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Dielectric nanocomposites are emerging as next-generation energy storage materials due to their

applicability in advanced electronics, renewable energy systems, and electric vehicles. In this work, we

report the rational molecular design, synthesis, and structure–property investigation of a BaTiO3/

cellulose nanocrystal (CNC)-liquid crystal polymer (LCP) nanocomposite with enhanced dielectric

performance. The hybrid platform integrates BaTiO3 nanoparticles dispersed within a cyanobiphenyl-

based polyacrylate matrix (PAACB12-r-PAA), followed by in situ interlocking with CNCs. This biomaterial-

supported anisotropic system, exploits both the permanent dipole of smectic cyanobiphenyl liquid

crystalline mesogens and ordering of CNC-LC materials to induce hierarchical self-assembly and

promote strong dielectric responses. Films are fabricated through hot-pressing at the liquid crystalline

transition temperature (TLC), followed by rapid quenching to lock in the alignment. We systematically

investigate the influence of processing parameters such as BaTiO3 concentration, LCP alignment, and

thermal treatment on dielectric behavior. Temperature-controlled small-angle X-ray scattering (TSAXS),

broadband dielectric spectroscopy, and microscopy are employed to correlate mesophase orientation,

dispersion quality, and molecular interactions with the dielectric constant, breakdown strength, energy

density, and dielectric loss. Our findings reveal that the liquid crystalline matrix not only enhances BaTiO3

dispersion and interfacial polarization but also facilitates structural ordering that improves the

composite's dielectric performance. The permanent dipoles within the LCP matrix further augment

polarization via Ti4+ displacement from the O2− octahedra in BaTiO3, offering tunable dielectric

enhancement. This work establishes a general strategy for designing multifunctional dielectric

nanocomposites by integrating mesogen alignment, nanofiller anisotropy, and optimized processing to

achieve tunable dielectric performance for advanced electronic applications.
Introduction

Dielectric nanocomposites have attracted signicant interest as
next-generation energy storage materials due to their broad
applications in advanced electronics, renewable energy
systems, and electric vehicles.1–3 Among these, ceramic–poly-
mer nanocomposites, especially those combining barium tita-
nate (BaTiO3) with functional polymer matrices, stand out for
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of Chemistry 2026
their tunable electrical, mechanical, and structural
properties.4–6 One such promising platform integrates BaTiO3

with liquid crystal polymers (LCPs), which offer molecular-level
ordering, anisotropic dielectric responses, and eld-induced
alignment.7–10

BaTiO3 is an energy storage ceramic with a high dielectric
constant and reversible polarization, making it ideal for
capacitors, sensors, and transducers.11–13 However, its use in
practical applications is hindered by brittleness, high density,
temperature sensitivity, low dielectric strength, and poor
processability.14–17 Embedding BaTiO3 within exible polymeric
matrices is hypothesized to improve the mechanical robustness
and processing characteristics, while retaining or even
enhancing dielectric performance.6,18–20

Organic dielectric polymers have been employed as dielectric
materials due to their low-temperature and facile processability,
impressive exibility, corrosion resistance, excellent insulation
properties, lightweight nature, and good thermal stability.14,21,22
J. Mater. Chem. A
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In this category, biodegradable cellulose nanocrystals have
gained increased interest due to their non-toxicity, renewability,
high aspect ratio, adaptable surface chemistry, liquid crystal-
linity, and stiffness, making them a potential replacement for
most synthetic dielectric polymers, which pose challenges to
the environment.11,23–25 Du et al. demonstrated the natural
dielectric behavior of cellulosic biopolymers in A4 paper form,
where the paper is adapted as an energy storage material with
excellent wettability.26–28 In a similar study, Jose and coworkers
reported the temperature-dependent (30 °C to 100 °C) dielectric
properties of CNC paper over a frequency range of 1 Hz to 10
MHz. Here, the authors established a temperature trend of the
dielectric properties, proving the potential of CNCs as an envi-
ronmentally benign energy storage material in exible
electronics.29

Other liquid crystalline polymers (LCPs), such as smectic
cyanobiphenyl, present distinct advantages, such as a well-
dened processing window governed by their liquid crystal-
line transition temperature (TLC), intrinsic anisotropy, and
stimuli-responsive molecular alignment, all of which can be
tailored to enhance dielectric performance.30–32 Interlocking
these anisotropic smectic LC molecules with chiral nematic
CNCs modies the dielectric performance of the system.32–34

The electric eld-induced alignment of these polar structures
enhances local polarization by facilitating Ti4+ displacement
from the O2− octahedra in BaTiO3, thereby augmenting dipole
formation and energy storage.35–37

While the dielectric properties of LCPs have been extensively
studied, the use of broadband dielectric spectroscopy to inves-
tigate the effects of nanoparticles on the dynamics of LCPs with
mesomorphic phases has received limited attention. In this
study, we present dielectric spectroscopy results of a novel
BaTiO3/CNC-LCP nanocomposite. The incorporation of BaTiO3

nanoparticles not only signicantly enhances the dielectric
constant but also suppresses the librational uctuations of the
Scheme 1 Synthetic scheme for the formation of BaTiO3/CNC-i-PAACB

J. Mater. Chem. A
12-spacer cyanobiphenyl mesogen around the long molecular
axis. Because BaTiO3 does not establish a wetted interface with
CNC-i-PAACB12-r-PAA, the nanoparticles act more as steric
obstacles within the long-range ordered structure (whose
formation is also facilitated by BaTiO3) to hinder the motion of
the mesogen. This constrained movement results in a slight
increase in the liquid–crystal transition temperature, TLC1, of
the nanocomposite. These ndings provide new insight into
how inorganic llers modulate the dielectric response of LCP-
based nanocomposites.
Experimental
Materials

Barium titanate, BaTiO3 (cubic), 4-dimethylamino pyridine,
DMAP (99.0%), potassium carbonate (99%), acrylic acid (99%)
and azobisisobutyronitrile, AIBN (98%), are purchased from
Sigma Aldrich. 12-Bromo-1-dodecanol (95%) is provided by Lab
Seeker Chemicals, while 4-cyano-40-hydroxyphenyl is obtained
from TCI America. Cytiva Life Sciences supplied standard-grade
Whatman lter paper, while dimethyl formamide (99%) is
purchased from Across Organics. 1-Ethyl-3-(3-dimethyl amino-
propyl) carbodiimide hydrochloride, EDC$HCl (98.0%) and 1-
butyl-3-methylimidazolium acetate (95%) are acquired from
Oakwood Chemicals. Thermo Fisher Scientic supplied di-
chloromethane (98%) and dimethyl sulfoxide (99.0%).
Synthesis of BaTiO3/PAACB12-r-PAA

BaTiO3 nanoparticles and PAACB12-r-PAA were homogenously
dispersed in THF by ultrasonication at room temperature for 1
h. The sonicated sample is dried over nitrogen and subse-
quently vacuum-dried to form BaTiO3/PAACB12-r-PAA, as out-
lined in Scheme 1 below.
12-r-PAA nanocomposites for dielectric studies.

This journal is © The Royal Society of Chemistry 2026
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Scheme 2 Synthetic pathway showing dual network BaTiO3/CNC-i-PAACB12-r-PAA nanocomposite gels using 40 wt% EDC in THF.

Table 1 Feed ratios for the PAACB12-r-PAA, CNC, EDC, and BaTiO3 nanoparticles

Nanocomposite PAACB12-r-PAA (mg) CNC (mg) BaTiO3 (mg) EDC (mg) THF (mL)

CNC-i-PAACB12-r-PAA 80 20 0 40 1
BaTiO3 (10 wt%)/CNC-i-PAACB12-r-PAA 80 20 41.6 40 1
BaTiO3 (20 wt%)/CNC-i-PAACB12-r-PAA 80 20 83.2 40 1
BaTiO3 (40 wt%)/CNC-i-PAACB12-r-PAA 80 20 166.4 40 1
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Preparation of BaTiO3/CNC-i-PAACB12-r-PAA nanocomposites

BaTiO3/PAACB12-r-PAA is then interlocked in situ with CNCs via
double interlocking chemistry, as shown in Scheme 2. The
reactants (Table 1) are transferred to a clean, dry 50 mL round-
bottomed ask equipped with a magnetic stir bar. 5 mL THF is
added, and the ask is sealed with a rubber septum. The reac-
tion mixture is purged with argon for 3 minutes and stirred in
an oil bath at 0 °C for 2 hours. The temperature gradually
increased to 30 °C, and the reaction was allowed to continue for
a further 6 hours. The crude reaction mixture is then cooled and
carefully transferred into a clean, dry scintillation vial and
ultrasonicated at 25 °C for 1 hour for optimal dispersion. Aer
complete sonication, the sample is vacuum-dried at room
temperature overnight. Free-standing lms were then prepared
by hot-pressing the nanocomposite at the corresponding TLC
(for 1 hour), followed by cold-air quenching to induce hierar-
chical self-assembly. This enables phase alignment, essential
for high-performance dielectric materials.38–40 The synthetic
scheme for the formation of BaTiO3/CNC-i-PAACB12-r-PAA
nanocomposite lms is shown in Scheme 1.

Results and discussion

The system studied is a hybrid LCP consisting of an amphi-
philic random copolymer, PAACB12-r-PAA, with relative degrees
This journal is © The Royal Society of Chemistry 2026
of polymerization of 80 for PAACB12 and 20 for PAA, as shown
in Scheme 1. The backbone has cyanobiphenyl mesogens
attached at the ends as side chains to a polyacrylate backbone,
while the other unit contains free COOH groups that interlock/
crosslink with CNCs.

Structural identication of the copolymer is performed using
1H NMR, assessing the chemical shis of the respective
protons, while that of the hybrid LCP and the BaTiO3-loaded
nanocomposites is achieved by identifying the functional
groups of the material using Fourier Transform Infrared (FTIR)
spectroscopy.

Thermal analysis of the hybrid LCP and the nanocomposites
is performed to understand thermal stability and phase tran-
sition behavior. Thermal gravimetric analysis (TGA) enables us
to understand the decomposition prole of the material using
the decomposition temperatures. The higher the decomposi-
tion temperature (Td), the more thermally stable the material.
TGA studies also inform us about the interaction of the hybrid
LCP with BaTiO3 and provide the range of temperatures over
which DSC studies can be conducted. Differential Scanning
Calorimetry (DSC) studies provide information on the phase
transitions exhibited by the materials, such as melting
temperatures (Tm), glass transition temperature (Tg), crystalli-
zation temperatures (Tc), liquid crystal transition temperatures
(TLC), and isotropic temperatures. We can leverage DSC studies
J. Mater. Chem. A
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to investigate the interactions between CNCs and the copolymer
in the formation of the hybrid LCP and the interaction of
BaTiO3 with the hybrid LCP when preparing the
nanocomposites.

X-ray techniques, such as X-ray Diffraction (XRD) and Small-
Angle X-ray Scattering (SAXS), can be employed to investigate
the microstructure and self-assembly behavior of BaTiO3-
loaded CNC-cyanobiphenyl LCP hybrid nanocomposites. XRD
scattering patterns reveal the crystallite sizes of BaTiO3, CNC-i-
PAACB12-r-PAA, and BaTiO3/CNC-i-PAACB12-r-PAA nano-
composites. We can also assess the interfacial interactions of
BaTiO3 with the hybrid LCP (CNC-i-PAACB12-r-PAA) by moni-
toring changes in crystallinity symbolized by any shi or
broadening in diffraction peaks. On the other hand, SAXS
studies give information regarding the hierarchical ordering
and periodicity of the hybrid LCP and the BaTiO3-loaded
nanocomposites. This helps us decipher the resultant
Fig. 1 Stacked FTIR results of copolymers, hybrid LCPs, and BaTiO3/CN

J. Mater. Chem. A
mesophase during self-assembly. CNCs can also serve as
alignment agents for PAACB12-r-PAA, which promotes ordered
domains that enhance dielectric anisotropy.
Structure identication

The fundamental step in characterizing CNC-LCP nano-
composites is to conduct structural identication of the copol-
ymer by assessing the chemical shis of the respective protons
in Nuclear Magnetic Resonance (NMR) spectroscopy, while that
of the hybrid LCP and the BaTiO3-loaded nanocomposites is
achieved by identifying the functional groups of the material
using Fourier Transform Infrared (FTIR) spectroscopy. Careful
evaluation of these functional groups gives us information on
dominant interactions between CNCs, LCPs, and BaTiO3, which
can then be correlated with the dielectric performance of the
resultant nanocomposites.
C-i-PAACB12-r-PAA nanocomposites.

This journal is © The Royal Society of Chemistry 2026
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Table 2 FTIR results for the BaTiO3 nanoparticles, CNCs, copolymer,
hybrid LCP, and BaTiO3 nanocomposites

Functionality Wavenumbers (cm−1)

C^N 2229.53 (cyanobiphenyl LC)
C]O 1601.40
C–O 1288.56
O–H 3333.91, 3497.62
C–H 2849.60, 2917.50
Ti–O 502.15 (perovskite)
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Successful formation of the cyanobiphenyl mesogen, acry-
late monomer, and LC copolymer is characterized by 1H NMR.
For the AACB12 monomer, we observe a proton signal peak at
4.0 ppm that serves as the connection peak. In contrast, the
signal peak between 6.0 and 6.5 ppm shows the presence of
a double bond in the acrylate monomer, a polymerization site.
Biphenyl protons appear at 7.1 ppm, 7.6 ppm, and 8.0 ppm,
respectively. These peaks conrm the successful graing of the
CB12 mesogen onto the acrylate backbone, as shown in Fig. S2.
The 1H NMR spectrum for the copolymer shows the disap-
pearance of the peaks at 6.0–6.5 ppm, indicating complete
polymerization. We also observe an acidic proton signal at
12.0 ppm, which further conrms the success of copolymeri-
zation as seen in Fig. S3.

Formation of the hybrid LCP and BaTiO3/CNC-i-PAACB12-r-
PAA nanocomposite is further conrmed by FTIR studies. For
instance, we observe a strong C^N stretching band at
2235.2 cm−1, C]O stretch at 1712.2 cm−1, O–H at 3339.6 cm−1,
and C–O at 1287.3 cm−1 in the nanocomposite, as shown in
Fig. 1 below. We monitor the surface modication of BaTiO3

nanoparticles by comparing FTIR spectra of pure and modied
BaTiO3. FTIR spectra of neat BaTiO3 show a prominent Ti–O
bond stretching along the polar axis at 502.15 cm−1, which
corresponds to the symmetric stretching vibration of TiO6

octahedra. This peak is important for monitoring any changes
in the crystal structure aer surface functionalization of BaTiO3.
The peak at 1435 cm−1 is considered an artefact corresponding
Fig. 2 TGA profiles for different nanocomposites.

This journal is © The Royal Society of Chemistry 2026
to BaCO3 impurities. BaTiO3/CNC-i-PAACB12-r-PAA shows
additional asymmetric vibrations at around 600 cm−1, indi-
cating distortion of the crystal symmetry of BaTiO3. This
distortion results from the interplay of the polar axis of BaTiO3

with the permanent dipole in the LCP. Further studies on
perturbation of the crystal structure aer functionalization are
performed using thermal and microstructural analyses, di-
scussed in the next section below (Table 2).
Thermal analysis

To understand the thermal behavior of the materials, we
conduct thermal analysis using thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC).41,42 TGA
gives us information concerning the decomposition behavior of
the material.42,43 We establish a linear relationship between
thermal stability and BaTiO3 concentration in the nano-
composite, as conrmed by the increase in onset thermal
decomposition temperature (Td). All the materials are reported
to be thermally stable within the range of DSC measurements.
The TGA results for these materials are shown in Table S1 and
Fig. 2 below.

Thermal transitions for the PAACB12-r-PAA copolymer, CNC-
i-PAACB12-r-PAA, and BaTiO3 (20 wt%)/CNC-i-PAACB12-r-PAA
are probed by DSC as shown in Fig. 3. Samples are heated at
a constant heating rate of 10 °Cmin−1 to 150 °C. The 1st heating
cycle of each sample run is assumed to represent the artifact
and thermal history present in the sample. The rst cooling and
second heating cycles are analyzed and reported as shown in
Fig. 3. The PAACB12-r-PAA copolymer shows a prominent peak
at 84.34 °C from the 1st cooling cycle and 97.99 °C in the 2nd
heating cycle. The copolymer appears to be highly crystalline,
thus masking the mobile nature of the CB12 mesogen. The 1st
cooling DSC prole for CNC-i-PAACB12-r-PAA shows two
distinct transitions: TLC at 40.75 °C with an enthalpy require-
ment of 3.79 J g−1 and a TC at 81.13 °C. Similar observations are
made in 10 wt% nanocomposites with a TLC at 42.26 °C and a TC
at 78.53 °C. Similar observations are made during the 2nd
J. Mater. Chem. A
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Fig. 3 1st cooling and 2nd heating cycles DSC thermograms for the copolymer, hybrid LCP and BaTiO3 (10 wt%)/CNC-i-(PAACB12-r-PAA)
nanocomposite.
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heating cycle. Neat CNC and BaTiO3 samples show no presence
of thermal transitions, as shown in Fig. S4.

To gain insight into self-assembly and resultant mesomor-
phic structures, further studies of the hybrid LCP and BaTiO3/
CNC-i-PAACB12-r-PAA nanocomposites are conducted by small-
angle X-ray scattering studies (SAXS).
Microstructure

We investigate the microstructural changes resulting from the
integration of cubic BaTiO3 into the CNC-i-PAACB12-r-PAA
Fig. 4 XRD profile for the 40 wt% BaTiO3 nanocomposite showing scatte
in green (3, 4, 7, and 9) are pertinent to CNCs, while those indexed in blac

J. Mater. Chem. A
matrix using X-ray diffraction (XRD) studies. Fig. 4 shows the
XRD prole for BaTiO3 (40 wt%)/CNC-i-PAACB12-r-PAA, where
the material shows biphasic behavior with the diffraction peaks
traceable to PDF 79-2263, corresponding to cubic BaTiO3

nanoparticles. Bragg's reections 1, 2, 5, 6, and 8 are traceable
to the CB12 mesogen and 3, 4, 7, and 9 are pertinent to CNCs.
Peak tting is performed using Origin soware, where the ob-
tained full width at half maximum (FWHM) helps us calculate
the line broadening in radians. Aer obtaining the line broad-
ening, we use the Scherrer equation to calculate the crystallite
ring peaks pertinent to cubic BaTiO3, where Bragg's reflections indexed
k (1, 2, 5, 6, and 8) are pertinent to the CB12 mesogen in the copolymer.

This journal is © The Royal Society of Chemistry 2026
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size of BaTiO3 using the prominent peak, represented by the
lattice parameters (110). The calculation of the crystallite size of
BaTiO3 is shown below.

D ¼ Kl

bcosq

where D – crystallite size (nm), K – Scherrer constant (∼0.94
for spherical particles with a cubic symmetry), l – the X-ray
wavelength of Cu K-alpha (0.15406 nm), b – full width at
half maximum, FWHM (gives line broadening in radians),
and q – Bragg angle.

D ¼ 0:94� 0:15406 nm

0:0431� p

180
� cos

�
15:75� p

180

� ¼ 200:02 nm

This calculated crystallite size agrees with the observed size
in TEM studies, as shown in Fig. S5 and S6.
Presence of polymorphism

Room-temperature and temperature-resolved SAXS measure-
ments of the LC composites with different barium titanate
loadings were employed to investigate the nanoscale structures
present in the materials. For 0, 5, and 20 wt% BaTiO3, the room-
temperature SAXS proles (Fig. 5) all exhibit two superposed
families of reections arising from layer-like structures. The
rst series exhibits a primary Bragg peak at qA (qA = 0.141 Å−1)
followed by a higher-order peak at 3qA. We interpret this as
consistent with a layer-like structure, or lamellar order, in which
the scattering at 2qA is strongly suppressed due to form-factor
effects associated with a symmetric electron-density prole.
The d-spacing of this structure is calculated as dA = 2p/qA = 2p/
0.141 Å−1 z 4.46 nm. This dimension is roughly twice the
length of a single cyanobiphenyl (CB12) mesogenic side chain
(∼2.5 nm from previous work),44 which strongly suggests the
formation of a smectic bilayer. In such a structure, the repeating
Fig. 5 Room temperature small-angle X-ray scattering (SAXS) results fo

This journal is © The Royal Society of Chemistry 2026
unit is not a single layer of mesogens but a pair of layers. The
second series exhibits scattering maxima with peak locations in
a 1 : 2 ratio with the d-spacing dB = 2p/qB = 2p/0.300 Å−1 z
2.09 nm (qB = 0.300 Å−1), which is consistent with the dimen-
sions of a single layer of the sidechain mesogen. The presence
of two distinct sets of periodic reections, with non-
commensurate fundamental q-values, indicates nanoscale
phase coexistence, implying that the as-cast material is not
a single, homogeneous mesophase but is instead a polymorphic
system containing at least two different, well-ordered lamellar
structures.

The temperature-controlled SAXS data, including the rst
heating and cooling cycles, show that qB, qC, and qD appear and
disappear simultaneously, suggesting that they originate from
the same structure (Fig. 6). However, qC and qD are not readily
indexed as higher-order lamellar reections, and we therefore
attribute them to additional electron-density correlations, likely
associated with CNC-rich domains in the system. Upon heating
the sample above 90 °C, the structure evolves from the bilayer
structure (qA, 3qA) to the monolayer-included structure (qB, qC,
and qD), which corresponds to the TLC2 transition observed in
the DSC data. During the subsequent cooling cycle, the
monolayer-based structure persists and the bilayer reections
do not re-emerge, even at room temperature, for both 0 and
20 wt% BaTiO3. The bilayer structure is therefore identied as
a kinetically trapped, metastable state, which could be formed
during the process of hot pressing followed by rapid quench,
while the other structures are in the thermodynamically stable
state. Both exist simultaneously for the as-cast sample, so both
series of peaks are shown in the RT SAXS data. Notably, varying
the BaTiO3 loading from 0 to 20 wt% does not fundamentally
alter this polymorphic behavior or the nature of the thermal
transition, indicating a robust self-assembly of the LCP matrix
that successfully incorporates the nanoparticles without
signicant structural disruption.
r the hybrid LCP and nanocomposites.
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Fig. 6 Temperature resolved small-angle X-ray scattering (TSAXS) results for the hybrid LCP and nanocomposites.
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Electronic structure analysis

The absorption intensity of the hybrid LCP and BaTiO3/CNC-i-
PA-ACB12-r-PAA nanocomposites is observed to increase
sharply with the BaTiO3 loading ratio, as shown in Fig. 7.
Nanocomposites with a 40 wt% BaTiO3 loading ratio had
a maximum band gap energy of ∼4.1 eV, which is about 20%
more compared to the neat LCP. All the materials are non-
conducting since their bandgap energy is higher than 3.0 eV.
Fig. 7 UV-absorption results for the hybrid LCP (0 wt% BaTiO3) and
nanocomposites.

J. Mater. Chem. A
We also observe a distinct absorption peak at 275 nm, which
corresponds to the p–p stacking resulting from cyanobiphenyl.
At BaTiO3 loading ratios of 20 wt% and 40 wt%, we observe
a hypsochromic effect where the absorption peak appears blue-
shied from 375 nm relative to the 10 wt% nanocomposite and
hybrid LCP. This proves that the BaTiO3 concentration is vital
when modifying the electrical behavior of dielectric nano-
composites. We therefore need to have a systematic balance
between the intricate interplay between BaTiO3, CB12, and
CNCs. These bandgap energies are calculated from the lmax

using the equation below, and the results are summarized in
Table 3.

Eg ¼ hc

l

where Eg is the bandgap energy, h – Planck's constant, c – speed
of light (∼3.0 × 108 m s−1), and l – wavelength (nm).
Table 3 Bandgap energies for the hybrid LCP and BaTiO3/CNC-i-
PAACB12-r-PAA nanocomposites with varying BaTiO3 loading ratios

Nanocomposite Eg (eV)

CNC-i-PAACB12-r-PAA 3.4
BaTiO3 (10 wt%)/CNC-i-PAACB12-r-PAA 3.6
BaTiO3 (20 wt%)/CNC-i-PAACB12-r-PAA 3.8
BaTiO3 (40 wt%)/CNC-i-PAACB12-r-PAA 4.1

This journal is © The Royal Society of Chemistry 2026
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We observe that the LCP type has a signicant impact on the
electrical behavior of the nanocomposites. BaTiO3/CNC nano-
composites appear more blue-shied relative to BaTiO3/
PAACB12-r-PAA and BaTiO3/CNC-i-PAACB12-r-PAA. Introduc-
tion of BaTiO3 in CNC-i-PAACB12-r-PAA increases the absorp-
tion intensity of the material while impeding p–p stacking
resulting from CB12 at 275 nm, as shown in Fig. 8.
Morphology

To understand the size of BaTiO3 nanoparticles, we utilized
transmission electron microscopy (TEM) studies.45 Neat BaTiO3

NPs were observed to have a quasi-spherical morphology, with
an average particle size of about 200 nm as measured from
a TEM micrograph (Fig. S6). This agreed with the calculated
crystallite size calculated from XRD studies using the Scherrer
equation. This shows that the particle size of the BaTiO3

remained unchanged.
On the other hand, SEM studies offered complementary

morphological insights into the nanoscale structural informa-
tion obtained from TEM and X-ray studies.45 SEM samples are
sputtered with a 5 nm layer of 80/20 AuPd before the test. At 10 K
magnication, SEM micrographs for BaTiO3 (20 wt%)/CNC-i-
PAACB12-r-PAA nanocomposites annealed at different LC
transition temperatures (Fig. S7 and S8) showed a smooth CNC-
LCP matrix with distributed particulate features, pertinent to
the BaTiO3 nanoparticles. We observe minor agglomeration
clusters of about 100 nm in isolated regions and a layered
texture, consistent with the smectic cyanobiphenyl polymer as
conrmed by the SAXS scattering results. This layered texture
also exhibited a brillated texture associated with CNC align-
ment. The partially agglomerated clusters appeared sparsely
Fig. 8 UV-absorption results for the hybrid LCP and nanocomposites.

This journal is © The Royal Society of Chemistry 2026
distributed, while most of the BaTiO3 is embedded along the
CNC-rich domains. This aligns with the SAXS evidence of
smectic self-assembly of CNC-LCP nanocomposites, where
CNCs provide the nucleation site for BaTiO3 and act as a rigid
template that inuences LC molecular alignment. This tem-
plated dispersion minimizes random aggregation, resulting in
a long-range order of the BaTiO3 and mesogens, as observed in
the room-temperature SAXS prole (Fig. 5). We note that bulk-
level homogeneity cannot be conrmed without cross-
sectional electron microscopy. However, the SEM results
revealed the absence of interfacial voids between BaTiO3 and
the LCP, which correlates with the small domain analysis con-
ducted by X-ray diffraction (XRD) studies, where the persistence
of CNC and LC structural peaks aer BaTiO3 integration
showed a retained crystalline order of the individual moieties.
The inclusion of BaTiO3 stabilized the thermal behavior of the
nanocomposites, as conrmed by TGA studies (Fig. 2).
Dielectric performance

To investigate the impact of BaTiO3 on the dielectric properties,
broadband dielectric spectroscopy of both the CNC-i-PAACB12-
r-PAA polymer matrix and BaTiO3 (20 wt%)/CNC-i-PAACB12-r-
PAA nanocomposites is performed. As shown in Fig. 9(a)–(d),
the dielectric constant (3) and loss of the polymer matrix and
nanocomposite become signicantly large at relatively high
temperatures (>0 °C) and low frequencies, indicating consid-
erable contributions from electrode polarization (EP) and D.C.
conductivity. At 10 kHz, the 3 of CNC-i-PAACB12-r-PAA is 5.9 at
−30 °C and 8.1 at 30 °C, whereas the nanocomposite reaches 8.2
and 10.8, potentially due to the Maxwell–Wagner-Sillars polar-
ization at the BaTiO3–polymer interface.
J. Mater. Chem. A
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Fig. 9 Broadband dielectric spectra of CNC-i-PAACB12-r-PAA and BaTiO3 (20 wt%)/CNC-i-PAACB12-r-PAA nanocomposites. Dielectric
constant of (a) CNC-i-PAACB12-r-PAA and (b) BaTiO3 (20 wt%)/CNC-i-PAACB12-r-PAA nanocomposites. Loss of (c) CNC-i-PAACB12-r-PAA
and (d) BaTiO3 (20 wt%)/CNC-i-PAACB12-r-PAA nanocomposites. The imaginary component of the electrical modulus of CNC-i-PAACB12-r-
PAA (e) from −30 °C to 0 °C and (g) from 0 °C to 50 °C. The imaginary component of the electrical modulus of BaTiO3 (20 wt%)/CNC-i-
PAACB12-r-PAA nanocomposites (f) from –30 °C to 0 °C and (h) from 0 °C to 50 °C. (i) Arrhenius plot of both materials (blue for CNC-i-
PAACB12-r-PAA; orange for BaTiO3 (20 wt%)/CNC-i-PAACB12-r-PAA nanocomposites).

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2026
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Fig. 11 D–E loops for BaTiO3(20 wt%)/CNC-i-PAACB12-r-PAA
nanocomposites.
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The effect of BaTiO3 on relaxation dynamics is further
examined via the imaginary part of the electrical modulus,
M*(u) = 1/3*(u). As illustrated in Fig. 9(e)–(h), both the polymer
matrix and the nanocomposite display two loss peaks in their
imaginary M*. The loss peaks appearing in the very low
frequency range, where 3 of both materials signicantly
increases, are EP-induced relaxation processes. The low-
frequency EP loss peak of the nanocomposite overlaps more
with its high-frequency peak compared to the polymer matrix
(Fig. 9(e)–(h)), which is attributed to the increased D.C.
conductivity due to the incorporation of BaTiO3, thus reducing
the time constant of the EP relaxation process.46,47 The high-
frequency peak, observed in the imaginary M* of both mate-
rials (not in the nanocomposite alone), is associated with the
dielectric response of the polymer matrix rather than the
BaTiO3-polymer interfacial polarization. This is further sup-
ported by the fact that the high-frequency loss peak is still
observed in PAACB12-r-PAA without CNC interlocking (Fig. S9).
Since the dielectric spectroscopy measurement is conducted at
TLC1, the observed relaxation process should be attributed to the
b process due to the librational uctuations of the mesogen (12-
spacer cyanobiphenyl) around the long molecular axis (carboxyl
groups are largely xed due to hydrogen bonding with CNCs).
Arrhenius plots in Fig. 9(g) demonstrate the temperature-
dependent relaxation rates (1/speak) of this relaxation process
for bothmaterials. The relaxation process of the nanocomposite
possesses a higher activation energy and a slower relaxation rate
compared to the polymer matrix, implying a suppressed relax-
ation process due to the presence of BaTiO3 nanoparticles. A
traditional reason for restricted relaxation in nanocomposite
polymers is the attraction at the interface between inorganic
nanoparticles and the polymer matrix.48 However, in the LCP
nanocomposite, BaTiO3 and CNC-i-PAACB12-r-PAA do not form
a classical thermodynamically wetted interface. In contrast, the
presence of interfacial adhesion, mediated by dipolar and
surface interactions, strengthens the proposed mechanism:
restricted mesogen mobility arises from interfacial anchoring
Fig. 10 Displacement–electric field (D–E) loop of BaTiO3(20 wt%)/CNC
Discharge energy density and charge–discharge efficiency of BaTiO3(20
r-PAA below 100 MV m−1. The D–E loop of (b) BaTiO3(20 wt%)/CNC-i-P

This journal is © The Royal Society of Chemistry 2026
and ordering constraints imposed by the BaTiO3 surface, rather
than from a fully wetted or chemically bonded interface.

Therefore, BaTiO3 nanoparticles primarily function as
a steric hindrance while facilitating the formation of a long-
range ordered structure, thereby reducing the mobility of the
mesogen. Due to this restricted movement of the mesogen, the
liquid–crystal transition temperature (TLC1) of the nano-
composite is also slightly increased.

Due to the exceptionally high dielectric constant of
BaTiO3(20 wt%)/CNC-i-PAACB12-r-PAA nanocomposites, which
exceeds that of state-of-the-art commercial capacitor-grade lm
(BOPP) by more than four-fold, a discharge energy density of 0.1
J cm−3 has already been achieved at only ∼40 MV m−1, Fig. 10.
Given the relatively large sample thickness, electrical break-
down did not occur even aer the maximum voltage of our
power supply (10 kV) was applied, which limits the experimental
evaluation of discharge energy density at higher electric elds.
-i-PAACB12-r-PAA nanocomposites and CNC-i-PAACB12-r-PAA. (a)
wt%)/CNC-i-PAACB12-r-PAA nanocomposites and CNC-i-PAACB12-
AACB12-r-PAA nanocomposites and (c) CNC-i-PAACB12-r-PAA.
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However, based on theoretical estimation using dielectric
constant, the discharge energy density of BaTiO3(20 wt%)/CNC-
i-PAACB12-r-PAA nanocomposites can reach approximately 2.2 J
cm−3 at 200 MV m−1 (the typical design eld of BOPP),
assuming a 70% charge–discharge efficiency. In comparison,
BOPP delivers a 0.39 J cm−3 at 200 MV m−1.49 The D–E loop of
BaTiO3(20 wt%)/CNC-i-PAACB12-r-PAA nanocomposites and
CNC-i-PAACB12-r-PAA are presented in Fig. 10.

The energy storage behavior of dielectric materials can be
described by the following equations. As illustrated in the D-E
loop in Fig. 11, the charged energy density corresponds to the
total area of Area I and Area II, whereas the discharged energy
density is represented by Area I alone. Therefore, minimizing
Area II, which reects energy loss, is essential for achieving high
charge–discharge efficiency and maximizing discharge energy
density.

Ue =
Ð
EdD = AreaI

Uloss = AreaII

h ¼ AreaII

AreaI þAreaII
� 100%

where Ue: discharged energy density, Uloss: loss, E: electric eld,
D: electric displacement, AreaI: area of Area I, AreaII: area of Area
II, and h: charge–discharge efficiency.
Conclusion

We successfully designed a novel hybrid energy storage material
comprising BaTiO3-loaded CNC/LCP nanocomposites and
conducted a comprehensive structure–property evaluation,
including mesophase behavior. The correlation between self-
assembled mesostructures and dielectric performance was
systematically established. Compression molding of BaTiO3-
loaded CNC/LCP nanocomposite lms promoted the ordering
of liquid crystals (LCs) around the BaTiO3 nanoparticles,
enabling long-range organization without the need for external
eld-induced alignment. LC–LC interactions were found to
dominate the system, leading to mesostructures consistent with
the smectic mesophase associated with the CB12 mesogen.

Broadband dielectric spectroscopy performed on CNC-i-
PAACB12-r-PAA and BaTiO3 (20 wt%)/CNC-i-PAACB12-r-PAA
samples revealed a signicant increase in the dielectric
constant (3) and loss at temperatures above 0 °C and low
frequencies, attributed to electrode polarization (EP) and DC
conductivity. These effects diminished above 10 kHz, consistent
with Kramers–Kronig analysis. The 3 values increased from 5.9
to 8.1 (−30 °C to 30 °C) for the CNC-i-PAACB12-r-PAA hybrid
polymer and from 8.2 to 10.8 for the BaTiO3 (20 wt%) nano-
composite. This enhancement is attributed to Maxwell–Wag-
ner–Sillars polarization at the BaTiO3–polymer interface.
Overall, the dielectric response is strongly governed by LCP
molecular alignment and interfacial polarization effects. Vari-
ations in relative permittivity and loss tangent further highlight
J. Mater. Chem. A
the role of CNC interlocking in promoting uniformmorphology
and retaining structural integrity of the lms.

Relaxation dynamics, analyzed via the imaginary part of the
electrical modulus (M*(u)), revealed two distinct loss peaks in
both systems. The low-frequency peak, associated with EP
relaxation, overlapped with the high-frequency peak in the
nanocomposite due to enhanced DC conductivity from BaTiO3,
resulting in reduced EP relaxation time. The high-frequency
peak originated from the polymer matrix dielectric response,
as conrmed by its presence in PAACB12-r-PAA without CNC
interlocking. The relaxation mechanism corresponds to meso-
gen (CB12) b-process uctuations, with Arrhenius analysis
indicating clear temperature dependence. Compared to the
polymer matrix, the nanocomposite exhibited higher activation
energy, a slower relaxation rate, and an increased liquid–crystal
transition temperature (TLC), consistent with restricted side-
chain mobility induced by BaTiO3 nanoparticles, in agreement
with the DSC results.

Overall, the incorporation of BaTiO3 into CNC-based cyano-
biphenyl LCP nanocomposites enhances domain ordering and
interfacial polarization, leading to improved dielectric perfor-
mance. While the observed morphology suggests good struc-
tural integrity upon ller incorporation, quantitative evaluation
of mechanical properties such as toughness and brittleness
requires further investigation. Nevertheless, the synergistic
integration of LCP ordering, CNC reinforcement, and BaTiO3

highlights the strong potential of this nanocomposite system
for next-generation energy storage applications, particularly
capacitors with tunable dielectric properties enabled by
controlled molecular design and self-assembly.
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