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PREFACE 

Plant-derived nanostructures are renowned for their biocompatibility and 

sustainability. Among them, cellulose nanoforms occupy ideal position which is based on 

factors such as their abundance, diversified forms with unique physicochemical properties, 

processibility, etc. From ancient times, wood is always considered as the main resource for 

the paper industry, timber industry, furniture, and so on. Due to human activity's 

degradation of natural ecosystems, the number of trees globally is declining at an alarming 

pace. Despite the fact that nanocellulose is a contemporary sustainable candidate, it is 

critical for researchers to identify more suitable cellulose sources that do not degrade the 

natural ecosystem. Worldwide, nearly eight billion people and other animals rely on food 

to survive. Because of this, agriculture now ranks as the largest industry in the world, 

producing food valued at several trillion dollars each year. This sheds light on the use of 

agricultural wastes as a bio-renewable source for nanocellulose production. In order to 

isolate nanocellulose efficiently and at a reasonable cost, more development is therefore 

necessary in this era of increasing sustainability requirements. With this focus, further 

interventions in this field for valorization of biomass to nanocellulose-based high-value 

products will be the scope of present research.  

The current thesis mainly investigated the isolation of cellulose nanoforms from 

banana pseudo-stem fibers, an agricultural waste with simplification as well as the 

exploitation of great potentials of nanocellulose in the generation of functional hybrid 

materials for different application platforms. More emphasis is given to explore the 

template, reducing, shape-directing, and stabilizing abilities of nanocellulose in metal-

based systems. 
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ABSTRACT 

In this chapter, we discuss the material termed ‘nanocellulose’ and its subcategories, 

including cellulose nanocrystals (CNCs), cellulose nanofibers (CNFs), and bacterial 

nanocellulose (BNC), as well as its synthesis from different sources and properties. As a 

unique, sustainable material for various bio-based applications, we present the past and 

recent developments in the field of nanocellulose-based research as a versatile bio-template 

and flexible hydrogels/aerogels with good mechanical stability. We foresee nanocellulose 

as an excellent alternative to petroleum-based polymers and a plethora of nanocellulose in 

a galaxy of applications. For this, an economically viable pilot-scale production of 

nanocellulose is necessary to commercialize these research outcomes, and more 

advancements are likely to come in the future. 

1.1. CELLULOSE 

Cellulose is the most available natural hierarchical structure consisting of D-

glucose as its structural units connected together by β-1-4 glycosidic bonds.1 The number 

of monomeric units or degree of polymerization in cellulose may vary from source to 

source and fall in the range of 10000 -15000.2 Cellulose includes in the class of semi-

crystalline polysaccharides with a crystallinity of about 70%. This semi-crystallinity arises 

due to the presence of disordered amorphous regions together with highly ordered 

crystalline regions that are combined together to form cellulose chains and further bundled 

to microfibrils by Van der Waals forces and hydrogen bonds. Molecular alignment and 

dense packing of these microfibrils are mainly attributed to the overall Young’s modulus 

and tensile strength of cellulose.3 It has a width in the range from 5 to 20 μm and a length 

ranging from 0.5 to several millimeters. Due to the presence of free -OH groups in 

cellulose, it will tend to form strong inter-chain hydrogen bonding and align into some 

parallel assemblies with better mechanical strength. Morphological level of the structure 

of cellulose is a natural intricacy that starts from the elemental fibrils (length ~ 100 nm; 
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width ~ 1-3 nm), which are bundled into microfibrils (diameter ~ 10-30 nm) which will 

further assemble to microfibrillar bands (length ~ few micrometers; width ~ 100 nm).2  

 

Figure 1.1. The hierarchical structure of cellulose from Plant cell wall to monomer.4 

Generally, elementary cellulose chains exhibit different allomorphs depending on 

the crystal packing and spatial orientations. Mainly cellulose exists in four allomorphs like 

namely, cellulose I, II, III, and IV, in which cellulose I is only naturally born. This original 

natural cellulose I contains the combination of two allomorphs, cellulose Iα (triclinic) and 

Iβ (monoclinic), in different quantities purely pertaining to the source of cellulose.5 

Especially, cellulose Iα form predominates in algae and bacteria, whereas plants contain Iβ 
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in major fractions.6 Cellulose Iα can be converted into Iβ by tedious procedures at high 

temperatures and inert atmosphere, but 100% efficiency is still not attained. Mercerization 

or regeneration after solubilization of cellulose I result in cellulose II forms with a 

monoclinic structure generally called regenerative cellulose. It is thermodynamically stable 

and can be processed into different applications and also known for its mechanical stability 

resulting from antiparallel or irreversible chain rearrangement.7 Cellulose III is also 

produced by the chemical treatment using liquid ammonia at -80 ºC from cellulose I and 

II. It exists in two analogs, namely cellulose III1 and III2, derived from their starting sources 

significantly the parallel and antiparallel arrangements of cellulose chains.8 Cellulose III 

can be further converted to cellulose IV allomorphs by heating in glycerol at a higher 

temperature (260 ºC) for 20-30 min time. This again exists in two analogs, cellulose IV1, 

and IV2, with the same source dependency.9 Even though the scientific world found 

different allomorphs of cellulose, still cellulose I and II are mainly adopted for further 

processing and applications. 

1.2. NANOCELLULOSE 

 

Figure 1.2. Morphology of (a) cellulose nanocrystals (CNCs), (b) cellulose nanofibers 

(CNFs), and (c) bacterial nanocellulose (BNC).10 

The nano-designed cellulose, termed nanocellulose (NCs), is obtained from 

biomass via mechanical or chemical top-down approaches. Nanocellulose not only tightly 

holds the desirable properties of cellulose like nontoxicity, sustainability, low density, 
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biodegradability, etc. but also exhibits desirable properties like high strength and modulus, 

flame retardancy, dimensional stability, thermal stability, thixotropic behavior, high optical 

transparency, high thermal conductivity, liquid crystalline nature, etc. These exciting 

properties of nanocellulose made it an inevitable material in many nanotechnologies, 

including applications like catalysis, sensing, aerogel, hydrogels, electronics, etc. 

Nanocellulose mainly exists in three forms - cellulose nanocrystals (CNCs), cellulose 

nanofibers (CNFs), and bacterial nanocellulose (BNC) based on morphology (aspect ratio), 

crystallinity, and other properties. Production of type of nanocellulose is dependent on the 

sources and method of preparation. CNCs and CNFs are produced by the breakdown of 

cellulose fibers into nanoscale particles; however, BNC is formed from low molecular 

weight sugars by bacteria. Thus large-scale manufacturing of BNC is complex, and 

commercialization is challenging. Nanofibrillated cellulose and cellulose nanocrystals are 

more promising among nano-sized cellulose materials. In contrast, bacterial nanocellulose 

is more favorable towards biomedical applications owing to its high mechanical strength, 

purity, flexibility, etc. 

1.2.1. Cellulose Nanocrystals (CNCs) 

Cellulose nanocrystals (CNCs), often referred to as cellulose nanowhiskers, with 

rod-like morphology, are usually isolated from cellulose fibers via acid hydrolysis. Since 

acid hydrolysis conduces to the destruction of most of the amorphous regions in cellulose, 

CNCs are shorter than CNFs. CNCs also generated by enzymatic hydrolysis 11 in addition 

to acid hydrolysis using H2SO4
12, HCl13, H3PO4

14, HBr15, etc.          

Holocellulose obtained from biomass after alkali treatment and bleaching is 

subjected to acid hydrolysis. Washing, centrifugation, dialysis, and freeze-drying (if 

required) are compulsory after hydrolysis as post-treatment after acid hydrolysis.16 CNCs 

liberated from acid hydrolysis may differ in degree of crystallinity, aspect ratio, and 

morphology due to their strong influence on the source and method of isolation.16 Lu et al. 

discussed that the synthesis of CNCs by acid hydrolysis from cotton resulted in different 

morphologies: rods, spheres, and networks.17 CNCs are generally observed in the needle 

or spindle-like morphology with a low aspect ratio (width about 5-50 nm; length about 
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100-200 nm). The absence of amorphous regions made CNCs an advanced material with 

exciting properties like liquid crystalline nature18, high Young’s modulus19, high tensile 

strength20, high thermal stability21, low coefficient of thermal expansion, etc. For example, 

Nypelo et al. fabricated self-standing nanocellulose Janus-type films from CNCs by acid 

hydrolysis.22 In another work, Biswas et al. reported the generation of highly thermally 

stable nanocomposites of CNCs and transparent polymer matrix.23  

1.2.2. Cellulose Nanofibers (CNFs) 

Cellulose nanofibers (CNFs) are nanocellulose with a high aspect ratio (5-20 nm 

width; 500-1000 nm length) and flexibility imparted by the presence of a significant 

amount of amorphous region, unlike CNCs.24 Mechanical, chemo-mechanical, and 

enzymatic-mechanical processes are the three primary ways that CNFs are made, with 

mechanical processes being the most well-known. Similar to CNCs, the morphology, 

degree of crystallinity, and properties of CNFs are well influenced by the source material 

and method of isolation.25 CNFs are promising materials for the fabrication of gels and 

films since they can create complete skeletons with long fibers. For example, Isobei et al. 

fabricated TEMPO-oxidized cellulose-based hydrogels for heavy metal adsorption.26 And 

Kobayashi et al. reported tough and transparent aerogels of cellulose nanofiber derivatives 

for insulating applications.27 

1.2.3. Bacterial Nanocellulose (BNC)   

Bacterial nanocellulose (BNC) is the pure form of nanocellulose that is produced 

by the bacteria cultivated in glucose-containing cultural media. Generally, 

Gluconoacetobacter xylinus, Agrobacterium, Pseudomonas, Rhizobium, and Sarcina are 

the bacteria used for the production of BNC.28 BNC is a cross-linked network of cellulose 

nanofibers of 3-5 nm width and several micron lengths with less density, high crystallinity 

(84-89%), better mechanical properties, surface area, etc. BNC is extensively applied in 

biomedical fields like implants and biomedical devices due to its pure non-cytotoxic 

nature.29 For example, Badshah et al. modified and applied BNC for drug delivery.30 Wang 
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et al. developed anodes for lithium-ion batteries from carbon aerogels from BC.31 Nogi et 

al. fabricated BNC-based composite transparent films for electronic device applications.32 

1.3. EXTRACTION OF NANOCELLULOSE: SOURCES AND 

METHODS 

Wood-based sources can be utilized for the preparation of nanocellulose by 

chemical treatments followed by mechanical disintegration.33 Since wood is commercially 

overused in the paper and furniture sectors, it makes sense to choose agricultural waste and 

natural fibers with lower lignin contents instead of wood-based sources. Overall production 

processes are easy and energy effective by using natural fibers due to fewer lignin contents. 

There are a lot of approaches regarding the preparation of nanocellulose from different 

natural sources. 

Sources for 

nanocellulose extraction 

Nanocellulose type Extraction method  Ref. 

Wheat straw Cellulose nanocrystals Steam explosion 34 

Cellulose nanofibers Steam explosion and 

high-shear 

homogenization 

35 

Cellulose nanofibers Acid hydrolysis (HCl) 

and Mechanical 

Treatment 

36 

Hemp Cellulose nanocrystals Acid hydrolysis 37 

Cellulose nanofibers High-pressure 

homogenization 

38 

Cellulose nanofibers Oxidation by NaClO 39 

Sugar beet Cellulose nanofibers TEMPO-oxidation 40 
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Cellulose nanocrystals Acid hydrolysis 41 

Jute  Cellulose nanofibers TEMPO-oxidation 42 

Cellulose nanocrystals Acid hydrolysis 43 

Banana rachis Cellulose nanofibers Homogenization and 

organosolv treatment   

44 

Cellulose nanofibers Peroxide oxidation 45 

Kenaf fibers Cellulose nanocrystals Acid hydrolysis 46 

Rice husk Cellulose nanocrystals Acid hydrolysis 47 

Pineapple leaves  Cellulose nanofibers Steam explosion 48 

Coconut husk Cellulose 

nanowhiskers 

Acid hydrolysis 49 

Cotton Cellulose 

nanowhiskers 

Microbial hydrolysis 50 

Coir Cellulose 

nanowhiskers 

Acid hydrolysis 51 

 

Table 1.1. Overview of reported nanocellulose production from agricultural residues. 

          Several approaches have been developed for the extraction of nanocellulose from 

cellulosic materials by combining chemical and mechanical treatments. This multistage 

synthesis involves the elimination of lignin since lignin hinders defibrillation.52 Different 

extraction techniques led to differences in the kinds and characteristics of the resulting 

nanocellulose. Three of the major methods of extraction are classified as pretreatments, 

chemical modification, and defibrillation.  

Alkaline pretreatments are well known as an initial step in nanocellulose production 

because of their efficiency in deteriorating energy usage during the mechanical breakdown 
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of cellulose fibers.38, 46a, 53 Elimination of lignin and hemicellulose contents in the biomass 

can be done by alkaline pretreatment and also results in swelling of cellulose fibers, which 

makes defibrillation easier. However, excessive alkaline treatments may cause cellulose 

degradation.54            

 Due to its exceptional qualities, nanocellulose was introduced as a potential green 

material, which caused a stir in both the scientific community and the private sector. This 

opened up new avenues for researchers to create practical, affordable ways of making 

nanocellulose. Two major types of nanocellulose can be extracted from variable cellulose 

sources in different treatments: mechanical, chemo-mechanical, and enzymatic-mechanical 

treatments. Several highly useful methods are included in these three categories.      

1.3.1. Mechanical Treatments 

1.3.1.1. High-Pressure Homogenization (HPH)  

High-pressure homogenization encompasses the subjection of cellulose pulp into 

the machine under high pressure, and shear forces will generate nanofibers. This process 

is repeated several times, specifically depending on the cellulose source, pressure drop, and 

length of fibers. For example, Andresen et al. extracted micro-fibrillated cellulose fibers 

by passing 2 wt% cellulose pulp suspension through a homogenizer 10 times at 600 bar.55 

Stenstad et al. subjected bleached spruce sulfite cellulose pulp with 2 wt% consistency 

with 600 bar pressure drop about 20 passes for the production of micro-fibrillated 

cellulose.56 Syverud et al. reported the isolation of micro-fibrillated cellulose from 

cellulose pulp at 1 wt% consistency by using a homogenizer at 600 bar.57 High energy 

consumption turns to high production cost, and also the clogging issues in machines tend 

the researchers to think about other alternatives or primary treatments before 

homogenization which makes defibrillation easier.58 
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1.3.1.2. Grinding  

Excessive hydrogen bonding in cellulose makes defibrillation very difficult and 

energy-consuming. In grinding, shear forces are utilized for the defibrillation of cellulose 

by breaking hydrogen bonds. Cellulose pulp suspension is passed through a setup 

containing high-speed rotating grindstone and static grindstone.59 Bandera et al. reported 

the synthesis of nanofibers from microcrystalline cellulose by grinding at 1500 rpm with a 

motor load of 15 kW by passing about 12 times through the grinder.60 Panthapulakkal et 

al. reported the isolation of nanofiber from wood pulp by grinding for the fabrication of 

cellulose nanofibril films.61 

1.3.1.3. Microfluidization 

Microfluidization setup is almost similar to high-pressure homogenization 

discussed above by solving the clogging problems in HPH by avoiding any in-line moving 

parts and also by reverse flow through the setup.59a This technique is more efficient towards 

the production of nanofibers with equal size distribution by inducing a shear rate in the 

flow of pulp suspension, which leads to interparticle collision followed by the defibrillation 

of cellulose. However, frequent maintenance and replacement of discs may be required. 

For example, Ferrer et al. reported the production of cellulose nanofibers from empty palm 

fruit bunch fibers using a microfluidizer operating at 55 MPa by passing 1.8 wt% 

suspension about 5 times.62 

1.3.1.4. Cryo-crushing 

As the term means, the pulp was frozen at cryogenic temperature by liquid nitrogen, 

followed by the rupture of cell walls by applying high applied shear forces. Chakraborty et 

al. put forward this method in 2005 for the production of cellulose microfibrils.33a Wang et 

al. synthesized nanofibers by cryo-crushing from soybean stock at about 500–1000 bar for 

20 passes, which resulted in defibrillation caused by the pressure exerted by ice crystals.54a 

Alemdar et al. proposed the production of cellulose nanofibers from agricultural wastes 



 

I n t r o d u c t i o n  
 

12 | C h a p t e r 1   

such as wheat straw and soy hulls by cryo-crushing at 300 bar by about 20 passes.63 Many 

researchers also reported the isolation of nano and microfibers by cryo-crushing.54b, 64 

However, incapability of generating fine fibers and non-scalability are limited to this 

technique.59a   

1.3.1.5. Electrospinning 

Electrospinning, first developed in 1934 by Formhals, is a simple process for 

creating ultrafine fibers with a diameter ranging from nano to micrometers.65 Apart from 

melt spinning and wet spinning, electrospinning has achieved great attention due to its 

robustness and processing versatility and has resulted in long nanofibers with large aspect 

ratios from polymer solutions. The electrospinning setup includes a high-voltage source, a 

syringe pump, and a rotating disc collector. Electrospinning is a method for processing 

nanofibers using an electrically charged polymer solution jet. This technique involves 

applying an electric field to the solution. When the electric field's intensity is increased, a 

polymer drop released from the tip of a pipette elongates to form the Taylor cone. The 

ejection of polymer fibers from the tip of the Taylor cone is induced by a further rise in the 

applied voltage and collected on the oppositely charged drum. Subsequently, solvent 

evaporation leaves the fibers on the drum with proper orientation and directionality.66 In 

general, a variety of factors, including the viscosity and surface tension of the polymer 

solution, the polarity of the solvent, the applied voltage, the solution temperature, humidity, 

the rpm of the drum collector, the distance between the needle tip and the collector, the 

diameter of the needle, and most importantly the concentration, are significant for the fibers 

without beads.67 For the application of facemask material, electrospun nanofibers are a 

righteous option due to the excellent permeability of oxygen, the high degree of adsorption, 

the capture of small particulate materials by physical entanglement, etc., imparted from the 

large surface-to-volume ratio and interconnected porous geometry. Nanofibers by 

electrospinning are among the most interesting nanostructures so far.  

Electrospinning of pristine cellulose is not possible because of the insolubility of 

cellulose in polar solvents. The generation of cellulose nanofibers by electrospinning of 

cellulose derivatives like cellulose acetate is well-known. Cellulose acetate nanofibrous 
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mats produced by electrospinning is popular in the field of filtration and biomedical areas.68 

Selection of suitable solvents plays an essential role in the bead-free development of 

homogeneous nanofibers. In the case of cellulose acetate, a binary mixture of solvents like 

DMA/Acetone, DMF/Acetone, and DCM/Acetone are commonly used.69 Regeneration of 

cellulose nanofibers by deacetylation is also possible by alkaline treatments.70 Ma et al. 

used an electrospun cellulose nanofiber mat produced by electrospinning of cellulose 

acetate and subsequent deacetylation as affinity membranes for the filtration of 

biomolecules like bovine serum albumin (BSA) and bilirubin. Tungprapa et al. well-

illustrated the Impact on morphology and fiber diameter of the solvent system in 

electrospinning of cellulose acetate.69a 

 

Figure 1.3. Morphology and fiber diameter of electrospun (a) cellulose acetate fibers and 

(b) deacetylated cellulose fibers.  

1.3.2. Chemo-mechanical Treatments 

Incomplete defibrillation and high energy consumption of mechanical treatments 

open the benign of chemo-mechanical treatments, which combine chemical treatments 

before mechanical treatments. Acid hydrolysis71 and TEMPO-mediated oxidation72 are 

popular in this category which also functionalized cellulose and induces hydrophilic nature. 
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1.3.2.1. Acid Hydrolysis 

This method is mainly assigned to the development of cellulose nanocrystals with 

exciting properties. This method offers the production of cellulose nanocrystals by 

abolishing the amorphous part that is incorporated in the semi-crystalline pristine 

cellulose.73 Reagents like strong acids rupture the hydrogen bonds between fibrils and 

highly disordered amorphous regions caused by the penetration of the hydronium (H3O
+) 

ions, followed by the hydrolytic cleavage. However, the highly ordered crystalline region 

remained as intact and resulted in crystals with a low aspect ratio.74 Most popular among 

acid hydrolysis is H2SO4 hydrolysis (~64%) not only produces the cellulose nanocrystals 

but also functionalized CNCs with anionic sulfate ester groups, which induces well-

dispersion of individual CNCs in water by the electrostatic interaction.12 However, these 

sulfate ester groups also diminish its thermal stability. Above a critical concentration of 

sulfate ester functionalized CNCs colloidal suspension in aqueous medium shows an 

ordered chiral nematic phase, which opens the way to an entirely advanced area of optically 

active films.18, 75 H2SO4 hydrolyzed CNCs are in spindle-like morphology with a low 

aspect ratio (5–10 nm width and 50–200 nm length).76 However, Wang et al. reported 

CNCs with spherical morphology produced by the synergic action of H2SO4 and HCl.77 

Acid hydrolysis of cellulose also reported with other acids like hydrochloric acid13, nitric 

acid (~30%), phosphoric acid (~ 85%, functionalized by anionic phosphate ester groups)14, 

hydrobromic acid15, 78, acetic acid (acetylation)79, chloroacetic acid, etc., without any 

functionalization. CNCs isolated by HCl is thermally more stable, but stability in aqueous 

media will be decreased by the lack of any electrostatic interaction.80 Nevertheless, the 

exciting properties of acid hydrolysed CNCs neutralization, washing, purification, 

filtration, centrifugation, dialysis, and drying makes this method very time-consuming. 

There are several reports regarding the isolation of cellulose nanocrystals from different 

sources by acid hydrolysis.14, 46b, 81 Besides that, there are several industries like CelluForce 

(Canada), American Process Inc (USA), Melodea/Holmen (Sweden), Blue Goose 

Biorefineries (Canada), Alberta Innovates (Canada), US forest products lab (USA), Indian 

Council for Agricultural Research – CIRCOT (India), FPInnovation (Canada) 
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commercialized CNCs in large scale.82 However, its cost cost-effectiveness is still 

questionable.   

 

Figure 1.4. Preparation of CNC by regioselective acid hydrolysis of cellulose microfibril.83 

1.3.2.2. TEMPO-mediated Oxidation 

Cellulose nanofibers (CNFs) with an aspect ratio >100 can be generated by 

TEMPO-mediated oxidation and subsequent mild mechanical treatments.84 TEMPO-

mediated oxidation of cellulose carried out by NaClO as the primary oxidant in the 

presence of the catalytic amount of TEMPO and NaBr at a pH 10-11. The exact mechanism 

of TEMPO-mediated oxidation is well demonstrated by Isogai et al. shown in the figure.72 

The process of oxidation can be well observed by the consumption of NaOH to maintain 

pH 10-11. Functionalization of cellulose is attained by the regioselective conversion of the 

C-6 primary hydroxyl group to sodium carboxylated groups.85 TEMPO-mediated oxidation 

by TEMPO/NaClO/NaClO2 system was also employed for CNFs preparation where the 

synergic effect of NaClO and NaClO2 were utilized.86 TEMPO-mediated oxidation 

combined with mild mechanical treatment is the most efficient method for the production 

of nanocellulose with the surface functionalization of pristine cellulose and about 90% 

yield.72 

Apart from TEMPO-oxidised cellulose nanofibers (TCNF) produced by TEMPO-

oxidation followed by homogenization, Zhou et al. reported the synthesis of TEMPO-
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oxidised cellulose nanocrystals with a spindle-like morphology (low aspect ratio) by 

replacing homogenization with ultra-sonication.87 This acid-free method of production of 

CNCs is up-and-coming in the sense that it overcomes complex synthetic and purification 

steps in acid hydrolysis with high yield, greater quantities of surface anionic groups, and 

shorter and more uniform widths (~ 3 nm) of nanocellulose crystals. Zhou et al. also studied 

the gelation behavior of TEMPO-CNCs by dynamic light scattering.88 In 2019, Isogai et 

al. reported an interesting review article regarding the different forms of nanocellulose like 

nanonetwork, nanofibers, and nanocrystals generated by TEMPO-mediated oxidation and 

subsequent slight variations in the controlled mechanical treatments.89 Production of 

nanocellulose by oxidation by ammonium persulfate 90, and by hydrogen peroxide in 

ethanol 91 have also been reported. 

             

Figure 1.5.  Mechanism of TEMPO-mediated oxidation of cellulose. 
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1.3.3. Enzymatic-mechanical Treatments 

Enzymatic hydrolysis is a more environmentally friendly method of cellulose 

disintegration than chemical procedures, and it can be used to synthesize nanocellulose. 

Henriksson et al. reported the fabrication of nanocellulose paper by synthesizing 

nanocellulose through pretreatment followed by coupling of enzymatic hydrolysis and 

mechanical beating.92 They utilized endoglucanase enzyme for the enzymatic hydrolysis 

of the cellulose from softwood pulp. Paakko et al. also prepared nanocellulose fibers by 

enzymatic hydrolysis coupled with mechanical shearing and high-pressure 

homogenization.93 Nanocellulose fibers resulting from enzymatic hydrolysis had a more 

favorable morphology that is different from nanocellulose fibers prepared by other 

methods.94 However, the low yield of nanocellulose from this method tarnished its 

highlights over chemical treatments.   

1.4. PROPERTIES DEPENDENT APPLICATIONS OF NCs 

Nano design of cellulose termed ‘nanocellulose’ is a promising bio-based candidate 

with unprecedented properties and applications. Existence of nanocellulose in diverse 

morphology and properties turned to categorize them as cellulose nanocrystals (CNCs), 

cellulose nanofibers (CNFs), and bacterial nanocellulose (BNC). The behavior of 

nanocellulose products obtained from pristine cellulose after several pre and post-

treatments extensively influenced by a variety of cellulose sources and method of 

preparation. Since all three types of nanocellulose have various structures, physical states, 

and properties, choosing the right kind is crucial and solely reliant on the application. For 

example, for the development of a gel CNFs and BNC are the best choices, whereas 

applications need better transparency and alignment spurred towards CNCs. Additionally, 

since cellulose has a complex chemical structure and a large number of functional groups, 

it is possible to alter its characteristics chemically. These changes to the chemical structure 

of cellulose at the ends may lead to new and intriguing possibilities. Applications of 

nanocellulose are not still fully discovered, and this field is still growing since 
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nanocellulose is a precious stone from bio-waste. Here, we will discuss a few nanocellulose 

applications that are directly connected to the findings of the study in the remaining 

chapters of this thesis.  

1.4.1. As Template/matrix for Stable Metal Nanoparticle Colloids 

          Biomass or plant-based synthesis of metal nanoparticles (NPs) are profound in 

various applications like medical diagnostics, environmental monitoring, food security, and 

homeland security. In photonics, when a material goes into diminutive size, especially to 

nano size, its entire properties will differ compared to the bulk. These properties are always 

pertaining to the tremendous increment in the surface area for minute quantities of 

materials. These nanostructures are imperative in a galaxy of industries, including 

electronics, optical, biomedical, energy storage devices, drugs, cosmetics, and so on.95 

Even though there are several chemical and other methods that are applicable to the 

synthesis of nanoparticles, plant-based methods always capture the interest due to their 

biocompatibility and sustainability. Cellulose is a highly ordered hierarchical structure 

produced by plants effortlessly and in abundance. Nanocellulose can mediate the eco-

friendly production of bio-compatible and ultra-stable NPs. In 2016, Kaushik et al. tried to 

comprehend the papers published in the area of nanocellulose supported metal 

nanoparticles for catalytic applications.96 This review illustrates the use of nanocellulose 

as bio-based template metal nanoparticles. Compared to traditional supports, the shelf-life 

and biocompatibility of nanocellulose-supported nanoparticles make them more appealing. 

An overview of some recent publications emanating from the development of nanoparticles 

supported with nanocellulose templates is listed below. 

Nanocellulose 

/NPs system 

Features Ref. 

CNF/Ag NPs Spherical in shape with a particle size between 10- 50 nm 97 
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CNF/Au/Ag NPs Au nanostars and Ag NPs were prepared separately and 

mixed with CNF for better stability. 

Zeta potential for Au NSs: -12.9 mV, Ag NPs: -23.80 mV 

98 

NC/Pd NPs Spherical in shape with an average particle size of 10.6 

nm 

99 

CMC/ 

CNC@Ag NPs 

Spherical in shape with a particle size between 10-20 nm 100 

CNF/Cu2O NPs Spherical in shape with particle size between 20-40 nm 101 

BNC/Ag NPs Spherical in shape with a particle size between 20-40 nm 102 

BNC/Ag NPs Quasi-spherical nanoparticles (66 ± 27 nm) 103 

CNF/Ag NPs Spherical  104 

CNF/Ag NWs Ag NWs were prepared separately and mixed with CNF 

for better stability. 

105 

BNC/AgNPs/Mo

O3 NPs 

Spherical in shape with an average particle size in the 

range from 1 nm to 10 nm  

106 

CF/Pd NPs Nearly spherical  107 

CNC/CAR/Ag 

NPs 

Spherical  108 

BNC/Ag NPs Tried to achieve anisotropic morphology 

by using H2O2 redox post-treatment. (triangle) 

109 

CNF/Ag NPs Spherical in shape 110 
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CNF/Ag NPs Tried to achieve anisotropic morphology 

by using H2O2 redox post-treatment.  

111 

CNF/Ag NPs Tried to achieve anisotropic morphology 112 

CNC/Ag NPs Spherical in shape  113 

CNF/Ag NPs Spherical in shape 114 

CNF/Ag NPs Anisotropic morphology attained 

Shape-directing activity of nanocellulose was discussed 

115 

BNC/Au@Fe2O3 Nearly spherical in shape 116 

RCNF/Au@Ag 

NPs 

Nearly spherical in shape 117 

CNF/Au@Ag 

NPs 

Au@Ag NPs were prepared separately and mixed with 

CNF for better stability. 

118 

 

Table 1.2. Overview of reported nanoparticle systems supported with nanocellulose 

template. 

1.4.2. Aerogels      

Aerogels are material structures having the majority contribution from the air in 

their volume. These ultimate porous structures are known for their unusual low density 

(0.004–0.500 g cm-3), high specific surface area (100 -1000 m2 g-1), and about 99% 

porosity. Aerogels are originated from wet gels or hydrogels by drying under supercritical 

conditions. These materials are first developed by S. Kistler in 1930.119 Aerogels are an 

amazing candidate for applications that require lightweight materials like aerospace field, 

and high surface, especially in catalysis, insulation materials120, 3D printing, medical 

scaffolds121, adsorption or separation 122, etc. Flexibility and other mechanical properties 
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made polymers inevitable materials in aerogels developments compared to the inorganic 

materials in which nanocellulose-based aerogels captured the minds of researchers due to 

their biocompatibility. Among the different types of nanocellulose CNFs and BNC are 

more amenable for both hydrogel and aerogels applications due to their long fibrous nature 

with a high aspect ratio that can form cross-linked and entangled networks. Handful of 

hydroxyl groups in cellulose makes suitable bonds for the formation of mechanically stable 

and robust hydrogel networks by inter and intra-molecular hydrogen bonding and other 

electrostatic interactions towards additive components.123 For example, Zander et al. 

utilized Ca2+ and Fe3+ ions cross-linked CNFs hydrogels ideal for tissue engineering 

applications.121 Ram et al. examined the use of aerogels based on CNCs and the 

manufacture of such devices in the context of aerogels.124 

1.5. OBJECTIVES 

The valorization of agricultural biomass and industrial wastes must be strongly 

encouraged since a future with limited natural resources is not far off. A country like India 

produces tons of various agricultural biomass every year due to its diverse geography and 

agricultural areas. Utilization of these bio-wastes to value-added products in a sustainable 

way is inevitable for a better tomorrow. Nanocellulose is such a kind of candidate with 

unprecedented applicability in different fields. It is ideal for our country with enormous 

precious agricultural products, especially in this current period of the ‘One District One 

Product’ approach or other schemes by the Ministry of food processing industries. 

Although nanocellulose can be produced from biomass waste and is known for its 

sustainability, and eye-catching processabillities, in order to meet the commercial 

application requirements, the cost of production needs to be minimized. In order to produce 

nanocellulose in large quantities, energy efficiency, and process simplicity are crucial. In 

the first working chapter, our objectives are to isolate cellulose nanocrystals in a more 

effective and efficient way. In briefly, 

 Value-added and energy-saving production of cellulose nanocrystals CNCs from 

biomass waste of banana plant (banana pseudo-stem fibers) instead of complex and 

hazardous acid hydrolysis 
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 To determine the viability of extracting nanocellulose from banana plant waste in 

comparison with other plant wastes for optimal yield 

 The physiochemical characteristics of nanocellulose are being optimized and 

investigated to help choose the best form for applications with particular structural 

and characteristic requirements 

 Our major goals in the other working chapters are to develop functional hybrids 

based on nanocellulose, including CNC-supported bimetallic nanostructures and the use of 

metal ions-CNF coordination for gel formation. Applicabilities of these nanocellulose 

metallic hybrids towards application areas like SERS, catalysis, electrocatalysis, and 

humidity sensing, etc., are also illustrated. 
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ABSTRACT 

Currently, polymers derived from petroleum byproducts are still employed in a majority of 

technologies and commercial items. These lead to the quest for alternatives that are 

environmental friendly with low health and safety risks within affordable prices. The use 

of natural resources is important for the growth and advancement of a sustainable economy 

around the world. In this chapter, we present an efficient and energy-saving method for the 

synthesis of cellulose nanocrystals (CNC) from banana pseudo-stem fibers by TEMPO-

mediated oxidation followed by ultrasonication. In addition to chemical functionalization, 

subsequent mechanical disintegration also plays an important role in the derived 

nanocellulose. Optimization, structure, and properties of CNC were conducted at varying 

ultrasonication durations. Since the quantity of conversion is vital in every synthesis 

method, yield, and the material properties of CNC from banana pseudo-stem fibers were 

compared with other plant parts like Areca nut leaf sheaths and Mahogany hardwood. This 

study highlights the utilization of banana pseudo-stem fibers as an appropriate choice of 

source for the production of CNC by an acid-free route where TEMPO-mediated oxidation 

followed by ultrasonication.  

2.1. INTRODUCTION 

Nanocellulose emerged as the ‘nano’ prototype of the ubiquitous natural polymer 

cellulose by overcoming most of its hindrances towards the processability and 

applicability. Nanocellulose is well-known in three different faces, namely cellulose 

nanofiber (CNF), cellulose nanocrystal (CNC), and bacterial cellulose (BNC), regarding 

their aspect ratio and origin.1 CNCs are crystalline with a low aspect ratio, whereas CNFs 

are semi-crystalline, having amorphous along with crystalline parts and a high aspect ratio. 

In addition to these, BNCs are high-purity cellulose fibers produced by bacteria.2 These 

comprising subclasses in the nanocellulose make it more adaptable and servable in any 

applications requiring remindful properties.3 The present age is passing through a strong 

mission among global countries to cut down carbon emissions effectively by welcoming 
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sustainable alternatives. Here comes the prominence of modified cellulose-based materials, 

but from the past decade, cellulose is always pointed towards wood, and it has become the 

most exploited source of cellulose. These increasing demands lead to deforestation, which 

made a huge impact on landscapes globally. Since cellulose is the major component in the 

plant kingdom, agricultural residues can be considered as resources of cellulose with the 

bonus mark of waste to product approach. Hemp, banana fibers, flax, pineapple leaf, jute, 

ramie, and cotton are some of the known resources of cellulose in unnegotiable amounts.  

There are several top-down synthetic procedures to transform natural cellulose form into 

custom-made functional materials so as to exploit their intrinsic physical and chemical 

properties. All these methods include energy-consuming steps that are necessary to break 

the bundle of microfibers to the end form of nano.4 Crops as cellulose sources for the 

production of nanocellulose not only avoid the use of valuable commodities but also low 

energy consumption for processing due to the decrease in the lignin content.5 

 Even though Bananas are mainly cultivated in tropical countries, this fruit is 

unavoidable and the second most consuming fruit worldwide. As a Musaceae plant family 

member, more than 60% of banana trees become agricultural wastes after harvesting, 

including its pseudo-stem.6 As a result, more than 100 million metric tons of banana plant 

wastes are produced worldwide, especially in India, China, Indonesia, Brazil, Ecuador, 

Philippines, Colombia, etc., being the main global banana producers. These can be 

fruitfully utilized in different value-added products, such as biodegradable packaging 

materials, bioplastics, etc.7 In 2022, ICAR-NRCB, India, has developed and licensed their 

sustainable technology for banana fiber processing from its pseudo-stem wastes.8 

 Banana fibers are attractive candidate for plant-derived cellulose containing almost 

50-65% cellulose. These high amounts of cellulose can be systematically isolated and can 

be converted into nanocellulose with more energy-saving benefits. Chemically treated 

banana fibers are known for their higher crystallinity index of about 62% beneficial for 

cellulose nanocrystal (CNC) production. Acid hydrolysis is the most adapted method for 

the isolation of CNC from cellulose, in which the fraction of amorphous parts in the semi-

crystalline polymer gets hydrolyzed by H2SO4, and crystalline parts get untouched.9 The 

main obstacles to this method arise from the handling of concentrated acids, heavy and 
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prolonged neutralization, and low yield. In 2019, Isogai et al. put forward the isolation of 

CNF, CNC, and cellulose nanonetworks (CNN) by TEMPO-mediated oxidation.10 

Production of CNC from TEMPO-mediated oxidation can be particularly achieved by 

ultrasonication. Benefits of choosing ultrasonication as the mechanical disintegration 

method serve the simple and minimum requirement of an ultrasonication bath apart from 

high-pressure homogenization, microfluidization, sonication, mechanical grinding, etc., 

adopted in other production strategies.11 

 Herein, we investigate an acid-free TEMPO-mediated oxidation process for the 

synthesis of cellulose nanocrystals (CNCs) with a relatively high yield (95%) from 

untapped banana pseudo-stem wastes. The time duration for cavitation force treatment 

using ultrasonication after TEMPO-mediated oxidation is very well studied to get the 

maximum yield of CNC from banana fibers. Properties of CNC at different sonication 

durations were also discussed systematically by using Fourier Transform Infrared 

spectroscopy (FTIR), Wide-angle X-ray Scattering (WAXS), Atomic Force Microscope 

(AFM), Dynamic Light Scattering (DLS), UV-Visible Spectrophotometer, and X-ray 

Photoelectron Spectroscopy (XPS) as characterization techniques. Feasibility of banana 

fiber as a cellulose source was compared with two other plant parts, hardwood (Mahogany 

wood) and leaves (Areca nut leaf sheath). We verified that the exact oxidation procedure 

and mechanical disintegration may not work on different sources depending upon their 

recalcitrant behavior. Breakthroughs in terms of yield with less energy consumption make 

this material, a source for CNC production without compromising sustainability and 

quality.  

2.2. EXPERIMENTAL SECTION 

2.2.1. Materials  

Banana pseudo-stem fibers (NaOH treated), Areca nut leaf sheaths, and Mahogany 

hardwood chips were collected from agricultural and timber industry wastes and used as 

cellulose sources. Sodium chlorite (NaClO2), 2,2,6,6-tetramethyl piperidine-1-oxyl radical 

(TEMPO; C9H18NO), sodium hypochlorite (NaClO), sodium bromide (NaBr) used for 
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bleaching and subsequent TEMPO-mediated oxidation of the holocellulose purchased 

from Sigma-Aldrich, India. Sodium hydroxide for pretreatment was brought from Rankem. 

Ultrapure deionized (DI) water (Milli-Q purifier system, Merck, Germany) was consumed 

as the solvent in the complete synthesis procedure. 

2.2.2. Extraction of Holocellulose  

The ultimate strategy for extracting holocellulose by abolishing both lignin and 

hemicellulose content explained in the literature has been slightly modified as adequate as 

starting material.12 Banana pseudo-stem fibers were initially pre-treated with excess NaOH 

during the extraction process. Subsequently, delignification was done at a minimum of two 

times with 1.7 wt% NaClO2 at pH 4 at 150 oC until the biomass turned into a white cotton-

like substance. The obtained holocellulose was washed thoroughly with DI water, dried, 

and kept for further experiments. Removal of non-cellulosic contents from the banana 

fibers were done by pretreatment and delignification steps for three repeated cycles. The 

exact same procedure is also adopted for other sources, Areca nut leaf sheaths and 

Mahogany hardwood for comparison. 

2.2.3. Preparation of TEMPO-oxidized Nanocellulose (TNC) 

TEMPO-oxidation was performed by the procedure put forward by Isogai and co-

workers.13 Concisely, a catalytic quantity of TEMPO (0.032 g) was accurately weighed 

and dissolved in DI water by stirring for 5 min in a 500 mL flat bottom flask. Then 0.32 g 

of NaBr and 1.00 g of holocellulose were added, and the water content was increased to 

270 mL by adding additional DI water. The oxidation process was initiated by adding a 30 

mL ice-cooled NaClO solution at pH 10–11 range. Due to the presence of excess NaOH in 

the holocellulose, further addition of NaOH was not required. The reaction was conducted 

for 1 h. During the reaction, region-selective conversion of carbon-6 (C6) hydroxyl to 

carboxyl group was monitored from the way of consumption of NaOH or pH measured at 

regular 5 min intervals. 
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2.2.4. Ultrasonication as Mechanical Disintegration 

A 350 W ultrasonication bath was used for the mechanical disintegration of the 

TEMPO-oxidized cellulose containing reaction mixture. Ultrasonication was carried out in 

cooled water at a frequency of 40 kHz under the low strength of the ultrasonic wave. 

Suspension after TEMPO-oxidation was transferred to an ultrasonication bath and 

subjected to sonication for 0, 0.5, 1, 2, and 4 h keeping at ice-cold condition. Further 

oxidation process was quenched by adding 5 mL of ethanol. The final product was 

separated by washing and followed by freeze-drying. The exfoliated nanocellulose form 

was denoted as TNC since it was not confirmed as CNF or CNC. 

2.2.5. Characterizations of TNC 

The FTIR spectrometer (PerkinElmer) was used to study the chemical structure of 

TNC by scanning in the range from 4000 to 400 cm−1. Wide-Angle X-ray Scattering 

(WAXS) pattern of TNC and holocellulose was recorded using XEUSS SAXS/WAXS 

system from Xenocs operated with Cu Kα (λ = 1.54 Å), 50 kV. The crystallinity index (CI) 

of holocellulose and TNC were measured using the equation: 

CI = 
𝐼200−𝐼𝑎𝑚

𝐼200
 

Where I200 is the intensity of diffraction peak at 2 =22.5º, and Iam is the minimum intensity 

diffraction peak from the amorphous region between (1-10) and (200) planes. Aspect ratio 

or dimension of nanocellulose is very crucial for confirming the type of nanocellulose 

(CNC or CNF) were obtained using Atomic Force Microscopy in tapping mode (AFM, 

Multimode 8 atomic force microscope linked to Nanoscope V controller (Bruker, Santa 

Barbara, CA). Si cantilevers (NSG 01, NT-MDT) with a 10 nm radius of curvature and a 

scan rate of 1 Hz were used. The resonance frequencies ranged from 120 to 180 kHz, and 

the force constant of the AFM probe ranged from 2.5 to 10 N/m. Scan size from 10 × 10 

µm2 to 800 × 800 nm2 at 512 × 512-pixel resolution were recorded. Samples were deposited 

on an ultra-smooth mica substrate and dried under vacuum for 24 h prior to the AFM 

measurements. The dynamic light scattering (DLS) data and zeta potential were obtained 
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from Zetasizer Nano ZS, Malvern equipment. Transmittance of TNC dispersed in water 

were recorded by UV-2600 spectrophotometer by Shimadzu, Kyoto, Japan. Samples for 

DLS, zeta potential, and transmittance measurements were prepared by dispersing 0.1% 

(w/v) in water. The carboxyl content of TNC were experimentally estimated using 

conductometric titration. X-ray photoelectron spectroscopy (XPS) study was performed 

using PHI 5000 VersaProbe II, ULVAC-PHI Inc., USA. The binding energies of XPS 

peaks were referenced to the C1s peak at 284.8 eV. 

2.3. RESULTS AND DISCUSSION 

2.3.1. Optimization of Ultrasonication Time 

 

Figure 2.1. (a) FTIR spectra and (b) WAXS patterns of TNC at different ultrasonication 

duration from 0 h to 4 h. 

TEMPO/NaBr/NaClO oxidation can effectively graft carboxyl groups on the 

selective positions of cellulose chains, thereby imparting better processability and 

solubility properties. Maintaining the pH between 10-11 is very important for this 

functionalization because non-selective and aggressive oxidation properties may occur at 

lower pH. Sometimes, TEMPO also becomes less active or inactive at lower pH.14 Post-

mechanical treatments also play very crucial in the type and properties of nanocellulose 

produced. Very low energy consumption is required for oxidized cellulose via 

TEMPO/NaBr/NaClO system, and it needs to be optimized for every source of cellulose 

since nature builds a diverse and hierarchical organization of cellulose chains in plant 
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varieties. In the case of banana pseudo-stem fibers, our assumption is that nanofibrillation 

occurs at very low energy consumption due to the simple and parallel arrangement of 

cellulose chains via hydrogen bonding and Van der Waals forces. We attempted several 

different time durations from 0 to 4 h for ultrasonication to select the optimum period, and 

all its properties are evaluated in detail.  

 Figure 2.1 depicts the effect of ultrasonication on the chemical modification and 

crystallinity of TNC. Functionalization or chemical modifications of cellulose after 

TEMPO-oxidation can be confirmed from FTIR analysis. The absence of peaks at 1242 

cm-1, 1500 cm-1, and 1700 cm-1 in the FTIR spectra of TNC (Figure 2.1a) indicated that 

the pretreatment and bleaching processes could remove lignin and hemicellulose contents 

from the fiber.15 The introduction of carboxyl functional groups by the regio-selective 

oxidization of the C6 primary hydroxyl group is evident from the intense peak at 1616 

cm−1.16 Other prominent peaks at 3300-3500 (broad), 2900, 1400-1450, and 1055 cm-1 

bloated from the -OH stretching, C-H stretching, C-H bending, and C-O stretching 

vibrations, respectively.17 After the ultrasonication process, there is a considerable 

increment in the carboxyl peak intensity with the increase in the ultrasonication time. This 

implies that oxidation continues throughout the ultrasonication treatment, and the degree 

of oxidation also depends on the duration of ultrasonication. This needs to be investigated 

further. WAXS pattern (Figure 2.1b) of holocellulose and TNC confirmed the 

modification of Cellulose I to Cellulose II phase by mercerization as indicated by three 

peaks at 2θ = 12.5o, 20.7o, and 22.1o that are indexed as (110), (110) and (200) planes of 

Cellulose II.18 CI values corresponding to TNC from time 0 h to 4 h were estimated by 

Segal’s method, as shown in Table 2.1. CI values estimated from WAXS patterns of TNC 

samples treated at different ultrasonication times 0 h to 4 h were 60%, 61.9%, 62%, 63%, 

and 62.9%, respectively.  

To gain more insight into the morphology and dimension of TNC samples, AFM 

analysis were carried out. Accordingly, the AFM height images of TNC (Figure 2.2) 

showed that on increasing the duration of ultrasonication treatment, the average length of 

nanocellulose fibers significantly reduced and fell in the category of CNC with the low 

aspect ratio. At 2 h of ultrasonication, the formation of crystals becomes more profound, 
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with excellent spindle-like morphology having a length of about 150 ± 20 nm and a width 

of about 15 ± 5 nm (Figure 2.2d). Further, a longer ultrasonication would destroy the 

structure of CNC, as observed in the AFM height images in 4 h of ultrasonication (Figure 

2.2e).   

Sample Yield  

(%) 

PDI Average 

Particle Size 

(nm) 

Zeta 

Potential 

(mV) 

XRD 

crystallinity 

(%) 

TNC (0 h) 43 0.211 1065 -59.43 60 

TNC (0.5 h) 50 0.403 377.4 -55.41 61.9 

TNC (1 h) 58 0.403 197 -53.45 62 

TNC (2 h) 95 0.343 160 -51.68 63 

TNC (4 h) 15 0.377 198 -44.86 62.9 

 

Table 2.1. Yield of nanofibrillation and other properties of TNC samples treated at 0 h to 

4 h ultrasonication time durations. 

Figure 2.3a exhibits a nearly similar size distribution of TNC as observed in AFM 

height images at different ultrasonication time. At the time 0 h, the size distribution of TNC 

fell in the category of CNF due to its high aspect ratio. Later, the size decreased upon the 

increase in the ultrasonication time and dropped in the category of CNC. Detailed data 

obtained from DLS and zeta potential recorded with 0.1% (w/v) TNC dispersion is shown 

in Table 2.1. Zeta potential values of TNC dispersions from 0 h to 4 h ultrasonication 

treatment were -59.43, -55.41, -53.45, -51.68, and -44.86 mV, respectively. Zeta potential 

values showed a descending order upon increasing the ultrasonication time. This is because 

ultrasonication is always a disintegration process which can reduce the colloidal stability. 

However, these zeta potential values are very closer and pretty much good, indicating the 

stability of TNC dispersion compared to other reports.19 Figure 2.3b displays the UV-

Visible transmittance spectra of 0.1% (w/v). On increasing the ultrasonication time, the 

light transparency of TNC suspensions also increased up to 2 h. At 4 h sonication time, 
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transparency again follows the path of low. An increase in the transmittance is always 

considered as the fingerprint of the increase in crystallinity and a decrease in the particle 

size.20 Likewise, an increase in transmittance also can be correlated to the increase in 

carboxyl content or degree of oxidation.19 Electrostatic interaction between the induced 

COO- groups also provides better dispersibility or solubility in water. This observation in 

the UV-Visible transmittance spectra also signifies the formation of CNC instead of CNF 

by this method. In terms of reaction yield (Figure 2.3c), results showed that on increasing 

ultrasonication treatment time from 0 to 2 h, the quantity of CNC generated also increased 

from 43 to 95% and then drastically disappeared with 4 h, caused by the complete 

disruption of cellulose. This may have resulted from the rupture of even the crystalline 

regions of cellulose by the high amount of cavitation force treatment using ultrasonication 

and increasing temperature. Nanofibrillation yield of only 15% at 4 h and its disrupted 

structure of crystals as observed in the AFM analysis (Figure 2.2e) which is in good 

agreement with that of time, 2 h as optimum ultrasonication period for CNC from banana 

pseudo-stem fibers with the excellent yield of production. 

 

Figure 2.2. AFM height images of TNC samples treated at different ultrasonication times, 

0 h to 4 h. 
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Figure 2.3. (a) DLS spectra, (b) UV-Visible transmittance spectra, and (c) yield of 

nanofibrillation of TNC samples at different ultrasonication times. 

2.3.2. Effect of Ultrasonication on Degree of Oxidation 

According to Isogai et al., even though CNF, CNC, or CNW prepared from TEMPO-

oxidation followed by any mechanical treatments, all would have the same carboxyl 

content despite the power of mechanical disintegration.10 TEMPO-mediated oxidation is 

always rendered at the surface of cellulose microfibrils. In our detailed literature study, 

they subjected cellulose to mechanical disintegration as a second step after quenching and 

washing of product from TEMPO-oxidation.13c Therefore, the introduction of the 

ultrasonication process before the quenching of the TEMPO-oxidation step could improve 

or change the carboxyl content of the entire system. In order to study the effect of the 

ultrasonication time on the degree of oxidation, we estimated the carboxyl content at 

different ultrasonication times. The results were interesting, and the carboxyl content was 
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improved by increasing the ultrasonication duration (Table 2.2). This observation suggests 

that a post-ultrasonication treatment also can promote oxidation or carboxyl 

functionalization. The XPS analysis of samples at the corresponding ultrasonication time 

has been carried out to find out the surface elemental composition in the system. Figure 

2.4 shows the XPS survey spectra displayed C and O are major elements with peaks, at 532 

eV for O 1s and 284 eV for C 1s.  

 

Figure 2.4. XPS survey spectra of TNC at different ultrasonication treatments from 0 h to 

4 h. 

 The trend of increase in the elemental oxygen content is also in agreement with the 

increment in the carboxyl content obtained by simple conductometric titrations. Respective 

of carboxyl content, the O/C ratio estimated at different ultrasonication durations were 

summarized below (Table 2.2). The increase in the O/C ratio depicts the utilization of 

cavitation force in the progress of TEMPO-mediated oxidation in bulk too. Interestingly, 

compared to the O/C ratio of holocellulose from banana pseudo-stem fiber was 

significantly increased from 0.41 to 0.7 for TNC for 2 h ultrasonication. The obtained O/C 

ratio for TNC for 2 h ultrasonication was higher than the O/C ratio reported for TEMPO-
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oxidized nanocellulose in the literature.21 The O/C ratio obtained were 0.02, 0.07, 0.3, and 

0.7 for ultrasonication time from 0 h, 0.5h, 1 h, and 2 h, respectively. At the sonication 

time 4 h, the O/C ratio was decreased to 0.3, ascribed to the destruction of the entire system.  

Sample Carboxyl content 

(mmol/g) 

O/C Ratio  

from XPS 

Holocellulose ----- 0.41 

TNC (0 h) 0.04 0.02 

TNC (0.5 h) 0.16 0.07 

TNC (1 h) 0.59 0.3 

TNC (2 h) 1.32 0.7 

TNC (4 h) 0.53 0.3 

 

Table 2.2. Carboxylate content and O/C ratio obtained from XPS for TNC at different 

ultrasonication times, 0 h to 4 h. 

In order to obtain more elucidations from XPS, deconvoluted C1s XPS spectra of 

TNC at different ultrasonication times from 0 to 4 h were plotted and presented in Figure 

2.5(a-e). We could fit four distinct peaks attributed to C-C/C-H, C-O, O-C-O/C=O, and O-

C=O chemical bonds at 284.7, 286.2, 288, and 289.2 eV, respectively.22 The peak areas of 

deconvoluted peaks in the C1s spectra exhibited a decrease in the percentage area 

corresponding to C-C/C-H and a gradual increase in the peak area of C-O, O-C-O/C=O, 

and O-C=O chemical bonds with the increase in the ultrasonication time. The area under 

the deconvoluted peaks corresponds to C-C/C-H, C-O, O-C-O/C=O, and O-C=O chemical 

bonds were tabulated below. (Table 2.3) This increment in the area corresponding to these 

oxygen-containing bonds strengthens and proves the increase in the carboxyl content and 

respective degree of oxidation by the post-ultrasonication process. Specifically, the % area 

of the peak corresponding to C-C/C-H bonds of TNC decreased from 79.7 to almost 54.2 

by post-ultrasonication treatment. On the other hand, compared with the % peak area of all 

the initial C-O, O-C-O/C=O, and O-C=O bonds (10.4, 5.2, and 2.2) were increased to 29.4, 
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11.3, and 4.9, respectively by 2 h ultrasonication time. Further increase in ultrasonication 

duration to 4 h would completely ruin the cellulose system resulting in a decrease in the % 

area of peaks of C-O, O-C-O/C=O, and O-C=O bonds to 16, 8, and 1, respectively. 

 

Figure 2.5. The deconvoluted high-resolution C1s spectra of TNC at different 

ultrasonication times, from 0 h to 4 h. 

Sample Peak Area  

C-C/C-H 

(%) 

Peak Area  

C-O 

(%) 

Peak Area  

O-C-O/C=O 

(%) 

Peak Area  

O-C=O 

(%) 

TNC (0 h) 79.7 10.4 5.2 2.2 

TNC (0.5 h) 78.8 13.1 6.7 2.4 

TNC (1 h) 72 19.1 7.47 2.8 

TNC (2 h) 54.2 29.4 11.3 4.9 

TNC (4 h) 75 16 8 1 

 

Table 2.3. % Peak area of individual or deconvoluted peaks in the peak-fitted high-

resolution C1s spectra of TNC at different ultrasonication times, from 0 h to 4 h. 
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Figure 2.6. Deconvoluted high-resolution O1s spectra of TNC at different ultrasonication 

times, from 0 h to 4 h (a-e). 

 The deconvoluted O1s survey spectra of all samples of TNC at different 

ultrasonication time is shown in Figure 2.6. The peak at 532.6 and 530.7 eV corresponds 

to the O–C and O=C bonds, respectively.23 When comparing with respect to the Na KLL 

peak at 535 eV, an increase in the intensity of peaks attributed to the O-C, and O=C groups 

was significantly noticeable. These observations from XPS analysis of samples of TNC at 

different sonication also confirmed and validated the increase in the carboxyl content by 

the post-ultrasonication process observed in the conductometric titrations. Therefore, we 

could infer that the ultrasonication process can affect the degree of oxidation and resulting 

prominent properties if TEMPO-mediated oxidation is not quenched before the mechanical 

disintegration process, and this can be utilized in a better way.   

2.3.3. Comparison of TCNC Obtained from Different Plant Sources  

To investigate the prominence of banana fiber as a better source for the synthesis 

of CNC, the synthesis procedure was repeated for cellulose obtained from Areca nut leaf 

sheaths (TCNC-A) and Mahogany wood (TCNC-W). These two bio-sources were selected 
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for representing the leaf part and hardwood of the plant kingdom. The entire TEMPO-

mediated oxidation step and a 2 h ultrasonication step (where maximum successful CNC 

formation was observed for banana fiber, TCNC-B) were carried out for these two sources.  

Source Cellulose 

(%) 

Lignin 

(%) 

Hemicellulose 

(%) 

Reference 

Areca nut leaf sheath 50-65 17-20 5-10 24 

Mahogany wood 50-60 25-30 ------ 25 

Banana pseudo-stem fibers 50-68 5-10 6-20 26 

 

Table 2.4. Compositions of nanocellulose source. 

 Table 2.4 shows a composition of different sources (Areca nut leaf sheath, 

Mahogany wood, Banana pseudo-stem fibers) utilized for the synthesis of nanocellulose 

found in the literature. However, it may differ in values from one landscape to another. In 

our experiments, the holocellulose yield obtained from Areca nut leaf sheath, Mahogany 

wood, and banana pseudo-stem fibers from Kerala (India) region were 49, 35, and 59%, 

respectively. To understand the crystallinity and chemical modification, WAXS and FTIR 

spectroscopic analyses have been conducted. A similar WAXS pattern (Figure 2.7 a-c) of 

three samples, TCNC-A, TCNC-W, and TCNC-B obtained were corresponding to 

Cellulose II. Even though all WAXS patterns show the typical peaks for Cellulose II, 

dramatic variation in crystallinity was observed. Crystallinity strongly depends upon the 

source of cellulose. It is observable that TCNC-W shows lower crystallinity than others; 

this can affect the nanofibrillation yield. The percentage of crystallinity for each sample 

was calculated from the WAXS pattern and added in Table 2.5. Carboxyl functionalization 

was confirmed by the peak in the range from 1600 to 1620 cm-1 in the FTIR spectra of 

samples (Figure 2.7 d-f). The intensity of this carboxyl peak is different in these three 

sources and significantly very less in the case of TCNC-W. Difficulties in the conversion 
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and functionalization of cellulose from Mahogany wood may be due to the higher amount 

of lignin present as compared to the other two (Table 2.4).  

 

Figure 2.7. (a-c) WAXS and (d-f)) FTIR spectra of TNC from Areca nut leaf sheaths, 

Mahogany wood, and banana pseudo-stem fibers, respectively. 

 To understand and compare the nanostructure of the cellulosic materials after 

TEMPO-mediated oxidation and 2 h ultrasonication, AFM analysis has been carried out 

(Figure 2.8). Successful disintegration of cellulose to CNC is attained in all three sources.  

CNC showed an order in size TCNC-A > TCNC-W > TCNC-B. Significantly, CNC from 

the banana fiber was observed to have a more distinct and smaller needle-like 

nanostructure. To evaluate the size distribution, DLS analysis were done since CNC are 

aggregated and varied in a broad range in AFM height images (Figure 2.9a). TCNC-A, 

TCNC-W, and TCNC-B seemed to have an average size of 249.4, 204.6, and 160, 

respectively (Table 2.5). These results are in good agreement with the AFM images of 

respective classes. Zeta potential values for all three samples of TCNC were measured: -

56.7, -58.2, and -52 mV for TCNC-A, TCNC-W, and TCNC-B, respectively. These higher 

zeta potential values above -50 mV highlight the ultra-high stability of as-prepared CNCs 

using our method. 
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Figure 2.8. AFM height images of CNC from different plant sources. 

 The light transmittance of 0.1% (w/v) of TCNC-A, TCNC-B, and TCNC-B 

dispersions were recorded and shown in Figure 2.9b. Among the three samples, CNC from 

banana pseudo-stem fibers showed maximum transmittance. This trend of transmittance of 

samples is dependent on their carboxyl functionalization or degree of oxidation.19 Carboxyl 

contents were estimated for three samples and obtained a value of 1.02, 0.88, and 1.32 

mmol/g for TCNC-A, TCNC-W, and TCNC-B, respectively (Table 2.5). The lower value 

in the carboxyl content of TCNC-W can be attributed to all other results, which showed 

the complexity and resistance of hardwood towards the TEMPO-oxidation and 

ultrasonication process due to their strong and healthy hierarchical alignment of cellulose. 

Both carboxyl content and transmittance were observed to be showing the same trend of 

TCNC-W < TCNC-A < TCNC-B, highlighting the benefits of banana pseudo-stem fibers 

as an efficient and good choice of source for CNC. The yield of fibrillation achieved after 

TEMPO-mediated oxidation and 2 h ultrasonication treatment time was compared for all 

three sources (Figure 2.9c). Since the same oxidation and post-mechanical disintegration 

strategy were used for all three sources, the yield of CNCs were completely correlated to 

the complexity of alignment of cellulose chains in different sources by Van der Waals 

interactions and hydrogen bonding, which provide resistance to chemical reactions and 

mechanical treatments. Hardwoods are always known for their mechanical strength 

inherent in their hierarchical structure of cellulose and lignin as plant cell walls. These 

same advantages of hardwood affect oppositely on our applications and treatments can be 

observed by a low yield of 36% (Table 2.5). Areca nut leaf sheath shows a higher yield of 
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about 50% on nanofibrillation than Mahogany wood, even though it is significantly lower 

than banana pseudo-stem fibers (94%).  

 

Figure 2.9. a) DLS, b) UV-Visible transmittance spectra, and c) nanofibrillation yields of 

TCNC-A, TCNC-W, and TCNC-B. 

Sample Yield  

(%) 

PDI Average 

Particle 

Size 

(nm) 

Zeta 

Potential 

(mV) 

Carboxylate 

content 

(mmol /g) 

XRD 

crystallinity 

(%) 

TCNC-A 50 0.356 249.4 -56.7 1.02 72 

TCNC-W 36 0.343 204.6 -58.2 0.88 59 

TCNC-B 95 0.343 160 -52 1.32 63 

Table 2.5. Consolidated properties of CNC from selected sources. 
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This study reveals that Mahogany wood and Areca nut leaf sheaths showed higher 

recalcitrance as compared to banana pseudo-stem fibers since it is a crop variety. Results 

obtained from this comprehensive comparison between the ease of preparation of CNC 

from different plant parts displayed that banana pseudo-stem fibers are much more reactive 

toward TEMPO oxidation mainly due to the less complex hierarchical structure and 

stacking of cellulose chains than other plant parts.27 TEMPO-mediated oxidation is always 

more active and progressing inaccessible and/or disordered regions. 

2.4. CONCLUSIONS 

Nanocellulose with desirable properties was born in the twentieth century as a part 

of research for sustainable alternatives from the most abundant natural source, cellulose. 

Along with chemical functionalization, subsequent mechanical disintegration plays an 

important role in the nanocellulose that was derived. This study enlightens the applicability 

of banana pseudo-stem fibers as a favorable origin for the acid-free synthesis of CNC 

efficiently and energy-saving manner. Nanofibrillation yield, carboxyl content, 

crystallinity, adequate morphology, transparency, and other properties were investigated at 

different levels of ultrasonication treatment time as post-mechanical disintegration. 

TEMPO-oxidation followed by 2 h ultrasonication was optimized to be best for banana 

pseudo-stem fibers for the preparation of CNC with properties. A similar strategy was 

adopted to evaluate the prominence of banana fiber as a source for the CNC against Areca 

nut leaf sheath and Mahogany wood as a model representative for diverse and bio-

originated plant parts. Both sources under the same procedures did not exhibit excellent 

results from banana pseudo-stem fibers due to their recalcitrant nature. This method can be 

adapted to produce diverse nanocellulose with required properties from banana fiber in an 

efficient and energy-conservative way. 
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TEMPO-oxidized cellulose fiber morphology: new insights into optimization of the 

oxidation process and nanocellulose dispersion quality. ACS Sustainable Chemistry 

& Engineering 2020, 8 (48), 17752-17762. 

21. (a) Benkaddour, A.; Jradi, K.; Robert, S.; Daneault, C., Study of the effect of 

grafting method on surface polarity of tempo-oxidized nanocellulose using 

polycaprolactone as the modifying compound: Esterification versus click-

chemistry. Nanomaterials 2013, 3 (4), 638-654; (b) Barazzouk, S.; Daneault, C., 

Amino acid and peptide immobilization on oxidized nanocellulose: spectroscopic 

characterization. Nanomaterials 2012, 2 (2), 187-205. 

22. Fei, Y.; Liang, M.; Yan, L.; Chen, Y.; Zou, H., Co/C@ cellulose nanofiber aerogel 

derived from metal-organic frameworks for highly efficient electromagnetic 

interference shielding. Chemical Engineering Journal 2020, 392, 124815. 

23. Hakkeem, H. M. A.; Babu, A.; Shilpa, N.; Venugopal, A. A.; Mohamed, A.; 

Kurungot, S.; Pillai, S., Tailored synthesis of ultra-stable Au@ Pd nanoflowers with 

enhanced catalytic properties using cellulose nanocrystals. Carbohydrate Polymers 

2022, 292, 119723. 

24. (a) Poddar, P.; Islam, M. S.; Sultana, S.; Nur, H.; Chowdhury, A., Mechanical and 

thermal properties of short arecanut leaf sheath fiber reinforced polypropyline 

composites: TGA, DSC and SEM analysis. Journal of Material Science & 

Engineering 2016, 5 (5), 1-7; (b) Poddar, P.; Sultana, S.; Akbar, M., 

Environmentally sustainability of short Areca-nut leaf sheath fiber reinforced 

polypropylene composites. MOJ Poly Sci 2018, 2 (3), 48-50. 

25. Colares, C. J.; Pastore, T.; Coradin, V. T.; Camargos, J. A.; Moreira, A. C.; Rubim, 

J. C.; Braga, J. W., Exploratory analysis of the distribution of lignin and cellulose 

in woods by raman imaging and chemometrics. Journal of the Brazilian Chemical 

Society 2015, 26, 1297-1305. 

26. (a) Shroff, A.; Karolia, A.; Shah, J., Bio-softening of banana fiber for nonwoven 

application. Int J Sci Res 2015, 4 (4), 1524-1527; (b) Pujari, S.; Ramakrishna, A.; 

Kumar, M. S., Comparison of jute and banana fiber composites: A review. 



 

A c i d - f r e e  s y n t h e s i s  o f  C N C  
 

  56 | C h a p t e r 2  

International Journal of Current Engineering and Technology 2014, 2 (2), 121-

126. 

27. Saito, T.; Isogai, A., TEMPO-mediated oxidation of native cellulose. The effect of 

oxidation conditions on chemical and crystal structures of the water-insoluble 

fractions. Biomacromolecules 2004, 5 (5), 1983-1989. 

 

 

 

 

 

 



 

 

 

CHAPTER 3 

Assembled Au@Ag NPs on Cellulose Nanocrystals 

with Tailored Plasmonic Nanogaps 

 

 

 

 

 

 

 

 

 

 

This chapter has been adopted from the following publication, 

H. M. Abdul Hakkeem et al., Microchemical Journal, 2021, 168, 106393. 





                                  A s s e m b l e d  T C N C - A u @ A g  N P s  

 

 

     59 | C h a p t e r 3   

 

ABSTRACT 

Bio-template-directed synthesis of shell-engineered plasmonic nano-assemblies has 

attracted extensive research interest due to their profound opto-electronic properties and 

sustainability. In this chapter, we discuss the potential of TEMPO-oxidized cellulose 

nanocrystals (TCNC) as a promising bio-template for the in-situ synthesis of assembled 

Aucore-Agshell nanoparticles (Au@Ag NPs) with tunable optical and catalytic properties. By 

modulating Ag shell thickness, TCNC promoted the assembly of Au@Ag nanostructures 

and resulted in abundant plasmonic hotspots. The resultant hotspot engineered Au@Ag 

nano-assemblies on TCNC exhibited consequential SERS activity in solid-state and could 

detect malachite green and methylene blue concentrations down to 10 fM and 100 fM, 

respectively. Importantly, here the TCNC not only acts as a bio-template for the synthesis 

of core-shell nano-assemblies but also provides higher colloidal stability, as revealed by its 

zeta potential value of -49.7 mV. The astounding SERS enhancement is further validated 

by finite element modelling (FEM) studies, which revealed an enhanced electric field 

concentrates at the junction between two adjacent TCNC-Au@Ag NPs having a separation 

distance of 1 nm. Further, TCNC-Au@Ag NPs nano-assemblies displayed enhanced 

catalytic activity towards 4-nitrophenol reduction with a rate constant of 32.33 × 10-3 s-1. 

 

3.1. INTRODUCTION 

 Morphology-dependant plasmonic features of Au and Ag nanoparticles (NPs) make 

them enablers for interdisciplinary areas such as SERS 1, catalysis 2, sensing 3, biomedicine 

4, etc. Bimetallic core-shell nanostructures, in particular Au-Ag, have gained noticeable 

recognition over the past few years due to their excellent opto-electronic properties 

resulting from the synergic electronic effects, which are dissimilar from their monometallic 

counterparts.5 The fact that surface-enhanced Raman scattering (SERS) is highly reliant on 

the structures of NPs promotes the researchers to optimize NPs size, shape, and 

composition to achieve high SERS enhancement. Among the several bimetallic 

nanostructures, Au@Ag core-shell nanostructures possess improved chemical stability, 
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greater plasmonic properties, and excellent electromagnetic enhancement in the visible 

region, which is widely exploited in the field of SERS.6 Besides, when these plasmonic 

core-shell nanostructures are positioned adjacent to each other to form organized 

assemblies, the coupling of localized surface plasmon resonance of individual core-shell 

nanoparticles will occur. It brings exceptionally high electric field enhancements at the 

junctions of NPs.7 It is being established that the SERS responsiveness relies heavily on 

the electromagnetic (EM) field enhancement persuaded by the hotspots (nanogap junctions 

between the plasmonic nanostructures) generated by localized surface plasmon resonance 

(LSPR).8 In the domain of SERS, generating these hotspot regions in plasmonic structures 

that can produce a significant enhancement in Raman signal intensities remains an 

obstacle.9  

Catalysts, known as the backbone of the chemical industry, have become a major 

area of research in industry and academia due to their extensive use. Since catalysis is a 

surface area influenced phenomenon, top-down conversion from macroscopic to 

nanoscopic size is essential.10 Despite the SERS application of bimetallic Au-Ag NPs, it is 

known that the Au@Ag systems having a variable surface composition and particle size 

will modify the overall electronic and ensemble effects of the catalyst and, thereby, 

subsequent high catalytic activity.5 Results have shown that the diameter of the core and 

thickness of the shell plays a prominent part in the catalytic efficiencies as well as SERS 

properties of Au@Ag NPs.11 The efficacy of Au-Ag bimetallic NPs in various catalytic 

applications has been investigated in quite a few studies.11-12 However, the greater tendency 

of nanostructures towards agglomeration may significantly deteriorate their plasmonic 

properties and catalytic activity.13 Plasmonic nanostructures with long shelf-life, which 

hold their plasmonic properties and high surface area, are essential for catalytic activity. 

Even though some progress was made in the area of spherically shaped Au@Ag NPs, 

controlled growth of nanostructures with stability, uniformity in size, and morphology 

remains a challenge. Uniformity and anisotropisity in nanostructures can be achieved by 

using capping agents like CTAB, CTAC, PVP, etc., which are well known but may reduce 

the catalytic or SERS activities of nanostructures since they prevent reactant molecule 

adsorption on the surface of the nanostructures or hinder with the identification of 
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compounds of concern.14 Further, to improve the SERS sensitivity of the nanosubstrates, 

it can be fabricated into ordered arrays by lithography, self-assembly, and template 

methods.15 Nevertheless, some of these methods are time consuming, expensive, and have 

minimal output. Hence for practical applications, an efficient SERS substrate is required 

to have i) superior stability, ii) numerous hotspots to ensure high sensitivity, iii) uniform 

dissemination of the hotspots to achieve better reproducibility of the signal, and iv) method 

of preparation should be easy and green. Whereas in catalysis, high surface area, optimum 

size, and stability of nanostructures are relevant.  

Various biomaterials based templates for metal nanostructures synthesis have been 

emerged recently as green candidates. In which nanocellulosic materials are emerging as a 

promising sustainable biomaterial for the in-situ synthesis of plasmonic nanostructures. 

Nanocellulose can prevent the uncontrolled aggregation of metal NPs even in low pH 

environments.16 However, the impact of nanocellulose as a nano-designer in the NPs 

synthesis is only found lately, and has not been fully explored. For example, Wei et al. 

described the preparation of Au/nanocellulose composite by in-situ reduction of Au3+ in 

BC hydrogel for SERS applications.17 Johnson et al. studied the nanocomposite of 

crystalline cellulose nanofiber-Ag NPs and demonstrated for its electro-catalytic properties 

in the oxygen reduction reaction.18 Nanocellulose has great potential for chemical 

modification and functionalization through the hydroxyl groups and TEMPO-mediated 

oxidation of cellulose is considered as the best cost-effective approach for nanocellulose 

extraction from plant sources.19 TEMPO-oxidized nanocellulose fibers with high densities 

of carboxylate groups on the surface offer anchor sites for metal NPs. Apart from TEMPO-

oxidised nanocellulose fibers (TCNF) produced by TEMPO-oxidation followed by 

homogenization, TEMPO-oxidised cellulose nanocrystals (TCNC) with spindle-like 

morphology (low aspect ratio) can be prepared by replacing homogenization with ultra-

sonication and it is recently proposed by Isogai et al.20 The inherent -OH, induced -COOH 

functional groups, good water dispersibility, and self-assembling behavior enable TCNC 

as the right option for NPs synthesis.21 

There have been several reports dealing with cellulose nanocrystals (CNC) to 

prepare metallic NPs, whereas limited studies have been reported for the synthesis of 
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bimetallic Au-Ag nanostructures.22 Seed-mediated synthesis of nanostructures of Au@Ag 

core-shell by growing an appropriate quantity of Ag shell over Au core is proven to be an 

effective option for achieving a highly potential bimetallic system. Recently, Asgari et al. 

prepared Au@Ag/cellulose nanofibers (CNF) nanocomposite by simply mixing CNF 

suspension with Au@Ag NPs in an equimolar ratio for SERS applications.23 In another 

report, Gopiraman et al. utilized CNF produced by electrospinning of cellulose acetate to 

generate CNF/Au@Ag bimetallic nanocomposites for catalytic applications.24 However, 

none of these studies has investigated the utility of CNF or CNC for the in-situ preparation 

of Au@Ag NPs due to the complexity of achieving control over the morphology in the 

nanocellulose matrix. The advantage of in-situ synthesis of core-shell NPs on TCNC bio-

template would be the control over the assembly of plasmonic nanostructures, which allows 

for maximum SERS enhancement.  

In this chapter, we discuss a facile bio-supported method for the in-situ preparation 

and assembly of Au@Ag core-shell NPs on carboxylated cellulose nanocrystals and 

demonstrate its dual role as a susceptible SERS platform and catalytic support. It provides 

a straightforward and robust green route for generating core-shell nanostructures in the 

aqueous medium over organic solvents. The synthesis procedure relies on the controlled 

reduction of Ag(I) ions over TCNC stabilized Au NPs through a seed-mediated method, 

resulting in Au@Ag nanostructures with tunable optical properties. Subsequently, the 

resultant Au@Ag nanostructures are effectively assigned as a substrate for the trace-level 

SERS detection of two carcinogenic adulterant dyes: malachite green and methylene blue, 

widely used as colorants and biocides in the aquaculture industry. Furthermore, the 

catalytic properties of optimized TCNC-Au@Ag nano-assemblies are studied kinetically 

following the reduction of 4-nitrophenol as a typical catalytic reduction reaction. This 

context would also bring new insight into the various functions of TCNC, such as (1) an 

environmentally benign template for the synthesis of Au@Ag NPs with excellent colloidal 

stability and longer shelf-life, (2) regulated growth of core-shell nanostructures and 

subsequent inter-particle coupling, (3) more importantly, astounding enhancement in 

SERS especially in solid-state by TCNC enabled hotspot engineering, and (4) superior 

homogeneous catalytic performance. 
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3.2. EXPERIMENTAL SECTION 

3.2.1. Materials 

TCNC prepared from banana pseudo-stem fibers by TEMPO-mediated oxidation 

and 2h ultra-sonication (Chapter 2, section 2.2.), aurochloric acid (HAuCl4. 2H2O), 

trisodium citrate tribasic dihydrate (TSC; C6H5Na3O7. 2H2O), silver nitrate (AgNO3), L-

ascorbic acid (AA; C6H8O6), malachite green (MG; C23H25N2), methylene blue (MB; 

C16H18ClN3S. 3H2O), 4-nitrophenol (4-NP; C6H5NO3) and sodium borohydride (NaBH4) 

and were bought from Sigma-Aldrich, India. Ultrapure deionized (DI) water (Milli-Q 

purifier system, Merck, Germany) was utilized throughout the synthesis. 

3.2.2. Synthesis of TCNC Capped Au NPs Seed (TCNC-Au NPs) 

Synthesis of Au seed solution was initiated by TEMPO-oxidized cellulose 

nanocrystals (TCNC), and the reduction process was augmented by the addition of TSC. 

Briefly, 60 mL 0.1 wt% TCNC aqueous solution was taken in a 250 mL conical flask 

followed by 750 μL of 0.01 M HAuCl4, was gradually added, and the mixture is heated up 

to 100 oC with continuous magnetic stirring. When boiling pioneered, 1 mL of 1 wt% 

trisodium citrate was added, and the mixture was heated for an extra 20 min. The colorless 

solution gradually converted to purple, and the subsequent solution was used to synthesize 

core-shell Au@Ag NPs as Au seeds. The TCNC capped Au seed solution was cooled at 

room temperature and preserved at 5 oC for further use. To investigate the impact of TCNC 

the reaction is carried out with different weight percentages of TCNC, while keeping all 

other reagent concentration constant. Hence, Au seeds with different sizes were 

synthesized by controlling the wt% of TCNC solution, ranging from 0.05 to 0.25. 

 

3.2.3. Synthesis of TCNC Stabilized Au@Ag NPs (TCNC-Au@Ag NPs)  

TCNC stabilized Au@Ag core-shell NPs have been synthesized by employing a 

modified seed-mediated approach.25 In brief, 150 μL of 0.01 M aqueous ascorbic acid 

solution have been added to 3 mL TCNC capped Au NPs seeds prepared above and 

magnetically stirred for 2 min. Followed by an equivalent volume (150 μL) of 0.01 M 



 

A s s e m b l e d  T C N C - A u @ A g  N P s  
 

64 | C h a p t e r 3   

AgNO3 aqueous solution was then applied drop by drop with vigorous stirring. The 

solution color slowly shifted from purple to yellowish-orange with 10 min of magnetic 

stirring. The quantity of AA and AgNO3 varied from 60 to 210 μL, led to the production 

of core-shell TCNC-Au@Ag NPs with various Ag shell thicknesses. All the synthesis was 

done at 25 ̊ C. The samples were cooled and stored at 5 oC in amber-colored storage bottles. 

For comparison, the standard Turkevich method adapted citrate capped Au and Au@Ag 

NPs were synthesized.26 Except for Trisodium citrate, all other reaction parameters were 

kept constant for evaluating the role of TSC as reducing and capping agent. 

3.2.4. SERS Sample Preparation  

Samples for SERS were prepared by mixing analytes and substrate colloids 

(without any concentrating by centrifuging) in a 1:3 (V/V) ratio one day prior to the 

measurement. For solution phase measurements, 10 µL samples were pipetted out on a pre-

cleaned glass slide (cleaned by washing with chromic acid, sonicating in ethanol, and 

acetone afterward accompanied by UV-Ozone treatment for 10 min) at the time of 

measurement. In the case of solid state, drops on glass slide were dried in a desiccator. 

Especially for SERS spectra in the solid state, Raman signals were captured from minimum 

5 different positions, and all were repeated at least three times. 

3.2.5. Catalytic Reduction of 4-Nitrophenol (4-NP)  

First, 4 mL of freshly prepared 15 mM aqueous solution of NaBH4 is well mixed 

with 80 µL, 10 mM aqueous 4-NP solution in a quartz cuvette. Then the specific amount 

of TCNC-Au@Ag NPs colloid were added to the above solution and well mixed.24 The 

reduction reaction is monitored by the change in the yellow color of 4-NP to colorless and 

was analyzed spectrometrically at regular intervals of time. Time dependent absorption 

spectra was measured until the completion of the reaction indicated by the absence of 

absorption peak of the 4-nitrophenolate ion at 400 nm. 
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3.2.6. Characterization Methods 

Transmission electron microscopy (TEM) images of TCNC-Au NPs, TCNC-

Au@Ag NPs, and subsequent selected area electron diffraction (SAED) captured using a 

FEI-Tecnai 30 G2S-TWIN transmission electron microscope, 300 kV. The plasmonic 

properties of colloids of NPs and spectrometric monitoring of 4-NP catalytic reduction 

were acquired using a UV-Visible spectrometer (Shimadzu UV-2700, Shimadzu, Japan) 

with a spectral range of 200-700 nm by using a 1cm path length quartz cell. Powder X-ray 

diffraction (XRD) pattern of the TCNC-Au and TCNC-Au@Ag samples were taken using 

PANalyticalX’ pert pro equipped with Cu Kα (λ=1.54 Ao), 45 kV. X-ray photoelectron 

spectra (XPS) was obtained using PHI 5000 VersaProbe II, ULVAC-PHI Inc., USA. 

Samples were prepared by concentrating colloidal samples on a pre-cleaned glass slide 

using an O-ring. Zeta potential of colloids were measured with Zetasizer Nano ZS, Malvern 

instruments. Elemental content of Au and Ag were estimated utilizing inductively coupled 

plasma mass spectrometry (ICP-MS) by Thermo scientific iCAP-RQ. Studies of Raman 

spectroscopy (SERS) were carried out using a 20X objective on a WI-Tec Raman 

microscope (WI-Tec, Inc., Germany, alpha 300R); 600 g/mm grating; Peltier-cooled 

charge-coupled detector; 633 nm laser; resolution of 1 cm-1; 2s integration time; 5 

accumulations in the range of 0-3000 cm-1.  

3.3. RESULTS AND DISCUSSION 

3.3.1. Morphology and Optical Properties of TCNC Templated Au and 

Au@Ag Nanostructures 

Preparation of TCNC-Au and TCNC-Au@Ag NPs was demonstrated in Figure 

3.1. Our synthetic approach relies on the convergence of two concepts: initially, TCNC 

templated synthesis of Au NPs as the core of the nanostructure on which the growth of Ag 

shell occurs; secondly, the sequential variation of Ag ion concentration in the reaction 

mixture during synthesis. During the synthesis of Au NPs seed, carboxyl groups in TCNC 

act as anchor sites for Au3 + ions, and reduction is facilitated by the combined reduction 

action of TCNC and citrate.27 At the same time, the TCNC network in aqueous media 
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provides more steric stabilization to Au NPs by significantly preventing the fusion of Au 

NPs formed on the TCNC templates.28 Such interaction promotes the creation of adjacent 

and tightly packed Au NPs in the TCNC matrix. The size of the Au core formed was 

regulated by varying wt% of TCNC from 0.05 to 0.1, 0.15, 0.2, and 0.25 wt% by keeping 

all other reaction parameters constant (Figure 3.2a). It is found that the wt% TCNC plays 

a critical role in the size distribution and morphology of the resulting Au NPs. Due to the 

highly spherical morphology and monodispersed nature, 0.1 wt% TCNC stabilized Au NPs 

were taken as the optimized seed system for further Ag shell coating. The as-prepared 

TCNC-Au NPs seed possesses a diameter of 25.0 ± 5 nm and a surface plasmon resonance 

band located at 524 nm (Figure 3.2a-b). In addition, a zeta potential value of -45 mV 

makes TCNC-Au colloids super stable without any signs of aggregation and flocculation 

for at least up to 6 months (Table 3.1, Figure 3.2c).  

 

 

Figure 3.1. The preparation procedure of TCNC stabilized Au@Ag nanostructures. 

TCNC-Au@Ag core-shell NPs with varying shell thickness is prepared by 

introducing different quantities of AgNO3 and ascorbic acid dropwise into an equal volume 
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of TCNC-Au seeds (25.0 ± 5 nm) colloids. It has been demonstrated that due to the fine 

match of lattice constants of Ag and Au, Ag can selectively adsorb and develop on the Au 

core surface to form the core-shell structure.29 Figure 3.3a showed the UV-Visible 

absorption spectra obtained from TCNC-Au@Ag NPs colloids with different Ag shell 

thickness prepared by different amounts of Ag precursor and AA (from 60, 90, 110, 150, 

and 210 μL). After adding AgNO3 solution, the resultant Au@Ag nanostructures displayed 

two plasmonic bands, one at 390 nm (Ag shell) and the other at 520 nm (Au core), which 

specifies the partial coverage of Au core by Ag NPs. When the thickness of Ag shell 

increased, the typical plasmonic absorption intensity of Ag enhanced and was inclined to 

redshift.30 As the thickness of the Ag shell increased from t1 to t5, the location of the LSPR 

band of Ag was switched from 390 nm to 420 nm and the LSPR of Au core was gradually 

suppressed, and even completely screened as the Ag shell grew.  

 

Figure 3.2a. a) UV-Visible absorption spectra of TCNC-Au NPs with varying wt% of 

TCNC (0.05, 0.1, 1.5, 0.2, and 0.25), b) TEM images of TCNC-Au NPs; inset shows the 

high-resolution TEM image of spherical TCNC-Au NP, and c) UV-Vis absorption spectra 

of TCNC-Au NPs at different time periods. 
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Table 3.1. Zeta-potential values of different samples. 

 

 

Figure 3.3. (a) UV-Vis spectra of TCNC-Au@Ag nanostructures with varying shell 

thickness ‘t’ (t
0
, t

1
, t

2
, t

3
, t

4
, and t

5
) obtained by adding 0, 60, 90, 110, 150, and 210 μL 0.01 

M AgNO
3
 to 3 mL Au seed solution; (b) equivalent magnified TEM images. 

Figure 3.3b & Figure 3.4 displays the TEM micrographs of TCNC-Au@Ag 

nanostructures acquired at respective shell thickness from t0 to t5. A gradual increase in the 

Ag shell thickness from around 3.5 nm (t1) to 5.5 (t2), 7.5 (t3), 8.5 (t4), and 10 nm (t5) can 

be observed with a collateral rise in the total diameter of NPs from 28.5 ± 2 nm to 35.5 ± 

2 nm. The nanostructure of the core-shell would be distinguished by the contrast in electron 

Samples Zeta potential (mV) 

TCNC -40.3 

TCNC-Au                        -45.0 

TCNC-Au@Ag (t
4
)  -49.7 
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density between the Au (dark) and the Ag (bright).31 Interestingly, a gradual reduction in 

the interparticle distance can be seen with an increase in shell thickness, offering numerous 

plasmonic hotspot junctions. A highly cross-linked Au@Ag nanostructure assemblies were 

obtained onto TCNC templates with an Ag shell thickness of ~8.5 nm (t4) (Figure 3.4d-e). 

Therefore, it should be noted that the formation of core-shell nanochains could be 

efficiently tailored by tuning the shell thickness of Ag. This morphological change of 

isolated Au@Ag NPs into necklace-like nanoassemblies could be well correlated with the 

gradual redshift of the Ag plasmon band that arises due to the interparticle coupling 

between adjacent core-shell NPs. However, at higher shell thickness (~10 nm), the ordered 

arrangements were found to be slightly disrupted due to the formation of larger sized 

Au@Ag nanostructures on TCNC templates. Figure 3.5a depicted a typical HR-TEM 

image of TCNC-Au@Ag NPs obtained with an Au core size of 25.0 ± 5 nm and Ag shell 

thickness of around 3.5 nm. HR-TEM and the FFT spot pattern (Figure 3.5b) show that 

the Ag (0) formed typically along the direction of the Au (111) plane.  

 

Figure 3.4. TEM images of TCNC-Au@Ag nanostructures prepared by adding (a) 60, (b) 

90, (c) 110, (d-e) 150, and (f) 210 μL 0.01 M AgNO
3
 to 3 mL Au seed solutions; insets in 

(a-d & f) shows corresponding magnified TEM images. 
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Figure 3.5. (a) HR-TEM image of TCNC-Au@Ag nanostructures (average Ag shell 

thickness- 3.5 nm); inset shows the magnified images of the red marked area; (b) FFT spot 

pattern of TCNC-Au@Ag nanostructures enclosed by (111) facets. 

 

 

Figure 3.6. a) TEM, and b) HR-TEM images of 0.25 wt% TCNC-Au@Ag NPs. 

Here, nanocellulose act as a backbone which introduces new metamorphosis of 

Au@Ag core-shell nanostructures in both properties and structural aspects. We highlight 

the TCNC as a green template for the preparation of Au@Ag NPs with controlled shell 

thickness. At an optimum shell thickness of Ag, interparticle coupling between core-shell 

NPs resulted in the formation of coupled chain-like core-shell nanostructures templated 

over TCNC instead of forming bulk agglomerates. Subsequently, to get more insight into 
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the role of TCNC in morphological transformation, we repeated the experiments with a 

higher wt% of TCNC (0.25 wt%) for preparing Au@Ag NPs. Interestingly, larger Au@Ag 

NPs were found with irregular morphology (Figure 3.6) instead of forming spherical 

nanostructures. This could be ascribed to the presence of more nucleation sites offered by 

a higher amount of TCNC, and different reaction kinetics followed. These results imply 

that the formation of discrete and close-packed core-shell nanostructures could be 

efficiently tailored by altering the Ag shell thickness and wt% of TCNC. Our present study 

can therefore offer a good method that uses the green candidate nanocellulose to prepare 

not only the discrete Au@Ag NPs with various shell thicknesses but also the coupled 

Au@Ag NPs with tunable plasmon bands. 

 

Figure 3.7. XRD pattern of a) TCNC-Au seeds and b) TCNC-Au@Ag NPs; c) UV-Vis 

absorption spectra of TCNC-Au NPs at different time periods. 

` The XRD spectra were recorded for validation of Ag nanocrystal shell coating on 

the TCNC- Au seed surface. XRD pattern of TCNC-AuNPs showed (Figure 3.7a) four 

specific diffraction peaks in the 2Ɵ range of 10o-90o at 38.42o, 44.39o, 64.93o and 77.89o 
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respectively indexing the planes (111), (200), (220) and (311) of the cubic face-centered 

Au accompanied by a weak-intensity peak at 81.81o, indexed as (222) plane (JCPDS no. 

00-004-0784). Additional peaks at 20.31o and 22.36o are from the TCNC as the template 

of Au NPs indexing the planes (110) and (200) of cellulose II, respectively. Meanwhile, 

the diffracted peaks in the XRD pattern of TCNC-Au@Ag NPs presented in Figure 3.7b 

showed peaks at 38.9o, 44.9o, 65.3o,78.2o and 82.2o that could be well assigned to the (111), 

(200), (220), (311) and (222) planes of the Ag FCC crystal structure (JCPDS no. 00-004-

0783). The diffraction patterns of Au NPs and Au@Ag NPs are almost similar due to their 

2θ values residing very adjacent to one another.31 Nevertheless, the XRD patterns displayed 

sharper characteristic peaks for TCNC-Au@Ag NPs than those for TCNC-Au NPs, 

indicating that Ag shell grown over Au seeds surface with high crystallinity. 

 

Figure 3.8. XPS narrow scans corresponding to (a) Ag 3d; (b) Au 4f; (c) C1s, and (d) O1s 

for TCNC- Au@Ag nanostructures. 



                                  A s s e m b l e d  T C N C - A u @ A g  N P s  

 

 

     73 | C h a p t e r 3   

The as-prepared TCNC-Au@Ag colloid exhibited a zeta potential value of -49.7 

mV, indicating excellent stability and longer shelf-life, as evident from the minor changes 

in the UV-vis absorption band (Table 3.1, Figure 3.7c). X-ray photoelectron spectroscopy 

(XPS) studies were carried out to identify the oxidation states and the chemical 

composition of the core-shell nanostructures. In the case of TCNC-Au@Ag NPs, the two 

characteristic Ag 3d components are observed at BEs 367.4 eV (Ag 3d5/2) and 373.4 eV 

(Ag 3d3/2) with 6 eV difference confirming the formation of metallic Ag (Figure 3.8a).32 

Additionally, the narrow scan of Au 4f core-level exhibited two peaks at 83.8 eV (Au 4f7/2) 

and 87.5 eV(4f5/2) with an energy difference of 3.7 eV, inferring the zero-valent state of 

Au NPs (Figure 3.8b). Further, the presence of carboxyl functionalized TEMPO-oxidised 

cellulose nanocrystals (TCNC) was also investigated by XPS. Strong peaks of O1s and C1s 

appeared at 532.1 eV, and 284.8 eV confirmed the presence of TCNC as the template in 

our system. Figure 3.8c displayed the high-resolution spectrum of C1s of TCNC. The 

peaks at 284.8 eV, 285.9 eV, 288, and 289.1 eV were assigned to C-C/C-H, C-O, O-C-

O/C=O, and O-C=O respectively, which are the main chemical states of carboxyl 

functionalized cellulose.33 Deconvoluted spectra of O1s (Figure 3.8d) revealed two peaks 

at 532.2 and 530.7 eV corresponding to O-C, and O=C/O-C-O respectively also infer the 

presence of TCNC as the backbone of Au@Ag Nps.34 The XPS narrow scans of Au 4f 

core-level of TCNC-Au NPs (Figure 3.9) showed two peaks due to spin–orbit splitting at 

binding energies (BEs) 83.4 eV (Au 4f7/2) and 87.1 eV (4f5/2) inferring the zero-valent state 

of Au NPs. The relative peak intensity of bulk Au 4f spectrum in the Au@Ag (Figure 

3.8b) gets suppressed compared to Au seed, which further authenticates the formation of 

core-shell nanostructures. It must be noted that we should have observed prominent signals 

corresponding to both Au and Ag components in the XPS spectra in the case of probable 

formation of Au/Ag mixed bimetallic structure compared to that of Au@Ag core-shell 

structures.35 

From the above observations, we could infer that TCNC acted as a template 

introducing a new transformation to Au@Ag NPs in both properties and structural aspects. 

Based on these findings, the TCNC can be highlighted as a soft-template for constructing 

ordered assemblies of Au@Ag nanostructures by tuning the shell thickness. With an 

optimized TCNC content and Ag shell thickness, the interparticle coupling between core-
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shell NPs enabled the formation of ordered assemblies of Au@Ag over TCNC instead of 

forming bulk agglomerates. Therefore, the present study can offer a versatile method that 

introduces TCNC as a plasmonic engineer and shape directing template to prepare the 

discrete spherical Au@Ag NPs with diverse shell thicknesses and the coupled Au@Ag 

nanostructures with numerous plasmonic nanogaps. 

 

Figure 3.9. XPS narrow scan of TCNC-Au NPs. 

3.3.2. SERS Response 

The plasmonic effect of TCNC-Au@Ag NPs in SERS enhancement was evaluated 

using a cationic dye malachite green (MG), a carcinogenic fungicide and parasiticide in 

aquaculture, as the Raman probe molecule. TCNC templated Au@Ag nanoassemblies 

offer numerous hotspot junctions, which take a major share in amplifying electromagnetic 

field compared to isolated NPs. Moreover, the positively charged MG dye would readily 

get adsorbed on the surface of negatively charged TCNC via electrostatic interaction, 

which further contributes to SERS enhancement. Firstly, the SERS spectra of MG are 

recorded at least from five random spots of dried TCNC-Au@Ag substrates having 

different shell thickness, ~3.5 to ~10 nm (t1-t5), and are presented in Figure 3.10a. The 

significant bands at 1617, 1368, 1174, 918, and 445 cm-1 can be attributed to the in-plane 
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stretching of the ring-C-C, N-phenyl stretching, N-C stretching vibration coupled with the 

C-C and C-H in-plane motions at 1394 cm-1, aromatic C-H in-plane bending vibrations, 

ring skeletal vibrations of the phenyl-C modes of MG.36 The peak at 1617 cm-1 was used 

to assess the enhancement in Raman signal intensity, and the bar diagram (Figure 3.10b) 

shows relative intensity. With shell thickness rising from ~3.5 to 10 nm, the SERS intensity 

of MG adsorbed on TCNC-Au@Ag nanostructures underwent a gradual increase and 

reached a maximum at 8.5 nm. However, further increase of the Ag shell thickness caused 

a decrease of Raman signal intensity since the LSPR properties of Au core became masked 

at higher Ag shell thickness (˃8.5 nm).25 

 

Figure 3.10. SERS response of malachite green (a and b) in solid-state with varying shell 

thickness of TCNC-Au@Ag nanostructures; comparison of SERS sensing in dispersion 

solution and solid-state (c and d); comparison of solid-state SERS sensing (e and f) with 

control substrates (TCNC-Au and citrate stabilized Au@Ag NPs). 

The analytical enhancement factor (AEF) for different shell thickness is calculated 

based on the specific equation, 

AEF = 
𝐼𝑆𝐸𝑅𝑆

𝐼𝑅𝐴𝑀𝐴𝑁
−

𝐶𝑅𝐴𝑀𝐴𝑁

𝐶𝑆𝐸𝑅𝑆
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where ISERS is the intensity of the sample with concentration CSERS in the presence of metal 

NPs as a substrate, while IRAMAN and CRAMAN are in the absence of NPs substrate.37 Focused 

on the intense peak of MG at 1617 cm-1, AEFs for different TCNC-Au@Ag NPs were 

estimated to be 2.01×105, 3.3×105, 3.61×105, 4.03×105, 6.85×105, and 5.08×105 for t0, t1, 

t2, t3, t4, and t5, respectively (Table 3.2). All these experimental outcomes were in 

agreement with the findings reported in the case of core-shell Au@Ag NPs and 

nanocubes.38,38b It has been stated that the incident light can only penetrate the Ag shell up 

to a specific thickness.39 Accordingly, in this ongoing analysis, it was assumed that when 

the mean Ag shell thickness exceeds 8.5 nm, the excitation of Au core electrons will be 

difficult, resulting in lesser SERS intensity. In addition, the TCNC-Au@Ag NPs become 

unstable when the Ag shell coated over the surface of AuNPs is too thick.25 Hence, taking 

into account the SERS behavior and stability, the TCNC-Au@Ag (t4) NPs with about 8.5 

nm Ag shell thickness was selected as the optimum SERS substrate for more investigations. 

Sample AEF 

TCNC-Au(t
0
) 2.01 x 10

5

 

TCNC-Au@Ag(t
1
) 3.33 x 10

5

 

TCNC-Au@Ag(t
2
) 3.61 x 10

5

 

TCNC-Au@Ag(t
3
) 4.03 x 10

5

 

TCNC-Au@Ag(t
4
) 6.85 x 10

5

 

TCNC-Au@Ag(t
5
) 5.08 x 10

5

 

Au@Ag (citrate stabilized) 1.40 x 10
4

 

 

Table 3.2. Analytical enhancement factor (AEF) for different shell thickness 

Subsequently, we compared the SERS efficiency of this optimized substrate in the 

solution phase and solid state using the same probe molecule, MG, and are presented in 

(Figure 3.10c-d). Interestingly, it is evident that the SERS peak intensity of MG in dried 

substrate exhibited 45 times enhancement when compared with the SERS signal intensity 



                                  A s s e m b l e d  T C N C - A u @ A g  N P s  

 

 

     77 | C h a p t e r 3   

in the solution state. In order to substantiate the role of cellulose nanocrystals in hotspot 

generation, SERS spectra of MG were recorded using different control substrates such as 

TCNC-Au, TCNC-Au@Ag (~8.5 nm (t4)) and citrate capped-Au@Ag (~8.5 nm shell 

thickness) NPs in the dried state (Figure 3.10e-f). The peak intensity at 1617 cm-1 versus 

different substrates revealed the role of TCNC in SERS, which is several times higher than 

that of other control systems. It is also evident that TCNC capped Au NPs exhibited 10 

times SERS enhancement when compared with citrate stabilized Au@Ag core-shell 

nanostructures. This shows that the TCNC template and the shell thickness play a key role 

in controlling the amplified electric fields created near the core-shell NPs.40 Further, the 

higher SERS enhancement of the t4 substrate could be a consequence of the enhanced near-

field produced either by single core-shell NPs or from the hotspots produced within the 

core-shell NP assemblies having an interparticle distance of less than 1nm. The hotspot 

engineering ability of TCNC in SERS has been illustrated in Figure 3.11. Upon drying, 

the entangled Au@Ag NPs decorated TCNC payloads come close together, inherited by 

its self-assembling property, leading to the creation of a highly dense hotspot region 

augmented electromagnetic field and the dramatic enhancement in SERS signal 

intensity.17, 41 The effective pre-concentration of the targeted analytes while drying and 

creating high-density hotspot regions facilitated by the closely packed array of TCNC-

Au@Ag plasmonic payloads is an added advantage. From the AFM analysis, we could see 

numerous Au@Ag NPs (bright contrast) adhering over the TCNC surface even after drying 

(Figure 3.12). Such findings shed light on the significance of TCNC in modulating the 

plasmonic effects while comparing it with the plasmonic properties of classical mono or 

bimetallic systems prepared with conventional capping agents.  

We further evaluated the applicability of the developed TCNC-Au@Ag core-shell 

substrate for the trace-level detection of MG. MG is a triphenylmethane dye that has been 

widely used in aquaculture as an antifungal and antiparasite. But this ominous chemical 

can be readily absorbed by fish tissues which causes many genetical mutations and cancer 

in animals.37 With the decrease in concentration, the prominence of MG Raman peaks 

steadily decreased as expected (Figure 3.13a-b). The switch between the presence and the 

mailto:TNCF-Au@Ag(8.5
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absence of six characteristic peaks in these two runs suggests that the practical limit of 

detection (LOD) of MG is below 10 fM.  

 

 

Figure 3.11. Mechanism of SERS detection using TCNC-Au@Ag nanostructures with 

numerous hotspot regions. 

 

 

Figure 3.12. AFM images of TCNC templated Au@Ag nanostructures after drying. 
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Figure 3.13. Sensitivity of TCNC-Au@Ag (t
4
) nanostructures towards SERS detection of 

malachite green (a and b) and methylene blue (c and d). 

An overview of the sensitivity studies with the LOD of MG with various types of 

Au@Ag substrates has been tabulated (Table 3.3). Practical application of the substrate 

solely lies on the reproducibility criterion. Hence, the reproducibility of the developed 

substrate has been evaluated using methylene blue (MB), as shown in Figure 3.13c. The 

significant bands at 1623, 1394, 1302, 1174, 1154, 770, 501, and 448 cm-1 can be attributed 

to the in-plane stretching of the ring-C-C, C-N symmetrical stretching, C-H in-plane ring 

deformation, C-H in-plane bending vibrations (1154 & 770), and C-N-C deformation 

vibrations (501 & 448) of MB.42 Plot for comparison of the SERS intensity at 1623 cm-1 

versus concentration of MG with standard deviation also given (Figure 3.13d). It could be 

found that blank MB solution Raman spectra with a concentration of 10-3 M are not 

qualitative and recognizable, whereas SERS spectra in the presence of 0.1 wt% TCNC-

Au@Ag (t4) NPs in solid-state displayed strongly amplified SERS signals even at a 
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concentration below 100 fM. An overview of the sensitivity studies with the lowest 

detection limit of MG and MB with various types of Au@Ag substrates has been tabulated 

(Table 3.4). It is worthy of notice that the SERS platform specified in this report exhibits 

higher sensitivity when compared with other substrates. It suggests that this method is 

green, cost-effective, nontoxic, and affords sustainable alternatives to known methods and 

their applicability in biomedical, diagnosis, and environmental monitoring.  

 

SERS substrate LOD (M) Reference 

GO/Au nanocomposite 2.5 × 10-6 43 

Ag NPs/paper (SILAR) 10-12 37 

TiO2 NRs/Ag NPs 10-12 44 

Ag/Graphene 2.7 × 10-11 45 

Ag NCs/ZnO nanodome array 10-17 46 

Fe3O4@SiO2@Ag 2 × 10-15 47 

Au@4-MBA@Ag NRs 5 × 10-8 48 

ZnO NRs/Au@4-ATP@Ag core-shell NPs 1.9 × 10-9 49 

Au/Ag concave nanolayers 5 × 10-14 50 

Bacterial cellulose/Au nanocomposite 4 × 10-13 17 

Ag NPs/ Nanocrystalline cellulose 5.2 × 10-9 51 

Ag NPs/ SiO2/Nanocrystalline cellulose 9 × 10-10 51 

TCNC-Au@Ag NPs 10-14 Present work 

 

Table 3.3. An overview of diverse SERS substrates with their LOD for malachite green. 
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SERS substrate LOD (M) Reference 

Ag/RGO 10-8 52 

MWCNTs/Ag nanocomposite 3.2 × 10-5 53 

Au NPs 1.5 × 10-11 42 

MoO3/MoO2 nanosheets 10-9 54 

ZnO@Au NRs 10-12 55 

Ag/Au alloy (laser ablation) 10-10 56 

Ag@Au core-shell 2 × 10-7 57 

Ag/TEMPO-oxidised cellulose nanofibers 10-15 27 

TCNC-Au@Ag NPs 10-13 Present work 

 

Table 3.4. An overview of different SERS substrates with their LOD for methylene blue. 

3.3.3. Finite Element Modelling (FEM) Studies 

For plasmonic nanomaterials like Au@Ag NPs, augmented electromagnetic fields 

are the key factor for SERS applications. For TCNC templated Au@Ag nanostructures, 

the nanogap between two adjacent Au@Ag NPs could be modulated by varying the shell 

thickness, and then the resultant hotspot phenomenon can be modulated. Hence, it is vital 

to examine how well the Ag shell affects the near-field properties. Therefore, we calculated 

the rate of electromagnetic energy (W) experienced by the analyte molecule near the 

isolated Au@Ag NPs surface and at the junctions of two Au@Ag NPs, referring to the 

entire wavelength region via finite element modelling (FEM) utilizing commercially 

accessible COMSOL Multiphysics software.58 Primarily, we have used the RF module to 

articulate and solve the differential form of Maxwell equations in conjunction with the 
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initial and boundary conditions. In conjunction with state-of-the-art algorithms for 

preconditioning and solution, the equations are formulated by using a finite element 

approach, including numerically stable edge element discretization. The scattering 

amplitude at the far-field (Efar) is invoked in the prologue of this calculation as a limiting 

extrapolation of their near-field action, commonly described as 𝐸𝑓𝑎𝑟 = lim
𝑛→∞

𝑟𝐸𝑠𝑐𝑎. 

Therefore, the extent of electromagnetic energy dissipation could be obtained by adding 

the incident scattering amplitude and integrating over the Poynting vector over the whole 

surface as, 

𝑊𝑎𝑏𝑠 =
1

2
∫ ∫ ∫ 𝑅𝑒[𝐽𝑡𝑜𝑡 . 𝐸∗ + 𝑖𝜔𝐵. 𝐻∗]𝑑𝑣

𝑐

0

𝑏

0

𝑎

0
                                                                                  

(1) 

𝑊𝑠𝑐𝑎 =
1

2
∬ 𝑅𝑒[ 𝐸𝑠𝑐𝑎 × 𝐻𝑠𝑐𝑎]. 𝑛𝑑𝑠

𝑠
                                                                                            

(2) 

 That is correlated with the optical cross-section σ = W/ P; where P is the incident 

irradiance. The electric field patterns calculated through FEM showing the surface plots 

corresponding to the 2D geometry of Au core, isolated, and dimers of Au@Ag
 

nanostructures were presented in Figure 3.14. The surface profile corresponding to TCNC-

Au@Ag (Figure 3.14b) displays strong localization of surface charge at the Au-Ag 

interface. It is observed that the enhanced local field concentrates on the outer surface of 

the Ag-shell (for λ = 410 nm) and polarizes parallel to the incident polarization. The electric 

field's strength on the Ag outer shell surface is greater than that of the Au NPs of the same 

size (Figure 3.14a). This would be due to the interaction of the various kinds of charges 

centered on the Ag shell interface and surface along with the incident polarization and can 

be ascribed to the electron transfer from the Au core to the Ag shell in the nanostructures. 

It was observed that the maximum |E2| value is 19.20018 eV at the outer surface of the Ag 

shell. However, in the case of bare TCNC-Au NPs (λ = 524 nm), the electric field is shown 

only at the two sides of the outer surface with a maximum of |E2| value at 5.02678 eV, 

which is lesser than the core-shell nanostructures. 
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Figure 3.14. Finite element modelling showing the electric field distribution corresponding 

to the 2D geometry of (a) TCNC-Au and (b) isolated TCNC-Au@Ag
 
nanostructures; (c-d) 

at the junction between two TCNC-Au@Ag nanostructures; (d) represents the magnified 

image of (c); and (e) depicts the surface with height expression where it shows a sharp peak 

at the junction between two core-shell nanostructures.  

Further, the electric field distribution in the vicinity of two TCNC-Au@Ag (t4) NPs 

was shown in Figure 3.14c-e. The field polarization value is higher at the junctions of two 

Au@Ag NPs, which shows that electromagnetic coupling is more sensitive than the 

isolated core-shell NPs. It could be noted that the region at the junctions of TCNC-Au@Ag 

(t=8.5 nm) nanostructures with a nanogap ~1 nm, concentrates the highest electric field 

(hotspots). When caught at these hotspots, the analyte molecules give rise to incredible 

Raman intensities. Further, it shows a maximum |E2| value of 39.2268 eV at the junction 

of the two core-shell NPs and is two orders of magnitude higher than that of isolated 

Au@Ag NPs and eight-fold higher than that of monometallic Au NPs. The simulated SERS 
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enhancement factor (EF~|E4|) agrees with the experimentally calculated EF (~105) values 

of TCNC-Au@Ag nanostructures.  

3.3.4. Catalytic Reduction of 4-Nitrophenol 

Catalytic reduction of 4-Nitrophenol by NaBH4 is considered as one of the foremost 

model systems to evaluate the efficiency of catalysts by real-time spectroscopic 

monitoring. Moreover, nitrophenols are intractable pollutants commonly present in 

industrial wastes, especially from factories of pesticides, insecticides, and synthetic dyes.59 

Due to the toxic, carcinogenic nature of nitrophenols, conversion followed by disposal is 

necessary. The aminophenols formed in the reduction of nitrophenols by NaBH4 are an 

inevitable components in the pharmaceutical industry, and the conversion is simple and 

efficient.60 In order to concrete the knowledge of size and surface area specific catalysis 

reduction reaction of 4-NP in an excess amount of NaBH4 in the presence of TCNC-

Au@Ag NPs with different shell thickness (t0-t5) were performed, and reduction was 

monitored by UV-Visible absorption spectra after a fixed time interval, 1 min using a 

constant amount of catalysts (12 µL, ~0.1 mg) (Figure 3.15a). With excess concentration 

of NaBH4, the reduction rate can be assumed to be independent of borohydride 

concentration.61 

The absorption maximum of 4-NP in the presence of NaBH4 is located at 400 nm 

due to the formation of 4-nitrophenolate ions in alkaline media.62 In our study, when small 

aliquots of TCNC-Au@Ag NPs was added to the mixture of 4-NP and NaBH4 in a cuvette, 

the reduction process can be monitored by the gradual decrease in the absorption peak of 

4-nitrophenolate ions at 400 nm followed by a concomitant rise at 300 nm indicating the 

successful formation of 4-aminophenol.63 The results are unprecedented in the way that we 

got a maximum reduction rate for coupled chain structured TCNC-Au@Ag (t4, ~8.5 nm), 

which exhibited maximum enhancement in SERS. Although, in the presence of pure 25 

nm TCNC-Au (t0), negligible variation in the absorption band of 4-NP observed indicates 

a weak 4-NP reduction. The catalytic reaction efficacy is estimated as 11% for TCNC-Au 

(t0) and 91% TCNC-Au@Ag (t4) nanostructures. The superior catalytic action of TCNC-

Au@Ag (t4) nano assemblies could be ascribed to the synergistic electronic effect, size, 
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and composition.64 Since the Fermi level for Au (-5.0 eV) is slightly lesser than that of Ag 

(-4.6 eV), an electron-rich area near the Au@Ag interface is created by the transfer of 

electrons from Ag to Au.65 

 

Figure 3.15. a) Comparison of 4-NP reduction efficacy of TCNC-Au@Ag NPs with a 

different shell thickness of Ag (t0-t5) after 1-minute duration (b-c) The time-dependent UV-

Vis absorption spectra of 4-NP reduction with NaBH
4
 catalyzed by different amounts of 

TCNC-Au@Ag (t
4
) nanostructures and (d) corresponding kinetic plots of the reduction 

reaction. 

Figure 3.15b-c shows UV-Visible absorption spectra of time dependent reduction 

of 4-NP in the presence of NaBH4 by using TCNC-Au@Ag (t4, ~8.5 nm) homogeneous 

catalyst for which we got maximum efficacy. Completion of reduction can be ensured not 

only by the vanishing of the absorption peak at 400 nm but also by the change of color of 

the solution from yellow to colorless by the naked eye. With the addition of 12 µL (~0.1 
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mg) of catalyst, the reduction was completed within 5 min, whereas with an increased 

amount of catalyst, 24 µL (0.2 mg) reaction was completed within 3 min. This short time 

period of time for the reduction process, even with very minute quantities of TCNC-

Au@Ag (t4), signifies its applicability in the field of catalysis. Regeneration of catalyst can 

also have done by providing suitable heterogeneous support to the NPs. Moreover, the 

electron transfer between Au and Ag is ambiguous, which could be further explained by 

the electron compensation effect.66 The distorted electron balance between Au and Ag is 

compensated for the back-donation of electrons from Au to Ag, causing a reduced d-

electron in the Au core with an augmented d-electron in the Ag shell, which is predominant 

at interfaces of Au and Ag. Hence, for TCNC templated Au@Ag nano-assemblies with Ag 

shell thickness of ~8.5 nm, numerous accessible electron-rich regions could be present on 

the TCNC surface. These highly active surface sites lead to more adsorption of 4-NP, thus 

leading to an enhanced catalytic rate. However, in the case of bare Au NPs (TCNC-Au 

NPs), such localization of electrons does not occur, and the electron density is distributed 

throughout the entire particle. 

Reaction kinetics of this reduction was analyzed from ln Ct/C0 versus time plot, and 

the linear fit was done with a correlation coefficient of 0.9672 (12µL) and 0.9999 (24µL), 

which revealed that the reduction of 4-NP by NaBH4 followed a pseudo first-order kinetics 

(Figure 3.15d). Kinetic reaction rate (kapp) was estimated from the slope of the linear 

relationship (ln (Ct/C0) over time).67 A high kapp value of 32.33 x 10-3 s-1 was calculated for 

24 µL (~ 0.2 mg) of TCNC-Au@Ag (t4) catalysed reduction of 4-Nitrophenol. 

Efficacy of a catalyst has become ultimately reliant on the nanostructure and 

composition that promote atom surface arrangement.68 The donor and acceptor species 

derived from borohydride and 4-NP are first adsorbed onto the surface of the TCNC-

Au@Ag NPs. Here, the large surface area associated with the coupled nanostructures 

provides an active surface for the reduction and serves as a dynamic electron transfer 

mediator. After the reaction, the newly produced 4-aminophenol molecules rapidly desorb 

from the catalyst's surface.24, 68 Hence, the merits of the large surface area of TCNC, along 

with the presence of numerous electron-dense regions profited from Au@Ag 

nanostructures, will provide novel avenues for homogeneous catalysis. 
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3.4. CONCLUSIONS 

In summary, we presented a green synthesis of discrete as well as assembled 

Au@Ag core-shell nanostructures on carboxylated cellulose nanocrystal templates using a 

facile seed-mediated approach. Here, TCNC is critical to obtain core-shell nano-assemblies 

having abundant plasmonic hotspot junctions resulting in excellent SERS activity in solid-

state with remarkable colloidal shelf-life. Correlation with theoretical FEM field 

simulations confirmed an enhanced local field at the junctions of adjacent TCNC-Au@Ag 

nanostructures, which can significantly enhance the Raman intensities. Moreover, the 

presence of several electron-dense regions in the assembled TCNC-Au@Ag nanostructures 

enabled enhanced catalytic activity. We envisage that our method could pave the way for 

designing innovative complex nano-architectures of core-shell systems decorated on 

TCNC bio-templates with dense plasmonic hotspots and exceptional colloidal stability. 

This could open up enormous possibilities for maneuvering various multifunctional 

plasmonic bimetallic nano-systems suitable for biomedical, energy, and environmental 

applications. 
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ABSTRACT 

Au@Pd is conjoined pair of bimetallic nanoparticles recognized as a prominent candidate 

in catalysis. Apart from the composition, specific surface area and electronic distribution 

also endowed pronounced contributions in further enhancement of catalytic performance. 

In this chapter, we discuss a sustainable way of designing core-shell Au@Pd nanoflowers 

(NFs) employing banana pseudo-stem-derived TEMPO-oxidized cellulose nanocrystals 

(TCNC) as both capping and shape-directing agent via seed-mediated method. Dimensions 

of Au@Pd NFs were well controlled by the Pd precursor ratio as an experimental variable. 

According to our study, carboxyl groups of TCNC induced the selective adsorption of 

TCNC over Au NPs, and after the consumption of -COOH, rich -OH groups on TCNC will 

become active nucleation sites for later introduced Pd ions, thereby hindering the epitaxial 

growth of Pd shell over Au NPs directly resulted in the evolution of flower-like 

morphology. Importance of heterogeneous catalysts in catalysis signified the further 

modification of TCNC-Au@Pd NFs by decorating over amino-functionalized graphene 

(NH2-RGO) sheets without losing their unique structure. Performance of resultant TCNC-

Au@Pd NFs/NH2-RGO heterogeneous catalyst were investigated in electrocatalytic ORR 

and reduction of 4-Nitrophenol by considering best model reactions in fuel cell and 

industrial catalytic applications, respectively. 

4.1. INTRODUCTION 

Bimetallic nanoparticles with tailored morphologies have been extensively studied 

due to their unprecedented demand in variety of fields like catalysis 1, sensing 2, plasmonics 

3, biomedical 4 etc., owing to their excellent combined optical and electronic properties of 

monometallic counterparts.5 Apart from isotropic spherical morphologies, anisotropic 

morphologies have a profound influence on their intrinsic physicochemical properties.6 

Numerous techniques like electrodeposition, sono-chemical methods, co-precipitation, 

etc., were reported regarding the preparation of nanomaterials, but achieving controllable 

geometries and stability is still questionable. Moreover, most of these methods are 

expensive and low yield. Chemical reduction methods, especially colloidal synthesis 
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utilizing various capping agents, are generally employed for the synthesis of metallic 

nanostructures of well-defined morphologies with comparable shelf life since efficient 

strategies for tailoring desired morphologies of nanoparticles are gaining significant 

attention. CTAB 7, CTAC 8, PVP 9 are a few well established and explored capping as well 

as shape-directing agents for modulating specific geometries of nanoparticles. Many of the 

synthesis methods utilizing conventional capping agents are complex, time-consuming, 

require high temperatures, and utilize toxic organic solvents. Nevertheless, the above-

mentioned conventional capping agents are the pillars of the synthesis of anisotropic 

nanostructures. However, there exist only a few promising eco-friendly or sustainable 

strategies capable of the controlled morphology generation of metallic nanoparticles that 

perform with completely inherent properties. Presenting them as a sustainable alternative 

to conventional shape-directing agents is a challenge in the realm of nanotechnology, 

which is completely ruled by conventional ones. 

Nano version of the most abundant biopolymer cellulose with a less amorphous 

nature, known as cellulose nanocrystals (CNC), upsurged in recent years. Realm of CNC 

goes far beyond merely due to the applicability that arises from the congregate of 

remarkable properties like easy functionalization 10, mechanical properties 11, 

sustainability, and high surface area 12, etc. Regardless of labyrinth acid hydrolysis 

synthetic way, Zhou et al. proposed a modified way by TEMPO-mediated oxidation 

followed by cavitation which enablers the ease of formation of CNC.13 Carboxyl groups 

confined by TEMPO-mediated oxidation and inborn abundant -OH groups ascertained the 

robustness of TCNC towards good carriers of metal nanoparticles avoiding any undesirable 

aggregation that crevasse its performances.14 Moreover, apart from conventional polymer 

capping agents, criteria of desirable surface area for both nanoparticles and template 

(TCNC) is well ascertained due to the nano range physical dimensions.15 Electrostatic 

interactions between metal ions and functionalized hydrophilic TCNC confine the 

controlled growth and distribution of metal nanoparticles over TCNC with high surface 

area.16 There are several reports regarding the CNC-assisted synthesis of ultra-stable metal 

nanoparticles, especially Au and Ag, for various applications. Notably, Kaushik et al. 

integrated the template, stabilizer, and reducing actions of CNC reported in the area of 
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catalysis.14 To the best of our knowledge, there are only a few recent researches on the 

preparation of CNC supported Pd nanoparticles for catalytic application that made an 

upsurge in activity; however, morphology control and modification is still not attained.17 

Au@Pd anisotropic nanoparticles unambiguously showed their catalytic properties 

in various fields endowed from electronic couplings and geometric effects.18  Au-Pd 

bimetallic nanostructures can be designed as alloys or core-shell morphologies by co-

reduction and seed-mediated synthesis, respectively. In which seed-mediated synthesis for 

core-shell morphology is complex and pronounced due to the judicious control over the 

intrinsic physicochemical properties simply by tuning the composition, shell morphology, 

and thickness.19 Numerous new strategies are evolved for the synthesis of Au@Pd core-

shell NPs with flower-like morphologies utilizing shape-directing agents through seed-

mediated synthesis envisioned from the pronounced applicability of this bimetallic system 

in the field of catalysis. Xu et al. demonstrated the synthesis of Au-Pd NFs by the formation 

of Pd petal-like shell over PVP capped Au seed.14 Lee et al. reported the fabrication of 

flower shaped porous Au-Pd alloy nanoparticles by the reduction of ascorbic acid and 

employing the PVP as stabilizing agent.9    

Apart from Pt, Pd is also popular as an efficient metal catalyst that shows excellent 

electrochemical activity in fuel cells.20 Moreover, bimetallic NPs comprising Pd and other 

metals often exhibit better electrocatalytic efficacies than their monometallic counterparts. 

Au-Pd NPs are well known as an alternative for expensive and scarce Pt catalysts.21 Several 

reports are published focussing on this bimetallic system having dramatic electro-catalytic 

activity emerging from the corporative catalytic properties of both Au and Pd since Au acts 

as a promoter to electron transfer to Pd.22 Au-Pd bimetallic NPs are also well known for its 

catalytic activity towards reduction of 4-NP to 4-AP, a model catalytic reaction that took 

as the backbone of pharmaceutical industry.23 

Incorporation of Au@Pd NPs onto a carbon support material is required for the 

fabrication of heterogeneous recyclable catalysis applications. Mixing of metallic NPs with 

vulcanized carbon were adopted by many people for the construction of heterogeneous 

recyclable catalysts.24 However, this may be become formidable challenge for the stability 

of NPs. These might be the reason for choosing reduced graphene oxide (RGO)25, CNT26 
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as the versatile support for the metal NPs which further improves the catalytic activity of 

immobilized nanoparticles.27 There arises another difficulty is that metal NPs have a 

tendency of spontaneous aggregation at the edges of defects of these materials, which may 

lead to the destruction of the anisotropic morphology of metal nanoparticles. These can be 

solved by the addition of surfactants; however, it may be lead to the reduction in catalytic 

activity.28  

In this chapter, we demonstrate a novel, sustainable and controllable synthetic strategy 

for Au@Pd NFs, well bounded by TEMPO-oxidised cellulose nanocrystals imitating a 

flower garland that impart ultra-stability to the colloidal system. The novelty of the present 

report is the remarkable shape-directing and capping activity of a bio-derived material, 

nanocellulose as a new competitor to conventional capping agents. For the applicability as 

green/sustainable, efficient and recyclable heterogeneous catalyst, TEMPO-oxidised 

cellulose nanocrystals bounded Au@Pd (TCNC-Au@Pd) flower-like nanoconstructs have 

been decorated over amino-functionalized graphene (NH2-RGO) without losing its 

interesting structure. Performance of our heterogeneous catalyst in two parallel on-going 

model catalysis areas, that is oxygen reduction reaction (ORR) in alkaline electrolyte 

solution and reduction of 4-Nitrophenol were successfully attempted. This assignment will 

open a new door to further renovations and investigations of this green catalyst in the realm 

of catalysis. 

4.2. EXPERIMENTAL SECTION 

4.2.1. Materials  

TCNC prepared from banana pseudo-stem fibers by TEMPO-mediated oxidation 

and 2h ultra-sonication (Chapter 2, section 2.2). Gold(III) chloride trihydrate (HAuCl4. 

2H2O), trisodium citrate tribasic dihydrate (TSC; C6H5Na3O7. 2H2O), Palladium chloride 

(PdCl2), L-ascorbic acid (AA; C6H8O6), Graphite powder < 150 µm, Sodium nitrite 

(NaNO2), Sulphuric acid (H2SO4, 98%), Hydrogen Peroxide (H2O2, 30 wt%), 4-

nitrophenol (4-NP; C6H5NO3) and sodium borohydride (NaBH4) were purchased from 

Sigma-Aldrich and used without any further purifications. Hydrochloric acid (HCl, 35 %) 

was purchased from Rankem, whereas potassium permanganate (KMNO4), ethylene glycol 

(C6H6O2) and ammonia solution (NH4OH, 99 %) were purchased from TCI chemicals. 
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Ultrapure deionized (DI) water (Milli-Q purifier system, Merck, Germany) was used as 

solvents for all experiments. 

4.2.2. Synthesis of TCNC Bounded Au NPs Seed (TCNC-Au NPs)  

A typical synthesis of carboxyl functionalized cellulose nanocrystals bounded Au 

seed solution proceeded by the combined reduction capabilities of both TCNC and TSC 

with minor modifications (Chapter 3, section 3.2.2).29 In detail, 600 μL of 0.05 M HAuCl4 

mixed with 50 mL aqueous solution of 0.1 wt% TCNC in a 100 mL round-bottom flask by 

sonication followed by rapid boiling while stirring at 400 rpm. Subsequently, 4 mL of 0.04 

M of citrate was added to the boiling solution, and the purple color solution was removed 

from hotplate after 20 min. As-formed TCNC bounded Au seed solution had been cooled 

and preserved at 4 ºC for further use. This wine red colored Au seed was used for Pd shell 

coatings after the solution was allowed to reach room temperature.  

4.2.3. Synthesis of TCNC Bounded Au@Pd Nanoflowers (TCNC-Au@Pd 

NFs)  

To synthesize TCNC bounded Au@Pd NFs, a seed-mediated approach was 

employed with minor modifications by adding 400 μL of 0.05 M aqueous ascorbic acid 

solution (AA) and 0.05 M PdCl2 to as-prepared 6 mL TCNC capped Au NPs seed solution 

dropwise with slow stirring. Progress of reaction can be monitored by the change in the 

colour of the solution from purple to blackish brown. Variable amounts equimolar AA and 

PdCl2 from 50 to 250 μL leads to the formation of TCNC-Au@Pd NFs with increasing 

number of Pd petals. The samples should be stored at 4 ºC for long self-life. For comparison 

purpose, the standard Turkevich method adapted citrate capped Au@Pd NPs and TCNC 

bounded Pd NPs were also synthesized.  

4.2.4. Synthesis of Heterogeneous TCNC-Au@Pd Decorated NH2-RGO 

Catalyst  

GO was synthesized by modified Hummers method 30, then it was amine 

functionalized and reduced by using one step hydrothermal treatment. Here we adopted the 

in-situ hydrothermal reduction method using ethylene glycol as solvent. The amine 

functionalization was done using ammonia solution. Briefly, 30 mg GO was mixed with 
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30 mL ethylene glycol solvent and was made into uniform solution by sonication for 15 

min. Then the uniform solution was transferred to the Teflon lined autoclave after adding 

0.5 ml ammonia solution at 170 ºC for 10 h. Resultant dark brown colored solution was 

filtered, washed and dried at 60 ºC for 24 h to obtain amine-functionalized RGO powder.31 

Further decoration of NH2-RGO with TCNC-Au@Pd NFs were done by mixing of 20 wt% 

TCNC-Au@Pd NFs colloid with well dispersed NH2-RGO in DI water by 30 min ultra-

sonication. The sediments were collected and washed thoroughly and dried at 80 ºC in a 

vacuum oven for 24 h. Samples were stored in desiccator for further measurements. For 

comparison purpose, TSC-Au@Pd NPs/NH2-RGO, and TCNC-Pd NPs/ NH2-RGO and 

were also fabricated. 

4.2.5. Electrocatalytic Oxygen Reduction Reaction (ORR) 

TCNC-Au@Pd NFs/NH2-RGO modified working electrode was constructed by 

dropping 10 µL of homogeneous suspension of catalyst on a rotating disc electrode (RDE) 

having 3mm diameter. Homogeneous suspension of catalyst was prepared by mixing 1mg 

of the material per mL of 3:2 IPA:water mixture water and 40 μL of Nafion solution (20 

wt%). The mixture was then sonicated for about one hour to obtain a homogeneous 

suspension. ORR measurements were conducted in a three electrode system consisting of 

a working electrode (TCNC-Au@Pd NFs/NH2-RGO; RDE), counter electrode (graphite 

rod) and a reference electrode (Hg/HgO) in oxygen saturated alkaline medium (0.1 M 

KOH). For comparison purpose, commercial Pd/C (20 wt%), TSC-Au@Pd NPs/ NH2-

RGO, and TCNC-Pd NPs/ NH2-RGO were also utilized as catalysts in same manner as 

above. LSV measurements were from negative to positive direction at 10 mV/s. All the 

potentials measured were transformed to the reversible hydrogen electrode (RHE) scale.  

4.2.6. 4-Nitrophenol (4-NP) Catalytic Reduction 

Catalytic reduction of 4-NP was done in a quartz cuvette by adding specific amount 

of TCNC-Au@Pd NFs/NH2-RGO catalyst to a mixture of 3 mL freshly prepared 15 mM 

NaBH4 solution and 0.25 mM 4-NP solution with constant shaking. Both visual and 

spectrometric analysis of reduction were carried out at regular interval of time by UV-Vis 

absorption spectroscopy. After completion of 4-NP reduction, the catalyst was recovered 

by centrifugation and reused after washing step. 
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4.2.7. Characterization Methods 

TEM analysis was performed using FEI-Tecnai 30 G2S-TWIN transmission 

electron microscope with a 300 kV acceleration voltage. Zeta potentials of the all samples 

were obtained from Zetasizer Nano ZS, Malvern equipment. The crystalline structure of 

the TCNC-Au, TCNC-Au@Pd NFs were determined using PANalytical X’pert pro, 

powder X-ray diffractometer (XRD) equipped with Cu Kα (λ=1.54 Å), 45 kV. X-ray 

photoelectron spectroscopy (XPS) study was performed using PHI 5000 VersaProbe II, 

ULVAC-PHI Inc., USA. The binding energies of XPS peaks were referenced to C1s peak 

at 284.8 eV. The FTIR spectrometer (PerkinElmer) was used to study the chemical 

structure of TCNC and TCNC-Au@Pd NFs by scanning in the range from 4000-400 cm-1. 

Total Au and Pd contents were estimated with an inductively coupled plasma mass 

spectrometry (ICP-MS) (Thermo Scientific iCAP-RQ). All UV-Visible absorption spectra 

were acquired using Shimadzu UV-2700, Shimadzu, Japan UV-Visible absorption 

spectrometer. Oxygen reduction reaction measurements of the synthesized catalysts and 

commercial standard were performed using the Pine Research Instruments rotating disk 

electrode (RDE) setup connected to a potentiostat. 

4.3. RESULTS AND DISCUSSION 

4.3.1. TCNC Bounded Au@Pd Nanoflowers 

The Turkovish method for the preparation of Au NPs by utilizing trisodium citrate 

is well-established over half century ago. Whereas the astonishing reducing and capping 

actions of nanocellulose have been founded only few years back. TEMPO-oxidized 

cellulose nanocrystals (TCNC) bounded Au@Pd nanoflowers were synthesized as 

described in Figure 4.1. Utilizing the combined actions of both TCNC and TSC as 

stabilizing and reducing agents, isotropic spherical Au NPs with size about 15 ± 2 nm 

bounded by well-dispersed network TCNC were synthesized. Induced carboxyl 

functionalization in nanocellulose not only to establish better aqueous solubility but also 

for creation of nucleation sites for metal nanoparticles by the electrostatic interaction 

between COO- and M+ ions.32 Nearly an array of Au NPs of controlled size and geometries 
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signifies the action carboxyl ends as nucleation sites in the TCNC support. Thereby 

hanging of Au (0) NPs preferably at the carboxyl groups by replacing Na+ ions of linear 

cellulose chains were obtained as shown in Figure 4.2. High scope of formation of an 

intercalated network bed by both inter and intramolecular hydrogen bonds of TCNC in 

aqueous media create a perfect permanent seats for Au NPs without any coagulation 

indicated by the zeta-potential value of about -33 mV shown in Table 4.1. Later, the as-

prepared TCNC-Au seeds were directly used for Pd shell coating without any further 

purifications. Five aliquots of as prepared TCNC-Au seeds were mixed with five different 

quantities (50, 100, 150, 200, and 250 µL) of equimolar ascorbic acid (AA) and Pd 

precursor at a pH of about 8. Our expectation was a uniform Pd shell coating preferably 

over the TCNC bounded Au seeds since Pd can grow a layer by layer on Au as from the 

literature.8, 33  

 

Figure 4.1. Cartoon describing various steps for synthesis of Au@Pd nanoflowers bounded 

with the TCNC. 
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After the subsequent additions of 50 µL Ascorbic acid and Pd precursor, the color 

of colloid changed from wine red to light brownish-black. However, no distinguishable Pd 

shell formation was observed as shown in Figure 4.3b. Succeeding to the addition of 100 

µL of the reagents formed in a petal-like island Pd shell over Au core (Figure 4.3c). This 

was clearly distinguishable by high contract difference arises due to difference in electron 

density between Au and Pd instead of epitaxial growth of Pd layer over Au core as 

described elsewhere.34  

 

Figure 4.2. TEM images of TCNC-Au NPs seed. 

 

 

 

 

 

 

 

Table 4.1. Zeta-potential values of TCNC-Au@Pd NFs with different Pd shell thickness. 

Samples           Zeta potential (mV) 

TCNC -52.0 

TCNC-Au (Pd-0) -33.0 

TCNC-Au@Pd (Pd-50) -36.7 

TCNC-Au@Pd (Pd-100) -39.8 

TCNC-Au@Pd (Pd-150) -45.2 

TCNC-Au@Pd (Pd-200) -50.0 

TCNC-Au@Pd (Pd-250) -47.8 
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Figure 4.3. TEM images (a) TCNC-Au NP seeds, (b-f) TCNC-Au@Pd NFs containing an 

Au core and Pd petal-like shells obtained after mixing of different quantities of equimolar 

ascorbic acid (50, 100, 150, 200 and 250 µL) and Pd precursor at pH, 8. 

Presence of TCNC cannot be witness in all TEM images since no heavy metal 

staining agents were used to distinguish between nanocellulose and metal nanoparticles. 

Nevertheless, a network of TCNC may be visible even at low magnification in a few 

regions due to the presence of metal NPs (Figure 4.4). Further, an increase in the amounts 

of reagents, from 150-250 µL resulted an incremental increase in the number of petals of 

size range, 3-5 nm as revealed from Figure 4.3(d-f). The HR-TEM image and FFT pattern 

of TCNC-Au@Pd NF structures obtained during the initial stages of Pd shell growth after 

the addition of 50 µL ascorbic acid and Pd precursor (a-c); and the Pd petals growth after 

the addition of 200 µL (d-g) are shown in Figure 4.5.  
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Figure 4.4. TEM image of TCNC-Au NPs seed at low magnification. 

 

Figure 4.5. HR-TEM images and their corresponding FFT patterns of TCNC-Au@Pd NFs 

at various Pd shell coating: Pd-50 (a-c) and Pd-200 (d-g). 
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Figure 4.6. (a-f) The TEM images of single TCNC-Au@Pd NF showing an increment in 

the number of the Pd petals obtained after the coating with different quantities of the Pd 

precursors, (g) TCNC-Au@Pd NFs at low magnification and (h) the corresponding UV-

Visible absorption spectra. 

We observed that at lower Pd precursor concentrations, the shell was 

indistinguishable, and the lattice fringes observed in the higher magnification images and 

FFT spot pattern signifies the presence of the (111) crystalline plane as the dominant plane 

corresponds to Au. Whereas in Figure 4.5d, a fully formed Pd petals over Au surface, 

camouflaging TCNC-Au seed was observed. As a result, the lattice fringes of Au core were 

unattainable, whereas the lattice fringes corresponding to (111) planes of Pd were obtained 

from petals areas as shown in Figure 4.5(d-f). The corresponding FFT patterns obtained 

from these petals supports the above findings (Figure 4.5c, and 4.5g). In general, the HR-

TEM images of initial and intermediate shell thickness (petals) confirmed that Au is present 

as core and Pd as petal-like shell in the TCNC-Au@Pd NF structures, and significant 
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alloying has not occurred. As the number of Pd petals augmented, the average size of the 

TCNC-Au@Pd NF structures varies from 18 ± 2 nm to 32 ± 2 nm (Figure 4.6(a-f)). Figure 

4.6g shows the low magnification TEM image of TCNC-Au@Pd NFs which present the 

distribution of the Au@Pd NFs with uniform geometry in the entire area. To further affirm 

the formation of TCNC-Au@Pd NFs, UV-Visible absorption spectra were recorded 

(Figure 4.6h). It is observed that an obvious surface plasmon absorption at 527 nm which 

is characteristic for Au NPs. Interestingly, this surface plasmon band of Au gradually 

diminishes up on increasing the amounts of Pd precursors from 50-250 µL, and finally no 

observable plasmonic band in the visible region corresponding to Pd nanoparticles.9 These 

results suggest that the morphology of TCNC-Au@Pd NFs having Au confined in the core 

with Pd shell coating on the of nanostructure.14, 35 Besides, as-synthesized TCNC-Au@Pd 

NF structures with different Pd compositions maintained excellent colloidal stability as 

revealed by the zeta potential values (Table 4.1). The TCNC-Au@Pd NFs (Pd-200) colloid 

revealed the highest zeta potential value of -50.0 mV, and we have not observed any 

significant sedimentation even after six months (Figure 4.7a). The yield of TCNC-Au@Pd 

NFs is estimated to be about 75% using ICP-MS and quantified the ratio of Au:Pd and 

found to be approximately 1:2 ratio for TCNC-Au@Pd NFs (Pd-200), which was reported 

for the better catalytic performance of this bimetallic system.36 

 Figure 4.7b illustrates the XRD pattern of synthesized TCNC-Au NPs seed which 

includes diffraction peaks corresponding to nanocellulose and metallic Au. The peaks at 

2 = 12.36º, 20.28º, and 22.23º are due to the characteristic diffraction peaks of cellulose 

II, indexing the planes (1-10), (110) and (200), respectively. The diffraction peaks observed 

after 2 = 35º, exactly at 38.28º, 44.61º, 64.48º, 77.4º and 81.35º indicate significant 

matching with the typical diffraction pattern of fcc Au NPs corresponded to the planes 

(111), (200), (220), (311), and (222), respectively (JCPDS no. 00-004-0784). The overall 

narrow and prominent XRD patterns validated the complete formation of crystalline Au 

NPs embedded in the intercalated TCNC network. Figure 4.7c, XRD pattern of TCNC-

Au@Pd NFs demonstrates a slight shift in the peak positions of above-signified planes 

after Pd shell coating, which nearly matches with the standard diffraction pattern for 

metallic fcc Pd (JCPDS no. 00-005-0681) with diffraction peaks corresponding to TCNC. 
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The prominent crystalline peak of (111) plane at 38.28º in TCNC-Au and TCNC-Au@Pd 

affirmed that the TCNC well covered this plane, which is in consensus with the TEM 

observations. Compared to the diffraction pattern of TCNC-Au NPs seed and TCNC-

Au@Pd NFs (Figure 4.7b and 4.7c), after Pd shell coating a significant decrease in the 

intensity diffraction peaks of TEMPO-oxidized cellulose nanocrystals (TCNC) was 

observed. These random decrease in the crystallinity of semi-crystalline polymer arises 

mainly due to the disturbance in crystallinity by the coordination interaction between 

polymer and the metal introduced to the composite.37 This would infer that here occurs a 

strong intermolecular interaction between the Pd NPs and TEMPO-oxidized cellulose 

nanocrystals resulting from the oxophilicity of Pd.17d Therefore, our XRD results suggest 

an inevitable role of the TEMPO-oxidized cellulose nanocrystals for directing the flower-

like morphology instead of the epitaxial growth of Pd over Au NPs. 

 

Figure 4.7. (a) UV-Visible absorption spectra of TCNC-Au@Pd NFs (Pd-200) suspension 

at different time durations (inset: the photographs showing the stability of TCNC-Au@Pd 

NFs colloid); XRD patterns of (b) TCNC-Au NPs seed and (c) TCNC-Au@Pd NFs (Pd-

200). 
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Figure 4.8. XPS narrow scans of TCNC-Au@Pd NFs (Pd-200) (a) deconvoluted spectra 

of Pd 3d, (b) Au 4f, (c) C1s, and (d) O1s, respectively.  

The chemical states of the major elements present in the TCNC-Au@Pd NFs 

system were investigated by XPS. The narrow scans of major elements of TCNC-Au@Pd 

NFs are given in Figure 4.8(a-d). Particularly, the narrow scan of Pd3d showed two 

doublets (Figure 4.8a) with relatively high intensity at 335.15 and 340.45 eV with a 

binding energy separation of 5.30 eV are assumed to have originated from 3d5/2 and 3d3/2 

of Pd (0). The deconvolution of doublet pairs can be fitted with an additional peak of low 

intensity at 336.48 and 341.84 eV, attributed to the binding energy of Pd2+ species. These 

low intense Pd2+ species were unlikely due to the surface partial oxidation of Pd NPs during 

the sample preparation while drying since Pd is very sensitive to oxygen. Figure 4.8b is 
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the deconvoluted spectrum of Au 4f region of Au NPs showing Au(0) 4f7/2 and Au(0) 4f5/2 

doublets situated at 83.5 and 87.2 eV, respectively with an energy separation of 3.6 eV, 

which is consistent with the typical spectrum for metallic Au(0).38 Further the narrow-scans 

of C1s and O1s obtained (Figure 4.8c and 4.8d) indicate the presence of TEMPO-oxidized 

nanocellulose crystals as the template for Au NPs. The C1s spectrum is composed of four 

distinct peaks at 284.6 (C-C, C-H), 286.18 (C-O), 287.62 (COO-Au), and 288.7 eV (COO-

), respectively. The peak at 288.7 eV is assigned to carboxyl functionalization during the 

TEMPO-oxidation. The peak at 287.62 eV strongly supported the fact that the Au NPs are 

connected to carboxyl groups of TCNC since these two peak positions are attributed to free 

carboxyl moieties and coordinated carboxylates, respectively.39 The core-level spectrum 

of O1s also be deconvoluted to two peaks with binding energies, 531.4 (O=C) and 532.4 

eV (O-C).40 The nature of binding of Au NPs and TCNC is further analyzed by comparing 

the deconvoluted spectra of Au4f of nanocellulose capped Au NPs (seed) and TSC capped 

Au NPs (synthesized in absence of TCNC). Figure 4.9a shows two distinct peaks of Au(0) 

4f7/2 and Au(0) 4f5/2 assigned to 83.55 and 87.15 eV for TCNC-Au NPs; and 83.3 and 86.9 

eV for TSC-Au NPs, respectively. This slight shift in the binding energies of the spin-orbit 

components of the TCNC capped Au NPs compared to that of the TSC capped Au NPs 

towards higher binding energies supports the effectual wrapping of Au NPs by TCNC and 

only possess lower electron density than TSC-Au NPs.32 These XPS results further 

confirmed the applicability of the carboxyl functional groups as nucleation sites for Au 

ions, and thereby generation of immobilized Au NPs embedded in the TCNC intercalated 

network resulted in unprecedented colloidal stability. 

 Figure 4.9b shows the FTIR spectra of TCNC and TCNC-Au@Pd NFs represent 

the qualitative analysis of interactions between TCNC and Au@Pd NFs formed on the 

TCNC templates. First, the FTIR spectrum of TCNC shows peaks at 3446 cm-1 (broad; -

OH stretching), 2908 cm-1 (C-H stretching), 1612 cm-1 (C=O stretching of COO- group), 

1414 cm-1 (C-O stretching of COO- group), and 1056 cm-1 (C-O-C stretching).41 After in-

situ synthesis of Au@Pd NFs over TCNC, the FTIR spectrum of TCNC-Au@Pd NFs also 

includes the above characteristic vibrational peaks of cellulose indicates the minor change 

in the chemical structure of cellulose by incorporating nanoparticles to TCNC template. In 

closer observation, the intensities of all characteristic IR absorption peaks, especially 
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cellulose, were diminished in TCNC-Au@Pd NFs, which indicates the adhesion of Au@Pd 

NFs on the hydroxyl groups of the nanocellulose crystals.41 A significant reduction in the 

intensity and shift in the –OH stretching vibration from 3446 to 3434 cm-1 was also 

observed which can be resulted from the interaction between Au@Pd NFs and –OH groups 

of TCNC.42 

 

Figure 4.9. (a) Deconvoluted XPS spectra of Au(0) 4f of TCNC-Au NPs and TSC-Au NPs, 

and (b) FTIR spectra of TCNC and TCNC-Au@Pd NFs. 

4.3.2. Role of TCNC in Morphology Evolution of TCNC-Au@Pd 

Nanoflowers 

We investigated the basis of the structure-directing capabilities of TCNC for the 

shape selective colloidal synthesis of distinct flower-like Au@Pd NPs. To investigate this 

hypothesis, the synthesis of Au@Pd NPs was carried in the absence of TCNC, keeping all 

other parameters constant. A comparison between the TEM micrographs of Au@Pd 

synthesized with and without TEMPO-oxidized cellulose nanocrystals shine light on the 

shape-directing capability of TCNC. Figures 4.10a and 4.10b show the TEM images of 

TCNC-Au@Pd NFs whereas Figures 4.10c and 4.10d present the bare Au@Pd NPs in the 

absence of TCNC. Initially, the carboxyl functional groups in TCNC could tightly bound 
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the Au NPs followed by the capping of Au NPs. Subsequently, the electron-rich hydroxyl 

groups present in nanocellulose will function as the nucleation or anchoring sites for Pd 

clusters in the solution by ascorbic acid (AA) reduction during the shell coating. The Pd 

cluster-like small NPs (3-5 nm) formed by the AA reduction in the solution can be 

quantitatively deposited at the surface hydroxyl groups of TCNC that collectively capped 

the Au NPs, then comprehensively ad-layers on Au core.43 A successful formation of 

cluster-like small Pd NPs in solution before the aggregation over the Au NPs seed was 

observed from some of the TEM images captured during the Pd shell coating process by 

seed-mediated synthesis route (Figure 4.10b). A more or less similar cluster mediated 

growth mechanism was reported by Xu et al. and Lim et al., respectively for the growth of 

Au@Pd NFs and Pt dendrites capped Pd core by utilizing high molecular weight PVP.14, 44 

In our study, the epitaxial growth of Pd shell, about 7-8 nm over citrate capped Au seed 

was observable without any formation of anisotropic morphologies by Pd coating (Figure 

4.10c and 4.10d). Based on the above observations, a possible morphology evolution 

mechanism and shape-directing capability of TCNC is proposed (Figure 4.1).  

 The shape-directing ability of TCNC for nanoengineered core-shell Au@Pd NFs 

arises from the fact that the inherent –OH groups that electrostatically bound to Pd clusters 

could enable the merging of Pd clusters, thereby inhibiting the growth of perfect epitaxial 

Pd shell over Au seed. Nucleation and subsequent growth process of a bound Pd or any 

metal clusters would progress slowly followed by release and migration towards Au seed 

or any metal core, leading to the generation of anisotropic morphology.45 The constrained 

capture of Pd clusters by the electrostatic interaction of oxygen atoms of polar –OH groups 

of TCNC resulted in a gradual reduction in the overall crystallinity of TCNC after the Pd 

shell coating15, 17c, which was evident from the XRD analysis. Concisely, numerous 

hydroxyl functional groups present in the TCNC hinder the direct epitaxial deposition of 

Pd shell over Au core, directing to the creation of small clusters like Pd NPs of 3-5 nm size, 

which will further be aggregated as petals around Au NPs. Whereas in the absence of 

TCNC, free Pd clusters were formed in the solution, preferably deposit in the (111) plane 

of Au core and grow quickly into a uniform shell. Even though the shape regulating ability 

of TEMPO-oxidized nanocellulose fibers was first mentioned by Jiang et al. to form Ag 
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nanoprisms using H2O2 as an etching agent.45 Our study is the initial step for presenting 

TCNC as a potential and bio-sourced shape-directing and capping agent for the preparation 

of bimetallic core-shell NPs, especially Au@Pd NFs, without the presence of any etching 

or co-capping agents. 

 

Figure 4.10. TEM images of (a) TCNC-Au@Pd NFs (Pd-200); (b) cluster-like small Pd 

NPs (3-5 nm) captured during Pd shell coating over Au NPs seed solution and (c-d) citrate 

capped Au@Pd NPs (Pd-200). 

4.3.3. Catalytic Performance of TCNC-Au@Pd NFs 

A reduction in the size of Pd-based metal catalysts is extremely desirable since 

shorter dimensions may provide more number of catalytically active sites by unit mass. 
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The TCNC-Au@Pd NFs system nanoengineered in our study may catalytically be more 

active because it is enriched with a large count of small petal-like Pd NPs around the TCNC 

bounded core. Since the hydrophilic nature of the catalyst may hinder its catalytic activity 

and recyclability, we amalgamated amine functionalized reduced graphene oxide (NH2-

RGO) as an acceptable support for the system. Therefore, the TCNC-Au@Pd NFs were 

decorated over NH2-RGO nanosheets by the electrostatic interaction without losing any 

structural change and stability. Thus the heterogeneous TCNC-Au@Pd NFs/NH2-RGO 

catalyst was fashioned by an aqueous solvent assisted mixing of TCNC-Au@Pd NFs with 

NH2-RGO (obtained from RGO prepared by Hummers method followed by amino 

functionalization). Figure 4.11(a-c) shows the successful functionalization of TCNC-

Au@Pd NFs over NH2-RGO sheets uniformly without any significant change in structure 

and sign of aggregation. 

 

Figure 4.11. (a-c) TEM images of TCNC-Au@Pd NFs decorated NH2-RGO nanosheets. 

4.3.4. Oxygen Reduction Reaction in Alkaline Medium (ORR) 

  Electrocatalytic performance of our synthesized catalysts and standard was 

measured towards ORR by rotating disc electrode (RDE) method in 0.1 M KOH at 1600 

rpm of the working electrode by saturating the solution with O2. The ORR polarization 

curves (LSV curves) recorded for a series of the catalysts, including commercial 20 wt% 

Pd/C (control sample) profiled in Figure 4.12. All the potentials were reported on the RHE 

scale and the current densities got were normalized to the geometric area of the electrode. 

Both the onset potential and half-wave potential (E1/2) showed a positive trend in the order 
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TCNC-Pd NPs/NH2-RGO < TSC-Au@Pd NPs/NH2-RGO < TCNC-Au@Pd NFs/NH2-

RGO ≈ Pd/C (Std.). Compared to TCNC-Pd NPs/NH2-RGO, both TSC-Au@Pd NPs/NH2-

RGO and TCNC-Au@Pd NFs/NH2-RGO exhibited a positive shift in both onset potentials 

and E1/2, revealing the effect of the bimetallic system (Au@Pd) towards the electrocatalytic 

activity. Whereas further enhancement in the TCNC-Au@Pd NFs/NH2-RGO system 

compared to TSC-Au@Pd NPs/NH2-RGO may evolve from its flower-like constructs with 

a high electrochemically active surface area which improves the ORR kinetics and reduces 

the overpotential. Additionally, decoration of Au@Pd NFs over amino functionalized 

graphene oxide nanosheets induced long-term stability of the catalyst without any 

agglomerations. The TCNC-Au@Pd NFs/NH2-RGO system performed as a better 

electrocatalyst towards ORR compared to its counterpart systems with an onset potential 

of about 0.94 V, which is almost close to that of the standard Pd/C. This enhancement may 

have resulted from the consecutive effects of strain (lattice mismatch), ligand effect, and 

electronic modifications.46 The diffusion limiting current density (mA/cm2) obtained for 

TCNC-Au@Pd NFs/ NH2-RGO of about -4.4 mA/cm2 at 1600 rpm stands out as another 

important performance indicator, implying the promising activity of the system. Also, this 

limiting current density is slightly higher compared to that of the standard Pd/C (-3.5 

mA/cm2), and that obtained for homogeneous TCNC-Au@Pd NFs colloids during our 

primary ORR studies signified the importance of further modifications in the system by 

optimizing graphene content. It has been reported that, higher graphene content will reduce 

the limiting current density.47 In this report, however, more detailed investigations in the 

TCNC-Au@Pd NFs/NH2-RGO catalyst toward ORR performance were not included since 

our primary aim was to highlight on the evolution of shape-directing capability of 

nanocellulose, as a bio-sourced alternative to the conventional capping agents. 
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Figure 4.12. The ORR polarization curves of commercial Pd/C (20 wt%), TCNC-Au@Pd 

NFs/NH2-RGO, TSC-Au@Pd NPs/ NH2-RGO, and TCNC-Pd NPs/ NH2-RGO catalysts in 

0.1 M KOH solution recorded at a scan rate of 10 mV/s and an electrode rotation speed of 

1600 rpm. 

4.3.5. Catalytic 4-Nitrophenol (4-NP) Reduction 

 

 

Figure 4.13. UV–Vis absorption spectra of 4-NP reduction catalyzed with (a) varying shell 

thickness of TCNC-Au@Pd NFs/NH2-RGO, (b) comparison with different control and 

standard catalysts in same amount and at same time interval. 
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4-Nitrophenol to 4-Aminophenol (4-AP) reduction is a conventional catalytic 

reduction reaction and still outweighed as the benchmark to demonstrate the efficacies of 

newly proposed catalysts. Since both 4-NP (4-Nitrophenolate ions) and 4-AP exhibit 

evident absorption in the UV-Visible region, monitoring of the reduction process is studied 

using UV-Visible absorption spectroscopy. 4-NP showed an absorption band at 400 nm in 

the presence of NaBH4 as a reducing agent, and the newborn 4-AP could show an 

absorption maximum at 300 nm. Au, Pd, especially Au-Pd metal NPs are the best 

candidates to catalyze the 4-NP reduction.23 However, template-supported metal NPs will 

improve the catalytic properties and relieve the soaring price of catalysts by recycling them 

as heterogeneous catalysts.  

The ultimate selection of most active Pd shell thickness over TCNC-Au core in 

TCNC-Au@Pd NFs/NH2-RGO catalyst for the 4-NP reduction was done by the spectral 

monitoring of 4-NP reduction by using constant quantity of catalysts (0.1 mg) and at exact 

time interval, 2 min (Figure 4.13a). As indicated by the highest zeta potential value, 

excellent stable geometry with high surface area and adequate Au:Pd composition ratio 

suitable for catalysis; TCNC-Au@Pd NFs/NH2-RGO with Pd-200 shell thickness came to 

first place with best catalytic activity. 4-NP reduction was also monitored with a series of 

catalysts used earlier in the ORR section and it also profiled the superior catalytic activity 

of our TCNC-Au@Pd NFs/NH2-RGO. The order of the catalytic activity from the lowest 

to the highest is, TCNC-Au NPs/NH2-RGO < Pd/C (Std.) < TCNC-Pd NPs/NH2-RGO < 

TSC-Au@Pd NPs/NH2-RGO < TCNC-Au@Pd NFs/NH2-RGO (Figure 4.13b). The 

superior catalytic activity of TCNC-Au@Pd NFs/NH2-RGO might have rightfully came 

from the synergic influence of the size, shape, stability, composition of nanoparticles as 

well as the presence of specific templates or supports which supplemented the detrimental 

effect of some conventional capping agents.48  

Figure 4.14(a-b) depicts the successful demonstration of TCNC-Au@Pd 

NFs/NH2-RGO as an efficient catalyst towards 4-NP reduction. The reduction reaction was 

completed within 3 min even in the presence of a minute quantity of catalyst (0.05 mg) and 

showed significant enhancement upon increasing the amount to 0.1 mg. Reaction 

proceedings could be monitored by a gradual drop in the absorption maxima of 4-NP and 
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concomitant appearance of absorption of 4-AP and by the bleaching of the yellow color of 

4-NP. 

 

Figure 4.14. Real-time spectroscopic monitoring of 4-NP catalyzed by (a) 0.05 mg, (b) 0.1 

mg of TCNC-Au@Pd NFs/NH2-RGO, (c) corresponding reaction kinetic plots, and (d) 

recyclability of TCNC-Au@Pd NFs/NH2-RGO for 4-NP reduction (inset shows the 

photograph of catalyst recovered by centrifugation after the completion of the 5th cycle). 

 Figure 4.14c shows the linear correlation of ln(Ct/C0) versus reaction completion 

time (minute) since reaction rate independent of the concentration of reducing agent, and 

linear fitting was successful with correlation coefficients 0.9714 (0.05mg) and 0.9874 (0.1 

mg) consistent with the fact that catalytic 4-NP reduction followed pseudo-first-order 

kinetics.29 The rate constant of the reduction, estimated from the slope of the plot ln (Ct / 

C0) versus time, was 30.63 × 10-3 s-1 for 0.1 mg of TCNC-Au@Pd NFs/NH2-RGO catalyst. 

Table 4.2 compares the efficiency of our catalyst with the results reported by other 

researchers, especially with nanocellulose supported catalysts. It is remarkable that the 
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excellent catalytic activity of TCNC-Au@Pd NFs/NH2-RGO in 4-NP reduction; therefore, 

it is a burgeoning environmental benign candidate in the realm of catalysis. Electron 

transfer between electron-rich Au to Pd, relatively high surface area, backbone made by 

electron-rich amino-functionalized reduced graphene oxide, and prevention of self-

aggregating during synthesis and storage are the answers to why this catalyst shows 

superior catalytic activity. TCNC-Au@Pd NFs/NH2-RGO can be effortlessly recovered by 

centrifugation after completion of the reaction and can be reused at least five times without 

any remarkable reduction in the catalytic efficiency (Figure 4.14d).   

Catalyst systems Catalyst 

loading 

Rate constant 

kapp (s-1) x 10-3 

Reaction 

time 

Reference 

CNF/Pd  5 mg 8.8 5 min 49 

CNF/Ag  1 mg 4.6  8 min 50 

CNC/Au 1 mL, (total 

Au content: 

0.2 μmol) 

2.06 14 min 51 

CNC/PDDA/Au 4.1 x 10-2 

µmol 

(1mg/mL) 

5.1 10 min 52 

CNC/Au 50 mg 4 15 min 42 

CNC/Ag@Au 1.5 g 22.83 3 min 53 

Au@Ag/GO 100 µl 142.6 30 sec 54 

Pd-Ni/rGO 0.2 mg 2.66  8 min 55 

Au@Pd/PNIPAM 11 mg/L 16 4.2 min 56 

Au@Pd/ PEO-b-

P4VP-b-PNIPAM 

0.24 mg/L 0.531 33.3 min 57 

TCNC-Au@Pd NFs 

/NH2-RGO 

0.1 mg 30.63 2 min Present 

work 

 

Table 4.2. An overview of different catalysts for 4-NP reduction with rate constants. 
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4.4. CONCLUSIONS 

In summary, we demonstrated a biomass-derived TEMPO-oxidized cellulose 

nanocrystal as a structure directing agent to synthesize intricate Pd-based bimetallic 

nanostructures which exhibited competent electrocatalytic activity. Firstly, the spherical 

Au NPs of diameter, 15 ± 2 nm were formed on the TCNC which served as seed for the 

subsequent petal-like epitaxial growth of Pd resulted in the formation of flower-shaped 

Au@Pd nanostructures of size, 32 ± 2 nm. Our results revealed that the presence of -OH 

rich TCNC pursued a key role in the systematic evolution of nanoparticle morphology. The 

-OH groups in the TCNC that are not bound to the Au seed surface further serve as the 

binding sites for Pd nanoclusters (NCs). Consequently, the TCNC promoted the 

coalescence of cluster-like Pd NPs to a certain size and stabilized them against further 

agglomeration. Furthermore, a heterogeneous catalyst was designed by adorning TCNC-

Au@Pd on NH2-RGO nanosheets and successfully demonstrated in ORR and 4-NP 

reduction reactions. Comparison of the electrocatalytic activity with citrate capped Au@Pd 

nanostructures revealed that TCNC-Au@Pd/NH2-RGO system exhibited enhanced ORR 

catalytic behavior. Our study could pave way for further research on the potential use of 

green sustainable nanocellulose as a benign, shape-regulating agent in the realm of 

nanochemistry for the development of bio-sourced fuel cell components, however, more 

research is underway.   
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CHAPTER 5 

Reversible Thermochromic Cobalt(II) Coordinated 

Malonic Acid-Nanocellulose Hybrid Aerogels 
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ABSTRACT 

Nanocellulose has long been seen as a green choice for a variety of applications 

due to the growing worldwide concern for sustainability. In this chapter we illustriate Co2+ 

cation induced malonic acid/nanocellulose aerogel that shows reversible thermochromism. 

Thermochromism is caused by the shift from tetrahedral to octahedral geometry upon 

contact with water molecules. This effect is accentuated by the high surface area of aerogel 

structures. Co(II) ions and malonic acid as components assured the coordination and cross-

linking activities by through interactions with an extrinsic number of functional groups in 

TEMPO-oxidized cellulose nanofibers (TCNF) to construct hierarchically porous aerogel 

structures. Detailed characterisations of synthesised aerogels were carried out to evaluate 

the overall properties and performance. Reversible thermochromism performance of this 

hybrid aerogels were utilized for the visual sensing of humidity as demonstrated with an 

android mobile app interface. The nanocellulose-based green synthesis of aerogel can be 

adopted for other applications with diverse metal ions and additives upon requirements. 

5.1. INTRODUCTION 

The time to choose green and biodegradable polymer materials instead of 

petroleum-based polymers, which are responsible for most of the white pollution, has 

already passed. Cellulose is most abundant semi-crystalline natural polymer but its utility 

is always pressed down by its poor processibility and compactability. Arrival of the nano 

prototype of cellulose with variant functionalities named ‘nanocellulose’ made a huge turn 

to the road to the uncountable applications of this sustainable material.1 Lot of researchers 

are worshipping in this area to spread this network of nanocellulose materials in 

mesmerizing outlooks for innovative ideas. These outlooks include photonic materials 2, 

flexible films 3, packaging materials 4, hydrogels 5, aerogels 6, fibers 7, biomedical scaffolds 

8, etc.  
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TEMPO-oxidized nanocellulose fibers, a sub-division of nanocellulose materials, 

are born with ultra-aqueous stability at nano-level imparted by the inter and intra-molecular 

hydrogen bonds, and induced carboxyl functionalization proven by a zeta potential of about 

-70 mV.9 Thixotropic behavior of nanocellulose, especially cellulose nanofibers (CNF) 

even in low concentrations always delivered the signal for the applicability of these 

sustainable materials in the realm of hydrogels and aerogels with its significant asset like 

entangled fibrous structure with high aspect ratio.10 This important property can be 

successfully tuned and transformed into a stable hydrogel by impregnating metal cations 

especially divalent metal cations into the nanocellulose hosting matrices.11 Both induced 

carboxyl and inherent hydroxyl groups of nanocellulose fibers enables the distribution of 

the metal ions homogeneously throughout the network by coordination followed by 

immediate transformation into hydrogel. Metal ions coordinated nanocellulose stable 

hydrogels can be captured into lightweight aerogels by different cryogenic drying 

processes. Only a few appreciable research attempts are there to fabricate fast hydrogels of 

TEMPO-oxidised nanocellulose by incorporating metal ions by coordinating with carboxyl 

functional groups. Zander et al. demonstrated the fabrication of Ca2+ and Fe2+ cross-linked 

cellulose nanofiber hydrogels for tissue engineering applications.11a Hai et al. reported the 

latent fingerprint detection and encryption using luminescent Tb3+ nanocellulose complex 

hydrogels.11b Dong et al. also discussed Ca2+, Zn2+, Cu2+, Al3+, and Fe3+ intermediated 

hydrogelation of entangled TEMPO-oxidised cellulose nanofibers in detail.12 The 

properties like homogeneity and strong binding of this nanocellulose metal ions hybrid gels 

can be upgraded by the addition of simple organic dicarboxylic acids like malonic acid, 

maleic, oxalic, succinic acid, etc. Surprisingly, these combinations that can trigger the 

overall properties of metal ions induced nanocellulose gels have rarely been explored in 

the literature. 

Thermochromic materials are unique and invariant thermoresponsive materials that 

change its color to another and have been widely applied in areas such as temperature 

sensors, anti-counterfeiting, modern electronic devices, etc.13 If the thermochromic 

material is reversible, it can owe to more sackful applicability in various fields. 

Nanocellulose can act as a successful hosting matrix in different physical appearances, 
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such as films, gels, etc., to thermochromic materials towards novel applications. Recently, 

Jaiswal et al. reported creating thermoresponsive devices by incorporating black 

thermochromic pigment for optical modulation devices.14 Humidity sensors are important 

category of sensors that can make a huge impact in the agricultural, food processing, and 

pharmaceutical industry.15 A variety of humidity sensors are available in market, and new 

products are arising day by day with fascinating features and improved efficacies.16 Even 

though the ideal capabilities of a humidity sensor needs to be more improved in terms of 

its sensitivity, low response and recovery time, eco-friendliness thermal stability, etc., 

ceramics, organic polymers, and inorganic-polymer hybrids are the main rulers in this 

realm of humidity sensors.17 Cobalt based metal-organic frameworks (MOFs) are recent 

inmates in the humidity sensor economy by the inherent visual color based humidity 

sensing property of Cobalt metal.18 Colourimetric change arises through the change in 

coordination number of Co(II) with the H2O in moisture as a ligand is behind this visual 

magic treat.17 Co(II) based MOFs can act as a vital determinant in the efficiency of 

humidity sensors, whereas poor processibility of MOFs always becomes hurdle for the 

designing and practical applicability of humidity sensor devices. Compared with the above 

mentioned common ceramic humidity sensors, especially porous silica based materials are 

well known for of their surface area, pore size, and distribution.19 Even though these pore 

structures are well suitable for providing more binding sites for water molecules, recovery 

time of ceramic based humidity sensors are too long.20 Since polymer based materials are 

popular for lightweight and more flexible with better mechanical properties, these features 

can provide more merits to the polymer based humidity sensor products but suffers from 

slow response.17 This limitation of polymer based humidity sensors can be covered by 

impregnating Co(II), and the surface area and porosity of ceramic humidity sensors can be 

achieved by aerogel structure nanocellulose. In addition, comparing to dense solid material 

substrates, aerogels known by 99% air contact can show more accessibility to the water 

molecules to the fifth and sixth free coordination sites of Co(II) by the surface area and 

porosity. 
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In this chapter, we demonstrate a sustainable synthetic strategy for Co(II) 

coordinated malonic acid/nanocellulose hybrid aerogels that shows interesting property of 

thermochromism. Water molecules in the moisture plays a key role in this Co(II) based 

system and hence this property of reversible thermochromism can be tuned and utilized for 

humidity sensing. The novelty of this work is the unique approach that modified the 

comprehensive properties of Co(II) coordinated nanocellulose aerogels by incoperating a 

simple dicarboxylic acid, malonic acid as an additive. To the best of our knowledge, this 

combination of three distinct components has never before been documented in the 

literature for applications like humidity sensing. We also tried to demonstrate the real life 

applicability of this humidity sensing material by developing a specific and robust android 

application.  

5.2. EXPERIMENTAL SECTION 

5.2.1. Materials 

  Chemically treated (sodium hydroxide, NaOH) banana pseudo-stem fibers were 

used as cellulose source. Sodium chlorite (NaClO2), 2,2,6,6-tetramethyl piperidine-1-oxyl 

radical (TEMPO; C9H18NO), sodium hypochlorite (NaClO), sodium hydroxide (NaOH), 

sodium bromide (NaBr) used for oxidation were procured from Sigma-Aldrich, India. 

Cobalt(II) acetate anhydrous (C4H6CoO4) (98%) was purchased from Alfa Aesar and 

malonic acid (C3H4O4) was from Sigma-Aldrich. All other chemicals, such as sodium 

hydroxide (NaOH), hydrochloric acid (HCl), lithium chloride (LiCl), magnesium chloride 

(MgCl2), magnesium nitrate [Mg(NO3)2], Sodium chloride (NaCl), potassium chloride 

(KCl), potassium sulfate (K2SO4) were of analytical grade. Ultrapure deionized (DI) water 

(Milli-Q purifier system, Merck, Germany) was consumed as solvent in the complete 

synthesis procedure and tert-butanol (C4H10O) was utilized for the washing procedure.  

5.2.2. Preparation of TEMPO-oxidised Cellulose Nanofibers (TCNF) 

Same typical protocol of TEMPO-oxidation for the synthesis of TEMPO-oxidised 

nanocellulose described in Chapter 2, section 2.2 was adopted with a slight change in 

processing where homogenization was used instead of ultra-sonication to obtain fibers.21 
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The whole reaction system was transferred to the homogenizer only for a one pass at 50 

MPa. The gel-like product obtained was thoroughly washed and stored at 4 oC in wet 

conditions for further modifications. 

5.2.3. Synthesis of Cobalt(II) Induced Malonic acid-Nanocellulose Hybrid 

Aerogels (CoMNC) 

A mixture 3 mL of 0.033 g malonic acid and 1.5 wt% nanocellulose dispersion was taken 

in a cultural tube. Instant white color gel formed on shaking and it was then incubated in 

an aqueous solution containing almost 0.063 g of cobalt acetate for 24 h. The obtained 

pink-colored mechanically stable hydrogels were placed in a preheated oven at 90 ºC for 

10 min followed by washing thoroughly with water, water: tert-butanol mixture to 

exchange the solvent to t-BuOH followed by freeze-drying. The resultant violet color 

aerogels were labeled as CoMNC aerogels. Aerogels fabricated by simply mixing similar 

amount of cobalt acetate to nanocellulose dispersion without malonic acid also prepared in 

the same procedure as control sample, was labeled as CoNC. 

5.2.4. Physical Characterization of Aerogels 

The carboxyl content of TCNF was determined by standard conductometric 

titration on a lab scale. O/C ratio and chemical states of TCNF samples, CoMNC, and 

CoNC aerogels were evaluated employing X-ray photoelectron spectroscopy (XPS) by PHI 

5000 VersaProbe II, ULVAC-PHI Inc., USA. FTIR spectroscopic transmittance of samples 

were recorded from PerkinElmer FTIR spectrometer in the 4000-500 cm-1 region operated 

at a resolution of 4 cm-1 and 16 scans. Particle distribution by dynamic light scattering 

(DLS) and zeta potential of TCNF were studied by accessing Zetasizer Nano ZS, Malvern 

equipment using a sample concentration of 0.1 % (w/v). Morphology of TCNF was 

monitored by Atomic force microscopy (AFM) by Multimode 8 atomic force microscope; 

Nanoscope V controller (Bruker, Santa Barbara, CA) under tapping mode. Samples for 

AFM were prepared by coating and drying TCNF dispersion over mica sheet as substrate. 

PANalytical X’pert pro equipped with Cu Kα (λ=1.54 Å), 45 kV is being used to obtain 

powder X-ray diffraction (XRD) pattern of all samples. Scanning electron micrographs 
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were acquired by subjecting fraction of aerogel samples to Zeiss EVO 18 cryo-SEM at 15 

kV. Density of aerogels samples were formulated from mass by volume ratio. Nitrogen 

adsorption−desorption studies were performed to find out Brunauer-Emmett-Teller (BET) 

surface area and Barrett-Joyner-Halenda (BJH) pore-size distributions using Gemini 2375, 

Micromeritics, Norcross, USA. A minimum 12 h of degassing prior to surface area studies 

of aerogels is required. Thermogravimetric analysis (TGA) analysis were conducted with 

simultaneous thermogravimetric analyzer (STA 7300, Hitachi, Japan) in the range from 50 

to 700 oC at a rate of 5 °C/min in the air. Mechanical specifically compression strength of 

aerogel samples were evaluated by a universal testing machine (Hounsfield, H5KS UTM, 

Redhill, U.K.); crosshead speed- 1.0 mm min−1. UV- visible absorption maxima of 

CoMNC aerogel samples were measured from UV-Visible spectrophotometer (Shimadzu 

UV-2700, Shimadzu, Japan).  

5.2.5. Formulation of Humidity Sensor Android Application 

A prototype of Java-based android mobile app edited using Android studio as an 

IDE (integrated development environment) for humidity sensing was developed. The 

application design detail is shown in (section 5.3.5). Visible light spectrum corresponding 

to λmax obtained from UV-Visible absorption spectroscopy of CoMNC samples at different 

humidity environment were collected and utilized as input in the programming. Test 

standards and known humidity environments were created in glass desiccators having 

saturated solutions of LiCl, MgCl2, Mg(NO3)2, NaCl, KCl, and K2SO4, which provides the 

humidity levels of 11%, 33%, 53%, 75%, 85%, and 97%, respectively.22 Absorption 

maxima (λmax) were recorded at 25 oC and relative humidity of 50-52%. 

5.3. RESULTS AND DISCUSSION 

5.3.1. Cobalt(II) Coordinated Malonic acid-Nanocellulose Hybrid 

Aerogels 

TEMPO-oxidation is desirable for the fabrication of metal ion coordinated aerogels 

since it evokes the carboxyl functionalization in cellulose that ensure the coordination with 

metal ions. According to the experimental section, TEMPO-oxidation followed a mild 
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homogenization process to exfoliate cellulose nanofibers (TCNF) from banana pseudo-

stem fibers. After being oxidized by TEMPO-mediated oxidation, the C6 hydroxy groups 

of cellulose selectively converted to carboxyl group which is determined to be 1.06 mmol/g 

by conductometric titrations and an O/C ratio of about 0.6 was obtained from XPS analysis 

which is higher than that of holocellulose (O/C ratio= 0.41) obtained from banana pseudo-

stem fibers. Qualitative confirmation of introduced carboxyl groups in cellulose is done 

with FTIR analysis and confirmed from the new sharp peak arising at 1600 cm-1.23 

Electrostatic repulsions between the carboxyl groups and inter and intra-molecular 

hydrogen bonding will always provide stable aqueous suspensions of TCNF as shown by 

the value of the zeta potential, -60.02 mV.  

 

Figure 5.1. (a) AFM height image and (b) DLS spectrum of TCNF. 

The size distribution and morphology of TCNF were confirmed by AFM and DLS 

analyses (Figure 5.1). Visual detection of morphology of TCNF were done using AFM in 

tapping mode in air. Figure 5.1a, the AFM height image, depicts the existence of 

individual fibers having width, 15 ± 2 nm and width, and length of a few hundred 

nanometers according to the high aspect ratio of cellulose nanofiber. Peak in the size 

distribution pattern located at 390 to 830 nm region having an average particle size as 612 

nm with a PDI of 0.2 gave information about the fibrous structure of TEMPO-oxidized 

nanocellulose with almost uniform size (Figure 5.1b).  
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Figure 5.2. Synthesis of Cobalt(II) coordinated malonic acid/nanocellulose hybrid 

aerogels and schematic illustration of possible coordination and cross-linking in the formed 

aerogels. 

Fluidity of 1.5 wt% TCNF dispersion was discarded by the addition of anhydrous 

Co (II) acetate salt denoted as CoNC. This rapid gelation is happened due to the bonding 

affinity of metal in +2 oxidation states to the carboxyl groups induced by the TEMPO 

oxidation in TCNF. Hence the strength of hydrogels will ultimately depend upon the degree 

of carboxylation in TCNF which will vary by several factors including source of 

cellulose.24 As a preliminary step, we added 1.2 M anhydrous cobalt acetate to 1.5 wt% 

TCNF suspension and mixed in a vertex mixer for 30 s and denoted as CoNC. After instant 

mixing, there is small extent of fluidity and inhomogeneity in the physical appearance of 

pink hydrogel was observed. Despite the fact that full gel formation was detected after 24 
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hours, homogeneity was not achieved. Even though some literature discussed instant 

homogeneous gel formation with other metal ions like Ca2+, Fe2+, Al3+, Cu2+ etc., our 

investigations led us to believe that this phenomenon is solely dependent on the degree of 

carboxylation, which is susceptible to vary due to individual experimental error.11-12 

Therefore, another alternative option is required in such cases to form ultra-stable and 

sustainable hydrogels.  

Adding ligands that can form MOF with Cobalt is one option and it has been 

employed by several researchers.6 However, these ligands are expensive and toxic in 

nature. Selective and versatile functionalization of nanocellulose with carboxyl groups 

enabled the binding of metal ions to the sustainable nanocellulose matrix and resulted in to 

rapid build mechanically stable aerogels. In addition to TEMPO-oxidation, formation of 

semi-acid esters resulted from the reaction of cellulose with polycarboxylic acids or their 

derivatives is an alternative or additional pathway to increase the carboxylic contents to an 

extent. Among the organic polycarboxylic acids, dicarboxylic acids are potential 

candidates to form an ester linkage between hydroxy groups of cellulose and one carboxyl 

group with the other end carboxyl group remaining free. Under some conditions these free 

carboxyl ends of dicarboxylic acids also react with the cellulose hydroxyl groups and gave 

cross-linkage between cellulose chains.25 Cross-linking of cellulose chains can be utilized 

in mechanical strength of nanocellulose based hydrogels and aerogels to an extent, whereas 

concerned maximization of cross-linking without free carboxyl groups can be hindered in 

presence of Co2+ metal ions and water as solvent in the system. Dicarboxylic acids like 

citric acid, malonic acid, maleic acid etc., are also recognized by the researchers as organic 

acid catalyst for the exfoliation of nanocellulose fibers from holocellulose at optimum 

reaction conditions.26 These optimum conditions includes high acid concentration, elevated 

temperature etc., that minimize cellulose cross-linking acids and acids can be recovered 

after the reaction.26b Selection of malonic acid as the organic carboxylic acid in the 

development of mechanically stable Co2+ coordinated nanocellulose aerogels raised the 

coordination affinity of Co2+ with malonic acid and also the less possibility of effective 

cross-linking by the second carboxyl group of dicarboxylic is very less compared to the 

cross-linking efficiency of polycarboxylic acids.27   



 

T h e r m o c h r o m i c  C o M N C  a e r o g e l s               
 

140 | C h a p t e r 5   

Main five types of possible chemical interactions in the Co2+ induced malonic 

acid/nanocellulose aerogels (CoMNC) includes coordination between two carboxyl groups 

of TCNF formed by TEMPO oxidation and Co2+ ion (TCNF-COO-…Co2+…-OOC-TCNF), 

coordination between one carboxyl group of TCNF formed by TEMPO oxidation and one 

free carboxyl end of semi acid ester of cellulose made by the malonic acid with Co2+ ion 

(TCNF-COO-…Co2+…-OOC-CH2-COO-TCNF) , two free carboxyl end of semi acid ester 

of cellulose made by the malonic acid and Co2+ ion (TCNF-COO-CH2-COO-…Co2+…-

OOC-CH2-COO-TCNF) and the last one is cross-linking between cellulose chains by 

malonic acid as depicted in Figure 5.2. Coordination between Co2+ and two carboxyl 

groups of same malonic acid or different malonic acid is negligible here hence it will form 

insoluble coordination crystal forms (MOFs) in aqueous media depending upon the 

severity of reaction conditions.  

The FT-IR spectra of MA, TCNF, CoNC and CoMNC aerogels were collected to 

evaluate the interaction between carboxylated nanocellulose, MA and Co2+ ions (Figure 

5.3a). TEMPO-oxidised cellulose nanofibers showed a peak at 1600 cm-1 that typical for 

the carboxyl group. In the FT-IR spectra of CoNC aerogels shows a narrow shift in the 

peak corresponding to carboxy groups to 1603 cm-1. After the formation of aerogel with 

MA and Co2+ ions, this peak underwent a high frequency shift to 1608 cm-1 with an 

additional peak at 1735 cm-1. This shift happened by coordination of carboxyl groups with 

the metal ions. There is a small new-born peak at 1735 cm-1 validates the formation of ester 

groups in the system to some extent that theoretically has vibration peak at higher 

frequency than the carboxylic acids.28 While considering the –OH stretching vibration peak 

of nanocellulose at 3361 cm-1 became broadened, low-frequency shift was observed with 

a significant decrement in the intensity. This characteristic change can be explained by the 

coordination of numerous –OH groups of cellulose with Cobalt ion which impart a cross-

linked gel morphology.6 The utilization of hydroxy groups of cellulose for the formation 

of semi acid ester of cellulose also in agreement with noticeable decrement in the –OH 

symmetric stretching peak intensity. The absorption bands between 500 and 700 cm−1 can 

be identified of M-O bonds on the sample which were observed in both TCNF and CoMNC 

resulted from the COO---Na+ in TCNF and COO---Co2+ coordination interactions in 
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CoMNC, respectively. Overall information obtained from FT-IR spectra of variant samples 

qualified the formation of different coordination interactions and cross-linking mentioned 

above, which are possible behind the formation of stable CoMNC aerogels.         

 

Figure 5.3. (a) FT-IR spectra, (b) PXRD of malonic acid (MA), TEMPO-oxidised 

nanocellulose (TCNF), CoNC and CoMNC aerogels, (c) SEM micrographs and (d) 

physical appearance of fibrous CoMNC aerogels. 

The PXRD patterns of MA, TCNF and CoMNC aerogels were presented in Figure 

5.3b. Typical XRD patterns of Cellulose II contains characteristic peaks at 2Ɵ = 12.6º, 

20.03º, and 21.89º corresponding to the planes (1− 10), (110) and (200), respectively. 

PXRD pattern of CoMNC aerogels obtained was exactly similar to the diffraction pattern 

of Cellulose II and great difference from the PXRD pattern of MA crystals. These PXRD 

observations illustrated that MA must be reacted with TCNF and Co2+ ions and malonate 

moiety must be introduced into amorphous coordinated polymer form successfully and no 

Cobalt malonate MOFs are formed. CoMNC aerogels have irregularly shaped and sized 
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pores as shown in the SEM image (Figure 5.3c) created by the layered sheets like structures 

of assembled cellulose nanofibers cross-linked by MA and Co2+ ions. The CoMNC 

aerogels formed were structurally strong and lightweight having a density of about 0.04 

g/cm3 (Figure 5.3d).  

 

Figure 5.4. (a) XPS survey, deconvoluted XPS spectra of (b) Co2p, (c) C1s and (d) O1s 

of CoMNC aerogels. 

In order to examine the chemical states of elemental constituents of CoMNC 

aerogels, XPS analysis were done and resultant survey spectrum shows the major elemental 

constituents of aerogels as Co, O, C and small amounts of Na that arises from the TCNF 

due to exfoliation of nanocellulose from plant source (Figure 5.4a). The deconvoluted XPS 

spectra of core-levels of Co2p, C1s and O1s were showed in Figure 5.4b, 5.4c, and 5.4d. 

The prominent Co2p core-level signal contained two coexhibited doublets corresponding 

to Co2+ species (Co2+ 2p3/2 at 779.9 and Co2+ 2p1/2 at 795.2 eV with a spin-orbital splitting 
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of ~15.4 eV), satellite peaks (784.5 and 800.6 eV), respectively.29 Figure 5.5a shows the 

deconvoluted Co2p spectra of CoMNC aerogels along with the Co2p spectra of CoNC, 

control samples synthesized in absence of malonic acid for comparison. Co2p in CoMNC 

has shifted to a lower binding energy compared to corresponding in CoNC, this shift 

indicates that electronic or coordination interactions between the Co2+ ions and the 

supporting matrix is turned to more strong.30 These corroborate the necessity of malonic 

acid in the formation of this mechanically stable CoMNC hydrogels and aerogels.  

 

Figure 5.5. Deconvoluted XPS spectra for (a) Co2p of CoNC and CoMNC aerogels, and 

(b) O1s spectra of TCNF and CoMNC aerogels showing the shift in terms of binding 

energy after gel formation. 

The deconvoluted XPS spectra of C1s for CoMNC found to be entirely different in 

proportions of all four distinct peaks for characteristic bonds from usually obtained C1s 

spectra for TEMPO-oxidised nanocellulose envisaged the presence of malonic acid also in 

the backbone aerogel scaffold (chapter 2, section 2.3.2).31 Distinct peak at 287.0 eV 
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signifies the strong coordination between Co2+ ions (metal ions) and carboxyl groups in the 

TCNF/MA template.31 The noticeable peak at 288. 3 eV can be assigned to ester moiety 

formation in CoMNC and it cannot be able to differentiate from that for TCNF since free 

COOH groups will also show peak in this region of C1S XPS spectra.28 However, 

increment in the intensity of this peak is considerable. The O1s spectrum can be fitted with 

two distinct peaks at 529.7 (O=C), and 531.4 (O-C) respectively. Low shift in the O1s 

characteristic peaks strongly promoted the fact of strong interaction between oxygen and 

metal present in the system (Figure 5.5b).  

 

Figure 5.6. (a) BET N2 adsorption−desorption analysis, (b) corresponding BJH pore-size 

distribution curves, (c) TG curves, and (d) Compression performance of CoNC and 

CoMNC aerogels. 

The inherent and impressive high surface area and lightweight of these materials, 

called aerogels, make them applicable in a variety of industries. Figure 5.6a presented the 

BET N2 adsorption- desorption loops for CoMNC and CoNC aerogels. Both curves 
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exhibited typical type II adsorption isotherms with H3 hysteresis loop characteristics of the 

monolayer-multilayer adsorption.32 CoMNC aerogels displays considerable variation in 

BET surface area compared to CoNC aerogels project the highlights of CoMNC aerogel 

system. CoMNC have a high BET surface area of 88.03 m2 g-1 straddle that of CoNC 

aerogel (28.66 m2 g-1). In BJH pore-size distribution curves (Figure 5.6b) pore diameters 

are irregular and distributed in a wide range from minor amount of micro to some 

macropores which covers the entire mesoporous region as generally observed in 

nanocellulose based aerogels.33 When considering the pore volume, major fraction of 

apparent pores were lies in the mesoporous sector having BJH adsorption average pore 

diameter of 30 nm and 27 nm for CoMNC and CoNC, respectively. Taking into account 

previous research, the BET surface area reported in this study is an average for 

nanocellulose based aerogels, and high values may be attained using a vacuum-assisted N2 

adsorption-desorption assay setup since both aerogels are very sensitive to moisture.34 This 

high affinity of CoMNC and CoNC aerogels towards water molecules will extensively 

retard the N2 adsorption thereby actual surface area will be higher than the measured BET 

surface area.  

Figure 5.6c shows the thermal stability of TCNF, CoNC and CoMNC aerogels 

measured by thermogravimetric analysis (TGA) under air from 50 to 700 °C. Both TCNF 

and CoNC aerogels exhibited similar thermal degradation behaviour different from 

CoMNC manifested due to the change in composition or structure of nanocellulose after 

the addition of malonic acid that not visible in PXRD. Moisture absorption characteristics 

of aerogels are visible from the initial weight loss (5-8.2%) from 50 to almost 150 ºC in 

TGA which shows an increasing trend from TCNF< CoNC< CoMNC. The polymer 

decomposition stage (about 50% weight loss) started at about 200 to 350 ºC followed by 

subsequent residual substance decomposition stage up to about 600 ºC.35 Mechanical 

properties of CoNC and CoMNC aerogels were studied by compression measurements and 

the corresponding stress−strain curves are given in Figure 5.6d. Without shattering of 

specimen, both CoNC and CoMNC aerogels revealed a buckling to a dense solid film 

appearance at higher loads. CoMNC shows more improvement in the mechanical 

properties than CoNC aerogels without forming any fracture or disruption of aerogels 
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offered us the meaningful knowledge about the key role of malonic acid in the 

nanocellulose/Co2+ cross-linked aerogels. 

5.3.2. Mechanism of Gel Formation  

 

Figure 5.7. XPS survey spectra of CoMNC aerogels (a) before and (b) after washing step. 

Isolation of Cellulose nanofibers (TCNF) was achieved from banana pseudo-stem 

fibers, agricultural waste through mainly three major intermediate chemical steps; 

pretreatment by NaOH, bleaching and followed by TEMPO-oxidation. Enormous 

utilization of Na and Cl contained reagents for these process ultimately leave noticeable 

amount of Na and Cl in the end product which can be confirmed from the prominent peak 

of Na KLL in the XPS spectra of TCNF (Figure 5.7). It is explicitly known that carboxyl 

groups created at C6 hydroxyl groups of cellulose chains by TEMPO-oxidation is existing 

and stable by the interaction between COO- and Na+ ions in TCNF. Instant gel formation 

by addition of salts of metals in to TCNF matrix is fully governed by the complexation 

interaction between the COO- groups and metal ions. For example, addition of weak salt 

like Cobalt acetate will promote the instant hydro-gelation by coordinating with COO-, 

replacing the Na+ ions in the current position. If the hydrogel formation mechanism is 

following this pathway, there should be the formation of NaCl as by-product which can be 

removed by purification.  
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Figure 5.8. Physical characterization of CoMNC aerogels without washing step before 

freeze drying. a) XRD pattern, b-c) SEM micrographs. 

Physical characterizations such as PXRD, SEM, and XPS analysis were performed 

prior to sample purification in order to investigate the mechanism. Figure 5.8a displayed 

the PXRD pattern of CoMNC fabricated without any washing or purification step which 

shows some extra peaks apart from typical trend of Cellulose II originated in the 2Ɵ range 

27- 85 º compared to PXRD pattern of CoMNC with purification step (Figure 5.3b). The 

diffraction peaks precisely recorded at 27.45◦, 31.79◦, 45.54◦, 53.92◦, 56.52º 66.36º 75.38º, 

and 84.11º showed substantial similarity with the typical diffraction pattern of fcc NaCl 

crystals, which matched to the planes (111), (200), (220), (311), (222), (400), (420) and 

(422), respectively (JCPDS no. 00-078-0751), confirmed the presence of NaCl crystal 

formed during the hydro-gelation process. These diffraction patterns of NaCl in the aerogel 

PXRD patterns got eliminated after several washing steps leaving behind the XRD 

diffraction of Cellulose II (Figure 5.3b).  

This intriguing evidence was further clarified by capturing surface morphology of 

CoMNC aerogel layers by SEM prior to the purification step. In the SEM micrographs of 

CoMNC aerogels before purification (Figure 5.8b-c), we observed a few crystals of 

several hundred nanometer size, decorated over the aerogel surface revealed the formation 

of NaCl crystals during the hydro-gelation process and these independent crystals can be 

removed by purifications. XPS survey spectrum also attempted to understand this 

mechanism of binding efficiency of carboxyl groups to Co2+ ions displayed both the 

presence of Na and Cl elements in the original aerogels, and peak of Cl element was 
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vanished after leaving small amount of Na element after washing step (Figure 5.7). These 

results considerable evidence towards the mechanism of gelation and important roles of 

carboxyl groups in the binding of metal ions. 

5.3.3. Humidity Absorption of Aerogels 

 

Figure 5.9. (a-b) FT-IR spectra of CoMNC and CoNC aerogels after 2 min exposure to 

atmosphere at room temperature for humidity absorption rate comparison.  

The FT-IR measurements CoMNC and CoNC aerogels received special attention 

because both displayed significant change in the intensity of –OH symmetric stretching 

vibration peak at 3361 cm-1 within minutes (Figure 5.9a-b). This intensification in the –

OH stretching is vastly raised and contributed by the absorbed water molecules from the 

surrounding atmosphere. This explicitly put forward the capability of aerogels absorption 

of water from humidity absorption and becomes imperative to study further. For 

comparison studies, FT-IR spectra measured for both CoMNC and CoNC aerogels at a 

fixed interval of 2 minutes under room temperature (Figure 5.9a-b). It has already been 

witnessed that both showing considerable absorption of atmospheric water whereas 

CoMNC aerogels achieved more absorption at fixed time of interval resulted in the more 

positive deviation in the –OH stretching peak intensity.  
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5.3.4. Reversible Thermochromism 

 

Figure 5.10. (a) Reversible thermochromism of CoMNC aerogels, (b) UV-Visible 

absorption spectrum of CoMNC aerogels at different standard humidity, and (c) developed 

a prototype of Java-based android mobile app for humidity sensing utilizing CoMNC 

aerogels. 

It is rational that along with water molecule absorption of CoMNC aerogels, one 

would expect a distinguishable color change in the CoMNC aerogels from violet to pink 

as shown in Figure 5.10a. This allied color change has exactly resulted from the change in 

coordination of Co2+ coordination from dark colored tetrahedral to light colored octahedral 

by coordinating with water molecules at fifth and sixth coordination valencies. 

Coordination with water molecules is very weak in the case of CoMNC aerogels and can 

be removed by keeping it at elevated temperature of about 90 ºC for several minutes 

without harming the structure and humidity absorption properties of aerogels. In fact, the 
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fabricated CoMNC aerogels are highly humidity sensitive and it shows relevant reversible 

thermochromism. These realizations lead to the applicability of CoMNC towards a visual 

humidity sensing platform.  

5.3.5. Development of Humidity Sensor 

Rate of visible chromic response to the change in humidity was evaluated by 

monitoring the UV-Visible absorption spectrum at different standard humidity created by 

the saturated salt solutions (Figure 5.10b). After keeping CoMNC aerogels in a desiccator 

containing saturated salt solutions of known humidity for 30 seconds, the UV-Visible 

absorption spectra was measured. Different humidity surroundings were set in the different 

glass desiccators by keeping saturated solutions of LiCl, MgCl2, Mg(NO3)2, NaCl, KCl, 

and K2SO4 solutions, which provides standard and known humidity levels of 11%, 33%, 

53%, 75%, 85%, and 97%, respectively. This time-dependent UV-Vis absorption analysis 

were repeated with several samples, and found out the accurate and precise λmax at the 

standard humidity levels. An android application was designed based on these λmax values 

and corresponding visible light spectrum of colors which enables the digital and easy 

sensing of humidity without any complex instruments (Figure 5.10c). Since the color 

change of these Co(II) coordinated malonic acid/nanocellulose hybrid aerogels materials 

were time-dependent, immediate measurements within one minute is essential for the 

accurate values. This constraint was solved by the developed android application which 

enables the humidity sensing of CoMNC aerogel photographs captured by the camera even 

long time before. Therefore, a simple snapshot of CoMNC aerogels allows instantaneous 

monitoring of ambient humidity from smartphones at any moment. A short time heating of 

used CoMNC aerogels at 90 ºC will make the system active for reuse for further sensing. 

Detailed criteria and steps for the formulation of humidity sensor android application were 

shown below. 

5.3.6. Development of an Android Mobile Application for Humidity 

Sensing Based on CoMNC Aerogels 

1. Explanation of Program Listings  
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1.1. Capturing Image Using Camera  

The given program is written in Main_Activity.kt file and inside the onCreate() 

function. In line 2, the app is instructed to recognize the camera button through its ID, 

which was defined while creating the activity_main.xml file. Lines 5 and 6 are written to 

clear the cache after every new image is loaded by the user. In the next line, an intent is 

defined which acts as a messenger and requests another app component (here, camera) to 

launch the requested activity. If camera returns the request, then the function 

startActivityForResult() launches the camera of the android phone.  

 

The function onActivityResult() is declared outside the onCreate() function. After 

the intent is launched and the camera captures the image, the image is stored in form of a 

bitmap ‘takenImage’. The ImageView is then set to the recorded bitmap to display the 

loaded image. 

 

1.2. Selecting Image from Gallery 

   The registerForActivityResult() function registers the user’s callback and 

sets the image URI to the ImageView. The setOnClickListener() button has the same 

function as in the case of camera button that is it redirects the user to the gallery once it is 

clicked. The chosen image is then displayed on the ImageView. 
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1.3. Main Program 

 

Figure 5.11. Logistic curve fit for the data between humidity and hue along with the 

parameters 

The RGB value of the pixel where our finger is placed currently is recorded. Since 

every wavelength does not have a corresponding RGB value, the RGB value is converted 

to HSV value using the function RGBtoHSV(). Further, two variables of double type 

lambda and humidity are declared. For hue values between 200 to 350, we are calculating 

the wavelength value for the complementary colour (hue-180). The equation relating 

humidity and hue is obtained by first converting the wavelength values in the data to their 

corresponding hue values and doing a curve fit between humidity and hue data. 

Humidity = 97.17546 + (−0.86499 − 97.17546)/(1 + (Hue/288.16216)37.42118 
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5.4. CONCLUSIONS 

In brief, a reversible thermochromic Cobalt(II) coordinated malonic 

acid/nanocellulose hybrid aerogels was developed by utilizing the synergic action of 

coordinating power of Co(II) ions and malonic acid assisted cross-linking. Induced 

carboxyl groups from TEMPO-oxidation and handful hydroxy groups played beneficial 
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role in the coordination with Co(II) ions and ester moiety based linkage between fibers by 

utilizing malonic acid. These cobalt(II) coordinated malonic acid/nanocellulose hybrid 

aerogels exhibited the intrinsic thermochromic property of Co(II) based materials. 

Moreover, the fibrous and flexible nature of aerogels with high specific surface area 

enhanced this phenomenon by reducing the time for these reversible thermochromism 

process. The enhanced reversible thermochromism of these hybrid aerogels eluted from its 

high accessible surface contact with the moisture can be utilized as a visible humidity 

sensor. More specific humidity sensing was enabled by developing an android mobile 

application for reading the color coordidnates of aerogels from its spectroscopic absorption 

characteristics. This sustainable pathway can be ideal for many broad applications that 

required incorporation of different metal based additives with exciting properties.  
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6.1. SUMMARY OF THE THESIS 

Currently, we relay mostly on depleting petroleum-based resources with a higher carbon 

footprint. The use of alternate renewable resources and sustainable materials with 

manageable pollution side effects has to be steadily and effectively encouraged. Primarily, 

abundant natural lignocellulosic is a suitable alternative that we can focus on and convert 

to value-added products. The present dissertation is focuses on the isolation of cellulose 

nanoforms from banana pseudo-stem fibers, an agricultural waste, and the development of 

different functional hybrids derived from it. 

 Chapter 1 briefly discuss the diverse forms of nanocellulose, including their 

abundant resources, systematic synthetic procedures, physicochemical properties, etc.  

Furthermore as a sustainable and multifunctional material, applications of nanocellulose 

for the template-assisted synthesis of metal nanostructures and aerogels are described. This 

chapter provides a more fundamental knowledge of understanding pertaining the 

sustainable nanocellulose.  

 In Chapter 2, which serves as the core of the thesis, it is emphasized a simplified 

and energy-efficient approach to synthesize cellulose nanocrystals (CNC). Since the plant 

kingdom is diverse and hierarchical, the extraction of nanocellulose will be more unque to 

its origin. Our choice targeted banana pseudo-stem fibers as the source of nanocellulose, 

which will be produced in huge amounts in a tropical country like India, one of the world’s 

largest banana growers. Fibers with linear cellulose chains are an excellent choice for the 

synthesis of CNC with ease of functionalization and low mechanical energy input. In 

addition, acid-free CNC was synthesized via TEMPO-mediated oxidation followed by 

ultrasonication as a post-mechanical treatment. Effect of ultrasonication time was studied 

for the CNC synthesis and physicochemical properties and compiled for high yield. The 

efficacy of banana pseudo-stem fibers was compared with areca nut leaf sheaths and 

mahogany hardwood which represent different plant parts for the preparation of CNC. 

 Chapter 3 describes the facile synthesis method for generating Au@Ag core-shell 

nanoparticles with interparticle distance controllable in ~ 1 nm. This chain-like coupled 
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Au@Ag NPs were achieved by immobilizing Au seed by TEMPO-oxidized cellulose 

nanocrystals (TCNC), as-synthesized in the previous chapter, and then by tuning the Ag 

shell thickness. TCNC assumed to provide profound colloidal stability and shelf-life to the 

colloidal metal nanoparticles, as shown by the zeta potential value, – 49.7 mV. Further, we 

investigated the optoelectronic properties of TCNC- Au@Ag NPs, especially in SERS, and 

4-nitrophenol (4-NP) reduction. The thickness of Ag shell is tuned from 3.5 to 10 nm and 

investigated their SERS enhancement. Our research outcome clearly indicated that TCNC- 

Au@Ag NPs having ~8.5 nm Ag shell thickness exhibited the prime enhancement, which 

is several fold higher than citrate capped Au@Ag NPs. We also observed an exceptional 

SERS enhancement with TCNC- Au@Ag NPs in solid state that is 45-times higher than in 

solution state. This led us to understand the role of TCNC were not only simply the 

stabilization of the colloidal system but also acts as a nanoengineer that can tune the inter 

particle distance by immobilization and assembly formation in the solid state. Further, 

SERS sensitivity studies showed that TCNC- Au@Ag NPs (~8.5 nm) could detect 

pesticides like malachite green and methylene blue, a concentration down to 10 fM and 

100 fM, respectively. The finite element modeling (FEM) studies were conducted to 

theoretically validate our experimental results. According to FEM studies, the enhanced 

electric field concentrates at the junction of two adjacent TCNC-Au@Ag NPs as the origin 

of augmentation in the SERS signals. Also, the theoretical estimated EF~|E4| is in 

agreement with the experimentally calculated EF (105). Finally, in catalytic application, 

TCNC-Au@Ag NPs showed superior catalytic activity towards 4-nitrophenol reduction 

with a rate constant of 32.33 × 10-3 s-1. 

 In Chapter 4, we explored the shape-directing and capping ability of TCNC in the 

synthesis of bimetallic Au@Pd core-shell nanoparticles, ensuring an eco-friendly 

approach. Interestingly, we could achieve anisotropic flower-like morphology with a 

spherical Au NPs core of ~14 nm size and small petal-like bunch of Pd NPs of ~5nm. The 

evolution of flower-like morphology is endorsed by TCNC resulting from the carboxyl 

group of TCNC that binds selectively to Au NPs, and the free hydroxyl groups which serve 

as the binding sites for cluster-like small Pd NPs. Flower-like nanostructures of TCNC-

Au@Pd were decorated on amino-functionalized graphene (NH2-RGO) without losing 
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their unique structure, allowing them to be deployed as an efficient, reusable, and green 

alternative heterogeneous catalyst. The feasibility of the bio-supported catalyst has been 

investigated in two concurrently prevalent model catalytic reactions, namely the oxygen 

reduction reaction (ORR) and the reduction of 4-nitrophenol, the best model reactions in 

fuel cell and industrial catalytic applications, respectively. 

 Finally, in Chapter 5, we have demonstrated a simple and efficient strategy for the 

fabrication of Co(II) coordinated nanocellulose aerogel that exhibits reversible 

thermochromism. Long and entangled cellulose nanofibers (TCNF) with low crystallinity 

were chosen by aiming towards a more stable aerogel structure instead short TCNC. TCNF 

were successfully prepared by changing the ultrasonication process discussed in chapter 2 

by a mild homogenization. Successful coordination, crosslinking, and mechanical strength 

were attained by introducing malonic acid, an organic dicarboxylic acid, into the system. 

Developed Co(II) cation induced malonic acid/nanocellulose (CoMNC) aerogels exhibited 

a reversible thermochromism eloped from the change in coordination of Co(II) by 

interacting with moisture. This reversible property of CoMNC aerogels is utilized for the 

development of an android application which able to sense the humidity. This investigation 

proposes and foresee the extensive applicability of nanocellulose aerogels with organic 

carboxylic acids and diverse metal ions upon requirements. 

6.2. FUTURE PERSPECTIVES 

 

 More advancement in the nanocellulose synthesis with energy-saving strategies 

 Pilot-scale synthesis of cellulose nanocrystals and fibers 

 Nanocellulose capped different metal nanoparticles having extended shelf-life 

 Utilization of nanocellulose bounded metal nanostructure for applications like 

energy harvesting, electronic devices, flexible electronics, healthcare, etc.  

 Development of nanocellulose based sustainable membranes for air and water 

purification 

 Fabrication and exploration of nanocellulose based composites in 4D priniting, 

green H2 production, and packaging materials, etc. 
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A B S T R A C T   

Bio-template-directed synthesis of shell-engineered plasmonic nano-assemblies has attracted extensive research 
interest due to their profound opto-electronic properties. Herein, we report TEMPO-oxidized cellulose nano
crystals (TCNC) as a promising bio-template for the in-situ preparation and assembly of Aucore-Agshell nano
particles (Au@Ag NPs) having excellent colloidal stability with tunable optical and catalytic properties. By 
modulating Ag shell thickness, TCNC promoted the assembly of Au@Ag nanostructures and resulted in abundant 
plasmonic hotspots. Thereby as-formed TCNC payloads could enhance its solid-state SERS activity in detecting 
malachite green and methylene blue concentration down to 10 fM and 100 fM, respectively. The finite element 
modelling (FEM) studies further supported the observed results, revealing the enhanced electric field concen
trates at the junction of two adjacent TCNC-Au@Ag NPs as the origin of augmentation in the SERS signals. 
Further, TCNC-Au@Ag NPs assemblies showed superior catalytic activity towards 4-nitrophenol reduction with a 
rate constant of 32.33 × 10− 3 s− 1.   

1. Introduction 

Morphology-dependent plasmonic features of gold and silver nano
particles empower them to fit interdisciplinary areas such as SERS [1], 
catalysis [2], sensing [3], and biomedicine [4,5], etc. Due to their 
excellent optoelectronic properties, bimetallic Au-Ag nanostructures 
have attracted much attention in recent years. These properties result 
from the bifunctional or synergic electronic effects dissimilar from their 
monometallic counterparts [6]. The fact that surface-enhanced Raman 
scattering (SERS) is highly reliant on the morphology of nanostructures, 
extensive studies were carried out to optimize nanoparticle size, shape, 
and composition to achieve high SERS enhancement. Among the several 
bimetallic nanostructures, Au@Ag core–shell NPs with higher chemical 
stability, tunable plasmonic properties, and excellent electromagnetic 
enhancement in the visible region is widely used in the field of SERS [7]. 
Besides, when these plasmonic core–shell nanostructures are positioned 
adjacent to each other to form organized assemblies, the coupling of 

localized surface plasmon resonances of individual core–shell nano
particles will occur. It brings exceptionally high electric field enhance
ments at the junctions of nanoparticles [8,9]. It is being established that 
the SERS activity relies heavily on the electromagnetic (EM) field 
enhancement generated at the nanogap junctions between the plas
monic nanostructures [10,11]. 

Despite the SERS application of bimetallic Au-Ag NPs, it is known 
that the Au@Ag systems having a variable surface composition and 
particle size will modify the overall electronic and ensemble effects of its 
catalytic property [6]. Results have shown that the diameter of the core 
and thickness of the shell play a prominent part in the catalytic effi
ciencies as well as SERS properties of Au@Ag NPs [12]. The efficacy of 
Au-Ag bimetallic nanoparticles in various catalytic applications has 
been investigated in quite a few studies [12,13]. However, the greater 
tendency of nanostructures towards agglomeration may significantly 
deteriorate their plasmonic properties and catalytic activity [14]. Plas
monic nanostructures with long shelf-life which hold their plasmonic 
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properties and high surface area are essential for catalytic activity. Even 
though some progress was made in the area of spherically shaped 
Au@Ag NPs, controlled growth of nanostructures with stability, uni
formity in size, and morphology remains a challenge. Further, the use of 
shape directing surfactants such as CTAB, CTAC, PVP, etc., may reduce 
the catalytic or SERS activities of nanostructures since they avert the 
adsorption of target molecules on the nanoparticle surface [15]. Hence, 
for any practical application, an efficient SERS substrate is required to 
have i) superior stability, ii) a large number of hotspots to ensure ul
trahigh sensitivity, iii) uniform dissemination of the hotspots to achieve 
better reproducibility of the signal, and iv) fabrication method should be 
easy and eco-friendly. On the other hand, for catalytic applications, high 
surface area, optimum size, and stability of nanostructures are relevant. 

In this context, nanocellulosic materials are emerging as a promising 
sustainable biomaterial for the in-situ synthesis of plasmonic nano
structures. TEMPO-oxidized cellulose nanofiber with high-densities of 
carboxylate groups on the surface offers an anchor site for the metal 
nanoparticles. Apart from nanocellulose fibers produced by TEMPO- 
oxidation followed by homogenization, TEMPO-oxidised cellulose 
nanocrystals (TCNC) were recently proposed by Isogai et al. with 
spindle-like morphology (low aspect ratio) by replacing homogenization 
with ultra-sonication [16]. The higher surface area, a greater yield of 
anionic group (carboxylic), and good water dispersibility enable TCNC 
as the right option for minimizing the amount of the materials needed 
for surface-mediated nanoparticle synthesis [17–20]. There have been 
several reports dealing with cellulose nanocrystals (CNC) to prepare 
metallic nanoparticles; limited studies have been reported for the syn
thesis of bimetallic Au-Ag nanostructures [21]. Recently, Asgari et al. 
prepared Au@Ag/cellulose nanofibers (CNF) nanocomposite by simply 
mixing CNF suspension with Au@Ag nanoparticles in an equimolar ratio 
for SERS applications [22]. In another report, Gopiraman et al. utilized 
CNF produced by electrospinning of cellulose acetate to prepare bime
tallic Ag@Au nanocomposites for catalytic application [23]. However, 
none of these studies has investigated the utility of CNF or CNC for the 
in-situ preparation of Au@Ag NPs due to the complexity in achieving 
control over the morphology in the nanocellulose matrix. The advantage 
of in-situ synthesis of core–shell nanoparticles on TCNC bio-template 
would be the control over the assembly of plasmonic nanostructures, 
which allows for maximum SERS enhancement. 

In this perspective, we report a facile bio-supported method for the 
in-situ preparation and assembly of Au@Ag core–shell NPs on carbox
ylated cellulose nanocrystals and demonstrated its dual role as a sus
ceptible SERS platform and catalytic support. The synthesis procedure 
relies on the controlled reduction of Ag(I) ions over TCNC stabilized Au 
NPs through a seed-mediated method, resulting in Au@Ag nano
structures with tunable optical properties. Subsequently, the resultant 
Au@Ag nanostructures are effectively assigned as a substrate for the 
trace-level SERS detection of two carcinogenic adulterant dyes: mala
chite green and methylene blue, widely used as colorants and biocides in 
the aquaculture industry. Furthermore, the catalytic properties of opti
mized TCNC-Au@Ag nano-assemblies are studied kinetically following 
the reduction of 4-nitrophenol as a typical catalytic reduction reaction. 
This report would also bring new insights into the various functions of 
TCNC, such as (1) environmentally benign template for the synthesis of 
Au@Ag NPs with excellent colloidal stability and longer shelf-life, (2) 
astounding enhancement in SERS, especially in solid-state, and (3) su
perior catalytic performance. To the best of our knowledge, this is the 
first report on using TCNC as a bio-template for the in-situ synthesis and 
controlled assembly of Au@Ag NPs having high-density hotspot 
junctions. 

2. Materials and methods 

2.1. Chemicals 

For the preparation of TEMPO-oxidized cellulose nanocrystals, 

chemically extracted banana pseudo-stem fibers were used. Sodium 
chlorite (NaClO2), sodium hypochlorite (NaClO), sodium hydroxide 
(NaOH), 2,2,6,6-tetramethyl piperidine-1-oxyl radical (TEMPO; 
C9H18NO), sodium bromide (NaBr), aurochloric acid (HAuCl4⋅2H2O), 
trisodium citrate tribasic dihydrate (TSC; C6H5Na3O7⋅2H2O), silver ni
trate (AgNO3), L-ascorbic acid (C6H8O6), malachite green (MG; 
C23H25N2), methylene blue (MB; C16H18ClN3S⋅3H2O), 4-nitrophenol (4- 
NP; C6H5NO3) and sodium borohydride (NaBH4) and were bought from 
Sigma-Aldrich, India. Ultrapure deionized (DI) water (Milli-Q purifier 
system, Merck, Germany) was utilized throughout the synthesis. 

2.2. Extraction of holocellulose 

The ultimate strategy for extracting holocellulose by abolishing both 
lignin and hemicellulose content explained in literature has been 
slightly modified as adequate as starting material. Banana pseudo-stem 
fibers were initially pre-treated with excess NaOH during the extraction 
process. Subsequently, bleaching was done at a minimum of two times 
with 1.7 wt% NaClO2 at pH 4 at 150 ◦C until the biomass turned as a 
white cotton-like substance. The obtained holocellulose was washed 
thoroughly with DI water, dried, and kept for further experiments. 

2.3. Preparation of TEMPO-oxidised cellulose nanocrystals (TCNC) 

TEMPO-oxidation was performed by the procedure put forward by 
Isogai and co-workers [24,25]. Concisely, a catalytic quantity of TEMPO 
(0.032 g) was accurately weighed and dissolved in DI water by stirring 
for 5 min in a 500 mL flat bottom flask. Then 0.32 g of NaBr and 1.00 g of 
holocellulose were added, and the water content was increased to 270 
mL by adding additional DI water. The oxidation process was initiated 
by adding a 30 mL ice-cooled NaClO solution at pH 10–11 range. Due to 
the presence of excess NaOH in the holocellulose, further addition of 
NaOH was not needed. The reaction was conducted for 1 h. During the 
reaction, regioselective conversion of carbon-6 (C6) hydroxyl to 
carboxyl group as monitored from the way of consumption of NaOH or 
pH measured at regular 5 min intervals. After the completion of oxida
tion, the whole system was ultra-sonicated for 2 h. After 2 h of ultra- 
sonication, the oxidation process was quenched by adding 5 mL of 
ethanol. The final product was separated by washing and followed by 
freeze-drying. 

2.4. Synthesis of TCNC capped Au NPs seed (TCNC-Au NPs) 

TCNC initiated the synthesis of Au seed solution, and the reduction 
process was augmented with the addition of trisodium citrate (TSC). 
Briefly, 750 μL of 0.01 M HAuCl4 was gradually added to 60 mL aqueous 
solution of 0.1 wt% TCNC taken in a 250 mL conical flask followed by 
heating up to 100 ◦C with continuous magnetic stirring. When the 
boiling was started, 1 mL of 1 wt% of citrate was added and heated for an 
extra 20 min. Upon boiling, the colorless solution gradually converted to 
purple, giving TCNC capped Au seed solution. The resulting solution had 
been cooled at room temperature and preserved at 5 ◦C for further use to 
synthesize Au@Ag NPs. Further, to analyze the effect of TCNC, the 
synthesis was performed with different wt% of TCNC while keeping all 
other reagent concentrations constant. Henceforth, Au seeds of different 
sizes have been synthesized by varying the wt% of TCNC solution, 
ranging from 0.05 to 0.25 wt%. 

2.5. Synthesis of TCNC stabilized Au@Ag NPs (TCNC-Au@Ag NPs) 

TCNC stabilized Au@Ag NPs have been synthesized by employing a 
modified seed-mediated approach [26]. In brief, 150 μL of 0.01 M 
aqueous ascorbic acid solution (AA) was added to 3 mL TCNC capped Au 
NPs seed solution and magnetically stirred for 2 min. An equivalent 
volume (150 μL) of a 0.01 M AgNO3 solution was added dropwise with 
vigorous stirring to this reaction mixture. Subsequently, the color of the 
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solution slowly shifted from purple to yellowish-orange within 10 min of 
magnetic stirring. The quantity of AA and AgNO3 varied from 60 to 210 
μL, leads to the production of TCNC-Au@Ag NPs with various Ag shell 
thicknesses. The samples were stored at 5 ◦C in amber-colored storage 
bottles. For comparison, the standard Turkevich method adapted citrate 
stabilized Au, and Au@Ag NPs were synthesized [27]. Except for triso
dium citrate, all other reaction parameters were kept constant for 
evaluating the role of TSC as a reducing and capping agent. 

2.6. SERS sample preparation 

Samples for SERS were prepared by mixing analytes and substrate 
colloids (without increasing the concentration by centrifugation) in a 
1:3 (v/v) ratio one day before the measurement. For solution-phase 
measurements, 10 µL samples were pipetted out on a pre-cleaned glass 
slide (cleaned by washing with chromic acid, sonicating in ethanol, 
acetone afterward accompanied by UV-Ozone treatment for 10 min) at 
the time of measurement. In the case of solid-state measurements, drops 
on a glass slide were dried under vacuum in a desiccator. Especially for 
SERS spectra in solid-state, Raman signals were captured from a mini
mum of five different positions and all repeated at least three times. 

2.7. Catalytic studies with 4-nitrophenol (4-NP) 

4 mL freshly prepared 15 mM NaBH4 solution is well mixed with 80 
µL 4-NP solution (10 mM) in a quartz cuvette. A specific amount of 
TCNC-Au@Ag NPs colloid was added to the above and mixed well [23]. 
The reduction reaction is detected by a gradual change in color of 4-NP 
from yellow to colorless and was analyzed spectrometrically at a regular 
interval of time. Time-dependent UV–Vis absorption analysis was done 
until the completion of the reaction indicated by the absence of an ab
sorption peak at 400 nm. 

2.8. Characterization 

The FEI-Tecnai 30 G2S-TWIN transmission electron microscope 
(300 kV) is being used to obtain transmission electron microscopy 
(TEM) images of TCNC-Au NPs, TCNC-Au@Ag NPs, and related selected 
area electron diffraction (SAED). Atomic force microscopy (AFM) im
ages of TCNC were collected through a Multimode 8 atomic force mi
croscope linked to a Nanoscope V controller (Bruker, Santa Barbara, 
CA). Si cantilevers, with a 10 nm radius of curvature, were worked at a 
scan rate of 1 Hz in tapping mode (NSG 01, NT-MDT). The resonance 
frequencies ranged from 120 to 180 kHz, and the force constant of the 
AFM probe ranged from 2.5 to 10 N/m. Scan size from 10 × 10 µm2 to 
800 × 800 nm2 at 512 × 512 pixel resolution were recorded. Using 
UV–Visible spectrophotometer (Shimadzu UV-2700, Shimadzu, Japan), 
the plasmonic properties of colloids of nanoparticles and catalytic 
reduction of 4-NP were monitored (spectral range of 200–700 nm; using 
1 cm path length quartz cell). In the 4000–500 cm− 1 wavenumber re
gion, the Fourier transform infrared (FTIR) spectra were acquired by 
PerkinElmer FTIR spectrometer. Powder X-ray diffraction (XRD) pattern 
of the TCNC, TCNC-Au, and TCNC-Au@Ag samples were taken using 
PANalytical X’pert pro equipped with Cu Kα (λ = 1.54 Å), 45 kV. 

X-ray photoelectron spectroscopic (XPS) studies were conducted 
using PHI 5000 VersaProbe II, ULVAC-PHI Inc., USA. Samples were 
prepared by concentrating colloidal samples on a pre-cleaned glass slide 
using an O-ring. Using Zetasizer Nano ZS, Malvern equipment, dynamic 
light scattering (DLS) study was conducted towards the particle size and 
zeta potential analysis. The elemental composition of Au and Ag has 
been measured via inductively coupled plasma mass spectrometry (ICP- 
MS) by Thermo Scientific iCAP-RQ. The carboxyl content of TCNC was 
experimentally estimated using conductometric titration. Surface- 
enhanced Raman scattering (SERS) analysis was done with a 20X 
objective Raman microscope (WITec, Inc. alpha 300R Germany) armed 
with Peltier-cooled charge-coupled detector; 600 g/mm grating; 633 nm 

laser with a resolution of 1 cm− 1; integration time of 2 s; 5 accumula
tions in the range of 0–3000 cm− 1. 

3. Results and discussion 

3.1. Structural and morphological analysis of TCNCs 

As described in the experimental section, carboxyl functionalized 
cellulose nanocrystals were obtained from banana pseudo-stem fibers 
via TEMPO-oxidation followed ultra-sonication. TEMPO is a water- 
soluble stable nitroxyl radical used as a catalyst to convert alcoholic 
hydroxyl groups to carboxyl acid under mild conditions. The absence of 
peaks at 1242 cm− 1, 1500 cm− 1, and 1700 cm− 1 in the FT-IR spectra of 
holocellulose fibers (Fig. 1a) confirmed that the pretreatment and 
bleaching processes could remove lignin and hemicellulose contents 
from the fiber [28]. The introduction of carboxyl functional groups by 
the regioselective oxidization of C6 primary hydroxyl group is evident 
from the intense peak at 1616 cm− 1 [29]. The absolute solubility of 
TCNC in aqueous solution imparted by the anionic carboxyl groups 
renders TCNC aqueous suspension highly stable, as revealed by the zeta 
potential value, − 50.2 mV (Table S1). WAXS pattern (Fig. S1) of hollow 
cellulose and TCNC confirmed the modification of cellulose I to cellulose 
II phase by mercerization as indicated by three peaks at 2θ = 12.5◦, 
20.7◦, and 22.1◦ that are indexed as (110), (110) and (200) planes of 
cellulose II [30]. 

The morphological characteristics of TCNC were studied using AFM 
(Fig. 1b). The AFM height image shows the formation of spindle-like 
morphology of TCNC, which differs to that of cellulose nanofibers and 
nanonetworks having a high aspect ratio [16]. The AFM height profile 
suggested TCNC having length, 150–200 nm and width, 15 ± 2 nm. The 
carboxyl content of TCNC is estimated to be 1.23 mmol/g using 
conductometric titration [30]. 

3.2. TCNC templated synthesis of Au and Au@Ag NPs 

Scheme 1 depicts the preparation of TCNC stabilized Au and Au@Ag 
nanostructures. Our synthetic approach relies on the convergence of two 
concepts: initially, TCNC templated synthesis of Au NPs as the core of 
the nanostructure on to which the growth of Ag shell occurs; secondly, 
the sequential variation of Ag ion concentration in the reaction mixture 
during synthesis. Initially, the size of the Au core formed was regulated 
by varying wt% of TCNC from 0.05 to 0.1, 0.15, 0.2, and 0.25 wt%, and 
all other reaction parameters were kept constant (Fig. S2). It is found 
that the wt% TCNC plays a critical role in the size distribution and 
morphology of resulting Au NPs. The carboxyl groups in TCNC offer 
reduction sites for Au3+ ion and provides nucleation sites for the newly 
formed Au monomers [31]. The reduction of Au precursor to Au NPs is 
facilitated by the combined reducing action of TCNC and citrate. 
Meanwhile, the TCNC network in aqueous media provides more steric 
stabilization to the resulting Au NPs by significantly preventing the 
fusion of Au NPs formed on the TCNC templates [32]. Such interaction 
promotes the creation of adjacent and tightly packed assembly of Au NPs 
in the TCNC matrix. 

Due to the highly spherical morphology and monodispersed nature, 
0.1 wt% TCNC stabilized Au NPs were chosen as an optimized seed 
system for the subsequent Ag shell growth. The as-prepared TCNC-Au 
NPs seed possesses a diameter of 25.0 ± 5 nm and a surface plasmon 
resonance band at 524 nm (Fig. S3 and Fig. S2a). Additionally, the 
TCNC-Au colloid exhibited high stability not less than 8 months, as 
evident from the minor changes in the UV–vis absorption band (Fig. S4). 
It did not show any signs of aggregation and flocculation (Table S1) 
revealed by its high zeta potential value, − 45.0 mV. Fig. 2a depicted a 
typical HR-TEM image of TCNC-Au@Ag NPs obtained with Au core size 
of 25.0 ± 5 nm and Ag shell thickness around 3.5 nm. It has been proved 
that due to the fine match of both Ag and Au elements lattice constants, 
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Ag can selectively adsorb and grown over the Au seeds to form the 
core–shell nanostructure [33]. However, the two components of the 
core–shell nanostructure can easily be distinguished by the contrast 
difference between Au (dark) and Ag (bright) due to the difference in 
electron density [34]. Further, HR-TEM and the FFT spot pattern 
(Fig. 2b) show that the Ag (0) formed typically along the direction of the 
Au (111) plane. 

The XRD spectra were recorded for validation of Ag nanoshell 
growth over TCNC templated Au seed. XRD pattern of TCNC-Au NPs 
exhibited (Fig. S2b) four specific diffraction peaks at 38.42◦, 44.39◦, 
64.93◦, and 77.89◦, respectively indexing the planes (111), (200), 
(220) and (311) of the cubic face-centered Au accompanied by a weak- 
intensity peak at 81.81◦, indexed as (222) plane (JCPDS no. 00–004- 
0784). Meanwhile, the XRD pattern of TCNC-Au@Ag NPs (Fig. 2c) 
showed peaks at 38.9◦, 44.9◦, 65.3◦, 78.2◦, and 82.2◦ indicative of 
(111), (200), (220), (311) and (222) diffraction planes of FCC struc
ture of Ag, respectively (JCPDS no. 00–004-0783). The diffraction pat
terns of both Au and Au@Ag NPs are almost identical, as Au and Ag 
possess comparable lattice parameters [34]. Nevertheless, the XRD 
patterns displayed sharper characteristic peaks for TCNC-Au@Ag NPs 
than that of TCNC-Au NPs, indicating Ag shell growth over Au seed 
surface with high crystallinity. 

To elucidate the chemical composition and oxidation states of cor
e–shell nanostructures, XPS study have been conducted. The XPS narrow 
scans of Au 4f core-level of TCNC-Au NPs (Fig. S5) showed two peaks 
due to spin–orbit splitting at binding energies (BEs) 83.4 eV (Au 4f7/2) 
and 87.1 eV (Au 4f5/2) with an energy difference of 3.7 eV inferring zero- 
valent state of Au NPs. In the case of TCNC-Au@Ag NPs, the narrow scan 
of Ag 3d core-level shows two distinct peaks due to spin–orbit splitting at 
BEs 367.4 eV (Ag 3d5/2), and 373.4 eV (Ag 3d3/2) with 6 eV difference 
confirms the formation of metallic Ag (Fig. 3a) [35]. Additionally, the 
narrow scan of Au 4f core-level exhibited two peaks at 83.8 eV (Au 4f7/2) 
and 87.5 eV(Au 4f5/2) (Fig. 3b). The relative peak intensity of bulk Au 4f 
spectrum gets suppressed compared to Au seed, which further authen
ticates the formation of core–shell nanostructures. Further, the carboxyl 
functionalization of cellulose nanocrystal (TCNC) was also investigated 
using XPS. The XPS survey spectrum shows carbon and oxygen as major 
elements with an O/C ratio of 0.77 which indicate the presence of TCNC 
template in our system. Fig. 3c presented the narrow scan of C1s of 
TCNC with deconvoluted peaks at 284.8, 285.9, 288, and 289.1 eV, 
assigned to the BEs of C–C/C–H, C-O, O-C-O/C=O, and O-C =O, 
respectively, which are the main chemical states of carboxyl function
alized cellulose [36]. The deconvoluted spectrum of O1s (Fig. 3d) 
revealed two peaks at 532.2 eV and 530.7 eV matching to O-C and O-C- 

Fig. 1. (a) The FTIR spectra and (b) AFM image of TEMPO-oxidized cellulose nanocrystals (TCNC).  

Scheme 1. The preparation procedure of TCNC stabilized Au@Ag nanostructures.  
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O/O=C also infer the existence of TCNC as the backbone of Au@Ag NPs 
[37]. 

3.3. Shell thickness-dependent optical and morphological properties of 
TCNC-Au@Ag nanostructures 

TCNC-Au@Ag nanostructures with diverse shell thickness were 
prepared by adding different quantities of silver nitrate and ascorbic 
acid in equal volumes to TCNC-Au seed (25.0 ± 5 nm) colloids. The as- 
prepared TCNC-Au@Ag colloid exhibited a zeta potential value of 
− 49.7 mV, indicating excellent stability and longer shelf-life (Fig. S6) 
required for various biomedical applications. Fig. 4a showed the 
UV–Visible absorption spectra of TCNC-Au@Ag colloids prepared with 
different amounts of Ag precursor and ascorbic acid (from 60, 90, 110, 
150, and 210 μL). After adding AgNO3 solution, the resultant Au@Ag 
nanostructures displayed two plasmonic bands; one at 390 nm (Ag shell) 
and the other at 520 nm (Au core), which specifies the partial coverage 
of Au core by Ag NPs. With the gradual increase of Ag precursor volume, 
an increase in the plasmonic absorption intensity of the Ag part along 
with the typical redshift in plasmon absorption from 390 nm to 420 nm 
was observed. The steady reduction of the LSPR band of Au core and the 
prevalence of Ag band implies that the Ag salt reduction takes place on 
the previously formed Au core surface instead of creating additional 
nucleation sites. 

Further, Fig. 4b and Fig. 5 demonstrate the TEM images of TCNC- 
Au@Ag nanostructures with varying shell thickness (t). With the in
crease of Ag precursor volume, a gradual upsurge in the Ag shell 
thickness from ~ 3.5 nm (t1) to 5 (t2), 7.5 (t3), 8.5 (t4), and 10 nm (t5) 
can be observed with a subsequent rise in the total diameter of 

nanoparticles from 28.5 ± 2 nm to 35.5 ± 2 nm. Further, a gradual 
reduction in the interparticle distance can be seen with an increase in 
shell thickness, offering numerous plasmonic hotspot junctions. Inter
estingly, highly cross-linked Au@Ag nanostructure assemblies were 
obtained onto TCNC templates with an Ag shell thickness of ~ 8.5 nm 
(t4) (Fig. 5d-e). This morphological change of isolated Au@Ag NPs into 
necklace-like nanoassemblies could be well correlated with the gradual 
redshift of Ag plasmon band arises due to the interparticle coupling 
between adjacent core–shell nanoparticles. However, at higher shell 
thickness (~10 nm), the ordered arrangements were found to be slightly 
disrupted due to the formation of larger sized Au@Ag nanostructures on 
TCNC templates. 

Subsequently, to get more insight into the role of TCNC in morpho
logical transformation, we repeated the experiments with a higher wt% 
of TCNC (0.25 wt%) for preparing Au@Ag NPs. Interestingly, larger 
Au@Ag NPs were found with irregular morphology (Fig. S7) instead of 
forming spherical nanostructures. This could be ascribed to the presence 
of more nucleation sites offered by a higher amount of TCNC, and 
different reaction kinetics followed. These results imply that the for
mation of discrete and close-packed core–shell nanostructures could be 
efficiently tailored by altering the Ag shell thickness and wt% of TCNC. 

From the above observations, we could infer that TCNC acted as a 
template introducing a new transformation to Au@Ag NPs in both 
properties and structural aspects. We highlight TCNC as a soft-template 
for constructing ordered assemblies of Au@Ag nanostructures by tuning 
the shell thickness. With an optimized TCNC content and Ag shell 
thickness, the interparticle coupling between core–shell NPs enabled the 
formation of ordered assemblies of Au@Ag over TCNC instead of 
forming bulk agglomerates. Therefore, our study can offer a versatile 

Fig. 2. (a) HR-TEM image of TCNC-Au@Ag nanostructures (average Ag shell thickness- 3.5 nm); inset shows the magnified images of red marked area; (b) FFT spot 
pattern of TCNC-Au@Ag nanostructures enclosed by (111) facets; (c) XRD pattern. 
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method that introduces TCNC as a plasmonic engineer and shape 
directing template to prepare the discrete spherical Au@Ag NPs with 
diverse shell thicknesses and the coupled Au@Ag nanostructures with 
numerous plasmonic nanogaps. 

3.4. SERS response of assembled Au@Ag nanostructures on TCNC 
templates 

The plasmonic effect of TCNC-Au@Ag nanostructures in SERS 
enhancement was first evaluated using a cationic dye malachite green 
(MG), an antifungal and antiparasitic compound widely used in aqua
culture, as the Raman probe molecule. TCNC templated Au@Ag nano 
assemblies offers numerous hotspots, which take a significant share in 
amplifying electromagnetic field compared to isolated nanoparticles. 
Moreover, the positively charged MG dye would readily get adsorbed on 
the surface of negatively charged TCNC via electrostatic interaction, 
which further contributes to SERS enhancement. Hence, the SERS 
spectra of MG recorded at least from five random spots of dried TCNC- 
Au@Ag substrate with different Ag shell thickness, ~3.5 nm to ~ 10 
nm (t1 –t5), and are shown in Fig. 6a. 

The significant bands at 1617, 1368, 1174, 918, and 445 cm− 1 can be 
attributed to the in-plane stretching of the ring-C–C, N-phenyl stretch
ing, N-C stretching vibration coupled with the C–C and C–H in-plane 
motions at 1394 cm− 1, aromatic C–H in-plane bending vibrations, ring 
skeletal vibrations of the phenyl-C modes of MG [38]. The peak at 1617 
cm− 1 was used to assess the enhancement in Raman signal intensity, and 
the bar diagram (Fig. 6b) shows relative intensity. With shell thickness 

rising from ~ 3.5 to 10 nm, SERS intensity of MG adsorbed on TCNC- 
Au@Ag nanostructures underwent a gradual increase and reached a 
maximum of 8.5 nm. However, further increase of the Ag shell thickness 
caused a decrease of Raman signal intensity since the LSPR properties of 
Au core became masked at higher Ag shell thickness (>8.5 nm) [26]. 
This is because the incident light penetrates through the Ag shell only up 
to a specific thickness [39]. All these experimental outcomes are in line 
with the results published for nanoparticles and nanocubes of Au@Ag 
[40,41]. 

The analytical enhancement factor (AEF) for different shell thickness 
is calculated based on the specific equation, 

AEF =
ISERS

IRAMAN
×

CRAMAN

CSERS  

where ISERS is the intensity of sample with concentration CSERS in the 
presence of metal nanoparticles as a substrate, while IRAMAN and CRAMAN 
are in the absence of nanoparticle substrate [42]. Focused on the intense 
peak of MG at 1617 cm− 1, AEFs for different TCNC-Au@Ag NPs were 
estimated to be 2.01 × 105, 3.3 × 105, 3.61 × 105, 4.03 × 105, 6.85 ×
105, and 5.08 × 105 for t0, t1, t2, t3, t4, and t5, respectively. Accordingly, 
in the present study, it is assumed that when the mean Ag shell thickness 
exceeds 8.5 nm (t4), the excitation of Au core electrons will be difficult, 
resulting in lesser SERS. Also, the TCNC-Au@Ag nanostructures become 
unstable when the Ag shell, coated over the surface of Au NPs was too 
thick [26]. Hence, considering that the SERS behavior and stability, the 
TCNC-Au@Ag (t4) nanostructures with ~ 8.5 nm Ag shell thickness have 
been chosen as the optimized SERS substrate for further studies. 

Fig. 3. XPS narrow scans corresponding to (a) Ag 3d; (b) Au 4f; (c) C 1s and (d) O 1s for TCNC- Au@Ag nanostructures.  
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Fig. 4. (a) UV–Vis spectra of TCNC-Au@Ag nanostructures with varying shell thickness ‘t’ (t0, t1, t2, t3, t4, and t5) obtained by adding 0, 60, 90, 110, 150, and 210 μL 
0.01 M AgNO3 to 3 mL Au seed solution; (b) equivalent magnified TEM images. 

Fig. 5. TEM images of TCNC-Au@Ag nanostructures prepared by adding (a) 60, (b) 90, (c) 110, (d-e) 150, and (f) 210 μL 0.01 M AgNO3 to 3 mL Au seed solutions; 
insets in (a-d and f) shows corresponding magnified TEM images. 
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Subsequently, we compared the SERS efficiency of this optimized 
substrate in the solution phase using the same probe molecule, MG, and 
are presented in Fig. 6c-d. Interestingly, it is seen that the SERS peak 
intensity of MG in dried substrate exhibited 45 times enhancement when 
compared with the SERS signal intensity in the solution state. Further, to 
elucidate the role of carboxylated cellulose nanocrystals in hotspot 
generation, SERS spectra of MG were compared with control substrates 
such as citrate capped-Au@Ag NPs (total size ~ 35 nm, shell thickness 
~ 8.5 nm) in the dried state (Fig. 6e-f). The peak intensity at 1617 cm− 1 

versus different substrates revealed the role of TCNC in SERS, which is 

several times higher than that of other control systems. It is evident that 
TCNC-Au and TCNC-Au@Ag nanostructures exhibited 10- and 30-fold 
enhancement in signal intensity when compared with citrate stabilized 
Au@Ag NPs. This shows that the TCNC template and the shell thickness 
play a key role in controlling the amplified electric fields created near 
the core–shell nanoparticles. Further, the higher SERS enhancement of 
the t4 substrate could be a consequence of the enhanced near-field 
produced either by a single core–shell NPs or from the hotspots pro
duced within the core–shell NP assemblies having an interparticle dis
tance less than 1 nm. Upon drying, the entangled Au@Ag NPs decorated 

Fig. 6. SERS response of malachite green (a and b) in solid-state with varying shell thickness of TCNC-Au@Ag nanostructures; comparison of SERS sensing in 
dispersion solution and solid-state (c and d); comparison of solid-state SERS sensing (e and f) with control substrates (TCNC-Au and citrate stabilized Au@Ag NPs). 

Scheme 2. Mechanism of SERS detection using TCNC-Au@Ag nanostructures with numerous hotspot regions.  
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TCNC payloads come close together inherited by its self-assembling 
property. From the AFM analysis, we could see numerous Au@Ag 
nanoparticles (bright contract) adhering over TCNC surface even after 
drying [Fig. S8]. This leads to creation of a highly dense hotspot region 
augmented electromagnetic field and the dramatic enhancement in 
SERS signal intensity [43,44]. The hotspot engineering ability of TCNC 
in SERS has been illustrated in Scheme 2. The effective preconcentration 
of the targeted analytes while drying and creating high-density hotspot 
regions facilitated by the closely packed array of TCNC-Au@Ag plas
monic payloads is an added advantage. Such findings shed light on the 
significance of TCNC in modulating the plasmonic effects while 
comparing with the plasmonic properties of classical mono or bimetallic 
systems prepared with conventional capping agents. 

We further evaluated the applicability of the optimized TCNC- 
Au@Ag substrate for the trace-level detection of MG. This ominous 
chemical can be readily absorbed by fish tissues, which causes many 
genetical mutations and cancer in animals [42]. With a decrease in 
concentration, the intensity of MG Raman peaks gradually decreased as 
expected (Fig. 7a-b) with a practical limit of detection (LOD) of 10 fM. 
Plot for comparison of the SERS intensity at 1617 cm− 1 versus concen
tration of MG with standard deviation also given (Fig. 7b). Furthermore, 
the practical application of the substrate solely depends on the repro
ducibility criterion. Hence, the reproducibility of the developed sub
strate has been evaluated using methylene blue (MB), as shown in Fig. 7c 
with the plot of intensity versus concentration of MB by choosing the 
characteristic band of MB at 1623 cm− 1 (Fig. 7d). It could be found that 
blank MB solution Raman spectra with a concentration of 10-3 M are not 
qualitative and recognizable, whereas SERS spectra in the presence of 
0.1 wt% TCNC-Au@Ag (t4) NPs in solid-state displayed strongly 
amplified SERS signals even at a concentration below 100 fM. An 

overview of the sensitivity studies with the lowest detection limit of MG 
and MB with various types of Au@Ag substrates has been tabulated 
(Table S2 and S3). It is worthy of notice that the SERS platform specified 
in this report exhibits higher sensitivity when compared with other 
substrates. It suggests that our method is green, cost-effective, nontoxic, 
and afford sustainable alternatives to known methods and their appli
cability in biomedical, diagnosis, and environmental monitoring. 

3.5. Finite element modelling (FEM) of TCNC-Au@Ag nanostructures 

For plasmonic nanomaterials like Au@Ag NPs, augmented electro
magnetic fields are the key factor for SERS applications. Hence, it is vital 
to examine how well the silver shell affects the near-field properties. 
Therefore, we calculated the rate of electromagnetic energy (W) expe
rienced by the analyte molecule near the isolated Au@Ag NPs surface 
and at the junctions of two Au@Ag NPs, referring to the entire wave
length region via finite element modelling (FEM) utilizing commercially 
accessible COMSOL Multiphysics software [45]. Primarily, we have used 
the RF module to articulate and solve the differential form of Maxwell 
equations in conjunction with the initial and boundary conditions. In 
conjunction with state-of-the-art algorithms for preconditioning and 
solution, the equations are formulated by using a finite element 
approach, including numerically stable edge element discretization. The 
scattering amplitude at the far-field (Efar) is invoked in the prologue of 
this calculation as a limiting extrapolation of their near-field action, 
commonly described as Efar = lim

n→∞
rEsca. Therefore, the extent of elec

tromagnetic energy dissipation could be obtained by adding the incident 
scattering amplitude and integrating over the Poynting vector over the 
whole surface as, 

Fig. 7. Sensitivity of TCNC-Au@Ag (t4) nanostructures towards SERS detection of malachite green (a and b) and methylene blue (c and d).  
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Wabs =
1
2

∫ a

0

∫ b

0

∫ c

0
Re[Jtot.E* + iωB.H*]dv (1)  

Wsca =
1
2

∫∫

s

Re[ Esca × Hsca]nds (2) 

That is correlated with the optical cross-section σ = W/P; where P is 
the incident irradiance. The electric field patterns calculated through 
FEM showing the surface plots corresponding to the 2D geometry of Au 
core, isolated, and dimers of Au@Ag nanostructures were presented in 
Fig. 8. The surface profile corresponding to TCNC-Au@Ag (Fig. 8b) 
displays strong localization of surface charge at the Au-Ag interface. It is 
observed that the enhanced local field concentrates on the outer surface 
of the Ag-shell (for λ = 410 nm) and polarizes parallel to the incident 
polarization. The electric field’s strength on the Ag outer shell surface is 
greater than that of the Au NPs of the same size (Fig. 8a). This would be 
due to the interaction of the various kinds of charges centered on the Ag 
shell interface and surface along with the incident polarization and can 
be ascribed to the electron transfer from the Au core to the silver shell in 
the nanostructures. It was observed that the maximum |E2| value is 
19.20- eV at the outer surface of the silver shell. However, in the case of 
bare TCNC-Au NPs (λ = 524 nm), the electric field is shown only at the 
two sides of the outer surface with a maximum of |E2| value at 5.03 eV, 
which is lesser than the core–shell nanostructures. 

Further, the electric field distribution in the vicinity of two TCNC- 
Au@Ag (t4) NPs was shown in Fig. 8c-e. The field polarization value is 
higher at the junctions of two Au@Ag NPs, which shows that electro
magnetic coupling is more sensitive than the isolated core–shell NPs. It 
could be noted that the region at the junctions of TCNC-Au@Ag (t = 8.5 
nm) nanostructures with a nanogap ~ 1 nm, concentrates the highest 
electric field (hotspots). When caught at these hotspots, the analyte 

molecules give rise to incredible Raman intensities. Further, it shows a 
maximum |E2| value of 39.23 eV at the junction of the two core–shell 
NPs and is two orders of magnitude higher than that of isolated Au@Ag 
NPs and eight-fold higher than that of monometallic Au NPs. The 
simulated SERS enhancement factor (EF~|E4|) agrees with the experi
mentally calculated EF (~105) values of TCNC-Au@Ag nanostructures. 

3.6. Catalytic activity of TCNC-Au@Ag NPs 

Catalytic reduction of 4-nitrophenol by sodium borohydride is 
known to be one of the foremost model systems for evaluating the per
formance of catalysts by real-time spectroscopic monitoring. Due to the 
toxic, carcinogenic nature of nitrophenols, conversion followed by 
disposal is a major environmental issue. The aminophenols formed 
during the reduction of nitrophenols by NaBH4 are inevitable compo
nents in the pharmaceutical industry, and the conversion is simple and 
efficient [46]. We compared the catalytic activities of bare TCNC-Au 
with that of TCNC-Au@Ag (~ 8.5 nm) in the 4-nitrophenol (4-NP) 
reduction reaction to assess the influence of the Ag shell on the catalytic 
properties of core–shell plasmonic nanostructures. The reduction prog
ress has been evaluated by comparing the UV–Visible absorption spectra 
with one-minute intervals (Fig. 9). 

The absorption maximum of 4-NP in the presence of NaBH4 is 400 
nm, attributed to the generation of 4-nitrophenolate ions [47]. On 
adding small aliquots (24 μL) of TCNC-Au@Ag (t4 ~ 8.5 nm) to the 
reaction mixture, a steady decline of the absorption peak at 400 nm and 
the subsequent appearance of 4-aminophenol absorption at 300 nm is 
noted [48]. Although, in the presence of pure 25 nm TCNC-Au (t0), 
negligible variation in the absorption band of 4-NP observed, indicates a 
weak 4-NP reduction. The catalytic reaction efficacy is estimated as 11% 
for TCNC-Au (t0) and 91% TCNC-Au@Ag (t4) nanostructures. 

Fig. 8. Finite element modelling showing the electric field distribution corresponding to the 2D geometry of (a) TCNC-Au and (b) isolated TCNC-Au@Ag nano
structures; (c-d) at the junction between two TCNC-Au@Ag nanostructures; (d) represents the magnified image of (c); and (e) depicts the surface with height 
expression where it shows a sharp peak at the junction between two core–shell nanostructures. 
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Fig. 9a and 9b display the absorption spectra of the nitrophenol- 
borohydride mixture at various intervals of time in the presence of 
TCNC-Au@Ag (t4 ~8.5 nm) catalyst. It is evident from the spectrum 
that, with the addition of 12 µL (~0.1 mg) of catalyst, the absorption 
intensity of 4-NP declines to nearly zero within 5 min. The termination 
of the reduction can be assured not only by the diminishing of the ab
sorption peak at 400 nm but also by a visual change from yellow to 
colorless. With an increased amount of catalyst (24 µL, 0.2 mg), the 
reduction reaction was completed within 3 min. This short period for the 
reduction process, even with very minute quantities of TCNC-Au@Ag 
(t4), signifies its applicability in the domain of catalysis (Table S4). 

Reaction kinetics of this reduction was analyzed from ln Ct/C0 versus 
time plot, and the linear fit was done with a correlation coefficient of 
0.9672 (12 µL) and 0.9999 (24 µL), which revealed that 4-NP reduction 
by NaBH4 obeys pseudo-first-order kinetics (Fig. 9c). The rate constant 
(kapp) of the reaction was derived from the slope of the plot ln (Ct/C0) 
over time [49]. A high kapp value of 32.33 × 10-3 s− 1 was obtained for 24 
µL (~0.2 mg) of TCNC-Au@Ag (t4) catalyzed reduction of 4-nitrophenol. 
The superior catalytic action of TCNC-Au@Ag (t4) nano assemblies 
could be ascribed to the synergistic electronic effect, size, and compo
sition [50,51]. Since the Fermi level for Au (-5.0 eV) is slightly lesser 
than that of Ag (-4.6 eV), an electron-rich area near the Au@Ag interface 
is created by the transfer of electrons from Ag to Au [52]. 

Moreover, the electron transfer between Au and Ag is ambiguous, 
which could be further explained by the electron compensation effect 
[53]. The distorted electron balance between Au and Ag is compensated 
for back-donation of electrons from Au to Ag, causes reduced d-electron 
in Au core with an augmented d-electron in Ag shell, which is pre
dominant at interfaces of Au and Ag. Hence, for TCNC templated Au@Ag 
nano-assemblies with Ag shell thickness of ~ 8.5 nm, numerous 

accessible electron-rich regions could be present on TCNC surface. These 
highly active surface sites lead to more adsorption of 4-NP, thus leading 
to an enhanced catalytic rate. However, in the case of bare Au NPs 
(TCNC-Au NPs), such localization of electrons does not occur, and the 
electron density is distributed throughout the entire particle. Besides 
that, the catalytic effects are indeed reliant on the surface area of the 
catalyst. Here, the large surface area associated with the coupled 
nanostructures provides an active surface for the reduction and serves as 
a dynamic electron transfer mediator. After the reaction, the newly 
produced 4-aminophenol molecules rapidly desorb from the catalyst’s 
surface [23,54]. Hence, the merits of the large surface area of TCNC, 
along with the presence of numerous electron-dense regions profited 
from Au@Ag nanostructures, will provide novel avenues for homoge
neous catalysis. 

4. Conclusions 

In summary, we reported the synthesis of discrete as well as assem
bled Au@Ag core–shell nanostructures on carboxylated cellulose 
nanocrystal templates using a facile seed-mediated approach. Here, 
TCNC is critical to obtain core–shell nano-assemblies having abundant 
plasmonic hotspot junctions resulting in excellent SERS activity in solid- 
state with remarkable colloidal shelf-life. Correlation with theoretical 
FEM field simulations confirmed an enhanced local field at the junctions 
of adjacent TCNC-Au@Ag nanostructures, which can significantly 
enhance the Raman intensities. Moreover, the presence of several 
electron-dense regions in the assembled TCNC-Au@Ag nanostructures 
enabled enhanced catalytic activity. We envisage that our method could 
pave way for designing innovative complex nano-architectures of cor
e–shell systems decorated on TCNC bio-templates with dense plasmonic 

Fig. 9. (a-b) The time-dependent UV–Vis absorption spectra of 4-NP reduction with NaBH4 catalyzed by different amounts of TCNC-Au@Ag (t4) nanostructures and 
(c) corresponding kinetic plots of the reduction reaction. 
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hotspots and exceptional colloidal stability. This could open up enor
mous possibilities for maneuvering various multifunctional plasmonic 
bimetallic nano-systems suitable for biomedical, energy, and environ
mental applications. 
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I. Pastoriza-Santos, Size tunable Au@ Ag core–shell nanoparticles: synthesis and 
surface-enhanced Raman scattering properties, Langmuir 29 (2013) 15076–15082. 

[16] A. Isogai, Y. Zhou, Diverse nanocelluloses prepared from TEMPO-oxidized wood 
cellulose fibers: Nanonetworks, nanofibers, and nanocrystals, Curr. Opin. Solid 
State Mater. Sci. 23 (2019) 101–106. 

[17] K.M.A. Uddin, A.R. Lokanathan, A. Liljeström, X. Chen, O.J. Rojas, J. Laine, Silver 
nanoparticle synthesis mediated by carboxylated cellulose nanocrystals, Green 
Mater. 2 (2014) 183–192. 

[18] D. Musino, C. Rivard, G. Landrot, B. Novales, T. Rabilloud, I. Capron, Hydroxyl 
groups on cellulose nanocrystal surfaces form nucleation points for silver 
nanoparticles of varying shapes and sizes, J. Colloid Interface Sci. 584 (2020) 
360–371. 

[19] F. Hoeng, A. Denneulin, C. Neuman, J. Bras, Charge density modification of 
carboxylated cellulose nanocrystals for stable silver nanoparticles suspension 
preparation, J. Nanopart. Res. 17 (2015) 244. 

[20] L. Liu, L. Wang, S. Luo, Y. Qing, N. Yan, Y. Wu, Chiral nematic assemblies of silver 
nanoparticles in cellulose nanocrystal membrane with tunable optical properties, 
J. Mater. Sci. 54 (2019) 6699–6708. 

[21] Y. Shin, I.-T. Bae, B.W. Arey, G.J. Exarhos, Facile stabilization of gold-silver alloy 
nanoparticles on cellulose nanocrystal, The Journal of Physical Chemistry C 112 
(2008) 4844–4848. 

[22] S. Asgari, L. Sun, J. Lin, Z. Weng, G. Wu, Y. Zhang, M. Lin, Nanofibrillar cellulose/ 
Au@ Ag nanoparticle nanocomposite as a SERS substrate for detection of paraquat 
and thiram in lettuce, Microchim. Acta 187 (2020) 1–11. 

[23] M. Gopiraman, S. Saravanamoorthy, R. Baskar, A. Ilangovan, C. Ill-Min, Green 
synthesis of Ag@ Au bimetallic regenerated cellulose nanofibers for catalytic 
applications, New J. Chem. 43 (2019) 17090–17103. 

[24] Y. Zhou, T. Saito, L. Bergström, A. Isogai, Acid-free preparation of cellulose 
nanocrystals by TEMPO oxidation and subsequent cavitation, Biomacromolecules 
19 (2018) 633–639. 

[25] Y. Zhou, S. Fujisawa, T. Saito, A. Isogai, Characterization of concentration- 
dependent gelation behavior of aqueous 2, 2, 6, 6-tetramethylpiperidine-1-oxyl−
cellulose nanocrystal dispersions using dynamic light scattering, 
Biomacromolecules 20 (2018) 750–757. 

[26] B. Liu, G. Han, Z. Zhang, R. Liu, C. Jiang, S. Wang, M.-Y. Han, Shell thickness- 
dependent Raman enhancement for rapid identification and detection of pesticide 
residues at fruit peels, Anal. Chem. 84 (2012) 255–261. 

[27] T.Y. Olson, A.M. Schwartzberg, C.A. Orme, C.E. Talley, B. O’Connell, J.Z. Zhang, 
Hollow gold− silver double-shell nanospheres: structure, optical absorption, and 
surface-enhanced Raman scattering, J. Phys. Chem. C 112 (2008) 6319–6329. 

[28] C.K. Saurabh, R. Dungani, A. Owolabi, N.S. Atiqah, A. Zaidon, N.S. Aprilia, Z. 
M. Sarker, H.A. Khalil, Effect of hydrolysis treatment on cellulose nanowhiskers 
from oil palm (Elaeis guineesis) fronds: Morphology, chemical, crystallinity, and 
thermal characteristics, BioResources 11 (2016) 6742–6755. 

[29] K. Nabeela, R.T. Thomas, J.B. Nair, K.K. Maiti, K.G.K. Warrier, S. Pillai, TEMPO- 
oxidized nanocellulose fiber-directed stable aqueous suspension of plasmonic 
flower-like silver nanoconstructs for ultra-trace detection of analytes, ACS Appl. 
Mater. Interfaces 8 (2016) 29242–29251. 

[30] Z. Tang, W. Li, X. Lin, H. Xiao, Q. Miao, L. Huang, L. Chen, H. Wu, TEMPO-oxidized 
cellulose with high degree of oxidation, Polymers 9 (2017) 421. 

[31] H. He, R. Chen, L. Zhang, W. Shen, Growth of gold nanoparticles on cellulose 
nanofibers, Cellulose 27 (2020) 5041–5053. 

[32] H. Fukuzumi, R. Tanaka, T. Saito, A. Isogai, Dispersion stability and aggregation 
behavior of TEMPO-oxidized cellulose nanofibrils in water as a function of salt 
addition, Cellulose 21 (2014) 1553–1559. 

[33] M.C.G. Toro, J.P. Schlegel, C.H. Giraldo, Radioactive Bimetallic Gold-Silver 
Nanoparticles Production in a Research Nuclear Reactor, ChemistrySelect 3 (2018) 
8936–8941. 

[34] S. Mahmud, S.S. Satter, A.K. Singh, M.M. Rahman, M.Y.A. Mollah, M.A.B.H. Susan, 
Tailored Engineering of Bimetallic Plasmonic Au@ Ag Core@ Shell Nanoparticles, 
ACS Omega 4 (2019) 18061–18075. 

[35] K. Jia, M.Y. Khaywah, Y. Li, J.L. Bijeon, P.M. Adam, R.g. Déturche, B. Guelorget, 
M. François, G. Louarn, R.E. Ionescu, Strong improvements of localized surface 
plasmon resonance sensitivity by using Au/Ag bimetallic nanostructures modified 
with polydopamine films, ACS Appl. Mater. Interf., 6 (2014) 219-227. 

[36] F. Sun, W. Liu, Z. Dong, Y. Deng, Underwater superoleophobicity cellulose 
nanofibril aerogel through regioselective sulfonation for oil/water separation, 
Chem. Eng. J. 330 (2017) 774–782. 

[37] J. Yang, C. Ma, J. Tao, J. Li, K. Du, Z. Wei, C. Chen, Z. Wang, C. Zhao, M. Ma, 
Optimization of polyvinylamine-modified nanocellulose for chlorpyrifos 
adsorption by central composite design, Carbohydr. Polym. (2020), 116542. 

[38] K. Zhang, J. Zhao, H. Xu, Y. Li, J. Ji, B. Liu, Multifunctional paper strip based on 
self-assembled interfacial plasmonic nanoparticle arrays for sensitive SERS 
detection, ACS Appl. Mater. Interfaces 7 (2015) 16767–16774. 

[39] Y. Ma, W. Li, E.C. Cho, Z. Li, T. Yu, J. Zeng, Z. Xie, Y. Xia, Au@ Ag core− shell 
nanocubes with finely tuned and well-controlled sizes, shell thicknesses, and 
optical properties, ACS Nano 4 (2010) 6725–6734. 

[40] H. Wang, X. Guo, S. Fu, T. Yang, Y. Wen, H. Yang, Optimized core–shell Au@ Ag 
nanoparticles for label-free Raman determination of trace Rhodamine B with 
cancer risk in food product, Food Chem. 188 (2015) 137–142. 

[41] Y. Liu, J. Zhou, B. Wang, T. Jiang, H.-P. Ho, L. Petti, P. Mormile, Au@ Ag 
core–shell nanocubes: epitaxial growth synthesis and surface-enhanced Raman 
scattering performance, PCCP 17 (2015) 6819–6826. 

[42] W. Kim, Y.-H. Kim, H.-K. Park, S. Choi, Facile fabrication of a silver nanoparticle 
immersed, surface-enhanced Raman scattering imposed paper platform through 
successive ionic layer absorption and reaction for on-site bioassays, ACS Appl. 
Mater. Interfaces 7 (2015) 27910–27917. 

[43] H. Wei, K. Rodriguez, S. Renneckar, W. Leng, P.J. Vikesland, Preparation and 
evaluation of nanocellulose–gold nanoparticle nanocomposites for SERS 
applications, Analyst 140 (2015) 5640–5649. 

[44] K. Nabeela, R.T. Thomas, A. Mohamed, S. Pillai, Nanocellulose-silver ensembles for 
ultrasensitive SERS: An investigation on the role of nanocellulose fibers in the 
generation of high-density hotspots, Appl. Mater. Today 20 (2020), 100672. 

[45] K. Yee, Numerical solution of initial boundary value problems involving Maxwell’s 
equations in isotropic media, IEEE Trans. Antennas Propag. 14 (1966) 302–307. 

[46] Y. Tian, Y.-Y. Cao, F. Pang, G.-Q. Chen, X. Zhang, Ag nanoparticles supported on N- 
doped graphene hybrids for catalytic reduction of 4-nitrophenol, RSC Adv. 4 
(2014) 43204–43211. 

H. M. Abdul Hakkeem et al.                                                                                                                                                                                                                 

https://doi.org/10.1016/j.microc.2021.106393
https://doi.org/10.1016/j.microc.2021.106393
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0005
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0005
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0005
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0010
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0010
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0010
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0015
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0015
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0015
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0020
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0020
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0020
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0025
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0025
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0025
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0030
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0030
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0030
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0035
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0035
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0035
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0035
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0040
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0040
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0040
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0045
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0045
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0045
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0050
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0050
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0050
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0055
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0055
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0055
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0060
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0060
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0060
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0065
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0065
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0070
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0070
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0070
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0075
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0075
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0075
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0080
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0080
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0080
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0085
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0085
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0085
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0090
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0090
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0090
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0090
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0095
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0095
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0095
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0100
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0100
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0100
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0105
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0105
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0105
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0110
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0110
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0110
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0115
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0115
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0115
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0120
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0120
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0120
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0125
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0125
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0125
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0125
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0130
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0130
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0130
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0135
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0135
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0135
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0140
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0140
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0140
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0140
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0145
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0145
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0145
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0145
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0150
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0150
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0155
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0155
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0160
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0160
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0160
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0165
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0165
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0165
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0170
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0170
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0170
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0180
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0180
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0180
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0185
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0185
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0185
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0190
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0190
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0190
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0195
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0195
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0195
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0200
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0200
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0200
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0205
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0205
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0205
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0210
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0210
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0210
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0210
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0215
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0215
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0215
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0220
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0220
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0220
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0225
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0225
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0230
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0230
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0230


Microchemical Journal 168 (2021) 106393

13

[47] M. Ma, Y. Yang, W. Li, R. Feng, Z. Li, P. Lyu, Y. Ma, Gold nanoparticles supported 
by amino groups on the surface of magnetite microspheres for the catalytic 
reduction of 4-nitrophenol, J. Mater. Sci. 54 (2019) 323–334. 

[48] Y. Liu, G. Jiang, L. Li, H. Chen, Q. Huang, T. Jiang, X. Du, W. Chen, Preparation of 
Au/PAN nanofibrous membranes for catalytic reduction of 4-nitrophenol, J. Mater. 
Sci. 50 (2015) 8120–8127. 

[49] M. Liang, R. Su, W. Qi, Y. Yu, L. Wang, Z. He, Synthesis of well-dispersed Ag 
nanoparticles on eggshell membrane for catalytic reduction of 4-nitrophenol, 
J. Mater. Sci. 49 (2014) 1639–1647. 

[50] D. Wang, Y. Li, Bimetallic nanocrystals: liquid-phase synthesis and catalytic 
applications, Adv. Mater. 23 (2011) 1044–1060. 

[51] X. Guo, Q. Zhang, Y. Sun, Q. Zhao, J. Yang, Lateral etching of core–shell Au@ 
metal nanorods to metal-tipped Au nanorods with improved catalytic activity, ACS 
Nano 6 (2012) 1165–1175. 

[52] Y. Yang, J. Shi, G. Kawamura, M. Nogami, Preparation of Au–Ag, Ag–Au core–shell 
bimetallic nanoparticles for surface-enhanced Raman scattering, Scr. Mater. 58 
(2008) 862–865. 

[53] Y. Feng, G. Wang, Y. Chang, Y. Cheng, B. Sun, L. Wang, C. Chen, H. Zhang, Electron 
Compensation Effect Suppressed Silver Ion Release and Contributed Safety of Au@ 
Ag Core-Shell Nanoparticles, Nano Lett. 19 (2019) 4478–4489. 

[54] E. Menumerov, R.A. Hughes, S. Neretina, Catalytic reduction of 4-nitrophenol: a 
quantitative assessment of the role of dissolved oxygen in determining the 
induction time, Nano Lett. 16 (2016) 7791–7797. 

H. M. Abdul Hakkeem et al.                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0026-265X(21)00477-X/h0235
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0235
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0235
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0240
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0240
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0240
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0245
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0245
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0245
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0250
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0250
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0255
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0255
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0255
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0260
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0260
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0260
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0265
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0265
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0265
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0270
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0270
http://refhub.elsevier.com/S0026-265X(21)00477-X/h0270


Carbohydrate Polymers 292 (2022) 119723

Available online 11 June 2022
0144-8617/© 2022 Elsevier Ltd. All rights reserved.

Tailored synthesis of ultra-stable Au@Pd nanoflowers with enhanced 
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A B S T R A C T   

A green strategy for the synthesis of bimetallic core-shell Au@Pd nanoflowers (NFs) employing banana pseudo- 
stem-derived TEMPO-oxidized cellulose nanocrystals (TCNC) as both capping and shape-directing agent via seed- 
mediated method is presented. Flower-like nanostructures of Au@Pd bound to TEMPO-oxidized cellulose 
nanocrystals (TCNC-Au@Pd) were decorated on amino-functionalized graphene (NH2-RGO) without losing their 
unique structure, allowing them to be deployed as an efficient, reusable and a green alternative heterogeneous 
catalyst. The decisive role of TCNC in the structural metamorphosis of nanoparticle morphology were inferred 
from the structural and morphology analyses. According to our study, the presence of –OH rich TCNC appears to 
play a pivotal role in the structured evolution of intricate nanostructure morphology. The feasibility of the bio- 
supported catalyst has been investigated in two concurrently prevalent model catalytic reactions, namely the 
oxygen reduction reaction (ORR) and the reduction of 4-nitrophenol, the best model reactions in fuel cell and 
industrial catalytic applications, respectively.   

1. Introduction 

Bimetallic nanoparticles with tailored morphologies were widely 
explored due to their unprecedented demand in a variety of fields like 
catalysis (Aslam, Chavez, & Linic, 2017), sensing (Rodríguez-Lorenzo, 
de La Rica, Álvarez-Puebla, Liz-Marzán, & Stevens, 2012), plasmonics 
(Kauranen & Zayats, 2012), biomedical (Howes, Rana, & Stevens, 
2014), etc., owing to their excellent optical and electronic properties of 
monometallic counterparts (Ferrando, Jellinek, & Johnston, 2008). 
Apart from isotropic spherical morphologies, the anisotropic morphol
ogies have a profound influence on their intrinsic physicochemical 
properties (Burda, Chen, Narayanan, & El-Sayed, 2005). Various 
methodologies like electrodeposition, sonochemical, co-precipitation, 
etc. are reported regarding the preparation of nanomaterials. Howev
er, achieving controllable geometries with good colloidal stability is 
questionable; most of these methods are expensive and have low yield. 
Chemical reduction methods, especially colloidal synthesis utilizing 
various capping agents, are generally employed to synthesize metallic 

nanostructures of well-defined morphologies with comparable shelf-life. 
CTAB (Fan et al., 2008), CTAC (Yang et al., 2011) and PVP (Lee et al., 
2008) are a few well-explored capping as well as shape-directing agents 
for modulating specific geometries of nanoparticles. Many of the syn
thesis methods utilizing conventional capping agents are complex, time- 
consuming, require high temperatures and utilize toxic organic solvents. 
Nevertheless, the above-mentioned conventional capping agents are the 
pillars of the synthesis of anisotropic nanostructures. However, there 
exist only a few promising eco-friendly or sustainable strategies capable 
of the controlled morphology generation of metallic nanoparticles that 
perform with completely inherent properties. Presenting them as a 
sustainable alternative to conventional shape-directing agents is a 
challenge in the realm of nanotechnology, which is completely ruled by 
conventional ones. 

Nano version of the most abundant biopolymer cellulose with less 
amorphous nature known as cellulose nanocrystals (CNC), upsurged in 
recent years. Realm of CNC goes far beyond merely due to the applica
bility arises from the congregate of remarkable properties like easy 
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functionalization (Thomas et al., 2018), mechanical properties (Yuan 
et al., 2021), sustainability, and high surface area (Abdelgawad et al., 
2020), etc. Regardless of labyrinth acid hydrolysis synthetic way, Zhou 
et al. proposed a modified method, TEMPO-mediated oxidation followed 
by cavitation which enables the ease of formation of CNC (Zhou, Saito, 
Bergström, & Isogai, 2018). Carboxyl groups confined by TEMPO- 
mediated oxidation and inborn abundant hydroxy groups ascertained 
the robustness of TCNC towards good carriers of metal nanoparticles 
avoiding any undesirable aggregation that crevasse its performances (Xu 
et al., 2011). Moreover, apart from conventional polymer capping 
agents, the criteria of desirable surface area for both nanoparticles and 
template (TCNC) is well ascertained due to the nano range physical di
mensions (Azizi, Ahmad, Hussein, & Ibrahim, 2013). Electrostatic in
teractions between metal ions and functionalized hydrophilic TCNC 
confine metal nanoparticles controlled growth and distribution over 
TCNC with high surface area (Xu, Chen, Gao, Xie, & Chen, 2020). There 
are several reports on CNC-assisted synthesis of ultra-stable metal 
nanoparticles, especially Au and Ag, for various applications (Nabeela, 
Thomas, Mohamed, & Pillai, 2020). Notably, Kaushik et al. integrated 
the template, stabilizer, reducing actions of CNC reported in the area of 
catalysis (Xu et al., 2011). To the best of our knowledge, there are only a 
few researches on the preparation of CNC supported Pd nanoparticles for 
its application in advanced catalysis that made an upsurge in activity 
however, morphology control and desired surface modification are still 
a challenge (Cirtiu, Dunlop-Briere, & Moores, 2011; Kaushik et al., 
2015; Rezayat, Blundell, Camp, Walsh, & Thielemans, 2014; Wang et al., 
2020; Wu et al., 2013). 

Au@Pd anisotropic nanoparticles are unambiguously showed their 
catalytic properties in various fields endowed from electronic couplings 
and geometric effects (Marx & Baiker, 2009; Thompson, 2004; Zhang 
et al., 2011). Bimetallic Au–Pd nanostructures can be designed as alloys 
or core-shell morphologies by co-reduction and seed-mediated synthe
sis, respectively. The seed-mediated synthesis for core-shell morphology 
is complex and pronounced due to the judicious control over the 
intrinsic physicochemical properties simply by tuning the composition, 
shell morphology, and thickness (Cortie & McDonagh, 2011). Numerous 
novel strategies are evolved to synthesis Au@Pd core-shell NPs with 
flower-like morphologies utilizing shape-directing agents through seed- 
mediated synthesis envisioned from the pronounced applicability of this 
bimetallic system in the field of catalysis. Xu et al. demonstrated the 
development of Au–Pd NFs by the formation of Pd petal-like shell over 
PVP capped Au seed (Xu et al., 2011). Lee et al. explained the prepa
ration of flower-like Au–Pd alloy nanostructures by the reduction 
property of ascorbic acid and employing PVP as stabilizing agent (Lee 
et al., 2008). 

Apart from Pt catalyst, Pd is a recent addition, an efficient metal 
catalyst with excellent electrochemical activity in fuel cells (FCs) (Pan, 
Zhang, Ma, & Zhang, 2008). Moreover, bimetallic NPs comprising Pd 
and other metals generally outperform in terms of electro-catalytic ef
ficacies than monometallic counterparts of them. Au@Pd NPs are well 
known as an alternative for expensive and scarce Pt catalysts (Lin et al., 
2017). Several reports exists demonstrating this bimetallic system hav
ing dramatic electrocatalytic activity emerging from the corporative 
catalytic properties of both Au and Pd (Au acts as a promoter to electron 
transfer to Pd) (Han et al., 2012). Au–Pd bimetallic NPs also adequately 
recognized for their catalytic efficiency towards the 4-NP to 4-AP 
reduction, a miniature catalytic reaction that took as the backbone of 
the pharmaceutical industry (Chen, Cai, Chen, & Oyama, 2014). 

Incorporation of Au@Pd NPs onto a carbon support material is 
required for the development of heterogeneous recyclable catalysis ap
plications. Researchers adopted simple mixing of metallic NPs and 
Vulcan carbon for the fabrication of the heterogeneous recyclable cat
alysts (Wang et al., 2010; Xiong, Yang, DiSalvo, & Abruña, 2018). 
However, this could be a formidable challenge for the stability of cata
lyst prepared. These might be the reason for choosing reduced graphene 
oxide (RGO) (Darabdhara et al., 2015) and CNT (Wang et al., 2017) as 

the versatile support for the metal NPs which further improves the 
catalytic activity and immobilizes NPs (Sun, Wu, & Shi, 2011). 
Furthermore, there arises another difficulty: metal NPs have a tendency 
of spontaneous aggregation at the edges of defects of these materials that 
may lead to the destruction of the anisotropic morphology of metal 
nanoparticles. The addition of suitable surfactants can overcome these 
challenges; however, it may result in the reduction in catalytic activity 
(Ren, Yang, Yu, Wang, & Mao, 2013). 

Herein, we demonstrate a bio-supported synthetic strategy for 
bimetallic Au@Pd NFs resembles to that of a flower garland enabled by 
TEMPO-oxidized cellulose nanocrystals that impart ultra-stability to the 
colloidal system. The novelty of the present report is the remarkable 
shape-directing and capping activity of a bio-derived material, nano
cellulose as a new competitor to conventional capping agents. For the 
applicability as an efficient, reusable and a green alternative heteroge
neous catalyst, TEMPO-oxidized cellulose nanocrystal bounded Au@Pd 
(TCNC-Au@Pd) flower-like nanostructures have been decorated over 
amino-functionalized graphene (NH2-RGO) without losing its unique 
structure. The feasibility of the bio-derived catalyst in two prevailing 
model catalytic reactions, that is oxygen reduction reaction (ORR) in 
alkaline electrolyte solution and reduction of 4-nitrophenol, has been 
investigated. 

2. Materials and methods 

2.1. Materials 

Chemically extracted banana pseudo-stem fibers (from banana plant 
waste) were utilized for TCNC preparation. Gold(III) chloride trihydrate 
(HAuCl4⋅2H2O), trisodium citrate tribasic dihydrate (TSC; 
C6H5Na3O7⋅2H2O), palladium chloride (PdCl2), L-ascorbic acid 
(C6H8O6), graphite powder <150 μm, sodium nitrite (NaNO2), sulphuric 
acid (H2SO4, 98 %), hydrogen peroxide (H2O2, 30 wt%), 4-nitrophenol 
(4-NP; C6H5NO3) and sodium borohydride (NaBH4) were bought from 
Sigma-Aldrich (U.S.) and were used as obtained. Hydrochloric acid (HCl, 
35 %) was purchased from Rankem, whereas potassium permanganate 
(KMNO4), ethylene glycol (C6H6O2), and ammonia solution (NH4OH, 
99 %) were purchased from TCI chemicals. Ultrapure deionized (DI) 
water (Milli-Q purifier system, Merck, Germany) was used as solvents 
for all experiments. 

2.2. Synthesis of TEMPO-oxidized cellulose nanocrystals (TCNC) 

A chemo-mechanical treatment was employed for the synthesis of 
TEMPO-oxidized cellulose nanocrystals. Briefly, TEMPO-mediated 
oxidation followed by ultrasonication for 2 h. A detailed experimental 
procedure can be found elsewhere (Hakkeem et al., 2021). 

2.3. Preparation of TCNC bounded Au NPs seed (TCNC-Au NPs) 

A typical preparation method of carboxyl functionalized cellulose 
nanocrystal bounded Au seed solution proceeded by the combined 
reduction capabilities of both TCNC and TSC with minor modifications 
(Hakkeem et al., 2021). Briefly, 600 μL of 0.05 M HAuCl4 mixed with 50 
mL 0.1 wt% TCNC solution in a 100 mL RB flask by sonication followed 
by boiling and slow stirring at 400 rpm. Subsequently, 4 mL of 0.04 M of 
citrate was added to the boiling solution which turned to purple color 
solution after 20 min. As-formed TCNC bounded Au seed solution was 
cooled and stored at 4 ◦C for further use. Wine red colored Au seed was 
used for the preparation of Pd shell coating after the solution was let to 
reach ambient temperature. 

2.4. Synthesis of TCNC bounded Au@Pd nanoflowers (TCNC-Au@Pd 
NFs) 

To synthesis TCNC bounded Au@Pd NFs, a seed-mediated approach 

H.M. Abdul Hakkeem et al.                                                                                                                                                                                                                  



Carbohydrate Polymers 292 (2022) 119723

3

was employed with minor modifications by adding 400 μL of 0.05 M 
ascorbic acid solution (AA) and 0.05 M PdCl2 to as-prepared 6 mL TCNC- 
Au NPs seed solution dropwise with slow stirring. Progress of the reac
tion was monitored by a visible change in color of the solution from 
purple to blackish brown within a few seconds of magnetic stirring. 
Variable amounts equimolar AA and PdCl2 from 50 to 250 μL lead to the 
development of TCNC-Au@Pd NFs with the increasing number of Pd 
petals. The samples were stored after dialysis at 4 ◦C for a longer 
duration. To compare nanostructure formations, the std. Turkevich 
method was opted: citrate capped Au@Pd NPs and TCNC bounded Pd 
NPs were also prepared. 

2.5. Synthesis of heterogeneous TCNC-Au@Pd decorated NH2-RGO 
catalyst 

GO was prepared by modified Hummers procedure (Navaee & Sal
imi, 2015), amine-functionalized and reduced in one-step hydrothermal 
treatment. Here we adopted an in-situ hydrothermal reduction tech
nique utilizing ethylene glycol as solvent. The amine functionalization 
was done using ammonia solution. Briefly, 30 mg GO was mixed with 30 
mL ethylene glycol solvent and was made into a uniform solution by 
sonication for 15 min. The uniform solution was added to the Teflon 
lined autoclave after adding 0.5 mL ammonia solution at 170 ◦C for 10 h. 
The dark brown colored solution was filtered, washed, and dried at 60 ◦C 
for 24 h to obtain amine-functionalized RGO powder (Lai et al., 2011). 
Further decoration of NH2-RGO with TCNC-Au@Pd NFs was obtained by 
mixing 20 wt% TCNC-Au@Pd NFs colloid with well-dispersed NH2-RGO 
in DI water for 30 min ultra-sonication. The sediments were collected 
and washed thoroughly and dried at 80 ◦C in a vacuum oven for 24 h. 
Samples were stored in a desiccator for further experiments. For com
parison, TSC-Au@Pd NPs/NH2-RGO and TCNC-Pd NPs/NH2-RGO were 
also prepared. 

2.6. Electrocatalytic oxygen reduction reaction (ORR) 

TCNC-Au@Pd NFs/NH2-RGO-based working electrode was con
structed by dropping 10 μL of homogeneous suspension of TCNC-Au@Pd 
NFs/NH2-RGO catalyst on a rotating disc electrode (RDE) having 3 mm 
diameter. Catalyst slurry was prepared by dispersing 1 mg of the ma
terial in 1 mL of 3:2 IPA:water mixture and 40 μL of Nafion solution (20 
wt%). The mixture was then sonicated for about 1 h to obtain a homo
geneous suspension. ORR measurement was conducted in a three- 
electrode system comprising of a working electrode coated with 
TCNC-Au@Pd NFs/NH2-RGO, counter electrode (graphite rod), and a 
reference electrode (Hg/HgO) in oxygen saturated alkaline medium 
(0.1 M KOH). Linear sweep voltammetry (LSV) measurements were 
taken after 50 cycles of CV measurements in 0.1 M KOH over the po
tential range from 0.05 to 1.1 V at 50 mV/s to eliminate surface 
contamination. For comparison purposes, commercial Pd/C (20 wt%), 
TSC-Au@Pd NPs/NH2-RGO, and TCNC-Pd NPs/NH2-RGO were also 
utilized as catalysts in the same manner as above. LSV measurements 
were from negative to positive direction at 10 mV/s. All the potentials 
measured were transformed to the reversible hydrogen electrode (RHE) 
scale. 

2.7. 4-Nitrophenol (4-NP) catalytic reduction 

Catalytic reduction of 4-NP was done in a quartz cuvette by adding a 
specific amount of TCNC-Au@Pd NFs/NH2-RGO catalyst system to a 
mixture of 3 mL freshly prepared 15 mM NaBH4 solution and 0.25 mM 4- 
NP solution with constant shaking. Spectrometric analysis of reduction 
was carried out at regular intervals of time by UV–Vis absorption 
spectroscopy. After completion of 4-NP reduction, the catalyst was 
recovered by centrifugation and reused after washing step. 

2.8. Characterization methods 

Tapping mode AFM height images were obtained from a Multimode 
8 atomic force microscope equipped with a Nanoscope V controller 
(Bruker, Santa Barbara, CA). Samples were deposited on mica substrate 
by drying under vacuum for 24 h prior to AFM measurements. The dy
namic light scattering (DLS) data and zeta potential were obtained from 
Zetasizer Nano ZS, Malvern equipment. The FTIR spectrometer (Perki
nElmer) was used to study the chemical structure of TCNC and TCNC- 
Au@Pd NFs by scanning in the range from 4000 to 400 cm− 1. Wide- 
angle X-ray scattering (WAXS) pattern of TCNC and holocellulose 
were captured by XEUSS SAXS/WAXS system from Xenocs operated 
with Cu Kα (λ = 1.54 Å), 50 kV. The crystalline structure of the TCNC- 
Au, TCNC-Au@Pd NFs were determined using PANalytical X'pert pro, 
powder X-ray diffractometer (XRD) equipped with Cu Kα (λ = 1.54 Å), 
45 kV. TEM analysis was performed using FEI-Tecnai 30 G2S-TWIN 
transmission electron microscope with a 300 kV acceleration voltage. 
X-ray photoelectron spectroscopy (XPS) study was performed using PHI 
5000 VersaProbe II, ULVAC-PHI Inc., USA. The binding energies of XPS 
peaks were referenced to C1s peak at 284.8 eV. Total Au and Pd contents 
were estimated with an inductively coupled plasma mass spectrometry 
(ICP-MS) (Thermo Scientific iCAP-RQ). All UV–Visible absorption 
spectra were acquired using Shimadzu UV-2700, Shimadzu, Japan 
UV–Visible absorption spectrometer. Oxygen reduction reaction mea
surements of the synthesized catalysts and commercial standard were 
performed using the Pine Research Instruments rotating disk electrode 
(RDE) setup connected to a potentiostat. 

3. Results and discussion 

3.1. Synthesis of Au@Pd nanoflowers bounded with the TCNC 

The Turkevich method for preparing Au NPs by utilizing trisodium 
citrate was well-established over five decades ago. Whereas the aston
ishing reducing and capping actions of nanocellulose for the shape- 
directed synthesis of nanoparticles have been reported only a few 
years back (Kaushik & Moores, 2016). Scheme 1 shows the preparation 
of Au@Pd nanoflowers bounded with TEMPO-oxidized cellulose nano
crystals (TCNC). Initially, needle-like carboxyl functionalized cellulose 
nanocrystals having an average diameter, 13 ± 2 nm and length, 150 ±
20 nm were prepared by TEMPO-oxidation followed by ultra-sonication. 
The size reduction of cellulose fibers to nanocellulose with needle-like 
morphology was revealed in AFM height images and the DLS spectra 
analysis showed TCNC with an average size, 160 nm), Fig. S1a and 1b 
(Supplementary data). Further, FTIR spectra and WAXS pattern of hol
ocellulose before TEMPO oxidation and TCNC were also recorded as the 
basic characterizations of TCNC and obtained similar results discussed 
in our previous report (Hakkeem et al., 2021). The carboxyl function
alization of nanocellulose was carried out to achieve better colloidal 
solubility and to create nucleation sites for the metal nanoparticles due 
to the electrostatic interaction between COO− and M+ ions (Lili Zhang 
et al., 2020). By adopting the combined stabilizing and reducing actions 
of TCNC and TSC, isotropic spherical Au NPs with size about 15 ± 2 nm 
bounded to well-dispersed network of TCNC were synthesized. Nearly 
an array of Au NPs of uniform size and shape signifies the action of 
carboxyl ends as nucleation sites in the TCNC support. The preferential 
anchoring of Au (0) NPs at the carboxyl groups by replacing Na+ ions of 
nanocellulose chains were obtained as shown in Fig. S2a and b. The high 
probability of formation of an intercalated network bed by both inter 
and intramolecular hydrogen bonds of TCNC in aqueous media creates 
perfect anchoring sites for Au NPs without any coagulation as indicated 
by the zeta potential value, − 33 mV (Table S1). Later, the as-prepared 
Au seeds bounded with TCNC were used for Pd shell coating without 
any purification. Five aliquots of as-prepared TCNC-Au seeds were 
mixed with different quantities (50, 100, 150, 200, and 250 μL) of 
equimolar ascorbic acid (AA) and Pd precursor at pH, 8. As expected a 
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uniform Pd shell growth, preferably over the TCNC bounded Au seeds 
was formed since Pd can form layer by layer on Au core (Chen, Li, Zhang, 
Zhang, & Fan, 2011; Lu, Prasad, Wu, Ho, & Huang, 2010; Yang et al., 
2011). 

After subsequent additions of 50 μL, ascorbic acid, and Pd precursors, 
the color of colloid changed from wine red to light brownish-black; 
however, no apparent Pd shell formation was observed, as evident 
from Fig. 1b. Succeeding to the addition of 100 μL of the reagents 

resulted in a petal-like Pd shell appearance over the Au core (Fig. 1c). 
This was distinguishable by the contrast variations arises due to the 
discrepancy in electron density between Au and Pd, instead of epitaxial 
growth of Pd layer over the Au core as described elsewhere (Fang et al., 
2011). Presence of TCNC could not be witness from the TEM images 
since no heavy metal staining agents were used to distinguish between 
the nanocellulose and metal nanoparticles. Nevertheless, a network of 
TCNC may be visible even at low magnification in a few regions due to 

Scheme 1. Cartoon describing various steps for synthesis of Au@Pd nanoflowers bounded with the TCNC.  

Fig. 1. TEM images (a) TCNC-Au NP seeds, (b–f) TCNC-Au@Pd NFs containing an Au core and Pd petal-like shells obtained after mixing of different quantities of 
equimolar ascorbic acid (50, 100, 150, 200 and 250 μL) and Pd precursor at pH, 8. 
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the presence of metal NPs (Fig. S3). Further an increase in the amounts 
of reagents, from 150 to 250 μL resulted an incremental increase in the 
number of petals of size range, 3–5 nm as revealed from Fig. 1(d–f). The 
HR-TEM image and FFT pattern of TCNC-Au@Pd NF structures obtained 
during the initial stages of Pd shell growth after the addition of 50 μL 
ascorbic acid and Pd precursor (a–c); and the Pd petals growth after the 
addition of 200 μL (d–g) are shown in Fig. 2. 

We observed that at lower Pd precursor concentrations, the shell was 
indistinguishable, and the lattice fringes observed in the higher 
magnification images and FFT spot pattern signifies the presence of the 
(111) crystalline plane as the dominant plane corresponds to Au. 
Whereas in Fig. 2d, a fully formed Pd petals over Au surface, camou
flaging TCNC-Au seed was observed. As a result, the lattice fringes of Au 
core were unattainable, whereas the lattice fringes corresponding to 
(111) planes of Pd were obtained from petals areas as shown in Fig. 2 
(d–f). The corresponding FFT patterns obtained from these petals sup
ports the above findings (Fig. 2c, and g). In general, the HR-TEM images 
of initial and intermediate shell thickness (petals) confirmed that Au is 
present as core and Pd as petal-like shell in the TCNC-Au@Pd NF 
structures, and significant alloying has not occurred. 

As the number of Pd petals augmented, the average size of the TCNC- 
Au@Pd NF structures varies from 18 ± 2 nm to 32 ± 2 nm [Fig. 3(a–f)]. 
Fig. 3g shows the low magnification TEM image of TCNC-Au@Pd NFs 
which present the distribution of the Au@Pd NFs with uniform geometry 
in the entire area. To further affirm the formation of TCNC-Au@Pd NFs, 
UV–Visible absorption spectra were recorded (Fig. 3h). It is observed 
that an obvious surface plasmon absorption at 527 nm which is char
acteristic for Au NPs. Interestingly, this surface plasmon band of Au 
gradually diminishes up on increasing the amounts of Pd precursors 
from 50 to 250 μL, and finally no observable plasmonic band in the 
visible region corresponding to Pd nanoparticles (Lee et al., 2008). 
These results suggest that the morphology of TCNC-Au@Pd NFs having 
Au confined in the core with Pd shell coating on the of nanostructure 
(Scott, Wilson, Oh, Kenik, & Crooks, 2004; Xu et al., 2011). Besides, as- 
synthesized TCNC-Au@Pd NF structures with different Pd compositions 
maintained excellent colloidal stability as revealed by the zeta potential 
values (Table S1). The TCNC-Au@Pd NFs (Pd-200) colloid revealed the 

highest zeta potential value of − 50.0 mV, and we have not observed any 
significant sedimentation even after six months (Fig. S4). The yield of 
TCNC-Au@Pd NFs is estimated to be about 75 % using ICP-MS and 
quantified the ratio of Au:Pd and found to be approximately 1:2 ratio for 
TCNC-Au@Pd NFs (Pd-200), which was reported for the better catalytic 
performance of this bimetallic system (Kelly et al., 2018). 

Fig. 4a illustrates the XRD pattern of synthesized TCNC-Au NPs seed 
which includes diffraction peaks corresponding to nanocellulose and 
metallic Au. The peaks at 2θ = 12.36◦, 20.28◦, and 22.23◦ are due to the 
characteristic diffraction peaks of cellulose II, indexing the planes 
(1− 10), (110) and (200), respectively. The diffraction peaks observed 
after 2θ = 35◦, exactly at 38.28◦, 44.61◦, 64.48◦, 77.4◦ and 81.35◦

indicate significant matching with the typical diffraction pattern of fcc 
Au NPs corresponded to the planes (111), (200), (220), (311), and (222), 
respectively (JCPDS no. 00-004-0784). The overall narrow and promi
nent XRD patterns validated the complete formation of crystalline Au 
NPs embedded in the intercalated TCNC network. Fig. 4b, XRD pattern 
of TCNC-Au@Pd NFs demonstrates a slight shift in the peak positions of 
above-signified planes after Pd shell coating, which nearly matches with 
the standard diffraction pattern for metallic fcc Pd (JCPDS no. 00-005- 
0681) with diffraction peaks corresponding to TCNC. The prominent 
crystalline peak of (111) plane at 38.28◦ in TCNC-Au and TCNC-Au@Pd 
affirmed that the TCNC well covered this plane, which is in consensus 
with the TEM observations. Compared to the diffraction pattern of 
TCNC-Au NPs seed and TCNC-Au@Pd NFs (Fig. 4), after Pd shell coating 
a significant decrease in the intensity diffraction peaks of TEMPO- 
oxidized cellulose nanocrystals (TCNC) was observed. These random 
decrease in the crystallinity of semi-crystalline polymer arises mainly 
due to the disturbance in crystallinity by the coordination interaction 
between polymer and the metal introduced to the composite (Farea, 
Abdelghany, & Oraby, 2020; Ragab & Rajeh, 2020). This would infer 
that here occurs a strong intermolecular interaction between the Pd NPs 
and TEMPO-oxidized cellulose nanocrystals resulting from the oxophi
licity of Pd (Rezayat et al., 2014). Therefore, our XRD results suggest an 
inevitable role of the TEMPO-oxidized cellulose nanocrystals for 
directing the flower-like morphology instead of the epitaxial growth of 
Pd over Au NPs. 

Fig. 2. HR-TEM images and their corresponding FFT patterns of TCNC-Au@Pd NFs at various Pd shell coating: Pd-50 (a–c) and Pd-200 (d–g).  
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The chemical states of the major elements present in the TCNC- 
Au@Pd NFs system were investigated by XPS. The narrow scans of 
major elements of TCNC-Au@Pd NFs are given in Fig. 5(a–d). Particu
larly, the narrow scan of Pd3d showed two doublets (Fig. 5a) with 
relatively high intensity at 335.15 and 340.45 eV with a binding energy 
separation of 5.30 eV are assumed to have originated from 3d5/2 and 
3d3/2 of Pd (0). The deconvolution of doublet pairs can be fitted with an 

additional peak of low intensity at 336.48 and 341.84 eV, attributed to 
the binding energy of Pd2+ species. These low intense Pd2+ species were 
unlikely due to the surface partial oxidation of Pd NPs during the sample 
preparation while drying since Pd is very sensitive to oxygen. Fig. 5b is 
the deconvoluted spectrum of Au 4f region of Au NPs showing Au(0) 4f7/ 

2 and Au(0) 4f5/2 doublets situated at 83.5 and 87.2 eV, respectively 
with an energy separation of 3.6 eV, which is consistent with the typical 

Fig. 3. (a–f) The TEM images of single TCNC-Au@Pd NF showing an increment in the number of the Pd petals obtained after the coating with different quantities of 
the Pd precursors, (g) TCNC-Au@Pd NFs at low magnification and (h) the corresponding UV–Visible absorption spectra. 

Fig. 4. XRD patterns of (a) TCNC-Au NPs seed and (b) TCNC-Au@Pd NFs (Pd-200).  
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spectrum for metallic Au(0) (Yang et al., 2020). Further the narrow- 
scans of C1s and O1s obtained (Fig. 5c and d) indicate the presence of 
TEMPO-oxidized nanocellulose crystals as the template for Au NPs. The 
C1s spectrum is composed of four distinct peaks at 284.6 (C–C, C–H), 
286.18 (C–O), 287.62 (COO-Au), and 288.7 eV (COO− ), respectively. 
The peak at 288.7 eV is assigned to carboxyl functionalization during the 
TEMPO-oxidation. The peak at 287.62 eV strongly supported the fact 
that the Au NPs are connected to carboxyl groups of TCNC since these 
two peak positions are attributed to free carboxyl moieties and coordi
nated carboxylates, respectively (Caporali, Muniz-Miranda, Pedone, & 
Muniz-Miranda, 2019; Park & Shumaker-Parry, 2014). The core-level 
spectrum of O1s also be deconvoluted to two peaks with binding en
ergies, 531.4 (O––C) and 532.4 eV (O–C) (Sadri et al., 2017). The na
ture of binding of Au NPs and TCNC is further analyzed by comparing 
the deconvoluted spectra of Au4f of nanocellulose capped Au NPs (seed) 
and TSC capped Au NPs (synthesized in absence of TCNC). Fig. S5 shows 
two distinct peaks of Au(0) 4f7/2 and Au(0) 4f5/2 assigned to 83.55 and 
87.15 eV for TCNC-Au NPs; and 83.3 and 86.9 eV for TSC-Au NPs, 
respectively. This slight shift in the binding energies of the spin-orbit 
components of the TCNC capped Au NPs compared to that of the TSC 
capped Au NPs towards higher binding energies supports the effectual 
wrapping of Au NPs by TCNC and only possess lower electron density 
than TSC-Au NPs (Lili Zhang et al., 2020). These XPS results further 
confirmed the applicability of the carboxyl functional groups as nucle
ation sites for Au ions, and thereby generation of immobilized Au NPs 
embedded in the TCNC intercalated network resulted in unprecedented 
colloidal stability. 

Fig. S6 shows the FTIR spectra of TCNC and TCNC-Au@Pd NFs 
represent the qualitative analysis of interactions between TCNC and 
Au@Pd NFs formed on the TCNC templates. First, the FTIR spectrum of 
TCNC shows peaks at 3446 cm− 1 (broad; -OH stretching), 2908 cm− 1 

(C–H stretching), 1612 cm− 1 (C––O stretching of COO− group), 1414 
cm− 1 (C–O stretching of COO− group), and 1056 cm− 1 (C–O–C 
stretching) (Purwidyantri et al., 2020). After in-situ synthesis of Au@Pd 
NFs over TCNC, the FTIR spectrum of TCNC-Au@Pd NFs also includes 
the above characteristic vibrational peaks of cellulose indicates the 
minor change in the chemical structure of cellulose by incorporating 
nanoparticles to TCNC template. In closer observation, the intensities of 
all characteristic IR absorption peaks, especially cellulose, were dimin
ished in TCNC-Au@Pd NFs, which indicates the adhesion of Au@Pd NFs 
on the hydroxy groups of the nanocellulose crystals (Purwidyantri et al., 
2020). A significant reduction in the intensity and shift in the –OH 
stretching vibration from 3446 to 3434 cm− 1 was also observed which 
can be resulted from the interaction between Au@Pd NFs and –OH 
groups of TCNC (Eisa, Abdelgawad, & Rojas, 2018). 

3.2. Role of TCNC in morphology evolution of TCNC-Au@Pd 
nanoflowers 

We investigated the basis of the structure-directing capabilities of 
TCNC for the shape selective colloidal synthesis of distinct flower-like 
Au@Pd NPs. To investigate this hypothesis, the synthesis of Au@Pd 
NPs was carried in the absence of TCNC, keeping all other parameters 
constant. A comparison between the TEM micrographs of Au@Pd syn
thesized with and without TEMPO-oxidized cellulose nanocrystals shine 
light on the shape-directing capability of TCNC. Fig. 6a and b shows the 
TEM images of TCNC-Au@Pd NFs whereas Fig. 6c and d presents the 
bare Au@Pd NPs in the absence of TCNC. Initially, the carboxyl func
tional groups in TCNC could tightly bound the Au NPs followed by the 
capping of Au NPs. Subsequently, the electron-rich hydroxy groups 
present in nanocellulose will function as the nucleation or anchoring 
sites for Pd clusters in the solution by ascorbic acid (AA) reduction 

Fig. 5. XPS narrow scans of TCNC-Au@Pd NFs (Pd-200) (a) deconvoluted spectra of Pd 3d, (b) Au 4f, (c) C1s, and (d) O1s, respectively.  
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during the shell coating. The Pd cluster-like small NPs (3–5 nm) formed 
by the AA reduction in the solution can be quantitatively deposited at 
the surface hydroxy groups of TCNC that collectively capped the Au NPs, 
then comprehensively ad-layers on Au core (Shin, Bae, Arey, & Exarhos, 
2008). A successful formation of cluster-like small Pd NPs in solution 
before the aggregation over the Au NPs seed was observed from some of 
the TEM images captured during the Pd shell coating process by seed- 
mediated synthesis route (Fig. 6b). A more or less similar cluster 
mediated growth mechanism was reported by Xu et al. and Lim et al., 
respectively for the growth of Au@Pd NFs and Pt dendrites capped Pd 
core by utilizing high molecular weight PVP (Lim, Jiang, Yu, Camargo, 
& Xia, 2010; Xu et al., 2011). In our study, the epitaxial growth of Pd 
shell, about 7–8 nm over citrate capped Au seed was observable without 
any formation of anisotropic morphologies by Pd coating (Fig. 6c and d). 
Based on the above observations, a possible morphology evolution 
mechanism and shape-directing capability of TCNC is proposed (Scheme 
1). 

The shape-directing ability of TCNC for nanoengineered core-shell 
Au@Pd NFs arises from the fact that the inherent –OH groups that 
electrostatically bound to Pd clusters could enable the merging of Pd 
clusters, thereby inhibiting the growth of perfect epitaxial Pd shell over 
Au seed. Nucleation and subsequent growth process of a bound Pd or any 
metal clusters would progress slowly followed by release and migration 
towards Au seed or any metal core, leading to the generation of aniso
tropic morphology (Jiang & Hsieh, 2014). The constrained capture of Pd 
clusters by the electrostatic interaction of oxygen atoms of polar –OH 
groups of TCNC resulted in a gradual reduction in the overall crystal
linity of TCNC after the Pd shell coating (Azizi et al., 2013; Wu et al., 
2013), which was evident from the XRD analysis. Concisely, numerous 

hydroxy functional groups present in the TCNC hinder the direct 
epitaxial deposition of Pd shell over Au core, directing to the creation of 
small clusters like Pd NPs of 3–5 nm size, which will further be aggre
gated as petals around Au NPs. Whereas in the absence of TCNC, free Pd 
clusters were formed in the solution, preferably deposit in the (111) 
plane of Au core and grow quickly into a uniform shell. Even though the 
shape regulating ability of TEMPO-oxidized nanocellulose fibers was 
first mentioned by Jiang et al. to form Ag nanoprisms using H2O2 as an 
etching agent (Jiang & Hsieh, 2014). Our study is the initial step for 
presenting TCNC as a potential and bio-sourced shape-directing and 
capping agent for the preparation of bimetallic core-shell NPs, especially 
Au@Pd NFs, without the presence of any etching or co-capping agents. 

3.3. Catalytic performance of TCNC-Au@Pd NFs 

A reduction in the size of Pd-based metal catalysts is extremely 
desirable since shorter dimensions may provide more number of cata
lytically active sites by unit mass. The TCNC-Au@Pd NFs system nano
engineered in our study may catalytically be more active because it is 
enriched with a large count of small petal-like Pd NPs around the TCNC 
bounded core. Since the hydrophilic nature of the catalyst may hinder its 
catalytic activity and recyclability, we amalgamated amine functional
ized reduced graphene oxide (NH2-RGO) as an acceptable support for 
the system. Therefore, the TCNC-Au@Pd NFs were decorated over NH2- 
RGO nanosheets by the electrostatic interaction without losing any 
structural change and stability. Thus the heterogeneous TCNC-Au@Pd 
NFs/NH2-RGO catalyst was fashioned by an aqueous solvent assisted 
mixing of TCNC-Au@Pd NFs with NH2-RGO (obtained from RGO pre
pared by Hummers method followed by amino functionalization). Fig. 7 

Fig. 6. TEM images of (a) TCNC-Au@Pd NFs (Pd-200); (b) cluster-like small Pd NPs (3–5 nm) captured during Pd shell coating over Au NPs seed solution and (c–d) 
citrate capped Au@Pd NPs (Pd-200). 
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(a–c) shows the successful functionalization of TCNC-Au@Pd NFs over 
NH2-RGO sheets uniformly without any significant change in structure 
and sign of aggregation. 

3.4. Oxygen reduction reaction in alkaline medium (ORR) 

Electrocatalytic performance of our synthesized catalysts and stan
dard was measured towards ORR by rotating disc electrode (RDE) 
method in 0.1 M KOH at 1600 rpm of the working electrode by satu
rating the solution with O2. The ORR polarization curves (LSV curves) 
recorded for a series of the catalysts, including commercial 20 wt% Pd/C 
(control sample) profiled in Fig. 8. All the potentials were reported on 
the RHE scale and the current densities got were normalized to the 
geometric area of the electrode. Both the onset potential and half-wave 
potential (E1/2) showed a positive trend in the order TCNC-Pd NPs/NH2- 
RGO < TSC-Au@Pd NPs/NH2-RGO < TCNC-Au@Pd NFs/NH2-RGO ≈
Pd/C (Std.). Compared to TCNC-Pd NPs/NH2-RGO, both TSC-Au@Pd 
NPs/NH2-RGO and TCNC-Au@Pd NFs/NH2-RGO exhibited a positive 
shift in both onset potentials and E1/2, revealing the effect of the 
bimetallic system (Au@Pd) towards the electrocatalytic activity. 

Whereas further enhancement in the TCNC-Au@Pd NFs/NH2-RGO sys
tem compared to TSC-Au@Pd NPs/NH2-RGO may evolve from its 
flower-like constructs with a high electrochemically active surface area 
which improves the ORR kinetics and reduces the overpotential. Addi
tionally, decoration of Au@Pd NFs over amino functionalized graphene 
oxide nanosheets induced long-term stability of the catalyst without any 
agglomerations. The TCNC-Au@Pd NFs/NH2-RGO system performed as 
a better electrocatalyst towards ORR compared to its counterpart sys
tems with an onset potential of about 0.94 V, which is almost close to 
that of the standard Pd/C. This enhancement may have resulted from the 
consecutive effects of strain (lattice mismatch), ligand effect, and elec
tronic modifications (Xue et al., 2018). The diffusion limiting current 
density (mA/cm2) obtained for TCNC-Au@Pd NFs/NH2-RGO of about 
− 4.4 mA/cm2 at 1600 rpm stands out as another important performance 
indicator, implying the promising activity of the system. Also, this 
limiting current density is slightly higher compared to that of the stan
dard Pd/C (− 3.5 mA/cm2), and that obtained for homogeneous TCNC- 
Au@Pd NFs colloids during our primary ORR studies signified the 
importance of further modifications in the system by optimizing gra
phene content. It has been reported that, higher graphene content will 

Fig. 7. (a–c) TEM images of TCNC-Au@Pd NFs decorated NH2-RGO nanosheets.  

Fig. 8. The ORR polarization curves of commercial Pd/C (20 wt%), TCNC-Au@Pd NFs/NH2-RGO, TSC-Au@Pd NPs/NH2-RGO, and TCNC-Pd NPs/NH2-RGO catalysts 
in 0.1 M KOH solution recorded at a scan rate of 10 mV/s and an electrode rotation speed of 1600 rpm. 
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reduce the limiting current density (Das et al., 2020). In this report, 
however, more detailed investigations in the TCNC-Au@Pd NFs/NH2- 
RGO catalyst towards ORR performance were not included since our 
primary aim was to highlight on the evolution of shape-directing 
capability of nanocellulose, as a bio-sourced alternative to the conven
tional capping agents. 

3.5. Catalytic 4-nitrophenol (4-NP) reduction 

4-Nitrophenol to 4-aminophenol (4-AP) reduction is a conventional 
catalytic reduction reaction and still outweighed as the benchmark to 
demonstrate the efficacies of newly proposed catalysts. Since both 4-NP 
(4-nitrophenolate ions) and 4-AP exhibit evident absorption in the 
UV–Visible region, monitoring of the reduction process is studied using 
UV–Visible absorption spectroscopy. 4-NP showed an absorption band 
at 400 nm in the presence of NaBH4 as a reducing agent, and the 
newborn 4-AP could show an absorption maximum at 300 nm. Au, Pd, 
especially Au–Pd metal NPs are the best candidates to catalyze the 4-NP 
reduction (Chen et al., 2014). However, template-supported metal NPs 
will improve the catalytic properties and relieve the soaring price of 
catalysts by recycling them as heterogeneous catalysts. The ultimate 
selection of most active Pd shell thickness over TCNC-Au core in TCNC- 
Au@Pd NFs/NH2-RGO catalyst for the 4-NP reduction was done by the 
spectral monitoring of 4-NP reduction by using constant quantity of 
catalysts (0.1 mg) and at exact time interval, 2 min (Fig. S7a). As indi
cated by the highest zeta potential value, excellent stable geometry with 
high surface area and adequate Au:Pd composition ratio suitable for 
catalysis; TCNC-Au@Pd NFs/NH2-RGO with Pd-200 shell thickness 
came to first place with best catalytic activity. 4-NP reduction was also 
monitored with a series of catalysts used earlier in the ORR section and it 
also profiled the superior catalytic activity of our TCNC-Au@Pd NFs/ 
NH2-RGO. The order of the catalytic activity from the lowest to the 
highest is, TCNC-Au NPs/NH2-RGO < Pd/C (Std.) < TCNC-Pd NPs/NH2- 

RGO < TSC-Au@Pd NPs/NH2-RGO < TCNC-Au@Pd NFs/NH2-RGO 
(Fig. S7b). The superior catalytic activity of TCNC-Au@Pd NFs/NH2- 
RGO might have rightfully came from the synergic influence of the size, 
shape, stability, composition of nanoparticles as well as the presence of 
specific templates or supports which supplemented the detrimental ef
fect of some conventional capping agents (Menumerov, Hughes, & 
Neretina, 2016). 

Fig. 9(a–b) depicts the successful demonstration of TCNC-Au@Pd 
NFs/NH2-RGO as an efficient catalyst towards 4-NP reduction. The 
reduction reaction was completed within 3 min even in the presence of a 
minute quantity of catalyst (0.05 mg) and showed significant enhance
ment upon increasing the amount to 0.1 mg. Reaction proceedings could 
be monitored by a gradual drop in the absorption maxima of 4-NP and 
concomitant appearance of absorption of 4-AP and by the bleaching of 
the yellow color of 4-NP. 

Fig. 9c shows the linear correlation of ln(Ct/C0) versus reaction 
completion time (min) since reaction rate independent of the concen
tration of reducing agent, and linear fitting was successful with corre
lation coefficients 0.9714 (0.05 mg) and 0.9874 (0.1 mg) consistent with 
the fact that catalytic 4-NP reduction followed pseudo-first-order ki
netics (Hakkeem et al., 2021). The rate constant of the reduction, esti
mated from the slope of the plot ln (Ct/C0) versus time, was 30.63 ×
10− 3 s− 1 for 0.1 mg of TCNC-Au@Pd NFs/NH2-RGO catalyst. Table S2 
compares the efficiency of our catalyst with the results reported by other 
researchers, especially with nanocellulose supported catalysts. It is 
remarkable that the excellent catalytic activity of TCNC-Au@Pd NFs/ 
NH2-RGO in 4-NP reduction; therefore, it is a burgeoning environmental 
benign candidate in the realm of catalysis. Electron transfer between 
electron-rich Au to Pd, relatively high surface area, back-bone made by 
electron-rich amino-functionalized reduced graphene oxide, and pre
vention of self-aggregating during synthesis and storage are the answers 
to why this catalyst shows superior catalytic activity. TCNC-Au@Pd 
NFs/NH2-RGO can be effortlessly recovered by centrifugation after 

Fig. 9. Real-time spectroscopic monitoring of 4-NP catalyzed by (a) 0.05 mg, (b) 0.1 mg of TCNC-Au@Pd NFs/NH2-RGO, and (c) corresponding reaction ki
netic plots. 
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completion of the reaction and can be reused at least five times without 
any remarkable reduction in the catalytic efficiency (Fig. S7c). 

4. Conclusions 

In summary, we demonstrated a biomass-derived TEMPO-oxidized 
cellulose nanocrystal as a structure directing agent to synthesize intri
cate Pd-based bimetallic nanostructures which exhibited competent 
electrocatalytic activity. Firstly, the spherical Au NPs of diameter, 15 ±
2 nm were formed on the TCNC which served as seed for the subsequent 
petal-like epitaxial growth of Pd resulted in the formation of flower- 
shaped Au@Pd nanostructures of size, 32 ± 2 nm. Our results 
revealed that the presence of –OH rich TCNC pursue a key role in the 
systematic evolution of nanoparticle morphology. The –OH groups in 
the TCNC that are not bound to the Au seed surface further serve as the 
binding sites for Pd nanoclusters (NCs). Consequently, the TCNC pro
moted the coalescence of cluster-like Pd NPs to a certain size and sta
bilize them against further agglomeration. Furthermore, a 
heterogeneous catalyst was designed by adorning TCNC-Au@Pd on 
NH2-RGO nanosheets and successfully demonstrated in ORR and 4-NP 
reduction reactions. Comparison of the electrocatalytic activity with 
citrate capped Au@Pd nanostructures revealed that TCNC-Au@Pd/NH2- 
RGO system exhibited enhanced ORR catalytic behavior. Our study 
could pave way for further research on the potential use of green sus
tainable nanocellulose as a benign, shape-regulating agent in the realm 
of nanochemistry for the development of bio-sourced fuel cell compo
nents, however more research is underway. 
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High-Performance Au Nanorods as SERS
Substrates for Environmental Monitoring
Facilitated by the Organizing Power
of Nanocellulose from Agave Palm Leaves,
a Bio-Waste

Hasna M. Abdul Hakkeem, Aswathy Babu, and Saju Pillai

Abstract

In search of a biocompatible and sustainable platform for
surface-enhanced Raman scattering (SERS) studies,
nanorods with a high aspect ratio of coinage metals such
as gold, silver, and copper augment the peak intensity, but
the shelf life of metal nanoparticles is questionable. Here,
we report the synthetic strategy of parallelly aligned
nanorods achieved by the synergetic action of carboxyl-
functionalized nanocellulose fibers (TNCF) and cetyl
trimethyl ammonium bromide (CTAB) as both reducing
and capping agents. The synthesized parallel nanorods
shows excellent SERS enhancement down to 10−7 M
concentration of methylene blue and 0.1 ppm of thiram
(pesticide). Additionally, TEMPO-oxidized nanocellulose
fibers-supported nanorods colloid showed excellent shelf
life. Our approach using TEMPO-oxidized nanocellulose
fibers-supported Au nanorods can be considered an
efficient and reproducible surface-enhanced Raman scat-
tering substrate environmental monitoring.

Keywords

TEMPO-oxidized nanocellulose fiber � Au nanorods �
Surface-enhanced Raman scattering (SERS) � Pesticide

Highlights

• We developed nanorods of gold of about 50 nm size
supported with TEMPO-oxidized nanocellulose.

• The synthesized colloid of Au nanorods exhibited
excellent Raman signal enhancement due to numerous
hotspot generation.

• We demonstrated ultra-trace detection of analyte methy-
lene blue up to 10−7 M and pesticide thiram up to 0.1 ppm
with Au/TNCF nanorods as the solid-state substrate.

1 Introduction

Surface-enhanced Raman scattering (SERS) is an ingenious
extension of plasmon resonance theory of metallic nanos-
tructures (Betz et al. 2014; Fateixa et al. 2015; Ouyang et al.
2017). SERS becomes prominent by the sponsorship of
coinagemetals. These metals (Au, Ag, Cu) can be tailored into
nano-dimensions with exhilarating light-reflecting properties,
and that is an excellent platform for catalytic, drug delivery,
bio-imaging, sensing, energy harvesting, etc. (Eo et al. 2013;
Dharmatti et al. 2014; Chauhan et al. 2018; Song et al. 2015;
Zhang et al. 2019; Maaza et al. 2005; Kana Kana et al. 2010;
Dakka et al. 2000; Vijaya et al. 2017; Shah et al. 2018; Aisida
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et al. 2019). In which, SERS is a most conceivable technique
that allows the detection of analytes in trace amounts enabled
by the augmentation of electromagnetic fields created by the
excitation conduction electrons (Jiang et al. 2018; Wu et al.
2015). The current world is passing through amerciless way of
business, even in the food industry. Nowadays, the daily diet
contains many toxic chemicals in addition to nutrients that are
even capable of causing human death. These poisons are
masked by nicknames such as food preservatives, adulterants,
coloring agents, flavoring agents, acidity regulators, stabiliz-
ers, herbicides, and pesticides, with different codes and hides
under ambrosial food items. These ominous chemicals may
contain aflatoxins that are carcinogens. There are varieties of
purposes to ensure the safety of food in different countries. The
accuracy and precision of these analysis results decidewhether
these products are permitted or not. There are several methods
such as liquid chromatography–mass spectrometry (LC–MS)
(Jemal 2000), high-performance liquid chromatography
(HPLC) (Neue and El Fallah 1997), gas chromatography–
mass spectrometry (GC–MS) (Hübschmann 2015),
enzyme-linked immunosorbent assays (ELISAs) (Crowther
1995), LC-MS/MS (Jemal 2000), and GC–MS/MS (Alder
et al. 2006). However, these tandem techniques are expensive,
arduous, and lower detection limits. Nevertheless, these
chemicals tolerant levels are in ppm. Therefore, SERS is a new
modest and efficient technique that detects analytes even in aM
concentration, which is an interesting task for the research
world, and several new ideas in sensing are published recently
(Nabeela et al. 2016).

One of the crucial obstacles is the complexity in the
fabrication of anisotropic metal nanostructures with high
chemical stability and sensitivity. Of these metals, Ag plays
a crucial role in most of the next-generation plasmonic
technologies with the hurdle of instability due to fast sul-
furation and oxidation (Rycenga et al. 2011). However, Au
NPs are comparably chemically inert and biocompatible (Hu
et al. 2006). Aforementioned, complexity in the tailoring of
metal nanostructures is a severe dilemma. Morphology of
metal nanostructures can be tuned by using capping agents
such as CTAB (Rodríguez-Fernández et al. 2005; Chen et al.
2003; Moon et al. 2009), CTAC (Nezhad et al. 2008; Yoo
and Jang 2013), PVP (Liu et al. 2010; Pastoriza-Santos and
Liz-Marzán 2002), etc., that will fabricate particular nanos-
tructures like rods (Sau and Murphy 2004; Qiu et al. 2010;
Chang et al. 2005), prisms (Millstone et al. 2006; Lee et al.
2014), cubes (Skrabalak et al. 2007; Ma et al. 2010), and
disks (Hong et al. 2011) by preferably attaching on specific
crystal planes and suppress growth in that specific direction.
For example, PVP adsorbs at {100} crystal plane, whereas
citrate at {111} plane in the synthesis of nanostructures
(Nabeela et al. 2016; Koczkur et al. 2015; Ji et al. 2007).
Apart from this truncating property, the shelf life of metal
nanostructures is still questionable. Au nanorods are

extensively utilized in SERS for both bio-sensing and
environmental monitoring (Liu et al. 2018; Ou et al. 2018).
Dimensions of nanoparticles, alignment, and aggregation
were proven to have better SERS sensitivity. Au nanorods
exhibit two plasmon bands known as longitudinal and
transverse, sensitive to the aspect ratios of nanorods.

Xu et al. published a paper recently about enriching Au
nanorods induced by the ultrasonic aggregation for
bio-sensing (Xu et al. 2020). Peng et al. demonstrated the
self-assembly of vertically aligned Au nanorods for the
SERS detection of food contaminants (Peng et al. 2013).
Martin et al. compared the enhancement in SERS by parallel
and perpendicular aligned nanorods (Martín et al. 2014).

Here is the pivotal attraction of nanocellulose to create a
complete network by hydrogen bonds that prevent aggrega-
tion of nanoparticles. Nanocellulose-mediated synthesis of
metal nanoparticles is a burgeoning field and gained great
attention due to its capability to design innocuous synthesis
routes and unprecedented stability of metal nanoparticle col-
loids (Kaushik and Moores 2016). Many reports are dealing
with metal NPs decorated nanocellulose fibers, and their
applications were explored in catalysis (Chen et al. 2015; Eisa
et al. 2018), hydrogels (Tang et al. 2018), antimicrobial
research (Shi et al. 2015), SERS (Golmohammadi et al. 2017;
Park et al. 2013), etc. TEMPO-oxidized nanocellulose is a
sustainable bio-material that furnishes a platform for design-
ing eye-catching anisotropic nanostructures metals by its
inherent reducing and capping ability (Nabeela et al. 2016).
Here, the carboxyl groups of TEMPO-oxidised nanocellu-
lose acts as an anchoring site for the nanoparticles
and fiber nature of nanocellulose fulfills the role of a com-
plete capping agent, which imparts unpredictable stability.
Only a few reports explored the nanocellulose-mediated
synthesis of nanoparticles. However, Au nanorods synthesis
with nanocellulose has not been explored.

In the present work, we have developed TEMPO-oxidized
nanocellulose (TNCF) derived from agave palm leaves as a
sustainable matrix for the growth of stable Au nanorods. This
finding is novel in aspect that there is no other report
regarding the highly reproducible method for preparing par-
allel Au nanorods supported by TNCF. Synthesised
nanocellulose-supported noble metal nanoparticles competi-
tive assay were used to establish the ultra-trace detection of
analytes (methylene blue and thiram) enabled by SERS.

2 Experimental Section

2.1 Materials

Agave palm leaves were used for TNCF extraction. TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl) (99%), sodium bro-
mide (99%), sodium hypochlorite (5% active chlorine), gold
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(III) chloride trihydrate (99%), cetyl trimethyl ammonium
bromide (CTAB), L-ascorbic acid, methylene blue, and
thiram were bought from Sigma–Aldrich. All other chemi-
cals used were analytical grade such as sodium hydroxide,
hydrochloric acid, and acetic acid. All chemicals were used
without further purification, as they were provided. Ultra-
pure 18.2 M resistivity deionized (DI) water was used
throughout the synthesis.

3 Materials and Methods

3.1 Preparation of Nanocellulose

Pretreatment of crushed agave palm leaves generally pro-
ceeds with an aqueous alkali hydroxide, mostly sodium
hydroxide treatment. Ten grams of crushed agave palm
leaves was weighed accurately and soaked in 15 wt% NaOH.
The mixture was stirred for 4 h. Bleaching of mercerized
fiber was done by mixing with 1.7 wt% sodium chlorite at
150 °C at pH 4. The substance was collected, filtered, thor-
oughly washed, dried, and desiccated (Nabeela et al. 2016;
Lani et al. 2014). TEMPO-mediated oxidation was done with
1 g of hollow cellulose, 0.032 g of TEMPO, 0.32 g of NaBr,
and 10 mL of NaClO, and 290 ml DI water was well stirred
at pH 10–11 using NaOH throughout the reaction, followed
by 1-h ultra-sonication. After a one-hour reaction, it was
quenched, washed, freeze-dried, and desiccated for further
use (Saito et al. 2007; Isogai et al. 2011).

3.2 Synthesis of TNCF-Supported Au Nanorods

TNCF-supported Au nanorods were synthesized by using
the synergic effect of TNCF, CTAB, and ascorbic acid. In
brief, 250 ml mixture containing 0.25 wt.% well-dispersed
TNCF, 9 g CTAB, 1 mM HAuCl4, 0.06 M ascorbic acid,
and Au seed solution of 3 nm was taken in a beaker and
undisturbed overnight. The prepared gold nanoparticles were
cooled and stored at 4 °C for further studies.

3.3 SERS Studies

Different concentrations of methylene blue (10−3, 10−5, and
10−7 M) and thiram (240, 1, and 0.1 ppm) were prepared
and mixed with previously synthesized Au nanorods in a 1:3
ratio, and about 10 µl of the solution was dropped in a
precleaned glass slide and dried in a vacuum. Glass slides for
SERS studies were cleaned by sonicating washed glass
slides in ethanol and acetone for 10 min, followed by
cleaning by ozonizer for further 10 min. All the SERS
studies are done only in solid state.

4 Results and Discussion

Nanocellulose fibers were isolated by TEMPO oxidation
from the agave palm leaves accompanied by ultra-
sonication. Apart from the FTIR spectra of holo-cellulose,
there is an intense peak at 1606 cm−1 in the TEMPO-
oxidized nanocellulose reflecting C=O stretching. This
suggests that C-6 hydroxyl groups of D-glucose units were
converted to carboxyl groups successfully (Nabeela et al.
2016). X-ray diffraction is a universal technique to investi-
gate the crystal structure of cellulosic samples. Cellulose
structure is not purely crystalline due to the presence of
disordered (amorphous) domains. WAXS analysis of puri-
fied holo-cellulose and TNCF is presented in Fig. 1b. After
the holo-cellulose was oxidized by TEMPO/NaBr/NaClO, a
significant changes in the crystallinity indices and crystal
size were not observed. These studies indicate that the COO-

Fig. 1 a FTIR spectra and b WAXS pattern of holo-cellulose and
TEMPO-oxidized nanocellulose
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groups are generated by the TEMPO-catalyzed oxidation
and are selectively present in the cellulose microfibril surface
without any change in the internal structure crystallite of
cellulose (Isogai et al. 2011).

AFM did the morphological characterization of TNCF.
AFM images of TEMPO-oxidized nanocellulose from agave
palm leaves are shown in Fig. 2a. Dimensions of nan-
fiber has a wide range of distribution, but most of the
rod-like nanofibers’ size lies within the range 150 ± 50 nm
length and 15 ± 5 nm width as confirmed. The stability of
nanocellulose fibers was studied using zeta-potential mea-
surements. The zeta-potential value of TEMPO-oxidized
nanocellulose fiber obtained was −39.0 mV, confirming the
high stability of nanocellulose.

UV–visible absorption spectroscopy is employed to
investigate the optical properties of Au nanorods supported
by TEMPO-oxidized nanocellulose fibers (Fig. 3a). It has
been well understood that the shape, size, and composition
of nanostructures confide the position and nature of the
surface resonance peak, and all these factors ultimately affect
the enhancement of the Raman signal in SERS. The UV–

visible spectrum shows SPR peaks of Au nanorods consist of
two absorptions bands at 540 and 780 nm corresponding to
transverse and longitudinal modes. By considering
cost-effectiveness, simplicity in the synthesis, and plasmonic
properties, Ag nanoparticles are preferable, but biocompat-
ibility and low toxicity made Au nanoparticles chosen in this
work (Vijaya et al. 2017; Shah et al. 2018; Aisida et al.
2019).

Figure 3b shows representative bright-field TEM images
of Au nanorods of about 50 nm length and 15 nm width
with parallel arrangements imparted by the organizing power
of nanocellulose. The surface carboxyl groups donated this
astral organizing power of TNCF to facilitate the hotspot
generation. Au nanorods’ SERS efficiency was studied by
employing methylene blue (MB) as the model analyte
molecule. Characteristic peaks at 449 and 502 cm−1 are
correlated with the skeletal deformation mode C–N–C of
methylene blue. Peaks perceived at 772 and 1152 cm−1

correspond to C–H’s in-plane bending mode, while the peak
at 1300 cm−1 attributed the C–H in-plane ring deformation
mode. C–N symmetrical stretching and C–C ring stretching
generate peaks at 1394 and 1623 cm−1, respectively, which
are prominent in the case of Raman spectra of methylene
blue (Nabeela et al. 2016; Li et al. 2016).

Scheme 1 demonstrates the schematic model of SERS
sensitivity studies by employing TNCF-supported Au
nanorods as substrate. As shown in Fig. 4a, it is obvious that
the Raman bands of methylene blue obtained from the blank
solution (without Au nanorod substrate) of concentration
10−3 M were fragile. Additionally, the SERS spectra of
methylene blue at concentration 10−5 and 10−7 M were also
studied. Due to the high SERS enhancement efficiency of Au
nanorods, the Raman intensity is thousand times increased in
10−5 and 10−7 M methylene blue and the characteristic
Raman peaks are also prominent. These results indicate that
the methylene blue molecules were adsorbed on the Au
nanorods, hence experiencing a tremendous electromagnetic
field.

Our substrate’s reproducibility and social applicability
are evaluated by selecting thiram, the pesticide used in an
agricultural area with a 2 ppm tolerance level. The charac-
teristic peaks of thiram at 561 cm−1 are reflected in the S–S
stretch. Stretching vibrational mode of CH3N is observed at
930 cm−1, while that of C–N stretch and CH3 rock is at
1300 cm−1. Intense peaks around 1375 and 1500 cm−1 are
dedicated to C–N symmetrical stretching and CH3 defor-
mation, respectively (Chen et al. 2016; Shizhuang et al.
2014). The Raman signal enhancement of a pesticide, thi-
ram, was also studied using SERS in solid state. The SERS
spectra of thiram at different concentrations (240, 1, and
0.1 ppm) are shown in Fig. 4b in which 240 ppm is blank
(without Au nanorods). TNCF-supported Au nanorods are
used as substrate to detect thiram beyond its tolerance level,

Fig. 2 a AFM images and b zeta potential of nanocellulose
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signifying its applicability in the environmental monitoring
and food safety sectors. Multi-detection of multi-
contaminants through SERS by using our substrate is also
possible since every molecule had different Raman signals.
We attained a lower detection limit (LOD) 10−7 M, 0.1 ppm
for methylene blue and thiram, respectively, with an

analytical enhancement factor (AEF) computed based on the
specific equation.

AEF ¼ ISERS=IRAMANð Þ CRAMAN=CSERSð Þ
where ISERS is the intensity of SERS at concentration CSERS

obtained in metal nanoparticles’ presence as a substrate,
while IRAMAN and CRAMAN are in the absence of nanopar-
ticle substrate (Li et al. 2016; Wei and Vikesland 2015).
Focused on MB’s intense peak at 1623 cm−1and thiram at
1375 cm−1, AEF for TNCF-supported Au nanorods was
estimated to be 1.2 � 104 and 3.1 � 103, respectively.
A plot for comparing the SERS intensity versus concentra-
tion of MB and thiram was also given (Fig. 5), which
enlightened our substrate’s key role in SERS enhancement.
The unusual SERS enhancement in MB’s case can be
attributed to the ionic interaction between cationic MB and
negatively charged Au nanorods. Besides, when two Au
nanorods are aligned parallel, their transverse plasmon
oscillations couple each other, resulted in the maximum

Fig. 3 a UV–visible absorption spectra and b TEM micrographs of
TNCF-A-supported Au nanorods

Scheme 1 Schematics of SERS-assisted sample detection by using
Au nanorods

Fig. 4 SERS spectra of a methylene blue and b thiram
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electromagnetic field in the vicinity of analytes molecules
(Kumar and Thomas 2011).

5 Conclusion

We demonstrated a simple synthetic strategy for the Au
nanorods derived from sustainable TNCF. Here, we have
studied the role of nanocellulose as an anchoring site for the
growth of Au nanorods and tailored into parallelly arranged
Au nanorods for the easiness of hotspot generation. The
optical and morphology of Au nanorods were successfully
analyzed. Further, Au nanorods as SERS platform were used
to demonstrate ultra-trace detection of analyte molecules
(dye and pesticide). Modified Au nanorods aqueous colloid
showed excellent Raman signal enhancement ascribed by
Au and Ag’s localized surface resonance action. Ultra-trace
detections of methylene blue (up to 10−7 M) as a model
analyte and pesticide thiram (up to 0.1 ppm) in solid state
were demonstrated.
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