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The selection of materials for neural interface electrodes relies heavily on two key criteria: electrochemical
performance and biocompatibility. Carbon-based nanomaterials have attracted significant attention in
neural interface research due to their excellent electrical conductivity, biocompatibility, and mechanical
stability. However, achieving desirable electrochemical properties typically requires high-temperature
synthesis (>1000 °C), which limits their integration with temperature-sensitive substrates and restricts
broader device compatibility. In this study, we investigate TiO,@C core-shell nanowires (NWs)
synthesized at a low temperature of 320 °C via plasma-enhanced chemical vapor deposition (PECVD),
followed by in situ annealing at 450 °C, 550 °C, and 650 °C for durations of 1, 3, and 5 hours. We
systematically evaluated their charge storage capacity, electrochemical impedance, long-term cycling
stability, and in vitro biocompatibility. The 5 nm carbon shell, in situ annealed at 650 °C for 3 hours,
demonstrated the highest areal capacitance of 874.4 uF cm™2 at 50 mV st and a low impedance of 2.1
kQ at 1 kHz, with 92% capacitance retention after 1000 cyclic voltammetry (CV) cycles. In addition, the
electrode maintained stable performance across a range of scan rates, indicating resilience under
dynamic stimulation conditions. Initial cell culture assays using Hela cells confirmed the coating's
cytocompatibility, supporting viable and non-cytotoxic cellular activity comparable to conventional
substrates. These results highlight the potential of moderate-temperature synthesized TiO,@C core—
shell nanowires as high-performance, biocompatible electrode materials with improved compatibility for
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treatment of neurological disorders, such as deep brain stim-
ulation used in managing Parkinson's disease and epilepsy.*
Additionally, these devices are increasingly employed in the

1 Introduction

Neural electrode devices have become essential tools for health

monitoring, offering high sensitivity and specificity in detect-
ing, stimulating, and modulating biological signals by estab-
lishing a direct interface with nervous tissue. They are crucial in
a range of applications, including neuroprosthetics, such as
cochlear implants; brain-computer interfaces, which allow
individuals with paralysis to control external devices like
robotic arms or computer cursors using neural signals; and the
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rehabilitation of injured soldiers, where targeted neuro-
stimulation has shown promise in enhancing motor function,
accelerating recovery, and improving cognitive performance
following trauma.> Recent progress in neural electrode tech-
nologies has concentrated on improving their performance by
utilizing advanced materials, adopting innovative fabrication
methods, and implementing novel electrode designs. An
optimal interface material must demonstrate outstanding
biocompatibility, mechanical robustness, low impedance,
sufficient charge storage capacity (CSC), and long-term stability
to ensure effective communication between the device and
neural tissue. Furthermore, the fabrication processes should be
scalable, avoiding excessive complexity or prohibitive costs, and
must not rely on high-temperature synthesis methods that
could hinder compatibility with temperature-sensitive
substrates and limit integration with advanced bioelectronic
platforms.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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With all these challenges, the need to decrease the size of
neural electrode devices, to increase selectivity and reduce
inflammatory response and scar tissue, makes it even more
challenging to find an optimum interface material. Therefore,
over the past years, various materials and structures have been
employed to enhance the performance of the interface mate-
rials, with nanostructure-coated electrodes receiving the most
attention.® It was found that nanostructure materials enhanced
electrochemical performance, which was attributed to their
increased surface area, facilitating better charge transfer. For
example, a large impedance reduction of approximately 6-times
has been reported in gold-nanowires (Au-NWs) electrode as
compared to the Au-Flat electrode (4.6 kQ and 30.3 kQ at 1 Hz,
respectively).* Similarly, Boehler et al. reported that a grass-like
Pt layer resulted in a 60-fold decrease in impedance compared
to a smooth Pt electrode.” Furthermore, vertical NWs arrays
have also shown an enhancement in neural cell adhesion, and
a study done by Ana Bajo et al. showed that Ni-based nano-
structured electrodes increase cell survival, boost neuronal
differentiation, and reduce glial cells with respect to flat
counterparts.®

Carbon nanomaterials have also become integral to the
advancement of neural interfaces. The carbon material allo-
tropes, such as carbon nanotubes (CNTs),”® graphene,’ glassy
carbon (GC),"”"* and modified diamond' layer, have all been
investigated for neural electrode interface applications. Each
form has unique properties suitable for different aspects of
neural interfacing. In fact, for example, GC demonstrated
superior electrochemical stability and durability compared to Pt
electrodes, maintaining functionality over 5 million stimulation
pulses with minimal impedance change and adequate charge
transfer capacity.’® Similarly, CNT modified on gold micro-
electrode arrays (Au-MEAs) significantly reduced electrode
impedance by 50% at 1 kHz compared to unmodified Au-MEAs,
demonstrating the advantages of nanoscale carbon integration
for neural signaling.” Post-treatment of diamond surfaces has
also been shown to significantly enhance areal capacitance,
from 17 pF cm™2 in untreated diamond to 1070 pF cm ™2,
demonstrating the tunability of carbon-based materials."
However, the synthesis of these carbon nanostructures often
requires high temperatures of around 800-1400 °C for methods
like CVD or pyrolysis, which restricts compatibility with
temperature-sensitive ~ materials, increases fabrication
complexity and cost, hinders scalability, and may compromise
biofunctionality or cause mechanical stress in multi-material
systems."” Consequently, many studies have turned to alterna-
tive methods, such as transferring pre-grown graphene sheets
onto substrates, though this manual process raises concerns
regarding reliability, as consistent adhesion and durability can
be challenging to maintain.** To address these limitations,
advancements in low-temperature and template-assisted fabri-
cation processes are being explored. Template-assessed process
can serve as a substrate for depositing other materials allowing
for controlled synthesis. Among these templates, anodic metal
oxide materials, such as titania (TiO,), are particularly effective
for creating high-aspect-ratio, ordered nanostructures with
large surface areas, all achievable within the desired low-
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temperature range. Titania is also recognized for its
outstanding biocompatibility and corrosion resistance, making
it ideal for biomedical applications. Huang et al. demonstrated
the use of TiO, nanotubes as a template for IrO, deposition,
synthesizing a TiO,@IrO, core-shell structure, with the IrO,
layer having a thickness of 18 nm." This configuration
enhanced CSC from 5.04 to 42.84 mC cm > compared to
a planar design and demonstrated stable cyclability over 1000
CV cycles.”

In this work, we introduce a low-temperature PECVD method
to coat TiO, nanowires with a conformal carbon shell at 320 °C
followed by in situ annealing in argon at moderate temperatures
of 450, 550, and 650 °C for 1, 3, and 5 hours. We then system-
atically assess how these moderate post-treatments conditions
influence the material's structure, electrochemical behavior,
and biocompatibility for cellular-interface applications.
Although TiO,@C core-shell structures have been previously
synthesized for lithium-ion batteries,'®"” photocatalysis,*® and
fuel cell applications,* to the best of our knowledge, they have
not yet been investigated for cellular interface applications. By
tuning the annealing temperature and duration, we identify the
optimal balance between carbon shell integrity and electro-
chemical performance, achieving high capacitance and low
impedance without resorting to high temperatures or pro-
longed processing. Our approach not only reduces the overall
thermal budget but also provides precise control over shell
properties, making these TiO,@C nanowires especially prom-
ising for integration into biocompatible electrode platforms
and systems that require compatibility with temperature-
sensitive materials.

2 Experimental
2.1 TiO,@C-NWs preparation

As illustrated in Fig. 1, TiO,-NWs were synthesized on FTO/glass
substrates using the hydrothermal method according to
a previously reported method.”” The growth solution was
prepared by mixing 1 ml of titanium butoxide (TNB, 98+%,
Strem Chemicals, Inc), 30 ml of hydrochloric acid (HCI, 37 wt%,
ACS reagent, Sigma-Aldrich), and 30 ml of deionized water (DI).
This mixture was sonicated for 10 minutes until a clear solution
was formed. Subsequently, 12 ml of the resulting solution was
transferred into a 25 ml Teflon-lined autoclave, where FTO/glass
substrates were placed at an inclined angle against the Teflon
wall, with the conductive surface facing downward. The auto-
clave was sealed and placed in a furnace (Binder) for the
hydrothermal reaction, which was conducted at 150 °C for 5
hours. After the hydrothermal growth, the autoclave was cooled
by placing it under running water. Once cooled, the samples
were carefully extracted and thoroughly rinsed multiple times
with deionized water to remove any residual precursors. Finally,
the substrates were blow-dried using nitrogen gas. This process
yielded a uniform, white coating of TiO,-NWs across the entire
substrate surface, as seen in Fig. 1.

For carbon deposition, Radio Frequency (RF)-PECVD system
(Oxford Plasma Lab 100; 13.56 MHz) tool was used. A controlled
gas mixture of CH, and Ar in a 1: 2.5 ratio was employed as the
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Fig.1 Schematic illustration of the synthesis process of TiO,@C core—shell NWs, followed by electrochemical characterization using a three-

electrode cell setup.

precursor for carbon film growth. The samples were mounted
onto the anodic electrode stage (8-inch diameter). Initially, the
chamber was evacuated to a base pressure of approximately 2.7
x 107° torr. The substrate temperature was then gradually
raised to 320 °C. Upon reaching the target temperature, CH,
and Ar were introduced into the chamber at flow rates of 200
sccm and 500 scem, respectively, controlled via mass flow
controllers. Plasma was ignited by applying an RF power of
300 W, and the deposition pressure was maintained at 1 torr
throughout the process. Carbon deposition on all TiO,-NWs
samples was conducted for one hour under these conditions.
Upon completion of carbon deposition, the RF power was
switched off, and the chamber was purged with Ar gas only.

The in situ annealing process then commenced immediately
after the carbon deposit, without removing the samples from
the PECVD chamber. This approach was chosen to minimize
contamination and oxygen exposure. The chamber was filled
with Ar gas, and the substrate temperature was gradually
increased to the desired value, and for the intended duration.
After annealing, the samples were allowed to cool to room
temperature under continuous argon flow. A visible color
change in the samples from white to dark gray, as seen in Fig. 1,
indicated successful carbon coating. For clarity and consis-
tency, each TiO,@C-NW sample is labeled according to its in
situ annealing temperature (in °C) followed by the duration (in
hours).

2.2 Physicochemical characterizations

The in situ annealed TiO,@C-NWs samples were analyzed by
scanning electron microscopy (SEM), using a Helios 5UX
Thermo Fisher Scientific™ instrument to their
morphology. The imaging was conducted with a 5 kV accelera-
tion voltage, a 25 pA electron beam current, in immersion
mode, with the Elstar in-lens secondary electrons detector (TLD-
SE) and employing the interlacing scanning mode with frame
integration.

reveal
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Electron-energy loss spectroscopy (EELS) measurements
were performed using a Themis Z microscope from Thermo
Fisher Scientific™. The sample preparation involved scraping
the grown nanowires from the glass substrate with flat-tip
tweezers and placing them into a vial filled with high-purity
ethanol. These vials were then ultrasonicated at 800 W and 45
kHz for 1 hour using an Elma Ultrasonic bath to disperse the
nanowires evenly throughout the solutions. Finally, 10 micro-
liters of the solution were drop cast onto a Quantifoil 200 mesh
copper TEM grid. Prior to the insertion into the microscope, the
TEM grid was treated for 7 s in a 5% O, plasma to remove
residual surface contamination. The microscope was operated
at 300 kV acceleration voltage in scanning transmission mode
(STEM) with a 21 mrad convergence angle. STEM imaging was
performed using a high-angle annular dark field (HAADF)
detector with an inner angle of 50 mrad. The STEM EELS
spectrum imaging (SI) used in elemental mapping was per-
formed with a Gatan™ Continuum GIF operated at 37 mm
camera length and a 5 mm spectrometer entrance aperture. The
SI acquisition was performed in Dual mode with a spectrometer
dispersion of 0.3 eV per channel, 200 pA beam current, a pixel
dwell time of 250 ms and a pixel size of 2 nm. Gatan™ Digital
Micrograph software was used for data processing.

XRD (Bruker D8 discover system with a 2D Eiger detector)
was used to study the crystallographic orientation of the
TiO,@C-annealed samples. A Cu Ka X-ray radiation source
having a characteristic wavelength of 1.5418 A was used. The
XRD pattern in the 26 range was recorded from 20 to 80° with
a step size of 0.02° and a time per step of 0.5 s.

Raman spectroscopy measurements were carried out using
a WiTec Apyron Confocal Raman Spectrometer (Oxford Instru-
ments) at room temperature. The excitation source was a DPSS
532 nm laser with a power of 20 mW set by the control software.
Scattered light from the sample surface was coupled into an
ultra-high throughput spectrometer via 300 grooves per mm
grating and detected by a highly efficient thermoelectrically
cooled spectroscopy camera. A Zeiss Epiplan-Neofluar 50x/0.55

© 2025 The Author(s). Published by the Royal Society of Chemistry
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long working distance objective was applied for all measure-
ments. The laser spot size on the sample surface was approxi-
mately 1.2 um, and the spectral resolution was around 4 cm ™.
The D and G carbon bands were fitted by Lorenze peak func-
tions using the advanced fitting tool provided by WITec data
analysis software. The ratio of Ig/I, was calculated based on the
fitting results.

The XPS measurements were carried out in a Kratos Axis
Supra spectrometer (hv = 1486.6 eV) operating at 75 W, a multi-
channel plate, and a delay line detector under a vacuum of 1 x
10~® mbar equipped with a monochromatic Al Ko X-ray source.
Survey and high-resolution spectra were performed at fixed
analyzer pass energies of 160 and 20 eV, respectively. Samples
were mounted in the floating mode to avoid differential charging.
Charge neutralization was required for all samples. Binding
energies were referenced to Ti 2p;., from TiO, set at 458.8 eV
binding energy. Survey spectra, as well as high-resolution spectra
of Ti 2p, C 1s, and O 1s core levels, were recorded.

2.3 Electrochemical characterization

The electrochemical performances of in situ annealed TiO,@C-
NWs samples were evaluated through cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) measure-
ments with a three-electrode configuration using a potentiostat
(VSP-300, BioLogic Instrument), as illustrated in Fig. 1. A plat-
inum (Pt) wire was used as the counter electrode, and an Ag/AgCl
electrode (in 3 M KCl) was used as the reference electrode. The
working electrode area was set to 1 cm” for all measured samples
to facilitate convenient calculation of current density. To achieve
this, epoxy resin was applied to the electrode surface, exposing
only 1 cm?. The electrolyte was a 10 mM PBS solution (pH 7.4),
chosen to mimic the physiological buffer conditions of the
human body. All samples were scanned within a potential range
of —0.2 to +0.8 V at a rate of 50 mV s~ . This 1 V scan window was
chosen after testing wider ranges, which indicated a risk of
electrolysis at higher potentials. For the electrochemical stability
test, a scan rate of 100 mV s ' was applied for 1000 cycles.
Impedance measurements were conducted every 200 cycles after
allowing the electrode to stabilize at open circuit potential (OCP)
for 15 minutes. During each impedance measurement, a 10 mV
sinusoidal perturbation was applied at the OCP across
a frequency range of 100 kHz to 1 Hz. All measurements were
conducted at room temperature inside a grounded Faraday cage
to prevent external electromagnetic interference from affecting
the accuracy of the measurements. The areal (C,) capacitance was
calculated using the following equation:

o i (i) av) /(v =7 o

SV SV

where i is the current, which can be obtained by integrating the
area of the CV curves from the upper voltage limit (V,) to the
lower voltage limit (V,), s is the surface area of the electrode
material exposed to the electrolyte (cm?), and v denotes the
potential sweep rate (mV s~ ').>!
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2.4 Cell culture preparation and analysis

For the cellular interface experiment, TiO,@C-NWs and
TiO,@C-film substrate (2 cm x 1 cm) treated at 550 °C for 3
hours were chosen and prepared for cell culture. Control
samples consisted of standard 35 mm p-dishes (ibidi, cat. no.
81156) serves as tissue culture-treated plastic references. The
sample substrates used for cell adhesion and viability assess-
ments were sterilized by autoclaving at 121 °C and 1 atm for 20
minutes to ensure complete decontamination. The sample
substrates were carefully positioned in the center of individual
wells in ultra-low attachment 6-well plates (corning, cat. no.
3471). HeLa human epithelial cell lines (Sigma-Aldrich, cat. no.
93021013) were cultured as sub-confluent monolayers in Dul-
becco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/
F12, Gibco), supplemented with 10% fetal bovine serum (HI-
FBS, Gibco) and 1% penicillin-streptomycin (Gibco). Cells
were maintained in a humidified incubator at 37 °C under 5%
CO, atmosphere. Cytotoxicity testing was conducted using
a direct contact method following with ISO 10993-5 (or EN
30993-5).>

A homogeneous cell suspension with a concentration of 2.6
x 10° cells per mL was prepared. For initial seeding, 200 pL of
this suspension was gently pipetted directly onto the surface of
each test sample to ensure uniform coverage and direct contact.
After a 2-hour pre-incubation to allow cell adhesion, 3 mL of
fresh culture medium was added to each well to submerge the
samples and support further cell growth. At 24 hours post-
seeding, cells were enzymatically detached using TrypLE™
Express (Gibco), collected by centrifugation, and resuspended
in 200 pL of media. Cell proliferation was quantified using an
automated hemocytometer (Countess 3, Thermo Fisher
Scientific).

For the viability assay, cells were cultured under the same
conditions as above but were allowed to remain on the
substrates for imaging. Live/dead staining was performed using
the Live/Dead® Viability/Cytotoxicity Kit (Thermo Fisher
Scientific, cat. no. L3224), which uses calcein AM and ethidium
homodimer-1 to distinguish live (green) and dead (red) cells,
respectively. To ensure optimal imaging, each sample was
carefully inverted within its well to expose the cell-covered
surface toward the objective lens, then imaged using a fluores-
cence inverted microscope (EVOS M500, Thermo Fisher
Scientific).

Quantification of live and dead cells was conducted by
analyzing the acquired fluorescence images using Fiji (Image])
software. Cell viability and proliferation experiments were per-
formed using three different cell passages (P10, P14, and P21),
and each experimental condition was tested in triplicate to
ensure statistical reliability and reproducibility.

3 Results and discussion
3.1 SEM and STEM-EELS analysis

Fig. 2(a—d) presents SEM images of pristine TiO,-NWs grown on
FTO/glass substrate, while Fig. 2(e-h) presents SEM images of
the TiO,-NWs after carbon deposit (650 °C-3 h). Images taken at
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Fig. 2 SEM images of (a—d) pristine TiO,-NWs, (e—h) TiO,@C core-shell NWs annealed at 650 °C for 3 hours, (i) its STEM image and EELS

elemental mapping, and (k) Elemental profile for C and Ti-edge.

various locations and magnifications confirm that the TiO,-
NWs uniformly cover the substrate, with most nanowires
oriented perpendicularly to the surface. The NWs display a well-
defined tetragonal shape with square top faces, an average
diameter of approximately ~160 nm, and a length of ~1.9 um.
The top surfaces feature distinct step edges, providing some
degree of roughness, while the side surfaces appear relatively
smooth. With carbon deposition and subsequent in situ
annealing at different temperatures and durations, the
morphology and aspect ratio of TiO,-NWs remained unchanged
across all samples. To investigate the structural properties and
thickness of the carbon shell, STEM-EELS was conducted. Fig.
2(i) and (k) present the elemental maps and profile of the 650 °©
C-3 h sample, showing distinct spatial distributions of Ti, O, C,
and composite EELS maps that overlay Ti and C. It can be seen
that the carbon homogenously encases the nanowire, confirm-
ing the TiO,@C core-shell structure. A line profile extracted
from the region indicated by the dashed box quantitatively
verifies a carbon shell thickness of approximately 5 nm, as
shown in Fig. 2(k). Additional EELS measurements including
the as-deposited carbon layer at 320 °C and other in situ-
annealed samples under different temperatures and durations,
Fig. S1 (SI), further corroborate the uniformity of the carbon
coating, and confirms that the shell thickness remained
unchanged across these conditions, indicating that the
annealing process did not lead to carbon layer degradation.
While some studies have reported a reduction in carbon layer
thickness at annealing temperatures above 400 °C, attributed to

34964 | RSC Adv, 2025, 15, 34960-34975

densification, carbon desorption, or adhesion loss,**?* others
have shown that amorphous carbon remains thermally stable
when deposited onto metals or transition metal nitrides
substrates.”® Our findings align with the latter, demonstrating
that the TiO, surface effectively stabilizes the carbon shell
during high-temperature annealing, preventing delamination.
To further characterize the chemical bonding nature of
TiO,@C-NWs structure and evaluate the effect of varying in situ
annealing, high-energy-loss EELS spectra were acquired for the
450 °C-3 h, 550 °C-3 h, and 650 °C-3 h samples, along with the
as-deposited carbon. These spectra, recorded in the range of
270-600 eV from the TiO,-carbon interface region, are pre-
sented in Fig. 3(a). The spectra reveal the C-K, Ti-L, and O-K
edges, allowing simultaneous insight into both the carbon shell
and the underlying oxide core. For the carbon feature, the peak
at ~285 eV corresponds to the C 1s-m* transition, which is
characteristic of sp>bonded carbon (C=C) and is typically
associated with graphitic structures.”® The broader feature
around ~290 eV aligns with the C 1s-c* transition, indicative of
sp® diamond-like carbon bonds.?® The observed broadening and
smoothing of the o* peak suggest the presence of both sp> and
sp® bonding within the carbon shell, consistent with an amor-
phous carbon structure (a-C). Comparison between the as-
deposited and in situ annealed samples indicates that anneal-
ing induces no substantial alteration in the bonding configu-
ration of the carbon layer, which remains predominantly
amorphous. However, closer examination of the normalized
C-K edge spectra reveals minor variations in peak intensity,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Overall EELS spectrum (from TiO,—C interface) of as-deposited TiO,@C core—shell NWs and in situ annealed at 450 °C, 550 °C, and

650 °C for 3 hours, (b) Ti L-edge of the as-deposited TiO,@C core—shell NW and (c) the in situ annealed at 550 °C for 3 hours.

particularly in the sample annealed at 650 °C-3 h, which may
reflect subtle structural reordering or slight changes of the sp?/
sp’ ratio. In this context, both the 550 °C and 650 °C annealed
samples exhibit an increase in graphitized features, evidenced
by the enhanced m* peak and a more distinct structure in the
broad c* region, implying a gradual enrichment in sp> bonding
with increased annealing temperature. Notably, the sample
annealed at 650 °C for 5 hours (as highlighted in the inset of
Fig. S2) also exhibits a pronounced intensity in both sp* and sp*
features, indicating a possible peak in structural changes at this
condition; however, quantifying the sp®/sp® ratio via EELS could
be a challenge due to the different orientation of the nanowire
relative to the incident electron beam which can introduce
anisotropic scattering effects. Moreover, the changes in the sp*/
sp® ratio are often too small to quantitatively resolve them,
further affecting the interpretation of the data.

Another notable effect of annealing, observed by examining
the Ti L-edge at the TiO,-carbon interface compared to the bulk
(Fig. 3(b and c)), is a 0.6 eV chemical shift toward lower energy
in the as-deposited sample. This shift indicates a partial
reduction of Ti** to Ti*" at the interface, while the bulk remains
fully oxidized. Upon annealing at 550 °C for 3 hours, the shift
increases to approximately 0.9 eV (Fig. 3(c)), suggesting
enhanced interfacial reduction or a higher concentration of Ti**
species. MLLS fitting of the 650 °C-3 h sample further confirms
this trend, revealing clear spatial co-localization of Ti*" with
carbon, unlike the as-deposited sample, where no such corre-
lation is observed, see Fig. S3. This tandem distribution implies
that high-temperature annealing facilitates localized reduction
of Ti*" in the presence of carbon. Additionally, EELS mapping
shows a high density of microstructural defects, such as cracks
and voids, in both samples. Notably, in the 650 °C-3 h sample,
Ti*" species extend beyond surface facets into these defect-rich

© 2025 The Author(s). Published by the Royal Society of Chemistry

regions, indicating that such defects may act as active sites for
reduction or diffusion pathways.

3.2 Raman spectroscopy analysis

Raman spectroscopy is a powerful technique for assessing the
structural characteristics of graphitic carbon materials. In such
materials, the prominent features are the G band, typically
centered around ~1580 cm ', and the D band, near
~1360 cm™'. The G band originates from the first-order scat-
tering of the E,g phonon mode, corresponding to the in-plane
stretching vibrations of sp*hybridized C-C bonds within well-
ordered graphitic domains.”” In contrast, the D band is associ-
ated with A,; mode symmetry, linked to structural disorder and
defects in the carbon layer, such as edges, vacancies, or other
imperfections, and is often attributed to sp’-hybridized
carbon.”” The degree of graphitization is quantitatively evalu-
ated by the intensity ratio of the G to D bands (I/Ip), as well as
their full width at half-maximum (FWHM) and the band posi-
tion. A higher I/I, ratio reflects a greater extent of graphitic
ordering, while a narrower FWHM shows unstrained or defect-
free sp” clusters.

Fig. 4(a) presents the Raman spectra of the as-deposited
TiO,@C-NWs and those subjected to in situ annealing at
various temperatures for an annealing duration of 3 hours.
These samples were selected as representative midpoints in the
annealing duration to capture the general structural evolution.
Each spectrum is the average of five measurements taken at
different regions across each sample to ensure spatial consis-
tency and reduce local variation effects. It can be seen that the
Raman spectra picks up the strong Ti-O peaks corresponding to
that of TiO,-NWs which are in the rutile phase, evidenced by the
presence of three characteristic Raman-active modes of rutile;
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Fig. 4 (a) Raman spectroscopy of as-deposited TiO,@C core—shell NWs and in situ annealed at 450 °C, 550 °C, and 650 °C for 3 hours, (b) Ic/Ip

ratio of all treated samples.

Bl E,, and Alg, observed at 142, 420, and 602 cm ', respec-
tively.”® The A1, and B1, modes arise due to the antisymmetric
and symmetric bending vibration of O-Ti-O, respectively, while
the E; mode is due to the O-Ti-O symmetric stretching vibra-
tion in TiO,.?* Additionally, a broad band at 250 cm ™" is present,
which has been reported to be attributed to multiple phonons
scattering due to the disordered lattice of NWs structure, as
noted by Ma et al.*® Notably, this rutile phase remains stable
across varying annealing temperatures, as further confirmed by
the XRD analysis presented in Fig. S4, emphasizing the phase
stability of the synthesized nanowires. The Raman spectrum of
pristine TiO,-NWs clearly shows no carbon-related peaks
(Fig. S5), and after carbon deposition, all samples subjected to
varying in situ annealing conditions exhibit two peaks at 1340
and 1585 cm™', corresponding to the D and G bands of
carbon,” respectively. The intensity ratio of the G-band to the D-
band (Ig/Ip) of all treated samples was calculated and is di-
splayed in Fig. 4(b). It can be seen that the Ig/I, ratio evolves
significantly with annealing temperature and duration from
~0.8 to a maximum of ~2. The as-deposited sample shows a low
I/Ip ratio (0.6), indicating a high level of disorder and a domi-
nant sp’ character in the carbon matrix. Upon annealing at
higher temperatures, the I;/I, ratio increases, peaking at 650 °C
after 3 hours of annealing. This trend suggests a notable
transformation from disordered to more graphitic (sp>-rich)
structures, likely due to thermal activation enabling atomic
rearrangement and partial healing of defects. Similar trends
have been reported for carbon deposited at various tempera-
tures, where Ig/I, ratio increased when temperature increased
from 400 to 700 °C, indicating enhanced graphitization.****
However, with prolonged annealing beyond 3 hours, the Is/Ip
ratio appears to decline slightly, possibly due to reintroduced
disorder or limitations imposed by the carbon layer's ultrathin
5 nm thickness, which could constrain the growth of graphitic

34966 | RSC Adv, 2025, 15, 34960-34975

domains or structural elevated
temperatures.*

The bands positions and their FWHM were also seen to
change with the annealing process, as shown in Table 1. Here
the G-band exhibits a consistent red shift, decreasing from
1603.6 cm ! in the as-deposited state to 1579.9 cm ™ * at 650 °C
for annealing duration of 3 hours. Conversely, the D-band
shows a blue shift, increasing from 1337.7 cm™" in the as-
deposited state to approximately 1367.1 cm ™' under the same
annealing conditions. This shift may also reflect the evolution
of sp> cluster structures, where smaller or different-sized clus-
ters become more prominent.**** Such trends are consistent
with previous studies that associate D-band blue shifts and G-
band red shifts with a thermally induced evolution in the
distribution and size of sp> clusters.* However, the FWHM of
both the D and G bands increases with temperature. This
broadening is often associated with increased structural
disorder, such as variations in bond lengths and bond angles
within and between sp”> domains. It suggests that even as cluster
size may increase, disorder in the local bonding environment
becomes more significant, contributing to the broader spectral
features.>® These observations confirm the tunability of the

cause instability at

Table 1 Raman shifts for D and G bands

D-band G-band

Position Position
Samples (em™) FWHM (cm ™) FWHM
As-deposited@320 ©  1337.7 41.5 1601.6 34.6
C
450 °C-3 h 1341.7 37.2 1594.8 37.3
550 °C-3 h 1341.2 39.5 1598.6 38.9
650 °C-3 h 1367.1 57.1 1579.9 43.1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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carbon film's bonding configuration and defect density through
controlled annealing processes, which is critical for optimizing
its performance in neural interface application.

3.3 X-ray photoelectron spectroscopy analysis

To gain deeper insight into the surface elemental composition
and carbon bonding states, XPS analysis was conducted on the
as-deposited TiO,@C-NWs and in situ annealed samples at
450 °C, 550 °C, and 650 °C for annealing duration of 3 hours.
The survey spectra (shown in Fig. S6) confirm the presence of C
1s, O 1s, and Ti peaks, along with minor nitrogen contamina-
tion from the atmosphere, with no other detectable elements.
The high-resolution core-level spectra for C 1s and Ti 2p are
shown in Fig. 5(a and b), respectively. The C 1s spectra display
a dominant peak around 284.5 eV, corresponding to the sp*/sp*-
hybridized carbon network.*® Additional lower-intensity peaks
at approximately 286.4 eV and 288.6 eV are assigned to carbon-
oxygen species such as C-O and C=0 bonds, consistent with
surface oxidation.®

Comparison of the C 1s spectra across all annealed samples
(450 °C, 550 °C, and 650 °C) reveals minimal variation in
spectral shape, indicating that the sp®/sp® carbon ratio remains
largely unchanged with increasing annealing temperature. This
observation contrasts with the Raman spectroscopy results,
which showed a clear evolution in graphitization. This differ-
ence likely arises because XPS probes only the surface a few
nanometers and is sensitive to surface oxidation and contami-
nation, which can mask subtle changes. Meanwhile, Raman
probes deeper into the bulk and is more sensitive to sp” clus-
tering and ordering, capturing structural changes that are not
reflected in the surface-sensitive XPS data. Additionally, the C 1s
spectrum reveals the presence of TiC, identified by a character-
istic peak at lower binding energy around 281.5 eV, which
emerges in the treated samples as well as the as-deposited
sample. This observation is supported by the Ti 2p spectra,
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which show signals between 455 eV and 458 eV corresponding
to Ti>" and Ti’** oxidation states. The presence of these reduced
titanium species aligns well with the EELS analysis, which
confirmed the existence of Ti.

3.4 Electrochemical characterization through CV & EIS

3.4.1 Cyclic voltammetry (CV). Fig. 6(a) displays the CV
curves of TiO,@C-NWs in situ annealed at 450 °C, 550 °C and
650 °C for 1, 3, and 5 hours, while Fig. 6(b) summarizes the
corresponding areal capacitance. All the CV curves were recor-
ded from the 4th cycle to ensure the electrodes had reached
a stable electrochemical state in conjunction with the electro-
Iyte solution. It can be seen that the as-deposited carbon
exhibits no capacitive behavior, characterized by near-zero
current density, indicating that the carbon layer in its as-
deposited state is electrochemically inactive, as expected. In
contrast, annealing significantly enhances electrochemical
activity, with the structures showing clear capacitive character-
istics. According to Singh et al.,*” the transformation of the
carbon layer from an inactive (insulating state) to an electro-
chemically active state is primarily due to the structural modi-
fications induced by annealing. The observed variations in CV
shapes, and hence areal capacitance across different annealing
conditions can be correlated with changes in the carbon's
bonding structure, as confirmed by Raman, EELS, and XPS
analyses. At an annealing temperature of 450 °C, a modest
enhancement in areal capacitance is observed as compared to
the as-deposited carbon. The areal capacitance slightly
increases from 0.23 to 1.93 uF cm ™ ? as the annealing duration
extends from 1 to 5 hours. This improvement may correspond
to the slight increase in the sp®/sp® carbon ratio, as evidenced by
Raman spectroscopy, and possibly the presence of a small
amount of TiC, as indicated by XPS. However, this enhancement
in areal capacitance with increasing annealing duration
remains limited. In contrast, annealing at 550 °C results in

—=— As-deposited@320
——450°C-3hrs
1 ——550°C-3hrs
4 ——650°C-3hrs

C1s
(a)

C-C/C=C

C-Ti

/

Normalized Intensity (a.u)

i As-deposited@320 -

——450°C-3hrs Ti2p
| —— 550°C-3hrs
7 ——650°C-3hrs

(b)

Normalized Intensity (a.u)

T ¥ T X T . T ¥ T . T ¥ T v T v T ¥ T
294 292 290 288 286 284 282 280 278 276
Binding energy (eV)

T ¥ T T T T T T T
470 468 466 464 462 460 458 456 454 452 450
Binding energy (eV)

Fig. 5 XPS of as-deposited TiO,@C core—shell NWs and in situ annealed at 450 °C, 550 °C, and 650 °C for 3 hours, showing (a) C 1s core-level,

(b) Ti 2p core-level.
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showing (b) corresponding areal capacitance.

a significantly more pronounced increase in areal capacitance,
from 200.4 to 459.6 uF cm™> over the same duration. This trend
aligns with a marked rise in the sp?/sp® carbon ratio from 1.35
to 1.94, which denotes the formation of more conductive
graphitic networks. Additionally, EELS analysis at this temper-
ature reveals a relatively higher presence of Ti** species, infer-
red from characteristic chemical shifts seen in Fig. 3(c).
According to Wang et al., the emergence of Ti** sites has been
shown to increase electronic conductivity and enhance capaci-
tive behavior by introducing localized states and improving
charge carrier mobility at the TiO, interface, further contrib-
uting to the observed capacitance gains.*® However, the absence
of a distinct Ti**/Ti*" redox couple in the CV suggests that the
dominant charge storage mechanism remains electrical double-
layer capacitance,* possibly with pseudocapacitive contribu-
tions. Notably, the CV shape of the samples annealed at 550 °C
for different durations exhibits characteristics of a pseudo-
capacitive response (leaf-like shape), evidenced by a slight
distortion of the ideal capacitive rectangular profile.* This
pseudocapacitance originates from ion accumulation at the
electrical double layer, coupled with adsorbed molecules.****
For further annealing at 650 °C, the areal capacitance rea-
ches a maximum value of 874.4 pF cm™? at 3 hours, which
corresponds to the highest sp/sp® ratio recorded among all
annealing conditions (Fig. 4(b)). MLLS fitting of EELS SI data at
this condition, revealed a high density of microstructural
defects, such as cracks and voids, within the carbon matrix, as
well as the distribution of Ti*" species was not just confined to
the outer facets of the nanowires but extended into these defect-
rich regions (Fig. $3). This spatial delocalization of Ti** across
the defected carbon matrix likely contributed additional charge
storage sites, thereby reinforcing the overall electrochemical
response at this condition. However, extending the annealing
duration at 650 °C to 5 hours results in a noticeable decline in
areal capacitance, dropping to 475.8 pF cm >, becoming

34968 | RSC Adv, 2025, 15, 34960-34975
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(a) CV measurements of as-deposited TiO,@C core—shell NWs and in situ annealed at 450 °C, 550 °C, and 650 °C for varying duration

comparable to the values observed at 550 °C. This decline is
likely attributed to a combination of factors, including
a decrease in the sp>/sp® carbon ratio, indicating a shift toward
a more sp’-rich, diamond-like carbon structure that is less
conductive. This trend aligns with prior studies that report
increased sp® bonding at comparable annealing conditions.*>**
It is plausible that the ~5 nm carbon layer, under extended
high-temperature treatment, becomes increasingly crosslinked
and structurally hardened, favoring sp® hybridization and thus
reducing charge transport efficiency.

Interestingly, there is a distinct difference in CV shape
between structures annealed at 650 °C for 3 and 5 hours.
Structure annealed at 650 °C for 5 hours exhibits more rectan-
gular CV shapes, indicative of dominant electric double-layer
capacitive behavior. This suggests that the reduction in micro-
structural defects leads to reduced adsorbed species, making
ion accumulation at the double layer the primary mechanism
for charge storage. In contrast, the CV profile of the 650 °C-3 h
sample presents a transitional shape between the leaf-like and
rectangular profiles. This feature implies the coexistence of
both double-layer charging and pseudocapacitive contribu-
tions. The enhanced capacitance of 874.4 pF cm 2 in this
sample can be attributed to both the synergistic effect of
extended graphitic ordering and the presence of Ti** species.
These combined mechanisms enable efficient charge storage.
Zanin et al. deposited a 25 nm diamond-like carbon film onto
vertically aligned CNTs by pulsed PECVD at 800 °C, achieving
0.6 mF cm ™ 2,* while Su et al. grew cone-shaped CNT probes via
thermal CVD (750 °C) with a subsequent 800 °C anneal to report
2.5 mF cm ™ >.® Tong et al. synthesized ~200 nm nitrogen-doped
ultrananocrystalline diamond films, activated by O, plasma and
vacuum-annealed above 700 °C, to reach 1.07 mF cm 2%
Although these studies demonstrate impressive capacitances,
they rely on thicker carbon or diamond layers and higher
thermal budgets. These examples confirm that integrating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a crystalline TiO, scaffold with an ultrathin carbon shell is
a uniquely powerful strategy for pushing areal capacitance into
the sub-mF ¢cm ™2 regime while maintaining a lower annealing
temperature and miniaturization potential.

3.4.2 Electrochemical impedance spectroscopy (EIS).
Fig. 7(a) presents the Bode plot and phase angle responses of as-
deposited TiO,@C-NWs and in situ annealed at 450 °C, 550 °C,
and 650 °C for various durations. The plots clearly demonstrate
that the impedance behavior is highly sensitive to both
annealing temperature and duration, reflecting structural and
compositional changes occurring within the carbon shell. The
as-deposited sample and the sample annealed at 450 °C for 5
hours both behave almost purely resistively; their impedance
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magnitude remains high and nearly constant across 10°-
10~? Hz, and the phase angle approaches 0° at low frequencies,
clearly demonstrating a poorly conductive carbon layer. In
contrast, the samples annealed at 550 °C for 1-5 hours and
those annealed at 650 °C for 1 hour exhibit very similar Bode-
plot response: in the high-to-mid frequency region the total
impedance |Z| is almost independent of frequency (resistive
domination), but decreases with higher annealing temperature
and duration. Quantitatively, the total impedance |Z| in this
region drops from ~23 kQ after 1 hour at 550 °C to ~8 kQ after 5
hours, and the 650 °C-1 h sample yields a comparable value to
the 550 °C-5 h condition, reflecting enhanced graphitic
ordering and electrical conductivity in the carbon shell.
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Fig.7 EIS performance of as-deposited TiO,@C core—shell NWs and in situ annealed at 450 °C, 550 °C, and 650 °C for varying duration showing
(a) the Bode and phase plots, (b) schematic illustration of electrolyte diffusion mechanism, (c) equivalent circuit of TiO,@C core—shell NWs in situ
annealed at 650 °C for 3 hours, (d) impedance values of treated samples at 1 kHz.
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At frequencies below ~120 Hz, the impedance magnitude of
the 550 °C and 650 °C annealed samples begins to rise (see
enlarged Bode plots in Fig. S7), indicating that capacitive effects
are beginning to overtake the pure resistance. From the phase
plot, the knee frequency, where the phase angle departs from 0°
and capacitive behavior emerges, is 0.37 Hz, 0.72 Hz, and 1 Hz
for the 550 °C samples annealed for 1, 3, and 5 hours, respec-
tively, and 1.39 Hz for the 650 °C-1 h sample; at 0.1 Hz, the
phase angle shifts negatively between —18° and —25°, indi-
cating the presence of both resistive and capacitive compo-
nents. Such limited phase shift is characteristic of a non-ideal
electrochemical double-layer capacitance at the carbon-elec-
trolyte interface and suggests that, although capacitive charging
has initiated, it is not yet dominant, likely due to incomplete
graphitization and residual resistive pathways in the carbon
shell.

When annealing is extended at 650 °C to 3 and 5 hours, the
knee frequency rises to 7.17 Hz and 19.27 Hz, respectively, and
the phase angle at 0.1 Hz reaches —45° and —75°, demon-
strating stronger capacitive response, enhanced ion accumula-
tion, and improved charge-storage capability. These earlier
transitions toward capacitive behavior reflect more efficient
interfacial charging afforded by higher graphitic ordering and
electrical conductivity. Nevertheless, these optimized samples
still exhibit slow capacitive transitions. This may indicate the
existence of ion-diffusion resistance within the densely packed
nanowire array (see Fig. 7(b)). When the inter-wire spacing or
pore radii approach a few Debye lengths, the diffusion layers
from adjacent surfaces begin to overlap, collapsing two diffu-
sion regions into one highly confined, charged zone.*® This
overlap both reduces the effective double-layer capacitance and
forces ions to traverse a constricted environment, thereby
raising the ion-transport resistance. As illustrated in the
enlarged image of Fig. 7(b), overlapping electrical double layers
limit the accessible surface area for charge storage and delay the
onset of capacitive dominance to much lower frequencies. This
behavior is clearly reflected in the Nyquist plot (Fig. S8); all 550 °
C-annealed samples (1, 3, 5 hours) and the 650 °C-1 h samples
exhibit an (incomplete) high-frequency semicircle, truncated by
the 1 MHz limit of our instrument, that marks ions transport
resistance at the TiO,-TiC-C interface. As the frequency falls
into the 20-100 Hz range, each curve departs away from its
semicircle into an approximately 45°-sloped “diffusion” line,
signaling that ion transport within the tightly packed nanowire
structure has become diffusion-limiting. Even the 650 °C
sample annealed for 3 and 5 hours, which display much smaller
semicircles (R.. dropping to <1 kQ), still show pronounced
diffusion tails at low frequencies. This confirms that, despite
dramatically reduced interfacial barriers, mass transport
through the electrolyte-nanowire network remains the domi-
nant impedance contributor.

To quantify these effects, we fitted the Nyquist plot of the 650
°C-3 h sample to the equivalent circuit shown in Fig. 7(c),
consisting of a series resistance (R;) in series with a parallel
combination of a constant-phase element (Q,) and a finite-
length diffusion element (M,). The series resistance, R; =
3.76 kQ, represents the uncompensated ohmic drop at the
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electrolyte-nanowire interface and defines the high-frequency
intercept on the real axis. Q, (magnitude = 3.85 x 10™* F
s exponent n = 0.84) accounts for the non-ideal, semi-
porous double-layer and semi-infinite diffusion behaviour at
the rough nanowires tips, with n < 1 reflecting a distributed
double layer over an undulating surface rather than a smooth
planar film. The finite-length diffusion element M, (with
a diffusion resistance of =10.4 kQ and a characteristic time
constant t = 1.50 s) quantifies the bounded, diffusion-limited
ion transport responsible for the low-frequency diffusion-tail
by capturing how overlapping diffusion layers in the high-
density, low-gap nanowire structure constrain ion flux from
the bulk electrolyte into the interstices. Together, these fitted
values confirm that, despite significantly lowered interfacial
barriers at this condition, ion transport through the densely
packed nanowire array, exacerbated by overlapping double
layers, remains the primary impedance contributor.

Impedance at 1 kHz is also an important benchmark for
evaluating neural recording electrodes, as it falls within the
frequency range of neural signals.*” Based on the Bode plots, the
1 kHz impedance values were extracted and are presented in
Fig. 7(d). A clear downward trend in impedance is observed with
increasing annealing temperature and duration. At 1 kHz the
as-deposited carbon showed a relatively high impedance of 1.1
MQ after which it largely decreased to 300 kQ at 450 °C after 1
hour, with a modest further decrease to ~267.2 kQ after 5 hours.
At 550 °C, the improvement becomes more pronounced, with
impedance reducing from 23.8 kQ (1 hour) to 8.2 kQ (5 hours),
indicating enhanced carbon ordering. The most substantial
reduction occurs at 650 °C, where the impedance drops to 770 Q
after 5 hours, representing nearly a three-order-of-magnitude
decrease compared to the as-deposited state. A secondary
minimum of 2.1 kQ is also observed at 3 hours. These results
reflect a progressive enhancement in graphitization, increased
sp® carbon content, and improved electrical pathways within
the carbon shell, all contributing to lower charge transfer
resistance and improved electrochemical performance. Impor-
tantly, achieving these properties at =650 °C represents
a significant advantage over conventional CVD processes that
require temperatures >1000 °C. The reduced thermal budget
enables conformal carbon deposition on thermally sensitive
substrates and nanostructures, such as FTO- or ITO-coated
glass used in neural MEA platforms, that would otherwise
deform or degrade at higher temperatures. Moreover, noble-
metal nanostructures like Au, which serve as effective scaf-
folds for neural interfaces due to their high conductivity and
biocompatibility, are prone to dewetting or coarsening at
temperatures starting from 700 °C.** By maintaining the
synthesis temperature at or below 650 °C, these nanostructures
remain morphologically stable and can be functionalized with
a conformal carbon shell. It is believed that this approach
preserves their structural and electrochemical integrity while
enhancing overall device performance.

3.4.3 Electrochemical stability test. Another critical prop-
erty of neural electrode materials, particularly when interfacing
with biological tissue, is their electrochemical stability, the
ability to maintain structural, compositional, and capacitive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) CV performance of TiO,@C core—shell NWs in situ-annealed at 650 °C for 1, 3, and 5 hours and their corresponding (b) Bode plots and

(c) phase plots undergoing 1000 cycles, and (d) areal capacitance values across 1000 cycles.

integrity during prolonged operation. To evaluate this, we
investigated the electrochemical cyclability of TiO,@C-NWs
annealed at 650 °C for 1, 3, and 5 hours. These conditions
were selected based on their previously demonstrated superior
electrochemical performance, allowing us to assess how
annealing duration affects long-term stability. Each sample was
subjected to 1000 continuous CV cycles at a scan rate of 100 mV
s~ ' in PBS. Fig. 8(a)-(c) compares the 4th and final CV cycles for
each sample, along with their corresponding Bode and phase
plots, respectively. The near-identical CV profiles before and
after cycling across all samples indicate excellent electro-
chemical and morphological stability, with no significant
degradation in capacitive behavior. This stability confirms the
robustness of the TiO,@C-NWs under prolonged electro-
chemical stress. As shown in Fig. 8(d) all three samples
demonstrate high capacitance retention of approximately 92%,
reinforcing their durability. However, changes in impedance
and phase an gle reveal subtle differences in performance. The
total impedance |Z| at 1 kHz increased by 22.7%, 32.4%, and
48.6% for the 1, 3, and 5-hour annealed samples, respectively.
While all values remain within acceptable limits, the increasing
trend of impedance suggests that longer annealing may intro-
duce microstructural changes, such as carbon overgrowth or
slight delamination, or an increase in accumulation of surface
ions on the electrode, that impacts interfacial resistance over
multiple cycles. Additionally, phase angle shifts at low
frequencies provide further insight, with the sample annealed

© 2025 The Author(s). Published by the Royal Society of Chemistry

for 5 hours showing a notable change in phase shift from —75°
to —63°, indicating a decrease in ideal capacitive behavior.
3.4.4 Effect of varying scan rate. In practical neural stim-
ulation applications, selecting an appropriate CV scan rate is
critical, as it affects several factors, including the neural tissue
response, the specific electrode material, and most importantly,
the electrode’s ability to provide a reliable capacitive response.
Therefore, it is essential to evaluate the electrode material's
capacitive behavior across a range of scan rates to ensure
electrochemical stability and reversibility. Typically, scan rates
between 10 and 100 mV s~ ' are deemed optimal for neural
stimulation studies, balancing accurate characterization of
electrochemical behavior with effective charge transfer. In this
study, we assessed the electrochemical performance of TiO,@C
nanowires annealed at 650 °C for 3 hours over a range of scan
rates from 5 to 200 mV s~ ' (Fig. 9(a)). The CV curves exhibit
quasi-rectangular shapes across all scan rates, indicating good
capacitive behavior and electrochemical stability of the nano-
wire film. As shown in Fig. 9(b), the areal capacitance decreases
from approximately 2040 uF cm > at 5 mV s~ ' to about 1250 pF
cm ?at 200 mV s~ ', This decline in capacitance with increasing
scan rate is attributed to limited ion diffusion into the elec-
trode's porous structure at higher scan rates, which restricts
access to the inner active surface area. Conversely, lower scan
rates allow ions sufficient time to penetrate deeper into the
electrode material, enhancing charge storage. Importantly, the
areal capacitance approaches a steady value at high scan rates,
indicating the robustness and suitability of the TiO,@C-NWs
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electrode for neural interface applications, potentially including
dynamic stimulation protocols requiring rapid charge delivery.

3.5 Biocompatibility test

Evaluating the biocompatibility of the synthesized TiO,@C-
NWs is critical for validating their suitability as cellular inter-
face materials. To assess their cytocompatibility, the human cell
line HeLa was selected since it is a well-established and readily
available cell-culture model for studying cellular responses to
novel materials.***® These cells were cultured directly on
TiO,@C-NWs surfaces and carbon films deposited under
identical conditions on FTO/glass. These were compared to
a standard tissue culture 35 mm p-dishes, serving as a control.
Key biological metrics, cell viability (live/dead assay), cellular
distribution, and proliferation, were examined to understand
how the nanostructured and planar carbon surfaces influence
cell behavior. As shown in Fig. 10, all samples exhibited high
cell viability, with no significant difference between TiO,@C-
NWs, TiO,@C-film and the control, indicating the absence of
cytotoxic effects from either the carbon coating or the under-
lying nanostructured substrate. Notably, both TiO,@C-NWs
and TiO,@C-film supported higher cell densities than the
control, suggesting enhanced cell adhesion and substrate
compatibility, likely attributed to increased surface area or
favorable surface chemistry introduced by the carbon layer.
Although the TiO,@C-NWs group exhibited a slightly lower cell
density than the TiO,@C-film, it still demonstrated superior
performance compared to the control. While the film offers
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Fig. 10 Biocompatibility assessment TiO,@C-NWs vs. TiO,@C-film using HelLa Cells. (a) Quantitative analysis demonstrating cell viability as live/
dead percentage, cellular distribution (cells per mm?), and total cell proliferation. (b) Representative live/dead fluorescence microscopy images.
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a more continuous and uniform surface for cell spreading, the
nanowires introduce distinct morphological cues that can
stimulate localized adhesion and cellular anchorage through
filopodia. Wang Yu et al.>* showed that TiO, nanotube surfaces
with diameters of 70-100 nm promoted longer filopodia and
greater cell proliferation due to enhanced protein adsorption
and the presence of sharp convex features. A similar mecha-
nism may be at play on the TiO,@C-NW surfaces, where
nanoscale texture encourages filopodial interaction. Prolifera-
tion analysis revealed that total cell counts after the culture
period exceeded the initially seeded cell number for all condi-
tions, confirming that the materials not only support survival
but actively permit cell growth. While the carbon film showed
a marginally higher cell count, differences among all three
groups were statistically insignificant. Fluorescence microscopy
further confirmed these findings, showing well-spread live cells
with minimal dead staining across all samples. Overall, these
results demonstrate that the TiO,@C-NWs are biocompatible,
non-cytotoxic, and capable of supporting cellular activity
comparable to conventional culture substrates. Building on
these promising outcomes, future studies will expand the bio-
logical evaluation to neural-specific models, with the aim of
assessing parameters such as neuronal adhesion, neurite
extension, and long-term interface stability, thereby strength-
ening the translational relevance of TiO,@C-based architec-
tures for neural electrode applications.

4 Conclusion

This study explored the electrochemical performance and
biocompatibility of TiO,@C core-shell nanowires deposited at
320 °C using PECV D, followed by in situ annealing at 450 °C,
550 °C, and 650 °C for durations of 1, 3, and 5 hours. The goal
was to evaluate their potential as electrode interface materials
for neural applications. The results revealed a substantial
enhancement in electrochemical properties with increasing
annealing temperature and duration, with the areal capacitance
increasing from 1.93 uF cm ™2 (450 °C, 5 h) to a peak of 874.4 uF
em 2 (650 °C-3 h), accompanied by a significant reduction in
electrochemical impedance at 1 kHz from ~267.2 kQ to 2.1 kQ.
This enhancement was primarily attributed to: (1) an increased
sp®/sp® carbon ratio, indicating higher graphitization and
improved electrical conductivity, and (2) the formation of Ti**-
containing phases such as TiC, as confirmed by EELS, which
facilitate defect-assisted charge transport. Therefore, this work
demonstrates the fabrication of electrochemically active, low-
impedance TiO,@C core-shell NWs with ultra-thin (~5 nm)
carbon coatings, using a low-temperature PECVD and anneal-
ing approach. The approach presents a promising pathway for
engineering next-generation neural interface materials, partic-
ularly where thermal budget constraints are critical. Future
investigations should focus on biological studies with neural
cell cultures to evaluate neuronal adhesion, neurite outgrowth,
and long-term biosafety on TiO,@C interfaces. In parallel,
systematic tuning of the carbon shell thickness, as well as
strategies to modulate the sp®/sp® carbon ratio through
controlled doping, represent promising avenues for further

© 2025 The Author(s). Published by the Royal Society of Chemistry
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optimization. Progressing toward in vivo validation in animal
models and the fabrication of miniaturized neural electrode
prototypes will be essential steps to advance this material
platform toward translational and clinical applications.
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samples at 450 °C, 550 °C, and 650 °C (5 h). Fig. S2 displays top-
region EELS spectra with high-resolution C K-edge insets to
assess bonding environments. Fig. S3 further confirms carbon
coating via EELS mapping of as-deposited and 650°C (3 h)
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