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Abstract: In this study, sodium titanium oxide (Na,Ti307,
termed STO) and sodium titanate/zinc oxide (STO/ZnO)
photocomposites were prepared for the first time. A low-
cost hydrothermal technique was employed to fabricate the
STO/ZnO photocomposites with varying ZnO weight ratios:
ST0/0.25Zn0, STO/0.5Zn0, and STO/ZnO. The prepared photo-
composites were investigated for the decomposition of methy-
lene blue dye (MB) under natural visible light illumination
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and an artificial tungsten halogen lamp. The STO/ZnO photo-
composite exhibits high photodegradation performance,
which can be correlated with its properties and characteriza-
tion. The X-ray diffraction analysis reveals that STO has an
average crystallite size of 69.1 nm, ZnO has an average crystal-
lite size of 41.4 nm, and the combination of STO/ZnO results in
areduced average crystallite size of 39.5 nm. The bandgap (E;)
of STO/ZnO is 2.53 eV after controlling the ZnO weight ratio.
The photocatalytic efficiency of the STO/ZnO photocomposite
was 100% for MB within 60 min of solar light irradiation,
compared to 33.7% for STO and 25.8% for ZnO. The effect of
STO/ZnO dosage and MB concentration was investigated.
Furthermore, the kinetics and mechanisms of the photocata-
lytic process were examined. The results suggest that STO/ZnO
has promising potential for practical applications in waste-
water treatment.

Keywords: sodium titanium oxide, zinc oxide, energy gap,
photocatalytic degradation, organic dye

1 Introduction

Today, the widespread use of organic dyes in various
industries, including textiles, paper, plastics, and other
materials, has significantly contributed to water pollution
[1]. Approximately 200,000 tons of dyes are lost every year
without undergoing wastewater treatment processes [2].
These dyes pose multiple threats to the environment and
human health as they release dangerous and carcinogenic
compounds during their breakdown [3,4]. The persistence
of organic dyes in soil and water for long periods is
harmful to living microorganisms and reduces agricultural
productivity. Moreover, they disrupt the absorption and
scattering of sunlight, which is vital for photosynthesis in
aquatic plants and the growth of algae. Therefore, the
study of dye-polluted water is indeed crucial for under-
standing the extent of water pollution. Among these dyes,
methylene blue (MB) poses a severe threat to both human
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and aquatic life when it contaminates water sources [5].
Ingesting MB can cause various health issues, including
cyanosis, jaundice, rapid heartbeat, nausea, and methemo-
globinemia [6]. Moreover, it has been identified as highly
carcinogenic and capable of promoting the growth of malig-
nant cells. The development of eco-friendly and cost-effec-
tive methods for removing MB dye from wastewater has
received significant attention worldwide [7]. Various techni-
ques, such as membrane filtering, photocatalytic degradation,
advanced oxidation, liquid-liquid extraction, ozonation,
adsorption, and biosorption, have been employed to treat
wastewater containing dyes [8-10]. Recently, there has been
a significant interest in utilizing solar energy for the degra-
dation of pollutants through photocatalytic reduction, as a
means to address the environmental cleanup of harmful
substances [11]. The utilization of sunlight as an illumi-
nating source for diverse photocatalytic reactions has
experienced remarkable growth due to its abundance,
sustainability, clean energy status, and wide range of
wavelengths. During photocatalytic reactions, photocata-
lysts utilize photo-induced electron-hole pairs (e /h*) on
their surface when exposed to sunlight. These pairs can
generate various reactive species, including hydroxyl radi-
cals (OH") and superoxide radicals (O, ). The reactive species
effectively attack the chemical bonds within dye molecules
through oxidation and reduction reactions. This leads to the
breakdown of complex organic dyes into smaller fragments
and their ultimate conversion into water and carbon dioxide.
As a result, MB dye is transformed into safe by-products.
Therefore, the photocatalytic process represents an innova-
tive and eco-friendly technique for water treatment. More-
over, it offers numerous advantages, such as high efficiency,
operation at room temperature, low cost, and no production
of secondary waste [12].

Up to now, many semiconductor nanomaterials, such
as titanium dioxide (TiO,) nanoparticles [13], molybdenum
disulfide (MoS,) nanosheets [14] carbon nanotubes [15],
and graphene [16], have been employed as photocatalysts
for dye removal. Alkali titanate nanomaterials, which are
p-type semiconductors, have drawn considerable interest
due to their potential applications. The alkali titanates
materials are described by the general formula A,0-nTiO,
or A,Ti;0,,41 (A =Na, K, or Cs, and 3 < n < 8) [17]. Among
different alkali titanates, sodium titanium oxide (Na,Ti30-,
termed STO) or disodium tri-titanate has gained greater
attention in recent years. The structure of Na,Tiz0; is
made up of layers of negatively charged ions (Tiz0,)*
[18,19]. The layers of (Tiz0,)* are stacked on top of each
other, and each layer is joined together at the corners.
(Ti30,)* ions are held together by positively charged sodium
ions (Na") located at the pseudo-cubic sites. The terminal
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oxygen atoms in (Ti;0,)*" ions are coordinated to only one
(TiOg) octahedron. STO has a high surface area, easy to con-
trol microstructures, and good chemical stability [20-22].
Na,Ti30, is a promising ferroelectric material with good
absorption in the range in the ultraviolet (UV) region [23].
Also, Na,Ti30; offers large basic sites due to the presence of
two lone pair electrons on the oxygen atom, which makes it
suitable for ion exchange and facilitates the adsorption onto
the material’s surface [24-26]. The alkali ions carrying
charge are present in the interlayer space between the tita-
nate layers and can be interchanged with other cations [27].
Also, the ions exchangeable with ionic species can create inter-
band states in their electronic structure, which improves
photo-responsiveness [28]. A hydrothermal approach of TiO,/
NaOH, solid-state reactions of Ti0,/Na,COs, and sol-gel pro-
cess of Ti(C3H,0),/NaOH are employed for the synthesis of
Na,Tiz0; [29,30].

Unfortunately, the photocatalytic activity of STO is
relatively limited [31]. This is because STO has many draw-
backs, such as high E, and low visible light absorption.
Therefore, tremendous efforts have been undertaken to
increase the photoactivity of STO. For instance, Teng et al.
reported that the Sn-STO nanotubes achieved 52% MB photo-
degradation after 270 min of visible-light irradiation [32].
Feng et al. prepared sodium titanate layers with flower-
like structures by hydrothermal technique in a weakly alka-
line medium [33]. The resulting nanomaterials exhibited low
photodegradation properties. After more than 120 min of
reaction, complete photodegradation of MB (100%) was
achieved. Jiang et al. evaluated the photocatalytic activity
of Na,Ti30; for the photodegradation of MB under visible-
light irradiation [34]. They reached 100% efficiency after 4 h.
In a study by Vithal et al, Cu**- and Ag*-doped forms of
Na,Ti30, were fabricated using the ion-exchange method
[35]. The Ag*-doped Na,Tis0, displayed significant photoca-
talytic activity in the photodegradation of MB dye under
visible-light irradiation. After 120 min, the percentage of
MB degradation was observed to be 90% for Ag-STO.

Recently, there has been a growing interest in the for-
mation of heterojunctions between two or more semicon-
ductor materials to enhance the efficiency of photocatalytic
systems [36,37]. This approach enables more efficient charge
transfer and assists in the separation of photogenerated
electron-hole pairs, owing to the synergistic effects [38,39].
The limitations of the recombination of electron-hole pairs
before their participation in photocatalytic reactions can be
overcome by introducing engineering defects on the surface
of heterogeneous photocatalysts. These defects play a crucial
role in enhancing the photocatalytic efficiency. By introdu-
cing defects, several benefits can be achieved, including
improved light absorption, facilitated charge separation,
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reduced electron-hole recombination, modulation of the
electronic structure, and the generation of reactive radicals
[40].

However, zinc oxide (ZnO) has lately become one of
the most studied multifunctional n-type semiconductors due
to its properties. ZnO exhibits a wide bandgap, high exciton
binding energy, excellent electron mobility, remarkable
redox potential, superior quantum efficiency, substantial
conductivity, and outstanding stability [41,42]. These char-
acteristics make ZnO a promising material for various appli-
cations in optoelectronics, sensors, and energy devices.
Regrettably, ZnO is limited in its practical applications for
photocatalysis due to its wide band gap, high electron/hole
recombination rate, and low photostability. This study seeks
to fabricate ZnO, STO, and STO/xZnO photocatalysts through
a combination of a simple hydrothermal method and a phy-
sical mixing solid—solid process to enhance efficiency in dye
degradation applications. The effects of the ZnO weight ratio
loaded over STO on the structure, morphology, chemical
composition, and optical properties have been examined.
The effect of the STO/xZnO photocomposite via photocata-
lytic MB dye degradation has been studied under a tungsten
halogen lamp and sunlight. The photodegradation process’s
kinetics, stability, and mechanism were considered and
explained in detail. To our knowledge, there are no studies
on the characteristics of STO combined with ZnO nanopar-
ticles and their application in photocatalysis.

2 Materials and methods

2.1 Fabrication of sodium titanate (STO)
nanoparticles

STO nanoparticles have been fabricated by a simple and
low-cost hydrothermal alkaline technique [43]. To initiate
the hydrothermal reaction, approximately 5 g of TiO,
powder (99.7%, Sigma-Aldrich) was mixed with 200 mL of
10 M NaOH solution (98%, Sinopharm Chemical Reagent
Co.). The resulting mixture was stirred using a magnetic
stirrer (RTC-2, Gongyi Yuhua Instrument Co.) for 30 min
until a white suspension solution was obtained. Subse-
quently, the suspension solution was transferred to a 1L
Teflon autoclave. The hydrothermal treatment was conducted
at 140°C in a muffle furnace (F3043, Thermo Fisher Scientific
Co.) for 20 h. After the hydrothermal reaction is completed, the
stainless steel autoclave is left to cool at room temperature.
Then, to get rid of the unreacted NaOH, the obtained white
precipitate was separated, filtered, and washed several times
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with distilled water (DW). Finally, the resultant white STO
nanoparticle was dried in an oven (BOV-V230F, Biobase Bio-
zone Co.) at 70°C for 12 h.

2.2 Synthesis of ZnO nanoparticles

Zn0O nanoparticles have been fabricated using a hydro-
thermal process [44]. Briefly, 0.1M of zinc acetate (Zn
(CH3CO2)2:6H20) (99.9%, Kojundo Chemical Lab. Co.) was
dissolved in 400 mL of DW under a vigorous stirrer for
1h to get a more homogenous white solution. Subse-
quently, the pH of the solution was adjusted to 10 by gra-
dually adding 5M NaOH aqueous solution drop by drop.
Then, the mixture was placed in a 1L Teflon autoclave at
170°C for 10 h in a muffle furnace to perform the hydro-
thermal process reaction. After that, the obtained white
precipitate was washed with DW several times. Finally,
the resultant white ZnO nanoparticle was dried at 90°C
for 6 h followed by calcination at 300°C for 3 h.

2.3 Fabrication of STO/ZnO photocomposites

Three different ZnO/STO photocomposites were prepared
using a thorough physical solid—solid process involving
Zn0 and STO nanoparticles. Various weight ratios of ZnO
nanoparticles (0.25, 0.5, and 1 g) were separately mixed with
1g of STO nanoparticles at room temperature. Initially, the
mixture was pounded together in a mortar for 10 min to
ensure proper blending. Subsequently, the mixed STO and
Zn0 nanoparticles were subjected to ultrasonic dispersal in
50 mL of DW for 1h, followed by stirring for 3h to achieve
an aqueous dispersion. After the dispersion process, the
mixture was filtered, and the resulting nanoparticle preci-
pitation was collected. The collected precipitate was then
dried for 12h at 80°C. The final obtained nanoparticles
were labeled as STO/xZnO, where ‘X’ represents the different
weights of ZnO loaded (0.25, 0.5, and 1).

2.4 Characterization techniques

The surface morphologies of nanoparticles were examined
using a scanning electron microscopy (SEM; JEOL, JSM-
5410LV, Japan) device. The attached energy-dispersive X-
ray (EDX) unit with an SEM device was utilized to identify
the composition and quantitative ratios of the fabricated
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nanoparticles. The structural and phase analysis was stu-
died using X-ray diffraction (XRD; Philips X’Pert Pro MRD)
with a Cu-K radiation source (A = 0.154nm) at 40 kV. The
XRD data were collected with a step interval of 0.01° in the range
of 5-70°. A PerkinElmer (Lambda) spectrophotometer was used
to investigate the optical characteristics of the nanoparticles. The
surface characteristics and pore sizes of STO, ZnO, and STO/ZnO
were analyzed using the Brunauer-Emmett-Teller (BET) tech-
nique, specifically employing Micromeritics Gemini 2375 and
Gemini V instruments.

2.5 Photocatalytic measurements

The photocatalytic performance of the fabricated STO,
Zn0, and STO/xZnO was evaluated for the degradation of
MB dye, serving as a model pollutant, under a 400-W tub-
ular tungsten halogen lamp (500 W JTT, Janta Light House)
and sunlight irradiation. The initial MB dye conditions
were 5 ppm concentration, 50 mL volume, and pH 7 at
room temperature. Before the photocatalytic reaction, the
mixture was stirred for 30 min in the dark to ensure adsorp-
tion—desorption equilibrium. Following that, the nanoparti-
cles of the solution were obtained at regular intervals for up
to an hour and then used to determine the absorbance at a
wavelength range of 600-700 nm. The photocomposite dose,
illumination duration, and starting MB concentration were
measured. Additionally, during five photodegradation tests
at varying exposure times, the stability of the photocompo-
site was examined. The levels of total organic carbon (TOC)
were measured using a TOC analyzer instrument (Sievers
InnovOx ES). Electrochemical impedance spectroscopy (EIS)
was performed in 0.5 M Na,SO, electrolyte using OrigaFlex
potentiostat (OrigaLys ElectroChem., OGF01A) device.

3 Results and discussion

3.1 Characterization of the prepared
nanoparticles

3.1.1 XRD of the fabricated nanoparticles

The crystal structure and phase of STO, ZnO, and STO/Zn0O
nanoparticles were characterized, as displayed in Figure 1.
The XRD pattern of STO matched with the monoclinic
Na,Tiz0; phase (card No. JCPDS 96-231-0332, space group
P121/m1) [43,45]. The basic characteristic diffraction peaks

DE GRUYTER

of monoclinic STO located at 20 = 10.42, 34.17, 34.52, 35.24,
38.11, 39.92, and 40.02° were related to Miller indices (100),
(302), (211), 212), (113), (310), and (004), respectively. The
XRD spectrum, Figure 1(b), confirms the hexagonal phase
structure of ZnO with a space group P 63 mc according to
card No. JCPDS 96-900-8878 [46,47]. The main characteristic
peaks were positioned at 26 = 31.79, 34.42, 36.29, 47.52, 56.54,
62.83, 66.31, 67.87, 69.01, 72.55, 77.01, and 81.32°. These peaks
were associated with the Miller planes (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004), (202), and (104),
respectively. The STO/ZnO photocomposite showed no extra
diffraction peaks, as seen in Figure 1(c). The intensities of the
diffraction peaks of STO were reduced with peaks shift posi-
tion after the incorporation of ZnO (Figure 1(d)).

Table S1 displays several important XRD structural
parameters, including the texture coefficient (TC), crystal-
lite size (D), and dislocation density (6). The average crys-
tallite sizes (D) for STO, ZnO, and STO/ZnO nanoparticles
were determined using Scherrer’s equation [48,49]:

0.944
D= Bcos 6 &

Here, the full half~width maximum (f) is derived from
the XRD data, and A represents the wavelength of the Cu-K
radiation source (0.154 nm). A broader peak corresponds to a
smaller crystallite size. The average crystallite size was approxi-
mately 69.1nm for STO and 414 nm for ZnO. Interestingly, the
average crystallite size of STO/ZnO decreased to 39.5 nm. This
reduction can be attributed to the creation of additional nucle-
ating centers, which lowers the nucleation energy barrier [50].

When a nanoparticle undergoes deformation, it intro-
duces a lattice distortion known as macrostrain, resulting
in the broadening of diffraction peaks. The XRD peak width
is primarily influenced by both the size and microstrain in
the nanoparticle. The Scherrer equation only accounts for
the size effect and does not consider microstrain in peak
broadening. To evaluate the microstrain and size, the
Williamson-Hall (W-H) model was employed [6,51]:

0.944

Bcos 6= + 4¢ sinf v

If the microstrain approaches zero or has a very small
value (¢ = 0) in the W-H equation, it simplifies to the
Scherrer equation. Plotting the values of § cos 0 against 4
sin 6 in a standard W-H plot yields a linear fitting curve, as
depicted in Figure 2. The intercept and slope of the fitting
line correspond to the average crystallite size (D) and micro-
strain (€), respectively. Positive and negative slope values
indicate tensile and compressive strains, respectively. The
fabricated nanoparticles of STO, ZnO, and STO/ZnO exhib-
ited average crystallite sizes of 439, 55.9, and 66.4nm,
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where I(hkD/Iy(hkl) is the relative peak intensity, and N is
the number of displayed diffraction peaks. TC indicates the
texture of an assertive plane. If TC is greater than 1, the
preferred orientation of growth is devoted to. For STO, the
(310) peak has the highest intensity with a TC of 6.4, while
for ZnO, the (101) peak has the greatest intensity with a TC
of 3.9. The highest TC values indicate that monoclinic STO
and hexagonal ZnO grow completely along (310) and (101)
orientations, respectively. From Table S1, the average § is
very low (~0.11 x 10~% disnm™).

3.1.2 SEM studies

Figure 3 shows the SEM images of the fabricated STO, ZnO,
and STO/ZnO nanoparticles. Figure 3(a) illustrates that the
synthesized STO appeared as a small, agglomerated nano-
particle. These nanoparticles have spherical shapes with
different sizes, as displayed in Figure 3(b). The range of
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nanoparticle size is 45.6-94.7 nm. For ZnO, Figure 3(c) shows
a hierarchical structure that creates a flower-like mor-
phology. The high magnification image of ZnO reveals
porous nanoflake aggregations (Figure 3(d)). The thickness
of the nanoflakes ranges from about 6.4-9.6 nm. The average
diameter of the nanopores is 12 nm. The STO/ZnO photocom-
posite has two phases, porous nanosheets and spherical
nanoparticles, as presented in Figure 3(e and f). Besides, the
distributed ZnO nanoparticles on the STO nanosheets formed
a good network, which are closely interlinked with each other
and might favor charge transfer in the photodegradation
process.

3.1.3 EDX

Typically, EDX technology is employed to identify the che-
mical composition and quantitative ratios of the constitu-
ents. EDX was performed on the produced nanoparticle at

Figure 3: SEM images of the fabricated (a and b) STO, (c and d) ZnO, and (e and f) STO/ZnO at different magpnifications.
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a voltage of 15 kV. Figure S1 shows the EDX spectra for ZnO,
STO, and STO/ZnO. For STO, there are only signals for Na,
Ti, and O, as seen in Figure S1(a). Furthermore, no contami-
nants were detected in the EDX spectra, verifying the
purity and crystallization of STO manufactured using an
alkaline hydrothermal technique. As indicated in Figure
S1(b), there are only signals for Zn and O. This demon-
strates that the manufactured ZnO has great purity and
good crystallization, which agrees with the XRD results.
Figure S1(c) shows four signals for Na, Ti, Zn, and O, which
confirm the formation of the STO/ZnO photocomposite.

3.1.4 Optical analysis

The optical behavior, absorption intensity, and energy gap
properties of the photocomposite directly impact the effi-
ciency of dye degradation. Figure 4 demonstrates the absor-
bance spectra of STO, ZnO, and mixed STO/xZnO. The STO
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nanoparticles exhibited absorption onset at 270 nm and of
ZnO at 360 nm. The valence band (VB) of this STO was
formed by O 2p orbitals, while the conduction band (CB)
was constituted by Ti 3d orbitals [32], [35]. The significant
absorption band in the UV region of ZnO is due to the
transfer of electrons from the VB to the CB of ZnO (O 2p -
Zn 3d) [28]. The absorbance of all nanoparticles decreases with
increasing wavelength in the visible region. The absorption
edge of STO/xZnO is shifted blue toward the visible region due
to the modification of the electronic structure of STO/XZnO.
The width of the absorption band of these nanoparticles is
large in the UV range. The STO/ZnO photocomposite has the
highest light absorption intensity in the UV and visible regions.
In other words, STO/ZnO absorbs more photons than other
nanoparticles, which is better for producing electron-hole
pairs and improving photocatalytic activity [54].

Materials that are amorphous, poorly crystalline, and
disordered exhibit an absorption tail in the absorption
spectrum. The Urbach energy (E,) is related to this
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Figure 4: (a) Absorbance spectra (b), Tauc plot (c), Urbach energy, and (d) the values of E; and E, of all fabricated STO/xZnO nanoparticles.
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absorption tail, which is known as an Urbach tail. It is
attributed to the materials having defect-localized states,
which extended into the forbidden gap and led to the tail in
the VB and CB [55,56]. The absorption coefficient spectrum
gradually increases with increasing photon energy in a
certain energy range due to the Urbach tail. E, is defined
by an exponential increase in the absorption coefficient
with energy according to the following relationship [57]:

a = aget’tu (5)

where a; and E, are a constant and the Urbach energy,
respectively. Ey can be derived from the slope of the fitting
straight line of In(a) versus the incident energy (hv), as
shown in Figure 4(b). The E, of ZnO is about 384 meV,
which agrees with a previous work [58]. An increase in the
width of the Urbach tail with ZnO weight can be observed.
The values of the E, increases from 747 to 881 meV for STO
and STO/ZnO, respectively. The highest E, of 941 meV is
obtained for the ST0/0.5Zn0.

The Kubelka—Munk and Tauc models were used to calcu-
late the bandgap energies of the nanoparticles (Supplementary
data). The E; values of STO and ZnO were found to be 3.29 and
313 eV, respectively, as shown in Figure 4(c and d). This indi-
cates that both STO and ZnO are suitable for photocatalysis
applications under UV irradiation. When ZnO is combined
with STO, the O 2p orbitals of ZnO are mixed with the O 2p
orbitals of the STO, resulting in the creation of interband states,
which lower the value of E,. The solar spectrum consists of
approximately 5% UV light, 45% visible light, and 50% near-
infrared light. To achieve efficient light harvesting, it is crucial
to adjust the bandgap of photocomposites towards the visible
range. The photon energy in the visible region ranges from 1.5
to 25eV. A narrow bandgap facilitates the easy transition of
electrons from the VB to the CB when exposed to solar energy.
The bandgap energies of STO/0.25Zn0, STO/0.5Zn0O, and STO/
Zn0 are measured as 2.99, 2.79, and 2.53 eV, respectively. Con-
sequently, the STO/ZnO photocomposite is considered the most
suitable for photocatalytic applications.

3.1.5 BET analysis

The physical and chemical properties of the catalysts can be
characterized by their textural properties, which include the
surface area, pore volume, and mean pore diameter. The BET
technique is commonly used to determine the surface area of
porous materials. By employing the Barrett-Joyner-Halenda
porosity model, the average pore size can be derived from
the adsorption/desorption data. Measuring the physisorp-
tion of an inert gas, such as nitrogen, is a fundamental
technique used to characterize the textural properties of
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porous nanoparticles. Nitrogen gas can penetrate the parti-
cles, pores, cracks, and surface irregularities of the nanopar-
ticle due to its small molecular size. Through weak van der
Waals forces, small gas molecules adhere to the solid nano-
particle and its porous structures, forming an adsorbed gas
layer. The rate of adsorption allows for the calculation of the
specific surface area and the porous geometry of the solid
nanoparticle.

Figure 5 illustrates the nitrogen adsorption and deso-
rption isotherm curves of three photocomposites: STO,
Zn0, and STO/ZnO. The measured BET surface areas for
STO, ZnO, and STO/ZnO are 14.1, 19.5, and 24.8 m*g™,
respectively. The incorporation of STO with ZnO in the photo-
composites significantly increases the surface area compared
to the individual materials. Additionally, the STO/ZnO photo-
composite exhibits a pore volume of 0.0653cm>g™ and a
mean pore diameter of 10.52 nm, surpassing the values of
STO and ZnO. These results highlight the potential of STO/
Zn0 as a photocomposite for various applications, empha-
sizing its improved textural properties.

3.2 Photocatalytic measurements

3.2.1 Optimized the photocatalytic activity of STO/xZnO
nanoparticles

This section examines the photocatalytic activity of STO,
Zn0, and STO/xZnO nanoparticles using the MB dye degra-
dation under 400-W tungsten lamp illumination and solar
light irradiation. The photocomposite (50 mg) was added to

50
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—e— ZnO
401 -4 sTo0izn0
] STO znO0  STO/ZnO
3071 surfacearea(m?g) 1413 19.95 24.83
Pore volume (cm®g) 0.0348 0.046 0.0653

Pore diameter (hnm) 9.54 9.42 10.52

- N
o o

Adsorbed volume (cm®g STP)
o

02 04 06 08
Relative pressure P/P,

0.0 1.0

Figure 5: Nitrogen adsorption-desorption isotherms of STO, ZnO, and
STO/Zn0 nanoparticles.
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an aqueous solution of MB (5ppm, 50 mL) in a glass
reactor. The reaction takes place in an air atmosphere at
25°C at pH = 7. The time-dependent absorption spectra of
MB solutions were utilized to observe the concentration of
MB. The absorption ranges from 600 to 700 nm with a high-
intensity absorption peak at 664 nm.

Figure 6(a-f) shows the MB absorbance decay with
time for photocatalytic reactions using different nanopar-
ticles under tungsten lamp irradiation. The tungsten lamp,
also known as the tungsten halogen lamp, is a good light
source because it emits broadband spectral radiation from
the long-wave UV through the visible and into the infrared
wavelength regions [57]. Its emission spectrum ranges
from 340 to 2,200 nm, which is similar to that of a black-
body emitter. The maximum peak intensity from a tung-
sten lamp is located near 1,000 nm, while it emits a very
low intensity of radiation in the UV region below 400 nm. A
control experiment of dye photolysis without a present
catalyst by the light was carried out to effectively evidence
the role of the photocomposite. There is little decrease in
the absorption for the control test, which represents a very
limited effect of the self-photodegradation rate of MB. After
60 min of tungsten lamp exposure, the absorption of MB
solution decreases from an initial value of 1.2 to 0.86 and
0.92 in the presence of the STO and ZnO nanoparticles,
respectively. These low results reflect visible light cannot
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induce electron transition in the STO and ZnO. For different
STO/xZnO photocomposites, the intensity of the absorption peak
of MB solution in the presence of the STO/ZnO decreased rapidly
higher than ST0/0.25Zn0 and ST0/0.50Zn0O with increasing irra-
diation time, as shown in Figure 6(d-f).

Under sunlight irradiation, the absorption of MB solution
exhibits a very rapid decrease, as shown in Figure 7(a-f). The
absorption of the MB solution of the STO/ZnO photocomposite
decreases from 1.2 to 0.01 after 60 min. This indicates the STO/
ZnO has the best catalytic activity under sunlight.

3.2.2 Photodegradation efficiency (PE%)

The percentage of PE% was calculated at A = 664 nm using
the following equation:

PE(%) = (1 - A;/Ap) x 100 6)

where Aj represents the initial absorption of the MB dye
solution at t = 0 s and A, represents the final absorption of the
MB dye at specified time intervals. Figure 8 displays the degra-
dation efficiency of all prepared nanoparticles. Generally,
degradation efficiency under sunlight irradiation is higher
than under tungsten lamp irradiation at the same Illumination
interval time. This is due to the emitted intensity from the
tungsten lamp being centered at a wavelength of 1,000 nm.
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Figure 6: Spectra absorbance under tungsten lamp irradiation of a 5 ppm MB (50 mL) dye solution in the presence of 50 mg of photocomposites: (a)
blank MB, (b) STO, (c) ZnO, (d) ST0/0.25Zn0, (e) STO/0.50Zn0, and (f) STO/Zn0O.
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Figure 7: Spectra absorbance of a 5 ppm MB dye (50 mL) solution under sunlight irradiation in the presence of 50 mg of photocomposites: (a) blank,
(b) STO, (c) ZnO, (d) STO/0.25Zn0, (e) STO/0.50Zn0, and (f) STO/ZnO.

Figure 8 shows that the photocatalytic degradation of under natural sunlight and tungsten lamp is below 40%,
the MB dye demonstrates an increase in the PE of the dye Figure 8(a and b). The poor photocatalytic activity of STO
as illumination time increases for all nanoparticles. Also, and ZnO because of their high E,.
the MB self-decomposition is limited. It is below 20% under The ZnO wt% ratio has a significant effect when com-
sunlight and tungsten lamp illumination after 60 min. The paring the photocatalytic activity process with only STO, as
degradation efficiency of both STO and ZnO after 60 min shown in Figure 8. The coupling between STO and ZnO
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Figure 8: The PE% of 5 ppm MB dye solution (50 mL) using 50 mg of the prepared nanoparticles under (a) tungsten lamp irradiation and (b) solar light
irradiation.
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exhibited superior photocatalytic behavior. The photocata-
lytic activity increases by increasing the ZnO content in the
STO/xZnO photocomposite. The efficiency of ST0/0.25Zn0O
and STO/0.5ZnO is 67% and 89% under sunlight, respec-
tively. The STO/ZnO photocomposite exhibits the best
photocatalytic activity. It reached complete photocatalytic
degradation (~100%) after 60 min, as shown in Figure 8(b)
under solar light. The results indicated that the photoca-
talytic efficiency for STO/ZnO was about four times that of
the bare STO and ZnO.

The enhanced photocatalytic performance of the STO/
Zn0 photocomposite can be attributed to multiple factors.
First, STO/ZnO demonstrates the highest light absorption
capability compared to other photocomposites. Second, it
possesses a narrow bandgap (E,), which leads to increased
generation of electron-hole pairs when irradiated with
visible light. Third, the unique interlinked structure of
STO/ZnO facilitates the movement of reactant and product
molecules, promoting easier chemical reactions. Fourth,
the distribution of ZnO over the STO structure results in
a higher surface area, accelerating the generation of reac-
tion oxidizing species. The synergistic effect between STO
and ZnO enables efficient charge transfer. Additionally, the
formation of a p—n junction between STO and ZnO nano-
particles modifies the electronic states and band align-
ment, creating a built-in electric field across the junction.
This electric field plays a crucial role in preventing carrier
recombination and extending the lifetime of electron-hole
pairs [40], [48,59]. Taken together, these combined factors
contribute to the superior catalytic performance of STO/
Zn0. Nezamzadeh-Ejhieh and Karimi-Shamsabadi substan-
tiated the generation of chloride, nitrate, and sulfate anions
as intermediates in the degradation process of MB solu-
tion [60].

To verify whether STO/ZnO qualifies as a photocompo-
site rather than a mere physical mixture, an additional
photodegradation experiment was conducted. In this experi-
ment, STO nanoparticles and ZnO nanoparticles were initially
physically mixed and employed for the photodecomposi-
tion of MB under natural sunlight. A notable distinction in
the efficiency of dye removal was observed between the
STO/ZnO photocomposite and the mixture of STO and ZnO
particles, as shown in Figure S3 (Supplementary data). The
results demonstrated that the STO/ZnO photocomposite
exhibited superior photocatalytic performance compared
to the mixture of STO and ZnO particles. This discrepancy
strongly suggests the presence of p—n-type junctions within
the STO/ZnO photocomposite. Furthermore, the integration
of STO and ZnO at the nanoscale generated synergistic
effects that significantly enhanced the photocatalytic properties
of the STO/ZnO photocomposite. Based on these findings, it can
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be confidently concluded that the STO/ZnO material is indeed a
photocomposite rather than a mere physical mixture.

3.2.3 TOC analysis and biocompatibility experimental

To assess the mineralization of MB through the catalytic
activity process, the concentration of TOC was investigated.
The TOC serves as a crucial parameter for measuring the
amount of organic contamination in water. The TOC determi-
nation process involved mixing the dye solution with phos-
phoric acid, sodium persulfate, and potassium hydrogen
phthalate. Figure 9 represents the TOC levels during the
photocatalytic degradation of MB using different photocom-
posites. The results demonstrate reductions in TOC values of
2.33,1.33, and 0.37 when STO, ZnO, and STO/Zn0O were, respec-
tively, employed as photocomposites. Higher TOC levels indi-
cate water with a more substantial amount of organic contam-
ination. It is noteworthy that the STO/ZnO catalyst exhibited
the highest degree of mineralization for MB, indicating its
effectiveness in converting MB into CO, and H,0.

To assess biocompatibility, experiments were conducted
to evaluate the growth and productivity of plants [61]. In this
experiment, fenugreek seeds were cultivated using both the
untreated dye solution and the solution obtained after the
photodegradation process. Figure S4 provides visual evi-
dence, illustrating the distinct impact of the two solutions
on seed growth. The results showed that fenugreek seeds
watered with the untreated solution exhibited poor growth.
In contrast, the seeds cultivated in the photocatalytically
treated solution displayed significant development and rapid
growth. These findings suggest that the treated solution is
biocompatible with fenugreek seeds and holds great promise
for agricultural applications.

2.51

2.0

TOC

1.04

0.54

0.0

sTO zno STO/ZnO
Figure 9: TOC analysis of 5 ppm MB dye solution (50 mL) using 50 mg of
the prepared STO, Zn0O, and STO/ZnO nanoparticles.
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3.2.4 Effect of STO/ZnO dosage and MB concentration

The MB photocatalytic activity using different quantities of
STO/ZnO is exemplified graphically in Figure 10(a and b).
The photo-reactions of MB were studied at an MB concen-
tration of 5 ppm for 60 min under continuous solar light
exposure. The catalyst dose increases from 10 to 50 mg.
Higher dosages of STO/ZnO has strong positive impact in
enhancing its photodegradation performance for MB. The
dye DE increases from 70.5% to 100% with increasing STO/
Zn0O from 10 to 50 mg, as shown in Figure 10(b). The afore-
mentioned improvement is linked to the associated increase
in surface area, adsorbed capacity, available catalytic sites,
and formed active oxidizing species [62]. Besides, the increase
in the photogenerated hydroxyl radical groups and the posi-
tive holes increase with the catalyst mass.

The performance of STO/ZnO in the photodegradation
of higher concentrations of MB from 5 to 100 ppm was
studied using 50 mg of the nanoparticle as the applied
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catalyst quantity mass. The photocatalytic activity of STO/
Zn0 decreases with high MB concentrations, as displayed
in Figure 10(c and d). This effect is related to adsorbed MB
molecules on the surface of STO/ZnO in blocking its active
site [63]. Also, high concentrations of MB can cause light
scattering, which in turn obstructs the interaction between
incident light and the surface of STO/ZnO in the solution.
This leads to a reduction in the formation of photogener-
ated carriers. As a consequence, there is a decrease in the
degradation percentage as the initial dye concentration
increases [64].

3.2.5 Kinetic models and photodegradation rate
constants

The photodegradation rate constant (k) of the STO/xZnO
nanoparticles for MB degradation under sunlight illumina-
tion was calculated based on many kinetic models. The
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Figure 10: Influence of the main factors on the degradation of MB using STO/ZnO as a photocomposite under sunlight. (a and b) Effect of the
photocomposite dose on photodegradation for STO/Zn0O, and (c and d) effect of the initial dye concentration on the photodegradation for STO/ZnO.
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kinetic models investigated are the zero-, first-, and second-
order (n = 0, 1, 2) models, which can be expressed by the
following equations:

C = —kot + Cy
ln(Co/Ct) =kt
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where Cy

- 13

1/C = ket + 1/Cy 9

and C; are the MB concentrations at the initial

reaction and reaction time (t), respectively. The linear rela-
tions of zero, first, and second orders were estimated
through linear regression plotting of C;, In(Cy/C;), and 1/C;
against time, respectively, as shown in Figure 11. The slopes
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Figure 11: Fitting of the photodegradation data of 5 ppm MB dye using the STO/xZnO nanoparticles with (a) zero order, (b) first order, and (c) second
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of the straight lines represent the k. The high values of the
correlation coefficient (R?) indicated a good degree of fit-
ting the data with the kinetic model. The kinetic para-
meters related to models, including fitting equation, the
values of k, and R? are presented in Table S2. For STO/
XxZnO, the values of k, > k; > ko for the same nanoparticle
under sunlight. Also, k for all models gradually increases
with increasing the weight ratio of ZnO content. The STO/
Zn0 photocomposite has a high value of k, = 1.592 min*
and very poor fitting R* = 0.0.502. The values of the theo-
retical kinetic rate constants of the STO/ZnO photocompo-
site under sunlight agree with the estimated experimental
results in Figure 8. The STO/ZnO photocomposite has the
highest correlation coefficient value (R* = 0.995) for the
first-order model. Hence, the photodegradation of MB is
better represented by the first-order model.

3.2.6 Recyclability studies

Recyclability is one of the most essential aspects of prac-
tical applications. It measures the possibility of reusing the
photocomposite numerous times for dye degradation. The
recyclability depends on the photostability of the photo-
composite during reactions. The reusability of the STO/
ZnO for several runs of MB dye photodegradation was stu-
died using a 5 ppm MB dye solution, as shown in Figure 12.
The photocatalytic reaction was performed under the clo-
sely same conditions, ensuring nearly consistent levels of
sunlight intensity and temperature for all experimental runs.
Following each test, the STO/ZnO solid fractions were rinsed
with DW, dried at 70°C for 10 h, and then utilized once again in
the subsequent test. The PE for the first run is 100% in 60 min.
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Figure 12: Reusability of the optimum STO/ZnO photocomposite for the
photodegradation of 5 ppm MB (50 mL) dye solution using 50 mg of
catalyst for five cycles.
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Then, the PE decreases to 84.52% after five runs (Figure 12). The
observed decrease in dye PE from the first to the fifth runs
could indeed be influenced by various factors. One possibility
is the binding of photoreaction by-products on the surface of
the STO/ZnO catalyst. This can lead to the blockage of active
sites and a decrease in photocatalytic activity, resulting in a
lower efficiency. In addition to the possible leaching of the STO/
ZnO photocomposite under the extensive washing procedure,
this could lead to a reduction in the mass of the catalyst per
unit volume of the dye solution, which may contribute to the
decrease in PE. This indicates that the material is effective in
removing dye and exhibits high stability.

3.2.7 EIS

EIS was used to evaluate electron/hole separation efficien-
cies for STO, ZnO, and STO/ZnO. Frequency analysis was
conducted from 10 mHz to 100 kHz, 0 V at room tempera-
ture (25°C). The resulting Nyquist plots are shown in Figure 13.
The y-axis represents the imaginary part of impedance (Z),
while the x-axis represents the real part (Z,). The observed
curve consisted of a half-semicircle and a straight line for all
nanoparticles. An equivalent Randles circuit was employed
to model electrical behavior, and the circuit parameters are
listed in Table S3. The calculated resistance for the ZnO/STO
photocomposite was 10,931 kQ, which is lower than that for
ZnO (12,216 kQ) and STO (31,788 kQ), indicating improved
charge transport. Admittance measures the ease of current
flow. The admittance values (Y) for ZnO, STO, and ZnO/STO
were 21,694, 15,274, and 47,342 uS, respectively. These results
suggest favorable charge transfer kinetics for the ZnO/STO
photocomposite, which is beneficial for photodegradation
reactions. Hence, EIS analysis demonstrated a significant
reduction in charge recombination, indicating improved elec-
tron/hole separation efficiencies for the ZnO/STO photocompo-
site [65].

3.2.8 Mechanism of photodegradation

The proposed mechanism for STO/ZnO photocatalysis relies
on the absorption of photons, which excite electrons from
the VB to the CB, creating electron-hole pairs [66,67]. How-
ever, in individual STO and ZnO, these electron-hole pairs
tend to recombine, diminishing their effectiveness in the
photocatalytic process. To overcome this limitation, the
STO/ZnO composite incorporates a potential barrier at their
interface [48,59]. This barrier arises from the interaction
between the p-type STO and n-type ZnO semiconductors,
generating internal electric fields and causing adjustments
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in the energy band alignment, as illustrated in Figure 14.
These adjustments continue until the Fermi level reaches a
new equilibrium. Consequently, electrons migrate from the
CB of ZnO to the CB of STO, driven by the energy gradient
resulting from the differing CB levels of the two materials
[68]. This electron transfer leads to an accumulation of elec-
trons in STO, while holes move from the VB of STO to the VB
of ZnO, accumulating in ZnO. The potential barrier acts as a
physical impediment, restraining the movement of charge
carriers and compelling the photogenerated electrons and
holes to remain confined within their respective regions for an
extended duration. By maintaining this prolonged separation
of charge carriers within STO and ZnO, they can actively
engage in their respective redox reactions.

During photocatalysis, the MB is excited from the
ground state to the excited state (MB*) when exposed to
sunlight. The positive holes (h) can react with water mole-
cules (H;0) or hydroxide ions (OH) to produce highly reac-
tive hydroxyl radicals (OH) [69]. Simultaneously, the negative
electrons (e”) are captured by adsorbed oxygen molecules (0,),
resulting in the formation of superoxide anion radicals (O;).
These reactive species are primarily responsible for attacking
and breaking down the adsorbed MB dye molecules on the
surface of the p-STO/n-ZnO photocomposite. The oxidizing radi-
cals can ultimately transform the MB molecules into water
(H,0) and carbon dioxide (CO,). The following equations pro-
vide a summary of the mechanism of MB dye degradation over
the STO/ZnO photocomposite [70,71]:

STO/ZnO + hv - STO/ZnO(ecy + hip) (10)

MB dye + hv —» MB*dye(ecp + hip) 1)

It + H,0 - OH + H* (12)

h* + OH - OH' (13

e+ 0, 05 14)

OH', 0; + MB dye(hy;) — products(CO, + H,0) (15)
h* + MB dye — product(CO, + H,0) (16)

4 Conclusions

The low-cost hydrothermal method was utilized to synthe-
size a range of nanoparticles, including STO, ZnO, STO/
0.25Zn0, ST0/0.5Zn0, and STO/ZnO. By optimizing the weight
ratios of ZnO, the highest PE was achieved with the STO/ZnO
photocomposite. After 1h of solar irradiation, the degradation
percentages of MB were measured as 33.7% for STO, 25.8% for
Zn0, and an impressive 100% for STO/Zn0. Additionally, these
photocomposites exhibited excellent stability and could be
reused multiple times. The improved optical properties and
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the formation of a PN junction contributed to the enhanced
photodegradation performance of STO/ZnO. Consequently,
the STO/ZnO photocomposite is suitable and efficient in was-
tewater purification.
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