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                                                                                                Abstract 

The work presented in the thesis sheds light on the synthesis of SBA-15 supported transition 

metal nanocomposites and their importance as improved catalytic systems for the reduction of 

nitroaromatics. The main emphasis has been laid on the synthesis of varying morphologies of 

transition metallic nano species within the mesoporous host as a function of increased metal 

loading and studying its effect on the various physicochemical and catalytic properties of 

nanocomposites. The whole work has been divided into five chapters. 

Chapter 1 Introduction, Literature survey and Experimental procedures   

This chapter provides a brief introduction to the historical background of the porous materials, 

different pathways of synthesis of mesoporous materials like SBA-15, importance of SBA-15 as 

a preferred mesoporous host. Moreover, reports based on the recent developments in the field of 

transition metal (Au, Ag, Cu/CuO as well as bimetallic Au-Ag) supported SBA-15 

nanocomposites have also been discussed. A brief description of the methodology and various 

techniques used for the characterization of optical, thermal, surface structural morphology and 

catalytic properties of prepared nanocomposites have also been incorporated. 

Chapter 2 Homogeneous dispersion of Au nanoparticles into mesoporous SBA-15 

exhibiting improved catalytic activity for nitroaromatic reduction 

This chapter demonstrates the synthesis of homogeneously dispersed Au loaded SBA-15 

nanocomposites by varying the Au loading from 1-5 and 10 wt. % by post modified method. It 

was found that with an increase in the amount of Au loading, followed by calcination at 350 oC, 

a change of morphology from Au nanospheres (5-6 nm) for 4 wt. % Au loading to rod-like Au 

nanostructures (width 6-9 nm and length 90-180 nm) beyond 5 wt. % loading was observed. The 

surface area (664 m2/g) and pore volume (1.33 cm3/g) of bare SBA-15 were significantly 

reduced to 292 m2/g and 0.6031 cm3/g for Au nanosphere, and 457 m2/g and 0.7677 cm3/g for 

Au nanorod dispersed SBA-15, respectively, due to partial filling of mesopores. Moreover, the 

quantum sized, non-aggregated Au nanostructures stabilized within the mesochannels of SBA-15 

exhibited improved catalytic activity over catalytically inactive bare SBA-15 with 89 % 

selectivity for m-phenylenediamine and 81% for p-nitroaniline formation for the reduction of m- 

and p-dinitrobenzene respectively.  
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Chapter 3 Preparation, surface structural morphology and catalytic properties of 

uniformly dispersed Ag nanoparticle loaded mesoporous SBA-15 

This chapter deals with the preparation of varying morphologies of Ag nanoparticles within the 

channels of APTMS modified SBA-15 and study of the changes in physicochemical parameters 

and catalytic properties with increased Ag impregnation. The prepared materials were 

characterized by XRD, TEM, FTIR and solid-state UV-Visible spectroscopy. It was found that 

gray colored samples were formed with Ag impregnation in comparison to white colored bare 

SBA-15, exhibiting broad absorption band in the range of 450-500 nm and a weak absorption 

band at 700-900 nm indicating the formation of long anisotropic Ag nanostructures (Ag 

nanorods) within the mesoporous matrix. XRD studies revealed the retention of mesoporous 

structure, even after surface modification with APTMS and Ag loading. TEM micrographs 

depicted well dispersed Ag nanostructures (7-8 nm) fixed within the mesoporous matrix. 

Moreover, incorporation of Ag led to a significant decrease from 680 m2/g of SBA-15 to         

385 m2/g due to plugging of mesopores with Ag. The Ag-impregnated SBA-15 catalyst 

displayed superior catalytic activity  than bare SBA-15 with 4 wt. % Ag-loaded catalyst 

exhibiting optimum activity for selective reduction of p-nitrophenol to p-aminophenol (100%) 

and  p-dinitrobenzene to p-nitroaniline (87%) along with small amount of p- phenylenediamine 

formation. Moreover, comparative studies of various physicochemical and catalytic parameters 

pertaining to 4 wt. % Au/Ag/CuO loaded SBA-15 nanocomposites have also been discussed. 

Chapter 4 Fine CuO anisotropic nanoparticles supported on mesoporous SBA-15 for 

selective hydrogenation of nitroaromatics 

This chapter illustrated the formation of well dispersed CuO nanospheres (~5-6 nm) and 

nanorods (aspect ratio ~11-20 nm) having monoclinic crystal phase within the mesoporous 

channels of SBA-15. Moreover, the effect of calcination temperature, changes in the size, shape, 

dispersion ability and catalytic activity of the metal oxide NPs present within the mesoporous 

host as a function of increased metal loading have also been discussed. It has been supported by 

various characterization techniques. Elemental mapping studies confirmed uniform distribution 

of CuO nanoparticles on the surface of SBA-15. An increase in surface area was also observed 

from  694 m2g-1 for SBA-15 to 762 m2g-1for 10 wt. % Cu loading probably due to the deposition 

of an excess of CuO nanoparticles on the outer siliceous surface. The high surface area of the         

10 wt. % CuO/ap-SBA-15 also contributed to the efficient adsorption of nitro groups on the 
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active sites of the CuO/ap-SBA-15 resulting in enhanced catalytic activity. The catalytic activity 

also increased with Cu loading and 10 wt. % CuO/ap-SBA-15 catalyst displayed the highest 

catalytic activity for the reduction of m-chloronitrobenzene and m-nitrotoluene with 83 % and 

100 % selectivity for m-chloroaniline and m-aminotoluene respectively. The reaction rate 

showed dependence on the electron withdrawing ability of the substituents present on 

nitrobenzene and was found to be maximum for m-CNB. 

Chapter 5 Uniform dispersion of a bimetallic/binary mixture of Au-Ag supported SBA-15 

nanocomposites for selective reduction of nitroaromatics  

This chapter comprises the formation of a binary mixture of Au-Ag nanoparticles with controlled 

shape and size supported on mesoporous SBA-15 by post modified method involving variation 

in the amount of Au loading w.r.t fixed Ag loading. DRS studies showed the presence of single 

plasmon band for various bimetallic Au:Ag loadings illustrating that the NPs formed an alloy 

structure with homogeneous composition.TEM micrographs depicted discrete bimetallic 

nanostructures uniformly distributed and stabilized within/on the surface of the mesoporous host. 

Among all bimetallic nanocomposites, Au:Ag(5:1)/m-SBA-15 nanocomposites exhibited the best 

catalytic activity (k= 2.12×10-2 min-1 and 3.99×10-2 min-1) in comparison to monometallic Au/m-

SBA-15 and Ag/m-SBA-15 nanocomposites for the selective reduction of nitrobenzene (NB) to 

aniline (AN) and p-nitroacetophenone (p-NAP) to p-aminoacetophenone (p-AAP)respectively.  

The strong synergism between Au and Ag resulted in the improved catalytic activity of the 

bimetallic Au:Ag nanocomposites in comparison to the monometallic Au/Ag counterparts and 

bare SBA-15 for the reduction of NB and p-NAP respectively. The catalytic activity was greatly 

influenced by metal loading, surface area and distribution of bimetallic nanospheres within/on 

the surface of the mesoporous host.  
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                                                                                               Chapter 1 

Introduction, Literature survey and Experimental  

1.1 Introduction 

1.1.1 Porous materials 

A porous material is a solid substance having interconnected network of pores (voids). Due to 

the interconnection between the pores, various atoms, ions and molecules are able to interact 

among themselves at the surface as well as in the bulk of the material. As a result, they exhibit 

potential applications in the field of adsorption, ion exchange and catalysis. Different known 

porous substances are clays, rocks, bones, ceramics, carbonaceous materials and metal oxides. 

Generally, porous materials (Sing et al., 1985) are characterized by their porosity (ratio of the 

volume of pore space to the total volume of the material) which lies between 0.2-0.95 as well as 

their textural and physical properties. According to IUPAC, depending on the sizes of the pores, 

the porous materials are classified as (i) Microporous materials having pore diameters upto 2 nm, 

(ii) mesoporous materials (MMs) with pore diameter within the range of 2-50 nm and (iii) 

macroporous materials with pore diameter above 50 nm (Zhao et al., 1996). Moreover, 

depending upon the distribution of pore sizes, shapes and uniformity of pore spaces, these 

materials can be manipulated to form new materials with unusual properties resulting in the 

scope beyond their traditional use as catalysts by ranging from microelectronics to medical 

diagnosis (Davis et al., 2002). Among various porous materials, silica based porous materials 

such as zeolites, mesoporous silicates and aluminosilicates have been extensively studied and 

characterized as they offer a better control over mesostructure leading to wide applications in 

catalysis, adsorption, sensors and drug delivery (Alothmann et al., 2010). 

1.1.2 Historical background of porous materials  

Zeolites constitute an important and oldest member of the family of crystalline porous materials. 

Zeolites were discovered by Cronsted et al. (1956) from the mineral stilbit (David et al., 1992). 

They are hydrated crystalline tectoaluminosilicates composed of XO4 tetrahedra (X being 

tetrahedral atom i.e., Si, Al and tetco refer to the presence of two adjacent tetrahedra sharing a 

single apical oxygen atom) giving a framework ratio of O/X = 2. Aluminosilicates have 

negatively charged oxide framework, whereas pure silicate structure, does not carry any charge. 
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Zeolites are composed of molecular sieves like structure forming regular arrays of channels or 

cavities that can be filled with water or any guest molecules. As a result, they are widely used in 

the shape selective processes such as ion-exchange, sorption and catalysis (Barrer et al., 1982; 

Breck et al., 1974; Szostak et al., 1989). Although these materials offered an increase in 

scientific curiosity but suffered limited application due to small pore size (0.8-1.3 nm), low 

stability and weak acidity. On the other hand, the pioneering findings by Kresge et al. (1992) led 

to the synthesis of ordered MMs, a major breakthrough in the development of high surface area 

porous materials with tunable porosity. Silica was preferred as the main building block for MMs 

as it was inexpensive, inert, harmless, thermally stable and abundant in the earth’s crust. 

Furthermore, the discovery of M41S, a new family of silicate/aluminosilicate mesoporous 

molecular sieves stimulated a massive research, not been limited to MMs but also extended to 

organic-inorganic hybrid MMs (Parida et al., 2009) and other metal-oxide systems other than 

silica. M41S family exhibited high surface area, uniform pore structure and pore volume with 

three mesophases comprising hexagonal MCM-41, cubic MCM-48 and lamellar MCM-50 

(Attard et al., 2001).   

However, a remarkable contribution towards mesoporous chemistry was made by Zhao et 

al. (1998) for synthesizing SBA-n type materials (SBA-1, SBA-3 and SBA-15) using nonionic 

triblock copolymer as a template in the acidic medium. In comparison to other reported MMs, 

SBA-15 showed outstanding features like easy synthesis, remarkable reproducibility over a wide 

temperature range (35-130 oC), tunable pore size (~5-30 nm), high surface area, thicker walls 

(Khodakov et al., 2005; Linssen et al., 2003) with greater hydrothermal and mechanical stability, 

making it one of the promising investigated material towards a wide range of applications in 

catalysis (Ressler et al., 2008). The synthesis of SBA-15 involves the use of the non-ionic 

triblock (EO20PO20EO20) copolymer as template and use of different silica sources viz., 

tetramethyl orthosilicate (TMOS), tetraethyl orthosilicate (TEOS) or tetrapropyl orthosilicate 

(TPOS) as a source of the framework under strongly acidic conditions and was influenced by the 

reaction conditions and surfactant concentration. Amorphous silica was formed below 0.5 wt. % 

concentration of block polymer whereas formation of silica gel was observed above 6 wt. %. 

Furthermore, the formation of SBA-15 can be achieved within a temperature range of 35-80 oC 

and pH ~1. A slight variation in the temperature or pH may result in the formation of 

disordered/amorphous silica (~25 oC, neutral pH) or silica gel (80 oC and pH ~2-6). Hence, by 
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the use of suitable acidic conditions and block polymer concentration, mesoporous SBA-15 with 

thicker walls (31-64 Ao) and greater hydrothermal stability can be prepared in comparison to 

other MMs like MCM-41. Despite the presence of many promising properties, the existence of 

neutral framework and absence of Brønsted acidity limits their application in catalysis. This 

limitation was overcome by modifying or functionalization of SBA-15 surface by various 

organic groups such as aminopropyl (Chen et al., 2012), sulphonic (Margolesse et al., 2000), 

carboxylic (Chen et al., 2013), imidazole (Zhang et al., 2014a) and triazole (Park et al., 2010) 

that act as a binding agent and a stabiliser for immobilising enzymes onto SBA-15 and 

incorporation of different metals in SBA-15 framework. 

1.1.3 Formation of mesoporous materials (MMs) 

Generally, the formation of MMs is influenced by self cooperative assembly between the 

template and the silica as an inorganic precursor in solution. The template can be an organic 

compound, a block copolymer, dendrimer or surfactant. The surfactant molecule is amphiphilic 

that is made up of a hydrophilic head and a hydrophobic tail that self organizes beyond CMC 

(critical micelle concentration) into micelles to achieve minimum energy and maximum stability. 

The different assemblies attained by the micelles is attributed to the fusion of intermolecular (H-

bonding, van der Waals, Coulombic) and entropy interactions. However, synthesis of MMs is 

based on the liquid crystal templating (LCT) mechanism (Fig. 1.1) involving two basic pathways 

(Beck et al., 1992). Pathway 1, involves preformation of liquid crystal phase by the accretion of 

the surfactant micelles into micellar rods that rearrange among themselves to form hexagonal 

arrays, followed by condensation of silicate species around the preformed hexagonal micellar 

arrays. The second pathway is silicate initiated pathway involving the adsorption of silica around 

an external surface of surfactant micellar rod through coulombic or other interactions. Thereafter, 

the silicate coated micellar rods cluster among themselves in a hexagonal mesophase followed 

by silicate condensation. Finally, the organic materials are removed by calcination resulting in a 

stable mesoporous molecular sieve. Another pathway involves the formation of the nanometric 

inorganic component by the polymerisation of inorganic precursor or precipitation reaction 

which is the limiting factor for mesostructure syntheses.  Nanometric building block (NBB) can 

congregate among themselves interconnected by organic groups present on their surface, 

resulting in the formation of ordered/disordered hybrid assemblies. 

https://en.wikipedia.org/wiki/Van_der_Waals_force
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Fig. 1.1 Different synthetic pathways of mesoporous silicates 

Studies showed different interactions between inorganic silicate precursor and the surfactant 

species in solution viz., electrostatic repulsion between polar heads, hydrophobic interactions 

between organic chains, geometric restrictions due to molecular packing and entropy restrictions 

that are detrimental factors in governing the synthesis of different mesophases. The formation of 

different mesophases is directed by different reaction pathways (Huo et al., 1994a, 1994b). For 

ionic surfactants, electrostatic interactions between the surfactant (S) and inorganic precursor (I) 

bearing opposite charges, govern the formation of MMs either by the direct syntheses               

i.e., S+I- /S-I+ or  indirect syntheses i.e., S+X-I+ and S-M+I-. The direct syntheses route consists of 

(i) The (S+I-) route: Ion pairs (S+I-) are formed by the direct co-condensation of anionic inorganic 

species (I-) with a cationic surfactant (S+) e.g., M41S family. (ii) The (S-I+) route: Self-

assembling of cationic inorganic species (I+) with anionic surfactant (S-) by means of (S-I+) ion 

pairs e.g., hexagonal tin oxides and tantalum oxides. Under indirect synthesis, there are another 

two pathways (S+X-I+) and (S-M+I-) involving the association of similarly charged surfactant and 

inorganic precursor species stabilized using counterions like X- = Cl-, Br- etc. for (S+X-I+) and 

M+ = Na+, K+ etc. for (S-M+I-). However, nonionic surfactants follow neutral path routes, viz., So 

Io and So (IX)o, involving either H-bonding or dipolar interactions between the surfactant and the 

inorganic precursor. Neutral path with SoIo was used by Bagshaw et al. (1995) and Prouzet et al. 

(1997) for synthesizing alumina and disordered worm like mesoporous silica under neutral pH 

conditions. Besides, the above mentioned pathways, (SoH+)(X-I+) pathway is used for the 

synthesis of mesoporous SBA-15 where SoH+ being the surfactant hydrogen bonded to a 
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hydronium ion, X−: the chloride ion and I+: the protonated silica. In this mechanism, an 

association of the cationic silica species occurs with ethylene oxide (EO) units of the block 

polymer by involving a combination of van der Walls, H-bonding and electrostatic interactions.  

 

 

 

This is followed by the silica condensation and the restructuring of the surfactant and inorganic 

silica species forming hybrid mesoporous framework. 

1.2 Transition-metal incorporated SBA-15 nanocomposites 

A scientific curiosity due to the recent developments and research in the field of supported 

transition metal nanocomposites has led to the synthesis of new designer materials and catalysts 

with superior catalytic activity in comparison to the conventional nanoparticles (NPs). Moreover, 

the molecular interactions, processes and phenomena involved at the nanoscale to design 

materials with desired functionalities and physicochemical properties make it all the way more 

fascinating. However, the presence of highly active centers and high surface energy of the NPs 

make them thermodynamically unfavorable. Stabilization can be done by capping them with 

organic   (Gavia et al., 2015) or inorganic ligands (Dirin et al., 2014) or by immobilising them on 

some suitable porous support. A porous support provides an environment that influences the 

formation, distribution and dispersal of metal species by confining them, thus limiting their 

particle growth to a particular size and shape. Among various porous supports, mesoporous 

SBA-15 is the most preferred host, although bare SBA-15 does not exhibit any catalytic activity 

due to lack of active sites. Thus, the union of porous materials with nanoparticle syntheses has 

led to the emergence of host-guest chemistry in the form of supported transition metal 

nanocomposites having a wide range of applications in the field of catalysis (Deng et al., 2010), 

sensing (Walcarius et al., 2005) and medical diagnosis (Slowing et al., 2007).  

1.2.1 Role of SBA-15 as a support: SBA-15 is the most frequently used mesoporous host for the 

synthesis of supported metal nanocomposites as  

Si(OEt)4 + nH3O
+

hydrolysis

pH < 2

Si(OEt)4-n.(OH2
+
)n + nEtOH

REOm + yHX
H2O

REOm-y [(EO).H3O
+
]y.....yX

-

where R= alkyl poly(propylene oxide), X= Cl
-
, Br

-
, I

-
, NO3

-
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1. it possesses tunable pore size and thicker walls that help in the formation of the stable 

matrix for stabilising the NPs against aggregation within mesochannels.  

2. it can adjust the shape and size of encapsulated nanospecies by the confinement imposed 

by the walls of the support. 

3. high surface area and pore volume of the support help in achieving high metal loading 

with homogeneous metal deposition.  

4. the presence of large pores (4-30 nm) and uniform hexagonal structure offers lower 

diffusion resistance to the solvent and reactant molecules towards the active sites and 

thereby improves their catalytic efficiency.  

5. it mediates the transfer of charge to or from the NPs in the case of reducible oxides as a 

support. 

1.2.2 Various chemical methods being used for the synthesis of supported metal nanocomposites 

are being described: 

1. Incipient Wetness Impregnation (IWI): This method involves the addition of a concentrated 

solution of the metal precursor to the porous solid support under stirring till the formation of a 

thick paste. The paste thus formed is dried and calcined resulting in the formation of supported 

metal nanocomposites. Although high metal loading can be achieved by this method yet it 

affords a limited control over the NPs size and its distribution due to weak interactions between 

the metal precursor and the support.  

2. Co-precipitation: In this method, precipitation of the metal and the support take place 

simultaneously. A major drawback associated with this method is that the formation of the NPs 

hinders the formation of the support structure leading to the formation of ill formed 

nanostructures. 

3. Deposition-precipitation (DP): This method encompasses the formation of metal precursor 

solution in a minimum amount of solvent followed by pH adjustment till complete precipitation 

of the metal hydroxide. Finally, the precipitates are deposited on some suitable support and 

calcined for the reduction of metal precursor to its elemental state. Although, fine NPs can be 

prepared by this approach yet nanoparticle aggregation cannot be avoided.  

4. Microwave irradiation (MWI): Metal NPs are synthesized using MWI as a heating source 

with reduced preparation time and a narrow particle size distribution. 
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5. Chemical vapour deposition (CVD): In this technique, the growth of the supported metal 

nanostructure occurs by conversion of metal to its vaporised form in high vacuum under the 

influence of an excess of stabilising agent (THF, alkenes) or reducing agent (H2). Although metal 

NPs with narrow size distribution can be obtained yet the cost of the instrument and mass 

transfer limited kinetics are the major drawbacks associated with the method. 

6. Pulsed laser ablation (PLA): It involves the conversion of metal to its vaporised form using a 

pulse laser (eg: Nd-YAG) under particular conditions of temperature and pressure. It helps in 

establishing a control over the metal NPs which are deposited on a support without involving the 

use of any chemical precursors and solvent.  

7. pH assisted delay-addition method (PDA): It involves the addition of  a Al precursor to a pH 

adjusted solution containing preformed hierarchically and radially mesoporous (HRM) 

nanostructures via a hydrothermal treatment followed by  a second hydrothermal treatment to 

introduce heteroatoms into the silica framework, resulting in the maintenance of the unique 

structure with acidic properties (Sika Yun et al., 2014). 

8. Mechanochemical synthesis (MCS): The method involves dry-mixing of a metal precursor 

salt (e.g., metal acetate) with a support (e.g. carbon nanotubes) followed by heating in an inert 

atmosphere in the absence of any solvent, reducing agent or electric current.  As inert 

atmosphere sublimes the metal acetates before decomposing resulting in their autoreduction 

directing nanoparticle sizes as well as their interaction with the support.  For e.g., Ag 

nanoparticle-decorated carbon nanotubes (Xu et al., 2015).  

9. Vapor infiltration process (VIP): In this method, the support is immersed into the aq. solution 

of metal precursor under reduced pressure to incorporate metal species into support through 

capillary force. Then, the mesoporous-metal powder is placed in a closed container with a 

reducing agent under atmosphere to reduce the metal species (Takai et al., 2010). 

The applications of these methods for the supported Au, Ag and CuO nanocomposites are being 

described: 

1.2.3 Supported Au nanocomposites  

For many years, Au was considered to be inert till the exciting discovery made by               

Haruta et al. (1987) and Hutchings et al. (1985) that revolutionized the field of catalysis on Au 

based catalysts. Although bulk Au is unreactive yet on the contrary, Au in the nanocrystalline 
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form or Au supported on porous framework revealed unprecedently high chemical reactivity 

owing to its high surface area to volume ratio, exhibiting wide applications in the field of 

catalysis, gas sensors, nano electronic/optical devices and medical diagnosis (Campelo et al., 

2009). Thus, Au catalysis has become a fascinating topic of research today which is illustrated 

by an exponential increase in the number of publications based on numerous applications of 

supported Au catalysts. The high activity of the Au catalysts is governed by factors such as 

preparation methods, shape and size of Au NPs, nature of the support, metal-support interactions 

as well as the oxidation state of the Au incorporated over the support (Zheng et al., 2006).  

Recent reports for the synthesis of supported Au catalysts by different methods have been 

compiled in Table 1.1 and discussed below. 

1. Deposition-precipitation (DP): Initially, this method showed limited applicability for supports 

with high IEP ~ TiO2, Al2O3 and CeO2 (Ma et al., 2008) and was assumed to be inappropriate for 

supports like SiO2 having low IEP ~ 2 as these supports involve an adjustment of pH to high 

value for complete precipitation of the metal hydroxide. Moreover, at high pH, the siliceous 

surface develops negative charge leading to aggregation of Au NPs due to electrostatic repulsion 

between negatively charged siliceous surface and [Au(OH)nCl4-n]
− species (Hutchings et al., 

2005). But there are reports of Au loaded SBA-15 nanocomposites prepared by DP method. 

Initially, Liu et al. (2007) reported the formation of Au/SBA-15 nanocomposites by DP method 

resulting in larger Au aggregates (10-15 nm) on the outer surface of the silica host.                    

Ma et al. (2009) prepared Au/SBA-15 catalysts by grafting and DP method and reported that the 

synthesized catalysts by DP method showed lower catalytic activity for the oxidation of benzyl 

alcohol in comparison to grafting method. This was attributed to the formation of large sized Au 

NPs (size ~10-50 nm) on the intra surface of SBA-15 in comparison to small sized (10 nm) and 

uniformly dispersed spherical Au NPs  within the pores of SBA-15 prepared by grafting method. 

However, the problem of nanoparticle aggregation was circumvented by either modifying the 

siliceous surface or metal oxide with functional groups. Following this, Liu et al. (2009) 

synthesized Au clusters (~1 nm) within the mesoporous channels by depositing 

triphenylphosphine protected Au precursor on the siliceous surface in an organic medium that 

showed high catalytic activity for alcohol oxidation. Similarly, Ovoshchnikov et al. (2014) also 

used triphenylphosphine protected Au precursor for preparing Au nanostructures supported on 

various oxides for catalysing the solventless oxidation of cyclohexene. Recently Shu et al. (2015) 
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prepared silica supported cationic Au (I) complex as the heterogeneous catalyst that showed high 

regio and enantioselectivity for lactonisation reactions. Binder et al. (2013) also synthesized 

highly stable Au incorporated SBA-15 catalyst prepared by deposition of Au precursor on 

surface modified SBA-15 support that demonstrated high catalytic activity for CO oxidation. 

 2. Direct synthesis/Co-condensation/One pot method: This method involves simultaneous 

mixing of all the reagents that helps in bringing about the homogeneous dispersion of metallic 

nanospecies throughout the mesoporous support. A variety of supports has been used for the 

preparation of supported Au nanocatalysts using one pot method. Selvakannan et al. (2013) 

reported the formation of high surface area Au/SBA-15 nanomaterials through direct synthesis 

by utilising amino acid tryptophan that played a dual role of co-structure directing agent as well 

as reducing agent for Au ions to form Au NPs within SBA-15. Wu et al. (2010) synthesized Au 

supported SBA-15 nanocomposites (size ~5 nm) by one pot method using vinyltriethoxysilane 

(VTES) as functionalising agent for modification of the silica surface. The functionalising agent 

acted as a stabiliser by improving the interaction between Au NPs and the silica support resulting 

in a uniform dispersion of Au nanospecies all over the SBA-15 surface. The prepared materials 

showed high catalytic activity for the selective oxidation of cyclohexane using molecular oxygen 

with conversion above ~21 % and 95 % selectivity towards cyclohexanol and cyclohexanone 

respectively. Sekhar et al. (2012) reported a simple one pot strategy for synthesising Au 

incorporated mesoporous silica nanocomposites without utilising any functionalising agents or 

linkers. Though the nanocomposites showed poor catalytic activity for the oxidation reactions, 

however, they became exceptionally active with 100 % conversion after mild H2 reduction at   

100 oC. 

3. Incipient Wetness Impregnation (IWI): A major part of the recent research and developments 

on supported metal nanocomposites is based on this method. Wu et al. (2010) employed IWI to 

prepare Au catalyst supported on SBA-15 having surface modified with VTES for the 

cyclohexane oxidation. It was observed that with Au impregnation, large Au NPs (~9 nm) were 

formed resulting in slight disruption of the mesoporous structure. El-Sheikh et al. (2013) 

prepared Au/SBA-15 nanocomposites (~10 nm) by IWI method using H2 or sodium citrate as 

reducing agent that displayed high catalytic efficiency for the reduction of p-nitrophenol.  



10 
 

4. Ion exchange method: Fattori et al. (2012) used ion-exchange method for the preparation of 

Au NPs (~1.5-4.7 nm) within the channels of surface modified SBA-15. Initially, the surface of 

SBA-15 was modified with imidazolium alkoxysilane and then AuCl4
- anions were exchanged 

on its surface. The solid SBA-15/R+AuCl4
- thus formed was filtered, washed with distilled water 

and finally reduced with NaBH4 leading to the formation of Au NPs within SBA-15.   

5. Chemical vapour deposition (CVD): There are reports (Schimpf et al., 2002; Okmura et al., 

2003) showing the formation of Au NPs over different mesporous supports using CVD for 

catalysing different chemical reactions. 

 6. Au/SBA-15 nanocomposites using [Au(en)2]Cl3 (en = ethylenediamine): Au loaded 

mesoporous silica nanostructures have been prepared by using cationic Au complexes. 

Schunemann et al. (2015) reported the preparation of Au complex by addition of organic 

functional ligand to the aqueous solution of Au precursor that was then deposited on silica 

surface by adjusting pH to10 and reduction under H2, leading to the formation of Au/mesoporous 

silica nanocomposites. Similarly, Au/SBA-15 catalysts (Yin et al., 2010) have been synthesized 

by utilizing cationic Au complex for catalyzing CO oxidation. 

 

Table 1.1 Characteristics and catalytic applications of Au supported SBA-15 nanocomposites 

  Metal  Support Size (nm)  Method  Application Ref. 

    Au SBA-15 10-15  Deposition-

precipitation  

           ---- Liu et al. (2007) 

    Au SBA-15 10-50  Deposition-

precipitation 

 Oxidation of benzyl 

alcohol 

Ma et al. (2009) 

    Au  SBA-15 ~1  Deposition-

precipitation 

Alcohol oxidation Liu et al. (2009) 

    Au SiO2, TiO2, 

WO3 

~4-10  Deposition-

precipitation 

 Oxidation of 

cyclohexene 

Ovoshchnikov et al. 

(2014) 

   Au SBA-15     ---- One pot method Lactonisation reaction Shu et al. (2015) 

   Au SBA-15 ~ 3-4  Deposition-

precipitation 

CO oxidation Binder et al. (2013) 

   Au SBA-15     ---- One pot method            ---- Selvakannan et al. 

(2013) 

   Au SBA-15 ~5  

~9  

One pot method 

Impregnation 

Oxidation of 

cyclohexane 

Wu et al. (2010) 
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   Au SiO2 ~2-4  One pot method Oxidation of benzyl 

alcohol, CO oxidation 

 Sekhar et al. (2012) 

   Au SBA-15 10  Impregnation Reduction of p-

nitrophenol 

El-Sheikh et al.(2013) 

   Au SBA-15 1.5-4.7  Ion exchange            ---- Fattori et al. (2012) 

   Au SiO2 ~6  Chemical vapor 

deposition  

CO oxidation Okmura et al. (2003) 

   Au SiO2    ---- Chemical vapor 

deposition 

CO oxidation Schimpf et al. (2002) 

   Au  SBA-15 

KIT-6 

MCM-41 

~2  Using cationic 

Au complex  

Glycerol oxidation Schunemann et al. 

(2015) 

   Au SBA-15 2-4  Using cationic 

Au complex 

CO oxidation  Yin et al. (2010) 

   Au CeO2-

SBA-15 

2-5   Doping oxides CO oxidation Ren et al. (2012) 

   Au CeO2-

SBA-15 

~5   Doping oxides Liquid phase oxidation 

of benzyl alcohol 

 Wang et al. (2015) 

   Au Co3O4-

SBA-15 

~1-3 Doping oxides CO oxidation Ma et al. (2012) 

   Au SBA-15 ~5-10  Microwave 

irradiation 

           ---- Gu et al. (2008) 

 

7.  Au/SBA-15 synthesis by doping oxides: There are reports of supported Au nanocomposites 

prepared by doping different metal oxides like CeO2, TiO2 on the mesoporous supports. 

Preloading of metal oxide on the siliceous support helped in improving the interaction between 

the support and the introduced Au NPs, thus leading to enhanced dispersion and catalytic 

efficiency of supported Au nanostructures. Ren et al. (2012) prepared Au loaded SBA-15 

catalysts by doping mesoporous host with CeO2 for catalyzing CO oxidation. Although pure 

Ceria was considered as an active support for oxidation reactions yet Au NPs incorporated over 

the support were found to be unstable. In order to circumvent this problem, three component 

nanocatalysts was prepared that showed better chemical reactivity as compared to bare supports. 

Similar findings have been reported elsewhere (Ma et al., 2012; Wang et al., 2015). 

8. Microwave irradiation (MWI): Gu et al. (2008) designed uniformly distributed Au NPs within 

channels of mesoporous SBA-15 by MWI technique. The average size of the NPs varied 
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between ~5-10 nm ascribed to the fast nucleation, propagation and termination of Au precursor 

by MWI. 

1.2.4 Supported Ag nanocomposites 

Like Au loaded mesoporous nanocomposites, Ag also displayed high chemical reactivity due to 

fascinating physical and chemical properties and high surface energy. However, being easily 

susceptible to oxidation it undergoes aggregation (during the reaction process) resulting in decay 

of catalytic activity. Hence, in order to achieve high catalytic efficiency, it is necessary to 

stabilize Ag NPs which can be achieved by immobilizing and stabilizing metal NPs on some 

suitable porous support that has prompted massive research on supported Ag nanomaterials. 

Efforts have been made for synthesizing Ag incorporated mesoporous silica nanostructures by 

various methods (Table 1.2). Ma et al. (2014) synthesized Ag/SBA-15 nanocomposites by 

varying the Ag loading (4-16 %) using IWI method. Of all the prepared nanocomposites, a 

catalyst with 5.1 % Ag loading showed highest catalytic activity with 94 % conversion and 97 % 

selectivity for oxidation of benzyl alcohol to benzaldehyde. A series of monometallic transition 

metal (M = Cu, Co, Pt, Pd, Ag, Fe, V and Mn) loaded SBA-15 nanocomposites were also 

synthesized (Zhang et al., 2014b) involving IWI method for catalytic combustion of acetonitrile. 

The catalytic performance of the catalysts was influenced by their redox ability as well as 

chemical nature of the incorporated metal within silica host. Various other reports based upon 

IWI method includes the comparative study of adsorption and oxidation of formaldehyde 

(HCHO) catalysed by Ag loaded nanocomposites (Chen et al., 2011) on different supports 

(MCM-41, NaY, titania, SiO2, SBA-15 and zeolites). Among various catalysts, Ag/SiO2 catalysts 

exhibited best surface reaction activity for HCHO oxidation owing to the presence of varying 

oxidation states of Ag species (Ago, Ag+, Ag2O and Agn
δ+ clusters) on different supports. Naik et 

al. (2011) reported varying morphologies of SBA-15 supported Ag NPs by using 5 and 10 wt. % 

Ag impregnation without involving any precomplexation of Ag ions or surface modification of 

silica surface for the reduction of p-nitrophenol. Besides Ag/SBA-15 nanocomposites, there have 

been reports of supported Ag nanostructures based on different supports including the synthesis 

of Ag/HMS catalysts by one pot method (Jia et al., 2012) with varied Ag loading (0.55-3.5 wt. 

%) for catalysing the gas phase oxidation of benzyl alcohol to benzaldehyde. It was observed that 

catalyst with intermediate (2.81 wt. %) Ag loading revealed the best catalytic activity with 100 

% conversion and 96% selectivity towards benzaldehyde. Likewise, Han et al. (2012) reported 
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the formation of Ag/SBA-15 nanocomposites by one pot method utilizing aniline as reducing 

agent and exhibiting improved catalytic activity for p-nitrophenol reduction. Yin et al. (2011) 

reported the formation of Ag/MCM-41 catalytic systems by employing DP method and showed 

that catalyst with 10 wt. % Ag loading was catalytically most effective for gas phase 

hydrogenation of dimethyl oxalate to methyl glycolate and ethylene glycol. Apart from 

conventional synthetic methods, a new range of techniques has been employed for controlled 

deposition of metals on the support. Szegedi et al. (2014) reported the formation of Ag 

nanoparticle loaded mesoporous silica nanostructures by the use of PLA method and compared it 

with other chemical methods.  It was observed that smaller and uniformly distributed Ag NPs 

were effectively obtained within the mesochannels of the host by PLA method showing high 

catalytic activity for the oxidation of toluene. Fuku et al. (2013) employed microwave assisted 

alcohol reduction method for the formation of highly dispersed Ag nanospheres (~4 nm) and 

nanorods (~9 nm in diameter) within the channels of SBA-15. Zienkiewicz-Strzalka et al. (2013) 

reported an efficient approach for the synthesis of Ag nanostructures (nanospheres ~4 nm and 

nanowires ~50 nm depending on Ag loading) supported on mesoporous silica with controlled 

morphology and composition using tollen’s reagent as Ag source. Zhang et al. (2011) employed 

pH adjusting method for preparing Ag NPs within the SBA-15 host for catalyzing CO oxidation. 

 

Table 1.2 Characteristics and catalytic applications of Ag supported SBA-15 nanocomposites 

 

Metal 

 

Support 

 

Loading 

(wt. %) 

 

Size 

(nm) 

 

Method 

 

Application 

 

Ref. 

  Ag SBA-15 4.1-16.5  ~6  Impregnation  Gas phase selective 

Oxidation of benzyl 

alcohol to benzaldehyde 

Ma et al. 

(2014) 

  Ag SBA-15 ~2  ~5-6 

 

Impregnation Combustion of acetonitrile Zhang et al. 

(2014b) 

  Ag SBA-15, 

HMS, 

SiO2, 

TiO2 

8  2-10 Impregnation Oxidation of 

formaldehyde 

Chen et al. 

(2011) 

  Ag SBA-15 5 and10  ~7  

 

Impregnation Reduction of p-

nitrophenol 

Naik et al. 

(2011) 

  Ag HMS 0.5-3.5  ~5-32  One pot Oxidation of benzyl Jia et al. 



14 
 

method alcohol to benzaldehyde (2012) 

  Ag SBA-15 0.2-0.7  ~15  One pot 

method 

 Reduction of p-

nitrophenol 

Han et al. 

(2012) 

  Ag MCM-41 3-20  ~10  Deposition-

precipitation 

Gas phase hydrogenation 

of dimethyloxalate 

 Yin et al. 

(2011) 

  Ag  SBA-15 5 and 8 5-50  Pulsed laser 

ablation  

Toluene oxidation Szegedi et 

al. (2014) 

  Ag SBA-15      ---- ~4  Microwave 

assisted 

alcohol 

reduction 

H2 production from 

ammonia borane 

(NH3.BH3) 

Fuku et al. 

(2013) 

  Ag SBA-15      ---- ~4-50 Various 

methods 

           ---- Zienkiewicz

-Strzalka et 

al. (2013) 

  Ag  SBA-15 7.86      ---- pH adjusting 

method 

CO oxidation  Zhang et al. 

(2011) 

  Ag SBA-15 0.75-2  5-20  Double 

solvent 

method  

Oxidation of styrene Huang et al. 

(2011) 

  Ag Monolith

ic silica 

33      ---- Two pot 

method 

Separation of 

hydrocarbons 

Zhu et al. 

(2013) 

 

 The pH played a significant role in the Ag content and the oxidation state of species, ultimately 

affecting the catalytic efficiency of Ag/SBA-15 nanocomposites. Huang et al. (2011) used a 

double solvent technique for forming Ag nanostructures (nanospheres and nanowires) within and 

on the external surface of the channels of mesoporous silica by using hydrophobic n-hexane and 

aqueous silver nitrite as hydrophilic solvent. It was observed that the prepared composites 

demonstrated high selectivity (59 %) for oxidation of styrene to styrene oxide. Zhu et al. (2013) 

introduced Ag NPs into porous monolithic silica columns having well defined macropores and 

SBA-15 mesopores using ethanol as reducing agent. It was found that the column with 30 wt. % 

Ag loading exhibited a difference in retention time that was large enough for the separation of 

aromatic hydrocarbons like benzene, naphalene, anthracene and phenanthrene. 

1.2.5 Supported Cu/CuO nanocomposites 

As discussed in the previous sections, a large amount of research has been dedicated towards the 

development of Au and Ag NPs incorporated in mesoporous silica but their high cost bounds 

their industrial applicability. Compared with noble metals, Cu/CuO have also shown the capacity 
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as redox catalysts (Table 1.3). They are relatively cheap, easily accessible and exhibit 

exceptional electrochemical and catalytic properties. But Cu is prone to oxidation and CuO 

undergoes aggregation at high thermal treatment. However, they can be stabilized by capping 

with PVP (Polyvinyl pyrollidone) but that hampers the access of reactant molecules to the active 

sites resulting in decreased catalytic activity. These reasons prompted studies that triggered 

research for the development of supported Cu/CuO nanomaterials by exploiting different 

chemical routes (Table 1.3). Recently, Wang et al. (2014) prepared Cu/SBA-15 nanocomposites 

by different chemical routes and compared their catalytic efficiency for gas phase hydrogenation 

of methyl acetate (MA). Of the various catalysts, Cu/SBA-15 produced by homogeneous 

deposition- precipitation (HDP) method displayed highest catalytic performance on the basis of 

small particle size and the synergistic effect between Cuo and Cu+ species with 99.5 % MA 

conversion and 99.5 % ethanol selectivity for MA hydrogenation under benign reaction 

conditions. In another report, vapor phase hydrogenation of furfuryl has been studied (Vargas-

Hernandez et al., 2014) by preparing a series of Cu supported SBA-15 catalysts by impregnating 

7.8-20.2 wt. % of Cu on a preformed silica support. It was observed that Cu/SBA-15 catalysts 

evidenced higher furfuryl conversion (54 mol %) and furfuryl alcohol selectivity (95 mol %) at 

the low reaction temperature (170 oC) with high catalyst wt. (15 wt. %) and low furfuryl feed. 

However, Chen et al. (2013) successfully produced very fine Cu NPs (2-6 nm) within the 

channels of SBA-15 having functionalized surface with a carboxylic acid using 7-25 wt. % of Cu 

loading. It was observed that Cu/SBA-15 with higher Cu loading of 7.6 and 11.9 wt. % created 

an abundant number of active sites that led to the high catalytic efficiency for water gas shift 

reaction. Other reports of fabrication of Cu/SBA-15 (Subbaramaiah et al. 2013; Ghosh et al. 

2015; Harisekhar et al. 2014; Mondal et al. 2013) catalyst by conventional impregnation route 

are also available. However, Zhang et al. (2012) employed one pot direct method for 

synthesizing highly dispersed Cu NPs within mesochannels of SBA-15. The prepared materials 

showed highest rate (Turn over frequency TOF ~130.6 h-1) of phenol hydroxylation in 

comparison to other reported conventional catalysts with highest phenol conversion (49.7 %), 

selectivity (55.1 %) and yield (27.4 %) of diphenol. Gu et al. (2011) synthesised Cu/SBA-15 

nanomaterials by one pot method that showed exceptionally enhanced catalytic activity for 

cyclohexane oxidation, with an increase in conversion to about 11 % and cyclohexanol to 

cyclohexanone selectivity of ~80 %. Chen et al. (2009) also synthesized Cu/SBA-15 catalysts 
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using different chemical routes for catalyzing the hydrogenolysis of dimethyl maleate to 1-4 

butanediol (BDO). Of various methods employed, the catalyst prepared by HDP method 

displayed 100 % conversion and highest selectivity (44.1 %) to BDO that attributed to the 

cooperative effect between various Cu (Cuo and Cu+) species in the catalyst. With a view to 

understanding the physicochemical differences between various analogues of Cu as catalysts 

towards chemical kinetics of the reaction, many reports are associated with the synthesis, 

characterisation and catalytic evaluation of supported CuO nanocomposites. Kong et al. (2009) 

proposed one pot direct method for the formation of CuO loaded hexagonal and cubic 

mesoporous silica (SBA-15 and KIT-6) with very high Cu loading (34-45 wt. %) for evaluating 

hydroxylation of benzene to phenol. The prepared catalysts showed improved catalytic activity 

in comparison to conventional impregnation methods. However, leaching of the Cu during 

successive recycles was a major concern.  Patel et al. (2011) reported the synthesis of CuO/SBA-

15 catalysts by impregnation method for catalytic reduction of NO by CO. Petre et al. (2013) 

studied the catalytic and  non-catalytic ozonation of two refractory by-products, oxalic and 

mesoxalic acids by synthesizing CuO (~33 nm) supported mesoporous solid SBA-15 by 

impregnation method. Zhong et al. (2012) also prepared mesoporous silica supported CuO NPs 

by impregnation of aqueous copper nitrate on the preformed support using glycine as a 

complexing agent. The prepared copper-silica composites demonstrated high catalytic activity  

Table 1.3 Characteristics and catalytic applications of Cu/CuO supported SBA-15 

nanocomposites 

Metal/ 

Metal 

oxide 

 

Support 

 

Loading 

(wt. %) 

 

Size  

(nm) 

 

Method 

 

Application 

 

Ref. 

   Cu SBA-15 ~17-18  ~31-41  Various 

methods 

Methyl acetate 

hydrogenation for 

ethanol production 

Wang et al. 

(2014) 

  Cu SBA-15 7.8-20 ~35  Impregnation Furfuryl alcohol from 

furfuryl hydrogenation 

Hernandez et 

al. (2014) 

  Cu SBA-15 7.6-25.2  2-6  Impregnation Water gas shift reaction Chen et al. 

(2013) 

  Cu SBA-15 5, 10 and 

20  

  ------ Impregnation Wet peroxidation of 

picoline 

Subbaramaiah 

et al. (2013) 

  Cu SBA-15 2.5-15  5-8  Impregnation Reduction of dyes Ghosh et al. 

(2015) 
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  Cu SBA-15 2.5-20  5-20  Impregnation Vapour phase 

hydrogenolysis of 

glycerol  

Harisekhar et 

al. (2014) 

  Cu SBA-15     ------    ------ Impregnation Cross coupling reaction Mondal et al. 

(2013) 

  Cu SBA-15     ------    ------ One pot 

method 

Phenol hydroxylation Zhang et al. 

(2012) 

  Cu SBA-15 0.19-0.85     ------ One pot 

method 

Cyclohexane oxidation Gu et al. 

(2011) 

  Cu SBA-15     ------    ------ Various 

methods 

hydrogenolysis of 

dimethyl maleate 

Chen et al. 

(2009) 

  CuO SBA-15 34-45     ------ One pot 

method  

Hydroxylation of 

benzene 

Kong et al. 

(2009) 

  CuO SBA-15 4, 8 and 

10.1  

   ------ Impregnation Catalytic reduction of 

NO by CO 

Patel et al. 

(2011) 

  CuO SBA-15 4-10  ~10  In-situ Auto 

combustion 

method  

Catalytic wet peroxide 

oxidation of phenol 

Zhong et al. 

(2012) 

  CuO SBA-15 2.1-13.4      ------ Ultrasonic 

post grafting 

treatment 

Direct hydroxylation of 

benzene to phenol 

Zhang et al. 

(2013) 

  CuO SBA-15 8.3  ~33  Impregnation Heterogeneous 

ozonation 

Petre et al. 

(2013) 

 

for wet peroxide oxidation (WPO) of phenol that was related to Cu accessible active sites and Cu 

loading. Zhang et al. (2013) employed ultrasonic post grafting method for loading highly 

dispersed CuO within mesochannels of SBA-15 for catalyzing the direct hydroxylation of 

benzene to phenol. The catalyst showed optimum benzene conversion (28 %) and selectivity (95 

%) for phenol with high stability and reusability.  

1.2.6 Supported bimetallic Au-Ag nanocomposites 

 Advancement and development in the field of supported monometallic nanocomposites have led 

to the emergence of a new type of catalytic systems which is formed by mixing of two different 

metals within the same host viz., supported bimetallic or alloy nanostructures (Lin et al., 2001). 

These bimetallic nanocomposites exhibit unique electronic, magnetic and catalytic properties, 

different from those of their monometallic counterparts (Zheng et al., 2013) due to the 

synergistic effect between the two metals. The synergism arises due to the alloy formation that 
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leads to some electronic and geometric modifications (Wang et al., 2013) within the catalytic 

systems resulting in enhanced selectivity, stability and catalytic activity (Ferrando et al., 2008). 

Consequently, there has been an exponential increase in the publications based on supported 

bimetallic catalysts for a number of reactions such as hydrogen production (Carrero et al., 2007), 

hydrogenation of unsaturated aldehydes (Ungureanu et al., 2011) and N2O decomposition (Wei 

et al., 2012). Among the various supported bimetallic nanostructures, the coinage metal systems 

such as Au-Ag (Liu et al., 2008; Nagy et al., 2014; Qu et al., 2013; Yen et al., 2009), Au-Cu ((Li 

et al., 2012; Della-Pina et al., 2008) and Ag-Cu (Czaplinska  et al., 2014; Wang et al., 2012a) are 

widely studied. Even though these metals belong to the same group and have similar chemistries 

yet they show different catalytic activity. Moreover, the synthesis of bimetallic nanocatalyst is 

determined by the uniformity in particle shape, size, chemical composition, and structure. Since 

Au is miscible with Ag, it forms homogeneous bimetallic nanocatalysts with Ag in contrast to 

other transition metals. The bimetallic nanocomposites are prepared primarily by one pot method 

which involves the formation of bimetallic NPs in solution and then their deposition on the 

mesoporous support while the two pot method involves the deposition of two metal precursors 

on the support followed by co-reduction or sequential reduction. Although one pot method offers 

control over the shape and size of the particles deposited on the support yet their shape, size and 

chemical composition changes drastically. Moreover, sintering of the metallic NPs cannot be 

avoided at high temperature. On the other hand, highly stable, small sized NPs can be achieved 

by two pot method but the homogeneous distribution of bimetallic NPs is still a challenge. 

Several recent reports on Au supported bimetallic catalysts catalyzing a variety of reactions are 

summarized in Table 1.4. Mou’s group (Lin et al., 2001) prepared bimetallic Au-Ag 

nanocomposites with MCM-41 as support using one pot method for catalyzing low temperature 

Table 1.4 Characteristics and catalytic applications of supported bimetallic Au-Ag 

nanocomposites 

Metal Support Size (nm) Reaction Method Ref. 

Au-Ag MCM-41 20-30 CO oxidation One -pot method Lin et al. (2001) 

Au-Ag MCM-41 4-6  CO oxidation Two-pot method Yen et al. (2009) 

Au-Ag SBA-15 3.3-3.4  CO oxidation Two-pot method Liu et al. (2008) 

Au-Ag SBA-15 3-4  Hydrogenation of Two-pot method Zheng et al. 
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esters (2013) 

Au-Ag SBA-15 ˂7  CO oxidation Two pot method Qu et al. (2013) 

Au-Ag SiO2 3-5  Oxidation of benzyl 

alcohol, glucose and 

CO oxidation 

         ----- Nagy et al. 

(2014) 

Au-Cu SiO2   ------ Oxidation of benzyl 

alcohol 

Two-pot method Pina et al. (2008) 

Au-Cu SBA-15 ~3.7  Low temperature 

preferential 

oxidation (PROX) 

reaction 

Two-pot method Li et al. (2012) 

Ag-Cu SBA-15     ----- Methanol oxidation Two-pot method Wang et al. 

(2012) 

Ag-Cu alumina Small  and 

highly 

dispersed 

Styrene oxidation Microemulsion Czaplinska et al. 

(2014) 

Au-Pd SBA-15 ~5  Oxidation of benzyl 

alcohol 

Two-pot method Ma et al. (2009) 

Au-Pd SBA-15 2  N2O decomposition Two-pot method Wei et al. (2012) 

 

CO oxidation. The synthetic procedure involved the formation of Au-Ag bimetallic NPs with an 

average size of ~4.5 nm by co-reduction of aqueous solution of HAuCl4 and AgNO3 using 

CTAB that exhibited a dual role of stabilizing as well as structure directing agent. The bimetallic 

catalyst was found to be inactive for CO oxidation due to passivity offered by the CTAB present 

over the Au NPs surface. Moreover, the surfactant (CTAB) upon removal by calcination resulted 

in abrupt increase in the average size of the supported bimetallic Au-Ag NPs from ~4.5 nm to 20 

nm, attributed to the sintering of Ag NPs leading to the formation of AgBr. However, the catalyst 

upon treatment with H2 the catalyst became outstandingly active. Hence, bimetallic Au-Ag 

catalysts showed higher activity in comparison to their catalytically inactive (at room 

temperature) monometallic Au or Ag counterparts supported on MCM-41. However, in order to 

avoid sintering of the NPs during the activation step, two step method was developed             

(Liu et al., 2009). Though this method prevented aggregation of the embedded bimetallic NPs, 

uniform dispersal of the nanospecies within the mesoporous support remained a challenge which 
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completely relied on the metal support interaction. So, for achieving strong metal support 

interaction, surface modification of the support with organic groups (such as amines) either 

during synthesis (Guteirraz et al., 2011) or by post grafting (Chi et al., 2005) was carried out that 

resulted in the strong interaction between metal and the support, thus leading to better dispersal 

of Au NPs. It was achieved with HAuCl4 followed by its reduction with NaBH4 forming small 

and uniformly distributed Au NPs. Similarly, reduction of AgNO3 was done for depositing Ag 

NPs on the Au loaded mesoporous host. Before Ag deposition, a thorough washing was done to 

remove the Cl- ions (from Au surface or support) that may result in the sintering of Ag to AgCl. 

Amine was removed by calcination followed by reduction with H2, resulting in the formation of 

supported Au-Ag alloy. Supported bimetallic Au-Ag catalysts prepared by two-step method 

appeared slightly more active for CO oxidation in comparison to the catalysts prepared by one 

step method (Yen et al., 2009). In addition to Au-Ag, other bimetallic Au systems like Au-Cu 

also displayed higher activity for low temperature CO oxidation but to a lesser extent in 

comparison to Ag (Liu et al., 2009). Besides CO oxidation, Au bimetallic systems have also been 

used for other oxidation as well as hydrogenation reactions. Like Au-Cu exhibited high catalytic 

activity and stability for the oxidation of benzyl alcohol to benzaldehyde (Pina et al., 2008)  and 

selective hydrogenation of dimethyl oxalate to methyl glycolate and ethylene glycol           

(Wang et al., 2012b).  Recently, Soule et al. (2011) prepared Au-Co supported nanocomposites 

that displayed improved selectivity and activity for the synthesis of amide from alcohols and 

amines Similarly, Au-Pt supported on various supports (silica, carbon and alumina) exhibited 

enhanced catalytic activity for the chemoselective hydrogenation of cinnamaldehyde to 

hydrocinnamaldehyde (Hong et al., 2011). Since Au is miscible with Pd in all compositions, Au-

Pd nanoalloy also demonstrated higher catalytic activity for the oxidation of benzyl alcohol (Ma 

et al., 2009), selective hydrogenation of butadiene (El-Kolli et al., 2013) and p-

chloronitrobenzene (Cardenas-Lizana et al., 2009).  

1.2.7 Research gaps 

Based on literature survey, following research gaps were identified: 

1. Metal NPs confined in SBA-15 possess high catalytic activity because they are free of 

stabilizer and are confined, so there is a need to evaluate transition metal supported over other 

mesoporous materials as heterogeneous catalysts. 
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2. Metal NPs of different shapes have different crystallographic facets and have a different 

fraction of surface atoms on their corners and edges. So, more work needs to be done in this area 

as there have been only a few studies showing the shape and size dependent synthesis of 

transition metal inside the mesoporous sieves. 

3. Major difficulties involved with the reported methods of preparation are the uncontrolled 

growth of metal NPs resulting in their agglomeration and the low amount of loading that restricts 

the catalytic efficiency of supported transition-metal nanocomposites. So, synthesis of well 

dispersed supported metal/metal oxide catalysts with high catalytic efficiency even at higher 

metal loading, by a simple, sustainable process involving green chemistry credentials is still a 

challenge. 

4. The nature, as well as the oxidation state of the metal/metal-oxide incorporated over the 

support, have a significant effect on the kinetics of the reaction owing to the difference in their 

metal/support interaction/ adsorption behavior with the substrate. So, it is valuable to investigate 

the comparative catalytic influence of supported transition metal (Au, Ag, Cu) nanocomposites 

on the reaction rate to know the catalytic efficiency of the incorporated metals. 

1.2.8  Objectives 

 To optimize pore and surface structures of mesoporous materials (SBA-15, HMS, MCM-

48 etc.)  

 Preparation of transition metal NPs (Au, Ag etc.) and  study of their incorporation into 

the mesoporous materials 

 To investigate the catalytic activities of as synthesized materials for certain industrial 

reactions  

1.3 Experimental section 

1.3.1 Chemicals 

Pluronic (M.W. 5800, EO20.PO70.EO20), tetraethoxysilane (TEOS), hydrogen tetrachloroaurate 

(HAuCl4.3H2O, 99.99%), silver nitrate (AgNO3, 99.0% ), copper chloride (CuCl2.2H2O), copper 

nitrate [Cu(NO3)2 .3H2O], sodium borohydride (NaBH4), 3-aminopropyltriethoxysilane 

(APTES), 3-aminopropyltrimethoxysilane (APTMS), m-dinitrobenzene (m-DNB), m-

phenylenediamine (m-PDA), m-nitroaniline (m-NA) were obtained from Sigma Aldrich. Aniline 
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(AN), m-chloronitrobenzene (m-CNB), m-chloronitroaniline (m-CAN), m-nitrotoluene (m-NT), 

m-aminotoluene (m-AT), p-dinitrobenzene (p-DNB), p-nitrophenol (p-NP), p-aminophenol (p-

AP), p-phenylenediamine (p-PDA), p-nitroaniline (p-NA), ethanol (C2H5OH), methanol 

(CH3OH), hydrochloric acid (HCl) were obtained from Loba Chemie, India and were used as 

received without further purification. Ultra-pure deionized water with (Milli-Q, Millipore) was 

used throughout all the experiments. 

1.3.2 Preparation of mesoporous SBA-15  

Mesoporous silica was prepared by reported method (Zhao et al., 1998) using nonionic triblock 

copolymer surfactant EO20PO70EO20 (P123) as surface directing agent. In a typical synthesis, 2 g 

of nonionic triblock copolymer surfactant EO20PO70EO20 (P123) was dispersed in 60 ml of 2M 

HCl under stirring at 40 °C until a clear solution was obtained. Then, 0.025 mol of TEOS were 

added to the above solution and the contents were stirred for 24h at 40 °C, transferred into an 

autoclave and aged at 95 °C for 72h. The suspension, thus obtained was filtered, dried at 60 °C 

and finally calcined at 550 °C for 8h resulting in SBA-15. For the synthesis of various mono as 

well as bimetallic materials, different samples of SBA-15 were prepared with the above reported 

procedure as a reference.  

 

1.3.3 Surface modification of SBA-15  

2 g of prepared SBA-15 was suspended in 100 ml of 2 wt. % of an ethanolic solution of 

APTES/APTMS under stirring for 3h to modify its surface. It was filtered, washed with ethanol, 

dried at 60o C and was designated as ap-SBA-15.  
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Scheme 1.1 Synthetic procedure for the formation of noble metal (Au, Ag and Cu) 

incorporated mesoporous SBA-15 catalysts. 

 

1.3.4 Synthesis of M/ap-SBA-15 nanocomposites 

The metal Au/Ag/CuO (1-5 wt. % and 10 wt. %) were incorporated in SBA-15 channels via wet-

impregnation method (Scheme 1.1). For this purpose, 1 g of ap-SBA-15 was impregnated with 

an appropriate quantity of 1 mM metal precursor (.HAuCl4·3H2O, AgNO3 and Cu(NO3)2 .3H2O) 

solution. For the preparation of (1-5 and 10 wt. %), Au loaded SBA-15 composites, 50.7 ml, 

101.4 ml, 152.1 ml, 202.8 ml, 253.5 ml and 507 ml of 1 mM HAuCl4·3H2O (aq.) solution was 

stirred with 1 g of ap-SBA-15 for 2h. The resulting solid was filtered, washed with deionized 

water and calcined at 350oC for 3h. Similarly, Ag and CuO loaded SBA-15 composites were 

synthesized by mixing 92.7 ml, 185.4 ml, 278.1 ml, 370.8 ml, 463.5 ml and 927 ml of 1mM 

AgNO3 (aq.) solution and 157.4 ml, 314.8 ml, 472.2 ml, 629.6 ml, 787 ml and 1.57 l of Cu(NO3)2 

.3H2O (aq.) solution with 1 g of ap-SBA-15 under stirring for 2h. Finally, the solid obtained was 

filtered, washed with deionized water and subjected to calcination at 350oC under an inert 
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atmosphere for 3h. The corresponding catalysts were named as M/ap-SBA-15 (M = Au, Ag or 

CuO). 

1.3.5 Synthesis of binary mixture (Au-Ag) loaded SBA-15 nanocomposites 

The bimetallic/binary mixture Au-Ag/m-SBA-15 nanocomposites were prepared by sequential 

impregnation method. Briefly to 0.5 g of m-SBA-15, 25.35 ml, 51 ml, 76 ml, 102 ml, 127 ml and 

254 ml of 1 mM of HAuCl4 solution was added under stirring followed by addition of fixed 

amount (23.15 ml) of solution of AgNO3 (w.r.t 1 wt. % Ag loading), stirred for 3h at room 

temperature, filtered, washed with ammonia solution and deionized water and dried for overnight 

at 60 oC. The solid was calcined under H2 at a rate of 1oC/min till 350 oC and maintained for 3h, 

leading to the formation of light brown to dark purple colored samples designated as Au-Ag (x-

y)/m-SBA-15 (x is the amount of Au loading varying from 1, 5 and 10 wt. % and y is the 1 wt. % 

loading of Ag). 

 1.3.6 Characterization techniques 

1.3.6.1 Powder X-ray diffraction  

It is an analytical technique applied for investigating surface structural studies of the prepared 

materials using X-rays, neutron or electron diffraction on powdered samples. It helps in 

providing information about the crystallanity, phase identification, determination of the lattice 

parameters as well as the size and strain broadening. The crystallite size of the samples is 

calculated using Scherrer equation, D = kλ/βcos θ where k is a constant, λ is the X-ray 

wavelength, D is the average crystallite size, θ is the diffraction angle and β is full width at half 

maxima of the diffraction line. PANalytical Expert Pro X-Ray diffractometer was employed 

for obtaining Powder X-ray diffraction (XRD) patterns utilizing Cu-Kα radiation (λ=1. 54 Å) 

within the 2θ range of 0.5-5o and 10-80o.  

Strain in the synthesized samples was calculated  using Williamson- Hall plot equation (Grover 

et al., 2014) involving measurement of slope of line plotted between 4 sinθ along the x axis and β 

Cos θ along the y axis where β is full width at half maxima, θ (in radians) by taking half of 2θ 

(from XRD) diffraction line.  

𝛽ℎ𝑘𝑙 𝑐𝑜𝑠𝜃 =  𝐾𝜆/𝐷 +  4𝜀 𝑠𝑖𝑛𝜃 
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From the linear fit to the data, the crystalline size was estimated from the y-intercept, and the 

strain ε, from the slope of the fit.  

1.3.6.2 Transmission electron microscopy (TEM) 

TEM is a microscopic technique that provides an insight into the minute structural details viz., 

shape, size and distribution of the NPs present on the support. Low magnification transmission 

electron micrographs were obtained on Hitachi (H-7500) 120 kW. HR-TEM micrographs were 

obtained for visualing lattice fringes. HR-TEM and elemental mapping analysis were recorded 

on FEI Tecnai F20 microscope operated at 200 kV.  

1.3.6.3 Energy Dispersive X-ray (EDX) Spectrophotometer Analysis  

It helps in both the qualitative and quantitative determination of the chemical composition of the 

localized points or surface of the sample. Moreover, the presence of contaminants in the sample 

can also be identified. EDX analysis was carried out using FEI Tecnai F20 microscope 

operated at 200 kV and JEOL JSM-6510LB. 

1.3.6.4 X-ray photoelectron spectroscopy (XPS) 

XPS is most extensively used a surface analytical technique that measures the elemental 

composition of the sample, empirical formula, chemical state and electronic state of the elements 

present in the sample. XPS spectrum is generally plotted between the number of electrons 

detected versus the kinetic energies of the electrons detected. Each spectrum consists of peaks 

which are characteristic of an element and corresponds to the electronic configuration of 

electrons present in an atom. KRATOS-AXIS DLD spectrometer (Kratos Analytical, U.K.) 

equipped with monochromatic Al Kά radiation at 1486.6 eV operated at 10 kW was used for 

carrying out XPS studies. 

1.3.6.5 Thermo Gravimetric Analysis (TGA)  

TGA is a technique of thermal analysis that helps to measure the thermal stability of the 

materials as a function of time or increasing temperature under inert atmospheric conditions 

through characteristic decomposition patterns. TGA-50 Shimadzu Thermogravimetric 

analyzer was used for thermal analyses within the temperature range of 100-800 oC at a heating 

rate of 1 oC/min under nitrogen and ambient atmospheric pressure.  
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1.3.6.6 Fourier-Transform Infrared (FTIR) Spectroscopy  

FT-IR spectroscopy imparts qualitative and quantitative information about organic and inorganic 

samples. The working principle is based on the fact that bonds and groups of bonds vibrate at 

characteristic frequencies. When a sample is exposed to infrared radiations, absorbed infrared 

energy excites molecules into higher vibrational states, which is characteristic of a particular 

molecule. IR studies were performed on Cary 660 series Agilent FTIR spectrometer within the 

range of 400-4000 cm-1using KBr pellet method.  

1.3.6.7 UV-Vis diffuse reflectance spectrophotometer 

This technique is used for determining the surface plasmon band of the prepared materials, a 

tentative measure of the size of the incorporated metal NPs present within the sample. Solid state 

UV-visible absorption spectra of the synthesized powdered materials were recorded on 

AVANTES diffuse reflectance spectrophotometer at room temperature within the range of 

400-800 nm using BaSO4 as a reference. For analysis, 5-10 mg of the prepared powdered sample 

was placed on a glass-slide and the light source probe was placed over the sample for obtaining 

the absorbance as well as the reflectance spectra.  

1.3.6.8 Microwave plasma-Atomic emission spectroscopy (MP-AES) 

It is an elemental technique that is used for the quantitative estimation of the elements present in 

the sample. AGILENT Microwave Plasma Atomic Emission Spectrometer (MP-AES) was 

used for performing MP-AES analysis in order to determine the amount of metal loading in the 

synthesized samples. Prior to the determination, the samples were treated with aqua regia for 30 

min. and heated till evaporation. Finally, the samples were diluted with 5 % HNO3 and filtrated 

to 20 ml volumetric flask.    

1.3.6.9 Surface area analysis 

Surface area (SBET) studies were performed by pretreating 20 mg of all samples at the 200 oC 

under vacuum for 2h using a BET surface area analyzer (BEL Sorp-max). Surface area 

analysis was done within the p/po range of 0.000026652-0.9901 for the adsorption branch and 

0.9799-0.1 for the desorption branch whereas total pore volume was estimated within the p/po 

range of 0.99-0.385. 
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1.3.6.10 Gas chromatography-mass spectroscopy (GC-MS) 

GC-MS was employed to determine the reaction intermediates or any side products formed 

during the course of the reaction in the reaction mixture. For this purpose, the reaction mixture 

was withdrawn at regular intervals of time, filtered using cellulose filter (0.22 µm) and the clear 

solution was used for analysis. Gas chromatography-mass spectroscopy (GC-MS) studies were 

carried out on Shimadzu, GC-2010 and GC-MS-QP 2010 plus with RTX-5Sil-MS column 

(30 mm × 0.25 mm × 0.25 μm) using Helium as a carrier gas with a flow of 1ml/min through 

capillary column. The injector was maintained at 240 °C. Oven was programmed at 60 °C to 300 

°C at 6 °C/min rise of temperature. 

1.3.6.11 High pressure liquid chromatography (HPLC) 

An analytical technique used for the differentiation and quantification of various components in 

a reaction mixture. HPLC analysis was performed on HPLC (AGILENT, 1120 compact LC 

using using QUASIL BDS C-18 column) at wavelengths λ = 220 nm and 254 nm with a mobile 

phase consisting of MeOH: H2O (70:30) ratio at a flow rate of 1ml/min for the detection of 

nitrobenzene, m- and p- dinitrobenzene, m-chloronitrobenzene, m-nitrotoluene, p-nitrophenol,    

p-nitroacetophenone respectively. For analysis, 20 μl of the reaction mixture was injected into 

the loop, after filtration by cellulose filter of 0.22 μm. 

1.3.7 Catalytic reaction 

Catalytic activity of various prepared M/ap-SBA-15 catalysts (Scheme 1.2) was evaluated for the 

reduction of various nitroaromatics (Table 1.5) by mixing catalyst, substrate in ethanol and ice 

cold sodium borohydride aqueous solution with constant stirring at room temperature (for 

supported Au and Ag nanocomposites) and at 70 oC (for supported CuO  and Au:Ag 

nanocomposites).  For Au and Ag-loaded SBA-15 nanocomposites, the catalytic activity was 

evaluated by mixing together catalyst (5 mg for Au and 10 mg for Ag), substrate (5ml, 5 mM for 

Au/ap-SBA-15 and 5 ml, 3 mM for Ag/ap-SBA-15 composites) and ice-cold NaBH4 (1ml, 0.5 m  

Au/ap-SBA-15  and 1 ml,0.3M for Ag/ap-SBA-15 composites) under stirring at room 

temperature. However, for CuO/m-SBA-15 composites, 10 mg catalyst was stirred with 5 ml, 3 

mM substrate solution in ethanol and 1 ml, 0.3M NaBH4 solution  at 70 oC for investigating their 

catalytic efficiency. The progress of the reaction was monitored by HPLC (Agilent, 1120 

compact LC using C-18 column) at wavelength λ = 220 nm and 254 nm with a flow rate of 
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Scheme 1.2 Experimental set up for catalytic reduction with various metal supported catalysts 

 
1ml/min using MeOH: H2O (70:30) as the mobile phase. The intermediates were confirmed by 

GC-MS analysis. The reusability and stability studies of the synthesized catalysts were 

investigated by recovering the catalyst by filtration, washing with ethanol and deionized water 

followed by drying in air at 60 oC for 8h. 

Table 1.5  Nitroaromatics studied for reduction with various metal supported SBA-15 catalysts 

S.No.  Substrate  studied            Products analyzed 

1. 

 

2. 

 

3. 

 

4. 
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Chapter 2 

Homogeneous dispersion of Au nanoparticles into mesoporous      

SBA-15 exhibiting improved catalytic activity for nitroaromatic 

reduction 
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2.1  Introduction  

In order to enhance the applications of SBA-15 in catalysis, modification of the siliceous 

mesoporous surface by loading metals, metal oxides, acid groups and organic functionalities 

such as –NH2, -SH  either by direct synthesis (one-pot method) or post-synthesis approach has 

been reported. The most widely employed method is impregnation with solutions of thermally 

unstable precursor salts (e.g. nitrates, chlorides and acetates) (Schuth et al. 2001; Sauer et al. 

2002).  There are reports regarding the incorporation of different metal species like Au, Ag, Pt, 

Pd into these mesoporous supports either through physical adsorption or chemical adsorption 

between noble metal ions and functionalized mesoporous channels (Naik et al. 2010 and 2011).  

A great amount of research has been dedicated to the synthesis of Au incorporated SBA-15 

nanocomposites as Au exhibits exceptional optical, electrical and catalytic properties in 

comparison to bulk metals. SBA-15 modified with N-trimethoxysilylpropyl-N,N,N-

trimethylammonium chloride (TPTAC) (Takai et al., 2010) and 3-aminopropyltriethoxysilane 

(APTES) (Xie et al., 2008) has been used as a template for the incorporation of  gold nanowires 

(AuNW) and  gold nanorods (AuNR). Moreover, this association of the highly active noble metal 

nanostructures within heterogeneous support conforms to the greener approach with increased 

selectivity, yield, conversion and catalyst recovery. Attempts have been made for the synthesis of 

non-aggregated stable metal nanostructures inside the mesoporous support. Several recent 

reports regarding the formation of Au supported SBA-15 nanocomposites have already been 

described in section 1.2.3 (chapter 1). It is observed that most of these synthetic procedures 

utilize organic solvents, toxic chelating agents, strong reducing agents like NaBH4, hydrazine 

etc. Hence, spontaneous formation of homogeneously dispersed noble metal NPs of controlled 

morphology like NR and NW within mesoporous silica by a benign synthetic procedure is still a 

challenge. In this respect, the current report deals with a greener approach of wet-impregnation 

(without the use of any reducing agent) for the synthesis of well dispersed, quantum sized Au 

nanostructures of different morphologies i.e., Au nanospheres (AuNS) and Au nanorods (AuNR) 

stabilized within the channels of SBA-15 for catalyzing nitroaromatic reductions. 

2.2 Experimental Section   

2.2.1 Synthesis and characterization of Au/ap-SBA-15 catalysts 

The synthesis and characterization of Au/ap-SBA-15 catalysts have already been described in 

section 1.3.2-1.3.4 and 1.3.6 (Chapter 1). 
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Fig. 2.1 TEM image of Au loaded SBA-15 

nanocomposite without surface modification. 

2.2.2 Catalytic activity 

The catalytic activity of prepared Au/ap-SBA-15 nanocomposites was evaluated for the 

reduction of m- and p-DNB (5 mM) as per procedure given in section (section 1.3.7, chapter 1). 

Reaction samples were analyzed by GC-MS and HPLC (section 1.3.6.10 and 1.3.6.11,        

chapter 1). 

2.3 Results and discussion 

 

Initially, Au loaded SBA-15 

nanocomposites were prepared by 

loading bare SBA-15 with an aqueous 

solution of Au precursor and it was 

found that large aggregates were 

formed on the surface of SBA-15 (Fig. 

2.1). So, for the formation of small 

sized and uniformly dispersed Au nano 

species within the mesoporous support, 

the surface of SBA-15 was modified 

with APTES. Surface modification 

helped in the creation of anchoring sites 

for Au precursor. After surface 

modification, SBA-15 was impregnated 

with Au precursor followed by autoclaving for 24h. Finally, it was calcined at      550 oC leading 

to the formation of fine and well dispersed Au nanostructures. However, the prepared Au loaded 

SBA-15 nanocomposites exhibited moderate catalytic activity (with 50 % selectivity for m-PDA) 

for the reduction of m-DNB. Then, the autoclaving time was increased to 48h when a small 

increase in the catalytic activity (with 55 % selectivity for m-PDA) was observed. Further, 

highest catalytic activity (89 % selectivity for m-PDA) was obtained when the autoclaving period 

was increased to 72h. Moreover, all the prepared nanocomposites retained mesoporous structure 

based on optical studies, surface structural morphology, TEM and N2 sorption isotherms and are 

being described. 
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Fig. 2.2 Solid state absorption spectra of (a) bare SBA-

15, (b) 1 wt.% Au/ap-SBA-15, (c) 4 wt.% Au/ap-SBA-

15 and (d) 10 wt. % Au/ap-SBA-15. 

2.3.1 Absorbance spectroscopic studies 

Solid state UV-vis absorbance 

spectra of the X wt.% Au/ap-SBA-

15 catalysts (Fig. 2.2) showed the 

appearance of surface plasmon 

resonance (SPR) band centered at 

517 nm for both 1 wt.% and 4 

wt.% Au/ap-SBA-15 samples 

confirming the presence of small 

sized AuNS (Link et al., 1999) 

while no band was observed for 

bare SBA-15. Generally, the 

absorption band at 528 nm 

corresponds to the formation of 

surface passivated quantum size (5-10 nm) AuNS (Gu et al., 2008) stabilized by surfactant 

coating that prevents their agglomeration. However, in the present case the absorption band is 

blue shifted to 517 nm indicating the formation of very small AuNS of size < 5 nm incorporated 

in the channels of mesoporous SBA-15 as evident in the TEM images (Fig. 2.5c-d) where 

nanoparticles (NPs) are fixed in solid support having fewer chances of agglomeration. On 

increasing Au loading (10 wt. %), the transverse band at 500 nm and a broad hump at ~608 nm 

indicated the presence of anisotropic NPs. Generally, the formation of anisotropic NPs like NR is 

exhibited by the appearance of two absorption bands in the spectra i.e. transverse band at ~526 

nm and longitudinal band within the range of 650-850 nm respectively (Yang et al., 2008).  But 

the spectra at higher Au loading revealed that perfect NR may not have been formed but AuNS 

within the mesoporous channels may have got aligned/packed one after another resulting in the 

formation of NR like shape as also reported by Gao et al. (2011) and Rioux et al. (2005).  

Moreover, a change in the color of as-prepared Au/ap-SBA-15 samples was observed from white 

(bare SBA-15) to dark purple (10 wt. % Au loading) further indicating incorporation of Au in 

mesoporous SBA-15. 
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 Fig. 2.3 FT-IR spectra of SBA-15, ap-SBA-15 and various 

wt. % Au/ap-SBA-15 catalysts. 

 

The FTIR spectra of bare 

SBA-15, ap-SBA-15 and 

Au/ap-SBA 15 catalysts    

(Fig. 2.3) showed the 

appearance of two broad 

bands at 3320 cm−1 and 1632 

cm−1 assignable to the 

stretching and another weak 

band at 968 cm−1 due to the 

bending vibrations of silanol 

groups (Han et al., 2012; 

Viswanathan et al., 2014). 

Another weak band at 660 

cm-1 can be assigned to Si-O-

Si linkage.  An additional 

band at 2932 cm-1 attributed 

to the C-H stretching modes of -CH2 in APTES (Lin et al., 2008) is seen in ap-SBA-15 and X wt. 

% Au/ap-SBA-15 samples, indicating that there is no deformation in the basic structure of            

ap-SBA-15 on Au loading.  

2.3.2 Powder XRD studies  

The low angle powder XRD patterns of prepared samples (Fig. 2.4a)  show well resolved peaks 

at 0.9o, 1.5o and 1.8o having hkl values (100), (110) and (200) respectively (Wang et al., 2006) 

assignable to highly ordered 2D-hexagonal symmetry characteristic of MMs (Zhao et al., 1998) 

indicating retention of mesoporous structure even after surface modification with APTES and Au 

loading. With the increase in Au loading, a decrease in the structural parameters viz., d-spacing 

is observed from 10.9 nm to 9.51 nm (Table 2.1) in comparison to SBA-15. Decrease in d-

spacing and unit cell parameters signify contraction due to the development of compressive 

strain that resulted due to the encapsulation of metal NPs inside the host pores. 

        Wide angle XRD patterns of the prepared samples (Fig. 2.4b) show a characteristic band at 

2θ = 22o   between 15o and 35o (Zhang et al., 2000) corresponding to the amorphous silica walls  
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Fig.  2.4 (a) Low angle and (b) wide angle XRD patterns of bare SBA-15 and various wt. % 

Au/ap-SBA-15 catalysts. 

 

 of SBA-15. In addition to the broadband, four distinct diffractions at 38o, 44.3o, 64.3o and 77.3o 

were observed corresponding to (111), (200), (220) and (311) planes indicating nanocrystalline 

nature of gold (JCPDS: 4-784). These peaks become more intense and narrower with an increase 

in Au loading from 1 wt. % to 10 wt. % suggesting an increase in the size of the embedded 

AuNPs and that the increased amount of AuNS fuse together to form AuNR within the channels 

of SBA-15. Further, the crystallite size of Au/ap-SBA-15 nanocomposites calculated from (111) 

peak using Scherrer equation was found to be 5.5 nm for AuNS (4 wt. % Au loading) and vary 

between 90-180 nm for AuNR (10 wt. % Au loading). This has been further supported by 

findings of Xie et al. (2008) that as AgNPs grow to form NR at higher AgNO3 concentration, the 

peaks corresponding to Ag become more intense and sharper. Moreover, solid state UV-visible 

absorbance studies (Fig. 2.2), also showed the presence of anisotropic AuNPs at higher (4 and 10 

wt. %) Au loading. 
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Fig. 2.5 TEM images of (a) SBA-15, (b) enlarged portion of (a), (c) 1 wt.% Au/ap-SBA-15, 

(d) 4 wt.% Au/ap-SBA-15 and (e, f) 10 wt.% Au/ap-SBA-15.   
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2.3.3 TEM   

TEM micrographs (Fig. 2.5a, b) displayed a regular hexagonal pore structure of SBA-15 with 

pore diameter ~8 nm.  Incorporation of 1 wt. % of Au onto the support resulted in the formation 

of smaller AuNS (~5 nm) homogeneously dispersed within the SBA-15 channels. The presence 

of AuNS in the matrix was depicted in the form of dark black dots against the light background 

of the SBA-15 matrix (Fig. 2.5c). With an increase in Au loading from 1 to 4 wt. %, an increase 

in the size of AuNS (~6 nm) was observed (marked in Fig. 2.5d). On further increasing Au 

loading (to 10 wt. %), neighboring AuNS fused to form fine AuNR (average aspect ratio ~17 

nm) evenly scattered throughout the entire framework of SBA-15 (Fig. 2.5e). Thus, the pore-size 

of the mesoporous channels indirectly controlled and acted as a limiting factor in promoting the 

growth of embedded AuNPs. Moreover, these channels remained well intact even with 10 wt. % 

of Au loading. Rioux et al. (2005) also demonstrated the aggregation of neighboring particles to 

form nanorods in alignment with the mesoporous channels at higher Pt content of 14.4 wt. % 

followed by heat treatment. However, higher Au loading (~10 wt. %) led to inhomogeneous 

filling of the mesoporous channels as depicted in Fig. 2.5f. This may be due to the fact that the 

filling of the channels depend on the synthesis procedure i.e. orientation and distribution of nano 

species under stirring and thermal treatments. Moreno et al. (2006) also reported that anisotropic 

distribution of NPs within mesoporous silica depends on the behavior of their distribution under 

thermal treatment. However, in the present study, for the preparation of samples, the surface of 

the SBA-15 was modified with APTES and then the appropriate quantity of Au was impregnated 

on surface modified SBA-15 by continuous stirring for 2h followed by calcination at 350 oC for 

3h. Since higher metal loading (10 wt. %) resulted in the formation of anisotropic NPs that may 

occupy different orientations and result in the inhomogeneous distribution of nano species within 

the channels. It was thus observed that dispersion density of Au NPs into mesopores of SBA-15 

was always increased as a function of the amount of Au loading.  

2.3.4 Textural properties 

Nitrogen adsorption-desorption isotherms and pore size distributions of all materials are shown 

in Fig. 2.6. The hysteresis loop at relative pressures p/po between 0.6-0.8 (Fig. 2.6a) indicated 

their mesoporous character with narrow pore size distribution corresponding to type IV 

isotherms according to IUPAC classification (Rouquerol et al., 1999), characteristic of SBA-15 

type materials (Thielemann  et al., 2011). Identical shape of all the isotherms indicates that the 
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Fig. 2.6 (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution of   SBA-

15, ap-SBA-15 and various wt. % Au/ap-SBA-15 catalysts. 

structure of mesoporous host was still maintained even after its modification with APTES and 

Au loading. Further, the surface area of bare SBA-15 i.e., 664 m2/g was decreased to 373 m2/g 

upon its modification with APTES. A similar trend was observed for pore volume and pore size 

(Table 2.1). The BET profile for ap-SBA-15 illustrated decrease in the amount of adsorbed 

nitrogen and shifting of the inflection point of the step to the lower p/po region  (0.8 to 0.5)  

signifying the reduction in surface area (Fig. 2.6a) and decrease in pore size (Fig. 2.6b) 

respectively. This indicated that organic moieties may be present as a thick layer covering the 

silica surface. Similar findings have also been reported by Petkov et al. (2005) for Au supported 

SBA-15 nanocomposites having a surface of SBA-15 modified with 3-

mercaptopropyltrimethoxysilane (MPS). Impregnation of Au (from 1 to 4 wt. %) onto the 

support further decreased the surface area, pore volume and pore size. These results were further 

supported by the decrease in the volume of adsorbed nitrogen indicating decreased surface area 

due to the existence of metal species inside the pores i.e. pore filling effect  (Li et al., 2009) by 

the formation of NPs inside SBA-15. channels. Taghavimoghaddam et al. (2012) also reported 

similar results for various cobalt loadings (≥ 30 wt % Co). Zhu et al. (2005) also reported a 

significant decrease in surface area and pore volume for metal loaded APTES functionalized 

samples attributed to the partial blockage of mesochannels of SBA-15 due to the sporadic 

dispersion of metal NPs. Moreover, 4 wt. % Au loaded 
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Table 2.1 Physicochemical parameters for pure SBA-15 and X wt. % Au/ap-SBA-15 

nanocomposites 

aa0 = 2/31/2d100.  
bdw = a0 − d100,    

 

ap-SBA-15 displayed the expected H1 hysteresis curve but with a pronounced tailing at the 

closing of the hysteresis curve i.e. at p/po ~0.4 indicating plugging of pores of SBA-15 up to 

some extent, attributed to the pore blocking effect due to the incorporating Au nano species 

within the pores. The curve showed one step capillary condensation which indicated uniform 

mesopores while a two-step capillary evaporation was observed in the desorption branch due to 

plugging of channels of SBA-15 with Au nano species. Similar findings have also been reported 

by Wu et al. (2008) in the adsorption isotherms of copper and chromium incorporated 

mesoporous SBA-15 nanocomposites. As Au loading was increased to 10 wt. %, an increase in 

the surface area and pore volume (Table 2.1) were observed probably due to the formation and 

deposition of nano species even on the outer surface of the mesoporous material.  

 

 

 

Sample  d-

spacing, 

d100 (nm)  

unit cell 

parame

ter, ao 

(nm)a  

wall 

thicknes

s, dw 

(nm)b  

Surface 

area 

(m2/g)  

Pore 

volume 

(cm3/g)  

Pore 

size 

(nm)  

Strain  

SBA-15  10.92  12.6  1.6  664  1.33  8.02  

ap-SBA-15  9.93 11.47  1.49  373 0.71 7.64  -1.51  

1 wt.% Au/ap-SBA-

15  

9.89 11.42  1.52  356  0.70  7.61  -1.79  

2 wt.% Au/ap-SBA-

15  

9.51  10.99  1.47  343  0.68 7.89  -1.77  

3 wt.% Au/ap-SBA-

15  

9.93 11.47  1.53  312  0.65  8.12  -1.82  

4 wt.% Au/ap-SBA-

15  

9.91 11.44  1.53  292  0.60  8.24  -1.76  

5 wt.% Au/ap-SBA-

15  

9.89 11.42  1.53  371  0.62  7.12  -1.29  

10 wt.% Au/ap-SBA-

15  

9.71  11.21  1.53  457 0.76 6.72  -1.25  
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Fig. 2.7 (a) Change in the concentration of m-DNB (-ln C/Co) as a function of time and (b) 

Reduction of m-dinitrobenzene (5 mM) to m-phenylenediamine (m-PDA) and m-nitroaniline 

(m-NA) by various wt.% Au/ap-SBA-15 catalysts. 
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Scheme 2.1 Reduction of m-dinitrobenzene         

(m-DNB). 

2.3.5 Catalytic activity 

2.3.5.1 Reduction of m-DNB and p-DNB 

The reduction of m-DNB in ethanol 

with NaBH4 and Au/ap-SBA-15 (1-10 

wt. %) nanocomposites (Scheme 2.1, 

Fig. 2.7a) showed a linear relationship 

for change in concentration of m-DNB 

(-ln C/Co v/s time) indicating pseudo 

first order kinetics. However, no change in concentration of m-DNB was observed with bare 

SBA-15. With the use of Au loaded materials, catalytic activity improved abruptly and 

maximum selectivity (~89%) obtained for m-PDA was with 4 wt. % Au loadings.  A color 

change from light yellow to dark brown was observed due to the formation of m-PDA and the 

reaction was completed in less than 30 min. This gave unambiguous evidence that AuNPs were 

the real active sites. The reduction of m-DNB to m-PDA proceeded via the formation of m-NA as 

an intermediate confirmed by the GC-MS analysis (Fig. 2.8). A comparison of different catalysts 

(Fig. 2.7b) showed a gradual increase in selectivity with an increase in Au loading from 1-4 wt. 

% and then slight decrease with 5 and 10 wt. % of Au loading. The highest selectivity (~89 %) 

for m-PDA exhibited by 4 wt. % Au/ap-SBA-15 can be attributed to the high Au loading and 

uniform dispersion of optimum particle size (~5-6 nm) of AuNS within SBA-15 channels.      
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Fig. 2.8 GC of authentic 5 mM m-DNB (b), m-NA (c) and m-PDA (d) and GC (a) 

and Mass spectra (e-f and g) of the reaction mixture at 15 min. interval.  
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Fig. 2.9 (a) Change in the concentration of p-DNB (-ln C/Co) as a function of time and (b) 

Reduction of p-dinitrobenzene (p-DNB)  (5 mM) to p-phenylenediamine (p-PDA) and           

p-nitroaniline (p-NA) by various wt.% Au/ap-SBA-15 catalysts. 
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Scheme 2.2 Reduction of p-dinitrobenzene. 

 

Small particle size and homogeneous metallic 

dispersion resulted in a large number of exposed 

active sites for favoring easy access of reactants 

that contributed towards efficient catalytic 

activity. Rojas et al. (2011) during liquid phase 

hydrogenation of m-DNB also found that particle 

size and metal dispersion greatly influenced the catalytic activity of supported platinum catalyst. In our 

study, however, a slight decrease in the catalytic activity for 5 and 10 wt. % of Au/ap-SBA-15 can be 

accounted for high metal loading, leading to pore blockage as well as a reduction in the number of 

available catalytic active sites for the reaction and is further confirmed by BET studies. For the synthesis 

of m-PDA from m-DNB over Ni/SiO2, Liu et al. (2006) also reported a decrease in catalytic activity at 

high (20 wt. %) metal loading due to a reduction in the number of sufficient active sites.  

Similarly, Au/ap-SBA-15 composites were also used for the reduction of p-DNB 

(Scheme 2.2). Again, linear plots were obtained for all Au loaded catalysts indicating pseudo 

first order kinetics of the reaction (Fig. 2.9a). The rate constants (Fig. 2.9c) varied from           

8.96 × 10-3 for SBA-15 to 1.765 × 10-3 and 1.579 × 10-1 corresponding to 4 wt. % Au loading for 

the reduction of m- and p-DNB respectively. However, for the reduction of p-DNB, selectivity 

was reversed with highest selectivity (81%) obtained for p-NA using 4 wt. % Au/ap-SBA-15 

(Fig. 2.9b).  This was in contrast to the observed selectivity for m-DNB reduction. The product 

selectivity of dinitrobenzene reduction depends on the m- or p- substitution of groups that 
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Fig. 2.9 (c) Rates of reaction for the reduction of m- and p-DNB using various wt. % Au/ap-

SBA-15 catalysts and (d) Low angle XRD of reused catalyst (4 wt. % Au/ap-SBA-15) after 

fifth catalytic cycle. 

strongly influences the formation of reduction products. In m-DNB, two electron withdrawing 

groups (–NO2) at m-position lowers the electron density and favor rapid conversion of both         

–NO2 to –NH2 groups resulting in higher selectivity of m-PDA. On the other hand, the presence 

of two –NO2 groups at p-position (in p-DNB) results in lesser electronic induction thereby 

hampering reduction of the nitro group providing greater product selectivity as p-NA. Kaur et al. 

(2014) demonstrated similar results for photoreduction of dinitrobenzene by rutile TiO2 and P25 

TiO2. The reusability of 4 wt. % Au/ap-SBA-15 catalyst was studied for the reduction of m-

DNB. There was no significant loss of catalytic activity even after five recycles. Low angle XRD 

of the reused catalyst (Fig. 2.9d) displayed a small decrease in the intensity of the peak at 0.9o 

corresponding to the (100) plane suggesting no significant change in the morphology and size of 

the metal nano species in the mesopores thus establishing high stability and reusability of 

prepared catalysts. 

It is thus illustrated that the monodispersed AuNS and AuNR have been successfully 

synthesized within the channels of SBA-15 using facile post modified approach. The quantum 

sized, non-aggregated Au nanostructures stabilized within the mesochannels of SBA-15 exhibited 

improved catalytic activity over catalytically inactive bare SBA-15. The small size, better 

dispersion density and greater number of available active sites for 4 wt. % Au loading resulted 

in its higher catalytic activity for reduction of m- and p-dinitrobenzene. Moreover, excellent 

stability and reusability of the catalyst even after five recycle offers a great scope for extending it 
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to other noble metals promising greater opportunities for designing novel materials for various 

applications. 
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                                                                                                  Chapter 3   

Preparation, surface structural morphology and catalytic 

properties of uniformly dispersed Ag nanoparticle loaded 

mesoporous SBA-15 
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3.1 Introduction 

Mesoporous silica like SBA-15 offers to be an ideal hard template and host for supporting metal 

NPs owing to its easy synthesis, tunable pore size and high hydrothermal stability. Since SBA-15 

is inert, so the incorporation of metal NPs within silica framework create active sites, thus 

transforming it into a potential heterogeneous catalyst to be used for a variety of reactions. There 

have been reports of immobilizing Ag nanostructures on SBA-15 by different methods as 

discussed in section 1.2.4 (chapter 1). Ag-based catalysts have been extensively employed for 

oxidation reactions such as oxidation of toluene (Szegedi et al., 2014), selective oxidation of  

1,2-propanediol (Yang et al., 2015), partial oxidation of benzyl alcohols (Jia et al., 2012)  and 

oxidation of carbon monoxide (Zhang et al., 2011) as Ag effectively provides surface oxygen 

adsorbed species which are significant for oxidation reactions. Moreover, in comparison to other 

transition metals, Ag has been less explored for hydrogenation particularly reduction of 

nitroaromatics. The hydrogenation of nitroaromatics leads to the formation of functionalized 

anilines that form important intermediates in the field of pharmaceuticals, agrochemicals, 

polymers, dyes and pigments (Downing et al., 1997). These anilines are generated either through 

the catalytic or non-catalytic process. The non-catalytic process is associated with the generation 

of hazardous waste and  limitations of product isolation, whereas the catalytic reduction involves 

the use of harsh reaction conditions (e.g., 100 oC temperature, hydrogen sources such as 

CO/H2O, NH2NH2) with prolonged reaction times and poor reducibility. Furthermore, due to 

high surface energy Ag NPs tend to form large agglomerates on the surface of support leading to 

a reduction of surface area and active sites for catalytic reactions. Thus, the size, as well as the 

diversity of the NPs incorporated within the support are the crucial factors governing their 

catalytic efficiency for different industrially important reactions, which are indirectly influenced 

by the amount of metal loaded on the siliceous host. In this context,  to gain insight into the 

changes associated with the surface, shape, size and dispersion ability of metal loaded SBA-15 

nanocomposites as a result of a change in metal loading, Ag-loaded SBA-15 nanocomposites 

with 1-5 and 10 wt. % loading was prepared under inert atmosphere (nitrogen) and their catalytic 

activity was evaluated for nitroaromatic reduction. Moreover,  changes in the various 

physicochemical and catalytic parameters of Au, Ag and Cu loaded SBA-15 nanocomposites 

pertaining to 4 wt. % metal impregnation has also been compared. 
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Fig.  3.1 Solid state absorption spectra of (a) 
bare SBA-15, (b) 1 wt. % Ag/ap-SBA-15, (c) 4 

wt. % Ag/ap-SBA-15 and (d) 10 wt. % Ag/ap-
SBA-15 catalysts. 

3.2 Experimental Section   

3.2.1 Synthesis and characterization of Ag/ap-SBA-15 nanocomposites 

The preparation and characterization techniques used for the synthesis of Ag/ap-SBA-15 

nanocomposites have been described in section 1.3.2-1.3.4 and 1.3.6 (Chapter 1). 

3.2.2 Catalytic activity  

The catalytic activity of the Ag/ap-SBA-15 nanocomposites has been evaluated for the reduction 

of p-DNB and p-NP (3 mM) as per procedure given in section 1.3.7 (chapter 1). Reaction 

samples were analyzed by HPLC as explained in section 1.3.6.11 (chapter 1). 

3.3 Results and discussion 

3.3.1 Physicochemical properties of Ag/ap-SBA-15 nanocomposites 

A series of Ag/ap-SBA-15 nanocomposites with Ag loadings varying from 1-5 and 10 wt. % 

were prepared by a post modified approach. The actual loading of Ag was found to be very close 

to the amount of preparation (Table 3.1), as anticipated indicating quantitative Ag deposition on 

the mesoporous support.  

3.3.2 Optical properties 

Solid state UV-visible absorbance spectra 

of prepared nanocomposites (Fig. 3.1) 

displayed a broad band at 490 nm for       

1 wt. % Ag impregnation while no band 

was observed for bare SBA-15. The 

appearance of a broad band in the range of 

450-500 nm is in conformity with the 

characteristic absorbance of metallic Ag 

NPs (Chen et al., 2011). As the Ag 

loading was increased to 4 wt. %, this 

band blue shifted from 490 nm to 484 nm 

and a weak absorption band also appeared 

at ~840 nm indicating the formation of 

anisotropic NPs within the mesoporous matrix. Such differences in absorption spectra indicate 

that with the increase in Ag loading change in the morphology of Ag nanostructures takes place. 

The analogous report has been published in the literature (Huang et al., 2011).  With increased 
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Fig.  3.2 FTIR spectra of SBA-15, ap-SBA-15 and 
various wt. % Ag/ap-SBA-15 catalysts. 

 

Ag loading to 10 wt. %, the transverse band at 480 nm further blue shifted to 467 nm indicating a 

decrease in the diameter of anisotropic Ag NPs formed within the mesoporous channels with a 

red shift of longitudinal band expected to be present above 1100 nm. Similarly, change in the 

shape of Au nano species loaded on SBA-15 nanocomposites from nanospheres (NS) to 

nanorods (NR) was observed at higher Au loading (section 2.3.1, chapter 2). Gao et al., (2011) 

also reported that an increase in the aspect ratio of Au, Ag, Pt and Pd NR was accompanied by 

the blue shift of transverse band and red shift of longitudinal band for template synthesis of metal 

NR in silica nanotubes. Moreover, with an increase in Ag loading from 1 to 10 wt. %, an 

increase in absorption intensity of prepared materials and change in the color of prepared 

materials to fine dark gray colored (10 wt. % Ag loading) in comparison to white colored bare 

SBA-15 was observed implying the inclusion of Ag within mesoporous sieves. 

The FTIR spectra of SBA-15     

(Fig. 3.2) represented its 

characteristic bands as discussed in 

section 2.3.1 (chapter 2). However, 

the three weak absorption bands at 

1080, 795 and 465 cm-1 conformed 

to asymmetric and symmetric 

stretching vibration of Si-O-Si 

framework of SBA-15 (Han et al., 

2012). Moreover, SBA-15 modified 

with APTMS showed  weak 

additional bands at 687 and 1510 

cm-1 assigned to N-H  and –NH2 

bending vibrations of –NH2 groups 

and a peak at 2932 cm-1 and 2848 cm-1 assignable to the C-H stretching modes of –CH2 in ap-

SBA-15 in comparison to bare SBA-15 (Wang et al., 2005).  As Ag does not exhibit any 

absorption in the IR region (Chi et al., 2012), similar spectra were observed for 4 wt. % and 10 

wt. % Ag/ap-SBA-15 indicating no structural deformation of SBA-15 after surface 

functionalization with APTMS and Ag loading. However, the decrease in the absorption 

intensities with increased Ag loading was observed, suggesting the onset of crystallinity due to 
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Fig.  3.3 (a) Low angle and (b) wide angle XRD patterns of bare SBA-15 and various wt. 

% Ag loaded ap-SBA-15 catalysts. 

the incorporation of Ag within the mesoporous sieves. Decrease in intensity due to the onset of 

crystallization has also been reported in SBA-15 loaded Au, Pd and Pt nanocomposites (El-

Sheikh et al., 2013).  

3.3.3 Surface structural morphology: 

Low angle XRD patterns of all samples (Fig. 3.3a) exhibited three characteristic peaks of     

SBA-15 (as discussed in chapter 2, section 2.3.2) indicating retention of long range ordering of 

mesoporous structure after functionalization with APTMS and Ag loading. However, a decrease 

in the diffraction intensities of the peaks was observed with Ag loading in comparison to      

SBA-15 which is attributed to the pore filling effect, well consistent with the previous reports  

(Petkov et al., 2005; Yang et al., 2002).  These results are in consonance with the FTIR studies. 

With the increase in Ag content, the peak corresponding to 100 plane shifted to the lower angle 

from 1.00o to 0.96o suggesting the development of tensile strain (Table 3.1) possibly due to the 

introduction of Ag NPs within the mesopores of SBA-15  leading to their slight expansion. This 

is further supported by the observed increase in structural parameters viz., unit cell parameter 

(ao), pore wall thickness and d-spacing (Table 3.1) of various wt. % Ag/ap-SBA-15 samples 
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relative to SBA-15. An increase in the structural parameters further indicates the different 

dispersibility as well as the arrangement of Ag NPs within/outside the mesopores, which is 

greatly influenced by Ag loading. The maximum increase in d100 spacing and unit cell parameter 

(ao) to 9.11 nm and 10.51 nm was observed for nanocomposites with 4 wt. % Ag loading relative 

to 8.79 nm and 10.15 nm of bare SBA-15 respectively.           

Wide angle XRD patterns of 1-10 wt. % Ag-loaded ap-SBA-15 nanocomposites (Fig. 3.3b) 

exhibited a characteristic band of silica at 2θ = 22o and four  diffraction peaks at 38.3o, 44.3o, 

64.6o, 77.5o indexed to (111), (200), (220) and (311) lattice planes of cubic structure of Ag 

[JCPDS: 04–0783] respectively, confirming the presence of Ag NPs in SBA-15. No diffraction 

peaks were observed for 1 wt. % of Ag loading implying that highly dispersed Ag species may 

be present in the silica framework. Zhang et al., (2012)  and Taghavimoghaddam et al., (2012) 

also observed no peaks  for samples with low metal content for nanocomposites of Cu/SBA-15 

and CoO/SBA-15  respectively, suggesting the successful incorporation of highly dispersed Cu 

and CoO species in the silica framework. However, in the present study, with an increase in Ag 

loading, the spectra illustrated an increase in intensity and decrease in the FWHM (Full width at 

half maxima) of peaks indicating an increase in the size of incorporating Ag NPs and increased 

crystallinity of the prepared materials. Xie et al., (2008) and Yin et al., (2011) also reported the 

increase in the intensities, sharpness, and a decrease in FWHM of peaks with increased Ag 

loading for Ag/SBA-15 and Ag/MCM-41 materials. Moreover, the average particle size of 

prepared Ag/ap-SBA-15 samples was found to be 6.7 nm, 7.7 nm, 8.1 nm, 7.6 nm, 7.6 nm for 2, 

3, 4, 5 and 10 wt. % Ag loading as estimated from the Scherer equation for Ag (111) peak. 

However, the presence of an intensified (111) peak to a much broader (200) peak in the 

diffraction pattern of 4 wt. % Ag/ap-SBA-15 implied a difference in particle sizes of embedded 

Ag NPs depending upon crystal planes. The average particle size calculated from the (111) and 

(200) diffraction peak was estimated to be 8.1 nm and 4.57 nm respectively, suggesting the 

occurrence of anisotropic Ag NPs within/on the surface of the mesoporous host. These findings 

are supported by absorbance studies (section 3.3.2). However for 5 and 10 wt. % Ag loading, a 

further change in FWHM of (111) peak was not observed, indicating no significant change in 

average particle size. It could thus be concluded that the 4 wt. % is the maximum amount of Ag 

loading that can be highly dispersed on the support. With further increase (5 and 10 wt. %) in Ag 

loading, incorporating Ag NPs get packed one after the other due to the restriction from the  

http://www.wordhippo.com/what-is/another-word-for/occurrence.html
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Fig.  3.4 TEM images of (a) SBA-15, (b) 1 wt. % Ag/ap-SBA-15, (c) 2 wt. % Ag/ap-

SBA-15, and (d) 4 wt. %  Ag/ap-SBA-15 catalyst.   

mesochannels of the host leading to the change in the shape of NPs. These results are in 

agreement with TEM studies as discussed below.  

 

TEM micrographs of SBA-15 (Fig. 3.4a) depicted 2D p6mm hexagonal pore structure with long 

mesochannels. Small NS of size (~7 nm) and (~8 nm) were formed by impregnating 1 wt. % and 

2 wt. % Ag on the mesoporous support which were dispersed and fixed evenly as dark spots 

within  the mesochannels of SBA-15 (Fig. 3.4b, c). This further confirmed that long range 

ordering of mesoporous channels was not disturbed on Ag loading. These results are in 

agreement with low angle XRD studies. As the Ag loading was increased to 4 wt. %, some of the 

NS were observed on the outer surface of the support (Fig. 3.4d) whereas small NR along with 

NS were formed (Fig. 3.4e) within the matrix. Formation of NR resulted from the alignment of 

Ag NS one after the other throughout the mesoporous channels due to increased amount of Ag 
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 Fig.  3.4 TEM images of (e) 4 wt. % Ag/ap-SBA-15, (f) 5 wt. % Ag/ap-SBA-15 and (g-h) 
10 wt. % Ag/ap-SBA-15 catalyst.   

 
loading (marked in  Fig. 3.4e). This can be explained as that mesoporous host acted as a limiting 

factor in restraining the growth of Ag nanostructures in one dimension. On the other hand, with 

an increase in the amount of incorporating Ag, the strain is also generated in the system. As a 

result of strain development and restraining behavior of the support, Ag NS gets packed one after 

the other throughout the host channels leading to the formation of NR. This is further supported 

by the presence of a weak absorption band at 840 nm in addition to the transverse band at 484 

nm, for 4 wt. % Ag/ap-SBA-15 in the solid state UV-vis absorbance spectra (Fig. 3.1) justifying 

the formation of anisotropic nanostructures in the SBA-15 matrix. With further increase to 5 wt. 

% Ag loading (Fig. 3.4f), the number of small NR (aspect ratio ~12 nm) increased in the matrix 

resulting in the formation of larger NR (diameter ~5-8 nm and length varying from 70-300 nm) 
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for 10 wt. %  Ag loading (Fig. 3.4g-h). Moreover, these channels remained well intact even for 

10 wt. % of metal loading.  

The nitrogen adsorption-desorption isotherms of SBA-15 and various wt. % Ag/ap-SBA-15 

catalysts (Fig. 3.5a) depicted type IV isotherms with H1 hysteresis curves, a typical 1D 

hexagonal cylindrical channel of mesoporous materials (Zhao et al., 1998; Han et al., 2012). The 

various textural properties (Table 3.1) viz., Surface area (680 m2/g), average pore diameter (8.2 

nm) and total pore volume (1.35 cm3/g) of bare SBA-15 were found to decrease with 1 wt. % Ag 

impregnation indicating partial filling of mesopores of SBA-15 with Ag NPs. However, an 

unexpected increase in the surface area of 4 wt. % Ag/ap-SBA-15 (708 m2/g) relative to SBA-15 

(680 m2/g) was observed which may be due to the fact that with the increased amount of Ag 

impregnation, some of Ag NPs may have deposited on the external surface besides partial filling 

up of pores which are also clearly visible in the TEM micrographs (Fig. 3.4e). With further 

increase in Ag loading to 10 wt. % decrease in surface area was observed, attributed to the 

blocking of mesopores with the increased amount of silver. Similar findings have been reported 

by Wang et al., (2010) for higher loadings of cobalt on mesoporous silica. 

Table 3.1 Physicochemical parameters for bare SBA-15 and various wt. % Ag-loaded ap/SBA-
15 nanocomposites 

Sample Aga 

(wt.

%) 

d-

spacing 

d100 

(nm) 

Unit cell 

paramet

er ao 

(nm)b 

Wall 

thickness 

dw (nm)c 

Surfac

e area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Pore 

size 

(nm) 

Strain  

SBA-15  8.79 10.15 1.36 680 1.35 8.21  

1 wt. % Ag/ap-
SBA-15  

0.76 8.89 
 

10.26 1.37 466 0.79 7.31 0.0387 

2 wt. % Ag/ap-
SBA-15 

2.27 8.91 10.28 1.37 440 0.76 7.29 0.0387 

3 wt.% Ag/ap-

SBA-15  

2.98 9.08 

 

10.48 

 

1.40 

 

409 0.74 7.21 0.0388 

4 wt. % Ag/ap-

SBA-15 

4.12 9.11 10.51 140 708 1.27 7.44 0.0483 

 
5 wt.% Ag/ap-
SBA-15 

4.88 9.10 
 

10.50 
 

1.40 424 0.73 7.39 0.0482 

10 wt.% Ag/ap-
SBA-15 

8.21 9.06 10.46 1.40 385 0.71 7.36 0.0396 

a
 Ag loading determined by MP-AES 

b
a0 = 2/3

1/2
d100, 

c
dw = a0 − d100 

 



68 
 

 

Fig.  3.6 TGA curve of ap-SBA-15, 4 wt. % Ag/ap-SBA-15 and 10 wt. % Ag/ap-SBA-15 
catalysts. 

 

Fig. 3.5 (a) Nitrogen adsorption- desorption isotherms and (b) pore size distribution of bare 
SBA-15 and various wt. % Ag/ap-SBA-15 catalyst. 

 

3.3.4 Thermal properties 

The thermogravimetric analysis, curve (Fig. 3.6) is divided into three weight loss zones. The first 

weight loss zone showed a degradation up to 100 oC with a weight loss of 5 % for ap-SBA-15, 

12 % and ~14 % for 4 wt. % and 10 wt. % Ag/ap-SBA-15 respectively that can be assigned to 

the loss  of physically absorbed water on the surface of silica. The second wt. loss (~ 2-3 % for 

ap-SBA-15, 4 wt. % and 10 wt. % Ag/ap-SBA-15) within a range of 100-300 oC can be 
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Fig.  3.7 (a) Time course graph of p-DNB reduction by bare and various wt. % Ag loaded 

ap-SBA-15 catalysts and (b) Product distribution of p-DNB reduction (3 mM) to p-NA and 
p-PDA respectively by bare and different wt. % Ag loaded ap-SBA-15 catalysts.  

 

associated with the decomposition of copolymer surfactant respectively (Zhu et al., 2013).  

However, third weight loss  (~ 12 %, ~5 % and ~3 % for ap-SBA-15, 4 wt. % and 10 wt. % 

Ag/ap-SBA-15) was observed between 300-530 oC, due  to the decomposition of aminopropyl 

groups incorporated in ap-SBA-15 (Subbaramaiah et al., 2013; Wang et al., 2005).  Further 

weight loss above 530 oC can be attributed to the decomposition of carbon species derived from 

aminopropyl groups (Zhao et al., 1997). It is thus concluded that the prepared materials were 

found to be thermally stable at a temperature ≤ 550 oC and can also be employed as catalysts for 

reactions taking place at high temperatures. 

3.3.5 Catalytic activity 

The various wt. % Ag/ap-SBA-15 composites exhibited linear plots for change in concentration 

(–ln C/Co versus time) of p-DNB (Scheme 3.1, Fig. 3.7a) and p-NP (Scheme 3.2, Fig. 3.9a) 

indicating pseudo first order kinetics of the reaction. All the prepared nanocomposites showed 

efficient catalytic activity in comparison to SBA-15 for the selective reduction of p-DNB to      

p-NA and p-PDA (Fig. 3.7b) and p-NP to p-AP (Fig. 3.9a) at room temperature with 100 % 

conversion in less than 40 min. and 25 min. respectively.  The reduction reaction took place due 

to the transfer of electrons from the donor BH4
-
 (adsorbed on the surface of the catalyst) to the 
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Fig. 3.8 HPLC chromatograms of reaction sample for p-dinitrobenzene 
reduction at 20 min catalyzed by 4 wt. % Ag/ap-SBA-15 catalyst. 

 
acceptor substrate molecules, via the metal NPs, leading to the formation of hydrogen which then 

reduces the substrate molecules (Naik et al., 2011). So, the greater the surface area of the 

catalyst, the greater number of donor BH4
-
  molecules will be adsorbed, faster will be the electron 

transfer and faster will be the catalytic process of reduction. As discussed in chapter 2, 4 wt. % 

Au loaded SBA-15 exhibited highest catalytic activity for the reduction of m-DNB with 89 % 

selectivity for m-PDA formation. Moreover, in our current study, the highest catalytic activity 

was exhibited by catalyst with 4 wt. % Ag loading, but with reversed selectivity (87 % selectivity 

for p-NA) for the reduction of p-DNB as confirmed by HPLC analysis (Fig. 3.8). Similar catalyst 

displayed optimum activity for p-NP reduction (as confirmed by HPLC analysis, Fig. 3.10) with 

100% selectivity and the total time for completion of the reaction decreased till 4 wt. % Ag 
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Fig.  3.9 (a) Time course graph of p-NP reduction by bare and various wt. % Ag loaded ap-
SBA-15 catalyst and (b) Effect of % Ag  loading  on time required for completion of 

reduction of p-NP 

loading and then again increased for 5 and 10 

wt. %, respectively (Fig. 3.9b). The value of the 

rate constant was found to be  4.7 × 10-3 s-1 for 

p-NP and 1.803 × 10-1 s-1  for p-DNB,  quite  

comparable with the reported rate constants 

(Cardenas-Lizana et al., 2010; Naik et al., 2011; Panigrahi et al., 2007) where supported Ag 

catalysts were used, signifying the high efficiency of the prepared catalyst. The highest catalytic 

activity exhibited by 4 wt. % Ag/ap-SBA-15 nanocomposite could be credited to the increase in 

the  amount of Ag loading (till 4 wt. %) that resulted in the formation of well dispersed Ag NPs 

(active sites) within/on the surface of the mesopores (as suggested by TEM studies). Moreover, 

due to the presence of Ag NPs on the external surface besides being present within the pores 

(Patel et al., 2011), 4 wt. % Ag/ap-SBA-15 exhibited the unexpectedly high surface area (708 

m2/g) more than SBA-15 that resulted in comfortable accessibility of catalytically active species 

to the substrate molecules leading to improved catalytic activity. Similar findings have been 

reported by Kundu et al. (2009) that the rate of reaction is increased with the increase in surface 

area of the catalyst. Moreover, XRD patterns also showed 4 wt. % Ag loading to be the 

maximum dispersion   capacity of Ag NPs on the SBA-15 support. Beyond this value, the 

particles get aligned and packed one after the other in the form of rod- like morphology leading to 
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Fig. 3.10 HPLC chromatograms of reaction sample for p-nitrophenol reduction at 8 min. 
catalysed by 4 wt. % Ag/ap-SBA-15 catalyst. 

 

blockage of mesopores resulting in a decrease in the catalytic activity. Thus, the decrease in 

catalytic activity for higher wt. % of Ag loading can be attributed to the pore blocking by an 

inhomogeneous distribution of the larger number of anisotropic Ag NPs within the SBA-15 

matrix.  

This is also supported by an abrupt decrease in surface area, pore volume and pore size as 

illustrated by the BET studies. Liu et al. (2006) also reported the decrease in the catalytic activity 

for higher metal loading using Ni/SiO2 as a catalyst for the reduction of m-DNB.  As preparation 

of samples involves metal impregnation under stirring followed by thermal treatment, so 

different anisotropical NPs may occupy different orientations and distribution resulting in an 

inhomogeneous distribution of metal nano species within the support. Taghavimoghaddam et al. 

(2012) also reported that decrease in catalytic activity with increased Co- loading is due to the 

inhomogeneous distribution of CoO nano species loaded on SBA-15. In contrast, in the case of 

low Ag loadings, an insufficient amount of Ag dispersed within the support probably led to the 

generation of a lesser number of active sites that may have resulted in the lower catalytic  

activity. Anand et al. (2012) also reported that lower conversion observed for benzylic oxidation 

of alkyl substituted aromatics to ketones was due to the lower metal loading resulting in lower 

catalytic activity for Ag/SBA-15 nanocomposites. Moreover, the recyclability of the 4 wt. % 

Ag/ap-SBA-15 catalyst for p-DNB reduction was studied by recovering it from the reaction 

mixture through filtration, washing with deionized water and drying at 60oC for 8h and a small 
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Fig. 3.12 TEM images of (a) SBA-15, (b) Au/ap-SBA-15, (c) Ag/ap-SBA-15 and 
(d) Cu/ap-SBA-15 catalyst. 

decrease in selectivity of  85, 82 and 79 % was observed after first, second and third successive 

run. These results implied that the catalyst was stable and can be reused even after three recycles. 

However, a small decrease in the selectivity may conform to the blockage of some of the 

mesopores by organic molecules during the catalytic reaction.  

 

3.3.6 Comparison of physicochemical and catalytic parameters of mesoporous SBA-15 

supported coinage metal (Au, Ag and Cu) nanocomposites 

Since, our studies based on SBA-15 supported Au and Ag nanocomposites showed that the 

catalytic activity, shape, size and dispersion density of incorporated metal NPs were 

significantly affected by varying the metal loading from 1-5 and 10 wt. %, respectively. 

Furthermore, of the prepared series of Au and Ag-loaded SBA-15 catalysts, composite with 4 

wt. % Au/Ag loading exhibited efficient catalytic activity for the nitroaromatic reduction. Thus, 

it was interesting to compare the properties of supported Au and Ag-loaded nanocomposites 
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Fig. 3.13 STEM images and elemental mapping 

of   (a-b) Au/ap-SBA-15, (c-d) Ag/ap-SBA-15 
and (e-f) Cu/ap-SBA-15 catalyst.   

with other metals of the group as the comparison of the morphological features, 

physicochemical properties and catalytic activity of coinage metal loaded SBA-15 

nanocomposites has seldom been reported. Moreover, progressive developments in tuning the 

shape and size of coinage metal NPs have also increased the chances of optimizing their 

geometry which ultimately affects their catalytic efficiency. Therefore, highly dispersed Au, Ag 

and Cu NPs pertaining to 4 wt. % metal impregnation was prepared within the channels of SBA-

15 and studied for their comparative surface structural morphology and catalytic activity for 

dinitrobenzene reduction. 

3.3.6.1 Surface structural morphology  

TEM micrographs (Fig. 3.12) of SBA-15 

depicted uniform vertical mesochannels 

with long range ordering without any 

disruption in the basic structure of 

siliceous host. Nanospheres (NS) were 

observed with Au loading where as 

loading of Ag and Cu resulted in the 

formation of small nanorod (NR) of the 

aspect ratio of 2 - 4 nm along with the 

NS depicted as dark structures 

homogeneously dispersed against the 

lighter background of the SBA-15 

matrix. The average particle size of NS 

for Cu, Ag and Au were found to be 13, 

11 and 5.5 nm respectively. Moreover, 

STEM images and corresponding 

elemental mapping of the M/ap-SBA-15 

catalysts (Fig. 3.13) demonstrated the 

uniform dispersion of metallic NPs over 

the mesoporous host. HR-TEM 

micrographs  
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Fig. 3.14 HR-TEM images and EDX spectra of (a) Au/ap-SBA-15, (b) Ag/ap-SBA-15 and 
(c) Cu/ap-SBA-15 catalyst.   
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Fig. 3.15   XPS spectra of (a) Au/ap-SBA-15, (b) Ag/ap-SBA-15 and (c) Cu/ap-SBA-15 

catalyst.   

of various catalysts (Fig. 3.14) revealed that particles exhibited single crystalline structures with 

lattice fringes having d-spacing of 0.232 nm which is close to the spacing of 0.236 nm for Au 

(111) planes (Fig. 3.14a), 0.23 nm and 0.20 nm for Ag (111) and (200) planes (Fig. 3.14b). 

However, lattice fringes giving d-spacing of 0.25 nm were observed for Cu/ap-SBA-15 catalyst 

in agreement with that of crystalline CuO (111) plane (Fig. 3.14c) revealing that metallic CuNPs 

may not be formed, but due to oxidation of Cu highly dispersed and crystalline CuO may have 

been formed within/on the surface of the SBA-15. The corresponding EDX analysis further 

confirmed the presence of Au, Ag and CuO on the mesoporous support with Au, Ag and Cu 

showing 3.9, 4.25 and 0.29 wt. % loading. 

The incorporation of metallic species within SBA-15 and the elemental state of the 

nanocomposite materials was analyzed using XPS (Fig. 3.15). Au/ap-SBA-15 catalyst (Fig. 

3.15a) showed a doublet at 83.4 eV and 87.3 eV corresponding to Au 4f7/2 and Au 4f5/2 peaks 

respectively, implying the presence of metallic Auo within the catalyst (Liu et al., 2008;             

El-Sheikh et al., 2013). Moreover, Ag/ap-SBA-15 catalyst exhibited binding energy of 367.9 eV 

and 373.5 eV that corresponds to Ag 3d5/2 and Ag 3d3/2 indicating Ago state and is in consonance 

with the reported data (Strzałka et al., 2013; Xie et al., 2014) of metallic Ag (Fig. 3.15b).  

However, in Cu/ap-SBA-15 (Fig. 3.15c), the Cu 2p3/2 peak appeared at a binding energy of 932.5 

eV implying the presence of either Cu0 or Cu+1 species (Sarkar et al., 2014) suggesting that Cu 
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Fig. 3.16 (a) Time course graph of reduction of m-DNB (-ln C/Co) by SBA-15 and M/ap-

SBA-15 catalysts and (b) Product distribution of m-DNB reduction (5 mM) to m-PDA and 
m-NA by SBA-15 and M/ap-SBA-15 catalysts. 

 

may have been oxidized to Cu+1 by oxygen at high temperature. Moreover, being highly 

susceptible to oxidation, there is a possibility that it may further oxidize back to Cu+2 species 

3.3.6.2 Catalytic activity 

Comparison of catalytic activity of coinage metal loaded SBA-15 nanocomposites showed linear 

plots (Fig. 3.16a) for change in concentration of m-DNB (–ln C/Co versus time) for all metal 

loaded catalysts indicating pseudo first order kinetics. With metal loading catalytic activity 

improved abruptly in comparison to SBA-15 establishing the fact that metal NPs were real active 

sites. However, the order of catalytic activity was found to be dependent upon nature of metal, 

size and metallic dispersion which in turn rely on the synthetic conditions. Among all the 

prepared catalysts, Au and Ag were reduced to the metallic state with Au exhibiting the smallest 

particle size, whereas Cu being susceptible to oxidation formed large CuO NPs (as revealed by 

EDX analysis). Thus, Au with smallest particle size and better metallic dispersion produced the 

greatest number of active metal sites resulting in an enhanced reaction rate and selectivity. Rojas 

et al. (2011) also reported the influence of particle size and metal dispersion on the catalytic 

activity of supported platinum catalyst for the reduction of m-DNB. However, lower catalytic 

activity for Ag/ap-SBA-15 in comparison to Au/ap-SBA-15 can be explained on the basis of 

comparatively large sized NPs embedded on the external surface resulting in lesser number of 

exposed active sites and hence decreased reaction rate.  In the case of Cu/ap-SBA-15, Cu is 

being highly reactive got oxidized to large CuO NPs, present on the external surface that does 

not allow reactant molecules to access all the reaction sites resulting in lower catalytic activity.  
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It is thus represented that mesoporous SBA-15 having negligible reactivity could be effectively 

utilized by metal nanoparticles dispersion into pores of SBA-15 and its catalytic activity could be 

well tuned to the desired reach as a function of metal loading, nature of metal and its dispersion 

density. Of the Ag/ap-SBA-15 nanocomposites, a catalyst with 4 wt. % Ag loading is found to be 

catalytically most active exhibiting 87 % selectivity for p-nitroaniline and 100 % selectivity for 

p-aminophenol formation. Moreover, comparison of physicochemical properties and reactivity 

of supported coinage metal nanocomposites demonstrated Au loaded SBA-15 as catalytically 

most active, as compared to Ag and Cu loaded SBA-15 for nitroaromatic reduction. The 

conversion of nitro compounds to their corresponding amines and high recyclability further 

established high activity of the catalyst.  
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                                                                                      Chapter 4 

Fine CuO anisotropic nanoparticles supported on mesoporous 

SBA-15 for selective hydrogenation of nitroaromatics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



83 
 

4.1 Introduction 

In the last decade, a great deal of research has been dedicated to the incorporation of various 

precious metals like Pt (Rioux et al., 2005), Ag (Zhang et al., 2011), Au and Pd (El-Sheikh et al., 

2013) on SBA-15 by different chemical approaches and their use as catalyst for catalyzing 

various oxidation-reduction reactions. Though these catalysts exhibit excellent catalytic activity, 

but their high cost limits their applicability on a large scale, stimulating studies on non-precious 

metals. Compared with noble metals, Cu and CuO are being economically viable and easily 

available, offers a promising material owing to its wide applications in the field of optics, 

electronics, and catalysis (Chan et al. 2007; Magdassi et al. 2010). Cu and CuO NPs has been 

used as a catalyst in many organic reactions like low temperature CO oxidation (Tu et al., 2006), 

oxidation of alcohols (Kalbasi et al., 2012), click synthesis (Kappe et al., 2010) and cross 

coupling reactions (Dulle et al., 2013). Moreover, Cu/CuO modified molecular sieves have also 

shown to be a good catalyst for different reactions. Recent reports based on the synthesis of 

Cu/SBA-15 and CuO/SBA-15 nanocomposites by different chemical approaches for catalyzing 

different oxidation-reduction reactions have been discussed in the literature (section 1.2.5,       

chapter 1). It is observed that the major difficulties involved with the methods reported in the 

literature have been the uncontrolled growth of metal NPs (Yang et al., 2008) resulting in their 

agglomeration and the low amount of loading (Tu et al., 2006) that leads to decrease in their 

catalytic efficiency. So, synthesis of well dispersed supported CuO/SBA-15 nanocomposites 

with high catalytic efficiency even at higher metal loading, by a simple, sustainable process 

involving green chemistry credentials is still a challenge. Moreover, on comparing the surface 

structural, morphological and catalytic properties of Au, Ag and Cu loaded SBA-15 

nanocomposites (section 3.3.6, chapter 3) it was found that CuO loaded SBA-15 catalysts 

exhibited enhanced catalytic properties for reduction of nitroaromatics. Thus, keeping in view 

the cost effectiveness, rich abundance and environment friendly properties of CuO, SBA-15 

supported CuO nanocomposites of varying wt. % of Cu loading were prepared for catalyzing the 

reduction of m-chloronitrobenzene (CNB) and m-nitrotoluene (NT) respectively.  
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Fig. 4.1 (a) Low angle and (b) wide angle XRD patterns of bare SBA-15 and various wt. % 

CuO/ap-SBA-15 catalysts. 

4.2 Experimental Section   

4.2.1 Synthesis and characterization of CuO/ap-SBA-15 nanocomposites 

The preparation and characterization techniques used for the synthesis of CuO/ap-SBA-15 

nanocomposites have been described in section 1.3.2-1.3.4 and 1.3.6 (Chapter 1). 

4.2.2 Catalytic activity  

The catalytic activity of the CuO/ap-SBA-15 nanocomposites has been evaluated for the 

reduction of (3 mM each)) m-chloronitrobenzene (m-CNB) and m-nitrotoluene (m-NT) as per 

procedure given in section (section 1.3.7, chapter 1). Reaction samples were analyzed by HPLC 

(section 1.3.6.11, chapter 1). 

4.3 Results and discussion 

4.3.1 Surface structural studies 

Low angle XRD patterns for different wt. % Cu loading (Fig. 4.1a) exhibited similar XRD 

spectra, as that of SBA-15 with well resolved diffraction peaks at 1.0, 1.6 and 1.9o corresponding 

to 100, 110 and 200 planes of the well-ordered hexagonal structure (Zhao et al., 1998) of p6mm 
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Fig. 4.2 Powder XRD patterns of 4 wt. % 
CuO/ap-SBA-15 (A) as prepared sample, (B) 

after calcination at 550 oC and 10 wt. % 
CuO/ap-SBA-15 (C) as prepared sample, (D) 

after calcination at 550 oC respectively. 

symmetry. It indicated no significant change in long range mesopore ordering and textural 

uniformity of SBA-15 even after metal impregnation. However, a decrease in the intensity of 110 

and 200 peaks was observed with the loading of Cu on the surface of amino functionalized SBA-

15 due to pore filling effect leading to decrease in electron density contrast upon introduction of 

CuO nanospecies within the mesochannels of the silica host. Ungureanu et al. (2013) also 

reported the decrease in the intensity of peaks due to the partial filling of SBA-15 mesopores 

with NiO for impregnated NiO-CuO/SBA-15 materials. Further, as Cu loading was increased 

from 1-10 wt. %, the  peak corresponding to (100) plane shifted to lower 2θ value (from 1.00 to 

0.97) illustrating an increase in structural parameters viz., lattice  spacings (d100) and unit cell 

parameters (ao) (Table 4.1). The shifting of 

the  (100) peak can be attributed to the 

slight disordering of the pore channels due 

to the development of the strain arising from 

the confinement of the CuO NPs within the 

mesopores. This further indicated the 

existence of CuO NPs within the 

mesoporous host. Similar findings have 

been reported elsewhere (Ajitha et al., 2010; 

Lihitkar et al., 2012). Moreover, an increase 

in various structural parameters due to the 

shifting of peaks to lower angle was also 

observed for various wt. % Ag/ap-SBA-15 

nanocomposites (as discussed in chapter 3). 

However, when the Cu loading was 

increased to 5 wt. % and 10 wt. %, the 

peaks begin to fade away, implying a slight 

disruption of mesoporous structure at higher 

metal loading.  

Wide angle XRD patterns (Fig. 4.1b) of 

varying wt. % CuO/ap-SBA-15 

nanocomposites exhibited a broad SiO2 band at 22o (Zhang et al., 2000) and diffraction peaks at 
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2θ = 32, 35.4, 38.3, 48.4 and 61.3o corresponding to the monoclinic phase of CuO NPs (JCPDS 

card no. 48-1548). The intensity of the peaks was found to be directly dependent upon the metal 

loaded on mesoporous silica. The presence of very small and broad diffraction peaks in positions 

corresponding to CuO NPs was indicative of small crystallite size probably resulting from the 

confined growth of CuO within the mesoporous channels. Gu et al. (2008) and Van der Meer et 

al. (2009) also reported broader diffraction peaks for crystallites formed within the mesochannels 

of SBA-15. However, the spectra depicted an increase in intensity and narrowing/decrease in 

FWHM (full width at half maxima) of the peaks with an increase in Cu loading from 1 to            

4 wt. %, illustrating an increase in the size of CuO NPs dispersed within/on the surface of 

mesoporous silica. This is supported by  an increase in crystallite size i.e., 5.5 nm, 6.5 nm, 7.1nm 

and 8.3 nm for 1, 2, 3 and 4 wt. % Cu loading, respectively as calculated by the Scherrer 

equation for Cu (111) peak. Moreover, the (110) peak broadened in comparison to the (111) and 

(200) peaks in the diffraction pattern of  4 wt. % CuO/ap-SBA-15 signifying that with  an 

increase in Cu loading, an effective amount of CuO nanospecies within the mesopores increase 

gradually leading to the development of the strain. As a result, crystal deformations w.r.t. 

specified planes also increased forming anisotropic nanoparticles (NPs) viz., nanospheres (NS)  

and nanorods (NR) within mesoporous sieves and has been further confirmed by TEM studies. 

Zienkiewicz-Strzałka et al. (2013) also reported that differences in the intensity and FWHM of 

the XRD peaks (wide angle) illustrate a change in the morphology of embedded Ag NPs within 

the SBA-15 for Ag/SBA-15 nanocomposites. Ma et al. (2014) also stated that increase in 

intensity and narrowing of peaks with increased Ag loading indicated a change in the 

morphology of Ag NPs for Ag/SBA-15 materials. However, further, increase in Cu loading to 5 

and 10 wt. % did not have any negative effect on the dispersion, as it did not lead to a 

considerable increase in the size of CuO metal NPs, which was found to be 7.1 nm and 7.7 nm 

respectively. In fact, the mesoporous channels acted as a nanoreactor restricting the size, 

probably resulting in a change in morphology of CuO NPs. Moreover, beyond 4 wt. % Cu 

loading, the reflections become weak and diffuse implying poor crystallinity (Karakassides et al., 

2000) due to partial disruption of the SBA-15 structure as a result of increased Cu loading. 

Moreover, the effect of an increase in calcination temperature upto 550 oC (Fig. 4.2) on the 

dispersion and size of 4 wt. % and 10 wt. % CuO/ap-SBA-15 nanocomposites were also studied. 
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Fig. 4.3 TEM images of (a)  SBA-15, (b)  1wt.% CuO/ap-SBA-15, (c) 2 wt.% 

CuO/ap-SBA-15, (d) 4 wt.% CuO/ap-SBA-15, (e) 5 wt.% CuO/ap-SBA-15 and (f) 10 
wt.% CuO/ap-SBA-15 catalyst. 

It showed an increase in the intensities and sharpness of all the peaks, indicating the formation of 

large sized CuO NPs at a higher temperature within the mesoporous matrix. 
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Fig. 4.4 Particle-size histograms of (a) 1 wt. %, (b) 2 wt. %, (c) 5 wt. % and (d) 10 wt. % 
CuO/ap-SBA-15 catalysts. 

 

TEM micrographs (Fig. 4.3a) displayed regular hexagonal mesoporous SBA-15 structure with 

cylindrical channels exhibiting narrow pore size distribution. Although, no disruption of 

mesoporous channels was observed yet large differences in morphology of CuO NPs were 

observed as a function of increased Cu loading. Fine CuO NPs of average size ~5.5 nm, Figs. 

4.3b and 4.4a) were depicted as black dots well dispersed against the light background of 

mesoporous support for 1 wt. % Cu loading. With increased metal loading to 2 wt. % (Figs. 4.3c 

and 4.4b), uniformly distributed CuO NS of average size ~6.5 nm were noticed within 

mesochannels. These results were in accordance with wide angle XRD studies. However, with an 

increase in Cu loading to 4 wt. %, instead of aggregation, anisotropic CuO NPs (Fig. 4.3d) were  
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Fig. 4.5 (a) HR-TEM, (b) marked portion of fig. (a), (c) SAED pattern and (d) EDX spectra 
of 4 wt. % CuO/ap-SBA-15 catalyst. 

observed as trapped within as well as on the surface of silica host. Both spherical and rod like 

CuO NPs were observed with diameter ~8 nm (in consistency with a pore diameter of SBA-15)          

and length ~ 80-150 nm. Due to strong metal-support interaction and restriction from channel 

walls, excessive CuO NPs (with increased Cu loading) were forced to align one afte r another, 

resulting in a change of morphology from spherical to rod shape (marked in Fig. 4.3d). Similar 

changes in particle morphology with increased metal loading have been reported elsewhere (Van 

der Meer et al., 2009; Taghavimoghaddam et al., 2012). Moreover, Chambers et al. (1998) also 

reported that due to strong metal-support interaction, Ni NPs supported on carbon nanofibres  

adopt different morphologies. For 5 wt. % Cu loading, small NR with average aspect ratio ~11 

nm along with nanobundles (Figs. 4.3e and 4.4c) formed by the growth of some NR in adjacent 

mesopores were also observed.  However, larger CuO NR (average aspect ratio ~20 nm,          
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Fig. 4.6 STEM image and elemental mapping of 4 wt. % 

CuO/ap-SBA-15 catalyst. 

Fig. 4.4d) were seen 

homogeneously dispersed and 

extending throughout the entire 

mesochannels for 10 wt. % Cu 

loading (Fig. 4.3f) due to the 

perfect alignment of CuO NPs 

forming rod like morphology. 

Furthermore, the lattice distance  

(0.25 nm) measured from        HR-

TEM (Figs. 4.5a,b) was found to be 

in agreement with (11-1) plane of 

crystalline CuO (JCPDS card no. 

48-1548). Moreover, the selective 

area electron diffraction (SAED) 

pattern (Fig. 4.5c) confirmed (111), 

(131) and (11-2) planes 

corresponding to the presence of CuO nanospecies. EDX spectra (Fig. 4.5d) of the 4 wt. % 

CuO/ap-SBA-15 further established the presence of well dispersed and crystalline CuO within 

mesoporous support with 1.29 wt. % Cu loading. Elemental mapping studies (Fig. 4.6) also 

confirmed the uniform distribution of CuO NPs on the mesoporous host.    

XPS spectrum of 10 wt. % CuO/ap-SBA-15 (Fig. 4.7) depicted a Cu 2p3/2 peak at a binding 

energy of 934 eV with a satellite at 943.3 eV which is the characteristic of Cu2+ species. Similar 

results have been reported by Zhang et al. (2012) for Cu/SBA-15 nanocomposites. The value of 

Cu 2p3/2 peak was little higher than the reported value of bulk CuO (Kong et al., 2009), attributed 

to the uniform dispersion of CuO nanospecies within MMs. 

4.3.2 Optical studies 

The solid state UV-Visible absorption spectra (Fig. 4.8) of different wt. %  Cu impregnated 

SBA-15 catalysts depicted a sharp band at 359 nm due to the charge transfer between 

mononuclear Cu2+ and oxygen in (Cu–O–Cu)n  surface species, indicating the presence of  some 

Cu oligomers or CuO clusters in the extra framework position.  Similar results have been 
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Fig. 4.7 XPS spectra of 10 wt. % CuO/ap-SBA-15 and Fig. 4.8 Solid state UV-Visible 

absorption spectra of (a) bare SBA-15, (b) 1 wt.% CuO/ap-SBA-15, (c) 4 wt.% CuO/ap-
SBA-15 and (d) 10 wt. % CuO/ap-SBA-15 catalyst. 

 

reported by Chen et al. (2013) and Zhang et al. (2009) for impregnated Cu/SBA-15 and 

Cu/MCM-41 samples respectively.  However, a broad band at 747 nm can be attributed to the d-

d transition of Cu2+ in a pseudo-octahedral ligand oxygen environment, implying the presence of 

CuO NPs (Petre et al., 2013; Prasad et al., 2002), while no band was observed for bare SBA-15. 

An increase in the absorbance intensities further reflected an increase in Cu loading with a color 

change from white for bare SBA-15 to light green indicating the presence of Cu in the samples.   

The FTIR spectra (Fig. 4.9) represented characteristic bands of SBA-15 (as discussed in 

section 2.3.1, chapter 2) with a broad absorption band at 3460 cm-1, sharp bands at 1629 cm-1and 

973 cm-1 assigned to the stretching and bending vibrations of Si-OH bonds. In addition, 

characteristic bands of absorption at 1077, 790 and 463 cm-1 corresponding to asymmetric and 

symmetric stretching vibrations of Si-O-Si bonds of the host SBA-15 matrix (Martin-Aranda et 

al., 2010) were also observed in all the samples. The presence of a band at 2930 cm-1 attributed to 

NH3
+ stretching confirmed the presence of aminopropyl groups (Wang et al., 2005) in ap-SBA-

15. Similar spectra for ap-SBA-15 and Cu loaded samples indicated retention of structural 

integrity of SBA-15 even after surface functionalization and metal impregnation in accordance 

with the XRD and TEM studies. However, a slight decrease in the intensity of silanol groups is 
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due to the inclusion of Cu within the mesoporous sieves. Similar findings have been reported by 

Gao et al. (2008) for Vanadium loaded SBA-15 materials. 
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Fig. 4.9 FT-IR spectra of SBA-15 and various    

wt. % CuO/ap-SBA-15 catalysts 
 

Fig. 4.10 TGA of SBA-15 and various wt. % 

CuO/ap-SBA-15 catalysts. 
 

 

4.3.3 Thermal analysis 

The TGA pattern of SBA-15 and various wt. % CuO/ap-SBA-15 catalysts (Fig. 4.10) showed 

degradation in three different wt. loss zones. The first wt. loss zone at ~100 o C (constituting ~17 

% for SBA-15, 4 wt. % and 10 wt. % CuO/ap-SBA-15 respectively), is associated with the loss 

of physically adsorbed water molecules in silica channels and coordinated to Cu complexes 

(Zhang et al., 2012). The second wt. loss (~8 % for SBA-15, ~9 % for 4 wt. % and ~10 % for 10 

wt. % CuO/ap-SBA-15) between 100-300 oC may be attributed to the decomposition of 

remaining surfactant (if any). The third wt. loss zone (~ 6 % for SBA-15, ~7 % for 4 wt. % and 

~10 % for 10 wt. % CuO/ap-SBA-15) between 300-550 oC can probably be assigned to the 

decomposition of the aminopropyl groups. This is further supported by the wide angle XRD 

studies, where an increase in the size of CuO NPs was observed with increase in calcination 

temperature to 550 oC probably due to the decomposition of APTMS. However, a small wt. loss 

of ~ 3 % for SBA-15,  ~7 % for 4 wt. % and ~9 % for 10 wt. % CuO/ap-SBA-15  above 570 oC 

is related to the combustion of remaining carbon species and dehydroxylation of Si-OH groups 

(Zhao et al., 1997). 
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Fig. 4.11 Nitrogen adsorption-desorption isotherms and pore size distribution of (a) 
SBA-15, (b) 1 wt. % CuO/ap-SBA-15, (c) 4 wt. % CuO/ap-SBA-15 and (d)10 wt. % 

CuO/ap-SBA-15 catalyst. 

4.3.4 Textural properties 

Nitrogen adsorption-desorption isotherm of SBA-15 exhibited a typical type IV isotherm              

(Fig. 4.11) displaying HI hysteresis loop characteristic of MMs (Sing et al., 1985) having a 

narrow pore size distribution of cylindrical channels. Similar shape of the CuO/ap-SBA-15 

isotherms as that of SBA-15 further revealed that mesostructural ordering of SBA-15 was 

maintained even after Cu loading (Taghavimoghaddam et al., 2012) as suggested by low angle 

XRD and TEM studies. In comparison to SBA-15, the capillary condensation step for various   

wt. % CuO/ap-SBA-15 slightly shifted towards lower relative pressure (from 0.65 to 0.6) 

signifying a decrease in pore diameter with Cu loading. Moreover, the BET profile for 1 wt. % 
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CuO/ap-SBA-15 indicated a decrease in volume of adsorbed nitrogen implying a decrease in the 

surface area in comparison to bare SBA-15. This decrease in surface area can be attributed to the 

pore filling effect (Lin et al., 2008) by the formation of CuO NPs within the mesopores 

simultaneously followed by an increase in wall thickness (Table 4.1). Moreover, for higher Cu 

loadings of 4 and 10 wt. %, respectively, forced closure of the hysteresis loop on the desorption 

branch at p/po ~0.6 was noticed. This results from the cavitation phenomenon (Van der Voort et 

al., 2002) that occurs due to the partial blockage of SBA-15 pore openings with the increased 

amount of Cu impregnation  and  has been further  supported by the increase in the surface area 

(more than that of SBA-15) for both 4 and 10 wt. % Cu loaded materials possibly due to the 

deposition of an excess of CuO NPs (as shown in TEM studies) to the outer silica surface due to 

the partial blockage of SBA-15 mesopores.  Patel et al. (2011) also found that at higher Cu 

loading (10 wt. %) deposition of an excess of CuO NPs on the external surface resulted in an 

increase in the surface area for CuO/SBA-15 nanocomposites. 

4.3.5 Catalytic activity  

The catalytic activity of prepared CuO/ap-SBA-15 nanocomposites was evaluated for the 

reduction of m-substituted nitroaromatics such as CNB (Scheme 4.1) and NT (Scheme 4.2) to 

their respective amines. It was observed that in the absence of CuO/ap-SBA-15 catalysts, 

reduction of nitroaromatics with NaBH4   and with bare SBA-15 did not take place, implying that 

metal oxide NPs were the real active sites.  Moreover, the reaction was initiated by the addition 

of CuO/ap-SBA-15 catalyst suggesting adsorption of an electron donor (BH4
-) and electron 

Table 4.1 Physico-chemical parameters of SBA-15 and various wt. % CuO/ap-SBA-15 

catalysts. 

Sample d-

spacing, 

d
100

 (nm) 

Unit cell 

parameter, 

a
o 
(nm)

a

  

Wall 

thickness, 

d
w
 (nm)

b

 

Surface 

area  

(m
2

/g) 

Pore 

volume 

(cm
3

/g)  

Pore 

size 

(nm)  

SBA-15 8.79  10.14  1.35  694 1.37 8.06 

1 wt. % CuO/ap-SBA-15 8.99  10.38  1.39  512 0.93 7.48 
2 wt. % CuO/ap-SBA-15 8.97  10.35  1.38   ---   ---  --- 
3 wt. % CuO/ap-SBA-15 9.06  10.46  1.4   ---   ---  --- 
4 wt. % CuO/ap-SBA-15 9.09  10.49  1.4  725 0.71 7.36 
5 wt. % CuO/ap SBA-15  8.80  10.16  1.36   ---   ---   --- 
10 wt. % CuO/ap-SBA-15  9.04  10.43  1.39  762 1.37 7.22 

a0 = 2/31/2d100, 
bdw = a0 − d100 
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Fig. 4.12 (a) Product distribution of reduction of m-chloronitrobenzene (m-CNB) and (b) 

Time course graph of concentration of m-CNB (-ln C/Co) for SBA-15 and various    wt.% 

CuO/ap-SBA-15 catalysts.  

acceptor (substrate) species on the surface of the CuO loaded SBA-15. It seems that the catalyst 

merely provides the adsorption sites and is not involved in the electron transfer process. Instead, 

the transfer of electrons takes place from BH4
- to the nitroaromatics through the CuO 

nanospecies. Similar results have also been reported for CuO/γ-Al2O3 (Nandanwar et al., 2012). 

Moreover, reduction of m-CNB gave m-CAN as the major product accompanied by side reaction 

such as dechlorination leading to the formation of aniline whereas m-NT resulted in the 

formation of    m-AT respectively (as confirmed by HPLC analysis Figs. 4.13 and 4.15a,b and c).  

Zhang et al. (1994) reported that the reactions catalyzed by supported metal (Pd) catalysts often 

exhibit moderate CAN selectivity with dechlorination to aniline. Linear plots of ln (Ct/Co) vs 

time were obtained for all catalysts indicating pseudo first order kinetics of the reaction (Figs. 

4.12b and 4.14b). It was seen that the catalytic activity increased with the increase in Cu loading 

from 1- 10 wt. %, leading to increase in the selectivity of m-CAN from 66 % to 83 %. This can 

be attributed to the fact that at lower Cu loading, Cu exists in the form of very fine CuO NPs 

(~5-6 nm) homogeneously dispersed and deep-seated (due to the lower surface area i.e., 512 m2g-

1 for 1 wt. % CuO/ap-SBA-15) within the mesochannels of the host, resulting in lesser 

accessibility of  
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Fig. 4.13 HPLC chromatograms of 3 mM authentic samples of (a) m-CNB, (b) 
m-CAN, (c) AN and (d) reaction mixture at 70 min. interval. 

active sites towards the reactant molecules. But at higher Cu loading of 4-10 wt. %, effective 

amount of  CuO NPs within the mesopores also gradually increased (confirmed by MP-AES 

analysis, 3.1 wt. % and 8.7 wt. % for 4 and 10 wt. % CuO/ap-SBA-15 respectively) resulting in 

the development of the strain leading to slight disruption of the mesoporous channels. Thus, NPs 

come to lie both within as well as on the surface of the mesoporous host favoring improved 

access of CuO active sites towards the reactant that probably resulted in higher catalytic activity. 

This is further supported by the BET studies where 10 wt. % CuO/ap-SBA-15 exhibited highest 

surface area (762 m2g-1) due to the presence of CuO NPs within as well as on the outer surface 

facilitating better adsorption of reactant molecules on the active catalytic sites. Thus, the 

catalytic activity is found to be strongly influenced by the amount of Cu loading, distribution of 
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Fig. 4.14  (a) Product distribution of reduction of m-nitrotoluene by various wt. % CuO/ap-
SBA-15 catalysts and (b) Time course graph of concentration of m-NT (- ln C/Co) for SBA-

15 and various wt.% CuO/ap-SBA-15 catalysts. 

CuO NPs and surface area of the CuO/ap-SBA-15 nanocomposites.  Similar findings have been 

reported by Kalbasi et al. (2014), for nitroaromatic reduction catalyzed by Ni incorporated 

polyamidoamine-polyvinylamine/SBA-15 nanocomposites. Jiang et al. (2009) also reported the 

presence of the active sites on the outer surface of the support to be the contributing factors to the 

high catalytic activity of supported Pt and Pd catalysts for the reduction of o-CNB. As a result, of 

all the prepared catalysts, 10 wt. % Cu loaded catalyst exhibited highest catalytic activity by 83 

% and 100 % selectivity of m-chloroaniline (CAN) and m-aminotoluene (AT) for m-CNB and m-

NT reduction respectively (Figs. 4.12a and 4.14a). The catalytic activity also showed a 

dependence on the nature of substituents present on the nitrobenzene (Van der Voort et al., 

2002). The reaction rate increased with the increase in electron withdrawing effect of the 

substituents   (-I effect) and varied as m-CNB (4.52 × 10-2) > m-NT (1.47 × 10-3) for 10 wt. % 

CuO/ap-SBA-15. .For m-CNB, the presence of one –NO2 group being electron withdrawing, 

lowered the electron density favoring fast conversion of nitro to the amino group resulting in 

higher selectivity for m-CAN. However, it was also observed that the presence of the electron  
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Fig. 4.15 HPLC chromatograms of 3 mM authentic samples of (a) m-NT, (b) m-AT and (c) 
reaction mixture at 180 min. interval and (d) Low angle XRD pattern, (e) TEM image of recycled 
10 wt. % CuO/ap-SBA-15 catalyst after fourth successive run and (f) Solid state UV-Visible 

spectra of fresh and recycled 10 wt. % CuO/ap-SBA-15 catalyst. 
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eleasing group, i.e., -CH3 group, increases the electron density on the nitrobenzene and reducethe 

rate of reduction. Moreover, although selectivity was 100 %, but yield obtained was ~ 81 % for 

m-NT reduction. In order to gain insight into the reusability and stability of the CuO/ap-SBA-15 

catalyst under the reaction conditions, recycling experiments were carried out with 10 wt. % 

CuO/ap-SBA-15 catalyst for the reduction of m-NT. For recyclability, the catalyst was recovered 

from the reaction mixture by filtration, washed with ethanol, dried at the 60 oC for 8h and reused 

in the subsequent run. It was found that the catalyst can be reused for successive four recycles 

with a small decrease in the catalytic activity to 77 % for the reduction of m-NT. In addition, the 

low angle XRD pattern (Fig. 4.16) of the reused catalyst after the fourth run depicted a slight 

shifting (0.97 to 0.95) of the (100) peak towards the lower angle, implying a slight increase in the 

lattice parameters probably due to the hydrolysis  of surface silica resulting in  expansion of the 

pore-wall. TEM image (Fig. 16) of the recycled catalyst did not depict any aggregation of the 

CuO NPs relative to that of the fresh catalyst. The solid state UV-Visible absorption spectra of   

the recycled catalysts after 1st and 4 th recycle also represented bands at 343 nm and 753 nm 

respectively almost similar to that of the fresh catalyst (absorption bands at 350 nm and 753 nm). 

However, with a slight decrease in the intensity which may be due to the loss of small amounts 

of CuO during catalyst recovery (fig. 4.16). Moreover, the recycled catalysts retained same color 

(light green) as that of the fresh catalyst illustrating   no change in the chemical composition of 

the catalyst. These results suggest the high stability and reusability of the catalyst. 

It is thus demonstrated that metal loading had a significant effect on the size, morphology, 

dispersion ability and catalytic activity of the metal oxide NPs present within the mesoporous 

host. The high surface area of the 10 wt. % CuO/ap-SBA-15 also contributed to the efficient 

adsorption of nitro groups on the active sites of the CuO/ap-SBA-15 resulting in enhanced 

catalytic activity. The reaction rate showed dependence on the electron withdrawing ability of 

the substituents present on nitrobenzene and was found to be maximum for m-CNB. The easy 

preparation method, use of an economical catalyst, benign reaction conditions, the greater 

selectivity of products and high recyclability of the catalyst make this protocol be highly efficient 

and appealing for the reduction of nitroaromatics. 
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                                                                                                  Chapter 5 

Uniform dispersion of a bimetallic/binary mixture of Au-Ag 

supported SBA-15 nanocomposites for selective reduction of 

nitroaromatics 
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5.1 Introduction  

Advancement in nanomaterial synthesis has been a major breakthrough in the field of 

nanoscience and nanotechnology, which has diversified its applications in electronics, material 

chemistry, sensors and even catalysis. Moreover, it is observed that the metals when reduced to 

nanometric range exhibit maximum reactivity and outstanding catalytic activity in comparison to  

their bulk state. The essentiality of controlled synthesis of metallic nanoparticles (NPs) has 

attracted the scientific community over the last two decades. It is necessary to stabilize the metal 

NPs by confining within some suitable porous support/matrix with a large surface area like SBA-

15 (as discussed in previous chapters) as they may undergo agglomeration at elevated 

temperature (Ivashchenko et al., 2012). Furthermore, it is expected that metal/support synergy 

and the confinement effect within the mesopores play a crucial role in circumventing undesirable 

NP growth/sintering at high temperature (Bond et al., 1991) and serves to be apt for the 

controlled synthesis of metallic NPs resulting in high catalytic activity. In contrary to supported 

monometallic NPs, the formation of the supported bimetallic (BM) nanostructures (composed of 

two different metals) is found to be dependent on their composition, miscibility and reduction of 

the metal ions (Pal et al., 2007) and thus, variation in the composition of the BM NPs often 

results in tunable catalytic, electrical and optical properties. As a result, supported bimetallic 

(BM) nanostructures show improved physicochemical properties based on the synergistic effect 

of two metals (Liu et al., 2011). In recent years, reports on the synergistic catalysis of supported 

BM nanostructures have tremendously increased, however, accurate control over nucleation and 

growth of two metals due to their different thermodynamic and kinetic characteristics is still 

required for the controlled synthesis of BM NPs.  

Reports have been published on the synergistic catalytic effects of various supported 

noble metal alloy NPs particularly Au containing bimetallic catalysts viz., Au-Cu, Au-Pt, Au-Pd, 

and Au-Ag etc. which have already been described in section 1.2.6 (chapter 1). Liu et al. (2011) 

reported the synthesis of Au-Cu alloy NPs on SBA-15 for catalyzing CO oxidation and found 

that the Au-Cu (BM) NPs showed superior catalytic activity in comparison to their monometallic 

(Au) counterparts illustrating the synergistic effect between Au and Cu. Among all the noble 

metals that form BM combinations with Au, due to similar lattice constants and face-centered 

cubic (FCC) structure, Ag exhibits higher affinity for Au atoms and can easily form 

homogeneous Au-Ag phase (Murugadoss et al., 2012). Thus, the geometric and electronic 
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properties of Au based catalysts can be easily enhanced with the introduction of Ag atoms 

leading to improved activity in comparison to monometallic Au or Ag based catalysts. In recent 

years, Au-Ag BM systems have been used for catalyzing CO oxidation (Qu et al., 2013), 

oxidation of alcohols (Nagy et al., 2014), alkene epoxidation (Kustov et al., 2013) and selective 

hydrogenation of esters (Zheng et al., 2013). However, there have been few reports of Au-Ag 

BM systems used as a catalyst for the reduction of nitroaromatics although reports (Torres et al., 

2013) based on monometallic noble metal catalysts exhibiting high activity and selectivity for 

the reduction of nitroaromatics are available. The reduction of nitroaromatic compounds to their 

respective anilines is an important industrial reaction as anilines form intermediates in the 

preparation of dyes, pharmaceuticals, agrochemicals and polymers (Rahaim et al., 2005; 

Chandrasekhar et al., 2006; Shi et al., 2007). However, in Au-Ag BM catalytic system motivated 

by the role of Ag in demonstrating the strong ability for oxygen adsorption and activation 

capabilities for CO oxidation (Wang et al., 2005a, 2005b and 2006). It is expected that Au-Ag 

BM catalytic systems may also show better catalytic activity for the reduction of nitroaromatics. 

In reference to the above context, synthesis of BM Au-Ag loaded SBA-15 nanocomposites were 

carried out and their catalytic activity was evaluated for the reduction of nitrobenzene (NB) and 

p-nitro acetophenone (p-NAP) respectively. Moreover, changes in their physicochemical and 

catalytic parameters were also studied as a function of increased Au loading. 

5.2 Experimental Section   

5.2.1 Preparation and characterization of Au-Ag/m-SBA-15 nanocomposites 

The synthesis procedure and characterization techniques used for the synthesis of BM              

Au-Ag/m-SBA-15 nanocomposites have already been described in section 1.3.2-1.3.5 and 1.3.6 

(chapter 1).  

5.2.2 Catalytic Activity 

The catalytic activity of the BM Au-Ag/m-SBA-15 nanocomposites was evaluated for the 

reduction of 10µmol of nitrobenzene (NB) and p-nitro acetophenone (p-NAP) by the procedure 

given in section 1.3.7 (chapter 1). Reaction samples were analyzed by HPLC (section 1.3.6.11,   

chapter 1). 
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5.3 Results and discussion 

5.3.1 Synthesis of Au-Ag/m-SBA-15 nanocomposites 

The formation of Au-Ag/m-SBA-15 nanocomposites involved the addition of HAuCl4 (aq.) 

solution followed by the addition of AgNO3 (aq.) solution to the surface modified silica support. 

Surface modification was done with APTMS that acted as stabilizing agent and helped in 

creating anchoring sites for the uniform dispersal of Au NPs on the mesoporous support which 

may otherwise undergo aggregation. Similar reports of a strong interaction between amine and 

gold precursor have been published elsewhere (Chi et al., 2005; Chiang et al., 2005). With 

APTMS modification, the support surface gets positively charged with aminium ions and can 

strongly adsorb the negatively charged AuCl4
- ions due to the strong electrostatic interaction 

between the amino groups and the gold precursor. Then, AgNO3 (aq.) solution was subsequently 

added when Ag+ ions were adsorbed on the negatively charged Au surface due to electrostatic 

attraction and metallic bonding.  However, the formation of AgCl cannot be avoided due to the 

galvanic replacement reaction between Ag and AuCl4
- ions that may result in aggregation of 

some particles upon thermal treatment. Qu et al. (2013) also stated that the increase in the 

particle size of (BM) Au-Ag nanocomposites is ascribed to the formation of AgCl during Ag 

deposition on Au loaded APTMS modified SBA-15 nanocomposites. In order to remove the 

AgCl so formed the suspension was filtered, washed thoroughly with ammonia solution, 

deionized water and dried at 60 oC. The prepared materials were finally calcined at high 

temperature under H2 for the removal of organic moieties and for the formation of BM Au-Ag 

nanocomposites.  

5.3.2 Chemical composition of the samples 

A series of BM catalysts were prepared by varying Au loading from 1-5 and 10 wt. % w.r.t          

1 wt. % Ag loading. Table 5.1 gives the actual wt. % of metal loading which is close to the used 

wt. % indicating the successful impregnation of Au and Ag metals on the mesoporous support. 

5.3.3 Surface structural morphology 

Low angle XRD pattern (Fig. 5.1a) of SBA-15 exhibited an intense diffraction peak at 0.8o 

indexed to (100) plane, characteristic of ordered hexagonal structure with p6mm symmetry    

(Zhao et al., 1998). Similar XRD patterns were obtained for mono as well as various (BM) 

Au:Ag(x:y)/m-SBA-15 nanocomposites indicating that the mesoporous structure is maintained 

after metal loading (Wang et al., 2008). However, a decrease in the intensity of peaks relative to 
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Fig. 5.1 Powder XRD pattern (a) Low 
angle of SBA-15, Au/ m-SBA-15, Ag/ m-

SBA-15, bimetallic Au:Ag(x:y)/m-SBA-15 
catalysts and (b) Wide angle of bimetallic 

Au:Ag(x:y)/m-SBA-15 catalysts. 

SBA-15 was observed, attributed to the pore-

filling effect (Han et al., 2012) due to the 

formation of metallic as well as BM NPs 

within the silica framework. Moreover, the 

array channels also get affected by the 

introduction of the metal within the 

mesoporous sieves. As a result, peak shifting 

leading to the decrease in lattice parameters 

(Table 5.1) took place signifying slight 

shrinkage of mesoporous sieves. Mureddu et 

al. (2014) stated that the shifting of the XRD 

peaks to higher angles with a decrease in lattice 

parameters is associated with the introduction 

of ZnO and FeO NPs within the SBA-15 

channels for metal-oxide SBA-15 

nanocomposites. 

 Wide angle XRD patterns (Fig. 5.1c) of 

monometallic Au(1)/m-SBA-15 displayed the 

characteristic broad SiO2 band at 22o and 

diffraction peaks of metallic Au (as discussed 

in section 2.3.2, chapter 2). In contrast 

Ag(1)/m-SBA-15 did not exhibit any 

diffraction peak probably due to the low Ag 

loading signifying the presence of  highly 

dispersed Ag nano species within the 

mesoporous support (Zhang et al., 2012). On 

the other hand, for all (BM) Au-Ag/m-SBA-15 

nanocomposites (Fig. 5.1b) with different 

(Au:Ag) ratios, similar XRD diffraction 

patterns as that of the monometallic Au or Ag 

were observed. Due to similar face-centered 
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Fig. 5.1 (c) Wide angle Powder XRD 
pattern of Au/m-SBA-15 and Ag/m-

SBA-15 catalyst.  

cubic (FCC) structures and lattice constants (0.408 

nm and 0.409 nm) of Au and Ag respectively, it 

becomes difficult to differentiate Au-Ag bimetallic 

phase from either monometallic phase based on 

XRD patterns (Yen et al., 2009). However, in 

addition to the peaks corresponding to 

monometallic Au or Ag phase, the spectra of Au-

Ag (1:1) loading also showed weak peaks at 27.8 

and 32.3o corresponding to the FCC planes of 

AgCl (JCPDS- 01-1013). This further indicated 

the presence of small amounts of AgCl on the 

surface of (BM) Au-Ag nanocomposites. 

However, these peaks disappeared as the Au loading was increased from 1 to 10 wt. %. This has 

been supported by the elemental analysis results (discussed later) that showed the absence of 

AgCl for higher Au loading. With the increase in Au loading, the sharpness of the peaks 

increased  (decrease in the full width at half maxima i.e., FWHM) suggesting an increase in the 

size of BM NPs formed within the mesoporous sieves. The average particle size of Au (1)/m-

SBA-15 calculated from the Scherrer equation for (111) peak was found to be 3.9 nm whereas it 

was found to be 5.5 nm, 5.7 nm and 17.9 nm for Au-Ag (1:1), (5:1) and (10:1) loaded m-SBA-15 

nanocomposites respectively. Thus, BM Au-Ag (x:y)/m-SBA-15 nanocomposites exhibited quite 

larger size in comparison to monometallic Au/m-SBA-15 respectively. This may be due to the 

presence of small amounts of AgCl that may have been formed due to the galvanic replacement 

reaction between Au and Ag precursor and is not removed during washing with NH3 solution. 

Thus, it is expected that the prepared materials contained both BM Au-Ag NPs and some AgCl 

particles. Yang et al. (2013) also reported similar findings for Ag-loaded Au-Ag metal 

core/alloy-shell SBA-15 nanocomposites. However, for higher Au loading w.r.t fixed (1 wt. %) 

Ag loading, a lesser amount of AgCl particles may have been formed, leading to their easy 

removal by NH3 solution. As a result, the peaks corresponding to AgCl were not seen in the 

spectra of higher Au loaded (5 and 10 wt. %) BM nanocomposites. 
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TEM 

TEM micrographs of SBA-15 (Fig. 5.2a) displayed a regular hexagonal mesoporous structure 

with a long range ordering of mesochannels. Impregnation of 1 wt. % of Au (Fig. 5.2b) and Ag 

(Fig. 5.2c) resulted in the formation of highly dispersed nanospheres (NS) (size ~4 and ~6 nm) 

stabilized and confined within the mesoporous channels. In comparison to monometallic Au or 

Ag-loaded SBA-15, (BM) Au:Ag (x:y)/m-SBA-15 nanocomposites with (1:1) and (5:1) loading 

of Au:Ag (Fig. 5.2d, e and f), depicted NS (size ~5 nm and ~6 nm) extending as tiny dark spots 

uniformly distributed throughout the channels of the mesoporous support. These observations 

indicated that the mesoporous structure was preserved even at higher metal loadings, in 

agreement with the low angle XRD studies. However, for Au:Ag (1:1) loading beside the 

presence of well dispersed NS, some larger aggregated particles were seen on the surface of the 

SBA-15 support. With further increase in Au loading to 5 wt. %, slight disruption of mesoporous 

channels took place due to the development of strain with increased amount of BM 

impregnation. As a result, some of the NS was even observed on the external surface of the 

siliceous host (Fig. 5.2f). For Au:Ag (10:1)/m-SBA-15 (Fig. 5.2g), owing to the restriction 

imposed by the channel walls, excess of the NPs aligned one after the other under the form of 

rod-like morphology (diameter ~8 nm and length between 50-180 nm) extending as long 

nanorods (NR) along the mesochannels. It is thus concluded that Au:Ag (5:1) is the optimum 

amount of loading for homogeneous dispersal of BM NPs within/on the mesoporous support. 

Beyond this value, the NPs get packed one after the other (as depicted in TEM micrographs) 

resulting in the formation of NR. Moreover, comparatively large sized BM nanocomposites were 

formed on alloying (1:1) ratio of Au:Ag contrary to the reported findings (Liu et al., 2008). This 

may be due to the formation of small amounts of AgCl NPs (depicted in Fig. 5.2d) as a result of 

galvanic replacement reaction between HAuCl4 and AgNO3 that have not been removed 

completely during washing. The formation of AgCl resulted in the enlargement of Au-Ag NPs  

because of the lower melting point of AgCl than that of metallic Ag (Wang et al., 2005b), in 

consonance with the wide-angle XRD pattern of Au:Ag (1:1) /m-SBA-15. However, for BM 

nanocomposites with 5 and 10 wt. % Au loading (w.r.t 1 wt. % Ag loading) lesser amount of 

AgCl has been formed that may have been completely removed during washing. As a result, no 

major increase in the size of NPs was observed for 5 wt. % Au loaded BM nanocomposites 

whereas 10 wt. % Au  
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Fig. 5.2 TEM images of (a) SBA-15, (b) Au(1)/m-SBA-15, (c) Ag(1)/m-SBA-15, (d) 

Au:Ag(1:1)/m-SBA-15, (e-f) Au:Ag(5:1)/m-SBA-15 and (g) Au:Ag(10:1)/m-SBA-15 catalyst. 
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Fig. 5.3 (a) STEM image and elemental mapping, (b) SAED pattern, (c) EDX 

spectra and (d) HR-TEM image  of  bimetallic Au:Ag(5:1)/m-SBA-15 catalyst. 

 

loaded BM nanocomposites led to the formation of NR (aspect ratio ~15-20 nm). This is further 

supported through the wide-angle XRD pattern of (5:1) and (10:1) Au:Ag loading, where peaks 

corresponding to AgCl were not observed. Elemental mapping studies (Fig. 5.3a) also 

represented the uniform distribution of SiO2 species with Au and Ag nano species being 

overlapped in the Au:Ag (5:1)/m-SBA-15, thus forming a homogeneous phase across the 

mesoporous matrix. The corresponding SAED (Fig. 5.3b) pattern further established the (220), 

(400) and (422) planes of Au/Ag on the siliceous host. EDX (Fig. 5.3c) studies further revealed 

the presence of both Au and Ag and absence of AgCl nano species on the mesoporous support. 
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Fig. 5.4 (A) Solid state absorption spectra of (a) bare SBA-15, (b) Au(1)/m-SBA-15, (c) 

Ag(1)/m-SBA-15, (d) Au:Ag(1:1)/m-SBA-15, (e) Au:Ag(5:1)/m-SBA-15 and (f) 

Au:Ag(10:1)/m-SBA-15 catalyst and (B) FTIR spectra of bare SBA-15, monometallic Au/Ag 
loaded SBA-15 and various wt. % bimetallic Au:Ag/m-SBA-15 catalysts. 

The HR-TEM image (Fig. 5.3d) depicted lattice fringes ~0.20 nm corresponding to the (200) 

planes of Au/Ag. However, owing to the similar lattice constants and FCC structures, it is not 

possible to confirm the alloy nature of Au-Ag NPs from the HR-TEM image.  

5.3.4 Optical studies 

The solid state UV-visible absorbance spectra (Fig. 5.4A) of Au/m-sba-15 and Ag/m-SBA-15 

exhibited a single and strong absorption band at 503 nm and 366 nm respectively, in consistency 

with the reported values of pure Au and Ag NPs (Rodriguez-Gonzalez et al., 2004; Yen et al., 

2009), while no band was observed for bare SBA-15. For all BM Au-Ag/m-SBA-15 

nanocomposites, a single band at an intermediate position between that of pure Au and Ag was 

observed indicating that the NPs formed an alloy structure with homogeneous composition. This 

is supported by the TEM images (Fig. 5.2d and e) depicting all the particles having nearly similar 

morphology (spherical) and structure. Similar findings have been reported elsewhere (Qu et al., 

2013). The formation of alloy has been further confirmed by comparing the spectra o f (1:1) 

mixture of pure Au and Ag NPs loaded m-SBA-15 with that of the bimetallic                      
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Au:Ag (1:1)/m-SBA-15. The spectra of (1:1) mixture of pure Au and Ag NPs depicted a peak at 

367 nm and a weak band at 519 nm corresponding to the peak absorbance of Ag and Au 

respectively, whereas for BM Au:Ag (1:1)/m-SBA-15, a single broad band was observed at      

468 nm. This further suggested that the BM solution consisted of alloy NPs and not a mixture of 

Au and Ag NPs. Mallin et al.  (2002) also observed two separate peaks at 399 nm and 523 nm for 

the physical mixture of Ag and Au NPs respectively, while a single broad band at 455 nm for the 

(1:1) ratio of Au:Ag alloy. Moreover, with the bimetallic impregnation a change in the color of 

the nanocomposites from white (for bare SBA-15) to dark purple [Au:Ag(10:1) loading] also 

confirmed the inclusion of Au:Ag within the mesoporous sieves. However, as the Au loading 

was increased from Au:Ag (1:1) to (5:1), the surface p lasmon band red shifted from 468 nm to 

521 nm due to the Au-Ag interactions thus implying the formation of  Au-rich alloy. As the 

Au/SBA-15 nanocomposites exhibit absorption bands at ~530 nm, so with the increase in Au 

content, the absorption will always shift in this direction. With further increase in the Au loading 

to 10 wt. %, the spectra depicted a blue shift of the absorption band to 509 nm with the 

appearance of a weak band at 650 nm indicating a probable change in the morphology of 

embedded BM NPs within the SBA-15. This is consistent with the TEM micrographs of Au:Ag 

(10:1)/m-SBA-15 that further established the presence of anisotropic NPs (NR) at higher Au 

loading. The presence of a weak band further indicated that the formed anisotropic NPs were not 

perfect NR but were the result of the alignment of (BM) Au-Ag NS one after the other (due to 

increased BM loading) forming the shape of NR.  

The FTIR spectra (Fig. 5.4B) depicted characteristic SBA-15 bands at 3459 cm-1 

corresponding to the stretching frequencies of the hydrogen bonded silanols and the absorbed 

water molecules, whereas the band at 1630 cm-1 could be assigned to bending vibration of O-H 

bonds overlapped with C-O-C stretching vibrations (Azimov et al., 2012; Wang et al., 2005c). In 

addition, the presence of bands at 463, 807 and 1077 cm-1 attributed to the rocking, bending and 

asymmetric vibrations of tetrahedral SiO4 groups. As seen the absorption bands of SBA-15 were 

also present in monometallic and BM nanocomposites suggesting that the basic st ructure of 

SBA-15 was maintained even after metal loading.   
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Fig. 5.5 (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution of bare 
SBA-15 and various wt. % bimetallic Au:Ag/m-SBA-15 catalysts. 

5.3.5 Surface area studies 

The N2 adsorption-desorption isotherm of SBA-15 (Fig 5.5a) exhibited type IV isotherms, 

according to IUPAC classification (Sing et al., 1985) with a characteristic H1type hysteresis 

curve. The curve depicted a single step capillary condensation and capillary evaporation 

indicative of uniform mesoporous structure. A similar type of isotherm was obtained for 

monometallic Au/Ag-loaded materials, implying no major structural deformation with metal 

loading. However, a decrease in the surface area, pore volume and pore size (Table 5.1) were 

observed, attributed to the confinement of Au/Ag NPs within the mesopores (Sing et al., 1985). 

In comparison to monometallic Au/Ag-loaded m-SBA-15 materials, various BM Au:Ag(x:y)/m-

SBA-15 nanocomposites exhibited a further decrease in textural properties (Table 5.1) implying 

the incorporation of (BM) Au-Ag NPs within the mesochannels. These findings are in 

consonance with the XRD results (decrease in lattice parameters, Table 5.1). All the BM 

nanocomposites displayed a single step capillary condensation in the adsorption branch with 

shifting of the inflection point to the lower relative pressure signifying the decrease in pore size. 

This has been further confirmed by the observed decrease in the pore size distribution from ~8 

nm for SBA-15 to ~5.9 nm for Au:Ag(10:1)/m-SBA-15 nanocomposites (Fig. 5.5b). However, 

the desorption branch in the isotherms depicted two step capillary evaporation with forced 

closure at relative pressure p/po ~0.48 for 5 wt. % and 10 wt. % Au loaded BM nanocomposites. 
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The forced closure of the hysteresis in the desorption branch at p/po ~0.48 conformed to the 

plugging of the pores (Sietsma et al., 2008) and is known as the pore-blocking effect/cavitation 

effect (Van der Voort et al., 2002). This cavitation phenomenon arises due to the partial pore 

blockage as a result of the presence of a greater amount of (BM) Au-Ag NPs within the aperture 

of the pores. As a result, significant pore-blocking is observed for (BM) Au:Ag (5:1) and (10:1) 

loading. Similar decreases in structural parameters with increased Au loading has been observed 

(as discussed in section 2.3.4, chapter 2). Naik et al. (2011) also reported pore-plugging leading 

to decrease in textural properties at higher metal loading for Ag/SBA-15 nanocomposites.  

5.3.6 Catalytic activity 

The catalytic activity of the prepared nanocomposites was evaluated for the reduction of 

nitrobenzene (NB) (Scheme 5.1) and p-nitro acetophenone (NAP) (Scheme 5.2) respectively. It 

was found that the BM nanocomposites exhibited higher catalytic activity than monometallic 

nanocomposites in comparison to negligible activity with bare SBA-15. As shown in Fig. 5.6      

a and b, the catalytic activities followed the order Au:Ag(5:1)/m-SBA-15>Au:Ag(10:1)/m-SBA- 

15>Au(1)/m-SBA-15>Au:Ag(1:1)/m-SBA-15>Ag(1)/m-SBA-15>SBA-15. In comparison to 

monometallic Au/m-SBA-15 (1.68×10-2 min-1 and 3.31×10-2 min-1), BM Au:Ag(5:1)/m-SBA-15  

nanocomposite exhibited a much higher rate of reaction (2.12×10-2 min-1 and 3.99×10-2 min-1), in 

comparatively short contact time for both reduction of NB and p-NAP (Fig. 5.8) respectively. 

Both the reduction of NB and p-NAP resulted in the formation of aniline and p-AAP respectively 

as  confirmed by the HPLC analysis (Fig. 5.7). In fact, the higher catalytic performance of BM 

nanocomposites can be explained on the basis of strong synergistic electronic effect (Xu et al., 

Table 5.1 Physicochemical parameters of bare SBA-15, monometallic Au/Ag-loaded SBA-15 
and various wt. % bimetallic Au:Ag/m-SBA-15 catalysts. 
Sample d-

spacin

g, d
100

 

(nm) 

unit cell 

parameter

, a
o 
(nm)

a

 

wall 

thickness, 

d
w
 (nm)

b

 

Surfac

e area 

(m
2

/g) 

Pore 

volume 

(cm
3

/g) 

Pore 

size 

(nm) 

Metal 

loading 

(wt. %) 

 
Au       Ag 

 SBA-15 10.12 11.68 1.57 694 1.37 8.06   
Au/m-SBA-15 10.09 11.65 1.56 475 0.82 6.92 0.86  

Ag/m- SBA-15 10.08 11.63 1.55 507 0.91 7.21  0.67 

Au:Ag (1:1)/m-SBA-15 10.11  11.67 1.56 490 0.82 6.68 0.89 0.56 

Au:Ag (5:1)/m-SBA-15  10.09  11.65 1.56 478 0.77 6.44 3.74 0.68 

Au:Ag (10:1)/m-SBA-15  10.08 11.63 1.55 533 0.79 5.95 7.99 0.54 

a0 = 2/3
1/2

d100, 
b
dw = a0 − d100 
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Fig.  5.6 Time course graph of (a) nitrobenzene (NB) reduction and (b)  p-nitroacetopheneone    
(p-NAP) by bare SBA-15, monometallic Au/Ag loaded SBA-15 and various wt. % bimetallic 

Au:Ag/m-SBA-15 catalysts. 

2012; Liu et al., 2005) of Au with Ag implying that Au and Ag atoms together comprised the 

active sites. This has been further supported by the DRS studies that depicted the single 

absorbance band for various loadings of BM nanocomposites. Although the catalytic properties 

of the supported catalyst were greatly influenced by the metal/support interactions as well as the 

shape and size of metallic NPs embedded within the support. However, the present study implied 

that the particle size does not seem to influence much the catalytic activity. As the BM 

nanocomposites exhibited a larger average particle size ~5-8 nm in contrast to the small sized ~4 

nm (for monometallic Au) and ~6 nm (for monometallic Ag) nanocomposites and still showed 

improved catalytic activity.  This is in consonance with the report of Iizuka et al. (2009) where 

the presence of small amounts of Ag as an impurity to the Au nanopowder resulted in the 

enhancement of its catalytic activity for CO oxidation. Moreover, Zhou et al. (2011) also found 

that the improvement in the catalytic activity for CO oxidation was due to the addition of CeO2 

NPs (~5 nm) to the Au film which acted as the active sites. Similarly, Jurgens et al. (2007) stated 

nanoporous Au formed by the Ag leaching of Au-Ag alloy resulted in increased catalytic activity  
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Fig. 5.7 HPLC chromatograms of reaction sample for nitrobenzene reduction (a-b-c) at 
90 min. and p-nitroacetophenone (d-e-f) reduction at 30 min. catalysed by 

Au:Ag(5:1)/m-SBA-15 catalyst. 
 

for CO oxidation. Thus, it is the interaction between the Au and Ag that is responsible for 

improving the catalytic activity rather than the size of Au (Fujita et al., 2012).  Among the BM 

nanocomposites, Au:Ag(5:1)/m-SBA-15 showed the excellent catalytic performance in 

comparison to (1:1) and (10:1) loading. This could be attributed to the fact that with the 

increased amount of Au:Ag  loading, the strain is developed within the mesoporous channels 

leading to their slight disruption. As a result, BM NS (as revealed in TEM micrographs, Fig. 
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Fig. 5.8 Comparison of rate of reaction for reduction 
of nitrobenzene and p-nitroacetopheneone (p-NAP) 

by bare SBA-15, monometallic Au/Ag loaded SBA-
15 and various wt. % bimetallic Au:Ag/m- SBA-15 
catalysts.  

5.2e-f) come to lie within as well as on the surface of the support. Thus, the presence of BM NS 

both on the outer as well as the inner surface of the support result in increased number of 

accessible active sites that favor the easy movement of reactants towards the active sites resulting 

in high catalytic activity (Zhou et al., 2011). Further, the decrease in the surface area, pore 

volume and pore size (Table 5.1) for Au:Ag (5:1) loading also indicate the presence of highly 

dispersed Au-Ag NPs within/on the 

surface of mesochannels. However, as 

the Au:Ag loading increased to 

(10:1), the decrease in catalytic 

activity was observed that could be 

accredited to the partial blocking of 

mesopores with further increase in the 

amount of bimetallic impregnation. 

Here, the possibility of diffusion 

limitation cannot be avoided due to 

intensive encapsulation of bimetallic 

NS within the long mesochannels of 

the host. As a result, the NPs deep seated within the channels of the host do not participate in the 

reaction consequently decreasing the effective no. of active sites resulting in decreased catalytic 

activity. In contrast, nanocomposites with Au:Ag (1:1) loading exhibited lower catalytic activity, 

even in comparison to the monometallic Au/m-SBA-15 credited to the presence of large sized 

AgCl NPs present on the surface (in accordance with the XRD and TEM studies) that interfere 

with the catalytic activity. Moreover, in order to test the heterogeneity and stability of the 

prepared materials, recycling experiments were carried out using Au:Ag(5:1)/m-SBA-15 as a 

catalyst for the reduction of p-NAP under the optimized reaction conditions. For reusability, the 

catalyst was separated from the reaction mixture, filtered and dried overnight at 60 oC. It was 

found that the catalyst can be reused repeatedly till 4 recycles with no major decrease in the 

selectivity of the  p-AAP. The conversion obtained was still 100 %, however, the reaction time 

increased to 4h. Moreover, the amount of the catalyst recovered from the mixture was 3.9 mg in 

comparison to the optimum amount (5 mg) of the fresh catalyst used for the reaction. This might 
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be due to the loss of a small amount of catalyst during catalyst recovery. These experimental 

results established the stability and heterogeneous nature of the catalyst. 

Various bimetallic Au:Ag/ SBA-15 nanocomposites with controlled shape and size were 

prepared by varying the Au loading w.r.t fixed Ag loading. The strong synergism between Au and 

Ag resulted in the improved catalytic activity of the bimetallic Au:Ag nanocomposites in 

comparison to the monometallic Au/Ag counterparts and bare SBA-15 for the reduction of NB 

and p-NAP respectively. Furthermore, the catalytic activity was greatly influenced by Au 

loading, surface area and distribution of bimetallic NS within /on the surface of the mesoporous 

host. Of all the prepared nanocomposites, Au:Ag(5:1)/m-SBA-15 showed the highest catalytic 

activity for reduction of NB and p-NAP respectively. Keeping in view, the simple synthesis, easy 

retrieval and high catalytic activity, this method can also be extended to the formation of other 

bimetallic systems. 
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                      Summary, Conclusions and future perspectives 

 

The present study involved the preparation of transition metal (Au, Ag and CuO) supported 

SBA-15 nanocomposites and the effect of the incorporation of embedded metal/metal-oxide 

nanoparticles on various physicochemical and catalytic properties depending on the nature of 

metal as well as the amount of metal loading. The catalytic activity of the various 

nanocomposites was evaluated for a series of nitroaromatics using NaBH4 as reducing agent. 

Initially, an introductory note on the porous materials including historical background of porous 

materials, major breakthroughs and advancements in the field of mesoporous materials has been 

described. Moreover, the various pathways used for the synthesis of different mesoporous 

silicates like MCM-41 and SBA-15 have also been discussed. It further inculcated the need and 

the methods by which an inert mesoporous support like SBA-15 is converted into a potential 

heterogeneous catalyst to be used for different industrially important reactions. Thus, paving a 

way for the host -guest chemistry, in which mesoporous materials act as the host on which metal 

nanoparticles are incorporated as a guest. Generally, transition metals have been incorporated as 

a guest on mesoporous host owing to their high surface energy and surface-to-volume ratio, 

making their surface atoms very active. A brief overview of the various reports on transition 

metal (monometallic viz., Au, Ag, Cu and bimetallic viz., Au-Ag) incorporated SBA-15 catalytic 

systems have been included in the literature.  Moreover, experimental methods viz., synthesis of 

bare SBA-15, its surface functionalisation with APTMS/APTES, the formation of Au/Ag/CuO as 

well as bimetallic Au-Ag loaded SBA-15 nanocomposites by post modification and 

characterisation techniques used in the present study have also been explained.  

Initially, SBA-15 was prepared and its surface was modified with APTMS/APTES 

followed by metallic (Au/Ag/CuO) or bimetallic (Au-Ag) impregnation. It was demonstrated that 

the strong interactions between the surface modified support and the metal nanoparticles 

promoted the formation of homogeneously dispersed and highly stabilized metal  nanostructures 

within the pores of the host which have been further supported by various characterization 

analysis. FTIR and TGA studies confirmed the retention of mesoporous structure and stability of 

prepared materials even after surface functionalization and metal loading. Moreover, the 

presence of metal/metal-oxide nanoparticles (Au, Ag and CuO) within the mesoporous sieves 

was further confirmed by HR-TEM, SAED pattern and EDX spectra. Elemental mapping studies 



127 
 

also depicted uniform dispersal of metal nano species throughout the siliceous support. Low 

angle Powder XRD spectra also illustrated retention of mesoporous geometry after surface 

functionalization and metal loading, however, a decrease in the intensities of peaks was observed 

owing to the pore-filling effect due to the formation of metal nanoparticles within the mesopores. 

Wide angle XRD spectra depicted characteristic diffraction peaks w.r.t different metals 

indicating the presence of metal/metal-oxide species within the SBA-15. It was further supported 

by XPS spectra that confirmed the existence of metallic Au and Ag whereas Cu being 

susceptible to oxidation was present in the form of CuO within the mesoporous host. On 

comparing wide angle Powder XRD spectra of Au/Ag/CuO nanocomposites, it was found that 

for Au loaded SBA-15 nanocomposites, intensity of peaks increased with increase in Au loading 

from 1-10 wt. %, evidencing an increase in the size and crystallinity of prepared materials. On 

the contrary, for Ag and CuO loaded SBA-15 nanocomposites, increase in the size of embedded 

metal/metal-oxide nano species was observed till 4 wt. % of metal loading. Furthermore, the 

diffraction pattern of  4 wt. % loaded Ag/CuO catalyst showed a difference in the broadening of 

the peaks corresponding to different planes, suggesting that as metal loading was increased, an 

effective amount of metal/metal-oxide nano species within the mesopores increased gradually 

leading to the development of strain. As a result, crystal deformations w.r.t. specified planes 

increased forming anisotropic nanoparticles (nanospheres and nanorods) within the mesoporous 

sieves. Beyond 4 wt. % loading, any significant change in the size of metal/metal-oxide nano 

species was not observed. This was supported by solid state absorption studies that depicted a 

single absorption band characteristic of respective metals (Au/Ag/ CuO) at lower metal loading 

implying the formation of highly dispersed nanospheres within the mesoporous host. However, 

higher metal loading, indicated a probable change in the morphology of metallic species from 

nanospheres to nanorod- like shape, due to the blue shifting of transverse band and appearance of 

the weaker longitudinal band in the spectrum. Change in the shape of incorporated metal/metal-

oxide nano species at higher metal loading was further confirmed by TEM micrographs that 

showed the formation of fine homogeneously dispersed nanospheres (average particle size 5-7 

nm) for 1- 4 wt. % metal (Au, Ag and CuO) loading and nanorods (average aspect ratio ~15-20 

nm) for 10 wt. % metal loading extending along the long mesochannels of SBA-15. It was found 

that due to the restriction imposed by the channel walls and strain generated within the sieves at 

higher (10 wt. %) metal loading, an excess of the nanospheres aligned one after the other in the 
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form of nanorod- like shape. Considering catalytic parameters of Au and Ag-loaded SBA-15 

nanocomposites, a catalyst with 4 wt. % Au/Ag loading showed the highest catalytic activity for 

nitroaromatic reduction. The catalytic activity of Au loaded SBA-15 nanocomposites was 

evaluated for the reduction of m- and p-dinitrobenzene (m-DNB). It was found that the high Au 

loading and uniform dispersion of small particle size (~5-6 nm) of Au nanospheres within SBA-

15 channels leads to large number of exposed active sites for favoring easy access of reactants 

and thus contributed towards efficient catalytic activity (89 % selectivity for m-

phenylenediamine and 81% for p-nitroaniline formation). Among the Ag supported SBA-15 

nanocomposites, a catalyst with 4 wt. % Ag loading exhibited the highest catalytic activity for 

the reduction of p-DNB and p-nitrophenol (p- NP) exhibiting 87 % selectivity for p-nitroaniline 

and 100 % selectivity for p-aminophenol formation due to high Ag loading that resulted in the 

formation of well dispersed Ag NPs (active sites) within/on the surface of the mesopores, 

exhibiting the unexpectedly high surface area (708 m2/g) more than SBA-15 with  improved 

access of active species to the substrate molecules leading to enhanced catalytic activity. 

Moreover, the value of rate constant was found to be  4.7 × 10-3 s-1 for p-NP and 1.803 × 10-1 s-1  

for p-DNB,  quite comparable with the reported rate constants where supported Ag catalysts were 

used, signifying the high efficiency of the prepared catalyst. On the contrary, for CuO loaded 

SBA-15 catalysts, nanocomposite with 10 wt. % Cu loading displayed highest catalytic 

efficiency accredited to the increased amount of Cu impregnation and high surface area. Thus, it 

was concluded that metal loading significantly influences the shape, size, dispersion ability and 

catalytic activity of the supported metal/metal oxide nanocomposites. For the reduction of m-

nitrotoluene (m-NT) and m-chloronitrobenzene (m-CNB) catalyzed by CuO loaded SBA-15 

catalysts, the reaction rate also showed dependence on the electron withdrawing ability of the 

substituents present on nitrobenzene and was found to be maximum for m-CNB. Further, on 

comparing the Au/Ag/CuO loaded SBA-15 nanocomposites  w.r.t 4 wt. % metal impregnation, it 

was observed that Au nanospheres impregnated SBA-15 with smallest particle size (~5 nm), 

better metallic dispersion and lowest surface area (292 m2/g) exhibited the best catalytic activity 

for m-DNB reduction (k = 1.765 × 10-1 min-1) establishing the fact that catalytic activity could 

also be well tuned to the desired reach as a function of nature of metal and its dispersion density. 

Since the prepared monometallic nanocomposites exhibited enhanced catalytic activity 

for nitroaromatic reduction, so this methodology was extended for the synthesis of bimetallic 
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Au-Ag loaded SBA-15 nanocomposites. Of all bimetallic nanocomposites, Au:Ag(5:1)/m-SBA-

15 nanocomposites exhibited the best catalytic activity (k= 2.12×10-2 min-1 and 3.99×10-2 min-1) 

in comparison to monometallic Au/m-SBA-15 and Ag/m-SBA-15 nanocomposites for the 

selective reduction of nitrobenzene (NB) to aniline (AN) and p-nitro acetophenone (p-NAP) to p-

aminoacetophenone (p-AAP)respectively. The strong synergism between Au and Ag resulted in 

the improved catalytic activity of the bimetallic Au:Ag nanocomposites in comparison to the 

monometallic Au/Ag counterparts and bare SBA-15. The catalytic activity was greatly 

influenced by metal loading, surface area and distribution of bimetallic nanospheres within/on 

the surface of the mesoporous host. Keeping in view, the simple synthesis, easy retrieval and 

high catalytic activity of prepared nanocomposites, this method can also be extended for the 

formation of other bimetallic as well as trimetallic systems. 

It is thus concluded from the work that catalytic activity of the metal supported SBA-15 

nanocomposites can be enhanced with suitable metal impregnation depending upon the nature of 

metal and amount of metal loading. Moreover, the prepared nanocomposites could be effectively 

utilized for the selective reduction of nitroaromatics possessing multifunctional reducible groups 

at m- or p- position in short reaction time resulting in high yield and minimal side product 

generation. The easy preparation method, benign reaction conditions, greater selectivity of 

products and high recyclability of the prepared materials make this protocol to be highly efficient 

and appealing for the reduction of other nitroaromatics. Moreover, excellent stability and 

reusability of the catalyst offer a great scope for extending it to other noble metals promising 

greater opportunities for designing novel materials for various applications. 

Future scope  

In the work accomplished for this thesis, efforts were made for the preparation and 

development of a stable heterogeneous catalyst for the nitroaromatic reduction. Although there 

have been satisfactory results and findings in the work carried out, yet there is scope in the same 

field. The improved catalytic and physicochemical properties of the prepared materials offers a 

possibility of extending it to other monometallic, bimetallic (Au-Cu, Ag-Cu), supported core-

shell nanocomposites as well as other trimetallic systems for catalyzing other industrially 

important reactions. 
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