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Introduction

Synthesis of core/shell cobalt-doped rutile TiO,
nanorods for MB degradation under visible lighty

Lang Yang,? Jialei Ying,? Zhenzhong Liu, & *2 Guangyu He,? Linli Xu,® Mingyue Liu, ©¢
Xinlei Xu, Guihua Chen® and Meili Guan*®

Although TiO; has been widely applied in many fields, the design and preparation of one-dimensional rutile
TiO, nanomaterials for high-efficiency photocatalysis under visible light remain challenging. Herein,
uniform Co-doped rutile TiO, nanorods with selective adsorption and photocatalytic activity for
methylene blue (MB) have been developed via a one-pot molten salt flux method. Compared to pure
rutile TiO, nanorods, the Co-doped rutile TiO, nanorods exhibited an obvious core/shell structure with
smaller inner crystal face spacing (dops = 0.20 nm) and a larger rough surface (the BET specific surface
area is 25 m? g1). Furthermore, different dyes were employed to investigate the adsorption ability of
Co-doped rutile TiO, nanorods. The density functional theory (DFT) calculations determined that both
the electrostatic potential and molecular structure could influence the adsorption behavior on the
photocatalyst surface. The results indicated that the Co-doped TiO, nanorods possessed a high selective
adsorption capacity for MB (134.54 mg g~* in neutral solution). The degradation of MB using Co-doped
rutile TiO, nanorods was conducted under visible light irradiation, yielding with an apparent rate
constant of 0.301 min~! at pH = 7. The degradation mechanism was further explored through electron
spin resonance (ESR) experiments, which identified the formation of superoxide anions (-O,") and
hydroxyl radicals (-OH) in the system. This study provides a new strategy for preparing novel rutile TiO,
photocatalysts for the degradation of organic dyes under visible light.

Among semiconductor materials, titanium dioxide (TiO,)>*°
stands out as one of the most significant photocatalysts for

With the rapid development of global industry, the problem of
environmental pollution has become increasingly evident.
Many organic pollutants in water are toxic and difficult to
degrade, which damages the ecological environment and
endangers human health. Traditional methods for treating
organic pollutants, such as physical,”* chemical,>* and
biochemical>® approaches, often entail high costs and produce
unsatisfactory results. Nowadays, photocatalysis”® has emerged
as a promising solution for water treatment. This technology
utilizes light to generate free radicals with strong oxidative
properties, effectively breaking down organic pollutants in
wastewater.
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wastewater treatment due to its low cost, non-toxicity, and
stability. TiO, mainly exists in three crystalline polymorphs:
anatase,""” rutile,”>'* and brookite." The properties of TiO, are
highly dependent on its shape and crystal phase, which influ-
ence the adsorption and activation of target molecules.
Numerous studies have focused on the photocatalytic degra-
dation of organic pollutants using rutile TiO,. For example,
Guan et al. reported a highly efficient rutile/brookite homo-
junction that enhanced photocatalytic activity for hydrogen
generation and organic dye degradation through precise control
of the crystal phase.'® Djokic¢ et al. obtained a nanocrystalline
rutile TiO, via a low-temperature process, the photocatalytic
degradation process of reactive orange 16 was completed 2.6
times faster.”” Despite these advancements, rutile TiO, gener-
ally has a relatively high energy bandgap (3.2 eV), leading to
lower efficient photocatalytic properties. This limitation
hinders its broader application, highlighting the need for
further research and modifications to enhance its performance.

Recently, one dimensional (1D) TiO, nanomaterials,
including nanorods,” nanotubes,” and nanoarrays,”® have
garnered significant attention due to their unique structures
and properties. However, these materials can only be activated
by UV light. Doping TiO, with various atoms has proven to be an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effective strategy for extending its absorption from the UV to the
visible region,*** thereby enhancing its photocatalytic activity
under visible light. For example, Lv et al. reported the synthesis
of thiourea-modified TiO, nanorods, where the N-doped TiO,
nanorods exhibited increased photocatalytic activity for the
degradation of rhodamine B (RhB) under visible light.>* Simi-
larly, Ide et al. synthesized a rutile TiO, nanobundle that
demonstrated superior visible light-responsive photocatalytic
activity for the removal of formic acid in water.>* Despite these
advancements, the activity of rutile TiO, still requires further
enhancement for practical applications.

Herein, we report the synthesis of novel cobalt-doped rutile
TiO, nanorods with controllable morphologies and enhanced
functional properties, achieved through a simple one-pot
molten salt flux method. This unique nanostructure endows
the rutile TiO, nanorods with a high surface area and excellent
visible light utilization, resulting in high-efficiency adsorption
and photocatalytic activity under visible light for the degrada-
tion of methylene blue (MB). Consequently, we aim to explore
novel and highly efficient photocatalysts for wastewater
treatment.

Experimental
Materials

Titanium dioxide (P25, Degussa), sodium chloride (NaCl,
Sigma-Aldrich), sodium dihydrogenphosphate (Na,HPO,,
Sigma-Aldrich), cobalt nitrate hexahydrate (CoH;,N,0;,,
Energy), Methylene Blue (MB, Aladdin), Neutral Red (NR,
Sinoreagent), Rhodamine B (RhB, TCI), Methyl Orange (MO,
Aladdin), Brilliant Blue (BB, Macklin), Cresol Red (CR, Shzy-
chem), and acetonitrile (C,H3N, Aladdin). 2,2,6,6-
Tetramethylpiperidino-1-oxy (TEMPO) and 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) were obtained from Aladdin.

Synthesis of core/shell Co-doped TiO, nanorods

A mixture of P25 (1 g), NaCl (4 g), Na,HPO, (1 g), and cobalt
nitrate (100 mg) was put in a mortar and thoroughly ground.
The mixture was calcined in a tubular furnace at a heating rate
of 10 °C min " up to 825 °C for 6 hours. After cooling to room
temperature, the impurities were removed by boiling the
product with deionized water. Finally, the Co-doped TiO,
nanorods were obtained by drying the material in an oven at
60 °C. As a contrast, pure TiO, nanorods were obtained without
adding cobalt nitrate.

Adsorption study of Co-doped rutile TiO, nanorods

In order to study the selective adsorption ability of Co-doped
nanorods in neutral water, six different dyes were used.
Specifically, 5 mg Co-doped nanorods were added to 30 mL,
20 mg L' of different dye solutions, which was magnetically
stirred for 1 hour. After centrifugated to remove the photo-
catalyst, UV-Vis spectrophotometer was used to measure the
adsorption capacity of Co-doped TiO, nanorods for different
dyes. In order to further investigate the adsorption of MB in
different pH values (e.g. pH = 3, 5, 7 and 9), HCI or NaOH was
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used to adjust the acidity and alkalinity of MB solution. The
amount of MB dye adsorbed was calculated using the following
equation:

ge = (Co — Co) x Vim

where ¢. is the adsorption capacity (mg g '), C, is the initial
concentration of dye (mg L™ %), C. is the equilibrium concen-
tration of dye (mg L™ "), Vis the volume of the solution (L), and m
is the mass of adsorbent (g). Finally, quantum chemical calcu-
lations were used to explore the mechanism of adsorption. The
electrostatic potential and size were obtained with
Multiwfn.>>

Photocatalytic performance of Co-doped rutile TiO, nanorods

The photocatalytic activity of Co-doped TiO, nanorods was
evaluated by the degradation of MB solution using a 240 W Xe
lamp system in a black box (XW-GHX-IV), which was equipped
with 8 Quartz test tubes and a cutoff filter (A > 420 nm). The
energy intensity was set at 200 mW cm ™ >. Before reaction, 5 mg
catalyst was added into 60 mL, 20 mg L™' MB solution and
stirred in the dark for 90 min to achieve adsorption equilib-
rium. During the dark reaction, 3 mL of the suspension was
taken every hour and centrifuged to remove the photocatalyst.
To enhance degradation efficacy, a considerable amount of
H,0, (15 pL) was added to the light-irradiated mixture.”®*®
Subsequently, 3 mL of the suspension was taken every hour and
centrifuged to remove the photocatalyst. The concentration of
MB was analyzed using UV-Vis absorption measurements,
determined by its characteristic absorption peak at 662 nm. The
rate constant (k) was calculated by the following equation:

In C/Cy =k,

where C, and C; represent the concentration of MB at the initial
time and after ¢ hour, respectively. k represents the rate
constant. The recyclability and stability of Co-doped rutile TiO,
nanorods were investigated. The collected powder was treated
with H,0, for a certain time, then washed with ethanol and
water, followed by centrifugation and drying under vacuum.
The recycled photocatalyst was directly used in subsequent
experiments. This recycling process was repeated five times.
Additionally, the photocatalytic degradation of MB at different
pH values (e.g., pH = 3, 5, 7, and 9) was investigated. Finally, the
catalytic degradation of the MB solution with different catalyst
concentrations (e.g;, 1 mg, 3 mg, 5 mg, and 7 mg) was also
examined.

Reactive species identification of TiO, nanorods

The reactive oxygen species (ROS) generated by Co-doped TiO,
nanorods were identified using an electron spin resonance
(ESR) spectrometer. Typically, photogenerated holes (h") and
photogenerated electrons (e”) were detected by mixing
a suspension of Co-TiO, nanorods (200 pL, 1.0 mg mL ') with
TEMPO (200 pL, 30 mM) in acetonitrile. The hydroxyl radical
(-OH) was identified by mixing the catalyst suspension (200 pL,
1.0 mg mL ') with DMPO (200 pL, 100 mM) in water. The
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superoxide radical (-O,”) was detected by mixing the catalyst
suspension (30 pL, 1.0 mg mL ") with DMPO (200 pL, 100 mM)
in methanol. The resulting mixture was transferred to a capil-
lary tube and placed into the EPR sample chamber for reactive
species analysis. This approach allowed for the characterization
of the reactive species involved in the photocatalytic process.

Characterization

The surface morphologies were characterized using Hitachi S-
4800 field emission scanning electron microscope (SEM),
transmission electron microscope (TEM) and high-resolution
transmission electron microscopy (HRTEM) by a JEOL JEM-
2100F microscope. The crystal structures were analyzed by X-
ray diffractometer (XRD) using a Bruker D8 Diffractometer.
The UV-Vis spectroscopy was performed on the samples using
a Shimadzu UV-3600 spectrophotometer. X-ray photoelectron
spectra (XPS) were recorded using a Thermo Scientific K-Alpha
system equipped with Al-Ko radiation. Additionally, electron
spin resonance (ESR) spectroscopy was carried out using
a Bruker A300 spectrometer.

Results and discussion

The synthesis involves mixing raw materials in a quartz
crucible, followed by heating in a tube furnace at high
temperatures to form the Co-doped rutile TiO, nanorods
(Fig. 1a). Both pure rutile and Co-doped rutile TiO, nanorods
were prepared using the molten salt method. After purification,
the pure TiO, nanorods appeared white, while the Co-doped
TiO, nanorods exhibited a grey-green color (Fig. S1t). In the
SEM image (Fig. 1b), the pure TiO, nanorods displayed
a uniform size and smooth surface. In contrast, the Co-doped
TiO, exhibited a core/shell nanostructure with an irregular
rough surface (Fig. 1c), indicating significant morphological
changes due to cobalt doping. To further confirm these
morphological changes, both TEM and HRTEM analyses were
conducted. The TEM images of a single pure TiO, nanorods

Fig. 1 (a) Schematic representation of the synthesis process for Co-
doped TiO, nanorods. Characterization of the synthesized TiO,
nanorods: (b) SEM image, (d) TEM image, and (f and h) HRTEM images
of pure TiO, nanorods; (c) SEM image, (e) TEM image, and (g and i)
HRTEM images of Co-doped TiO, nanorods.
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(Fig. 1d and f) revealed a uniform structure, while the Co-doped
TiO, showed a distinct core/shell nanostructure (Fig. 1e and g).
The HRTEM image of pure TiO, nanorods in Fig. 1h exhibited
a well-defined crystalline structure with clear lattice fringes
along the [001] axis, with interplanar spacing of dopy; =
0.32 nm.*® After Co doping, the value of the lattice fringes
decreased to dyp; = 0.20 nm (Fig. 1i). Compared with the TiO,
nanorods in Fig. S2,7 the EDS elemental mapping image and
energy spectra of Co-doped TiO, nanorods confirmed the
presence of titanium (Ti), oxygen (O), and cobalt (Co) elements
(Fig. S37), further validating the successful doping of cobalt into
the TiO, nanorods.

The crystallinity and phase purity of the TiO, nanorods were
confirmed through XRD analysis. As shown in Fig. 2a, the XRD
patterns reveal distinct diffraction peaks at 26 values of 27.5°,
36.1°, 41.2°, 54.3°, and 56.6°, corresponding to the (110), (101),
(111), (211), and (220) crystal planes of rutile TiO,, respectively.
The optical properties of both pure TiO, and Co-doped TiO,
nanorods were investigated using UV-Vis absorption spectros-
copy. The UV-Vis absorption spectra indicated that the Co-
doped TiO, nanorods exhibited an additional absorption peak
at 600 nm (Fig. 2b). The bandgap values were obtained via the
Kubelka-Munk function from the corresponding diffuse
reflectance spectra.®* The related curve of (ahv)” versus photon
energy was plotted (Fig. S4t), revealing that the bandgap (E,) of
pure TiO, and Co-doped TiO, nanorods were 2.99 eV and
3.08 eV, respectively. The specific surface area is critical for
increasing the number of sites available for the absorption and
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Fig. 2 Characterizations of pure TiO, nanorods and Co-doped TiO,
nanorods: (a) XRD pattern, (b) UV-Vis spectra, (c) N, adsorption—
desorption isotherms, (d) ESR spectra, (e) O 1s spectra and (f) Co 2p
spectra.
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anchoring of dye molecules during the photodegradation of
organic dyes. The specific surface areas of pure and Co-doped
TiO, nanorods were found to be 15.29 m® g¢~* and 31.99 m>
g ' (Fig. 2c), respectively.

The ESR spectra of TiO, nanorod catalysts were analyzed to
investigate the presence of oxygen vacancies (VOs). As shown in
Fig. 2d, a strong resonance signal at g = 2.003 indicates the
existence of VOs within the lattice.** Notably, the Co-doped TiO,
nanorods exhibited a higher concentration of VOs compared to
pure TiO, nanorods. To further explore the chemical properties
of TiO, nanorods surface, XPS was performed. The O 1s spectra
for Co-doped TiO, nanorods, shown in Fig. 2e, revealed distinct
peaks at 530.04, 531.73, and 532.71 eV, corresponding to lattice
oxygen (Ti-O), oxygen vacancies, and chemisorbed oxygen/
hydroxyl groups, respectively.** Furthermore, the characteristic
peaks in Fig. 2f at binding energies of 797.39 eV for Co 2p,,, and
781.06 eV for Co 2ps),, are assigned to Co>" species, while the
peaks at 803.34 eV and 787.58 eV are indexed to two satellite
peaks.**** Additionally, the type and amount of Ti-containing
functional groups showed no significant changes after Co-
doping (Fig. S51).

To evaluate the adsorption capabilities of Co-doped rutile
TiO, nanorods, various organic dyes were used, including
Methylene Blue (MB), Neutral Red (NR), Rhodamine B (RhB),
Methyl Orange (MO), Brilliant Blue (BB), and Cresol Red (CR).
As shown in Fig. 3 and S6a,f the Co-doped TiO, nanorods
demonstrated 100% adsorption for MB and 75% for NR, while
showing negligible adsorption for RhB, MO, BB, and CR. The
intensity of the absorption peak of MB at 662 nm gradually
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Fig. 3 The UV-Vis absorption curves of different dyes solution before
and after adding Co-doped rutile TiO, nanorods in the dark at room
temperature with 90 min: (a) Brilliant Blue (BB), (b) Cresol Red (CR), (c)
Rhodamine B (RhB), (d) Methyl Orange (MO), (e) Neutral Red (NR), (f)
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decreased (Fig. S6bt). The zeta potential were performed and
the results in Fig. S71 showed that the Co-doped TiO, nanorods
had a peak of —37.6 mV, which indicating the surface of the
material was negatively charged in distilled water.*® To elucidate
the selective adsorption of Co-doped TiO, for dyes, we con-
ducted DFT calculations to determine the electrostatic potential
(ESP), as illustrated in Fig. S8.1 Due to electrostatic repulsion, it
is reasonable to conclude that MO and BB are not easily
adsorbed. If only electrostatic factors were considered, the other
four dyes should exhibit adsorption, which contradicts the
experimental results. This indicates that the molecular struc-
ture could influence the adsorption behavior. To investigate
this, we examined the size and structural features of the dyes, as
shown in Table S1.7 The results indicated that molecules with
a more planar conformation, such as MB and NR, were more
readily adsorbed onto the photocatalyst surface. In contrast,
due to the presence of side chains, CR and RhB can only interact
with the surface at a limited number of sites, leading to reduced
adsorption capability. Based on the standard curve of MB
(Fig. S91), the calculated adsorption amount of MB increased
with the solution concentration (Fig. S10af), reaching
a maximum adsorption capacity of 134.54 mg g~ '. Additionally,
the adsorption performance of Co-doped TiO, nanorods were
examined at various pH using MB solution. The optimal
adsorption effect was observed at pH = 7, as depicted in
Fig. S10b,t indicating that neutral conditions favor the
adsorption process.

Before the photocatalytic reaction, the dispersion was stirred
in the dark for 90 min to achieve adsorption/desorption
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Fig. 4 (a) A schematic representation of the photocatalytic degrada-
tion of MB by Co-doped TiO, nanorods under visible light, (b)
photographs showing the color changes of the MB solution over time,
(c) UV-Vis spectra of the degradation of MB during photocatalysis, (d)
plots of C,/Cq versus time under dark and light conditions, and (e) plots
of In(C¢/Co) versus time for both TiO, nanorods and Co-doped TiO,
nanorods at pH = 7.
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equilibrium. The results showed that, although neutral red dye
exhibited high selective adsorption, the UV-Vis spectra revealed
no obvious change for neutral red when treated with Co-doped
TiO, nanorods under visible light irradiation (Fig. S11f). In
contrast, the Co-doped TiO, nanorods showed efficient] degra-
dation of MB under visible light (Fig. 4a). As demonstrated in
Fig. 4b, the color of MB gradually changed from blue to color-
less.*”** The UV-Vis spectra in Fig. 4c indicated a gradual
decrease in the characteristic peak at 662 nm for MB, with the
reaction nearing completion after 5 h. According to Fig. 4d, the
plot for the dark reaction exhibited almost no decline, while the
degradation process of MB under visible light irradiation
resulted in a rapid decrease. The calculated apparent reaction
rate constant for the Co-doped TiO, nanorods was 0.301 min~"
(Fig. 4e), which followed first-order kinetic simulation.*»** The
recoverability and stability were also investigated through
repeated photocatalytic experiments. The degradation rates are
shown in Fig. S12,7 which maintained 60% efficiency over five
cycles. Furthermore, the photocatalytic performance of Co-
doped TiO, nanorods across different pH levels was explored
in Fig. S13,1 with the highest photocatalytic degradation rate
observed under neutral conditions (Fig. S14%). Finally, the
catalytic degradation of the MB solution with varying photo-
catalyst concentrations was investigated. The In(C,/C,) versus
time plot in Fig. S15f showed that higher photocatalyst
concentrations resulted a higher degradation rate.

To investigate the active species involved in the photo-
catalytic process of Co-doped TiO, nanorods, ESR spectra were
measured using spin-trapping reagents.** In Fig. 5a, four ESR
peaks correspond to -O, ", with the signal intensities increasing
over time. In Fig. 5b, the formation of photogenerated e~ were
obviously detected and their concentrations decreased with
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Fig.5 The ESR spectra obtained from Co-doped rutile TiO, nanorods
(1.0 mg mL™%) with or without free radical catcher under visible light
irradiation: (a) ESR spectra of O, in methanol captured by DMPO
(100 mM), (b) ESR spectra showing the formation of e~ captured in
acetonitrile by TEMPO (30 mM), (c) ESR spectra for -OH in aqueous
solution captured by DMPO (100 mM), and (d) a proposed photo-
catalytic mechanism for the degradation of MB over the photocatalyst
under visible light irradiation.

10148 | RSC Adv, 2025, 15, 10144-10149

View Article Online

Paper

prolonged light exposure. This observation suggests that the
photogenerated electrons can react with molecular oxygen to
form superoxide ions.”” From Fig. 5¢, no characteristic peaks
were observed in the dark, while characteristic peaks were
identified under visible light irradiation, confirming the pres-
ence of -OH in the system.

The proposed photocatalytic mechanism for the degradation
of MB by the Co-doped TiO, nanorods were shown in Fig. 5d.
The 1D Co-doped rutile TiO, photocatalyst exhibits three crucial
roles in enhancing photocatalytic properties: (1) improved
conductivity and increased oxygen vacancies: the incorporation
of Co into TiO, enhances the conductivity of the catalyst and
generates additional oxygen vacancies; (2) facilitated charge
separation: the TiO, nanorods promote the efficient separation
of photogenerated electrons and holes in opposite directions,
thereby reducing the recombination of electron-hole pairs;* (3)
selctive adsorption and photocatalysis: dyes with a positively
electrostatic potential and planar conformation for MB are
more readily adsorbed and degradated on the negatively
charged photocatalyst surface. As a result, the Co-doped TiO,
nanorods catalysts can effectively generate a higher concentra-
tion of reactive oxygen species, including -O,~ and -OH, under
light irradiation, which contributes to the degradation of MB.

Conclusions

In summary, we have successfully developed a straightforward
method for preparing Co-doped rutile TiO, nanorods by molten
salt flux method. These nanorods exhibited a unique core/shell
structure with a rough surface. Both the adsorption experiments
and DFT calculations demonstrated that the Co-doped TiO,
nanorods exhibited a selective adsorption capacity for MB in
neutral solution compared to other dyes, which was influenced
by the electrostatic potential and molecular structure on the
photocatalyst surface. Under visible light irradiation, they ach-
ieved a degradation rate constant of 0.301 min~* for MB. The
degradation mechanism revealed the generation of reactive
species such as -O,~ and -OH, which played crucial roles in the
photocatalytic process. This study highlights the potential of
metal-doped TiO, catalysts for environmental protection and
the effective treatment of water pollutants, paving the way for
further research in this area.
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