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Introduction

Dielectric behaviour of plasma hydrogenated
TiO,/cyanoethylated cellulose nanocomposites

Nadeesh M. Adassooriya, (2 @ Dilek Ozgit,® Sai G. Shivareddy,? Pritesh Hiralal,®
Damayanthi Dahanayake,” Rachel A. Oliver® and Gehan A. J. Amaratunga*?

The interface between the polymer and nanoparticle has a vital role in determining the overall dielectric
properties of a dielectric polymer nanocomposite. In this study, a novel dielectric nanocomposite con-
taining a high permittivity polymer, cyanoethylated cellulose (CRS) and TiO, nanoparticles surface
modified by hydrogen plasma treatments was successfully prepared with different weight percentages
(10%, 20% and 30%) of hydrogenated TiO,. Internal structure of H plasma treated TiO, nanoparticles
(H-TiO,) and the intermolecular interactions and morphology within the polymer nanocomposites were
analysed. H-TiO,/CRS thin films on SiO,/Si wafers were used to form metal-insulator—metal (MIM) type
capacitors. Capacitances and loss factors in the frequency range of 1 kHz to 1 MHz were measured. At 1
kHz H-TiO,/CRS nanocomposites exhibited ultra-high dielectric constants of 80, 118 and 131 for nano-
composites with 10%, 20% and 30% weight of hydrogenated TiO, respectively, significantly higher than
values of pure CRS (21) and TiO, (41). Furthermore, all three H-TiO, /CRS nanocomposites show a loss
factor <0.3 at 1 kHz and low leakage current densities (107 A cm™2-10"" A cm™2). Leakage was studied
using conductive atomic force microscopy (C-AFM) and it was observed that the leakage is associated
with H-TiO, nanoparticles embedded in the CRS polymer matrix. Although, modified interface slightly
reduces energy densities compared to pristine TiO,/CRS system, the capacitance values for H-TiO,/CRS-
in the voltage range of —2 V to 2 V are very stable. Whilst H-TiO,/CRS possesses ultra-high dielectric con-
stants (>100), this study reveals that the polymer nanoparticle interface has a potential influence on
dielectric behaviour of the composite.

promising route to replacing electrolytic capacitors is to have
thin film dielectric capacitors with higher energy density.> In

Capacitors are used ubiquitously in all electronic circuits and
systems for transient energy storage and ballasting. Energy
density achievable in a capacitor will determine its physical
size in an electronic system." Very often the capacitor size is a
limiting factor in minimising the overall size and weight of an
electronic system. This is a pressing issue especially in porta-
ble and mobile electronic systems in applications ranging
from wearable sensors to electric vehicles. At present the
higher energy rated are bulky electrolytic capacitors. One
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turn, the energy densities of dielectric capacitors are limited
by the relative permittivity of the dielectric material. As a
result, within the past decade there has been significant
research effort directed at developing higher permittivity
dielectric materials for capacitors.?

One route being explored to achieve high effective permit-
tivity is to form a composite of two (or more in principle)
dielectrics. However, the challenge is to achieve an increase in
the effective permittivity of the dielectric without increasing its
effective thickness, which would reduce capacitance, beyond
that required for sustaining the electric field without break-
down at the specified operating voltage. One possible way of
achieving this is to introduce one of the materials in nano-
particle form within the other i.e. a nanocomposite.! This has
the advantage of maximising surface (interface) area to volume
ratio of the material included in nanoparticle form. In recent
years, it has been shown that with the introduction of nano-
sized fillers into polymer matrices significantly higher dielec-
tric constants compared the dielectric constant of the filler

This journal is © The Royal Society of Chemistry 2023
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could be achieved. This increase in effective dielectric constant
has been ascribed to polarisation phenomena at the nano-
particle-polymer interfaces.’

It is in this vein that nanosized fillers have been introduced
into dielectric polymer matrix to form dielectric polymer nano-
composites. Enhanced dielectric properties with low leakage
currents while preserving the facile processability, flexibility
and lightness of the polymer matrix have been reported.®™®
TiO, is a versatile material used in a range of applications
including nanodielectrics where composites of nanoscale TiO,
with different polymers form the dielectric.”*® In 1988,
Bandyopadhyay et al reported the first dielectric nano-
composite based on TiO, nanoparticle and polystyrene.’
Afterwards, in 1994 Lewis'® reported a landmark theoretical
study on dielectric nanocomposites the significance which was
recognised after publication of the experimental work on TiO,-
epoxy resin dielectric nanocomposite (k = 8.5 at 1 kHz for
500-750 pm thick films) published by Nelson et al. in 2002."
In 2004, Cheng et al. reported a cross linked poly-4-vinylphe-
nol-TiO, dielectric nanocomposite with dielectric constant of
7.5 at 50 kHz. Maliakal et al. achieved over 3 times enhance-
ment of dielectric constant compared to that of bulk poly-
styrene for a 1.25 pm thick core shell TiO,-polystyrene nano-
composite films at 1 kHz.'> Nanocomposites of polypyrrole/
TiO, (k = 140 at 1 kHz for 0.5 mm thick films),"> PMMA/TiO,
(k = 25 at 1 kHz for 5 mm thick films),** poly(vinylidenefluor-
ide-ter-trifluoroethylene)-TiO, (k = 12 at 1 kHz for 25-50 pm
thick films)"® and poly (vinylidenefluoride-ter-trifluoroethyl-
ene-ter-chlorotrifluoroethylene)-TiO, (k = 42 at 1 kHz for
25-50 pm thick films),"® PEOX-PVP-TiO, nanocomposite (k =
18.56 at 1 kHz 0.40 mm thick films)'” have been reported sub-
sequently in the literature. In our previous work we explored
the use of TiO, nanoparticles within a high dielectric polymer
called cyanoethylated cellulose (CRS) and reported effective
relative permittivities in excess of 200 ((k = 207 at 1 kHz, 25 nm
TiO, particles, 120 nm thin films); 10 times higher than that
of the pristine CRS polymer).’® CRS is a cellulose derivative
with very high dielectric constant (k = 21 at 1 kHz) compared
to other dielectric polymers, but has received comparatively
less attention in the literature. Dipoles of CO and CN present
in CRS are responsible for dielectric behaviour and due to the
polar nature of the polymer matrix, it also shows a strong
affinity for inorganic oxides.'® In addition, dielectric behaviour
of CRS/BaTiO; (k = 133 at 1 kHz, 2-micron BaTiOj; particles
and film thickness 100-350 pm)*° and MMT/CRS (k = 71 at 1
kHz, 180 nm thin films)*! have been reported in the literature.
Here we further explore the TiO, nanoparticle system by sub-
jecting the surface to a plasma treatment. The aim is to see
whether the effective interface charge density can be enhanced
by introducing additional surface states through mild plasma
etching.

In the hydrogenation process TiO, nanoparticles are treated
in hydrogen containing environment or hydrogen plasma at
defined temperatures for certain period of time. During this
process the surface of the TiO, nanoparticles completely
change as it forms a highly disordered surface layer containing

This journal is © The Royal Society of Chemistry 2023
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large number of oxygen vacancies, Ti’" though self-doping,
surface hydroxyl groups and T-H bonds. Hydrogenated TiO, or
black TiO, is now one of the most attractive materials in the
areas of photocatalysis, electrochemical solar cells, super-
capacitors and batteries.**

Experimental
Materials

TiO, anatase nanoparticles and acetone were purchased from
Sigma Aldrich, USA and CRS polymer were purchased from
Shin-Etsu Chemical Co. Ltd Japan. All chemicals were used
without further purification.

Hydrogenation of TiO, NPs using hydrogen plasma

TiO, nanoparticles (100 mg) were dispersed in ethanol (50 ml)
with the aid of ultrasonication for 10 min. Then solution was
drop cast on a Si wafer. Drop casting was repeated several
times to obtain a thick TiO, layer on the Si wafer. Prepared
TiO, films were exposed to an H plasma for 2-10 min. The H,
plasma treatment was performed at 500 °C and 3.6 mbar
pressure. Plasma power was 50 W and H, flow rate was 50
sccm.

Preparation of films of H plasma treated TiO, nanocomposite

CRS polymer was dissolved in acetone to prepare a polymer
solution and different volumes of polymer solution were
mixed with H-TiO, nanoparticles and stirred for 24 hours to
obtain H-TiO,/CRS dispersions with different H-TiO, weight
percentages; 10% (3.45 vol%), 20% (6.65 vol%) and 30% (9.65
vol%) respectively. Spin coating of H-TiO,/CRS dispersions at
2500 rpm for 20 s was used to deposit polymer nanocomposite
films on clean n-type Si wafer (with a 200 nm SiO, layer). This
was followed by thermal annealing at 150 °C for 3 hours.

Fabrication of metal-insulator-metal (MIM) type capacitors

H-TiO,/CRS nanocomposite films on SiO,/Si wafers were used
to form metal-insulator-metal (MIM) type capacitors (100 nm
Al layers deposited by thermal evaporation were used as metal
top and bottom electrodes). Capacitance measurements of the
nanocomposites over a range of frequencies from 1 kHz to
1 MHz, capacitance-voltage measurements and current-
voltage measurements were performed on a Microtech cascade
probe station.

Characterisation H-TiO,/CRS nanocomposite

PXRD data of the dielectric films were collected on a Phillips
PW3710 diffractometer with nickel-filtered CuKa radiation
(1.5406 A) using a scanning RTMS X’Celerator detector. The
morphology and film thickness were analysed by Scanning
Electron = Microscopy  (SEM) using a  HITACHI
SS5500 microscope. Conductive atomic force microscopy
(C-AFM) was carried out on a Veeco Dimension 3100 atomic
force microscope (AFM) using a commercially-available
extended tunneling atomic force microscopy (extended-TUNA)

Nanoscale, 2023,15,1824-1834 | 1825


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr04680f

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 19 December 2022. Downloaded on 7/23/2025 4:24:34 PM.

(cc)

Paper

HYDROGENATION

Process gas
injection

Thermocouple
Graphite
O-ring

Quartz
shielding

. -
High current _:“ i
Feedthroughs ——— \

View Article Online

Nanoscale

MIXING SPIN COATING MIM CAPACITOR FABRICATION
% em2 SI/SI02 wafer C::’n.:':s‘l:e
xrpm, x °C
Hle‘O!enated TIO, X coating SiISioz wafer
CRS polymer
TiO,

Evaporated Al nanoparticles
contacts embedded in
CRS polymer

] matrix

INTERNAL
STRUCTURE OF THE
NANOCOMPOSITE

Fig. 1 Stepwise preparation of MIM capacitors with H plasma treated TiO,—CRS nanocomposite thin films.

module. Platinum-iridium coated probes (from Veeco, model:
SCM-PIC) were used. X-ray photoelectron spectroscopy (XPS)
was carried out using a ESCALAB 250 Xi equipped with a
monochromatic Al Ka X-ray source in an ultrahigh vacuum.
Ultra-violet photoemission spectroscopy (UPS) was also carried
out using a ESCALAB 250 Xi with a UV excitation source of He—
I emission at 21.21 eV in an ultrahigh vacuum. Fourier trans-
form infra-red spectroscopy was performed using a Bruker
Vertex80 in the range from 600 to 4000 cm ™" using the attenu-
ated total reflectance technique. Transmission electron
microscopy characterisation was performed at room tempera-
ture on a Philips CM30 instrument operating at 300 kV. TEM
images, electron diffraction patterns and EELs spectra were
recorded. NMR Spectrum for hydrogenated TiO, was recorded
on a Bruker Advance 400 spectrometer tuned to 500 MHz for
"H NMR. A 4 mm probe was used spinning at 6 kHz. 1000 tran-
sients were collected using an 8 s recycle delay and a rf field of

1826 | Nanoscale, 2023, 15,1824-1834

60 kHz. Elemental analysis (hydrogen) of hydrogenated TiO,
was performed using a CE-440 Exeter Analytical, Inc. elemental
analyser. Schematic representation of fabrication of MIM
capacitor starting from pristine TiO, and CRS polymer is given
in the Fig. 1.

Results and discussion

Hydrogen plasma treated TiO, nanoparticles

PXRD, FTIR and UV/Vis analysis of hydrogen plasma treated
TiO, nanoparticles. The PXRD patterns of the pristine TiO,
and H plasma treated TiO, nanoparticles (10 min H plasma
exposure at 500 °C), are shown in Fig. 2(a). There is no obvious
difference between the X-ray diffraction patterns of pristine
and hydrogenated TiO, indicating that there is no phase trans-
formation during the H plasma treatment.>®

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 PXRD patterns of (a) FTIR spectra (b) of TiO, and H plasma treated TiO, and (c) UV-visible spectra and (d) corresponding photographs of H

plasma treated for different exposure time.

FTIR spectra for pristine TiO, and H-TiO, are shown in
Fig. 2(b). Both pristine TiO, and H-TiO, show same IR activity;
absorption bands at 3350 cm™, 1630 cm™ and 734 cm™" are
due to O-H stretching, O-H bending of surface adsorbed water
and Ti-O stretching mode of TiO, respectively.

Fig. 2(c) shows the UV-Visible absorption spectra for pris-
tine TiO, and H-TiO, with different reaction times. It was
observed that a significant change in the absorption intensity
in the UV region and the absorption in the visible light region
gradually increased with extended hydrogenation time. This
can be attributed to the colour change in the material, where
the white colour of the pristine TiO, turns into black. The
optical absorption characteristics suggest that H plasma treat-
ment introduces surface defect states within the band gap of
the Ti0,.>**® Fully black H plasma treated TiO, sample for
10 min at 500 °C was used for all the other characterisations
and nanocomposite formation from here on.

Electron microscopy on hydrogen plasma treated TiO,
nanoparticles

SEM and STEM images for pristine TiO, and H-TiO, are shown
in Fig. 3. Pristine TiO, shows spherical morphology with

This journal is © The Royal Society of Chemistry 2023

25 nm average particle size. After hydrogenation, morphology
and particle size remain unchanged. However, it was observed
H-TiO, particles are more aggregated compared to pristine
TiO, NPs.

HR TEM images and electron diffraction patterns for pris-
tine TiO, and H-TiO, are shown in Fig. 4.

Electron energy loss (EEL), solid state proton NMR, XPS
analysis and band gap calculation of hydrogen plasma treated
TiO, nanoparticles

As seen from the well resolved lattice features in Fig. 4(a) and
(b), both pristine and H plasma treated TiO, are highly crystal-
line and significant differences are not observed in the HR
TEM images. However, fast Fourier transform analysis images
(FET) of pristine TiO, contains more and brighter diffraction
spots compared to H-TiO,. This is indicative of some distor-
tion in the TiO, atomic lattice structure lattice after the hydro-
genation process and is consistent with optical absorption
indication the introduction defect states within the band gap.
Furthermore, in Fig. 5(a) the Electron Energy Loss (EEL)
spectra for pristine TiO, and H-TiO,, shows that the peak at
464.8 eV for pristine TiO, has shifted to 465.8 eV after H

Nanoscale, 2023,15, 1824-1834 | 1827
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Fig. 3 SEM (a) and STEM (b) images of TiO, nanoparticles and SEM (c) and STEM (d) images of H plasma treated TiO, nanoparticles.

plasma treatment. The chemical shift can be due to the
change in charge transfer from Ti to O in H plasma treated
TiO,. This is further evidence of the chemical changes in the
TiO, surface during hydrogenation via H plasma treatment.
The EELS spectrum of pristine TiO, is in good agreement with
previously reported data in the literature. Ti L; , edge in TiO,
shows two spectral lines split into two maxima due to crystal
field splitting where octahedral coordination of Ti atom with
O splits into degenerate 3d states.

H-NMR spectra of pristine TiO, and H-TiO, nanoparticles
show broad peaks at chemical shifts of 9.3 ppm and 7.6 ppm
respectively. However, H-TiO, nanoparticles shows two small
additional peaks at 4.0 ppm 2.4 ppm which could be ascribed
the presence of weakly bound hydrogen atoms as a result of
the H plasma treatment. The multiplicity of the NMR peaks
can be used to identify the number of H environments within
the sample. The peaks at 4.0 ppm and 2.4 ppm can be attribu-
ted to bridging and terminal titanol groups.”®

XPS analysis of Ti 2p region reveals a slight shift of binding
energies as shown in Fig. 5(c). The Ti 2p XPS spectra shows
two main peaks at 458.4 eV and 463.9 eV due to the spin-orbit
pairs of 2p*? and 2p“/. In addition, a satellite peak at 471 eV
was observed.*" A similar trend was observed for the Ti 2p in
H-TiO, (2p*? peak at 458.6 eV, 2p*/* peak at 464.3 eV and satel-
lite peak at 472 eV). These slight changes in the binding ener-

1828 | Nanoscale, 2023, 15, 1824-1834

gies can be attributed to the oxygen vacancy formation in the
TiO, surface. A notable change in the binding energies of O 1s
was not observed in agreement with previous studies. HOMO
and LUMO energy levels of H plasma treated TiO, NPs were
extracted using UV/Vis Fig. 5(d) and UPS data (Fig. S17). It was
observed that band gap of pristine TiO, NPs (3.20 eV) has
reduced to 3.1 eV following the hydrogenation process which
is in agreement with the previous studies.”® HOMO level of
energy of pristine TiO, measured in our previous work was
—7.5 eV. H-TiO, gives a HOMO value of 5.90 eV during the
hydrogenation process. This is a very significant shift of 1.6 eV.
UPS probes the first 2-3 nm of the surface of the nano-
particles. The NMR shows that the surface of the H-TiO, has
titanol groups. The surface modification through the titanol
groups may contribute to the shift in the HOMO energy
measured. In addition to above characterisation techniques,
elemental analysis for hydrogen was performed on hydrogen-
ated TiO, samples and it shows that 0.2% of average weight
percentage of hydrogen is present. It suggests that TiO,:H
molecular ratio is roughly 5: 1. Pristine TiO, did not give any
significant reading.

H-TiO,/CRS nanocomposites and MIM capacitors

PXRD, SEM and XPS analysis of H-TiO,/CRS nano-
composites. The PXRD traces of H-TiO,/CRS nanocomposites,

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 HR TEM (a) and FFT (b) images of TiO, nanoparticles and HR TEM (c) and FFT (d) images of H plasma treated TiO, nanoparticles.

H-TiO, and CRS polymer are given in Fig. 6(a). The peak posi-
tions of the H-TiO, sample are consistent with the anatase
phase of TiO, and there is no change in the crystal phase of
H-TiO, when it is incorporated into a CRS polymer matrix. In
addition, the amorphous nature is observed by the broad
peaks at around 10° and 25°26 for both bare polymer and for
the CRS matrix of the composite. Fig. 6(b) shows a cross
section of a H-TiO,/CRS thin film on the Al bottom contact on
the SiO, 200 nm/Si wafer.

X-ray photoelectron spectroscopy of the N 1s peak from the
bare CRS polymer and H-TiO,/CRS and Ti 2p peak from bare
TiO, and H-TiO,/CRS are shown in Fig. 6(c). The N 1s spectra
for the CRS polymer showed two major peaks with binding
energies of 397.4 eV and 397.9 eV whereas, N 1s spectra for the
H-TiO,/CRS resolved into three peaks at 400.3 eV, 401.5 eV and
402.5 eV. The shifting of the binding energy of N 1s in the CN
group of the polymer confirms the interaction of the CRS
polymer with H-TiO, nanoparticles. In Fig. 6(d) the Ti 2p XPS
spectra for H-TiO, shows two main peaks at 457.2 eV and
462.8 eV due to the spin-orbit pairs of 2p** and 2p"2 In
addition, a satellite peak at 470.4 eV was observed. For H-TiO,/
CRS; the Ti 2p*? and 2p*/? peaks are shifted to 461.3 eV and
466.8 eV respectively. However, satellite peak was not observed.

This journal is © The Royal Society of Chemistry 2023

A notable change in the binding energies of C 1s and O 1s
were not observed. Furthermore, N 1s spectral line of CRS-H-
TiO, has shifted to higher values compared to CRS-TiO, nano-
composite. This can be ascribed as to the changes that arise in
the electronic structure of H-TiO, during hydrogenation which
facilitate the bonding interactions of H-TiO, with the CRS
polymer matrix. The XPS data suggest that the interaction of
the CRS with H-TiO, occurs via interactions of Ti with N to
TiN type complexes.*®

Electrical properties of H-TiO,/CRS nanocomposites MIM
capacitors

The capacitances of the H-TiO,/CRS nanocomposite films and
bare CRS polymer were measured in the frequency range from
1 kHz to 1 MHz and are shown together with their respective
dielectric constants in Fig. 7(a) and (b).

The capacitance values for the bare polymer and 10%
weight CRS-H-TiO, composite remain constant up to 500 kHz
and then gradually decreases with increasing frequency. For
20% and 30% weight H-TiO,/CRS composite, capacitance
values sharply decrease after 10 kHz with increasing frequency.
This behaviour is due to the relaxation process in H-TiO,/CRS
interface.*'

Nanoscale, 2023, 15,1824-1834 | 1829
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However, capacitance values for all TiO,/CRS nano- 10™° A em?-10"® A ecm™ 2. However, as seen in TiO,/CRS

composites reported in our previous work are stable up to 500
Hz compared to H-TiO,/CRS nanocomposites. This suggests
that the addition of H plasma treated TiO, initiates the relax-
ation process at lower frequencies compared to pristine TiO,,
in the CRS matrix. Which is consistent with the H plasma
treatment creating surface defect states deep in the band gap
which take longer to fill/lempty. Dielectric constants for all
three composites were calculated using the average film thick-
ness measured by AFM (Fig. S2t). At 1 kHz CRS-H-TiO, nano-
composites exhibited high dielectric constants of 80, 118 and
131 with 10%, 20% and 30% weight of H-TiO, respectively
which is significantly higher than of pure CRS. Fig. 7(c) shows
capacitance-voltage measurements for all three
composite films and bare CRS polymer and it was observed
that capacitance values for all three nanocomposites and bare
CRS polymer in the voltage range of —2 V to 2 V are very stable.
The leakage current densities are relatively low, in the range of

nano-

1830 | Nanoscale, 2023, 15,1824-1834

nanocomposites,” the H-TiO,/CRS current voltage character-
istics also possess a distinct asymmetry and a shift in the zero
current up to 1 V is seen for composites with different TiO,
loading. This shift in the minimum current from 0 V could be
due to the charging of the H-TiO,/CRS interfaces. There is
likely to be charging at the contacts when there is a high con-
centration of NPs >10% in the nanocomposite. Furthermore,
all three H-TiO,/CRS nanocomposites show a loss factor <0.3
at 1 kHz (Fig. S37).

Conductive atomic force microscopy on H-TiO,/CRS nano-
composite films

Fig. 8 shows topography and current AFM images of H-TiO,/
CRS nanocomposite films. As shown in Fig. 8(a), H-TiO, nano-
particles within the polymer gives rise to topology differences.
In the AFM topography image bright spots are ascribed to
H-TiO, nanoparticles exposed on the surface. The corres-

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr04680f

Open Access Article. Published on 19 December 2022. Downloaded on 7/23/2025 4:24:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Paper
—— H-TiO2
— 10% H-TiO2
- —— 20% H-TiO2
= —— 30% H-Ti02
g =i CRS-H-TiO; layer
4
A
o Wy
g e A Mt it T
‘E eyl s ST i 4
v
..... S UL MU UL ———
10 20 30 40 50 60 70 80
2 Theta (degrees)
N 1s Ti2p
(©) (d)
—_ (2] -
£ | CRS-H-TiOy E |[CRSHI-NIOZ
= o
. K]
2 s
= z
2 ko
7] e
c Q
g E
| CRS
H-TiOz
T T T T T T T T T T
394 396 398 400 402 404 406 40: 450 455 460 465 470 475
Binding Energy (eV) Binding Energy (eV)
Fig. 6 (a) PXRD traces, (b) SEM images cross section of a H-TiO,/CRS (10%) (c) XPS N 1s spectra for CRS and H-TiO,/CRS (d) XPS Ti 2p spectra for

H-TiO, and H-TiO,/CRS (10%) nanocomposite.

ponding current distribution image of H-TiO,/CRS nano-
composite is shown in Fig. 8(b). Fig. 8(c) shows overlap of
Fig. 8(a) and (b). In addition, Fig. 8(d-g) shows topography,
corresponding C-AFM image of current distribution, topogra-
phy-current image overlaps and IV curve of selected H-TiO,
agglomerate on the nanocomposite thin film. Fig. 8(h) shows
step height of 10% H-TiO,/CRS nanocomposite which was
used to measure the average film thickness.

In the C-AFM configuration the biasing conditions negative
currents are measured, corresponding to dark spots in the
C-AFM image. The dark spots in the current image are in the
vicinity of H-TiO, particles and leakage paths through the
nanocomposite are associated with the H-TiO, nanoparticles.
For a negative potential at the tip, I-V curve shows typical
diode type behaviour between the Pt coated AFM tip and the
H-TiO, nanoparticle embedded in CRS polymer.

Energy band diagram for H-TiO,/CRS

Energy band diagram for H-TiO, and CRS interface was con-
structed using the HOMO and LUMO energy levels of H-TiO,
and pristine CRS polymer extracted using UV/Vis and UPS data
as discussed in detail previously in ref. 20. Same as in CRS-

This journal is © The Royal Society of Chemistry 2023

TiO, system, band energy levels for CRS are aligned to those of
H-TiO, as shown in Fig. 9 below.

Though the CRS is an insulator, at the interface with the
H-TiO, it is shown as having the capability to charge through
interaction with defect and polarised bonding states. The
interface at equilibrium therefore conforms to a semi-
conductor heterojunction model. However, when a potential is
applied at the terminals and there is a shift from the equili-
brium, only states on the H-TiO, side of the interface are avail-
able for further filling or emptying. The equilibrium situation
is taken as frozen-in charge at the interface. Therefore, the
CRS acts as an insulator (no charge) away from the interface,
while the charge on the H-TiO, side of the interface can
change. It is this additional charge which has to be balanced
at the terminals of the composite dielectric which leads to the
increase in the overall relative permittivity of the nano-
composite film.

Surface modification of NPs was used to improve the
chemical interactions at the interfaces between nanoparticles
and polymer matrix and thereby influence the charge transfer
at the interface to tailor the dielectric properties of the nano-
composites. Hydrogenated TiO, nanoparticles obtained by H
plasma treatments of pristine confirmed the presence titanol
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for H-TiO,/CRS nanocomposites with different H-TiO, loadings.

type functionality on TiO, NPs and the surface amorphous
nature H-TiO,. The pristine TiO, NPs with CRS polymer show
higher energy densities (At 1 kHz, 80, 118 and 131 dielectric
constants extracted were for H-TiO,/CRS nanocomposites with
10%, 20% and 30% weight of H-TiO, respectively. In the case
of TiO,/CRS nanocomposites dielectric constants were 118,
176 and 207 with 10%, 20% and 30% weight of TiO, respect-
ively). In the case of H-TiO,, introduction of titanol type func-
tionality on the TiO, surface improves the bonding inter-
actions at the polymer-nanoparticles interface resulting
reduced structural mobility. Thus, charging of the interface
due to defects from unpaired bond is inhibited. However,
capacitance values for H-TiO,/CRS nanocomposites in the
voltage range of —2 V to 2 V are very stable compared to pris-
tine TiO, and CRS nanocomposite. In traditional dielectric
composites the highest dielectric constant that can be
achieved is always found to be below the dielectric constant of
the filler as explained by the logarithmic mixing rule. However,
it has been shown that with the introduction of nanosized
fillers into polymer matrices significantly higher dielectric
constants compared to that of the filler could be achieved. Two
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models have been proposed to explain this behaviour, one
termed the interface model*® and the other the multi core
model.>* According to the interface model, the interface zone
between the nanoparticle and the polymer has a vital influence
on the properties of the dielectric as whole. In the multicore
model, dielectric nanoparticles dispersed in a polymer matrix
are assumed to result in the formation of different layers
termed the bound layer, intermediate layer and the loose layer.
The bound layer (1% layer) corresponds to the nanoparticle
and polymer bonding through functional groups to form an
interface which is responsible for the formation of the diffuse
electrical double layer. The intermediate layer (2™ layer) con-
sists of polymer chains strongly bonded to the bound layer.
The loose layer (3™ layer) is a region of polymer loosely bound
to the second layer. The polarisation phenomena occurring in
the interface zones of nanoparticles are proposed as being
responsible for ultra-high dielectric constants measured in
these dielectric nanocomposites. We propose an extension of
this model based on the nanoparticle being a semiconductor
which can be internally charge depleted/accumulated to give
an increase in the effective dielectric permittivity (constant).

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Energy band diagram for H-TiO,/CRS nanocomposite.
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Conclusions

CRS-H-TiO, nanocomposites which exhibit ultra-high dielec-
tric constants 80, 118 and 131 for nanocomposites with 10%,
20% and 30% weight of hydrogenated TiO, respectively, sig-
nificantly higher than values of pure CRS (21) and TiO, (41).
Furthermore, all three CRS-hydrogenated TiO, nano-
composites show a loss factor <0.3 at 1 kHz and low leakage
current densities (107® A em™>-1077 A cm™?). It was observed
that the low leakage current is associated with hydrogenated
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TiO, nanoparticles embedded in the CRS polymer matrix.
Although, modified interface slightly reduces energy densities
compared to the pristineTiO,/CRS system, it increases the
stability of capacitance values for H-TiO,/CRS in the voltage
range of —2 V to 2 V compared to pristine TiO,/CRS. The
results show that the polymer-nanoparticle interface plays a
major role in tuning dielectric properties of the nano-
composite as per the interface model. Also, it was observed
that HOMO-LUMO energy alignments between CRS and
H-TiO, also enhance the polarisation of the nanoscale inter-
faces which are distributed within the dielectric. The dielectric
behavior of nanoscale inorganic dielectrics dispersed in a high
permittivity polymer can be tuned via modification of the
surface properties of inorganic dielectric nanoparticles
employing solution free techniques such as hydrogen plasma
treatments to obtain electrically stable nanocomposite dielec-
trics for high energy density capacitors.
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