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Abstract: Titanium dioxide can be employed in different photocatalytic and solar energy conversion
applications due to its abundance, non-toxicity, and chemical stability. Undoped and Cu-doped TiO:
powders were synthesized using the powder method. The characteristics of the prepared
photocatalysts-material were determined by XRD, SEM, absorbance and chemical analysis. XRD
analysis showed the formation of TiO: in its anatase and rutile phases. Sphere-like shapes with sizes
of 100 nm were inferred from SEM images. The photocatalytic tests revealed that the Cu-doped TiO:
nanoparticles exhibited high photocatalytic activity in degrading contaminated water. This
enhancement can be attributed to the formation of oxygen vacancies, which promote the
photodegradation of organic compounds.

Keywords: Optical properties; Crystal structure; Photocatalysis; Contaminated water.

1. Introduction

In 2010, the United Nations recognized access to safe drinking water and sanitation as an
essential human right for well-being and health, guaranteeing contaminant-free water for personal
and domestic use. In Mexico, this right was included in the fourth article of the Constitution in 2012,
establishing that everyone has access to sufficient, safe, and affordable water for personal and
domestic consumption. Water (H20) is an essential substance for life, as well as for industrial
processes and the production of goods [1]. However, millions of cubic meters of inadequately treated
wastewater are discharged each year, causing pollution, serious health problems, and ecological
damage due to harmful substances such as microorganisms and chemical compounds in the water
[2]. In the last decade, environmental remediation has emerged as a national and international
priority due to contamination from improper disposal of toxic wastes in lagoons, subway storage
tanks, and landfills. These practices have resulted in the infiltration of persistent contaminants into
soils and groundwater aquifers, including heavy metals and industrial organic compounds, such as
pesticides and coatings. Thus, many efforts have been made in the search for materials and devices
to help remediate contaminated water. For example, various polymer-based membranes have been
developed [3-4], yielding satisfactory results in water decontamination. Other developments have
focused on fabricating nanostructured titanium oxide through different production methodologies
[5-6] to employ this material in water decontamination due to its good optical and electrical
properties. On the other hand, a wide range of metal ions such as iron [7], nickel [8], cobalt [9], and
manganese [10] have been used as acceptor dopants into TiOz; in this way, the TiO2 photocatalytic
activity was enhanced to varying extents. Likewise, metallic titanium doped with chemical elements
of group 13 of the periodic table (B, Al, Ga, In and TI - [11-12] has also been employed, equally with
satisfactory results in water cleaning. The problem with most of these proposed developments is that
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the production methods for the purifying materials are complex to execute, due to the facilities
required to manufacture the materials and the cost of the raw materials required to do so.

Photocatalysis is a natural phenomenon in which a substance uses the energy of natural light to
remove pollutants. In the presence of air and light, the oxidation process is activated, decomposing
the polluting organic substances that come into contact with the photocatalytic surface. Thus, TiO:
has been widely recognized for its excellent photocatalytic properties [13-17]. However, due to the
large bandgap of TiO: of the order of 3.2 eV, the formation rate of reaction products per incident
photon is very low. This feature severely limits TiO:2 applications since the UV percentage comprises
only 5-8% of the solar energy. Several authors have reported that the addition of copper particles in
TiO2 can increase by several orders of magnitude and extend the absorption from the high energy
range, the UV spectrum, into the visible, where the sun has its maximum energy output [18-21].

In the TiO2/Cu mixture, copper acts as an electron scavenger, preventing the rapid
recombination of electron-hole pairs and increasing the efficiency of the photocatalytic process.
According to recent studies, adding 1% copper to TiO2 has been shown to significantly improve its
ability to break down organic compounds and remove heavy metals from wastewater. In addition,
copper doping facilitates the production of reactive oxygen species, which are responsible for the
oxidation of pollutants. Research on TiO,/Cu composites has shown that copper incorporation
extends semiconductor absorption into the visible spectrum and enhances photocatalytic efficiency
by reducing electron-hole pair recombination [22]. Also, a relevant study highlights the applications
of TiO,/Cu material in the removal of emerging pollutants and heavy metals, with a focus on
efficiency and sustainability [23]. With the resulting TiO2/Cu material it is possible to direct this
energy towards the triggering of chemical reactions of interest, such as reducing the presence of
microorganisms, including bacteria, fungi and others, in water. In this work, TiO2/Cu materials were
synthesized by employing powder techniques. Their impact on improving visible light absorption
and pollutant decomposition efficiency was evaluated, highlighting their potential for sustainable
wastewater treatment.

2. Materials and Methods

The powders used to prepare the photocatalytic material were TiO2 (5 pm, 99.9%, Sigma-
Aldrich) and copper nanoparticles (<100nm, 99.9%, SkySpring Nanomaterials, Inc.). Copper was
added in amounts of 0 wt.% and 1wt.%. The TiO:z + copper powders were ground in dry and mixed
using a high-energy planetary ball mill (Retsch, PM 100, Germany). The grinding parameters used in
the mixture were as follows: dry grinding for 6 hours at 300 rpm, using isopropyl alcohol as a control
agent, and maintaining a ball weight to powder weight ratio of 10:1. Next, the grinding stage, the
particle size distribution was determined using a Mastersizer 2000 equipment. The morphologic
characteristics of the powders were analyzed by SEM (Jeol 6300, Japan). Structure crystalline was
determined by XRD with a Bruker [Billerica, MA, USA] D8 ADVANCE diffractometer, scanning from
20 to 80° with a step size of 0.016° and a 10 s exposure time. The XRD patterns of the alloys were
analyzed using X'Pert HighScore Plus (v2.2b) software. In order to measure the absorbance, a
deuterium lamp with UV-Vis emission was used as light source. All the optical measurements were
carried out with a compact CCD spectrometer (Thorlabs, CCS200, New Jersey) with a wavelength
operational range from 200 to 1000 nm. Optical absorbance was measured as follows: firstly, the
transmission spectrum from distilled water in a standard quartz cuvette (path length = 10mm) was
measured and recorded as the reference; secondly, the transmission spectrum from a suspension of
TiO2 and TiO2/Cu in distilled water in a quartz cuvette was measured and recorded; finally, based on
the two previous measurements, optical absorbance was determined using the spectrometer
software. The photocatalytic activity of pure and copper-doped TiO2 nanopowders was studied by
testing photocatalytic degradation of pond water contaminants under solar light for 150 min. A water
sample was taken at each 30-minute time interval to determine the rate of decontamination of the
water. Finally, microbiological analyses following Mexican standards [24] were performed at 0 and
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150 min to determine the effect of the photocatalytic material on water decontamination. The amount
of powder added to the water was 0.1 wt. %.

3. Results

3.1. Powder size

Figure 1 shows particle size distribution. This figure shows that the particle size in the powder
ranges from 1 micron to approximately 11 microns. The curve shows that approximately 50 percent
of the particles have sizes ranging from 1 to 7 microns. Meanwhile, the other 50 percent of the particles
have sizes from 7 to 11 microns. The modal value is about 7 microns. Likewise, 25 percent of the
particles are smaller than 4 microns, while another 25 percent exceed 10 microns. This distribution
provides a favorable range of particle sizes, which enhances photocatalytic activity under sunlight
due to the increased surface associated with size variation.
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Figure 1. (a) Particle size distribution.

3.2. Powder morphology

Figure 2 shows a SEM image of the milled powders, revealing that the particles exhibit a
spherical-like structure with individual sizes slightly above 100 nanometers. However, the particles
exhibit strong agglomeration due to their small size, as indicated by the granulometric analysis,
which report sizes between 1 and 11 microns. Despite this, the fine particle size is expected to further
enhance photocatalytic activity by increasing the interaction between TiO2/Cu semiconductor with
the solar radiation.
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Figure 2. SEM image of TiO2/Cu milled powders.

3.3. Structure

Figure 3 shows the X-ray diffraction pattern of the powder sample. The diffraction peaks
correspond to the tetragonal crystalline structure of the anatase phase of TiO2, which is the main
component of the sample. The two peaks located at angles of 25.5° and 48.5° correspond to the most
intense peaks of the aforementioned crystalline phase. Using the (101) plane peak of anatase and the
Scherrer formula, the crystallite size was estimated to be 5.62 nm. The lattice parameters of the
anatase were calculated as a =b = 0.377nm and c = 0.950nm. Some authors have documented that the
photocatalytic activity of titanium oxide is better when it is in its anatase phase [25]. On the other
hand, in the diffraction pattern, two small peaks are observed at angles 26 = 27.3 and 35.5,
corresponding to the rutile phase of TiO:. Peaks at 43° and 74° are attributed to the (111) and (220)
planes of copper, indicating the presence of its cubic structure.
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Figure 3. XRD pattern of Cu-doped TiOx.
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3.4. Photocatalytic activity

To evaluate the photocatalytic activity of copper-doped TiO2, a degradation experiment using
methylene blue (MB) was conducted under sunlight irradiation. Aliquots of the treated solution were
taken every 30 minutes throughout the reaction, up to 150 minutes; Figures 4, 5, and 6 show how the
absorbance intensity decreases with reaction time. It is important to mention that the
photoluminescent signal is directly related to the speed of recombination of the photogenerated
charges, the electron-hole pairs; consequently, a lower photocatalytic response is expected from the
pure TiO2 sample and a higher response for the copper-doped TiO:2 sample. Thus, Figures 4 and 5
show the photocatalytic activity of as-prepared pure and copper-doped TiO2 samples toward the MB
solution at various time intervals for sun irradiation, respectively. The absorption intensity decreases
gradually with the increase in time, indicating that the MB suffered degradation during the
photocatalytic reaction under sunlight irradiation. From the absorbance results in Figures 4 and 5, it
is observed that pure TiO: nanoparticles show a low decomposition rate when compared to the
decomposition rate with copper-doped TiO:2 nanoparticles. Cu-ions play a significant role in the
catalytic process. The photocatalytic activity of copper-doped TiO: has been enhanced due to the
improvement in the formation of oxygen vacancies. These oxygen vacancies are directly involved in
the photocatalysis processes. Sun irradiations provide enough energy to excite the electrons of
copper-doped TiO: nanoparticles and generates more electron-hole pairs, which improve
photocatalytic activity. It can capture the photo-generated holes (h+) and transform them into OH
radicals, the main reactive species for the decomposition of organic molecules. Therefore, the
enhanced property of copper-doped TiO: nanoparticles to generate OH radicals leads to improved
photocatalytic degradation performance. Hence, the copper-doped TiO: nanoparticles show
increased photocatalytic activity under sun irradiation. The increased photocatalytic activity of
copper-doped TiO:z nanoparticles may be attributed to their larger crystalline size and more ordered
crystalline phase.
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Figure 4. Absorbance of TiOz under visible light during 150 min.
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Figure 5. Absorbance of TiO2/Cu under visible light during 150 min.

To better illustrate the effect of Cu on TiO:2 to clean water, Figure 6 is constructed. This figure
shows optical absorbance from water samples with TiO: and TiO2/Cu to study their
photodegradation performance at different times. As can be seen, at 0 minutes, the samples exhibited
an absorption peak at 655 nm. Notably, the sample with TiO2/Cu showed higher optical absorbance,
which enhances photocatalytic activity. A blue shift was observed in both samples, attributed to the
reduction in particle sizes at the nanoscale [26] and linked to pollutant decomposition. Here, upon
being doped with Cu, the band edge of this adsorption shifts toward long wavelength, which
indicates the band gap is narrowed by doping with Cu. The presence of the dopant brought about a
shift of the absorption edge to the visible light region, and intense absorption was observed. This
intense absorption of visible light can be attributed to the following aspects: (a) the Cu doping
introduced impurity states below the conduction band minimum, leading to the band gap reduction,
and (b) the excitations between O 2p states and Ti 3d states through Cu 3d states. Additionally, charge
transfer bands can provide insight into the environment and nature of Cu?* ions. Thus, according to
the literature [27-30], bands describing the Cu?" species can be located in several regions. The
absorption bands at 600 nm are attributed to the 2E4—2T24 transition of Cu?* located in the distorted
or perfect octahedral symmetry.
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Figure 6. Absorbance of TiOz and TiO2/Cu under visible light during 150 min.

3.5. Reaction rate

The reaction of photocatalytic degradation of dye with respect to reaction time follows first-
order rate kinetics, which was confirmed by the linear transforms of Eq. (1):

In (ﬁ) =kappx t
Ao M

where Ao is the absorbance value of MB at t = 0 and A: is the absorbance of MB at different
irradiation times. Figure 7 shows the plot of the decomposition rate of MB using copper-doped TiO:
nanoparticles as a function of irradiation time. The absorbance equation is a fundamental formula
used to quantify the amount of light absorbed by a sample, i.e., it is the measure of a substance's
ability to absorb light at a specific wavelength. Thus, the decrease in the optical absorbance shown in
Figure 7 demonstrates the efficiency of the degradation process.
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Figure 7. Absorbance equation of TiO2/Cu at 655nm under visible light during 150 min.

Based on the data from the samples exposed to sunlight, an average absorption was calculated
by comparing the initial measurement (0 minutes) with the fifth measurement (150 minutes). The
results showed that the TiO: tests absorbed 39.18% of impurities, while the TiO2/Cu tests reached
60.52%. This confirms the hypothesis that copper doping significantly improves water
decontamination efficiency. Absorbance refers to the capacity of these materials to absorb light,
especially in the wavelength range corresponding to ultraviolet (UV) or visible radiation.

Figure 8 shows images taken at different treatment times of water exposed to sunlight in the
presence of TiO2/Cu powder. This figure shows that as exposure time increases, the blue color of the
water tends to degrade, which is indicative of the purification of the water as observed in the
absorbance results.

90 mn

Figure 8. Images showing color degradation of water exposed to sunlight, and with the addition of TiO2/Cu.

3.6. Photocatalytic antibacterial activity

Table 1 shows the results of microbiological analyses performed on contaminated water 150
minutes after exposure to solar radiation, with the addition of 1% TiO2/Cu. The results show a high
effectiveness of the treatment, reducing the amount of total coliforms by 87% and fecal coliforms by
more than 93%. These data demonstrate the photocatalytic material's high effectiveness in improving
water quality.
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Table 1. Microbiological analysis.

Coliforms Before After
treatment treatment
Totals 540 70
Fecal 27 <1.8

While the addition of copper reduces the overall band gap, the resulting trap sites may also acts
as recombination centers. Copper cations are the key species responsible for altering the sample’s
optical properties, as evidenced by absorption spectrum shown in Figure 6. It is suggested that the
existence of Cu improves photocatalytic efficiency. The copper cation acts as a trapping sink for the
excited electrons. Thus, on visible light irradiation, the electron-hole pair generated on the TiO:
surface reacts with the oxygen and water adsorbed on the catalyst surface to produce superoxide
radicals and holes, respectively. These reactive oxygen species interact with the bacterial cell wall,
resulting in membrane disruption and outflow of intracellular materials, resulting in cell lysis (Table
1). In addition to this, the reactive oxygen species produced can interact with the sugar phosphate
groups present in the DNA of the bacteria to cause gene alteration. Further altering the protein
expression responsible for cellular functioning leads to cell damage [31-32].

4. Conclusions

In the present work, a visible-light-active semiconductor material, i.e., TiO2 doped with 1wt.%
Cu, was successfully synthesized using the powder method. The introduction of a small percentage
of Cu inside the TiO: lattice has led to an improved cationic doped TiOz2 sample. XRD result confirmed
that the TiO2 is mainly present in its anatase crystalline structure. The presence of copper contributed
to the enhanced stability of the anatase phase and also exhibited improved visible light antimicrobial
efficiency. The size and morphological characteristics of the processed powders indicate that the
powder is agglomerated due to its very small size and present round shapes. The photocatalytic
activity values clearly indicate that Surface Cu* may act as the photoactive species, leading to
improved photoactivity with respect to undoped TiO: samples. The enhanced photocatalytic
degradation performance for Cu-doped TiO: can be attributed to the crystallinity and low
recombination rate of photogenerated electron-hole pairs. Copper-doped TiO: nanoparticles were
effective in the decomposition of pollutants in wastewater. So, through this research, it was
established that modifying TiO, with Cu is a promising strategy for industrial water treatment,
providing an innovative and economical solution in the field of water decontamination.
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Abbreviations

The following abbreviations are used in this manuscript:

Cu Copper

TiO2 Titanium

XRD X-ray diffraction

SEM Scanning electron microscopy
nm nanometeres

uv Ultraviolet

MB Methyl bleu

DNA Deoxyribonucleic acid
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