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Pristine TiOz nanoparticles, doped with single elements Cu and Mg, were
synthesized utilizing the sol-gel process with titanium tetraisopropoxide as
the Ti basis. The physicochemical characterizations of the nanoparticles were
evaluated using X-ray diffraction (XRD), transmission electron microscopy
(TEM), diffuse reflection spectroscopy (DRS), and scanning electron
microscopy (SEM). The XRD shapes of the samples did not display isolated
peaks of diffraction for Cu or Mg, demonstrating that the metals were well
spread on the TiOz surface. The DRS analysis uncovered an intriguing finding-
the co-doped photocatalyst exhibited a significantly narrower band in
comparison to both un-doped and monometallic TiO2. This intriguing
alteration in the absorption band near visible light holds great potential. To
further explore its implications, a comprehensive comparison was conducted
to evaluate the photocatalytic activity of nanoparticles in degrading orange G
solution under visible light. TiO2 nanoparticles doped with copper and
magnesium exhibited significantly higher photocatalytic activity than to
Cu/TiOz, Mg/TiO2, and pure TiOz nanoparticles. The optimal doping levels of

Co-doping copper and magnesium for the synthesis of Cu and Mg/TiO2 nanoparticles
Orange G were determined to be 1 and 0.25 mol%, respectively.
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Introduction

Various experimental [1] and theoretical [2]
techniques
compounds from wastewater. The advanced
oxidation process (AOP) could be a broadly used
chemical technique in wastewater
highly active in organic
compounds removal and has been proposed as a
significant technique for eliminating these
pollutants from wastewater. The main idea
behind enhanced oxidative stress processes is to
create hydroxyl radicals (¢OH) using substances
like H202, 03, a photocatalyst, or an oxidant with
the help of UV light or sunlight. The hydroxyl
radical is a powerful and non-choosy chemical
oxidant. Once formed, it starts attacking organic
compounds, causing them to break down
completely [3]. Heterogeneous photocatalysts
like TiO, have been widely used due to their
excellent performance, lack of toxicity, and easy
accessibility. In semiconductor materials, the
valence and conduction bands are defined by a
bandgap [4]. In the photocatalysis field, the usage
of titanium dioxide semiconductor catalysts is
more significant than traditional methods for
eliminating environmental organic pollutants [5].
This is for the reason that the decomposition of
pollutants gradually. Moreover, the
catalyst's surface has a strong ability to attract
contaminants, allowing the process to continue
and terminate even on very small concentrations.
This characteristic is of high
significance [6]. The efficacy of the advanced
oxidation progression relies on the stability of
the created electron-hole pairs (e-h+). If the e-h+
pair is separated and does not recombine, it can
effectively contribute to the decomposition
reaction [7]. In laboratory studies, TiO;
photocatalysts are primarily examined using
anatase-phase powder materials. However, it is
also common to investigate thin films and rutile

are known to remove organic

active
treatment. It is

occurs

economic

materials [8-10]. Anatase phase titanium dioxide
(TiO2) is the chief common photocatalyst because
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it is a powerful oxidizer and is physically and
chemically stable [11-14]. Recently, A.M. Alotaibi
et al. successfully deposited highly photoactive
Cu-doped anatase TiO; tinny films on the glass
substrate utilizing aerosol-assisted chemical
vapor  deposition (AACVD) [15]. The
photocatalysts activity is less effective for fast
recombination of electron-hole pairs. Moreover,
the performance may be limited by the relatively
small specific surface areas of smooth surfaces
and monocrystalline phases [16-19]. Fortunately,
it is possible to design and manufacture 1D TiO;
surface that
secondary phases with specific morphologies
such as nanoparticles, nanorods, and nanowires
[20,21]. Moreover, these heterostructures can
also incorporate other constituents for example
metals, non-metals, and semiconductors through
doping [22-24]. There are two primary factors
that control the activity of TiO, photocatalyst:
reducing the bandgap in the visible light region
and decreasing the electrons-holes
recombination rate. Doping is a method to
overcome this limitation [25]. TiO, doping with
certain elements can decrease the bandgap,
which in turn moves to the visible range of the
absorption band. There are several techniques
for doping TiO2, such as ion implantation,
hydrothermal reaction, sol-gel reaction, and
[26-29]. The sol-gel
technique is considered the easiest, most cost-
effective, and appealing way to synthesize
titanium dioxide and metal doping at low
temperatures. In
researchers have focused on encoding TiO; to
address these issues. R. Lakshmi et al. have
confirmed that the addition of Co and Fe to TiO:
powder, obtained through the sol-gel process,
enhances its photocatalytic activity for
decomposing the main dye malachite green. This
activity is higher compared to single metal and
undoped TiO; [30].

Recently, there have been reports about the
production of TiO2-bimetallic sol-gels using co-

heterostructures introduce

solid-state  reaction

recent years, numerous
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doped particles such as Ni-Ag / TiO2 [31], Cu-Zn /
TiO2 [32], and Pd-Ag/ TiO: [33]. There are
various regulations for mono non-metal [34] and
mixed element doping, which include non-metal
doping [35-38] and doping of transition metal
[39-41]. Doping of the transition elements can
significantly progress the photocatalytic activity
in a range of visible light [42]. Yi-nan Wu et al.
conducted a study where they used leaf extract of
Stephania abyssinica with (Mn, Ni) co-doped ZnO
catalysts. They also evaluated the photocatalyst
activity by testing its capability to decompose the
methylene blue (MB) dye
light [43]. A recent study examined a new
method for analyzing the methyl orange
degradation using a modified TiO-
nanocomposite. The study found that the efficacy
of removing methyl orange rises with longer
irradiation of UV light and a higher weight
fraction [44].

under visible

Therefore, in this study, we prepared
nanoparticles of TiO;, Cu/TiO,, Mg/TiO,, and
bimetallic Cu, Mg/TiO,, and then evaluation the
comparative activity of above photocatalysts in
removing Orange G is accomplished. To
understand the structural properties of the
catalysts, we used techniques such as X-ray
diffraction (XRD), scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy
(EDX), transmission electron microscopy (TEM),
and UV-Vis diffuse reflectance spectroscopy
(DRS).

Experimental
Materials and methods
Copper nitrate and magnesium nitrate

hexahydrate were utilized as metal salts for
doping. Titanium tetraisopropoxide (Ti (OC3H7)4)
was applied as the predecessor for titania.
Methanol (MeOH) with a purity of 96% was used,
and Orange G was chosen as the azo dye model
for the study on photocatalytic decomposition.
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All materials were prepared from Merck,
Germany. The chemical structure of Orange G is

displayed in Figure 1.

N«“: f::
N

S0,Na

Chemical formulaCysHoN:Na; 3,58

Mw (g mol') : 452,38 gmol™*

Figure 1. Chemical structure and characteristics of
Orange G.

TiO; and doped TiO; nanoparticles synthesis with
the sol-gel process

Nano-TiO;, sole-doped, and Cu/Mg co-doped
nano-Ti0; nanoparticles were produced using
the sol-gel method with titanium isopropoxide
(TTIP) as the pioneer for TiO». To prepare the co-
doped TiO, samples, the molar ratio of TTIP,
methanol, and distilled water was maintained at
1:1:65. TTIP was dissolved in methanol and the
time of sonication was for 20 minutes. Distilled
water was then added gradually to the solution
while vigorously stirring, and the mixture was
refluxed for 3 hours to produce a white
suspension. The mixed solution was stirred for 1
hour after adding appropriate amounts of Mg
(NO3)2 and Cu (NOs3)2. The final solution was then
dried in a furnace at 100 °C for twelve hours and
calcined at 455 °C in the furnace for 4 hours to
prepare Nano-Cu, Mg/TiO;. Monometallic and
pure (anatase) TiO, were also prepared using a
similar process.

Characterization

XRD patterns were obtained to identify phases
and calculate crystallite size. The patterns were
proved by a Siemens D5000 X-ray diffractometer
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by Cu-Ka radiation, with measurements taken in
the 20 range of 20-80°. The average crystallinity
size (Dum) was determined by equation of
Scherrer, as described in Equation (5) [45];

D=kA/BcosB (5)

In this equation, we have several variables: Kk, A,
B, and 6. The constant k is alike to 0.89. The
wavelength of X-ray, 4, is alike to 0.154056 nm.
The variable B represents the full width at half
maximum intensity (FWHM). Recently, 0 is the
half diffraction angle. The -catalyst's optical
bandgap (Eg) was measured by an Avaspec-2048
TEC spectrometer to quantity the DRS of the
samples. The bandgap energies of all the samples
were determined with the following Equation

(6):

Ey (eV) =1240/ A (nm) (6)
The chemical structure of the catalyst that was
prepared was analyzed using the EDX system. To
observe the catalyst at a microscopic level, a
Philips CM-10 HT-100 keV electron microscope
was used for TEM observations. In addition, SEM
analysis was conducted on the samples coated
with gold using a Philips model XL30 instrument.

Photocatalytic decomposition activity
samples

of the

The photocatalytic decomposition process was
conducted in a batch quartz reactor. In the
experimentation, 40 mg of the photocatalyst was
mixed to 100 mL of distilled water.
ultrasonic bath at 25 °C, the mixture was
sonicated for 15 minutes. After that, Orange G
was added to the mixture, reaching a last
concentration of 20 mg L1 and a volume of 100
mL. The mixture was stirred in the dark for 30
minutes to guarantee that the adsorption balance
was reached. Samples of 7 mL were placed at
specific interludes of irradiation time. These
samples were centrifuged twofold for 15 minutes
each time to remove any suspended solid
photocatalyst.

In an
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Finally, the samples were evaluated with a UV-
Vis spectrophotometer (UV-Shimadzu 2100).

Results and Discussion
Structural analysis

X-ray diffraction
photocatalysts

(XRD) study of prepared

Figure 2 displays the XRD shapes of Cu/TiO, (1
mol%), Mg/TiOz (0.25 mol%), and Cu, Mg/TiO;
(1-0.25 mol%) after being heated to 450 °C. The
XRD pattern in the figure comprises primarily
anatase with a slight quantity of rutile phase
(80:20 ratio). All the photocatalysts display
prominent anatase phase peaks at 20 = 25.2, 38,
48.2, 55, and 62.5 degrees, along with a little
portion of rutile phase peaks at 20 = 32 and 70
grades. The middle size of the crystallites is
calculated using the Debye-Scherrer equation,
and it is around 50 nm for all the samples. There
are no noticeable distinctions in the crystallite
dimensions and crystal construction of the
samples after the addition of Cu and Mg.

(101)
| A (oo4) (200) TiO,
S\ | . .
| Ao N ,_f'\ IV A
’::;‘ | Cu, Mg/TiO,
@ \ A AN A
Z
=
[t=]
'E- Cu/TiOy
ol W o,
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| Mg/TiO,
A A,
J'J \'- | s Q -
A A NS

2-Theta(degree)

Figure 2. The XRD shapes of TiOz, Cu/TiOz (1 mol%),
Mg/TiO2 (0.25 mol%) and Cu, Mg/TiOz (1-0.25 mol%)
calcined at 450 °C
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When comparing un-doped TiO; nanoparticles,
the diffraction intensity peak (101 plane) of Cu,
Mg/TiO; nanoparticles, and Cu/TiO; increased
significantly. This can be credited to the smaller
ionic radius of Cu?* (0.073 nm) being introduced
into the larger ionic radii of Ti*+ (0.074 nm) [46].

Analysis of transmission electron microscopy
(TEM)

To investigate the part size, the transmission
electron microscope was used to capture images
of the Cu and Mg/TiO nanoparticles (Figure 3).

Figure 3. The TEM image of Cu and Mg/TiO: calcined
at450°C

The sizes of these nanoparticles were consistent
with the sizes of the crystals achieved by the XRD
patterns.

Examination of scanning electron microscopy
(SEM)

The SEM was applied to syudy the structure of
the doped TiO, nanoparticles. Figure 4
demonstrates an SEM image of TiO that was co-
doped with Cu and Mg and then heated to 450 °C.
The particles are evenly spread out, the structure
is compact, the uniformity is excellent, the shape
is round, and there are only a few clumps.
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Figure 4. SEM of Cu, Mg/TiO2 calcined at 450 °
Diffuse reflectance spectroscopy (DRS) analysis

The DRS technique was exploited to investigate
how the addition of Cu and Mg affects the TiO;
bandgap. Both the size of the grains and the
defects in the crystal lattice of TiO, show a
noteworthy role in determining the bandgap
energy values of TiO; [47]. Figure 5 illustrates
the optical absorption property of TiO,, Mg/TiOx,
Cu/TiO, and Cu, Mg/TiO; nanoparticles. Table 1
presents the bandgap energies of all the samples.
The TiO, co-doped with Cu and Mg, exhibits a
noticeable change in the absorption peak within
the visible light scale of 400-900 nm. This shift is
attributed to the combined effect of magnesium
and copper, which creates additional absorption
peaks that extend beyond the bandgap.

Absorbance (a. u.)

350 360 370 380 390 400 410 420 430 440 450
Wevelength (nm)

Figure 5. Examining the TiOz, Mg/TiOz, Cu /TiOz, and
Cu, Mg/TiOz nanoparticles involved conducting DRS-
UV-Vis spectroscopy [48]
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Studies of photocatalytic activity
Efficiency of Cu and Mg doping

The reaction rate constants (kap) for removing
Orange G through photocatalysis
determined by analyzing the slant of the semi-
logarithmic diagrams. Table 2 sumarizes the k 4
values obtained for the removal of Orange G
using different types of nanoparticles, including
Cu/TiO2, Mg/TiO2, and Cu, Mg/TiO2. According to
the findings, the k., value increased as the Cu
loading reached up to 1 mol%. In the process of
photocatalysis, Cu serves as a bowl for charge
carriers generated by light, which helps facilitate
the transfer of charges at the boundary and
prevents the electron-hole pairs recombination.

were

Table 1. Eg values of monometallic and bimetallic Cu
and Mg-doped TiO2 nanoparticle

Catalyst Amax (nm) Eg (eV)
TiO2 392 3.61
Cu/TiO2 395 3.42
Mg/TiO2 391 3.52
Cu Mg/TiO2 406 3.00

This is because Cu has a strong capability to
trap electrons, thereby
photocatalysis effectiveness. Based on Table 2,
the highest activity of photocatalytic for Mg-
doped TiO2 nanoparticles was achieved when the
Mg content was 0.25 mol%. This is probably
because the
dopant leads to a greater number of charge
carriers being trapped per particle. However,
when there is an excessive amount of Mg on the
exterior of TiOy, it becomes the main center for
the electron-hole pairs recombination generated
during photocatalysis. This inhibits the transfer
of electrons and holes at the border, lead to a
decrease in photoactivity [49].

enhancing the

increased concentration of the

Catalyst dosage effect

A set of experiments were conducted to
investigate the impact of catalyst quantity on the
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degradation of orange G and identify the most
effective dosage by testing different levels of co-
doped nano-TiO,, ranging from 200 to 600 mg L-
1, in 100 mL of Orange G solution with a
concentration of 20 ppm. Figure 6 illustrates the
pseudo-first-order
constants for four various catalyst doses below
visible light. The rate of degradation originated
to improve as the catalyst amount increased up
to 400 mg L1

However, a degradation rate reduction was
detected when the catalyst amount exceeded 400
mg L-1. When the dose of Cu, Mg- doped TiO;
augmented, there was an increase in the quantity
of absorbed photons and dye
adsorption compared to the rise in catalyst
molecules. This trend continued until the active
surface area reached a constant level. When
there is too much catalyst because light cannot
penetrate well and scattering of light increases,
the ability to remove orange G through
photocatalysis will decrease [50].

distinction of the rate

molecules

Photocatalytic activity comparison of TiO;,

Mg/TiO;, Cu/TiOz, and Cu, Mg/TiO;

Figure 7 presents a comparison of the
nanoparticle's efficiency of pure, monometallic,
and bimetallic co-doped TiO in removing Orange
G through photocatalysis underneath visible
light.

0.14 0.12
= 612
w6 0.08
§ 0.08 0.06
"é.o'“ 0.04
0.02
0
200 400 500 600

Dosage of Cu, Mg/TiO2

Figure 6. Effect of several dosages of Cu and Mg/TiO:
nanoparticles at the Orange G degradation
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Table 2. The apparent reaction rate constant (kap) of dissimilar catalysts in the process of photocatalytic
decomposition of orange G

Doping of Metal (mol%)

Catalyst Cu Mg
TiO: 0.0 0.0
Mg/TiO: 0.0 0.25
Cu/TiO: 0.01 0.0
Cu /TiO2 0.05 0.0
Cu /TiOz 1.0 0.0
Cu /TiOz 0.15 0.0
Cu, Mg/TiO: 1.0 0.15
Cu, Mg/TiO2 1.0 0.25
Cu, Mg/TiO2 1.0 0.5
Cu, Mg/TiO2 1.0 1.0
Cu, Mg/TiO: 1.0 0.25
Cu, Mg/TiO2 1.0 0.25
Cu, Mg/TiO2 1.0 0.25
0.14
._I.“‘ 012
e
Ei
% 0.,0.1
% 0.02 ' '
0
TiO: MgTiO: Cy/Ti0; CuMgTiO;

(Cu=1, Mg=0.25 mol%)

Figure 7. Comparative examine between the
photocatalytic activeness of TiO2, Mg/TiOz, Cu /TiOz,
and Cu, Mg/TiO2

The results indicate that Cu and Mg/TiO;
nanoparticles exhibit the
photocatalytic action. This improvement can be
credited to the ability of copper and magnesium
to increase surface area, and visible light
absorption, separation  of
photogenerated electron-hole pairs,
active sites [51], capture electrons generated by
light, and prevent their recombination with
holes, thus enhancing the photocatalytic process.

Furthermore, the co-doped catalyst exhibits
superior photocatalytic performance related to
its bigger surface zone.

maximum

enhance the
increase
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Calcination .
Temperature (°C) kap(min )
400 0.0490
400 0.0551
400 0.0488
400 0.0523
450 0.0710
400 0.0585
400 0.0723
400 0.1122
400 0.0971
400 0.0613
300 0.0871
500 0.0751
600 0.0488

The effectiveness of calcination temperature

To examine how the temperature at which a
catalyst is calcined affects its photocatalytic
activity, Mg (0.25 mol%) and Cu (1mol%) were
calcined at 300, 400, 500, and 600 °C for 3 hours.

Figure 8 shows that the calcination temperature
has a noteworthy impact on the photocatalytic
activity of the co-doped TiO. nanoparticles. As
the temperature rises,
amorphous to anatase form of TiO; increases.
Anatase TiO, exhibits higher photocatalytic
activity, resulting in a gradual increase in

photocatalytic activity.
014

0.12

0.1

0.08

0.06

0.04

0.02
300 400 500 600

Calcination temperature (°C)

the transition from

Kl.p{mill'l:l

Figure 8. The effectiveness of optimum calcination
temperature on the degradation of Orange G under
visible light radiation and the photocatalytic activity
of Cu, Mg/TiO2 nanoparticles.
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However, if the calcination temperature exceeds
400 °C, TiO2 can convert from anatase to rutile
form and the particle size will increase with
higher temperatures.

This can be attributed to some factors, counting
the agglomeration of the nanoparticles, a
decrease in the amount of H,0 adsorbed, growth
in the rate of recombination between e- and h+,
and the conversion of anatase to the rutile phase,
which has lower photocatalytic activity [52].

Investigating the effect of pH on the removal rate
of Orange G with optimal amounts of Cu, Mg-TiO-

At this stage of the research, solutions
containing 20 mg L1 of Orange G and with the
optimal amount of Cu, Mg-TiO; photocatalyst
(400 mg L1) were prepared and the color
removal was investigated at different pHs at
specific time intervals (Figure 9). The rate of
degradation in acidic pH is higher than in
alkaline pH. The high degradation rate constant
in acidic pH is due to the increase of surface
absorption of Orange G in the nanoparticle
surface area. In addition, minimizing electron-
hole recombination in acidic pH is another
important factor for
degradation rate. At high pH, repulsion is created
between the anionic surface of the dye and the
hydroxyl anions, and there is no more chance to

constant increase in

react with the dye molecules. Therefore,
destruction efficiency decreases.
120 — pH=5
100 —e pH=6 .
—— pH=8 J____#-—---"’"
_-—""-----_- .d'/-
" &0 P — /____,_-
2ol
e
40 ’F // ._.—-—/—F———F
ol / / /
=
o

0 5 10 15 20 25 30 35 40 45

Irradiation time(min)

Figure 9. Percentage removal orange G by irradiation
time at different pH
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Conclusion

This finding suggests that the co-doped TiO:
nanoparticles made of copper and magnesium
with the sol-gel method enhanced the
photocatalytic activity in comparison with the
single-metal TiO; nanoparticles. The addition of
Cu and Mg to TiO, prevents the transition of
rutile at optimal
temperatures, which is crucial for maintaining
the desired photocatalytic properties. The XRD
standard analysis confirms that the co-doped

phase from anatase to

TiO, nanoparticles retain their anatase phase
even at 400 °C, whereas uncoated single-metal
TiO2 nanoparticles undergo a phase change to
rutile. This is significant because the anatase
phase of TiO; is known to possess superior
photocatalytic activity compared to rutile. In
addition, the co-doping strategy allowed for fine-
tuning of the photocatalytic properties by
adjusting the concentration of copper and
magnesium ions. By optimizing their ratios, it
was possible to
photocatalytic activity while maintaining phase
stability.

achieve the maximum
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