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Abstract

Titanium dioxide (TiO2) thin films sensitized with curcumin were fabricated to investigate
the influence of sensitization on their spectroscopic, optical, and photocatalytic proper-
ties. TiO2 films were prepared using different curcumin concentrations and characterized
by FTIR, UV–Vis, and diffuse reflectance spectroscopy (DRS). The adsorption kinetics
of curcumin on TiO2 were analyzed, and the photocatalytic performance was evaluated
through methylene blue (MB) photodegradation under visible-light irradiation. FTIR spec-
tra confirmed the successful anchoring of curcumin onto the TiO2 surface, while optical
characterization revealed a significant enhancement in visible-light absorption. The band
gap decreased from 3.2 eV (pure TiO2) to 1.8 eV (curcumin-sensitized TiO2). Furthermore,
the curcumin adsorption onto semiconductor data fitted the pseudo-second-order kinetic
model, yielding a maximum adsorption capacity of 12.0 mg·g−1. Density Functional Theory
(DFT) calculations indicated that ligand-to-metal charge transfer (LMCT) transitions are re-
sponsible for the improved visible-light response. Photocatalytic tests demonstrated that all
curcumin-sensitized TiO2 films were active under visible irradiation, confirming curcumin
as an effective natural sensitizer for enhancing TiO2-based photocatalytic coatings.

Keywords: heterogeneous photocatalysis; TiO2; sensitization; curcumin

1. Introduction
Around the world, water reserves that are useable for animal and human consump-

tion, as well as for use in irrigation systems and plantations, constitute only 2% of total
reserves. The importance of conserving this resource and the need to decontaminate var-
ious bodies of water are among the major challenges of this century. Nowadays, water
bodies (e.g., lakes, rivers, seas) suffer constant pollution from mining, pharmaceutical,
textile, and petrochemical industries [1,2]. Fast fashion and mass production of clothing
have made the textile industry one of the most polluting on the planet. The production,
dyeing, and finishing processes of fabrics generate a large amount of toxic waste, which
is mostly discharged into rivers, lakes, and oceans [3,4]. The textile industry is one of the
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main sources of environmental pollution in water bodies due to the discharge of chem-
ical waste generated during its production processes. This industry is estimated to be
responsible for 20% of global water pollution. Furthermore, textile production contributes
significantly to the generation of microplastics. During the washing of synthetic materials,
microplastic fibers are released into water bodies, accumulating in oceans and entering the
food chain, generating a risk to human health and biodiversity [5]. It is estimated that the
annual industrial production of dye compounds is around 700,000 tons [6]. Methylene blue
(MB) is an environmentally persistent, toxic, carcinogenic, and mutagenic dye. Despite
its risks, MB is one of the synthetic dyes that is employed as a dye for many applications
(e.g., dyeing silk, wool, cotton, and paper) [7]. Different strategies have been employed to
remove MB from water: (i) physical methods, such as adsorption using biochar, activated
carbon, and chitosan membranes [8]; (ii) non-photochemical methods, like ozonation [9]
and Fenton systems [10]; (iii) photochemical methods, like UV light-assisted oxidation [11]
and heterogeneous photocatalysis (HP) [12]. Among these techniques, HP has become a
field of research of great interest because of its potential to solve various environmental and
energy problems. This technology is based on the ability of a semiconductor to generate
reactive oxygen species (ROS) under appropriate electromagnetic irradiation. These ROS
react with contaminants, turning them into smaller and less harmful molecules. Differ-
ent materials have been employed as photocatalysts (e.g., ZnO [13], TiO2 [14], ZrO2 [15],
CdS [16], Cu2O [17], WO3 [18]). Among these, TiO2 is one of the most researched semi-
conductors in the area. However, despite its physical and chemical properties, TiO2 has
two main drawbacks: (i) fast carrier recombination rate and (ii) high band gap value [19].
To solve these issues, different strategies have been employed: (i) doping process [20],
(ii) composites [21], (iii) surface plasmon enhanced resonance [22], (iv) heterostructures [23],
(v) heterogeneous Z-scheme [24], (vi) quantum dots [25], (vii) natural [26] and synthetic
sensitization [27]. Among these strategies, sensitization has demonstrated its potential
due to the possibility of activating the photocatalytic system in the visible range of the
electromagnetic spectrum.

Figure 1 illustrates the sensitization mechanism for photocatalytic applications. Un-
der visible-light irradiation, the process proceeds as follows: (i) An electron in the
sensitizer (S) is photoexcited from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO), yielding the excited state S*
(Equation (1)). (ii) This electron is subsequently injected from S* into the TiO2 conduction
band, oxidizing the sensitizer to S+ (Equation (2)). This electron transfer is thermodynami-
cally favorable, as the LUMO energy level of the sensitizer aligns favorably with the TiO2

conduction band potential. For instance, LUMO levels of certain natural dyes range from
−0.5 V to −0.4 V vs. NHE [28], which are more negative than the TiO2 conduc-
tion band potential (−0.3 V vs. NHE at acidic pH) [29]. (iii) The injected electron
then reduces adsorbed O2 on the TiO2 surface to form superoxide radicals (O2

•−)
(Equation (3)). (iv) These radicals further react with water to generate additional reac-
tive oxygen species (ROS), thereby initiating the conventional photocatalytic degradation
pathway (Equations (4) and (5)) [30,31].

TiO2/S + hvvisible → TiO2/S∗ (1)

TiO2/S∗ → TiO2
(
e−cb

)
/S+ (2)

TiO2
(
e−cb

)
+ O2(ad) → TiO2 + O•−

2(ad) (3)

O•−
2(ad) + H2O → OH•

(ad) + OH−
(ad) + O2(ad) (4)

OH•
(ad) + MB(ad) →

(
OH•

(ad) − MB(ad)

)
⇌ MB•+

(ad) + OH−
(ad) (5)
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Figure 1. Schematic diagram of the energy levels in TiO2/sensitizer thin films, illustrating the
mechanism for reactive oxygen species (ROS) generation under visible-light irradiation.

Synthetic sensitizers offer advantages such as chemical and physical stability and
higher harvesting efficiency of visible radiation. However, natural dyes are nontoxic
and inexpensive, becoming a renewable alternative to synthetic sensitizers. In recent
years, different natural products have been employed as semiconductor sensitizers
(e.g., anthocyanins [32], chlorophyll [33], carotenoid and betalains [34]). Curcumi-
noids are a group of naturally occurring phenolic compounds that belong to the difer-
uloylmethane family. They are known to be primarily responsible for the medici-
nal properties and yellow-orange color of turmeric (Curcuma longa), a spice widely
used in gastronomy and traditional medicine. Curcumin has a characteristic struc-
ture based on a diarylheptane skeleton, composed of two aromatic rings connected
by a seven-carbon chain with ketone and/or enol functional groups. Curcumin
(1,7-bis [4-hydroxy-3-methoxy-phenyl]-1,6-heptadiene-3,5-dione) is the most abundant
polyphenol present in the dietary spice turmeric and is obtained from the dried rhizomes
of the perennial herb Curcuma longa Linn, of the ginger family [35]. Scheme 1 shows the
chemical structure of curcumin.

 

Scheme 1. Chemical structure of curcumin.

Curcumin and its derivatives have been studied for health applications (anti-
inflammatory, antioxidant, and anti-angiogenic properties [36]) and energy applications
(sensitizers for DSSCs and photocatalytic systems [37]). The use of curcumin and its deriva-
tives in technological applications has become important for developing alternative clean
energy sources (e.g., PV systems). Zárate et al. reported the study of natural curcumin as a
sensitizer for DSSCs [38].

Currently, bioprospecting studies play a crucial role in developing sustainable pro-
cesses and efficiently utilizing natural resources. Incorporating value-added natural prod-
ucts into technological applications represents one of the key strategies for establishing
renewable processes and fulfilling the principles of the circular economy [39,40]. Despite
its potential, the sensitization process of TiO2 using curcumin has not been studied deeply.
In this work, we study the sensitization of TiO2 thin films for the photodegradation of MB
under visible irradiation.
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2. Materials and Methods
2.1. Thin Film Fabrication and Sensitization

The fabricated TiO2 thin films employed the Doctor Blade technique and Degussa
P-25 (Merck 99.5%, St. Louis, MO, USA) as Titanium source; we employed isopropyl
alcohol (Merck ≥ 99.8%, St. Louis, MO, USA) as the solvent and PEG-1000 (Merck 99%,
St. Louis, MO, USA) as the tenso-active. The coatings were sintered at 450 ◦C for 1 h [41].
The sensitization process was carried out by immersion of the thin films in a curcumin
(Merck ≥ 99.8%, St. Louis, MO, USA) isopropyl solution (Sigma-Aldrich, St. Louis, MO,
USA) (250, 500 and 1000 mg L−1) for 6 h. After that the sensitized thin films were dried at
40 ◦C for 2 h.

2.2. Kinetic of Sensitization

To determine the time required to reach the equilibrium state between adsorption and
desorption of the sensitizer on the surface of TiO2 films. Experiments were carried out in
which the TiO2 thin films were immersed into curcumin solution (10 ppm) and stirred for
2 h at room temperature. During the experiments, absorbance of the curcumin solution
was measured every 5 min. We determined the adsorption capacity (qt) according to:

qt =
((Co − Ct)V)

m
, (6)

where Co is the initial MB concentration and Ct is the MB concentration at every time. V
is volume of the solution and m is the catalyst load. We applied models to study kinetic
behavior of sensitization process.

2.3. Thin Films Characterization

The optical properties of the materials obtained were characterized by diffuse re-
flectance spectroscopy (DRS) analysis using a Perkin Elmer Lambda 4 spectrophotometer
(Waltham, MA, USA) equipped with an integration sphere. The materials were also char-
acterized by Fourier transform infrared spectroscopy (FT-IR) techniques using a Nicolet
Summer FT-IR spectrophotometer (Waltham, MA, USA) in the region of 4000–500 cm−1.

2.4. Photocatalytic Test

Before irradiation, adsorption–desorption equilibrium of methylene blue onto TiO2

thin films was achieved by stirring the system under darkness for 2 h. The experiments
were carried out in a batch-type reactor, using 17 W LED tape as a visible radiation source.
The photodegradation test began after the adsorption–desorption equilibrium was reached.
Finally, the reaction advance was determined by spectrophotometry. The total irradiation
time was 60 min.

2.5. DFT Study

All geometry optimizations were performed using the B3LYP functional with the
6-311+G(2d,p) basis set, as implemented in the Gaussian 09 software package [42].
Grimme’s D3 dispersion correction was incorporated to account for noncovalent inter-
actions, providing adjustments to the total energy, energy gradients, and vibrational fre-
quencies. Frequency calculations were subsequently carried out at the same theoretical
level for all compounds to generate IR spectra and verify that the optimized structures
correspond to minima on the potential energy surface (i.e., no imaginary frequencies).
These calculations involved diagonalization of the Hessian matrix, yielding the system’s
eigenfrequencies and eigenvectors, which describe the harmonic vibrational modes of the
molecular atoms [43,44]. The optimized geometries were retained without further refine-



Chemistry 2025, 7, 177 5 of 15

ment for all subsequent property calculations. To simulate the experimentally observed
electronic transitions (UV–Vis spectra), time-dependent density functional theory (TDDFT)
was employed at the CAM-B3LYP/6-311+G(2d,p) level, considering the lowest 200 excited
states and computing their energies and oscillator strengths. Solvent effects (water) were
modeled using the conductor-like polarizable continuum model (CPCM).

3. Results and Discussions
3.1. UV-Vis Characterization

Curcumin was used as a sensitizer for the TiO2 surface. As a first step, a study of
the effect of pH on the absorption properties of curcumin in an aqueous medium was
carried out. Figure 2 shows the UV–Vis spectra of curcumin solutions (10 ppm) at different
pH values (5, 7, 8, 9). The absorption spectra show a wide band in the visible region
with a maximum absorption at 428 nm (π-π* transitions), attributed to the aromatic rings
present in curcumin. The maximum absorption at 420–430 nm in the visible region of the
electromagnetic spectrum is the commonly reported wavelength for the quantification
of this compound [45]. This maximum wavelength (λmax) corresponds to curcumin at
pH = 5.0 and 7.0. In this range, the color of the solution did not change significantly;
this result indicates that the sensitizer is stable in this pH range (5.0–7.0), which is in
agreement with the report by Pourreza [46]. However, the λmax value change significantly
to curcumin at pH 8.0 (λmax = 495 nm) and pH 9.0 (λmax = 396 nm). For curcumin solutions at
pH > 8.0, a bathochromic shift is observed (Figure 2) from 420 nm to 440 nm. This effect is
accompanied by an alteration in the color of solution from yellow (to curcumin solution at
pH 7.0) to deep orange (to curcumin solution at pH 9.0). This result is in agreement with
previous reports [47].
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Figure 2. UV-Vis spectra of curcumin in aqueous medium at different pH values.

Figure 2 shows a small shift in the absorption band when the pH is increased from
5.0 to 9.0; a change of approximately 9.0 nanometers is observed. This shift may be due to
the deprotonation of curcumin at basic pH. Lee et al. reported that at pH < 10, curcumin is
found in its protonated form (H4A+) [48]:
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H4A+, p H  < 1

In solutions with pH values in the range of 1.0–7.0, curcumin is in neutral form (H3A):

H3A, p H  = 7

For higher pH values, the following equilibria are proposed with deprotonated curcumin:

Depending on the pH, curcumin can lose up to three protons, generating three conjugate
bases (H2A−, HA2−, A3−). To ensure that curcumin does not exhibit a negative charge
density, and taking into account that the reported isoelectric point for TiO2 is 6.2, a pH of
7.0 was chosen for carrying out the sensitization process of the TiO2 films.

3.2. Spectroscopic Characterization

Figure 3 shows the FTIR spectra of the materials fabricated in this work. For TiO2 films,
a broad band is observed in the region of 3200–3700 cm−1, with a maximum absorption at
3240 cm−1. This band is associated with the presence of hydroxyl groups on the surface of
the TiO2 films and is assigned to the formation of hydrogen bonds with water molecules or
–OH groups on the TiO2 surface. A band around 1600–1700 cm−1 is typical of the deforma-
tion vibration of water adsorbed on the surface of TiO2, confirming the interaction with
ambient humidity. An intense band is observed in the ~400–800 cm−1 region, characteristic
of Ti–O–Ti bond vibrations [49].

For curcumin-sensitized TiO2 films, some of the signals presented by TiO2 films and
those corresponding to curcumin adsorbed on the surface are observed. In the region
between 3000 and 3500 cm−1, the band corresponding to the hydroxyl groups present in
curcumin is observed. This band intensifies and has a shift compared to the unmodified
TiO2 band. The intensification occurs due to the increase in the amount of hydroxyl groups
of the curcumin molecules adsorbed on the surface of TiO2. The maximum absorption
is located at 3035 cm−1. This shift is due to the interaction between TiO2 molecules
and curcumin molecules. Furthermore, the presence of curcumin introduces new bands
associated with aromatic C–H around 1625 cm−1 with a C=O (ketone) and C=C (aromatic)
vibrations [50]. In the ~1500 cm−1 region, the vibration of the aromatic rings is evident,
and in the ~1275 cm−1 region, the C–O vibration of the phenol group [51]. Around
~980–800 cm−1 the bands represent the C–H vibrations outside the plane of the aromatic
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rings. Comparing the FTIR spectra as a function of the concentration of the solution used
for the sensitization process, Figure 3 shows a significant change in the intensity and
displacement of some bands, suggesting an interaction between the functional groups of
curcumin and the TiO2 surface, indicating that the TiO2 sensitization process was effective.

 
Figure 3. FTIR spectra of thin films fabricated in this work.

3.3. Optical Characterization

Figure 4a shows the reflectance spectra of the TiO2 films sensitized with curcumin for
using different concentration solutions. Figure 3 shows that the TiO2 films do not present
any type of photo-response in the visible range of the electromagnetic spectrum. This result
is due to the high band gap value of TiO2 [52]. To the sensitized TiO2 samples, Figure 4a
shows the appearance of a second band between 550 and 750 nm. This sign indicates that
the sensitization process was satisfactory. This band is assigned to the electron π → π* tran-
sitions of the conjugate double bonds of the sensitizer’s molecular structure. The interaction
of TiO2–curcumin occurs by sensitization and photocatalytic system (semiconductor/dye)
is photo-active at visible region of electromagnetic spectrum. The peak reflectance around
600–650 nm could be related to this interaction. The new band in the visible region indicates
a charge transfer between curcumin and TiO2, typical in sensitized semiconductor systems
such as TiO2 [30]. The interaction between TiO2/curcumin is of the hydrogen bridge type
and a could also present bidentate or mono-dentate complexation between the hydroxyl
groups of curcumin and titanium on the surface of the semiconductor [53].

The energy value of Band gap for all the manufactured samples was determined from
the Kubelka Munk (KM) equation [54]. From the KM function it is possible to obtain an
equation analogous to the Tauc function according to

(F (Rα)hv)1/2 = A
(
hv − Eg

)
, (7)

where F(Rα) represents the Remission Function of KM, hv is the photon energy A is
proportionality constant, and Eg represents the band gap of the material. Figure 4b shows
band gap calculation from materials fabricated in this work. The bare TiO2 films shows the
typical energy band gap value 3.2 eV Figure 4b [55]. For all curcumin-sensitized materials,
a transition to high energy values (3.2 eV) is observed. This signal corresponds to the
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electron transition of the TiO2 semiconductor. Furthermore, photo-excitation energy values
at lower energy values were obtained. This signal corresponds to the electron transitions of
the sensitizer. The lowest photo-excitation was 1.8 eV for TiO2 sensitized with curcumin
using a solution of 1000 ppm. After the sensitization process, the semiconductor conserves
its band gap value. Following sensitization, the TiO2 retains its intrinsic band gap, but
the [TiO2/dye] composite exhibits an effectively reduced band gap, enabling visible-light-
driven photocatalysis. This enhanced activity stems from the dye’s visible-light absorption
on the TiO2 surface, coupled with the semiconductor’s facilitation of charge separation.
Overall, dye sensitization represents a synergistic process that integrates the dye’s visible-
light harvesting with TiO2-assisted charge separation to achieve efficient photocatalysis in
the visible region.
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Figure 4. (a) Reflectance spectrum at different concentrations of curcumin (A = Curc250; B = Curc500;
C = Curc1000. (b) Kubelka Munk function for diffuse reflectance data. (Inside figure the value of the
band gap is indicated by the dotted line).

3.4. Kinetic Sensitization

The kinetic results of the sensitization process show that qt increases rapidly reaching
equilibrium after approximately 100 min (see Figure 5), with a maximum adsorption
capacity (qe) of about 12.0 mg of curcumin per gram of adsorbent. Various metal oxides
have been employed for dye removal through adsorption processes. For instance, Song et al.
reported a maximum adsorption capacity qt = 8.4 mg of dye per gram of NiO to removal of
Brilliant Red X-3B from aqueous solution [56]. Abdullah et al., reported a qe = 22.2 mg/g to
remove Methylene Blue from water onto MnO2 nanoparticles [57]. Noreen et al. reported a
qe = 57.5 mg dye/g to removal Methylene Blue from water onto ZnO nanoparticles [58].
According to linear regression correlation coefficient (R2) the pseudo-second-order model
was suitable to describe kinetic results (see Table 1).
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Figure 5. Kinetic results of curcumin sensitization of TiO2 thin films.

Table 1. Mathematical description of adsorption kinetic models employed to fitting data.

Model Parameters *

Pseudo-first order qe (mg g)
12.2

k1 (min−1)
3.53 × 10−2

R2

0.954

Pseudo-Second order qe (mg g)
12.0

k1 (min−1)
4.3 × 10−3

R2

0.977
* Data obtained from results shown in Figure 5.

The dye adsorption onto semiconductor surfaces depends on the chemical functional
groups present on the adsorbent. Several authors have suggested that the metal ions in semi-
conductors can complete their coordination spheres by complexing with water molecules
in the medium, thereby facilitating protonation–deprotonation reactions that generate
hydroxyl (–OH) groups on the surface. These surface hydroxyl groups, which possess
negative charge density, enhance the adsorption of cationic dyes onto the semiconductor
surface [59]. The results suggest that electrostatic interactions primarily govern the interac-
tion between the semiconductor and curcumin, rather than a simple diffusion-controlled
mechanism. Mousavi et al. this model was appropriate to describe the kinetic results of
the methylene orange adsorption onto Mn2O3 nanoparticles [60]. Similarly, Delafroz et al.
found that the kinetic data for the removal of malachite green from aqueous solution using
β-MnO2 nanoparticles were best fitted by the pseudo-second-order model [61]. Vallejo et al.
also demonstrated that this model accurately described the adsorption of methylene blue
onto ZnO and TiO2 surfaces [62].

3.5. Photocatalytic Study

The MB degradation tests were performed under visible-light irradiation. Figure 6
presents the variation in MB concentration over time for the different experimental con-
ditions. As shown in Figure 6a, MB remained stable for 60 min under visible irradiation,
exhibiting no photobleaching under visible irradiation. Likewise, the non-sensitized TiO2

films showed no photocatalytic activity under visible light (Figure 6b), as expected, since
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TiO2 is primarily photoactive under ultraviolet irradiation due to its relatively large band
gap. In contrast, the curcumin-sensitized TiO2 films exhibited clear photocatalytic activity
under visible-light irradiation. The incorporation of curcumin enabled photon absorption
in the visible range, promoting charge carrier generation and, subsequently, the formation
of reactive oxygen species according to Equations (1)–(5). The results shown in Figure 6a,b
corroborate the FTIR results (Figure 3) and diffuse reflectance (Figure 4) analyses, confirm-
ing that the sensitization process was successful and effectively enhanced the visible-light
response of the photocatalytic system.

Figure 6. (a) Results of AM photodegradation under visible irradiation under different experimental
conditions: (I) MB without catalyst, (II) MB in presence of TiO2 films, (III) MB on TiO2/curc250 thin
films, (IV) MB on TiO2/curc500 thin films, (V) MB on TiO2/curc1000 thin films. Inside figure: the MB
concentration dependence on visible time irradiation on TiO2/curc500 thin films. (b) Recycling test
for photocatalytic degradation of MB onto TiO2/curc500 thin films.

Among the sensitized samples, the best photodegradation efficiencies were achieved
for TiO2 films sensitized with 250 ppm (18%) and 500 ppm (23%) curcumin solutions. In
contrast, the most concentrated solution (1000 ppm) showed the lowest photodegradation
efficiency (9%), possibly due to the formation of sensitizer aggregates on the TiO2 surface
that hinder photon absorption and charge transfer. Under the experimental conditions
employed, the optimal sensitization parameters corresponded to a curcumin concentration
of 500 ppm. These findings are significant as they demonstrate that curcumin can effec-
tively act as a natural sensitizer for TiO2 thin films, enabling photocatalytic activity under
visible-light irradiation and opening new possibilities for heterogeneous photocatalysis
applications using renewable materials.

To evaluate the stability of the fabricated thin films, three consecutive photodegrada-
tion cycles were conducted using the same TiO2/curc500 films. The results, illustrated in
Figure 6b, demonstrate a progressive decline in photocatalytic performance across cycles.
Specifically, after the second cycle, the photodegradation efficiency decreased by approx-
imately 30%, and following the third cycle, it further diminished by about 46% relative
to the initial run. This reduction can be ascribed to the operative reaction mechanism:
after electron injection from the sensitizer’s LUMO to the semiconductor’s conduction
band (Equation (2)), the oxidized sensitizer cannot be efficiently regenerated without an
electron donor in the medium. For comparison, in dye-sensitized solar cells, the I−/I3

−
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redox couple regenerates the sensitizer, thereby closing the photovoltaic cycle. Analo-
gously, sacrificial agents are routinely used to promote sensitizer regeneration and enhance
photocatalytic hydrogen production [63,64].

In our case, the sensitizer could be regenerated by the following reaction:

S+ + 2H2O → S + OH•
(ad) + H3O+ (8)

Although hydroxyl radicals can be generated via Equation (8), this process is kinet-
ically slower than the sensitizer oxidation reaction (Equation (2)). The resulting decline
in photocatalytic efficiency after the first cycle can thus be attributed to this disparity
in reaction rates. Specifically, during the initial catalytic cycle, a portion of the sen-
sitizer undergoes irreversible oxidation (Equation (2)), but the compensatory reaction
(Equation (8)) is insufficiently rapid to achieve complete sensitizer regeneration, leading to
its gradual depletion.

3.6. Mollecular Modelling

The experimental results demonstrate that curcumin effectively sensitizes TiO2, en-
hancing its photocatalytic response under visible-light irradiation. To gain deeper insight
into the sensitization mechanism and the role of curcumin in facilitating charge transfer, a
DFT molecular model consisting of a TiO2 nanoparticle and a single curcumin molecule
was developed. The simulations indicate that sensitization occurs when curcumin, in its
diketone form, coordinates to a surface Ti atom. Analysis of the frontier molecular orbitals,
see Figure 7a, revealed a pronounced spatial separation between the highest occupied
molecular orbital (HOMO), primarily localized on the curcumin molecule, and the lowest
unoccupied molecular orbital (LUMO), localized on the TiO2 nanoparticle. This electronic
distribution suggests an efficient charge transfer pathway from the dye to the semicon-
ductor. To further evaluate this behavior, time-dependent DFT (TDDFT) calculations were
performed on the curcumin-anchored system. The resulting electron density difference map
(EDDM), see Figure 7b, confirms that the electronic transition corresponding to the working
wavelength is a ligand-to-metal charge transfer (LMCT) process. This transition provides
theoretical support for the enhanced photocatalytic activity observed experimentally in the
curcumin-sensitized TiO2 films.

(a) (b)

Figure 7. (a) Frontier molecular orbitals of the curcumin/TiO2 system and (b) EDDM results for the
calculated transition.
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4. Conclusions
In this work, the photochemical properties of TiO2 thin films sensitized with curcumin

were systematically investigated. Spectroscopic and optical analyses confirmed the suc-
cessful sensitization of TiO2, leading to a significant reduction in the energy band gap from
3.2 eV (bare TiO2) to 1.8 eV for the curcumin-sensitized TiO2 thin films. The pseudo-second-
order kinetic model was suitable to describe the kinetic results, the qe was 12 mg·g−1 and
a k2 was 4.3 × 10−3 g·mg−1·min−1. Photocatalytic experiments revealed that only the
sensitized TiO2 thin films exhibited activity under visible-light irradiation. The highest
methylene blue (MB) photodegradation efficiency was achieved with films sensitized using
500 ppm curcumin solutions, reaching 23% after 1 h of visible-light irradiation, thereby
confirming the synergistic effect of the sensitization process. However, photocatalytic
performance declined after three cycles, which can be attributed to the disparity in reaction
rates between sensitizer oxidation and regeneration.

Density Functional Theory (DFT) calculations provided theoretical support for the
experimental observations, showing that sensitization induces a ligand-to-metal charge
transfer (LMCT) transition. This transition facilitates electron injection from curcumin into
the TiO2 conduction band, thereby enhancing the photocatalytic performance of the system
under visible-light conditions.

Special attention should be directed toward the integration of natural products
into technological applications to develop renewable and sustainable processes for
water purification.
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