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Abstract

Thulium (Tm?*") and ytterbium (Yb*") co-doping in TiO: has garnered considerable interest among RE dopants
because of their distinctive optical characteristics. In this present study, Tm**/Yb*" co-doped TiO, powder was prepared
using the sol-gel method by varying pH values (4, 6, 8, and 10). The morphological and structural properties of Tm**/Yb3*
co-doped TiO, were analyzed. The photocatalytic performance of the Tm3*'/Yb** co-doped TiO, was evaluated in
methylene blue (MB) degradation under UV light irradiation. The mixed phase of anatase-brookite was discovered in an
acidic medium, while pure anatase was observed at higher pH values. As pH increases, the average crystallite size
decreases, and this can be related to the hydrolysis-condensation reactions. FESEM images showed that all samples
demonstrate the formation of spherical granules. According to the FTIR analysis, the rising pH value induces a change in
Ti-O stretching vibrations towards a lower wavenumber, attributable to the transition of phase from a mixed anatase-
brookite to a pure anatase phase. Sample pH 4 exhibited the highest rate constant and photocatalytic degradation
percentage because it is a mixed anatase-brookite phase. This enhancement primarily arises from the synergistic effect
between the 2 phases. Optimizing the pH during synthesis is critical for tailoring the morphological and structural
properties of Tm*"/Yb*" co-doped TiO:, ultimately improving their photocatalytic efficiency and practical applicability in

environmental and energy-related fields.
Keywords: Rare earth, Photocatalytic degradation, Anatase-brookite, Sol-gel, TiO»

Introduction

Following the groundbreaking discovery by
Fujishima and Honda in 1972 of the
photoelectrochemical water-splitting reaction utilising
semiconductors, the field of photocatalysis has rapidly
advanced as a prominent method within advanced
oxidation processes (AOPs). This technology is
recognised for its energy efficiency, sustainability, and
positive impact on the environment. This approach has
the potential to address wastewater treatment, which is

characterised by significant complexity, low

biodegradability, and high pollutant concentrations [1].
Photocatalysis offers numerous benefits compared to
traditional water treatment methods, such as the capacity
to fully degrade and mineralise dyes and chemicals into
CO; and H,0, along with facilitating the degradation of
highly stable compounds that pose challenges for other
degradation processes. They are capable of operating
efficiently under standard room temperature and
pressure conditions without the need for a specialised

supply of particular gases. One additional advantage of
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photocatalysis is its cost-effectiveness compared to
other water treatment methods, along with the absence
of waste management concerns [2].

Titanium oxide (TiO»2) has been the most
frequently utilised photocatalyst among the numerous
photocatalysts and has been used extensively in
heterogeneous photocatalysis due to its chemical
stability, nontoxicity, and affordability. However,
TiO,'s wide bandgap (3.0 - 3.2 eV) is one of the
drawbacks as a photocatalyst. Because of that, TiO, has
a limited absorption of visible light, and it also exhibits
fast electron (¢7)-hole (h") recombination rates. Hence,
it is essential to alter the catalyst material by making it
less likely for (e7)/(h") pairs to recombine, lowering its
band gap, and enhancing optical absorption within the
visible spectrum [3]. In pursuit of this objective, a
variety of effective approaches were investigated [4-6].
The integration of various elements into TiO; is a
current approach aimed at mitigating the short lifetimes
of photoinduced electron-hole pairs.

Doping TiO, with rare earth (RE) metals can
substantially alter the physical, chemical and electrical
properties of the TiO, photocatalyst, thereby impacting
its photocatalytic activity [7]. The production of RE
metal ion complexes with various Lewis bases such as
alcohols, amines, thiols and aldehydes involve the f-
orbital electrons, which serve as an efficient substrate
for the adsorption of organic pollutants and enhance
photocatalytic activity [8]. 4f and 5d electronic
configurations of RE metal ions modify the catalytic and
optical properties of TiO; as reported by Zhang et al. [9]
and Ranyjit ef al. [10]. This modification occurs through
the generation of labile oxygen vacancies with relatively
high charge mobility and via redox coupling of
RE™/RE®™D*  in contrast to the bulk oxygen species
within the TiO, lattice. The ionic radii of RE metals
exceed that of the Ti*" ion, leading to their deposition on
the surface of TiO,. This contributes to the enhancement
of the effective surface area of TiO,. The introduction of
RE metal ions has also been documented to diminish the
agglomeration of TiO, particles. This boosts the
availability of active surfaces and elevates the
photocatalytic activity. The integration of RE metal ions
into the TiO, lattice also serves to trap electrons and
decreases the rate of e-h" recombination in TiO, [8].
Among RE dopants, thulium (Tm?*") and ytterbium
(Yb*") co-doping in TiO: has attracted significant

attention due to their unique optical properties. Yb*" ions
act as efficient sensitizers [11], absorbing near-infrared
(NIR) light and transferring energy to Tm?** ions, which
can subsequently emit photons in the visible or UV
range via upconversion processes [12]. This
upconversion mechanism enables TiO: to utilize a
broader spectrum of sunlight, thereby enhancing its
photocatalytic efficiency under visible and NIR light
irradiation. Additionally, the introduction of Tm*" and
Yb* can modify the electronic structure of TiO-, reduce
charge carrier recombination, and improve surface
defect states, further promoting photocatalytic reactions.

Rutile, anatase, and brookite are the 3
crystallographic phases in which TiO; nanoparticles are
all found in nature. Anatase (tetragonal TiO,)
demonstrates superior photocatalytic performance
compared to rutile (tetragonal) and brookite
(orthorhombic). Anatase coexists with a minor
proportion of the other 2 phases, rutile and brookite,
demonstrating greater photocatalytic efficacy compared
to its pure form. It is due to the mixed-phase effect,
which promoted the charge separation and hindered the
electron-hole recombination [13]. The combination of
brookite and anatase phases continues to be intriguing;
however, there is a scarcity of reports regarding the
photocatalytic activity of mixed-phase anatase-brookite.

On the other hand, the pH of the environment
significantly affects titanium dioxide (TiO,) and their
degradation processes. It influences the surface charge,
surface chemistry, bandgap energy, and hydroxyl
radical generation of TiO,. Low pH results in positive
surface charge, while high pH leads to negative surface
charge. According to Tsega and Dejene, under high
acidic conditions, brookite, anatase and rutile of TiO,
coexisted, with rutile as a dominant phase, whereas
under low acidic pH, only the anatase phase of TiO, was
present [14]. Sridevi et al. reported the formation of a
mixed phase of anatase and brookite, with the anatase
phase dominant at pH 6, 8, and 10 [15]. Devi, Kumar
and Reddy varied the pH of TiO, (pH: 3, 7 and 10) and
they revealed that at pH 3, pure rutile was formed, while
at pH 7, the anatase and rutile phases coexisted [16]. At
pH 10, the anatase phase was favoured. Alam ef al. [17]
observed that only the anatase phase of TiO;
nanoparticles was formed at pH 2, 2.5, 3.5 and 8.5.
However, a mixture of brookite, rutile and anatase was

detected to coexist at pH 9.5. Because there are various
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phases obtained based on the pH value, this indicates
that the effect of pH is complex. Working with rare-
earth dopants makes it more critical. Tm** and Yb** are
both rare earth elements, and their solubility in solution
is pH-dependent [18-20]. A well-controlled pH ensures
homogeneous doping and reduces defect-induced
recombination losses [21]. To the best of our
knowledge, there is no study about the effect of pH on
morphology, structural and photocatalytic properties of
Tm3*/Yb* co-doped TiO, photocatalyst. Therefore, this
study is to investigate the effect of pH on the
morphological, structural, and photocatalytic properties
of Tm*'/Yb*" co-doped TiO: photocatalysts. The present
study used the sol-gel method to prepare Tm**/Yb*'co-
doped TiO» using initial solutions of various pH values
(pH=4,6, 8, 10).

Materials and methods

Sample preparation

The sol-gel technique was employed to synthesize
Tm?*'/Yb*" co-doped TiO, powder. The sol-gel method
is frequently favoured for synthesising
TiOsnanoparticles due to its simplicity, cost-
effectiveness, accurate doping control, low-temperature
processing and high levels of uniformity and purity in
the final product [22,23]. First, 55 mL of ethanol (EtOH)
and 26 mL of titanium (IV) butoxide (Ti(OBu)s) were
mixed into the 250 mL borosilicate bottle and were left
to stir for 1 h. Next, 5 mL of distilled water (DI) and 55
mL of EtOH were combined to a previous solution in
the borosilicate container. The mixture was stirred
continuously at room temperature for the following 4 h.
A total of 10 wt.% of YbCl; and TmCl; in a ratio of 9:1
was introduced to the precursor solution. HCI or NaOH
were added to make the solution become acidic (pH: 4,
6) and alkaline (pH: 8, 10), respectively. Later, the
solution was left to stir overnight to dissolve the powder
completely. Then, the solution was peptized for 48 h
before having 2 layers of supernatant and Tm**/Yb** co-
doped TiO, precipitate. After that, the precipitation was
dried for 2 h at 120 °C to remove the remaining ethanol
in the solution. Upon completion of the drying process,
the powder was ground into a fine powder for 3 h via a
ball mill pulverizer instrument. The powder was then
annealed for 3 h at 400 °C at a rate of 5 °C/min. The
samples were labelled as YT-T4, YT-T6, YT-T8, and

YT-T10 based on their pH values of 4, 6, 8, and 10,
respectively.

The pH values (4, 6, 8, 10) were chosen to
systematically study their influence on the sol-gel
synthesis of Tm*'/Yb** co-doped TiO: photocatalysts.
These values cover acidic to alkaline conditions,
enabling the analysis of their impact on hydrolysis and
condensation rates, phase formation, dopant solubility,
and photocatalytic performance. By optimizing the
synthesis pH, the aim is to achieve homogeneous
doping, minimize recombination losses, and enhance the
photocatalytic efficiency of the Tm*/Yb*'co-doped
TiO; photocatalysts.

Sample characterization

Thermalgravimetric Analysis (TGA) (Perkin
Elmer Pyris 1, USA) with a heating rate of 10 °C/min
under ambient air was employed to determine the
optimal annealing temperature for Tm*"/Yb*" co-doped
Ti0,. The sample was heated from room temperature to
900 °C. The X-ray diffraction (XRD) analysis was
performed  utilizing PANalytical X'pert PRO
(Netherland) with CuKa (A = 1.54 A) radiation at 45 kV
and an accelerating voltage current of 40 mA. The 20
scanning range extended from 10° to 90° with a step
increment of 0.01°. The Debye-Scherrer equation (Eq.
(1)) was used to determine the size of the crystallite [24]:

0944
- L cos @

(1

where D is particle diameter, A4 is the wavelength, S is
the full width half maximum (FWHM) and 0 is the

diffraction angle.

The infrared absorption spectrum derived from
FTIR (Perkin Elmer FTIR Spectrum One, USA) was
used to identify the chemical bonds in the samples.
Elemental composition and surface morphologies of the
samples were obtained using energy dispersive X-ray
(EDX) (Bruker XFlash 61100 EDX, USA) and field
emission scanning electron microscopy (FESEM)
(Thermoscientific  Apreo 2S  FESEM, USA),
respectively. Reflectance spectra were recorded by
Shimadzu UV-vis diffuse reflectance spectroscopy
(Japan) (DRS) at a wavelength range of 200 - 2500 nm.

The energy band gap was estimated using the Kubelka-
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Munk function, F(R) (Eq. (2)) and Tauc and Davis-Mott
relation (Eq. (3)) [25].

(1-R)?
2R

FR) = @

(F(R)h)" = A(hv — E;) 3)

where F(R) is a coefficient of absorption, R is a
reflectance in %, E, is an energy band gap, /v is a
photon energy, B is constant and n is a factor that

depends on electron transition characteristic.

Photocatalytic degradation testing

The activity of photocatalytic degradation was
examined utilizing a UV light (Analytikjena, UVP
UVGL-58, 6 W, 365 nm) as the light source and
methylene blue (MB) serving as a dye. The separation
between the UV lamp and the MB solution is 5 cm. 70
mL of a 10 ppm MB solution (10 mg/L) at pH 8.75 was
introduced into the petri dish. Then, 200 mg of the
Tm*'/Yb*" co-doped TiO, was dispersed into the MB
solution and the mixture was constantly stirred for 30
min in the dark condition to reach adsorption-desorption
equilibrium during the photocatalyst-dye reaction. After
that, the dye with photocatalyst was exposed to the UV
light and the photocatalytic degradation activity was
carried out for 120 min with approximately 2 mL of MB
solution withdrawn at each 10 min interval. The aliquots
were then scanned using a Thermo Scientific Genesys

30 single beam visible spectrophotometer. The

percentage of photocatalytic degradation was
determined using Eq. (4) [26]:

Percentage of photodegradation (%)of MB = % % 100 % (4)

where C, is the MB solution concentration while C is
the MB solution concentration after reaction time.

Results and discussion

Figure 1 displays the TGA patterns of Yb3*/Tm3*
doped TiO, before the annealing process. The TGA
curve in Figure 1 depicts the weight loss (%) as a
function of temperature rise. According to the TGA plot,
there are 3 distinct phases to the total weight loss (%).
The evaporation of water molecules causes the initial
stage of weight loss, which occurs between ambient
temperature and 160 °C. Weight loss at this temperature
range is around 8.88 %. The second stage of weight loss
around 4.63 % occurs between 160 and 400 °C is
associated to the decomposition of organic compounds
[27]. There is barely any weight loss at temperatures
greater than 400 °C (third stage). The amorphous phase
will change to crystalline further heating above 400 °C
[28,29]. The samples are calcined at above 400 °C,
which is considered an appropriate annealing
temperature given TGA studies as it is stable at this
temperature range. The TGA pattern curve and weight
loss are similar to those observed in the previous study
on co-doped TiO; synthesised via the sol-gel technique
[30-32].
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Figure 1 TGA curve of Tm*/Yb3" doped TiO; before annealing process.
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The XRD pattern shown in Figure 2 confirms that
the produced photocatalyst contains TiO» polymorphs
such as anatase and brookite. The diffraction peaks of
pure anatase phase are observed at 20 values of 25.3°,
37.8°,48.0°, 54.0°, 54.9°, 62.6°, 68.5°, 70.1°, 75.0° and
82.6° correspond to the crystal plane of (101), (004),
(200), (105), (211), (204), (116), (220), (215), and (224),
respectively as indexed in the JCPDS file no. 01-071-
1166 for samples YT-T6, YT-T8 and YT-TI0.
Meanwhile, the additional diffraction peaks of the
brookite phase which are (211) and (302) (JCPDS file
no. 01-076-1937) are identified for the pH 4 sample. As
pH values increased, the brookite diffraction peaks
disappeared. At pH 6, 8, and 10, the TiO, powders

exhibited solely the anatase phase. The mixed anatase-
brookite phase is more likely to develop under moderate
acidic conditions [5,14]. It is because, under moderate
acidic environment, H* ions tend to slow down the
hydrolysis of titanium precursors. This can stabilize the
intermediate species that facilitate the production of the
brookite phase [33]. This is similar to the findings by
Szoldra et al. [34] and Tsega and Degene [14],who
discovered brookite tends to form in acidic
environments. On the other hand, similar findings were
stated by Yalcin [35] and Cassaignon ef al. [36], where
mixed phases were achieved when TiO, was prepared in
an acidic environment, while a pure anatase phase was

favored in a higher pH environment
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Figure 2 XRD diffraction pattern of Tm**/Yb*" co-doped TiO, NPs at different pH.

As pH increases, the average crystallite size
decreases, as seen in Table 1 and Figure 3. This can be
elucidated through hydrolysis-condensation activities.
In very acidic conditions, bigger crystallites tend to
develop due to the highly condensation reactions
exhibited by the [37].

low hydrolyzed species

Nevertheless, increased alkalinity promotes nucleation,
resulting in the creation of colloidal solutions and,
consequently, a reduced crystallite size. The findings
align closely with those documented by several
researchers [37,38].

Table 1 Average crystallite size, FWHM and specific surface area for different pH of Tm>"/Yb*" co-doped TiO»,

Average crystallite size Specific surface

Sample (pH) FWHM (26) (£0.01 nm) area (m%/g)
4 (YT-T4) 0.41 39.00 36.37
6 (YT-T6) 0.57 28.09 50.50
8 (YT-T8) 0.61 26.25 54.04

10 (YT-T10) 0.62 25.83 54.91
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The specific surface area (SSA) was calculated
using the total area covered by the crystals in unit mass
in Eq. (5) [24]:

6 x 103

SSA = ——
o s)
where p is the density of materials and D,, is the size of

the crystallite.

The estimated specific surface area value is
exhibited in Table 2, and the relationship between the

crystallite size and SSA is shown in Figure 3. Alkaline
conditions promote the development of smaller
crystallites size, resulting in a larger surface area that
can enhance the availability of active sites for
photocatalytic reactions. An increased surface area
enhances the material's capacity to engage with light, a
critical factor in photocatalysis. A greater exposed
surface area allows for the absorption of more photons,
leading to the generation of additional electron-hole
pairs, which in turn propels the photocatalytic reaction.
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Figure 3 The relationship of pH with the specific surface area and crystallite size.

Figure 4 depicts the surface morphology of
Tm*"/Yb*" co-doped TiO; obtained from FESEM. All
samples demonstrate the formation of spherical
granules. According to the FESEM image and Table 2,
particle size decreases as the pH increases. The
phenomenon occurs due to the agglomeration of the

NPs, which can be attributed to the Van der Waals
attraction or repulsion forces of electrostatics. It is
suggested that the attractive forces prevailed at lower
pH, whereas at pH 10, the repulsive forces outweighed
the attractive forces, leading to a reduction in particle

agglomeration [39,40].
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Figure 4 Surface morphology by FESEM of Tm*'/Yb*" co-doped TiO, synthesized at different pH (a) pH 4, (b) pH 6, (c)

pH 8, (d) pH 10.

Table 2 Average particle size of Tm**/Yb*" co-doped TiO; synthesized at different pH.

Sample (pH) Average particle size (nm)
4 (YT-T4) 275.71 £58.03
6 (YT-T6) 258.38 +38.98
8 (YT-T8) 200.04 +73.73

10 (YT-T10) 170.79 + 50.35

Table 3 shows the elemental composition of
Tm?*"/Yb*" co-doped TiO- for all samples obtained from
EDX analysis. All elements present in the samples were
detected. The ratio Yb:Tm is almost similar to 9:1. All
samples showed similar element concentrations, and it
can be concluded that the difference in pH does not
significantly affect the element content in the samples.
The FTIR spectra of Tm*'/Yb** co-doped TiO, was
displayed in Figure 5. The transmittance peaks at
approximately 3400 and 1630 cm™ correspond to O-H
stretching and bending, respectively [41]. Ti-O and Ti-
O-Ti stretching vibrations were identified in the infrared
region ranging from 500 to 800 cm™ [42]. According to
the dashed line in Figure 5, the rising pH value induces

a change in Ti-O stretching vibrations towards a lower
wavenumber, attributable to the transition of phase from
a mixed anatase-brookite to a pure anatase phase.
Anatase and brookite exhibit distinct Ti—O bond lengths
and crystal structures, which influence their vibrational
modes. Brookite exhibits a more distorted octahedral
structure, resulting in higher wavenumber vibrations
when compared to anatase. Upon the removal of
brookite, the structure transitions to pure anatase,
characterized by a more symmetric TiOs octahedral unit,
leading to a vibrational mode with lower energy (lower
wavenumber) [33]. Meanwhile, the absorption band at
1358 cm™! is ascribed to the stretching mode of CH;
bonds [43].
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Table 3 Elemental composition of Tm*/Yb*" co-doped TiO: (pH 4).
Sample (pH) Ti (wt.%) O (Wt.%) Tm (wt.%) Yb (wt.%)
4 (YT-T4) 47.06 48.08 0.50 436
6 (YT-T6) 45.87 49.01 0.54 458
8 (YT-T8) 46.56 48.46 0.48 4.50
10 (YT-T10) 47.13 47.86 0.49 452

Transmittance (a.u.)

T T T
500 1000 1500

T
2000

T T T
2500 3000 3500 4000

Wavenumber (cm™)

Figure 5 FTIR spectra of Tm>"/Yb*" co-doped TiO, with varying pH value.

The photocatalytic performance of the Tm3"/Yb**
co-doped TiO» was evaluated in methylene blue (MB)
degradation under UV light irradiation. The changes in
absorbance value are observed at the absorbance peak at
wavelength 664 nm of aqueous MB. Figures 6(a) - 6(d)
illustrates the variations in the absorption spectra of MB
dye over time for each sample. The peak at 664 nm
diminishes progressively with the duration of UV light
exposure, leading to sample pH 4 demonstrating the
greatest photocatalytic efficiency. This outcome aligns
with the photocatalytic degradation percentage and rate
constant in the degradation of 10 ppm MB, as shown in
Figures 7(a) and 7(b). Sample pH 4 demonstrates the
highest degradation percentage, achieving 99.98 % of
MB with a rate constant of 7.45x10- min™! as tabulated
in Table 4. The rate constant was calculated using Eq.
(6) [26]:

In (M) = kt

Co

(6)

where Cj represents the initial concentration of MB,
while C; denotes the MB concentration after the
photocatalytic reaction has occurred at a specific time (t)

and k is the rate constant.

The solution of degradation of MB before and
after is shown in Figure 8. It shows that after 2 h; all the
MB solution becomes clear. Sample pH 4 shows the
highest degradation and rate constant because it is a
mixed anatase-brookite phase. The mixed phase of
anatase and brookite typically demonstrates enhanced
photocatalytic activity for the degradation of methylene
blue in comparison to pure anatase. This improvement
primarily arises from the synergistic effect between the
2 phases, as shown in Figure 9. The formation of a bi-
phase junction structure within the mixed phase leads to
a difference in the band gap, subsequently enhancing the
separation efficiency of photoelectrons and holes,
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thereby  improving

photocatalytic

performance

[13,35,36]. Additionally, brookite possesses the suitable
electron trapping depth that could facilitate the
activation of the majority of electrons when exposed to

(a)

Absorbance (a.u.)

—— 120 min
——=410:hin
—— 100 min
—— 90 min
——— 80 min

-70 min
——— 60 min
—— 50 min
———40 min
——— 30 min
—=20:min
———10 min
—— 30 min dark
——— 20 min dark
—— 10 min dark

Wavelength (nm)

Absorbance (a.u.)

—— 120 min
—— 110 min
—— 100 min
—— 90 min
—— 80 min
—— 70 min
—— 60 min
—— 50 min

— 40 min
30 min
——— 20 min
—— 10 min
[—— 30 min dark
—— 20 min dark
—— 10 min dark

r T T T
400 500 600 700

T 1
800 900

Wavelength (nm)

Absorbance (a.u.)

Absorbance (a.u.)

light illumination [13]. The study reported by loannidou
et al. [44], Zhou et al. [45] and Lu et al. [46] also
mentioned mixed phase of anatase-brookite have higher

photocatalytic efficiency compared to pure anatase.

(b) — 120 min

—— 110 min
—— 100 min
—— 90 min
—— 80 min
—— 70 min
—— 60 min
—— 50 min
——— 40 min
—— 30 min
—— 20 min
—— 10 min
(—— 30 min dark
—— 20 min dark
—— 10 min dark

T T
700 800

Wavelength (nm)

T
600 900
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—— 80 min
——— 70 min
—— 60 min
—— 50 min
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—— 20 min
—— 10 min
—— 30 min dark
—— 20 min dark
—— 10 min dark

700
Wavelength (nm)

Figure 6 The absorbance vs wavelength for degradation of MB of sample (a) pH 4, (b) pH 6, (c) pH 8, and (d) pH 10.

Table 4 Photocatalytic degradation percentage and rate constant for Tm**/Yb*" co-doped TiO; photocatalysts under UV

Irradiation.
Sample (pH) Photocatalytic Degradation (%) Photocatalytic Rate Constant (min™')
4 (YT-T4) 99.98 (7.45+0.03)x1073
6 (YT-T6) 99.83 (6.12 +£0.02)x1073
8 (YT-T8) 99.36 (4.94 £ 0.02)x1073
10 (YT-T10) 98.12

(3.98 £0.01)x103
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Figure 7 Photocatalytic degradation analysis of all samples (pH 4 - 10) in 10 ppm MB under UV light: (a)
photodegradation percentage and (b) rate constant.
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Figure 8 The evolution of photodegradation of MB under UV light irradiation for samples synthesized with different pH:
(a) pH 4, (b) pH 6, (c) pH 8, and (d) pH 10.z
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Figure 9 Proposed mechanism illustrating electron transfer in mixed-phase anatase-brookite [47].

Conclusions

At pH 4, both anatase and brookite phases were
present, whereas the pure anatase phase was detected to
form at pH 6, 8 and 10. With an increase in pH, there is
a corresponding decrease in the average crystallite size,
which can be attributed to the hydrolysis-condensation
reactions. The FESEM images reveal that all samples
exhibit formation of spherical granules. As illustrated in
FTIR analysis, the increasing pH value causes a shift in
Ti-O stretching vibrations to a lower wavenumber, due
to the phase transition from a mixed anatase-brookite to
a pure anatase phase. Sample pH 4 demonstrates the
most significant photocatalytic degradation and rate
constant due to its composition as a mixed anatase-
brookite phase. This improvement mainly results from
the synergistic interaction between the 2 phases.
Adjusting the pH during synthesis is essential for
optimizing the morphological and structural
characteristics of Tm*/Yb*" co-doped TiO2, which in
turn enhances their photocatalytic efficiency and

practical use in environmental and energy applications.
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