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TOM TAT

CAC HAT NANOCLUSTER Ag PUQC PHAN TAN TREN CHAT NEN TiO,/GO VOl
HOAT TINH XUC TAC NANG CAO CHO QUA TRINH OZON HOA QUANG XUC TAC
THUOC NHUOM RR195

Lan ddu tién hat nanocluster Ag (Ag NCs) duoc phan lap va lang dong don I6p trén cac thanh nano TiO,
pha tap graphene oxit (GO) bang phirong phdp cdy nguyén tu. Luong tai Ag NCs (0,36 mol) véi kich thudc
trung binh 5,17 nm trén vat liéu TiO,/GO (TG) thiic day qué trinh dich chuyén buréc séng hdp thu anh sang
sang vung khd kién (450 nm) d@ong thoi han ché qué trinh tai té hop e/h* va tiang cwong dé dan dién tir @6
gitp vat liéu nano compozit 3 thanh phan chiza Ag NCs, TiO, va GO (ATG) thé hién hiéu suat quang xuc tac
VA 020N héa xiic tac (PCO) déu cao hon so véi TG. Két qud cho thdy hang sé toc d@é phan ing bac 1 (Kyis)
trong qua trinh quang xuc tac phan hiy RR195 trén hé ATG dat 0,029 phit™ va cao gap 1,5 lan so véi TG
(0,0183 phut?), fuong iing. Ngoai ra, qua trinh PCO cho thdy su wu viét hon qua trinh quang xiic tac don 1é
do s tirong tac hlep dong cua quang xuc tac va Oz dem lai. Gia tri Kyis cua qua trinh PCO trén hé xic tac
ATG dat 0,253 phut cao gap 9 Ian kyis CZa qua trinh quang xuc tac (O 029 phat?). Két qua nay dwoc cho 1a
do sir c6 mdt doi dao cua cac goc oxy héa (ROS) nhu <Oy, *OH va h* duwroc sinh ra théng qua cac phdn ing
day chuyén xdy ra trong qua trinh phan ing. Pdc biét, *OH la tic nhdn chinh trong qud trinh PCO giip
tidng hiéu suat qué trinh khoang héa (TOC) RR195 dat 80,2% trén hé xiic tdc ATG va cao hon so véi TG
(73,9%). Cong trinh nay 1am sang té viéc thiét ké va chuan bi cac hat Ag NCs trong cac hé xiic tdc trén co
s GO givip tang cwong phan hiy c&c chat 6 nhiém hizu co bén viing mét cach triér dé nhat.

Tir khoa: Ong nano TiO,, Graphen oxit, Thuéc nhugm RR195, Ozon héa quang xc tac,

1. INTRODUCTION indgstry. The degradation of RR_’195 ir_1 the

environment generates aromatic amines,
The acceleration of industry in the era of  which were carcinogenic and pose
Industry 4.0 has contributed to improved  significant health risks to humans [2].
living standards for humans; however, it  Therefore, the removal of RR195 from
has also led to a rise in pollution-related wastewater was essential. Advanced
issues, such as dyes and pesticides [1]. The  oxidation  processes  (AOPs)  were
red dye RR195, which belongs to the azo  recommended as a preferred method for this
family and contains the organic group —  purpose, owing to their high potential for
N=N- and the sulfonic acid group (-SOs—  total organic carbon (TOC) removal [1].
), has been widely used in the textile  However, using AOPs alone might lead to
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incomplete mineralization or only moderate
efficiency [1]. The photocatalytic ozonation
(PCO) method using TiO, showed great
potential in degrading persistent organic
compounds [3, 4]. As was known, ozone
(O3) was an electron-deficient molecule with
Lewis acid and base characteristics.
Consequently, O3 is typically adsorbed on
the surface of catalysts via acid-base
interactions, after which it could capture
electrons generated from the catalyst to form
reactive oxygen species (ROS). The
activation efficiency of Oz on the catalyst
surface was highly dependent on the
electronic structure of the catalyst [3].

Nanoclusters were small assemblies of
atoms or molecules, typically ranging from
1 nm to 100 nm, occupying an
intermediate state between single atoms
and nanoparticles. They were easier to
fabricate than single atoms and exhibited
unique physical and chemical properties
that differ significouldtly from
nanoparticles [5]. Due to their ability to
exist in  multiple oxidation states,
nanoclusters enhanced the efficiency of
redox cycles and facilitated better electron
transfer ~ than  single atoms and
nanoparticles [5]. Yiqging Li and colleagues
successfully synthesized a TiO, catalyst
doped with 2.5% CuOy nanoclusters (1
nm), which increased the reaction rate by
2.2 4.0 times compwered to the
individual use of TiO, or Os. The results
showed that defects in CuOx promoted
rapid adsorption and activation of Os,
thereby accelerating the reaction rate [6].
According to N. Sobana, the separation of
photoinduced electrons in TiO, could be
enhanced by the presence of Ag
compounds during the photocatalytic
process [7]. Moreover, the Ag component
was an effective catalyst for decomposing
O3 into reactive radicals [3].
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In our previous work, we synthesized a
TiO, catalyst doped with graphene oxide

(GO). The TIO,/GO (TG) catalyst
exhibited significouldtly enhanced
photocatalytic  degradation and PCO

removal efficiency compwered to pure
TiO,. However, the TOC mineralization
efficiency reached only 74% after 60
minutes of RR195 degradation [8].
Therefore, to further enhance the oxidative
degradation of RR195, we incorporated
silver nanoclusters (Ag NCs) into the
TiO,/GO catalyst system (TG), aiming to
create a new catalyst system ATG, which
was expected to exhibit superior catalytic
performance compwered to TG in both
photocatalytic and PCO processes under
visible light in the wavelength range of
400 - 600 nm.

2. METHODOLOGY
2.1. Chemical

Reactive Red 195 (RR195) dye, AgNOs,
HCI, NaOH, and TiO,-P25 were all
sourced from China and used directly
without further purification. High-purity
nitrogen gas (N2, 99.99%) and oxygen gas
(02, 99.99%) were supplied by Venmer
Company, Vietnam. All synthesis and
treatment processes were carried out using
single-distilled water.

2.2.  Atomic  Implantation-Assisted
Synthesis of the ATG Catalyst

The TG catalyst containing 5 wt.% GO
was synthesized according to the
procedure reported in our previous work
[8]. Subsequently, 1.0 gram of the TG
catalyst was weighed and introduced into a
tube furnace system comprising two
separate chambers divided by a quartz
membrane [9]. A specific amount of
AgNO;3 (equivalent to 2 wt.% Ag° relative
to TG) was introduced into the chamber
opposite the one containing the TG
catalyst. Nitrogen gas was flowed through



Tap chi phan tich Héa, Ly va Sinh hoc - Tdp 31, Sé 2A/ 2025

the system from the Ag-containing
chamber toward the TG-containing
chamber, then directed through a NaOH
trap to neutralize any toxic gases before
environmental release. The tube furnace
was then heated to 350 °C at a ramping
rate  of 10 °C/minute (min.). and
maintained at this temperature for 1 hour.
At this temperature, the Ag precursors
form nanoclusters that anchor onto defect
sites on the TG surface, resulting in the
formation of the ATG catalyst. The final

product was then cooled to room
temperature and stored in a sealed
container.

2.3. Characterization of Catalysts

The TG and ATG catalysts were
characterized using various analytical
techniques. X-ray diffraction (XRD)

analysis was conducted on a D8 Advance
diffractometer (Germany) using Cu Ka
radiation (A = 1.5406 A) over a 20 range of
1°-70°. Transmission electron microscopy
(TEM) was performed using a JEO 2100
(Japan). Brunauer—-Emmett—Teller (BET)
surface  werea  measurements  were
obtained using a Tristar Plus Il instrument
(Micromeritics, USA). The optical
properties of the catalysts were evaluated
using  UV-Vis  diffuse  reflectance
spectroscopy (DRS) and
photoluminescence (PL) spectroscopy, as

well as electrochemical impedance
spectroscopy  (EIS)  [10].  Electron
paramagnetic resonance (EPR)

spectroscopy was employed to detect the
presence of reactive oxygen species (ROS)
during the reactions [10]. For the reuse
cycles, after each reaction, the photocatalyst
was thoroughly washed with water and
ethanol, then dried at 100 °C for 6 hours.

2.4. Reaction system and procedures

Removal efficiency of Photocatalytic and
PCO Processes on the Batch System for
200 mL as Described in the Previous
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Publication [8]. Catalyst concentration:
0.05 - 0.5 g/L, RR195 concentration: 50
mg/L, O3 flow rate: 0.5 - 1.5 L/min., and
pH varied from 3 to 10 to find the optimal
conditions.

Total organic carbon measurements were
carried out using a Shimadzu (Japan). The
removal efficiency (RE%) was calculated
using the equation 1:

RE% 1 - CIC,) x 100
TOC/TOC,) x 100  (Eg. 1)
The pseudo-first-order Kinetic constant

(kvis) was determined according to the
method reported in the literature [10].

1 -

3. RESULTS AND DISCUSSION

3.1. Morphological Characterization of
Catalysts

The XRD patterns of TG and ATG
catalysts (Figure 1a) exhibited diffraction
peaks at 20 = 25.3° 38.0°, 48.0° 53.9°
55.1° 62.9° 69.0° 70.1° and 75.4°, which
could be indexed to the (101), (004), (200),
(105), (211), (204), (116), (220), and (215)
crystal planes of anatase TiO, (JCPDS 21-
1272), respectively [3]. The peak at 20 =
9.6°, typically attributed to GO, was no
longer observed, indicating that most of
the GO was reduced to RGO. The RGO
peak near 20 ~ 25° was also not visible due
to overlap with the (101) plane of anatase
TiO, at 25.3° [4]. The similarity in XRD
peak positions between TG and ATG
suggestsed that Ag nanoparticles formed
and anchored onto the TiO, nanorods
without disrupting the TiO, crystal
structure [4].

The nitrogen adsorption—desorption
isotherms shown in Figure 1b indicated
that TG and ATG exhibited type IV
isotherms with H3-type hysteresis loops,
typical of slit-like mesopores, likely
formed by the stacking of Ag-TiO,
nanorods on the GO surface. The specific
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surface wereas of TG and ATG were
higher than those of pure TiO,, confirming
the contribution of the GO substrate in the
composite materials [8]. The surface area
of ATG was slightly lower than that of TG,
likely due to the Ag nanoclusters (Ag NCs)
partially covering the TiO, nanorod
surfaces. This was also reflected in the
pore diameter distributions: TG exhibited
pores ranging from 20 - 27 nm, while ATG
showed slightly smaller pores of 20 - 21
nm.

The TEM image of TG (Figure 1c)
revealed the characteristic wrinkled and
layered two-dimensional structure of GO,
which facilitated the uniform dispersion of
TiO, nanorods across its surface [4]. The
TiO, nanotubes exhibited lengths of
several hundred nanometers and diameters
of approximately 7 - 8.5 nm, consistent
with previous reports [11]. The TEM
image of ATG (Figure 1d) showed Ag
nanoclusters (average size 5.17 nm)
anchored on both the TiO, nanotube and
GO layers. This observation aligned with
BET data indicating an increased pore
diameter of = 6 nm, suggesting monolayer
deposition of Ag on the TiO, nanotubes.

~
~

The XPS analysis confirmed the
atomic  composition of ATG as
Ti14.66051.37C32.71A00.36, with Ag

accounting for approximately 1.99 wt%,
which closely matched the theoretical
value. XPS analysis of Ag3ds;, and
Ag3ds, revealed that silver primarily
existed in the metallic state (Ag°), with a
small fraction oxidized to Ag* due to Ag-
O-Ti interactions (Figure S1). This
confirmed the successful deposition of
Ag® nanoparticles on the TiO; surface and
partial doping of Ag* into the TiO; lattice.
These results highlighted the effectiveness
of the atomic implantation method in
achieving uniform nanocluster distribution,
limiting aggregation, enhancing surface
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plasmon resonance (SPR), and reducing
e~ /h* recombination via Ag* induced
lattice defects, thereby boosting catalytic
performance.
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Figure 1. XRD patterns (a), BET isotherms (b), and
TEM images (c, d) of TG and ATG catalysts

3.2. Optical Properties of Catalysts
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Figure 2. DRS spectra (a), PL spectra (b), EIS
characteristics (Nyquist plots) (c), and time-
dependent photocurrent responses (d) of TG and
ATG catalysts.

The DRS spectra evaluating the optical
absorption properties of TG and ATG were
presented in Figure 2a. Pristine TiO;
typically absorbed light with wavelengths
below 390 nm [12]. However, introducting
of Ag NCs and GO resulted in a redshift of
the absorption edge for TG and ATG
samples, extending to around 450 nm,
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indicating  enhanced  light-harvesting
capabilities. The absorption peak shifted
from 325 nm (TG) to 340 nm (ATG),
which was attributed to the surface
plasmon resonance effect of the Ag NCs
[12]. The optical bandgap energies (Eyg) of
TG and ATG were estimated using Tauc
plots for indirect bandgap semiconductors,
by plotting (ahv)* versus photon energy
(E = hv). The resulting Eyy values were
2.78 eV for TG and 2.50 eV for ATG,
respectively.

The PL spectra of TG and ATG were
recorded to investigate the recombination
behavior of photogenerated e/h* pairs and
were shown in Figure 2b. A lower PL
intensity indicated more effective electron
trapping or transfer, while a higher
intensity corresponded to faster e/h’
recombination. Compared to pure TiO,,
both TG and ATG exhibited significantly
reduced PL intensities, confirming that
both GO and Ag NCs act as electron sank
or  transferred media, effectively
suppressing the recombination of e~ /h*
pairs in the ATG composite [12].

The EIS diagrams for TiO,, TG, and ATG
were presented in Figure 2c, providing
insight into the interfacial charge
separation and transport processes. The
semicircle diameters in the Nyquist plots
followed the ATG < TG < TiO, trend,
indicating a substantial reduction in charge
transfer resistance and improved charge
mobility. These results confirmed that
integrating Ag, TiO,, and GO into a
ternary heterostructure enhances interfacial
charge transfer and, consequently, the
photocatalytic performance [13].

Figure 2d presented the time-dependent
photocurrent response of TG and ATG
under UV light. In the absence of light, the
photocurrent density of both samples
approached zero. Upon illumination, the
photocurrent  density of ATG was
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significantly higher than that of TG. This
result  demonstrated the enhanced
photoelectrochemical activity of ATG due
to the incorporation of Ag NCs, which
facilitated efficient charge separation and
transport [13].

3.4. Photocatalytic degradation and
Photocatalytic ozonation

The photocatalytic and PCO processes for
TG and ATG in the degradation of RR195
dye were illustrated in Figure 3. As shown,
the degradation rate and RE% of ATG
were significantly higher than those of TG.
Figure 3a indicated that TG exhibited a
greater adsorption capacity for RR195 than
ATG, likely due to its larger specific
surface area. The adsorption equilibrium
reached approximately 20% after 30
minutes in the dark. During the
photocatalytic process, the kyis for ATG
reached 0.029 min.™, which was 1.5 times
higher than that of TG (0.0183 min.™).
After 120 minutes of light irradiation, the
RE% of ATG and TG were 91% and 85%,
respectively.

Upon light irradiation, the TiO, particles in
the ATG composite were excited, and
photogenerated electrons from the valence
band could be rapidly transferred through
GO and onto Ag NCs. This cascade
transfer suppressed e~ /h* recombination,
effectively prolonging the lifetime of
charge carriers. On the surface of Ag NCs,
these electrons reduced adsorbed O, to
form superoxide radicals («O2’), highly
reactive species capable of oxidizing
RR195 anions [13, 14]. EPR analysis
shown in Figure 3b confirmed that <Oy
radicals were the dominant reactive species
during the photocatalytic process. The <Oy
signal intensity for ATG was higher than
that of TG under the same irradiation time,

in agreement with earlier analyses
indicating enhanced photocatalytic
efficiency of ATG.
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Compared to photocatalysis alone, PCO
performance was significantly enhanced
for TG and ATG catalysts. Indeed, the
degradation rate in the PCO process was
approximately ten times higher than in the
photocatalytic process alone, with ks values
of 0.184 min.™" for TG and 0.253 min.™ for
ATG (Figure 3c). The RE% reaches 97.76%
after just 20 minutes of reaction. The TOC
removal efficiency ranged from 41% to 50%
at 20 minutes, and reached 75% - 80% after
60 minutes, demonstrating the synergistic
effect between photocatalysis and ozonation
[1, 3].
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Figure 3. Photocatalytic degradation (a), PCO
process (b), EPR spectra during photocatalysis (c),
PCO (d) of RR195 dye using TG and ATG
catalysts.

In the PCO process, electron-rich
functional groups on the surface of ATG
and TG acted as catalytic sites, facilitating
dissolved ozone adsorption and donating
electrons to Os. This promotes its rapid
decomposition and generates a higher
concentration of reactive species such as
*O2’, hydroxyl radicals (OH), and
photogenerated holes (h* ), which played
key roles in RR195 degradation [1]. The
EPR spectra in Figure 3d confirmed the
prominent formation of <OH radicals
during PCO, highlighting their crucial role.
Since the reaction rate constant of *OH
was higher than that of <O,, the PCO
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process was more effective than standalone
photocatalysis [10]. This also implied that
the PCO system wusing ATG could
efficiently mineralize persistent organic
pollutants. From the analytical results
obtained, we proposed a mechanism for
the photocatalytic ozonation process under
visible light irradiation, which was
described in the supplementary and Figure
S2.

3.5. Influence of factors for RR195
degradation

Figure 4a showed the impact of catalyst
dosage on the PCO process using ATG. As
the catalyst concentration increased from
0.05 g/L to 0.5 g/L, the kyis increased to
0.253 min.?, then slightly decreased to
0.245 min.". This was attributed to the
enhanced active sites for Os; adsorption,
which increased the ROS and thus
accelerated the reaction rate [1]. However,
when the catalyst dosage was excessively
increased, the reaction solution became
turbid, hindering light penetration to the
catalysts and thereby reducing the reaction
rate [8].

Figure 4b illustrated the strong influence
of initial pH on the PCO process. At pH
values below 6, the reaction rate increased
to 0.516 min.™, but dropped significantly
to 0.159 min.™ at pH 10. As was known,
RR195 dissociated in water, forming
anions, and the pH at the point of zero
charge (pHzc) of TiOx-based composite
materials typically fell around 6.3 [15].
Under conditions where pH < pHz, the
surface of ATG became positively
charged, favoring the adsorption of RR195
anions. At higher pH values, electrostatic
repulsion became unfavorable for RR195
adsorption. Additionally, when pH > 9, the
concentration of *OH radicals increased,
causing H,O; in the solution to react with
*OH to form perhydroxyl (¢HO,) radicals,
which had a lower oxidation potential than
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*OH and Ogs, thus reducing the RR195
degradation rate [16]. The reaction rate
constant kvis was higher at pH 3 than at
pH 6, but we selected pH 6 for practical
applications for this study.

Figure 4c showed the effect of O3 flow rate
on the reaction rate. As the Oz flow rate
increased from 0.5 L/min. to 1.5 L/min.,
the reaction rate constant increased from
0.195 min.* to 0.357 min.™, respectively.

With increased Oz flow, the O3
concentration in the solution rised,
enabling more efficient trapping of

photogenerated electrons from the ATG
irradiation, leading to the generation of
more ROS and enhancing the degradation
of RR195 [1]. However, at an O3 flow rate
of 1.5 L/min., excessive foam formation
led to catalyst loss, so an O3 flow rate of
1.0 L/min. was chosen for the study.
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Figure 4. Effects of reaction conditions on the PCO
process using ATG: catalyst dosage (a); pH (b); O3
flow rate (c); catalyst reuse (d).

Under the optimal conditions for this
study: pH 6, catalyst concentration of 0.3
g/lL, O3 flow rate of 1 L/min., and a
reaction time of 20 minutes, the RE%
reached 97.76%, and the TOC removal
efficiency was 80.25%. After five reaction
cycles, the RE% only decreased by 2.5%,
indicating that ATG possesses excellent
stability and catalytic performance for the
PCO degradation of RR195 (Figure 4d).
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Moreover, the comparative data in Table
S1, highlighting the performance of
various catalysts alongside the ATG
catalyst developed in this study,
demonstrated that ATG was a highly
efficient system and a promising
coulddidate for the effective removal of
persistent organic pollutants from aqueous
environments.

4. CONCLUSION

The ATG nanocomposite was successfully
synthesized using hydrothermal and
atomic  implantation  methods. The
presence of small Ag NCs (5.17 nm) and
high GO  layers enhanced the
photocatalytic and photocatalytic
ozonation efficiencies. XRD, BET, PL,
and EIS analyses confirmed the surface
plasmon resonance of Ag NCs, the
increased surface werea due to the
contribution of the GO layer, which helps
prevent charge recombination, and the
enhanced conductivity. As a result, the
ATG exhibited superior photocatalytic
performance compwered to TG. The
reaction rate constant of ATG was 1.5
times higher than that of TG in the
photocatalytic process under visible light
irradiation for 120 minutes.

Moreover, the PCO process performed
better than the standalone photocatalytic
process on both ATG and TG systems. The
reaction rate constant for PCO on ATG
(0.253 min.™) was nine times higher than
that for the photocatalytic process (0.029
min.?). This result was attributed to the
synergistic interaction between
photocatalysis and Oz, which generated
more ROS and accelerated the reaction
rate. The ATG catalyst demonstrated
excellent stability after five reaction
cycles, indicating its potential for the
degradation  of  persistent  organic
compounds via the PCO process.
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