry powders in the SEM
images: 377 + 102 nm for BTO380 and 62 = 16 nm for
BTO60." By employing the immersion mode with a T1 detec-
tor for back-scattered electrons, the BTO NCs were readily
visible due to their large atomic number contrast to that of the
PVP matrix. In this way, charging from secondary electrons
was largely avoided. No large BTO particle aggregates were
observed, indicating the uniform dispersion of BTO NCs in the
PVP matrix, even though the 7 of ca. 0.40 exceeded the percola-
tion threshold for spherical particles (~35 vol% ***"). The
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uniform dispersion of BTO NCs in the PVP matrix was impor-
tant for polymer nanodielectrics to avoid easy dielectric break-
down.® There were no macroscopic cracks found in the Au-
coated electrode areas, which would cause high leakage and
early breakdown during the P-E loop test. The BTO380 NCs
exhibited primarily the tetragonal phase (~87.5% as deter-
mined previosly,"”® see Fig. 1A) because the diffractogram
clearly showed peak splitting for the (002)/(200) reflections.
Meanwhile, the (200) reflection of BTO60 appeared to be broad
and symmetric, suggesting that BTO60 was in the paraelectric
cubic phase with a large microstrain (see Fig. 1E)."” From the
TGA thermograms (Fig. S1 in the ESIT), the actual n of BTO
NCs was determined by calculating the weight loss of PVP in
the PVP/BTO composites.

Deconvolution of experimental P-E loops for PVP/BTO380
nanocomposites

A series of continuous bipolar poling cycles were run at 10 Hz
at room temperature under different electric fields with a sinu-
soidal waveform. At each poling field, five continuous bipolar
loops were recorded, and the second P-E hysteresis loop is pre-
sented in Fig. 2A, C and E for the PVP/BTO380 composites
with # = 0.23, 0.34, and 0.40, respectively. The second and the
fifth loops largely overlapped, indicating that the steady state
was achieved after the second loop. The AC electronic conduc-
tion under high electric fields and a small permanent
remanent polarization (P,,) were subtracted following our pre-
vious reports.*>** Ferroelectric-shaped hysteresis loops were
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Fig. 2 Bipolar P—E loops of the PVP/BTO380 composites with different BTO packing fractions at room temperature: (A) PVP/BTO380-0.23, (C)
PVP/BTO380-0.34, and (E) PVP/BTO380-0.40. The corresponding simulated P—E loops are shown in (B), (D), and (F), respectively. The poling fre-

quency is 10 Hz with a sinusoidal waveform.
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observed at high poling electric fields, especially for the com-
posites with high 5 values. It is natural to consider that this
ferroelectric behavior originates from the ferroelectricity of the
tetragonal BTO380 NCs. When the n was below 0.34, the PVP/
BTO380 composite films could be poled up to 80 MV m™" at
room temperature. However, the PVP/BT0380-0.40 film could
only survive at a lower poling field of 46 MV m™" because of a
significant reduction in the breakdown strength at such a high
5 value. Under a similar electric field, namely 52 MV m™" for
PVP/BT0380-0.23, 49 MV m™' for PVP/BTO380-0.34, and 46
MV m™" for PVP/BT0O380-0.40, the spontaneous polarization,
Ps fiim, increased from 3.9 mC m~> to 6.8 and 32.8 mC m?,
respectively. Additionally, the coercive field E. slightly
increased from 15.9 MV m™" to 17.6 and 18.1 MV m™*. When
the # value was as high as 0.40, square-shaped hysteresis loops
were observed.

Based on the Langevin-type functions,'® the broad experi-
mental P-E loops of the polymer/BTO composites could be
deconvoluted into three components: (i) the linear or deforma-
tional polarization of the entire composite Py, (ii) BTO particle
polarization Pp,(E), and (iii) particle-particle dipolar interaction
Pin¢(E). In this work, the P-E loop deconvolution was per-
formed and the fitted overall P-E loops for the PVP/BTO380
composites are shown in Fig. 2B, D and F. The simulated
loops fitted well with the experimental results.

View Article Online
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The deconvoluted linear P;—-E loops of various
PVP-BTO380 composites are presented in Fig. 3A-C. The
linear dielectric constants (e.;;) of the composites were
obtained from the slope of the P;-E loops and are summar-
ized in Fig. 3D. For each composite, the e,y slightly
increased with increasing poling electric field. This is
because the deformational polarization is largely determined
from the 5 of the composites, not from the external poling
field. Indeed, as we can see from Fig. 3D, &1, increased sub-
stantially with increasing # under the same electric field. This
can be explained by the mixing rules of composite materials,
which will be discussed later.

Two nonlinear contributions, P,(E) and Pi,(E), were
extracted from the nonlinear component of the P-E loops of
the PVP/BTO380 composites and are shown in Fig. 4 and 5,
respectively. To determine which loop was which, we need to
treat three loops of the PVP/BTO380 composites with different
filler contents together under the same or similar poling elec-
tric field following our previous report.'® Specifically, the P,~E
loop should remain constant for the same ferroelectric par-
ticles in different composites. The Pj,—E loops should gradu-
ally increase its maximum polarization (Py,,) and broaden as
the filler content increased. Nonlinear dielectric analysis was
carried out to obtain apparent nonlinear dielectric constants
following previous reports.”**> The procedure is shown in
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Fig. 3 Deconvoluted linear P —E loops of various PVP/BTO380 composites: (A) PVP/BTO380-0.23, (B) PVP/BTO380-0.34, and (C) PVP/BTO380-
0.40 under different poling electric fields. (D) Linear dielectric constants (1) of various PVP/BTO380 composites calculated from the corres-

ponding linear P —E loops.
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Fig. 4

(A-C) Bipolar P,—E loops of BTO380 NCs extracted from the P-E loops of the PVP/BTO380 composites with different BTO packing frac-

tions. (D—F) Nonlinear Py(t) waves as a function of time for neat BTO380 NCs. After Fourier transform, the nonlinear harmonics, (G) &'py N and
e"pinL (H) €'p3 and €z, and (1) €55 and &”5, were calculated from the nonlinear Py(t) waves.

Scheme S1.7 Briefly, an experimental D-E loop of the PVP/
BTO380 composite was first deconvoluted into a linear (or
deformational) component Dg.s (see Fig. 3 and the corres-
ponding discussion) and a nonlinear component Py;. Then,
Pnie(E) was converted to a function of time, Pyy(t). After the
Fourier transformation of Py (t), the total D), linear D, and
nonlinear DY (n = 1, 2, 3, 4 and 5) polarizations were
obtained. For a dielectric with P, = D, = 0, the even-numbered
harmonics are zero. Finally, the nonlinear dielectric constant
epn can be calculated from equation ey = DY /eoE, (g is
the vacuum permittivity).

The deconvoluted P,(E)s for the BTO380 NCs from the P-E
loops of various PVP/BTO380 composites are shown in
Fig. 4A-C. Typical ferroelectric loops were observed. Note that
the electric field in the x-axis was the applied electric field on
the composite, not the local field inside the BTO380 NCs.
From our recent study,'®> the BTO380 NCs were largely single

crystals after thermal annealing at 950 °C. After high-field elec-

This journal is © The Royal Society of Chemistry 2024

tric poling, single-domain particles were likely to be obtained.
Therefore, these P,(E) loops represented the ferroelectric hys-
teresis loops for randomly oriented single-domain, single-
crystal BTO nanoparticles. Because P,(E) was for individual
BTO380 NCs and it did not consider the neighboring particles,
this contribution did not depend on the 5 of the nano-
composites. This is exactly seen in Fig. 4A-C. For example, the
P, ni~E loops are around 50 MV m™* for various PVP/BTO380
composites, the maximum polarization Py, is ~ 8.6 mC m™,
the remanent polarization P; is ~ 7.2 mC m~>, and the coercive
field E. is ~ 26 MV m™™.

The corresponding P,(t) curves are shown in Fig. 4D-F.
After Fourier transformation, nonlinear polarizations, DY"",
were calculated. When n > 5, the values of nonlinear dielectric
constants became very small and were neglected. Even-num-
bered (n = 2, 4) nonlinear dielectric constants were zero
because the samples did not exhibit any P,.>*>® The odd-
numbered (7 = 1, 3, 5) nonlinear dielectric constants ej.” of

Nanoscale, 2024, 16, 3606-3621 | 3611
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Fig. 5 (A-C) Bipolar particle—particle interaction P,,.—E loops extracted from the experimental P—E loops of the PVP/BTO380 composites with

different BTO packing fractions. (D) The corresponding maximum polarization (Pi max) Under different electric fields.

various PVP/BTO380 composites are shown in Fig. 4G-1. As the
most significant contributors to nonlinearity, both &', n1, and
€"p1,n1 increased with increasing electric field for all compo-
sitions. For n = 3, the ¢'y; values were positive and continu-
ously increased with increasing electric field, while £"p; first
increased at lower fields and then decreased to below zero for
all compositions when E > 39 MV m™". ¢”p5 showed the same
trend as €"p;, but &5 initially increased when E < 39 MV m™*
and then started to decrease at fields above 39 MV m™" for all
compositions. Please note that all these nonlinear harmonics
contribute to the dielectric loss.

The particle-particle interaction P;,(E) loops of various
PVP/BTO380 composites with # = 0.23, 0.34 and 0.40 are pre-
sented in Fig. 5A-C. Typical ferroelectric-shaped loops were
observed. The maximum Pin¢ (Pint,max) values are plotted in
Fig. 5D. At low packing fractions (e.g, # = 0.23), Pintmax
remained low and did not increase much with increasing elec-
tric field. This is because of the large average interparticle dis-
tance of 362 nm (assuming a face-centered cubic packing). For
n = 0.34 and the average interparticle distance decreased to
225 nm, Pimax gradually increased with increasing electric
field. For n = 0.40 and the average interparticle distance
became 173 nm, Piy¢max increased substantially with increas-
ing electric field. It is also likely that as the » increased, the
BTO380 NCs tended to flocculate locally, further increase the
particle-particle dipolar interactions. Different from the

3612 | Nanoscale, 2024, 16, 3606-3621

extracted BTO380 particle loops, which were independent of
the #, Pin,max had obvious strong dependence on 5. For
example, Piy¢ max increased from 0.73 mC m™> to 3.89 mC m™>
and 33.02 mC m™2 at 50 MV m ™" with 5 = 0.23, 0.34 and 0.40,
respectively. Pi,. contribution was roughly the same as P, at 7 =
0.34 and significantly higher than P, in a high 5 of 0.40. This
result suggested that the particle-particle dipolar interaction
contributed much more to the broadness of the nano-
composite hysteresis loops than the BTO particle ferroelectric
switching. These nonlinear P;,—E hysteresis loops resulted in a
significant dielectric loss, which is undesired for capacitive
energy storage applications. Therefore, the particle-particle
dipolar interaction should be mitigated for the nanodielec-
trics, especially with a large permittivity contrast and at a high
filler content.

The permittivity of BTO380 NCs should contain two contri-
butions, ie., linear and nonlinear components. The linear
dielectric constant &, ;, can be obtained from the linear dielec-
tric constant of the PVP/BTO380 composites e.; using
different mixing rules. In this work, three mixing rules were
used to calculate the e,; of BTO380 NCs. The Bruggeman
effective approximation is given by:>”*

EpL — &L
epL + 2¢€cL

Epvp — Ec L
+1—-—np)————=0
( )€PVP+2€c,L

(1)
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where &1, €p1, and epyp (¢pyp = 6.8 (ref. 19)) are linear dielec-
tric constants of the PVP/BTO composites, the BTO380 NCs,
and the PVP matrix, respectively. In our previous publications,
we discussed that the Bruggeman mixing rule could fit with
the experimental data (which usually contain particle-particle

interactions) better than the Maxwell-Garnett mixing rule.*’
The Looyenga and Birchak mixing rules are given by:
SCWLV = ﬂé‘p'Ly + (1 — I’])SPVPY (2)

where y = 1/3 for the Looyenga equation and y = 1/2 for the
Birchak equation.*® These mixing rules do not use any physical
models and are only mathematical fitting equations. They
were used to compare with the Bruggeman mixing rule. Note
that if the Maxwell-Garnett mixing rule was used, the &,
values were calculated to be negative; therefore, it could not be
used in this study.

Using these mixing rules, the e, values of BTO380 NCs
under various applied electric fields are plotted in Fig. 6A.
Note that the Bruggeman equation was not be used for the n =
0.23 composite because no solution for the permittivity of
BTO380 NCs could be obtained. Among these fittings, the
highest ¢, ;, value was obtained for the Bruggeman mixing rule
and the lowest g,; value was obtained for the Birchak
equation. The g,; values obtained using the Bruggeman
model ranged from 101 to 247 with a strong linear dependency
when the applied electric field increased from 13 to 78 MV

View Article Online
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m~'. Meanwhile, the ¢, values ranged from 66 to 142 for the
Looyenga model and from 54 to 105 for the Birchak model.
These values seemed to be lower than the commonly reported
values for the ferroelectric BTO NCs, as we reported recently."®
Therefore, the Bruggeman mixing rule should be more suit-
able to estimate the dielectric constants of BTO380 NCs.

Then, the nonlinear dielectric constant was obtained by the
summation of &p; n1, £ps, and &ps (see Fig. 4G-I). Combining
both linear and nonlinear dielectric constants, the total dielec-
tric constants of BTO380 NCs are plotted in Fig. 6B-D with
various mixing rules. Using the Bruggeman model, the ¢,
values ranged from 110 to 275 when the applied electric field
increased up to 77 MV m™", regardless of different # values.
This is because the linear &, ;, was the major contributor to the
total permittivity of BTO380 NCs and it was more or less inde-
pendent of the 7. Although the nonlinear &, ;, was dependent
on the 7, it was a minor contributor and would not affect the
overall £, much.

To obtain the P-E loop for BTO380, we need to estimate the
internal electric field of the NCs (Ep). The particle polarization
P,(E) can be expressed as:

3)

Pp(E) = nPpnL(E) + €0(epL — €pvp)Ein

The actual internal field E}, is the sum of the Onsager field
E;, and the depolarization field from the dipole orientation
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(A) Calculated linear dielectric constant ¢, of BTO380 NCs using various mixing rules. Nonlinear dielectric constant ¢y, n. linear dielectric

constant ¢, and total dielectric constant ¢, of BTO380 NCs calculated using the (B) Bruggeman, (C) Looyenga, and (D) Birchak mixing rules.
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generated by the single particle polarization P,yr(E). The

Onsager local field inside the BTO380 particle is:

3E
Ein =

&pL T 2¢€pyp

(4)

E, is the actual internal field inside the BTO NCs, which is

View Article Online
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ep,NL (E) + 2

Ein = E) 3

(8)
Finally, the actual internal field E, considers the induced
polarization of the NCs through the Onsager local field model
and also accounts for the orientational depolarization field of
the internal dipoles inside the NCs,

defined as:
B > g 9)
Ep — Ein — LPPLL(E') (5) 4 gp,L + Zé‘pvp 8p,NL(E) + 2
3&p n
here P« (E b et Using these equations, the P,-E, loops of individual
where Pp i (F) can be written as BTO380 NCs are plotted in Fig. 7, using the BTO380 permittiv-
Pyni(E) ities calculated with different mixing rules. Fig. 7A-C rep-
0 £o(epne — 1)Ep (6)  resents the P,-E, loops obtained for the BTO380 NCs using
the Bruggeman mixing rule for PVP/BTO380-0.23, PVP/
so, the particle internal field E;, can be rewritten as: BT0380-0.34, PVP/BTO380-0.40, respectively. As the poling
() -1 electric field increased, the coercive field E. approached 0.35
Ep = Eip — SP’N%EP (7) MV m™" and the remanent polarization P, reached 12.3 mC
m~>. Fig. 7D-F show the P,-E, loops extracted from the
or, the Onsager local field becomes: Looyenga mixing rules with the E. increased to 0.51 MV m™".
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Fig. 7 Bipolar P,—E, loops of BTO380 NCs using the (A—C) Bruggeman, (D-F) Looyenga, and (G-I) Birchak mixing models from the PVP/BTO380
composites with different n values: (A, D and G) 0.23, (B, E and H) 0.34, and (C, F and I) 0.40.
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Fig. 9 Bipolar P—E loops of the PVP/BTO60 composites with different BTO packing fractions at room temperature: (A) PVP/BTO60-0.21, (C) PVP/
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Fig. 7G-1 show the P,-E, loop extracted from the Birchak
mixing rule and the E. increased to 0.66 MV m~'. The
increased E, and E. for the Looyenga and Birchak loops could
be attributed to the lower linear dielectric constants extracted
for the BTO380 NCs. This is the first time that the P-E loops
for ferroelectric BTO NCs were extracted from the P-E loops of
their nanocomposites.

Comparison with a multi-domain BTO (001)-SC

As reported previously, the 950 °C-annealed BTO380 NCs were
single crystals."> For comparison, bipolar electric displace-
ment-electric field (D-E) loops for a tetragonal BTO (001)-SC
were obtained at room temperature and 10 Hz. As shown in
Fig. 8A, the values of spontaneous polarization P, P;, and E,
increased with increasing poling electric field. At 1.0 MV m ™,
E. = 0.25 MV m™". The D-E loops under higher applied fields
(E > 1.0 MV m™") are plotted in Fig. S2.} In this figure, the P;
value of the BTO (001)-SC was significantly lower than the
theoretical P, value of 260 mC m~2,*! and this could be attribu-
ted to the multidomain structure of the (001)-SC.

The linear permittivity (esc 1) of the BTO (001)-SC was calcu-
lated from the deformational polarization during the initial
reverse poling process following previous reports.>* The results
are shown in Fig. 8B. The eg5c; peaked around 0.5 MV m!

with a value of 4890. Afterwards, the e5c 1, gradually decreased
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to 2500 at 3.0 MV m™". The peak gsc,1, of 4890 was significantly
higher than the value (1050) obtained by broadband dielectric
spectroscopy at room temperature and 10 Hz (see Fig. SZBT).15

The changes of P, with the applied electric field E for the
BTO (001)-SC or the calculated E, in BTO380 NCs are shown in
Fig. 8C. For the BTO (001)-SC, a rapid increase of P, was
observed before 0.5 MV m™', which corresponded to the
maximum &gc 1, in Fig. 8B. With further increase of the poling
field, the P, monotonically increased. We consider that the
original (001)-SC was multi-domained with 180° domains.
Upon electric poling, these multi-domains quickly switched
from the antiparallel orientation to the parallel orientation,
providing the maximum egc;. With further increase of the
poling field, the parallelly oriented domains gradually grew
and merged into larger domains, leading to further increased
P, and E. (see Fig. S2f). Compared with the (001)-SC, the P,
values for the BTO380 MCs appeared to be much smaller,
regardless of which mixing rule was used to estimate the
internal E,. We consider that the lower P, should largely orig-
inate from the random orientation of the BTO380 NCs in the
composites. Considering the probability of c-axis orientation
along the poling field direction being 1/3, the P,/3 curve of the
(001)-SC is plotted in Fig. 8C. As we can see, this curve
matched better with the maximum P, of 12.3 mC m™? for the
BTO380 NCs. Another reason for the lower P, could be attribu-
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Fig. 10 Deconvoluted linear P —E loops of various PVP/BTO60 nanocomposites: (A) PVP/BTO60-0.21, (B) PVP/BTO60-0.31, and (C) PVP/BTO60-
0.41 under different electric fields. (D) Linear dielectric constants of various PVP/BTO60 nanocomposites calculated from the corresponding linear

P —E loops.
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ted to the early breakdown of the composite films. If the com-
posite films did not breakdown early and a higher field could
be reached, the P, of BTO380 NCs could be even higher.
Meanwhile, the E, values calculated from the Bruggeman
equation were closer to the poling electric field for the P./3
curve of the (001)-SC. Fig. 8D shows the P, as a function of
the applied field E or the internal field in the BTO380 NCs, E,,.
Again, the Bruggeman curve was the closest to the (001)-SC/3
curve. Therefore, we consider that the P,-E, loops based on
the Bruggeman mixing rule were more realistic for the BTO380
NCs (see Fig. 7A-C).

Deconvolution of experimental P-E loops for PVP/BTO60
nanocomposites

It is not surprising that the PVP/BTO380 nanocomposite films
have dielectric nonlinearity because the BTO380 NCs are ferro-
electric in nature. What will happen if the ferroelectric BTO380

View Article Online

Paper

NCs are replaced with the paraelectric BTO60 NCs for the PVP
nanocomposite? Experimental P-E loops are shown in Fig. 94,
C and E for the PVP/BTO60 nanocomposites with n = 0.21,
0.31, and 0.41, respectively. Supposedly, as BTO60 NCs were
paraelectric and PVP was a linear dielectric, slim P-E loops
should be observed. Nevertheless, broad P-E loops were
observed for the PVP/BTO60 nanocomposite films, especially
for high packing fractions, i.e., # > 0.3. The same theoretical
deconvolution procedure was carried out and the simulated P-
E loops for the PVP/BTO60 nanocomposites are plotted in
Fig. 9B, D and F, respectively. The simulated loops fitted well
with the experimental loops.

Again, the experimental P-E loops of the PVP/BTO60 nano-
composites were deconvoluted into three components,
namely, Py, Pp, and Pj,.. The deconvoluted linear P;~E loops
are shown in Fig. 10A-C for the PVP/BTO60 nanocomposites

with # = 0.21, 0.31 and 0.41 under different poling electric
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(A—C) Bipolar P,—E loops of BTO60 NCs extracted from the P—E loops of the PVP/BTO60 nanocomposites with different BTO packing frac-

tions. (D—F) Nonlinear P,(t) waves as a function of time for neat BTO60 NCs. After Fourier transform, the nonlinear harmonics, (G) &'p1,n. @and €”py NL
(H) £'p3 and €”p3, and (1) £'55 and "5, were calculated from the nonlinear Py(t) waves.
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fields, respectively. From the slopes of the linear P;~E loops,
the linear dielectric constants & ; of the PVP/BTO60 nano-
composites were calculated and are plotted in Fig. 10D. The
£c1,1 values remained nearly constant under different electric
fields for PVP/BTO60-0.21 and PVP/BT060-0.31 up to 100 MV/
m: &¢q,1, = 18 for PVP/BT060-0.31 and &1, = 9 for PVP/BTO60-
0.21. This observation is somewhat different from that of the
PVP/BTO380 composites (Fig. 3D), revealing that the dielectric
properties of the nanocomposite films could be affected by
different crystal structures of BTO fillers (see the results later).

Compared to the broad ferroelectric loops of the BTO380
NCs, the Py-E loops of the BTO60 NCs appeared to be slim
with an S shape, which is typical for paraelectric BTO (see
Fig. 11A-C). The saturation polarization Pp,,, increased with
increasing applied electric field; however, the Pp,,, of BTO60
was much smaller than that of BTO380 at the same electric
field. For example, the P, was ~8.6 mC m™~> for PVP/BTO60-
0.21 at 79 MV m™}, whereas the P, was ~15 mC m™~2 for PVP/
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BT0380-0.23 at 77 MV m™". The same procedure of nonlinear
dielectric analysis was applied for the PVP/BTO60 nano-
composites. The Py(t) waves under different applied fields are
plotted in Fig. 11D-F for 5 values of 0.21, 0.31, and 0.41,
respectively. After Fourier transform, the nonlinear ¢',, and
€"on (n =1, 3, 5) for BTO60 were calculated and the results are
shown in Fig. 11G-1. The values of £"p ni. and &"q i, of BTO60
were smaller compared to those of BTO380 due to their
paraelectricity.

Although the paraelectric P,~E loops of the BTO60 NCs
were dramatically different from the ferroelectric P,~E loops of
BTO380 NCs, the P;,—E loops appeared to be quite similar; see
Fig. 12A-C. Specifically, the Piy¢max increased with the applied
electric field. This result is surprising because the paraelectric
BTO60 NCs could form ferroelectric “clusters” and induce sig-
nificant nonlinearity under high poling fields. The Pjn¢max
values are shown in Fig. 12D, where the Py max increased with
the applied electric field for all the PVP/BTO60 nano-
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Fig. 14 Bipolar P,—E, loops of BTO60 NCs using the (A—-C) Bruggeman,
nanocomposites with different » values: (A, D and G) 0.21, (B, E and H) 0.31,
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(D—F) Looyenga, and (G-1) Birchak mixing models for the PVP/BTO60
and (C, Fand 1) 0.41.
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composites. However, the Piy¢max values of BTO60 were lower
than those of BTO380 (comparing Fig. 5 and 12), indicating a
weaker particle-particle interaction. Meanwhile, at the same
high electric field (>40 MV m ™), the Pint,max Was significantly
higher than the P, value of the BTO60 NCs, suggesting that
the field-induced transient ferroelectricity from the particle-
particle interactions among the BTO60 NCs was the major con-
tributor to nonlinearity in the linear dielectric polymer/para-
electric ceramic nanofiller composites.

Using different mixing rules, the linear e,; of the BTO60
NCs can be extracted from the linear dielectric constants of
the PVP/BTO60 nanocomposites (see Fig. 13A). The linear ¢,
of the BTO60 NCs slightly decreased from 100 to 80 with
increasing the poling electric field from 20 to 100 MV m™" for
the Bruggeman mixing rule. However, the linear ¢, ;, remained
nearly constant at 46 for the Looyenga mixing rule and 40 for
the Birchak mixing rule. The &,; values obtained by the
Bruggeman mixing rule were similar to what we reported for
the BTO60 NCs."” By adding the nonlinear dielectric constant,
epn1, the total dielectric constants calculated using the
Bruggenman, Looyenga, and Birchak mixing rules were also
obtained, see Fig. 13B-D, respectively. Apparently, these dielec-
tric constant values were significantly lower than those of the
BTO380 NCs, as seen in Fig. 6.

Using eqn (3)-(9), the E, value was calculated based on the
total dielectric constant of the BTO60 NCs. The P,-E, loops of
the paraelectric BTO60 NCs calculated using the Bruggeman,
Looyenga, and Birchak mixing rules are plotted in Fig. 14 for
various PVP/BTO60 nanocomposites. Again, slim paraelectric
P,~E, loops were observed. The maximum polarization Ppax
values versus Ej, for different mixing rules are summarized in
Fig. 8D. As we can see, the Pn,E;, curves for different nano-
composites collapsed onto the same line, indicating that the
P,-E, loops were independent of the PVP/BTO60 nano-
composite compositions. Meanwhile, the Py.—E, curve from
the Bruggeman mixing rule was the closest to the (001)-SC/3
curve. Again, we therefore consider that the Py-E, loops from
the Bruggeman mixing rule might be better to represent the
BTO60 NCs.

Conclusions

In summary, by capitalizing on the deconvolution of experi-
mental P-E loops, the P,~E, hysteresis loops of ferroelectric
BTO380 and paraelectric BTO60 NCs were determined from
their PVP nanocomposites at different packing fractions.
Square-shaped ferroelectric loops were obtained for the tetra-
gonal BTO380 NCs. In contrast, slim paraelectric loops were
obtained for the cubic BTO60 NCs. Given the difficulty of
using PFM in accurately measuring the P,~E, loops for ferro-
electric NCs, the nanocomposite approach was relatively
simple and straightforward. Yet, some aspects are worth
noting. First, the BTO NCs were randomly oriented in the
nanocomposite films, and the breakdown strengths were gen-
erally low for nanocomposites with large dielectric constant
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contrast.”** Therefore, the achievable P, . appeared to be
significantly lower than that of the BTO (001)-SC. Second,
various mixing rules have to be used to estimate the internal
electric field of BTO NCs. As such, uncertainty could be intro-
duced in the final P,-E, loops, although the Bruggeman
mixing rule seems to be more appropriate than other mixing
rules.

In addition, there existed strong particle-particle dipolar
interactions, leading to additional ferroelectricity in the experi-
mental P-E loops of the PVP/BTO NC composites. This is
somewhat comprehensible for the PVP/BTO380 composites
given the ferroelectric nature of BTO380 NCs. However, it was
unexpected to observe substantial ferroelectric hysteresis in
the case of linear PVP/paraelectric BTO60 nanocomposites. We
consider that the local flocculation of BTO60 NCs in the nano-
composites was responsible for such strong particle-particle
interactions. This result signifies that when aiming for capaci-
tive energy storage applications,***”*® it is advisable to avoid
high filler contents in polymer nanocomposites. Alternatively,
ultrafine hairy BTO NCs with high dielectric constants®*™** are
suggested to be employed for polymer nanodielectrics at a rela-
tively low filler content. We expect that the densely grafted
polymer brushes on these BTO NCs will enable uniform dis-
persion in polymer matrices to avoid local flocculation of
nanoparticles.
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