A \

v
A4

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Sol-Gel-Derived TiO, and TiO,/Cu Nanoparticles: Synthesis,
Characterization, and Antibacterial Efficacy

Njabulo Sondezi, Zikhona Njengele-Tetyana, Kgabo Phillemon Matabola,

and Thollwana Andretta Makhetha*

Cite This: ACS Omega 2024, 9, 15959-15970

I: I Read Online

ACCESS |

lihl Metrics & More

| Article Recommendations |

ABSTRACT: This study reports on the antibacterial efficacy of
both the TiO, and TiO,/Cu nanoparticles prepared through the
sol—gel method. The materials were characterized by scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), energy-dispersive X-ray spectroscopy (EDS), X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), thermogravimetric analysis (TGA), and Brunauer—
Emmett—Teller (BET) analysis. The SEM and TEM showed the
spherical morphology of the nanoparticles, while EDX and XPS
confirmed the incorporation of Cu into the TiO, nanoparticles.
The XRD confirmed the formation of the tetragonal anatase phase
of TiO,/Cu while the FTIR revealed the functional groups linked
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to the doped TiO, nanoparticles. The thermal stability of TiO,/Cu was found to be lower than pure TiO,. Moreover, TiO, and the
doped TiO, nanoparticles were notably effective against Bacillus subtilis (B. subtilis) andEscherichia coli(E. coli); however, the addition
of Cu to TiO, did not have any effect on the antibacterial activity probably due to the lower weight content in the composites.
Interestingly, the antibacterial efficiency was determined to be 90 and 80% against B. subtilis and E. coli, respectively.

1. INTRODUCTION

Water is a vital aspect of life and is required in industrial,
agricultural, and domestic domains. The emitted toxic
pollutants into the water bodies cause serious concerns.'
Bacterial pathogens (Escherichia coli) and heavy metals (Pb,
Cd, and Zn), which are dangerous to humans, are among the
primary contaminants of concern.” Thus, there is a necessity to
develop and synthesize smart materials capable of eliminating
such pollutants from water.” With the advent of nano-
technology, nanomaterials emerged as the potential solution
to removing waterborne contaminants precisely due to their
various shapes and sizes (1 to 100 nm), enormous surface area,
and strong reactivity. As such, they have found applications in
different fields such as healthcare, sensors, energy storage/
generation, and drinking water puriﬁcation.lA’5

Among different materials, metal oxides (MOs) have been
intensively investigated for a variety of uses such as renewable
energy, medicine, sensors, and photOC'a.t%'alysts.3’5 They
demonstrated distinct optical, electronic, physical, and
chemical characteristics in comparison to those of their bulk
form. The use of MOs relies on the characteristics like
antibacterial, photocatalytic, conductivity, crystalline structure,
stability, larger surface area, morphology, and size.”” A variety
of studies have been conducted with a view of enhancing the

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

15959

efficiency of these transition MOs. These were done through
doping the MOs with other nanomaterials including metals,
metal oxides, and carbon nanoparticles, which were found to
be beneficial for several new applications in material science,
biology, physics, and chemistry.” Following alteration, the
transition MO-based nanoparticles possessed novel features
such as increased porosity, surface area, and improved surface
functionalities.” Some of the most commonly explored MO
nanoparticles are copper oxide (CuO), silver oxide (Ag,0),
magnesium oxide (MgO), zinc oxide (ZnO), iron oxide
(Fe,03), and titanium dioxide (TiO,).*’

Among these MO nanoparticles, TiO, is the most explored
nanomaterial due to its excellent physicochemical, mechanical
stability, earth abundance, and antibacterial properties.'”'' ™"
Furthermore, TiO, turned out to have strong capabilities as an
adsorbent material for the removal of heavy metal ions in
water.'#'® In addition, the antibacterial effect of these TiO,
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nanoparticles is attributed to reactive oxygen species (ROS)
mediated membrane degradation.'*">'” The nanoparticles can
react with O, and —OH functional groups attached to the
surface to produce free radicals. As a result, the enhanced
surface area and small size can improve the antibacterial effect
as the nanoparticles can easily pass through the membrane and
kill the bacteria.'® Although TiO, nanoparticles do possess
antibacterial properties, there are some limitations affecting
their full potential, particularly under dark conditions. To
mitigate this, TiO, is doped with metals such as copper (Cu),
palladium (Pd), and silver (Ag), which were discovered to be
capable of enhancing the antibacterial properties.'” Of all these
metals, Cu turned out to be an excellent choice for enhancing
antibacterial properties of TiO, because it is an essential
element for living organisms and very affordable as compared
to the other dopants.”® The antibacterial action of Cu is
accomplished through destroying the bacterial cell mem-
branes.”’ Chen et al. reported that, in dark conditions, the
synergistic antibacterial properties of TiO,/Cu are responsible
for the enhanced antibacterial effects, which depends on the
production of reactive oxygen species that disintegrates the
bacterial cell membrane by lipid peroxidation.*”

This work provides new insights into lower temperature
pure TiO, and TiO,/Cu nanoparticles with varied amounts of
copper synthesized by using a sol—gel method. In most cases,
high calcination temperatures and high concentrations of Cu
were used to make Cu-doped TiO, for antibacterial activities.
Furthermore, the synthesized materials proved to be effective
under dark conditions, wherein, similar materials reported no
activity as shown in Table 1, while others used light source
such as UV light for antibacterial activity.”®

Table 1. Comparison of the Antibacterial Performance of
the Nanoparticles Without a Light Source Such as UV or
Visible Light

antibacterial
nanoparticles bacteria efficiency reference
TiO,/Cu S. aureus no activity Fuentes, 2021>*
TiO,/Cu S. aureus,E. coli no activity Mathew, 2018%°
TiO,/Cu S. aureus,E. coli no activity Sagadevan, 2020%°
TiO,/Cu B. subtilis,E. coli 90%, 80% current study

In this study, pure TiO, and TiO,/Cu nanoparticles with
varied amounts of copper were synthesized using a sol—gel
method.® The synthesized samples were characterized utilizing
a variety of techniques such as SEM, TEM, EDX, XRD, FTIR,
Raman Spectroscopy, XPS, TGA, and BET. Moreover, the
level of their antibacterial efficiency was tested in the dark
against two bacterial strains, namely, Bacillus subtilis (B.
subtilis) and Escherichia coli (E. coli).

2. MATERIALS AND METHODS

2.1. Materials. Titanium isopropoxide (TTIP, 27.8—28.6%
TiO,, SRLchem, India), copper(Il) nitrate trihydrate (Cu-
(NO;),0.3 H,0, 98.0—103%, Sigma-Aldrich, Spain), glacial
acetic acid (99.9%, SRLchem, India), and 2-propanol (99.9%,
Honeywell, France) were used. All of the reagents were used as
received from the supplier.

2.2. Synthesis of TiO, and TiO,/Cu Nanoparticles. The
nanoparticles were synthesized through the sol—gel method as
reported in the literature.””**

2.2.1. Synthesis of TiO,. First, TTIP (2.5 mL) was added
dropwise to the mixture of 2-propanol (10 mL) and glacial
acetic acid (3 mL) under stirring for 30 min. After stirring, a
white solution was formed, and distilled water (2 mL) was
added to form a white gel. The latter was dried in an oven at
100 °C for 2 h followed by calcination at 350 °C for 3 h.

2.2.2. Synthesis of TiO,/Cu Nanoparticles. Cu(NO;),
3H,0 was dissolved in distilled water (10 mL) to prepare
copper solutions (0.5, 1, and 2 wt %) as shown in Table 2. The

Table 2. Ratio of Components Used for the Preparation of
TiO,/Cu Composites

labels moles of TiO,(mmol) moles of Cu (mmol)
Pure TiO, 8.6200 0
TiO,/Cu-1 8.6200 0.2069
TiO,/Cu-2 8.6200 0.4139
TiO,/Cu-3 8.6200 0.8278

latter solutions and the TiO, solution prepared in section 2.2.1
were mixed under stirring at a temperature of 80 °C until a
blue gel was obtained. The gel was then dried in an oven at
100 °C for 2 h followed by calcination at 350 °C for 3 h to
form TiO, doped with different concentrations of Cu. As
compared to the previously reported methods, only the
calcination temperature was changed to 350 °C to result in
an anatase phase with a small particle size, which is suitable for
intended application.

2.3. Characterizations of TiO, and TiO,/Cu Nano-
particles. Morphological changes were investigated using
scanning electron microscopy (SEM) using VEGA3 TESCAN
(Czech Republic) at an accelerated voltage of 20 kV. The
samples were carbon-coated prior to analysis. Transmission
electron microscope (TEM) analyses were performed using a
JEOL-JEM-2010 (Japan) operated at an accelerating voltage of
200 kV. The elemental composition of the samples was studied
using the energy dispersive X-ray spectrometer (EDS) (Oxford
Instruments) and X-ray photoelectron spectroscopy (XPS)
(KRATOS-SUPRA). Powder X-ray diffraction (p-XRD;
PANayltical X'Pert Pro-powder diffractometer, Eindhoven,
Netherlands) was used to determine the crystalline structures
of the materials. Raman spectra were obtained using Thermo
Scientific DXR2 Smart Raman (USA) at a Raman shift ranging
from 100 to 3500 cm™'. Fourier-transform infrared spectros-
copy (FTIR), PerkinElmer Spectrum 100 (German) was
employed to probe the change in chemical composition. The
spectra were recorded in the wavelength range from 400 to
4000 cm™'. Thermogravimetric analysis STA7200RV (Hita-
chi) was performed by heating the samples from 30 to 800 °C
at a scanning rate of 10 °C/min under a nitrogen (N,)
atmosphere with a flow rate of 50 mL/min. Brunauer—
Emmett—Teller (BET) (Tristar II, micromeritics, USA) was
used to examine the surface of the samples at 150 °C.

2.4. Antibacterial Studies. 2.4.1. Bacterial Strains and
Culture Conditions. The antibacterial efficacy of pure TiO,
and TiO,/Cu nanoparticles were tested against two bacterial
strains, namely Bacillus subtilis (B. subtilis) and Escherichia coli(
E. coli). The microorganisms were first cultured on nutrient
agar plates at 37 °C overnight (~16 h), and suspension
cultures were obtained by picking single colonies of the
organisms from the agar plates and inoculating them in
nutrient broth. The samples were allowed to grow for another
16 h at 37 °C in an orbital shaker (150 rpm).

https://doi.org/10.1021/acsomega.3c09308
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2.4.2. Antimicrobial Activity Testing. 2.4.2.1. MIC Deter-
mination. The minimum inhibitory concentrations (MICs) of
the nanoparticles were determined using the broth micro-
dilution method defined by the Clinical and Laboratory
Standards Institute’” in sterile 96-well microtiter plates. Briefly,
the test strains were precultured at 37 °C overnight, and the
concentrations were adjusted to ~1.5 X 10° CFU/mL,
turbidity that is equivalent to the 0.5 McFarland standard, in
nutrient broth prior to use. 2-fold serial dilutions of the
nanoparticles, ranging from 10 to 0.078 mg/mL, were added to
the 96-well plates at 100 pL followed by 100 uL of the diluted
bacterial cultures, resulting in the following final nanoparticle
concentrations: 5, 2.5, 1.5, 0.625, 0.312, 0.156, 0.078, and
0.039 mg/mL. Ampicillin (0.5-0.0039 mg/mL) and Genta-
micin (0.05—0.0039 mg/mL) were used as positive controls
against E. coli and B. subtilis, respectively, while bacterial cells
treated with 2% DMSO in nutrient broth (without any
nanoparticles) served as negative controls. The plates were
covered and incubated at 37 °C overnight.

Following the incubation period, 40 uL of p-Iodonitrote-
trazolium chloride dye (INT; Sigma), at a concentration of 0.2
mg/mL in water, was added to each well, and the plates were
incubated at 37 °C for an additional 30 min.** Viable bacteria
reduce the pale-yellow dye to a pink/purple colored product.
MIC values were taken as the minimum concentration of
nanoparticles at which there was no pink/purple color
development, which denotes complete inhibition of bacterial
growth. The observations were further validated by measuring
the absorbance of the plates at 490 nm using a spectropho-
tometer (Molecular Devices). The data were normalized, and
the MICy, values, defined as the lowest compound
concentration that reduces bacterial growth by 50%, were
determined using GraphPad Prism software.

The percentage of bacterial growth inhibition attained at
different concentrations of the test samples was calculated by
using the following equation:

%Bacterial Growth Inhibition
( Absorbance of Sample )
=1- 100

Absorbance of Control

(1)

2.4.2.2. MBC Determination. The bactericidal activity of the
nanomaterials against the test bacterial strains was investigated
by determining their minimum bactericidal concentrations
(MBCs). For this assay, 50 uL of the samples, which did not
show any visible bacterial growth after incubations in the MIC
assay, were transferred onto fresh nutrient agar plates and
incubated at 37 °C overnight. MBC is defined as the lowest
concentration at which there was no bacterial growth observed
on the plates.

3. RESULTS AND DISCUSSION

3.1. Scanning Electron Microscopy (SEM) Analysis.
Figure 1 demonstrates the SEM images of the prepared TiO,
and TiO,/Cu nanoparticles with different loadings of Cu
nanoparticles. The pure TiO, nanoparticles (Figure 1a) show
irregular differently shaped particles appearing to be made up
of several fused nanospheres. This observation could be caused
by calcination, which resulted into agglomeration.’' The latter
occurred due to high surface energy, surface area, surface
tension, attraction among the NPs, and oxidation of NPs. It is
further observed in Figure 1b—d that with the increase in Cu
loading, the size of the irregular shaped particles is seen to be
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Figure 1. SEM images of (a) pure TiO,, (b) TiO,/Cu-1, (c) TiO,/
Cu-2, and (d) TiO,/Cu-3 nanoparticles.

increasing while agglomeration is decreased. Therefore, a
decrease in agglomeration (uniformly distributed nano-
particles) caused by decreased interparticle forces may result
in higher surface area and high antibacterial activity.’”
Moreover, it is also noticed that the doped TiO, (Figure
1b—d) nanoparticles seem to be less rough compared to the
pure TiO, nanoparticles. The surface roughness of the
nanoparticles can impact the antibacterial properties by
enhancing bacterial attachment and cell membrane disruption.
These rough surfaces provide more sites for bacterial
attachment, increasing likelihood of antibacterial effects
through physical and chemical interactions. Additionally,
roughness may enhance the efficacy of nanoparticles in
penetrating bacterial cell membranes, resulting in improved
antibacterial outcomes.

3.2. Transmission Electron Microscopy (TEM) Anal-
ysis. Figure 2 presents the TEM images and size distribution
curves of TiO, and TiO,/Cu nanoparticles with different
loadings of the Cu nanoparticles. It is seen that particles are
generated during the synthesis method through condensation
and hydrolysis reactions of the solvents and the precursors.
Agglomeration is formed when particles adhere to each other
due to weak forces resulting in the formation of clusters
(Figure 2a).” It has been established that synthesized TiO,
and TiO,/Cu nanoparticles (Figure 2a—d) have an agglom-
erated spherical shape morphology that is linked to
condensation reactions that occurred at particle interactions
during the calcination process. These results seem to compare
well with the SEM images in Figure 1 with respect to
agglomeration. The size distribution for pure TiO, was found
to be 10.035 nm, while TiO,/Cu-1, TiO,/Cu-2, and TiO,/Cu-
3 had the average particle size of 9.370, 8.842, and 8.878 nm,

https://doi.org/10.1021/acsomega.3c09308
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Figure 2. TEM images and size distribution curves of (a) pure TiO,, (b) TiO,/Cu-1, (c) TiO,/Cu-2, and (d) TiO,/Cu-3 nanoparticles.

respectively. When compared with previous works,”*® the
synthesized TiO, and TiO,/Cu nanoparticles in this study had
smaller particle sizes which could be beneficial for antibacterial
applications. Whereas, Yadal et al.*® reported that there was no
antibacterial activity for TiO,/Cu against Gram-positive (S.
Aureus) and Gram-negative (E. coli). The total surface area-to-
volume proportion for nanoparticles rises as their size
decreases, hence, could improve the effectiveness of anti-
bacterial agents.34 Anitha and Khadar® observed that the

15962

reduction in size was an indication of Cu ion incorporation in
the TiO, lattice, which caused TiO, growth restrictions due to
an increasing amount of Cu atoms near the Ti atom growth
sites. The same trend was observed in this study; however, a
slight increase in size was observed at TiO,/Cu-3 probably due
to more Cu nanoparticles.

3.3. Energy-Dispersive X-Ray Spectroscopy (EDX)
Analysis. Figure 3 exhibits the EDS spectra of both TiO,
(Figure 3a) and TiO,/Cu (Figure 3b—d) nanoparticles. The

https://doi.org/10.1021/acsomega.3c09308
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Figure 3. EDX spectra of TiO, and TiO,/Cu nanoparticles.
EDS spectrum for the pure TiO, nanoparticles (Figure 3a) Figure Sb (TiO,) indicates XPS spectra of Ti 2p with two
consists of only Ti and O while the spectra for the TiO,/Cu clear peaks at 458.2 and 464 binding energies (eV)
nanoparticles show the presence of Ti, O, and Cu (Figure 3b— corresponding to Ti 2p,/, and Ti 2p;/,, respectively. The
d). The presence of Cu in doped TiO, confirms the successful literature has indicated that the difference in eV varied by
formation of Cu-doped TiO, nanoparticles. As expected, the about 5.8 eV is because of the spin orbit split."**” The O Is
atomic % of Cu increases with an increase in Cu loading in spectra (Figure Sb, TiO,) exhibited three deconvoluted peaks
TiO,/Cu. The Cu atomic % were found to be 2.1%, 2.5%, and at 529.5, 531.3, and 532.7 eV, attributed to metal oxide, C—O
2.7% for TiO,/Cu-1, TiO,/Cu-2, and TiO,/Cu-3, respectively. anfl C=0, respec.tively. As for the TiO,/Cu ~1 nanoparticles
However, the amounts of Ti atoms were lower in the TiO,/Cu (Figure Sc), the Ti 2p spectra show{ved two Adeconvoluteq peaks
nanoparticles as compared to pure TiO, while the O atoms at 458'.2 aild 463.8 e}chor}rlesp ondl}l:gdto T1kZp 1/ and Ti ;p 3/
were higher in TiO,/Cu in comparison to TiO,. Pal et al.*° respectively. Meanwhile, the O 1s ha peaks at 531.5 and 533
. . due to the presence of O 1s (metal oxide), O 1s (C—0), and
observed the same trend. The elemental mapping (Figure 4a— .
. . the presence of O 1s (C=0), respectively. Moreover, the Cu
b) demonstrates that the Cu atoms are uniformly dispersed on N
) ) . 2p peak was observed at 931.6 eV indicating the successful
the TiO, surface for all the TiO,/Cu samples. Ahmadiasl et f . . . . .
37 R . ormation of the TiO,/Cu-1 nanoparticles. Figure 5d (TiO,/
al.”” who confirmed the homogeneous distribution of Cu in . . .
. . o Cu-2) and Se (TiO,/Cu-3) display the Ti 2p and O 1s spectra
the Cu-doped TiO, nanoparticles have reported similar results. indicatine the f i f the TiO ticles. Interest
X-Ray Photoelectron Spectroscopy (XPS) Anal- indicating the formation of the TiO, nanoparticles. Interest-
.3'4' 4 ) o y ) ingly, both TiO,/Cu-2 and TiO,/Cu-3 nanoparticles showed
ysis. The XPS analysis was furtber utilized to examine the Cu 2p spectra with peaks at 931.9 and 932.6 eV, respectively.
elfemental compon?nts and atomic states of b.Oth TiO, ar?d As a result, the presence of the Cu metal through XPS analysis
Tlloz/ Cu nar}opartlcl.es. The XP S survey scan s pres?nted n confirmed the formation of the TiO,/Cu nanoparticles. These
Figure Sa while the high-resolution spectra of TiO,, TiO,/Cu- results are in agreement with the earlier-described EDS
1, TiO,/Cu-2, and TiO,/Cu-3 are shown in Figures Sb—e, analysis.
respectively. It can be noticed from the XPS survey spectra 3.5. X-Ray Diffraction (XRD) Analysis. X-ray diffraction
(Figure Sa) that major elements of C 1s, Ti 2p, O 1s, and Cu (XRD) was employed to determine the phases, crystallo-
2p are shown which are ascribed to both the TiO, and TiO,/ graphic plane structures, and crystalline sizes of the prepared
Cu nanoparticles. nanoparticles. The XRD patterns of TiO, and Cu-doped TiO,
15963 https://doi.org/10.1021/acsomega.3c09308
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Figure 4. EDS mapping of (a) TiO,, (b) TiO,/Cu-1, (c) TiO,/Cu-2, and (d) TiO,/Cu-3 nanoparticles.

are shown in Figure 6. The absorption bands at 26 = 25°, 37°,
47°, 54°, 55°, 63°, 69°, 70°, and 75° correspond to the plane
indices (101), (004), (200), (105), (211), (204), (116),
(220), and (215), respectively. These planes belong to the
tetragonal anatase phase of TiO,/Cu that correlates with the
standard spectrum (JCPDS card 21-1272). The XRD spectra
of the doped TiO, nanoparticles had no extra peaks of dopant
or any crystal phase of the dopant species. This phenomenon
does not guarantee that Cu-based planes and/or phases are not
absent in the doped TiO,. This might mean that the Cu metals
are evenly distributed within anatase crystallites in the shape of
small clusters. As a result, diffraction arising from the TiO,
surface might be more intense as compared to diffraction from
Cu. However, the peak intensities of the TiO,/Cu-1 and
TiO,/Cu-2 nanoparticles are higher as compared to the pure
TiO, and the TiO,/Cu-3 nanoparticles. This increased
intensity suggests the successful incorporation of Cu onto
the TiO, surface.”® The grain size of the nanoparticles
decreased as the Cu content increased as determined by
Scherrer’s equation (eq 2). The calculated particle sizes were
determined to be 9.774 8.197, 7.688, and 8.324 nm for pure
TiO,, TiO,/Cu-1, TiO,/Cu-2, and TiO,/Cu-3, respectively.
However, a slight increase in particle size was observed in
TiO,/Cu-3. These results compare quite well with the TEM
data.

_ 0.91
Pcos 6 (2)

3.6. Raman Spectroscopy Analysis. Raman spectroscopy
was used to analyze the alteration in structure of TiO, caused
by the incorporation of dopant ions. Figure 7 shows the Raman
spectra of both the TiO, and TiO,/Cu nanoparticles with
different loadings of Cu. The TiO,/Cu spectra showed no
secondary peaks that can be associated with Cu or Cu-oxides,
and this observation is consistent with the XRD analysis data.*®
The absence of the Cu peaks does not constitute the absence
of Cu within the composite as the SEM-EDX, mapping as well
as the XPS analysis confirmed the presence of Cu in the
composites. Peaks at 152 and 643 cm™" correspond to the Eg
mode while the peak at 400 cm™" corresponds to B,y and the
one at 529 cm™' corresponds to Ajg + Byg modes.> Raguram
and Rajni’” stated that the symmetric stretching vibrations of
O-Ti—O in TiO, are responsible for the Eg and B, peaks
which results from symmetric bending vibration of O-Ti—-0,
while A, are from the asymmetric bending vibrations. The
introduction of Cu onto the TiO, surface resulted in a decrease
in intensity of the peaks which demonstrated the substitution
of Cu®" ions at Ti*', thus altering the crystal properties as well
as Raman scattering.”> Moreover, the decrease in the peak
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Figure 5. XPS spectra of TiO, and Cu-doped TiO, nanoparticles: (a) survey, (b) TiO,, (c) TiO,/Cu-1, (d) TiO,/Cu-2, and (e) TiO,/Cu-3 [Ti
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intensity could also be probably ascribed to the weakened O—

Ti—O bond upon the addition of the Cu atoms.

3.7. Fourier-Transform Infrared Spectroscopy (FTIR)
Analysis. Figure 8 shows the FTIR spectra of TiO, and TiO,/

Cu nanoparticles. All the nanoparticles showed a characteristic

peak at 3050—3600 cm ™' that corresponds to the stretching

vibrations of the hydroxyl groups (O—H). The peaks at around
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2300 and 2078 correspond to CO, and C—O from the
atmosphere. Meanwhile, the peak at around 1624 cm™

Ui
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Figure 8. FTIR spectra of TiO, and Cu-doped TiO, nanoparticles.

attributed to the COO group and has been confirmed by
Raguram and Rajni.’” Moreover, the peaks at 1624 and 1400
cm ™! became more intense for the doped TiO, as compared to
the pure TiO, nanoparticles. Maragatha et al.*’ showed that
the peak at around 1400 cm™" indicates stretching vibration of
O—Ti—0, and the same peak is also observed in the current
study which confirms the formation of TiO,. The peak at
around 1200 cm™' corresponds to Ti—O—Cu, which confirms
the formation of the TiO,/Cu nanoparticles. However, the
peak is not visible in the TiO,/Cu-3 sample; however, this has
never been reported in the literature but may be assumed to be
caused by the decrease in the number of Ti—O-Cu
connections with an increase in Cu doping. Cizmar et al.*'
reported where it was stated the number of Ti—O-Cu
connections decrease with an increase in Cu concentration due
to copper agglomeration on the TiO, surface. Chen et al.**
observed the same trend. The Ti—O—Cu peak intensity seems
to be more prominent for TiO,/Cu-2 as compared to the
TiO,/Cu-1 nanoparticles. Furthermore, a significant absorp-
tion band ranging from 400 to 1000 cm™" corresponds to the
vibration modes of Ti—O—Ti linkage in TiO, nanoparticles,
which denotes the growth of the TiO, nanoparticles.””**
3.8. Thermogravimetric Analysis. Figure 9a presents the
TGA thermogram of the fabricated nanoparticles, and Figure
9b—e represents the graphs for the derivative TGA of the
nanoparticles. The TGA curves for the nanoparticles show
three degradation steps. As for the pure TiO, nanoparticles
(Figure 9b), the first degradation between 25 and 200 °C is
accounted to the loss of residual organic solvent and
physiosorbed water with a mass loss of 1.8%.*"* The second
broad TGA exotherm peak in the range of 250—400 °C
indicates decomposition of hydroxyl groups and organic
molecules chemically bonded to the surface of the TiO,
sample, giving a further mass loss of 2%.*° Subsequent to
that, insignificant weight loss occurred in the range of 400 to
800 °C due to the formation of high crystalline TiO,.*”** The
same trend was observed for the resultant Cu-doped TiO,
nanoparticles (Figure 9c—e). The loss of residual organic
solvent and physiosorbed water appeared in the range of 25—
100 °C with a mass loss of 4%, 5.4%, and 6.5% for TiO,/Cu-1,
TiO,/Cu-2, and TiO,/Cu-3, respectively. A TGA exotherm
peak is also observed in the range of 250—400 °C depicting a

TGA mass loss of about 8%, due to the decomposition of
hydroxyl groups and organic molecules. The formation of
crystalline phase of the Cu-doped TiO, sample is characterized
by no TGA exotherm peak in the temperature range of 540—
900 °C. The results have shown that the addition of Cu in the
TiO, matrix has patently affected the thermal property of
TiO,. One can notice that the pure TiO, was more stable upon
heating with smaller mass loss (5%) compared to TiO,/Cu-1,
TiO,/Cu-2, and TiO,/Cu-3 with mass loss of 8.2, 8.1, and 8.6,
respectively. With that said, the thermal stability of TiO, has
significantly decreased following the addition of Cu. This is
assumed to be caused by a decrease in Ti—O—Cu interactions
as observed in FTIR. The same trend was observed by Nankya
et al.*” and Rodriguez—Alvarez et al.”’

3.9. Brunauer—Emmett—Teller (BET) Analysis. Figure
10a—d presents the N, adsorption/desorption isotherms of
TiO, and its resultant nanocomposites. As shown in the figure,
the nitrogen adsorption/desorption of all the nanomaterials
exhibited a type IV isotherm which relates to capillary
condensation within mesopores.”’ In accordance with the
TUPAC classification, it occurs in mesoporous substances with
cylindrical pores, along with HI1 hysteresis loops.”> This
isotherm develops with mesoporous adsorbents with pore radii
varying from 25 to 500 A.>

Furthermore, the BET surface area, pore volume, and pore
diameter were measured, and the results are illustrated in
Table 3. It is seen that the surface area of the composites
increased as the loading of Cu increased. However, both the
pore volume and the pore diameter decreased upon
incorporation of the Cu. These data are in agreement with
both the XRD and the Raman spectroscopy analysis.

3.10. Antibacterial Evaluation of the Nanoparticles.
The antibacterial activity of TiO, and TiO,/Cu nanoparticles
was studied against two benign bacterial strains, B. subtilis and
E. coli using the minimum inhibitory concentrations (MICs)
and the minimum bactericidal concentrations (MBCs). The
bacterial growth inhibition (%) and MIC values following
treatment with the nanoparticles are presented in Figure 11
and Table 4, respectively. It is noticed that, all the
nanoparticles had MIC values of 1.25 mg/mL against the
Gram-positive B. subtilis and 2.5 mg/mL against the Gram-
negative E. coli. The MICs against Gram-negative E. coli were
higher as compared to Gram-positive B. subtilis as shown in
Table 4. These results show that B. subtilis was more sensitive
to treatment with the TiO,/Cu nanoparticles compared to E.
coli. The reasons for the higher inhibition efficacy of Gram-
positive bacteria B. subtilis over Gram-negative E. coli are
undetermined, but it could be due to the Gram-positive
bacteria cell envelope’s increased permeability toward
cytotoxic Ti and Cu metal ions, which is made up of a cell
membrane and a highly permeable cell wall. Although Gram-
negative bacteria have a smaller cell envelope, it has two
membrane layers with the outer being made up of primarily
tightly bound lipopolysaccharide proteins that serve as effective
penetration barriers.”* This is also evident from the MICs,
values obtained for each of these strains, where the MICq,
values obtained for B. subtilis were ~1.6—2.7 folds lower than
those obtained for E. coli (the lower the ICg, value, the higher
the biological activity). The potency of the Cu-TiO,
nanoparticles against B. subtilis was in the order TiO,/Cu-1
> TiO, > TiO,/Cu-2 > TiO,/Cu-3.

In terms of the antibacterial properties of the nanomaterials,
the ability of the bacterial cells to regrow on the nutrient agar
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Figure 9. (a) TGA analysis of TiO, and TiO,/Cu, and TGA-DTG of (b) TiO, and (c—e) TiO,/Cu nanoparticles.

plates following their incubation on the MIC assay shows that
the Cu-TiO, nanoparticles are bacteriostatic, and not
bactericidal (i.e., they inhibit bacterial growth without killing
the cells.”>*® The clinical importance of bactericidal and
bacteriostatic samples, however, is still under dispute and is not
used to rule out the potential application of samples as
antimicrobial agents. In general, the results in Figure 11a,b
have shown that no significant differences in the antimicrobial
activity of the TiO, nanoparticles were observed in the
presence and the absence of copper. Interestingly, the
nanoparticles achieved 90 and 80% bacterial growth inhibition
against B. subtilis and E. coli strains, respectively. Most
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interestingly, high bacterial growth inhibition against both
bacterial strains was achieved in the dark without any light
source such as UV or visible light.

4. CONCLUSION

The TiO, and TiO,/Cu nanomaterials were successfully
prepared by the sol—gel method. The characterizations of
the materials using various techniques confirmed the formation
of nanoparticles with unique features. Moreover, a decrease in
thermal stability of TiO, as the Cu loading increased was
observed. The antimicrobial activity of the TiO, nanoparticles
was not affected by the addition of Cu nanoparticles.
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Table 3. Summary of BET Surface Area, Pore Volume, and
Pore Diameter of TiO, and TiO,/Cu

sample label
Pure TiO,

TiO,/Cu-1
TiO,/Cu-2
TiO,/Cu-3

surface area

(m’/g)
145.999
149.078
151.459
152.695

pore volume pore diameter

(em’/g) (&)
0227 62.296
0217 58.193
0210 55472
0.195 S1.151

Interestingly, the bacterial growth inhibition of TiO, and
TiO,/Cu nanoparticles was nanoparticle’s concentration
dependent and found to be 90 and 80% against Gram-positive
(B. subtilis) and Gram-negative (E. coli), respectively. These

Table 4. Summary of the MIC and MICy, of TiO, and
TiO,/Cu Against B. subtilisand E. coli

MIC (mg/mL) MICgy(mg/mL)
sample E. coli B. Subtilis E. coli
TiO, 1.28 2.5 0.443 0.806
TiO,/Cu-1 1.25 2.5 0.346 0.854
TiO,/Cu-2 1.28 2.5 0.485 0.889
TiO,/Cu-3 1.2§ 2.5 0.589 0.956

findings show that the prepared nanoparticles have the
potential to be used as antibacterial agents for water treatment
due to their capability to inhibit bacterial growth in the dark
without any light source.
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Figure 11. Antibacterial activity of TiO, and TiO,/Cu against (a) B. subtilis and (b) E. coli.
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