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Abstract: This study investigates the synergistic effects of titanium dioxide (TiO₂) nanoparticles (NPs) 

and rice husk waste on the growth and nutrient uptake of chili plants (Capsicum annuum). The TiO₂ 

NPs were synthesized using the sol-gel method and calcined at 400°C. The crystal structure, 

morphology, and functional groups of the samples were investigated using X-ray diffraction (XRD), 

field-emission scanning electron microscopy (FESEM), and Fourier transform infrared (FTIR) 

spectroscopy. The experimental design involved applying five different treatments to chili plants: 

control, NPK fertilizer, rice husk, TiO₂ NPs, and a TiO₂-rice husk. Growth parameters were also 

investigated, including plant height, stem diameter, and leaf number, measured over several weeks. 

XRD analysis confirmed the presence of anatase TiO₂ with high purity, enhancing nutrient uptake. 

FESEM revealed the spherical morphology of the TiO₂ NPs with a uniform size distribution, while 

elemental composition analysis confirmed high purity. FTIR analysis indicated the presence of 

hydroxyl groups, carbonyl groups, and the Ti–O–Ti bonds characteristic of anatase TiO₂. The results 

revealed that the combination of TiO₂ NPs and rice husk significantly enhanced plant growth compared 

to the control and individual treatments.  These findings suggest that the use of TiO₂ NPs and rice husk 

waste in nano-fertilizers can enhance sustainable agricultural practices by optimizing nutrient delivery 

and improving soil health.  
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1. Introduction 

Modern agriculture has increasingly turned to innovative technologies to address the 

challenges of sustainable food production. In modern agriculture, using nanoparticles (NPs) 

has emerged as a promising innovation to enhance crop productivity and sustainability. Among 

these innovations, the application of NPs in agriculture has attracted significant interest due to 

their potential to enhance crop productivity, improve nutrient use efficiency, and mitigate 

environmental impacts [1,2]. Nano fertilizers, in particular, represent a cutting-edge approach 

that has demonstrated the ability to optimize nutrient delivery, minimize nutrient loss, and 
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promote plant growth and yield [3]. Unlike conventional fertilizers, which often suffer from 

inefficiencies such as leaching and volatilization, nano fertilizers are engineered to deliver 

nutrients more effectively, thereby improving plant uptake and utilization [4,5]. 

Recently, a wide range of nanoparticles such as copper oxide (CuO) [6], zinc oxide 

(ZnO) [7], nickel oxide (NiO) [8], cerium dioxide (CeO2) [9], silica dioxide (SiO2) [10], 

aluminum dioxide (Al2O3) [11], magnetite (Fe3O4) [12], titanium dioxide (TiO2) [13], have 

been investigated for their potential to enhance plant growth and mitigate stress in various 

organisms such as plants. These nanoparticles have shown promising results in enhancing plant 

growth, improving stress tolerance, and promoting overall plant health. In particular, titanium 

dioxide (TiO2) nanoparticles have been extensively studied for their photocatalytic properties 

and for their ability to improve nutrient absorption and photosynthetic efficiency in plants [14–

16]. 

TiO2 NPs have been observed to elicit a significant impact on the morphological, 

physiological, and biochemical characteristics of some plant species. For example, Zahra et al. 

[17] reported that applying TiO2 NPs to rice (Oryza sativa L.) could raise their glycerol, amino 

acid, and palmitic acid contents, which in turn caused a 14.5% increase in shoot length. Bakshi 

et al. reported that Nano-TiO2 enhanced tomato plant development without altering 

biochemical reactions, except for a 43% drop in leaf tannin concentration [18]. Sheikhalipour 

et al. [19] reported mitigation of abiotic stresses by TiO2 NP application in Stevia (Stevia 

rebaudiana Bertoni) plants, improving enzyme activities, proline content, antioxidant capacity, 

and secondary metabolite levels. Therefore, TiO2 may be regarded as a plant stimulant that 

triggers several defense systems that help plants tolerate a variety of abiotic stresses. These 

characteristics make TiO2 an attractive candidate for use in nano fertilizers aimed at boosting 

crop yield and quality. 

Agricultural waste materials, such as rice husk, have attracted attention as valuable 

resources for improving soil health and providing slow-release nutrients. Rice husk is primarily 

composed of organic compounds like cellulose, lignin, and hemicellulose, along with inorganic 

components, particularly silica (SiO₂), which accounts for approximately 15-20% of its 

composition [20]. The high silica content renders rice husk an attractive resource for various 

agricultural applications, including its use as a soil amendment and as a component in 

nanofertilizers [21]. Rice husk waste has been recognized for its potential to improve soil 

properties, increase water retention, and enhance nutrient availability when properly processed. 

Specifically, the silica content in rice husk can be advantageous for crops like chili (Capsicum 

annuum), as silicon plays a crucial role in enhancing plant resilience to biotic and abiotic 

stresses, including pest attacks, diseases, and environmental factors such as drought and 

salinity. Silicon also strengthens cell walls, improves plant structure, and promotes more 

efficient water and nutrient uptake [22,23]. 

In this work, we investigate the utilization of rice husk waste as a component in nano-

fertilizers, particularly in combination with TiO₂ nanoparticles, to enhance the growth and 

nutrient uptake of chili plants. By focusing on the synergistic effects of rice husk and 

nanomaterials, this research aims to develop a sustainable, efficient approach to enhancing crop 

productivity in chili cultivation. Through this approach, we seek to capitalize on the unique 

properties of both rice husk-derived silica, known for its role in strengthening plant structure 

and mitigating stress factors, and TiO₂ nanoparticles, which are recognized for their 

photocatalytic and growth-promoting effects, to develop an eco-friendly solution that not only 
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supports sustainable agricultural practices but also offers a means of improving the efficiency 

and long-term viability of chili cultivation systems. 

2. Materials and Methods 

2.1. Preparation of TiO2 nanoparticle. 

TiO₂ nanoparticles were synthesized using the sol-gel method, referring to the study 

conducted by Maulidiyah et al [24]. In brief, the first solution contained 4 mL of titanium tetra 

isopropoxide (TTIP), to which 0.5 mL of acetylacetone and 15 mL of 96% ethanol were added. 

The second solution consisted of 15 mL of 96% ethanol, 2 mL of distilled water, and 1 mL of 

0.5 M acetic acid. The two solutions were then mixed and refluxed for 3 hours at 50°C while 

being stirred using a magnetic stirrer until the TiO₂ sol was formed. The resulting TiO₂ sol was 

subsequently calcined at 400°C for 1 hour to crystallize the TiO₂ nanoparticles. Finally, the 

nanoparticles were characterized using Scanning Electron Microscopy (SEM), X-ray 

diffraction (XRD), and Fourier Transform Infrared Spectroscopy (FTIR). 

2.2. Characterization of synthesized TiO2 NPs. 

An X-ray diffractometer (XRD) was used to assess the phase composition, crystal 

structure, and crystallite size of the TiO2 NPs at 40 keV and 40 mA. Processing of XRD results 

was done with the Origin Pro-8 software. The morphology and elemental composition were 

confirmed using field emission scanning electron microscopy energy dispersive X-ray 

(FESEM-EDX). Furthermore, the Fourier transform infrared (FTIR) was examined to see the 

functional group. Processing of FTIR results was also done with the original Pro-8 software. 

2.3. Preparation of chili seedlings. 

The chili seeds used in this study were high-quality seeds of the ORI 212 variety. Before 

sowing, the seeds were soaked in distilled water for several minutes to enhance germination 

rates and select seeds of poor quality. Seeds that were considered poor had a lighter weight and 

would experience a floating process when soaked; these seeds would be discarded and not used. 

At the same time, seeds that were considered to have a heavyweight would be taken and then 

sown on the prepared planting medium. This process lasted 14 days before the plants were 

transplanted into polybags filled with planting media assigned a code. 

2.4. Experimental design of the field application study. 

A soil fertilization test was conducted on five different polybags containing chili plant 

seed. At each polybag, five different soil fertilization treatments were implemented: 1) a control 

group with no fertilizer application; 2) the implementation of local fertilization; 3) the 

application of rice husk; 4) the application of TiO2 NPs; and 5) a combined treatment involving 

the application of both rice husk (Treatment 3) and TiO2 NPs (Treatment 4). Furthermore, a 

dose of each fertilizer formula is applied to the chili plant at 3 g, and the plants are observed in 

the third week after planting. After that, a test was conducted on the growth parameters of chili 

plants, including stem diameter, plant height, number of leaves, leaf width, and wet weight. 
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3. Results and Discussion 

3.1. XRD analysis. 

The powder X-ray diffraction (XRD) pattern of TiO2 nanoparticles annealed at 400°C, 

with corresponding Miller indices (hkl), is illustrated in Figure 1. Multiple diffraction peaks 

were observed in the synthesized sample, all of which can be distinctly ascribed to the 

characteristic peaks of TiO2, and are consistent with the anatase phase according to the JCPDS-

ICDD card No. 21-1272 [25]. The prominent peaks, corresponding to the (101), (004), (200), 

(211), and (204) planes, suggest a well-ordered crystalline structure at 2θ values of 25.17°, 

38.67°, 47.88°, and 53.87 °, respectively [26,27]. Based on the Debye-Scherrer equation, the 

calculated crystallite size of 21 nm indicated nanoscale dimensions, which are critical for their 

potential applications in agriculture, particularly as a nano-fertilizer for enhancing chili plant 

growth. 

Previous studies have demonstrated that the crystallite size of nanoparticles plays a 

critical role in their effectiveness as nanofertilizers. The smaller nanoparticles, with high 

surface-area-to-volume ratios, exhibit enhanced interactions with plant root systems, thereby 

improving nutrient uptake and promoting plant growth. For example, studies by Kamal et al. 

[28] have indicated that smaller crystallite sizes enhance the penetration of nano-TiO2 particles 

into plant cells, facilitating the transport of nutrients such as nitrogen, phosphorus, and 

potassium in the cowpea plant. Moreover, Chahardoli et al. [29] emphasized that anatase-phase 

TiO2, with nanoscale crystallite sizes, exhibits superior photocatalytic activity, thereby 

enhancing the plant's ability to absorb light and convert it into energy. 

 
Figure 1. X-ray diffractogram of TiO2 nanoparticles. 

3.2. FTIR analysis. 

The FTIR transmission spectrum of the TiO2 nanoparticles synthesized is presented in 

Figure 2. To verify the presence of functional groups associated with TiO2, the nanoparticles' 

chemical structure was analyzed by FTIR spectroscopy. Notable absorption bands can be 

observed at 3478.68 cm⁻¹, 2954.58 cm⁻¹, 2450.26 cm⁻¹, 1647.97 cm⁻¹, and 459.97 cm⁻¹, 

confirming the successful synthesis of TiO2 nanoparticles (Table 1). A broad absorption peak 

at 3478.68 cm⁻¹ can be attributed to O-H stretching, indicating the presence of hydroxyl groups 

on the surface of the nanoparticles [30]. This is common in metal oxide nanoparticles, where 

surface hydroxylation can result from exposure to atmospheric moisture. Additionally, the peak 
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at 2954.58 corresponds to C-H stretching vibrations, which may be related to residual organic 

compounds or precursors used during synthesis. The peak at 2450.26 cm⁻¹ is also associated 

with the bending vibrations of adsorbed water molecules (O–H bending), a feature common to 

nanoparticles synthesized in an aqueous environment [31]. 

Furthermore, the absorption band at 1747.95 cm⁻¹ is characteristic of C=O stretching, 

suggesting the presence of carbonyl groups, possibly from organic compounds used during 

synthesis. The sharp absorption peaks at lower wavenumbers, specifically at 459.97 cm⁻¹, are 

characteristic of Ti–O–Ti stretching vibrations, confirming the formation of the TiO2 lattice 

[32,33]. These peaks are consistent with the anatase phase of TiO2, which is known to exhibit 

strong absorption in this region due to its crystal structure. The prominent Ti–O bond vibrations 

in this region reinforce the observation that the nanoparticles synthesized exhibit the desired 

anatase phase, with high purity, as indicated by the absence of significant contaminant peaks 

in the spectrum. 

 
Figure 2. FTIR spectrum of anatase TiO2 nanoparticles. 

Table 1. The infrared absorption and functional group of TiO2 nanoparticles. 

Wavenumbers (cm-1) Functional group 

3478.68 O-H stretch 

2954.58 C-H stretch 

2450.26 O-H bending 

1647.97 C=O 

459.97 Anatase TiO2 

3.3. FESEM analysis. 

Figure 3 presents the FESEM images of nanoparticle TiO2 calcined at 400°C at different 

magnifications to provide detailed insights into their structural characteristics and elemental 

composition. At a magnification of 1000× (Figure 3a), the FESEM image reveals the overall 

spherical shape of the TiO2 nanoparticles and a relatively uniform particle size distribution. 

The surface morphology appears smooth, with some evidence of particle agglomeration, a 

typical feature of nanoparticles due to their high surface energy [34]. At a high magnification 

of 3000 times (Figure 3b), the image provides a more detailed view of the nanoparticle surface 

and interparticle interactions. The surface texture becomes more discernible, and the presence 

of small pores or roughness can be observed, which may contribute to the material's 

mesoporosity. A closer inspection also reveals the aggregation behavior of the TiO2 

nanoparticles, leading to the formation of larger structures from smaller nanocrystallites. 
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Figure 3. Morphology of nanoparticle TiO2 analyzed by FESEM–EDX, (a) magnification of 1000 times; (b) 

magnification of 3000 times; (c) EDX spectra of nanoparticle TiO2. 

The EDX spectrum (Figure 3c) further confirms the elemental composition of the 

synthesized nanoparticles. The spectrum indicates a strong presence of titanium (Ti), oxygen 

(O), and carbon (C), with compositions of 50.86%, 32.34%, and 16.8%, respectively, 

confirming the formation of TiO2. The absence of significant peaks for other elements suggests 

a high-purity product with minimal contamination. 

3.4. Plant height, diameter, and number of leaves. 

One of the most important indicators of vegetative development and general plant 

vitality is plant height. Chili plants grow more quickly in the early stages of development 

because of vigorous cell division and elongation; however, as the plant ages, this rate usually 

decreases. This is because the plant directs most of its energy into developing flowers and fruits 

rather than continuing to spread vegetatively. Based on the experiment (Figure 4), the control 

group without fertilizer treatment exhibited the slowest growth, indicating that nutrients 

provided by the soil alone were insufficient for optimal growth. The NPK fertilizer treatment 

resulted in a notable increase in plant height compared to the control, rice husk, and TiO2 NPs, 

highlighting the effectiveness of a balanced nutrient supply in promoting vegetative growth. 

Although rice husk has lower nutrient availability than traditional fertilizers, it has been 

shown to improve soil aeration and organic matter content, which may explain the moderate 

increase in plant height observed with this treatment. In contrast, the plants treated with TiO2 

nanoparticles (NPs) showed a significantly greater increase in height. Moreover, TiO2 NPs' 

beneficial effects may be related to their capacity to boost photosynthesis, enhance light 

absorption, and maybe raise the efficiency of water and nutrient uptake. In contrast, the 

treatment combining TiO2 NPs-rice husk showed the greatest increase in plant height. The 

combination of rice husk, which improved soil structure and moisture retention, and TiO2 NPs, 

which enhanced nutrient absorption and growth, likely produced a synergistic effect. This 
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implies that by maximizing both nutrient availability and soil health, the combined application 

of TiO2 NPs and rice husk waste may be an effective strategy for enhancing chili plant growth. 

 
Figure 4. Plant height of chili plant with various treatments. 

Stem diameter is one critical growth parameter that indicates the overall health and 

structural stability of plants. The capacity of chili plants to transport nutrients, water, and 

photosynthates, all necessary for the plant's growth and fruit production, is directly correlated 

with the diameter of the stem [35,36]. This study examined the impact of several treatments on 

the stem diameter of chile plants. Among these treatments were control (without fertilizer), 

NPK fertilizer, rice husk TiO₂ NPs, and a combination of TiO2 NPs-rice husk. Figure 5, Chili 

plants in the control group treatment, shows the shortest stem diameters since they did not get 

any fertilizer. The plants' growth was restricted by the lack of additional nutrient input, as they 

relied solely on naturally occurring soil nutrients, which were insufficient to support healthy 

development. Compared with the control, rice husk, and TiO2 NPs, plants treated with 

traditional NPK fertilizer had a greater stem diameter. The macronutrients nitrogen (N), 

phosphorus (P), and potassium (K) found in NPK fertilizer are vital for plant growth. Stem 

thickening is facilitated by nitrogen, which encourages vegetative growth; phosphorus, which 

helps root development; and potassium, which enhances water regulation and nutrient delivery. 

Further, the treatment of rice husk and TiO2 NPs slightly improved the stem diameter 

compared to the control. However, since rice husk has low nutrient content, its effects on stem 

diameter were modest, primarily improving soil physical properties rather than directly 

providing nutrients. TiO₂ nanoparticles have been shown to enhance photosynthesis by 

improving light absorption and energy conversion efficiency in plants. This, in turn, boosts 

overall plant growth, including stem diameter. Additionally, TiO₂ NPs may facilitate the uptake 

of nutrients, thereby enabling the absorption and utilization of essential elements for growth. 

However, it does not have a strong effect on the stem diameter. Overall, the combination of 

TiO₂ NPs and rice husk achieved the greatest increase in stem diameter among all treatments. 

This synergistic effect is likely due to the complementary roles of TiO₂ NPs and rice husk. 

While the TiO₂ nanoparticles enhanced photosynthesis and nutrient uptake, the rice husk 

improved soil structure and water retention, creating optimal conditions for plant growth. 

Furthermore, the organic matter in rice husk may have served as a slow-release nutrient source, 

sustaining plant growth over time. 

The number of leaves in plants is an important indicator of overall plant health and 

growth, directly impacting photosynthesis efficiency and biomass production [37,38]. It's 
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visible (Figure 6) that the control group (without treatment) exhibited the lowest number of 

leaves, indicating a lack of sufficient nutrients for optimal growth.  

 
Figure 5. Stem diameter of chili plant with various treatments. 

The plants treated with NPK fertilizer and rice husk showed an improvement in leaf 

number compared to the control and TiO2 NPs, as NPK supplies essential macronutrients such 

as nitrogen (N), phosphorus (P), and potassium (K) that promote vegetative growth. Moreover, 

rice husk has the ability to improve soil structure and retain moisture, thereby enhancing 

nutrient availability. However, the combination of TiO2 NPs-rice husk achieved the highest 

number of leaves among all treatments. This synergistic effect is attributed to the dual roles of 

rice husk as a soil conditioner and TiO2 nanoparticles as a nanofertilizer, which enhance 

nutrient absorption and plant growth. The rice husk provides a slow release of nutrients, while 

the TiO2 nanoparticles facilitate more efficient uptake, ultimately resulting in the best growth 

performance, as reflected in the significant increase in leaf number. Table 2 compares results 

with recent studies that applied combined organic/inorganic nanobased fertilizers. 

 
Figure 6. The number of leaves of the chili plants with various treatments. 

Table 2. Comparison of recent studies using combined organic/inorganic nano-based fertilizers. 

Type of fertilizer Crop Ref. 

Bulk ZnO particles Wheat [39] 

nano-hydroxyapatite Camellia oleifera [40] 

Arbuscular mycorrhizal fungi-TiO2 Salvia officinalis L [41] 

Urea -rich sodium alginate Tomato [42] 

Biochar-ZnO NPs Wheat [43] 

TiO2 NPs-risk husk Chili This work 
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4. Conclusions 

Briefly, we investigated different fertilization treatments such as Control (without 

fertilizer), NPK fertilizer, rice husk waste, TiO2 NPs, and TiO2 NPs-rice husk on growth and 

nutrient uptake in chili plants. The TiO₂ NPs were synthesized using the sol-gel method and 

calcined at 400°C. These findings indicate that TiO2 NPs-rice husk application influenced 

specific growth parameters such as plant height, diameter, and number of leaves. The result 

also revealed that the application of TiO2 NPs-rice husk nano fertilizer is more effective than 

other fertilizer treatments. Therefore, the provision of TiO2 NPs-rice nanofertilizer is 

recommended for optimizing chili productivity and enhancing quality. 
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