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Abstract

Environmental pollution is a global problem and dye pollution is one of the major factors. TiO2 shows promising
photocatalytic properties that can degrade organic pollutants such as dye under ultraviolet (UV) irradiation. How-
ever, TiO2 possesses some disadvantages such as a wide band gap and a high recombination rate of electron-hole
pairs. Coupling TiO2 with various metal oxides can enhance photocatalytic properties. In this work, photodeposi-
ton (reduction of metal ions on TiO2) followed by the thermal oxidation method were used for the coupling of TiO2
with CuQO, ZnO, or SnO2 under various methanol concentrations (25 vol% or 50 vol%) and deposition duration (1 h
or 3 h) to observe the effect of these parameters on the photocatalytic degradation activity on Rhodamine B (RhB)
dye (up to 90 min). The rate constant of the photodegradation reaction (k) has improved from 0.0141 min!
(uncoupled TiOg2) to 0.0151~0.0368 min-!. Overall, CuO/TiO2 and SnO2/TiO2 samples have shown similar photo-
catalytic properties (average rate constants of 0.0341 min-! and 0.0327 min-1, respectively), and both performed
better than ZnO/Ti0: in terms of RhB photodegradation (average rate constants of 0.0197 min-1). The difference in
photocatalytic performance can be explained by the bandgap of metal oxides and their relative band positions with
TiOs. Lastly, CuO/TiO2 (50 vol%, 3 h) and SnO2/TiO2 (50 vol%, 3 h) have shown the best photocatalytic properties
respectively due to a longer deposition time and higher concentration methanol, resulting in more deposited mate-
rials.
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production of textiles, the remaining dyes that
are not being incorporated into the fabric will
become waste. If the waste is not being treated
prior to discharge, it can pollute the environ-
ment. Although most of the colors can stay on
the fabrics, 30 to 40 percent of the dyes will be
washed out directly into the environment or into

1. Introduction

Environmental pollution is becoming an ur-
gent global problem with the rapid development
of industry. The textile industry, which involves
the use of dyes that are difficult to degrade, is
one of the major contributors to environmental
pollution. More than 10,000 types of dyes are

being used in the textile industry. During the
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the drainage system [1]. The difficulty of treat-
ing dye-containing effluents may become great-
er after they have entered the environment be-
cause the dyes have a synthetic origin and com-
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plex molecular structure, which makes them
more stable and less biodegradable in that
case. On top of that, the wastewater can be ab-
sorbed by terrestrial and aquatic plants. The
harmful chemicals can be passed to animals in
the food chain and eventually to humans. The
toxic effects of dyes range from cancer and al-
lergies to humans, to growth inhibitions of mi-
croscopic organisms and plants. Not only that,
but extensive water pollution from dyes can al-
so cause damage to the country’s economy due
to the generally expensive pollution clean-up
procedure.

Until today, several traditional approaches
have been adopted to address organic pollution
worldwide: membrane separation [2], floccula-
tion-condensation [3], adsorption [4], oxidation
or ozonation [5] and reverse osmosis [6]. How-
ever, these approaches are unable to remove or-
ganic pollutants completely or effectively [7].
Photocatalytic degradation of wastewater is a
promising way owing to efficiency, green, envi-
ronmental compatibility, and convenience. Pho-
tocatalytic reaction is a heterogeneous reaction
that occurs on the catalyst surface to accelerate
the conversion of light energy into chemical en-
ergy, including excitation, redox reaction and
recombination, and to achieve the potential bal-
ance between the Fermi energy level of the cat-
alyst and the surface adsorbents [7]. In gen-
eral, the photocatalytic reaction can be broken
down into 4 steps: (1) photon irradiation on the
photocatalyst to induce photogeneration of elec-
tron-hole pairs, (2) charge carrier separation
and migration to the surface of the photocata-
lyst, (3) reduction/oxidation reaction by the
charge carriers, and (4) recombination of
charge carriers in the bulk or on the surface of
photocatalyst. These four steps are complemen-
tary, and the thermodynamics and kinetics of
these processes determine the efficiency of a
given photocatalyst [8]. In step 3, the generated
electron is used for reducing an acceptor where-
as the generated hole is used for oxidation of
donor molecules, hence a photocatalyst pro-
vides both oxidation and reduction environ-
ment simultaneously [9].

Generally, photocatalysts that are used in
photocatalytic degradation are made up of sem-
iconductor materials. A photocatalyst is a ma-
terial that can convert light energy into chemi-
cal energy by absorbing light, bringing itself to
a higher energy level to provide energy to a re-
acting substance and make a chemical reaction
to occur or change the rate of a chemical reac-
tion [9,10]. On the other side, TiO2 as a semi-
conductor photocatalyst has drawn the atten-
tion of many nanomaterial researchers due to

its high potential for the energy sector, as well
as for environmental protection applications
which is the focus of this project. Besides, due
to its other attractive qualities, such as good
optical properties, low cost, high photocatalytic
activity, chemical stability, and non-toxicity,
TiO:z is also being used in many other areas
such as disinfectants and antibacterial agents,
self-cleaning surfaces, food and pharmaceutical
additives, pigments, sensors and many more
[11]. One of the advantages of TiOz over other
semiconductors as a photocatalyst is that it al-
lows simultaneous oxidation of hydrogen and
reduction of oxygen due to its electronic struc-
ture, where the bottom of its conduction band
(CB) is more negative than the reduction po-
tential of H*/H2 (Exue = 0.00V), and the top of
its valence band (VB) is more positive than the
oxidation potential of O2/H20 (Exue = 1.23 V)
[12]. However, TiOzpossesses certain limita-
tions in terms of photocatalytic performance
and bandgap. The drawback of TiOz as a photo-
catalyst is its wide bandgap, meaning that
pure TiO2 can only absorb light with a wave-
length in the UV range or shorter. Due to their
wide band gap, TiOz2 can only absorb less than
5% of solar energy, making the development of
solar technologies that are based on TiO: a
challenge [13]. Rapid recombination of these
electron-hole pairs is another challenge for
TiO2 photocatalysts [14].

To enhance the photocatalytic activity of
TiO2, heterojunctions should be established,
where TiO2 can be coupled with other compo-
nents such as metals or semiconductors. Cou-
pled TiO:z can be synthesized in various ways
such as the sol-gel method [15], hydrothermal
method [16], impregnation method [17], photo
deposition method [18]. Photo deposition and
thermal oxidation were used to achieve cou-
pling because it is a relatively cheap and
straightforward method [19]. Three important
TiO2 polymorphs can be prepared without us-
ing special synthesis conditions. Those are ana-
tase, rutile and brookite. The rutile phase is
thermodynamically most stable TiOz poly-
morph at all temperatures and pressures below
60 kPa, but the Gibbs free energy differences
between rutile, brookite and anatase are small
(around 4 to 20 kdJ.mol-1), so brookite and ana-
tase can be obtained as metastable phases
[12,20]. At low temperatures, the transfor-
mation of anatase to rutile occurs at an insig-
nificant rate; however, at 600 °C, the transfor-
mation takes place in pure TiO:z by surface nu-
cleation and growth mechanism [21]. There-
fore, another research also stated in their re-
view on TiO2 that after low-temperature treat-
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ments, anatase or anatase-brookite mixtures
will be obtained, although poorly crystallized or
amorphous TiO2 may constitute a large propor-
tion of it [22]. The rutile phase on the other
hand usually starts to appear with following
calcination at moderate temperatures (300-500
°C) and becomes the predominant phase after
high-temperature treatments (>600 °C) [22].

Three metal oxides were selected in this
work based on their bandgap relative to ana-
tase TiO:z (3.2 eV). Firstly, copper oxide (CuO)
has a smaller bandgap than TiO: (1.6 eV); tin
oxide (SnOz2) has larger bandgap than TiO2 (3.6
eV); zinc(Il) oxide (ZnO) has a bandgap that is
almost similar to TiOz (3.3 eV) [23]. The pur-
pose was to study how the relative bandgap af-
fects the outcome of photocatalytic properties.
Photo deposition followed by thermal oxidation
was used to achieve coupling because it is a rel-
atively cheap and straightforward method. The
photo deposition method works by illuminating
light with sufficient energy on the photocata-
lyst, the photoexcited electrons will reduce met-
al cations from the precursor to produce metal
nanoparticles on the surface of the photocata-
lyst. Since photodeposition method provides the
metal nanoparticles on the reductive site of the
photocatalyst surface, the metal nanoparticles
formed can further accelerate the reductive re-
action [24].

The thermal oxidation method is used to
convert metal into their desired oxide form by
subjecting the metal to heat in an oxygen-
containing environment. The simplest form of
oxidation of a metal surface may occur even at
room temperature to form a thin layer of oxide
in the presence of oxygen in air. But in most
cases, the process will then slow down and stop
after the oxide layer has reached a few na-
nometers thick due to the insufficient energy of
oxygen atoms to diffuse through the already
formed oxide layer [25—-28]. However, in ther-
mal oxidation, the metal is subjected to heat to
control the diffusion process and chemical reac-
tivity of oxygen atoms with the metal atoms. In
thermal oxidation, there are usually more than
one form of oxides for every metal, depending
on the annealing parameters such as tempera-
ture, duration, and partial pressure of oxygen
in the environment [29]. In this work, the de-
sired oxide phases are CuO, ZnO, and SnO.. A
generalized set of parameters was used for the
thermal oxidation of all types of samples to
maintain the consistency of the TiO:z phase
across all samples since the TiO2 phases can be
one of the factors affecting the overall photo-
catalytic performance. The novelty of this re-
search lies in the systematic investigation of

TiO2 coupled with different metal oxides, con-
sidering the impact of synthesis parameters,
and comparing their photocatalytic perfor-
mance for degrading RhB dye. This work is im-
portant because it addresses the pressing issue
of environmental pollution caused by dye con-
taminants, offering insights into improving
photocatalytic technologies for wastewater
treatment and pollution control. Additionally,
it contributes to the understanding of how the
choice of metal oxide and synthesis conditions
can influence the efficiency of photocatalytic
processes, potentially guiding future research
in this field.

2. Materials and Method
2.1 Materials

TiOz particles (Merck, 99.5%) were used to
couple with Cu0O, ZnO, and SnO2. The precur-
sors for the photodeposition of metals were cop-
per(Il) acetate ((Cu(CH3COO)2), Pluka, 99.0%),
zinc acetate ((Zn(CHsCOO)s2), Merck, 99.99%),
and tin(II) chloride dehydrate ((SnClz22H20),
Merck, 98%). The hole scavenger used for pho-
todeposition was methanol (CHsOH, Merck,
99.9%). Rhodamine B solution (C2sH3CIN2Os,
Merck) was used for the photodegradation pro-
cess by the metal oxide coupled TiO: particles.
Propanol (CsHsO, Merck, 99.8 %) was used as a
general cleaning solution.

2.2 Preparative Procedure

The design of experiment method was used
to optimize two variables which are the concen-
tration of methanol and UV irradiation. To cou-
ple the TiO: particles with metal, firstly the
amount of metal ion precursor copper (i) ace-
tate (0.3632 g), zinc acetate (0.3668 g), and tin
(i1) chloride (0.3792 g) was prepared and mixed
with 500 mL / 750 mL of deionized water in a
beaker, which is then added with 250 mL / 500
mL of methanol to obtain the respective metal
ion solution of 2 mM concentration and metha-
nol concentration of 25 vol% / 50 vol%. The
mixture was stirred for 15 min. Then, 2 g of
TiO:z particles were prepared and added into
the solution, and stirred in a dark condition for
30 min. Next, the mixture was stirred under
UV radiation for 1 h / 3 h. The metal coupled
TiO2 particles were then separated from the
metal ion solution by the centrifuge (Hettich
ROTOFIX 32A) and dried in an oven under 90
°C for 24 h. Subsequently, annealing was car-
ried out in the open air using a tube furnace for
thermal oxidation of the photodeposited metal.
Figure 1 shows the temperature profile of the
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annealing process. The particles were heated to
600 °C by 10 °C/min in open air from room tem-
perature. After the soaking period, the parti-
cles were allowed to cool down to room temper-
ature. Since various combinations of the two
parameters were used, the denotations of each
sample are listed in Table 1.

2.3 Characterization
2.3.1 Structural and morphological

The synthesized metal oxide coupled TiO:
particles were subjected to several characteri-
zation techniques to obtain various information
about the particles. The particles were exam-
ined by field emission scanning electron micros-
copy (FESEM, FEI Quanta 650 FEG SEM), en-
ergy dispersive x-ray spectrophotometer (EDX)
that couples with FESEM to analyze the sam-
ple’s elemental composition, and X-ray diffrac-
tion (XRD Bruker D8 diffractometer).

2.3.2 Photocatalytic properties

Rhodamine B (RhB) dye solution was chosen
in the photocatalytic study. The initial concen-
tration of RhB dye solution (Co) was prepared

Temperature (°C)

A
2 hours

600

» Time (min)

Figure 1. Temperature profile of annealing pro-
cess.

Table 1. Denotation of samples.

at 5 ppm. This was done by mixing 0.005 g of
RhB dye powder with 1000 mL distilled water
followed by stirring for 30 min. Prior to testing,
two control samples were prepared using dye
containing 0.10 g of metal oxide couplied TiO2
particles before degradation and another sam-
ple with deionized water. For degradation, 0.10
g of the metal oxide coupled TiO:2 photocatalyst
particles was firstly dispersed into 150 mL of
one of the dye solutions and stirred for 30 min
in dark condition to ensure saturation of the
dye on the photocatalyst surface. Then, the
mixture was exposed to UV light irradiation by
UV lamp of 150 Im/W, and 1.5 mL of the mix-
ture was pipetted out into a cuvette every 15
min until 90 min was reached. The absorbance
of the RhB solution in different cuvettes was
measured using wavelength, A from the range
of 400 to 700 nm. A UV-visible spectrophotom-
eter (UV-Visible Varian Cary 50) was used to
measure the absorbance (A) with a UV light
wavelength range of 190 to 400 nm and visible
light wavelength range from 400 to 800 nm as
the light source. It measures the transmit-
tance, which is the ratio of the intensity of light
passing through a sample () to the intensity of
light before it passes through the sample (I,). It
is usually expressed as a percentage (%T) and
it can be used to determine absorbance as
shown in Equation (1).

1)

0,
A= —log( uzl j

100%

3. Results and Discussion
3.1 Structural and Morphological Analyses

FESEM was used to observe the surface
morphology of TiO2 particles, before and after

Sample Name

Methanol Concentration (vol.%)

Deposition Duration (h)

CuO/TiOz (25,1) 25
CuO/TiOz (50,1) 50
CuO/TiOz (25,3) 25
CuO/TiOz (50,3) 50
ZnO/TiO2 (25,1) 25
ZnO/TiOz (50,1) 50
ZnO/TiO2 (25,3) 25
Zn0/TiO2 (50,3) 50
Sn02/Ti0:2 (25,1) 25
Sn02/Ti02 (50,1) 50
Sn0s/Ti0:2 (25,3) 25
Sn02/Ti0:2 (50,3) 50

1

W W H H W W H = W w -
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Figure 2. FESEM images of (a) TiOz particles before and (b) after annealing at 600 °C in ambient at-
mosphere for 2 h (¢) CuO/TiOz at 25 vol%, 1 h, (d) 50 vol%, 1 h, (e) 25 vol%, 3 h, (f) 50 vol%, 3 h, (g)
ZnO/Ti02 at 25 vol%, 1 h, (h) 50 vol%, 1 h, (i) 25 vol%, 3 h, (§) 50 vol%, 3 h, (k) SnO2/TiO2 at 25 vol%, 1
h, (1) 50 vol%, 1 h, (m) 25 vol%, 3 h, and (n) 50 vol%, 3 h under 30kX magnification.
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coupling with metal oxides. Figure 2(a-b) shows
the morphology of TiOz particles before and af-
ter annealing at 600 °C for 2 h representative-
ly. Similar morphologies were observed Dbe-
tween the two samples. The average particle
sizes for both samples were measured using
Imaged software with sample size = 30. The av-
erage particle size for TiOz particles before and
after annealing was 151.12+41.67 nm and
148.56+41.89 nm respectively. To determine
whether the difference in average particle size
before and after annealing was significant at
95% confidence level, a two-sample i-test was
carried out. Since the calculated p-value (0.813)
is greater than 0.05, it can be concluded that
there were no significant differences between
the average particle sizes before and after an-
nealing, and hence the annealing condition
used does not affect the TiO2 particle size and
morphology. Figure 2(c-n) shows FESEM per-
formed on metal oxide coupled TiO: particles
such as CuO (c-f), ZnO (g-j) and SnOz(k-n). In
terms of morphology, there were no notable dif-
ferences observed between each sample, and
they showed similar morphology as annealed
TiO2 particles without coupling. However, at
high-temperature thermal treatments, the par-
ticle size of TiO2 may increase and its proper-
ties may change [30]. This is undesired because
the focus of this project is to determine the ef-
fect of coupling on the photocatalytic properties

only, and other variables, such as changes in
TiOz particle size and phases from heating,
must not be involved. Hence, to ensure that the
annealing condition used in this experiment
will not affect the particle size and morphology
of TiO2, the images of pure TiO: particles be-
fore and after annealing was taken.

EDX analysis was carried out for elemental
analysis of the coupled TiO: particles as shown
in Figure 3. The EDX results revealed the pres-
ence of constituents from the coupled metal ox-
ide, although in extremely small quantities, af-
firming the occurrence of metal oxide coupling
in all samples. Besides, this explains why there
were no significant increases in particle sizes
nor noticeable changes in morphologies after
metal oxide coupling because the amount of
coupled material was too small. For CuO cou-
pled TiO:particles, increasing the concentra-
tion of methanol from 25 vol% to 50 vol% while
maintaining exposure duration as 1 h has in-
creased the percentage of Cu from 0.62 at% to
0.76 at%. However, there were not many differ-
ences in the atomic percentage of Cu among
CuO/TiOz (50,1), CuO/TiO:z (25,3), and
CuO/TiOz (50,3). This is likely due to photodep-
osition rate of Cu becoming very low as the per-
centage of copper has reached around 0.76 at%.

The percentages of Zn present on samples

with 3 h exposure duration, which are
ZnO/TiO2 (25,3) and ZnO/TiO2 (50,3), are great-

120
. 100 — — —_— — — N— —— — — N— —
b
L
5 80
L
‘©
Q
o
E 60
(e}
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=
c 40
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20J I I I I I I I I l
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CuO CuO CuO Zn0 Sn02 Sn02 Sn02 Sn0O2
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Synthesis Parameters of Metal Oxide Coupled TiO, Particles

mTi O ®m Metal (Cu/Zn/Sn)

Figure 3. EDX analysis of metal oxide coupled TiO: particles synthesized under different parameters
include (25 vol%, 1 h), (50 vol%, 1 h), (25 vol%, 3 h), and (50 vol%, 3 h).
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er than samples with 1 h exposure duration,
which are ZnO/Ti02 (25,1) and ZnO/TiO: (50,1),
because more time was given for the photodep-
osition of Zn atoms on TiO: particles to take
place. Besides, for samples with the same expo-
sure duration, the ones with a higher concen-
tration of methanol used during photodeposi-
tion process contain a greater percentage of Zn
[31]. This highlights the importance of organic
hole scavengers in photoreduction of Zn ions
with photoexcited TiOz. At pH 7, the reduction
potential of Zn2*/Zn is more negative than the
reduction potential of photogenerated electrons
in the CB of TiOz2, hence Zn2+ cannot be directly
reduced by the photogenerated electrons [32].
Instead, organic additives, in this case, metha-
nol, can be converted into radical intermediates
with strong reducing power by the photogener-
ated holes in VB of TiO2 or by hydroxyl radi-
cals, which can reduce the Zn2* ions into Zn at-
oms [33,34]. Since the photodeposition of Zn is
dependent on organic intermediates, increasing
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the concentration of methanol has increased
the number of generated intermediates, hence
speeding up the photodeposition process. Apart
from that, the atomic percentage of Sn was no-
ticeably higher in samples that have a longer
exposure duration, which were SnOs/TiO:
(25,3) and Sn0O2/Ti0O:z (50,3). This is once again
due to a longer time given for the photodeposi-
tion process to take place in those samples.
However, despite SnO2/TiOz (50,3) with 50
vol% methanol has greater Sn percentage than
in Sn02/Ti0z2 (25,3) with 25 vol% methanol,
Sn02/Ti02 (50,1) with 50 vol% methanol
showed a lower percentage of Sn at 0.41 at%,
compared to SnO2/TiO:2 (50,1) with 25 vol%
methanol at 0.66 at% Sn. This phenomenon in-
dicates that the concentration of methanol
might not be the prominent factor in photodep-
osition of Sn using UV irradiated TiO: parti-
cles, and the photoreduction of Sn2* ions was
mainly through direct electron transfer from
photoexcited TiOz to the Sn2+ ions.

CuDITIO, (50.3)|
(b) CuITiO, (25,3)
CulNTi, (50.1)
CuliTiO, (25.1)
Pure Ti0y,

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
2 theta (°)

$n0TiO, (50,3)
(d) $n0TiO, (25,3)
SnO,TiO, (50.1)
Sn0,TiO, (25.1)
Pure TiO,

Intensity (a.u.)

L (1o

2 theta (°)

Figure 4. XRD pattern for (a) TiOz particles before and after annealing at 600 °C, (b) CuO/TiO2 parti-

cles, (c) ZnO/TiO: particles and (d) SnO2/TiO2 particles.
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The XRD patterns of TiO2 and metal oxide-
TiO2 at different synthesis parameters are il-
lustrated in Figure 4(a-d). XRD was performed
on both unannealed and annealed TiO:zparti-
cles. From the results shown in Figure 4(a), the
diffraction patterns of TiO2 particles before and
after annealing were matched with ICSD 98-
007-6028 (Anatase), hence both samples are in
anatase form. The peaks appeared at angle
25.29°, 37.79°, 48.01°, 53.88° 55.03°, 62.66°,
68.74° 70.24° 75.02° and 82.63°, corresponding
to (101), (004), (200), (105), (211), (204), (116),
(220), (215), and (224), respectively. On top of
that, the sharp diffraction peaks were due to
the high crystallinity of both samples. Although
the anatase phase could transform into a rutile
phase at high temperatures [35], the XRD re-
sults indicate that heating at 600 °C in an am-
bient atmosphere was not sufficient for the
phase transformation to take place. The overall
peak intensity from TiO2 after annealing was
lower simply due to natural variation between
measurements, as the overall intensity is pro-
portional to the number of samples exposed to
the X-Ray irradiation in certain slit openings,
which is related to the powder packing during
sample preparation.

The diffraction patterns of various CuO/TiOz
samples, ZnO/TiOz samples and SnO2/TiO2
samples are shown in Figure 4(b-d), together
with the diffraction pattern of pure TiO2at var-
ious synthesis parameters. It can be seen that
the diffraction patterns of the metal oxide cou-
pled TiO:2 particles showed similar peaks as the
uncoupled pure TiO:z particles, which was the
anatase phase (ICSD 98-007-6028), and no oth-
er foreign peaks can be found. This was be-
cause the deposited materials present in ex-
tremely small amounts, as already been shown

Abs

T T T
400 500 600 700
Wavelength (nm)

Figure 5. UV-Vis spectra of RhB solution photo-
degraded by uncoupled TiO2 particles.

in the EDX results, the atomic percentages of
the coupled elements (Cu, Zn, and Sn) were
less than 1 at%. If the coupled material was
present in very small amount, the diffraction
peaks of the coupled material would not be de-
tected due to the limitation of XRD analysis,
which explains why the synthesized samples
showed similar diffraction peaks as pure ana-
tase [36].

3.2 Photocatalytic Properties

3.2.1 The photocatalytic performance of uncou-
pled TiOz2 particles

The photodegradation properties of uncou-
pled TiOz2 particles were examined as a control.
According to the Beer-Lambert Law, the con-
centration of a solution can be linearly propor-
tioned to its absorbance value [37]. The concen-
tration of RhB solution at different times of
photodegradation was determined based on its
absorbance peak value. Figure 5 shows the ab-
sorbance spectra of the RhB solution after vari-
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Figure 6. (a) Photodegradation efficiency by
uncoupled TiO2 particles (b) Kinetic plot of
photodegradation by uncoupled TiO:z particles.
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ous UV exposure durations with the presence
of uncoupled TiO:2 particles. Peak values of the
absorbance spectra decreased as the exposure
duration increased. According to the study of
Carneiro et al. [38], the decrease of degradation
of characteristic absorbance peak is an indica-
tion of degradation of RhB dye into oxalic acid,
2-hydroxybutanoic acid, 4-ketopentanoic acid,
butanedionic acid, benxoic acid, and benzene
dicarboxylic acid. Figure 6(a) shows the photo-
degradation efficiency of RhB solution by un-
coupled TiO2 particles under UV irradiation.
69.95% of the RhB solution has been photo-
degradated after 90 min of UV exposure. Fig-
ure 6(b) shows the plot of In{[RhB]|./[RhB]} vs t.
A linear fitting was performed and R2 value of
97.30% was obtained. This has shown that the
photodegradation of RhB solution with uncou-
pled TiO: particles under UV irradiation fol-
lowed a first-order kinetic [39]. The rate con-
stant of the photodegradation was determined
from the slope of the plot, which is 0.01258
min-1,
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3.2.2 The photocatalytic performance of metal
oxide coupled TiO2 particles

Figure 7(a) shows the photodegradation effi-
ciencies of various CuO/TiO2 samples at differ-
ent exposure durations. The photodegradation
efficiency of uncoupled TiO:z particles was also
included for comparison purposes. Overall,
CuO/TiO2 samples showed better photodegra-
dation efficiencies than pure TiO:2 particles.
Just like uncoupled TiO: particles, the results
indicate the CuO/TiO2 samples follow a first-
order kinetics for RhB photodegradation. After
90 min of UV irradiation, the CuO/TiO2 sam-
ples, which were CuO/TiO:2 (25,1), CuO/TiO:
(50,1), CuO/TiOz (25,3), and CuO/TiO:z (50,3)
have degraded 89.96%, 90.29%, 90.90%, and
92.67% of RhB solution, respectively. CuO/TiO2
(50,1), CuO/TiOz (25,3), and CuO/TiO2 (50,3)
showed rather similar photodegradation pat-
terns and slightly greater photodegradation
than CuO/TiOz (25,1). This can be explained by
a higher atomic percentage of Cu in CuO/TiO2
(50,1), CuO/TiO2 (25,3), and CuO/TiO:z (50,3),
with 0.76 at% for the first two samples and
0.79 at% for the third sample, compared to
CuO/TiO2 (25,1) with slightly lower Cu per-
centage at 0.62 at%. A higher atomic percent-
age of Cu would indicate more TiO:2 particles
were being coupled, thereby contributing to a
more efficient photodegradation overall [40,41].
To better understand the effect of various pa-
rameters on the photocatalytic performance,
the reaction rate constant of each sample was
plotted against the methanol concentration and
deposition duration, in Figure 8(a-b). For sam-
ples with the same amount of methanol con-
centration, the ones with a longer deposition
duration have a larger rate constant, and vice
versa. Once again, the rate constants were due

100 - (c)
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9 WS St e
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Figure 7. Photodegradation efficiencies of uncoupled TiO:2 particles and various (a) CuO/TiO:z particles,

(b) ZnO/TiO2 particles and (¢) SnO2/TiO2 particles.
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to the respective amount of photodeposited ma-

terials.

Figure 7(b) illustrates the photodegradation
efficiencies of various ZnO/TiO2 samples and
pure TiO:z particles at different exposure dura-
tions. ZnO has almost similar band gap energy
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with anatase TiOz at around 3.3eV [23]. ZnO
has hexagonal unit cell instruction called
Wurtzite, as well as large exiting binding ener-
gy and large bond strength at room tempera-
ture [42]. From Figure 7(b), ZnO/TiOz (50,3)
and ZnO/TiO:z (50,1) have shown better photo-
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Figure 8. Photodegradation rate constants of RhB solution by various metal oxides synthesized using
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centration (ZnO/TiOg), (d) deposition duration (ZnO/Ti0Oz2), (e) methanol concentration (SnO2/TiO2) and
(f) deposition duration (SnO2/TiOy).
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degradation efficiencies than ZnO/TiO:2 (25,1)
and ZnO/Ti02 (25,3), which only have slightly
better photodegradation efficiencies than pure
TiO2 particles. After 90 min of UV irradiation,
ZnO/Ti02 (50,3) and ZnO/TiO2 (50,1) have de-
graded 90.25% and 83.60% of the RhB solution,
respectively. On the other hand, ZnO/TiO:
(25,3) and ZnO/TiO2 (25,1) have only degraded
73.07% and 71.57% of RhB solution, respective-
ly after 90 min of UV irradiation. Similar to
pure TiO:2 particles, the photodegradation of
RhB solution by ZnO/TiO:z particles followed a
first-order reaction Kkinetics. From previous
EDX analysis, the atomic percentage of Zn in
ZnO/Ti02 (25,1) and ZnO/TiO:z (25,3) was only
0.20 at% and 0.46 at%, respectively, compared
to ZnO/TiOz (50,1) and ZnO/TiO: (50,3) which
have 0.57 at% and 0.98 at% of Zn, respectively.
A higher atomic percentage of Zn present in the
samples indicates that more Zn was being pho-
todeposited onto the sample which was then
converted to ZnO during oxidation annealing.
On top of that, the results have shown that the
overall photocatalytic properties of ZnO/TiO:
samples (average rate constant of 0.0197 min-1)
were not as good as CuO/TiO2 samples (average
rate constant of 0.0341 min-!). This indicates
the charge carrier recombination prevention
mechanism in CuO/TiO2, where Cu2?* ions
“hold” the photogenerated electrons, was much
more effective than in ZnO/TiO:z (direct charge
transfer in heterojunction), resulting in better
photocatalytic properties of CuO/TiO2. This is
also likely due to the small bandgap of CuO, al-
lowing it to be excited not only by UV light but
also by visible light as well, hence able to gen-

Table 2. Summary of rate constants of all sam-
ples.

Sample Rate Constant, £ (min-1)
CuO/TiOz (25,1) 0.0293
CuO/TiOz (50,1) 0.0347
CuO/TiOz (25,3) 0.0360
CuO/TiOz (50,3) 0.0362
ZnO/TiO2 (25,1) 0.0159
ZnO/TiO2 (50,1) 0.0248
ZnO/TiO2 (25,3) 0.0151
ZnO/TiO2 (50,3) 0.0230
Sn02/Ti02 (25,1) 0.0260
Sn02/Ti0z (50,1) 0.0319
Sn02/Ti0z (25,3) 0.0360
Sn02/Ti0:2 (50,3) 0.0368
Pure TiO: 0.0141

erate more charge carriers upon illumination.
To visualize the effect of various coupling pa-
rameters on the photocatalytic performance of
the ZnO/TiO2 samples, the reaction rate con-
stants of each sample were plotted against the
methanol concentration and deposition dura-
tion, in Figure 8(c-d). For ZnO/TiO2 samples
synthesized with 25 vol% of methanol used, the
rate constant was almost the same at 0.0159
min~! and 0.0151 min-1, compared to when 50
vol% of methanol was used with rate constants
of 0.0248 min~! and 0.0230 min-1.

Figure 7(c) depicts the photodegradation ef-
ficiencies of various SnO2/TiO2 samples at dif-
ferent exposure durations with that of pure
TiOz. From the figure, the photodegradation ef-
ficiency by SnO2/TiO2 samples were generally
better than pure TiOz. After UV irradiation of
90 min, SnO2/Ti02 (50,1), Sn02/TiO:2 (25,3), and
SnO02/TiOz (50,3) have degraded almost the
same percentage of RhB solution, which were
94.05%, 93.79%, and 92.61%, respectively,
whereas SnO2/TiO2 (25,1) has shown slightly
lower photodegradation efficiency with 87.92%
at 90 min. Based on the EDX analysis results,
Sn02/Ti02 (25,3) and SnO2/TiO2 (50,3) have
higher atomic percentages of Sn (0.94 at% and
1.04 at%, respectively) and thus they were ex-
pected to show greater photodegradation prop-
erties due to more coupling of SnO2 with TiO2
particles. However, SnO2/TiO2 (50,1) with a
lower Sn percentage (0.41 at%) than SnO2/TiOs
(25,1) (0.66 at%) has displayed a greater photo-
degradation efficiency than SnO2/TiO: (25,1).
This was likely due to the unintended exposure
of Sn02/Ti0O2 (50,1) containing RhB solution, to
surrounding light and caused the photodegra-
dation of RhB solution to proceed in the cuvette
under visible light irradiation because coupling
TiO2 with SnO2 will cause a red shift in band
gap to the visible region [43]. To see the effect
of various coupling parameters on the photo-
catalytic performance of the SnO2/TiO:z sam-
ples, the reaction rate constants of each sample
were plotted against the methanol concentra-
tion and deposition duration, in Figure 8(e-f).
From Figure 8(f), for a deposition duration of 3
h, the synthesized samples have almost similar
photodegradation rate constants of 0.0360
min~! and 0.0368 min~1.

Table 2 compares the photodegradation rate
constants of all samples, including the pure
TiO2 for comparison. The rate constants of
CuO/TiO2 samples (average of 0.0341 min)
are much higher than ZnO/TiO:2 samples
(average of 0.0197 min-1). Despite having dif-
ferent charge carrier recombination inhibition
mechanisms, SnO2/TiO2 samples (direct charge
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transfer mechanism) have shown similar pho-
tocatalytic properties as CuO/TiO2 samples
with an average rate constant of 0.0327 min!,
and both have shown better photocatalytic
properties than ZnO/TiOz samples. Although
Sn02/Ti02 particles and ZnO/TiO: particles
both use a direct charge transfer mechanism
for inhibiting charge carrier recombination,
however due to the relative band position of
Sn0O2 and ZnO with TiOg, the TiO2 stores differ-
ent charge carriers in each case. In the case of
Zn0/TiO2, the CB of ZnO is at a higher energy
level than the CB of TiO2, hence TiOz holds the
photogenerated electrons from both compo-
nents. On the other hand, in the case of
Sn02/Ti02, the VB of TiO:z is higher than the
VB of Sn0Oz2, so TiO2 holds the photogenerated
holes from both components. TiOs has strong
adsorption properties that can hold high con-
centrations of target pollutant molecules close
to its surface [43]. In the case of SnO2/Ti02, the
surface of TiO2 contains a high amount of pho-
togenerated holes which can directly oxidize
the pollutant molecules gathered around its
surface, while at the same time generate hy-
droxyl radicals (that can degrade the pollutant
molecules) through the reaction between the
holes and water molecules which is abundant
in the solution [44].

For ZnO/TiOg, the photogenerated electrons
in TiO:z cannot react directly with the pollutant
molecules near the TiOz surface. Besides, the
presence of oxygen molecules in the solution is
not as abundant as water molecules, hence the
generation of superoxide radicals (which also
can degrade the pollutant molecules) is not as
frequent. The two factors mentioned above may
be contributing to the less efficient photodegra-
dation activity displayed by ZnO/TiO: samples
compared to SnO2/TiO2 samples. In the end,
the relative bandgap of the coupled oxide with
TiO2 is not the determining factor of the com-
bined photocatalytic properties, instead, it is
the relative positions of the CB and VB that are
impactful. Among CuO/TiOz and SnO2/TiO:
samples, CuO/Ti0O:z (50,3) and Sn02/TiOz (50,3)
have shown the best photocatalytic properties
respectively due to the longer deposition time
and higher concentration methanol, resulting
in more deposited materials. Overall, all syn-
thesized samples have shown better photocata-
lytic properties than pure TiO2 as suggested in
previous studies.

4. Conclusion

This research systematically explored the
coupling of TiO2 with various metal oxides
(Cu0, Zn0O, and SnOz2) for enhancing the photo-
catalytic degradation of Rhodamine B (RhB)
dye. The study encompassed a comprehensive
investigation into the impact of synthesis pa-
rameters, including methanol concentration
and deposition duration, on the photocatalytic
performance of the coupled materials. EDX
analysis has confirmed the deposition of de-
sired materials on TiO2 particles, however, the
amount was too small to be detected by XRD
analysis. Besides, the SEM image and EDX el-
emental composition suggested that the depos-
ited metal oxides were likely to be in the form
of particulates only. As for the photocatalytic
performances, all synthesized samples have
shown improved performance on the photodeg-
radation of RhB solutions. The photodegrada-
tion of RhB solution by pure TiOz2 and synthe-
sized samples have shown to follow first-order
kinetics. The results demonstrated that
CuO/Ti02 and SnO2/Ti0O2 samples exhibited su-
perior photocatalytic properties. The study elu-
cidated that deposition duration and methanol
concentration significantly influenced the pho-
todeposition process, with longer durations and
higher methanol concentrations resulting in
enhanced photocatalytic activity. CuO/TiO:
(50,3) and SnO2/Ti0:2 (50,3) were identified as
the most effective photocatalysts, benefiting
from extended deposition times and greater
methanol concentrations. The findings under-
score the importance of carefully choosing met-
al oxides and synthesis conditions to tailor pho-
tocatalytic processes for specific applications.
Future work in this field may further explore
the optimization of synthesis parameters and
the potential for scaling up these photocatalyt-
ic systems for practical environmental applica-
tions.
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