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Introduction

Toroidal ferroelectric cobalt-doped barium

titanates as efficient energy conversion materials
for solar cells and photocatalysis

Murali Balu,® Duraisamy Kumaresan, {2 *3° R. Krishna Prasad (2" and
Subhash Kalidindi®

Doughnut-shaped ferroelectric barium titanate (BTDS) and cobalt-doped barium titanate (CBTDS)
[Co,BaTi; 4Oz (x = 0 or 0.05 mol%)] nanostructures have been synthesized from hydrogen titanate
nanowires for use as efficient photon energy conversion materials in dye-sensitized solar cells (DSSCs)
and photocatalytic dye degradation applications. The morphological and structural analyses have revealed
that the perovskite BDTS and CBDTS nanostructures exhibit toroidal ferroelectric characteristics, which
are reinforced by the formation of oxygen vacancies and Ti** ions within their lattices. The DSSC bilayer
photoanodes constructed using mesoporous TiO, nanoparticles (TNP) as the underlayer and CBTDS as
the light-scattering and charge-collecting upper layer have shown the highest photovoltaic efficiency of
10.29 £ 0.44% due to the greater light scattering, light absorption extended to the near-infrared region,
and toroidal ferroelectric field-induced slower charge recombination effects that collectively boosted the
photovoltaic performance. Moreover, the photocatalytic dye-degradation performance of the CBTDS
photocatalyst has demonstrated a maximum dye degradation efficiency of 86.74% over 75 minutes,
indicating a respectable photocatalytic activity compared to the BTDS photocatalyst. These results have
confirmed that superior morphology control, oxygen vacancy, and Ti** ion formation in the BTDS and
CBTDS nanostructures strongly influence toroidal ferroelectric field-induced charge separation and
light-harvesting ability in dye-sensitized solar cells (DSSCs) and photocatalysts, leading to superior
performance.

the solvothermal, hydrothermal, electrospinning, and molten-
salt synthesis methods are well known in the literature. Also,

Barium titanate (BaTiO;), a prominent perovskite, is a multi-
functional inorganic material with versatile electric (high
k-dielectric, piezoelectric, ferroelectric, etc.) and electrooptic
properties, establishing it as a promising component for many
technological applications such as data storage,"” energy con-
version,® nanogenerators,” sensors,”> memory devices,’ cata-
lysis,® photonics and multilayer ceramic capacitors,” and solar
cells.® Characteristically, in many of these device applications,
various multi-dimensional BaTiO; nanostructures, such as
nanocubes,’ nanorods,'® nanowires,'* hybrid nanotubes,'* and
nanodisks,”® that have been employed with preferred optical,
electronic, and dielectric properties prepared controllably by
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several multi-dimensional inorganic perovskite ABO; (A = Ba,
Sr, Ca, and Mg; B = Ti) nanostructures prepared by using the
hydrothermal process from precursor materials like MCI, as a
metal source (M) and titanium dioxide as a Ti-reactant, which
in turn supported tuning the electro-optical properties of their
perovskite nanostructures, are familiar.” Recently, well-aligned
BaTiO; nanorods hydrothermally prepared onto conducting
substrates functioning as efficient nanocomposite energy harv-
esters have been investigated for self-powered applications.* Also,
the enhanced light-harvesting ability of the hierarchical BaTiO;
nanorod flowers in the dye-sensitized solar cell (DSSC) photo-
electrode has produced the highest power conversion efficiency
(PCE) of 4.14%." Our group has demonstrated that the ferro-
electric barium titanate nanorod microspheres, prepared via a
two-step hydrothermal technique, can be used in flexible polymer
photoelectrodes to produce flexible polymer DSSCs and photo-
detectors with superior performance."® Liu and coworkers have
investigated the pyroelectric synthesis of Au-BaTiO; hybrid NPs
to enhance performance in dye degradation by efficiently
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harvesting thermal energy in the pyro-catalysis process.'® In
addition, magnetoelectric and ferroelectric coupling in CoBa-
TiO; ceramics with a tetragonal crystal structure, showing an
unusual coupling between magnetic parameters useful for
applications such as memory storage, spintronics, and other
multifunctional electronic/magnetic devices, has been reported
by Pradhan et al."”

Furthermore, Co-doped BaTiO; multiferroic ceramic materi-
als, such as BaTi; _,Co,0; (BTCO) ceramics, have been investi-
gated for producing excellent magnetic, structural, electrical,
and magnetoelectric properties.'®'® Several metal-doped BaTiO;
multiferroic nanocrystals (M = Cr, Mn, Fe, Co) are demonstrated
as suitable materials for superior energy conversion and data
storage applications.?® It has been proven that Cr, Mn, Fe, Nb,
and Co are exceptional dopants for Ba and Ti in the BaTiO;
lattice to instigate a ferromagnetic and ferroelectric property.>">>
Due to this, room-temperature ferroelectric and multiferroic
characteristics have been observed in Co- or Nb-doped Ba(Sr,
Ti)O; thin films.>*?* Besides, frequency-dependent dielectric
properties of cobalt-doped BaTiO; and their graphene nanopla-
telet (GNP) composites have been investigated for energy storage
applications.”® In addition, one-dimensional barium titanate
nanowires and their GNP composites in various weight propor-
tions synthesized via a hydrothermal process and utilized as
light-scattering layers of the bilayer photoanodes to fabricate
high-performance DSSCs have been reported recently by our
group.”® Similarly, ferroelectric two-dimensional BaTiO;-based
planar-structured and vertical-structured photoactive materials
have been studied for enhanced photocurrent generation in
photovoltaic and photodetector applications.?”?® Nevertheless,
reports available on toroid- or doughnut-shaped ferroelectric
barium titanate (BTDS) and Co-doped barium titanate (CBTDS)
nanostructures investigated as the superior solar energy harvest-
ing materials in DSSC and photocatalysis applications to date are
scarce. Thus, in this work, doughnut-shaped barium titanate
(BTDS) and Co-doped barium titanate (CBTDS) nanostructures
as the light scattering and absorbing layer of the bilayer photo-
electrodes (TNP + BTDS and TNP + CBTDS), using a common
TiO, nanoparticle (TNP) underlayer, are investigated for improv-
ing the photovoltaic performance of DSSCs to an impressive PCE
of more than 10%.

Moreover, the photocatalytic activity of the tetragonal and
cubic phases of BaTiO; in decolorizing Rhodamine B dye has
been investigated under one-sun illumination, and a threefold
rise in the decolorization rate by the ferroelectric tetragonal
phase over the cubic phase has been proven.?® The influence of
ferroelectricity on dye molecules is the separation of photo-
excited carriers due to the internal space charge layer favored by
the ferroelectric dipoles, which enhances photocatalytic degra-
dation faster. Also, textured BaTiO; nanorod arrays synthesized
via the hydrothermal method for piezo-catalytic degradation of
Rhodamine B with a dye removal efficiency of more than 97%
have been reported recently.’® So, this work compares the
rhodamine B dye degradation efficiency of the BTDS and
CBTDS photocatalysts to analyze the photocatalytic activity,
along with the DSSC photocurrent responses to demonstrate
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them as highly versatile, efficient, and multi-functional photo-
active nanostructures for use in high-performance solar energy
conversion applications.

Experimental
Synthesis of H,Ti,05-H,O nanowires (HTNWSs)

1 g of titanium dioxide nanopowder was added to 60 mL of
aqueous 10 M NaOH solution and then transferred to a 100 mL
Teflon-lined hydrothermal acid digester. Subsequently, the
sealed acid digester was heated in a muffle furnace at 160 °C
for 24 h and cooled to room temperature. Products formed in
the acid digester were neutralized with 0.1 M HCI, washed
several times in deionized water and ethanol, and dried at 80 °C
for 12 h. The wet products formed were then calcined at 500 °C
for 2 h in a silica crucible and cooled to room temperature to
obtain the H,Ti,05-H,0 nanowires (HTNW) powder.

Synthesis of BaTiO; doughnut-shaped (BTDS) nanostructures

A mixture of 0.5 g of HTNW powder, 50 ml of deionized water,
and 1 g of barium hydroxide octahydrate was transferred into a
Teflon-lined hydrothermal acid digester and heat-treated in a
muffle furnace at 120 °C for 6 h. Then, the acid digester was
cooled to precipitate out the barium titanate solids, then washed
with deionized water and ethanol several times to form a wet
product. The wet product was warmed at 80 °C in an oven for
12 h, subsequently cooled to obtain the dry doughnut-shaped
barium titanate powder. Afterward, the dry powder was calcined
at 500 °C for 2 h in a silica crucible and then cooled to get the
pure product.

Synthesis of CoBaTiO; doughnut-shaped (CBTDS)
nanostructures

0.5 g of BTDS powder, 60 mL of deionized water, and 0.65 g of
CoCl,-6H,0 mixture were added to a Teflon-lined hydrothermal
acid digester and heated to 120 °C for 85 minutes. Later, the
acid digester was cooled to obtain the cobalt-doped barium
titanate as green sediment. The sediment was stirred, filtered,
and washed abundantly with deionized water and ethanol to
produce doughnut-shaped cobalt-doped barium titanate as a
pale green product without impurities. This product was heated
to 80 °C for 6 h to obtain its dry powder. The dry powder
product was further calcined at 500 °C for 2 h in a crucible and
then cooled to form the pure product by the sequence of steps
shown in Scheme 1, through the chemical reactions shown in
Scheme S1, and the pure products were made as scattering layer
pastes using a literature procedure® [SI].

Fabrication of DSSCs using BDTS and CBDTS nanostructure
photoanodes

Two bilayer DSSC photoelectrodes, namely TNP + BTDS and
TNP + CBTDS, are fabricated using their scattering layer pastes
and TiO, nanoparticle (TNP) paste prepared from their respec-
tive powder samples (SI). Briefly, the TNP viscous paste layer was
coated using the doctor blading method onto the pre-cleaned

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Scheme 1 Schematic of the steps involved in forming H,Ti>Os-H,O
nanowires and BaTiOz and CoBaTiOz doughnut nanostructures.

FTO conducting glass (0.4 x 0.4 cm” dimension) substrates.
Subsequently, the TNP-coated FTO substrates were dried in air
for 30 min and then annealed using a muffle furnace at 150 °C
for 30 min and 480 °C for 30 min, and then cooled to room
temperature. In the second step, the CBTDS and BTDS light-
scattering layer pastes were individually deposited on top of each
TNP underlayer deposited on the FTO substrate by the doctor
blading method using a Scotch tape enclosure made of two
sheets to obtain a bilayer cell active area of 0.16 cm> dimension
and air-dried for 30 min. After that, each TNP + BTDS and TNP +
CBTDS bilayer-coated FTO glass substrate was annealed succes-
sively at 150 °C for 30 min and 500 °C for 30 min, and cooled to
80 °C. Then, each substrate was soaked for 12 h in a 0.1 mM
N719 ethanol dye solution to obtain its respective bilayer DSSC
photoanode. The DSSC counter electrodes were prepared by
coating 0.05 mol L™ of H,PtClg isopropyl alcohol solution onto
the FTO via a solution-casting method and then annealed at
400 °C for 30 min. The DSSCs were constructed individually as
sandwich-type cells using respective bilayer photoanodes, coun-
ter electrodes, and Surlyn™ ionomer polymer masks. Finally,
0.5 M Lil + 0.05 M I, + 0.5 M 4-tert-butyl pyridine redox electrolyte
solution was injected into the sandwich cell arrangement to
obtain the functioning DSSCs.
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Results and discussion
Crystal structure and phase identification

The BTDS and CBTDS nanostructures are successfully prepared
by using the HTNW precursor via a multi-step hydrothermal
digestion process shown in Scheme 1. The as-prepared HTNWs’
XRD pattern [Fig. S1, SI] indicates that the precursor anatase
TiO, nanoparticles are transforming into a less symmetric,
orthorhombic titanate nanowire. Also, the intense diffraction
peaks observed at 26 angles of 9.58°, 24.68°, 29.48°, 48.68°, and
62.68° for the planes (200), (110), (310), (020), and (002), respec-
tively, confirm an orthorhombic unit cell (JCPDS-47-0124).>""*
Several strong peaks observed at 20 angles of 9.58°, 24.68°, and
29.48° are attributed to the diffraction of the layered titanate
structure and assigned to X,Tiz;O; or X,Ti,05-H,0, where X = Na
and H, and lepidocrocite-type titanate with peak broadening as
shown in Fig. S1 (SI). Upon the addition of HCI to Na,Ti,0s-H,0,
the ratio of H/Na in the HTNW sample increases because the H"
ion replaces the Na* ion in the orthorhombic crystal. When the
HCI solution amount is increased to 100 mL, Na,Ti,O5-H,O is
completely transformed into H,Ti,Os-H,0O, implying that the
chemical composition of titanate nanowires strongly depends
on the ion exchange process.* Also, the final product isolated is
confirmed as H,Ti,05-H,O layers of orthorhombic phase crystal-
lites in the form of 1D nanowires.

Moreover, the XRD pattern of BTDS prepared from HTNWs
displayed intense diffraction peaks at 20 angles of 22.18°, 31.49°,
38.84°, 45.12°, 45.36°, 50.89°, 56.17°, 65.73°, 70.35°, 74.82° and
79.09°, corresponding to the Miller indices of (100), (110), (111),
(200), (002) (210), (211), (220), (300), (310) and (311) planes,
respectively, revealing a tetragonal phase crystal structure (JCPDS
05-0626),>***?> as shown in Fig. 1(a). The tetragonal phase BTDS
is formed by the transformation of an orthorhombic 1D nanowire
structure into a 3D doughnut nanostructure during the second
stage of the hydrothermal process. In addition, the CBTDS crystal
structure is verified from the XRD pattern, as shown in Fig. 1(a).
The diffraction pattern of CBTDS shows resemblance to its
precursor BTDS by exhibiting a similar pattern without signifi-
cant changes in the peak positions observed at 20 angles of
22.16°, 31.45°, 38.80°, 45.09°, 45.34°, 50.86°, 56.14°, 65.70°,
70.33°% 74.79°, and 79.06° corresponding to the miller indices
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(a) X-ray diffraction (XRD) patterns of BTDS and CBTDS nanostructures, (b) enlarged view of the diffraction peak angle from 30° to 33°.
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of (100), (110), (111), (200), (002), (210), (211), (220), (300), (310),
and (311) planes, respectively, of the tetragonal phase crystal
structure (JCPDS 05-0626).>***3> Besides, an enlarged view of
the diffraction peak from 31° to 33° reveals that the peak at 31.4°
corresponds to the (110) plane (Fig. 1b), a characteristic of the
tetragonal crystal structure. Also, a slight shift in this diffraction
peak position towards a lower value is observed. This shift
strongly suggests the successful incorporation of the cobalt
(Co) dopant into the tetragonal BaTiO; lattice. This can be
attributed to the replacement of both Ba** and Ti*" ions in the
lattice by the Co®" ions, leading to a minor lattice distortion that
could cause the peak shift to the lower 20 value, and a slight
increase in the lattice parameters may be due to the formation of
Ti** ions and oxygen vacancies in the lattice.>**® The crystallite
sizes of BTDS and CBTDS nanostructures are calculated based
on the peak full width at half maximum (FWHM) of the peak
corresponding to the (110) plane by using Debye-Scherrer’s
equation.’” The estimated crystallite sizes of BTDS and CBTDS
nanostructures are listed in Table S2 [SI]. The XRD results
indicated an increased crystallite size of 42 nm after incorporat-
ing the Co metal dopant into the bare BTDS, with a crystallite
size of about 33.9 nm. The unit cell expands when Co>" ions
replace Ti*" ions in the BTDS lattice, creating oxygen vacancies.
The oxygen vacancies can significantly influence the electrical
properties of the CBTDS ceramics compared to the BTDS. In
general, with lower oxygen vacancies, crystallites remain in the
tetragonal phase, and possibly increasing oxygen vacancies induce
phase transformation from tetragonal into the hexagonal/cubic
phase, which is widely proven in recent literature.*® Further, the
cobalt dopant concentration is directly linked to the oxygen
vacancies formed in the CBTDS lattice; when the cobalt dopant
concentration is >0.05 mol%, it can produce a noticeable
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change that is detected in the X-ray diffraction. In this study,
Co-dopant concentration has been kept lower than 0.05 mol%;
hence, the doping has not created any discernible phase trans-
formation except the marginal rise in the crystallite size, as
observed in Table S2 and Fig. 1.

Morphology transformation and control

The morphology of the as-prepared BTDS and CBTDS is shown in
Fig. 2(a)-(d). To understand the 1-dimensional to 3-dimensional
morphological transformation of the nanostructures, a detailed
FESEM analysis has been performed for the precursor HTNWs
and presented in Fig. S3(a) and (b) [SI]. Similarly, FESEM
images of BTDS and CBTDS morphologies at different magni-
fications are shown in Fig. 2(a), (c) and (b), (d), respectively. The
higher magnification FESEM images of BDTS and CBDTS
(Fig. 2(a), (c) and (b), (d)) indicate that the nanostructures are
formed as well-dispersed doughnut-shaped structures. Also, the
FESEM analysis revealed that the as-prepared HTNWs, BTDS,
and CBTDS formed predominantly as non-agglomerated
nanostructures. The FESEM images in Fig. S3 confirm that
the as-synthesized H-titanate nanowires are transformed from
0-dimensional (0D) anatase TiO, nanoparticles into 1-dimensional
(1D) orthorhombic nanowires. According to the FESEM images
in Fig. 2(a) and (c), the three-dimensional (3D) BTDS nanostruc-
tures have been successfully formed from the 1D orthorhombic
HTNWs. The temperature effect on the BaTiO; morphology and
size indicated that at 120 °C, hydrothermal treatment for 6 h
produces a well-organized, mesoporous, tetragonal BTDS with
narrow dispersity."® Besides, the 3D tetragonal BTDS nanostruc-
tures transformed into CBTDS without morphology change dur-
ing the hydrothermal process, while using less than 0.05 mol% of
Co>" dopant concentration, causing minimal lattice distortion.

Count

60 80 100 120 140
Diameter (nm)

14] 55 caTDS

Count

Diameter (nm)

Fig. 2 FESEM images of (a) and (c) BTDS and (b) and (d) CBTDS nanostructures, (e) and (f) particle-size distribution histogram analysis of BTDS and

CBTDS nanostructures.
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The additional hydrothermal step resulted in minor changes in
the sizes of CBTDS nanostructures, as verified by the FESEM
images shown in Fig. 2(b) and (d). Moreover, the crystallite size
comparison data obtained from the XRD and TEM crystallite size
analysis are shown in Table S2. The results indicate an increase
in the crystallite size of CBTDS because of the addition of Co**
into the BTDS lattice.

Further, as shown in Fig. 2(a) and (c), BTDS nanostructures
exhibit a narrow size distribution within 59 to 141 nm dia-
meters and an average diameter of 96 nm. Similarly, as shown
in Fig. 2(b) and (f), CBTDS nanostructures display a narrow size
distribution within 70 to 141 nm diameters and an average
diameter of 105 nm. These results show that incorporating
0.05 mol% Co into the BTDS structure increases the average
diameter of the doughnut shape compared to the bare BTDS
structure, which could be due to the lattice distortion. Also, the
elemental mapping images indicate that the Ba (green), Ti
(red), and O (cyan) elements are uniformly distributed within
the BTDS structure, as displayed in Fig. S4 [SI]. Besides, based
on elemental mapping and EDS analysis to confirm the com-
position of CBTDS nanostructures, Ba (lilac), Co (cyan), Ti (red),
and O (green) elements are dispersed uniformly within the
CBTDS nanostructures, as shown in Fig. S5 [SI].

The as-synthesized BTDS and CBTDS nanostructures were
further analyzed by high-resolution transmission electron
microscopy (HRTEM) to confirm the morphological features
and crystalline phases, and their HRTEM images are shown in
Fig. 3(a-d). In the HRTEM analysis, BTDS and CBTDS nano-
structures demonstrated similar morphologies with notable
size variations as revealed by SEM. The selected area electron
diffraction (SAED) patterns confirmed the highly crystalline nature
of the BTDS nanostructure (Fig. 3(e)). Further, the electron-
diffraction images of the BTDS nanostructure exhibited well-
resolved fringes and ring patterns for the polycrystalline torus,
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as shown in Fig. 3(g), and their interplanar spacings calculated
were 0.4203 nm, 0.2964 nm, 0.2376 nm, and 0.2061 nm, corres-
ponding to the (100), (110), (111), and (200) crystal planes of the
tetragonal phase, respectively. Besides, as shown in Fig. 3(f) and
(h), from the SAED pattern and HRTEM analysis, interplanar
spacings of CBTDS nanostructures were found to be 0.4209 nm,
0.2967 nm, 0.2426 nm, and 0.2125 nm, respectively, corres-
ponding to the (100), (110), (111), and (200) tetragonal crystal
planes. Also, the HRTEM-EDS spectra of BTDS and CBTDS
confirmed their respective elemental distributions [Fig. S6, SI|.

Furthermore, the BET analysis of BTDS and CBTDS exhibited
a typical Type-IV with Type-H3 hysteresis loop, indicating the
formation of large mesopores or macrostructures. BTDS with
large, agglomerated particles and a mesoporous structure showed
prominent hysteresis loops compared to CBTDS. The BET esti-
mated specific surface area of BTDS was 25.843 m” g~ !, which was
marginally higher than that of CBTDS (20.978 m” g~ *). Similarly,
the pore volumes of BTDS and CBTDS estimated by the
Barrett-Joyner-Halenda (BJH) method were 0.069 cm® g' and
0.047 cm® g', respectively, as shown in Fig. 4 and Table S7 [SI].
The BJH pore-size distribution analysis of the nanostructures
showed a unimodal mesopore distribution in both BTDS and
CBTDS nanostructures. Also, BTDS and CBTDS displayed wide
BJH pore-size distributions in the 3-26 nm and 3-27 nm ranges,
respectively. After incorporating the Co®>" dopant into BTDS, a
slightly increased pore size was observed, as shown in Fig. 4(b)
and Table S7. Due to the incorporation of Co®" into the BTDS
lattice, CBTDS showed a decrease in surface area and pore
volume, but a more extensive pore size distribution and pore
diameter.

As evidenced by XRD and TEM analyses, the more extensive
pore size distribution and pore diameter could be assigned to
more porous interior structures and the presence of mesoporous
structures with larger crystallites of CBTDS. The increasing pore

(300)
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Fig. 3 Low and high magnification HRTEM images of (a) and (c) BTDS and (b) and (d) CBTDS nanostructures. (e) and (f) Selected-area electron diffraction
(SAED) patterns and (g) and (h) (110) plane lattice fringes of BTDS and CBTDS nanostructures, respectively.
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Fig. 4 (a) Traces of the N, adsorption—desorption isotherm of BTDS and CBDTS nanostructures, (b) pore size distribution analysis using the Barrett—
Joyner—Halenda (BJH) method, and (c) steady-state photoluminescence (PL) spectra of BTDS and CBTDS nanostructures.

size distribution and pore diameter of CBTDS nanostructures
could play a significant role in superior dye loading, enhanced
light-scattering ability, and improved photocurrent generation
in DSSCs. Typically, nanostructures with narrow pore size
distributions were deemed beneficial for efficient dye loading
and improved electrolyte penetration. This may result in the
superior charge transfer processes at the photoanode-electrolyte
interface.”®

Light-scattering and band shift effects

To evaluate the influence of the light scattering effect and
absorption properties of BTDS and CBTDS nanostructures,
the UV-visible-NIR diffuse reflectance (DRS) and absorption
spectra of their thin films were examined in the 200-1400 nm
wavelength region, as shown in Fig. S8 [SI|. The film with a high
diffuse reflectance percentage indicated a clear enhancement
of the light-scattering effect, and can be utilized as a light-
scattering top layer of a bilayer DSSC photoanode.*® Among the
thin films, BTDS demonstrated the maximum diffuse reflection
(91%) in the visible to NIR (420-1400 nm) wavelength region. In
contrast, the CBTDS thin film showed the maximum diffuse
reflection (85%) in the NIR (900-1000 nm) wavelength region.
The CBTDS film absorbed more visible light and exhibited a
lower diffuse reflectance as compared to the BTDS film. More-
over, the optical absorbance spectra of BTDS and CBTDS thin
films were recorded to understand the influence of cobalt
doping in BTDS and to correlate band gap changes to the
photocurrent produced in the CBTDS-based DSSCs. The optical
absorption of both nanostructures was recorded in the UV-
visible to near-infrared (NIR) region at wavelengths ranging
from 200 to 1400 nm, as shown in Fig. S8. The broad absorption
of the CBTDS thin film could be due to Co-metal doping in
BTDS, shifting the absorption edge from visible light to the NIR
region, and the structural distortion of the BTDS lattice con-
tributed to the Urbach tail along with band gap narrowing.*® As
shown in Fig. S8, the thin film of CBTDS exhibited two broad
absorption peaks at 520-725 nm and 980-1400 nm in the visible
light to the NIR region. The peak that appeared at wavelength
520-725 nm for CBTDS could be due to Co doping raising the
energy levels in BTDS just above the valence band and narrow-
ing the band gap, resulting in the characteristic absorption in
the visible and NIR regions, besides the Urbach tailing effects.

Mater. Chem. Front.

This could significantly contribute to the increase in the light-
harvesting ability of CBTDS over BTDS. Fig. S8(b) shows the
Tauc plots obtained for the indirect band gap of BTDS and
CBTDS thin films using the equation (eqn (1))*>"'%*>%”

ahv = f(hv — Ep)" (1)

where B, h, v, o, and E, are optical constants, Planck’s constant,
photon frequency, absorption coefficient, and optical band gap
energy, respectively. As shown in Fig. S8(b), the thin film band
gap energies estimated from respective Tauc plots of BTDS and
CBDTS indicated that the BTDS band gap was reduced from 3.1
to 2.51 eV by doping 0.05 mol% of cobalt into its lattice. The
doping of Co®" into Ba>" caused disorder at the local sites of the
host lattice (BaTiO3) and manifested the Urbach states, result-
ing in a band gap energy of 2.51 eV for CBTDS at 0.05 mol% of
Co dopant concentration.*® The CBTDS nanostructures demon-
strated a lower band gap energy, favorable for faster charge
separation and slower recombination due to the ferroelectric
dipoles, which is desirable for better photocurrent generation
of DSSCs.

The steady-state photoluminescence (PL) spectra of BTDS
and CBTDS nanostructures with an excitation wavelength of
380 nm were recorded to investigate the nanostructures’ emis-
sion characteristics and localized state formation, as depicted
in Fig. 4(c). Both samples displayed intense emission peaks
centered at 435 nm, with a marginal shift in the peak maximum
for the CBTDS sample because the cobalt dopant in the barium
titanate lattice exhibits a weak, broad emission with maxima of
490 and 520 nm. The oxygen vacancies in CBTDS nanostruc-
tures can be identified by using PL maxima while comparing
them to the PL maxima of BTDS nanostructures. Oxygen
vacancies typically cause a red shift in the emission wavelength.
This shift occurs because photo-generated electrons get
trapped within the defect sites created by the oxygen vacancies.
Also, the intensity of the peak at 435 nm was reduced by almost
30% in CBTDS compared to BTDS because of doping; perhaps
the emission intensity of the 490 nm and 520 nm peak maxima
remained closer in both samples. The localized states were
formed in the BTDS and CBTDS nanostructures due to struc-
tural disorders such as reduced crystallinity, lattice defects,
impurities, and polarization effects, which can also contribute
to the increased emission intensity.>® The peak that appeared
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around 520 nm was ascribed to the localized states in the band
gap that facilitated the electronic transition from the valence
band to the conduction band. As shown in Fig. 4(c), the PL
intensity of CBTDS is lower than that of BTDS, which may be
due to the faster recombination kinetics between the photo-
generated electrons and holes. Besides, both BTDS and CBTDS
nanostructures can demonstrate the Gorbatsevich and Kopaev-
type toroidal polarization effects due to their nanotorus geome-
try with different radii, in which toroidal dipoles formed act as
solenoids containing circular vortices® as shown in Fig. S8(c).
The toroidal domains possess continuously rotating electric
dipoles based on the local polarization. Ferroelectric domains
generally have electric dipoles in linear order, causing sponta-
neous polarization in conventional barium titanate nanostruc-
tures. Because of the geometry differences compared to the
conventional ferroelectric materials, the ferroelectricity in the
BTDS and CBTDS nanostructures is produced by their nano-
torus geometry-dependent toroidal electric dipole moment (7)
that can be expressed as (eqn (2))

T=0N)"S (n) x op, )

1

where p; is the polarization of the local dipole of cell ‘I’
positioned at r;. The aspect ratio a = r/R, i.e., the ratio of the
nanotorus inner () and outer (R) radii, influences the net
toroidal moment generated in the BTDS and CBTDS nanostruc-
tures. Moreover, the aspect ratio can affect the polarization
pattern and can lead to the formation of different phases of
ferroelectric toroidal and hypertoroidal moments. From the
TEM images (Fig. 3c and d), it can be justified that the low
aspect ratio of, a ~ 0.25 found in the CBTDS nanostructures
could offer a stable toroidal moment over the BDTS (a ~ 0.40)
nanostructures.*’
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Electronic states, Ti’", and oxygen vacancy formation

The X-ray photoelectron spectroscopy (XPS) analysis was carried
out to confirm the elemental composition, oxidation states, and
electronic environments of the BTDS and CBTDS nanostruc-
tures. The survey scan XPS spectra of CBTDS [Fig. S9, SI]
confirmed the presence of Ti 2p, O 1s, C 1s, Ba 3d, Co 2P,
and Co 3P with the XPS signals with binding energy ranges of
457-463 eV, 529 eV, 284.8 eV, 778-793 eV, 778.25-793.53 €V,
and 61 eV, respectively. All XPS peaks were calibrated using C 1s
(284.8 eV B.E.), and the spectra were fitted with Lorentzian
curves for each component peak. The Ba 3d XPS spectra of
BTDS and CBTDS are presented in Fig. 5(a, b). In Fig. 5(a),
the XPS spectrum of BTDS reveals two prominent signals at
793.39 eV and 778.10 eV energies, corresponding to spin states of
Ba 3d;), and Ba 3ds,, respectively.***'™** Also, the Ba 3d,,, and
Ba 3ds,, spin states can be further deconvoluted into two weaker
peaks at 794.77 eV and 779.54 eV, respectively. These weaker
peaks can be attributed to Ba®" states, signifying a relaxed Ba-O
surface phase. The presence of these states generally suggests
the occurrence of oxygen vacancy-related defects in the BaTiO;
structure.’”*? Similarly, in Fig. 5(b), the XPS spectrum of CBTDS
exhibits two significant peaks for Ba 3d that are slightly shifted
as compared to the BTDS binding energies. These peaks are
centered at 793.57 eV and 778.29 eV,**** corresponding to the
energies of Ba 3d;, and Ba 3ds, spin states, respectively.
The narrow scan Co 2p XPS spectrum (Fig. 5¢) displays a core-
level XPS chemical shift for the Co 2p signal in the CBTDS
spectrum. It exhibits two prominent doublet peaks at 793.53 eV
and 778.25 eV, which can be assigned to the energies of Co 2p;,
and Co 2py,, spin states, respectively.'”***> The presence of
cobalt (Co) ions in CBTDS is further confirmed by the core-level
XPS chemical shift observed for the Co 2p state. The splitting of
the binding energy of Co 2ps/, and Co 2p;/, spin states can be
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Fig. 5 (a) and (b) High-resolution XPS spectrum of Ba 3d peaks of BTDS and CBTDS, (c) XPS spectrum of Co 2p peaks, (d) XPS spectrum of Co 3p peaks,
(e) and (f) XPS spectrum of Ti 2p peaks, and (g) and (h) XPS spectrum of O 1s peaks.
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assigned to the incorporation of cobalt (Co) into BTDS, as the Co
2p spin states appear as peaks at 793.61 eV and 778.28 eV,
analogous to the core-level XPS signals of Co®*" ions.2**%*°
Additionally, the Co 2psz, and Co 2py, spin states can be
deconvoluted into weaker peaks at 794.81 eV and 779.58 eV,
representing Co>" states, respectively. Due to the closer proxi-
mity of the Ba 3d and Co 2p peaks, separating the characteristic
signals of Co 3d was challenging. However, the presence of Co**
ions in the BTDS crystal structure was ascribed to the lower
binding energies of CBTDS compared to that of BTDS. Further,
the Co”>" ions’ 3p signal confirmed the CBTDS nanostructures
(Fig. 5d), by demonstrating a peak centered at 61.68 eV.”**?
Fig. 5(e) shows the binding energies located at 457.59 eV and
463.34 eV, which accounted for the Ti 2p;, and Ti 2p,,, spin
states, respectively, of BTDS."”*"*>%¢ This indicates a Ti*" oxida-
tion state in the perovskite BaTiO; structure, thus confirming the
presence of Ti-O and Ba-O bonds. In addition, the Ti 2p;, and
Ti 2py/, signals could be deconvoluted into two sub-signals at
455.69 eV and 462.16 €V, respectively, indicating the presence
of Ti** states, which characteristically signify the formation of
oxygen vacancy-related defects in BTDS. Similarly, due to the Co-
doping effects on the Ti 2p XPS peaks, CBTDS showed slightly
shifted binding energy values. Fig. 5(f) shows the splitting of Ti
2psj and Ti 2py, spin states with binding oxidation state in the
perovskite CoBaTiO; structure. The Ti 2ps;, and Ti 2p,, peaks
could be further deconvoluted into two subpeaks located at
458.76 eV and 465.57 eV, respectively, indicating the presence
of Ti*" states and oxygen vacancy-related defects in CBTDS. Due
to Co-doping in the BaTiO; lattice, the CBTDS structure exhibits
a rise in the Ti** peak intensity and a reduction in the Ti** peak
intensity compared to the BTDS structure. Besides, the decreas-
ing area of the Ti'" peak suggests a decrease in CoBaTiO; and
the potential formation of Ti-O-Ba or Co-O-Ba bonds. This is
likely due to the Co metal doping, which may involve the
replacement of either Ba or Ti species within the BaTiO; lattice
through substitution.**

Moreover, the O 1s spectrum of the BTDS structure depicted
in Fig. 5(g) exhibited a major signal, which is resolved into three
distinct signals at 526.53 €V, 529.03 eV, and 530.26 €V, corres-
ponding to specific chemical environments: (O-Ti-O, O-Ba-0),
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(C-0, Ba-0), and C-O-H groups, respectively.*"*>***® The
signal at 529.03 eV is assigned to the oxygen functionalities,
such as lattice oxygen (O-Ti-O, O-Ba-O bonding) and hydroxyl
groups on the titanate surfaces. Meanwhile, the signal at
530.26 eV is assigned to the oxygen species associated with
C-O-H and hydroxyl groups. Finally, the peak at 526.53 eV
indicates the manifestation of interactions with the Ba-O vacancy
sites on the surfaces.** Consequently, the observed peaks collec-
tively indicate the occurrence of oxygen vacancy-related defects
within the BTDS structure. Similarly, the O 1s spectrum of the
CBTDS sample depicted in Fig. 5(h) demonstrated a major signal,
which is deconvoluted into three dissimilar signals at 528.93 €V,
529.74 eV, and 531.60 eV, corresponding to specific chemical
environments: (O-Ti-O, O-Ba-O, O-Co-0), (C-O, Ba-O, Co-0),
and C-O-H bonds, respectively. The peak at 529.93 eV is attrib-
uted to adsorbed oxygen species interacting with lattice oxygen
(O-Ti-O, 0O-Ba-0O, O-Co-O bonding) and -O-H groups on the
titanate surfaces. Meanwhile, the peak at 531.60 eV is assigned to
adsorbed oxygen species associated with C-O-H bonds and
hydroxyl groups. The peak at 528.93 eV indicates the presence
of adsorbed oxygen species at the Ba-O and Co-O surface vacancy
sites.>® The presence of O vacancies with signals in the same
spectral region in CBTDS indicates the promising magnetic and
electrical behaviors due to the favorable chemical environment
when Co replaces Ti.***> When Co replaced Ti in the lattice, it
supported the preservation of ferromagnetic behavior and
enhanced the dipole electric field with higher electrical conduc-
tivity in CBTDS than BDTS.

Photovoltaic characterization

To evaluate the morphology-dependent light harvesting ability
of the toroidal ferroelectric BTDS and CBTDS nanostructures
and their photovoltaic performance, their respective bilayer
photoelectrodes, TNP + BTDS and TNP + CBTDS, were con-
structed as DSSCs. Fig. 6(a) shows the J-V comparison curves of
DSSCs constructed with TNP + BTDS and TNP + CBTDS photo-
electrodes, and Table 3 shows their photovoltaic performance
data. The Co metal doping influenced the light absorption
properties of CBTDS nanostructures in many ways, such as
superior visible and near-infrared light absorbing properties,
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Fig. 6 (a) Photovoltaic J-V curves of DSSCs constructed using TNP + BTDS
using TNP + BTDS and TNP + CBTDS bilayer photoelectrodes.
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toroidal ferroelectric dipole moment-induced effects on photo-
induced charge separation, and improved dye-loading capacity.
However, the BTDS nanostructure demonstrated a higher dif-
fuse reflectance of 91% in the 350-1400 nm wavelength region,
supporting its superior light scattering ability than the CBTDS
nanostructures (85%) in the 350-1400 nm wavelength region.
Interestingly, the UV-vis absorption spectrum of the CBTDS
film indicated notable light absorption in the 520-725 nm and
980-1400 nm wavelength regions, which can contribute to the
increase of the light-harvesting ability of the TNP + CBTDS
bilayer photoelectrode for improving the photocurrent genera-
tion in its DSSCs, as shown in Fig. 6(a). In addition, Co-metal
doping reduces the bandgap (from 3.1 eV to 2.51 eV) of the
barium titanate film of the DSSC photoelectrode, resulting in
enhanced light absorption in the near-infrared region and
amplified exciton formation, thereby boosting the DSSC’s
photocurrent (Jsc). Co-metal doping in the BTDS-based light-
scattering layer in the photoanode minimizes energy losses by
the slower charge recombination due to its toroidal ferroelec-
tric dipole-induced effects, as confirmed by the PL analysis.

Furthermore, CBTDS nanostructures with high concentra-
tions of oxygen vacancies and Ti** ions can facilitate charge
separation and improve charge carrier mobility, leading to more
efficient energy conversion in the DSSCs. As a result, the TNP +
CBTDS bilayer photoelectrode, having the CBTDS sublayer,
exhibited better light absorption, superior photosensitizing
behavior, and a toroidal ferroelectric dipole, supporting excep-
tional charge migration. In contrast, the TNP + BTDS bilayer
photoelectrode had superior specific surface area and pore
volume but suffered in pore size distribution and diameter,
affecting its photoelectrode film’s dye loading. The optimal pore
size and diameter that could help achieve maximum dye load-
ing of the photoelectrode are reported in the literature.’”*® In
this work, the crystallite size, pore size, and pore diameter of the
CBTDS nanostructure played a significant role in the superior
dye uptake and greater photocurrent generation of its photo-
electrode, as shown in Table 1.

In DSSCs, the TNP + BTDS bilayer photoelectrode generated
a maximum photocurrent density (Jsc) of 21.53 & 0.21 mA cm >
and a PCE of 10.01 £ 0.40%, and the TNP + CBTDS bilayer
photoelectrode produced a Jgc of 22.81 & 0.15 mA cm ™ > and a
PCE of 10.29 £ 0.44%. The TNP + CBTDS bilayer photoelectrode
generated an open circuit voltage (Voc) of 0.81 + 0.01 V, which
was less than the Vo of the TNP + BTDS bilayer electrode
(0.83 + 0.01 V) because the incorporation of Co into BTDS
narrowed the band gap by introducing mid-gap states, as evident
from optical band gap calculations. In addition, CBTDS had a
lower band gap and a higher toroidal ferroelectric dipole-
induced electric field than BTDS in the bilayer photoelectrode.
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These observations indicated that the visible light absorption
and toroidal ferroelectric behavior of CBTDS favored increasing
the number of photogenerated charge carriers, resulting in a
higher photocurrent generation of the TNP + CBTDS bilayer
photoelectrode-based DSSC. To support this, the photovoltaic
J-V performance of CBTDS and TNP + CBTDS without dye
loading as monolayer and bilayer photoelectrodes of DSSCs was
also investigated separately (Fig. S11). The DSSCs of CBTDS and
TNP + CBTDS photoelectrodes demonstrated Jsc of 3.06 mA cm ™2
and 5.91 mA cm ™2, Vo of 0.52 V and 0.64 V, and PCE of 0.65%
and 1.78%, respectively. The J-V results demonstrated that the Co
metal ion dopant in the BTDS lattice of the CBTDS nanostruc-
tures made them a better photon-absorbing layer and effectively
formed the photogenerated electrons for the increased charge
collection at the FTO substrate in the TNP + CBTDS photoelec-
trode, resulting in the increased Jsc value. Similarly, the Vo of
solar cells made of a CBTDS monolayer photoelectrode was
200 mV less than the Vo of DSSCs constructed with the TNP +
CBTDS photoelectrode due to the higher band gap of TiO,
(3.2 eV) and possibly due to band mixing.

To understand the photocurrent generation and light-
harvesting abilities of BTDS and CBTDS nanostructures in
various light wavelength regions, the incident photon to current
conversion efficiency (IPCE) of their DSSCs was recorded. The
IPCE responses of solar cells can be expressed as (eqn (3))

IPCE()) = nlhe(;“)'qoin'ncol (3)

where e is the light-harvesting efficiency, ¢;, the charge
injection efficiency, and 7. the charge collection efficiency.*”
The dye uptake value and the IPCE data can determine the
LHE. The IPCEs of TNP + BTDS and TNP + CBTDS bilayer
photoanode-based DSSCs are shown in Fig. 6(b). The IPCE of all
DSSCs indicated peaks analogous to the first excitonic absorp-
tion of the N719 dye in the 520-530 nm range. IPCE values for
DSSCs of TNP + BTDS and TNP + CBTDS bilayer photoelec-
trodes showed peak maxima of 76.10% and 83.30%, respec-
tively. The highest IPCE spectral value of 83.30% obtained for
the TNP + CBTDS bilayer photoanode-based DSSC indicated the
optimum light scattering ability, extended visible and NIR light
absorption, enhanced dye uptake capacity, and favorable ferro-
electric behavior of the photoanode, collectively improving the
photocurrent density of its DSSC. In contrast, its counterpart,
the TNP + BTDS bilayer photoanode in DSSCs, showed superior
light scattering ability but poor dye loading and insignificant
visible and NIR light absorption, which reduces the photocur-
rent density. As a result, its TNP + CBTDS bilayer photoelec-
trode generated the highest IPCE of 83%, due to the electrons
that are photo-generated by the visible and NIR active material

Table 1 Photovoltaic and dye uptake parameters of DSSC bilayer photoanodes

Amount of dye

Photoanode Jsc (mA cm™?) Voc (V) FF PCE (%) IPCE (%) loaded (umol cm™?)
TNP + CBTDS 22.81 £ 0.15 0.81 &+ 0.01 0.56 + 0.04 10.29 £+ 0.44 83.30 7.87
TNP + BTDS 21.53 £ 0.21 0.83 + 0.01 0.55 + 0.09 10.01 £ 0.40 76.10 6.27
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being more accessible to inject into the conducting electrode
with optimum light absorption, charge transport, and toroidal
ferroelectric dipole-induced electric field effects that can
increase the photocurrent of the DSSC significantly.

Charge transfer processes at the photoanode/electrolyte
interface

As shown in Fig. 7(a) and Table 2, the charge recombination
resistance of DSSCs decreased from 248.34 Ohm cm® to
186.61 Ohm cm” when the bilayer photoanode was changed
from TNP + CBTDS to TNP + BTDS, indicating a higher charge
recombination resistance (R.) of the TNP + CBTDS photoanode.
The Nyquist plots recorded for the DSSCs in the applied voltage
range of —0.4 V to —0.8 V revealed that at —0.7 V, each
photoelectrode charge transport resistance R; produced a
straight line within the big semicircle produced by R, as shown
in Fig. 8. R, is a good sign of charge transport via the meso-
porous oxide bilayers in the photoelectrodes. Fig. 7(b) exhibits
the EIS frequency vs. phase angle (Bode) plots of bilayer photo-
anode based DSSCs that are used to estimate the electron
lifetime (,,) using the equation 7, = 1/(27tfiax), Where fiay refers
to the low-frequency peak in the plot. As shown in Table 2, the
TNP + BTDS bilayer photoanode produced significantly longer
electron lifetime (50.07 ms) than the TNP + BTDS bilayer
photoanode (24.02 ms) in DSSCs. Typically, the large charge
recombination resistance favors a longer electron lifetime (t,,) in
the DSSCs. Fig. 7(b) confirms the long electron lifetime due to the
3D mesoporous toroid structure, extending the electron mean
free path. As a result, the TNP + CBTDS photoanode exhibited a
longer electron lifetime than the TNP + BTDS photoanode. Thus,
the extended electron mean free path and the reduced electron
transport resistance value of the TNP + CBTDS bilayer photo-
anode produced an increased electron lifetime, longer diffusion

300
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length, and enhanced charge collection yield in the DSSC, as
shown in Table 2.

Besides, the bilayer photoelectrode loaded with CBTDS
nanostructures, showing comparatively smaller BET surface
area and porosity percentage values, generated better chemical
capacitance at higher applied potentials closer to V¢, as shown
in Fig. S12 [SI]. In contrast, the BTDS nanostructure bilayer
photoelectrode produced lower chemical capacitance at higher
bias potential despite showing good surface area and porosity
values.**° This could be due to the reduced double-layer
capacitance contribution to the total chemical capacitance
estimated at higher applied potentials.”® Among BTDS and
CBTDS nanostructures, CBTDS showed a good chemical capa-
citance value due to the favorable pore size and porosity,
allowing better redox electrolyte penetration in the TiO,/CBTDS
network for the rapid regeneration of oxidized dyes. Also, the
charge recombination lifetime (z,,) at the photoelectrode/elec-
trolyte interface can be estimated using eqn (4):>"*>

Tn = Ree:Cy, (4)

where R, denotes the charge transfer resistance and C, denotes
the chemical capacitance. The charge transport properties
of DSSC photoelectrodes have been widely reported from the
effective diffusion coefficient D, obtained from parameters like
Cy, Ret, and R, by eqn (5):°

SN NN} ncc—m (5)

L indicates the film thickness of a photoelectrode. Usually, D,
and 71, have an exponential relationship with the applied
potential, as shown in Fig. S14. The TNP + CBTDS photoanode
showed the highest D, at the applied voltage range of —0.4 V
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Fig. 7 Electrochemical impedance spectroscopy (EIS) of DSSCs of TNP + BTDS and TNP + CBTDS photoelectrodes at an applied potential of —0.8 V: (a)

Nyquist plots with an equivalent circuit as the inset and (b) Bode plots.

Table 2 EIS parameters determined from Nyquist plots recorded at an applied potential of —0.8 V

Electron
Rg Rt R Chemical Electron recombination  Diffusion Charge collection
Photoanode (Ohm cm?) (Ohm cm?) (Ohm cm?) capacitance (F) lifetime (ms) lifetime (ms) length (um) efficiency (%)
TNP + BTDS 34.27 186.61 29.83 3.14 x 107 24.02 58.59 37.58 86.22
TNP + CBTDS  25.83 248.34 23.34 5.01 x 107* 50.07 124.41 48.93 91.41
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Fig. 8 (a) and (b) EIS Nyquist plots of TNP + BTDS and TNP + CBTDS bi-layer photoanode-based DSSCs recorded at an applied bias potential of —0.4 V
to —0.7 V under dark conditions. (c) Electron recombination resistance and (d) electron transport resistance at an applied bias potential of —0.4 V to
—0.8 V under dark conditions. The EIS parameters of TNP + BTDS and TNP + CBTDS bi-layer photoanode-based DSSCs obtained from the Nyquist plots
recorded at an applied bias potential of —0.8 V and fitted with an equivalent circuit (above).

and —0.8 V compared to the TNP + BTDS bilayer photoanode.
The electron diffusion length of the bilayer photoelectrode at
the photoelectrode/electrolyte interface can be obtained by
using the above equation for L,. Generally, R.. and R, values
of bilayer photoelectrodes can influence the electron diffusion
within the BTDS- or CBTDS-containing sublayer since L, is the
average distance electrons travel through the conduction band
before recombining with holes.”>* Moreover, Fig. S12(c) shows
the electron diffusion length determined at an applied voltage
of —0.4 V and —0.8 V. The curves indicate that a low R, of a
bilayer affects the electron diffusion within the doughnut
sublayer. The charge collection efficiency (5..) of the bilayer
photoelectrode at the electrode/electrolyte interface can be
estimated using eqn (5). The TNP + CBTDS photoanode has a
longer electron diffusion length and higher #.. within its three-
dimensional morphology. These findings support increased Jsc
observed for the TNP + CBTDS photoanode-based DSSC. Also,
compared to the literature-reported barium titanate-based
photoanodes (Table 3), the TNP + CBTDS photoanode produced
the highest PCE value due to its favorable sublayer morphology
for the superior light-to-current conversion.

Photocatalytic dye degradation study

The BTDS and CBDTS nanostructures were employed as rho-
damine B dye degradation photocatalysts under AM1.5 G con-
ditions using standard solar light irradiation (100 mW cm™?).
Fig. 9(a) and (b) show the absorption spectra of Rhodamine B

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

Table 3 Comparison of highly efficient barium titanate-based photoa-
node and photocatalyst materials available in the literature with the results
of this work

DSSCs
Photovoltaic

Photoanode Single- or efficiency
material used bi-layer DSSCs (%) Ref.
BaTiO;/TiO, nanotubes  Hybrid single 10.15 Chen

layer et al”
TiO, + BaTiO3 Single layer 9.40 Asgari
nanocomposite et al®
TiO, NPs + BaTiO; Double layer 9.92 Murali
nanowires/GNP et al”®
TiO, NPs + BTDS Double layer 10.01 This work
TiO, NPs + CBTDS Double layer 10.29 This work
Dye degradation

Dye removal
Photocatalyst Light efficiency
material used source (%) Ref.
Textured and poled No 97 Chiu et al.*°
BaTiO; NR array
Ag-BaTiO; Xenon 83 Xu et al.>®
BaTiO;-MnO, UVA 70 Biernecka
et al.”’

BTDS Xenon 76 This work
CBTDS Xenon 86 This work

dye recorded over 75 min at the time interval of every
15 min upon photocatalytic reaction with BTDS and CBDTS
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Fig. 9 Absorption spectra recorded during the photocatalytic degradation of rhodamine B using (a) BTDS and (b) CBTDS nanostructures as a catalyst. (c)
C/Cy vs. time for photodegradation of rhodamine B dye solution. (d) Photocatalytic degradation percentage for the BTDS and CBTDS samples.

nanostructures. The concentration of rhodamine B was ascer-
tained from the maximum absorbance value at 4 = 544 nm
obtained from the UV-vis absorption spectra, as shown in
Fig. 8(a) and (b). Dye degradation (%) was calculated using
eqn (6):29‘30’50’51

Co—C
Co

Degradation (%) = x 100 (6)

where C, is the initial concentration and C is the concentration
at different time intervals obtained from the solution.>*> The
concentration after adsorption equilibrium (C,) was used to
determine the initial concentration of rhodamine B. Besides,
the C/C, ratio was calculated to compare the dye degradation
rates by the BTDS and CBTDS photocatalysts over 75 min, as
shown in Fig. 9(c). Fig. 9(d) show the overall photocatalytic
degradation percentage after 75 min using the BTDS and
CBTDS catalysts. The CBTDS nanostructure demonstrated a
reasonably good photocatalytic degradation activity of 86.74%
for rhodamine B dye over 75 min, indicating superior activity
than pure BTDS nanostructures, which yielded a better value of
76.71% (Fig. 9) as compared to the similar types of photocata-
lytic systems dye degradation percentages reported in the
literature (Table 3). We assumed that the CBTDS nanostruc-
tures having a lower band gap energy induced the superior
visible light absorption behavior of their 3D nanostructures for

Mater. Chem. Front.

better degradation of the organic dye. Previous studies have
indicated that electrostatic interactions between the nanostruc-
tures and the dye caused enhanced photocatalytic activity,
which was one of the crucial factors in determining dye photo-
degradation efficiency by the BTDS and CBTDS-based photo-
catalytic systems.>®>” Lower photocatalytic activity observed for
the BTDS nanostructures was due to their poor visible light
absorption, signifying a new photocatalytic mechanism in which
Co>" dopant incorporation into the BTDS lattice prompted the
CBTDS nanostructures to act as a visible and near-infrared light
absorbing ferroelectric photocatalyst having toroidal polarization
that induces strong anisotropic charge separation. Thus, the
toroidal ferroelectric dipoles induced superior charge separation
and reduced band gap energy, supporting the superior sensitiz-
ing behaviors of the CBTDS nanostructures, which in turn served
as an enhanced degradation photocatalyst of the organic dye.

Conclusions

In summary, 3D doughnut-shaped barium titanate and
cobalt-doped barium titanate multi-functional nanostructures,
BTDS and CBTDS, respectively, were prepared by a multi-step
hydrothermal process from a 1D hydrogen titanate nanowire
(HTNW) precursor. Subsequently, these nanostructures were
investigated as a light-scattering material of the bilayer DSSC

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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photoanode and as a photocatalyst for rhodamine dye degrada-
tion. In the DSSC application, the TNP + CBTDS photoanode
showed a rise in pore size and pore diameter, significantly
improving the dye uptake of its bilayer. In addition, the TNP +
CBTDS photoanode demonstrated an enhanced light scattering
effect, increased light harvesting ability, and ferroelectric-
induced dipole electric field effects among the bilayer DSSC
photoanodes prepared. As a result, the TNP + CBTDS photo-
anode showed an excellent PCE of 10.29 & 0.44% due to the
paradigm function of its CBTDS sublayer, which demonstrated
superior toroidal ferroelectric dipole-induced charge separa-
tion, longer diffusion length, and higher charge collection
yield. Besides, the photocatalytic dye degradation studies using
the BTDS and CBTDS photocatalysts for the rhodamine B dye
revealed a degradation efficiency of 76.71% and 86.74%, respec-
tively. These results suggest that the toroidal ferroelectric
CBTDS nanostructures behaved as a highly adaptable energy
conversion material capable of demonstrating superior light
scattering and absorbing ability, better charge separation, and
higher charge collection yield, supporting the fabrication of
highly efficient DSSCs and effective photocatalytic dye degrada-
tion systems.
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