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Abstract 

Immobilization of transition metal-based nano-catalysts with bio-based supports have 

gained desirable interest. Herein, SiO2 nanoparticles from sugarcane bagasse (SCB) were 

utilized as a support to stabilize Ni NPs based nano-catalyst with different mass ratios (1:1, 

1:2, and 1:3 of Ni and SiO2) by a facile in-situ reduction in the presence of a capping agent 

CTAB. A capped nano silica powder was obtained by hydrolysis and condensation 

reaction from SCB ash using CTAB and sulfuric acid in a biphasic medium. Capped Ni-

SiO2 nano-catalyst has been prepared by the reduction of nickel(II) chloride using 

hydrazine hydrate, N2H4.H2O and sodium hydroxide, NaOH in the presence of capped 

SiO2 NPs. FESEM, EDX, FTIR, and XRD analysis were employed to investigate the 

morphology and chemical nature of capped Ni-SiO2 nano-catalysts. FESEM analysis 

revealed that spherical SiO2 NPs with scattered pores and soft spongy suggested CTAB 

capping with an average diameter of 64 nm. It was also observed that Ni NPs have 

spherical particles with coral clusters with an average size of 54 nm. The FESEM of 

capped Ni-SiO2 nano-catalyst demonstrated the Ni NPs were well-dispersed onto the 

surface of the SiO2 NPs with the help of the capping agent CTAB with chain like nano-

architectured. FTIR bands at 1060 cm-1 of capped Ni-SiO2 nano-catalyst conformed the 

formation of Si-O-Ni bond. The EDX spectrum showed that Ni, O, and Si were uniformly 

distributed in the capped Ni-SiO2 nano-catalyst. XRD patterns of the synthesized capped 

SiO2 NPs formed an amorphous structure, whereas the Ni NPs and capped Ni-SiO2 nano-

catalysts formed face centered cubic (fcc) structures, indicating the purity and crystallinity 

of the samples. The catalytic activity of synthesized capped Ni-SiO2 nano-catalyst with 

different mass ratio (1:1, 1:2, and 1:3 of Ni and SiO2) was investigated utilizing UV-vis 

spectra to reduce 4-nitrophenol (4-NP) to 4-aminophenol (4-AP). The well-dispersed 

capped Ni-SiO2 (1:2) nano-catalyst has shown a good catalytic performance. The rate 

constant k, activity parameter K, and turnover frequency (TOF) of the nano-catalyst are 

0.2725 min-1, 0.4087 mg-1 min-1, and 0.1084 h-1, respectively for capped Ni-SiO2 (1:2) 

nano-catalyst. Moreover, capped Ni-SiO2 nano catalyst has shown a good cycle stability 

and can achieve 89% 4-NP conversion to 4-AP even after 10 cycles.     
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1.1 General Introduction 

Metal-based nanoparticles (MNPs) have obtained widespread attention because of their 

prospective applicability in optical, magnetic, energy storage devices and, most 

importantly, as a highly efficient catalyst [1, 2]. MNPs, existing as elements or 

composites, also have a broad functional diversity as nano-catalyst compared to bulk 

materials [1]. The catalytic reduction process has drawn high interest due to its high 

reactivity, selective chemical transformations with high product yields, tunability with 

ease of separation, and recyclability in recent years [3]. To enhance reduction efficacy, 

a wide range of materials like noble metals, transition metals, and even non-metal-based 

catalysts have been explored. However, much attention has required to the optimization 

and development of these nano-catalysts. For instance, various noble metals, such as 

Au, Ag, Pt, Au–Ag, and Au–Pt nano-catalysts, have been widely used due to their 

excellent catalytic activities, but their commercial use has been limited due to their high 

cost, complicated pathway to optimizes and limited resources [4]. To mitigate this 

impediment, transition metal-based nano-catalyst are rapidly gaining popularity for 

their noticeably lower cost and easy to handle than noble metal catalysts [5]. Among 

the various types of transition metal nanoparticles, nickel nanoparticles (Ni NPs) have 

attracted much attention because of their inexpensive, easy to access, mild reaction 

conditions and short time for high yields of products, magnetic properties, high catalytic 

activity, and rapid reaction with high selectivity as a catalyst in hydrogenation reactions 

[6]. The performance of Ni-based catalysts could be tied to their capability of absorbing 

hydrogen on the surface of Ni metal and quick activation of hydrogen in the atomic 

state [7]. Ni nanoparticles are also greener than the typical Raney® nickel catalyst [8]. 

However, the high surface energy and nano dimensional size of Ni NPs have 

extensively enhanced the particle agglomeration, which hindered their outstanding 

catalytic performance [9]. Supported nanoscale catalysts would be a good choice for 

Controlling the aggregation of Ni NPs with high dispersion, selective chemical 

conversions with high yields, easy separation, and recovery [10]. Several non-reactive 

materials such as alumina, metal oxides, zeolite, carbon nanotube, graphene, 

amorphous/crystalline SiO2, amorphous carbon and various polymers have been 

numerously utilized as supports/stabilizers for ensuring the dispersion of Ni NPs to 

prevent agglomeration [11]. Among them, SiO2 nanoparticles may be an alternative and 

excellent support candidate for their superior metal dispersion capabilities, high surface 



Chapter-1 Introduction 

Page | 3  

 

area, pore structure, enhanced stability, and wettability [12, 13]. SiO2 NPs could 

enhance the surface area significantly and thus appears to be an excellent support 

material in catalysis. However, some chemicals such as tetraethoxysilane and 

tetramethoxysilane are frequently employed as silica sources in the synthesis of nano-

silica. These sources are relatively costly and have a high level of toxicity. The 

production of nano-silica materials from bio-waste, such as rice husk ash, bamboo 

leaves, sugarcane bagasse, and groundnut shell, has recently attracted the attention due 

to environmental and economic perspectives [14]. Sugarcane bagasse (SCB) has a great 

source of Silicon, recently attracted the attention of researchers for the synthesis of 

nano-silica materials SCB bio-waste based SiO2 NPs is a promising candidate as 

supporting materials due to their low cost, abundant, facile, and ecofriendly, 

mesoporous structure, and large surface area [14]. Moreover, nanoporous SiO2 NPs 

from SCB could be a potential solution to prevent aggregation of Ni NPs. Another 

possible solution to prevent aggregation and enhance stability, the Ni NPs was capped 

with SiO2 NPs using a capping agent cetyltrimethylammonium bromide (CTAB). 

CTAB is a classical micelle maker and helps to control the size of nanoparticles and 

modify their surface [15]. The capping agents help to stabilize the interface between 

nanoparticles and their support surface. The specific structural features of nanoparticles 

are recognized to capping on their surface [16]. 

Therefore, nano-state catalysts would be employed to catalytically reduce the well-

known toxic and environmentally hazardous nitroaromatics, converting them into 

harmless compounds before being released. 4-nitrophenol (4-NP), for example, is an 

impermeable pollutant found in industrial effluents and agricultural wastes that is 

harmful to human and animal organs such as the brain, liver, and kidneys [17]. Thus, it 

is becoming more and more important to remove 4-NP from an aqueous solution. Due 

to the slower effects of traditional approaches, it is essential to create new catalysts. A 

non-hazardous aromatic compound such as 4-AP is a potential intermediate to 

antipyretics medicine, dyestuff, corrosion inhibitors [18]. Traditionally, 4-aminophenol 

(4-AP) is synthesized using a multi-step iron-acid reduction of 4-NP to 4-AP, making 

major environmental issues due to producing a huge volume of Fe-FeO sludge. 

Additionally, Numerous studies have demonstrated the catalytic degradation of 4-

NP.  To address the ever-increasing demand for 4-AP, it is crucial to develop an 
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effective and environmentally friendly method for direct catalytic hydrogenation of 4-

NP. 

Herein, capped SiO2 NPs has been prepared from a bio-based precursor SCB and 

utilized them as a support to immobilize Ni NPs in Ni-SiO2 nano-catalyst using a facile 

in-situ chemical reduction in a controlled medium which employed to investigate its 

catalytical performance for nitroaromatics and to explore the catalytic mechanism. The 

results indicate that a facile technique for developing noble materials with high catalytic 

efficacy has been possible from affordable and locally available resources to turn 

hazardous materials into value-added goods. 

1.2 Objectives of the Present Work 

The main objectives of the present work include: 

i. Synthesize Ni NPs by a simple chemical route and Preparation of capped SiO2 

NPs from sugarcane bagasse (SCB) bio-waste as well as fabricate capped Ni-

SiO2 nano-catalyst. 

ii. Enhance the stability of the prepared nano-state particles by a capping agent 

(CTAB). 

iii. Comprehend the morphological, structural, and compositional aspects of the 

capped Ni-SiO2 nano-catalyst through FESEM, XRD, FTIR, EDX and UV-Vis 

analysis. 

iv. Study the catalytic potential of the capped Ni-SiO2 nano-catalyst toward nitro 

based organic compounds. 

v. Propose a mechanism of reduction process of an organic compound using 

capped Ni-SiO2 nano-catalyst. 
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1.3 Background 

1.3.1 Nanoparticles 

Since the preceding century, nanotechnology has been a well-known scientific topic. 

Nanoparticles (NPs) are a particulate compound ranging in size from one to one 

hundred nanometers [19]. Nanomaterials are unique for several reasons, one of which 

is their small size, as shown in Figure 1.1. Nanomaterials are 10000 times smaller than 

human hair and has a wide range of uses due to their tiny size. Their material properties 

alter as their size approaches the atomic scale. This is because the surface area to 

volume ratio has increased, causing the material's surface atoms to dominate its 

performance [20]. Because of their small size, nanoparticles have a substantially greater 

surface area to volume ratio than bulk materials such as powders, plates, and sheets 

[21]. 

 

 

Figure 1.1: A schematic illustration of change in particle size from bulk to nano states. 
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Most significant and established pharmaceutical companies have internal drug delivery 

research programs that focus on formulations or dispersions with nanoscale 

components [22]. Antimicrobial treatments and dressings frequently contain colloidal 

silver [23]. Titania nanoparticle's strong reactivity, either on their own or when exposed 

with UV radiation, is also employed as filters for bactericidal applications [24]. Toxic 

poisons and other hazardous organic compounds are destroyed using enhanced catalytic 

characteristics of nano-ceramic or noble metal surfaces like platinum [25]. 

1.3.2 Metal-Based Nanoparticles 

Metal nanoparticles (MNPs) are in high demand in the 21st century because of their 

physical and chemical differences from bulk metals and applications in different 

sectors. MNPs are composed entirely of the metal's precursors and have various features 

due to their well-known localized surface plasmon resonance characteristics, which has 

opened numerous pathways [26]. MNPs have unique characteristics over its bulk 

materials for instance (a) large surface energies, (b) compared to bulk, they have a large 

surface area to volume ratio, (c) quantum confinement, and (d) plasmon excitation. The 

surface to volume ratio of MNPs is higher, which allows them to interact with other 

particles easily [27]. For instance, MNPS of alkali and noble metals such as Cu, Ag and 

Au have broad absorption bands in the visible region of the solar electromagnetic 

spectrum [28]. MNPs with regulated surface, size, and shape are significant in today's 

cutting-edge materials [29]. Due to their improved optical characteristics, MNPs are 

used in many research fields. For example, Au NPs are widely used for SEM sampling, 

which helps to obtain high-quality SEM images by improving electron flow [30].  

1.3.3 Nano-catalyst  

Nano-catalyst is a nanoparticle-based catalyst, draw a distinction between 

homogeneous and heterogeneous catalysts, offering advantages from both in terms of 

activity, selectivity, efficiency, and reusability in many circumstances [3]. For waste 

minimization, reduced energy consumption, and green conditions for chemical 

processes with improved efficiencies, it has recently been required to optimize the 

operating conditions and employ catalysts with improved activities, nano dimension, 

and selectivity [31]. Selectivity, highly activity, and reversibility of nano-catalyst gather 

lots of attention for a variety of approaches than its bulk [32]. The catalytic capabilities 
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of nano-catalysts are substantially reliant on numerous physical and chemical 

characteristics such as size, shape, content, and structure and may therefore be 

controlled and tuned. As a result, various nano-catalysts have exploded in the recent 

few decades, with significant advances in terms of activity, selectivity, and durability 

documented [32]. For example, Xu et al reported a novel graphene supported Cu@Ni 

bimetallic nanowires catalyst which was prepared via a facile liquid phase reduction 

method with good catalytic reduction applications of 4-NP to-AP [33]. Kang et al 

reported graphitic carbon embedded with Fe/Ni nano-catalysts from bacterial sources 

for efficient cracking of toluene [34]. Duan et al prepared a PdAuCu/C nano-catalyst 

for the reduction of 4-NP to 4-AP via controlling the deposition of noble metals [35]. 

 A chemical reaction route consists of an active state and then products. A nano-catalyst 

is considered to generate a new activated complex with lower potential energy. Nano-

catalyst provides an additional route with lower activation energy due to its high surface 

area and high surface to volume ratio. Consequently, the proportion of the total number 

of collisions with low activation energy increases, which means that the reaction rate 

also increases [36]. Figure 1.2 gives an energy diagram that depicts the nano-catalytic 

effect on the activation energy. It saves time and energy while achieving the same end 

results. 

Figure 1.1: Energy profile diagrams of a process with and without catalyst.  
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1.3.3.1 Working Principles of Nano-catalysts  

Although there is no uniform rule for defining a catalyst's activity, a nano-catalyst, in 

general, generates a whole new channel for the reaction in which the reactants are 

rapidly changed into products. In the presence of metal nano-catalysts, reactant 

molecules rapidly dissociate into atoms, even at low temperatures. One is reasonable  

 

Figure 1.2:  A molecular mechanism of a catalytic process on the nano-catalyst surface. 

and simple explanation is summarized in Figure 1.3. The mechanism of heterogeneous 

nano-catalysis on the surface of solid catalysts consists of some steps. First, molecular 

reactants approach the metal surface and undergo physical adsorption with atoms' 

release by intermolecular forces [37].  Then, finally, break free from the surface, and 

the product molecules diffuse away from the surface [38].  

Simple and efficient methods have been widely used to synthesize metal-based nano-

catalysts in the past few years. These metal-based nano-catalysts may execute reactions 

due to their particular activity, stability, and porous structures [39]. Their increase and 

chemical composition may be managed by optimizing experimental situations to 

assemble exclusive shapes and designs. Metal-based nanomaterials containing high 

stability, controllable shape, and dispersibility have been manufactured for in situ and 

ex-situ applications. Thermal degradation, chemical reduction, and hydrothermal or 
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chemical precipitation methods are all used to make various kinds of nano-catalysts 

[40]. Furthermore, diatomite and ligands or capping agents can be used to generate 

nanoparticles with highly reactive surfaces. These nanoparticles are used as supported 

metal catalysts, metal oxide catalysts, core-shell structures, layered oxides, ceramic 

nano-catalysts, and other applications [41]. Transition metal-based nano-catalysts have 

been widely used in active catalytic applications because of their partially filled d-

orbital. To promote the catalytic degradation of pendimethalin, a multifunctional 

recyclable catalyst comprised of polydopamine/Ag/polystyrene films was developed, 

and it has potential uses in the sectors of environmental protection, soil pollution 

remediation, and sewage treatment [42]. Recently, bimetallic silver/copper (Ag/Cu) 

nanoparticles synthesized using plant extracts have been demonstrated to remove 

chlorpyrifos efficiently [43]. Fe-, Pd-, Co-, and Ni-based nano-catalysts have also been 

utilized since they are less expensive and more readily accessible. For instance, silver 

nanoparticles, titanium oxides, doped titania, iron oxide nanoparticles, manganese 

oxides, aluminum oxides, titanium oxides, magnesium oxides, and cerium oxides have 

all been used for the formation of nano-catalysts due to short intraparticle diffusion, 

high reactive surface area, faster kinetics, and high adsorption with active reaction sites 

[42, 43]. Thus far, various bimetallic nanomaterials with improved activity, selectivity, 

and stability have been reported. Heterometallic nanostructures with precise 

composition, structure, size, and morphology have proven to be more effective tools 

for catalytic activity [44]. 

1.3.3.3 Noble Metal Nanoparticles as Nano-catalysts  

Noble metal nanoparticles have attracted much interest because of their exceptional 

catalytic characteristics and are employed in various sectors, including environmental 

remediation, energy production, medical technology, and water treatment [42]. 

Environmental chemists have difficulty developing a simple and quick process for the 

degradation of organic dyes. Noble metal NPs, such as gold, silver, palladium, and 

platinum, have recently been employed to degrade different organic dyes [45]. For 

example, Pd nanoparticles can be used as catalysts for hydrogenation and alcohol 

oxidation in direct alcohol fuel cells [46]. The surface structure and electronic state of 

noble metal nanoparticles are affected by their size and shape, influencing their catalytic 

capabilities. The ratio of noble metal atoms on the surfaces, sides, and corners of 

nanoparticles is determined by the nanoparticle's size and shape, resulting in unique 
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catalytic activities for structure-sensitive reactions. For instance, Pt NPs was effectively 

used as a catalyst in the manufacture of organic substances [47, 48]. AuNPs based nano-

catalyst have exhibited highly active catalytic characteristics, such as selective 

hydrogenation of organic molecules, carbon monoxide (CO) oxidation, and the water-

gas shift reaction [49]. Noble metals have several disadvantages, including high cost, 

scarcity, and toxicity. It can be assumed that price is the main reason for this desire to 

move from precious metals [50]. Market factors tend to push the price of certain of 

these metals higher, especially due to the present global economic instability. High 

metal prices are a source of hardship for both companies and consumers, especially 

when considering the importance of catalysis in so many daily necessities, from 

medications to transportation. 

Recently, developing catalysts by employing low-cost, easily available materials has 

attracted huge attention rather than noble metals due to the low earth-abundant, cost 

and complicated processing routes of noble metals. Transition metal nanoparticles 

(TMNPs) are very attractive for use as catalysts due to their high surface-to-volume 

ratio, low cost, greenness, convenient use, and high surface energy [51]. TMNPs of Fe, 

Co, Ni, Cu, Ru, and Pd are effective catalysts because they can easily lend or absorb 

electrons from other molecules. The synthesis of different types of metal nanoparticles, 

such as Ni, Cu, and Fe, is comparatively difficult because they are easily oxidized [52]. 

Instead of employing other metal species, nickel nanoparticles (Ni NPs) have attracted 

much attention due to their unique properties with extreme stability [53-55]. In addition, 

Ni nanoparticles are more environmentally friendly than conventional Raney® nickel 

catalysts in that they create unwanted toxic waste [56]. It's worth noting that Ni NPs 

have superior physicochemical properties than bulk materials, which are more efficient 

in catalytic activity. The morphology of Ni-based nano-catalysts was reported to play a 

crucial role in determining the catalytic performances under thermally driven 

conditions [55, 56].  

1.3.4 Supporting Materials for Nano-catalyst 

MNPs usually trend to aggregate due to the high surface energy, which greatly limits 

their applications [57]. A support material with high surface area is required to prevent 
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their agglomeration and turn them into isolated MNPs [58]. The dispersion, size, and 

shape of the NPs have an impact on the catalytic performance. The activity of a MNPs 

catalyst is often increased by improving its dispersion on the support material, which 

enhances the active surface area of the catalysts. The composition and surface structure 

of the support material significantly impact the particle dispersion, size, and shape of 

MNPs. For instance, Ni NPs are well-known catalysts for hydrogenation of organic 

materials, and they have numerous physical and chemical advantageous features. Apart 

from the advantages of Ni NPs, one of the most difficult challenges in their application 

is preventing aggregation of Ni NPs. However, aggregation of Ni NPs can be handled 

by surface functionalization/stabilization or by using support-substances. Therefore, 

developing a novel approach is required to obtain finer Ni NPs with a high distribution. 

To stabilize MNPs, various support materials like silica (SiO2) or alumina, zeolite, 

carbon nanotube, graphene, amorphous carbon, cellulose powder, polyamide, or 

polysaccharides are utilized. Figure 1.4 depicts the images of different stabilizers [59-

60].  

 

Figure 1.3: Important support materials popularly used in the synthesis of NPs [61, 62]. 

Among them, SiO2 nanosphere have emerged as candidates for good supporting 

matrices because of their many Si-OH group surfaces, tunable porosity, 

biocompatibility, and functionality flexibility [63]. Virtually neutral character of SiO2 

based NPs as supported materials has great advantages. For example, to build SiO2-

supported copper catalysts for the dehydrogenation of ethanol to acetaldehyde 

compared to ZnO, Al2O3, and ZrO2 support materials, SiO2 nanosphere was utilized 
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[64]. On the other hand, undesirable side reactions of SiO2 NPs support often lead to 

low selectivity. To improve selectivity, it is crucial to reduce or mask Si-OH on the 

SiO2 surface by using a capping agent. This would improve the performance of SiO2 

nanosphere supported materials. Recently, another form of silica based supported 

material has attracted great attention [15]. For instance, amorphous SiO2 NPs have 

demonstrated certain advantages in developing highly active supported catalysts due to 

their special physicochemical properties, such as high adsorption capacity [15]. Silica 

gel is another type of inorganic amorphous polymer of silicic acid made up of inters–

linked SiO4 units arranged in a tetrahedral pattern with oxygen as a binding site, 

resulting in the formation of silane bonds (Si–O–Si) and, eventually, nanometer-sized 

particles with the general formula SiO2 [15]. The most common method for 

synthesizing silica is the sol-gel method. It is an easy, facile, and tunable method to 

prepare both MNPs supported silica NPs [65].  

Nature functions as a vast "bio-laboratory," including plants, algae, fungi, yeast, and 

other biomolecule-based organisms. Bio-waste materials have been identified as an 

ecological burden, but they have inspired innovative possibilities for developing 

renewable, green, sustainable, low-cost, and long-term routes for nanomaterial 

synthesis [66]. Utilizing bio-based macromolecules as binding sources for the synthesis 

of NPs opens the new dimension of stabilizing and dispersing NPs to mitigate their 

aggregation. Naturally occurring biomolecules have a vital role in producing NPs of 

controlled shapes and sizes, which might be a greener, safer, and environmentally 

friendly protocol for synthesizing NPs [67]. It also helps to understand the health and 

safety consequences of NPs synthesis, as these routes eliminate the need to use toxic 

chemicals. For instance, to synthesize silica nanoparticles, some substances like 

tetraethoxysilane and tetramethoxysilane are widely utilized as silica sources [68]. 

However, these sources are relatively expensive and have a significant level of toxicity. 

Due to the high deposition of silica in agricultural residues, the production of nano-

silica materials from bio-waste, such as rice husk ash, bamboo leaves, sugarcane 

bagasse, and groundnut shell, has recently attracted attention from an environmental 

and economic perspective [69]. Figure 1.5 shows the sugarcane bagasse and source of 

SiO2. However, rice husk and ash are commonly cited in the literature as sustainable 
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sources for silicon-based value-added materials like SiO2 NPs [70]. A few research 

studies have been conducted on using sugarcane bagasse (SCB) as a raw material to 

synthesize highly organized SiO2 NPs [69]. Highly organized SiO2 NPs have many 

applications in paints, biopolymers, membranes for fuel cells, catalysts, and adsorbents, 

among other applications [71]. Highly organized SiO2 also acts as a support that can 

exhibit prospective advantages in the case of dispersion and preparation MNPs catalysts 

due to the higher ability of hydrogen production via enhancing the surface activities of 

NPs, high oxygen storage capacity, and high redox activity [72]. Therefore, a facile and 

scalable synthesis route of highly organized SiO2 based supports from SCB needs to 

be explored. 

 

Figure 1.4: Schematic representation of sugarcane as one of the important silica 

sources. 

 

1.3.5 Stability of Metal Nano-catalysts Using Capping Agent 

NPs have a wide range of applications in various sectors, but due to their aggregation 

characteristics, their applications are limited. Because of their high surface energy of 

NPs usually causes extensive aggregation [73]. In various former methods capping 

agents have been utilized to obtain uniformly dispersed composite NPs. However, 

stabilizers and supporting materials have traditionally been used to create 

homogeneously distributed samples to overcome this difficulty [41]. As a result, using 

high surface area materials as supports for the fabrication of ultrafine and well-defined 

metal NPs that act as barriers to prevent encapsulated NPs from coalescing and improve 
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chemical and thermal stability and electrical conductivity of functional materials is a 

promising strategy. For example, e Au@Fe3O4–G and Pt@Fe3O4–G ternary hybrid 

nanomaterials exhibits excellent catalytic characteristics, and it can catalyze the 

reduction of 4-NP to 4-AP using NaBH4 [74]. Polyol approach based on ethylene glycol 

was used to synthesize Ag nano cubes for the first time [75]. Citrate based substance 

are typically utilized as reducing agents for the syntheses of metal colloids which also 

serve as capping agents for the synthesis of different NPs [76]. Among various capping 

agents, a common surfactant, cetyltrimethylammonium bromide (CTAB), was 

extensively used in preparing rods, wires, and other shape nanoparticles [77]. CTAB is 

a cationic surfactant often used to make mesoporous silica nanoparticles. CTAB is 

formed micelle over the MNPs which helps to control the size of NPs, shape, prevent 

agglomeration, modify their surface, and surface functionality [14, 77].  

1.3.6 Theories of Experimental Techniques 

i. Fourier Transforms Infrared Analysis 

Fourier transforms infrared (FTIR) spectroscopy is a well-established method for 

examining the chemical composition of smaller particles, generally 10 to 50 microns in 

diameter and larger regions on the surface [78]. FTIR spectroscopy works by measuring 

how the bonds of vibrating molecules absorb much light to produce a chemical 

fingerprint in the infrared part of the electromagnetic spectrum. 

In FTIR spectroscopy, an interference wave interacts with the material instead of a 

dispersive instrument, where the interaction energy has a well-defined wavelength 

range. The interference wave is created in an interferometer (Figure 1.6), the most 

common of which is the Michelson interferometer. A computer controls the 

interferometer, which also collects and stores data and performs the Fourier 

transformation. The computer also handles post-spectroscopic procedures such as 

spectrum presentation, resolution enhancement, calibration, and correlation equation 

calculation [79]. The beam splitter divides a collimated light beam from the IR source 

directed to the Michelson interferometer. One half of the beam is reflected by a fixed 

mirror, while a moving mirror reflects the other half. After returning from the mirrors, 

the two light beams merge to form a reconstructed beam optically an interference wave. 

The interference light beam passes through the sample and changes its interaction with 

the sample. A deuterated triglycine sulfate (DTGS) pyroelectric detector often detects 
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the changing light. The analogue signals that arrive in the detector are digitized and 

stored in the computer via an analogue-digital-converter (ADC) [80]. Laser technology 

is required for a successful outcome in this technique. A laser beam suffers the same 

optical path modification as an IR beam in the interferometer. As a result, it can be used 

to reference the mirror's position during the scan. The laser beam also controls the 

collection of data points as a function of mirror movement [77].   

 

Figure 1.5: Schematic diagram of FTIR operation [79]. 

ii. X-ray Diffraction 

Powder X-ray diffraction (XRD) was used to characterize crystalline properties, size, 

and phase identification using a RigakuD/maxTTRIII diffractometer. X-rays are 

created by a cathode ray tube, filtered to produce monochromatic radiation, collimated 

to concentrate, and directed toward the sample in these approaches. Constructive 

interference is created by the interaction of the incident light and the sample when 

conditions satisfy Bragg's Law which associates the wavelength of electromagnetic 

radiation with the diffraction angle and lattice spacing of the crystal sample. The X-

ray's wavelength for diffraction ranges from about 0.5 to 2.5 Å [82]. 
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Figure 1.6: Schematic representation on the working principles of X-ray diffraction 

[81]. 

By scanning the sample through a range of 2θ angles, all possible lattice diffraction 

directions are obtained due to the random orientation of the powdered material. Because 

each material has its set of d-spacing, converting the diffraction peaks to d-spacing 

enables the substance to be recognized. Bragg's law [81] is used to calculate the value 

of d- spacing, as shown in Figure 1.7. 

                                                       2𝑑 𝑠𝑖𝑛 𝜃 = 𝑛λ     [1] 

where "d" is interlayer spacing, "θ" is the x-ray angle of incidence (and of diffraction) 

measured concerning the crystalline planes, "n" is an integer value and "λ" is the 

wavelength of the incident beam. XRD provides precise information about the lattice 

parameter, lattice defects, lattice strain, crystallite size (in case of nanoparticles) and 

the type of molecular bond of the crystalline phase. The Scherrer formula is used to 

calculate crystallite size [83]. 

𝐷 = 𝑘𝜆 / 𝛽 𝑐𝑜𝑠 𝜃     [2] 

where "D" is the crystallite size, k is a dimensionless shape factor (typical value 0.9), 

"𝜆" is the x-ray wavelength, "β" is the line broadening at halfway of the maximum 

intensity (FWHM) and θ is the Bragg angle (in degrees) [82]. 

iii. Field Emission Scanning Electron Microscope 

The Field Emission Scanning Electron Microscope (FESEM) is a powerful modern 

technology for material characterization that reveals the surface morphology (texture), 

crystalline structure, and orientation of the components that comprise the sample [84]. 

The FESEM is a microscope that uses electrons with a negative charge rather than light. 

A field emission source produces these electrons. The material is scanned with electrons 
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in a zig-zag pattern, as shown in Figure 1.8. After being discharged from a field 

emission source, electrons are propelled in a high electrical field gradient. Electronic 

lenses within the high vacuum column focus and deflect these so-called primary 

electrons, resulting in a narrow scan beam that bombards the material. Secondary 

electrons are emitted from each point on the object as a result. The surface structure of 

the item influences the angle and velocity of these secondary electrons. The secondary 

electrons are captured by a detector, which generates an electrical signal [85]. 

 

Figure 1.7: A schematic illustrations of field emission scanning electron microscope 

modules and operation process [85]. 

This signal is amplified and converted to a monitor or digital image, which may then 

be saved and processed. In most situations, data are gathered across a specific region of 

the material's surface, a 2-dimensional black and white image displaying spatial 

changes in these attributes is created. In a scanning mode, FESEM methods can 

photograph regions ranging in width from 1 cm to 5 microns (magnification ranging 

from 20X to approximately 500000X, the spatial resolution of 50 to 100 nm).  

iv. Energy Dispersive X-ray Spectroscopy 
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Energy dispersive X-ray (EDX) spectroscopy is a microanalysis technique used to 

determine material's elemental composition and chemical characterization [86]. 

Because of its imaging capabilities, this equipment is frequently used in combination 

with an electron microscope, such as a SEM or TEM [87]. 

 

Figure 1.8: Operational modes of energy dispersive X-ray spectroscopy [87]. 

The bombardment of the electron beam of SEM ejects electrons from the sample's 

atoms comprising the sample's surface. As a result, electron vacancies are filled by 

electrons from a higher state, and an x-ray is released to compensate for the energy 

difference between the vacant and filled states. These X-rays can be detected by a 

detector calibrated for cobalt metal emission (6.925 keV) and then utilized to identify 

and analyze the elemental composition and abundance of the specimen surface [88]. 

The numerous emission lines associated with X-rays emitted from an atom are called 

after the shell of the original vacancy, for example, K, L, M, and so on. The shell of the 

electron that fills the gap is denoted by the Greek character with subscript. With the use 

of supporting software, one may acquire a full elemental spectrum and easily detect 

peaks, making EDX a great survey tool for swiftly identifying unknown phases prior to 

quantitative investigation. In semi-quantitative mode, EDX can be used to identify 

chemical composition using a peak-height ratio relative to a standard [86, 88].  
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2.1 Materials and Chemicals 

The starting materials, nickel chloride hexahydrate (NiCl2.6H2O), sodium hydroxide 

(NaOH), sodium borohydride (NaBH4), sulfuric acid (H2SO4, 98%), 4-nitrophenol (4-

NP), were purchased from Sigma-Aldrich, Germany. Hydrazine hydrate (H6N2O 

80%), hydrochloric acid (HCl, 37%), ethanol (C2H5OH) were obtained from Lab-Scan, 

Ireland and ethylene glycol, Cetyltrimethylammonium Bromide (CTAB), butyl 

alcohol (C4H10O) were purchased from Merck Specialties Private Limited, India. All 

aqueous solutions were prepared using deionized water obtained from a Nano-pure 

water system (Barnstead Nano-pure, Thermo Scientific, USA). Sonication was 

performed using a digital ultrasonic bath (Powersonic 505, Hwashin, S. Korea). The 

reagents and solvents were used without further purification. 

2.2 Materials Characterizations 

The crystalline structures of the capped SiO2 NPs, Ni NPs and Ni-SiO2 nano-catalysts 

were obtained by the X-ray diffraction (XRD) method on a RigakuD/max-TTR-III 

diffractometer using Kβ filter 1D for Cu radiation with a scan range of 10−80° (2θ) at 

a rate of 5°/min. The morphology and the sizes of the samples were studied by Field 

Emission Scanning Electron Microscopy (FESEM) using JSM-7600F, Tokyo, Japan. 

The chemical composition (atomic per cent) of the samples was determined by energy-

dispersive X-ray (EDX) spectrometry (Hitachi S-4800 Japan). Fourier-transform 

infrared (FTIR) spectra of the prepared nanocomposites were recorded on a 

SHIMADZU FT-IR-8400 spectrophotometers from 4000 to 400 cm−1 (with a 2 cm−1 

resolution and 60 times scanning) based on the KBr method. UV−vis spectroscopy 

was performed on a UV1800PC produced by Shanghai AuCy Scientific Instrument 

Co., Ltd, China. 

 

 

https://pubchem.ncbi.nlm.nih.gov/#query=H6N2O
https://pubchem.ncbi.nlm.nih.gov/#query=C4H10O
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2.3 Preparation of Sodium Silicate   

The synthesis of SiO2 NPs was carried out from sugarcane bagasse with various 

modifications according to the reported methods [1]. SCB was collected from a 

sugarcane juice store in Dhaka. The collected bagasse was cut into pieces and rinsed 

with tap water repeatedly until the waste was clear. It was oven-dried at 120 °C 

overnight. The SCB was then burned in the open air and placed in a muffle furnace for 

5 hours to pyrolysis at 700 °C until it reached a constant weight. 

The appearance of the white-gray color of the sugarcane bagasse ash (SCBA) 

confirmed that a large amount of carbon atoms was disappeared. SCBA was treated 

using 50 mL of 0.1 mol L-1 HCl (37 wt.%), stirred for 2 hours at room temperature, 

and then stored overnight. The suspension was filtered using filter paper, and the solid 

residue was washed with deionized water to remove metallic ions. Afterward, the solid 

was dried in the oven at 120 °C for overnight before further use. About 1 g of washed 

SCBA was mixed with 1.5 g of solid NaOH (ratio of 1:1.5, w/w) to obtain a 

homogeneous mixture, and the mixture was heated for 1 hour in a muffle furnace at 

400 °C. At the end of the treatment, the resulting fused mixture was dissolved in 100 

mL of deionized water and refluxed for 4 hours. To reduce solid residue, the obtained 

mixture was filtered using a Whatman No 41. The sodium silicate (Na2SiO3) formed 

as the following reaction, remaining in the filtrate solution, will be employed as a silica 

precursor or source [2-4].  

2.4 Preparation of Capped SiO2 Nanoparticles  

In a 500 mL round bottom flask, 100 mL water and 100 mL butyl alcohol (1:1, v/v) 

were poured. Next, 4.5 g of CTAB was added as a capping agent into the 

microemulsion solution and stirred at room temperature until the capping agent was 

dissolved. Then 40 mL of sodium silicate solution was added to this mixture in the 

round bottle flask. Finally, 0.5 mol L-1 sulfuric acid solution was added dropwise to 

this solution until the pH decreased to 4, and the resultant gel was refluxed at 60 °C 

for 8 hours under stirring. The resulting capped SiO2 NPs were separated by 

centrifugation and washed with deionized water several times until its pH reached 7, 
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then dried in a vacuum oven at 120 °C.  Thus obtained SiO2 NPs were collected in a 

vial and kept in a vacuum desiccator.  

2.5 Preparation of Ni Nanoparticles 

The nickel nanoparticles were prepared through reducing nickel chloride hexahydrate 

(NiCl2.6H2O) by hydrazine hydrate (80 wt.%) according to modified Wu's method [5]. 

Typically, 0.5 g of NiCl2.6H2O was dissolved directly in 20 mL of ethylene glycol in 

a 250 mL round bottom flask. This step was followed by adding 3.33 ml of hydrazine 

hydrate by stirring, which acts as a reducing agent, and the color was turned into light 

green to pale violet. Then, a solution of sodium hydroxide (0.43 g) dissolved in 5 mL 

ethylene glycol was added to the mixture and stirred at 80 °C for 1 hour. As a result, 

the color of the solution was gradually changed to black. After adding the reducing 

agent and sodium hydroxide, the pH was raised to 12. The resulting Ni NPs was 

thoroughly washed in ethanol and dried for 24 hours under vacuum at 60 °C. 

2.6 Preparation of Capped Ni-SiO2 Nano-catalyst 

A single-step, chemical reduction approach was used to synthesize the capped Ni-SiO2 

nano-catalysts. To synthesize the capped Ni-SiO2 nano-catalyst, (with Ni and SiO2 

mass ratio of 1:2) 300 mg of SiO2 NPs was mixed with 30 mL ethylene glycol in a 250 

mL round bottom flask and ultrasonicated for 1 hour. Then, 608 mg of NiCl2.6H2O 

was dissolved in SiO2 NPs suspension followed by sonication for 15 min. Next, 3.4 

mL of reducing agent hydrazine hydrate (80 wt%) was added to the flask with vigorous 

stirring and the color of the solution was immediately changed from light green to pale 

violet. Subsequently, a specified amount of 0.486 g of NaOH was added until the pH 

reached to 12 and the mixture was heated at 80 °C for 1 hour under N2 atmosphere. 

The synthesized black fluffy solid products of capped Ni-SiO2 (1:2) nano-

catalyst was collected by an external magnet, washed with deionized water and 

absolute ethanol several times, then dried in a vacuum oven at 60 oC for 24 hours. The 

same method was used to prepare a series of capped Ni-SiO2 nano-catalysts with the 

same theoretical loading, and different mass ratios of Ni and SiO2 (1: 1 and 1: 3) were 

also prepared. 



Chapter-2 Experimental 

Page | 32  

 

 

 

 

Scheme 2.1: A schematic illustration of the preparation of capped Ni-SiO2 nano-

catalyst from sugarcane bagasse through thermo-chemical methods. 

2.7 Catalytic Reduction  

The catalytic activity of the capped SiO2 NPs, Ni NPs and capped Ni-SiO2 nano-

catalyst was investigated employing the reduction of 4-NP by NaBH4, which was 

chosen as a model reaction. In a typical procedure, 200 µL of 4-NP solution (1 mM, 

25mL) was added to 5 mL of deionized water in a vial. A small amount of solution 

from the vial was taken in a quartz cuvette, and the absorbance at 317 nm was 

monitored on a UV-Vis spectrophotometer in the wavelengths ranging from 250 to 

500 nm at room temperature. Then, 1 mL of freshly prepared NaBH4 (0.2 M, 25mL) 

aqueous solution, 200 µL of 4-NP (1 mM) solution, and 5 mL of deionized water were 

added into a 25 mL vial with stirring. Due to the reducing agent of NaBH4 aqueous 

solution, the solution was immediately turned from pale yellow to bright yellow. As 

in the previous method, a small amount of the mixed solution was placed in a quartz 

cuvette to measure the changes in absorbance at 400nm at various time intervals 

without catalyst. Finally, 2 mg of capped Ni-SiO2 (mass ratio 1:2) nano-catalyst 

was added to the prepared solution of NaBH4 and 4-NP in the vial to initiate the 
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reduction reaction. The progress of the reaction was monitored using UV−vis 

absorption spectroscopy and recorded immediately at a regular interval of 2 min. The 

sampling procedure was continued until the color of the mixture changed from bright 

yellow to colorless, and absorbance turned into zero, indicating that the catalysis was 

completed. The same performance was repeated for capped SiO2 NPs, Ni NPs, and 

different mass ratios (1:1, 1:3) of capped Ni-SiO2 nano-catalysts at various amounts 

(1- 4 mg) for the reduction of 4-NP using NaBH4 solution.  

 

Scheme 2.2: Schematic steps in the reduction of the 4-NP to 4-AP with capped Ni-

SiO2 nano-catalyst employing UV−Vis absorption spectroscopy.  
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3.1 Synthesis of Nano-catalysts 

A schematic illustration of the fabrication of well-dispersed Ni NPs on SiO2 nano 

surface through a capping agent is shown in Scheme 3.1. The SiO2 NPs was synthesized 

from SCBA. SCBA was produced by burning sugarcane bagasse which contains 

various impurities, particularly different salts (Al2O3, Fe2O3, TiO2 etc.) and carbon 

contents [1]. The primary element of SCBA is SiO2, which is 81.60 wt%, indicating 

that this material is suitable to use as a source of silica through producing sodium 

silicate solution [2, 3]. The pretreatment method was carried out to wash away excess 

salts, organic compounds, and low-solubility components [3]. Sodium silicate 

(Na2SiO3) solution was separated from SCBA by reacting with sodium hydroxide pellet 

at 400 °C [4]. Sodium hydroxide was melted at 400 °C, which increased silicon 

extraction and purity. The charge density of negatively charged silica species (i.e., 

silicates) increases along with the pH under alkaline circumstances (pH ˃ 7.0), which 

can only associate with the cationic Na+ ion through strong electrostatic contact [5]. 

The production of SiO2 NPs from sodium silicate solution is based on hydrolysis 

(production of silanol groups) and condensation (siloxane formation) reaction with 

sulfuric acid in a biphasic medium in the presence of CTAB [5, 6]. CTAB acts as 

micellar medium and assists in controlling nanoparticle size to prevent the self-

aggregation of nanoparticles by capping the surface charge. It is a crucial stabilizer for 

modification and formation of surface recombination centers, which can disperse metal 

nanoparticles significantly [7-10]. The reaction was completed under an 

emulsion/biphasic medium by utilizing butanol to form an isotropic liquid mixture of 

water, oil and surfactant, as first reported by Hoar et al. [11]. Surfactant molecules 

orient themselves to form spherical aggregates in the continuous phase of water-in-oil 

(w/o) microemulsions, which are commonly utilized to produce silica NPs. In this 

approach, the co-condensation method using sulfuric acid generates a white solid with 

low dispersion in both media, easily removed by centrifugation. In acidic solutions, the 

silicate ions react with hydrogen ions to form silicic acids, which decompose into 

hydrated silicon dioxide gel. The prepared SiO2 NPs was 99.08 ± 0.99 wt.% pure 

observed in Energy Dispersive X-ray (EDX) analyses, as shown in Figure 3.7.  
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Scheme 3.1: Schematic illustration for the fabrication of capped Ni-SiO2 nano-catalyst. 

 

To prepare capped Ni-SiO2 nano-catalyst, the SiO2 NPs was mixed with ethylene glycol 

solution of NiCl2.6H2O with the reducing agent hydrazine hydrate (80% N2H4.H2O) in 

the presence of sodium hydroxide. By pouring 80% N2H4.H2O solution into a NiCl2 

aqueous solution, a Ni complex (Ni[(N2H4)3]Cl2) between NiCl2 and N2H4 (pale violet 

precipitate) was actively formed showed in Eq-1 [12].  

NiCl2 + 3N2H4 → Ni[(N2H4)3]Cl2                                       [1] 

Ni[(N2H4)3]Cl2 is less stable and may decompose into Ni[(N2H4)2]Cl2 with the release 

of N2H4. The [Ni(NH3)6]Cl2 was reported to appear when [Ni(N2H4)2]Cl2 is heated to a 

high temperature. (Eq-2 and 3) 

Ni[(N2H4)3]Cl2 → [Ni(N2H4)2]Cl2 + N2H4                                [2] 

[Ni(N2H4)2]Cl2 + 5/2 N2H4 → [Ni(NH3)6]Cl2 + 3/2N2 (g)↑                   [3] 

The decomposition of a Ni complex in a highly alkalic environment (pH ̴ 11) would 

result in the formation of Ni(OH)2, and it can be reduced by N2H4 from the following 

reaction [13-15]. 

2Ni2+ + N2H4 + 4OH- → 2Ni + N2 + 4H2O                           [4] 

Finally, the capped Ni-SiO2 nano-catalyst was obtained through an in-situ 

decomposition and reduction procedure at high temperatures in a hydrogen atmosphere. 
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3.2 Functional Group Identification by FTIR 

Fourier Transform Infrared Spectroscopy (FTIR) was used to analyze the functional 

groups of the prepared nano-catalysts, as shown in Figure 3.1(a-d). The presence of IR 

absorbance bands at 800, 1059, 1641 and 3,452 cm-1 has confirmed the formation of  

 

Figure 3.1: FTIR spectra of (a) capped SiO2 NPs, capped Ni-SiO2 nano-catalyst at the 

mass ratios of (b) 1:3, (c) 1:2 and (d) 1:1. 

silica [16, 17]. Hence, Figure 3.2 (a) depicts the two separate symmetric and 

asymmetric stretching bands of CH2 at 2933 and 2862 cm-1, respectively which is 

associated with the presence of CTAB [18]. The C-Br stretching frequency of the 

CTAB appears at 621 cm-1 [19]. However, as shown in Figure 3.2 (b-d) from the 

expanded FTIR spectra, it is indicated that as compared to capped SiO2 NPs, all the 

SiO2-supported nano-catalysts bands are slightly moved, which can be attributed to the 

metal loading [20]. The very strong band at 1060 cm−1 indicated the Si-O-Ni band, 

which proved the formation of capped Ni-SiO2 nano-catalyst. In addition, there is a 

significant change in Ni-SiO2 nano-catalysts with a mass ratio of 1:2 and 1:1 in the 
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FTIR spectra. These results indicate that decreasing of SiO2 NPs in the catalyst changes 

the absorption spectra. 

Table 3.1: FTIR Characteristic peak and corresponding interpretations for SiO2 NPs. 

Wave number (cm-1) Interpretations 

3,452 –OH stretching 

2933 CH2 symmetric stretching 

2862 CH2 asymmetric stretching 

1641 C=C stretching 

1060 Si-O-Ni asymmetric stretching 

954 –CH vibration 

800 Si-O-Si symmetric stretching 

621 C-Br stretching 

 

 

3.3 Structural Analysis by XRD 

X-ray Diffraction (XRD) patterns of the synthesized capped SiO2 NPs, Ni NPs and 

capped Ni-SiO2 nano-catalysts were performed for purity and crystallinity of structural 

analysis, as shown in Figure 3.2. Broad diffraction peak at 2θ value of 22.42o (101) for 

SiO2 NPs indicates formation of amorphous silica by the low-temperature vapor-phase 

hydrolysis process [21- 23]. The characteristic three peaks for Ni NPs are found at 2θ 

= 44.62o, 51.87o and 76.44o, which corresponded with the (111), (200) and (220) planes 

of pure face centered cubic (fcc) structure Ni, respectively, according to a standard PDF 

card (JCPDS No. 04-0850) [2].  
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Figure 3.2: XRD spectra of capped SiO2 NPs, Ni NPs and capped Ni-SiO2 (1:2) nano-

catalysts. 

For the capped Ni-SiO2 nano-catalyst, there are three diffraction peaks detected at 

around 44.62o, 51.87o and 76.44o, respectively, which are attributed to the (111), (200) 

and (220) crystal planes of the fcc structure of Ni NPs (JCPDS No. 04-0850), 

respectively. Sharp peak at 2θ of 44.62o is indicated the formation Ni-SiO2 nano-

catalyst. The XRD diffraction peaks intensity indicates the higher crystallinity of Ni-

SiO2 nano-catalyst than SiO2 NPs. The characteristic diffraction peaks of 2θ value of 

35.5⁰ (101) and 60⁰ (110) indicate that a small amount of Ni(OH)2 is formed in the 

nano-catalyst, which is negligible [24, 25].  
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3.4 Surface Morphology Study by FESEM 

Field emission scanning electron microscope (FESEM) was used to analyze the 

morphology and surface microstructure of prepared capped SiO2 NPs, Ni NPs and 

capped Ni-SiO2 nano-catalysts. Figure 3.3(a) depicts the morphology of the capped 

SiO2 NPs synthesized from sugarcane bagasse. It can be seen that spherical SiO2 with 

different size were obtained. The thin film structure on SiO2 NPs with the Presence of 

scattered pores and soft spongy in SiO2 NPs indicates the capping of CTAB. The size 

variation, related to emission of organic materials during the bagasse hardened, between 

5 and 500 μm. The microspheres with porous structures are useful for loading Ni NPs 

with variety of size by embedding them among the nanoparticles.  

 

Figure 3.3: FESEM images for the surface of (b) capped SiO2 NPs, (b) Ni NPs, and (c, 

d) capped Ni-SiO2 nano-catalyst.  

Figure 3.3 (b) shows the FESEM of Ni NPs are Spherical particles with coral cluster. 

From Figure 3.4 (b), it can be seen that strong aggregation and staking of Ni NPs with 

different morphologies and diameters which responsible to from metal clusters. These 

kinds of structure render the performance of Ni NPs.  
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Figure 3.3(c, d) illustrates the FESEM of capped Ni-SiO2 nano-catalyst. The loading of 

Ni NPs had little effect on the morphology of the SiO2 surface, shown in Figure 3.3(c-

d), demonstrating that the Ni NPs were successfully loaded onto the surface of the SiO2 

NPs with the help of capping agent CTAB. On the surface of SiO2 NPs, the loaded Ni 

NPs are uniformly dispersed [26]. The Ni NPs forms a well-dispersed nano-chain with 

SiO2 NPs. The size of Ni NPs is larger than the pore size of SiO2, but due to strong 

interfacial interaction with the capping agent, Ni NPs can be easily immobilized on the 

SiO2 surface. It can be seen that the aggregation of Ni NPs was controlled using capped 

SiO2 NPs. The loaded Ni NPs increase the stability of nano-catalysts while also 

providing many active sites for catalytic reduction of nitroaromatic compounds. More 

characterization of the elemental composition (atomic percent) of the as-synthesized 

Ni-SiO2 nano-catalyst is investigated using energy-dispersive X-ray (EDX) 

spectrometry, as shown in the Figure 3.7. The EDX spectrum of nano-catalyst confirm 

that the elements of Ni NPs are existed and are nicely dispersed on the SiO2 nano matrix 

shows in Figures 3.3(c, d).  

3.5 Size Distribution Study by FESEM 

The size distribution of prepared materials is measured by ImageJ software and 

displayed in Figures 3.4, 3.5 and 3.6 of capped SiO2 NPs, Ni NPs and capped Ni-SiO2 

nano-catalyst, respectively. In that software firstly required SEM image was inserted, 

and the size was plotted against the total number present in percentage (frequency %). 

Figure 3.4(b) depicts the average particle size of SiO2 NPs calculated from the Figure 

3.4(a) using ImageJ software processing. The size range of SiO2 NPs is distributed 

throughout the surface, the minimum particle size is 30 nm, and the maximum size is 

88 nm. The average diameter of the particle is 64 nm. 
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Figure 3.4: (a) FESEM image and (b) size distribution (equivalent diameter) histograms 

of capped SiO2 NPs. . 

 

Figure 3.5(b) shows Ni particles range from 25-74 nm are distributed throughout the 

surface, and the average size of Ni NPs of 48 nm which was calculated from the FESEM 

of Figure 3.5(a) using ImageJ software processing system. 

 

 

Figure 3.5: (a) FESEM image and (b) size distribution (equivalent diameter) histograms 

of Ni NPs. 

The surface morphology of capped Ni-SiO2 nano-catalyst in Figure 3.6(b). shows that 

the average diameter of the composites is 54 nm and ranges from 35-78 nm are 

distributed throughout the surface of the capped Ni-SiO2 nano-catalyst shows in Figure 

3.6(a).  
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Figure 3.6: (a) FESEM image and (b) size distribution (equivalent diameter) histograms 

of Ni NPs of capped Ni-SiO2 nano-catalyst. 

 

3.6 Chemical Composition Study Using EDX Spectroscopy 

The Energy Dispersive X-ray (EDX) spectrum was performed to determine the 

elemental composition of prepared capped SiO2 NPs, Ni NPs, and capped Ni-SiO2 

nano-catalyst, as shown in Figure 3.7(a-c). In Figure 3.7(a) for SiO2 NPs, the peaks 

observed at 0.525 keV and 1.739 keV correspond to the K shell of Si and O, 

respectively. Figure 3.7(b) exhibits that the peaks appear at 0.851 keV for the L shell 

of Ni. Figure 3.7(c) indicates the peaks at 0.525 and 0.1.739 and 0.851 keV of O, Si to 

K shell and Ni to L shell, respectively. All the atoms and their percentages are 

summarized in Table 3.2. 
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Figure 3.7: EDX spectra of (a) capped SiO2 NPs, (b) Ni NPs, and (c) capped Ni-SiO2 

nano-catalyst. 

 

Table 3.2: Elemental composition of Ni NPs, SiO2 NPs, and capped Ni-SiO2 nano-

catalyst 

Samples  

The atomic percentage of elements 

in the samples  

Ni Si O 

Ni 99.34 
  

SiO2 
 

21.23 78.77 

Capped Ni-SiO2 
(1:2) 

38.58 10.33 51.09 
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3.7 Catalytical Reduction of 4-Nitrophenol 

3.7.1 Reduction of 4-Nitrophenol by NaBH4 

Catalytic reduction of 4-NP to 4-AP in the presence of NaBH4 is a common method for 

evaluating catalytic performance where 4-NP corresponds a model reaction. The 

reaction process is monitored by an UV–vis spectrometer. Under a neutral or acidic 

condition without NaBH4, the 4-NP solution exhibits a strong absorption peak at 317 

nm, monitored through UV−visible absorption spectroscopy as can be seem in Figure 

3.8(a) [27]. Figure 3.8(b) shows the UV-vis spectra of 4-NP aqueous solution (0.035 

mM) reduced by NaBH4 (35 mM).  

  

Figure 3.8: (a) Comparative UV-vis absorption spectral changes of 4-NP without 

NaBH4, and 4-nitrophenolate ion generated by addition of NaBH4. (b) Time dependent 

UV–Vis spectra for the reduction of 4-NP using NaBH4 but without catalyst. 

Upon the addition of freshly prepared NaBH4, 4-NP converts it into a 4-nitrophenolate 

ion with an absorption peak at 400 nm shows in Figure 3.8(a) [27, 28]. The light-yellow 

color changes into a bright yellow color because of the change in alkalinity of the 

mixture, thus resulting in the formation of a 4- nitrophenolate ion. The spectrum reveals 

that a minor quantity of 4-NP was reduced, indicating that the reaction rate is very slow 

and will take a long time to complete the reaction. 
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3.7.2 Reduction of 4-Nitrophenol by Capped SiO2 NPs  

Catalytic performance of capped SiO2 estimated utilizing the 4-NP solution NPs is 

shown in Figure 3.9. It was found that no significant reduction reaction occurs in the 

presence of capped SiO2 NPs, even after 24 h of investigation, demonstrating that 

capped SiO2 NPs cannot be used as the catalyst for the reduction of 4-NP, and this 

reduction reaction cannot continue without a catalyst.  

 

Figure 3.9: Time dependent UV–Vis spectra changes for the reduction of 4-NP using 

NaBH4 in presence of capped SiO2 NPs support.   
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3.7.3 Reduction of 4-Nitrophenol by Capped Ni-SiO2 Nano-catalyst 

Figure 3.10 illustrates the catalytic performance of the as prepared capped Ni-SiO2 

nano-catalysts. The catalytic activity of different mass ratios of capped Ni-SiO2 (1:1, 

1:2, and 1:3 mass ratio of Ni and SiO2, respectively) nano-catalysts was investigated at 

various times dependent on UV-Vis’s adsorption spectra changes of 4-NP shown in 

Figure 3.10 (a-c).  

 

Figure 3.10: Time-dependent UV-vis spectral changes of the catalytic reduction of 4-

NP to 4-AP using NaBH4 in presence of capped Ni-SiO2 nano-catalysts at different 

mass ratio of (a) 1:1, (b) 1:2, and (c) 1:3; (d) UV-Vis spectra at 2 min for (a), (b) and 

(c) for comparison.  
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It can be seen that after adding capped Ni-SiO2 nano-catalyst to the solution of 4-NP 

and NaBH4, the peak intensity at 400 nm was decreased rapidly over a while, and at the 

same time, with the production of 4-AP, a new absorption peak started to rise as a 

shoulder about 300 nm. Since the peak at 400 nm was much stronger than that at 300 

nm, the concentrations of 4-NP ions were measured, and the progress or kinetics of the 

reaction were monitored by recording the absorbance at 400 nm. However, after adding 

catalyst the absorbance range at 400 nm progressively decreases with increasing 

reaction time, accompanied by a great number of bubbles, and the color of the solution 

gradually changes to colorless. The comparative catalytic reduction of 4-NP to 4-AP 

using different mass ratios (1:1, 1:2 and 1:3) of capped Ni-SiO2 nano-catalysts are 

shows in Figure 3.10(d). Among these nano-catalysts, the capped Ni-SiO2 (1:2) nano-

catalyst demonstrated that the reaction was occurred within 10 minutes. Compared to 

other nano-catalysts of mass ratios, the capped Ni-SiO2 (1:2) nano-catalyst 

demonstrated superior catalytic properties as illustrated in Figure 3.10(d).  
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3.7.4 Effect of Mass Loading of Capped Ni-SiO2 (1:2) Nano-catalyst 

The catalytic activity of different amounts (1-4 mg) of capped Ni-SiO2 (1:2) nano-

catalyst was also studied, and with the increase of amounts, the catalytic performance 

also increased as can be seen in Figure 3.11(a-d) which is general trend of catalyst.  

 

Figure 3.11: Time-dependent UV-vis spectral changes of the catalytic reduction of 4-

NP to 4-AP using NaBH4 at different amount of capped Ni-SiO2 (1:2) nano-catalyst (a) 

1 mg, (b) 2 mg, (c) 3 mg, and (d) 4 mg.   
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3.7.5 Kinetics for the Reduction of Nitroarenes  

The kinetics of this reduction reaction was studied, which usually follows the pseudo-

first-order kinetics concerning the concentration of 4-NP, utilized to compute the 

capped Ni-SiO2 nano-catalyst’s efficiency [28]. The reduction reaction was followed 

the pseudo-first-order kinetics because NaBH4 was higher than 4-NP, and its 

concentration was maintained throughout the reduction reaction. The reaction rate 

constant, activity parameter, turnover frequency (TOF) can be described using the 

following Eq-3.1-3.3 [29].  

              Ln 
𝐶𝑡

𝐶0
  = ln 

𝐴𝑡

𝐴0
 = - kt                                                   [3.1] 

Where At and A0 are the absorbance values at t = t and t = 0, rate constant k and the 

(Ct/C0) value can be easily determined by measuring the relative absorption intensity 

(At/Ao), respectively.  

Activity Parameter (mg-1 min-1) = k/M                            [3.2] 

Where k is rate constant, M is amounts of catalysts used 

TOF (h-1) = Turn over number/ time in hour                     [3.3] 

Table 3.3: Comparison of k, K, TOF of different nano-catalysts for the reduction of 4-

NP 

Catalyst k (min-1) 
Activity Parameter 

(mg-1 min-1) 
R2 TOF (h-1) 

Conversion 

(%) 

Ni-SiO2 (1:1) 0.1078 0.1617 0.981 0.0271  66.72 

Ni-SiO2 (1:2) 0.2725 0.4087 0.994 0.1084 95.31 

Ni-SiO2 (1:3) 0.0980 0.1470 0.986 0.03 62.51 

 

Figure 3.12(a) shows the relation of relative absorption intensity (At/A0), as the relative 

concentration (Ct / C0) with reduction time of 4-NP to 4-AP under the presence of 

capped Ni-SiO2 (with mass ratio of Ni and SiO2 of 1:2, 1:3, and 1:1) nano-catalysts. By 

plotting linear plots of ln (Ct /C0) with time in the presence of different mass ratios of 

nano-catalysts, as shown in Figure 3.12(b), the k value may be estimated.  
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Figure 3.12: Pseudo-first-order kinetic data for the reduction reaction employed (a) plot 

(Ct/C0) vs reaction time; (b) plot ln(Ct/C0) vs time (c) relative conversion of 4-NP to 4-

AP with different ratio capped Ni-SiO2 nano-catalysts. (d) Comparative plot of (Ct/C0) 

vs reaction time (black line), and ln (Ct/C0) against the reaction time (red line) of 4-NP 

reduction with capped Ni-SiO2 nano-catalyst at mass ratio of 1:2.  

The ln (Ct / C0) shows a strong linear correlation with reaction time for all catalysts, 

confirming the agreement with pseudo-first-order kinetics. The obtained rate constant 

k, activity parameter K, regression coefficient R2, turnover frequency (TOF) and 

conversion (%) of the reduction of 4-NP to 4-AP with capped Ni-SiO2 ( with mass ratio 

of Ni and SiO2 of 1:2, 1:3, and 1:1) nano-catalysts has been summarized in Table 3.3 

the respective rate constant of all nano-catalysts are calculated to be 0.1078 min-1, 

0.2725 min-1 and 0.0980 min-1, respectively. Among them the rate constant k of capped 

Ni-SiO2 (1:2) nano-catalyst is 0.2725 min-1, which is higher than the catalysts based on 

different mass ratios shows in Figure 3.12(d). The catalytic activity of the different 
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nano-catalysts follows the order of Ni-SiO2 (1:3) < Ni-SiO2 (1:1) < Ni-SiO2 (1:2). 

Therefore, the performance of capped Ni-SiO2 (1:2) nano-catalysts is higher than those 

of other nano-catalysts. The increasing amount of SiO2 NPs in the catalyst decreases 

with the reduction reaction of the catalytic performance shows in Figure 3.12(a-c). On 

the other hand, the equal loading amount of SiO2 and Ni NPs on the catalyst also 

decreases the catalytic activity, which had a significant agglomeration of Ni NPs, 

resulting in a low-rate constant. In order to illustrate the effect of mass ratio of the 

capped Ni-SiO2 nano-catalyst, three column charts of mass ratio are compared Figure 

3.12©. The conversion capability is shown in Figure 3.12. 

Table 3.4: Comparison of k, K of different catalytic system for the reduction of 4-NP 

Nano-

Catalyst 

Support 

surface 

4-NP 

(mmol) 

Catalyst

(mg) 

Time 

(min) 

k 

(min-1) 

K       

(min-1 mg-1) 

References 

Ni-SiO2 

(1:2) 

SiO2 2×10-4 2 10 0.2725 0.4087 Present 

work 

 

Au/ZSBAa-

RDb 

ZSBA 2.5×10−

4 

10 15 0.1400 0.0140 [31] 

Ag/PANc 

CFNd 

PAN 3×10−2 10 70 0.0120 0.0012 [30] 

RGOe/PtNi RGO 5 ×10−3 3 30 0.0672 0.0224 [32] 

Ni NPs None 3 ×10-4 3 16 0.1600 0.0533 [33] 

Pt-Au 

ANCsf 

None 7×10−6  33 0.0800  [34] 

a Zeolite Socony Mobil–5/Santa Barbara Amorphous-15 

bRod 

cPolyacrylonitrile  

dComposite fibrous-networks 

eReduced Graphene Oxide 

fAlloy nanocubes 

 

To further demonstrate the superior catalytic performance of capped Ni-SiO2 (1:2) 

nano-catalyst, a comparison of k and TOF between the as-prepared nano-catalyst and 

the catalysts reported in the literature are given in Table-3.4.  
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3.7.6 Recyclability Test of Capped Ni-SiO2 Nano-catalyst 

Catalytic reusability and stability are valuable characteristics for measuring the quality 

and practical applications of nano-catalysts [35, 36]. To evaluate the catalytic stability 

and reusability, the representative sample of capped Ni-SiO2 (1:2) nano-catalyst was 

evaluated several cycles in reducing 4-NP by NaBH4. After completion of the reaction 

process, the catalyst was recovered from the reaction mixture using an external magnet. 

Then the catalyst was washed with deionized water, and afterwards they were reused 

for the next cycle of the catalytic experiment without any drying of the used nano-

catalysts. The recyclability of capped Ni-SiO2 (1:2 mass ratio) nano-catalysts 

dependent on UV-Vis’s adsorption spectra changes of 4-NP to 4-AP as are shown in 

Figures 3.13, 3.14 and 3.15. The obtained results exhibited that capped Ni-SiO2 (1:2) 

nano-catalyst shows perfect recyclability at least for ten consecutive cycles without the 

significant loss of the catalytic activity as can be seen in Figure 3.16(a-c). The results 

of the reusability, plots of ln(Ct/C0) vs time and the values of k for each cycle are shown 

in Figure 3.16(a, b). It shows that the k values slightly decrease with the increase in the 

number of cycles, and the errors are less than 10%. 
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Figure 3.13: (a) UV-vis spectral changes during the catalytic reduction of 4-NP to 4-

AP using NaBH4 with capped Ni-SiO2 (1:2) nano-catalyst up to 10 min. (b-d) each 

cycle corresponds the similar process like (a), but the catalyst was recycled in each case. 
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Figure 3.14: (e-h) each cycle corresponds the similar process like Fig 3.13(a), but the 

catalyst was recycled in each case. 
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Figure 3.15: (i-j) each cycle corresponds the similar process like Fig 3.13(a), but the 

catalyst was recycled in each case. 

It is found that the conversion remains higher than 89% even up to 10 cycles, indicating 

high stability. These consequences confirm that dispersion of Ni nanoparticles into 

porous SiO2 nano surface with capping agent CTAB is easy to recycle and separate.  
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Figure 3.16: (a) The plots of ln (Ct/C0) vs time and (b) the values of k vs cycles for 

different cycles in the recyclability test (c) Conversion rate at each cycle in the 

recyclability test.  

The capped SiO2 acted as a strong support and immobilized the Ni NPs in capped Ni-

SiO2 nano-catalyst which improve the catalytic stability of catalytic behavior of Ni NPs. 

The good stability is probably due to the unique in situ decomposition and reduction 

method, which leads to the tight assembly of Ni NPs on the silica support, which is hard 

to leach with repeated magnetic separation. As shown in Figure 3.16©, a slight decline 

in the conversion (< 4%) after 5 cycles and the average conversion was 95%. 
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3.7.7 Probable Mechanism of 4-NP reduction  

Scheme 3.2 depicts the mechanism of catalytic reduction of 4-NP by capped Ni-SiO2. 

In the presence of capped Ni-SiO2, hydrogenation occurs. Furthermore, the capped SiO2 

practically never acts as a catalyst for the 4-NP reduction step. Only when immobilized 

Ni NPs are present on capped SiO2 does the reaction conduct correctly. Furthermore, 

the capped Ni-SiO2 is not the reactant.  

 

Scheme 3.2: Proposed mechanism of 4-NP reduction on the capped Ni-SiO2 nano-

catalyst by NaBH4 in aqueous medium. 

As a result, catalytic reduction takes place on the surface of immobilized Ni NPs of 

capped Ni-SiO2. Based on the relevant literature, detailed information on the 

hydrogenation mechanism that occurs on the surface of metal NPs is proposed [37] 

[38]. The catalytic reduction process mainly consists of two parts: (1) The BH4
- and 4-

NP adsorb on the capped SiO2 immobilized Ni NPs. Then, electron transfer and atomic 

exchange occur between BH4
- and 4-NP, resulting in the formation of a new substance, 

4-AP; (2) then, the 4-AP then continues to detach off the surface of the Ni NPs, 

exposing the active sites of the Ni NPs. Ni NPs play an important role in the reaction 

by providing several reaction sites for adsorption and lowering the kinetic energy 

barrier of the reduction. As a result, the capped Ni-SiO2 nano-catalysts demonstrated 

excellent catalysis for the 4-NP to 4-AP reaction.  
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4. Conclusions 

Capped SiO2 NPs as an excellent support surface was successfully prepared from SCB 

bio-waste. Ni NPs was immobilized with well dispersion on that support capped SiO2 

NPs using CTAB, a stabilizer and size controller. The agglomeration and low activity 

of Ni NPs was completely resolved by using this support surface and capping agent. In 

addition, FESEM, EDX, FTIR, and XRD methods were effectively used to verify the 

morphological, structural, and compositional aspects of the capped Ni-SiO2 nano-

catalyst. The catalytic activity of the prepared three nanostructured capped Ni-SiO2 

(1:1, 1:2, and 1:3) nano-catalysts was investigated towards reduction of 4-NP to 4-AP 

with the excess amounts of NaBH4 in water. The unique and well-dispersed capped Ni-

SiO2 (1:2) nano-catalyst showed high activity and a good catalytic performance. The 

borohydride reduction of 4-NP with capped Ni-SiO2 nano-catalysts was obeyed by the 

kinetics of pseudo-first order. The capped Ni-SiO2 (1:2) nano-catalyst demonstrated 

superior catalytic activity (TOF of 0.1084 h-1) and could convert 4-NP to 4-AP within 

10 min. The nano-catalyst also showed outstanding recyclability and reduction 

efficiency, as well as 89% conversion even after ten cycles. The capped Ni-SiO2 nano-

catalyst can be used as an effective and reusable catalyst for practical applications with 

eco-friendliness, easy for recycle and markedly cost-effectiveness. The method of 

CTAB capping adopted was efficient enough to result a well dispersed immobilization 

Ni NPs into the capped SiO2 NPs support. The synthetic strategy provides a useful idea 

for a controllable synthesis and immobilization pathways of metal NPs. 

 
 

 


