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Abstract

TiO2  possesses excellent photocatalytic antibacterial performance. Owing to its unique 
structural and physicochemical characteristics, TiO2  has been extensively applied in energy, 
environmental remediation, and biomedical fields. Herein, a hierarchical one-dimensional 
(1D) TiO2  architecture consisting of a well-distributed nanotube bottom layer whose surface 
nanowires interconnect into groove structures was fabricated on titanium foil via anodic 
oxidation, and molybdenum disulfide (MoS2 ) nanosheets were further grown in situ on the 
TiO2  surface to construct MoS2 /TiO2  composite photocatalysts. The as-prepared composites 
exhibit superior hydrophilicity and prominent photocatalytic activity under full-spectrum 
simulated-solar irradiation, achieving a bactericidal efficiency of 86% against Staphylococcus 
aureus. Characterization results confirm that MoS2  nanoflower-like spheres are uniformly 
loaded on the surface of the 1D TiO2 . An intimate S-scheme heterojunction is successfully 
fabricated between the two components, which significantly promotes the migration and 
separation of photogenerated charge carriers. Electron paramagnetic resonance (EPR) tests 
demonstrate that superoxide radicals (•O2 − ) and hydroxyl radicals (•OH) are the dominant 
active species responsible for the efficient antibacterial behavior. This work reveals the 
significant application potential of MoS2 /TiO2  composite photocatalysts and provides a 
feasible theoretical basis for the practical development and application of high-efficiency 
photocatalytic antibacterial materials.
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1. Introduction
Industrial wastewater discharged from industrial production contains abundant haz-

ardous contaminants, including organic dyes, toxic chemicals, and pathogenic microorgan-
isms, which pose serious threats to the ecological balance, human health, and the survival of 
aquatic organisms [1–5]. In addition, bacterial infections occurring during or after surgery 
have long remained a major challenge in clinical settings [6,7]. Photocatalysis is an environ-
mentally friendly technology that converts solar energy into usable chemical energy without 
generating secondary pollution, offering distinct advantages and continually attracting 
extensive research interest [8–10]. Among various photocatalytic materials, TiO2 -based pho-
tocatalysts are universally recognized as ideal candidates because of their non-toxicity, low 
cost, rapid degradation rate, mild reaction conditions, and excellent cycling stability [11–14]. 
However, the inherent wide band gap and low separation efficiency of photogenerated 
charge carriers severely limit the large-scale practical application of pristine TiO2 .
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Constructing heterojunctions by coupling TiO2  with narrow-bandgap visible-light-
driven semiconductors (e.g., MoS2 , CdS, NiS) has been proven to be an effective strategy to 
optimize the optical absorption and carrier-separation performance of TiO2  [15,16]. As a 
typical two-dimensional layered material, MoS2  features a suitable narrow band gap and 
excellent electrical conductivity, and these intrinsic properties render it a promising mod-
ifier for boosting the photocatalytic performance of metal oxide semiconductors [17–19]. 
Sun et al. [20] successfully fabricated MoS2 @TiO2  composite nanostructured arrays through 
a facile approach, in which MoS2  nanosheets were uniformly loaded on anodized TiO2 
nanotube arrays; the optimized composite achieved a methylene blue photodegradation 
efficiency of 92.10%. Li et al. [21] verified via sacrificial agent experiments that MoS2 /TiO2 
composites prepared by a two-step solvothermal method form a Type-I heterojunction, 
which remarkably enhances the photocatalytic degradation performance toward Rhodamine 
B (RhB). Moreover, Liu et al. [22] fabricated a novel BC/MoS2 /TiO2  composite with the 
dual functions of wastewater purification and antibacterial activity. Despite substantial 
progress in optimizing the performance of MoS2 /TiO2  composites, most existing studies 
primarily focus on conventional heterojunction systems and pollutant-degradation ap-
plications. In particular, the construction and photocatalytic antibacterial mechanism of 
S-scheme MoS2 /TiO2  heterojunctions, which possess superior redox capability compared 
with traditional heterojunctions, remain insufficiently explored. Clarifying the underlying 
S-scheme charge-transfer and antibacterial mechanism is therefore of great significance for 
guiding the design and preparation of high-efficiency multifunctional photocatalysts.

To date, most reported S-scheme MoS2 /TiO2  heterostructures have been predomi-
nantly exploited for dye degradation and solar-driven hydrogen evolution, while their 
applications in microbial disinfection remain underexplored [23]. Moreover, previously 
developed S-scheme antibacterial photocatalysts rely on distinct material systems, including 
conjugated-polymer/TiO2 (B) heterojunctions [24], g-C3 N4 -based composite photocata-
lysts [25], and CuS/Bi5 O7 I hybrids [26], which differ substantially from the purely inor-
ganic, dual-component MoS2 /TiO2  system investigated herein. Further literature survey 
indicates that most existing MoS2 /TiO2  antibacterial studies adopt Type-II or Z-scheme 
charge transfer pathways [27,28], as well as nanozyme-photothermal synergistic catalytic 
strategies [22,29]. Notably, systematic exploration of the S-scheme antibacterial mechanism 
is still scarce, especially for self-supported one-dimensional (1D) MoS2 /TiO2  architectures. 
Such unique structural configuration enables directional charge transport and simultane-
ously maintains powerful reductive (•O2 − ) and oxidative (•OH) active sites. To the best 
of our knowledge, the integration of MoS2 /TiO2  antibacterial performance evaluation and 
in-depth mechanistic clarification has rarely been realized in prior research.

In this work, a high-efficiency MoS2 /TiO2  heterojunction photocatalyst was successfully 
fabricated for enhanced photocatalytic antibacterial performance. Specifically, a hierarchical 
one-dimensional (1D) TiO2  nanotube–nanowire architecture was prepared via two-step 
anodic oxidation on titanium foil, and MoS2  nanoflowers were subsequently grown in 
situ on the TiO2  surface, forming an intimate interfacial heterojunction. The photocatalytic 
antibacterial performance of the optimized composite was evaluated using Staphylococcus au-
reus as the model bacterium, delivering a bactericidal efficiency of 86% under full-spectrum 
simulated-solar illumination. Furthermore, based on band-structure analysis, an S-scheme 
photocatalytic charge-transfer mechanism was proposed to elucidate the enhanced activ-
ity of the MoS2 /TiO2  composite, with superoxide (•O2 − ) and hydroxyl (•OH) radicals 
confirmed as the dominant reactive species by EPR. This work provides a fundamental 
theoretical basis for the further exploration and performance optimization of TiO2 -based 
antibacterial photocatalysts, and offers a mechanism-resolved, practically deployable route 
toward high-efficiency antimicrobial surfaces.

https://doi.org/10.3390/ijms27219763

https://doi.org/10.3390/ijms27219763


Int. J. Mol. Sci. 2026, 27, 9763 3 of 18

2. Results and Discussion
2.1. Characterization of Photocatalyst

The structures of pristine 1D TiO2  and MoS2 /TiO2  composites were characterized via 
X-ray diffraction (XRD) (Figure 1). The diffraction peaks located at 25.56°, 48.19°, and 
54.27° are well indexed to the anatase phase of TiO2  [30]. No impurity peaks are observed, 
demonstrating the high phase purity of the as-prepared TiO2 . Characteristic diffraction 
peaks assigned to the (002) plane of MoS2  at 14.485° and the (110) plane at 58.357° are 
also clearly detected [31]. Moreover, these MoS2  peaks become progressively sharper with 
increasing MoS2  loading, further verifying the successful fabrication of the MoS2 /TiO2 
composite materials.

Figure 1. XRD patterns of TiO2  and MoS2 /TiO2  composite materials.

Scanning electron microscopy (SEM) combined with energy-dispersive X-ray spec-
troscopy (EDS) was employed to characterize the morphology and elemental composition 
of pristine 1D TiO2  and MoS2 /TiO2  composites. The low-magnification view shows that the 
surface of the titanium foil is uniformly covered with hill-like TiO2  structures (Figure 2a). As 
observed from the high-magnification image in Figure 2b, TiO2  grows as a bilayer structure 
on the titanium foil. The bottom layer consists of well-distributed TiO2  nanotubes, while the 
tips of nanowires extending from the nanotube surfaces interconnect to form groove struc-
tures. This 1D TiO2  architecture, assembled from these nanotubes and nanowires, possesses 
abundant micro- and nanoscale pores. Clearly, MoS2  nanosheet-assembled nanoflower 
spheres are uniformly anchored on the TiO2  surface, with abundant interlayer pores between 
the MoS2  nanosheets (Figure 2c).

To further confirm the successful incorporation of MoS2  onto TiO2 , the elemental 
composition and spatial distribution of the composites were examined by EDS. The el-
emental mapping clearly reveals that only Ti and O elements are detectable in pristine 
1D TiO2 . In contrast, characteristic Mo and S signals were observed for the MoS2 /TiO2 
composite, and these two elements were homogeneously distributed across the material 
surface (Figure 2d,e). This result confirms the successful loading of MoS2  onto the 1D TiO2 
substrate, consistent with the XRD analysis.
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Figure 2. SEM images and elemental analysis of 1D TiO2  and MoS2 /TiO2 : (a) low-magnification 
SEM image of the surface of the pristine TiO2 -covered titanium foil; (b) high-magnification SEM 
image revealing the bilayer TiO2  nanotube–nanowire architecture; (c) SEM image of the MoS2 /TiO2 
composite showing MoS2  nanoflower spheres anchored on the TiO2  surface; (d) EDS elemental 
mapping of pure TiO2 : (d1 ) O, (d2 ) Ti; (e) EDS elemental mapping of the MoS2 /TiO2  composite:
(e1 ) O, (e2 ) Ti, (e3 ) S, (e4 ) Mo.

X-ray photoelectron spectroscopy (XPS) was employed to analyze the surface elemental 
composition and chemical valence states of pristine 1D TiO2 , pristine MoS2 , and MoS2 /TiO2 
composites. As can be seen from the survey spectra of 1D TiO2  and MoS2 /TiO2  (Figure 3a), 
the pristine 1D TiO2  sample is composed mainly of Ti and O elements, together with a 
weak N 1s signal (~400 eV) attributable to trace nitrogen introduced by the NH4 F-based 
anodization electrolyte, in addition to the ubiquitous C 1s peak arising from surface carbon 
contamination during XPS measurement. By contrast, the MoS2 /TiO2  composite displays 
four characteristic elements (Ti, O, Mo, and S), while the weak N 1s feature is no longer 
resolved after MoS2  loading. No impurity phases or by-products are detected, further 
confirming the successful fabrication of the MoS2 /TiO2  composite.

The two distinct peaks located at 458.8 eV and 464.4 eV were assigned to Ti 2p3 /2 
and Ti 2p1 /2  of 1D TiO2  (Figure 3b), respectively, confirming that titanium exists mainly 
in the tetravalent Ti4+  state in TiO2  [32]. For the MoS2 /TiO2  composite, the Ti 2p3 /2  and 
Ti 2p1 /2  signals appeared at 459.1 eV and 464.8 eV. The introduction of MoS2  exerted no 
obvious influence on the chemical valence of TiO2 , and Ti still remained in the Ti4+  oxidation 
state in the composite. Notably, compared with pure TiO2 , the Ti 2p binding energies of 
MoS2 /TiO2  shifted toward higher values, demonstrating electron loss of TiO2  after coupling 
with MoS2  [33,34].

The TiO2  and MoS2 /TiO2  composites showed obvious characteristic O 1s peaks 
(Figure 3c). In pure TiO2 , the deconvoluted peak at 529.9 eV belonged to lattice oxygen, 
while the peak at 531.1 eV was ascribed to surface adsorbed hydroxyl oxygen [35]. Similarly, 
the O 1s binding energies of the MoS2 /TiO2  composite shifted to higher values relative to 
1D TiO2 , indicating that electron transfer occurs at the heterogeneous interface and that 
TiO2  tends to lose electrons after MoS2  immobilization on 1D TiO2 .

The MoS2  and MoS2 /TiO2  composites showed obvious characteristic Mo 3d peaks 
(Figure 3d,e). The Mo 3d spectrum exhibited two characteristic peaks at 229.4 eV and 
232.6 eV, assigned to Mo 3d5 /2  and Mo 3d3 /2 , respectively [36]. The S 2s peak located at 
226.6 eV corresponds to the sulfide S2−  species. For the S 2p spectrum, two distinct peaks at 
162.1 eV and 163.3 eV are attributed to S 2p3 /2  and S 2p1 /2  [37]. Notably, the characteristic 
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peaks of Mo 3d and S 2p in the MoS2 /TiO2  heterostructure shift toward lower binding 
energies. This variation originates from the efficient electron migration from TiO2  to MoS2 
during heterostructure construction, which further induces the formation of an interfacial 
electric field oriented from TiO2  to MoS2  at the contact interface [38].

Figure 3. XPS of 1D TiO2  and MoS2 /TiO2  (a), Ti 2p (b), O 1s (c), Mo 3d (d), S 2p (e), the XPS-VB of 
1D TiO2  and MoS2  (f).

Meanwhile, the XPS valence band spectra of pure TiO2  and pristine MoS2  were collected 
(Figure 3f), which can be used to determine the energy difference between the valence band 
maximum (VBM) and the Fermi level (Ef ) [39]. As shown in (Figure 3f), plotted on the 
E−Ef  scale with the Fermi level set to 0 eV, the valence band onsets are located 2.68 eV and 
1.19 eV below the Fermi level for 1D TiO2  and MoS2 , respectively, the Fermi level lies 2.68 eV 
(TiO2 ) and 1.19 eV (MoS2 ) above the VBM. Combined with the band positions reported 
on the NHE scale (Table 1), these values yield Fermi level positions of +0.09 V (TiO2 ) and 
+0.15 V (MoS2 ) versus NHE.

Table 1. Flat-band-derived band parameters of 1D TiO2  and MoS2  (all potentials are given ver-
sus NHE).

Samples 1D TiO2 MoS2 

conduction band CB (vs. NHE) (V) −0.51 −0.18
band gap E_g (eV) 3.28 1.52

valence band VB (vs. NHE) (V) 2.77 1.34
Fermi level Ef  (vs. NHE) (V) 0.09 0.15

VB-Ef  (eV) 2.68 1.19

The hydrophilicity of MoS2 /TiO2  is an important factor affecting the photocatalytic 
performance. The hydrophilic properties of the as-prepared samples were evaluated via 
water contact angle (WCA) measurement under ambient conditions (Figure 4). Compared 
with pristine titanium foil, the 1D TiO2 -modified titanium foil exhibited remarkably im-
proved hydrophilicity, with the WCA decreasing from 61.2° to 20.8°. After further MoS2 
loading, the WCA was reduced even more, confirming that the introduction of MoS2  effec-
tively enhances the surface hydrophilicity. Among all samples, the MoS2 /TiO2 -1 composite 
exhibited the minimum WCA value, revealing its superior hydrophilic performance.

https://doi.org/10.3390/ijms27219763
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Figure 4. Water contact angles of titanium foil (a); 1D TiO2  (b); MoS2 /TiO2 -0.5 (c); MoS2 /TiO2 -1 (d); 
MoS2 /TiO2 -2 (e); MoS2 /TiO2 -3 (f). The red line represents the baseline of the solid substrate surface 
for contact angle calculation.

It is widely acknowledged that the photocatalytic antibacterial mechanism is primarily 
dependent on the light-induced generation of reactive oxygen species (ROS). A highly 
hydrophilic surface facilitates the production and diffusion of ROS while also suppressing 
bacterial adhesion to a certain extent [40].

2.2. Evaluation of Photocatalytic Activity
To investigate the practical applicability of MoS2 /TiO2  composites, photocatalytic an-

tibacterial experiments were conducted. Using Staphylococcus aureus as a model bacterium, 
the photocatalytic antibacterial performance of MoS2 /TiO2  was systematically assessed 
(Figure 5). First, the bactericidal effect of MoS2 /TiO2  against Staphylococcus aureus was eval-
uated under dark conditions, in which MoS2 /TiO2  exhibited no obvious inhibitory effect on 
the bacterium in the dark, revealing favorable biocompatibility (Figure S1). Compared with 
pristine titanium foil (used as the blank control), 1D TiO2  exhibited moderate antibacterial 
activity. After loading MoS2 , the antibacterial activity of the MoS2 /TiO2  composites was 
significantly enhanced. According to the statistical results of three parallel experiments, the 
MoS2 /TiO2 -1 composite showed the optimal antibacterial activity, with only approximately 
82 colonies observed (Figure 6a). Compared with pure titanium, the MoS2 /TiO2  composite 
achieved an antibacterial rate of 86% against Staphylococcus aureus. Notably, the antibacterial 
activity first increased and then decreased with increasing MoS2  loading content.

This trend is closely associated with the surface hydrophilicity and ROS generation 
capacity of the composites, consistent with the previous WCA analysis results. An appropri-
ate amount of MoS2  loading can further improve the surface hydrophilicity of the composite, 
thereby facilitating the photogeneration and diffusion of ROS and enhancing the antibac-
terial effect; however, excessive MoS2  loading may cover the active sites of TiO2 , hinder 
light absorption and ROS generation, and consequently lead to a decrease in antibacterial 
activity [40].

To further evaluate the antibacterial inhibition performance, the optical density (OD600 ) 
value of the bacterial suspension was measured (Figure 6b). Generally, a smaller OD value 
indicates a lower bacterial concentration, corresponding to fewer viable microorganisms 
and superior antibacterial inhibition performance. A comparison of the OD values among 
different samples reveals that the pristine titanium foil exhibits the highest OD value. After 
the growth of 1D TiO2  on the titanium foil via anodic oxidation, the OD value decreases to a 
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certain extent. When different amounts of MoS2  are loaded, the OD value of the composites 
first decreases and then increases. Specifically, the MoS2 /TiO2 -1 composite possesses the 
smallest OD value, demonstrating the optimal photocatalytic antibacterial inhibition effect. 
This result is consistent with the antibacterial performance order determined by the plate 
colony counting method, further confirming the reliability of the experimental findings.

Figure 5. Images of Staphylococcus aureus colonies on agar plates: Ti foil (a); 1D TiO2  (b); MoS2 /TiO2 -
0.5 (c); MoS2 /TiO2 -1 (d); MoS2 /TiO2 -2 (e); MoS2 /TiO2 -3 (f).

Figure 6. The Staphylococcus aureus colony number (a) and OD value (b) of Ti foil, 1D TiO2 , MoS2 /TiO2 -
0.5, MoS2 /TiO2 -1, MoS2 /TiO2 -2, and MoS2 /TiO2 -3.

2.3. Photoelectrochemical Properties
Ultraviolet–visible (UV–vis) absorption spectroscopy was employed to investigate 

the optical absorption properties of 1D TiO2 , pristine MoS2 , and MoS2 /TiO2  (MoS2 /TiO2 -1 
selected as a representative sample). As shown in Figure 7a, the light absorption range of 
1D TiO2  is mainly confined to the ultraviolet (UV) region. After loading MoS2  onto the 1D 
TiO2  surface, the absorption range of MoS2 /TiO2  is significantly extended into the visible 
region, indicating a remarkable enhancement in visible-light absorption (up to ~600 nm). 
As illustrated in Figure 7b,c, the band gap energy (E_g) of the samples was calculated from 
the UV–vis absorption spectra. According to the literature [41], the band gap energy of 1D 
TiO2  is 3.28 eV. For MoS2 , the band gap energy was determined to be 1.52 eV, consistent 
with reported values [42,43].
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Figure 7. UV–visible diffuse reflectance spectra (DRS) of TiO2 , MoS2 , and MoS2 /TiO2  (a); plots of 
(Ahν)1/2  vs. photon energy (hν) of TiO2  (b) and MoS2  (c). The dashed arrows indicate the tangent 
lines used to extrapolate the optical band gap energy.

Photocurrent response and electrochemical impedance spectroscopy (EIS) were mea-
sured to explore the charge separation behavior of 1D TiO2  and MoS2 /TiO2  (Figure 8). 
Transient photocurrent response measurements were utilized to evaluate the photocarrier 
separation efficiency of the as-prepared samples, which serves as a critical descriptor of 
photocatalytic performance [44]. Upon illumination with a xenon lamp, the photocurrent 
of the MoS2 /TiO2  composite rapidly increased to its maximum value. Immediately after the 
light was switched off, the photocurrent promptly decayed back to the baseline, indicative 
of a fast and reversible photoresponse behavior (Figure 8a). This favorable characteristic 
arises from the efficient separation and suppressed recombination of photogenerated elec-
trons and holes within the composite. Notably, the photocurrent intensity remained nearly 
unchanged over three consecutive on–off cycles, verifying the outstanding photostability 
and operational durability of the sample. Furthermore, the photocurrent intensity of the 
MoS2 /TiO2  composite was considerably higher than that of pristine 1D TiO2 , mainly at-
tributed to the formation of a heterojunction at the MoS2 /TiO2  interface induced by MoS2 
coupling, which effectively promotes the separation and interfacial transfer of photogen-
erated charge carriers, lowers their recombination rate, and consequently strengthens the 
photocurrent response.

Variations in the semicircle radius of EIS spectra reflect the photogenerated electron–
hole separation performance, with a smaller radius corresponding to superior charge-
separation efficiency [37]. Compared with the unanodized Ti foil, 1D TiO2  exhibits a 
smaller EIS semicircle radius; furthermore, the MoS2 /TiO2  composite shows an even smaller 
semicircle radius than 1D TiO2  (Figure 8b). This phenomenon indicates that the in situ 
loading of an appropriate amount of MoS2  can facilitate the separation of photogenerated 
electrons and holes, thereby effectively promoting electron transfer [45].

Mott–Schottky measurements were performed to further analyze the interfacial charge-
transfer characteristics. Both 1D TiO2  and MoS2  were identified as n-type semiconductors 
from the positive slopes of the Mott–Schottky plots (Figure 8c,d). With a saturated calomel 
electrode (SCE) as the reference electrode, the flat-band potentials of MoS2  and 1D TiO2  were 
determined to be −0.22 V and −0.55 V, respectively. Converted to the normal hydrogen 
electrode (NHE) scale via E(NHE) = E(SCE) + 0.241 V, the corresponding flat-band 
potentials are +0.02 V and −0.31 V, respectively. Since the flat-band potential is typically 
0.1–0.3 V more positive than the conduction band (CB) edge for n-type semiconductors [46], 
the CB potentials of MoS2  and 1D TiO2  are estimated to be −0.18 V and −0.51 V, respectively. 
Combined with the band-gap energies (E_g) determined from UV–vis diffuse reflectance 
spectroscopy (E_g,TiO2  = 3.28 eV; E_g,MoS2  = 1.52 eV, (Figure 7b,c), the valence band 
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(VB) positions of the two semiconductors were further derived to be +2.77 V (TiO2 ) and 
+1.34 V (MoS2 ) vs. NHE.

Figure 8. Photocurrent density–time curves of TiO2  and MoS2 /TiO2  (a); electrochemical impedance 
spectra of titanium foil, 1D TiO2 , and MoS2 /TiO2  (b); Mott–Schottky plots of MoS2  (c) and 1D TiO2  (d). 
The dashed arrows indicate the intercepts of the fitted lines on the potential axis, corresponding to 
the flat-band potential.

2.4. Photocatalytic Mechanism
The XPS valence band spectra of TiO2  and MoS2  were analyzed (Figure 3f). The 

position of the valence band edge relative to the Fermi level can be obtained from the 
valence band spectrum [39], indicating that the valence band maximum (VBM) of TiO2 
and MoS2  lies ~2.68 eV and ~1.19 eV below the Fermi level, respectively (corresponding to 
VBM of +2.77 V and +1.34 V vs. NHE, with Fermi levels at +0.09 V and +0.15 V vs. NHE). 
The detailed band structure parameters of all samples are summarized in Table 1.

To further explore the photocatalytic antibacterial mechanism of MoS2 /TiO2  compos-
ites, electron paramagnetic resonance (EPR) spectroscopy was employed to identify reactive 
free radicals generated during photocatalytic reactions. The 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) spin trap was utilized to detect superoxide radicals (•O2 − ) and hydroxyl 
radicals (•OH). As shown in Figure 9a,b, no characteristic DMPO-•O2 −  or DMPO-•OH 
adduct signals were detected under dark conditions. By contrast, distinct and strong charac-
teristic signals of the two radical adducts were clearly observed for the MoS2 /TiO2  composite 
under full-spectrum simulated solar light (300 W Xe lamp, no optical filter). We note that 
no chemical radical-scavenging experiments were performed in this study; instead, the strict 
light/dark contrast and the concurrent detection of both •O2 −  and •OH directly establish 
the photocatalytic origin of the reactive oxygen species.

https://doi.org/10.3390/ijms27219763
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Figure 9. EPR spectra of DMPO-•O2 −  (a) and DMPO-•OH (b) recorded under light irradiation; 
schematic illustration of the promoted photoelectron transfer from the MoS2  conduction band to 
the TiO2  valence band (S-scheme interfacial recombination under the internal electric field): before 
contact (c), after contact (d), and under light irradiation (e). The red arrows show the migration 
pathways of photogenerated charge carriers; the IEF arrow denotes the direction of the built-in 
electric field.

Combined with the relative band positions and radical trapping experimental results, 
we propose a plausible photocatalytic antibacterial mechanism of MoS2 /TiO2  (Figure 9c–e). 
Since TiO2  has a higher Fermi level than MoS2 , electrons on the TiO2  surface spontaneously 
migrate to MoS2  upon contact between the two materials. This process induces upward 
band bending of TiO2  and downward band bending of MoS2 , accompanied by the forma-
tion of a built-in electric field directed from TiO2  to MoS2 , which is the driving force that 
stabilizes the S-scheme charge flow [47]. Upon light absorption, valence-band electrons 
of the MoS2 /TiO2  composite are continuously excited to the conduction band, while an 
equal number of holes is simultaneously generated in the valence band. Driven by the 
built-in electric field and the interfacial band bending, the less-negative conduction-band 
electrons of MoS2  (−0.18 V vs. NHE) migrate toward the TiO2  side and selectively recom-
bine with the valence-band holes of TiO2  at the interface. This S-scheme recombination 
preserves the strongly reducing conduction-band electrons of TiO2  (−0.51 V vs. NHE) 
and the spatially separated valence-band holes of MoS2 , while suppressing non-selective 
migration of the other charge carriers. The fabricated MoS2 /TiO2  forms an S-scheme 
heterojunction structure, which retains the strong redox capability of the junction and 
achieves efficient carrier separation via the built-in electric field, thereby facilitating the 
generation of ROS.
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The assignment of an S-scheme (rather than Type-II) charge-transfer pathway is sup-
ported by a combination of mutually consistent observations: (i) the concurrent EPR 
detection of •O2 −  and •OH under illumination, a profile consistent with a heterojunction 
that preserves the strongly reducing electron pool of the TiO2  CB together with the spa-
tially separated holes of the MoS2  VB, whereas a Type-II transfer would accumulate the 
surviving electrons on the less-negative MoS2  CB (−0.18 V) and thermodynamically prevent
O2 → •O2 − ; (ii) the retention of the reducing TiO2  CB (−0.51 V vs. NHE, sufficient for 
O2 → •O2 −  at −0.33 V vs. NHE); and (iii) the ≈45-fold photocurrent enhancement, con-
sistent with efficient, spatially separated charge migration. Direct interfacial probes, such 
as HRTEM of the MoS2 /TiO2  interface and work-function measurements, would provide 
complementary microstructural confirmation and are planned for further work.

It is widely acknowledged that ROS play a crucial role in cell death. During the 
antibacterial process, ROS attack the cell membrane as the primary contact site, inducing 
severe intracellular damage, including lipid peroxidation, protein oxidation, and DNA 
damage [48–50]. The interconversion between various ROS facilitates this process. Such an 
S-scheme heterojunction enables efficient separation of photogenerated electron–hole pairs 
while retaining strong photocatalytic reduction activity. The absence of radical signals in 
the dark and their clear appearance under illumination demonstrate that •O2 −  and •OH 
are generated exclusively by the photocatalytic process, confirming that the antibacterial 
activity arises from light-driven ROS generation.

As summarized in Tables S1–S3, the MoS2 /TiO2  composite delivers a full-spectrum 
bactericidal efficiency of 86% against Staphylococcus aureus (at a 1:1000 dilution), clearly 
outperforming the bare 1D TiO2  control (33%, corresponding to a reduction in colony count 
from 597 to 398 in Figure 6a) under identical conditions. It likewise surpasses visible-light 
TiO2 -based systems (e.g., Au/Pt-modified TiO2  nanotubes, <50% [51]). Although absolute 
efficiencies ≈100% have been reported, these generally rely on more favorable conditions—
full-spectrum + photothermal synergy in powder/film form, enzymatic/photocatalytic 
nanoflowers, or upconversion doping [22,29,52]—whereas the present self-supported ar-
chitecture retains full activity without a recovery step, which is advantageous for practical 
disinfection. Consistent with the mechanistic evidence above, the enhanced charge sep-
aration (≈45-fold photocurrent) and the band structure summarized in Table 1 support 
the dominant •O2 − /•OH-mediated antibacterial mechanism, as further corroborated by 
EPR. In interpreting these results, we note that the MoS2  valence-band edge (+1.34 V 
vs. NHE) is not positive enough to oxidize water or surface hydroxyl groups directly, 
so the detected •OH is more plausibly formed indirectly through reduction of dissolved 
oxygen by the retained TiO2  conduction-band electrons, i.e., via a •O2 − → H2 O2 → •OH 
cascade, rather than by direct hole oxidation. Because no chemical radical-scavenging or 
quantitative spin-trapping experiments were performed, the present EPR data establish 
the photocatalytic generation and identity of •O2 −  and •OH but do not quantify their 
individual contributions; the ROS-based conclusions are therefore limited to this qualitative 
mechanistic interpretation.

3. Materials and Methods
Photocatalysts were synthesized using the following reagents: ammonium fluoride 

(NH4 F) was obtained from Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai, 
China); absolute methanol (CH3 OH), ethanediol ((CH2( OH)2 ), and ethanol (C2 H6 O) 
were purchased from Tianjin Obokai Chemical Co., Ltd. (Tianjin, China); ammonium 
heptamolybdate ((NH4 )6 Mo7 O24 ) was supplied by Tianjin Fengboat Chemical Reagent 
Technology Co., Ltd. (Tianjin, China); sodium hydroxide (NaOH) was acquired from 
Tianjin Best Chemical Co., Ltd. (Tianjin, China); and thiourea (CH4 N2 S) and anhydrous 
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sodium sulfate (Na2 SO4 ) were provided by Shanghai Aladdin Biochemical Technology Co., 
Ltd. (Shanghai, China).

3.1. Fabrication of MoS2 /TiO2 
Preparation of TiO2 . One-dimensional (1D) TiO2  was fabricated via a two-step 

anodization method. Titanium foil (99.7% purity, 0.1 mm thickness) was obtained from 
Baoji Ruicheng Titanium Metal Co., Ltd. (Baoji, Shaanxi, China). The titanium foil 
served as the anode, and a platinum sheet was used as the cathode. The titanium foil 
was cut into 1.0 cm × 1.0 cm pieces and ultrasonically cleaned (KQ2200, Ningbo Xinyi 
Ultrasonic Equipment Co., Ltd., Ningbo, China) sequentially in acetone, methanol, and 
deionized water for 15 min to remove surface contaminants. The electrolyte consisted 
of 0.5 wt% NH4 F and 2.5 vol% deionized water in anhydrous ethylene glycol and was 
magnetically stirred (RCT B S-025, Thermo Fisher Scientific (China) Co., Ltd., Shanghai, 
China) for 60 min at room temperature before anodization. First, a pre-anodization step 
was conducted at 40 V for 2 h at room temperature using a direct-current regulated power 
supply (Maynuo M8813, Nanjing Meirnuo Electronics Co., Ltd., Nanjing, China). The 
treated titanium foil was then ultrasonically rinsed with deionized water to completely 
remove the as-formed oxide layer, thereby exposing a pre-patterned (dimpled) surface. 
Subsequently, the secondary anodization was performed under the same conditions (40 V, 
2 h, room temperature) to grow a hierarchical 1D TiO2  architecture composed of a nanotube 
bottom layer whose surface nanowires extend and interconnect into groove structures; 
the use of identical parameters in the two steps is consistent with established two-step 
anodization protocols [53,54]. Finally, the obtained 1D TiO2  samples were annealed in a 
muffle furnace (KSL-1200X, Hefei Kejing Materials Technology Co., Ltd., Hefei, China) at 
500 °C for 2 h with a heating rate of 2 °C/min.

Preparation of MoS2 /TiO2  Composites. In this work, the MoS2 /TiO2  composites were 
prepared by the in situ growth of MoS2  on the surface of the prefabricated TiO2  via a 
hydrothermal method. Different amounts of the Mo source—ammonium heptamolyb-
date, (NH4 )6 Mo7 O24  (0.5, 1, 2, and 3 mmol)—and the corresponding amounts of the S 
source—thiourea, CH4 N2 S—were weighed on an electronic analytical balance (FA2204B, 
Shanghai Yueping Scientific Instrument Co., Ltd., Shanghai, China) and dissolved in 30 mL 
of deionized water at a S:Mo molar ratio of 4:1. After ultrasonic dispersion, the homoge-
neous solution was transferred into a hydrothermal reactor, and the pre-synthesized 1D 
TiO2  samples were immersed into the solution. The hydrothermal reaction was conducted 
at 200 °C for 24 h under precise temperature control. After the reaction, the reactor was 
naturally cooled to room temperature, and the obtained samples were collected, repeatedly 
rinsed with deionized water and absolute ethanol to remove any surface residues, and 
finally dried in an oven. A series of MoS2 /TiO2  composites with different MoS2  loading 
amounts was successfully obtained and named MoS2 /TiO2 -0.5, MoS2 /TiO2 -1, MoS2 /TiO2 -2, 
and MoS2 /TiO2 -3 according to their MoS2  content.

3.2. Characterization
The crystal structure of the samples was characterized via X-ray diffraction (XRD; 

D/MAX2200, Rigaku Co., Tokyo, Japan). The surface morphology and elemental dis-
tribution were observed using a field-emission scanning electron microscope (FE-SEM; 
JSM-7900F, JEOL, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS; ESCALAB 250, 
Thermo Fisher Scientific, Waltham, MA, USA) was employed to analyze the chemical 
composition and elemental valence states of the prepared samples. The optical absorp-
tion properties were measured by UV–visible diffuse reflectance spectroscopy (DRS; Cary 
5000, Agilent, Santa Clara, CA, USA). Photoelectrochemical tests, including electrochemical 
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impedance spectroscopy (EIS), transient photocurrent response (I–t), and Mott–Schottky 
(MS) measurements, were performed on an electrochemical workstation (CHI-760E, Chen-
hua Instrument Co., Ltd., Shanghai, China). All spectral, diffraction, and electrochemical 
data were processed and plotted using Origin (OriginLab Corporation, Northampton, 
MA, USA).

3.3. Photoelectrochemical Tests
Photoelectrochemical (PEC) measurements. The photoelectrochemical properties of 

the as-prepared samples were evaluated using a standard three-electrode system. The as-
prepared sample served as the working electrode, a saturated calomel electrode (SCE) as the 
reference electrode, and a platinum sheet as the counter electrode. A 0.5 mol/L Na2 SO4  aque-
ous solution was used as the electrolyte to ensure stable electrochemical responses. Tran-
sient photocurrent (I–t), electrochemical impedance spectroscopy (EIS), and Mott–Schottky 
(M–S) measurements were performed using a CHI-760E electrochemical workstation. 

For the I–t measurements, the working electrode was illuminated with a 300 W Xe 
lamp (CEL-PF300-T10, China Education Au-light Co., Ltd., Fengtai, Beijing, China) pro-
viding full-spectrum simulated solar light (no optical filter). The light intensity at the 
electrode surface was measured to be 100 mW/cm2  using a radiometer (CEL-NP2000, 
China Education Au-light Co., Ltd., Beijing, China). This light source is consistent with 
the full-spectrum (simulated-solar) illumination conditions used in the photocatalytic 
antibacterial experiments.

The exposed (apparent) working electrode area used for photocurrent density normal-
ization was 1.0 cm × 1.0 cm (1.0 cm2 ), matching the monolithic sample. All photocurrent 
densities were calculated with respect to this exposed area.

3.4. Photocatalytic Antibacterial Experiment
Liquid Luria–Bertani (LB) medium was prepared by dissolving 1 g of tryptone, 0.5 g 

of yeast extract, and 1 g of NaCl in 100 mL of deionized water. The flask was capped 
with aluminum foil and autoclaved (SQ810C, Chongqing Yamato Technology Co., Ltd., 
Chongqing, China) at 121 °C for 20 min, followed by natural cooling prior to use. For 
solid LB medium, 2 g of tryptone, 1 g of yeast extract, 2 g of NaCl, and approximately 3 g 
of agar powder were suspended in 200 mL of deionized water, the pH was adjusted to 
7.0 ± 0.2 using a 5 mol/L NaOH solution, and the mixture was autoclaved at 121 °C for 
20 min with foil caps. After the medium had cooled to approximately 50 °C, 15–20 mL 
aliquots were aseptically poured into sterile Petri dishes. Pipette tips were autoclaved at 
121 °C under 103.4 kPa (15 psi) for 2 h and subsequently dried at 60 °C for 4 h.

The frozen bacterial strain (Staphylococcus aureus, ATCC 51650) was thawed at room 
temperature for 15 min under aseptic conditions in a clean bench (CJT, Suzhou Jinjing 
Purification Equipment Technology Co., Ltd., Suzhou, China), and the surface of the 
cryovial was disinfected with cotton swabs saturated with 75% ethanol. An aliquot of the 
bacterial suspension was aseptically transferred into pre-warmed LB broth using a sterile 
pipette, and the culture was incubated at 37 °C with orbital shaking at 180 rpm for 24 h in a 
shaking incubator (ZWY-2102C, Shanghai Zhicheng Analytical Instrument Manufacturing 
Co., Ltd., Songjiang, Shanghai, China).

Prior to sample treatment, the cultured bacterial solution was diluted with sterile LB 
medium and grown to the exponential phase: 70 μL of the original bacterial suspension was 
mixed with 35 mL of sterile LB medium and incubated in a constant-temperature incubator 
(SHP-250, Shanghai Jinghong Laboratory Equipment Co., Ltd., Shanghai, China) at 37 °C 
for 12 h.
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Antibacterial activity test:The antibacterial activity was evaluated by optical density 
(OD) measurement and the plate-counting method under full-spectrum simulated-solar 
illumination, with a dark-cultured group used as the control to exclude the contribution 
of dark adsorption. Three groups were tested under identical conditions to assess the 
influence of MoS2  loading on the antibacterial performance of TiO2 : (i) bare titanium (Ti), 
(ii) anodized TiO2  (the hierarchical 1D nanotube–nanowire architecture), and (iii) the 
MoS2 /TiO2  composite photocatalyst.

Briefly, 20 μL of the activated bacterial suspension was added to 20 mL of LB liquid 
medium in a centrifuge tube and mixed thoroughly, standardizing the initial bacterial 
load by a 1:1000 dilution; three parallel groups were prepared. Each as-prepared sample
(a monolithic sheet of 1.0 cm × 1.0 cm) was separately immersed in the bacterial suspension 
(20 mL) and cultured in a shaking incubator (ZWY-2102C, Shanghai Zhicheng Analytical 
Instrument Manufacturing Co., Ltd., Songjiang, Shanghai, China) at 37 °C under full-
spectrum simulated-solar illumination from a 300 W Xe lamp (CEL-PF300-T10, China 
Education Au-light Co., Ltd., Fengtai, Beijing, China; no optical filter) for 6 h at a light 
intensity of 100 mW/cm2  (measured with a CEL-NP2000 radiometer), while the control 
group was cultured under identical conditions in the dark.

After incubation, the solid sample was removed from the culture, and 200 μL of the 
light-incubated suspension was transferred into a sterilized 96-well plate; the OD600  value 
was recorded using a microplate reader (Thermo-G20, Thermo Fisher Scientific (China) 
Co., Ltd., Shanghai, China) at 600 nm. For plate counting, 20 μL of the light-incubated 
suspension was spread uniformly onto LB solid medium with a spreader (three parallel 
plates per sample); the plates were inverted and incubated at 37 °C in a constant-temperature 
incubator (SHP-250, Shanghai Jinghong Laboratory Equipment Co., Ltd., Shanghai, China) 
for 24 h to promote optimal colony growth, after which the colonies were counted and 
photographed. All measurements were performed in triplicate (n = 3). The bactericidal 
efficiency was calculated from the viable cell counts of the treated group relative to the 
dark control.

3.5. EPR Measurement
Electron paramagnetic resonance (EPR) spectra were recorded at room temperature 

on a Bruker Elexsys-II E 500 spectrometer (X-band; Bruker BioSpin GmbH, Rheinstetten, 
Germany). 5,5-Dimethyl-1-pyrroline N-oxide (DMPO, ≥97%, Sigma-Aldrich, St. Louis, 
MO, USA) was used as the spin-trapping reagent at a final concentration of 100 mM. 
For each measurement, a monolithic piece of the composite (1.0 cm × 1.0 cm) was cut 
into 2 mm × 2 mm pieces, and all pieces were immersed in 1.0 mL of the corresponding 
solvent (deionized water for hydroxyl-radical detection and methanol for superoxide-
radical detection). For the detection of hydroxyl radicals (•OH), the photocatalyst was 
dispersed in water, whereas for the detection of superoxide anions (•O2 − ), the photocatalyst 
was dispersed in methanol. The suspension was kept in the dark or illuminated with a 
300 W Xe lamp (CEL-PF300-T10, China Education Au-light Co., Ltd., Fengtai, Beijing, 
China) providing full-spectrum simulated solar light (no optical filter). Dark controls 
were recorded under identical conditions without illumination, and no radical signals were 
observed in the dark for either species.

4. Conclusions
In summary, a novel S-scheme MoS2 /TiO2  heterojunction composite was success-

fully fabricated for photocatalytic antibacterial applications. One-dimensional (1D) TiO2 
nanostructures were grown on titanium foil via a secondary anodization method. The 
introduction of TiO2  nanowires created abundant groove structures on the TiO2  nanotube 
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surface, providing sufficient active sites for the uniform loading of MoS2  nanosheets. 
UV–vis spectroscopy and electrochemical measurements verified the construction of 
efficient electron transport channels between the MoS2  and TiO2  interfaces. Under light 
irradiation, the built-in electric field drives the selective interfacial recombination of the 
electrons at the conduction band minimum (CBM) of MoS2  with the holes at the valence 
band maximum (VBM) of TiO2 , while the strongly reducing electrons at the TiO2  CBM 
and the holes at the MoS2  VBM are retained at the respective redox-active sites. This 
charge separation mechanism preserves the strong reduction capability at the TiO2  CB and 
efficient interfacial charge separation, promotes the generation of ROS (•O2 −  and •OH), 
and ultimately enhances the photocatalytic antibacterial performance. This work pro-
vides a useful framework for the further development and optimization of high-efficiency 
photocatalytic antibacterial materials.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms27219763/s1.

Author Contributions: Conceptualization, Q.L. and G.Y.; methodology, Q.L., G.Y. and T.H.; software, 
H.N.; validation, Q.L. and T.H.; formal analysis, Q.L. and G.Y.; investigation, Q.L., G.Y. and T.H.; 
resources, H.N.; data curation, Q.L., G.Y. and T.H.; writing—original draft preparation, Q.L.; writing—
review and editing, Q.L.; visualization, G.Y.; supervision, Q.L. and G.Y.; project administration, Q.L. 
and G.Y.; funding acquisition, H.N. and Q.L. All authors have read and agreed to the published 
version of the manuscript.

Funding: This research was funded by the Special Project of Qinghai Provincial Department of 
Science and Technology (grant No. 2024-SF-151), and by Qinghai Institute of Salt Lakes under a 
commissioned contract research project with no official grant number assigned. The funders had no 
role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of 
the manuscript; or in the decision to publish the results.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the 
article/Supplementary Material. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Sanjari, M.; Molaei, M.; Seifi, A.; Iranmanesh, P.; Farahmandzadeh, F. Treatment of Wastewater from Methylene Blue Dye and E. 

Coli Bacteria by High-Performance Fe3 O4 /rGO/TiO2  Nanocatalyst. J. Fluoresc. 2024, 35, 7099–7108. [CrossRef] [PubMed]
2. Dhandole, L.K.; Kim, S.-G.; Seo, Y.-S.; Mahadik, M.A.; Chung, H.S.; Lee, S.Y.; Choi, S.H.; Cho, M.; Ryu, J.; Jang, J.S. Enhanced 

Photocatalytic Degradation of Organic Pollutants and Inactivation of Listeria monocytogenes by Visible Light Active Rh–Sb 
Codoped TiO2  Nanorods. ACS Sustain. Chem. Eng. 2018, 6, 4302–4315. [CrossRef]

3. Wang, J.; Shi, X.; Hou, S.; Wang, Y.; Xu, Z.; He, M.; Liu, Y.; Ge, F.; Li, R.; Wang, J. Photocatalytic antibacterial properties and 
mechanism of PEG-modified superparamagnetic iron oxide nanoparticles. J. Mater. Res. 2025, 40, 689–703. [CrossRef]

4. Yin, Y.; Xu, Y.; Wang, Z.; Li, X.; Tan, S.; Li, Y.; Zhang, X. Synthesis, photocatalytic degradation and antibacterial properties of 
CoTcPc/UiO-66-NH2 /Ag3 PO4  composites. Mater. Lett. 2025, 382, 137874. [CrossRef]

5. Feng, H.; Wang, W.; Zhang, M.; Zhu, S.; Wang, Q.; Liu, J.; Chen, S. 2D titanium carbide-based nanocomposites for photocatalytic 
bacteriostatic applications. Appl. Catal. B Environ. 2020, 266, 118609. [CrossRef]

6. Yang, G.; Liu, H.; Li, A.; Liu, T.; Lu, Q.; He, F. Antibacterial Structure Design of Porous Ti6Al4V by 3D Printing and Anodic 
Oxidation. Materials 2023, 16, 5206. [CrossRef] [PubMed]

7. Alharbi, A.S. Bacteriological profile of wound swab and their antibiogram pattern in a tertiary care hospital, Saudi Arabia. Saudi 
Med. J. 2022, 43, 1373–1382. [CrossRef] [PubMed]

8. Meng, A.; Zhang, L.; Cheng, B.; Yu, J. Dual Cocatalysts in TiO2 Photocatalysis. Adv. Mater. 2019, 31, e1807660. [CrossRef] 
[PubMed]

https://doi.org/10.3390/ijms27219763

https://www.mdpi.com/article/10.3390/ijms27219763/s1
https://www.mdpi.com/article/10.3390/ijms27219763/s1
https://doi.org/10.1007/s10895-024-04067-z
https://www.ncbi.nlm.nih.gov/pubmed/39680340
https://doi.org/10.1021/acssuschemeng.7b04764
https://doi.org/10.1557/s43578-025-01528-4
https://doi.org/10.1016/j.matlet.2024.137874
https://doi.org/10.1016/j.apcatb.2020.118609
https://doi.org/10.3390/ma16155206
https://www.ncbi.nlm.nih.gov/pubmed/37569910
https://doi.org/10.15537/smj.2022.43.12.20220681
https://www.ncbi.nlm.nih.gov/pubmed/36517049
https://doi.org/10.1002/adma.201807660
https://www.ncbi.nlm.nih.gov/pubmed/31148244
https://doi.org/10.3390/ijms27219763


Int. J. Mol. Sci. 2026, 27, 9763 16 of 18

9. Han, Y.; Zeng, H.; Li, H.; Niu, X.; Liu, X.; Zhang, D.; Fan, H.; Wang, K. Investigation of the visible light photocatalytic 
antibacterial properties of Cu2 O/UiO-66/Bi2 MoO6  composites with double Z-type heterojunction. Surf. Interfaces 2025, 
56, 105685. [CrossRef]

10. Ren, H.; Gong, Z.; Zhang, M.; Liu, Y.; Lv, Y. Construction of BiVO4 /g-C3 N4 /Ag3 PO4  ternary heterojunction with double Z-scheme 
and its photocatalytic and bacteriostatic properties. Chem. Phys. Lett. 2024, 857, 141738. [CrossRef]

11. Ovezmyradov, B.; Chen, H.; Duan, S.; Zhu, M.; Zhang, D.; Xue, C.; Ovezmyradov, M.; Yang, G. Construction of N-doped 2D 
TiO2 /MoS2  S-scheme heterojunction for enhanced photodegradation activity by rhodamine B. React. Kinet. Mech. Catal. 2024, 
138, 471–484. [CrossRef]

12. Li, Z.; Wang, S.; Wu, J.; Zhou, W. Recent progress in defective TiO2 photocatalysts for energy and environmental applications. 
Renew. Sustain. Energy Rev. 2022, 156, 111980. [CrossRef]

13. Ovezmyradov, B.; Yang, G.; Wang, Y.; Nan, H.; Xue, C.; Chen, H. TiO2 /HTiOF3  composites were made in a one step hydrothermal 
process for highly effective RhB degradation. Opt. Mater. 2024, 147, 114599. [CrossRef]

14. Bie, C.; Wang, L.; Yu, J. Challenges for photocatalytic overall water splitting. Chem 2022, 8, 1567–1574. [CrossRef]
15. Ruan, X.; Li, S.; Huang, C.; Zheng, W.; Cui, X.; Ravi, S.K. Catalyzing Artificial Photosynthesis with TiO2 Heterostructures 

and Hybrids: Emerging Trends in a Classical yet Contemporary Photocatalyst. Adv. Mater. 2024, 36, e2305285. [CrossRef] 
[PubMed]

16. Wang, J.; Wang, Z.; Qu, P.; Xu, Q.; Zheng, J.; Jia, S.; Chen, J.; Zhu, Z. A 2D/1D TiO2  nanosheet/CdS nanorods heterostructure 
with enhanced photocatalytic water splitting performance for H2  evolution. Int. J. Hydrogen Energy 2018, 43, 7388–7396. 
[CrossRef]

17. Thiehmed, Z.A.; Altahtamouni, T.M. Morphology Control of TiO2 Nanorods Using KBr Salt for Enhancing the Photocatalytic 
Activity of TiO2 and MoS2 /TiO2 Heterostructures. Nanomaterials 2022, 12, 2904. [CrossRef] [PubMed]

18. Li, X.; Li, B.; Ji, D.; Guan, Q.; Thirumalraj, B.; Palmisano, G.; Mohamed, S.; Zheng, L. A highly efficient bifunctional Z-scheme 
photocatalyst with spatially-separated and synergistically-enhanced adsorption and photodegradation. Appl. Catal. B Environ. 
Energy 2025, 362, 124758. [CrossRef]

19. Nguyen, A.T.; Cho, J.; Patel, M.; Vu, D.A.; Song, J.; Suh, D.; Seo, A.; Kim, J.; Kim, D.W. Ag Nanowire-Integrated MoS2 /ZnO 
Heterojunctions for Highly Efficient Photogenerated Charge Transfer. Adv. Electron. Mater. 2025, 11, 2400744. [CrossRef]

20. Sun, Q.; Yang, X.; Ma, J.; Liu, X.; Wang, Y. Controllable Synthesis of MoS2 @ TiO2 Composite Nanostructure by Anodic Oxidation-
Hydrothermal Technique. J. Electron. Mater. 2019, 48, 2144–2151. [CrossRef]

21. Li, P.; Gao, M.; Sun, L.; Xu, H.; Dong, X.; Lin, J. Preparation of heterostructured TiO2 /MoS2  for efficient photocatalytic rhodamine 
B degradation. Mater. Adv. 2022, 3, 2185–2190. [CrossRef]

22. Liu, S.; Lou, H.; Luo, J.; Albashir, D.; Shi, Y.; Chen, Q. A Novel In Situ Biosynthesized Bacterial Cellulose/MoS2 /TiO2  Composite 
Film for Efficient Removal of Dyes and Pathogenic Bacteria from Industrial Wastewater under Sunlight Illumination. ACS Appl. 
Mater. Interfaces 2025, 17, 19543–19561. [CrossRef] [PubMed]

23. Hezam, A.; Alkanad, K.; Bajiri, M.A.; Strunk, J.; Takahashi, K.; Drmosh, Q.A.; Al-Zaqri, N.; Krishnappagowda, L.N. 2D/1D 
MoS2 /TiO2  Heterostructure Photocatalyst with a Switchable CO2  Reduction Product. Small Methods 2023, 7, 2201103. [CrossRef] 
[PubMed]

24. Zhao, X.; Wang, S.; Shan, D.; Xu, Y.; Wu, L.; Guo, H.; Che, G.; Liu, C.; Du, J. Formation of Conjugated Polymer/TiO2 (B) S-Scheme 
Heterojunctions by Functional Group Regulation for Efficient Natural Light-Driven Inactivation of Super-Resistant Bacteria. Chem. 
Eng. J. 2024, 495, 153675. [CrossRef]

25. Kaid, S.M.A.; Alkanad, K.; Abutaha, N.; Al-Mekhlafi, F.A.; Padikkamannil, A.; Bajiri, M.A.; Alkanad, M.; Masri, M.; Waidi, 
Y.O.; Kalappa, P.; et al. Plasmon-Boosted S-Scheme g-C3 N4 –Co3 O4 –Ag 2D Nanostructure for Highly Efficient Visible-Light 
Antibacterial Photocatalysis. Nanoscale Adv. 2026, 8, 2996–3008. [CrossRef] [PubMed]

26. Ma, Z.; Guo, W.; Zhang, K.; Wang, N.; Li, Z.; Li, J. Construction of S-Scheme CuS/Bi5 O7 I Heterojunction for Boosted Photocatalytic 
Disinfection with Visible Light Exposure. Molecules 2023, 28, 3084. [CrossRef] [PubMed]

27. Yan, H.; Liu, L.; Wang, R.; Zhu, W.; Ren, X.; Luo, L.; Zhang, X.; Luo, S.; Ai, X.; Wang, J. Binary composite MoS2 /TiO2  nanotube 
arrays as a recyclable and efficient photocatalyst for solar water disinfection. Chem. Eng. J. 2020, 401, 126052. [CrossRef]

28. Chen, L.; Huang, C.-P.; Chuang, Y.; Nguyen, T.-B.; Chen, C.-W.; Dong, C.-D. Z-Scheme MoS2 /TiO2 /graphene nanohybrid 
photocatalysts for visible light-induced degradation for highly efficient water disinfection and antibacterial activity. New J. Chem. 
2022, 46, 14159–14169. [CrossRef]

29. Lin, Y.; Liu, X.; Liu, Z.; Xu, Y. Visible-Light-Driven Photocatalysis-Enhanced Nanozyme of TiO2  Nanotubes@MoS2  Nanoflowers for 
Efficient Wound Healing Infected with Multidrug-Resistant Bacteria. Small 2021, 17, 2103348, Erratum in Small. 2021, 17, e2103348. 
[CrossRef] [PubMed]

30. Zhang, J.; Yuan, W.; Xia, T.; Ao, C.; Zhao, J.; Huang, B.; Wang, Q.; Zhang, W.; Lu, C. A TiO2 Coated Carbon Aerogel Derived from 
Bamboo Pulp Fibers for Enhanced Visible Light Photo-Catalytic Degradation of Methylene Blue. Nanomaterials 2021, 11, 239. 
[CrossRef] [PubMed]

https://doi.org/10.3390/ijms27219763

https://doi.org/10.1016/j.surfin.2024.105685
https://doi.org/10.1016/j.cplett.2024.141738
https://doi.org/10.1007/s11144-024-02702-1
https://doi.org/10.1016/j.rser.2021.111980
https://doi.org/10.1016/j.optmat.2023.114599
https://doi.org/10.1016/j.chempr.2022.04.013
https://doi.org/10.1002/adma.202305285
https://www.ncbi.nlm.nih.gov/pubmed/37818725
https://doi.org/10.1016/j.ijhydene.2018.02.191
https://doi.org/10.3390/nano12172904
https://www.ncbi.nlm.nih.gov/pubmed/36079942
https://doi.org/10.1016/j.apcatb.2024.124758
https://doi.org/10.1002/aelm.202400744
https://doi.org/10.1007/s11664-019-06990-5
https://doi.org/10.1039/d1ma01050f
https://doi.org/10.1021/acsami.4c21052
https://www.ncbi.nlm.nih.gov/pubmed/40014806
https://doi.org/10.1002/smtd.202201103
https://www.ncbi.nlm.nih.gov/pubmed/36408777
https://doi.org/10.1016/j.cej.2024.153675
https://doi.org/10.1039/D5NA00943J
https://www.ncbi.nlm.nih.gov/pubmed/42004939
https://doi.org/10.3390/molecules28073084
https://www.ncbi.nlm.nih.gov/pubmed/37049847
https://doi.org/10.1016/j.cej.2020.126052
https://doi.org/10.1039/D2NJ01824A
https://doi.org/10.1002/smll.202103348
https://www.ncbi.nlm.nih.gov/pubmed/34418285
https://doi.org/10.3390/nano11010239
https://www.ncbi.nlm.nih.gov/pubmed/33477531
https://doi.org/10.3390/ijms27219763


Int. J. Mol. Sci. 2026, 27, 9763 17 of 18

31. Sarma, S.; Ray, S.C. Trigonal (1T) and hexagonal (2H) mixed phases MoS2 thin films. Appl. Surf. Sci. 2019, 474, 227–231. 
[CrossRef]

32. Korcoban, D.; Huang, L.Z.Y.; Elbourne, A.; Li, Q.; Wen, X.; Chen, D.; Caruso, R.A. Electroless Ag nanoparticle deposition on 
TiO2 nanorod arrays, enhancing photocatalytic and antibacterial properties. J. Colloid Interface Sci. 2025, 680, 146–156. [CrossRef] 
[PubMed]

33. Weng, H.H.; Liu, H.J.; Yang, G.J.; Ding, J.W.; Gong, C.C.; Fu, Y.Y.; Cui, J.; Ma, L.Y.; He, C.N.; Zhao, N.Q.; et al. Construction of 
2D/2D NH2 -TiO2 /ReS2  Molecular-Connected Heterojunction to Achieve Selective Carrier Transport for Photocatalytic Hydrogen 
Production. Chem. Eng. J. 2024, 492, 151687. [CrossRef]

34. Maji, T.K.; Aswin, J.R.; Mukherjee, S.; Alexander, R.; Mondal, A.; Das, S.; Sharma, R.K.; Chakraborty, N.K.; Dasgupta, K.; Sharma, 
A.M.R.; et al. Combinatorial Large-Area MoS2 /Anatase-TiO2  Interface: A Pathway to Emergent Optical and Optoelectronic 
Functionalities. ACS Appl. Mater. Interfaces 2020, 12, 44345–44359. [CrossRef] [PubMed]

35. Besancon, M.; Wang, Y.; Alauzun, J.G.; Mutin, H.; Espuche, E.; Bounor-Legare, V. Tuning Polymer/TiO2  Nanocomposites 
Morphology by In Situ Non-Hydrolytic Sol-Gel Syntheses in Viscous Polymer Medium: Influence of the Polymer Nature and 
Oxygen Donor. Polymers 2022, 14, 2273. [CrossRef] [PubMed]

36. Kim, S.; Park, H.; Choo, S.; Baek, S.; Kwon, Y.; Liu, N.; Yang, J.Y.; Yang, C.-W.; Yoo, G.; Kim, S. Active-matrix monolithic gas sensor 
array based on MoS2 thin-film transistors. Commun. Mater. 2020, 1, 86. [CrossRef]

37. Li, J.; Kang, J.; Cai, Q.; Hong, W.; Jian, C.; Liu, W.; Banerjee, K. Boosting Hydrogen Evolution Performance of MoS2 by Band 
Structure Engineering. Adv. Mater. Interfaces 2017, 4, 1700303. [CrossRef]

38. Gu, X.; Xiang, W.; Tian, Q.; Liu, S.F. Rational Surface-Defect Control via Designed Passivation for High-Efficiency Inorganic 
Perovskite Solar Cells. Angew. Chem. Int. Ed. 2021, 60, 23164–23170. [CrossRef] [PubMed]

39. Miao, Z.; Wang, Q.; Zhang, Y.; Meng, L.; Wang, X. In situ construction of S-scheme AgBr/BiOBr heterojunction with surface 
oxygen vacancy for boosting photocatalytic CO2  reduction with H2 O. Appl. Catal. B Environ. 2022, 301, 120802. [CrossRef]

40. Bai, X.; Cao, Y.; Zhu, B.; Liu, R.; Dong, J.; Yang, H. Enhancement of Photocatalytic Antimicrobial Performance via Generation and 
Diffusion of ROS. Sci. Energy Environ. 2024, 1, 100007. [CrossRef]

41. Jing, Y.N.; Yin, X.L.; Li, L.L.; Wang, Y.L.; Xue, J.; Xu, Z.F.; Liu, D.Q.; Chen, C.W.; Liu, X.J.; Liu, E.K. Fe-TiO(2-x) /TiO2 S-scheme 
homojunction for efficient photocatalytic CO2  reduction. J. Colloid Interface Sci. 2024, 668, 161–170. [CrossRef] [PubMed]

42. Cho, S.; Ahn, C.; Park, J.; Jeon, S. 3D nanostructured N-doped TiO2 photocatalysts with enhanced visible absorption. Nanoscale 
2018, 10, 9747–9751. [CrossRef] [PubMed]

43. Hou, K.; Huang, Z.; Liu, S.; Liao, G.; Qiao, H.; Li, H.; Qi, X. A hydrothermally synthesized MoS2(1−x) Se2x  alloy with deep-shallow 
level conversion for enhanced performance of photodetectors. Nanoscale Adv. 2020, 2, 2185–2191. [CrossRef] [PubMed]

44. Wang, X.; Ding, L.; Li, X.; Wang, Z.; Xu, X.; Deng, F.; Luo, X. S-scheme carbon doped-TiO2 /ZnIn2 S4  heterojunction for enhanced 
photocatalytic degradation of microcystin-LR and hydrogen evolution. Chemosphere 2024, 363, 142996. [CrossRef] [PubMed]

45. Li, X.; Yang, H.; Peng, Q.; Zhu, M.; Pan, J. CdS/ZnSnO3  Hollow Core–Shell Nanocubes for Photocatalytic Hydrogen Evolution 
and Degradation of Ciprofloxacin. ACS Appl. Nano Mater. 2023, 7, 649–660. [CrossRef]

46. Ren, J.; Hu, T.T.; Gong, Q.H.; Wang, Q.; Sun, B.; Gao, T.T.; Cao, P.; Zhou, G.W. Preparation of a spherical Bi2 WO6 /Bi2 S3 /MoS2 
n–p heterojunction with excellent visible-light photocatalytic Cr(VI) reduction activity. Nanomaterials 2020, 10, 1813. [CrossRef] 
[PubMed]

47. Sarngan, P.P.; Sasi, S.; Mukherjee, P.; Mitra, K.; Sivalingam, Y.; Swami, A.; Ghorai, U.K.; Sarkar, D. Unveiling efficient S-scheme 
charge carrier transfer in hierarchical BiOBr/TiO2 heterojunction photocatalysts. Nanoscale 2024, 16, 19006–19020. [CrossRef] 
[PubMed]

48. Fu, P.P.; Xia, Q.; Hwang, H.M.; Ray, P.C.; Yu, H. Mechanisms of nanotoxicity: Generation of reactive oxygen species. J. Food Drug 
Anal. 2014, 22, 64–75. [CrossRef] [PubMed]

49. Qi, L.; Guo, B.; Lu, Q.; Gong, H.; Wang, M.; He, J.; Jia, B.; Ren, J.; Zheng, S.; Lu, Y. Preparation and Photocatalytic and Antibacterial 
Activities of Micro/Nanostructured TiO2 -Based Photocatalysts for Application in Orthopedic Implants. Front. Mater. 2022, 
9, 914905. [CrossRef]

50. Han, H.C.; Yang, J.J.; Li, X.Y.; Qi, Y.; Yang, Z.Y.; Han, Z.J.; Jiang, Y.Y.; Stenzel, M.; Li, H.; Yin, Y.X.; et al. Shining light on transition 
metal sulfides: New choices as highly efficient antibacterial agents. Nano Res. 2021, 14, 2512–2534. [CrossRef] [PubMed]

51. Moon, K.S.; Park, Y.B.; Bae, J.M.; Choi, E.J.; Oh, S.H. Visible Light-Mediated Sustainable Antibacterial Activity and Osteogenic 
Functionality of Au and Pt Multi-Coated TiO(2) Nanotubes. Materials 2021, 14, 5976. [CrossRef] [PubMed]

52. Ren, Y.; Han, Y.; Li, Z.; Liu, X.; Zhu, S.; Liang, Y.; Yeung, K.W.K.; Wu, S. Ce and Er Co-doped TiO2  for rapid bacteria-killing using 
visible light. Bioact. Mater. 2020, 5, 201–209. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27219763

https://doi.org/10.1016/j.apsusc.2018.02.218
https://doi.org/10.1016/j.jcis.2024.11.079
https://www.ncbi.nlm.nih.gov/pubmed/39561642
https://doi.org/10.1016/j.cej.2024.151687
https://doi.org/10.1021/acsami.0c13342
https://www.ncbi.nlm.nih.gov/pubmed/32864953
https://doi.org/10.3390/polym14112273
https://www.ncbi.nlm.nih.gov/pubmed/35683944
https://doi.org/10.1038/s43246-020-00086-y
https://doi.org/10.1002/admi.201700303
https://doi.org/10.1002/anie.202109724
https://www.ncbi.nlm.nih.gov/pubmed/34405503
https://doi.org/10.1016/j.apcatb.2021.120802
https://doi.org/10.53941/see.2024.100007
https://doi.org/10.1016/j.jcis.2024.04.158
https://www.ncbi.nlm.nih.gov/pubmed/38677205
https://doi.org/10.1039/c8nr02330a
https://www.ncbi.nlm.nih.gov/pubmed/29767206
https://doi.org/10.1039/d0na00202j
https://www.ncbi.nlm.nih.gov/pubmed/36132533
https://doi.org/10.1016/j.chemosphere.2024.142996
https://www.ncbi.nlm.nih.gov/pubmed/39097105
https://doi.org/10.1021/acsanm.3c04809
https://doi.org/10.3390/nano10091813
https://www.ncbi.nlm.nih.gov/pubmed/32932842
https://doi.org/10.1039/d4nr02640c
https://www.ncbi.nlm.nih.gov/pubmed/39300792
https://doi.org/10.1016/j.jfda.2014.01.005
https://www.ncbi.nlm.nih.gov/pubmed/24673904
https://doi.org/10.3389/fmats.2022.914905
https://doi.org/10.1007/s12274-021-3293-3
https://www.ncbi.nlm.nih.gov/pubmed/33500771
https://doi.org/10.3390/ma14205976
https://www.ncbi.nlm.nih.gov/pubmed/34683564
https://doi.org/10.1016/j.bioactmat.2020.02.005
https://www.ncbi.nlm.nih.gov/pubmed/32123773
https://doi.org/10.3390/ijms27219763


Int. J. Mol. Sci. 2026, 27, 9763 18 of 18

53. Yip, C.-T.; Guo, M.; Huang, H.; Zhou, L.; Wang, Y.; Huang, C. Open-ended TiO2  nanotubes formed by two-step anodization and 
their application in dye-sensitized solar cells. Nanoscale 2012, 4, 448–450. [CrossRef] [PubMed]

54. Wang, X.; Sun, L.; Zhang, S.; Wang, X. Ultralong, small-diameter TiO2  nanotubes achieved by an optimized two-step anodization 
for efficient dye-sensitized solar cells. ACS Appl. Mater. Interfaces 2014, 6, 1361–1365. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 
to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27219763

https://doi.org/10.1039/c2nr11317a
https://www.ncbi.nlm.nih.gov/pubmed/22159643
https://doi.org/10.1021/am404966e
https://www.ncbi.nlm.nih.gov/pubmed/24443896
https://doi.org/10.3390/ijms27219763

	Introduction 
	Results and Discussion 
	Characterization of Photocatalyst 
	Evaluation of Photocatalytic Activity 
	Photoelectrochemical Properties 
	Photocatalytic Mechanism 

	Materials and Methods 
	Fabrication of MoS2/TiO2 
	Characterization 
	Photoelectrochemical Tests 
	Photocatalytic Antibacterial Experiment 
	EPR Measurement 

	Conclusions 
	References



