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Harnessing the synergistic potential of TiO,—CuSe
composites for enhanced photocatalytic and
antibacterial activities
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With growing environmental concerns, the removal of toxic industrial dyes from wastewater has become
a critical global issue. In this study, TiO,—CuSe composites were synthesized using a cost-effective and simple
chemical method to determine the optimal concentration of CuSe for the efficient degradation of methylene
blue (MB) under visible light. The TiO, samples exhibited a mix of rutile and anatase phases, while CuSe
formed in a hexagonal phase. Both TiO, and CuSe were observed to have agglomerated particles with
indistinct boundaries. The optical bandgap shifted towards the visible region from 3.25 eV (pure TiO,) to
2.91 eV with increasing the amount of CuSe in the composites. The photocatalytic activity of TiO,, CuSe, and
TiO,—-CuSe composites was evaluated by monitoring MB degradation, with the composites outperforming

the individual components under visible light. Notably, the TiO,-20% CuSe composite (AK-4) demonstrated
Received 17th July 2024

Accepted 9th September 2024 superior efficiency, removing 98% of MB in just 70 minutes. The photocatalysts also exhibited enhanced

antibacterial properties, effectively reducing E. coli colonies from 1.71 x 102 CFU mL™ (pure TiO,) to 1 x 10%°

DOI: 10.1039/d4ra05194g CFU mL™! for the AK-4 composite. This study suggests that visible light-activated TiO,—CuSe composites
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1. Introduction

Water pollution is regarded as an important environmental
issue created by numerous industries.! According to recent
surveys, approximately 300 000 tons of dyes are directly released
into freshwater resources without proper treatment.> The
discharge of these industrial effluents into freshwater resources
is known to exhibit harmful effects on the environment, posing
a major health risk to humans and threatening the existence of
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could be effective for both water purification and bacterial infection control.

numerous aquatic species.® Furthermore, their high capability
for sunlight absorption affects photosynthesis in water, which
limits the production of oxygen. It has been reported that more
than two billion humans are unable to access pure drinking
water.* In view of all these factors, there is a need for the
development of low-cost and effective water purification tech-
niques.® A number of techniques for wastewater treatment have
been developed to date, but they are mainly limited due to their
high cost and production of additional waste. To overcome
these issues, photocatalysis is a prominent choice due to its
high efficiency, low cost, working under solar light, simplicity,
etc.*” For developing effective photocatalysts, metal oxides are
highly attractive nominees as they exhibit interesting physi-
ochemical properties and desirable photocatalytic perfor-
mances. However, their wide bandgap nature and rapid
recombination of charge carriers are known to impede their
photocatalytic performance.® In order to address these chal-
lenges, various functional materials have been explored and
engineered to enhance their photocatalytic activity in visible
light.

Titanium dioxide (TiO,) is a commonly used semiconductor
material because of its excellent electronic and optical proper-
ties, high photo reactivity, excellent chemical stability, high
refractive index, low cost, and non-toxicity.’ It has been found to
be an effective candidate for wastewater treatment, however,
due to its inherent features, such as low quantum efficiency and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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large band gap (3.2 eV), the photocatalytic activity of TiO, is
limited to UV light, which is not sufficient for its effective
utilization in wastewater remediation.'®'* To shift the bandgap
(3.2 eV) from the UV to the visible range for better photocatalytic
properties, strategies such as deposition of noble metals,
combining TiO, with other semiconductors, and doping with
metals or nonmetals etc. have been often performed.*** Shifting
of the bandgap to the visible part of the spectrum enables the
material to absorb visible light and produce photogenerated
carriers for redox reactions.” TiO,-based heterogeneous
systems are of special interest due to their exceptional photo-
catalytic activity since they offer the advantage of overcoming
the easy recombination of e /h* pairs and provide additional
active sites for enhanced reaction processes.**

In recent times, transition metal chalcogenides have spurred
ongoing scientific interest due to their promising physi-
ochemical features and high potential in a range of techno-
logical applications.*® Copper selenide (CuSe) is an important p-
type semiconductor having both direct (1.7-3.0 eV) and indirect
(1.1-1.5 eV) bandgap.’® The bandgap energy and thermal
stability of CuSe have been reported to change with their
structural phases or stoichiometries.'” It exists in several stoi-
chiometric (CuSe, CuSe, and CusSe,) and non-stoichiometric
compositions (Cu,_, Se) and thus can be arranged into
a variety of crystallographic modifications such as cubic,
tetragonal, hexagonal, and orthorhombic.'® CuSe is hexagonal
at room temperature, transitioning to orthorhombic at 48 °C,
and then back to hexagonal at 120 °C.* Though CuSe is an
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attractive material with exceptional characteristics, it has rarely
been utilized as a photocatalyst for wastewater remediation.>
Coupling TiO, with other functional materials to produce novel
heterostructures is considered a viable alternative for enhanced
degradation efficiencies. These photocatalysts are advantageous
due to several factors, including their lower bandgap energies,
large specific surface area, and their capability to effectively facil-
itate the interfacial charge transfer, thus suppressing the recom-
bination of photoinduced charge carriers. Although significant
efforts and strategies are directed toward enhancing the photo-
catalytic efficiency of TiO, under visible light exposure, its coupling
with CuSe at different concentrations remains an unexplored
frontier. In view of the abovementioned traits, pure TiO,, CuSe,
and their composites were prepared via simple and low-cost
chemical methods. We have explored the synergistic relationship
of TiO,-CuSe heterostructures for superior photocatalytic and
antibacterial characteristics. The findings suggest that compared
to TiO, and CuSe, the absorption properties of TiO,-CuSe
composite samples are considerably shifted towards the visible
region with increasing CuSe content. The photocatalytic and
antibacterial characteristics of the TiO,-CuSe composites are
significantly enhanced compared to TiO, and CuSe, respectively.

2. Experimental section
2.1. Materials

Cupric chloride dihydrate (CuCl,-2H,0, Samchun), sodium
hydroxide (NaOH, AppliChem), selenium powder (Se, Sigma-
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Fig. 1 Schematic illustration for the preparation of (a) TiO, NPs (b) CuSe NPs.
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Aldrich), isopropyl alcohol (IPA, Medipak Limited), titanium
tetraisopropoxide (TTIP, C;,H,504Ti, Sigma-Aldrich), acetic
acid (CH3;COOH, Duskan), methylene blue (Unichem) were of
analytical grade and were used as received.

2.2. Synthesis of TiO,

A simple sol-gel method was used to prepare TiO, nanoparticles
(NPs), as shown in the schematic illustration (Fig. 1a). In a typical
synthesis, a mixture of isopropyl alcohol (50 mL) and acetic acid
(15 mL) was stirred for 30 min. TTIP (12.5 mL) was then added to
the mixture in a dropwise manner under continuous stirring for
further 30 min. After that, DI water (10 mL) was added dropwise to
the above mixture. A white gel was obtained after 5 min of
vigorous stirring, which was dried for 24 h in an oven at 100 °C.
The final product was calcined at 550 °C for 2 h to obtain the
crystalline TiO, powder.

2.3. Preparation of CuSe

For the synthesis of CuSe NPs, an easy chemical precipitation
method was used (Fig. 1b).** First, an orange-colored aqueous
alkaline Se solution was prepared by adding Se powder (3.948 g)
to 12 M NaOH (50 mL). In another beaker, 8.5 g CuCl,-2H,0
was first homogenously mixed in 50 mL DI water and then it was
dropwise added to the alkaline Se solution under continuous
stirring for 20 min. The formed black precipitates were centri-
fuged, washed with DI water followed by ethanol, and then
dried at 80 °C for 24 h.

2.4. Preparation of TiO,-CuSe composites

A number of TiO,-CuSe composites with different concentrations
of CuSe were synthesized. For this, certain amount of the
prepared CuSe and TiO, powders were mixed in 40 mL of meth-
anol, sonicated for 30 min, and then stirred for 30 min. The
mixture was then dried overnight at 60 °C to furnish the
composite. TiO,~CuSe composites containing 5, 10, 15, and 20%
CuSe were denoted as AK-1, AK-2, AK-3, and AK-4, respectively.

2.5. Characterization

The crystalline structure and phase information of CuSe, TiO,,
and their composites were analyzed by X-ray diffraction (XRD
Phillips made) with CuK,, as a radiation source having A = 1.54
A. The XRD patterns were recorded over 26 values ranging from
20° to 80° with a step size of 0.03° s~ '. The vibrational proper-
ties were investigated with the help of Raman spectroscopy
(Dongwoo Optron Co. Ltd) at room temperature. The instru-
ment houses an argon-ion laser as a source having A = 514 nm.
The spectra were recorded over a range of 100-2000 cm .
Energy Dispersive X-ray Spectrometry (EDX) was used to study
the elemental compositions of samples. For the evaluation of
the morphological features, TESCAN-designed field-emission
scanning electron microscopy (Model: MAIA3) was used. The
images were obtained at an accelerating voltage of 20 kV at
different magnifications for a better understanding of the
sample morphology. The optical response of the samples was
measured with the help of a Shimadzu UV-1280 UV
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spectrophotometer. The measurements were made over
a wavelength range between 250 and 600 nm with a step size of
1 nm.

2.6. Evaluation of the photocatalytic activity

The visible light-mediated photocatalytic performance of the
prepared samples was examined by monitoring the degradation
of MB dye. For this purpose, the experimental parameters were
kept unchanged, allowing for an equal assessment of each
photocatalyst. Experiments were performed in a purpose-built
wooden box, designed to prevent the outside light from
entering the box. The box was equipped with a visible light
source (85 W LED lamp) with a wavelength range between 410-
800 nm and intensity of 48 W cm™>. Additionally, the light was
maintained at an appropriate level to prevent the MB dye
solution from heating up. For the evaluation of photocatalytic
performance, a stock solution of 100 ppm was prepared by
dissolving MB (0.01 g) in DI water (100 mL). The photocatalyst
(40 mg) and stock solution of MB dye (1 mL) were added to DI
water (100 mL). To achieve the adsorption-desorption equilib-
rium, the resulting mixture was subsequently stirred for around
30 min in the dark.”” Then, the initial absorption reading of the
mixture was recorded prior to exposure to the visible light. This
initial data was referred to as the zero-min reading. After that,
the light source was turned on, and 2 mL was extracted and
centrifuged to remove the photocatalyst every 20 min. The
absorption spectrum of the extracted solution was recorded to
calculate the concentration of MB dye. This procedure was
continued until the MB solution lost its typical blue color, which
indicated that the dye was completely degraded. The efficiency
of TiO,, CuSe and their composites was determined by using

eqn (1):

% degradation = (%) x 100 (1)
0

where C, presents the initial concentration of MB before its
exposure to visible light and C, present the concentration of MB
after time ¢.

2.7. Antibacterial activity

The antibacterial activity of the CuSe-TiO, composites was
performed against Gram-negative bacteria E. coli under visible
light conditions. Using the quantitative viable count method,
the antibacterial characteristics of samples were studied. The
LB media was prepared in DI water and was subsequently
sterilized in an autoclave along with Petri dishes. A two-fold
dilution method was used to prepare a 5 mg mL ™" concentra-
tion of NPs in dimethyl sulfoxide (DMSO). 100 uL of 10° dilution
of E. coli culture grown to optical density 0.7 was inoculated on
the plate through the spread culture method. The NPs stock
solution was inoculated on LB agar plates, incubated at 37 °C
for 24 h and the number of colonies were recorded as colony-
forming units (CFU) mL ™" to determine the size of microbial
population.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD patterns (b) Raman spectra of TiO,, CuSe, and their composites.

3. Results and discussion

3.1. Structural, morphological and elemental analysis

The structural properties of the prepared materials were deter-
mined by recording XRD patterns between 20 and 80° (Fig. 2a).

The XRD pattern of CuSe contains diffraction peaks at 26.17°,
28.18°, 31.18°, 44.99°, 49.98°, 53.00°, 57.23° and 66.24° which
are respectively ascribed to the (101), (102), (006), (107), (108),
(201), (116) and (207) planes of hexagonal structure of CuSe
(JCPDS 34-0171). The peak present at 37.2° belongs to selenium.

Fig. 3 FESEM images of (a) CuSe (b) TiO; (c) AK-1 (d) AK-4.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, the lattice constants a = b 3.9390 (A) and ¢ =
17.2500 (A) of CuSe also match well with the JCPDS 34-0171. The
intense and broad diffraction peaks indicate the formation of
nanocrystalline CuSe. Similarly, the XRD pattern of TiO, ob-
tained by the sol-gel route revealed the formation of co-existing
rutile and anatase phases of TiO,. The diffraction peaks at 26
values of 25.23°, 37.86°, 48.06°, 53.97°, 54.96°, 62.36°, 68.62°,
70.20° and 74.78° are assigned to the (101), (004), (200), (105),
(211), (204), (116), (220) and (215) lattice planes of the anatase
phase of TiO, (JCPDS 01-071-1167). The diffractions observed at
26 values of 44.53°, 65.04° are respectively ascribed to the (210)
and (221) planes of the rutile phase of TiO, (JCPDS 01-077-
0443). The calculated lattice parameters (a = b (A) = 3.7760 and
¢ (A) = 9.4860) of the anatase phase of TiO, are in good agree-
ment with the standard. The most intense and well-defined
peak corresponding to the (101) plane confirms the formation
of crystalline TiO,. The XRD patterns of CuSe-TiO, composites
are shown in Fig. 2a, which contain well-defined peaks of TiO,,
whereas the diffractions due to the CuSe became more prom-
inent as the content of CuSe increased. In addition, no notice-
able change in the peak height, peak width, and location of the
peaks was observed in the diffraction peaks of TiO,, indicating
that the incorporation of CuSe in the composite has no appre-
ciable effect on the particle size and degree of crystallinity.
Fig. 2b shows the Raman spectra of the prepared samples.
The spectrum of TiO, is comprised of four characteristic Raman
active modes at 148, 398, 513, and 636 cm ', which are assigned
Eg, Big, A, and E; bands, respectively. The sharp and intense
signal at 148 cm ™' is assigned to the E, band, corresponding to
the symmetric stretching vibration. Similarly, the vibrational
band at 398 cm ™" is mainly ascribed to B, symmetric stretching

(a)

View Article Online
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mode. The signal centered at 513 cm ™, is indicative of A4z anti-
symmetric bending vibration of O-Ti-O. Moreover, the high-
frequency band at around 636 cm ™" is assigned to symmetric
stretching vibration (E,). In the case of CuSe NPs, vibrational
modes were not observed, as evident in Fig. 2b. Furthermore,
the intensity of vibrational bands for TiO,-CuSe composites was
decreased with an increase in the content of CuSe.

FESEM images of TiO,, CuSe, and TiO,—CuSe composites
were acquired to understand their morphological features. The
corresponding results are presented in Fig. 3. It is observed that
for both CuSe and TiO,, the surface morphology comprised
agglomerated particles, which could be attributed to the high
surface energies of the NPs. For the TiO,-CuSe composites, the
morphology is similar to that observed for pure TiO, and CuSe.
The formation of aggregates and agglomeration is ascribed to
the high surface energy of NPs, chemical and van der Waals
interactions. Due to the agglomeration phenomena, the size
and shape of the NPs could be barely recognized in the FESEM
images (Fig. 3).

In order to study the elemental composition, CuSe, TiO, and
TiO,-CuSe composites were subjected to the EDX analysis. The
EDX spectrum of CuSe is shown in Fig. 4a, which contains peaks
for Cu and Se elements. In the case of TiO,, elemental peaks due
to Ti and O were observed (Fig. 4b). The EDX spectra of TiO,-
CuSe composites are presented in Fig. 4c and d, where peaks
due to Ti, O, Cu, and Se are evident. The intensity of peaks for
Cu and Se increases as the concentration of the CuSe increases
in the composite samples. Moreover, no peaks due to any other
elements were observed, thus certifying the purity of the
prepared samples.
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Fig. 4 EDX spectra of (a) CuSe (b) TiO, (c) AK-1 (d) AK-4.
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TiO,. The Tauc plot is presented in the inset (c) Absorption spectra of TiO,—CuSe composites (d) Tauc plots of TiO,—CuSe composites.

3.2. Optical analysis

Absorption spectra of CuSe, TiO, and their composites are
shown in Fig. 5. The spectrum of CuSe shows the absorption
edge in the visible range (Fig. 5a), indicating the low energy gap
of CuSe. The bandgap energy (E,) of CuSe was determined by
using the following well-known Tauc eqn (2):

(ahv)* = A(hv — E,) (2)
where, & represents the Planck's constant, frequency of incident
photons is represented by », a corresponds to the absorption
coefficient, A4 is a constant and the superscript is associated with
the nature of electronic transitions for a specific material. The
value of E, for CuSe was determined to be 2.61 eV (inset of
Fig. 5a). The spectrum of TiO, NPs is shown in Fig. 5b, where
a strong light absorption is evident at around 350 nm. By using
the Tauc plot (inset of Fig. 5b), the value of E, was calculated to be
3.25 eV. Compared to TiO, NPs, a shift towards the visible region
is observed in the optical response for the TiO,-CuSe composites
(Fig. 5¢). The lowest value of E, was determined for composite AK-
4, which was found to be 2.91 eV for a high amount of CuSe.

3.3. Photodegradation studies

The photocatalytic response of MB in the presence of CuSe, TiO,
and TiO,—-CuSe composites was systematically investigated, and

© 2024 The Author(s). Published by the Royal Society of Chemistry

the corresponding results are presented in Fig. 6 and 7. Prior to
the addition of any photocatalyst, the absorption spectra of MB
solution were first obtained after regular intervals to observe the
influence of visible light on the photodegradation of MB
(Fig. 6a). The typical absorption peak of MB was observed at
650 nm. The intensity of the absorption peak is slightly reduced
after exposure for 140 min, which suggests the structural
stability of MB is high and resistant to degradation. Likewise,
Fig. 6(b) and (c) shows the response of CuSe and TiO, against
MB. Following exposure to visible light for 140 min, the
absorption intensity of MB was decreased compared to that
without any photocatalysts. However, the presence of CuSe or
TiO, in the solution was still not able to completely degrade the
MB. This could be attributed to the large bandgap of TiO, and
the fast recombination rate of photoexcited carriers in CuSe,
which impedes their photocatalytic efficiencies.

Fig. 7 presents the photocatalytic response of TiO,-CuSe
composites. When the composite AK-1 was loaded, the removal
of MB was highly stimulated. It is evident that the intensity of
MB was gradually reduced with an increase in the exposure
time, indicating the mineralization of the dye. Likewise, the
activity of AK-2 against MB was significantly enhanced, and MB
was almost degraded in around 100 min (Fig. 7b). The presence
of AK-3 composite has also expedited the removal of MB, but the
performance is comparable to that of AK-2 after 100 min of

RSC Adv, 2024, 14, 29636-29647 | 29641
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Fig. 6 Absorption spectra of MB solution obtained as a function of exposure time for (a) without any photocatalyst (b) using CuSe as a pho-

tocatalyst (c) TiO, as a photocatalyst.

exposure time (Fig. 7c). Among all the photocatalysts, the AK-4
composite revealed an impressive response, as shown in Fig. 7d.
The absorption intensity of MB was substantially reduced in
just 60 min of the exposure time.

Additional tests were performed to determine the relative
concentrations of MB to examine the effectiveness of the
prepared photocatalysts. The degradation rate (C,/C,) was
plotted as a function of exposure time in Fig. 8a. For instance,
the percentage degradation of MB without any photocatalyst
was only 9% after light exposure of 140 min. Likewise, for CuSe
and TiO, the degradation efficiency was determined to be 28
and 32%, respectively. For sample AK-1, 98% of MB is elimi-
nated in 140 min, whilst the activity of AK-2 against MB was
significantly enhanced and 96% of the dye was degraded in
100 min. Similarly, the removal efficiency was increased up to
98% in 100 min of exposure when AK-3 composite was used as
a photocatalyst. Among all the photocatalysts, the AK-4
composite revealed superior performance, which removed
98% of MB in just 60 min of exposure time. The photocatalytic
performance of all samples can be presented in the following
order: AK-4 > AK-3 > AK-2 > AK-1 > TiO, > CuSe. By plotting In(C,/
Co) versus illumination time, the kinetic character of the
prepared photocatalysts was investigated as shown in Fig. 8b.

29642 | RSC Adv, 2024, 14, 29636-29647

The degradation process followed the pseudo-first-order Lang-
muir-Hinshelwood model, which processes the reaction
kinetics of heterogeneous reactions taking place at the surface
of the catalyst. Additionally, the model can only be used if at
least one of the reactants is present and its concentration
remains constant, resulting in the conversion of the rate
equation into a pseudo-first-order form. The reaction rate
constant for every photocatalyst was calculated from Fig. 8b as
shown in Table 1.

The scavenger study was also carried out to explore the
intermediate reactive/oxidative species ("OH, O,’~ and h') and
elucidate the possible photocatalytic mechanism of TiO,-CuSe
photocatalyst. As shown in Fig. 8¢, the degradation efficiency is
reduced from 98% to 26% with the addition of ethyl-
enediaminetetraacetic acid (EDTA), indicating that the h'
played an active part in photodegradation. Similarly, the addi-
tion of isopropyl alcohol (IPA) also influenced the degradation
efficiency, where a substantial reduction (45%) was observed.
This suggests that the "OH pathway is also crucial to the
degradation process. Additionally, the degradation efficacy of
the dye was marginally reduced when ascorbic acid (AA) was
added to the MB solution, indicating that the role of superoxide
radicals (O, ") is not significant in the photocatalytic process.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Absorption spectra of MB as a function of time after loading of composites (a) AK-1 (b) AK-2 (c) AK-3 (d) AK-4.

Consequently, it could be concluded that reactive species,
specifically h* and "OH, played strategically significant roles in
the photodegradation of MB under visible light exposure.

Among all the photocatalysts, the AK-4 has a greater rate
constant, which indicates its superior degradation efficiency.
The high efficiency of AK-4 in degrading the MB indicates the
presence of the large number of adsorption sites on the surface
of the catalyst. This suggests that the presence of CuSe in the
TiO,-CuSe composites increases the numbers of ‘OH, which
improves the photocatalytic activity. A comparison of the kinetic
parameters is presented in Table 1.

Table 1 Kinetics data for the degradation of MB dye using the
prepared photocatalysts

Degradation
Sample R? k(min™")  Time (min) (%)
Without catalyst 0.97 0.000614 140 9
CuSe 0.96 0.00227 140 28
TiO, 0.91 0.00228 140 32
AK-1 0.98 0.0208 140 98
AK-2 0.95 0.0259 100 96
AK-3 0.98 0.0288 100 98
AK-4 0.95 0.0488 60 98

© 2024 The Author(s). Published by the Royal Society of Chemistry

The above results suggest that compared to TiO, and CusSe,
the TiO,—CuSe composites are more efficient for the degrada-
tion of MB dye. The driving force responsible for such
aremarkable performance is ascribed to the collective impact of
two semiconductors with separate valence band (VB) and
conduction band (CB) energy levels. On the other hand, the
movement of charge carried between the two semiconductors
was determined by using their corresponding edge potentials
Eyg and Ecg. Eqn (3) and (4) were used to calculate the Eyg and
Ecp.

1
ECB =X — Ee — EEg [3)
EVB = ECB + Eg (4)

The E° is the energy of the free electrons on the hydrogen
scale, and its value is 4.5 eV. The absolute electronegativity
values of TiO, and CuSe are 6.18 eV and 5.18 eV, respectively.
The calculated values of E¢g for TiO, and CuSe are 7.8 eV and
6.4 eV respectively. Likewise, the Eyg values are 4.5 eV and 3.8 eV
for TiO, and CuSe respectively.

It is evident from the visible light-mediated photocatalytic
experiments that the degradation of MB dye requires the

RSC Adv, 2024, 14, 29636-29647 | 29643
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presence of a photocatalyst. The type (II) band alignment in
TiO,-CuSe heterojunction results in an effective spatial charge
carrier separation (Fig. 9). The electrons excited by the visible

Visible light
E(eV)
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ee E'Ie' €\ [—— | 7.8 eV
E,=3.25eV
| OH~
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Fig. 9 Proposed mechanism for the degradation of MB dye by TiO,—
CuSe composites.
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(a) Photodegradation of MB as a function of time (b) In(C/Co) plotted against exposure time (c) scavenger analysis.

light irradiation migrate from the CB of CuSe to the CB of TiO,
during this process. The holes that build up in the TiO, VB can
transfer to the CuSe VB due to the higher positive Eyg value of
TiO,. The electron and accompanying hole separation between
TiO, and CusSe is facilitated by the creation of the TiO,-CuSe
heterojunction interface. The realization of the charge separa-
tion enables the effective movement of the photoexcited elec-
trons to the surface of the catalyst to initiate a series of redox
reactions for the mineralization of MB. The electrons in the CB
and holes in the VB, when exposed to visible light cause the
degradation of MB. The "OH coupled with electrons and holes
can systematically break the MB molecule through a series of
redox reactions.” In Table 2, a comparison of the efficiency of
AK-4 with previously reported work under visible light exposure
is presented. It is apparent from the comparison that AK-4
exhibits superior efficiency as compared to previously re-
ported work.

3.4. Antibacterial studies

Uncontrolled and incorrect dosages of conventional antibiotics
over the years have resulted in the development of multidrug-
resistant bacteria.”® The treatment of multidrug-resistant
bacteria or biofilm is a challenging task. However, the infec-
tion can be treated with the use of semiconducting NPs. The
anti-bacterial activity of CuSe, TiO,, and their composites was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of the photocatalytic efficiency of AK-4 with
other composite materials reported in the literature

Sample Degradation (%) Time (min) References
AK-4 98 60 Present work
BiVO,/TiO, 84 120 24
TiO,/graphene 96 150 25
TiO,-Fe,05 88 300 26
rGO-Fe;0,/TiO, 98 80 27

TiO,/GO 97.5 140 10

studied against the notorious E. coli (Fig. 10). Fig. 10a shows an
image of substantial E. coli growth in the absence of any
material. The antibacterial activity of pure TiO, is generally
observed to be limited by its inherent large bandgap. As shown
in Fig. 10b, a slight antibacterial activity was observed against E.

View Article Online

RSC Advances

coli, where 1.71 x 10'* CFU mL ™" of microbial culture is evident
in the presence of 5 mg mL™" of TiO,. For CuSe samples,
substantial bactericidal activity was observed, and only 2.3 X
10" CFU mL ™" were present for the same concentration.
Increased antibacterial activity was observed for the composite
samples. By increasing the CuSe content in the TiO,-CuSe
composites, the antibacterial activities were substantially
enhanced as the CFU mL ™" values of 7.1 x 10" and 1 x 10"® are
recorded for AK-1 and AK-4 respectively, thus making them
ideal materials for combating the E. coli related infections. The
use of composite materials constructed from two semi-
conducting materials, such as TiO, and CuSe, offer added
protection against multidrug-resistant bacteria and biofilms
through the following two very distinct pathways.

The superior antibacterial activity of TiO,-CuSe composites
could be attributed to the ability of the composite to release
Cu”" ions, which can interact with the sulfur and phosphorus-

Fig. 10 Antibacterial activity of (a) control (b) TiO, (c) CuSe (d) AK-1 (e) AK-4.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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containing proteins and DNA molecules.*® The affinity of Cu for
S can result in the breakage of the thiol bridge, which can
disrupt the tertiary protein structure, hence killing the bacteria.
In addition, Cu®* ions can enter through the cell membrane and
chelate with the DNA of the bacteria to disturb its cellular
biochemical pathways.** Furthermore, the released Cu and Ti
ions can induce changes in the 3D structure of the enzymes,
leading to a change in the active sites of enzymes. The exposure
of the composite materials to visible light can excite its elec-
trons from the valence band to the conduction band, resulting
in the formation of charge carriers i-e electron/hole (e /h")
pairs. Interaction of e /h" with the surrounding oxygen mole-
cules such as water and hydroxyl ions can produce "OH radicals,
which have the ability to effectively kill the bacterial cell by
penetrating the cell membrane, denaturing the cell proteins,
fragmenting the DNA, and inactivating the enzymes.***

4. Conclusions

TiO,-CuSe composites with varying content of CuSe were
synthesized and their physicochemical features were investi-
gated for applications in antibacterial and wastewater remedi-
ation. The crystalline structure of TiO,, CuSe and their
composites was confirmed by XRD and Raman spectroscopy.
The surface morphology of the prepared samples revealed
agglomerated features of NPs. Furthermore, the light-
harvesting capability of TiO,-CuSe composites was substan-
tially enhanced compared to their individual components. For
a higher amount of CuSe in the TiO,-CuSe composites, there
was a red-shift in absorption edge, and the bandgap value was
determined to be 2.91 eV. The prepared photocatalysts were
exploited for their efficiency against MB dye removal under
visible light illumination. Among them, TiO,-CuSe composite
with 20% CuSe content revealed impressive efficiency against
MB dye and degraded 98% MB in 60 min. The removal effi-
ciency followed the order: AK-4 > AK-3 > AK-2 > AK-1. Further-
more, the TiO,-CuSe composites showed considerably superior
antibacterial activity against E. coli, which is attributed to the
efficient linking of Cu with the biomolecules to disrupt the
tertiary structure of the protein and biological processes of the
bacteria. The findings of this work are novel and may be utilized
for future applications in wastewater treatment and waterborne
diseases.
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