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A B S T R A C T

In this study, TiO2 thin films doped with varying loadings of Cu and Fe (0.8, 1.5, 2.2, and 3.0 wt.%) were 
synthesized via sol–gel dip-coating onto glass substrates at room temperature. The structural and optical prop
erties of the photocatalysts were characterized using X-ray diffraction and specific surface area analyses, field 
emission scanning electron microscopy (FE-SEM), photoluminescence and UV–Vis spectrophotometry.

Photocatalytic performance was evaluated through methylene blue (MB) degradation, water contact angle 
(WCA), and Escherichia coli inactivation under visible light. Doping TiO2 with Cu²⁺ and Fe³⁺ affected nanoparticle 
size and modified optical absorption, reducing the band gap. XRD confirmed anatase as the dominant crystalline 
phase for both pure and doped TiO2 calcined at 500 ◦C, with crystallite sizes of 11–30 nm.

Tauc plot analysis showed band gap narrowing from ~3.20 eV for pure TiO2 to ~2.65 eV for Fe–TiO2 and 
~2.40 eV for Cu–TiO2. Cu-doped TiO2 exhibited enhanced MB degradation at low dopant levels, but activity 
declined beyond 0.8% Cu, likely due to agglomeration. Fe-doped TiO2 showed progressive activity increases with 
higher dopant concentrations. Additionally, 0.8% Cu- and 3% Fe-doped TiO2 displayed greater hydrophilicity 
(WCA 9.8◦ and 18◦, respectively) than pure TiO2 under visible light.

Comparing both dopants, 0.8% Cu-TiO2 achieved higher MB degradation than 3% Fe–TiO2. Antibacterial 
assays revealed that Cu–TiO2 had superior activity against Escherichia coli compared to pure and Fe-doped TiO2. 
The best levels for enhanced hydrophilicity and photocatalytic performance were identified as 0.8% Cu and 3.0% 
Fe, respectively.

1. Introduction

The application of nanotechnology to prevent contamination by 
toxic chemicals and microbial agents represents one of the most inno
vative approaches to address challenges in modern healthcare, envi
ronmental protection, and smart building systems. Recent research has 
increasingly focused on materials with photocatalytic properties, 
particularly for environmental remediation and water purification [1]. 
The most widely studied semiconductor photocatalysts are ZnO [2], CdS 
[3], and TiO2 [4]. Among these, TiO2 stands out due to its high photo
catalytic efficiency, chemical stability, non-toxicity, and 
cost-effectiveness. It has been extensively utilized in self-cleaning 

surfaces, volatile organic compound (VOC) removal, as well as in solar 
cells, sensors, cosmetics, paints, pigments, and antimicrobial coatings 
[5–7].

The photocatalytic performance of TiO2 strongly depends on its 
particle size, crystallinity, and morphology [8]. However, its relatively 
wide band gap (~3.2 eV) [9] restricts its activation to the ultraviolet 
region, limiting its efficiency under visible light irradiation [10]. To 
overcome this limitation, significant efforts have been devoted to 
extending the light absorption range of TiO2. One widely explored 
strategy is metal ion doping, which can reduce the band gap and inhibit 
the recombination of photogenerated electron–hole pairs. Nevertheless, 
it has also been observed that excessive dopant concentrations may 
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enhance recombination rates. Therefore, determining the optimal 
dopant concentration is crucial to maximize visible-light photocatalytic 
efficiency while minimizing charge carrier recombination.

Doping TiO2 with transition metal ions such as Cu [11] and Fe [12] 
has emerged as an effective method to reduce band gap energy and 
improve photocatalytic activity under visible light. Enhancing photo
catalytic efficiency primarily relies on two factors: narrowing the band 
gap and suppressing electron–hole recombination.

The photocatalytic performance of TiO2 thin films on glass has been 
investigated since the 1990s as a scalable and recoverable alternative to 
powder forms. In this sense, sol-gel coatings were first shown to degrade 
pollutants efficiently in the works of Negishi [13] and Nam [14]. Sub
sequent studies in the 2000s, including those by Bahnemann and 
co-workers [15], explored correlations between film structure, prepa
ration procedure and photocatalytic activity. These earlier in
vestigations established the feasibility of immobilizing TiO2 on glass, but 
they also revealed intrinsic challenges such as limited catalyst loading 
and reduced surface area compared to powders. Building on this foun
dation, more recent research has shifted towards strategies that inte
grate dopants, novel supports, and hybrid materials to enhance 
performance while addressing practical issues of scalability and catalyst 
recovery. For instance, Pava-Gómez et al. [16] synthesized 
copper-doped TiO2 catalysts onto glass and low-density polyethylene 
supports, achieving 68.1–72.8 % methylene blue (MB) degradation in 6 
h. Mokhtari et al. [17] developed Ag/TiO2 photocatalysts thin films onto 
glass substrates for the photodegradation of diphenhydramine and 
venlafaxine under UV–Vis irradiation, achieving 70 % of drug removal.

In this work, we report the preparation of Cu- and Fe-doped TiO2 thin 
films supported on glass, which not only exhibit photocatalytic activity 
but also demonstrate significant antibacterial performance and super- 
hydrophilicity under visible light, a feature scarcely explored in 
earlier studies. Also, this work compares the effects of these dopants on 
photocatalytic activity in both applications and discusses their mecha
nisms in dye removal and Escherichia coli inactivation under visible light.

2. Experimental

2.1. Chemicals

All chemicals used were analytical grade and were used as received 
without further purification. Titanium tetraisopropoxide (TTIP) with a 
purity of 97 wt. % (Aldrich) was used as the titanium precursor, and 
hydrochloric acid (HCl, 37 wt. %, Merck) was used as the peptization 
agent. Methylene Blue, Isopropanol (99 wt. %), copper nitrate trihydrate 
(Cu(NO3)2⋅3H2O ≥ 98.0 wt. %), iron nitrate nonahydrate (Fe 
(NO3)2⋅9H2O ≥ 98.0 wt. %), and isopropanol (≥ 99.5 wt. %) were 
purchased from Sigma–Aldrich.

2.2. Preparation method

Synthesis of TiO2 sols was carried out using the sol–gel method under 
continuous stirring. A pure TiO2 sol was prepared by adding 8 mL of 
TTIP dropwise into a mixture solution of 80 mL isopropanol and 5 mL 
HCl 37 wt. %. In turn, Cu and Fe doped sols were prepared by dissolving 
Cu(NO3)2⋅3H2O and Fe(NO3)2⋅9H2O in a mixed solution of 80 mL iso
propanol and 5 mL HCl, based on the desired Cu and Fe content (0.8, 1.5, 
2.2 and 3.0 wt percentage of dopant to the total TiO2 + dopant), fol
lowed by the addition of 8 mL TTIP dropwise. The mixture was further 
stirred for 4 h. For simplicity, xCu– and xFe–doped TiO2 (x = 0.8, 1.5, 
2.2 and 3.0) is adopted as photocatalyst nomenclature. The prepared 
sols were deposited on ultra–clean glass substrates (5 × 5 cm) using the 
dip coating process at room temperature with a drowning speed of 4 
mm/s. Initial samples were prepared by drying pure TiO2, Cu and Fe 
doped TiO2 films at room temperature for 24 h, followed by drying at 
150 ◦C in an oven. The films were then calcined in a muffle furnace at 
500 ◦C for 2 h to obtain crystalline Cu and Fe–doped TiO2 thin films. This 

synthesis procedure is illustrated in Fig. 1.

2.3. Characterization

The crystallographic phases of the synthesized nanoparticles were 
identified using a Siemens Krystalloflex D5000 unit using a graphite 
monochromator with Cu Kα (1,2). The samples were scanned over the 
range 20◦ ≤ 2θ ≤ 80◦. The surface morphology and particle size of thin 
films were determined by FESEM (JSM–7001FLV, JEOL, Tokyo, Japan), 
equipped with an INCAx–Sight EDX detector (Oxford Instruments). 
Optical properties were investigated using UV–Vis diffuse reflectance 
spectroscopy (DRS) within the 200–800 nm range through UV–Vis 
spectrophotometer (Lambda 650, Perkin Elmer, Massachusetts, USA). 
Photoluminescence (PL) emission spectra of the prepared samples were 
measured using a Cary Eclipse fluorescence spectrophotometer (Varian, 
Inc., USA) at room temperature, with an excitation wavelength of 320 
nm for Fe doped TiO2 and 410 nm for Cu doped TiO2. Pure TiO2 was 
measured at both excitation wavelengths. A Jikan – Cag 20 SE instru
ment equipped with high resolution digital camera was used to measure 
the water contact angle (WCA) on prepared pure and doped TiO2 thin 
films. The specific surface area (SSA) was measured using a V–Sorb 
2800S surface area analyzer (China) with N2 as the sorbate at 77 K. All 
samples were outgassed prior to analysis under vacuum. Total specific 
surface areas were determined by the Brunauer-Emmett-Teller (BET) 
analysis.

2.4. Photoactivity measurements

The photocatalytic activity of the coated glass samples was assessed 
through the degradation of methylene blue (MB) under visible light 
irradiation. In a typical experiment, 30 mL of a 10 ppm MB aqueous 
solution was placed in contact with the prepared photocatalyst samples 
within a custom-made setup consisting of a sealed glass dish. The system 
was irradiated using a 100 W LED lamp (8000 lm), housed in a light- 
condensing fixture, for a duration of 5 hours.

Prior to light exposure, the reaction mixture was stirred in the dark 
for 30 min to establish adsorption–desorption equilibrium between MB 
molecules and the photocatalyst surface. During irradiation, the solution 
was continuously stirred using a magnetic stirrer to ensure 
homogeneity.

Aliquots were withdrawn at regular time intervals to monitor the 
photocatalytic degradation process. The residual MB concentration in 
the solution was determined using a UV–Vis spectrophotometer, as 
described in the previous section. The characteristic absorption peak of 
MB at approximately 664 nm (λmax) was used to quantify the remaining 
dye concentration throughout the reaction.

2.5. Antibacterial properties

The antibacterial activity of the bare glass substrate, pure TiO2 thin 
films, and doped TiO2 thin films against Escherichia coli strains was 
evaluated using the plate-counting method in accordance with the JIS 
Z2801 standard. Escherichia coli (ATCC–25922) was purchased from LGC 
Standards. Prior to testing, all thin film samples and Petri dishes were 
sterilized in an autoclave at 120 ◦C for 40 minutes.

Bacterial cultures were incubated at 37 ◦C for 24 hours, after which 
they were diluted in deionized (DI) water to achieve an initial concen
tration of 10⁴ colony-forming units per millilitre (CFU⋅mL⁻¹). A 10 µL 
aliquot of the bacterial suspension was deposited onto the surface of 
each sample. The samples were then irradiated with visible light using a 
150 W halogen lamp (OSRAM Co.) for exposure times of 60, 120, and 
180 minutes.

Following irradiation, the surfaces were rinsed with 900 µL of ster
ilized phosphate-buffered saline (PBS). From this solution, 100 µL ali
quots were plated onto nutrient agar and incubated at 37 ◦C for 24 
hours. The number of bacterial colonies was counted to determine the 
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antibacterial efficiency.

3. Results and discussion

3.1. X–ray diffraction (XRD) and specific surface area results

X-ray diffraction (XRD) analysis was carried out to investigate the 
phase composition and crystalline structure of pure TiO2, xCu–TiO₂ and 
xFe–TiO₂ nanoparticles at various doping levels (0.8, 1.5, 2.2, and 3.0 
wt. %). Fig. 2 displays the characteristic diffraction peaks of the anatase 
phase at 2θ values of 25.40◦, 37.04◦, 37.84◦, 38.67◦, 48.14◦, 54.40◦, 
55.17◦, 62.79◦, 69.00◦, 70.38◦, 75.12◦, and 76.17◦, corresponding to the 
(101), (103), (004), (112), (200), (105), (211), (204), (116), (220), 
(215), and (031) crystallographic planes, respectively [18].

In addition, three diffraction peaks are observed at 35.8◦, 38.67◦, 
and 48.8◦ in Cu doped samples with copper content larger than 0.8 wt. % 
which are attributed to CuO, indicating the formation of a secondary 
CuO phase. These peaks are indexed to the (002), (111), and (110) 
planes of monoclinic CuO, respectively (JCPDS card no. 89–2531).

All undoped, Fe–TiO₂, and Cu–TiO₂-doped samples exhibit an 
anatase crystalline structure, as evidenced by the XRD patterns shown in 
Fig. 2. The pure anatase TiO₂ phase (space group I4₁/amd, JCPDS card 
no. 21–1272) was used as a reference to identify the phases present. 
Although dopant ions were incorporated, no significant alteration of the 
tetragonal structure of TiO₂ was observed. Distinct diffraction peaks 
corresponding to Fe or Cu were not detected, with the exception of those 
attributed to CuO, as previously discussed. However, incorporation of 
dopants induces lattice strain within the anatase structure, resulting in 
changes in crystallite size and associated dislocation density.

The crystallite sizes of pure and doped TiO₂ samples were calculated 
using the Debye–Scherrer equation (Eq. (1)): 

D =
0.9λ

βCOSθ
(1) 

where D is the crystallite size, λ is the X-ray wavelength, β is the full 
width at half maximum (FWHM) of the peak, θ is the Bragg angle, and 

0.9 is the shape factor [8].
Table 1 summarizes the average crystallite size, dislocation density, 

band gap energy and specific surface area for all samples. The smallest 
crystallite sizes values are related to 0.8 wt. % Cu and 3.0 wt. % Fe doped 
samples, which are 11.98 nm and 18.90 nm respectively.

A clear correlation is observed between crystallite size, dislocation 
density and surface area. As crystallite size decreases, both surface area 
and dislocation density increase [19]. Dislocation density was derived 
from crystallite size according to the Eq. (2): 

δ =
1
D2 (2) 

Where D is the crystallite size.
Crystallite size results can be ascribed to the smaller ionic radius of 

Cu2+ (0.57 Å) and Fe3+ (0.64 Å) in comparison to Ti4+ (0.68 Å), which 
may lead to a reduction in crystallite size when dopant ions are intro
duced into the TiO2 matrix. In the case of Fe doping, more stress and 
dislocation density at higher doping levels can account for a smaller 
crystallite size, with associated larger SSA. However, the presence of 
CuO clusters for Cu doping levels higher than 0.8 wt. % can explain the 
reverse trend followed by these samples, where larger agglomerations 
are usually accompanied by lower crystal defects such as dislocation 
density. This trend leads to a decrease in SSA from 58.2 to 30.4 m² g⁻¹, 
while the crystallite size increases from 11.98 to 27.55 nm [19–24].

3.2. Field emission scanning electron microscopy (FESEM) and energy 
dispersive spectroscopy (EDS) results

The surface morphology and elemental composition of the synthe
sized samples were characterized using field-emission scanning electron 
microscopy (FE-SEM) and energy-dispersive X-ray spectroscopy (EDS).

As depicted in Fig. 3, FE-SEM images of undoped TiO2 and TiO2 
doped with varying concentrations of Cu and Fe reveal significant dif
ferences in particle size and morphology. The sample containing 0.8 wt. 
% Cu displays the smallest particle size, approximately 28 nm, with a 
uniform spherical morphology, as determined using ImageJ software 

Fig. 1. Schematic procedure for the synthesis of Cu–TiO₂ and Fe–TiO₂ samples.
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(Fig. 3a). As the Cu dopant concentration increases from 1.5 to 3 wt. % 
(Fig. 3b–d), a noticeable agglomeration of nanoparticles is observed, 
resulting in an increment in average particle size. In contrast, Fe doping 
induces a reduction in particle size with increasing dopant content 
(Fig. 3e–h), and no agglomeration is observed across the studied con
centrations. 3Fe–TiO2 sample exhibits the smallest particle size within 
the Fe series, with an average diameter of approximately 75 nm, and 
maintains a spherical morphology. For comparison, pure TiO2 nano
particles (Fig. 3i) are also nearly spherical but exhibit a significantly 
larger mean particle size of ~120 nm.

These observations suggest that Cu doping tends to promote nano
particle coalescence at higher loadings, while Fe doping enhances par
ticle dispersion and size control, which may have important implications 
for the surface properties and functional performance of the materials. 

These results are consistent with the trend in crystallite size obtained by 
XRD.

Energy-dispersive X-ray spectroscopy (EDS) was employed to 
determine the elemental composition of all synthesized samples. Table 2
shows the EDS outputs of pure TiO2, Cu–TiO2, and Fe–TiO2 nano
particles at various doping levels (0.8, 1.5, 2.2, and 3.0 wt. %). Obtained 
results confirm the presence of Ti, O, Cu, and Fe in the corresponding 
samples, with measured dopant concentrations closely matching the 
theoretical values. For this reason, and for the sake of simplicity, theo
retical values will be used throughout the text to identify the 
photocatalysts.

3.3. UV–Vis absorption and bandgap estimation

Fig. 4 shows the UV–Vis absorption spectra and the corresponding 
Tauc plots for pure TiO2, Cu- and Fe-doped TiO2 thin films at varying 
dopant weight percentages. These analyses highlight the influence of 
doping on the optical properties and band gap of TiO2.

As illustrated in Fig. 4a, 0.8Cu–TiO2 sample exhibits the most pro
nounced red shift in the absorption edge, extending the absorption range 
into the visible region (320–440 nm). Furthermore, the area under the 
absorbance–wavelength curves increases upon doping, indicating 
enhanced visible-light absorption by the doped samples.

The optical band gap energy (Eg) of both undoped and doped TiO2 
samples was estimated using the Kubelka–Munk function, with Tauc 
plots generated by plotting A = [F(R)⋅hν]1/2 vs photon energy (hν), as 
shown in Fig. 4(a′, b′, c′) [25,26]. According to these plots, the undoped 
TiO2 sample exhibits a band gap of 3.20 eV, while the 0.8Cu– TiO2 
sample displays the lowest band gap at 2.40 eV.

Interestingly, Cu concentrations above 0.8 wt. % result in wider band 
gaps compared to the 0.8Cu– TiO2 sample. This phenomenon suggests 
that excessive Cu doping, associated with CuO formation, introduces 
structural disorder that reduces free carrier density, causing Cu atoms to 
act as trap centres rather than electron donors [27]. The apparent 
widening of the band gap at higher dopant concentrations can be 
attributed to the Burstein–Moss effect [28,29]. In this context, increased 
donor electron concentration from Cu leads to the filling of conduction 
band states. As a result, higher photon energies are required to excite 
electrons from the valence band to the unoccupied states in the con
duction band, effectively increasing the observed band gap. This is 
accompanied by an upward shift in the Fermi level and a blue shift in the 
absorption edge for heavily doped samples relative to those with lower 
Cu content [30,31]. It is worth noting that Cu– TiO2 samples with 1.5, 
2.2, and 3.0 wt percentages remains at longer wavelengths (and lower 
band gaps) than that of pure TiO2.

The trend observed for Cu doping was not replicated in the case of Fe 
doping. As shown in Fig. 4b, the 3Fe– TiO2 sample exhibits the most 
pronounced red shift in the absorption edge compared to samples with 
lower Fe doping levels (0.8, 1.5, and 2.2 wt. %) and pure TiO2. This 
indicates that at a dopant concentration up to 3 wt. %, Fe incorporation 
effectively narrows the band gap without inducing significant agglom
eration or structural disorder at this level. Fig. 4(b′) presents the calcu
lated band gap energies for Fe–TiO2 samples at different Fe doping 
concentrations. The lowest band gap value, 2.65 eV, corresponds to the 
3Fe–TiO2 sample, confirming the enhanced visible-light absorption 
capability at this doping level.

The mechanism behind the band gap reduction upon doping with 
transition metals is associated with the formation of sub-bands near the 
conduction band due to the presence of Cu²⁺ and Fe³⁺ ions. These sub- 
bands result from sp–d exchange interactions between conduction 
band electrons and the localized d-electrons of Cu²⁺ and Fe³⁺ ions that 
substitute Ti⁴⁺ sites in the TiO2 lattice.

These s–d and p–d interactions cause a downward shift of the con
duction band edge and an upward shift of the valence band edge, leading 
to a narrowed band gap. The incorporation of these metal ions lowers 
the conduction band energy, which accounts for the reduced band gap 

Fig. 2. XRD patterns of pure TiO2, Cu–TiO2 and Fe–TiO2 samples.

Table 1 
Structural properties of thin films of TiO2 and TiO2 doped with Cu and Fe.

Sample D × 10–9 m δ × 1014 lines/m2 Band Gap (eV) SSA/m2 g-1

Undoped TiO2 37.45 7.13 3.20 2.0
0.8Cu–TiO2 11.98 69.67 2.40 58.2
1.5Cu–TiO2 17.72 31.84 2.70 43.6
2.2Cu–TiO2 22.42 19.89 2.78 37.5
3Cu–TiO2 27.55 13.17 3.00 30.4
0.8Fe–TiO2 30.28 10.90 3.18 27.9
1.5Fe–TiO2 26.56 14.17 3.00 33.3
2.2Fe–TiO2 23.50 18.10 2.82 34.9
3Fe–TiO2 18.90 27.99 2.65 45.2
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observed in Cu- and Fe-doped TiO2 nanocrystals [10,32].
The narrowed band gap and broadening of the absorption edge into 

the visible region enhance light harvesting, while the formation of sub- 
bands increases the electron–hole recombination time, thereby 
improving photocatalytic performance. Therefore, doping TiO2 with 
Cu²⁺ or Fe³⁺ ions has proven to be an effective strategy to improve its 
optical response under visible light compared to undoped TiO2. The best 
doping conditions within the range evaluated, in terms of band gap 
reduction, are achieved at 0.8 Cu and 3.0 Fe weight percentages, cor
responding to band gaps of 2.40 eV and 2.65 eV, respectively, as shown 
in Fig. 4(c).

3.4. Photoluminescence evaluations

Photoluminescence (PL) spectroscopy was employed to evaluate the 
photoinduced electron–hole recombination behavior of pure TiO2 and 
Cu- and Fe-doped TiO2 samples (Fig. 5) [33,34]. The PL intensity of a 
semiconductor is directly related to the recombination rate of photo
generated electron–hole pairs; therefore, higher PL intensity indicates 
faster recombination and, consequently, lower photocatalytic efficiency 
[35].

The major peak at around 400 nm has been previously associated in 
the literature with recombination transitions from the conduction band 
to the valence band of TiO₂ [36], as well as band gap, defects, or surface 
trapping of electrons [37]. The intensity of this peak consistently 
decreased for doped samples, indicating a slower recombination in these 
photocatalysts. This intensity was higher for larger Cu loadings in Cu- 
doped samples, as shown in Fig. 5a, and consistent with the reported in 
[37]. However, for the Fe-doped samples (Fig. 5b), this trend was 
reverse, in line with results shown above regarding particle size, band 
gap and specific surface area. It is also worth flagging the peaks 
appearing in the range 475–530 nm, in pure and Cu-doped samples, 
associated to a self-trapping of electrons by the TiO6 octahedra. This 
result strengthens the idea of the different impact of Fe and Cu incor
poration in the anatase microstructure. These differences highlight how 
each dopant uniquely affects the photoluminescent properties of tita
nium dioxide, and in line, its photocatalytic activity [38].

3.5. Photocatalytic degradation of MB

The photocatalytic activity was assessed by monitoring the removal 
of MB in aqueous solution under visible LED lamp irradiation. Fig. 6
illustrates the photocatalytic performance of Cu–TiO2 and Fe–TiO2 
samples doped with varying concentrations of Cu and Fe, respectively, 
in comparison with bare glass and undoped TiO2 for the degradation of 

Fig. 3. FE-SEM micrographs of (a-d) Cu–TiO2 (xCu–TiO2) (e-h) Fe–TiO2 (xFe–TiO2), (i) pure TiO2, where x represents the doping content for 0.8, 1.5, 2.2, and 3.0 wt. 
%, respectively.

Table 2 
EDS results of (a) pure TiO2, xCu–TiO2 and xFe–TiO2, where x represents the 
theoretical doping wt. % for 0.8, 1.5, 2.2, and 3.0, respectively.

Sample Element Wt % Sample Element Wt %

Pure TiO2 Ti 37.17 ​ ​ ​
​ O 62.85 ​ ​ ​
​ Ti 35.18 ​ Ti 35.14
0.8Cu–TiO2 O 64.13 0.8Fe–TiO2 O 64.17
​ Cu 0.69 ​ Fe 0.69
​ Ti 30.85 ​ Ti 45.27
1.5Cu–TiO2 O 67.75 1.5Fe–TiO2 O 53.35
​ Cu 1.40 ​ Fe 1.38
​ Ti 42.17 ​ Ti 31.08
2.2Cu–TiO2 O 55.91 2.2Fe–TiO2 O 66.89
​ Cu 1.92 ​ Fe 2.03
​ Ti 34.27 ​ Ti 34.15
3Cu–TiO2 O 63.14 3Fe–TiO2 O 63.03
​ Cu 2.59 ​ Fe 2.82
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10 ppm MB.
As shown in Fig. 6a, the 0.8Cu–TiO2 sample exhibited the highest 

removal efficiency, achieving approximately 80 % removal after 300 
min. In Fig. 6b, a positive correlation is observed between Fe content 
and MB removal, with the 3Fe–TiO2 sample reaching a maximum 
removal of around 65 %.

Several factors contribute to the enhanced photocatalytic activity 
observed in the Cu– and Fe–doped TiO2 samples. Firstly, as evident in 
Figs. 4a and 4b, the absorbance spectra of the doped samples show 
increased light absorption in the visible region, enabling more efficient 
light harvesting for photocatalysis [39]. Secondly, the doped samples 
exhibit narrower band gaps compared to pure TiO2 (Figs. 4(a′) and 4 
(b′)), facilitating electron transfer from the TiO2 valence band to the 
conduction bands associated with Cu²⁺ and Fe³⁺ ions. This process pro
motes the formation of a Schottky barrier at the metal–semiconductor 
interface, enhancing charge carrier separation and thereby improving 
photocatalytic performance [40]. Additionally, the impurity energy 
levels introduced by Cu and Fe doping extend the lifetime and separa
tion of photo-induced electron–hole pairs, as demonstrated by PL mea
surements. Previous studies suggest that Cu and Fe incorporation 

Fig. 4. UV–Vis absorption spectra of (a) xCu–TiO2, (b) xFe–TiO2 (x = 0.8, 1.5, 
2.2, 3), (c) TiO2, 3Fe–TiO2 and 0.8Cu–TiO2 samples. Inset: (á) Eg of x Cu– TiO2, 
(b́) Eg of xFe–TiO2, (ć) Eg of TiO2, 3Fe–TiO2 and 0.8Cu–TiO2 samples.

Fig. 5. PL spectra of (a) xCu–TiO2, (b) xFe–TiO2 (x = 0.8, 1.5, 2.2, and 3).
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generates oxygen vacancies that act as active sites for water dissociation 
on the TiO2 surface, suppressing electron–hole recombination and 
further enhancing photocatalytic activity [41,21]. The superior perfor
mance of the 0.8Cu–TiO2 sample is attributed not only to its enhanced 
optical properties but also to the crystalline phases identified in the XRD 
analysis (Fig. 2). In this sample, Cu²⁺ ions act as electron acceptors from 
the TiO2 conduction band, facilitating the reduction of oxygen mole
cules to superoxide anions (•O2⁻). These anions complement the roles of 
holes (h⁺) and hydroxyl radicals (•OH) in the photocatalytic process. 
Thus, surface modification of TiO2 with a lower Cu concentration (0.8 
wt. %) enhances charge carrier separation and photocatalytic activity 
through metal-to-metal charge transfer via Ti–O–Cu complexes. Here, 
Cu²⁺ primarily functions as an electron trap, reducing recombination 
rates and boosting photocatalytic efficiency [42]. However, Cu doping 
levels above 0.8 wt. % lead to the formation of isolated CuO clusters, as 
indicated by XRD results. These aggregates may act as charge recom
bination centres, hindering mass transport and reducing the available 
surface area by partially blocking TiO2 active sites, ultimately 
decreasing light absorption and photocatalytic performance. Therefore, 
while Ti–O–Cu bonds enhance photocatalytic activity, Cu–O–Cu bonds 
formed in CuO nanoclusters may have a detrimental effect. Moreover, 
the 0.8Cu–TiO2 sample exhibits the smallest particle size and the largest 
surface area, further contributing to its superior photocatalytic effi
ciency [42].

A comparison of 0.8Cu–TiO2, 3Fe–TiO2, and pure TiO2 is presented 
in Fig. 6(c). The 0.8Cu–TiO2 sample demonstrated the highest photo
catalytic performance, achieving 80 % degradation under visible-light 
irradiation after 300 min, compared to 65 % for 3Fe–TiO2 and only 15 
% for undoped TiO2.

MB removal as a function of reaction time was fitted to a first order 
model, as shown in Fig. 7, according to Eq. (3): 

− Ln
(

C0

C

)

= kt (3) 

Where k, t (min), C₀ (mg/L), and C (mg/L) represent the first-order 
rate constant, removal time, initial dye concentration, and concentra
tion at time t, respectively. The results indicate that the removal of MB 
follows a first-order kinetic model. The rate constants for MB removal 
using 0.8Cu– TiO2, 3Fe– TiO2, and pure TiO2 were found to be 0.0047, 
0.0032, and 0.0007 min⁻¹, respectively, as shown in Table 3. As ex
pected, the 0.8Cu– TiO2 sample exhibited the highest rate constant, 
reflecting superior photocatalytic performance compared to the other 
materials [43,44]. These values, although lower than those reported by 
other studies using powdered photocatalysts (e.g., 0.0120 min⁻¹ for 
0.1Cu– TiO2 and 0.0088 min⁻¹ for 0.1Fe– TiO2) [45], are still in close 
agreement. The slightly reduced k values observed in this study can be 
attributed to the immobilization of the active phase as a thin film on a 
glass substrate, which inherently limits the available surface area and 
active sites compared to suspended powders. Indeed, the k value of 
0.8Cu/TiO2 obtained in this work was higher than that reported by 
Pava-Gómez et al. (0.0024 min-1) [16], who synthesized Cu/TiO2 pho
tocatalyst thin films onto glass substrate.

3.5. Mechanism of photocatalytic removal of MB

To understand the origin of the enhanced photocatalytic activity, it is 
essential to discuss the underlying charge transfer processes. When TiO2 
is irradiated with light of energy greater than its band gap, electron–hole 
pairs are generated. Specifically, the photogenerated electrons can react 
with O2 molecules to form superoxide radicals (•O2⁻), while the holes 
can oxidize OH⁻ or H2O to produce hydroxyl radicals (•OH). These 
reactive oxygen species, along with other oxidizing agents, are primarily 
responsible for the photoremoval of MB [46].

The overall photocatalytic mechanism on TiO2 has been described 
above; however, the addition of dopants such as Fe³⁺ and Cu²⁺ 

Fig. 6. MB concentration ratio (C/Co) as a function of time for (a) xCu–TiO2 
and (b) xFe–TiO2 (x = 0.8, 1.5, 2.2 and 3). (c) Comparison, in terms of 
degradation percentage of MB, of best doped catalyst with pure TiO2. Blank 
stands for experiments with the bare glass support.
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significantly enhances the photocatalytic performance. A schematic 
illustration of the visible light–driven photocatalytic reactions along 
with a comparison of their effects occurring on the surface of Fe and Cu 
doped TiO2, is presented in Fig. 8.

The enhancement in the photocatalytic activity of TiO2 through Fe³⁺ 
and Cu²⁺ ion doping can be primarily attributed to the suppression of 
photogenerated electron–hole recombination. Additionally, doping in
troduces Cu and Fe d-orbitals within the band gap of TiO2, thereby 
reducing the band gap energy from 3.20 eV to 2.65 eV and 2.40 eV for 
3Fe–TiO2 and 0.8Cu– TiO2, respectively, as reported above. This band 
gap narrowing facilitates the generation of more electron (e⁻) and hole 
(h⁺) pairs under visible light irradiation compared to pure TiO2, thus 
significantly enhancing the photocatalytic performance of the doped 
samples. These d orbitals give rise to two types of energy levels, as 

indicated in Fig. 8. the oxidation levels Fe³⁺/Fe⁴⁺ for Fe and Cu⁺/Cu²⁺ for 
Cu are located above the valence band, while the reduction levels Fe³⁺/ 
Fe²⁺ and Cu²⁺/Cu⁺ are located below the conduction band of pure TiO2. 
The mechanism of Fe–TiO2 is described by the Eqs. (4)–(9).

When light with energy greater than the bandgap of Fe³⁺ doped TiO2 
irradiates the material, photogenerated electrons and holes are formed: 

TiO2 + hv→(TiO2)e− + h+ (4) 

The Fe³⁺ ions in the TiO2 matrix act as traps for both electrons and 
holes, forming Fe²⁺ and Fe⁴⁺ species. These oxidation states are less 
stable than Fe³⁺ due to its half-filled d⁵ configuration: 

Fe3+ + h+→Fe4+ (5) 

Fe3+ + e− →Fe2+ (6) 

Fe²⁺ ions can transfer electrons to adsorbed O2 molecules, forming 
reactive superoxide anions, while Fe4⁺ can react with hydroxyl groups to 
produce hydroxyl radicals: 

Fe2+ + O2(ads)→Fe3+ + ⋅O−
2 (7) 

Fe4+ + OH−
(ads)→Fe3+ + ⋅OH(ads) (8) 

Additionally, Fe²⁺ may reduce Ti4⁺ to Ti³⁺, contributing to charge 
separation: 

Fe2+ + Ti4+→Fe3+ + Ti3+ (9) 

Fig. 7. Plots of –ln(C0/C) vs irradiation time (min) for photocatalytic removal of MB (a) xCu–TiO2 and (b) xFe–TiO2 (x = 0.8, 1.5, 2.2 and 3.0), respectively.

Table 3 
First-order rate constants (k) and linear regression coefficients for MB.

Photocatalyst k (min–1) R2

TiO2 0.0007 0.95988
0.8Cu–TiO2 0.0047 0.97366
1.5Cu–TiO2 0.0034 0.97532
2.2Cu–TiO2 0.0023 0.99107
3Cu–TiO2 0.0018 0.99343
0.8Fe–TiO2 0.0009 0.99534
1.5Fe–TiO2 0.0014 0.97671
2.2Fe–TiO2 0.0017 0.99055
3Fe–TiO2 0.0032 0.98672

Fig. 8. A schematic representation of the possible photocatalytic mechanism in the degradation of MB dye for Cu–TiO2 and Fe–TiO2.
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These reactions contribute to the generation of reactive species and 
suppress the recombination of photogenerated electron–hole pairs, 
leading to enhanced photocatalytic performance of Fe-doped TiO2 under 
visible light.

The enhanced photocatalytic activity of Cu–TiO₂ nanostructures is 
explained by a multistep mechanism, analogous to that of Fe–TiO2. 
Under visible light irradiation, electrons from the valence band of TiO₂ 
are excited and transferred to Cu²⁺ ions, resulting in the formation of Cu⁺ 
(Eq. (10)): 

Cu2+ + e− →Cu+ (10) 

The redox potential of the Cu²⁺/Cu⁺ couple is less negative than the 
conduction band edge of TiO₂, which favors charge carrier separation 
and suppresses recombination. The Cu⁺ species can further participate in 
redox reactions, reducing adsorbed oxygen molecules and facilitating 
the formation of superoxide anions via a multielectron transfer process 
(Eqs. (11) and (12)): 

Cu+ + O2→Cu2+ + e− (11) 

e− + O2(ads)→⋅O−
2 (12) 

Conversely, Cu⁺ can also be reoxidized to Cu²⁺ through hole trapping, 
further contributing to the redox cycle (Eq. (13)): 

Cu+ + h+→Cu2+ (13) 

Cu²⁺ ions may then interact with adsorbed hydroxyl ions to generate 
hydroxyl radicals, enhancing the oxidation potential of the system (Eq. 
(14)): 

Cu2+ + OH−
(ads)→Cu+ + ⋅OH(ads) (14) 

A series of subsequent redox reactions generates reactive oxygen 
species (ROS) and other oxidative radicals with high redox potential, 
ultimately degrading MB into CO2 and H₂O. These processes are sche
matically illustrated in the following steps: (Eqs. (15)-(19)) [47]: 

Ti3+ + O2(ads)→Ti3+ + ⋅O−
2 (15) 

O−
2 + h+→2O− (16) 

O− + h+→O⋅ (17) 

O− + H2O→⋅OH(ads) + OH−
(ads) (18) 

MB + ⋅OH(ads)→H2O + CO2 (19) 

Thus, the Cu²⁺ and Fe³⁺ ions play a crucial role in redox reactions, 
facilitating the formation of ROS and improving charge separation. 
Furthermore, the incorporation of Fe and Cu significantly enhances 
photocatalytic activity by increasing light absorption through a reduc
tion in the band gap. As a result, Cu²⁺ and Fe³⁺ ions effectively improve 
the photocatalytic efficiency of TiO2 nanoparticles, particularly for the 
degradation of MB pollutant.

3.6. Antimicrobial activity

The bacterial inactivation percentages for 0.8Cu–TiO2, 3Fe–TiO2, 
and pure TiO2, as the most promising doped samples and the undoped 
one were calculated using the following equation [48]: 

r =
N0 − N

N0
⋅100 (20) 

where r represents the bacterial inactivation percentage, N₀ (CFU/mL) is 
the initial bacterial concentration, and N is the viable bacterial con
centration after visible light irradiation. Fig. 9 shows the percentage 
reduction in Escherichia coli colonies for pure TiO2, 0.8Cu–TiO2, and 
3Fe–TiO2 following irradiation for 1, 2, and 3 h. Corresponding images 

of bacterial growth after treatment are provided in Fig. 10.
Among all samples, 0.8Cu–TiO2 exhibited the highest antibacterial 

performance, achieving inactivation efficiencies of 58 %, 78 %, and 95 
% after 1, 2, and 3 h of visible light exposure, respectively. In contrast, 
3Fe–TiO2 reached 42 %, 59 %, and 79 % efficiency at the same time 
intervals, while pure TiO2 achieved only 34 % inactivation by the end of 
the 3-hour period. These results confirm that 0.8Cu–TiO2 is the most 
effective antimicrobial agent among tested materials.

Moreover, both 0.8Cu–TiO2 and 3Fe–TiO2 demonstrated signifi
cantly enhanced antibacterial activity over the time compared to 
undoped TiO2. This improvement is attributed to the incorporation of 
Cu²⁺ and Fe³⁺ ions into the TiO2 lattice, which is believed to introduce 
shallow trapping sites at donor and acceptor energy levels, thereby 
facilitating enhanced reactive oxygen species (ROS) generation under 
visible light.

The superior antibacterial performance of 0.8Cu–TiO2 can be 
attributed to multiple synergistic factors. Firstly, 0.8Cu–TiO2 exhibits 
greater sensitivity to visible light and a lower band gap compared to 
both Fe-doped and undoped TiO2, thereby enhancing its photocatalytic 
and antibacterial efficacy (Section 3.3) [49]. As discussed previously, 
the reduced band gap is critical for promoting the generation of reactive 
oxygen species (ROS), such as hydroxyl (•OH) and superoxide (•O₂⁻) 
radicals, which are known to effectively disrupt bacterial membranes 
and cellular components [50], together with the lower recombination 
rate.

In addition, 0.8Cu–TiO2 bears a smaller crystallite size than both 
3Fe–TiO2 and pure TiO2 (Section 3.1 and 3.2), resulting in a higher 
specific surface area (SSA). This increased surface area allows for more 
efficient contact between the photocatalyst and bacterial cells, thereby 
enhancing the interaction with ROS and improving antibacterial out
comes [51].

Overall, the enhanced antibacterial activity of 0.8Cu–TiO2 against 
Escherichia coli, as compared to Fe–TiO2 and undoped TiO2, can be 
attributed to a combination of the intrinsic antimicrobial properties of 
copper, the reduced band gap facilitating ROS generation under visible 
light, and the increased surface area associated with smaller crystallite 
size [10].

The most widely accepted mechanism of ROS attack on Escherichia 
coli is depicted in Fig. 11. The photogenerated h⁺ reacts with water 
molecules to produce hydroxyl radicals (•OH), while e⁻ reacts with ox
ygen molecules to form superoxide radicals (•O2⁻). These reactive spe
cies damage the bacterial structure upon exposure [52,53].

Fig. 9. Relative antibacterial efficiency for TiO2, 3Fe–TiO2 and 
0.8Cu–TiO2 samples.
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3.7. Water contact angle measurements

Finally, the hydrophilic behavior of TiO2 and metal-doped TiO2 
samples was evaluated through Water Contact Angle (WCA) measure
ments. WCA results of samples irradiated with visible light are sum
marized in Fig. 12. It can be noted that the addition of Cu and Fe 
increases the hydrophilicity of TiO2-based coating. The WCA value of 
pure TiO2 thin film was 68◦, while Cu and Fe doped thin films showed 
less WCA values, therefore more hydrophilic character. Among the Cu 
doped samples, 0.8Cu–TiO2 exhibited a super-hydrophilic (WCA < 10◦), 

showing the lowest contact angle of 9.8◦. However, as the Cu doping 
level increased, the WCA rose significantly, reaching 17◦, 36◦ and 40◦

for 1.5Cu–TiO2, 2.2Cu–TiO2 and 3Cu–TiO2, respectively. In general, 
elemental copper exhibits super-hydrophilicity, whereas the copper 
oxide (CuO) shows less hydrophilicity [54]. Therefore, it can be 
concluded that the higher hydrophobic character of 1.5Cu–TiO2, 
2.2Cu–TiO2 and 3Cu–TiO2 samples may be related to the higher pro
portion of CuO clusters in these samples, in line with XRD and EDX 
findings [55,56].

Regarding Fe doped TiO2 thin films, they demonstrated more 

Fig. 10. Images of control (glass), TiO2, 3Fe–TiO2 and 0.8Cu–TiO2 in contact with Escherichia coli under visible light irradiation for 1, 2 and 3 h.

Fig. 11. Mechanisms of the Fe–TiO2 and Cu–TiO2 against Escherichia coli. On the left and right side of the Figure, the activation of the photocatalytic semiconductor 
of Fe–TiO2 and Cu–TiO2 by visible light is illustrated.
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hydrophilic character than pure TiO2. It was revealed that the addition 
of Fe caused more hydrophilicity, from 56◦ for 0.8Fe–TiO2 to 45◦, 23◦

and 18.8◦ for 1.5Fe–TiO2, 2.2Fe–TiO2 and 3Fe–TiO2, respectively. The 
improved hydrophilicity of doped coating can be attributed to their 
higher number of oxygen vacancies compared to those of TiO2. The 
numerous oxygen vacancies are associated with a greater content of 
hydroxyl groups, which makes the surface of the doped coating more 
hydrophilic. The formation of more hydroxyl groups in more hydro
philic coatings can be beneficial for trapping the generated holes and 
preventing the recombination of electron and holes. This improvement 
can enhance the photocatalytic behavior of the coatings [57,58]. A 
typical shape of 5μl water droplet over pure TiO2, 3Fe- and 0.8Cu-doped 
TiO2 thin films irradiated on visible light are illustrated in Fig. 13. It can 
be noted that both doped films reveal more hydrophilic character as the 
WCA of undoped TiO2 decreased from 68◦ to 18.8◦ (3Fe) and 9.8◦

(0.8Cu).

4. Conclusions

In this study, TiO2 nanoparticles doped with varying weight per
centages of Cu and Fe (x = 0.8, 1.5, 2.2, and 3.0) were successfully 
synthesized via the sol–gel method using dip-coating procedure fol
lowed by calcination at 500 ◦C. The outcomes of this study allow to draw 
the following conclusions: 

• Structural and morphological characterization showed that all sam
ples retained the anatase crystalline phase. Crystallite sizes ranged 
from ~12–27 nm for Cu–TiO2 and 18–30 nm for Fe–TiO2, compared 
to 37 nm for undoped TiO2. FE–SEM revealed that particle sizes were 
also significantly reduced upon doping, with pure TiO2 exhibiting 
particles of ~120 nm, while 0.8Cu–TiO2 and 3Fe–TiO2 had sizes of 
28 nm and 75 nm, respectively. These reductions in size led to higher 
specific surface areas and enhanced photocatalytic performance.

• Optical characterization indicated a band gap narrowing from ∼3.20 
eV (pure TiO2) to ∼2.40 eV (0.8Cu–TiO2) and ∼2.65 eV (3Fe–TiO2), 
as shown in the Tauc plots. Doping improved visible-light absorption 
and promoted charge separation. However, excessive Cu loading 
caused agglomeration and structural disorder, leading to band gap 
widening and diminished photocatalytic performance. In contrast, Fe 
doping maintained dispersion even at higher concentrations, allow
ing continuous band gap reduction and enhanced activity. PL spec
troscopy indicated a reduced electron-hole recombination for the 
doped photocatalysts, especially for 0.8Cu–TiO2 and 3Fe–TiO2.

• Photocatalytic activity, assessed via MB removal, demonstrated su
perior performance for 0.8Cu–TiO2 (~80 %), followed by 3Fe–TiO2 
(~65 %) and pure TiO2 (~15 %). Similarly, antibacterial tests 
showed Escherichia coli inactivation efficiencies of 95 % for 
0.8Cu–TiO2, 79 % for 3Fe–TiO2, and 34 % for undoped TiO2 after 3 h 
under visible light. Moreover, the WCA results of pure TiO2 and 
doped samples are consistent with their antimicrobial activities, as 
the 0.8Cu-TiO2 thin film exhibits super-hydrophilicity compared to 
the other samples. These findings confirm the crucial role of dopant 
concentration in enhancing photocatalytic and antibacterial 
performance.

In summary, this study highlights the importance of selecting 
appropriate dopants and their optimal concentrations to design highly 
efficient TiO2-based photocatalysts. The 0.8Cu–TiO2 photocatalyst can 
be considered as a promising candidate for water treatment, self- 
cleaning and antimicrobial applications under visible light irradiation.
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