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Recently, the use of agro-industrial biowaste, particularly rice husk (RH), has emerged as a 
promising option for producing value-added products. This low-cost solid waste is considered a 
potential multi-dopant source and a green approach for preparing photocatalysts used in water 
treatment. Double-layer coated TiO2 (RH2xTiO2) structures derived from RH were synthesized 
through the sol-gel process. RH acted as both an agro-industrial biowaste template and a multi-
dopant ion source during the double-layer coating process of TiO2. The sacrifice of this template in 
the calcination process resulted in the formation of a self-doped catalyst containing silicon, carbon, 
nitrogen, and sulfur. The characterization features of the photocatalyst were carried out by using 
XRD, SEM, XPS, BET, and UV-DRS spectroscopic techniques. The results of XRD analysis 
revealed that a mixture of anatase and rutile phases of TiO2. The calculated crystallite particle size 
of RH2xTiO2 structures was 18.4 nm. The SEM image of the RH2xTiO2 structures exhibited a 
variety of polyhedral morphologies with cracks. The bang gap energy (Ebg) of the RH2xTiO2 
structures was 2.92 eV. BET analysis indicated that the RH2xTiO2 specimen exhibited a Type IV 
isotherm, and the surface area was 77 m2/g. The photocatalytic activity of RH2xTiO2 structures was 
evaluated for the degradation of 4-nitrophenol (4-NP) as a model pollutant under UV irradiation. 
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Introduction 

Nowadays, the excessive production of agricultural 
waste is a major concern due to its potential for long-term 
environmental issues. Abundant agricultural residues can 
contaminate both water and soil quality, leading to adverse 
impacts (Mujtaba et al., 2023). Rice husk (RH) is a major 
agricultural waste processed particularly by the rice milling 
industry, which annually produces 600 million tons of rice 
as a staple food (Nzereogu et al., 2023). The difficulty of 
decomposing RH leads to an accumulation problem of RH 
on land. The open burning activity of RH results in the 
emission of carcinogenic gases. Hence, it is essential to 
utilize this agricultural waste as a cost-effective resource to 
produce value-added materials that can be used in 
industrial applications within the circular economy (Steven 
et al., 2021). The conversion of RH to silica materials is a 
viable option since it contains silica in amounts ranging 
from 5% to 30%, which varies based on the type of rice and 
its geographical origin. The extracted silica from RH 
concerns interest in potential technological applications 
such as reinforcing agents, fillers, filters, ceramics, 

refractory materials, and glass (Akhter et al., 2023; Kordi 
et al., 2024; Nzereogu et al., 2023; Singh Karam et al., 
2022). Furthermore, RH is used as fuel for electricity and 
steam generation, as well as for producing biochar, 
adsorbents, and catalysts in water treatment processes 
(Kordi et al., 2024; Li et al., 2023; Okoro et al., 2022; 
Turkten et al., 2023). 

Nitroaromatic compounds are commonly used in the 
production of explosives, dyes, pesticides, and herbicides. 
Among nitrophenols, 4-nitrophenol (4-NP) is a primary 
blacklisted contaminant due to its toxicity to 
microorganisms, mutagenic potential, and difficulty in 
degradation. The prolonged exposure to low levels of 4-NP 
can result in blood disorders and other health issues in 
humans. Additionally, certain concentrations of 4-NP 
found in groundwater and soil may pose risks to human 
health. Hence, it is crucial to eliminate this aromatic 
compound from wastewater before it contaminates 
groundwater (Ghosh et al., 2010; Zhang et al., 2024; Zhang 
et al., 2018).  

http://creativecommons.org/licenses/by-nc/4.0/
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Several attempts have been performed on the removal of 
4-NP from modeled water, such as physicochemical, 
chemical, and biological techniques (El Messaoudi et al., 
2024; Qatan et al., 2024; San et al., 2002). Photocatalysis 
represents a promising energy-efficient method to mineralize 
organic contaminants in a mild environment. This approach 
involves two key components: a photocatalyst and a light 
source. TiO2 is the most well-known and reported 
conventional metal oxide semiconductors (Maridevaru et al., 
2022; Motamedi et al., 2022).  

To date, TiO2-based photocatalysts have been used to 
mineralize 4-NP. San et al. investigated the predicted 
reaction paths through transition state theory (San et al., 
2002). In the experimental part of the study, the effects of 
the parameters such as TiO2 amount, 4-NP concentration, 
addition of H2O2 and Cu2+ ions on the degradation rate were 
determined. In another computational and experimental 
photocatalytic study, the photocatalytic activity of a series 
of iron-doped TiO2 particles was investigated for the 
degradation of 4-NP, and DFT results indicated a 
substitutional Fe3+

 doping of TiO2 crystal (Yalçın et al., 
2010a). Yalcin et al. reported that N, C, and S-doped TiO2 
particles enhanced the visible light activity, and these non-
metal photocatalysts resulted in higher photocatalytic 4-NP 
degradation compared to undoped TiO2 (Yalçın et al., 
2010b). Besides, Se (IV) doped TiO2, Se/N Co doped TiO2 
particles were prepared via wet impregnation method, and 
an enhanced photocatalytic degradation of 4-NP was also 
reported (Gurkan et al., 2017; Gurkan et al., 2013).   

Recently, silica shell-derived TiO2 and rice husk-
templated TiO2 particles have been studied (de Cordoba et al., 
2019; Turkten et al., 2023; Wang et al., 2019; Zhang et al., 
2017). Generally, the presence of silicon, carbon, nitrogen, 
and sulfur in RH is expected to facilitate self-multi-doping of 
TiO2 catalysts during calcination, which is anticipated to 
improve light absorption. Zhang et al. synthesized double-
shelled TiO2 hollow spheres by using the hydrothermal 
method (Zhang et al., 2017). Ghamarpoor et al. extracted 
silica from RH and prepared nitrogen and carbon-doped 
TiO2@SiO2 core-shell nanostructures, and then prepared 
acrylic smart films to test the photocatalytic and self-cleaning 
performance (Ghamarpoor et al., 2025). In another 
photocatalytic study, mesoporous SiO2@TiO2 was prepared, 
resulting in a high degradation of Rhodamine B (Wang et al., 
2019). Additionally, previous studies have reported that RH 
was used as a silica source to prepare TiO2 photocatalysts 
(Banu Yener & Helvacı, 2015; de Cordoba et al., 2019; Hui et 
al., 2015; Liou et al., 2024; Liou & Wang, 2025; Zhaohui et 
al., 2018). In our previous study, we prepared a TiO2 
hierarchical microstructure by using RH as a biotemplate 
through a sol-gel method (Turkten et al., 2023). It was found 
that RH scarification led to multi-self-doped TiO2 containing 
silicon, carbon, nitrogen, and sulfur. Our results indicated that 
the prepared TiO2 structures derived from RH exhibited 
enhanced photocatalytic activity compared to TiO2 
nanoparticles.  

The motivation for this study originated from our 
previous research, preparing and characterizing TiO2 
structures derived from RH (Turkten et al., 2023). This 
study was built upon to continue using RH as a biotemplate 
and prepared double-layer coated TiO2 (RH2xTiO2) 
structures via the sol-gel method. In this context, the 
structural, morphological, optical, and surface features of 

the double-layer coated TiO2 photocatalyst derived from 
RH were discussed in detail. The photocatalytic activity of 
RH2xTiO2 structures was evaluated using the model 
organic pollutant, 4-NP, under UV light irradiation. 

 
Materials and Methods 
 

Materials  
RH, as a biotemplate material for synthesizing 

RH2xTiO2 structures, was obtained from Kastamonu, 
Türkiye. Titanium (IV) isopropoxide (Aldrich), ethanol 
(Merck), 4-NP (Merck), and hydrochloric acid (Merck) 
were reagent grade and used without further purification.  

 
Methods 
Double-layer coated TiO2 structures derived from RH 

were synthesized via a sol-gel modified method. The first 
layer of TiO2 structures was synthesized as reported in our 
previous study (Turkten et al., 2023). Briefly, 0.1 mol 
titanium (IV) isopropoxide in 100 mL of ethanol was 
placed in a dropping funnel (Solution A).  Deionized water 
(10 mL), acetic acid (10 mL), and ethanol (80 mL) were 
placed in a flat-bottomed flask (Solution B). Then, Solution 
A was added to Solution B under stirring, ensuring the pH 
remained at pH=2 with hydrochloric acid solution. RH (2 
g) was dissolved in 10 mL of deionized water and placed 
in a beaker. This solution was then added to the prepared 
TiO2 sol and stirred for 20 h. Afterwards, the solution was 
aged for 24 h, dried at 105°C. and washed. The same 
procedure was repeated for the preparation of the second 
layer. Finally, the obtained particles were calcined at 
500°C for 5h to prepare RH2xTiO2 structures.  

 
Characterization 
Detailed information on the characterization methods was 

thoroughly reported in our previous study (Turkten et al., 2023). 
The crystallite size of RH2xTiO2 structures was calculated 
using the Scherrer equation (Eq. (1)) (Scherrer, 1918).  

 
D = Kλ/ (β cosθ)    (1)  
 
were,  
K : 0.9,  
λ : X-ray wavelength (1.5418 Å),  
θ : Bragg angle, and  
Β : full width at half maximum intensity (FWHM, 

radians)  
The band-gap energy of the RH2xTiO2 structures was 

calculated using the Kubelka-Munk equation (Eq. (2)) 
(Kubelka & Munk, 1931).  

 
(R) =(1-R)2/2R     (2)  
 
were,  
R : Reflectance read from the spectrum. 
 

Results and Discussion 
 

The characteristics of RH and RH-derived TiO2 
specimens were identified and presented in our previous 
study (Turkten et al., 2023). The structural, morphological, 
optical, and surface properties of RH2xTiO2 specimen 
were characterized.  
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The diffractogram of RH2xTiO2 structures exhibited both 
anatase (JCPDS No. 73–1764) and rutile phases (JCPDS No. 
99–0090) (Figure 1 (a)). The diffraction peaks of RH2xTiO2 
specimen at 2θ=25.39°, 38.01°, 38.82°, 48.32°, 54.47°, 
55.21°, 62.76°, 69.16° corresponded to the (1 0 1), (0 0 4), (1 
1 2), (2 0 0), (1 0 5), (2 1 1), (0 0 2), and (1 1 6) reflection 
planes of anatase, respectively, while 2θ=27.60°, 36.22°, 
41.42°, 44.30°, 56.74o related to the (1 1 0), (1 0 1), (1 1 1), (2 
1 0), and (2 0 0) reflection planes of rutile, respectively. The 
crystallite particle size of RH2xTiO2 structures was 18.4 nm, 
which was a higher value (16.6 nm) compared to RH-derived 
TiO2 specimens (Turkten et al., 2023). This result could 
indicate that the double coating caused an increase in 
crystallite particle size. 

The SEM image of the RH2xTiO2 specimen revealed 
different sizes of polyhedral morphology with cracks 
(Figure 1 (b)). The observed cracks found on the surface 
could be attributed to the removal of RH as a sacrificial 
template. The hierarchical structural morphology of RH 
was mostly protected in the SEM image of the RH-derived 
TiO2 specimen (Figure 1 (c)). The double-layer coating 
could result in more aggregated particles on the surface 
compared to RH-derived TiO2. The EDAX elemental 
weight distribution of the RH2xTiO2 specimen consisted 
of Ti, O, Si, C, N, and S elements, containing amounts of 
59.6%, 30.7%, 0.3%, 2.4%, 6.9%, and 0.1%, respectively.    

The XPS spectrum of Ti 2p exhibited two photo-
splitting peaks at 458.38 eV and 464.28 eV corresponding 
to the Ti 2p1/2 and Ti 2p3/2, respectively, confirming Ti4+ 
state bonding with oxygen. (Figure 2 (a)). The O 1s binding 
energy peak at 529.48 eV could be related to the metallic 
oxides (Figure 2 (b)). For the C 1s core level (Figure 2 (c)), 
a characteristic peak at 284.48 eV could belong to the C sp2 
graphitic carbon (Turkten et al., 2023).  

According to IUPAC classification, the nitrogen 
adsorption-desorption isotherm of RH2xTiO2 specimen 
(Figure 3 (a)) exhibited a Type IV isotherm (Sing, 1985). 
BJH surface area of RH2xTiO2 structures was 77 m2/g. The 
pore size and the total volume of RH2xTiO2 specimen were 
35 Å and 0.139 cm3/g, respectively. The pore size 
distribution curve of RH2xTiO2 structures was in the 20 Å 
- 40 Å region, indicating a mesoporous distribution (Figure 
3 (b)). Yener et al. synthesized TiO2/SiO2 composites using 
extracted SiO2 from RH as a silica support during the acid 
hydrolysis of TiCl4. They reported that the surface areas 
were 180 m2/g and 285 m2/g, indicating both a micro- and 
mesoporous pore structure (Banu Yener & Helvacı, 2015). 
Yang et al. prepared RH-derived hierarchical porous 
TiO2/SiO2, exhibiting a surface area of 160 m2/g (Yang et 
al., 2014). In our previous study, the surface area of RH-
derived TiO2 specimen was 55 m2/g, which was smaller 
than RH2xTiO2 structures (Turkten et al., 2023). The 
synthesis procedure and the double coating layer could 
cause differences in surface area values.  

The UV-DRS spectrum of RH2xTiO2 exhibited an 
absorption edge at around 330 nm and continued to 
approximately 450 nm (Figure 4 (a)). The Ebg value of the 
RH2xTiO2 structures was 2.92 eV (λ = 425 nm), which was 
a lower value than the Ebg of TiO2 nanoparticles (3.04 eV) 
reported in our previous study (Turkten et al., 2023). This 
finding indicated that double-coated process using RH as a 
multi-dopant ion resulted in a decline in the Ebg and a red 
shift was observed.  

 
Figure 1. (a) XRD diffractogram (●anatase, ♦rutile), SEM 

images of the (b) RH2xTiO2, and (c) RH-derived TiO2 
specimens. 

 

 

 

 
Figure 2. XPS spectra of (a) Ti 2p, (b) O 1s, and (c) C 1s 

of RH2xTiO2 specimen. 
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Figure 3. RH2xTiO2 specimen of (a) N2 adsorption-desorption isotherm and (b) pore size distribution plot. 
 

  
Figure 4. (a) UV-DRS spectrum of RH2xTiO2 specimen and (b) (F(R).hν)0.5 v/s hν spectrum of RH2xTiO2 specimen. 

 
The photocatalytic activity test of the RH2xTiO2 

specimen (0.5 g/100mL) was performed in 600 mL of 4-
NP (1x10-4 mol/L) solution in a Pyrex double-jacket 
photoreactor under UV-A irradiation. Blacklight 
fluorescent lamps (5 × 8 W) with a maximum at 365 nm 
were used as the light source. The reaction temperature 
(23±2 ºC) was maintained at a constant level using a water 
bath connected to a pump. The photocatalytic activity of 
the RH2xTiO2 specimen on the degradation of 4-NP was 
carried out under UV light irradiation, and the removal 
efficiency of 4-NP was 27% after 120 min. It is well 
established that a larger surface area and a smaller 
crystallite size result in improved photocatalytic activity 
(Kim et al., 2007). The low photocatalytic activity is 
attributed not only to crystallite size and surface area but 
also to the aggregation of particles on the catalyst surface. 

 
Conclusion 

 
RH2xTiO2 structures derived from RH as an agro-

industrial biowaste, were prepared via a sol-gel method. 
RH served as both a template and a multi-dopant ion source 
for the double-layer coating process of TiO2. The 
crystallite particle size of RH2xTiO2 specimen was 18.4 
nm. XRD analysis revealed the existence of both anatase 
and rutile phases of TiO2. The isotherm of RH2xTiO2 
structures was Type IV and the pore size of the structures 
was 35 Å. The morphology of the RH2xTiO2 specimen 

consisted of various sizes of polyhedral-shaped structures, 
which contained surface cracks due to RH removal. The 
Ebg value of the RH2xTiO2 structures was 2.92 eV and red-
shifted to comparable to that of TiO2. The removal 
efficiency of 4-NP was found 27% in the presence of 
RH2xTiO2 specimen. The results of this study have opened 
new prospects for the use of an abundant agro-industrial 
biowaste to a value-added, promising photocatalyst in 
water treatment. 
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