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TOM TAT
TONG HQP PON GIAN VAT LIEU NANOCOMPOSITE TiO, BIEN TiNH Ag/C UNG
DUNG LAM XUC TAC QUANG VA KHANG KHUAN

Trong nghién ciru nay, vdt ligu nanocomposite TiO duogc dong pha tap bac va carbon (Ag/C@T 102) da
duoc tong hop thanh cong bang phwong phdp sol-gel don gian. Cdc phan tich ddc trung vé cdu triic va hinh
théi hoc théng qua cdc kj thudt XRD, SEM, TEM, EDX, FTIR, UV-Vis DRS va phdn tich dién tich bé mdt
BET da xdc nhdn sy hinh thanh cia cdu tric nano mao qudn véi do két tinh cao, sw phdan bé nguyén té dong
déu va kha nang hap thu dnh sang kha kién dwoc cai thién. Vit liéu Ag/C@TiO; thé hién hoat tinh quang
xiic tdc trong viéc phan hiyy methylene blue (20 mg/L) dwdi chiéu xa anh sang kha kién, nho vao hiéu irng
hiép dong gitta pha tap carbon va bac, giup giam nang hrong ving cam va han ché si tdi 16 hop cap dién
tir—16 trong. Cdc thi nghiém bdt goc tw do cho thay cdc goc hydroxyl, anion superoxide va 16 trong quang
sinh la nhitng téc nhan chinh tham gia vao co ché quang xuc tac. Ngodi ra, cac danh gia khang khudn cho
thdy vit lieu Ag/C@TiO, thé hién hiéu qua vre ché vuwot tréi doi véi Escherichia coli va Staphylococcus
aureus, ddc biét dwdi chiéu sing bang dnh sang kha kién. Nhitng két qud ndy cho thdy tiém nang ciia vit
lieu Ag/C@TiO, nhu mot hé vat liéu da chirc nang hiéu qua trong xw ly moi truong va ing dung khang
khuan.

Tir khéa: Vit liéu nanocomposite TiO, quang xiic téc, hoat tinh khdng khudn, dnh séng kha kién

1 INTRODUCTION generate  harmful  by-products  [3].
' Therefore, there was a pressing need to

The persistent contamination of water  develop multifunctional materials capable
resources with organic pollutants and  of simultaneously —degrading organic
pathogenic microorganisms has become an compounds and inactivating microbial

alarming environmental and public health  agents under environmentally friendly and
concern. Industrial effluents, agricultural energy-efficient conditions.

runoff, and domestic wastewater often
contained dyes, pharmaceuticals, and
microbial contaminants that were difficult
to degrade using conventional treatment
methods [1,2]. These pollutants not only
posed toxicological risks to aquatic life but
also presented challenges in ensuring safe
drinking water. Traditional methods such
as chlorination, ozonation, and membrane
filtration were either inefficient, costly, or

Semiconductor-based photocatalysis
emerged as a sustainable and promising
solution for water purification due to its
ability to harness light energy to drive
redox reactions that degrade pollutants and
generate reactive oxygen species (ROS)
for antibacterial action [4-7]. Titanium
dioxide (TiO;) was one of the most
studied photocatalysts due to its chemical
stability, low toxicity, abundance, and
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strong oxidative ability under UV light
[8]. Nonetheless, its wide bandgap (~3.2
eV for anatase) restricted its activation to
UV light, which accounts for less than 5%
of the solar spectrum. Furthermore, the
high rate of electron-hole recombination
within  TiO, limited its photocatalytic
efficiency [9,10]. To overcome these
inherent drawbacks, researchers explored
doping and surface  modification
strategies. Among them, the incorporation
of silver (Ag) nanoparticles into TiO;
showed significant potential. Ag exhibited
localized surface plasmon resonance
(SPR), which allowed the material to
absorb visible light and facilitates charge
separation by trapping electrons, thereby
enhancing photocatalytic activity under
solar irradiation [11-14]. Moreover, Ag
possessed well-documented broad-
spectrum  antibacterial  properties. It
disrupted bacterial membranes, inactivated
essential enzymes, and interferes with
DNA replication, making Ag-modified
TiO, a dual-functional material for
disinfection and pollutant degradation
[15,16]. Furthermore, the integration of
carbonaceous materials as supports or
dopants such as activated carbon, carbon
nanotubes (CNTs), and reduced graphene
oxide (rGO), wasd proven to enhance the
photocatalytic performance of TiO,-based
nanocomposites. Carbon materials
provided high surface area, improved
adsorptive interactions with  organic
molecules, and offerred conductive
pathways for rapid electron transport,
thereby reducing charge recombination
[17]. Their intrinsic conductivity and
stability also contributed to improved
reusability and durability of the catalyst.

Therefore, this study aimed to synthesize
and characterize a novel Ag/C-TiO;
nanocomposite with enhanced
photocatalytic and antibacterial activities.
The primary objective was to enhance the

161

visible-light-driven photocatalytic
degradation of organic pollutants and
simultaneously impart strong antibacterial
activity.

2. MATERIALS AND METHODS
2.1. Materials

Titanium(lV) isopropoxide (TTIP, 97%),
silver nitrate (AgNOs;, > 99%), ethanol
(EtOH, 99.5%), nitric acid (HNOg3), and
deionized water (DI) were purchased from
Sigma-Aldrich (USA) and used without
further purification. Methylene blue (MB)
and nutrient agar for antibacterial assays
were also obtained from Sigma-Aldrich.
Bacterial strains Escherichia coli (Gram-
negative) and Staphylococcus aureus
(Gram-positive) were sourced from the
Laboratory of Biomass and Biofuels
Research/, Ho Chi Minh University of
Technology, Vietnam National University,
Ho Chi Minh, Vietnam.

2.2. Synthesis
nanocomposite

The Ag/C-TiO, nanocomposite was
synthesized wusing a sol-gel method
followed by hydrothermal method.
Initially, 34 mL of absolute ethanol was
placed in a separatory funnel, and 6 mL of
TTIP was slowly added under gentle
stirring to ensure complete dissolution. In
a separate 250 mL beaker, 17 mL of
absolute ethanol was mixed with 0.4 mL
of concentrated HNOj; 1.6 mL of
deionized water, and 0.18 g of AgNOs.
The mixture was stirred using a magnetic
stirrer until the silver nitrate was
completely dissolved. The ethanolic TTIP
solution was then added dropwise into the
Ag-containing acidic  solution under
continuous stirring at room temperature.
The combined solution was stirred for 2h
until a homogeneous and transparent sol
was obtained. This sol was subsequently
aged at ambient conditions for 48 hours to

of Ag/C-TiO,
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form a gel. The resulting gel was
transferred into a 100 mL Teflon-lined
stainless steel autoclave and subjected to
hydrothermal treatment at 180 °C for 10h
to induce crystallization and structural
development. After cooling to room
temperature, the precipitate was washed
thoroughly with deionized water, dried at
100 °C for 24 hours, and finally ground
into a fine powder to yield the Ag/C-TiO;
nanocomposite.

In the same manner, C/TiO, was
synthesized via a sol-gel method followed
by hydrothermal treatment, in the absence
of silver. Ag/TiO, nanocomposite was
synthesized following a sol-gel approach
similar to the method described previously.
TiO, was synthesized using the same sol-
gel method, in the absence of silver.

2.3. Characterization

The structural and phase composition of the
synthesized materials were analyzed using
X-ray diffraction (XRD, Cu Ka radiation, A
= 1.5406 A). Morphological features and
particle size were examined using scanning
electron microscopy  (SEM) and
transmission electron microscopy (TEM).
Surface functional groups were identified
using Fourier-transform infrared
spectroscopy (FTIR) in the range of 400-
4000 cm™. Optical properties and band gap
estimation were evaluated using UV-Vis
diffuse reflectance spectroscopy (UV-Vis
DRS). Elemental composition and
distribution of Ag were confirmed by
energy-dispersive  X-ray  spectroscopy
(EDS) coupled with e-mapping.

2.4. Photocatalytic activity

The photocatalytic performance of the
samples was evaluated by the degradation
of methylene blue (MB) under visible
light. In each experiment, 150 mg of
photocatalyst was dispersed in 100 mL of
MB solution (20 mg/L) and stirred in the
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dark for 30 minutes to establish
adsorption—desorption equilibrium. The
suspension was then irradiated using a 18
W compact fluorescent lamp (A > 420 nm)
as the visible light source. At regular time
intervals (every 30 minutes), 5 mL of the
solution was withdrawn, centrifuged to
remove the catalyst, and analyzed using a
UV-Vis spectrophotometer at 664 nm. The

photodegradation efficiency was
calculated using Eq. (1):

Photodegradation (%) = COC—_C 100 (1)
where Co, and C are the initial MB

concentration (mg/L) at any time (min),
respectively.

2.5. Antibacterial activity

The antibacterial activity was assessed
using the disk diffusion method. Bacterial
strains of Escherichia coli (Gram-
negative) and Staphylococcus aureus
(Gram-positive) were cultured on nutrient
agar plates. Sterile paper disks (6 mm
diameter) were impregnated with 10 mg of
the test material suspended in deionized
water and placed on the agar surface. The
plates were incubated at 37 °C for 24
hours. The antibacterial effect was
determined by measuring the diameter of
the inhibition zones. All tests were
conducted in triplicate.

3. RESULTS AND DISCUSSION
3.1. Characterization

3.1.1. Characterization of TiO,, C-TiO,,
Ag-TiO,, Ag/IC@TIO;

The X ray diffraction patterns of the
synthesized materials including TiOy,
C@TIiO,, Ag/TiO,, and Ag/C@TiO, were
presented in Figure 1 and demonstrated
significant differences in their phase
compositions. For the pure TiO, sample,
distinct diffraction peaks appeared at 26 =
25.29°, 37.78°, 48.00°, 53.90°,
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corresponding to the (101), (004), (200)
and (105) crystal planes, indicating a well-
defined anatase structure [18,19]. When
carbon was incorporated to form C@TiO»,
these peaks remained but showed reduced
intensity and a broader background,
suggesting either smaller crystallite size or
an increased level of structural disorder. The
presence of silver in the Ag/TiO, sample
was confirmed by new peaks at around 20
values of 38° and 44°, corresponding to the
(111) and (200) planes of metallic silver
[20]. However, upon observing the XRD
pattern of Ag-doped TiO,, it could be seen
that the 20 angle of Ag was close to the 26
angles of TiO, at (004) and (200) planes. As
a result, there was overlap and interference
between these peaks, leading to broader and
more intense peaks at these positions
compared to the undoped TiO, sample. This
indicated the successful doping of Ag into
the TiO;, structure [21-23]. These structural
modifications implied that the integration of
these components alters the crystallinity and
might enhance the optical and antibacterial
performance of the composite.
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Figure 1. XRD patterns of TiO,, C-TiO,, Ag-TiO,,
Ag/C@TIiO, samples

The surface morphology of TiO, and
Ag/IC@TiO, materials was investigated
using scanning electron microscopy
(SEM), as shown in Figure 2a and Figure
2b. The SEM images revealed that the

163

synthesized catalyst particles exhibited a
nanometer scale size and possessed a
uniform crystalline surface. The Ag and
carbon containing sample appeared darker
in tone, suggesting the presence of a thin
and smooth carbon coating layer. Further
structural insights were obtained from
transmission electron microscopy (TEM)
analysis (Figure 2c and Figure 2d), which
confirmed the nanostructured nature of the
catalyst with particle sizes below 10
nanometers. The presence of silver was
indicated by dark contrasts dispersed on
the bright white TiO, particles. These
SEM and TEM results supported the
findings from X ray diffraction analysis
and further confirmed the successful
formation of the Ag and carbon modified
TiO, composite.
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Figure 2. SEM images of TiO, (a);Ag/C@TiO, (b),
and TEM images of TiO, (c); Ag/C@TIiO, (d)

EDX analysis was conducted to determine
the elemental composition of the
synthesized samples (Figure 3). The
results confirmed the presence of the
target elements, indicating that the
materials were successfully synthesized
with high purity. All intended dopant
elements were clearly detected in the
samples, and no signals corresponding to
undesired impurities were observed,
further supporting the effectiveness of the
synthesis method.
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L AgiTio,

Figure 3. EDX spectra and elemental mapping of
Ag/TiO, and Ag/C@TiO, samples

The FTIR spectra of the Ag/C@TIiO;

material (Figure 4a) confirmed the
presence of characteristic functional
groups. The absorption peaks at

approximately 500 cm™ and 1623 cm™
were attributed to the bending vibrations
of Ti-O and Ti-OH bonds, respectively,
within the TiO, structure. A broad
absorption band observed in the range of
3500 to 3000 cm™ corresponded to the
stretching vibration of hydroxyl groups
from adsorbed water molecules on the
material surface. Additionally, the peak at
1594 cm™ indicated the presence of Ag-Ti
bond vibrations, while a weak peak near
720 cm™ might be associated with Ti-C
bonding [24,25]. These characteristic
peaks confirmed the successful
incorporation of silver and carbon into the
TiO, framework, validating the formation
of the Ag/C@TiO, composite catalyst.

The optical absorption properties of TiO,,
C- TiO,, Ag-TiO,, and Ag/C@TiO, were
evaluated using UV-Vis DRS, as shown in
Figure 4e. The results indicated that pure
TiO, exhibited a sharp absorption edge in
the ultraviolet region. In contrast, the
doped samples, particularly Ag/C@TIiO,,
displayed an extended absorption edge
toward the visible region, suggesting
enhanced visible light absorption.

Abs
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Figure 4. FTIR spectra (a-d), UV-Vis DRS spectra
(e), Tauc plot (f) for the Ag/IC@TiO, catalyst.

In Figure 4f, the optical energy gap (Eg)
of the nanocomposite was determined
using Tauc's plots. The results revealed the
following energy band gaps (Eq) for the
materials: 3.12 eV for TiO,, 2.43 eV for
TiO,-Ag, 2.52 eV for C-TiO, and 2.76 eV
for the Ag/C@TiO, composite. The pure
TiO, exhibited a band gap of 3.12 eV,
which was consistent with the typical
values reported for anatase-phase TiO;
[19]. Upon doping with  silver
nanoparticles (TiO,-Ag), the band gap
significantly decreased to 2.43 eV,
indicating that Ag  incorporation
introduced localized energy states below
the conduction band of TiO,, thereby
enhancing visible light absorption through
a plasmonic effect and/or electronic
coupling at the metal-semiconductor
interface [26]. In particular, the ternary
nanocomposite Ag/C@TiO, exhibited a
band gap of 2.76 eV, which lied between
those of the singly doped counterparts
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[27]. This value implied a synergistic
interaction between Ag and carbon within
the TiO, matrix, balancing visible light
absorption with structural stability.

This shift was attributed to the synergistic
effects of Ag and C incorporation. Carbon
doping might replace oxygen atoms in the
TiO, lattice, leading to an upward shift of
the valence band, while the presence of Ag
nanoparticles on the surface introduced
new electronic states and facilitates
electron trapping, thereby narrowing the
band gap energy. As a result, the
Ag/C@TIO, composite exhibited

significantly reduced band gap energy
compared to the pristine and singly doped
materials, as illustrated by the schematic
charge transfer mechanism in Figure 4g
[28].

Figure 5. N, adsorption and desorption isotherms
of the Ag/C@TiO, composite.

Based on the nitrogen adsorption
desorption isotherms shown in Figure 5,
all synthesized materials exhibited type 1V
isotherms with H3 type hysteresis loops,
according to the IUPAC classification
system [29, 30]. This indicateed that the
Ag/C@TIiO, composite possesses a
mesoporous  structure. The material
exhibited a high specific surface area of
157.079 m?g and an average pore
diameter of approximately 2.95 nm,
confirming the presence of well developed
mesopores. The BET analysis results
demonstrated that the Ag/C@TIO;
material had excellent adsorption capacity,
making it capable of retaining active
organic molecules on its surface. This
enhanced the availability of catalytic
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active sites and facilitated the degradation
of organic pollutants. Therefore, the
incorporation of silver and carbon into the
TiO, matrix not only reduced the band gap
energy and suppressed the recombination
of photoinduced electron hole pairs, but
also improved the photocatalytic
efficiency under visible light irradiation.
The enhanced surface properties and
mesoporous nature of the composite
contributed significantly to its improved
performance in environmental remediation
applications.

3.2. Photocatalytic activity

Dark Light

Dark 'Light
K

0 Sb Gb Qb -30 6 _3‘0 . K;O
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Figure 6. (a) Photocatalytic degradation of
methylene blue using the TiO,, C-TiO,, Ag-TiO,,
Ag/IC@TIO,; (b) Photocatalytic degradation of MB
in the presence of various scavengers at different
molar concentrations on Ag/C@TiO, catalysts

The photocatalytic performance of the
synthesized catalysts was evaluated by
monitoring the degradation of methylene
blue (MB) under visible light irradiation,
as shown in Figure 6a. Among the
samples tested, the Ag/C@TiO, composite
exhibited the highest degradation
efficiency, significantly outperforming
pristine TiO,, C-TiO,, and Ag-TiO,. This
enhanced performance could be attributed
to the synergistic effect of silver and
carbon incorporation. The introduction of
silver facilitates electron trapping, thereby
reducing the recombination rate of
photogenerated electron hole pairs.
Meanwhile, carbon provided conductive
pathways and enhanced visible light
absorption by modifying the band
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structure of TiO,. The improved charge
separation and extended light absorption
spectrum  collectively enhanced the
photocatalytic degradation efficiency of
the Ag/C@TIiO; catalyst. The presence of
Ag nanoparticles likely acted as electron
sinks, facilitating interfacial charge
transfer, while the carbon layer improved
surface area and pollutant adsorption,
further promoting photocatalytic reactions.

To better understand the photocatalytic
degradation mechanism, radical
scavenging experiments were conducted
using the Ag/IC@TiO, sample with
different scavengers (Figure 6b). The
degradation efficiency noticeably
decreased upon the addition of scavengers,
indicating the roles of specific reactive
species in the photocatalytic process. In
Figure 7, The presence of isopropanol (a
hydroxyl  radical  scavenger) and
benzoquinone (a superoxide radical
scavenger) significantly inhibited MB
degradation, suggesting that hydroxyl
radicals (*OH) and superoxide anions
(*O27) were the primary reactive species
involved. Additionally, the wuse of
ammonium oxalate (a hole scavenger) also
led to a marked decrease in activity,
indicating the contribution of
photogenerated holes (h*) in the
degradation pathway.

Figure 7. proposed charge transfer mechanism (g)
for the Ag/C@TIiO; catalyst.

3.3. Antibacterial activity

The antibacterial performance of the
composite against Escherichia coli and
Staphylococcus aureus was illustrated in
Figure 8, with the corresponding
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inhibition zone diameters summarized in
Table 1. The results showed that different
composites exhibited varying degrees of
antibacterial activity. Among them, the
AQ/C@TIiO, demonstrated the highest
antibacterial efficacy, with inhibition
zones of 11.25 £ 1.77 mm and 12.00 £
1.41 mm against E. coli and S. aureus,
respectively. In contrast, the TiO, and
AgNO; exhibited significantly smaller

inhibition ~ zones, indicating  lower
antibacterial performance.
— —
’ y/ v/ R
; 5 / : 2\

Figure 8. Inhibition zones of different samples against
Escherichia coli (a) and Staphylococcus aureus (b).
Sample designations: (1) Ag/C@TiO,; (2) Ag-TiO,;

(3) C-TiOy; (4) TiOy; (5) AgNO3; (6) Positive control;

(7) Negative control.

Under visible light irradiation, the

antibacterial activity of Ag/C@TIiO,, Ag-

TiO,, and C-TiO, was markedly enhanced.

This enhancement could be attributed to

the photocatalytic nature of TiO,, a

semiconductor material with a wide band

gap that typically requires ultraviolet light
for activation. However, doping TiO, with
carbon and silver reducesd the band gap,
effectively shifting the photocatalytic
activation range into the visible spectrum.

Additionally, silver nanoparticles served

as effective electron mediators, facilitating

charge transfer and extending the lifetime
of photogenerated electron hole pairs.

These long-lived charge carriers promoted

the formation of highly reactive oxygen

species such as hydroxyl radicals (‘OH)
and superoxide anions ("O,), which were
known to exert strong oxidative stress on
microbial cells. These radicals disrupted
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bacterial membranes, damage DNA, and
interfered with vital cellular components,
ultimately leading to bacterial cell death.

4. CONCLUSION

A multifunctional Ag and carbon modified
TiO, nanocomposite was synthesized
through a facile sol gel approach. The
integration of Ag and C significantly

enhanced  the  photocatalytic  and
antibacterial properties of TiO, by
improving  visible light absorption,
facilitating charge  separation, and

extending the lifetime of reactive species.
Photocatalytic experiments demonstrated
that the Ag/C@TiO, composite achieved
superior degradation efficiency for 20
mg/L  of  methylene  blue.  The
incorporation of Ag and C also improved
antibacterial activity effectively inhibiting
the growth of E. coli and S. aureus under
visible light exposure. These
enhancements were attributed to the
generation of reactive oxygen species and
the synergistic role of Ag as a charge
transfer mediator and C as a light absorber
and surface stabilizer. In conclusion, the
synthesized Ag/IC@TIO, material
presented a promising and cost-effective
platform for future applications in
wastewater treatment and antimicrobial
activity.
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Table 1. Antibacterial activity of the samples evaluated by the agar well diffusion method. Data
were presented as mean + standard deviation, with n = 3.

Inhibition zone (mm)

No. Sample
Escherichia coli Staphylococcus aureus
1 Ag/C@TIO, 11.25+1.77 12.00+ 141
2 Ag/TiO, 10.50 £ 3.18 11.50+0.71
3 C@TIO, 10.75+2.12 11.00+1.21
4 TiO, 10.50 £ 1.54 11.00
5 AgNO; 11.00+ 141 10.50+0.71
6 Positive control 9.25+0.35 9.25+1.77
7 Negatice control 9.00 9.00
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