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ABSTRACT 

 

This chapter provides a general introduction to Green Chemistry and the materials used in 

this project: graphene oxide, carbon nanotubes, and silver and palladium nanoparticles. Then, 

details of the motivation for this research are presented. Finally, the chapter concludes with a short 

summary of the main results and highlights of each chapter.  
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1.1. Green chemistry 

 

 
Nanotechnology has emerged as one of the most transformative advancements in the past 

50 years, driving innovation across a wide range of fields by enabling the development of 

nanomaterials with precise size, shape, and functionality. However, conventional synthesis 

methods for these nanomaterials often face significant environmental challenges, including 

generating hazardous by-products and consuming non-renewable resources. In response to these 

concerns, green synthesis approaches have gained substantial attention as a more sustainable 

alternative.1 

 

The integration of green chemistry principles into nanotechnology is not just a trend but a 

necessity for the future development of nanomaterials. By employing green synthesis techniques, 

it is possible to minimize the formation of harmful by-products. including the use of plant extracts, 

microorganisms, microwave heating, and ultrasound, are being explored to create Green 

Chemistry, which focuses on designing chemical products and processes that reduce or eliminate 

the use or generation of hazardous substances, plays a crucial role in this transition. It encompasses 

the entire life cycle of a chemical product, from its inception and manufacturing to its use and 

eventual disposal. The integration of green chemistry principles into nanotechnology is not just a 

trend but a necessity for the future development of nanomaterials. By employing green synthesis 

techniques, it is possible to reduce the environmental impact of nanomaterial production and 

minimize the formation of harmful by-products. Various green synthetic methods, including the 

use of plant extracts, microorganisms, microwave heating, and ultrasound, are being exploited to 

create nanomaterials in a more eco-friendly manner.2 

 

The 12 Principles of Green Chemistry, established by Paul Anastas and John Warner,3 and 

schematically presented in Fig. 1.1, serve as a guiding framework for the development of safer and 

more sustainable chemical processes. These principles emphasize waste prevention, atom 

economy, the use of less hazardous substances, energy efficiency, renewable feedstocks, and the 

design of chemicals that degrade harmlessly after use. They also advocate for real-time monitoring 

to prevent pollution and the minimization of accident risks during chemical processes. These 

principles are increasingly being applied to the field of nanotechnology to ensure that the 

environmental and safety concerns associated with nanomaterial synthesis are addressed from the 

outset. 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nanomaterial
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/nanomaterial
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Fig. 1. 1. Principles of Green Chemistry proposed by Anastas and Warner. 

 

 

1.2. Carbon materials  

 
Carbon (C), the sixth element on the periodic table, is a Group XIV nonmetal with a unique 

ability to form a wide variety of chemical bonds.  This is due to its four valence electrons, which 

allow it to bond with other small atoms, including other carbon atoms, to form stable covalent 

bonds.4 Particularly, it can form long chains of strong and stable interconnected C-C bonds 

(concatenation). Carbon is the fourth most common element in the Universe and ranks fifteenth in 

the Earth's crust. The name “carbon” comes from the Latin word “carbo” which means coal or 

charcoal; it also derives from the French word “charbon” meaning coal.5 

 

Carbon is present in nature in different allotropic forms (see Fig. 1.2), diamond, graphite, 

graphene, lonsdaleite, fullerenes, amorphous carbon and carbon nanotubes.6,7 Each of these 

allotropes exhibits distinct physical and chemical properties, making carbon one of the most 

versatile elements. Of particular interest in the field of nanotechnology are graphene oxide (GO) 

and multiwalled carbon nanotubes (MWCNTs) which have gained prominence due to their 

exceptional mechanical, optical, thermal, electronic and magnetic properties.8,9 These materials 

offer tremendous potential for a wide range of applications, from electronics and energy storage 

to biomedical devices and environmental remediation. 
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2. Atom 

economy 
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syntheses 

4. Safer  
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6. Energy 

efficiency 7. Renewable 
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Fig. 1.2. Carbon allotropes in different dimensions 

 

 

 

 1.2.1. Graphene oxide 

 

Graphene oxide (GO) is derived from graphite by introducing several oxygen-containing 

functional groups into its structure and like graphite, it can be exfoliated into a two-dimensional 

material.  The oxygenated groups, often considered structural defects, are typically located on the 

edges (primarily carboxyl groups, –COOH) and on the basal planes (epoxide and hydroxyl groups, 

–OH), as sketched in Fig. 1.3. The degree of oxidation can vary, but in highly oxidized GO, the 

carbon-to-oxygen atomic ratio is approximately 2:1.10 

 

The incorporation of oxygen atoms into the carbon framework transforms the hybridization 

of carbon atoms from sp2 in the graphene matrix to sp3 in the GO structure. This modification 

changes GO’s electrical properties, converting it from a conductor to an insulator. Despite this, 

GO offers significant advantages over graphene, particularly in terms of its dispersibility and 

processability in various solvents, including water. These characteristics make GO a valuable 

component in numerous composites and hybrid materials.8 

 

The “graphene era” began in 2004 with the work of Novoselov and Geim, which sparked 

renewed interest in GO. Initially, GO was viewed as a potential precursor to graphene, but it has 

since been recognized as a unique and interesting material in its own right. GO is produced from 

Carbon nanomaterials 
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graphite by oxidation with strong oxidizing agents in a concentrated acid medium. Three main 

methods of GO preparation can be differentiated: the Brodie method11, the Staudenmaier method12, 

and the Hummers method.13 The Brodie method involves using potassium chlorate (KClO3) as an 

oxidizing agent in fuming nitric acid (HNO3). The partially oxidized product of the first reaction 

is isolated, purified and subjected to further oxidation steps to achieve the desired level of 

oxidation. The Staudenmaier method uses KClO3 in a mixture of concentrated nitric and sulfuric 

acids (HNO₃ and H₂SO₄). Hummers' method uses potassium permanganate (KMnO4) as the 

oxidizing agent in H2SO4(conc). This method is faster and more effective than the other methods, 

provided the graphite particles are sufficiently small. When large graphite flakes are used, a 

partially oxidized graphite-GO hybrid is obtained.14 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Fig. 1.3. Structure of the graphene oxide sheet. 

 

 

 

 1.2.2. Carbon nanotubes  

 

Carbon nanotubes (CNTs) consist of rolled graphene sheets that form tubular structures. 

The topology is described by their chiral vector, the vector along the rolling direction that connects 

the centres of the two hexagons, which will overlap when the CNTs closes.15 In the cylindrical 

structure this vector therefore becomes the circumference of the nanotube. Possessing different 

diameters and lengths, one way to classify them is based on their chiral vector; three types are 

distinguished, as shown in Fig. 1.4: 

  

1. Zigzag. The graphene sheet is rolled so that the ideal edges of the open tube are 

zigzag-shaped.  

 

2. Armchair. The graphene sheet is rolled and rotated 30° relative to the zigzag 

configuration, resulting in an armchair-shaped edge.  

 

3. Chiral. The graphene sheet is rotated at an angle between 0° and 30°, producing a 

structure that is intermediate between zigzag and armchair.  
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Fig. 1.4. Classification of nanotubes according to their chiral vector: armchair, chiral, and zigzag.   

 

 

 

The CNTs can be opened or closed at their ends. Open-ended CNTs often have functional 

groups attached to the terminal carbon atoms or may feature free bonds, while closed CNTs have 

fullerene-like caps at their ends (Fig. 1.5). Structural defects in CNTs as reactive sites and can be 

classified into several categories: 15 

● Topological defects: pentalenes (5-carbon cycles with adjacent double bonds causing 

curvature). 

● Unsaturated bonds resulting from vacancies, displacements, and other disruptions in 

the carbon lattice. 

● Chemical defects caused by covalent bonding of atoms or molecules to the carbon 

network.  

 

 
Fig. 1.5. Different types of CNT terminations: free bonds, functional groups at the ends, zigzag 

CNT tips, and armchair CNT tips. 
 

(n,0)/ Zig-zag 

(m,n) Chiral (m,m)/ Armchair 

Free radicals Functional groups Zigzag tip Armchair tip 
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CNTs exist as Single-Walled Carbon Nanotubes (SWCNTs), which have the simplest 

geometry, with diameters from 0.4 to 3 nm, and Multi-Walled Carbon Nanotubes (MWCNTs).16 

The latter consists of several concentric SWCNTs with diameters ranging from 2 to 100 nm.17 

MWCNTs have two advantages over SWCNT, a greater rigidity due to their multi-layer structure, 

plus offering more possibilities for large-scale production.9 MWCNTs usually exhibit metallic 

behaviour and possess unique ballistic conduction properties.18,19 There are two main synthesis 

methods for carbon nanotubes: sublimation of graphite with subsequent condensation, and 

decomposition of carbon-containing compounds. The first group of methods requires very high 

temperatures (up to 4000 °C), achievable through techniques like electric arcs, laser ablation 

process, solar radiation or resistive heating of graphite.20-23 The arc discharge method was the first 

technique utilised for the synthesis of carbon filaments and fibres. The second group includes 

methods such as chemical vapour deposition (CVD), polymer pyrolysis, and hydrothermal 

synthesis from aqueous or organic solutions (supercritical toluene).22 Among these, CVD is the 

most widely used technique to manufacture CNTs on an industrial scale due to its relative 

simplicity and efficiency, typically operating at temperatures between 500 to 1300 °C.24 More 

recent methods such as electron/ion beam irradiation, flame synthesis, pyrolysis, electrolysis, 

template methods, and solar approaches have been employed as well. All these methods allow for 

the synthesis of moderately high quantities of CNTs with a relatively precise number of layers.24 

 

Despite their remarkable properties, CNTs pose challenges in terms of manipulation due 

to their low reactivity. To enhance their processability, oxygenated groups can be introduced into 

their structure through chemical oxidation. This process involves treating CNTs with a mixture of 

acids (HNO3 and H2SO4(conc) generally), which opens the ends of the tubes, creates holes in the 

walls and shortens their length. The oxidized CNTs (referred as CNTs(ox)) contain primarily              

–COOH and –OH groups at their ends and walls, providing reactive sites for further 

functionalization.25 

 
 

 

1.3. Functionalization of nano-structured carbon 

 

Incorporating new functional groups into carbon nano-structured materials (CNSMs) 

allows us to modulate their properties to suit multiple applications. For carbon nanotubes, this 

functionalization can be applied to the tips and/or walls, while for graphene oxide it can be targeted 

at the planes or edges.26 As illustrated in Fig. 1.6, both covalent grafting of molecules and ligand-

capped nanoparticles and non-covalent attachment, also of very long polymers, is possible.    
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Fig. 1.6. Functionalization methods of carbon nanotubes.  

 

 

The solventless gas-phase functionalization method proposed by Basiuk et al. (2002)28,29 

and illustrated in Fig. 1.7, has enabled the chemical modification of CNSMs such as CNTs, GO, 

highly ordered pyrolytic graphene, fullerenes and nanodiamonds with organic macrocycles, thiols 

and amines. This procedure requires controlled thermal activation at reduced pressure to generate 

precursor vapours to which the carbonaceous material is exposed. Under these conditions, the 

functionalizing molecules must have a high thermal stability and low vapour pressure to easily 

volatilise at temperatures between 150 – 200 °C.30,31 One advantage of this method is that it does 

not require additional purification processes, as excess and unreacted reagents are removed in situ 

under dynamic vacuum and heating, apart from relatively short reaction times, in comparison to 

other functionalization techniques.26,28-32 Therefore, this approach represents a rapid, efficient, 

eco-friendly and non-invasive alternative for the modification of CNSM properties. 

 

1.3.1. Covalent functionalization of GO and CNTs. Advantages of amine-functionalization 

 

Since carboxylic acids are the predominant oxygenated groups present in the structure of 

GO and oxidized CNTs, covalent functionalization typically occurs via amide-formation. This 

involves condensation reactions between amino groups of the amines and carboxylic groups on 

the edges of GO and ends and walls of carbon nanotubes.10,25 To a lesser extent, covalent 

functionalization can also occur via the epoxide ring-opening addition of amine moieties onto the 

edges and basal planes of GO.33 Non-covalent attachment of -NH2 groups to defect sites on CNTs 

is also possible.34 Amine functionalization increases the organic affinity and enhances 

biocompatibility, solubility and selectivity.35 In the case of GO, functionalization can modulate its 

electronic structure, thereby, varying its conductivity. In MWCNTs functionalization preserves 

their electronic structure while introducing new superficial features, thus expanding their range of 

applications.36-38 
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Fig. 1.7. Reaction scheme of the one-step solvent-free functionalization method proposed by Basiuk 

et al. (2002) for GO and MWNCTs.  

 

 

1.3.2. Paper-like structures 

 

The research and development of macroscopic lamellar structures known as “paper”, 

relatively simple to manipulate, facilitates a thorough exploration of their properties and 

applications in various fields, like energy conversion, advanced engineering materials, 

purification, and antimicrobial agents, among others.39-43 Two main structures are being widely 

studied within the scientific community: graphene oxide paper - known as GOP- and buckypaper 

(better known as BP) made from carbon nanotubes. The assembly of either GO sheets or carbon 

nanotubes is possible due to Van der Waals forces44 and hydrogen bonds between adjacent 

functional groups, exhibiting outstanding tensile strength, flexibility, and stiffness.41,45,46 aimed to 

develop new thermal and electrical materials, catalyst, filtration, membranes, sensors, transmitters, 

flame retardants, etc.47-51 

 

octadecylamine (ODA) 
R =  

1,8-diaminooctane (ODA) 
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 GOP can be formed from aqueous GO dispersions through methods like vacuum-directed 

filtration, where the GO sheets stack on the membrane and are smoothed by the directed water 

flow or through evaporation, where the loss of water drives the assembly of the final macroscopic 

structure.41,45 On the other hand, the properties of BP are determined by the nature of CNTs (purity, 

number of walls, length, diameter, morphology, etc.), which can be modulated by applying 

different experimental approaches, including covalent functionalization.31,52,53 BP can be also 

prepared by vacuum filtration like GOP but here the starting product is an aqueous CNT dispersion, 

prepared by using surfactants and ultrasonication.54 Undispersed waste is removed by 

centrifugation. The final dispersion is filtered through a membrane using a vacuum pump to have 

a directed flow. The resulting foil is cleaned with distilled water to remove surplus surfactant. 

Alternative methods for BP fabrication include frit compression54 and domino compression55, 

which are not described in detail because they were not applied in the projects described in this 

dissertation. Variants of BPs prepared with SWCNTs and MWCNTs were found to be permeable 

to common gases such as oxygen, nitrogen, CO2, and methane.56-58 

 
 
 

1.4. Nanoparticles  

 

Nanoparticles (NPs) are intrinsically meta-stable, tending to disintegrate under 

conventional chemical processes or to aggregate to decrease their surface tension, which can 

diminish their catalytic activity, limiting their practical applications.59 One way to favour their 

stabilization implies using adequate supports.60-62Although various materials, such as aluminium, 

silica, metal oxides and double-layer hydroxides, have been investigated as supports, carbon 

nanostructures are increasingly favoured because of their superior mechanical, chemical and 

thermal properties. In addition to conferring stability to the NPs, CNSMs also provide a greater 

contact area between the reagents in a chemical process and heterogeneous catalysis. Precise 

selection of suitable supports and stabilising agents allows for modulation of the resulting 

nanomaterials’ characteristics.63,64 

 

 

1.4.1. Synthesis and deposition of metallic nanoparticles  

 

Specifically, metallic nanoparticles (MNPs) are greatly interesting due to their unique 

properties such as high surface area, high stability, easy processing, and narrow size distribution 

(1 – 100 nm), which, together with their ability to give rise to plasmonic resonances, are 

particularly significant for applications in medicine, catalysis, waste treatment, etc. Their most 

important characteristic is the surface-to-volume ratio.65-67 

In the liquid-phase chemical synthesis of metallic nanoparticles (MNPs), various 

precursors are used, including complexes like HAuCl4 and H2PtCl6 and inorganic salts, such as 

RhCl3 and PdCl2. Common reducing agents are citric acid and its salts, sodium and potassium 

tartrate, formaldehyde, methanol, hydroxylamine hydrochloride, sodium borohydride (NaBH4), 
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hydrogen peroxide (H2O2), glucose, carbon monoxide (CO), and hydrogen (H2).  Stabilizing agents 

such as polyvinyl alcohol (PVA), and polyvinylpyrrolidone (PVP) are also employed.68-70 

 

Covalent functionalization is important in this context, as it ensures a stronger bonding of 

MNPs to the external surface of CNSMs. Oxygenated groups (–OH, –COOH and –C=O mainly) 

and newly formed functionalities can act as stable anchorage sites, promoting uniform nucleation 

of MNPs through coordination binding or electrostatic interactions with ions.25,71 

 
 
 

1.4.2. Advantages of metallic nanoparticles  

 

Oxides of metals like Mn, Ni, Cu, Co and Ag have been studied extensively as electrode 

materials, showing promising results. However, their poor electrical conductivity can have a 

negative effect on the specific capacity and recycling stability. Combining these materials with 

metallic species is expected to yield synergistic properties, resulting in improved capacitive 

performance and functionality.72-75 

 

 Noble metals, due to their relative inertness, are particularly interesting for technological 

applications. They possess excellent catalytic, electronic, magnetic, optical and mechanical 

properties.76-78 Studies have shown that noble metal-based materials can enhance the specific 

capacitance, improve conductivity and impart thermal and chemical stability to electrode and 

supercapacitor materials. Therefore, including noble-metal nanomaterials in electrodes is expected 

to lead to better conductivity and greater specific capacitance by forming channels that facilitate 

electron transfer during charging/discharge cycles.79-81 In nanotechnology, metals such as gold, 

silver and palladium are emerging as the most promising bioengineering materials, particularly in 

the design of diagnostic tools, and devices for the treatment of diseases and drug delivery.82-86 
 

 
 

1.4.2.1. Silver  

 

Silver is of particular interest due to its unique combination of biocompatibility, high 

electrical conductivity, and outstanding electrocatalytic activity. Its physical, chemical and 

electronic properties have become increasingly important in areas such as chemistry, physics, 

biology, medicine and material science,87-89 and is an essential material for applications in energy 

storage, surface-enhanced Raman spectroscopy and catalysis. Among the precious metals, silver 

is preferred for its lower cost compared to other metals. Recently, silver nanoparticles (AgNPs) 

have been used as conductive dopants in electrode materials for lithium-ion batteries and 

supercapacitors.90-92 Furthermore, silver’s historical use as a microbial and antiviral agent 

continues to evolve; in ancient times, AgNPs-based compounds were applied to treat wound 

infections,93 and today, silver-based creams like “Ag-sulfadiazine” are used for treating deep 

wounds.94 The magnetic, transparent and electronic properties of AgNPs are also harnessed to 

control microbial activity.95-97 The properties of silver are summarised in Table 1. Its electronic 

and crystal structure are shown in Fig. 1.8.  
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Table 1. Properties of silver98 

 

General properties Crystal structure 

Atomic number: 47 Space group: Fm-3m  

Atomic weight: 107.9 Space group number: 225 

Atomic radius: 172 pm (Van der Waals) Structure: ccp (cubic close-packed) 

Electron configuration: [Kr]5s14d10  

Oxidation states: -2,-1, 1,2,3 (an amphoteric oxide)  

 

 

                                                        

  

 

 

  

 

 
 

Fig. 1.8. a) The Kossel shell structure of silver. b) Silver crystal structure image.  

 

 

 

1.4.2.2. Palladium 

 

Palladium is a lustrous, steel-white metal that remains unaffected by tarnishing in 

atmospheric conditions. At ambient temperature, it can absorb hydrogen up to 900 times its own 

volume. When heated, hydrogen can easily permeate through it, facilitating gas purification 

processes. While bulk Pd is utilized in the production of precision instruments such as watch 

components and surgical implements99, Pd nanoparticles are recognized for their remarkable 

electronic, mechanical, and catalytic properties100,101. These nanoparticles exhibit high reactivity 

in various chemical reactions, including hydrogenation, oxidation, and carbon-carbon coupling102-

104. Furthermore, Pd is noted for its excellent selectivity, minimal toxicity, and robust thermal 

stability.103,105,106 In the field of medicine, palladium-based materials are employed for therapeutic 

applications, showcasing notable antibacterial and cytotoxic effects. 

 

In addition, Pd nanoparticles have shown great promise in fuel cell applications, offering 

enhanced activity and durability compared to traditional Pt-based catalysts.107-109 Recently, they 

have also been explored for sensors, antibacterial coatings, and cytotoxic activity.110-112 The 

properties of palladium are summarised in Table 2. Its electronic and crystal structure are shown 

in Fig. 1.9.  

https://en.wikipedia.org/wiki/Amphoterism
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Table 2. Properties of palladium98 

 

General properties Crystal structure 

Atomic number: 46 Space group: Fm-3m  

Atomic weight: 106.4 Space group number: 225 

Atomic radius: 202 pm (Van der Waals) Structure: ccp (cubic close-packed) 

Electron configuration: [Kr]4d10  

Oxidation states: 0,+1,+2,+3,+4 (a mildly basic oxide)  

 

 

 

 

 

 

 

 

 

 

Fig. 1.9. a) The Kossel shell structure of palladium. b) Palladium crystal structure image. 
 

 

1.5. Synthesis of hybrid materials 

 
Hybrid materials can be synthesised via ex-situ and in-situ methods. The ex-situ approach 

involves the separate preparation of inorganic components followed by their bonding to the 

carbonaceous surface. In contrast, the in-situ method synthesises inorganic components in the 

presence of carbon material, leading to the growth of particles or thin films directly on the carbon 

surface.113-115 Both approaches can be realised via diverse routes, among which solar-gel and 

hydrothermal reactions are particularly attractive due to their simplicity and because they require 

only low temperatures.  

 

Combining the properties of metallic nanoparticles and CNSMs, hybrid structures find 

suitable applications in electronics, catalysis, electrochemical biosensing, drug delivery, 

antimicrobial agents, and purification systems,116-122 (Fig. 1.10) attacking some water and air 

pollution problems, as well as recycling. Concurrently, they are considered the most promising 

emerging trend in biomedical applications,123 involving biocompatibility, cellular specificity, and 

high availability for disease diagnostics, drug delivery, cancer treatments, and bioimaging.99 

Particularly in biomedicine, studies on nanocomposites containing silver have demonstrated a 
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direct relationship between silver nanoparticle size and antimicrobial and/or catalytic activity, such 

that particles smaller than 10 nm displayed higher bactericidal activity by increasing surface area 

and enhancing cellular penetration.124,125 

 

 

 

1.5.1. Wet impregnation  
 

 

Wet impregnation is a widely used method for synthesizing hybrids of carbonaceous 

materials and metal nanoparticles. It involves the chemical reduction of metal salts in the liquid 

phase, with stabilizing and dispersing agents employed to prevent MNP agglomeration, thereby 

controlling their size and morphology.126–135 In this process a carrier material is impregnated in a 

metal precursor solution, then dried and calcined and/or reduced to obtain dispersed MNPs onto 

the surface of CNSMs. Through this method, tiny particles ranging from 2 – 15 nm in size have 

been produced.136-140 We chose this method for the projects described in this dissertation based on 

literature reports that particles as small as 6 to 1.7 nm have been synthesized using citric acid as a 

reducing and stabilizing agent in combination with metal salts and GO and CNTs as substrates.141-

146 The stabilizing forces in these hybrid systems include the electrostatic attraction of amino 

groups and metal species to the electron-rich graphene surface,147,148 as well as coordination 

bonds.149,150 Amino groups, along with hydroxyl and carboxylate groups in carbon materials, thus 

act as nucleation centres for MNPs. We, therefore, decided to include the chemical modification 

of graphene oxide and carbon nanotubes by grafting amines among the topics studied in the PhD 

project object of this thesis. Amines are also particularly valuable due to their chemical affinity 

with biological molecules, adding an ecological benefit.1 
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Fig. 1.10. Applications in various fields for hybrid materials based on GO, and MWCNTs 

decorated with AgNPs and PdNPs (included with permission).  
 

 

 
1.6. Research aims and hypothesis 

 
Our particular interest in working with graphene oxide and multiwalled carbon nanotubes 

as substrates stems from their chemical similarities and structural differences, which makes them 

particularly suitable for grafting silver and palladium nanoparticles of varying sizes and shapes 

using ecologically acceptable synthesis methods. To assemble hybrid materials, 1-octadecylamine 

(ODA) and 1.8-diamiooctane (DAO) were employed as functionalizing molecules to modulate 

Kirby–Bauer antibiotic 
strength measurements 

for the GO paper disk 
and the Ag NP/GO paper 

disk against (A) E. coli 
and (B) S. aureus. 

Room temperature thermal 
conductivity for the different 
BPs and the corresponding 

composites manufactured via 
vacuum infiltration (≡) or hot-

compression (×). 

DC electrical conductivity of 
the different BPs and the 

corresponding composites: 
BPs, vacuum infiltration (≡), or 

hot compression (×). 

Possible role of graphene (GR) and 
GR-metal ion-coated surfaces in 
inhibiting surface contamination 

from viruses including SARS-CoV-2 
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their physical and chemical properties. We focussed on paper-like materials due to their superior 

handling characteristics, while simultaneously conducting comparative studies with analogous 

powder systems. 

 

The primary goal of the research project described in this thesis was to synthesize 

nanostructured hybrid materials based on graphene oxide and multiwalled carbon nanotubes in 

two macroscopic forms: powder and paper-like, chemically functionalized with aliphatic amines 

to support either silver or palladium nanoparticles primarily through covalent interactions.  Given 

the inherent chemical affinity between noble metals and heteroatoms, we hypothesize that stable 

coordination centres for silver and palladium species will form with available oxygen and/or 

nitrogen atoms on the structure of both non-functionalized and functionalized GO and 

MWCNTs(ox). This interaction is expected to guide the formation of new materials with enhanced 

properties, influenced by the characteristics of the substrate and the functionalizing molecules in 

terms of size and morphology. 

 

 

This research has achieved the following key objectives: 

 

 

1. Employing greener methods to fabricate hybrid materials. The synthesis was guided by 

the principle of sustainability, with a focus on utilizing environmentally friendly 

techniques, namely solventless gas-phase functionalization for grafting the amine 

molecules and wet impregnation for the decoration of the substrates with AgNPs and 

PdNPs.  

 

2. Studying the chemical and physical properties of the new hybrids. FTIR, X-ray 

photoelectron and energy-dispersive X-ray spectroscopies, scanning and transmission 

electron microscopy, thermal analysis, X-ray diffraction, dispersibility and conductivity 

measurements were performed to characterize the materials' composition, 

structure/morphology, and functionality. 

 

3. Investigating the influence of the substrate and functionalization on nanoparticle 

morphology: The research focused on understanding how the substrate (GO or MWCNTs), 

as well as the derivatization effects, functionality, and chain length of the modifiers (ODA 

and DAO), affect the morphology, size, and distribution of the metallic nanoparticles. This 

study aimed to establish correlations between the synthesis conditions and the resulting 

material properties, thereby optimizing the fabrication process. 

 

4. Complementing experimental results through Density Functional Theory calculations: In 

Chapters 3 and 4 we attempted to further understand the interactions between metallic 

nanoparticles with the GO-based matrix via the theoretical geometry and formation 

energies of the respective hybrid materials. 
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1.7. Thesis outline 

 
The dissertation has been structured as follows: 

 

 

• Chapter 2 details the synthesis of the nanomaterials and the fabrication of the paper 

samples as well as presenting a brief description of the principles of the characterization 

techniques employed for the synthetized nanomaterials, and providing the experimental 

conditions relative to the measurements performed.  

 

• Chapter 3 explains the one-step, solvent-free chemical functionalization and nanoparticle 

formation/deposition method used to create graphene oxide/silver hybrids. The target 

materials were fabricated with short reaction times, and under mild conditions, with amine 

functionalization leading to more controlled silver nanoparticle size and distribution. The 

results suggest the applied protocol as a greener synthesis method with potential 

applications in catalysis and biomedicine.  

 

• Chapter 4 discusses the synthesis and characterization of graphene oxide/palladium 

hybrids employing an analogous protocol to the one for the AgNPs decoration detailed in 

Chapter 3. It illustrates how reaction time and substrate macrostructure influence the 

particle shape and distribution, underscoring the potential for developing novel hybrid 

materials with synergetic properties by combining traditional and sustainable methods. 

 

• Chapter 5 focusses on the synthesis and characterization of nanohybrids based on 

multiwalled carbon nanotubes chemically modified with 1-octadecylamine (ODA) and 1,8-

diaminooctane (DAO), followed by silver nanoparticle formation/decoration. The 

synthetic route, previously employed in the study described in Chapter 3, offers an efficient 

and environmentally friendly pathway for producing MWCNT-based nanohybrids in paper 

and powder forms, aligning with green chemistry principles. The need for scalable 

synthetic techniques to harness these materials for practical applications is emphasised. 

 

• Chapter 6 details the synthesis of nanohybrid s based on buckypaper and multiwalled 

carbon nanotubes modified with ODA and DAO, and decorated with palladium 

nanoparticles, employing the in-situ pathway adapted from that described in Chapter 4 for 

AgNPs. Characterization results indicate that DAO-modified substrates favoured Pd 

nucleation, although optimization is needed to obtain metallic species instead of palladium 

oxides and Pd carboxylates. The potential applications of these hybrids in electronics, 

catalysis, electrochemical biosensing, drug delivery, and antimicrobial agents are 

discussed, together with the need for further research on scalability and toxicity. 

 

The thesis concludes with a short summary of the results obtained and an outlook on future 

research.
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Procedures and Techniques 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ABSTRACT 

 

            In this chapter, we describe the methods used for fabricating graphene oxide and carbon 

nanotube paper, for modulating the physical and chemical properties of graphene oxide and carbon 

nanotubes in powder and paper form via amine functionalisation, and for in situ formation and 

deposition of silver and palladium nanoparticles onto these nanomaterials. The details of the 

characterization tools utilized in the projects described in this dissertation are also given.  
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2.1. Synthesis and sample preparation procedures 

 
 2.1.1 Fabrication of free-standing graphene oxide paper  

For the fabrication of graphene oxide paper (GOP), aqueous dispersions of single-layer 

graphene oxide powder (GO, ≥ 99 wt% purity, platelet diameter of 300–800 nm and thickness of 

0.7–1.2 nm) purchased from Cheap Tube Inc., were used in a concentration of 6.66 mg/mL, 

homogenised by ultrasonic treatment and subsequently filtered using a vacuum filtration system 

from Sigma-Aldrich, employing cellulose acetate membranes (0.45 μm pore size, 47 mm diameter, 

Healthcare Life Sciences, Whatman). The circular GOP sheets thus obtained were detached from 

the cellulose filters, dried and stored under vacuum1(Fig. 2.1).  

 

 2.1.2 Fabrication of free-standing carbon nanotube paper  

For the fabrication of the multiwalled carbon nanotube-based paper, hereinafter called 

buckypaper and abbreviated as BP, we employed the starting material in powder form, purchased 

from Nanostructured & Amorphous Materials Inc. (MWCNTs, 95 wt% purity, inner diameter 

< 8 nm and length of 10 – 50 μm). A general two-step protocol was employed for the BP formation, 

which includes the pre-oxidation of the raw carbon material, followed by the construction of the 

buckypaper itself.2 (Fig. 2.2): 

  
1. Oxidation of carbon nanotubes 

To improve the processability of the as-received carbon nanotubes while avoiding 

damaging their physical structure as much as possible, they were treated with nitric acid (65.7%,  

from J.T. Baker) at a temperature range between 80 – 100°C for 1 h.2 Subsequently, several 

thorough washes with distilled water were performed to achieve a neutral pH. The oxidized 

nanotubes (hereinafter named MWCNTs(ox)) were dried and stored under vacuum.  

 

2. Formation of mouldable structures 

Firstly, an aqueous dispersion of 0.2 % w/v of Triton™ X-100 surfactant was prepared. 

Then, 60 mg of MWCNTs(ox) were added. The as-formed suspension was magnetically stirred for 

15 min, followed by 3 h sonication. After that, the suspension was centrifuged for 10 min at 3000 

rpm to remove surplus material. The dispersion obtained was vacuum-filtered (P = 10-2 Torr, 

Sigma-Aldrich setup) for 2 h through nylon membranes (0.45 μm pore size, 45 mm diameter, 

Healthcare Life Sciences, Whatman). Thereafter the material was washed with methanol and 

distilled water to eliminate any remaining surfactant. The detachment of the circular buckypaper 

sheet was favoured by heating to 60 °C for approximately 10 min. 1 Finally, the buckypaper is 

cooled and stored under environmental conditions. 
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Fig. 2.1. Scheme of the graphene oxide paper preparation 

  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. Scheme of the carbon nanotube paper preparation 
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2.1.3 Amine gas-phase functionalisation of graphene oxide, graphene oxide paper, 

carbon nanotubes and carbon-nanotube paper 

 

 The amine functionalisation of the materials described in Chapters 3 to 6 was carried out 

following a protocol outlined in our earlier publications1-4 and optimized for the present purposes. 

In all the cases two aliphatic amines with different functionalities were employed: 1) 1-

octadecylamine (≥ 99 %; named ODA in the following), and 2) 1,8-diaminooctane (≥ 98 %; 

labelled as DAO), both purchased from Sigma-Aldrich. The amine-functionalized samples are 

identified as GO+ODA, GO+DAO, GOP+ODA, GOP+DAO, MWCNTs+ODA, 

MWCNTs+DAO, BP+ODA, and BP+DAO in the following. 

 

 The yield was improved by employing a carbonaceous material/amine weight-to-weight w/w 

ratio of 1:1. For the powder series a direct pre-contact with the amines was required placing them 

together in a glass tube (Fig. 2.3a). For the functionalization of paper samples, it is important to 

prevent direct contact with amines (Fig. 2.3b). For this purpose, the amine was positioned at the 

lowermost section of the reaction vessel, and a hollow glass support was placed atop it. Either 

GOP or BP was put on top of the support to ensure uniform functionalization throughout. The 

functionalization process comprised three steps: (1) degassing for 1 h at approximately 100 °C 

under constant evacuation pressure of 10−2 Torr; (2) functionalization reaction under static vacuum 

of 10−2 Torr for 2 h in a temperature range of 160–180 °C; (3) degassing at 100 °C under 

continuous evacuation for an additional hour, with the purpose of removing excess amine (Fig. 

2.4).   

 

 

 

 

 

 

 

 

 

Fig. 2.3. Schematic representation of the 

functionalization process. a) Scheme of the reaction 

for the powdered materials. b) Scheme of the reaction 

for the paper-like materials.  

 

Fig. 2.4. Photograph of the gas-phase reaction system 

for the chemical functionalization of carbonaceous 

materials. 
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2.1.4 In situ formation and deposition of silver and palladium nanoparticles 

 
 

2.1.4.1 Silver nanoparticles 

 

 The procedure to prepare and deposit silver nanoparticles (AgNPs) was based on the previously 

employed protocol for the decoration of C60 films and graphene oxide powder and paper,4,5 

consisting of the chemical reduction of Ag+ ions with citric acid as a reducing/stabilizing agent 

(Fig. 2.5). 

 

 For preparing the hybrids, either powder or paper GO or MWCNTs(ox) were mixed with 2-

propanol (≥ 99.8 %, Sigma-Aldrich) using a ratio of 0.5 mg/mL. Immediately afterwards, solutions 

of citric acid (≥ 99.5 %, Sigma-Aldrich) 0.01 M and silver nitrate [AgNO3] (≥ 99 %, Sigma 

Aldrich), 0.005 M using 2-propanol (≥ 99.8 %, Sigma-Aldrich) as a solvent, were prepared and 

simultaneously added dropwise to the reaction vessel while continuously stirring at room 

temperature for 30 min. The samples were decanted and washed twice using 2-propanol (≥ 99.8 %, 

Sigma-Aldrich). Finally, all samples were dried and stored under vacuum at room temperature. 

The samples decorated with AgNPs are labelled as GO+Ag, GO+ODA+Ag, GO+DAO+Ag, 

GOP+Ag, GOP+ODA+Ag, GOP+DAO+Ag, MWCNTs+Ag, MWCNTs+ODA+Ag, 

MWCNTs+DAO+Ag, BP+Ag, BP+ODA+Ag, and BP+DAO+Ag.  

 

 

2.1.4.2 Palladium nanoparticles 
 

 For the preparation and deposition of palladium nanoparticles (PdNPs), we developed a 

protocol based on the methods reported by Roy et al.,6 Dar et al.,7 and Li et al.,8 which consisted 

of the reduction of Pd2+ ions using palladium chloride [PdCl2] (≥ 99 %, Sigma-Aldrich), as a 

precursor and citric acid (≥ 99.5 %, Sigma-Aldrich) as a reducing/stabilising agent. For achieving 

homogeneous dispersions, it was necessary to dissolve the metallic precursor in a 0.2 N solution 

of hydrochloric acid [HCl] (≥ 37 %, Sigma-Aldrich), heated at about 70 °C, which was then diluted 

with distilled water to obtain PdCl2 0.005 M (Fig. 2.5). 

 

 To prepare the hybrids, amine-functionalized and pristine powder, paper GO, or MWCNTs(ox) 

were immersed in 0.005 M PdCl2 in a proportion of 0.5 mg/mL. Then, 20 mL of a 0.05 M solution 

of citric acid (≥ 99.5 %, Sigma-Aldrich) was added to the reaction vessel upon continuous stirring 

at room temperature (see further details in Chapters 4 and 6). Afterwards, the samples underwent 

two cycles of washing using distilled water, followed by a drying step and stored under vacuum at 

room temperature. The samples decorated with PdNPs are labelled as GO+Pd, GO+ODA+Pd, 

GO+DAO+Pd, GOP+Pd, GOP+ODA+Pd, GOP+DAO+Pd, MWCNTs+Pd, MWCNTs+ODA+Pd, 

MWCNTs+DAO+Pd, BP+Pd, BP+ODA+Pd, and BP+DAO+Pd. 
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Fig. 2.5. General scheme for the metal coordination of either silver or palladium atoms with oxygen and/or 

nitrogen atoms within the carbonaceous matrix of GO and MWCNTs. 

1 1 direct decoration AgNO3, PdCl2 

citric acid 

chemical 

functionalization 

1-octadecylamine (ODA) 1,8-diaminooctane (DAO)

2 decoration AgNO3, PdCl2 

citric acid 

Graphene oxide 

(GO) 

Multiwalled carbon       

nanotubes (MWCNTs) 



 
32 

2.2. Characterization techniques  

 

2.2.1 Dispersion tests 

 

 To assess changes in the chemical nature when passing from the pristine materials to the 

hybrids, dispersibility tests in different solvents, namely distilled water, 2-propanol (≥ 99.8 %), 

and toluene (99.8 %) acquired from Sigma-Aldrich, were performed as described in Chapters 3 to 

6. For this purpose, dispersions of all the samples were prepared in a concentration of 0.5 mg/mL 

of solvent. These dispersions were then subjected to an ultrasonic bath for 10 minutes at room 

temperature. Changes in stability were monitored through a sequence of photographs taken at 

several time intervals in the period starting after just finishing the sonication (0 h) and ending 24 h 

later. The studies were carried out both at the Institute of Applied Sciences and Technology at 

UNAM and the Zernike Institute for Advanced Materials at UG. 

 

 

2.2.2 Fourier Transform Infrared Spectroscopy 

 

 Mid-infrared (IR) spectroscopy is a well-established technique for the identification of 

chemical compounds. The bands in the IR spectrum of a sample are associated with the excitation 

of vibrational modes of the molecules in the sample and are thus directly linked with the various 

chemical bonds and functional groups present. Therefore, the IR spectrum of a compound is one 

of its most characteristic physical properties and can be regarded as its "fingerprint". 9 IR 

absorption only occurs if the vibrating bond has a net dipole moment.9,10 In traditional IR 

spectroscopy, specific IR frequencies are selected for the analysis, which is a long and cumbersome 

procedure. This problem was solved with the advent of Fourier transform infrared spectroscopy 

(FTIR), where a blackbody source combined with a Michelson interferometer provides the IR 

light; for each mirror position of the interferometer a combination of IR frequencies hits the sample 

and the detector registers how much of the light is absorbed. These data are displayed in a time 

domain spectrum called interferogram that is converted to a frequency domain spectrum by the 

application of a mathematical procedure known as Fourier transform.10 Fourier Transform Infrared 

(FTIR) spectroscopy is a powerful technique used to analyse the composition of materials by 

identifying the bonds present from their interaction with infrared radiation. There are two common 

methods employed in FTIR spectroscopy for sample preparation and analysis: the KBr pellet 

method and the Attenuated Total Reflectance (ATR) method11-13 (Fig. 2.6).  

 

 

 

 

 

     KBr Pellet Method 
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Differences 

● Sample preparation: In this method, the sample is typically ground into a fine powder and 

then mixed with potassium bromide (KBr) powder, which is transparent to infrared 

radiation. The mixture is then compressed into a pellet.  

● Transmission measurement: By measuring the transmission of infrared light through the 

pellet, the IR spectrum is obtained. 

Advantages 

1. Broad Applicability: Suitable for solid samples in powder form. 

2. High transmittance: The KBr pellets typically have high transmittance in the mid-infrared 

region, allowing for sensitive detection of sample components. 

Disadvantages 

1. Sample destruction: Since the sample needs to be ground, its physical and chemical 

properties can be altered. 

2. Limited sensitivity: For samples with weak absorption bands, the sensitivity may be 

relatively low. 

3. Susceptible to water absorption: KBr pellets are hygroscopic and can absorb moisture from 

the environment, which may interfere with the spectra. 

 

Attenuated Total Reflectance Method 

Principle 

 Attenuated Total Reflectance (ATR) FTIR spectroscopy involves bringing the sample into 

contact with an internal reflection element (IRE), such as a diamond or a zinc selenide crystal. 

Infrared light is directed through the crystal at an angle such that it undergoes total internal 

reflection. The evanescent wave generated at the crystal/sample interface interacts with the sample, 

and the resulting spectrum is measured. 

 

Differences 

● Sample preparation: With this method, the sample is typically placed in direct contact with 

an ATR crystal. 

● Reflection measurement: Here the infrared radiation undergoes multiple internal 

reflections within the ATR crystal, leading to attenuated total reflection. The resulting 

spectrum is measured from the reflected radiation. 
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Advantages 

1. Minimal sample preparation: Requires minimal to no sample preparation, making it faster 

and simpler compared to the KBr pellet method. 

2. Versatility: Suitable for analysing a wide range of sample types, including solids, liquids, 

and thin films. 

3. High sensitivity: Capable of detecting small quantities of samples, making it useful for 

trace analysis. 

4. Real-time analysis: Provides rapid results, making it suitable for process monitoring and 

in situ measurements. 

Disadvantages 

1. Surface sensitivity: Primarily probes the outermost layer of the sample, which may not be 

representative of the bulk material. 

2. Spectral artefacts: ATR spectra may exhibit some spectral artefacts, such as baseline 

distortions, due to the interaction between the sample and ATR crystal.  

3. Limited penetration depth: The depth of penetration varies with the wavelength of light 

and the refractive index of the sample, limiting its applicability for thick samples. 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6. Schematic representation of transmission FTIR and of ATR FTIR. 

 All FTIR spectra were acquired at standard conditions (room temperature and atmospheric 

pressure). For the projects reported in Chapters 3 and 4, they were measured employing a Nicolet 

iS50R ThermoScientific spectrometer in attenuated total reflectance (ATR). Each spectrum was 

the sum of 32 scans, collected in the range of 500–4000 cm−1 with a resolution of 4 cm−1. The 

Evanescent wave 
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data were collected in the Institute of Applied Sciences and Technology at UNAM. The FTIR 

spectra in Chapters 5 and 6 were collected in diffuse reflectance mode on a Shimadzu IRTracer-

100 spectrometer, using a Happ-Genzel apodization ranging from 500 to 4000 cm−1. Each 

spectrum was the average of 100 scans, collected at 2 cm-1 resolution. KBr pellets at 0.1 % w/w 

were fabricated for these purposes. These studies were carried out at the Zernike Institute of 

Advanced Materials at UG.  
 

 

 

2.2.3 X-Ray Photoelectron Spectroscopy 

 
 X-ray photoelectron Spectroscopy (XPS) is a surface-sensitive quantitative technique that 

allows us to determine the elemental composition and obtain information on the chemical 

environment and oxidation state of the elements composing a material14.  

 

Theory and Fundamentals 

 1. Photoelectric effect: The XPS technique is based on the photoelectric effect, first 

explained by Albert Einstein. When a material is bombarded with X-rays, it emits 

electrons. The energy of these electrons (photoelectrons) is characteristic of the elements 

present in the material. 

  

2. Binding energy: The key parameter in XPS is the binding energy of the electrons. It is 

the energy required to remove an electron from a specific core level of an atom. In XPS 

one measures the kinetic energy of these electrons and, knowing the energy of the X-ray 

source and the work function of the analyser, the binding energy can be calculated.  

 

 3. Instrumentation: The primary components of an XPS system include an X-ray source, a 

sample holder, an ultra-high vacuum chamber, and an electron detector. 

 

 4. Peaks in XPS spectra: In an XPS spectrum, peaks correspond to the photoelectron 

signals of different core levels of the elements present. The position of a peak gives the 

binding energy, and since the binding energy is characteristic of the specific core level 

from which the photoelectron was emitted, the corresponding atom can be identified. 

Hydrogen cannot be detected because the cross-section for photoionization with X-rays is too low. 

The intensity of the peak is directly proportional to the number of atoms of that element in 

the probed volume and can therefore be used to determine the concentration of the element. 

 

 5. Information on chemical environment and oxidation state: The energy necessary for the 

emission of a core electron strongly depends on the valence electron distribution, and 

therefore shifts in peak binding energies can provide information about the chemical state 

of the elements.  
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 6. Depth profiling: XPS can be used for depth profiling by varying the angle of electron 

collection or by sputtering the surface with ions to remove layers of material. 

 

Applications and examples15 

● Material characterization: XPS is widely used in the characterization of surface 

chemistry of materials in fields like metallurgy, ceramics, and polymers. 

● Corrosion analysis: XPS is vital for studying the surface chemistry of corroded metals, 

helping to understand corrosion and consequently prevent it. 

● Semiconductor research: XPS provides essential information on the surface chemistry 

of semiconductors, crucial for the development of electronic devices. 

● Catalysis: In catalysis research, XPS helps in understanding the surface composition 

and state of catalysts. 

● Environmental science: XPS is used for the analysis of environmental contaminants and 

the effects of pollution on different materials. 

 

 

 X-ray photoelectron spectroscopy (XPS) measurements of the samples described in Chapters 

4 to 6 were performed by using a Surface Science Instruments SSX-100 ESCA spectrometer, 

equipped with a monochromatic Al Kα X-ray source (hν = 1486.4 eV) (Fig. 2.7). The pressure in 

the analysis chamber was maintained at 1×10-9 mbar during data acquisition and the electron take-

off angle with respect to the surface normal was 37°. The samples were mounted on double-sided 

carbon tape. To compensate for the sample charging, a molybdenum grid was mounted above the 

samples. The XPS data were acquired by using a spot size of 1000 μm in diameter and selecting 

an energy resolution of 1.7 eV for the survey spectra and of 1.3 eV for the detailed spectra of core-

level regions. The XPS spectra were analysed by means of the least-squares curve-fitting program 

Winspec (developed at the LISE laboratory of the University of Namur, Belgium). The spectral 

analysis included a Shirley background subtraction; peak profiles were taken as a convolution of 

Gaussian and Lorentzian functions. The fitting was carried out with the number of peaks according 

to the structure of the molecules on the surface. Binding energies were referenced to the C 1s 

photoemission peak centred at 284.5 eV.16 The associated uncertainty for the binding energy of 

peak positions deduced from the deconvolution was ± 0.1 eV. The photoemission peak areas of 

each element, used to estimate the amount of each species on the surface, were normalized by the 

sensitivity factors of each element tabulated for the SSX-100 photoelectron spectrometer. All 

measurements were carried out on freshly prepared samples. Three different spots per sample were 

measured for reproducibility. The measurements were performed in the Surfaces and Thin Films 

Group of the Zernike Institute of Advanced Materials at UG.     
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Fig. 2.7. Photograph of the XPS spectrometer setup.  

 

 

2.2.4 Thermal analysis 

 

Thermal analysis comprises a series of techniques where changes of mass in a sample as a 

function of temperature or time are monitored within a controlled atmosphere saturated mostly 

with nitrogen, helium, or air, or under vacuum. Among the most common techniques are 

thermogravimetric analysis (TGA) and differential thermal analysis (DTA).17,18 

TGA measures the mass of a sample as it is heated, cooled, or held at a constant temperature 

(Fig. 2.8). The data is typically presented as a plot of mass against temperature or time, which is 

called a thermogram. This plot provides information regarding the thermal stability and 

composition of the initial sample, the intermediate products that may form and the composition of 

the solid residue (if any). To get useful information, the sample should evolve into a volatile 

product because of various physical and chemical processes taking place in the sample upon 

heating. This measurement provides information about physical phenomena, such as phase 

transitions, absorption and desorption; as well as chemical phenomena including chemisorption, 

thermal decomposition, and solid-gas reactions (e.g. oxidation or reduction).  

DTA measures the temperature difference between a sample and a thermally inert reference 

material subjected to a controlled temperature program. The data is presented as a plot of the 

temperature difference against the sample temperature or time (DTA curve, or thermogram). 

Changes in the sample, either exothermic or endothermic, can be detected, such as glass 



 
38 

transitions, crystallization, melting and sublimation. A DTA curve can be used only as a fingerprint 

for identification purposes but usually, it helps to determine phase diagrams, heat change 

measurements and decomposition in various atmospheres. 

Thermogravimetric and differential thermal analysis (TGA–DTA) reported in Chapters 3 

to 6 were carried out using a STA 449 C Jupiter instrument from Netzsch Gerätebau GmbH. For 

the tests, samples of approximately 10 mg were exposed to an airflow of 100 mL/min, and a 

heating ramp of 10 °C /min up to 1000 °C. The thermograms were collected by Dr Edgar Álvarez-

Zauco of the Faculty of Science at UNAM.   

Fig. 2.8. Scheme of a typical thermal and differential analysis setup. 

 

2.2.5 X-Ray Diffraction 

 

X-ray diffraction (XRD) is a very useful characterization tool to study, non-destructively, 

the crystallographic structure of materials and thin films. In crystalline phases, XRD enables the 

determination of various structural properties such as strain, grain size, phase composition, and 

defect structure. In amorphous materials such as polymers, it is used to determine the atomic 

arrangements.19 XRD offers unparalleled accuracy in measuring atomic spacing. The main use of 

powder diffraction is to identify components in a sample by a search/match procedure. Each 

crystalline phase gives rise to a specific diffraction pattern that serves as its fingerprint. In a 
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mixture each compound contributes its pattern independently of the others, facilitating the 

characterization and identification of the different phases. Furthermore, the areas under each 

diffraction peak correlate with the amount of each phase present in the sample. 

 

Experimental arrangements 

 

In X-ray diffraction, measurements are performed differently on single crystals and 

polycrystalline samples than on powder samples. For lab setups crystalline samples typically have 

sizes of 0.3 mm in diameter. In powder or polycrystalline diffraction, it is important to have a 

sample with a smooth plane surface. Normally, the sample is ground down to particles of diameters 

of about 0.002 mm to 0.005 mm. The ideal sample is homogeneous, and the crystallites are 

randomly distributed. The sample is pressed into a sample holder so that a smooth flat surface is 

obtained. 

A typical powder XRD instrumentation consists of four main components: 1) the X-ray source, 

2) the sample stage, 3) the receiving optics and 4) the X-ray detector. The source and the detector 

with their associated optics lie on the circumference of the focusing circle and the sample stage is 

at the centre of the circle (Fig. 2.9). 

Bragg's law is the basis of XRD analysis. It relates the wavelength (λ) of the reflected X-ray, 

the spacing between the atomic planes (d) and the angle of diffraction (θ) as follows:  

 

2d sin θ = n λ                   1) 

 

 With this law, it is possible to accurately determine the crystal structure. The angle between 

the plane in the crystal structure of the sample and the X-ray source is θ, known as Bragg’s angle 

and the angle between the transmitted and diffracted beams will always be 2θ. For the XRD 

analysis, fine powdered samples are mounted on the sample holder and this powder is assumed to 

have randomly oriented crystallites. When a beam of X-ray incident on the sample, X-rays are 

scattered by each atomic plane in the sample. If the scattered beams are in phase, they interfere 

constructively and the intensity maximum at that particular angle is obtained. The atomic planes 

from where the X-rays are scattered are referred to as ‘reflecting planes’19. The intensity of the 

diffraction signal is usually plotted against the diffraction angle 2θ, but d [nm] or 1/d [nm‐1] may 

also be used. The most common wavelength used in XRD is 1.5406 Å (Cu Kα).
20 

 

 The X-ray powder diffraction data reported in Chapter 3 was obtained using a D8 Advance 

Bruker diffractometer with a Bragg-Brentano geometry and Cu Kα radiation (λ = 1.5406 Å). To 

properly prepare the sample for XRD studies, it was finely pulverized and afterwards sieved using 

different meshes. Finally, the resulting powder was deposited in a tube for XRD analysis. The 

XRD spectra were recorded in a 2θ range from 4° to 110° by Ing. Antonio Morales-Espino in the 
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Physics Institute at UNAM. The Cambridge Crystallographic Data Centre database was employed 

to identify the crystallographic phases. 

 

The spectra of the powder samples discussed in Chapters 4 to 6 were obtained on a D8 Advance 

Bruker diffractometer with a monochromatic Cu Kα X-ray source (λ = 1.5418 Å) and a secondary 

beam graphite monochromator, using a LYNXEYE detector (1D mode). The samples were finely 

ground with an agate mortar, and the patterns were recorded in a 2θ range from 3° to 60°, in steps 

of 0.02° and with a counting time of 1.0 s per step. The diffractograms were collected at the Zernike 

Institute of Advanced Materials at UG. 

 

Fig. 2.9. Schematic diagram of a modern automated XRD diffractometer.      

 

 

 2.2.6 Scanning Electron Microscopy/ Energy-Dispersive X-ray Spectroscopy 

 

The Scanning Electron Microscope (SEM) operates by bombarding a sample with high-

energy electrons and then analysing the electrons backscattered or emitted from the sample and 

the X-rays generated in the interaction of the primary electrons with the sample. Information about 

the sample’s topography, morphology, composition, grain orientation, and crystallography is 

obtained. Morphology relates to the sample's shape and size, while topography refers to surface 

features, including texture, smoothness, or roughness.21,22 
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In the Scanning Electron Microscope (SEM), electrons are generated in an electron gun, 

then accelerated and focused into a fine beam that scans across the sample's surface. When these 

high-energy electrons interact with the target material, they can either be backscattered or lose 

energy to excite the sample's atoms, leading to the emission of X-rays and secondary electrons as 

the excited states decay. These emissions are detected point-by-point as the beam moves across 

the surface, producing detailed images that can resolve features as small as 10 nm. SEM can only 

image conducting surfaces, as insulating surfaces accumulate charge when struck by electrons, 

distorting the image. To overcome this, a very thin metal coating can be applied to insulating 

surfaces, allowing them to be imaged effectively.  

 

The topography of the sample influences electron reflection and the emission probability 

of secondary electrons, differing between protrusions and flat regions. Also, heavier atoms are 

more effective in backscattering than lighter ones. By plotting the backscattered electrons against 

the beam position on the sample, a detailed SEM image depicting the sample’s surface features is 

formed (Fig. 2.10). 

 

  In addition to imaging morphology, SEM also detects X-rays and Auger electrons generated 

by the interaction of the electron beam with the sample's surface atoms. The electrons with typical 

energies chosen between 5 keV and 30 keV or higher, can create core holes in atoms by ejecting 

core electrons. These excited atoms decay as shallower electrons fill the core holes, releasing 

energy (ΔE) either as a photon (X-ray emission) or transferring it to another electron, causing an 

Auger emission. The likelihood of each process depends on the atomic number, with Auger decay 

being more common in lighter atoms and X-ray emission prevalent in heavier atoms. The energy 

difference (ΔE) between the initial and final electron levels during decay is characteristic of the 

specific atom, allowing for the identification of the sample's surface elements. As the electron 

beam scans the surface, the SEM not only detects backscattered and secondary electrons but also 

collects X-rays (Fig. 2.11). This capability, known as Energy-Dispersive X-ray Spectroscopy 

(EDS), enables simultaneous mapping of the sample’s morphology and elemental composition. 

The detector's geometry, such as the solid angle, is optimized to increase the collection efficiency 

of X-rays, allowing for more accurate and sensitive EDS measurements. This is particularly 

beneficial for analysing beam-sensitive samples, like biological specimens or certain 

semiconductors, where lower energy electron beams are required.23 EDS is particularly useful for 

analysing microstructural features, surface contamination, and the characterization of thin films 

and coatings.23,24 

 

SEM imaging from samples described in Chapters 3 to 6 was performed with a JEOL JSM-

6510LV instrument, operated at an acceleration voltage of 20 kV, and coupled to an INCA Energy 

250 Energy Dispersive X-ray (EDS) Microanalysis System from Oxford Instruments.  

 

In all the cases two imaging modes were used: to achieve a good spatial resolution, 

secondary electron images (SEI) were obtained, and to reveal compositional differences based on 

the atomic number, backscattered electron composition (BEC) micrographs were acquired. For 
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powder samples micrographs at 10, 5 and 0.5 µm were collected, whereas 10, 1 and 0.5 µm were 

obtained for the paper-like materials. EDS spectra were acquired for every sample in 5 different 

spots with a diameter of 30 µm. Imaging was performed by Dr Víctor Meza-Laguna in the Nuclear 

Science Institute at UNAM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.10. Schematic representation of a scanning electron microscope coupled with EDS.   

 

 

 

 

 

 

 

 

  

 

 

 

Fig. 2.11. Schematic of the electron beam interaction with a specimen. 
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2.2.7 Transmission Electron Microscopy 

 

Transmission electron microscopy (TEM) is one of the most advanced and versatile 

characterization techniques,25 which is used to observe the internal structure of samples at the 

atomic or molecular level.  

 

Fundamentals and physical principles26 

 

1. Electron source: TEM uses electrons as the source of illumination. These electrons are 

produced by heating a filament (W or LaB6) and accelerated in a vacuum to high energies. 

Alternatively, field emission is used to produce the electrons when coherence and high 

brightness are required. 

  

2. Electron lenses: Electromagnetic lenses focus the electrons into a thin, coherent beam that 

passes through the sample. The electron beam interacts with the specimen, with some 

electrons being scattered while others pass through.  

 

3. Sample preparation: Samples must be very thin (typically less than 100 nm) to allow 

electrons to pass through. This is necessary because electrons are scattered or absorbed by 

the material. 

 

4. Image formation: The interaction of the electrons with the sample produces an image or a 

diffraction pattern of the internal structure of the specimen. This interaction depends on the 

atomic number, crystal structure, and thickness of the sample, affecting the electron's path 

and creating contrast in the resulting image. 

 

5. Detection: The transmitted or scattered electrons are then magnified and focused onto a 

detector, such as a photographic plate or a CCD camera, to form an image. 

 

Imaging 

 There are three major imaging modes in TEM: 1) conventional TEM, 2) High-Resolution 

Transmission Electron Microscopy (HRTEM), and 3) Scanning Transmission Electron 

Microscopy (STEM)27 (Fig. 2.12). 
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1) Conventional transmission electron microscopy 

In conventional TEM, a thin specimen is irradiated with an electron beam and a direct 

image is recorded on the image plane with an objective lens by calculating the scattered amplitudes 

in a specified direction. Conventional TEM usually works at an acceleration voltage of 100–200 

kV and operates in three modes: low magnification, high magnification, and diffraction mode. It 

can be used for bright-field and dark-field imaging (see below), selected area electron diffraction, 

micro- and nano-diffraction, and high-resolution imaging. It provides a two-dimensional 

projection of three-dimensional objects with clear information on size, shape, and structure.28,29 

Zero-dimensional point defects (impurities and vacancies) are invisible in conventional TEM.30,31 

 

2) High-resolution transmission electron microscopy 

High-resolution transmission electron microscopy (HRTEM) is used to provide 

micrographs of crystal surfaces at 1 nm spatial resolution. HRTEM with a resolving power of 

approximately 0.05 nm can be obtained with aberration correctors.32,33 Suitable micrograph 

processing with quantitative recording leads to the accurate and reliable determination of defects 

and inhomogeneities.34,35  

The image formation process in HRTEM is perceived to occur in two stages. Interaction 

between incident electrons and atoms of a specimen results in elastic and inelastic scattering. 

Electrons scattered elastically play a major role in the formation of high-resolution bright-field 

micrographs. Therefore, HR imaging is always performed in the bright-field imaging mode. On 

the other hand, electrons scattered inelastically give compositional information using electron 

energy-loss spectroscopy (EELS) techniques and imaging information through STEM. 

 

3) Scanning transmission electron microscopy 

In this mode, a highly focused beam is scanned over the sample and images are collected 

in dark-field imaging mode. In scanning transmission electron microscope (STEM), the contrast 

depends solely on the atomic number, Zα, in which α is greater than 1 and all types of electrons 

(elastically and inelastically scattered, as well as non-scattered) are detected by using an annular 

detector positioned below the sample.36-38 That’s why this mode is also named high-angle annular 

dark-field scanning transmission electron microscopy (HAADF-STEM). The STEM mode is also 

suitable for energy-dispersive spectroscopy (EDS) analysis at the nanoscale and can provide 

concentration profiles by using EELS in imaging spectral mode.  
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Fig. 2.12. Schematic of a transmission electron microscope (TEM) showing the three important imaging 

modes: conventional TEM, High-resolution TEM (HRTEM), and Scanning TEM (STEM). 
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Bright Field vs. Dark Field Techniques27 

● Bright Field TEM: This is the most common imaging mode. The image is formed by 

electrons that pass directly through the specimen without being scattered, or only scattered 

elastically. Areas of the specimen that scatter electrons appear darker on a bright 

background (Fig. 2.13). 

 

● Dark Field TEM: In dark-field imaging, the TEM is adjusted so that only electrons 

scattered by the specimen contribute to the image, while directly transmitted electrons are 

excluded. This results in bright features on a dark background. Dark-field imaging is useful 

for highlighting specific features within the specimen, such as defects in crystalline 

materials (Fig. 2.13). 

 

 

 

 

 

 

 

 

 

 

Fig. 2.13 Ray diagrams of bright-field and dark-field imaging. 
 

 

TEM imaging was carried out in three different setups:  

 

1) a JEOL JEM-2010F Field Emission Electron Microscope operated at 1.9 Å resolution and 

200 kV voltage was employed for the bright-field studies of the samples discussed in 

Chapter 3. For high-resolution TEM studies, the Ag-decorated graphene oxide and 

graphene oxide paper samples were deposited onto 200-mesh copper grids previously 

covered by collodion (nitrocellulose) and carbon films,  followed by cleaning via plasma 

treatment. Imaging was performed by Dr Samuel Tehuacanero-Núnez, and Dr Samuel 

Tehuacanero-Cuapa at the Physics Institute of UNAM.  
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2) a JEOL JEM-ARM200F Atomic Resolution Analytical STEM with a Schottky field 

emission gun and advanced aberration correction, operated at 1.0 Å resolution and a 

200 kV acceleration voltage for dark-field TEM imaging of the samples discussed in 

Chapter 3 and for both bright-field (BF) and dark-field (DF) imaging of the samples 

discussed in Chapter 4. Lacey carbon films on 200 mesh copper TEM grids (Agar 

Scientific) were used to support drop-casted samples dispersed in 2-propanol (≥ 99.8 % 

purity). Dispersion was promoted by a 10-minute ultrasonic bath. The grids were dried at 

room temperature and cleaned by plasma treatment before measurements. Micrographs 

reported in Chapter 3 were collected at 20 nm, whereas the micrographs in Chapter 4 were 

acquired in BF mode at 200, 100 and 20 nm and in DF mode at 0.5 µm, 100 and 20 nm in 

different spots on each sample. All the imaging was performed by Dr Josué Esaú Romero-

Ibarra at the Materials Research Institute at UNAM. 

 

3) a FEI Tecnai T20 microscope, operating at an acceleration voltage of 200 kV was used to 

acquire TEM/STEM images of the samples discussed in Chapters 5 and 6. The samples 

were drop-casted from water, ethanol or toluene dispersions on plain carbon-coated grids, 

after homogenizing the dispersion via a 5-minute ultrasonic bath. Grids were dried at room 

temperature. Imaging was performed in BF mode at 200, 100, 50, 20 and 10 nm. STEM 

EDS mapping was done by combining the HAADF (High-angle annular dark field) 

imaging with the specific elemental counts measured with a Xmax T80 SDD detector 

operated by INCA software. All these studies were performed by Dr Marc A. Stuart at the 

Groningen Biomolecular Sciences and Biotechnology Institute of the Faculty of Science 

and Engineering at UG. 

 

 

2.3. Theoretical calculations 

 

 Density functional theory (DFT) calculations were performed for the GO-silver and palladium-

containing hybrid materials to gain theoretical insight into the mechanisms of interaction of AgNPs 

and PdNPs with pristine and amine-functionalized GO as well as into the geometry and formation 

energies of the resulting hybrids. Calculations were performed using the software package DFT 

module DMol39-42 of Materials Studio. We used the Perdew-Burke-Ernzerhof (PBE) functional43 

within the generalized gradient approximation, along with a long-range dispersion correction by 

Grimme44 (commonly referred to as PBE-D2), extensively used for DFT of noncovalent, covalent 

and coordination bonding of a broad variety of chemical species to graphene and GO models.45-52  

 

 The double numerical basis set DNP, which has a polarization d-function added on all non-

hydrogen atoms, as well as a polarization p-function added on all H atoms, was combined with the 

DSPP pseudopotentials. All the models under the study were treated as open-shell systems. The 

settings for full geometry optimisation and calculation of electronic parameters included ‘fine’ 

computation quality and convergence criteria (namely, 105 Ha energy change, 0.002 Ha/Å 
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maximum force, 0.005 Å maximum displacement, and 10− 6 SCF tolerance). All the calculations 

were spin-unrestricted. The global orbital cutoff53 was set to 4.5 Å, as defined by the presence of 

either silver or palladium atoms. Since setting orbital occupancy to Fermi-type does not always 

allow for the reasonably fast and successful SCF convergence, for the most complex systems the 

latter was aided by using thermal smearing53-55, the value of which was reduced stepwise from 

0.005 to 10− 4 Ha, and the final calculation was refined with Fermi orbital occupancy54 (with a 

few exceptions). For the sake of consistency, all other isolated nanoclusters and complexes were 

calculated with the same settings.  

 

 The formation energies ∆ΕGOmodel+MNC for the complexes (or ∆Ε for simplicity) of different GO 

models (GOmodel) with either a silver or a palladium nanocluster (MNC, where M=Ag or Pd) 

were calculated using the following general equation:  

 

∆𝐸𝐺𝑂𝑚𝑜𝑑𝑒𝑙+𝑀𝑁𝐶 = 𝐸𝐺𝑂𝑚𝑜𝑑𝑒𝑙+𝑀𝑁𝐶 − (𝐸𝐺𝑂𝑚𝑜𝑑𝑒𝑙 + 𝐸𝑀𝑁𝐶) 
 

where Ei is the corresponding absolute energy. 

 

Theoretical studies were performed in the Department of Radiation Chemistry and 

Radiochemistry within the Institute of Nuclear Sciences (ICN), in collaboration with the research 

group led by Prof. Dr Vladimir Bassiouk Evdokimenko, at the National Autonomous University 

of Mexico, Mexico. 
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ABSTRACT 

 

 

This chapter reports on the deposition of silver nanoparticles (AgNPs) onto graphene 

oxide (GO) in the form of powder and paper (GOP), covalently functionalised with amines and 

non-functionalized, for comparison. The functionalised supports were fabricated through eco-

friendly solvent-free treatment with two aliphatic amines: 1-octadecylamine (ODA) and 1,8-

diaminooctane (DAO). AgNPs were generated in situ by using silver nitrate as a precursor and 

citric acid as a non-toxic and eco-friendly reducing agent. Detailed characterization of 

the chemical composition of GO-Ag hybrids obtained was done by using Fourier-transform 

infrared, X-ray photoelectron and energy dispersive X-ray spectroscopy, thermogravimetric 

and differential thermal analysis, as well as X-ray diffraction. The morphology was studied by 

scanning and transmission electron microscopy. In addition, we compared the electrical 

conductivity of GOP samples before and after functionalization with amines and decoration 

with Ag particles. While considerable particle agglomeration was observed on GOP and GO 

powder, the prior amine functionalization gave rise to a more controlled formation of Ag NPs 

in terms of size and surface distribution, with the best results obtained on 1,8-diaminooctane-

functionalized supports. According to the results of density functional theory calculations, the 

binding of Ag NPs is the strongest on GO, followed by ODA and finally DAO-functionalized 

material, which correlates with the size and distribution of Ag nanoparticles observed 

experimentally. 
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3.1 Introduction 
 

 

Graphene oxide (GO) sheets incorporate a variety of oxygen-containing functionalities, 

including epoxy, hydroxyl, carbonyl and carboxyl groups, distributed either throughout the 

basal plane or at the edges, according to the widely accepted structural model proposed by Lerf–

Klinowski (LK)1. As a result, GO contains a combination of sp2 and sp3-hybridized carbon 

atoms. Subjecting the above groups to versatile chemical reactions provides opportunities for 

tailoring the physical-chemical properties of GO (see2-6 and references therein). In addition, it 

is due to the polar nature of oxidized functionalities that GO can produce stable dispersions in 

water, contrary to non-functionalized graphene.  

 

The development of paper-like material based on GO, commonly referred to as graphene 

oxide paper (GOP), attracted close attention due to the possibility of designing promising 

materials with tunable properties for such diverse applications as supercapacitors, chemical and 

biochemical sensors, photosensors, magnetic and thermal conductive materials, nanofiltration 

membranes, and bactericidal agents for water disinfection, among others (see7-11 and references 

therein). One should add that, due to the great interest towards the synthesis and uses of metal 

nanoparticles (NPs), it turned out to be especially attractive to combine properties of the two 

types of materials, for practical applications in electronics, catalysis, electrochemical 

biosensing, drug delivery, and antimicrobial agents. Within this area GO is considered as an 

excellent support for dispersing and stabilizing, for example, silver nanoparticles (AgNPs), 

since it combines a large specific surface area and abundant oxygenated functionalities, acting 

as the anchoring sites for strong attachment of nanoparticles.  

 

The synthetic approaches to GO-supported AgNPs (hereafter referred to as GO-Ag) rely 

upon the solution-phase chemical reduction of silver salts, involving some steps with the use of 

stabilizing and dispersing agents to prevent AgNP agglomeration and to control their size and 

morphology.6,12-32 It is important to emphasize that both the latter parameters and AgNP surface 

distribution strongly depend on the entire synthetic sequence employed. For example, the 

average size of AgNPs was found to be about 18 nm when GO-Ag nanocomposite was 

synthesized from non-functionalized GO by the sonochemical method coupled with subsequent 

shock freezing.6 A very different route suggested by Vi and co-authors27,28 contemplated the 

attachment of AgNPs onto GO layers through grafted thiol groups. These works27,28 can serve 

as a good example of multi-step and labour-intensive approaches to GO-Ag nanohybrids, 

mainly due to the prior functionalization of the support material. In particular, it includes 

prolonged stirring and the sonication-assisted reaction of GO with NaSH to produce covalently 

bonded thiol groups on GO, followed by its filtering, washing and drying in a vacuum. The 

main idea was to use NaSH as an effective cross-linker via GO–SH formation. The authors 

expected that the coordination of thiol groups could prevent AgNP agglomeration and enable 

precise control of particle size. Indeed, Ag content of 31-65% was afforded in this way, with 

1–2 nm nanoparticle size.28 This is an important achievement, especially given the well-known 

fact that AgNPs, due to their high surface energy, are highly reactive and easily susceptible to 

agglomeration (one of the important practical consequences of this phenomenon is a loss of 

their antibacterial activity29).  

 

The approaches using biological molecules instead of toxic chemicals, such as hydrazine 

and sodium borohydride, merit special mention due to their ecological value. They can be 

exemplified by a study,30 where pepsin was employed as the reducing and stabilising agent, 

resulting in AgNPs with an average size of 20 nm deposited evenly onto GO sheets. The method 
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proposed is relatively quick, and the stabilizing action of pepsin is due to its amino groups, with 

hydroxyl and carboxylate groups acting as the centres of AgNP nucleation through the 

formation of coordination bonds or simple electrostatic interactions with silver ions. The results 

obtained30 are in good agreement with other reports (for example,31) on the preparation of GO-

Ag hybrids, suggesting that the abundant oxygenated functionalities of GO sheets allow for the 

anchoring of metal ions and facilitate their further in situ reduction into corresponding metal 

NPs.  

 

The study mentioned above30 is not the only one which illustrates the role of amino 

groups in Ag NP stabilization. In the work on the graphene functionalization with 1,6- 

diaminohexane and further deposition of Ag NPs for water disinfection,32 the authors 

mentioned that among the forces stabilizing the hybrid obtained might be the electrostatic 

attraction of amino groups and silver species to the electron-rich graphene surface. The 

functionalization with triethylene tetramine followed by reduction under hydrothermal 

conditions was reported in13 to obtain AgNPs with sizes in the range of 10-20 nm, uniformly 

distributed over the surface of reduced GO due to strong adsorption interactions between the 

two components.  

 

Some thermal and chemical treatments employed for GO functionalization turn out to 

be rather harsh, giving rise to undesirable alterations in the structure of GO-based materials. In 

particular, this can happen in a liquid reaction medium, especially when the object of chemical 

modification is GOP. A promising approach, which can help to avoid negative effects 

associated with the use of a liquid reaction medium proved to be the solvent-free 

functionalization, which was successfully applied by our research group for both covalent and 

noncovalent attachment of variable chemical species, including amines, to different carbon 

nanomaterials, including GO powder and GOP.3,4,33 Provided that the amine reagent (which can 

be aliphatic or aromatic, monofunctional or bifunctional) has sufficient thermal stability and 

volatility, the solvent-free approach is a fast, efficient, eco-friendly and nondestructive way to 

systematically tune GO properties. The general functionalization protocol contemplates 

moderate heating at 150-180 °C under reduced pressure, and the covalent amine attachment 

proceeds through both amidation of COOH groups and epoxy ring opening reactions.  

 

It is well known that the size of metal nanoparticles is a crucial factor influencing their 

antibacterial and/or catalytic activity. In particular, AgNPs with sizes of <10 nm proved to have 

higher bactericidal activity because of the increase in surface area and ease of cell penetration. 
34,35 The fact that the smallest AgNPs deposited onto GO were afforded due to its prior covalent 

functionalization and that simple amines are suitable reagents for the latter purpose, motivated 

us to undertake the present study. We sought to obtain GO and GOP-based hybrid materials 

decorated with small-sized silver NPs without considerable agglomeration. Stable centres for 

the coordination of Ag species were created by means of the gas phase functionalization of GO 

and GOP with 1-octadecylamine (ODA) and 1,8-diaminooctane (DAO) as representative 

monofunctional and bifunctional amine, respectively. AgNPs were generated in situ by using 

silver nitrate as a precursor and citric acid as a non-toxic and eco-friendly reducing agent. In 

control experiments, the same silver deposition procedure was carried out with non-

functionalized GO and GOP. Since chemical modification of GOP without compromising its 

integrity is an especially challenging task (see4 and references therein), the main emphasis in 

our report is on this material, with the results obtained on GO powder serving in some cases 

merely for comparison. 
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3.2 Experimental section 

 

3.2.1 Materials 
 

GO powder (≥ 99 wt% purity, platelet diameter of 0.5–3 μm and thickness of 0.55–

1.2 nm) from Nanostructured & Amorphous Materials, Inc., was used. 1-Octadecylamine 

(ODA; ≥ 99%), 1,8-diaminooctane (DAO; ≥ 98%), citric acid (≥ 99.5%), silver nitrate (≥99 %), 

and 2-propanol (≥99.8 %) from Sigma-Aldrich were utilized as received.  

 

 

 3.2.2 Fabrication of free-standing graphene oxide paper 

The fabrication of graphene oxide paper (GOP) was performed employing the procedure 

described in Chapter 2 (see section 2.1.1) 

 

3.2.3 Amine gas-phase functionalization of graphene oxide 
 

We followed the general functionalization protocol described previously.3,4 GO or GOP 

samples were placed together with amines in a Pyrex glass reactor, at GOP/amine w/w and 

GO/amine w/w ratio of 1:1. The functionalization reaction was carried out as explained in 

Chapter 2 (refer to section 2.1.3 for further details). The functionalized samples obtained are 

denoted hereafter as GO+ODA, GO+DAO, GOP+ODA and GOP+DAO. 

 
 

3.2.4. Deposition of silver nanoparticles 
 

We employed the procedure of AgNP deposition reported previously for C60 films 

functionalized with DAO36 (for further details, see section 2.1.4.1). The amine-functionalized 

samples decorated with AgNPs are denoted as GO+ODA+Ag, GO+DAO+Ag, GOP+ODA+Ag 

and GOP+DAO+Ag in the following. The same process with non-functionalized GO and GOP 

was repeated as a control experiment, and the samples obtained were labelled as GO+Ag and 

GOP+Ag, respectively. 

 

 

3.2.5. Characterization 
 

Fourier-transform infrared (FTIR), thermal analysis (TGA–DTA), X-ray diffraction 

(XRD), and electron microscopy (SEM and TEM) studies were carried out as described in 

Chapter 2 Section 2.2.  

 

For conductivity measurements on GOP samples, a Keithley 2601B Source Meter Unit 

(SMU) was employed, operated under ambient conditions in DC mode and controlled by a PC. 

For the measurements, the 4-point technique was used. The samples were cut into strips of 10-

20 mm length and 3-5 mm width, and immediately rubbed on foil to eliminate static charge. 
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The specimens were placed perpendicularly to parallel copper electrodes. The dimensions of 

the electrodes, printed on a circuit board, were 0.25 mm in width, separated by 2.8 mm. Electric 

contact was established by lightly pressing a piece of glass slide above the sample by using a 

clip. Before each measurement, specimens were stored in a vacuum desiccator for 24 h. The 

conditions optimized for the present studies were as follows: an initial and final current of 1000 

nA, a stabilization time of 0.5 s, and 20 measurement steps. Further technical details of the 

conductivity measurements can be found in reference 4. 
 

 

3.3 Theoretical calculations 

 

To gain theoretical insight into the mechanisms of interaction of AgNPs with non-

functionalized and amine-functionalized GO as well as into the geometry and formation 

energies of the resulting Pd-GO hybrids, density functional theory (DFT) calculations were 

performed according to the described set-up in Chapter 2 (see section 2.3). 

 

The formation energies ∆ΕGOmodel+AgNC for the complexes (or ∆Ε for simplicity) of 

different GO models (GOmodel) with a silver nanocluster (AgNC) were calculated using the 

following general equation:  

 

∆𝐸𝐺𝑂𝑚𝑜𝑑𝑒𝑙+𝐴𝑔𝑁𝐶 = 𝐸𝐺𝑂𝑚𝑜𝑑𝑒𝑙+𝐴𝑔𝑁𝐶 − (𝐸𝐺𝑂𝑚𝑜𝑑𝑒𝑙 + 𝐸𝐴𝑔𝑁𝐶) 

 

where Ei is the corresponding absolute energy. 

 
 

 

3.4 Results and discussion 

 

3.4.1 Characterization of GO+Ag and GOP+Ag hybrids 
 

To visualize the changes in the chemical nature of GO powder and GOP samples upon 

functionalization with amines and further decoration with AgNPs, we performed dispersibility 

tests as explained previously in Chapter 2, section 2.2.1. The results are shown in Figs 3.1 and 

3.2 for GO powder and GOP, respectively. The results obtained for GO powder samples in 

many regards match those presented for GOP mats. On the other hand, very clear differences 

can be found for DAO-functionalized materials: in the case of aqueous medium, GO+DAO and 

GO+DAO+Ag are less dispersible than GOP+DAO and GOP+DAO+Ag, whereas an opposite 

effect is seen in 2-propanol. The increase in hydrophobicity upon decoration with AgNPs can 

be observed more clearly, producing not only the decrease in dispersibility of GO+DAO+Ag 

in water but also an increase in dispersibility of the same powder sample in 2-propanol, 

compared to GO+DAO. Of all dispersions tested, the most stable ones are those formed by 

GO+DAO+Ag and GO+Ag in 2-propanol, remaining almost unchanged after 24 h. 

 

For the water test (top images in Fig. 3.2), one can see that GOP was dispersed 

completely after ultrasonic treatment, forming a brown dispersion, which is consistent with a 

generally hydrophilic nature due to the presence of a large number of oxidized functionalities. 
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The introduction of ODA moieties incorporating long hydrocarbon chains changed the 

character of the GOP+ODA sample to hydrophobic, thus resulting in its immediate 

precipitation. At the same time, GOP+DAO formed stable (even after 24 h) brown dispersion, 

due to the presence of two terminal amino groups (one covalently bonded to the GO surface 

and one dangling) in DAO moieties, enhancing the hydrophilic character of this sample. The 

series of tests carried out in 2-propanol (bottom images in Fig. 3.2) gave similar results (to those 

obtained in water) for GOP and GOP+ODA, whereas GOP+DAO only partially disintegrated 

after ultrasonication, and then remained essentially unchanged after 24 h. Such a distinctive 

behaviour can be attributed to cross-linking adjacent GO sheets with bifunctional DAO 

molecules, as observed in our previous study on GOP amino functionalization.4 The effect of 

AgNP deposition on dispersibility in 2-propanol is generally opposite to the one in water. That 

is, GOP+Ag, GOP+ODA+Ag and GOP+DAO+Ag are better dispersed than GOP, GOP+ODA, 

and GOP+DAO in 2-propanol, and vice versa, in water. In addition, one should point to faster 

precipitation (after 24 h) of GOP+DAO+Ag than GOP+DAO in water, and higher stability of 

GOP+Ag and GOP+ODA+Ag dispersions in 2-propanol as compared to the corresponding 

paper samples before silver deposition. 

 

 

 
Fig. 3.1. Dispersibility tests for GO powder samples in water and in 2-propanol: (1) GO, (2) GO+Ag,      

(3) GO+ODA, (4) GO+ODA+Ag, (5) GO+DAO, and (6) GO+DAO+Ag. Images were taken immediately 

after 10-min ultrasonication (0 h, in left) and after 24 h (right). 
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Fig. 3.2. Dispersibility tests for GOP samples in water and in 2-propanol: (1) GOP, (2) GOP+Ag, (3) 

GOP+ODA, (4) GOP+ODA+Ag, (5) GOP+DAO, and (6) GOP+DAO+Ag. Images were taken immediately 

after 10-min ultrasonication (0 h, in left) and after 24 h (right). 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3. FTIR spectra of non-functionalized and amine-functionalized: a) GO powder, and b) GOP 

samples before and after decoration with AgNPs. 
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FTIR measurements were carried out to monitor changes in the chemical groups present 

in the GO and GOP samples due to amino functionalization and decoration with AgNPs (Figs 

3.3 a & b); for experimental details see Chapter 2. The FTIR spectra of the GO powder samples, 

both before and after amino functionalization (Fig. 3.3a) include a decrease down to the total 

disappearance of carboxylic νC=O band at 1712-1716 cm-1 and of the C–O signal at 1038 cm-1, 

as well as the appearance of new bands in the range of 1200-1700 cm-1, which are commonly 

associated with vibrations of amide groups.37,38 Some specific features for amine-functionalized 

GO powder include sharp bands at 2848-2855 and 2914-2952 cm-1, corresponding to symmetric 

and asymmetric νC-H vibrations in long aliphatic hydrocarbon chains of ODA and DAO.  

 

In principle, one could expect that Ag atoms/ions at the NP surface might convert neutral 

COOH functionalities into COO– ions, which would manifest themselves with a stretching 

COO– mode at around 1600 cm.-1 Nevertheless, one should remember that the citric acid 

solution used for AgNP generation has a pH≈3, so that carboxylic groups remain protonated in 

GOP+Ag and GO+Ag; the same applies to unreacted COOH groups (if any) in all ODA and 

DAO-functionalized samples. On the other hand, in the case of GO+ODA+Ag and 

GO+DAO+Ag some signs of Ag deposition appear as an increase in absorption at 1194 and 

1703 cm-1. In addition, the appearance of a diffuse band at 3490 cm-1 in the spectrum of 

GO+DAO+Ag (Fig. 3.3a), can be explained by the coordination of AgNPs to the nitrogen atoms 

in dangling NH2 groups of 1,8-diaminooctane. 

 

The spectrum of GOP (Fig. 3.3b) contains characteristic peaks due to abundant 

oxygenated functional groups. Among them are the hydroxyl νO-H band at 3200 cm-1 with the 

corresponding δO-H band at 1617 cm-1, νC=O vibrations in COOH groups centred at 1728 cm-1, 

asymmetric νC-O vibrations at 1367 cm-1  due to epoxy C–O–C groups, a peak at 1227 cm-1 due 

to the δO-H mode of C–O–H groups, and C–O single-bond stretching vibrations at 1041 cm.-1 

 

The most obvious changes caused by amine functionalization are a decrease in the 

intensity of the νC=O band (down to its total disappearance in GOP+ODA) and the C–O signal 

at 1041 cm-1, along with the appearance of characteristic normal modes due to amide groups in 

the range of 1200-1700 cm-1, serving as evidence of COOH group derivatization. These features 

include an ‘amide I’ νC=O absorption between 1600 and 1700 cm-1, with a less pronounced 

(mostly as a shoulder) ‘amide II’ δN-H absorption at 1500-1575 cm-1. The fact that they are not 

well resolved can be explained by the presence of large amounts of non-amide NH groups, 

whose δN-H mode masks the one of ‘amide I’. The plausible explanation suggested previously 

is that amines react not only with carboxylic groups but also add onto epoxy functionalities, 

abundant in GO, via ring-opening reaction.3,4 An ‘amide III’ feature might contribute to a set 

of bands at 1200-1400 cm-1. The modes manifesting themselves at lower wavenumbers can also 

be due to C(=O)–NH bond formation, in particular, at 625-800 cm-1, due to ‘amide IV’ and 

‘amide V’ vibrations, as well as at 530-620 cm-1, due to ‘amide VI’ absorption37,38. At the same 

time, the band at 717-720 cm-1 is typical for aliphatic chains longer than (CH2)4,
39 being 

especially sharp in GOP+ODA, which can be associated with a bigger size of hydrocarbon 

chains, and possibly with a higher content of ODA moieties. Correspondingly, asymmetric and 

symmetric νC-H bands of alkyl groups in ODA and DAO at 2914-2956 and 2848 cm-1, 

respectively, are among the most intense ones observed. Additionally, the spectrum of 

GOP+ODA presents amine bands νN-H around 3310 cm-1 and νC–N at 1129-1160 cm-1. Finally, 

the absorption features at 1433 and 1465-1467 cm-1 for GOP+DAO and GOP+ODA, 

respectively, are due to δC-H vibrations. 
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Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) 

measurements, performed as detailed in Chapter 2, were used to characterize the changes in the 

thermal behaviour of GOP and GO powder due to the modification with amines and subsequent 

decoration with AgNPs. The TGA–DTA characteristics of GO powder (Fig. 3.4a) include three 

weight losses due to physisorbed water (13.9 %, until 109 °C), pyrolysis of oxygenated 

functionalities (34.7 %, until 300 °C), and graphene lattice combustion (51.3 %, until 660 °C). 

The DTA curve contains two major exothermic peaks at 214 and 602 °C, matching the main 

weight loss steps in the TGA curve. For GO+Ag (Fig. 3.4b), the first and second steps remain 

essentially the same (with some variations in temperature and percentage), being related to the 

evaporation of physisorbed water (12.8 %, until 98 °C) and pyrolysis of oxygen-containing 

groups (36.1 %, until 323 °C). However, instead of the single final weight loss due to the 

graphene network decomposition, two distinct losses are clearly seen in the present case, 19.4 

% until 545 °C and 30.5 % until 682 °C. This might be associated with a considerably low Ag 

content in GO+Ag (1.50 – 0.17 wt % = 1.33 wt %), and thus with the occurrence of Ag-

catalyzed and non-catalyzed combustion of the graphene backbone. The three major peaks in 

the DTA curve for GO+Ag powder are found at 212, 532 and 663 °C. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4. TGA (black) and DTA (blue) curves for GO powder samples: a) GO, b) GO+Ag,             c) 

GO+ODA+Ag, and d) GO+DAO+Ag. 
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A less pronounced splitting of the final weight loss step can be seen in the case of 

GO+ODA+Ag (Fig. 3.4c), with two DTA maxima at 592 and 652 °C. At the same time, the 

silver content is estimated to be much higher in the present case (6.72 % – 0.17 wt % = 6.55 wt 

%). A similar observation can be done for the GO+DAO+Ag powder sample (Fig. 3.4d), where 

the Ag fraction is evaluated to be 12.05 wt % – 0.17 wt % = 11.88 wt %. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5. TGA (black) and DTA (blue) curves for GOP samples: a) GOP, b) GOP+Ag, 

c) GOP+ODA+Ag, and d) GOP+DAO+Ag. 

 

 

The TGA curve for GOP (Fig. 3.5a), exhibits three weight loss steps, typical for 

graphene oxide.4 The first weight loss (of 10.8 %, until 117 °C) is attributed to the evaporation 

of physisorbed water. The second one (of 31.1 %, until 344 °C) is caused by the pyrolysis of 

intrinsic oxygenated groups of GO, primarily COOH moieties. The third step (of 53.9 %, until 

671°C) corresponds to the graphene backbone decomposition. The DTA curve has two 

exothermic peaks at 230 and 622 °C, matching the second and third weight loss steps in TGA. 

For the Ag-decorated sample, GOP+Ag (Fig.3.5b), qualitatively the same weight loss pattern 

is observed, namely: physisorbed water evaporation (5.4 %, until 92 °C), pyrolysis of 

oxygenated groups (29.8 %, until 301 °C), and graphene network decomposition (53.5 %, until 

641 °C). The Ag content of 7.47 wt % is obtained by subtraction of 4.11 wt % (GOP; Fig. 3.5a) 

from the residual weight of 11.58 wt %. The two exothermic peaks at 225 and 562 °C in the  

DTA curve are likewise similar to those found for non-functionalized GOP, except that the 
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second one is strongly shifted (by 60 °C) to lower temperatures. This can be explained by the 

catalytic effect of silver on the combustion of the graphene backbone. 

 

The thermograms obtained for graphene oxide paper after amine-functionalization and 

decoration with AgNPs (Figs.3.5c,d) exhibit significant differences in comparison to GOP+Ag, 

due to the presence of new chemical moieties. In particular, for the ODA-functionalized sample, 

the most important weight losses in the TGA curve are the ones of 5.6 % until 186 °C, 23.3 % 

until 375 °C, 22.8 % until 492 °C, and 43.6 % until 702 °C. The corresponding exothermic 

peaks in the DTA curve for GOP+ODA+Ag are found at 191, 353, 497 and 629 °C, which can 

be associated with the pyrolysis of initial oxygenated groups (present in GOP), of amide 

derivatives, of amines added onto epoxy groups, and of graphene lattice, respectively. The 

estimated AgNP content is 1.06 wt % (a difference between 5.17 wt % and 4.11 wt % residue 

in TGA of GOP). The three main weight losses recorded by TGA for the GOP+DAO+Ag 

sample are 9.3 % until 135 °C due to physisorbed water (DAO is hydrophilic, contrary to ODA), 

of 26.9 % until 351 °C due to pyrolysis of residual (from GOP) oxygenated groups along with 

their amino/amide derivatives, and of 60.9% until 677 °C, corresponding to the combustion of 

the graphene lattice. The estimated (in the same way as for GOP+Ag and GOP+ODA+Ag) 

silver content is 1.88 wt %. The peaks found in DTA are those at 224 ~ 351 (low and broad) 

and 622 °C. One should note that the final major peak due to the decomposition of graphene 

backbone in GOP+ODA+Ag and GOP+DAO+Ag shifted back to higher temperatures: 

apparently, the low Ag content of about 1-2 % is insufficient to produce as pronounced catalytic 

effect as the one observed in the case of GOP+Ag (silver content of 7.47 wt %). 
 

When comparing the present TGA–DTA results for ODA and DAO-functionalized 

samples (both powders and GOP mats) decorated with AgNPs with those reported previously 

for aliphatic amine-functionalized GOP4, one can see that silver deposition lowers the final 

combustion temperature of graphene backbone very significantly. For example, while for 

GOP+ODA it was 745 °C4, for GOP+ODA+Ag and GO+ODA+Ag it dropped to 702 and 

695 °C, respectively. For GOP functionalized with 1,12-diaminododecane (a homologue of 

DAO), it was 750 °C4, whereas for GOP+DAO+Ag and GO+DAO+Ag it was 677 and 716 °C, 

respectively. The second important trend has to do with whether AgNPs were deposited onto a 

powder sample or a compact mat: the estimated silver content for GO+ODA+Ag and 

GO+DAO+Ag is 6.55 wt % and 11.88 wt %, whereas for GOP+ODA+Ag and GOP+DAO+Ag 

it dramatically decreases to 1.06 wt % and 1.88 wt %, respectively. Apparently, compacting 

GO powder into paper hinders the accessibility of AgNPs to functionalizing groups within the 

mat. The third observation to mention is that the silver content of DAO-functionalized samples 

is almost twice as high as that of ODA-functionalized materials. The most logical explanation 

is that the use of bifunctional reagents such as DAO provides additional amino groups serving 

as coordination centres for anchoring and stabilization of AgNPs as previously observed for 

1,12- diaminododecane.4,13,30,32 

   

General morphological changes due to the decoration of GO powder and GOP-derived 

materials with AgNPs were studied by using scanning electron microscopy (SEM). For the 

experimental details see Chapter 2. Figs 3.6 and 3.7 present the micrographs obtained for the 

powder and paper samples respectively.  
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Fig. 3.6. Representative SEM images of GO (a-c), GO+Ag (d-f), GO+ODA+Ag (g-i), and GO+DAO+Ag (j-

l). Scale bar: left column, 10 µm; middle column, 5 µm; right column, 1 µm. 

 

 

Larger-sized silver particles with interesting morphology were detected in GO+Ag-

containing hybrids. (Fig. 3.6). All three Ag-decorated GO varieties look very different from 

GO powder (Fig. 3.6a-c), but in their own way. On the GO+ODA+Ag surface (Fig. 3.6g-i), 

silver particles are irregularly shaped, notably agglomerated and broadly variable in size. For 

the GO+DAO+Ag powder sample (Fig. 3.6 j-l), remarkably flower-like particles are found, 

reminding of what is commonly known as ‘desert rose’ selenite in morphology. Many of these 

particles are 1-3 µm in size and cover rather uniformly some surface sites. Similar 

microstructures consisting of single-crystalline plates of metallic silver were synthesized in 

other studies40,41 targeting the design of non-enzymatic H2O2 sensors and other bioanalytical 

applications, where Ag particles with high active surface area would be of special importance. 

The synthetic approach proposed by these authors41 aims at an enzyme-induced particle growth 

on solid substrates, and the complex morphology obtained contrasts with the auto-catalytically 
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grown spherical particles, which maintain their overall geometrical appearance while increasing 

their diameter. 

 

The formations covering the GO+Ag surface (Fig. 3.6d-f) do not look like metal 

particles, be they either regularly or irregularly shaped. Instead, they remind of rolled individual 

graphene sheets, roughly 1 µm in length and up to 100 nm in diameter. A similar phenomenon 

has been observed by Quintana et al. (2012)42 when sonicating graphite in dimethylformamide 

upon the addition of ferrocene aldehyde. The tubular structures appeared exclusively at the 

edges of graphene layers and contained Fe clusters. We therefore speculate that silver clusters 

cause a similar strong distortion of smaller GO sheets causing them to roll up. EDS 

measurements of Ag content at these sites yielded elevated (as for all samples) values of around 

10 wt %. Taking into account that EDS analysis is very superficial and does not reflect the 

elemental composition inside multilayer platelets of GO, the above estimates do not contradict 

the averaging value of 1.33 % from TGA. 
 

For GOP samples, differences in mat thickness were determined from cross-section 

SEM images (Fig. 3.7 a,d,g,j). The values found for GOP (22 μm) and for GOP+Ag (23 μm) 

were identical within the error bar, implying that the amount of silver which penetrated inside 

the mats (between individual GO sheets) is insignificant. For their amine-functionalized 

counterparts, the mat thickness estimates gave 119 μm for GOP+ODA+Ag and 34 μm for 

GOP+DAO+Ag. In other words, while GOP+Ag and GOP+DAO+Ag samples exhibit no and 

a minor increase in the thickness, respectively, is the thickness increase is about five-fold for 

GOP+ODA+Ag compared to GOP. An important contribution to this effect is due to amine 

functionalization: we already observed in our earlier work4 that the pristine mat thickness of 

16 μm increases to 28 μm for GOP+ODA, and to 20 μm for GOP functionalized with 1,12- 

diaminododecane (a GOP+DAO analogue). Still, this ‘swelling’ is much weaker than the one 

observed for GOP+DAO+Ag (Fig. 3.7j) and especially for GOP+ODA+Ag (Fig. 3.7g), which 

can thus be attributed mainly to more efficient intercalation of silver into amine-functionalized 

GOP, even though the Ag content within the mats turned to be below EDS detection limit.  
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Fig. 3.7. Representative SEM images of GOP (a-c), GOP+Ag (d-f), GOP+ODA+Ag (g-i), and 

GOP+DAO+Ag (j-l). The left column (a,d,g,j) shows cross-section images; the middle column (b,e,h,k) 

corresponds to the lower mat side, which was in contact with the filter membrane during GOP 

fabrication; the right column (c,f,i,l) corresponds to the upper mat side. The scale bar corresponds to 10 

µm in all images. 

 

 

The SEM images grouped in the middle and right columns of Fig. 3.7 show the 

differences in surface morphologies observed at the lower and the upper (with respect to the 

membrane filter employed in GOP fabrication) mat sides, respectively. The lower side seems 

to have a more compact and uniform morphology; a likely reason is that during the filtration 

process, well-shaped platelets are sedimented first at the filter surface. Additionally, for 

GOP+ODA+Ag one can observe micrometre-sized (roughly 1-3 µm) white agglomerates of 

silver particles, which cover some surface sites rather densely (especially at the upper surface; 

Fig. 3.7i). This contrasts with GOP+DAO+Ag, where only a few such particles can be seen. 

Taking into account that the Ag content of the two amine-functionalized samples was 

comparable (of the order of 1 %) according to TGA, as well as the limited resolution of SEM 
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at the nanoscale, one can suggest that the size of Ag particles is typically much smaller in 

GOP+DAO+Ag. 
 

The crystallinity of the silver particles in GO+DAO+Ag can be illustrated by the results 

of XRD shown in Fig. 3.8. The pattern recorded contains several peaks, which can be indexed 

to the (111), (200), (220), (311) and (222) crystal planes, well-known for Ag particles.40,43,44 

Possible building blocks to form desert rose-like morphologies are single-crystalline silver 

plates, which are intertwined to form nanoflowers up to a size of several micrometres, with this 

process strongly dependent on the synthesis conditions.43,44 An enhanced number of 

amine/imine centres for Ag coordination, existing in GO+DAO+Ag due to the bifunctional 

nature of 1,8-diaminooctane, might be one of the factors favouring the peculiar nucleation 

process leading to the flower-like particles. 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.8. XRD diffractogram for the GO+DAO+Ag sample. 

 

 

Detailed information on the size and morphology of AgNPs deposited onto GO powder 

and GOP was obtained by employing bright-field (Figs. 3.9 and 3.10) and dark-field (Fig. 3.11) 

TEM. Both GO+Ag and GOP+Ag samples contain multiple twinned round/rectangular 

particles; this type of morphology is associated with a lack of control during the particle 

nucleation and growth.45,46 Their sizes fluctuate in a range of 10-30 nm for GO+Ag (Fig. 3.9 

c,d), and 15-35 nm for GOP+Ag (Fig. 3.10 c,d), that is, essentially in the same range. The 

formation of AgNPs at non-functionalized GO surfaces is governed by the coordination of 

silver species to the O donor atoms of oxygenated groups, which serve as numerous and 

efficient sites for nanoparticle nucleation and growth, however with a clear tendency to 

agglomeration and/or coalescence. 
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Fig. 3.9. TEM and HRTEM images of GO (a,b), GO+Ag (c,d), GO+ODA+Ag (e,f) and GO+DAO+Ag 

(g,h). The insets represent high-magnification imaging when smaller nanoparticles can be differentiated. 
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Fig. 3.10. TEM and HRTEM images of GOP (a,b), GOP+Ag (c,d), GOP+ODA+Ag (e,f) and 

GOP+DAO+Ag (g,h). The insets represent high-magnification imaging when smaller nanoparticles can be 

differentiated. 
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Fig. 3.11. Z-Contrast dark-field TEM images for (a) GO+Ag, (b) GO+ODA+Ag and (c) GO+DAO+Ag. 

 

 

 

In line with the results of SEM imaging (Figs. 3.6g-i and 3.7h,i), AgNPs in 

GO+ODA+Ag (Fig. 3.9e,f), and GOP+ODA+Ag (Fig. 3.10e,f) were found to be generally 

irregularly shaped and randomly distributed. Most of them have a size of 3-15 nm, but the 

formation of larger agglomerates of up to ca. 200 nm can be observed as well (Fig. 3.9e). While 

similar relatively large agglomerates were found also in GOP+DAO+Ag (Fig. 3.10g), much 

more typical for the 1,8- diaminooctane-functionalized materials is the presence of small 

AgNPs of around 5 nm (Figs. 3.9h and 3.10h). Here it is appropriate to mention the study by 

Mohan et al. (2019)47 on morphological transformation of silver nanoparticles influenced by 

different factors. These authors showed that AgNP agglomeration can be provoked by an 

oxidative environment, whereas exposure to nitrogen-rich solutions did not lead to aggregation. 

In the present context, one can suggest that for amine functionalized samples, the formation of 

AgNPs occurs via the reduction of metal ions coordinated to N donor atoms of the covalently 

attached amine molecules. This results in a more homogeneous size distribution and prevents 

the agglomeration observed in GO powder and GOP, where the interaction of Ag with oxidized 

functionalities provokes the formation of particles with different sizes and their coalescence. 

 

The latter conclusions are strongly supported by the results of Z-contrast dark-field TEM 

imaging presented in Fig. 3.11, which allows for a more explicit comparison of the sizes and 

morphology of AgNPs found in GO+Ag, GO+ODA+Ag and GO+DAO+Ag, nearly at the 

nucleation level. The image in Fig. 3.11c clearly shows that the GO+DAO+Ag sample surface 

has a very homogeneous coverage with small-size Ag NPs of about 3-5 nm, contrary to 

GO+ODA+Ag and especially GO+Ag. 

 

The fact that direct functionalization of prefabricated GOP is the only approach allowing 

for systematic tuning of its physical (including electronic) characteristics4, motivated us to 

monitor the changes in conductivity/resistivity due to amine functionalization followed by Ag 

deposition. The results are summarized in Table 1. When analyzing the effect of amine 

functionalization, one can see that, compared to GOP, the conductivity increases by one order 

of magnitude for GOP+ODA, and by two orders of magnitude for GOP+DAO: thus, the general 

increase in conductivity (and, correspondingly, decrease in resistivity) is consistent with our 

earlier results.4 The effect of silver decoration turned out to be insignificant, compared to the 

above. In particular, for GOP+Ag vs. GOP and GOP+DAO+Ag vs. GOP+DAO, the 

conductivity/resistivity remains of the same order of magnitude. Only for GOP+ODA+Ag 

compared to GOP+ODA the conductivity increases by one order of magnitude. These results 
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can be explained in terms of the content and distribution of Ag particles in the following way. 

Despite the highest silver content in GOP+Ag (7.5% according to TGA), AgNPs deposited onto 

GO surfaces (see TEM micrographs in Figs 3.9c,d and 3.10c,d) are relatively large without 

appreciable electric contact between them. An additional factor might be that groups of silver 

particles are found confined within the rolls observed by SEM (Fig. 3.6d-f), which contributes 

to their mutual isolation and consequent loss of electric contact. The differences in elemental 

Ag content for GOP+ODA+Ag and GOP+DAO+Ag are relatively insignificant, at 1.06 wt % 

and 1.88 wt %, respectively. However, the former contains extended surface sites densely 

covered with Ag particles and their agglomerates (see SEM image in Fig. 3.7i), which enhance 

electric contact, whereas in the latter AgNPs are small and more uniformly dispersed throughout 

GOP+DAO+Ag surface (as also in GO+DAO+Ag; see Figs. 3.9g,h and 3.11c). 
 

 

Table 1. Conductivity and resistivity results for non-functionalized and amine-functionalized 

GOP samples with and without AgNPs. 

Sample Conductivity (S/cm) Resistivity(Ω•cm) 

GOP (1.05 ± 0.06) × 10-5 (0.96 ± 0.05) × 105 

GOP+Ag (0.73 ± 0.07) × 10-5 (1.38 ± 0.13) × 105 

GOP+ODA (2.04 ± 0.12) × 10-4 (4.93 ± 0.28) × 103 

GOP+ODA+Ag (0.79 ± 0.04) × 10-3 (1.27 ± 0.07) × 103 

GOP+DAO (2.21 ± 0.09) × 10-3 (4.54 ± 0.18) × 102 

GOP+DAO+Ag (1.54 ± 0.19) × 10-3 (6.58 ± 0.89) × 102 
 

 

3.4.2 Theoretical modelling 
 

 

Some explanation of the experimental results obtained was attempted by employing 

theoretical DFT calculations. Extended dimensions of both realistic individual GO sheets and 

AgNPs are computationally prohibitive, so the models to be handled had to be considerably 

smaller. One of the most appropriate choices to simulate an AgNP proposed by Ma’s group48-

50 (and also used by Lim et al.51) is a cluster composed of thirteen Ag atoms shown in Fig. 3.12. 

In all the above works48-51 the computational methodology of choice was the same PBE general 

gradient approximation functional as the one widely employed for DFT studies of noncovalent, 

covalent and coordination bonding of a broad variety of chemical species to graphene and GO 

models52-59. According to Mulliken analysis for the optimized Ag13 geometry, the cluster 

contains different external atoms in terms of the sign and magnitude of charge: from negative 

of − 0.075 to positive of 0.031 e. This implies the possibility of electrostatic attraction of Ag13 

to both positively and negatively charged atoms or functional groups of non-functionalized and 

functionalized GO.  
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Fig. 3.12. Optimised geometry of the Ag13 cluster used to simulate AgNPs, showing atomic charges 

obtained by Mulliken analysis. 

 

 

 

On the other hand, the models to be selected for non-functionalized and amine-

functionalized GO had to match the size of Ag13 cluster: the ones based on ten fused aromatic-

ring systems described previously56,57 satisfy this criterion. Since due to the size limitation it is 

unfeasible to contemplate the whole variety of possible oxygenated functionalities existing in 

realistic GO, we limited them to six carboxylic and eight aromatic ketone groups, as previously 

described in Basiuk et al. (2016)56 and illustrated in Fig. 3.13 for GO model. To simulate 

GO+ODA and GO+DAO species covalently functionalized with amines, all four COOH groups 

of the GO model were converted into the corresponding amide derivatives (Fig. 3.13). 

Furthermore, in the case of GO+DAO we had to take into account that the Ag deposition takes 

place under acidic conditions: accordingly, all four terminal NH2 groups, which are not involved 

in covalent bonding through the formation of amide derivatives, were protonated (GO+DAO-

4H+ model). 

 

The numerical results of DFT calculations are summarized in Table 2. Fig. 3.13 

schematically represents the complexation of GO, GO+ODA and GO+DAO-4H+ models with 

Ag13 nanocluster. One can make several important observations in terms of the formation 

energies and geometries of the complexes. First, the strongest bonding of silver was found on 

the GO model, with the formation energy of -176.2 kcal/mol. Here, Ag13 is strongly attracted 

not only to one carboxylic group (whose proton becomes substituted) but also to two carbonyl 

O atoms and one C atom of the graphene backbone; the short bonds formed can be qualified as 

covalent ones. The above interactions result in strong bending distortion of GO model, along 

with some flattening of Ag13 nanocluster. It is appropriate to recall the SEM images (Fig. 3.6d-

f) revealing the effect of rolling GO sheets and/or stacks in GO+Ag sample: the above 

simulation results could serve as a plausible explanation of its origin. 
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Table 2. Total energies (E, in Ha), HOMO, LUMO and HOMO-LUMO gap energies (in eV) for separated Ag13 cluster, non-functionalized and 

amine-functionalized GO models and their corresponding complexes with Ag13, as well as formation energies (ΔE, in kcal/mol) for the complexes with 

Ag13, as calculated by using PBE GGA functional with Grimme's dispersion correction in conjunction with DNP basis set. 

 

 

a This is the only set of calculations that were impossible to complete with Fermi occupancy, but it was done at thermal smearing of 0.0001 Ha. 

Nevertheless, we showed for very different model systems that cluster DFT calculations using the latter value yield the same results (geometries, 

total energies, spin and frontier orbital distribution, etc.) as those performed with Fermi occupancy.60,61
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Fig. 3.13. Optimized geometries of GO, GO+ODA and GO+DAO-4H+ models (left) and of the 

corresponding complexes with Ag13 nanocluster (right). The values shown in blue are the formation 

energies (in kcal/mol) for GO+Ag13, GO+ODA+Ag13 and GO+DAO-4H++Ag13 complexes. The pink 

dashed lines show close contacts shorter than 2.8 Å. 

 

 

 

In terms of bonding strength, GO+Ag is followed by GO+ODA+Ag13 (-111.3 kcal/mol) 

and GO+DAO-4H++Ag13 (-71.6 kcal/mol) complexes. Correspondingly, the pattern of 

interaction appears to be different for ODA and DAO moieties. In Fig. 3.13 one can see that 

Ag13 cluster forms as many as eight contacts (pink dashed lines) shorter than 2.8 Å with terminal 

alkyl groups of three octadecyl radicals of GO+ODA+Ag13, whereas only one such close 

approach forms and with only one protonated 8-amino group of GO+DAO-4H++Ag13, which 

explains the weaker bonding (that is, less negative formation energy). 
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Fig. 3.14. HOMO and LUMO plots (isosurfaces at 0.03 a.u.) for GO+Ag13, GO+ODA+Ag13 and 

GO+DAO-4H++Ag13 complexes. 
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The differences in the electronic structure of the three complexes with the Ag13 cluster 

were analyzed in terms of energy (Table 2) and distribution (Fig. 3.14) of frontier orbitals 

HOMO and LUMO. The HOMO-LUMO gap energies calculated for individual components 

Ag13, GO, GO+ODA and GO+DAO-4H+ are 0.063, 1.107, 0.860 and 0.866 eV, respectively 

(Table 2). Since silver nanocluster has the lowest gap energy of all, it is logical to expect that 

the gap values of GO, GO+ODA and GO+DAO-4H+ will decrease upon complexation with 

Ag13. Indeed, they drop by roughly one order of magnitude in all cases: to 0.103, 0.057 and 

0.095 eV for GO+Ag13, GO+ODA+Ag13 and GO+DAO-4H++ Ag13, respectively. While these 

changes are relatively uniform for all the complexes, the same cannot be said about frontier 

orbital localization (Fig. 3.14). The very strong (in terms of binding energy and formation of 

new bonds) interaction in the case of GO+Ag13 results in the localization of both HOMO and 

LUMO on carbon nanocluster, with only an insignificant fraction of LUMO found on Ag13. 

Here one should remind that the most common HOMO-LUMO distribution for the complexes 

of carbon nanoclusters with organic and metal-containing coordination compounds is when 

LUMO is localized on carbon nanocluster and HOMO, on the second interacting component 

(see, for example36,55,62,63 and references therein). In the present study, this type of HOMO-

LUMO distribution can be observed only for GO+DAO-4H++Ag13, whereas for 

GO+ODA+Ag13 the orbital localization is inverted. The fact that the two of them in GO+Ag13 

are found on carbon nanocluster can be interpreted as the loss of reactivity of silver component 

in both electrophilic and nucleophilic processes, which in practice might have important 

undesirable consequences for catalytic, electrocatalytic and biomedical applications of AgNPs 

deposited onto GO-based materials. 

 

 
 

3.5 Conclusions 

 

Both GO powder and GOP can be successfully functionalized with aliphatic amines and 

serve as supports for the decoration with Ag particles. At the same time, differences were found 

between the paper and powder-based materials. An important trend can be seen in the silver 

content estimated from TGA curves, which is 6.55 wt % and 11.88 wt % for GO+ODA+Ag 

and GO+DAO+Ag, whereas for GOP+ODA+Ag and GOP+DAO+Ag it dramatically decreases 

to 1.06 wt % and 1.88 wt %, respectively. Apparently, compacting GO powder into paper 

hinders the Ag species from reaching the functionalizing groups within the mat. From the above 

values, it follows also that the silver content of DAO-functionalized samples is almost twice as 

high compared to that of ODA-derived materials. A logical explanation is that the use of 

bifunctional reagents such as DAO provides additional amino groups serving as coordination 

centres for anchoring and stabilization of AgNPs. 

 

The most relevant information on the size and morphology of AgNPs was obtained from 

bright-field and dark-field TEM imaging. Both GO+Ag and GOP+Ag samples contain twinned 

particles of round/rectangular form with different grain boundaries; this type of morphology is 

associated with a lack of control during the particle nucleation and growth. Their sizes vary in 

a range of 10-30 nm for GO+Ag, and 15-35 nm for GOP+Ag. AgNPs in GO+ODA+Ag and 

GOP+ODA+Ag are generally irregularly shaped and randomly distributed. Most of them have 

a size of 3-15 nm, but the formation of larger agglomerates of up to ca. 200 nm was observed 

as well. While similar relatively large agglomerates were found also in GOP+DAO+Ag, much 

more typical for the 1,8-diaminooctane-functionalized materials is the presence of small Ag 

NPs of around 5 nm. One can suggest that for amine-functionalized samples, the formation of 

AgNPs occurs via the reduction of metal ions coordinated to N donor atoms of the covalently 
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attached amine molecules. This results in a more homogeneous size distribution and prevents 

the agglomeration observed in GO powder and GOP, where the interaction of Ag with oxidized 

functionalities provokes the formation of particles with different sizes and their coalescence. 

 

According to the results of DFT calculations, the binding of AgNPs (represented by 

Ag13 cluster model) is the strongest on GO, followed by ODA and finally DAO-functionalized 

material. This correlates with the size and distribution of Ag nanoparticles observed 

experimentally by TEM. In addition, the strong interaction of Ag13 cluster with the GO model 

distorting the graphene backbone might serve as an explanation of the rolling effect detected 

by SEM for GO+Ag hybrid. 

 

The results obtained expand the spectrum of possible uses of eco-friendly solvent-free 

functionalization techniques to the fabrication of silver-decorated carbon nanomaterials, where 

the size and uniform distribution of Ag NPs is an important prerequisite for successful 

electrochemical, catalytic and biomedical applications. 
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CHAPTER 4 
 

 

Advancing eco-friendliness of nanotechnology: a novel 

synthesis approach for powder and paper-like 

nanohybrids based on graphene oxide and palladium 

nanoparticles 

 

 

 

The results concerning the nanohybrids in powder form have been published as: 

 

Rodríguez-Otamendi, D. I.; Bizarro, M.; Meza-Laguna, V.; Álvarez-Zauco, E.; Rudolf, P.; Basiuk, 

V. A.; Basiuk, E. V. Eco-Friendly Synthesis of Graphene Oxide–Palladium Nanohybrids. 

Materials Today Communications 2023, 35, 106007–106007. 

https://doi.org/10.1016/j.mtcomm.2023.106007. 
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ABSTRACT  

 

In this chapter we report on nanostructured hybrids of graphene oxide and palladium in 

powder and paper forms that were fabricated by means of one-step solvent-free gas phase treatment 

of graphene oxide with the aliphatic amines 1-octadecylamine and 1,8-diaminooctane, followed 

by in situ decoration with palladium in the liquid medium using palladium chloride as the precursor 

and citric acid as a mild and environmentally friendly stabilizing and reducing agent. The proposed 

synthesis method represents an eco-friendly alternative for obtaining nanohybrids of graphene 

oxide and palladium nanoparticles under mild conditions. Spectroscopic studies 

evidenced -COOH group derivatization of graphene due to the amidation reaction for the powder 

sample, while for the paper sample, the functionalization occurred through both amidation and 

epoxy ring opening reactions. Transmission electron microscopy demonstrated the formation of 

nanometer-sized crystalline palladium particles and evidenced that the diamine-functionalization 

results in larger particle sizes than observed for monoamine- or non-functionalized graphene oxide 

powder. For the paper samples also the formation of large agglomerates of up to ca. 100 nm was 

observed.  
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4.1 Introduction 

 

In recent years graphene oxide (GO) has emerged as a highly promising material for 

applications ranging from energy storage (batteries and supercapacitors), catalysis,1–4 and sensors, 

to building blocks of conducting and thermal materials, filtration membranes and bactericidal 

agents.5-9 Combining the properties of metal nanoparticles with those of GO through covalent 

assembly, results hybrid architectures offering additional technological possibilities10–18 due to 

their large surface area, plasmon resonance, highly stable nature, and in general, easy 

processing.19–21 It has been demonstrated that amino groups, along with the oxygen-containing 

groups already present in GO,22 act as nucleation points for metal nanoparticles formed through 

coordination bonds or electrostatic interactions with metal ions.23–26 One of the simplest methods 

for metal nanoparticle deposition is liquid phase chemical reduction of the respective salts with 

the help of stabilizing and dispersing agents, which help to avoid agglomeration and therefore 

control size and morphology,11–19 favouring the uniform distribution of nanoparticles on the GO 

surface.27  

 

In our previous work,28 we demonstrated that the formation of nanostructured hybrid 

materials employing amine-functionalized GO to support silver nanoparticles (AgNPs) can be 

achieved via a simple and eco-friendly gas-phase treatment. We have shown that this method of 

synthesis does not require additional purification processes because the surplus reagents can be 

eliminated in situ through moderate dynamic vacuum and heating conditions. With respect to 

conventional techniques where toxic solvents are employed and several reaction steps are 

involved,29,30 the one-step gas-phase amine functionalization method has the advantage of yielding 

AgNPs with a controlled size distribution and a higher surface density, which are important 

requirements for applications of GO hybrid materials in several fields.31–34 This motivates a further 

study on other noble metals like palladium in view of exploiting not only the peculiar electronic, 

mechanical, and catalytic properties of the derived nanoparticles,35–37 but also their application for 

therapeutic purposes based on their antibacterial and cytotoxic activity.38–40  

 

On the other hand, paper-like materials play an important role in various applications, 

spanning from protective layers41 to chemical filters42 to energy-related applications such as Li-

ion batteries,43 supercapacitors,44-47 fuel cells48 and hydrogen storage.49 These flexible, self-

supporting foils become integral components in novel membrane-based processes,50 offering 

substantial advantages over traditional separation and recovery methods for food ingredients.51 

Carbon-based foils, recognized for their chemical resistance, temperature stability, and fluid 

impermeability, have found their way into packing and gasketing,52-54 as well as into sensorics.55-

58  

The particular amphiphilic behaviour of GO59 results crucial for the assembly into 

macrostructures including Langmuir-Blodgett films60 and GO paper.61  Through vacuum-assisted 

flow-directed filtration of colloidal dispersions, GO sheets can be joined to form a free-standing 

stacked, layered arrangement, yielding paper-like films with thicknesses ranging from 1 to 30 
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mm.62,63 Among the various methods, vacuum filtration has emerged as a rapid, cost-effective 

route for fabricating GO paper (GOP), displaying superior mechanical strength compared to other 

paper-like materials.64 

 

In the pursuit of enhanced functionalities, several studies explored the incorporation of 

metals,65 polymers,66-68 and ceramics69 into paper-like materials, leveraging their exceptional 

mechanical properties and tuneable chemical properties.52-54,70 One such endeavour involves the 

integration of palladium nanoparticles (PdNPs) into GOP to facilitate glucose sensing.71 

 

The main purpose of the work detailed in this chapter was to demonstrate that it is possible 

under eco-friendly and mild conditions to obtain nanohybrids based on GO in powder and paper 

form and palladium nanoparticles (PdNPs) by applying a gas-phase pretreatment of GO with amine 

molecules, which thanks to their chemical affinity toward biological molecules,72 confer an 

additional ecological value to this study. In detail, a comparative analysis was undertaken, 

assessing the properties of GO-PdNP hybrids derived from GO and its amine- functionalized 

counterparts.  

 

 

4.2 Experimental section 

 
4.2.1 Materials 

 

Single-layer graphene oxide powder (≥ 99 wt% purity, platelet diameter of 300–800 nm 

and thickness of 0.7–1.2 nm) acquired from Cheap Tube, Inc., was used. 1-Octadecylamine (ODA; 

≥ 99%), 1,8-diaminooctane (DAO; ≥ 98%), citric acid (≥ 99.5%), palladium chloride (≥ 99%), 2-

propanol (≥ 99.8%) and hydrochloric acid (≥ 37%) purchased from Sigma-Aldrich were utilized 

as received. Graphene oxide paper (GOP) was prepared as described in Chapter 2 (see section 

2.1.1). 

 
4.2.2 Amine gas-phase functionalization of graphene oxide 

 
The amine functionalization of GO and GOP was carried out as explained in Chapter 2 (see 

section 2.1.3) applying the specific pre-treatment necessary for each microstructure 

(powder/paper-like). In the following the 1-octadecylamine-functionalized samples are labelled 

GO+ODA and GOP+ODA, while the 1,8-diaminooctane-functionalized samples are denoted as 

GO+DAO and GOP+DAO. 
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4.2.3. Deposition of palladium nanoparticles 

 

We optimized the protocol for PdNP formation/deposition based on the methods reported 

by Roy et al.,73 Dar et al.,74 and Li et al.75 (see Chapter 2, section 2.1.4.2). Compared to Dar et 

al.,74 we reduced the reaction time of 7 h by adopting the acidic solution of PdCl2 employed by Li 

et al.75 and, to assure the complete reduction reaction of the precursor, the citric acid concentration 

was 10 times higher. When optimizing the reaction conditions, it was found that a reaction time of 

10 min was suitable for fabricating GO-based powder samples, whereas, for the paper-like hybrids, 

a reaction time of one hour was needed. 

 

For preparing the hybrids, the GO samples were immersed in 0.005 M PdCl2 and 0.05 M 

citric acid upon continuous stirring at room temperature for either 10 min or 1 h, depending on the 

case (for further details, see Chapter 2, section 2.1.4.2). 

 

The amine-functionalized samples decorated with PdNPs are labelled hereafter as 

GO+ODA+Pd, GOP+ODA+Pd, GO+DAO+Pd, and GOP+DAO+Pd. Control samples obtained 

by applying the identical treatment to GO and GOP (lacking amine functionalization) are denoted 

as GO+Pd and GOP+Pd in the following. 

 

 

4.3 Results and discussion 

 

4.3.1 Characterization of GO+Pd and GOP+Pd hybrids  

 

As a first evaluation of the chemical nature of GO and GOP before and after 

functionalization with amines and further decoration with PdNPs, a series of dispersibility tests 

were conducted in water and 2-propanol. Figs 4.1 and 4.2 illustrate the outcomes of these 

dispersibility tests. For GO, brownish dispersions were formed in both water and 2-propanol, 

which precipitated after 24 h. Amine-functionalized GO formed unstable dispersions in water, 

whereas in 2-propanol the stability of the dispersions decreased with time and almost total 

precipitation was observed after 24 h. These results confirm that the surfaces modified with long 

chains of ODA and DAO acquire a more hydrophobic character. Once decorated with PdNPs, the 

amine-functionalized GO solids precipitated to the bottom of the beakers in both solvents 

practically immediately after sonication.  
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Fig. 4.1. Dispersibility tests for GO samples in water and 2-propanol: (1) GO, (2) GO+Pd, (3) 

GO+ODA, (4) GO+ODA+Pd, (5) GO+DAO, and (6) GO+DAO+Pd. The images were taken 

immediately after 10-min ultrasonication (0 h) and after 24 h.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2. Dispersibility tests for graphene oxide paper samples in water and 2-propanol: (1) GOP,     

(2) GOP+Pd, (3) GOP+ODA+Pd, and (4) GOP+DAO+Pd. The images were taken immediately after 

10-min ultrasonication and 1 day after (0 h and 24 h, respectively).  
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Due to the inherent hydrophilic nature of GO, the graphene oxide paper experienced 

complete disintegration upon ultrasonic treatment, yielding brownish dispersions in both water 

and 2-propanol, which precipitated over a 24 h period. However, this propensity is notably 

reversed by the presence of PdNPs in GOP+Pd mats, which exhibited robust stability in both 

solvents. Conversely, PdNPs deposition onto GOP+DAO and GOP+ODA samples caused 

contrasting effects. The presence of two terminal amino groups in DAO enhanced the hydrophilic 

character of GOP+DAO+Pd sample, resulting in complete paper disintegration upon ultrasonic 

treatment in both solvents. In contrast, the introduction of ODA long hydrocarbon chains changed 

the character of GOP to hydrophobic, which was further augmented by the decoration with 

palladium particles.76 Consequently, GOP+ODA+Pd demonstrated remarkable resistance to 

disintegration even after ultrasonic treatment. This observation can also be attributed to substantial 

structural modifications and enhanced mechanical stability of GOP imparted by the amine 

molecules with the longest alkyl chain, in agreement with our earlier work, which reported a 

remarkable Young’s modulus of 256.19 GPa for GOP+ODA samples.77   

 

The effectiveness of amine derivatization via GO surface chemistry was verified with the 

help of FTIR spectroscopy (Fig. 4.3). The spectrum of GO and GOP shows the fingerprint bands 

of the oxygen-containing moieties: the hydroxyl band (νOH) at 3592 cm-1 for GO and 3491 cm-1 for 

GOP; the δOH signal at 1607 cm-1 (GO), and 1590 cm-1 (GOP); νC=O vibrations in COOH groups at 

1718-1719 cm-1; and the characteristic νC-O(asym) band of epoxy bonds78 evident at 1373-1380 cm-

1. Furthermore, bands at 1241-1247 cm-1 and 1051-1038 cm-1 are attributed to the O-H bending 

and symmetric stretching vibrations of C-O in C–O–H groups79, respectively. Unsaturated ketone 

groups could be responsible for the band appearing at 964-965 cm-1.77 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3. FTIR spectra of non-functionalized and amine-functionalized: a) GO, and b) GOP samples 

before and after decoration with PdNPs. 
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Upon functionalization with amines, there is a pronounced intensity decrease and shifting 

for the νC=O signal in GO, from 1704-1719 cm-1 to 1694-1699 cm-1, due to the characteristic ‘amide 

I’ band between 1600 and 1700 cm-1, accompanied by the ‘amide II’ band at 1558-1563 cm-1.22, 

80,81 For GOP this decrease leads to the near-total disappearance of the carboxylic νC=O band and 

the C–O signal at 1038 cm-1. For the GOP series, the new ‘amide I’ and ‘amide II’ modes appear 

at 1644-1704 cm-1, and 1505-1574 cm-1, respectively. The set of bands located at 1200-1400 cm-1 

can be assigned to the ‘amide III’ mode. 80,81 It is important to mention that the ‘amide I’ absorption 

can be masked by δNH modes of non-amide NH groups, which are prevalent in the structure.  

 

Prominent bands of alkyl groups, namely those corresponding to νCH(asym) and νCH(sym) of 

the aliphatic chains in ODA and DAO, at 2916-2921 cm-1
 and 2843-2848 cm-1  for GO+ODA 

series and GO+DAO series, respectively, and at 2910-2914 cm-1 and 2845 cm-1 for the GOP+ODA 

and GOP+DAO series, respectively, clearly corroborate the effective amine derivatization. 

 

For GO-Pd samples, significant changes can be observed in the signals corresponding to 

the vibrations of the oxygenated groups. Particularly, the increased intensity, signal broadening 

and shifting of the νC=O absorption from COOH functionalities might indicate the coordination of 

palladium species to oxygen in these groups. GO+ODA+Pd and GO+DAO+Pd samples show the 

same trend. Other important changes for these samples include an almost total disappearance of 

‘amide II’ δNH absorption at 1558-1563 cm-1, a decrease of the νC-O band at 1051-1076 cm-1 and an 

increase in intensity of νC-N signals at 1163-1168 cm-1. All these changes point to the coordination 

of palladium to nitrogen and oxygen atoms present on GO+ODA and GO+DAO surfaces.  

 Additional absorption features at 1435-1450 and 1460-1465 cm-1 observed for GOP+DAO 

and GOP+ODA, respectively, arise from δCH vibrations, and are particularly prominent in ODA-

functionalized samples, due to the long hydrocarbon chain. Vibrations of aliphatic chains longer 

than (CH2)4 are associated with the bands positioned at 716 -795 cm-1,82 notably intense for the 

ODA–functionalized sample.  

 

To elucidate the effects on the thermal behaviour of GO and GOP ensuing from the amine 

functionalization and subsequent palladium decoration, thermogravimetric and differential 

thermal analysis (TGA–DTA) were employed. The TGA curves for GO and GOP (Figs. 4.4a and 

4.5a, respectively), exhibit the characteristic weight loss steps of graphene oxide.28,76,77 The initial 

stage, corresponding to the evaporation of physiosorbed water, encompasses a loss of 10.3 %, until 

136 °C for GO, and 11.8 % up to 137 °C for GOP. Secondly, the pyrolysis of intrinsic oxygenated 

groups (hydroxyl, carboxyl, epoxy) occurs through a weight loss of 28.4 % heating up to 245 °C 

for GO, and 40.7 %, until 206 °C for GOP. Finally, the main weight loss, which reflects the 

graphene lattice combustion, comprises 60.6 %, until 690 °C83 in the powdered GO, whereas for 

graphene oxide paper, this step corresponds to 46.8 % up to 607 °C. The DTA curve in GO (Fig. 

4.4a) features two exothermic peaks at 211 and 668 °C, and at 206 and 596 °C in GO paper (Fig. 

4.5a), coinciding with the principal weight loss steps of the TGA curves. 
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Fig. 4.4. TGA (black) and DTA (blue) curves for graphene oxide samples: a) GO, b) GO+Pd,          

c) GO+ODA+Pd, and d) GO+DAO+Pd. 

 

 

For GO+Pd (Fig. 4.4b), the pattern of weight loss includes four steps. The first is related 

to the evaporation of physisorbed water (5.6 %, until 134 °C), the second refers to the pyrolysis of 

oxygenated groups (37.8 %, until 247 °C), the third one to the combustion of the main graphene 

backbone (45.1 %, until 446 °C), and the fourth weight loss (6.4 %, until 797 °C) can be attributed 

to a portion of the palladium present in the sample. In fact, at temperatures above 420 °C, Pd 

slowly oxidizes to PdO2
84 and PdO2 decomposes to Pd at temperatures beyond 780°C. The last 

ramp (1.2 %, until 1000°C) mirrors the metallic Pd content. So the total palladium content in the 

sample is around 11.5 %. The DTA peaks refer to the combustion of the main components in the 

system, namely the oxygen-containing groups (239 °C), the graphene lattice (419 °C and 478 °C), 

and the palladium oxide (shoulder at 830 °C). The second and the third peaks are strongly shifted 

to lower temperatures in comparison to the GO sample; this can be explained by the catalytic effect 

of palladium on the combustion of the graphene backbone, similar to what we saw previously for 

GO hybrids with silver nanoparticles (see Chapter 3 or reference 28). 
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Fig. 4.5b illustrates the thermal behaviour of the GOP+Pd sample mirroring characteristics 

akin to GOP but with notable disparities: a reduced content of physisorbed water (weight loss of  

7.1 %) removed at 117 °C, 20 °C lower compared to GOP. Additionally, oxygen-containing 

functionalities decomposed up to 240 °C giving rise to a weight loss of 17.8 % in comparison with 

40.7 % for GOP. The final step of the TGA curve, accounting for 73.8 % weight loss until 586 °C 

(by 21°C higher than for GOP), pertains to the combustion of the graphene backbone, with a 

contribution of Pd present in the sample. Notably, Pd progressively oxidizes to PdO2 beyond 420 

°C.76,84 Comparison of the DTA curve post-Pd decoration (Fig. 4.5b) to the one recorded prior to 

it (Fig. 4.5a) reveals that the first peak, pertaining to the oxygen-containing groups, is broader, 

reduced in area, and shifted 8 °C to a higher temperature of 215 °C. The second peak is 

considerably broader, and its maximum is centred at 497 °C, with a less pronounced shoulder at 

455 °C. This shift by 92 °C to a lower temperature than for GOP is attributed to the catalytic effect 

of palladium on the graphene backbone combustion, similar to previous observations (see also 

Chapter 3) for GO hybrids with Pd and Ag nanoparticles.28,76 A Pd content of 0.6 % is estimated 

for this sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5. TGA (black) and DTA (blue) curves for GOP samples: a) GOP, b) GOP+Pd,                       

c) GOP+ODA+Pd, and d) GOP+DAO+Pd. 

 

a) b) 

c) d) 
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For both amine-functionalized samples (Fig. 4.4c,d), the same percentage of 3.9 % for the 

loss of physisorbed water was observed when heating up to 141 °C for GO+ODA+Pd, and up to 

138 °C for GO+DAO+Pd. However, the loss steps for the oxygenated groups present noticeable 

differences; while for GO+ODA+Pd the corresponding percentage is 15.9 % and the weight loss 

extends until 247 °C, for GO+DAO+Pd the percentage is almost double, 29.5 %, and the weight 

loss extends until 293 °C. In the case of GO+ODA+Pd the main weight loss corresponds to the 

combustion of graphene lattice, 73.6 % of the sample are lost when heating up to 500°C, while for 

GO+DAO+Pd the weight loss is slightly smaller, 63.9 %, and the temperature range slightly wider 

(heating up to 506 °C). Similarly to GO+Pd, these weight losses occur at lower temperatures 

compared to GO, due to an apparent catalytic effect of the metal. Both thermograms show a 

shoulder at 828 °C, related to the decomposition of palladium oxide, with an estimated content of 

2.7 % for GO+ODA+Pd, and 1.5 % for GO+DAO+Pd. The metallic Pd content is 0.3 % for 

GO+ODA+Pd, and 4.8 % for GO+DAO+Pd, bringing the total palladium content to 3.0 and 6.3 

%, respectively. 

 

When comparing the TGA-DTA results for the GO+Pd series with those previously 

reported for the GO+Ag homologues (see Chapter 3 and reference 28), one notices that palladium 

importantly impacts the combustion temperature of the graphitic backbone; whereas for GO+Ag 

the pyrolysis starts at 682 °C, for GO+Pd it commences already at 446 °C. In the case of aminated 

samples, for GO+ODA+Ag pyrolysis starts at 695 °C, but for GO+ODA+Pd it begins already at 

506 °C, likewise for GO+DAO+Ag the combustion temperature is 716 °C, while for 

GO+DAO+Pd it is 500 °C. This testifies to a better catalytic performance of palladium 

nanoparticles in comparison to silver. Another important difference concerns the final weight loss 

from 797 to 861 °C in all the palladium-containing samples and corresponding to the thermal 

decomposition of palladium oxide; this trend is not observed in the silver-functionalized samples 

because silver does not oxidize. A third dissimilarity is related to the final residue. While in the 

non-aminated samples, the percentage of metal-containing residue is higher for palladium 

(GO+Pd: 11.5 %; GO+Ag: 1.5 %), in the aminated samples one sees an opposite trend, namely a 

metal content of 3.0 % for GO+ODA+Pd and 6.3 % for GO+DAO+Pd, while for GO+ODA+Ag 

the silver content is 6.7 % and for GO+DAO+Ag it is 12.1 %. 

 

The thermograms of amine-functionalized and Pd-decorated GOP (Fig. 4.5c,d), reveal 

distinctive discrepancies compared to GOP+Pd, attributed to amine moieties. GOP+ODA+Pd 

exhibits three primary weight losses in the TGA curve: 10.3 % up to 231 °C, 24.2 % up to 387 °C, 

and 65.4 % up to 688 °C. The initial weight loss corresponds to the pyrolysis of residual oxygen-

containing groups, amide derivatives and amines grafted to epoxy groups.78 The second loss stems 

from graphene lattice combustion, while the final one relates to the decomposition of Pd oxide. As 

observed for GO+Pd powder samples,76 graphene lattice combustion occurs at a lower temperature 

compared to GOP, due to an apparent catalytic effect of the metal. The metallic Pd content is 0.1 

% for GOP+ODA+Pd. Its DTA curve shows a complex exothermic behaviour, marked by peaks 

located at 221, 360, 438, 506 and 651°C, attributed to the pyrolysis of oxygen-containing groups 

and amino/amide derivatives, and to graphitic backbone combustion, combined with Pd oxidation 

to PdO2  at temperatures over 420 °C. The distinct rise at 830°C reflects the metallic Pd content 

(0.1 %). 
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Similarly, GOP+DAO+Pd shows a three-step weight loss pattern in the TGA curve: 6.7 % 

up to 120 °C (attributed to the evaporation of more abundant physisorbed water, due to DAO’s 

larger hydrophilicity), 19.5 % up to 232 °C (associated with the pyrolysis of oxygen-containing 

groups and amine/amide functionalities), and 73.3 % up to 614 °C (indicative of graphene 

backbone combustion). A metallic Pd content of approximately 0.4 % was deduced for 

GOP+DAO+Pd. Its DTA curve exhibits a similarly complex pattern to that of GOP+ODA+Pd. 

The initial well-defined peak (217 °C) correlates with the pyrolysis of oxygen-containing groups. 

The maxima at 343, 425, 477, 517 and 572 °C correspond to pyrolysis of organic functionalities, 

graphitic backbone combustion, and Pd oxidation. The additional peak at 876 °C is related to the 

decomposition of Pd oxide. The estimated metallic Pd content is 0.4 %.       

To characterize the differences in morphology of the samples due to the functionalization 

with amines and further decoration with palladium particles, backscattered electron composition 

scanning electron microscopy images were acquired as detailed in Chapter 2 for the GO series 

(Fig. 4.6). The respective particle size distributions are presented in the histograms of Fig. 4.7, 

where an asymmetrical distribution of sizes is observed for all GO+Pd, GO+ODA+Pd and 

GO+DAO+Pd samples and small particle sizes are more abundant.  

The brightest spots highlight the presence of palladium particle agglomerates. For GO+Pd 

samples (Fig. 4.6a-c) triangular and apparently octahedral shapes85,86 with a narrow size 

distribution ranging from 0.04 to 0.34 µm and an average size of 0.13 μm (Fig. 4.7a) are observed. 

The micrographs for GO+ODA+Pd (Fig. 4.6d–f), show mostly spherical palladium clusters in a 

broader range (0.03-1.2 µm) with an average particle size of about 0.26 μm (Fig. 4.7b). Equally to 

the case of GO+Pd, also for GO+DAO+Pd (Fig. 4.6g–i) different geometric shapes are seen, with 

sizes ranging from 0.02 to 0.85 µm, and an average particle size of 0.14 μm (Fig. 4.7c). Comparing 

the particle size distributions, one notices that those for GO+Pd and GO+DAO+Pd are narrower 

than that of the ODA-functionalized sample. These observations agree with E. Ramirez et al.87 

who have demonstrated the predominant role of chemical equilibria between all potential 

coordinating agents in stabilizing the nanoparticles; here this concerns the ligands resulting from 

the precursor, the amine and the reducing agent. Since the chemical activity expressed in 

milliequivalent (mEq) of ODA is lower than for DAO, for lower amine content we found 

aggregated particles but with a more regular shape. The size and shape of particles are governed 

by the nature of the stabilizing ligands and, in the case of weak ligands such as amines, by the 

quantity of ligands added.   
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Fig. 4.6. Representative SEM images for GO+Pd (a-c), GO+ODA+Pd (d–f), and GO+DAO+Pd  (g–

i) at different magnification. Scale bars: 10 μm (left column); 5 μm (middle column), and 0.5 μm 

(right column). 

 

 

 

 

 

 

 
Fig. 4.7. Particle size distribution histograms obtained by analysing the SEM images for (a) 

GO+Pd, (b) GO+ODA+Pd and (c) GO+DAO+Pd. 
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 On the other hand, morphological changes in the newly formed GOP and palladium-based 

hybrids were collecting secondary electron images with the scanning electron microscope, as 

explained in Chapter 2. Firstly the differences in paper thickness were estimated from cross-section 

images (Fig. 4.8a,d,g). GOP+Pd was about 20 μm thick; amine functionalization of GOP caused a 

small increase to 29 μm for GOP+DAO+Pd but had a much more dramatic effect for 

GOP+ODA+Pd where the thickness increased to 71 μm. This phenomenon can be interpreted as a 

‘swelling’ effect, stemming from the integration of long DAO and ODA functionalizing chains 

into interlayer space between GO nanosheets, followed by the intercalation of Pd species into the 

same interlayer space. As we previously observed for amine-functionalized GOP decorated with 

silver nanoparticles (see Chapter 3 or reference 28), this effect is notably more pronounced in the 

case of ODA since, given its molecular structure, ODA could act as a coating on nanoparticles in 

solution, avoiding particle aggregation by reducing the van der Waals forces between them and/or 

by keeping them apart by steric interactions.88,89 Therefore, these as-formed coatings are 

physiosorbed onto the nanoparticle surfaces during the solution-based synthesis controlling the 

growth and precipitation of the nanoparticles. These physical changes in the new materials 

promote the tunning of characteristics like dispersibility as discussed above (Fig 4.2). Whereas the 

ODA moieties have a hydrophobic character, the DAO ones tend to have a hydrophilic behaviour, 

which has a clear impact on the final spacing between the nanoparticles in assemblies.90 The 

micrographs presented in the middle and right columns of Fig. 4.8 reveal topographical differences 

between the two sides of the papers, which have their origin in the filtering process employed for 

GOP fabrication. The side that was closest to the membrane filter, has a more compact and uniform 

appearance, meanwhile, the other side exhibits a more inhomogeneous surface. This characteristic 

is attributed to the preferential sedimentation of smaller and lighter GO sheets during vacuum 

filtration, resulting in denser packing. This tendency has been prevalent in other graphene oxide 

paper-like studies.28,77  

To distinguish clearly between GO and PdNPs, we analysed backscattered electron 

composition (BEC SEM) images (Figs. 4.9 and 4.10). In these micrographs, the brightest spots 

indicate the presence of micrometre-sized palladium particles. Notably, round-shaped particles are 

visible, attached to both sides of the graphene oxide papers. The cross-sectional images in Fig. 

4.10a,d,g reveal that Pd particles are also embedded within the bulk of the GO paper. 

The images also highlight differences between the various types of GO papers. 

Specifically, the GOP+Pd samples exhibit less Pd nanoparticle agglomeration, likely due to the 

dispersant effect of the reducing agent, citric acid, during PdNP formation. The carboxylate 

groups, initially strongly adsorbed on the GO surface,91,92 serve as nucleation sites for Pd grafting 

by ion exchange or coordination reaction. Once Pd(II) is reduced to Pd(0), the carboxyl anions 

exert hydrophobic or Coulombic forces between Pd clusters,93,94 regulating the size and 

distribution of PdNPs on the carbonaceous surface.  

In contrast, the amine-functionalized samples display irregularly shaped, significantly 

agglomerated and large-sized palladium particles (Figs. 4.9 and 4.10d-i). The cross-sectional 

images (Figs. 4.9 and 4.10g) of GOP+DAO+Pd exhibit prominent bright spots, suggesting that 

bifunctional amine moieties not only favour the intercalation of PdNPs by providing extra 

coordinating groups95 but also promote nanoparticle aggregation.  
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Fig. 4.8. Secondary electron SEM images of GOP+Pd (a–c), GOP+ODA+Pd (d–f), and 

GOP+DAO+Pd (g–i). The left column (a, d, g) shows the cross-section images of the different 

specimens; the middle column (b,e,h) corresponds to the lower mat side that was in contact with the 

filter membrane during GOP fabrication, and the right column (c,f,i) shows the upper mat side. Scale 

bar: 10 μm. 
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Fig. 4.9. Backscattered electron SEM images of GOP+Pd (a–c), GOP+ODA+Pd (d–f), and 

GOP+DAO+Pd (g–i). The left column (a,d,g) shows the cross-section images of the different 

specimens; the middle column (b,e,h) corresponds to the lower mat side that was in contact with the 

filter membrane during GOP fabrication, and the right column (c,f,i) shows the upper mat side. Scale 

bar: 1 μm.  

 

 

Comparing the average Pd particle sizes of the paper samples with those of the powder 

samples,76 it is that the macrostructure of the substrate influences the size and distribution of the 

in situ formed palladium nanoparticles. The PdNPs are smaller in the layered samples compared 

to the powders (0.05, 0.2, and 0.06 µm smaller in GOP+Pd, GOP+ODA+Pd, and GOP+DAO+Pd 

in comparison to GO+Pd, GO+ODA+Pd, and GO+DAO+Pd, respectively), likely due to the 

surface area of GO which ranges from 400 m2/g up to 1500 m2/g, is importantly reduced when 

forming GO paper.96,97  
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Fig. 4.10. Backscattered electron SEM images of GOP+Pd (a–c), GOP+ODA+Pd (d–f), and 

GOP+DAO+Pd (g–i). The left column (a,d,g) shows the cross-section images of the different 

specimens; the middle column (b,e,h) corresponds to the lower mat-side that was in contact with the 

filter membrane during GOP fabrication, and the right column (c,f,i) shows the upper mat side. Scale 

bar: 0.5 μm. 
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Fig. 4.11. Particle size distribution histograms obtained by SEM imaging for GOP+Pd (a–c), 

GOP+ODA+Pd (d–f), and GOP+DAO+Pd (g–i). The left column (a,d,g) shows the particles size 

distribution on the cross-section; the middle column (b,e,h) shows the distribution of particles on the 

lower mat side that was in contact with the filter membrane during GOP fabrication; and the right 

column (c,f,i) shows the particles size distribution on the upper mat side.  

 

                                      

Additionally, the elemental composition of the materials was determined through energy-

dispersive X-ray spectroscopy (EDS) analysis, as detailed in Chapter 2 and reported in Tables 1 

and 2. For the powder-based series (Table 1), the metal content decreased as follows: GO+Pd (10.0 

± 5.2 wt%; 1.4 ± 0.8 at%); GO+DAO+Pd (6.9 ± 4.1 wt%; 0.9 ± 0.6  at%), and GO+ODA+Pd (2.5 

± 0.4 wt%; 0.3 ± 0.04 at%). Despite the differences in particle size, the trends observed in the 

histograms in Fig. 4.7 align with those of the thermal studies. Similarly, the EDS results for the 

paper-form materials (Table 2) showed that when comparing both sides, there is a tendency to 

concentrate more Pd particles in the GOP’s near-surface regions. However, the local stoichiometry 

varied significantly from point to point because of the small volume probed by EDS and the 

(partial) aggregation of Pd therein. Comparing the metal content in these GOP near-surface 

regions, revealed higher values for GOP+ODA+Pd (6.6 ± 8.2 wt%; 0.9 ± 1.1 at%), followed by 

GOP+DAO+Pd (5.6 ± 6.6 wt%; 0.7 ± 0.8 at%), and GOP+Pd (1.8 ± 0.7 wt%; 0.2 ± 0.1 at%). The 

higher standard deviation compared to the average values for palladium content indicates that the 
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metal is embedded in a heterogeneous manner within the carbonaceous matrix. Regarding the Pd 

content in the surface layer that was in contact with the filtration membrane during GOP 

fabrication, the order is as follows: GOP+Pd (1.9 ± 0.5 wt%; 0.2 ± 0.1 at%); GOP+DAO+Pd (1.3 

± 0.3 wt%; 0.15 ± 0.03 at%); GOP+ODA+Pd (0.2 ± 0.3 wt%; 0.02 ± 0.04 at%). The decoration 

with palladium is more controlled on this side of the mat and more substantial in the non-aminated 

specimen. 

 

Table 1. Palladium content as deduced from the EDS results for the GO/PdNP series  

Sample Weight % Atomic % 

 

GO+Pd 

C (K): 56.4 ± 8.8 

O (K): 33.6 ± 4.3 

Pd (L): 10.0 ± 5.2 

C (K): 67.8 ± 6.3 

O (K): 30.8 ± 5.6 

Pd (L): 1.4 ± 0.8 

 

GO+ODA+Pd 

C (K): 62.9 ± 0.4 

O (K): 34.0 ± 0.7 

Pd (L): 2.5 ± 0.4 

C (K): 70.7 ± 0.5 

O (K): 28.7 ± 0.5 

Pd (L): 0.3 ± 0.04 

 

GO+DAO+Pd 

C (K): 58.7 ± 6.3 

O (K): 33.6 ± 3.4 

Pd (L): 6.9 ± 4.1 

C (K): 68.9 ± 4.4 

O (K): 29.8 ± 4.0 

Pd (L): 0.9 ± 0.6 

  

 

Table 2. Palladium content as deduced from the EDS results for the GOP/PdNP series  

 

 Region 

 Lower face  Upper face  

Sample Weight % Atomic % Weight % Atomic %  

GOP+Pd 

 

C (K): 67.7 ± 1.1 

O (K): 30.1 ± 1.2 

Pd (L): 1.9 ± 0.5 

C (K): 74.7 ± 1.0 

O (K): 24.9 ± 1.0 

Pd (L): 0.2 ± 0.1 

C (K): 66.6 ± 2.2 

O (K): 31.2 ± 3.0 

Pd (L): 1.8 ± 0.7 

C (K): 73.7 ± 2.4 

O (K): 25.9 ± 2.5 

Pd (L): 0.2 ± 0.1 

GOP+ODA+Pd 
C (K): 91.0 ± 2.0 

O (K): 8.6 ± 1.7 

Pd (L): 0.2 ± 0.3 

C (K): 93.3 ± 1.4 

O (K): 6.7 ± 1.4 

Pd (L): 0.02 ± 

0.04 

C (K): 84.1 ± 8.8 

O (K): 9.1 ± 0.6 

Pd (L): 6.6 ± 8.2 

C (K): 91.6 ± 2.2 

O (K): 7.5 ± 1.1 

Pd (L): 0.9 ± 1.1 

GOP+DAO+Pd 
C (K): 89.8 ± 2.3 

O (K): 8.7 ± 2.3 

Pd (L): 1.3 ± 0.3 

C (K): 93.0 ± 1.8 

O (K): 6.8 ± 1.8 

Pd (L): 0.15 ± 

0.03 

C (K): 87.0 ± 8.0 

O (K): 7.3 ± 1.5 

Pd (L): 5.6 ± 6.6 

C (K): 93.3 ± 2.4 

O (K): 6.0 ± 1.6 

Pd (L): 0.7 ± 0.8 
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When comparing Pd loading as determined by different techniques, some differences 

emerge. While EDS revealed significant values (1.9 wt% for GOP+Pd, 3.4 wt% for 

GOP+ODA+Pd and 3.5 wt% for GOP+DAO+Pd), TGA studies displayed a general Pd loading of 

less than 1.0 wt% (0.6, 0.1 and 0.4 wt %, respectively). The two techniques probe the material 

differently, as TGA/DTA is mass-dependent, while EDS is area-dependent.  In TGA/DTA the 

sample amount varies from 5 to 10 mg covering a holder area of several mm2, whereas EDS 

measures a surface area of a diameter ~6 m, with a mass scarcely reaching 1 mg. So we can 

conclude that while the total Pd content is below 1 wt%, the graphene oxide paper decorated with 

the diamine shows the highest local variations in Pd decoration.  

 

 Further insights into the morphology, size, and distribution of smaller GO-supported 

palladium particles were gained through bright field (Fig. 4.12) and dark field (Fig. 4.13) TEM 

imaging. The corresponding particle size distribution histograms are presented in Fig. 4.14. In 

GO+Pd (Figs. 4.12 and 4.13a-c) a pronounced agglomeration of differently shaped metallic 

particles is evident. The size distribution of these particles is broad, ranging from 2 to 15 nm, with 

an average particle size of 5.7 ± 2.3 nm (Fig. 4.14a). In ODA-functionalized GO, spherical 

particles with diameters ranging from 1 to 13 nm are observed, with an average size of 4.2 ± 1.4 

nm (Fig. 4.14b). Conversely, DAO-functionalized GO exhibited much larger particles with 

diameters ranging from 6 to 450 nm, and an average size of 52.5 ± 83.5 nm (Fig. 4.14c). The 

agglomeration observed in the non-aminated sample can be associated with the strong interaction 

of sterically unprotected Pd species with the GO surface. The smallest particle size achieved in 

GO+ODA+Pd can be explained by the presence of the ODA moieties, which mitigate strong 

attraction to the graphitic backbone. In GO+DAO+Pd, the two coordinating sites of DAO favour 

a higher content of metallic nanoparticles, as mirrored by the histograms in Figs. 4.7 and 4.14, and 

the Pd content determined in the EDS studies (Table 1).  

 

Similarly to the Ag-containing samples discussed in Chapter 3, larger particles with a 

broader size distribution were observed in the GO+Pd series, despite a slightly lower palladium 

content. This emphasizes the inherent tendency of either silver or palladium nanoparticles to 

agglomerate on non-functionalized graphene oxide, underlining the importance of nitrogen-

containing ligands in nucleation and growth regulation 87.  
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Fig. 4.12. Bright-field TEM imaging for GO+Pd (a-c), GO+ODA+Pd (d-f) and GO+DAO+Pd (g-i) at 

different magnification. Scale bars: 200 nm (left column); 100 nm (middle column), and 20 nm (right 

column). 
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Fig. 4.13. Z-Contrast dark-field TEM images for GO+Pd (a-c), GO+ODA+Pd (d-f) and 

GO+DAO+Pd (g-i) at different magnification. Scale bars: 0.5 μm (left column); 100 nm (middle 

column), and 20 nm (right column). 
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Fig. 4.14. Particle size distribution histograms obtained from the TEM images of: a) GO+Pd, b) 

GO+ODA+Pd and c) GO+DAO+Pd.  

 

 

As for hybrids in powder form, bright-field (Fig. 4.15) and dark-field (Fig. 4.16) TEM 

micrographs were also collected for the hybrids in paper form. These images revealed PdNPs with 

variable sizes and morphologies. While a spherical shape predominated in GOP+Pd, other shapes 

were observed for GOP+ODA+Pd and GOP+DAO+Pd. The particle size histograms derived from 

the TEM images are shown in Fig. 4.17. In GOP+Pd, particles measuring between 1 to 5 nm were 

observed, with an average size of 2.8 ± 0.9 nm. In ODA-functionalized GOP, most particles were 

smaller than 5 nm (average size of 2.9 ± 2.5 nm), but a few outliers with diameters up to 15 nm 

are also seen, suggesting some degree of PdNPs agglomeration. In DAO-functionalized GOP, 

significant PdNP coalescence was apparent, with large agglomerates of up to 100 nm, making 

particle shape identification challenging. The average particle size in this sample was estimated at 

7.1 ± 5.1 nm. 
 

Interestingly, the combined data from electron microscopy highlight the formation of 

aggregates with diameters ranging from 60 to 80 nm, composed of smaller particles with sizes 

from 3 to 7 nm. This finding is particularly noteworthy since it indicates that in layered graphene 

oxide-based materials, there is a tendency for more controlled creation and deposition of metallic 

nanoparticles, in contrast to the hybrids in powder form, which exhibited a broader size distribution 

ranging from 260 to 130 nm,76 containing smaller particles with diameters from 50 to 2 nm.  
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c) 
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Fig. 4.15. Bright-field TEM imaging for GOP+Pd (a-c), GOP+ODA+Pd (d-f) and GOP+DAO+Pd 

(g-i). Scale bars: 100 nm (left column); 50 nm (middle column), and 20 nm (right column). 
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Fig. 4.16. Z-Contrast dark-field TEM images for GOP+Pd (a-c), GOP+ODA+Pd (d-f) and 

GOP+DAO+Pd (g-i) at different magnification. Scale bars: 0.5 μm (left column); 200 nm (middle 

column), and 50 nm (right column). 
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Fig. 4.17. Particle size distribution histograms obtained by TEM imaging for: a) GOP+Pd, b) 

GOP+ODA+Pd and c) GOP+DAO+Pd.  

 

 

       The crystallinity of the GO-PdNPs hybrids was investigated by XRD and the diffractograms 

acquired on the powder samples are shown in Fig. 4.18. The GO sample presents the characteristic 

(001) diffraction peak at 2θ = 11.2° (d-spacing of 0.79 ± 0.007 nm).98-101 According to Dékány, 

Krüger-Grasser, and Weiss102, GO presents d-spacing between 0.61 up to 1.1 nm depending on the 

amount of water adsorbed. The modification with amines resulted in a broadening of the main GO 

peak and a shift from 11.2° to 11.7° (d001 = 0.76 ± 0.007 nm) for GO+ODA, and to 12.5° (d001 = 

0.71 ± 0.009 nm) for GO+DAO. This slight shrinking of the interlamellar space could be associated 

with the hydrophobic characteristics of the aliphatic chain of the amine moieties. Referring to the 

GO+Pd, GO+ODA+Pd and GO+DAO+Pd hybrids, a noticeable broadening of the graphitic peak 

is clearly seen at 2θ = 13.4° (d-spacing of 0.66 nm) and points to smaller coherently diffracting 

domains and hence to (partial) exfoliation.103 According to Kaniyoor et al.,103 this phenomenon 

might be provoked by the acidic treatment to induce the decoration with PdNPs; in fact a partial 

removal of oxygenated functionalities (a certain degree of reduction) and water molecules, 

decreases the interlayer spacing in comparison to GO.104-107 The FT-IR and TGA/DTA results 

discussed above support this interpretation. It is reasonable to assume that the acidic treatment of 

aminated-GO also has an impact on the flake thickness via exfoliation-reduction,103 which causes 

the broad (001) Bragg reflection peak. The exfoliation seems to continue during Pd decoration 

since for both GO+ODA+Pd and GO+DAO+Pd hybrids the 001 peak has almost totally 

disappeared, indicating that the coherently diffracting domains are very small. The slightly 

narrower d-spacing for GO+DAO is probably due to cross-linking by bifunctional molecules like 

1,8 diamino octane onto the GO network, resulting in a more compact hybrid.108,109  

The appearance of new peaks assigned to (111) and (200) Bragg reflections at 2θ = 40.2° 

and 46.7° respectively, confirmed that the palladium nanoparticles that are large enough to be 

detected in XRD, have a face-centred cubic (fcc) crystalline structure.110 The fact that the intensity 

of the peaks in aminated samples is higher than in the non-aminated GO+Pd indicates more 

periodicity in crystalline arrangements due to the complexation effect by the nitrogen in amines. 

The lack of these stabilizing agents in the chemical environment of GO+Pd promotes 

chaotic/random arrangements; consequently, the height of the peak is reduced. These phenomena 

match the discussion of the SEM and TEM images (vide supra), where we saw that ligand moieties 

have an impact on the nucleation patterns of metallic particles.  
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Fig. 4.18. XRD diffractogram of non-functionalized and amine-functionalized GO samples before 

and after decoration with Pd nanoparticles. 

 

To provide more comprehensive insights into the chemical state of elements within the 

GOP before and after decoration with PdNPs, XPS characterization was carried out on the upper 

side of the GOP mats, as these exhibited the highest metallic content according to the EDS results 

(Table 2). 

The overall composition of the set of samples is from the survey spectra (Fig. 4.19), which 

show that carbon and oxygen are the dominant elements in all samples. A small Pd 3d peak is 

discernible for GOP+Pd, while for GOP+ODA+Pd and GOP+DAO+Pd, the spectroscopic 

signatures of both nitrogen and palladium are present. Figs 4.20 and 4.21 show the detailed spectra 

of the various core-level regions. The deconvolution of the C 1s core line shows essentially five 

peaks. The main peak, corresponding to the sp2/sp3 matrix, is centred at 284.5 eV111 in all the cases. 

In GOP (left bottom side in Fig. 4.20), the C 1s core line fitting displays four oxygenated 

components: 1) C-O bonds of the GO lattice, 2) alcohol and/or ether moieties (C–OH, C–O–C), 

3) carbonyl groups (C=O), and 4) carboxyl groups (COO) at 285.3, 286.4, 287.3, and 288.9 eV, 

respectively. The binding energies and the relative spectral intensities for each component are 

reported in Table 3. 
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Fig. 4.19. Survey XPS spectra for GOP, GOP+Pd, GOP+ODA+Pd and GOP+DAO+Pd  samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.20. XPS spectra of the C 1s core level region of GOP, GOP+Pd, GOP+ODA+Pd and 

GOP+DAO+Pd samples. Raw data are presented as dots, and the various components deduced 

from the fit are colour-coded, while their sum is shown in black. 
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Table 3. XPS binding energies and relative spectral intensities of components of the C 1s 

core level spectra corresponding to the various chemical species present in non-

functionalized and Pd-decorated graphene oxide paper samples 

 Components (eV) 

Sample C-Pd 

(%) 

C=C/C-C (%) C-O 

(%) 

C-OH, 

C-O-C (%) 

C=O  

(%) 

O=C-O 

(%) 

GOP --- 284.5 

(32.0) 

285.3 

(17.8) 

286.4 

(16.2) 

287.3 

(27.4) 

288.8 

(6.6) 

GOP+Pd 283.8 

(8.9) 

 

(25.9) 
285.1 

(14.4) 

286.7 

(34.2) 

287.5 

(10.4) 

288.7 

(6.1) 

 C-Pd 

(%) 

C=C/C-C/-CH/   

-CH2  

C-O/C-N 

(%) 

C-OH, 

C-O-C (%) 

C=O 

(%) 

O=C-O 

(%) 

 

GOP+ODA+Pd 282.9 

(1.8) 

(72.6) 

 

285.6 

(18.2) 

286.7 

(2.2) 

287.5 

(2.7) 

 

(8.7) 

288.7 

(2.5) 

GOP+DAO+Pd --- (50.0) 285.3 

(20.6) 

286.2 

(17.1) 

288.8 

(3.6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.21. XPS spectra of the: a) N 1s and b) Pd 3d core level regions for GOP+Pd, GOP+ODA+Pd 

and GOP+DAO+Pd samples. Raw data are presented as dots, and the various components deduced 

from the fit are colour coded, while the sum is shown, in black. 
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Similar features are observed in palladium-containing GOP's at 284.5-288.9 eV binding 

energy range. The primary distinction is the new component with the lowest binding energy 

referring to covalent bonding between carbon and palladium112,113 in GOP+Pd and GOP+ODA+Pd 

(283.8 and 282.9 eV, respectively). These peaks contribute 8.9 % to the C 1s intensity for GOP+Pd, 

and 1.8 % for GOP+ODA+Pd. The other components, attributed to oxygenated functionalities, 

appear in increasing BE: C-O < C–OH, C–O–C < C=O < COO-. Further information about binding 

energies and relative spectral intensities for each component are reported in Table 3. 

 

It is important to note that the relative intensity of the spectral components corresponding 

to carbonyl/carboxyl groups in aminated samples are noticeably reduced to (2.7 % and 2.5 % for 

GOP+ODA+Pd and to 8.7 % and 3.6 % GOP+DAO+Pd) for an increase in intensity of the 

component at 285.3 – 285.6 eV due to C-N bonds from the amine groups attached to the graphene-

matrix114-116 (18.2 % for GOP+ODA+Pd, versus 20.6 % for GOP+DAO+Pd). All the results are 

summarized in Table 3. 

 

The detailed spectra of the N 1s core level region (Fig. 4.21a) allow us to identify several 

nitrogenated species (Table 4). At a BE of 399.2-399.9 eV one finds the component due to C-N 

bonds of the aliphatic amines, as well as of the amino groups resulting from the addition onto 

epoxy rings5,62, representing 28.8 % of the total N 1s spectral intensity for the ODA-containing 

sample, and 54.7 % for the DAO-containing sample. The peak at a BE of 400.0 – 400.9 eV refers 

to the amino groups in both amines (relative intensity 39.9 % in ODA- and 26.3 % in DAO-

containing paper), whereas the component at 401.4 – 401.9 eV is due to the fraction of protonated 

-NH species formed in the acidic environment during PdNP formation and deposition,5,60, 

contributing 23.5 % and 7.0 % to the N 1s spectral intensity in ODA- and DAO-functionalized 

samples, respectively. Crucially, the evidence of coordination binding between nitrogen and 

palladium atoms is clearly observed in the peak appearing at 397.8 – 398.6 eV117,118, which 

accounts for 3.4% of the N 1s spectral intensity in GOP+ODA+Pd and 12.0 % in GOP+DAO+Pd. 

This peak indicates the formation of a Pd-N bond, confirming the interaction between the amine 

groups and palladium nanoparticles. Another small peak at 402.7 eV in the GOP+ODA+Pd sample 

arises. Unfortunately, the assignment of this peak remains to be very problematic so far.119 
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Table 4. XPS binding energies and relative spectral intensities of components of the N 1s 

core level spectra corresponding to the various chemical species present in the aminated 

GOP+Pd samples 

 Components (eV) 

Sample N-Pd (%) N-C (%) -NH2 (%) NH3
+ (%) 

GOP+ODA+Pd 
397.8 

(3.4) 

399.2 

(28.8) 

400.0 

(39.9) 

401.4 

(23.5) 

GOP+DAO+Pd 
398.6 

(12.0) 

399.9 

(54.7) 

400.9 

(26.3) 

401.9 

(7.0) 

 

The spectra in the Pd 3d core level region region (Fig. 4.21b), show two well-resolved 

asymmetrical peaks corresponding to the spin-orbit split Pd 3d5/2 and Pd 3d3/2 peaks. The 3d5/2  

peak can be deconvoluted in three main components corresponding to different oxidation states: 

Pd(0), Pd(II) and Pd(IV). The metallic form120 gives rise to the component in the BE range 335.1 

– 335.4 eV, which contributes with a relative spectral intensity of 6.5 % for GOP+Pd, of 29.2 % 

for GOP+ODA+Pd, and 25.5 % for GOP+DAO+Pd. Bivalent palladium appears in different 

positions according to the following hypothesis: in the case of GOP+Pd and GOP+DAO+Pd, it is 

positioned in a BE range of 338.5-338.7 eV due to the possible complexation with carboxylate 

ions derived from the deprotonation of the carboxylic acids of citric acid used for the PdNPs 

formation121 where the reported BE for the complexes formed varies between 338.6 – 338.8 

eV.122,123 The corresponding relative spectral intensity runs of 17.1 % for GOP+Pd, and 26.7 % 

for GOP+DAO+Pd. In GOP+ODA+Pd this chemical species is positioned in 336.8 eV, reflecting 

PdO formation124,125 with a spectral intensity of 28.4 %. Tetravalent palladium appears in a BE 

between 337.3 – 338.0 eV attributed to PdO2 formation126,127 with relative spectral intensities: 76.4 

% (GOP+Pd), 42.4 % (GOP+ODA+Pd), and 47.9 (GOP+DAO+Pd). The results are summarized 

in Table 5.  
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Table 5. XPS binding energies and relative spectral intensities of components of the Pd3d 

core level spectra corresponding to palladium in various oxidation states present in the 

palladium-decorated GOP samples 

  Components (eV) 

Species Pd (0) Pd (II) Pd (IV) 

              line 

sample 

3d5/2  

(%) 

3d3/2   

(%) 

3d5/2  

(%) 

3d3/2
  

(%) 

3d5/2  

(%) 

3d3/2  

(%) 

GOP+Pd 335.4 

(6.5) 

340.6 

 

338.7 

(17.1) 

344.0 

 

337.3 

(76.4) 

342.5 

 

GOP+ODA+Pd 335.1 

(29.2) 

340.4 336.8 

(28.4) 

342.1 

 

338.0 

(42.4) 

343.3 

 

GOP+DAO+Pd 335.3 

(25.5) 

340.6 

 

338.5 

(26.7) 

343.8 

 

337.7 

(47.9) 

342.9 

 

 

 

Derived from the data above, the atomic elemental composition for the GOP/PdNPs set 

was calculated (Table 6). As expected, the estimated nitrogen percentage was dimly raised in 

GOP+DAO+Pd (2.1 %) in comparison to the ODA-containing homologous (1.0 %) because of 

DAO bifunctionality. Consequently, palladium was deposited in the highest amount (1.6 %), 

followed by GOP+Pd (0.2 %), and lately, GOP+ODA+Pd (0.1%). 

 

 

Table 6. Elemental composition of the different graphene oxide paper samples as derived 

from the XPS spectra collected on the opposite side to the filtration membrane. 

Sample Atomic % 

 

GOP+Pd 

C: 77.3 

O: 22.6 

Pd: 0.2 

 

GOP+ODA+Pd 

C: 91.9 

O: 7.0 

N: 1.0 

Pd: 0.1 

 

GOP+DAO+Pd 

C: 84.5 

O: 11.8 

N: 2.1 

Pd: 1.6 
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4.3.2 Theoretical modelling   

 

We attempted to provide an explanation for the experimental results by modelling the 

properties of the hybrids with DFT calculations. The use of realistic-size GO and PdNP models 

are obviously computationally prohibitive, but relatively small models can already highlight some 

trends. An appropriate and computationally accessible choice to simulate a Pd nanoparticle is the 

Pd16 cluster (Fig. 4.22), which was proposed by Nava et al.128 This cluster has a maximal lateral 

extension of 7.1 Å and can also be synthesized experimentally in a ligand-stabilized form.129 In 

the case of GO, we employed the models of GO, GO+ODA and GO-DAO successfully tested in 

our previous study on AgNP decoration of the same substrates.28  

 

 
Fig. 4.22. Optimized geometry of the Pd16 cluster used to simulate PdNPs, showing atomic 

charges obtained by Mulliken analysis.  

 

 

The optimized Pd16 geometry (Fig. 4.22) is rather symmetric. As shown by the Mulliken 

analysis, the atoms of the cluster differ in terms of the sign and magnitude of charge: from − 0.041 

e to 0.013 e. In other words, both positively and negatively charged chemical species (either atoms 

or functional groups) can interact electrostatically with Pd16 and this will be important for how the 

metal nanoparticles can bind to non-functionalized and functionalized GO. As described 

previously28, a computationally feasible choice of GO models is based on a ten-fused aromatic-

ring system.130,131 To represent the oxygen-containing functionalities of GO, we introduced six 

carboxylic and eight aromatic ketone groups. The models for GO+ODA and GO+DAO were 

derived from the GO model by converting four of its six COOH groups into the corresponding 

amides.28 In the case of GO+DAO we additionally accounted for the fact that the Pd deposition is 

carried out under acidic experimental conditions, by protonating the four NH2 termini, which did 

not form amide derivatives; the resulting model is referred to as GO+DAO-4H+. Fig. 4.23 

schematically describes the mechanism and energy of the complexation of a Pd16 cluster with the 

models for GO, GO+ODA and GO+DAO-4H+. One can see that the weakest bonding (− 62.2 
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kcal/mol) was found on GO+ODA. In this case, Pd16 remains on the top of the model, forming 

close contacts mainly with the terminal CH3 groups of octadecyl moieties. The other two cases are 

very different, with very low negative values of formation energies (i.e. very strong bonding) for 

both GO (− 135.2 kcal/mol) and especially GO+DAO-4H+ (− 179.5 kcal/mol). The most 

interesting distinctive feature is that the Pd cluster directly chemisorbs on the graphene backbone 

by forming short Pd-C bonds, which can be qualified as covalent. This happens even on GO+DAO-

4H+, despite the presence of rather long DAO moieties. This direct contact between the Pd16 cluster 

and the graphene backbone ‘smears’ palladium atoms over the GO surface, contrary to the case of 

GO+ODA+Pd16, where Pd16 generally conserves its symmetric shape. A possible explanation is 

that ODA substituents are sufficiently long, and thus ‘shield’ and protect palladium from the strong 

attraction to the GO surface. The ‘smearing’ of Pd atoms observed theoretically can explain PdNP 

coalescence and agglomeration observed experimentally on GO and GO+DAO, whereas PdNPs 

deposited onto GO+ODA do not tend to coalesce and remain small, though the Pd elemental 

content is relatively small as well.  

 

As it could be expected, the differences in geometries and mechanisms of nanohybrid 

formation give rise to notable differences in the electronic structure; we analyzed specifically the 

energy and distribution of frontier orbitals HOMO and LUMO (Table 7 and Fig. 4.24). The 

HOMO-LUMO gap energies calculated for individual components are 0.313 eV for Pd16, 1.105 

eV GO, 0.854 eV for GO+ODA and 0.863 eV for GO+DAO-4H+ are (Table 7). It is logical to 

expect that, since Pd16 has the lowest gap energy of all these components, its complexation with 

GO, GO+ODA and GO+DAO-4H+ will result in lower HOMO-LUMO gap energies for the 

corresponding hybrids. As one can see, the HOMO-LUMO gap dramatically decreases to 0.163 

eV for GO+Pd16, 0.008 eV for GO+ODA+Pd16 and 0.144 eV for GO+DAO-4H++Pd16. An 

especially interesting observation is that Pd functionalization decreases the gap energy by two 

orders of magnitude, namely from 0.854 eV for GO+ODA to 0.008 eV for GO+ODA+Pd16. The 

frontier orbital localization (Fig. 4.24) matches the differences in HOMO-LUMO gap energies. 

The very strong interaction in the cases of GO+Pd16 and GO+DAO-4H++Pd16 results in the 

localization of both the HOMO and the LUMO on the same Pd atoms and an insignificant charge 

density on GO. On the contrary, in GO+ODA+Pd16 the HOMO and the LUMO are very well 

separated, with the HOMO localized exclusively on GO, and the LUMO exclusively on Pd16. 

 

The fact that the LUMO in all three cases is centred on Pd might imply that the latter remains 

active in electrophilic processes; in addition, the presence of the HOMO on the same atoms in 

GO+Pd16 and GO+DAO-4H++Pd16 can be linked to Pd cluster activity in nucleophilic processes. 

In turn, this might have important positive consequences for catalytic, electrocatalytic and 

biomedical applications of PdNPs deposited onto GO and GO-based materials. 
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Fig. 4.23. Optimized geometries of the GO, 

GO+ODA and GO+DAO-4H+ models (left) and of 

their hybrids formed with a Pd16 nanocluster (right) 

in aqueous medium. The values shown in blue are 

the formation energies (in kcal/mol) for GO+Pd16, 

GO+ODA+Pd16 and GO+DAO-4H++Pd16
 hybrids. 

The pink dashed lines indicate closest approaches 

shorter than 2.8 Å.  
 

Fig. 4.24. HOMO and LUMO plots 

(isosurfaces at 0.03 a.u.) of the GO+Pd16, 

GO+ODA+Pd16 and GO+DAO-

4H++Pd16
 hybrids, with the HOMO-

LUMO gap values shown in green.  
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Table 7. Total energies (E, in Ha), HOMO, LUMO and HOMO-LUMO gap energies (in eV) for an isolated Pd16 cluster, non-

functionalized and amine-functionalized GO models and their corresponding complexes with Pd16, as well as formation 

energies (ΔE, in kcal/mol) for the complexes with Pd16, as calculated by using PBE GGA functional with Grimme's dispersion 

correction in conjunction with DNP basis set and DSPP pseudopotentials. 

 

 

__________________________________________________________________________________________________________ 

Structure  E (Ha)   ΔE (kcal/mol)  EHOMO (eV)  ELUMO (eV) HOMO-LUMO gap (eV) 

__________________________________________________________________________________________________________ 

Pd16   -2613.7569726    -4.533   -4.220   0.313 

GO   -2954.3392137    -6.923   -5.818   1.105 

GO+Pd16  -5568.3115699 -135.2   -5.635   -5.472   0.163 

GO+ODA  -5702.6968554    -6.476   -5.622   0.854 

GO+ODA+Pd16 -8316.5529615 -62.2   -5.037   -5.029   0.008 

GO+DAO-4H+ -4354.7741375    -6.596   -5.733   0.863 

GO+DAO-4H++Pd16 -6968.8172249 -179.5   -5.763   -5.619   0.144 

________________________________________________________________________________________________________
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4.4 Conclusions 

 

This study described in this chapter demonstrated the successful fabrication of palladium-

containing graphene oxide hybrids in both powder and paper form through a multi-step approach 

encompassing vacuum filtration, eco-friendly gas-phase functionalization with amines, and 

decoration with palladium nanoparticles using citric acid as a green reducing agent. X-ray 

photoelectron spectroscopy confirmed that the amine molecules were grafted to graphene oxide 

sheets through both amidation reaction and amine addition onto epoxy rings. 

The combination of dispersibility tests, FTIR, XRD, TGA/DTA, as well as SEM/EDS and 

TEM imaging demonstrated the advantages of applying gas-phase functionalization with amine 

molecules under an eco-friendly approach to create supports withstanding Pd nanoparticle 

decoration in liquid media. 

Thermal and Energy Dispersive X-ray studies exhibited a superior palladium content in the 

non-aminated GO+Pd sample in comparison to amine-functionalized GO. XRD results showed Pd 

(111) and (200) peaks indicating that the larger palladium nanoparticles, which are visible to this 

technique, crystallize with face-centered cubic (fcc) structure. 

Dispersibility tests demonstrated the incompatibility of the powdered-based GO/PdNPs 

hybrids towards polar solvents. Therefore, further investigation applying non-polar reagents is 

required to explore plausible practical applications. In paper-like species, those tests proved the 

enhanced mechanical stability of paper mats achieved through palladium decoration. 1-

octadecylamine emerged as the more effective molecule for strengthening graphene oxide paper 

because it minimises Pd nanoparticle aggregation. EDS studies confirmed that the less dense face 

of the paper exhibits the most uniform palladium coverage indicating that also the structural 

characteristics of the substrate play an important role in Pd distribution. 

Electron microscopy evidenced the differences in PdNP nucleation, distribution, size and 

shape, which are strongly influenced by the structure of the amine molecule and the amount of 

stabilizing agents involved (citric acid, and amine moieties). and in the case of paper, on the local 

density in the zone of study. In particular, the different interactions between the solvent, amines 

grafted to GO, the GO itself and the nanoparticles significantly impact the processing of the 

nanoparticles in solution on the paper or powder surface as well as on the NPs’ final properties.  

Bright-field and dark-field TEM imaging revealed that GO+Pd samples contained 

irregularly shaped and randomly distributed particles, whereas ODA-functionalized GO showed a 

more homogeneous size distribution and very little agglomeration. DAO-functionalized samples 

exhibited a broader range of particles with different sizes, shapes, and coalescence. The average 

Pd particle sizes on GO functionalized with diamines were ten times larger than on GO, and on 

GO with monoamines.  

Referring to theoretical supporting data, the fact that the LUMO in all three cases is 

centered on Pd, might imply that the latter remains active in electrophilic processes; in addition 

the presence of the HOMO on the same atoms in GO+Pd16 and GO+DAO-4H++Pd16 can be linked 
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to Pd cluster activity in nucleophilic processes. In turn, this might have important positive 

consequences for catalytic, electrocatalytic and biomedical applications of PdNPs deposited onto 

GO-based materials. 

The described research underscores that by combining traditional and sustainable 

methodologies and taking advantage of the d orbitals of noble metals for forming coordination 

bonds with the functionalized carbon matrix, promising avenues for creating advanced materials 

emerge.  
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Innovative nanohybrids: crafting silver 

nanoparticles onto multiwalled carbon nanotube   

powder and paper  
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ABSTRACT 

 

This chapter reports on the synthesis and characterization of nanohybrids based on 

multiwalled carbon nanotubes chemically modified with aliphatic amines 1-octadecylamine and 

1,8-diaminooctane)— and further decoration with silver nanoparticles. Two macroscopic types 

were studied: powder and paper-like hybrids. Pre-oxidation of the carbon nanotubes was necessary 

to assure processability, and buckypaper was fabricated using an established protocol. Ag 

nanoparticles were generated using silver nitrate and citric acid as a mild/eco-friendly reducing 

agent. 

Dispersibility tests showed good solvent dispersibility, particularly in the paper series when 

a non-ionic surfactant was included. FTIR confirmed surface chemistry changes from amine 

functionalization. Thermal analysis revealed that higher silver content reduced thermal stability, 

especially in the powder series. Scanning electron microscopy demonstrated better Ag 

nanoparticle size distribution and coverage on amine-functionalized nanotubes. Energy dispersive 

X-ray and X-ray photoelectron spectroscopy showed consistent chemical composition, with the 

latter indicating higher oxygen, metallic silver, and nitrogen in aminated samples. X-ray diffraction 

revealed changes in crystallinity and interlamellar spacing, influenced by nitrogenated ligands. 
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5.1 Introduction 

 

Nanomaterials have garnered significant attention across various sectors due to their unique 

properties and versatility. Among these, carbon nanotubes (CNTs) and buckypaper (BP) stand out 

as promising candidates for both structural and functional applications.1-9 While extensive research 

exists on CNTs in powder form, the fabrication of buckypaper offers several compelling 

advantages,10-14 for example superior mechanical properties. In fact, buckypaper, a self-supporting 

film composed of entangled carbon nanotubes, exhibits exceptional tensile strength, flexibility, 

and stiffness.7 These unique properties make buckypaper an ideal candidate for high-performance 

applications, such as in the aerospace and automotive industries.15 Particularly, multiwalled carbon 

nanotubes (MWCNTs) have shown immense potential across various applications, due to their 

unique structural, electrical, and thermal properties.16 Notably, their high electrical and thermal 

conductivity, large surface area, remarkable mechanical strength, and enhanced electron transport 

capabilities surpass those of single-walled carbon nanotubes (SWCNTs), making MWCNTs an 

attractive candidate for the development of advanced nanomaterials.16,17 

 

Functionalization of carbon materials, such as through the introduction of amine, thiol, or 

other functional groups, enhances the dispersion and integration of nanotubes within another 

matrix, leading to improved mechanical, electrical, and thermal properties of the resulting 

nanocomposites.18 Compared to traditional approaches, gas-phase functionalization offers the 

advantage of precisely controlling the degree of functionalization while preserving the inherent 

properties of the carbon nanotubes.19-22 The synergistic combination of metal nanoparticles and the 

carbonaceous framework can lead to advanced materials with diverse applications in biomedical 

engineering, energy storage, and environmental remediation.23-27 MWCNTs serve as an ideal 

platform for the synthesis and stabilization of silver nanoparticles (AgNPs), owing to their high 

surface area and effective anchoring sites.26,28-31Advantages of focusing on silver include high 

electrical and thermal conductivity, catalytic properties, and antimicrobial activity.32 Integrating 

silver nanoparticles in carbon nanotube foil results in the formation of highly stable and 

homogeneous structures with unique optical, electronic, and catalytic characteristics,33 applicable 

in fields such as sensing and biomedical devices.17 Understanding the formation, structural 

characteristics, and interfacial interactions in these systems is essential for optimizing their 

performance and enabling practical utilization. 

 

The primary objective of this study was to demonstrate the feasibility of creating 

nanomaterials based on MWCNTs and AgNPs under mild and environmentally friendly conditions 

by pre-treating MWCNTs with amine molecule vapour. A thorough comparison of the 

characteristics of MWCNT-AgNP hybrids made from pure nanotubes and their gas-phase 

functionalized equivalents using aliphatic amines was conducted. Focusing on the shape and 

dispersion of AgNPs, this study advances the environmentally sustainable synthesis of materials 

that may serve for diverse applications. For instance, combining the intrinsic properties of metals 

with bioactive ligands such as amines offers numerous opportunities for designing compounds 

targeting specific biological processes.34-36 
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5.2 Experimental section 

 

5.2.1 Materials 

 

Multiwalled carbon nanotubes (≥ 95 wt% purity, diameter: < 8 nm and length of 10-50 μm) 

acquired from Nanostructured & Amorphous Materials Inc., were used. Reagents                                  

1-Octadecylamine (ODA; ≥ 99 %), 1,8-diaminooctane (DAO; ≥ 98 %), citric acid (≥ 99.5 %), 

silver nitrate (≥ 99 %), 2-propanol (≥ 99.8 %) nitric acid and Triton™ X-100 (laboratory grade) 

from Sigma-Aldrich were used as received. 

 

 5.2.2 Oxidation of multiwalled carbon nanotubes 

To modify the reactivity of the pristine carbon nanotubes, while taking care to preserve 

their intrinsic properties, they were subjected to acid treatment at controlled temperatures as 

explained in detail in Chapter 2 (see section 2.1.2 point 1). The sample obtained at this point is 

hereafter called MWCNTs(ox).  

 

 5.2.3 Fabrication of free-standing multiwalled carbon nanotubes paper 

For the fabrication of the multiwalled carbon nanotubes-based paper, hereinafter called 

buckypaper and abbreviated as BP, the protocol explained in Chapter 2 (see section 2.1.2 point 2), 

was employed. 

 

5.2.4 Amine gas-phase functionalization of oxidized multiwalled carbon nanotubes 
 
The chemical functionalization of MWCNTs(ox) in powder or paper form was carried out 

as explained in Chapter 2 (see section 2.1.3). In the following, the 1-octadecylamine-funtionalized 

samples are labelled as MWCNTs+ODA and BP+ODA, while the 1,8-diaminooctane-

functionalized samples are denoted as MWCNTs+DAO and BP+DAO.  

 

5.2.5. Deposition of silver nanoparticles 

We employed the protocol explained in Chapter 2 (see section 2.1.4.1) for the AgNPs 

formation and deposition applied in our previous works.37,38 The functionalized and silver-

decorated samples are denoted hereafter as MWCNTs+ODA+Ag, BP+ODA+Ag, 

MWCNTs+DAO+Ag, and BP+DAO+Ag. Control samples obtained by applying only thermal 

treatment to MWCNTs(ox) and BP (without amine functionalization) are labelled MWCNTs+Ag 

and BP+Ag in the following. 
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5.3 Results and discussion 

 
5.3.1 Characterization of MWCNTs+Ag and BP+Ag hybrids   

 

As a first approach to detect changes in the surface chemistry following amine 

functionalization and decoration with silver nanoparticles, we performed dispersibility tests using 

solvents with different polarities. Two series of tests were performed: the powder samples were 

dispersed in toluene and 2-propanol (Fig. 5.1) and the paper-like samples were tested in water and 

2-propanol (Fig. 5.2). These solvents were chosen after preliminary testing with several candidates 

to identify those that produced the most significant differences in dispersibility.  

 

Fig. 5.1 shows the photographs of MWCNTs dispersed in toluene and 2-propanol 

immediately after sonicating for 10 min (0 h) and after 24 h. 

 

Fig. 5.1. Dispersibility tests for MWCNTs samples in toluene and 2-propanol: (1) MWCNTs(ox),          

(2) MWCNTs+Ag, (3) MWCNTs+ODA, (4) MWCNTs+ODA+Ag, (5) MWCNTs+DAO, and (6) 

MWCNTs+DAO+Ag. The images were taken immediately after 10-min ultrasonication (0 h) and 24 h 

later.  
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Despite the oxidation of nanotubes, they preserve some hydrophobic characteristics, 

leading to partial solubility in toluene. However, the decoration with silver and the 

functionalization with amines play a crucial role in the dispersibility of the systems, generally 

restoring hydrophobic behaviour. Notably, MWCNTs+DAO+Ag remained partially soluble in 

toluene. After 24 hours, most dispersions had become unstable, except for the sample containing 

only ODA, whose long hydrocarbon chain promoted its hydrophobic characteristics over time. In 

2-propanol, which has an intermediate polarity,39 significant differences were observed. The ODA-

containing samples remained well dispersed, likely due to the solvent’s ability to dissolve many 

non-polar compounds.40 and this trend remained in time. The non-functionalized and DAO-

functionalized samples, however, exhibited instability in both solvents, suggesting that these 

samples share some common surface characteristics. 

 

 

Fig. 5.2 illustrates the dispersibility of the carbon nanotube-based paper in two polar 

solvents (water and 2-propanol). Notably, most samples remained dispersible, a behaviour 

differing from the powder samples. This discrepancy can be attributed to the use of Triton X-100 

as a surfactant in buckypaper fabrication. During sonication, the surfactant molecules detach and 

dissolve in both solvents, enhancing dispersibility.41 When the nanotubes are functionalized with 

ODA, its hydrophobic properties hinder solubility in water, but dispersibility in 2-propanol is 

favourable for both powder and paper forms. The DAO-containing samples exhibited a lower 

chemical affinity for 2-propanol, especially in the powder form, likely due to the absence of the 

surfactant. 

Fig. 5.2. Dispersibility tests for BP samples in water and 2-propanol: (1) BP+Ag, (2) BP+ODA,             

(3) BP+ODA+Ag, (4) BP+DAO, and (5) BP+DAO+Ag. The images were taken immediately after 10-

min ultrasonication (0 h) and 24 h later. 
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To further understand the impact of amine derivatization and AgNP decoration on the 

materials' surface chemistry, Fourier transform infrared (FTIR) spectroscopy measurements were 

conducted as explained in Chapter 2 (Fig. 5.3). The broad bands from 3455 to 3389 cm−1 are 

associated with -OH stretching in carboxyl and hydroxyl groups (νO-H),42 while the aminated 

samples displayed additional broad bands from 3431 to 3344 cm−1, stemming from νN-H vibrations 

of secondary amines. This testifies to the covalent attachment of both ODA and DAO through 

amidation, giving rise to C-N bonds between graphitic sidewalls of adjacent MWCNTs.43 (Fig. 

5.3b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.3. FTIR spectra of oxidized and amine-functionalized: a) MWCNTs(ox), and b) BP samples 

before and after decoration with AgNPs. 

 

 

The buckypaper-based series also exhibited distinct features between 2920 and 2849 cm−1, 

consistent with C–H stretching vibrations of chemisorbed hydrogen,44,45 more prominent in the 

powder-based series, especially in MWCNTs+DAO+Ag, pointing to a larger amount of aliphatic 

chains of the amines attached after the vaporous functionalization. The characteristic band at 1731-

1740 cm−1 stems from carboxylic groups formed during acid treatment to induce oxidation;46 this 

band vanished post-amine functionalization, indicating successful amidation. The appearance of 

bands at 1624 – 1645 cm−1 due to the νC=O absorption of ‘amide I’ and the absorption band of the 

C-N bond in amide/amine moieties between 1113-1118 cm−1, further confirmed amine 

derivatization.  
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 The bands appearing at 1442-1615 cm−1 are associated with C-C stretching (in-ring), 

whereas the one at 1383-1385 cm−1 arises from δO-H (in-plane). The bands in the range of 1020 – 

1296 cm−1 demonstrate the presence of C-O bonds in various chemical surroundings.42 Below 

900 cm−1 bands associated with different types of deformation and bending of C-H bonds can be 

distinguished.47,48 

 

Thermal analysis was carried out to monitor the thermal decomposition behaviour of the 

materials before and after amine functionalization and decoration with silver nanoparticles (for the 

experimental details see Chapter 2). The thermogram of MWCNTs(ox) (Fig 5.4a) shows two main 

weight losses: 98 % due to graphitic matrix combustion proceeding up to 705 °C and 2.1 % due to 

the combustion of the newly formed oxygenated functionalities up to 273 °C. The differential 

thermal analysis (DTA) curve confirms the maximum degradation rate of the graphitic lattice at 

658 °C. 

 

The weight loss pattern of MWCNTs+Ag (Fig. 5.4b) is similar to the previous sample with 

slight differences. The loss due to oxygen-containing groups is 1.4 % higher and their combustion 

is completed at 222 °C, while the combustion of the graphene backbone accounts for a loss of 

94.9% of the total weight of this sample, with a maximum at 495 °C, according to the DTA curve. 

From the residual mass at temperatures above 589 °C, a silver content of 2.0 % is deduced. 

 

The amine-containing samples (Figs. 5.4c,d) displayed notable differences. The ODA-

functionalized sample (Fig. 5.4c) exhibited a 12.8 % mass loss up to 231 °C due to oxygenated 

groups and amino/amide derivatives, while the DAO-containing sample (Fig. 5.4d) showed a 

reduced mass loss of 5.3 % up to 225 °C, likely due to the differences in molecular weight of  

1,8-diaminooctane (144.26 g/mol,50) compared to 1-octadecylamine (269.51 g/mol,49). As 

expected, graphitic carbon dominated in the composition of these samples, as proven by the weight 

loss of 77.1 % up to 546 °C for MWCNTs+ODA+Ag, and the weight loss of 94.8 % up to 856 °C 

for MWCNTs+DAO+Ag, while the silver content was estimated at 10.0 %, and 0.2 %, 

respectively. The difference in the decomposition temperature of the graphene backbone can 

therefore be directly associated with the metal content in all the silver-containing samples, with 

MWCNTs+Ag degrading at ~600 °C and MWCNTs+ODA+Ag at a lower temperature due to a 

five times higher metallic content. Conversely, MWCNTs+DAO+Ag decomposed at a much 

higher temperature because its silver content was only 1/10 that of MWCNTs+Ag. These results 

point to a catalytic effect of Ag as discussed in earlier studies.38,51 The DTA curves indicate 

degradation maxima at 453 °C for MWCNTs+ODA+Ag and 510 °C for MWCNTs+DAO+Ag (42 

°C less and 15 °C more in comparison to the non-aminated sample). These temperatures shift with 

the combustion completion temperatures. 
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Fig. 5.4. Thermal gravimetric analysis (TGA) (black) and DTA (blue) curves for carbon nanotube-

samples: a) MWCNTs(ox), b) MWCNTs+Ag, c) MWCNTs+ODA+Ag, and d) MWCNTs+DAO+Ag. 

  

 

For the MWCNT papers, the thermal behaviour mirrored that of the powder samples. BP 

(Fig. 5.5a), showed 12.9 % weight loss up to 362 °C, higher than for MWCNT powder, due to 

pyrolysis of various species. The presence of Triton™ X-100 surfactant, which evaporates above 

310 °C, contributes to this loss, with decomposition completed at 333 °C as shown in the DTA 

curve. Oxygen-containing groups and water molecules are lost in the first stage, with a degradation 

maximum at 418 °C, like MWCNTs(ox) (417 °C).  

 

 

a) b) 

c) d) 
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Fig. 5.5. TGA (black) and DTA (blue) curves for BP samples: a) BP, b) BP+Ag,  

c) BP+ODA+Ag, and d) BP+DAO+Ag. 

 

 

 

The second weight loss corresponds to the combustion of the graphitic carbon up to 652 °C 

and amounts to 87.4 %. For this paper, the corresponding maximum in the DTA curve occurs at 

610 °C, i.e. 48°C earlier than that of the pyrolysis of MWCNTs(ox) powder. 

 

For the BP+Ag sample the thermos gravimetric analysis (TGA) curve (Fig. 5.5b) closely 

follows that of the powder homologue. While in MWCNTs+Ag the oxygenated groups contribute 

3.5 % to the total weight, in the paper-like form it is 3.8 % and their removal is completed at 

224 °C. The graphitic lattice comprises 93.6 % of the silver-decorated buckypaper and its 

combustion ends at 508 °C, compared 94.9 % for the powder sample, which also degraded at higher 

temperature. These differences could be attributed to the silver content, which was 2.5 wt% in 

BP+Ag and 2,0 wt% in MWCNTs+Ag. This 0.5 % higher Ag content can justify the earlier 

a) b) 

c) d) 
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combustion of the paper. Its combustion is also catalyzed, with the maximum being reached at 412 

°C (83 °C earlier), as clearly seen in the DTA curves. 

 

The effect of the presence of amide and/or amine moieties on the degradation pattern of 

the aminated papers follows the same trend we observed for the graphene oxide–silver and -

palladium nanohybrids (see Chapters 3 and 4 or refs 38,51). On one hand, the presence of 

oxygenated and aminated groups can be distinguished in BP+ODA+Ag (Fig. 5.5c), which first 

accounted for 1.5 wt% and were removed up to 217 °C, while the nitrogen-containing groups made 

up 5.8 wt% and pyrolyzed up to 341 °C. In BP+DAO+Ag (Fig. 5.5d) this distinction is not clearly 

seen and only one loss of 4.9 % up to 316 °C is observed. As for the powder samples, these mass 

differences could be associated with the molecular weight of each amine. The combustion of the 

nanotubes themselves has practically the same ending point in both cases (652 °C for 

BP+ODA+Ag and 651 °C for BP+DAO+Ag) with weight losses of 91.2 % and 85.6 %, 

respectively. However, the silver content is considerably different between them; 1.6 wt% for 

BP+ODA+Ag, and 9.5 wt% for BP+DAO+Ag. This difference could be explained by the two 

functional groups in DAO, providing twice as many coordination centres for AgNPs.38,52-54 The 

DTA curves show decomposition maxima at 332 and 320 °C corresponding to the removal of 

oxygenated and aminated groups, and at 430 and 452 °C for the pyrolysis of the graphitic network 

in BP+ODA+Ag and BP+DAO+Ag, respectively.  

 

The morphology of the powder and paper samples was studied by secondary electron 

scanning electron microscopy (SEM) imaging (SEI mode) as explained in Chapter 2; the 

micrographs of the powder samples are presented in Fig. 5.6. For MWCNTs+Ag (left column of 

Fig. 5.6) the powder grains appear ‘spongy’ and zooming in (central column in Fig. 5.6) µm-sized 

bright spots can be seen, which correspond to spherical silver nanoparticles, all of similar size 

(highlighted in yellow). In the highest magnification image (right column in Fig. 5.6)  it is possible 

to distinguish the network of crisscrossed nanotubes (highlighted in green), decorated with some 

Ag particles (marked in yellow and red). The morphological features of MWCNTs+ODA+Ag 

(Fig. 5.6d-f) are similar but the ‘spongy’ nature is more pronounced (Fig. 5.6d), presumably 

because of the penetration of the hydrocarbonated chains into the matrix of the entangled 

nanotubes, and the Ag nanoparticles are more abundant and distributed more evenly (Fig. 5.6e,f). 

While the overall morphology of MWCNTs+DAO+Ag (Fig. 5.6g) is similar to the ODA-

containing sample, the  AgNPs look instead quite different (Fig. 5.6g-i). Their size and distribution 

are more heterogeneous and they also have various shapes. In Fig 5.6h particles as big as 2 µm are 

distinguished (see arrows), while the highest magnification image (Fig. 5.6i) shows a surface 

uniformly decorated with AgNPs of different shapes and a narrow size distribution ranging from 

0.1 to 0.7 µm. 
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Fig. 5.6. Secondary electron SEM images of MWCNTs+Ag (a–c), MWCNTs+ODA+Ag (d–f), and 

MWCNTs+DAO+Ag (g–i) at different magnifications. Ag particles are highlighted in yellow and 

pointed out in red, whereas the nanotube network is circled in green. Scale bars: 10 μm (left column); 

5 μm (middle column), and 1 μm (right column). 
 

 

 

To highlight the differences in AgNP shape and distribution, we also collected 

backscattered electron SEM images (BEC mode), which enhance the contrast between light and 

heavy atoms (Fig. 5.7). Due to the small size of the Ag particles, the images at lowest magnification 

only show the dark surface of the carbon-based lattice with some degree of roughness (Figs. 

5.7a,d,g). At higher magnification, for the MWCNTs+Ag an uneven particle distribution is evident 

in Figs 5.7b and c, with AgNP sizes ranging from less than 0.1 up to 0.5 µm. For the 

MWCNTs+ODA+Ag sample (Fig. 5.7e,f) the coverage of AgNPs was higher with a similar size 

distribution from less than 0.1 up to 0.5 µm and different shapes. In the micrographs of the 

MWCNTs+DAO+Ag (Fig. 5.7h,i) one sees that the AgNP coverage was much higher, the particles 

were predominantly spherical, with an estimated size from 0.1 to 0.7 µm. The differences in silver 

content were quantified with EDS and the results shown in Table 1 confirm that a higher silver 

content was achieved in the amine-containing samples. 

 0.5 µm 

 0.5 µm 

 0.5 µm 

 c) 

 f) 

 i) 
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Fig. 5.7. Backscattered electron SEM images of MWCNTs+Ag (a–c), MWCNTs+ODA+Ag (d–f), and 

MWCNTs+DAO+Ag (g–i) at different magnification. Scale bars: 10 μm (left column); 5 μm (middle 

column), and 1 μm (right column). 
 

 

Table 1. EDS results for the MWCNTs/AgNP series  

Sample Weight (%) Atomic (%) 

  

MWCNTs+Ag 

C (K): 92.0 ± 0.7 

O (K): 5.8 ± 0.7  

Ag (L): 1.9 ± 0.5  

C (K): 95.2 ± 0.4  

O (K): 4.5 ± 0.5  

Ag (L): 0.2 ± 0.06  

  

MWCNTs+ODA+Ag 

C (K): 86.6 ± 1.6 

O (K): 9.9 ± 1.5  

Ag (L): 3.6 ± 1.1 

C (K): 91.7 ± 1.2  

O (K): 7.9 ± 1.2  

Ag (L): 0.4 ± 0.1 

  

MWCNTs+DAO+Ag 

C (K): 89.6 ± 1.6  

O (K): 7.5 ± 1.2  

Ag (L): 3.0 ± 0.5  

C (K): 93.8 ± 1.0  

O (K): 5.9 ± 1.0 

Ag (L): 0.3 ± 0.06  
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Similarly, SEI and BEC SEM imaging was carried out to study the morphology of the 

buckypaper samples (Figs 5.8 to 5.10). Fig 5.8 shows structural differences in three areas of 

interest in the paper-like material: the cross-section, the side in contact with the filtration 

membrane during the buckypaper fabrication and the upper side of the paper. Fig. 5.8a,d,g show 

the cross-sectional images of the three samples from which the paper thickness can be determined: 

BP+Ag: 58 μm; BP+ODA+Ag: 59 μm, and BP+DAO+Ag: 31 μm. Comparing these thicknesses 

to that determined for  BP (47 μm, image not shown), suggests that silver has penetrated the 

MWCNT network of BP+Ag and BP+ODA+Ag, leading to swelling. The opposite effect is 

observed in the DAO-containing sample, probably due to the cross-linking by bifunctional 

molecules, which leads to a more compact MWCNT network. Figs. 5.8b,e,h show the surfaces of 

the lower paper sides, which were in contact with the filtration membrane during buckypaper 

fabrication and Figs. 5.8c,f,i refer to the upper side of the papers. As expected, the lower sides 

exhibit a more uniform structure, whereas the upper surfaces are more disordered. A likely reason 

for this is that during the filtration process, well-shaped larger nanotube assemblies first 

sedimented on the filter surface, while the smaller and therefore lighter aggregates deposited later 

in a more random fashion. 
 

 

Fig. 5.8. Secondary electron SEM images of BP+Ag (a–c), BP+ODA+Ag (d–f), and BP+DAO+Ag     

(g–i) series. The left column (a,d,g) shows the cross-section images of the different samples; the middle 

column (b,e,h) refers the side of the paper that was in contact with the filter membrane during BP 

fabrication, and the right column (c,f,i) shows the opposite side. Scale bar: 10 μm. 
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To visualize the characteristics of the particles decorating both sides of the papers, SEI 

SEM images at higher magnification were collected (Fig. 5.9), from which the histograms of the 

particle sizes were obtained (Fig. 5.10). The first column in Fig. 5.9 shows the side being in contact 

with the filtration membrane during the BP formation, whereas the second column exhibit 

morphological features of the external side of the buckypapers. For the BP+Ag sample, a certain 

degree of agglomeration mainly on the external side of the BP can be seen. Although the lower 

side exhibits a slightly denser coverage, the agglomerates formed are rather dispersed. Irregularly 

shaped particles were formed on both sides. the average particle size on the lower side was 0.06 ± 

0.03 μm, whereas on the upper side it was 0.14 ± 0.05 μm (first column in Fig. 5.10).  

 

 

Fig. 5.9. Secondary electron SEM images for the set of the BP/AgNP series. The columns highlight 

the size and distribution of the particles attached on the side of the paper that was in contact with the 

filter membrane during paper fabrication (lower side) and on the upper side of the buckypaper. Scale 

bar: 0.5 μm. 
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Fig. 5.10 Particle size distribution histograms obtained by SEM imaging for the set of the BP/AgNP 

series. The first row shows the distribution of particles on the lower paper side being in contact with 

the filter membrane during BP fabrication, and the second row shows the particle size distribution 

on the upper side.  

 

 

 

The decoration pattern was quite different for the aminated samples. In BP+ODA+Ag, the 

particles were more densely and evenly distributed with a narrow size distribution as presented in 

the central column of Fig. 5.10, where the size on the side originally in contact with the filter was 

0.07 ± 0.02 μm whereas on the opposite side it was 0.10 ± 0.02 μm. For the BP+DAO+Ag, the 

coverage of AgNPs was lower on both sides of the paper than for BP+ODA+Ag. On both sides, 

the size of the particles was larger than for BP+ODA+Ag, which is quantified in the third column 

of Fig. 5.10, where size distributions of 0.13 ± 0.02 μm for the lower side, and 0.11 ± 0.02 μm for 

the upper side are reported. Comparing both sides, one sees that the coverage was more efficient 

on the low side of the paper in all the cases. 
 

To highlight the contrast between the nanotube network and the Ag particles embedded in 

it, BEC SEM images were acquired at different magnifications and are shown in Fig. 5.11. The 

first column shows the cross-sectional image for each buckypaper, whereas the images in the 

second and third columns were collected on the two sides of each sheet. Here two trends can be 

confirmed: 1) the effect of the amine modification on the decoration pattern mitigating 

agglomeration, and 2) the more efficient decoration with AgNPs on the lower side of the papers 

with the presence of ODA promoting the most homogeneous coverage. In Fig. 5.11a,d,g the 

penetration of some particles between the nanotubes can be observed, which is also promoted by 

the grafted amine moieties. 
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Fig. 5.11. Backscattered electron SEM images of BP+Ag (a–c), BP+ODA+Ag (d–f), and BP+DAO+Ag 

(g–i). The left column (a,d,g) shows the cross-section images of the different buckypapers; the middle 

column (b,e,h) exhibits the particle distribution within the lower side that was in contact with the 

filter membrane during BP fabrication, and the right column (c,f,i) shows the tendency in the upper 

side of the buckypaper. Scale bars: 100 μm (cross-section) and 5 μm (both sides).  

 

 

 

All the features observed by SEM imaging were confirmed through Energy Dispersive 

Spectroscopy (EDS) studies (Table 2), where quantification of the Ag content demonstrates that 

the decoration with AgNPs is promoted by the presence of amines, being slightly more favoured 

by the 1-octadecylamine chains. 
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Table 2. EDS results for the BP/AgNPs series  

  Region 
 

Lower side Upper side 

Sample Weight % Atomic % Weight % Atomic % 

 

BP+Ag  

C (K): 96.3 ± 0.2 

O (K): 3.5 ± 0.1 

Ag (L): 0.4 ± 0.1 

C (K): 97.3 ± 0.02 

O (K): 2.6 ± 0.1 

Ag (L): 0.04 ± 0.01 

C (K): 96.8 ± 0.8 

O (K): 2.7 ± 0.9 

Ag (L): 0.3 ± 

0.04 

C (K): 97.8 ± 0.7 

O (K): 2.0 ± 0.7 

Ag (L): 0.04 ± 0 

 

BP+ODA+Ag 

C (K): 95.4 ± 2.0 

O (K): 3.1 ± 1.7 

Ag (L): 1.5 ± 0.3 

C (K): 97.5 ± 1.4 

O (K): 2.4 ± 1.4 

Ag (L): 0.2 ± 0.04 

C (K): 96.6 ± 0.4 

O (K): 2.3 ± 0.2 

Ag (L): 1.1 ± 0.3 

C (K): 98.2 ± 0.2 

O (K): 1.7 ± 0.2 

Ag (L): 0.1 ± 0.03 

 

BP+DAO+Ag 

C (K): 94.8 ± 0.4 

O (K): 3.3 ± 0.7 

Ag (L): 1.0 ± 0.4 

C (K): 96.8 ± 0.2 

O (K): 2.6 ± 0.6 

Ag (L): 0.1 ± 0.04 

C (K): 94.2 ± 0.5 

O (K): 3.4 ± 0.5 

Ag (L): 0.8 ± 0.1 

C (K): 96.4 ± 0.4 

O (K): 2.6 ± 0.4 

Ag (L): 0.1 ± 0.02 

 

 

 

Since some particles were too small to estimate their size by SEM, TEM imaging was 

performed at different magnifications as detailed in Chapter 2 (Figs. 5.12 and 5.13). The images 

look rather similar: the coaxial nanotube sidewalls can be discerned, as well as the inner cavity, 

and comparing MWCNTs+Ag (Fig. 5.12c) with MWCNTs+ODA+Ag (Fig. 5.12f), one also 

notices that the surface of the nanotubes is smoother in the former, probably because in the amine 

moieties grafted to the nanotubes in MWCNTs+ODA+Ag were decomposed by the high-energy 

electron beam of TEM.55 However, where one can clearly see differences are the shape and the 

size of the AgNPs. In MWCNTs+Ag they have diameters from 15 to 40 nm, while in 

MWCNTs+ODA+Ag they measure from 10 to 60 nm and in MWCNTs+DAO+Ag their size varies 

between 30 to 150 nm.   

 

Similarly, TEM studies were carried out for the buckypapers (Fig. 5.13). As for the powder 

samples, well-defined single nanotubes can be distinguished and in the aminated samples, the outer 

tube surface is covered by amorphous carbon originating from the amine decomposition, as seen 

for the powder samples. Remarkably, in the BP+ODA+Ag sample, the nanotubes exhibit a wider 

diameter, likely due to the ‘swelling’ effect caused by ODA moieties, which intercalate between 

the concentric cylinders of the MWCNTs increasing the space between them. The intercalation is 

facilitated by the fact that many nanotubes don’t seem to be capped – see for example the one 

below the big AgNPs in the high magnification image of BP+ODA+Ag in Fig. 5.13. This 

observation agrees with the trend observed in SEM where the BP+ODA+Ag sample is the thickest. 

The Ag nanoparticle sizes deduced from TEM imaging are smaller than for the powder samples, 

namely 5-10 nm for BP+Ag, 5-50 nm for BP+ODA+Ag and 10-100 nm for BP+DAO+Ag. 

Notably, for the latter the micrographs clearly evidence the presence of nanoclusters formed 

primally by spherical nanoparticles.  
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Fig. 5.12. Bright-field TEM images of MWCNTs+Ag (a-c), MWCNTs+ODA+Ag (d-f) and 

MWCNTs+DAO+Ag (g-i) at different magnifications. Scale bars: 200 nm (left column); 50 nm 

(middle column), and 10 nm (right column).  

 



 
145 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.13. Bright-field TEM images of the silver-containing buckypapers at different magnification. 

The scale bars are different for the different samples. In the left column: the scale bar is 100 nm for 

the BP+Ag and BP+ODA+Ag and 200 nm for BP+DAO+Ag. In the right column at the scale bar 

corresponds to 10 nm for all samples. 
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To investigate the composition of the MWCNTs(ox) and of the hybrids as well as gain 

insight into the chemical state of all the elements detected, X-ray photoelectron spectroscopy 

(XPS) analysis was carried out as detailed in Chapter 2. The survey spectra of the starting material 

and the silver-containing MWCNTs are displayed in Fig. 5.14 and show the characteristic peaks 

of all the elements expected: carbon and oxygen for MWCNTs(ox) and all hybrids, silver in all 

samples decorated with the metal nanoparticles and nitrogen in the amine-functionalized samples.  

 

Fig. 5.14. XPS survey spectra for MWCNTs(ox), and for the MWCNTs+Ag,       

MWCNTs+ODA+Ag, and MWCNTs+DAO+Ag hybrids. 

 

 The detailed XPS spectra of the various core level regions are presented in Fig. 5.15, 

together with the corresponding fits. For all samples, the C 1s line (Fig. 5.15, left panel) can be 

fitted with six components but their relative intensities vary, as summarized in Table 3. 
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Fig. 5.15. XPS spectra of the C 1s, N 1s and Ag 3d core level regions for MWCNTs(ox), MWCNTs+Ag, MWCNTs+ODA+Ag, and 

MWCNTs+DAO+Ag samples. Raw spectra are shown as dots; the components derived from the fit are also shown, and sum, in black. 
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Table 3. MWCNTs/AgNPs series: XPS binding energies and relative contribution (in %) 

of the different chemical species to the total spectral intensity of the C1s photoemission line 

 

Sample Components (eV) 

 
C=C/C-C/C-H 

(%) 

C-O 

(%) 

C-OH 

(%) 

C=O  

(%) 

O=C-O 

(%) 

π-π* shake-

up (%) 

MWCNT(ox) 
284.1 

(58.8) 

 

(59.3) 

285.2 

(20.0) 

286.3 

(7.8) 

287.6 

(3.8) 

288.8 

(2.8) 

290.5 

(6.8) 

 

(6.7) MWCNTs+Ag 
285.1 

(18.3) 

286.1 

(7.9) 

287.3 

(4.2) 

288.6 

(3.5) 

  C-O/C-N 

(%) 
    

 

MWCNTs+ODA+Ag 

284.2 

(60.6) 

 

(51.2) 

285.2 

(22.3) 

 

(25.2) 

286.3 

(7.5) 

 

(10.8) 

287.5 

(3.2) 

 

(4.9) 

288.7 

(2.8) 

290.4 

(3.7) 

 

(5.0) 
MWCNTs+DAO+Ag 

288.8 

(2.9) 

 

 

 

The main component at a binding energy (BE) of 284.1 eV corresponds to the C=C/C-C 

bonds of the MWCNTs(ox), but also contains contributions from C-H bonds at the open ends of 

the nanotubes and in the alkyl groups of the amines. Going up in binding energy, the next 

component at 285.1-285.2 eV stems from C-O bonds and is followed by the contributions from 

C-OH bonds at 286.1-286.3 eV, carbonyl groups (C=O) at 287.3-287.6 eV and carboxyl groups 

(O=C-O) at 288.6-288.8 eV. Finally, the small feature at a BE of 290.4-290.5 eV corresponds to 

the π-π* shake-up satellite typical of aromatic carbon structures.56,57 For the aminated samples 

the contribution at a BE of 285.2 eV not only derives from C-O but also from C-N bonds. 

 

The relative intensities of the various components, also reported in Table 3 confirm the 

conclusions from the FTIR, thermal analysis and EDS: the component due to C-O bonds in the 

spectrum of the starting material confirms the success of the oxidation procedure. The favourable 

outcome of the amine-functionalization is corroborated by the main contribution due to carbon-

carbon and carbon-hydrogen bonds being the most intense in the samples containing ODA, due 

to the long aliphatic chains as well as by the DAO-containing samples showing the highest 

spectral contributions due to C-O/C-N groups due to the molecule's bifunctionality.  
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Table 4. Aminated MWCNTs+Ag samples: XPS binding energies and relative contribution 

(in %) of the different chemical species to the total spectral intensity of the N1s 

photoemission line 

 

Components (eV) 

Sample N-Ag (%) N-C (%) -NH2  (%) –C(=O)N– (%) 

 

 MWCNTs+ODA+Ag 
 

--- 

399.4 

(48.8) 

400.8 

(37.7) 

402.3 

(13.4) 

 

MWCNTs+DAO+Ag 
398.8 

(29.4) 

 

--- 

400.5 

(44.8) 

402.2 

(25.8) 

 

 

 

 

For the amine-containing samples, the detailed spectra of the N 1s line (bottom left panel 

of Fig. 5.15) along with their deconvolution are presented. Three main components can be 

identified. In the ODA-containing sample, the main component due to C-N bonds (48.8 %), 

expected for the long aliphatic amine, appears at a BE of 399.4 eV, whereas in the DAO-

containing one, it refers to the dangling amino groups appearing at 400.5 eV (44.8 %). This peak 

is relevant as well in the ODA-containing sample appearing at 400.8 eV in a minor percentage 

(37.7 %) since fewer free functionalities are accounted. A common peak appears at BE 402.2-

402.3 eV referring to the newly formed amide moieties, in agreement with FTIR and TGA/DTA 

results. The peak appearing at 398.8 eV in the DAO-containing sample suggests the successful 

coordination binding between nitrogen and silver. Further information regarding these peaks can 

be found in Table 4. 

 

Important insight into the chemical composition of the AgNPs can be gained from the 

detailed spectra of the Ag 3d core level region (Fig. 5.15, bottom right panel). The two 

asymmetrical peaks correspond to the spin-orbit split Ag 3d5/2 and Ag 3d3/2 lines; for the 

assignment of the different components, we shall focus on the Ag 3d5/2 line.  

 

 The deconvolution of these peaks generates two components pointing to the coexistence 

of two chemical species. The first in a BE range of 367.7 – 368.0 eV and a contribution of 60.0 

to 83.4 % to the total Ag 3d spectral line intensity reflects the predominance of metallic silver in 

the three samples. The minor component appearing at 369.0 – 369.5 eV, can be assigned to a 

silver (I) complex with carboxylate ions from the deprotonation of the carboxylic acids of the 

reducing citric acid during the AgNPs formation, as observed with palladium in Chapter 4. The 

spectral intensity of these species lay at 20.6, 16.6, and 40.0 % in MWCNTs+Ag, 

MWCNTs+ODA+Ag, and MWCNTs+DAO+Ag, respectively. The data are summarized in 

Table 5.  
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Table 5. MWCNTs/AgNPs series: XPS binding energies relative contribution (in %) of the 

different chemical species to the total spectral intensity of the Ag 3d photoemission line 

 

 Components (eV) 

Species Ag (0)  Ag (I) 

              Line 

Sample 
3d5/2 (%) 3d3/2

 (%) 3d5/2 (%) 3d3/2 (%) 

MWCNTs+Ag 
367.9 

(79.4) 

373.9 
 

369.5 

(20.6) 

 

 

(15.3) 

 

375.5 

 

 

MWCNTs+ODA+Ag 
368.0 

(84.7) 

374.0 

 

MWCNTs+DAO+Ag 
367.7 

(60.0) 

373.7 

 

 

369.0 

(40.0) 

375.0 

 

 

 

 

Since the XPS intensities are directly proportional to the elemental composition of the 

probed volume, the atomic percentage of the components of each sample is presented in Table 6. 

From these data concerning the stoichiometry of the surface of the powders, it can be highlighted 

that the ODA-containing sample exhibits the highest Ag loading (1.8 at%), followed by the 

DAO-containing sample (0.9 at%), and the non-aminated sample (0.7 at%). Although XPS and 

EDS don’t probe the same depth and the probed area is different, the EDS data (Table 1) agree 

with the trend for the Ag-loading deduced from XPS. 
 

 

 

Table 6. Elemental composition of the hybrids of MWCNTs and Ag nanoparticles in 

powder form, as deduced from the XPS spectra 

Sample Atomic % 

 

MWCNTs+Ag 

C: 91.9 

O: 7.5 

Ag: 0.7 

 

MWCNTs+ODA+Ag 

C: 86.4 

O: 9.0 

N: 3.1 

Ag: 1.6 

 

MWCNTs+DAO+Ag 

C: 90.9 

O: 5.0 

N: 3.2 

Ag: 0.9 
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Fig. 5.16. XPS survey spectra of buckypaper prepared from MWCNTs(ox) before (BP) and after 

decoration with silver nanoparticles (BP+Ag), as well as of the paper hybrids where amine-

functionalisation preceded the decoration with silver nanoparticles (BP+ODA+Ag and 

BP+DAO+Ag). 
 
 
 

Turning to the buckypapers, since EDS identified the side that was in contact with the 

filtration membrane during paper fabrication as the one with the higher Ag loading, we decided 

to examine that side for all silver-containing paper samples with XPS. Fig. 5.16 presents the 

survey spectra of the buckypaper prepared from MWCNTs(ox) before and after amine-

functionalization and decoration with AgNPs. As for the MWCNT powder samples, the spectral 

signatures of carbon, oxygen, nitrogen and silver observed here confirmed the oxidation of the 

MWCNTs and the subsequent chemical modification with amines and silver.  
 

         The detailed XPS spectra of the various core level regions and the corresponding fits are 

presented in Fig. 5.17. The C 1s spectral line of the buckypaper (left side in Fig. 5.17) contains 

the same six components as the corresponding powder samples, albeit with slightly different 

relative intensities as can be seen comparing Table 3 and Table 7.
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Fig. 5.17. XPS spectra of the C 1s, O 1s, N 1s and Ag 3d core level regions of buckypaper prepared from MWCNTs(ox) before (BP) and after 

decoration with silver nanoparticles (BP+Ag), as well as of the paper hybrids where amine-functionalisation preceded the decoration with 

silver nanoparticles  (BP+ODA+Ag and BP+DAO+Ag). Raw data are shown as dots, the components identified from the deconvolution are 

colour-coded and the sum of the fitted components is shown in black. 
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Table 7. XPS binding energies and relative intensities of the components corresponding to 

different chemical species contributing to the intensity of the C 1s line of BP/AgNPs 

samples 

 

 Components (eV) 

Sample C=C/C-C/C-H 

(%) 

C-O 

(%) 

C-OH 

(%) 

C=O  

(%) 

O=C-O 

(%) 

π-π* shake-

up (%) 

BP 
284.2 

(59.5) 

285.3 

(18.4) 

286.3 

(10.4) 

287.5 

(4.0) 

288.7 

(2.3) 

290.6 

(5.5) 

BP+Ag 
284.1 

(57.5) 

285.1 

(20.2) 

286.1 

(9.0) 

287.3 

(4.0) 

288.5 

(2.7) 

290.5 

(6.7) 

 
 C-O/C-N 

(%) 
    

BP+ODA+Ag 
284.2 

(53.9) 

 

 

(59.8) 

285.1 

(25.0) 

 

286.2 

(9.8) 

287.4 

(4.7) 

 

288.6 

(2.1) 

289.8 

(4.5) 

BP+DAO+Ag 
285.3 

(20.8) 

286.4 

(8.1) 

287.6 

(3.9) 

288.9 

(2.4) 

290.6 

(5.0) 

 

  

The detailed information on the N 1s core level region of the aminated samples can be 

found in the middle column of Fig. 5.17 and in Table 8. The suggested deconvolution permits to 

identify five nitrogenated components: 1) silver coordinated to nitrogen, 2) C-N bonds, 3) amino 

groups, 4) protonated -NH species, and 5) amides. In both samples, C-N bonding is distinguished 

as a common component appearing at 399.2 - 399.9 eV. In the case of the MWCNTs+ODA+Ag 

sample, contributions of N-Ag bonds and NH3
+ appear at 398.5 eV and 401.4 eV and contribute 

to the N 1s spectral intensity with 18.3 % and 31.0 %, respectively. The appearance of this 

protonated species is due to the acidic treatment during the formation and deposition of silver 

particles (pH between 0 and 3). This trend completely agrees with the previous results for the N 

1s peak of aminated GO-based silver (Chapter 3) and palladium (Chapter 4) hybrid materials.38,51 

In the DAO-containing sample contributions of free amino groups and newly formed amide 

moieties appear at a BE of 400.6 and 402.2 eV, respectively, and contribute with 53.5 % and 

19.1 % of the spectral line intensity. The fact that the N-Ag bond appears in the ODA-containing 

hybrid indicates that coordination bonding is favoured via nitrogen with monodentate ligands. 

The abundance of silver as deduced from the intensity of the photoemission peaks matches with 

the histograms shown in Fig. 5.10, where the highest number of silver particles were found for 

BP+ODA+Ag. -NH2 is observed in BP+DAO+Ag due to the dangling amino group, at the side 

of the aliphatic chain that does not participate in the formation of new chemical species. 
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Table 8. XPS binding energies and relative intensities of the components corresponding to 

different chemical species contributing to the N 1s line of the aminated BP+Ag samples 

 Components (eV) 

Sample N-Ag (%) N-C (%) -NH2 (%) NH3
+ (%) –C(=O)N– (%) 

BP+ODA+Ag 
398.5 

(18.3) 

399.9 

(50.7) 

--- 401.4 

(31.0) 

 

--- 

BP+DAO+Ag 
 

--- 

399.2 

(27.4) 

400.6 

(53.5) 

 

--- 

402.2 

(19.1) 

 

 

 

To determine the chemical species present during the formation/deposition of AgNPs, 

we examined the deconvoluted Ag 3d core level spectra for silver-containing samples, as shown 

in the right column of Fig. 5.17, with detailed fitting information presented in Table 9. Similarly 

to the MWCNTs/AgNPs series, the two asymmetrical well-resolved peaks correspond to the Ag 

3d5/2 and Ag 3d3/2 lines, fitted with parameters: full width at half maximum (FWHM) = 1.3-1.5 

eV, mixing ratio (M.R.) = 0.7-0.8, spin-orbit splitting Ag3d Δ = 6.0 eV, and intensity ratio (I.R.) 

= 0.6666.58,59 As in the powder series, two contributions were identified in the fit: the main 

component, stemming from metallic silver, is peaked at BEs of 367.9 – 368.2 eV, making up 

67.7, 83.1, and 88.4 % of the spectral line intensity in MWCNTs+Ag, MWCNTs+ODA+Ag, 

and MWCNTs+DAO+Ag, respectively. The secondary component, at BEs of 368.8 – 369.4 eV 

can be assigned to Ag(I) in a complexed form, like that observed in the powder series.  

 

 

 

Table 9. XPS binding energies and relative intensities of the components corresponding to 

different oxidation states of silver contributing to the Ag3d line of the silver-decorated 

buckypapers 

  Components (eV) 

Species Ag (0) Ag (I) 

              Line 

Sample 
3d5/2 (%) 3d3/2 (%) 3d5/2 (%) 3d3/2

 (%) 

BP+Ag 
367.9 

(67.7) 

373.9 

 

368.8 

(32.3) 

374.9 
 

BP+ODA+Ag 
368.2 

(83.1) 

 

374.2 

369.4 

(16.9) 

 

(11.6) 

 

375.4 

 

BP+DAO+Ag 
368.1 

(88.4) 

 

374.1 
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Apparently, the Ag(I) species is more favoured in the non-aminated sample (32.3%) than 

in the aminated ones (16.9% in MWCNTs+ODA+Ag and 11.6% in MWCNTs+DAO+Ag), so 

that in the latter, the coordination of Ag0 to nitrogen atoms dominates. In these hybrids, nitrogen 

bonding appears to assist the integration of metallic Ag by favouring electron-donating 

interactions that stabilize Ag in its reduced state, which is consistent with the observed 

stoichiometry. This phenomenon explains why aminated samples have a lower Ag(I) content: 

nitrogen-doping depletes the matrix electrons, causing a shift in the binding energy of Ag(I), 

while also decreasing its abundance by promoting the incorporation of metallic Ag. 

 

From the XPS intensities, we also determined the surface stoichiometry of the 

buckypaper samples. The results are listed in Table 10. As expected, the nitrogen content in 

BP+DAO+Ag is more than twice higher than in BP+ODA+Ag (3.1 at % vs 1.3 at %). Similarly, 

the silver content was higher in the aminated samples with respect to the BP+Ag sample; this 

trend was also observed in the results derived from SEM/EDS studies (Table 2 and Fig. 5.10) 

and data for the powder series (Table 6), where the highest Ag loading was reached employing 

the monofunctional amine (1.4 at % in MWCNTs+ODA+Ag > 0.9 at % in MWCNTs+DAO+Ag 

> 0.3 at % in MWCNTs +Ag). 

  

 

Table 10. Elemental composition (atomic percentage) of the buckypaper surface that was 

in contact with the filter membrane during paper fabrication after Ag NP decoration     

(as derived from the XPS spectra) 

Sample Atomic % 

 

BP+Ag 

C: 91.7 

O: 8.1 

Ag: 0.3 

 

BP+ODA+Ag 

C: 87.4 

O: 9.9 

N: 1.3 

Ag: 1.4 

 

BP+DAO+Ag 

C: 85.5 

O: 10.6 

N: 3.1 

Ag: 0.9 

  

 

 

The crystallinity of the Ag-containing MWCNT hybrids was further studied by powder 

X-ray diffraction; the experimental details of these measurements are explained in Chapter 2. 

The diffractograms of oxidized nanotubes and of aminated-CNTs with and without AgNPs are 

shown in Fig. 5.18. For all the samples characteristic peaks are observed, appearing at 2θ: 13.5 

- 13.7o, 26°, 42.5°, 43.6°, and 49.4°, and corresponding to the (001), (002), (100), and (004) 

planes of the hexagonal lattice, respectively60,61. The first peaks are very broad as expected 

because there are only a few layers in the MWCNTs, so the coherently diffracting domains are 
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small. In MWCNTs+ODA+Ag the (001) peak is shifted to 14.5o, which translates to d001 = 0.61 

nm in comparison to the d001 ~ 0.65 nm in the other samples. This decrease in the distance 

between concentric tubes could originate from the hydrophobic nature of ODA, which causes 

water molecules to be driven out from the intertube space when ODA intercalates, in a similar 

fashion as the d-spacing is modulated in GO,62 as stated in Chapter 4. It is important to mention 

that a slight increase in the intensity of the MWCNTs peaks in the ODA-functionalized 

nanotubes is observed (blue line in Fig. 5.18). This is due to the more extended ordering in 

crystalline arrangements due to the complexation effect by the nitrogen atoms in the ODA 

moieties.51  

 

 

 

 

 

 

 

 

 
  

 

 

 

 

 

 

 

 

 

Fig. 5.18. Comparison of the XRD diffractograms for MWCNTs(ox) and amine-functionalized 

MWCNTs before and after decoration with Ag nanoparticles. (Black numbers correspond to 

MWCNT peaks, whereas the blue numbers refer to silver features). 

 

All silver-decorated samples also show a Bragg reflection appearing at 2θ = 38.1o which 

corresponds to the diffraction from the Ag(111) planes in a face-centred cubic (fcc) crystalline 

structure.63-65 This confirms the metallic nature of the AgNPs large enough to be seen in XRD. 

It is important to remark that this peak is more intense in the aminated samples due to the higher 

Ag loading in comparison to the non-aminated analogous, in agreement with the trends observed 

in elemental composition studies discussed above (Tables 1 and 6).  
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5.4 Conclusions 

 

The research presented in this chapter successfully demonstrates an environmentally 

friendly approach for the preparation of nanohybrids using amine-modified multiwalled carbon 

nanotubes and silver nanoparticles, adhering to several principles of ‘green chemistry’. Key 

aspects of this green approach include the solvent-free functionalization with benign reagents 

like amines, and the use of citric acid as a mild reducing and stabilizing agent. The procedure 

proved effective for synthesizing both powder and buckypaper hybrids. The inclusion of Triton 

X-100 as a surfactant in the fabrication of buckypapers notably improved their dispersion. in 

various solvents.  

 

The successful grafting of the amines on the external surfaces of the MWCNTs and their 

intercalation between the concentric tubes, confirmed by all characterisation techniques, 

promoted the decoration with silver nanoparticles. While both amines yielded a higher silver 

loading than the hybrid prepared without functionalisation, 1-octadecylamine was particularly 

effective in promoting a homogeneous distribution of the AgNPs, leading to the highest silver 

content in the hybrid. TGA/DTA studies showed an inverse relationship between metal content 

and thermal stability of the hybrids, more pronounced in the powder series, which points to a 

catalytic effect of silver in the combustion of nanotubes. For the buckypapers electron 

microscopy revealed distinct differences between the two surfaces of the papers, with the side in 

contact with the filter membrane during paper fabrication exhibiting greater homogeneity and 

higher Ag nanoparticle coverage. EDS and XPS analyses gave consistent chemical 

compositions, with XPS revealing a higher amount of metallic silver in the corresponding 

samples. This was supported by XRD results where the bigger silver nanoparticles were found 

to crystallize in a face-centred cubic (fcc) structure. Based on these findings, it can be concluded 

that 1-octadecylamine (ODA) was the most effective modifier, yielding the best results in terms 

of particle size distribution and silver loading. 

 

Moving forward, developing robust and scalable synthesis techniques for such 

nanohybrid materials is crucial to harness them for practical applications. Characterization of 

their structural, chemical, and physical properties is essential to understand the structure-

property relationships and optimize their performance.  
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Transformative materials: Exploring the synergy of 
multiwalled carbon nanotubes and palladium 

nanoparticles 
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ABSTRACT 
 

 

 

In this chapter, the synthesis and exploration of hybrids based on chemically modified 

multiwalled carbon nanotubes with aliphatic amines (1-octadecylamine and 1,8-diaminooctane), 

including crafting and ornamentation of palladium nanoparticles were monitored. For this aim, 

paper and powder forms were examined. Buckypaper was made under a pre-established protocol. 

Palladium chloride (II) and citric acid were used to produce the palladium nanoparticles. 

 

            Dispersibility tests showed that oxidized and 1-octadecylamine -containing materials 

preserved their hydrophobic behaviour even after palladium decoration. Fourier transform infrared 

and X-ray photoelectron spectroscopy confirmed covalent bonding between carbon atoms (of the 

graphitic matrix) and oxygen and nitrogen. Thermal analysis revealed that the functionalisation 

degree was higher in powdered series, particularly when 1-octadecylamine is present, and that 

combustion is faster for higher palladium content. 

 

            Electron microscopy showed that the microstructure of the substrate (powder or paper) is 

affected by both the intercalation of amine moieties and the inclusion of palladium particles. X-

ray photoelectron spectroscopy results allowed us to identify six types of carbon bonds, four 

components in the N 1s core level region, and palladium in different oxidation states. X-ray 

diffraction confirmed the crystallinity of the graphitic matrix and revealed the presence of metallic 

palladium. 
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6.1 Introduction 
 
 

Carbon allotropes such as graphene oxide (GO) and carbon nanotubes (CNTs) have gained 

significant attention due to their outstanding mechanical, thermal, electronic, and magnetic 

properties.1-4 CNTs are particularly appealing due to their unique structural and electronic 

characteristics, including exceptional electrical and thermal conductivity, high surface area, and 

remarkable mechanical strength. These properties make CNTs an attractive choice as support 

materials.5-10 However, pristine CNTs are nearly inert, limiting their versatility. Incorporating 

oxygenated functionalities overcomes this limitation and facilitates tuning the CNT properties for 

various applications.11-16 

 

The solvent-free gas-phase functionalisation method explored by Basiuk et al. (2002),17-22 

has permitted the chemical modification of carbon nanostructured materials (CNSMs) with organic 

macrocycles, thiols, and amines. Among its most significant benefits is that doesn’t require 

additional purification since surplus reagents are removed in situ under a dynamic vacuum and 

moderated reaction times, in comparison to other functionalization techniques.23-25 

 

In a similar context, the enormous interest towards the synthesis and utilization of metallic 

nanoparticles (MNPs) in different fields results in a special effort to combine the intrinsic 

properties of both types of materials, leading to hybrid structures for applications in electronics, 

catalysis, electrochemical biosensing, drug delivery, and antimicrobial agents, among others.26-34 

 

One such promising combination is the integration of multiwalled carbon nanotubes 

(MWCNTs) and palladium (Pd) nanoparticles, which can yield materials with improved catalytic, 

electronic, and mechanical characteristics making them suitable for fuel cells, sensors, etc.35-39  

Furthermore, the production of buckypaper offers several benefits compared to MWCNTs 

in powder form. The flow-directed assembly of individual graphene sheets during its fabrication 

results in a unique interlocking tile arrangement, which confers enhanced stiffness and strength.40-

44 Another advantage is its superior electrical and thermal conductivity.14 The interconnected 

network of CNTs facilitates efficient charge and heat transfer, rendering it highly suitable for 

electronic packaging and power applications.9,45-47 In contrast, the powder form may face some 

challenges due to the inherent difficulties in achieving uniform dispersion and alignment within a 

device or system.48-51 

The main purpose of this study was to demonstrate that chemically treated MWCNTs, 

coated with vaporous amines beforehand, make it feasible to synthesize nanohybrid materials 

based on MWCNTs and PdNPs in a safer and ecologically acceptable manner in comparison to 

other synthetic techniques.52-56 

A detailed comparison of the properties of functionalised Pd-MWCNTs-based hybrids 

utilising aliphatic amines and pure nanotubes was carried out. This work expands the ecologically 

sustainable production of advanced materials by concentrating on the form and dispersion of 

PdNPs, leading to new opportunities for a variety of applications.  
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6.2 Experimental section 
 
 

6.2.1 Materials 
 

 

Multiwalled carbon nanotubes (≥ 95 wt% purity, diameter: < 8 nm and length of 10-50 μm) 

acquired from Nanostructured & Amorphous Materials Inc., were used. The reagents 1-

octadecylamine (ODA; ≥ 99 %), 1,8-diaminooctane (DAO; ≥ 98 %), palladium chloride (≥ 99 %), 

and Triton™ X-100 (laboratory grade) were used to fabricate the new materials, whereas the 

following acids: citric (≥ 99.5 %), and hydrochloric (≥ 37 %) from Sigma-Aldrich, and nitric acid 

(65.7 %) from J.T. Baker were utilised as received.  

 

6.2.2 Methodology  
 

As explained in detail in Chapter 2, we first oxidised the raw MWCNTs to make them 

easier to process; the samples are hereafter called MWCNTs(ox) (section 2.1.2 point 1). Then we 

fabricated buckypaper (BP) with part of the material (section 2.1.2 point 1) and consecutively, 

amine-functionalized both the MWCNT powder and the BP with either 1-octadecylamine (ODA) 

or 1,8-diaminooctane (DAO) (section 2.1.3.). In the following, the powder samples are labelled 

MWCNTs+ODA and MWCNTs+DAO, whereas the paper samples are called BP+ODA and 

BP+DAO. The final step in our sample preparation, also described in Chapter 2, section 2.1.4.1, 

was to decorate both powder and paper samples with palladium nanoparticles. The amine-

functionalized samples are designated hereafter as MWCNTs+ODA+Pd, BP+ODA+Pd, 

MWCNTs+DAO+Pd, and BP+DAO+Pd. For comparison purposes, control samples were 

obtained by applying the identical treatment to MWCNTs(ox) and BP (lacking amine 

functionalization) and are denoted as MWCNTs+Pd and BP+Pd. 
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6.3 Results and discussion 
 
 

6.3.1 Characterization of MWCNTs+Pd and BP+Pd hybrids  
  

 

To elucidate changes in the surface chemistry of the new hybrid materials, two sets of 

dispersibility tests were carried out in solvents with different polarities. Photographs were taken 

before and after decoration with palladium nanoparticles. The first set included MWCNTs in 

powder form, dispersed in water and toluene (Fig. 6.1). The second set included many types of 

buckypaper dispersed in water and 2-propanol (Fig. 6.2). These solvents were chosen after trials 

with multiple solvents, which helped to select those delivering the most remarkable differences. 

The images collected immediately after 10 min sonication and after resting for 24 are reported in 

Fig. 6.1. Here we can see that the oxidized and the ODA-containing MWCNTs preserve their 

hydrophobic characteristics, even after the incorporation of PdNPs. This tendency was also 

observed in the GO/PdNPs series, where the presence of palladium conferred hydrophobic features 

to the new hybrid materials. On the other hand, the DAO-containing samples exhibit a hydrophilic 

behaviour. This tendency completely matches the observed for GO and for palladium-decorated 

GO (see Fig. 4.1.). While most of the samples retained their initial features after 24 hours, the 

MWCNTs+DAO sample practically completely precipitated, whereas its Pd-containing analogue 

remained well dispersed, pointing to a stabilizing effect of PdNPs on aqueous systems, similarly 

to what was observed for AgNPs-decorated GO-based systems (Chapter 3).57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6.1. Dispersibility tests for MWCNTs samples in water and toluene: (1) MWCNTs(ox), 

(2) MWCNTs+Pd, (3) MWCNTs+ODA, (4) MWCNTs+ODA+Pd, (5) MWCNTs+DAO, and (6) 

MWCNTs+DAO+Pd. The images were taken immediately after 10-min ultrasonication (0 h) and after 

24 h. 
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On the other hand, the behaviour in toluene is completely different. Whereas MWCNTs(ox) 

and MWCNTs+Pd are only partially dispersible in this solvent, the amine-containing samples seem 

quite well-dispersed, independent of whether they contain PdNPs or not. After 24 hours, the non-

aminated samples remained partially dispersed while the amino-functionalized ones precipitated 

almost completely, except for the MWCNTs+ODA sample. This tendency agrees with the apolar 

nature of the hydrocarbon chain of the amine. 

 

According to these studies we can see that a partially hydrophobic character prevails in the 

carbon nanotubes even after the oxidation with acids and is importantly increased after the 

amination with the most apolar compound ODA, as observed in the second row of Fig. 6.1.  

 

Similarly, we explored the dispersion behaviour of the newly formed papers employing 

water and 2-propanol as dispersing agents. At first sight, we can see that the images look quite 

different compared to the powder-based series. Since the surface area is lower in the paper-like 

materials, they don’t adsorb Pd residues from the precursor, PdCl2, as powdered materials do, 

therefore the colour of the dispersion is not yellowish.  

 

Starting with the dispersions in water in the first row in Fig. 6.2, it can be observed that the 

presence of NPs has an impact on the dispersibility of the final material. For example, we can 

clearly distinguish that the presence of PdNPs makes the buckypaper more dispersible. This 

tendency was also observed in the Ag-containing series, as explained in Chapter 5, even over time. 

The opposite happened with graphene oxide paper, where we observed that the grafting of PdNPs 

rendered the material more hydrophobic (see Chapter 4). As expected, the ODA-containing 

samples exhibited rather a hydrophilic character, as observed for the ODA-functionalized graphene 

oxide; however, unlike silver (see Chapter 5), palladium confers hydrophilic characteristics to the 

hybrid material. The DAO-containing buckypaper dispersed in water but the dispersion was 

unstable over time, whereas the BP+DAO+Pd sample was quite dispersible and remained so over 

time. The same trend was also observed in the homologous GO-based samples (Chapter 5). In 

contrast, a high dispersibility was observed for BP-DAO-Pd, where the amine and the metal 

synergistically conferred a hydrophilic character to the hybrid. 

 

When employing 2-propanol as a solvent, all dispersions except those of BP+ODA+Pd and 

BP+DAO, were unstable, and after 24 hours also these two dispersions precipitated almost 

completely. This behaviour follows that observed with GO paper; the main difference was seen for 

the GOP+DAO+Pd sample, which was quite dispersible, even over time. That trend is very 

different from that observed with silver, where, apart from the DAO-containing materials, 

practically all samples were dispersible. 
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Fig. 6.2. Dispersibility tests for BP samples in water and 2-propanol: (1) BP, (2) BP+Pd,  

(3) BP+ODA, (4) BP+ODA+Pd, (5) BP+DAO, and (6) BP+DAO+Pd. The images were taken 

immediately after 10-min ultrasonication (0 h) and after 24 h. 

 

 

To elucidate differences before and after modification with amines, FTIR spectroscopy 

studies were conducted on MWCNTs(ox) in paper and powder form, before and after decoration 

with palladium nanoparticles (Fig. 6.3; for experimental details see Chapter 2). The broadband 

appearing at 3382 – 3387 cm−1 in MWCNTs(ox)
 is attributed to -OH stretching in carboxyl and 

hydroxyl groups (νO-H).58 In the aminated samples, the upshifting of the band from 3409 to 3470 

cm−1 marks the νN-H bonds in secondary amines after the covalent grafting of the amines to the 

MWCNTs.59 Parallelly, in these samples the contribution of νCH(asym) of the aliphatic chains of the 

amines is clearly distinguished at 2920 cm−1 for MWCNTs and at 2918 cm−1 for BPs, whereas the 

corresponding band related to νCH(sym) is observed at 2848 cm−1 for the powder series and at 2850 

cm−1 for the paper form. 

 

The band appearing at 1725 – 1735 cm−1 is evidence that a small amount of carbon atoms 

was oxidized to carboxylic acids.60 As observed in the amine-containing samples, this signal is 

downshifted to 1616-1644 cm−1 towards the formation of amides (νC=O absorption of ‘amide I’).61,62 

In the case of non-aminated samples, the bands appearing at 1442-1636 cm−1 refer to C-C 

stretching (in-ring), and the ones at 1381-1382 cm−1 refer to δO-H (in-plane). The bands in the range 

of 1025 – 1275 cm−1 exhibit the presence of C-O bonds in various chemical surroundings.58 In the 

aminated samples characteristic absorption bands related to C-N bonds in amides and/or amines 

are observed between 1104-1162 cm−1. Finally, below 900 cm−1 the signature of different types of 

deformation and bending modes of C-H bonds appears.63,64 
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Fig. 6.3. FTIR spectra of oxidized and amine-functionalized a) MWCNTs, and b) BP samples before 

and after decoration with PdNPs. 

 

 

 

The thermal stability of the samples was monitored by thermal gravimetric analysis (TGA), 

and differential thermal analysis (DTA), as detailed in Chapter 2. Fig. 6.4 illustrates the thermal 

degradation of the powder series and Fig. 6.5 that of the buckypapers. The thermogram of  

MWCNTs(ox) (presented as a reference), is displayed in Fig 6.4a. Here two main mass losses are 

observed, the first one up to 273 °C and amounting to 2.1 %, is associated with the oxygenated 

groups formed as a consequence of the initial acid treatment of the nanotubes, whereas the second 

loss up to 705°C makes up 98.0 % of the sample and corresponds to the combustion of the graphitic 

matrix. The DTA curve shows two maxima: one at 417 °C referring to the degradation of 

oxygenated moieties, and a main peak at 628 °C that corresponds to the maximum degradation of 

the C sp2 matrix. 
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Fig. 6.4. TGA (black) and DTA (blue) of carbon nanotube powder samples: a) MWCNTs(ox),            

b) MWCNTs+Pd, c) MWCNTs+ODA+Pd, and d) MWCNTs+DAO+Pd. 

 

 

 

The loss pattern for MWCNTs+Pd (Fig. 6.4b) has two more loss peaks than MWCNTs(ox). 

The first one 2.9 %, refers to the evaporation of physiosorbed water up to 138 °C; the second one 

amounting to 22.9% of the sample and finishing at 306 °C comprises the pyrolysis of oxygenated 

functionalities and the combustion of simple hydrocarbons whose presence was confirmed by FT-

IR before (Fig. 6.3); the third loss of 70.3 %, occurring upon heating until 608 °C, represents the 

combustion of the MWCNTs, and the forth minor loss up to 806 °C refers to the palladium-

containing species. Pd first oxidizes to PdO2 through a reversible reaction, and above 780 °C the 

oxide (1.6% of the total weight) recovers to metallic Pd.65 Until 1000 °C the total content of 

palladium-related species sums to around 2.0%. The DTA curve indicates three points of 

maximum decomposition of the sample: the first refers to single bonded carbons at 257 °C; the 

a) b) 

c) d) 
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second to the graphitic lattice with maximum at 516 °C, and the third to the Pd conversion at 828 

°C. As it can be observed, the decomposition of the lattice is downshifted 97 °C in the presence of 

palladium, which suggests a catalytic effect of the metal NPs on the combustion, as observed also 

for AgNPs on GO and on MWCNTs (described in Chapters 3 to 5, respectively).  

 

In MWCNTs+ODA+Pd (Fig. 6.4c) three mass losses are observed instead, in analogy to 

the Ag-containing samples discussed in Chapter 5. The first mass loss comprises both covalently 

and non-covalently attached oxygen- and nitrogen-containing groups, which make up 53.0 % of 

the sample and degrade up to 280 °C. The second loss refers to the graphitic cylinders, which 

pyrolyze up to 526 °C and correspond to 43.7 % of the total weight. The loss corresponds to the 

oxidized palladium, which converts to metallic Pd at 806 °C. Since PdO2 is counted in 2.4 % and  

Pd0 does in 0.9 %, total palladium is accounted for 3.3 %. The DTA curve shows three crucial 

degradation events, that of the oxygen- and nitrogen-containing groups at 225 °C, the one of the 

graphitic lattice at 415 °C, and the Pd transition at 809 °C. 

 

For the MWCNTs+DAO+Pd sample (Fig. 6.4d) the loss pattern was found to be quite 

complex and five mass losses could be identified: the first loss, finishing at 212 °C, involved water 

molecules, and some oxygenated and nitrogenated groups attached non-covalently, which together 

made up 4.5 % of the total weight; the second and the third losses up to 462 °C could correspond 

to oxygenated/nitrogenated moieties attached non-covalently and/or covalently to the graphitic 

lattice, amounted to 9.5 % and 10.6 %, respectively; the fourth loss, corresponds to the combustion 

of the largest part of the sample (73.4 %), namely the C sp2 matrix and was completed at 678 °C. 

Palladium-containing species are involved in the last loss up to 873 °C. Firstly, Pd oxidizes to 

PdO2, and above 780 °C, 2.8 % of the oxide's total weight returns to metallic Pd.65.9 %  The residue, 

counted for 2.9% alludes to all the palladium-related species. The DTA curve shows four important 

degradation processes: the first and the second maxima point to the degradation of the newly 

incorporated functionalities attached non-covalently and/or covalently at 307 °C and 430 °C, 

respectively. The third and more pronounced peak indicates the combustion of the graphitic 

network, reaching its maximum degradation rate at 602 °C, and finally the reduction of PdO2 to 

Pd at 834 °C. 

 

When comparing these results with those obtained for the Ag-containing MWCNT powder 

and paper (Chapter 5), it is obvious that the catalytic effect of the metal nanoparticles influences 

the thermal stability of the carbon matrix, and the higher the metal content, the lower the 

temperature at which the combustion was completed. This trend was observed as well in the 

graphene oxide/silver and palladium series (Chapters 3 and 4). A remarkable difference between 

the samples is the amount of metal deposited. Whereas Pd does not even reach 1 wt%, an Ag 

loading of up to 10 wt% could be achieved. An analogous trend was observed with the GO-based 

series, where the metal content also reached weight percentages of 10 wt% or even more (see 

Chapter 3). 
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The thermal behaviour of the buckypapers seems quite different from that of the powder 

samples (Fig. 6.5). Unlike for oxidized nanotube in powder form, non-functionalized BP (Fig. 

6.5a) exhibited a first mass loss up to 362 °C that was much more important - 12.9 % - than the 

2.1 % for MWCNTs. This is due, among other things, to the presence of the surfactant Triton™ 

X-100 employed for the fabrication of the buckypaper, which evaporates above 310 °C,66 and 

reaches its maximum decomposition rate at 333 °C according to the DTA curve in blue in Fig. 6.5a. 

The second DTA peak at 418 °C stems from the degradation of light carbon moieties and possibly 

some ubiquitous oxygen. The main mass loss corresponding to the combustion of the intertwined 

carbon nanotubes continued to 652 °C and accounted for 87.4 % of the total weight, with a DTA 

peak at 610 °C.  

 

 

 
 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6.5. TGA (black) and DTA (blue) of BP samples: a) BP prepared from MWCNTs(ox) without 

further functionalization or metal decoration, b) BP+Pd, c) BP+ODA+Pd, and d) BP+DAO+Pd. 
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c) d) 
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The thermogram for the BP+Pd sample (Fig. 6.5b) resembles that of the undecorated BP, 

but the terminal temperatures of the weight losses differ. The initial loss, which accounted for 

10.8% of the overall weight, resulted in a 37 °C drop, which could be attributed to the presence of 

palladium. The second loss reached 741 °C (89 °C higher than BP) and accounted for 89.9%. The 

residue accounts for 0.02% of Pd and falls under the error bar (less than 0.1%). The DTA curve 

looks somewhat different from that of the buckypaper without Pd. The first peak appeared at 321 

°C, which is 12 °C lower than for non-decorated BP. Other peaks and shoulders are detected within 

the graphitic region, which, according to Leonte et al. (1986)67, suggests changes in crystallite size 

due to these thermal processes which may be relevant to phase transitions in palladium-containing 

carbon matrices. 

 

The thermogram of the BP+ODA+Pd sample (Fig. 6.5c) follows a different pattern than 

that of the MWCNTs+ODA+Pd powder sample. Here four mass losses were observed. The first 

one amounting to 5.7 % may include both physiosorbed ODA moieties and non-covalently bonded 

oxygenated functionalities and reach up to 192 °C. The second one, which accounted for 26.7 % 

and continued up to until 354 °C, is attributed to the pyrolysis of covalently bonded ODA 

functionalities to oxygen-containing groups. The third and largest loss (comprising 67.1 %) 

relative to the combustion of the carbonaceous matrix extended up to 682 °C, and finally, one 

distinguishes again the oxidation of palladium continuing up to 841 °C when the oxidized species 

recovers to metallic Pd.65 From here and until 1000 °C, all the palladium-related species sum 1.0 

%. The DTA curve shows three maxima corresponding to the pyrolysis of ODA and oxygenated 

functionalities (327 °C), the combustion of sp2 hybridized carbon (589 °C), and the phase transition 

from Pd oxide to metallic Pd (826 °C).  

 

The thermogram for BP+DAO+Pd (Fig. 6.5d) shows two main weight loss steps, the first 

one relative to the loss of physisorbed water and of oxygen- and nitrogen-containing functionalities 

up to 362 °C and accounting for 16.5 % of the initial weight, and a second one corresponding to 

the combustion the graphitic lattice of the nanotubes, which extends up to 681 °C and during which 

83.7 % of the initial weight is lost. This thermogram shows no sign of the formation of PdOx, and 

we conclude that the Pd deposited on this sample scarcely reached 0.1 wt% within the error bar 

(less than 0.1 %). The DTA curve exhibits three degradation maxima, of which the first 

corresponds to the new functionalities (303 °C), whereas the other two belong to the pyrolysis of 

the matrix. 

 

If we compare the palladium content in GO and MWCNTs powder and paper hybrids (see 

also Chapter 4) we see that in all cases, Pd never makes up more than 0.9 wt.% of the hybrid. This 

is quite different from the Ag-containing hybrids (see Chapters 3 and 5) where more than 10 times 

higher metal loadings were found. Comparing the catalytic effect of palladium to the combustion 

temperature of the graphitic lattice, we conclude that below 0.4 wt% of Pd, the graphitic matrix is 

more thermoresistant and only above 0.6 wt% it pyrolyzes faster.  

 

The effects of the functionalization and decoration with PdNPs were further analysed by 

means of electron microscopy, performed as detailed in Chapter 2. Fig. 6.6 shows the SEM images 

of MWCNTs(ox) at three different magnifications. As observed in Chapter 5, the amine-free sample 
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exhibits a ‘’spongy’’ structure but seems denser after the surface is modified with amines. This is 

clearly seen in Fig. 6.6a,d,g. As the magnification increases, one distinguishes differences in the 

shape and distribution of the deposited particles. The images in the central column (Fig. 6.6b,e,h) 

show that there are abundant particles with a variety of sizes, ranging from less than 0.1 µm up to 

0.8 µm and different shapes in all cases. In the micrographs taken with the highest magnification 

(Fig. 6.6c,f,i) multi-prismatically shaped particles can be distinguished. In MWCNTs+Pd 

pentagonal particles are predominant, whereas irregular prisms prevail in the amine-containing 

nanotube samples. 

 

These shapes are clearly distinct from those observed for decoration with AgNPs (see 

Chapter 5), where the particles formed were mainly round and considerably smaller. It should be 

noted that the Pd decoration of GO (see Chapter 4), also gave rise to prism-shaped particles but 

there the particle sizes were smaller and the surface density lower.  

 

 

 

Fig. 6.6. Representative SEM images for MWCNTs+Pd (a-c), MWCNTs+ODA+Pd (d–f), and 

MWCNTs+DAO+Pd (g–i) at different magnifications. Scale bars: 10 μm (left column); 1 μm 

(middle column), and 0.5 μm (right column). 
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The EDS results (summarised in Table 1) confirm successful amine grafting since the 

carbon content is higher in the functionalized samples due to the contribution of the aliphatic 

chains of the amines. On the other hand, one can see that the weight percentage of Pd in 

MWCNTs+Pd and MWCNTs+DAO+Pd samples is similar. This trend was also observed in TGA 

results where the residue is equal for these two hybrids, however, the values for the Pd content 

differ between EDS and TGA because EDS probes only a tiny volume and the Pd distribution is 

not uniform.  

 

 

Table 1. EDS results for the MWCNTs/PdNPs series (SEM imaging) 

 

Sample Weight (%) Atomic (%) 

 

MWCNTs+Pd 

C (K): 44.5 ± 3.1 

O (K): 32.4 ± 2.6 

Pd (L): 5.2 ± 1.3 

C (K): 58.3 ± 2.4 

O (K): 33.5 ± 2.2 

Pd (L): 3.5 ± 1.0 

 

MWCNTs+ODA+Pd 

C (K): 62.9 ± 0.4 

O (K): 34.0 ± 0.7 

Pd (L): 2.5 ± 0.4 

C (K): 70.7 ± 0.5 

O (K): 28.7 ± 0.5 

Pd (L): 0.3 ± 0.04 

 

MWCNTs+DAO+Pd 

C (K): 61.3 ± 6.1 

O (K): 33.1 ± 4.2 

Pd (L): 4.8 ± 3.0 

C (K): 70.4 ± 4.8 

O (K): 28.6 ± 4.6 

Pd (L): 0.6 ± 0.4 

 

 

 

       Similarly to the Ag-containing BP series, secondary electron images (SEI) and backscattered 

electron composition (BEC) micrographs were collected to study the morphological features of 

the cross-section and of both faces of the paper, especially with better contrast between light and 

heavy elements in their composition (Figs 6.7 and 6.8). Fig. 6.7a, d, g shows the images of the 

cross-section of each sample, which allow us to determine thickness differences: while the 

thickness of BP+Pd is 33 μm, BP+ODA+Pd is more than twice thicker, with a cross-section of 79 

μm. In contrast, functionalisation with the diamine only marginally increased the thickness, which 

for BP+DAO+Pd amounts to 36 μm. According to the literature, the thickness of MWCNTs-based 

bucky paper is about 30 μm,68 which agrees with the results obtained here. The slight increase of 

thickness in BP+Pd and BP+DAO+Pd points to the deposition of some particles inside the paper 

structure and not only on the outer surfaces.57,69. For BP+ODA+Pd the strongly increased thickness 

is similar to what was observed for the homologous GO-based hybrid in paper form (see Chapter 

4) and due to the ‘swelling’ effect produced by the long ODA-alkyl chain. 

 

       The second and third columns in Fig. 6.7 show the superficial characteristics of both sides of 

the buckypapers. Fig. 6.7b,e,h, which refer to the sides that were in contact with the filtration 

membrane during the preparation of the papers, all show a compact, slightly rugous surface, 

whereas the opposite surfaces of the buckypapers presented in Fig. 6.7c,f,i appear rather uneven, 

with some randomly distributed spongy zones. As described also for the GO papers (Chapter 4), 

the reason for this difference in appearance is that the nanotubes in contact with the filtration 
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membrane are more influenced by the pumping and therefore form a denser structure than those 

on the opposite side, which therefore arrange more randomly.  

 

 

 
Fig. 6.7. Secondary electron SEM images of BP+Pd (a–c), BP+ODA+Pd (d–f), and BP+DAO+Pd   

(g–i) series. The left column (a,d,g) shows the cross-section images of the different samples; the 

middle column (b,e,h) presents images of the lower side of the buckypaper which was in contact 

with the filter membrane during BP fabrication, and the right column (c,f,i) shows the upper side of 

the buckypaper. Scale bar: 10 μm. 

 

 

  

Since the presence of PdNPs cannot be clearly distinguished in these images, BEC imaging 

was performed as well (Fig. 6.8). The first column shows the characteristics of the paper side that 

was in contact with the filtration membrane during paper preparation, whereas in the second 

column, one sees the images of the opposite side. Notably, the PdNPs distribution is quite 

homogeneous in all cases, but the more compact side of the buckypaper presents a lower particle 

density than the opposite side with its more open structure. However, compared with graphene 

oxide paper, the PdNP coverage on GOP was lower, even when anchoring amines before PdNP 

decoration. This correlates with the surface area reported for these structures, which for BP 

amounted to 380 m2/g,70 whereas for GOP it was 3 to 10 m2/g,71 implying that the buckypaper is 

more penetrable for the metal precursor solution. 



 
177 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6.8. Backscattered electrons SEM images for the set of the BP/PdNP series. The columns 

highlight the size and distribution of the particles attached on both faces of the buckypaper. Scale 

bar: 1 μm. 

 

 

It is important to mention that particle agglomeration is almost absent on the denser side, 

whereas, on the opposite side, we observe the formation of some clusters, mainly in the ODA-

containing sample. For BP+ODA+Pd most of the particles are round with a narrow size 

distribution, ranging from less than 0.1 μm up to 0.5 μm. Compared to decoration with silver, 

PdNPs are smaller, but for both metals, the paper supports favoured the formation of round 

particles, while on both GO and MWCNT powders different shapes occurred.  

  

The metal content was quantified by EDS and the results are reported in Table 2. Here we 

can observe that the highest Pd content was found in BP+DAO+Pd, attributed to the capacity of 

the two coordinating nitrogen atoms to bond more palladium atoms. Since no large differences in 

PdNP density were seen in the SEM images of the different samples, we have to assume that also 

smaller particles were formed which, due to the instrumentation limitations cannot be visualized. 

Comparing the results in Tables 1 and 2, one notes that the oxygen and palladium content is much 
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higher in the powder samples. This again has to do with the surface area differences: MWCNTs 

can reach a surface area of up to 1670 m2/g,72 i.e. more than four times that of BP (380 m2/g).70  

 

 

Table 2. EDS results for the BP/PdNPs series (SEM imaging) 

  
Region 

 
Lower side Upper side 

Sample Weight % Atomic % Weight % Atomic % 

 

BP+Pd  

C (K): 95.4 ± 0.5 

O (K): 3.7 ± 0.5 

Pd (L): 0.8 ± 0.3 

C (K): 97.1 ± 0.4 

O (K): 2.9 ± 0.4 

Pd (L): 0.1 ± 0.03 

C (K): 94.6 ± 0.8 

O (K): 4.6 ± 0.9 

Pd (L): 0.7 ± 0.2 

C (K): 96.4 ± 0.7 

O (K): 3.5 ± 0.7 

Pd (L): 0.1 ± 0.02 

 

BP+ODA+Pd 

C (K): 96.2 ± 0.4 

O (K): 2.8 ± 0.3 

Pd (L): 1.0 ± 0.3 

C (K): 97.7 ± 0.2 

O (K): 2.2 ± 0.3 

Pd (L): 0.1 ± 0.03 

C (K): 96.0 ± 0.3 

O (K): 3.3 ± 0.4 

Pd (L): 0.7 ± 0.1 

C (K): 97.4 ± 0.3 

O (K): 2.5 ± 0.3 

Pd (L): 0.1 ± 0.01 

 

BP+DAO+Pd 

C (K): 91.0 ± 0.5 

O (K): 5.1 ± 0.6 

Pd (L): 3.1 ± 0.3 

C (K): 95.3 ± 0.4 

O (K): 4.0 ± 0.4 

Pd (L): 0.4 ± 0.04 

C (K): 90.7 ± 0.9 

O (K): 5.4 ± 0.9 

Pd (L): 3.2 ± 0.1 

C (K): 95.1 ± 0.7 

O (K): 4.2 ± 0.7 

Pd (L): 0.4 ± 0.02 

 

 

 

If we compare the results obtained here for oxidized carbon nanotubes with those of the 

amine-functionalized and Pd-decorated graphene oxide, described in Chapter 4, we note that while 

for GOP there were important differences in the elemental composition between the two sides, in 

the corresponding buckypaper data are quite similar. For the powders, Pd decoration was more 

efficient on GO than on the nanotubes, which matches the conclusions from the micrographs, and 

is supported by the differences in surface area - up to 2391 m2/g for GO51 vs 1670 m2/g for 

MWCNTs.51 

 

Since EDS suggested the presence of Pd nanoparticles that were too small to be detected 

at the micrometre scale, TEM imaging was performed. Fig. 6.9 presents bright field images of the 

powder series. The first row shows the micrographs of the MWCNTs+Pd sample at different 

magnifications, where one can clearly distinguish nanometre-sized particles. The same is true for 

the second and third rows that show images of MWCNTs+ODA+Pd and MWCNTs+DAO+Pd. 

The nanoparticles differ in shape and size, the latter varying from diameters up to 50 nm for 

MWCNTs+Pd, from less than 5 to 30 nm for MWCNTs+ODA+Pd, and from 20 to 80 nm for 

MWCNTs+DAO+Pd. Compared with the Ag-containing series, we can observe that the particles 

formed on the non-aminated MWCNTs were smaller, but those on the aminated samples were 

bigger. Compared with the GO-based homologues, we can see that the particles there were 

significantly smaller.  
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Fig. 6.9. Bright-field TEM images of the palladium containing multiwalled carbon nanotubes series 

at different magnification. In the left column, the scale bar corresponds to 50 nm for all the 

samples, while in the right column, the scale bar corresponds to 10 nm for MWCNTs+Pd and 

MWCNTs+DAO+Pd and to 20 nm for MWCNTs+ODA+Pd. 
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Focussing on the MWCNTs instead, one notes that the individual nanotubes look wider in 

the aminated samples, particularly at higher magnification (second column in Fig. 6.9). As 

discussed before, bifunctional molecules promote cross-linked structures,17,22,73 as can be observed 

in the first micrograph of the DAO-containing sample. 

 

Similarly, bright field TEM imaging was performed on the buckypaper hybrids at different 

magnifications, as shown in Fig. 6.10. The first row presents the micrographs for BP+Pd, where 

the particles reached sizes ranging from 15 to 200 nm. The second row shows particles measuring 

between 10 to 200 nm on BP+ODA+Pd and in the third row, one distinguishes particles with sizes 

varying from 5 to 20 nm on BP+DAO+Pd. As also seen in SEM, palladium particle agglomeration 

prevails in the first two samples, facilitating their visualization, whereas for the DAO-containing 

hybrid, the tiny particles seem well dispersed. Interestingly, this trend is the opposite of what was 

observed for the corresponding Ag series (Chapter 5), where the tiniest particles were found in 

BP+Ag. BP+ODA+Ag also differs from the results for graphene oxide paper, where the smallest 

particles were formed on GOP+Pd. 

 

These differences depend on the coordination number and geometry in coordination 

complexes of silver and palladium, on the chemical and structural characteristics of the different 

nanocarbons applied in this study, the morphological differences between powder and paper-like 

forms in the same nanocarbon (graphene oxide, carbon nanotubes), on the different chemical 

nature between monoamine and diamine molecules, and their attachment mechanism to 

nanocarbon surfaces.    
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Fig. 6.10. Bright-field TEM imaging for the palladium containing buckypapers at different 

magnification. In the left column at the scale bar corresponds to 100 nm for all the samples, 

whereas in the right column it corresponds to 10 nm forBP+Pd and BP+ODA+Pd samples and to 

20 nm for BP+DAO+Pd.  

 

 

 



 
182 

XPS analysis was used to explore the surface composition and bonding environment of 

each element that makes up the starting materials and the newly created hybrids. Fig. 6.11 shows 

the survey spectra of the oxidized and the palladium-containing MWCNTs, which all show the 

spectral signature of carbon and oxygen. The Pd-decorated hybrids all present Pd 3d peaks of 

different intensity and for the amine-functionalized MWCNTs, a N 1s photoemission peak can be 

seen, once more confirming the success of the ODA or DAO grafting and of the metal decoration 

protocols.  

 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6.11. Survey XPS spectra for MWCNTs(ox), MWCNTs+Pd, MWCNTs+ODA+Pd, and 

MWCNTs+DAO+Pd samples. 
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The deconvoluted detailed spectra of the different core level regions are displayed in Fig. 

6.12, and the corresponding binding energy values are listed in Tables 3-5. In all the samples six 

peaks were derived from the deconvolution of the C 1s spectral line (left graphic of Fig. 6.12); 

their binding energy values and relative spectral intensity for each sample are reported in Table 3. 

The main peak, derived from sp2/sp3 domains of the MWCNTs, appears at a binding energy (BE) 

of 284.1 eV in all the samples and for MWCNTs+ODA+Pd, and MWCNTs+DAO+Pd it also 

contains the spectral intensity due to −CH2 groups. Moving towards higher BEs, the next four 

contributions stem from oxygen-containing moieties: the first one at 285.1 – 285.2 eV derives from 

oxidized carbon in MWCNTs before and after Pd decoration, whereas in aminated samples at this 

binding energy, the contributions of oxidized carbon and C-N bonds overlap.59 The second 

contribution appearing in the BE range of 286.1-286.4 eV, refers to hydroxyl groups from alcohol 

moieties, while the third contribution at BEs of 287.4-287.8 eV derives from carbonyl groups. 

Carboxyl groups are responsible for the contribution at BE = 288.7-289.0 eV, and at 290.5 eV the 

π-π* satellite74,75 is found. Since XPS is a quantitative technique and the relative spectral intensity 

is directly proportional to the amount of each type of functional group in the probed volume, from 

the spectral intensities reported in Table 3 one can see that in general, the amount of oxygenated 

groups is higher in the Pd-containing samples. This is probably due to the additional acid treatment 

during the PdNPs nucleation process. 

 

The middle panel of Fig. 6.12 shows the detailed spectra of the N 1s spectral line, which 

can be deconvoluted with four contributions (BE values and relative spectral intensities reported 

in Table 4). The first refers to the C-N bond of the aliphatic chain of the amines, appearing at a BE 

of 399.0 eV in MWCNTs+ODA+Pd, and at 398.7 eV in MWCNTs+DAO+Pd. The second 

contribution situated at 400.1 eV in ODA- and at 400.0 eV in the DAO-containing hybrid stems 

from the amino groups. The third contribution at a BE of 401.3 eV is associated with protonated 

NH3
+ species, formed as a result of the acidic treatment during the nucleation process of palladium 

particles (pH around 0 and 1). The fourth component, appearing at a binding energy of 403.0 eV, 

points out the newly formed amide moieties, also observed in FTIR results. In these data, we can 

note a higher content of amino groups in the DAO-containing sample (as expected).  

 

The Pd 3d core level spectra, shown in the right panel of Fig. 6.12, give insight into the 

different chemical states of palladium when deposited onto the graphitic matrix. The binding 

energies of the various components and their relative spectral intensities are listed in Table 5. Here, 

the spectra consist of two peaks corresponding to the spin-orbit split Pd 3d5/2 and Pd 3d3/2 lines. 

The peaks assignment was carried out considering that, according to the literature, three chemical 

states coexist in the samples: Pd(0), Pd(IV) and Pd(II). Focussing on the 3d5/2 peak, the metallic 

form gives rise to a component in the BE range 335.5 - 335.8 eV76,77, while the contribution of 

tetravalent palladium is situated at BE=337.5 – 337.9 eV.78,79 Bivalent palladium can be 

complexed with carboxylate ions derived from the deprotonation of the carboxylic acid of citric 

acid used as a reducing agent in the PdNPs formation.80 The reported BE for the complex formed 

varies between 338.6 – 338.8 eV.81,82 
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Fig. 6.12. XPS spectra of the C 1s, N 1s and Pd 3d core level regions for  MWCNTs(ox), MWCNTs+Pd, MWCNTs+ODA+Pd, and 

MWCNTs+DAO+Pd samples. Raw spectra are shown in dots, and sum, in black. 
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Table 3. XPS binding energies and relative spectral intensities of the contributions from  

different chemical species to the C 1s core level spectra of the MWCNTs+Pd based series   

 
 Component binding energy (eV) 

Sample C=C/C-C/-

CH2  (%) 

C-O 

(%) 

C-OH 

(%) 

C=O 

(%) 

O=C-O 

(%) 

π-π* shake-

up (%) 

  

MWCNTs(ox) 
284.1 

(58.8) 

 

(56.0) 

 

 

 

 

(54.1) 

 

(51.7) 

285.2 

(20.0) 

286.3 

(7.8) 

287.6 

(3.8) 

288.8 

(2.8) 

290.5 

(6.8) 

 

(7.3) 

 

 

 

 

(5.1) 

 

 

(5.7) 

MWCNTs+Pd 
285.1 

(19.9) 

286.1 

(8.6) 

287.4 

(4.4) 

288.7 

(3.8) 

 C-O/C-N 

(%) 
   

MWCNTs+ODA+Pd 
285.2 

(24.1) 

 

 

(24.3) 

286.4 

(9.9) 

287.8 

(4.4) 

289.0 

(2.5) 

MWCNTs+DAO+Pd 
286.3 

(9.6) 

287.6 

(4.8) 

288.8 

(3.8) 

 

 

 

Table 4. XPS binding energies and relative spectral intensities of the contributions from 

different chemical species to the N1s core level spectra of the aminated MWCNTs+Pd 

samples 

 

 Component binding energy (eV) 

Sample N-C (%) -NH2 (%) NH3
+ (%) –C(=O)N– (%) 

 

MWCNTs+ODA+Pd 
399.0 

(23.8) 

400.1 

(42.6) 

401.3 

(26.7) 

 

(26.8) 

403.0 

(6.9) 

 

(7.8) MWCNTs+DAO+Pd 
398.7 

(14.2) 

400.0 

(51.1) 

 
 

 

The experimental binding energy values in the Pd 3d5/2 photoemission line in our spectra 

were 335.4 – 335.5 eV for Pd(0), 337.3 – 337.7 eV for Pd(IV), and 338.7 – 338.9 eV for Pd(II) 

(Table 5). The corresponding components in the Pd 3d3/2 photoemission line appear in a range of 

340.7 – 340.8 eV (Pd0), 342.6 – 342.9 eV (PdIV), and 344.0 – 344.1 eV (PdII). 
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Table 5. XPS binding energies and relative spectral intensities of the contributions from 

different Pd3d core level components in the spectra of the palladium-containing samples 
 

 Component binding energy (eV) 

Species Pd (0) Pd (IV) Pd (II) 

              Line 

Sample 

3d5/2 (%) 3d3/2  3d5/2 (%) 3d3/2
  3d5/2 (%) 3d3/2  

MWCNTs+Pd 
335.5 

(18.3) 

 

(13.4) 

340.8 

 

 

337.3 

(51.4) 

342.6 

 

338.8 

(30.2) 

344.1 

 

 

 
MWCNTs+ODA+Pd 

337.6 

(54.2) 

342.9 

 

 

 

338.9 

(32.4) 

MWCNTs+DAO+Pd 
335.4 

(14.5) 

340.7 

 

337.7 

(49.7) 

338.7 

(35.8) 

344.0 

 

 

 

 

Derived from the information above, we can infer that tetravalent palladium, in the form 

of palladium dioxide prevails in all the samples. This result agrees with the TGA results, which 

indicated that oxidized Pd was present in a much higher proportion than the metallic species. The 

non-aminated sample contains the highest amount of metallic species, followed by the DAO-

containing sample. As expected, Pd complexation is promoted by functional groups containing 

both oxygen and nitrogen atoms coexisting in the aminated systems. According to the intensities 

of these peaks (Fig. 6.12), we can observe that complexation is favoured via nitrogen coordination. 

Comparing the data from the Tables above, we can see that complexation via oxygen is promoted 

when ODA is present.  

 

Starting from the spectral intensities, the atomic elemental composition of the hybrids was 

determined (Table 6). As expected, the nitrogen content was higher in MWCNTs+DAO+Pd (4.3 

%) than in MWCNTs+ODA+Pd (0.8 %) due to its bifunctionality. Therefore, the amount of Pd 

deposited was higher as well (more than double) (0.9 at% vs 0.4 at%). These results do not agree 

with the values obtained from SEM/EDS (Table 1) but one can understand these variations because 

of the differences in probing depth and lateral size probes of the two techniques and conclude that 

PdNP deposition is favoured in amine-containing samples. The same result was observed also for 

hybrids with graphene oxide (see Chapter 4). 
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Table 6. Elemental composition (atomic percentage) for the MWCNTs+Pd series as 

determined from the XPS spectra  

 

Sample Atomic % 

 

MWCNTs+Pd 

C: 88.1 

O: 11.7 

Pd: 0.2 

 

MWCNTs+ODA+Pd 

C: 91.5 

O: 7.4 

N: 0.8 

Pd: 0.4 

 

MWCNTs+DAO+Pd 

C: 87.2 

O: 7.6 

N: 4.3 

Pd: 0.9 

 

 

 

For the XPS analysis of the buckypapers, considering the EDS results reported in Table 2, 

we decided to concentrate only on the paper side that was in contact with the filtration membrane 

during the BP formation. Fig. 6.13 shows the survey spectra of the buckypapers before and after 

amine-functionalization and/or PdNP decoration. As for the powder samples, the spectrum of 

starting material, the buckypaper prepared from MWCNTs(ox), shows only the spectral signature 

of carbon and oxygen, while the spectra of all samples subjected to PdNP decoration show some 

Pd 3d intensity and in the spectra of the aminated samples one can always distinguish the N 1s 

line. These spectra therefore verify that the oxidation of MWCNTs leads to a starting matrix 

reactive enough to allow for further chemical modification with amines and/or palladium. 
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Fig. 6.13. Survey XPS spectra of BP, BP+Pd, BP+ODA+Pd, and BP+DAO+Pd. 
 

 

 

The detailed spectra for the C 1s, N 1s and Pd 3d core level regions are shown in Fig. 6.14, 

whereas the binding energies of the different components contributing to each spectral line and 

their relative spectral intensities are presented in Tables 7-9. 
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Fig. 6.14. XPS spectra of the C 1s, N 1s and Pd 3d core level regions of BP, BP+Pd, BP+ODA+Pd, and BP+DAO+Pd samples. Raw spectra 

are shown in dots, and sum, in black. 
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As for the powder samples, the C 1s spectral line of the buckypapers contains six 

contributions (Table 7). The main one at a binding energy of 284.1 – 284.3 eV, derives from sp2/sp3 

domains of the graphitic matrix; for the aminated samples the contribution of -CH2 groups also 

contributes to this main peak. The second contribution, situated in the BE range 285.1 – 285.3 eV, 

stems from oxidized carbon in the non-aminated samples, whereas the aminated ones involve 

contributions from both oxidized carbons and C-N bonds59. The third component appearing at BEs 

of 285.8 – 286.3 eV, can be attributed to hydroxyl groups from alcohol moieties, The fourth peak 

at a BE = 286.8-287.5 eV is associated with C=O groups and the fifth one at BEs ranging from 

288.3 – 288.8 eV originates from O=C-O groups. The last contribution refers to the almost 

imperceptible π-π* satellite,75,76 appearing in a range of 289.9 – 290.6 eV. From the relative 

spectral intensities of the various components (Table 8), we can highlight some trends, for 

example, the increased amount of oxidized carbon in the Pd-containing samples, possibly due to 

the reaction for preparing and depositing Pd particles, where the carbonaceous substrate is 

subjected to additional acid treatment, forming extra oxygenated functionalities. Apart from this, 

regarding the aminated samples, the peak at a BE around 285 eV also involves carbon covalently 

attached to nitrogen, the characteristic bonding of aliphatic amines. The fact that the BE values in 

the BP+ODA+Pd spectrum appear downshifted in comparison to the rest of the set can be due to 

different screening of the core hole when long aliphatic chains make up an important part of the 

sample.  

 

 

Table 7. XPS binding energies and relative spectral intensities of the contributions from  

different chemical species to the C 1s core level spectra of the BP+Pd based series 

 
 Component binding energy (eV) 

Sample C=C/C-C/-

CH2 (%) 

C-O 

(%) 

C-OH 

(%) 

C=O  

(%) 

O=C-O 

(%) 

π-π* shake-up 

(%) 

BP 
284.2 

(59.5) 

 

(55.1) 

285.3 

(18.4) 

 

(19.6) 

286.3 

(10.4) 

 

(11.0) 

287.5 

(4.0) 

 

(5.6) 

288.7 

(2.3) 

290.6 

(5.5) 

BP+Pd 

 

288.8 

(3.4) 

290.5 

(5. eV3) 

 
 C-O/C-N 

(%) 
    

BP+ODA+Pd 
284.3 

(40.9) 

285.1 

(33.4) 

 

285.8 

(15.5) 

286.8 

(6.9) 

 

288.3 

(2.3) 

289.9 

(1.0) 

BP+DAO+Pd 
284.1 

(49.0) 

285.2 

(25.7) 

286.2 

(12.2) 

287.3 

(5.8) 

288.6 

(2.8) 

290.3 

(4.5) 
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The detailed spectra of the N 1s core level region of the aminated samples are shown in the 

middle panel of Fig. 6.14 and contain four components. The corresponding binding energies and 

relative spectral intensities are presented in Table 10. The first component refers to C-N bonds of 

the aliphatic chain of the amines and appears at a BE of 399.2 eV in the spectrum of BP+ODA+Pd, 

and at 398.8 eV in that of BP+DAO+Pd. The second peak at 400.4 eV for BP+ODA+Pd and at 

399.9 eV for BP+DAO+Pd corresponds to amino groups. The third contribution originates from 

protonated NH3
+ species formed during the nucleation process of palladium particles and is 

situated at a BE of 401.9 eV in the spectrum of BP+ODA+Pd, and at 400.9 eV in that of 

BP+DAO+Pd. The fourth contribution at a BE of 402.4 eV is only found in the DAO-containing 

sample and refers to the amide functionalities, as was also discussed for the powder samples. The 

spectral fingerprint of amide functionalities is also observed in the FTIR spectra in Fig. 6.3 and 

their presence is inferred in the corresponding degradation pattern in Fig 6.5d. Having a look at 

the relative spectral intensities of these components (Table 10), from the contribution of the C-N 

bonds we could infer that the degree of functionalization was higher when employing ODA as a 

modifier. This conclusion is supported by the TGA/DTA results where the functional groups from 

ODA were found to give rise to a higher mass loss than the corresponding one recorded for 

BP+DAO+Pd (15.9 wt% more). This fact could also explain why the amino contribution was more 

important for BP+ODA+Pd.  

 
 

Table 8. XPS binding energies and relative spectral intensities of the contributions from 

different chemical species to the N 1s core level spectra of the aminated BP+Pd samples 
 

 Component binding energy (eV) 

Sample N-C (%) -NH2 (%) NH3
+ (%) –C(=O)N– (%) 

BP+ODA+Pd 
399.2 

(24.1) 

400.4 

(56.3) 

401.9 

(19.6) 

--- 

 

BP+DAO+Pd 
398.8 

(14.4) 

399.9 

(46.1) 

400.9 

(30.3) 

402.4 

(9.1) 

 

 

 

As observed in the spectra presented in the right panel of Fig. 6.14, palladium is present in 

different oxidation states: Pd(0), Pd(IV) and Pd(II).78,79,81-84As observed for other series described 

in this dissertation, the XPS spectra of the Pd 3d core level region present two asymmetrical peaks 

corresponding to the spin-orbit split Pd 3d5/2 and Pd 3d3/2 components. The peak assignment was 

carried out taking into consideration the same parameters as for the powder MWCNTs/PdNPs 

series. We can observe that the ionic species prevail in all the samples, whereas the zerovalent 

species accounts for 13.4 % of the spectral intensity (Table 9) of BP+Pd, for 6.5 % of that of 

BP+ODA+Pd, and for 25.4 % of BP+DAO+Pd, where they give rise to contributions peaked at 

BEs of 335.4, 335.2, and 335.3 eV, respectively. Pd(IV) gives rise to a component at BE of 337.4 

– 337.5 eV. Finally, the contribution of Pd(II) appears at BE = 338.7 – 338.8 eV. The 

corresponding components of the Pd 3d3/2 peak are situated in the binding energy ranges of 340.5 

– 340.7 eV (Pd0), 342.6 – 342.8 eV (PdIV), and 344.0 – 344.1 eV (PdIV). Contrary to what was 

observed for the powder series, the highest metallic Pd content was found for the DAO-containing 
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buckypaper, whereas the ODA-containing one showed the least metallic Pd. Like in MWCNTs+Pd 

series, tetravalent palladium prevails as PdO2, which is also supported by the TGA results (Fig. 

6.5). This species is predominant in BP+Pd and BP+DAO+Pd. Regarding Pd(II), as observed in 

powder, the upshifting of BE is due to the complexation of Pd with carboxylate ions from 

deprotonated carboxylic acids of citric acid during PdNP formation.80 As seen in Table 11, this 

species is present in BP+Pd and BP+ODA+Pd. Summarising, we can conclude that the reaction 

kinetics favours palladium oxidation in the non-aminated sample and the DAO-functionalized one, 

whereas ODA functionalisation promotes the formation of palladium carboxylates.  

 
   

 

Table 9. XPS binding energies and relative spectral intensities of the contributions from 

different Pd 3d core level components in the spectra of the palladium-containing samples 
 

 Components (eV) 

Species Pd (0) Pd (IV) Pd (II) 

              Line 

Sample 

3d5/2 (%) 3d3/2 (%) 3d5/2 (%) 3d3/2
 (%) 3d5/2 (%) 3d3/2 (%) 

BP+Pd 
335.4 

(13.4) 

340.7 

 

337.5 

(46.0) 

342.8 

 

338.8 

(40.6) 

 

(42.4) 

344.1 

 

 

 
BP+ODA+Pd 

335.2 

(6.5) 

340.5 

 

337.4 

(28.4) 

 

(46.9) 

342.6 

 

 

BP+DAO+Pd 
335.3 

(25.4) 

340.6 

 

338.7 

(27.7) 

344.0 

 

 

 

 

Based on the XPS data above, the elemental composition for the BP/PdNPs set was 

estimated (Table 10). As expected, the nitrogen content was higher in BP+DAO+Pd (1.4 at%) than 

in BP+ODA+Pd (1.0 at%) because of DAO’s bifunctionality. This agrees with the results on GO-

based hybrids discussed in Chapter 4. Consequently, the amount of Pd deposited is the highest (1.6 

at%) in BP+DAO+Pd, followed by BP+Pd (0.4 at%), and BP+ODA+Pd (0.04 at%). This trend 

was also observed in the SEM/EDS results. 
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Table 10. Elemental composition (atomic percentages) as derived from the XPS spectra of 

the side of the buckypapers that was in contact with the filtration membrane during paper 

preparation 

 

Sample Atomic % 

 

BP+Pd 

C: 88.1 

O: 11.5 

Pd: 0.4 

 

BP+ODA+Pd 

C: 94.7 

O: 4.3 

N: 1.0 

Pd: 0.04 

 

BP+DAO+Pd 

C: 92.2 

O: 4.8 

N: 1.4 

Pd: 1.6 

 
 

 

Powder XRD was used to investigate the MWCNTs/Pd hybrids' crystallinity in further 

detail. Fig. 6.15 compares the diffractograms of the starting material with those of the aminated-

CNTs with and without PdNPs. As for the MWCNTs/AgNPs series, discussed in Chapter 5, a broad 

peak at 2θ =13.5 - 13.7o arises due to a few layers stacking in the MWCNTs (001) direction85,86; 

consequently, the coherently diffracting domains are small. Also, the (002) higher-order diffraction 

peak of the MWCNTs70 is seen at 2θ = 25.9 - 26.1° (d002 ~ 0.34 nm). Additionally, peaks appearing 

at 42.5°, 43.6°, and 49.4°, and corresponding to the planes (001), (100), and (004) of the hexagonal 

plane of graphite, are distinguished in the amine-containing samples87,88 (d{100} = 0.21 nm, and d004 

= 0.18 nm, respectively).  

 

As observed before, we can notice some differences in the diffractograms of the ODA-

containing samples compared to those of the other samples. Firstly, slightly increased peak 

intensities (blue and green lines in Fig. 6.15) due to the complexation action of the nitrogen atoms 

in the ODA moieties that increase the size of the coherently diffracting domains,69 as observed 

previously in the silver-containing series. Secondly, a small peak appearing at 5.3 – 5.5° (d-spacing 

around 1.64 nm), points to an increased interlayer spacing because of the ODA intercalation 

between the concentric nanotubes.89,90 Finally, the peak appearing at 21.2 – 21.4°  (d-spacing 

approx. 0.42 nm), confirms that the crystalline ODA fragments either swell or open the nanotube 

arrangements, as observed before in many carbon nanostructures.90,91 

 

Finally, the (111) Bragg reflection for metallic palladium appears at 2θ = 40.0 – 40.1° in 

the MWCNTs+Pd and MWCNTs+ODA+Pd samples, where the nanoparticles formed and 

deposited were large enough to be detected in XRD, exhibiting a face centred cubic (fcc) 

crystalline structure.92 
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Fig. 6.15. Comparison of the XRD diffractograms for MWCNTs(ox) and amine-functionalized 

MWCNTs before and after decoration with Pd nanoparticles. (Black numbers correspond to the 

graphite lattice peaks, whereas the blue number refer to metallic palladium nanoparticle planes). 

 

 
 
6.4 Conclusions 
 

 

The present study represents an acceptable ecological route to prepare hybrid 

nanomaterials based on multiwalled carbon nanotubes, aliphatic amines and palladium 

nanoparticles in an efficient manner, expanding the panorama in the production and utilization of 

advanced materials. Starting from some principles of ‘green chemistry’, we can highlight the use 

of harmless reagents like 1-octadecylamine, 1,8-diaminooctane, and citric acid to achieve this aim. 

 

Dispersibility tests evidenced that the length of the amine chain, the number of reactive 

units, the incorporation of noble metals, and the polarity of the solvent have an impact on the 

processibility of the final product and on the stability of its dispersions. 

 

FTIR and XPS analysis confirmed the presence of oxygenated and nitrogenated 

functionalities in the hybrids. XPS analysis showed multiple carbon and nitrogen bonding types, 

several palladium oxidation states and coordination binding between Pd and oxygen and nitrogen. 
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At the surface, ionic Pd is more abundant than metallic Pd species, presumably because the 

exposure to ambient air causes surface oxidation of the PdNPs. Microscopy studies revealed 

changes in the substrate structure due to amine intercalation and Pd particle inclusion, impacting 

morphology, size, and distribution. SEM imaging showed micrometric Pd aggregates varying in 

size and shape. TEM imaging highlighted shape and size differences also in the smallest Pd 

nanoparticles. 

 

TGA and XPS studies gave insight into the degree of (surface) oxidation and 

functionalization of each hybrid, as well as the metal loading. We could determine that chemical 

modification was more efficient in powder samples, especially with ODA as a modifier. In 

buckypaper the changes were less dramatic and very little Pd was deposited. The Pd content 

influenced the thermal stability, with higher Pd concentrations leading to faster combustion. The 

highest Pd loading was achieved in aminated samples. XRD results confirmed the presence of 

integers, highly crystalline MWCNTs, and metallic palladium. Overall, results from TGA, 

SEM/EDS, XPS, and XRD techniques emphasized the highest palladium content in DAO-

containing samples.  

 

This comprehensive study provides insights into the synthesis, characteristics, and 

properties of MWCNTs/PdNPs and BP/PdNPs nanohybrids, demonstrating the influence of amine 

modifications and Pd content on their behaviour and structure. 

 

The presence of oxidized Pd at the surface of nanoparticles emphasizes the need to store 

the hybrids in a non-reactive atmosphere to protect the metallic species formed if the hybrids are 

to be used in applications where a metallic surface is needed. 

 
Taking advantage of Pd at the nanoscale, the performance of the newly formed hybrids 

could be expanded to various fields, including electronics, catalysis, electrochemical biosensing, 

drug delivery, and antimicrobial agents. Further research needs to be done to explore the scalability 

of the production method and the toxicity of the final products. 
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SUMMARY AND OUTLOOK 
 

 

This PhD dissertation explores the sustainable synthesis and characterisation of novel 

nanostructured hybrid materials utilising graphene oxide or multi-walled carbon nanotubes as 

substrates. These substrates were functionalised with amine molecules and subsequently decorated 

with silver or palladium nanoparticles, employing environmentally friendly methodologies. 

 

Rooted in the principles of Green Chemistry, the research aimed to develop advanced 

nanomaterials through a solventless gas-phase amine functionalisation technique, utilising the 

aliphatic amines 1-octadecylamine (ODA) and 1,8-diaminooctane (DAO) to precisely modify the 

surface properties of carbon nanostructures while minimizing the generation of harmful by-

products. This approach was complemented by the wet impregnation of metallic nanoparticles, 

employing silver nitrate and palladium chloride as precursors and citric acid as the 

reducing/stabilizing agent. Through this path, it was achieved a predominantly uniform particle 

distribution and optimized the interaction between nanoparticles and the carbonaceous substrates. 

These eco-conscious strategies minimized waste and eliminated the need for hazardous reagents, 

thereby aligning with sustainability goals. 

 

To achieve the research objectives, an array of advanced characterization techniques, 

including spectroscopy, electronic microscopy, and thermal analysis, were employed to confirm 

the successful synthesis of new materials. The findings highlighted the role of substrate 

morphology and functionalization in influencing particle size, distribution, and the overall 

properties of the nanohybrids. Computational modelling further supported these experimental 

results, elucidating molecular-level interactions and guiding the design of optimized 

nanomaterials. The study also suggested the synergistic performance of these materials in 

applications such as catalysis and antimicrobial technologies, addressing critical environmental 

and biomedical challenges while paving the way for innovations in green nanotechnology. 

 

 

 Chapter 1 provides an introduction to the principles of Green Chemistry, the 

environmental challenges of nanotechnology, and the materials studied in this dissertation, 

namely graphene oxide (GO), carbon nanotubes (CNTs), and metallic nanoparticles (silver 

and palladium). It emphasises the environmental benefits of sustainable synthesis methods 

and outlines the properties of all of these materials. Additionally, the chapter discusses 

functionalization techniques, the potential applicability of hybrid nanomaterials in fields 

like catalysis, medicine, and electronics, and the research goals of synthesizing and 

evaluating the structural, chemical, and functional properties of nanostructured hybrids. 
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 Chapter 2 delves into the methodologies for fabricating and modifying carbon-based 

nanomaterials, particularly GO and multiwalled carbon nanotubes (MWCNTs) in both 

powder and paper forms. It describes synthesis protocols, including gaseous-amine 

functionalization and in-situ silver and palladium nanoparticle formation/deposition, aimed 

to boost the chemical and physical properties of the final hybrids. Characterization 

techniques, such as Fourier Transform Infrared Spectroscopy (FTIR), X-ray Photoelectron 

Spectroscopy (XPS), X-ray diffraction (XRD), and electron microscopy methods were 

systematically employed to investigate the structural, surface, and thermal properties of the 

synthesized materials. Computational modelling using Density Functional Theory (DFT) 

further validated the experimental findings by providing insights into the molecular 

interactions within the hybrids. 
 

 Chapter 3 discusses the green synthesis and characterisation of graphene oxide–silver 

nanoparticle (GO-Ag) hybrid materials in both powder and paper forms. The amine 

functionalization enhanced nanoparticle deposition on the GO matrix. The findings 

demonstrated that DAO-functionalized GO anchored the smallest and most uniform Ag 

particle distribution. DFT calculations corroborated these findings by elucidating the 

binding interactions between Ag nanoparticles and functionalized GO. 
 

 Chapter 4 outlines an eco-friendly pathway for developing graphene oxide–palladium 

(GO-Pd) nanohybrids in powder and paper forms.  Through exhaustive characterization, 

this project revealed unique nanoparticle size, shape, and distribution profiles, particularly 

in the structurally enhanced amine-functionalized paper forms, which exhibited superior 

stability. DFT modelling provided insights into Pd-GO interactions, highlighting potential 

applications in catalysis, electronics, and structural performance. 
 

 Chapter 5 reports on the fabrication and characterization of MWCNT-based hybrids 

embedded with Ag nanoparticles in powder and buckypaper forms. The study highlighted 

the influence of ODA functionalization on improving nanoparticle dispersion and 

adherence, resulting in superior thermal stability and uniformity compared to DAO and 

non-functionalized counterparts. These characteristics significantly reinforced the 

structural and functional properties of the ODA-containing hybrids. 
 

 Chapter 6 describes the green synthesis and physical-chemical characterization of 

MWCNT hybrids containing Pd nanoparticles in powder and buckypaper forms. The study 

investigated the impact of functionalization on Pd nanoparticle distribution, morphology, 

and stability, with dispersibility tests revealing distinct hydrophobic/hydrophilic 

behaviours, depending on the amine used. Characterization demonstrated that amine-

functionalized samples exhibited improved PdNP dispersion, enhanced thermal stability, 

and superior catalytic properties, underscoring their potential for applications in 

electronics, catalysis, and environmental remediation. 
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Comparing the palladium and silver content across GO and MWCNTs in both powder and 

paper form, the reported studies show that Ag loading exceeds that of Pd by approximately an 

order of magnitude. This difference can be attributed to several factors, primarily the coordination 

number and geometry in their respective coordination complexes. Silver(I) typically adopts linear 

or tetrahedral geometries in coordination complexes, with silver ions predominantly displaying 

two-, three-, or four-fold coordination. In contrast, Pd(II) complexes commonly exhibit four-

coordinated square planar configurations, although a significant proportion of five-coordinated 

compounds also exist. 

 

The observed variations in aggregation patterns, nucleation processes, and the shape and size 

distribution of the metallic nanoparticles are closely influenced by the chemical and structural 

properties of the carbonaceous substrates utilized throughout this study. Furthermore, these 

outcomes are shaped by the substrates' morphological characteristics—whether in powder or paper 

form—and the specific functionality of amine modifiers, which engage through distinct interaction 

mechanisms with the nanocarbon surfaces. 

 

Based on the results of this PhD project, new opportunities for further research emerge. One 

should consider: 

 

 performing dispersibility tests in solvents in a wider range of polarity to explore the 

stability of both powder and paper forms of the hybrids to evaluate their suitability for 

further processing. 

 

 examining alternative routes for the production and deposition of nanoparticles to 

maximize the nucleation of metallic species and enhance metal loading, especially on 

paper-based and palladium-containing materials.  

 

 testing if the mechanical strength of paper-like nanohybrids is sufficient for their use in 

water purification, selective filtration, and as conductive materials in flexible electronics. 

 

 exploring specific applications of the nanohybrids taking into account the achieved metal 

loading, the predominant oxidation state of the noble metal, the shape of the nanoparticles 

and the pattern of decoration observed. In detail, the following hypotheses could be 

investigated. 
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1. GO/Ag-based series. Considering that GO enhances the material's surface area and 

dispersibility and Ag nanoparticles are well-known for their antimicrobial properties, 

the new hybrid materials could potentially increase the bactericidal efficiency of silver. 

The nanohybrids containing amines could improve the interaction between the material 

and bacterial membranes, enhancing antimicrobial action. The broad range of particle 

sizes (from nanoscale to micrometric) could generate diverse interaction mechanisms, 

potentially leading to better results than standard AgNP-loaded materials. 

 

 

2. GO/Pd-based series. Having Pd nanoparticles in a variety of shapes embedded in a 

graphene oxide matrix, they provide different types of active sites used in catalytic 

reactions, such as hydrogenation, and cross-coupling like Suzuki or Heck reactions for 

organic synthesis, potentially leading a better overall efficiency and selectivity of the 

catalyst. The carbonaceous lattice could improve electron transfer, and thereby further 

enhance the reaction rate. 

 

 

3. MWCNTs/Ag-based series. Thanks to the synergy of MWCNTs that offer excellent 

conductivity and high surface area, and Ag nanoparticles that interact with various 

gases, such as hydrogen, ammonia, and carbon monoxide, the new nanohybrids are 

promising for gas sensing. The fact that metallic Ag predominates on the surface could 

result in selective sensing capabilities. The nanohybrids containing amines are 

particularly likely to detect hazardous gases like CO, NOx, or methane, or volatile 

organic compounds for air quality monitoring. 

 

4. MWCNTs/Pd-based series. Materials based on MWCNTs containing palladium in its 

oxidized form seem promising for electrocatalysis, particularly in fuel cells or batteries, 

due to their ability to facilitate redox reactions. Specifically, the role of PdO2  

nanoparticles in reactions like hydrogen oxidation can be enhanced by the nanotube 

support; therefore the new hybrid materials could improve both the performance and 

stability of future devices, offering a more cost-effective alternative to pure palladium 

in electrocatalysis.  
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SAMENVATTING EN VOORUITBLIK 
 

Deze promotiedissertatie onderzoekt de duurzame synthese en karakterisatie van nieuwe 

nanogestructureerde hybride materialen met gebruik van grafeenoxide of meerwandige 

koolstofnanobuizen als substraten. Deze substraten werden functioneel gemaakt met 

aminemoleculen en vervolgens versierd met zilver- of palladiumnanodeeltjes, waarbij 

milieuvriendelijke methodologieën werden toegepast. 

 

Gebaseerd op de principes van groene chemie had het onderzoek tot doel geavanceerde 

nanomaterialen te ontwikkelen via een oplosmiddelvrije gasfase-aminefunctionalisatietechniek, 

waarbij de alifatische aminen 1-octadecylamine (ODA) en 1,8-diamino-octaan (DAO) werden 

gebruikt om de oppervlakte-eigenschappen van koolstofnanostructuren nauwkeurig te wijzigen en 

tegelijkertijd de productie van schadelijke bijproducten te minimaliseren. Deze benadering werd 

aangevuld met natte impregnatie van metalen nanodeeltjes, waarbij zilvernitraat en 

palladiumchloride als precursoren en citroenzuur als reducerend/stabiliserend middel werden 

gebruikt. Op deze manier werd een overwegend uniforme deeltjesverdeling bereikt en de interactie 

tussen nanodeeltjes en de koolstofsubstraten geoptimaliseerd. Deze milieubewuste strategieën 

minimaliseerden afval en elimineerden de noodzaak voor gevaarlijke reagentia, wat in lijn ligt met 

duurzaamheidsdoelstellingen. 

 

Voor het behalen van de onderzoeksdoelstellingen werd een reeks geavanceerde 

karakterisatietechnieken gebruikt, waaronder spectroscopie, elektronische microscopie en 

thermische analyse, om de succesvolle synthese van de nieuwe materialen te bevestigen. De 

resultaten benadrukten de rol van substraatmorfologie en functionalisatie in het beïnvloeden van 

de deeltjesgrootte, verdeling en de algehele eigenschappen van de nanohybrides. Computationele 

modellering ondersteunde deze experimentele bevindingen verder door moleculaire interacties te 

verduidelijken en het ontwerp van geoptimaliseerde nanomaterialen te begeleiden. Het onderzoek 

suggereerde ook de synergistische prestaties van deze materialen in toepassingen zoals katalyse 

en antimicrobiële technologieën, waarmee het kritieke milieuproblemen en biomedische 

uitdagingen aanpakt en de weg vrijmaakt voor innovaties in groene nanotechnologie. 

 

 Hoofdstuk 1. In dit hoofdstuk wordt een introductie gegeven van de principes van groene 

chemie, de milieuproblemen van nanotechnologie en de in deze dissertatie bestudeerde 

materialen, namelijk grafeenoxide (GO), koolstofnanobuizen (CNT's) en metalen 

nanodeeltjes (zilver en palladium). Het benadrukt de milieuvoordelen van duurzame 

synthesemethoden en schetst de eigenschappen van al deze materialen. Daarnaast worden 

functionalisatietechnieken besproken, evenals de potentiële toepasbaarheid van hybride 

nanomaterialen in gebieden zoals katalyse, geneeskunde en elektronica. Ook worden de 

onderzoeksdoelen uiteengezet: het synthetiseren en evalueren van de structurele, 

chemische en functionele eigenschappen van nanogestructureerde hybriden. 
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 Hoofdstuk 2. Dit hoofdstuk verdiept zich in de methodologieën voor het vervaardigen en 

modificeren van op koolstof gebaseerde nanomaterialen, met name GO en meerwandige 

koolstofnanobuizen (MWCNT’s) in zowel poeder- als papierformaat. Het beschrijft 

synthesemethoden, waaronder gasvormige aminefunctionalisatie en in-situ 

vorming/afzetting van zilver- en palladiumnanodeeltjes, gericht op het verbeteren van de 

chemische en fysische eigenschappen van de uiteindelijke hybriden. 

Karakterisatietechnieken zoals Fourier Transformatie Infrarood Spectroscopie (FTIR), 

Röntgenfoto-elektronenspectroscopie (XPS), röntgendiffractie (XRD) en methoden voor 

elektronische microscopie werden systematisch toegepast om de structurele, oppervlakkige 

en thermische eigenschappen van de gesynthetiseerde materialen te onderzoeken. 

Computationele modellering met behulp van Density Functional Theory (DFT) valideerde 

de experimentele bevindingen verder door inzicht te geven in de moleculaire interacties 

binnen de hybriden. 

 

 Hoofdstuk 3. Hier wordt de groene synthese en karakterisatie van grafeenoxide–

zilvernanodeeltje (GO-Ag) hybride materialen in zowel poeder- als papierformaten 

besproken. De aminefunctionalisatie verbeterde de deeltjesafzetting op de GO-matrix. De 

bevindingen toonden aan dat DAO-gefunctionaliseerde GO de kleinste en meest uniforme 

Ag-deeltjesverdeling verankerde. DFT-berekeningen bevestigden deze resultaten door de 

bindingsinteracties tussen Ag-nanodeeltjes en functionele GO te verduidelijken. 

 

 Hoofdstuk 4. Dit hoofdstuk beschrijft een milieuvriendelijke methode voor de 

ontwikkeling van grafeenoxide–palladium (GO-Pd) nanohybriden in poeder- en 

papierformaten. Uit uitgebreide karakterisatie bleek dat vooral de structureel verbeterde 

amine-gefunctionaliseerde papieren vormen unieke stabiliteit en eigenschappen 

vertoonden. DFT-modellering verduidelijkte Pd-GO interacties en benadrukte potentiële 

toepassingen in katalyse, elektronica en structurele prestaties. 

 

 Hoofdstuk 5. Hier wordt de fabricage en karakterisatie van MWCNT-gebaseerde hybriden 

met Ag-nanodeeltjes in poeder- en buckypapervormen beschreven. Het onderzoek 

benadrukte de invloed van ODA-functionalisatie op het verbeteren van de 

deeltjesverspreiding en hechting, wat resulteerde in superieure thermische stabiliteit en 

uniformiteit in vergelijking met DAO en niet-gefunctionaliseerde tegenhangers. Deze 

eigenschappen versterkten de structurele en functionele eigenschappen van de hybriden 

met ODA aanzienlijk. 

 

 Hoofdstuk 6. Dit hoofdstuk beschrijft de groene synthese en fysisch-chemische 

karakterisatie van MWCNT-hybriden met Pd-nanodeeltjes in poeder- en 

buckypapervormen. Het onderzoek onderzocht de impact van functionalisatie op de Pd-

deeltjesverdeling, morfologie en stabiliteit. Verspreidingstests onthulden onderscheidende 

hydrofobe/hydrofiele eigenschappen, afhankelijk van het gebruikte amine. Karakterisatie 

toonde aan dat amine-gefunctionaliseerde monsters verbeterde PdNP-verspreiding, 
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verbeterde thermische stabiliteit en superieure katalytische eigenschappen vertoonden, wat 

hun potentieel onderstreepte voor toepassingen in elektronica, katalyse en milieusanering. 

 

 

Bij vergelijking van het palladium- en zilvergehalte in zowel poeder- als papierformaten van 

GO en MWCNT’s tonen de gerapporteerde studies aan dat de Ag-belading ongeveer een orde van 

grootte hoger is dan die van Pd. Dit verschil kan worden toegeschreven aan verschillende factoren, 

voornamelijk het coördinatiegetal en de geometrie in hun respectieve coördinatiecomplexen. 

Zilver(I) neemt doorgaans lineaire of tetraëdrische geometrieën aan in coördinatiecomplexen, 

waarbij zilverionen voornamelijk een twee-, drie- of viervoudige coördinatie vertonen. 

Daarentegen vertonen Pd(II)-complexen meestal vier-gecoördineerde vierkante vlakke 

configuraties, hoewel een aanzienlijk deel ook vijf-gecoördineerde verbindingen omvat. 

 

De waargenomen variaties in aggregatiepatronen, nucleatieprocessen en de vorm- en 

grootteverdeling van de metalen nanodeeltjes worden sterk beïnvloed door de chemische en 

structurele eigenschappen van de koolstofhoudende substraten die in deze studie zijn gebruikt. 

Bovendien worden deze resultaten bepaald door de morfologische eigenschappen van de 

substraten—of ze nu in poeder- of papierformaat zijn—en de specifieke functionaliteit van 

aminemodificatoren, die via verschillende interactiemechanismen met de 

nanokoolstofoppervlakken samenwerken. 

 

Nieuwe onderzoeksmogelijkheden 

 

Op basis van de resultaten van dit promotieonderzoek doen zich nieuwe mogelijkheden voor 

verder onderzoek voor. Het volgende kan overwogen worden: 

 

 Uitvoeren van verspreidingstests in oplosmiddelen met een breder bereik van polariteit 

om de stabiliteit van zowel poeder- als papierformaten van de hybriden te onderzoeken en 

hun geschiktheid voor verdere verwerking te evalueren. 

 Onderzoeken van alternatieve routes voor de productie en a fzetting van nanodeeltjes 

om de nucleatie van metalen soorten te maximaliseren en de metaalbelading te verhogen, 

vooral op papiergebaseerde en palladiumhoudende materialen. 

 Testen van de mechanische sterkte van papierachtige nanohybriden om te bepalen of 

deze geschikt zijn voor gebruik in waterzuivering, selectieve filtratie en als geleidende 

materialen in flexibele elektronica. 

 Verkennen van specifieke toepassingen van de nanohybriden, rekening houdend met de 

behaalde metaalbelading, de overheersende oxidatietoestand van het edelmetaal, de vorm 

van de nanodeeltjes en het waargenomen decoratiepatroon. De volgende hypotheses 

kunnen in detail worden onderzocht: 
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1.   GO/Ag-gebaseerde reeks. Gezien het feit dat GO het oppervlak en de verspreidbaarheid 

van het materiaal vergroot en Ag-nanodeeltjes bekend staan om hun antimicrobiële 

eigenschappen, zouden de nieuwe hybride materialen de bacteriedodende efficiëntie 

van zilver mogelijk kunnen vergroten. De nanohybriden met amines zouden de 

interactie tussen het materiaal en bacteriële membranen kunnen verbeteren, wat de 

antimicrobiële werking versterkt. Het brede bereik van deeltjesgroottes (van 

nanometerschaal tot micrometerschaal) kan diverse interactiemechanismen genereren, 

wat mogelijk betere resultaten oplevert dan standaard met AgNP beladen materialen. 

 

2.   GO/Pd-gebaseerde reeks. Met Pd-nanodeeltjes in verschillende vormen ingebed in een 

grafeenoxidematrix bieden deze materialen verschillende soorten actieve sites die 

worden gebruikt in katalytische reacties, zoals hydrogenering en cross-couplingreacties 

zoals Suzuki- of Heck-reacties voor organische synthese. Dit zou mogelijk kunnen 

leiden tot een betere algehele efficiëntie en selectiviteit van de katalysator. Het 

koolstofhoudende rooster kan de elektronoverdracht verbeteren, en daarmee de 

reactiesnelheid verder verhogen. 

 

3.   MWCNTs/Ag-gebaseerde reeks. Dankzij de synergie van MWCNTs, die uitstekende 

geleidbaarheid en een hoog oppervlak bieden, en Ag-nanodeeltjes, die met 

verschillende gassen zoals waterstof, ammoniak en koolmonoxide interageren, zijn de 

nieuwe nanohybriden veelbelovend voor gassensoren. Het feit dat metallisch Ag 

overheerst op het oppervlak, kan resulteren in selectieve sensorcapaciteiten. De 

nanohybriden met amines zijn bijzonder geschikt om gevaarlijke gassen zoals CO, 

NOx of methaan, of vluchtige organische verbindingen te detecteren voor 

luchtkwaliteitsmonitoring. 

 

4.  MWCNTs/Pd-gebaseerde reeks. Materialen op basis van MWCNTs die palladium in 

zijn geoxideerde vorm bevatten, lijken veelbelovend voor elektrokatalyse, met name in 

brandstofcellen of batterijen, vanwege hun vermogen om redoxreacties te 

vergemakkelijken. Specifiek kan de rol van PdO2-nanodeeltjes in reacties zoals 

waterstofoxidatie worden versterkt door de ondersteuning van nanobuizen. Daarom 

zouden de nieuwe hybride materialen zowel de prestaties als de stabiliteit van 

toekomstige apparaten kunnen verbeteren, wat een kosteneffectief alternatief biedt 

voor puur palladium in elektrokatalyse. 
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RESUMEN Y PERSPECTIVAS 
 

Este trabajo doctoral explora una síntesis sostenible y la caracterización de materiales 

híbridos nanostructurados novedosos que utilizan óxido de grafeno o nanotubos de carbono de 

pared múltiple como sustratos. Dichos sustratos fueron funcionalizados con moléculas de aminas 

y posteriormente decorados con nanopartículas de plata o paladio, empleando metodologías 

amigables con el medio ambiente. 

 

Basada en los principios de la Química Verde, esta investigación tuvo como objetivo 

desarrollar nanomateriales avanzados a través de una técnica de funcionalización con aminas en 

fase gaseosa y sin disolventes, utilizando las aminas alifáticas: 1-octadecilamina (ODA) y 1,8-

diaminooctano (DAO) para modificar con precisión las propiedades superficiales de las 

nanostructuras de carbono, minimizando la generación de subproductos nocivos. Este enfoque se 

complementó con la impregnación húmeda de nanopartículas metálicas, empleando nitrato de 

plata y cloruro de paladio como precursores y ácido cítrico como agente reductor/estabilizante. A 

través de este método, se logró una distribución predominantemente uniforme de partículas y se 

optimizó la interacción entre las nanopartículas y los sustratos carbonáceos. Estas estrategias 

ecológicas redujeron la generación de residuos y omitieron el uso de reactivos peligrosos, 

alineándose con los objetivos de sostenibilidad. 

 

Para alcanzar los objetivos de la investigación, se empleó una variedad de técnicas 

avanzadas de caracterización, tales como espectroscopia, microscopía electrónica y análisis 

térmico, que confirmaron la síntesis exitosa de nuevos materiales. Los hallazgos destacaron el 

papel de la morfología del sustrato y la funcionalización en la influencia sobre el tamaño, la 

distribución y las propiedades generales de los nanohíbridos. El modelado computacional apoyó 

estos resultados experimentales, elucidando las interacciones a nivel molecular y guiando el diseño 

de nanomateriales optimizados. El estudio también sugirió el desempeño sinérgico de estos 

materiales en aplicaciones como catálisis y tecnologías antimicrobianas, abordando desafíos 

críticos en el ámbito ambiental y biomédico, a la vez que abre camino a innovaciones en  

nanotecnología sostenible. 

 

 El Capítulo 1 da una introducción a los principios de la Química Verde, los desafíos 

ambientales de la nanotecnología y los materiales estudiados en esta disertación, que son: 

óxido de grafeno (GO), nanotubos de carbono (CNTs) y nanopartículas metálicas de plata 

y paladio. Este capítulo enfatiza también los beneficios ambientales de los métodos de 

síntesis sostenibles y describe las propiedades de dichos materiales. Además, el capítulo 

discute las técnicas de funcionalización empleadas, la posible aplicabilidad de los 

nanomateriales híbridos en campos como la catálisis, la medicina y la electrónica, y los 

objetivos de investigación centrados en la síntesis y evaluación de las propiedades 

estructurales, químicas y funcionales de los híbridos nanostructurados. 



 
210 

 El Capítulo 2 profundiza en las metodologías para fabricar y modificar nanomateriales a 

base de carbono, particularmente GO y nanotubos de carbono de pared múltiple 

(MWCNTs) en formas de polvo y papel. Describe protocolos de síntesis que incluyen la 

funcionalización con aminas en fase gaseosa y la formación/deposición in situ de 

nanopartículas de plata y paladio, diseñados para mejorar las propiedades químicas y 

físicas de los híbridos finales. Aquí se emplearon técnicas de caracterización, como 

espectroscopía infrarroja mediante transformada de Fourier (FTIR), espectroscopía de 

fotoelectrones emitidos por rayos X (XPS), difracción de rayos X (XRD) y microscopía 

electrónica, para investigar las propiedades estructurales, superficiales y térmicas de los 

materiales sintetizados. El modelado computacional utilizando la Teoría del Funcional de 

la Densidad (DFT) validó los hallazgos experimentales al proporcionar información sobre 

las interacciones moleculares dentro de los híbridos. 

 

 

 El Capítulo 3 discute la síntesis verde y la caracterización de materiales híbridos a base de 

óxido de grafeno y nanopartículas de plata (GO-Ag) en formas de polvo y papel. La 

funcionalización con aminas mejoró la deposición de nanopartículas sobre la matriz de GO. 

Los resultados demostraron que el GO funcionalizado con DAO exhibió una distribución 

más pequeña y uniforme de tamaño de partículas de Ag. Los cálculos por DFT 

corroboraron estos hallazgos al elucidar las interacciones de unión entre las nanopartículas 

de Ag y el GO funcionalizado. 

 

 

 El Capítulo 4 describe una ruta ecológica para el desarrollo de nanohíbridos de óxido de 

grafeno y paladio (GO-Pd) en formas de polvo y papel. A través de una caracterización 

exhaustiva, este proyecto reveló perfiles únicos de tamaño, forma y distribución de 

nanopartículas, particularmente en las formas de papel estructuralmente mejoradas 

funcionalizadas con aminas, que exhibieron una mayor estabilidad. El modelado por DFT 

proporcionó información sobre las interacciones Pd-GO, destacando aplicaciones 

potenciales en catálisis, electrónica y desempeño estructural. 

 

 El Capítulo 5 informa sobre la fabricación y caracterización de híbridos basados en 

MWCNTs con nanopartículas de Ag en formas de polvo y papel (buckypaper). El estudio 

destacó la influencia de la funcionalización con ODA en la mejora de la dispersión y 

adherencia de las nanopartículas, lo que resultó en una mayor estabilidad térmica y 

uniformidad en comparación con los híbridos funcionalizados con DAO y los no 

funcionalizados. Estas características reforzaron significativamente las propiedades 

estructurales y funcionales de los híbridos que contenían ODA. 

 

 

 El Capítulo 6 describe la síntesis verde y la caracterización físico-química de híbridos de 

MWCNT que contienen nanopartículas de Pd en formas de polvo y buckypaper. El estudio 

investigó el impacto de la funcionalización en la distribución, morfología y estabilidad de 

las nanopartículas de Pd, con pruebas de dispersabilidad que revelaron comportamientos 

hidrofóbicos/hidrofílicos distintos, dependiendo de la amina utilizada. La caracterización 
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demostró que las muestras funcionalizadas con aminas exhibieron una mejor dispersión de 

PdNP y mayor estabilidad térmica, destacando su potencial para aplicaciones en 

electrónica, catálisis y remediación ambiental. 

 

Comparando el contenido de paladio y plata en GO y MWCNTs tanto en forma de polvo como 

de papel, los estudios reportados muestran que la carga de Ag supera a la de Pd aproximadamente 

en un orden de magnitud. Esta diferencia puede atribuirse a varios factores, principalmente al 

número de coordinación y la geometría en sus respectivos complejos de coordinación. La plata (I) 

adopta típicamente geometrías lineales o tetraédricas en los complejos de coordinación, con iones 

de plata que predominantemente presentan números de coordinación dos, tres o cuatro. En 

contraste, los complejos de Pd(II) exhiben comúnmente configuraciones planas cuadradas con 

número de coordinación cuatro, aunque también existe una proporción significativa de compuestos 

con número de coordinación cinco. 

 

Las variaciones observadas en los patrones de agregación, los procesos de nucleación y la 

distribución de tamaño y forma de las nanopartículas metálicas están estrechamente influenciadas 

por las propiedades químicas y estructurales de los sustratos de carbono utilizados en este estudio. 

Además, estos resultados están condicionados por las características morfológicas de los sustratos, 

ya sea en forma de polvo o de papel, y la funcionalidad específica de las aminas modificantes, que 

interactúan mediante mecanismos distintos con las superficies de nanocarbono. 

 

Con base en los resultados obtenidos en el desarrollo de este proyecto de doctorado, surgen 

nuevas oportunidades para futuras investigaciones, donde se debería considerar: 

 

 Realizar pruebas de dispersabilidad en disolventes con un intervalo más amplio de 

polaridad para explorar la estabilidad de las formas de polvo y papel de los nuevos 

híbridos, evaluando su idoneidad para un procesamiento futuro. 

 Examinar rutas alternativas para la producción y deposición de nanopartículas con 

el fin de maximizar la nucleación de especies metálicas y aumentar la carga de metal, 

especialmente en materiales en forma de papel y que contienen paladio. 

 Probar si la resistencia mecánica de los nanohíbridos tipo papel es suficiente para su 

utilización en purificación de agua, filtración selectiva y como materiales conductores en 

electrónica flexible. 

 Explorar aplicaciones específicas de los nanohíbridos, considerando la carga metálica 

lograda, el estado de oxidación predominante del metal noble, la forma de las 

nanopartículas y el patrón de decoración observado. En detalle, podrían investigarse las 

siguientes hipótesis: 
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1.  Serie a base de GO y Ag. Teniendo en cuenta que el GO mejora el área superficial y la 

dispersabilidad del nuevo material híbrido, y que las nanopartículas de Ag son bien 

conocidas por sus propiedades antimicrobianas, los nuevos materiales podrían aumentar 

la eficiencia bactericida de la plata. Los nanohíbridos que contienen aminas podrían 

mejorar la interacción entre el material y las membranas bacterianas, potenciando la 

acción antimicrobiana. El amplio rango de tamaños de partículas obtenidas (desde escala 

nanométrica hasta micrométrica), podría generar diversos mecanismos de interacción, 

lo que potencialmente conduciría a mejores resultados que los materiales cargados con 

AgNP estándar. 

 

2. Serie a base de GO y Pd. Las nanopartículas de Pd, en una variedad de formas, 

embebidas en una matriz de GO, proporcionan distintos tipos de sitios activos para 

reacciones catalíticas, como la hidrogenación y el acoplamiento cruzado, incluyendo 

reacciones de Suzuki o Heck para síntesis orgánica. Esto podría resultar en una mayor 

eficiencia y selectividad general del catalizador. La estructura carbonosa podría mejorar 

la transferencia de electrones y, por ende, acelerar aún más la tasa de reacción. 

 

3. Serie a base de MWCNTs y Ag. Gracias a la sinergia de los MWCNTs, que ofrecen 

excelente conductividad y gran área superficial, y las nanopartículas de Ag, que 

interactúan con diversos gases como hidrógeno, amoníaco y monóxido de carbono, los 

nuevos nanohíbridos son prometedores para la detección de gases. El hecho de que la 

plata metálica predomine en la superficie podría resultar en capacidades de detección 

selectiva. Los nanohíbridos que contienen aminas podrían ser particularmente aptos para 

detectar gases peligrosos como CO, NOx o metano, o compuestos orgánicos volátiles, 

útiles para la monitorización de la calidad del aire. 

 

4. Serie a base de MWCNTs y Pd. Los materiales fabricados a partir de MWCNTs que 

contienen paladio en su forma oxidada parecen prometedores en electrocatálisis, 

particularmente en pilas de combustible o baterías, debido a su capacidad para facilitar 

reacciones redox. Específicamente, el papel de las nanopartículas de PdO2 en reacciones 

como la oxidación de hidrógeno, puede ser mejorado por el soporte de nanotubos; por 

lo tanto, los nuevos materiales híbridos podrían mejorar tanto el desempeño como la 

estabilidad de futuros dispositivos, ofreciendo una alternativa más económica al paladio 

puro en electrocatálisis. 
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e Instituto de Investigaciones en Materiales, Universidad Nacional Autónoma de México, Circuito Exterior C.U., 04510 Cd. México, Mexico   

A R T I C L E  I N F O   

Keywords: 
Graphene oxide 
Amine derivatization 
Silver nanoparticles 
Characterization 
DFT calculations 

A B S T R A C T   

We addressed the deposition of silver nanoparticles (Ag NPs) onto graphene oxide (GO) in the form of powder 
and paper (GOP), functionalized with amines and non-functionalized, for comparison. The functionalized sup
ports were fabricated by means of solvent-free treatment with two aliphatic amines: 1-octadecylamine (ODA) 
and 1,8-diaminooctane (DAO). Ag NPs were generated in situ by using silver nitrate as a precursor and citric acid 
as a non-toxic and eco-friendly reducing agent. Characterization of chemical composition of GO-Ag hybrids was 
done by Fourier-transform infrared, X-ray photoelectron and energy dispersive X-ray spectroscopy, X-ray 
diffraction, thermogravimetric and differential thermal analysis. The morphology was studied by scanning and 
transmission electron microscopy. In addition, we compared electrical conductivity of GOP before and after 
functionalization with amines and decoration with Ag particles. While considerable particle agglomeration was 
observed on pristine GOP and GO powder, the prior amine functionalization gave rise to more controlled for
mation of Ag NPs in terms of size and distribution, with the best results obtained on 1,8-diaminooctane-function
alized supports. According to the results of DFT calculations, Ag NP binding is the strongest on pristine GO, 
followed by ODA and finally DAO-functionalized material, which correlates with the size and distribution of Ag 
nanoparticles observed experimentally.   

1. Introduction 

Graphene oxide (GO) sheets incorporate a variety of oxygen- 
containing functionalities, including epoxy, hydroxyl, carbonyl and 
carboxyl groups, distributed either throughout the basal plane or at the 
edges. As a result, GO contains a combination of sp2 and sp3-hybridized 
carbon atoms. Subjecting the above groups to versatile chemical re
actions provides opportunities for tailoring physico-chemical properties 
of GO (see [1–5] and references therein). In addition, it is due to polar 
nature of oxidized functionalities GO is able to produce stable disper
sions in water, contrary to non-functionalized graphene. Furthermore, 
the development of paper-like material based on GO, commonly referred 
to as graphene oxide paper (GOP), attracted close attention due to the 
possibility of designing promising materials with tunable properties for 
such diverse application as supercapacitors, chemical and biochemical 

sensors, photosensors, magnetic and thermal conductive materials, 
nanofiltration membranes, and bactericidal agents for water disinfec
tion, among others (see [6–10] and references therein). 

Due to the great interest towards the synthesis and uses of metal 
nanoparticles (NPs), in particular silver nanoparticles (Ag NPs), it 
turned to be especially attractive to combine properties of the two types 
of materials, for practical applications in electronics, catalysis, electro
chemical biosensing, drug delivery, and antimicrobial agents [5,11–31]. 
Within this area GO is considered as an excellent support for dispersing 
and stabilizing Ag NPs, since it combines a large specific surface area 
and abundant oxygenated functionalities, acting as the anchoring sites 
for strong attachment of nanoparticles. 

The synthetic approaches to GO-supported Ag NPs (hereafter 
referred to as GO-Ag) rely upon the solution-phase chemical reduction of 
silver salts, involving a number of steps with the use of stabilizing and 
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dispersing agents in order to prevent Ag NP agglomeration and to con
trol their size and morphology [5,11–31]. It is important to emphasize 
that both the latter parameters and Ag NP surface distribution strongly 
depend on the entire synthetic sequence employed. For example, the 
average size of Ag NPs was found to be about 18 nm when GO-Ag 
nanocomposite was synthesized from non-functionalized GO by the 
sonochemical method coupled with subsequent shock freezing [5]. A 
very different route suggested by Vi et al. [26,27] contemplated the 
attachment of Ag NPs onto GO layers through grafted thiol groups. 
These works [26,27] can serve as a good example of multi-step and 
labor-intensive approaches to GO-Ag nanohybrids, mainly due to the 
prior functionalization of the support material. In particular, it includes 
prolonged stirring and sonication-assisted reaction of GO with NaSH to 
produce covalently-bonded thiol groups on GO, followed by its filtering, 
washing and drying in vacuum. The main idea was to use NaSH as an 
effective cross-linker via GO–SH formation. The authors expected that 
the coordination to thiol groups can prevent Ag NP agglomeration and 
enable a precise control of particle size. Indeed, Ag content of 31–65% 
was afforded in this way, with 1–2 nm nanoparticle size [27]. This is an 
important achievement, especially in view of the well-known fact that 
Ag NPs, due to their high surface energy, are highly reactive and easily 
susceptible to agglomeration (one of the important practical conse
quences of this phenomenon is a loss of their antibacterial activity [28]). 

The approaches using biological molecules instead of toxic chem
icals, such as hydrazine and sodium borohydride, merit special mention 
due to their evident ecological value. They can be exemplified by the 
study [29], where pepsin was employed as the reducing and stabilizing 
agent, resulting in Ag NPs with an average size of 20 nm deposited 
evenly onto GO sheets. The method proposed is relatively quick, and the 
stabilizing action of pepsin is due to its amino groups, with hydroxyl and 
carboxylate groups acting as the centers of Ag NPs nucleation through 
the formation of coordination bonds or simple electrostatic interactions 
with silver ions. The results obtained [29] are in a good agreement with 
other reports (for example, [30]) on the preparation of GO-Ag hybrids, 
suggesting that the abundant oxygenated functionalities of GO sheets 
allow for the anchoring of metal ions and facilitate their further in situ 
reduction into corresponding metal NPs. 

The study mentioned above [29] is not the only one which illustrates 
the role of amino groups in Ag NP stabilization. In the work on the 
graphene functionalization with 1,6-diaminohexane and further depo
sition of Ag NPs for water disinfection [31], the authors mentioned that 
among the forces stabilizing the hybrid obtained might be electrostatic 
attraction of amino groups and silver species to electron-rich graphene 
surface. The functionalization with triethylene tetramine followed by 
reduction under hydrothermal conditions was reported in [12] to obtain 
Ag NPs with sizes in the range of 10–20 nm, uniformly distributed over 
the surface of reduced GO due to strong adsorption interactions between 
the two components. 

Some thermal and chemical treatments employed for GO function
alization turn to be rather harsh, giving rise to undesirable alterations in 
the structure of GO-based materials. In particular, this can happen in a 
liquid reaction medium, especially when the object of chemical modi
fication is GOP. A promising approach which can help to avoid negative 
effects associated with the use of a liquid reaction medium proved to be 
the solvent-free functionalization. It was successfully applied by our 
research group for both covalent and noncovalent attachment of vari
able chemical species, including amines, to different carbon nano
materials, including GO powder and GOP [2,3,32]. Provided that amine 
reagent (which can be aliphatic or aromatic, monofunctional or 
bifunctional) has sufficient thermal stability and volatility, the solvent- 
free approach is a fast, efficient, eco-friendly and nondestructive way to 
systematically tune GO properties. The general functionalization pro
tocol contemplates moderate heating at 150–180 ◦C under reduced 
pressure, and the covalent amine attachment proceeds through both 
amidation of COOH groups and epoxy ring opening reactions. 

It is well known that the size of metal nanoparticles is a crucial factor 

influencing their antibacterial and/or catalytic activity. In particular, Ag 
NPs with sizes of <10 nm proved to have higher bactericidal activity 
because of the increase in surface area and ease of cell penetration 
[33,34]. This factor, the fact that the smallest Ag NPs deposited onto GO 
were afforded due to its prior covalent functionalization, and that simple 
amines are suitable reagents for the latter purpose, motivated us to 
undertake the present study. We sought to obtain GO and GOP-based 
hybrid materials decorated with small-sized silver NPs without their 
considerable agglomeration. Stable centers for the coordination of Ag 
species were created by means of the-gas phase functionalization of GO 
and GOP with 1-octadecylamine (ODA) and 1,8-diaminooctane (DAO) 
as representative monofunctional and bifunctional amine, respectively. 
Ag NPs were generated in situ by using silver nitrate as a precursor and 
citric acid as a non-toxic and eco-friendly reducing agent. In control 
experiments, the same silver deposition procedure was carried out with 
non-functionalized GO and GOP. Since chemical modification of GOP 
without compromising its integrity is an especially challenging task (see 
Alzate-Carvajal et al. [3] and references therein), the main emphasis in 
our report is done on this material, with the results obtained on GO 
powder serving in some cases merely for comparison. 

2. Materials and methods 

2.1. Materials 

GO powder (≥99 wt% purity, platelet diameter of 0.5–3 μm and 
thickness of 0.55–1.2 nm) from Nanostructured & Amorphous Materials, 
Inc., was used. 1-Octadecylamine (≥99%), 1,8-diaminooctane (≥98%), 
citric acid (≥99.5%), silver nitrate (≥99%), and 2-propanol (≥99.8%) 
from Sigma-Aldrich were used as received. 

2.2. GOP fabrication 

Aqueous dispersions of GO (ca. 6.66 mg/mL) were obtained with the 
aid of ultrasonic treatment. The dispersions were filtered through cel
lulose acetate membrane filters (0.45 μm pore size, 47 mm diameter, 
Healtcare Life Sciences, Whatman), using a vacuum Millipore filtration 
system. The disk-shaped mats obtained were dried in a vacuum desic
cator and detached from the cellulose filter. The material obtained in 
this way is hereafter referred to as pristine GOP. 

2.3. Functionalization of GO and GOP with amines 

We followed the general functionalization protocol described pre
viously [2,3]. Pristine GO or GOP samples were placed together with 
amines in a Pyrex glass reactor, at GOP/amine w/w ratio of 1:5, and GO/ 
amine w/w ratio of 1:1. Prior to functionalization, the reactor content 
was degassed for 1 h at about 100 ◦C under constant evacuation at about 
10− 2 Torr. The functionalization reaction was carried out using static 
vacuum (reactor valve closed) for 2 h at a temperature maintained in the 
range of 160–180 ◦C. After finishing this procedure, the reaction zone 
was heated again at about 100 ◦C under constant evacuation for 1 h to 
remove the excess of amines. The functionalized samples obtained are 
denoted hereafter as GO + ODA, GO + DAO, GOP + ODA y GOP + DAO. 

2.4. Deposition of Ag NPs 

We employed the method of Ag NP deposition reported previously 
for the case of C60 films functionalized with DAO [35]. The procedure 
was based on the reduction of Ag+ ions with citric acid. First, amine- 
functionalized GO was dispersed (with ultrasonication) and GOP was 
immersed (both at 0.4 mg/mL) in 2-propanol. Then, 0.01 M solution of 
citric acid and 0.005 M solution of AgNO3, both in 2-propanol, were 
simultaneously added dropwise to the reaction vessel upon continuous 
stirring at room temperature for 30 min. After that, the samples were 
filtered, washed twice with 2-propanol, dried and stored under vacuum 
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at room temperature. The amine-functionalized samples decorated with 
Ag NPs are denoted as GO + ODA + Ag, GO+DAO + Ag, GOP + ODA +
Ag and GOP + DAO + Ag. The same process with pristine (non-func
tionalized) GO and GOP was repeated as a control experiment, and the 
samples obtained are denoted as GO + Ag and GOP + Ag, respectively. 

2.5. Characterization 

Fourier-transform infrared (FTIR) spectra were acquired by using a 
Nicolet iS50R Thermo-Scientific spectrometer, under room temperature 
and atmospheric pressure, in attenuated total reflectance (ATR) mode. 
For spectra acquisition, 32 scans were used, in a spectral range of 
500–4000 cm− 1. Raman spectra were recorded on a Nicolet Almega XR 
Dispersive Raman Thermo-Scientific spectrometer (λ = 532 nm) in a 
Raman shift range of 500–4000 cm− 1. X-ray photoelectron spectroscopic 
(XPS) analysis was performed by using an ultra-high vacuum system 
Scanning XPS microprobe PHI5000 VersaProbe II, with a mono
chromatic Al Kα X-ray source (hν = 1486.6 eV). The deconvolution 
analysis of XPS spectra was fitted with the programs PHI Multipack© 
version 9.6.0.15 and SDP© v 4.1. 

Thermogravimetric and differential thermal analysis (TGA–DTA) 
thermograms were recorded by using a STA 449C Jupiter analyzer from 
Netzsch-Gerätebau GmbH, under air atmosphere with air flow of 50 mL/ 
min, and with a heating ramp of 10 ◦C/min up to 1000 ◦C. 

For scanning electron microscopy (SEM) characterization of GO 
powder and GOP mats, we employed a JEOL JSM-6510LV instrument 
operated at a voltage of 20 kV, coupled to an INCA Energy 250 Energy 
Dispersive X-ray (EDS) Microanalysis System from Oxford Instruments. 
For transmission electron microscopy (TEM) bright-field studies, a JEOL 
JEM-2010F FEG was used, operated at 1.9 Å resolution and 200 kV 
voltage. For high-resolution TEM (HRTEM) studies, standard grids with 
collodion support films were employed, where Ag-decorated GO and 
GOP samples were deposited. Before HRTEM observations, all the 
samples were cleaned by plasma treatment. For acquiring dark-field 
TEM images, a JEOL JEM-ARM200F STEM Schottky FEG was used, 
operated at 1.0 Å resolution and 200-kV voltage. 

X-ray diffraction (XRD) data were obtained using a D8 Advance 

Bruker diffractometer with Bragg-Brentano geometry and CuKα radia
tion (λ = 1.5406 Å). For XRD studies, the sample was pulverized and 
afterwards sieved using different mesh. Finally, the resulting powder 
was deposited in a tube for XRD analysis. For crystallographic cards, The 
Cambridge Crystallographic Data Centre database was employed. 

For conductivity measurements on GOP samples, a Keithley 2601B 
Source Meter Unit (SMU) was employed, operated under ambient con
ditions in a DC mode and controlled by a PC. For measurements, the 4- 
wire technique was used. The samples were cut into strips of 10–20 mm 
length and 3–5 mm width, and immediately rubbed on foil to eliminate 
static charge. The specimens were placed perpendicularly with respect 
to parallel copper electrodes. The dimensions of the electrodes, printed 
on a circuit board, were of 0.25 mm in width, separated by 2.8 mm. 
Electric contact was established by lightly pressing a piece of glass slide 
above the sample by using a clip. Before each measurement, specimens 
were stored in a vacuum desiccator for 24 h. The conditions optimized 
for the present studies were as follows: an initial and final current of 
1000 nA, stabilization time of 0.5 s, and 20 measurement steps. Further 
technical details of the conductivity measurements can be found in 
Alzate-Carvajal et al. [3]. 

2.6. Theoretical calculations 

The procedure selected for all density functional theory (DFT) cal
culations was Perdew-Burke-Ernzerhof (PBE) [36] correlation func
tional within general gradient approximation. To account for dispersion 
interactions, which are crucial when treating noncovalently bonded 
systems, PBE functional was complemented with the empirical correc
tion introduced by Grimme [37]. This combination, usually referred to 
as PBE-D (or also PBE-D2), proved to be helpful and extensively used for 
DFT analysis of noncovalent, covalent and coordination bonding of a 
broad variety of chemical species to graphene and GO models [38–45]. 

The software package employed for calculations was the Accelrys 
Materials Studio, which includes the DMol3 numerical-based module 
[46–49]. To be used in conjunction with PBE-D functional, the double 
numerical basis set DNP [49] was selected, which has a polarization d- 
function added on all non-hydrogen atoms, as well as a polarization p- 

Fig. 1. Dispersibility tests for GOP samples in water and in 2-propanol: (1) pristine GOP, (2) GOP+Ag, (3) GOP+ODA, (4) GOP+ODA+Ag, (5) GOP+DAO, and (6) 
GOP+DAO+Ag. Images taken immediately after 10-min ultrasonication (0 h) and after further 24 h. 
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function added on all H atoms. All the models under the study were 
treated as open-shell systems. ‘Fine’ computation quality and conver
gence criteria (10− 5 Ha energy change, 0.002 Ha/Å maximum force, 
0.005 Å maximum displacement, and 10− 6 SCF tolerance), along with 
all-electron core treatment were the settings used for full geometry 
optimization and calculation of electronic parameters. Since setting 
orbital occupancy to Fermi-type not always allowed for the successful 
SCF convergence, the latter was aided by using thermal smearing, whose 
value was reduced stepwise from 0.005 to 10− 4 Ha, and the final 
calculation was refined with Fermi orbital occupancy [50]. The value of 
4.5 Å was used for global orbital cutoff: this is the minimal value which 
may be used for the systems incorporating Ag atoms. Correspondingly, 
for the sake of consistency all other isolated nanoclusters and complexes 
had to be calculated with the same settings. 

The formation energies ΔЕGOmodel+AgNC for the complexes (or ΔЕ for 
simplicity) of different GO models (GOmodel) with a silver nanocluster 
(AgNC) were calculated using the following general equation: 

ΔЕGOmodel+AgNC = EGOmodel+AgNC −
(
EGOmodel +EAgNC

)

where Ei is the corresponding absolute energy. 

3. Results and discussion 

3.1. Experimental results 

In order to visualize the changes in chemical nature of GO powder 
and GOP samples upon functionalization with amines and further 
decoration with Ag NPs, we performed a simple but very illustrative 
dispersibility test. For this purpose, 0.5 mg/mL dispersions in water and 
in 2-propanol were prepared with ultrasonication for both GO powder 
and GOP samples (pristine, amine-functionalized, and decorated with 
Ag NPs; all treated using ultrasonic bath for 10 min at room tempera
ture). The results are shown in Figs. 1 and 2 for GOP and GO powder, 
respectively. For the test in water (top images in Fig. 1), one can see that 
pristine GOP mat was dispersed completely after ultrasonic treatment, 
forming brown dispersion, which is consistent with generally 

hydrophilic nature due to the presence of a large amount of oxidized 
functionalities. Introduction of ODA moieties incorporating long hy
drocarbon chains changed the character of GOP-ODA sample to hydro
phobic, thus resulting in its immediate precipitation. At the same time, 
GOP-DAO formed stable (even after 24 h) brown dispersion, due to the 
presence of two terminal amino groups (one covalently bonded to GO 
surface and one dangling) in DAO moieties, enhancing hydrophilic 
character of this sample. The series of tests carried out in 2-propanol 
(bottom images in Fig. 1) gave similar results (to those obtained in 
water) for pristine GOP and GOP+ODA, whereas GOP-DAO mat only 
partially disintegrated after ultrasonication, and then remained essen
tially unchanged after 24 h. Such a distinctive behavior can be attributed 
to the effect of cross-linking adjacent GO sheets with bifunctional DAO 
molecules, as it was observed in our previous study on GOP amino 
functionalization [3]. The effect of Ag NP deposition observed in 2-prop
anol is generally opposite to the one found in water. That is, GOP+Ag, 
GOP+ODA+Ag and GOP+DAO+Ag are better dispersed than pristine 
GOP, GOP+ODA and GOP+DAO in 2-propanol, and vice versa, in water. 
In addition, one should point to evidently faster precipitation (after 24 
h) of GOP+DAO+Ag than GOP+DAO in water, and higher stability of 
GOP+Ag and GOP+ODA+Ag dispersions in 2-propanol as compared to 
the corresponding mats before silver deposition. 

The results obtained for GO powder samples (Fig. 2) in many regards 
match those presented above for GOP mats. On the other hand, very 
bright differences can be found for DAO-functionalized materials: in the 
case of aqueous medium, GO+DAO and GO+DAO+Ag are less 
dispersible than GOP+DAO and GOP+DAO+Ag, whereas an opposite 
effect is seen in 2-propanol. The increase in hydrophobicity upon 
decoration with Ag NPs can be observed more clearly, producing not 
only the decrease in dispersibility of GO+DAO+Ag in water, but also an 
increase in dispersibility of the same powder sample in 2-propanol, 
compared to GO+DAO. Of all dispersions tested, the most stable ones 
are those formed by GO+DAO+Ag and GO+Ag in 2-propanol, remain
ing almost unchanged after 24 h. 

FTIR measurements were carried out to monitor changes in the 
chemical groups present in GO and GOP samples due to amino func
tionalization and decoration with Ag NPs (Figs. 3 and 4). 

Fig. 2. Dispersibility tests for GO powder samples in water and in 2-propanol: (1) pristine GO, (2) GO+Ag, (3) GO+ODA, (4) GO+ODA+Ag, (5) GO+DAO, and (6) 
GO+DAO+Ag. Images taken immediately after 10-min ultrasonication (0 h) and after further 24 h. 

D.I. Rodríguez-Otamendi et al.                                                                                                                                                                                                               



Diamond & Related Materials 111 (2021) 108208

5

The spectrum of pristine GOP (Fig. 3) contains characteristic peaks 
due to abundant oxygen-containing functional groups. Among them are 
the hydroxyl νOH band at 3200 cm− 1 with the corresponding δOH band at 
1617 cm− 1, νC=O vibrations in COOH groups centered at 1728 cm− 1, 
asymmetric νC-O vibrations at 1367 cm− 1 due to epoxy C–O–C groups, a 
peak at 1227 cm− 1 due to bending O–H mode of C–O–H groups, and 
C–O single-bond stretching vibrations at 1041 cm− 1. 

The most obvious changes caused by amine functionalization are a 
decrease in intensity of the νC=O band (down to its total disappearance 
for GOP + ODA), and of the C–O signal at 1041 cm− 1, along with the 
appearance of characteristic normal modes due to amide groups in the 
range of 1200–1700 cm− 1, serving as an evidence of COOH group 
derivatization. These features include an ‘amide I’ νC=O absorption be
tween 1600 and 1700 cm− 1, with a less pronounced (mostly as a 
shoulder) ‘amide II’ δNH absorption at 1500–1575 cm− 1. The fact that 
they are not well resolved can be explained by the presence of large 
amounts of non-amide NH groups, whose δNH mode masks the one of 
‘amide I’. The plausible explanation suggested previously is that amines 
react not only with carboxylic groups, but also add onto epoxy func
tionalities, abundant in GO, via ring-opening reaction [2,3]. An ‘amide 
III’ feature might contribute into a set of bands at 1200–1400 cm− 1. The 
modes manifested themselves at lower wavenumbers can also be due to 
C(=O)–NH bond formation, in particular, at 625–800 cm− 1 due to 
‘amide IV’ and ‘amide V’ vibrations, as well as at 530–620 cm− 1 due to 
‘amide VI’ absorption [51,52]. At the same time, the band at 717–720 
cm− 1 is typical for aliphatic chains longer than (CH2)4 [53], being 
especially sharp in the case of GOP + ODA, which can be associated with 
a bigger size of hydrocarbon chains, and possibly with a higher content 

of ODA moieties. Correspondingly, asymmetric and symmetric νCH sig
nals of alkyl groups in ODA and DAO at 2914–2956 and 2848 cm− 1, 
respectively, are among the most intense bands observed. Additionally, 
the spectrum of GOP+ODA presents amine bands νNH around 3310 cm− 1 

and νC–N at 1129–1160 cm− 1. Finally, the absorption features at 1433 
and 1465–1467 cm− 1 for GOP + DAO and GOP + ODA, respectively, are 
due to δCH vibrations. 

Very similar features can be observed in the FTIR spectra of GO 
powder samples, both before and after amino functionalization (Fig. 4). 
They include a decrease down to total disappearance of carboxylic νC=O 
band at 1712–1716 cm − 1 and of the C–O signal at 1038 cm− 1, as well 
as the appearance of new bands in the range of 1200–1700 cm− 1, which 
are commonly associated with vibrations found in amide groups 
[51,52]. That is, all the above changes are consistent with the ones re
ported previously for amine functionalization of GO powder and GOP 
[2,3], where amine molecules are attached to GO sheets not only 
through amidation, but also through ring-opening reaction of epoxy 
groups. Similarly to the spectra of GOP samples [3], less specific features 
for amine-functionalized GO powder include sharp bands at 2848–2855 
and 2914–2952 cm− 1 corresponding to symmetric and asymmetric νCH 
vibrations in long aliphatic hydrocarbon chains of ODA and DAO. 

The decoration of GO powder and GOP with Ag NPs does not cause 
dramatic changes in the general appearance of FTIR spectra discussed 
above. In principle, one could expect that Ag atoms/ions at NP surface 
might convert neutral COOH functionalities into COO− ions, which 
would manifest themselves as a stretching COO− mode at around 1600 
cm− 1. Nevertheless, one should remember that citric acid solution used 

Fig. 3. FTIR spectra of pristine and amine-functionalized GOP samples before 
and after decoration with AgNPs. 

Fig. 4. FTIR spectra of pristine and amine-functionalized GO powder samples 
before and after decoration with AgNPs. 
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for Ag NP generation has pH ≈ 3, so that carboxylic groups remain to be 
protonated in GOP+Ag and GO+Ag; the same applies to unreacted 
COOH groups (if any) in all ODA and DAO-functionalized samples. On 
the other hand, in the case of GO+ODA+Ag and GO+DAO+Ag some 
signs of Ag deposition appear as an increase in absorption at 1194 and 
1703 cm− 1, being much less evident for GOP+ODA+Ag and 
GOP+DAO+Ag samples. In addition, the appearance of a diffuse band at 
3490 cm− 1 in the spectrum of GO+DAO+Ag (Fig. 4), less clearly pro
nounced for GOP+DAO+Ag (Fig. 3), can be explained by coordination 
of Ag NPs to the nitrogen atoms in dangling NH2 groups of 1,8- 
diaminooctane. 

TGA–DTA measurements were used to characterize the changes in 
thermal behavior of GOP and GO powder due to the modification with 
amines and posterior decoration with Ag NPs. The TGA curve for pris
tine GOP (Fig. 5a) exhibits three weight loss steps, typical for graphene 
oxide [3]. The first weight loss (of 10.84%, until 116.7 ◦C) is attributed 
to evaporation of physisorbed water. The second one (of 31.06%, until 
344.4 ◦C) is caused by the pyrolysis of intrinsic oxygenated, first of all 
COOH, groups of GO. The third step (of 53.93%, until 671.0 ◦C) corre
sponds to the graphene backbone decomposition. (The presence of 
4.11% residue results from difficulties with the equipment calibration.) 
The DTA curve has two exothermic peaks at 229.7 and 622.3 ◦C 
matching the second and third weight loss steps in TGA. For the Ag- 

decorated sample, GOP+Ag (Fig. 5b), qualitatively the same weight 
loss pattern is observed, namely: physisorbed water evaporation (5.35%, 
until 91.5 ◦C), pyrolysis of oxygenated groups (29.83%, until 301.0 ◦C), 
and graphene network decomposition (53.45%, until 640.5 ◦C). The Ag 
content of 7.47% is obtained by subtraction of 4.11% (GOP; Fig. 5a) 
from the residual weight of 11.58%. The two exothermic peaks at 225.4 
and 562.2 ◦C in DTA curve are likewise similar to those found for non- 
functionalized GOP, except for the second one is strongly (by 60 ◦C) 
shifted to lower temperatures. This can be explained by a catalytic effect 
of silver on the combustion of graphene backbone. 

The thermograms obtained for amine-functionalized plus decorated 
with Ag NPs paper mats (Fig. 5c,d) exhibit significant differences in 
comparison to GOP+Ag, due to the presence of new chemical moieties. 
In particular, for ODA-functionalized sample the most important weight 
losses in TGA curve are the ones of 5.56% until 185.5 ◦C, of 23.25% until 
374.6 ◦C, of 22.84% until 492.3 ◦C, and 43.6% until 701.6 ◦C. The 
corresponding exothermic peaks in DTA curve for GOP+ODA+Ag are 
found at 190.9, 353, 497.4 and 629 ◦C, which can be associated with the 
pyrolysis of initial (present in pristine GOP) oxygenated groups, of 
amide derivatives, of amines added onto epoxy groups, and of graphene 
lattice, respectively. The estimated Ag NP content is of 1.06% (a dif
ference between 5.17% and 4.11% residue in TGA of pristine GOP). The 
three main weight losses recorded by TGA for GOP+DAO+Ag sample 

Fig. 5. TGA (black) and DTA (blue) curves for GOP samples: (a) pristine GOP, (b) GOP+Ag, (c) GOP+ODA+Ag, (d) GOP+DAO+Ag. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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are of 9.31% until 135 ◦C due to physisorbed water (DAO is hydrophilic, 
contrary to ODA), of 26.91% until 350.9 ◦C due to pyrolysis of residual 
(from pristine GOP) oxygenated groups along with their amino/amide 
derivatives, and of 60.87% until 677.2 ◦C, corresponding to the com
bustion of graphene lattice. The estimated (in the same way as for 
GOP+Ag and GOP+ODA+Ag) silver content is 1.88%. The peaks found 
in DTA are those at 223.8, at around 350.9 (low and broad) and at 
621.8 ◦C. One should note that the final major peak due to the decom
position of graphene backbone in GOP+ODA+Ag and GOP+DAO+Ag 
shifted back to higher temperatures: apparently, the low Ag content of 
about 1–2% is insufficient to produce as pronounced catalytic effect as 
the one observed in the case of GOP+Ag (silver content of 7.47%). 

The TGA–DTA characteristics of pristine GO powder (Fig. 6a) are 
generally similar to the ones obtained for pristine GOP (Fig. 5a), 
including three weight losses due to physisorbed water (13.92%, until 
109.2 ◦C), pyrolysis of oxygenated functionalities (34.71%, until 
299.8 ◦C), and graphene lattice combustion (51.30%, until 660.4 ◦C). 
The DTA curve contains two major exothermic peaks at 213.6 and 
602.2 ◦C, matching the main weight loss steps in TGA curve. As regards 
GO+Ag (Fig. 6b), its characteristics turned to be notably different from 
those discussed above for GOP+Ag sample (Fig. 5b). The first and sec
ond steps remain essentially the same (with some variations in tem
perature and percentage), being related to evaporation of physisorbed 
water (12.83%, until 98.1 ◦C) and pyrolysis of oxygen-containing groups 

(36.11%, until 326.0 ◦C). However, instead of the single final weight loss 
due to the graphene network decomposition, two of them are clearly 
seen in the present case, of 19.39% until 545.3 ◦C and of 30.48% until 
682.3 ◦C. This might be associated with considerably lower Ag content 
in GO+Ag (1.50%–0.17% = 1.33%) than in GOP+Ag (7.47%), and thus 
with occurrence of Ag-catalyzed and non-catalyzed combustion of gra
phene backbone. The three major peaks in DTA curve for GO+Ag 
powder are found at 212.3, 532.4 and 662.6 ◦C. 

A less pronounced splitting of the final weight loss step can be seen in 
the case of GO+ODA+Ag (Fig. 6c), with two DTA maxima at 592.3 and 
652.1 ◦C. In other regards, both TGA and DTA curves follow closely the 
pattern and underlying interpretation presented above for 
GOP+ODA+Ag (Fig. 5c). At the same time, the silver content is esti
mated to be much higher in the present case (6.72%–0.17% = 6.55%). A 
similar observation can be done for GO+DAO+Ag powder sample 
(Fig. 6d), where Ag fraction (12.05%–0.17% = 11.88%) is almost one 
order of magnitude higher than in GOP+DAO+Ag (1.88%). 

When comparing the present TGA–DTA results for ODA and DAO- 
functionalized samples (both powders and GOP mats) decorated with 
Ag NPs with those reported previously for aliphatic amine- 
functionalized GOP [3], one can see that silver deposition lowers the 
final combustion temperature of graphene backbone very significantly. 
For example, while for GOP+ODA it was 745 ◦C [3], for GOP+ODA+Ag 
and GO+ODA+Ag it drops to 701.6 and 695 ◦C, respectively. For GOP 

Fig. 6. TGA (black) and DTA (blue) curves for GO powder samples: (a) pristine GO, (b) GO+Ag, (c) GO+ODA+Ag, (d) GO+DAO+Ag. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

D.I. Rodríguez-Otamendi et al.                                                                                                                                                                                                               



Diamond & Related Materials 111 (2021) 108208

8 (caption on next page) 

D.I. Rodríguez-Otamendi et al.                                                                                                                                                                                                               



Diamond & Related Materials 111 (2021) 108208

9

functionalized with 1,12-diaminododecane (a homologue of DAO) it 
was 750 ◦C [3], whereas for GOP+DAO+Ag and GO+DAO+Ag it is 
677.2 and 716.3 ◦C, respectively. The second important trend has to do 
with whether Ag NPs were deposited onto a powder sample or onto a 
compact mat: the estimated silver content for GO+ODA+Ag and 
GO+DAO+Ag is 6.55% and 11.88%, whereas for GOP+ODA+Ag and 
GOP+DAO+Ag it dramatically decreases to 1.06% and 1.88%, respec
tively. Apparently, compacting GO powder into paper hinders the 
accessibility of Ag NPs to functionalizing groups within the mat. The 
third observation to mention is that silver content in DAO-functionalized 
samples is almost twice as high compared to that in ODA-derived ma
terials. The most logical explanation is that the use of bifunctional re
agents such as DAO and 1,12-diaminododecane [3] provides additional 
amino groups serving as coordination centers for anchoring and stabi
lization of Ag NPs [12,29,31]. 

XPS measurements provided more detailed information on the 
chemical state of GOP and GO powder samples functionalized with 
amines and decorated with Ag NPs. XPS characterization of pristine and 
amine-functionalized GO and GOP was presented in detail in our pre
vious reports [2,3,42]. Therefore, we limit the discussion to Ag NP- 
deposited materials only. The survey spectra obtained for 
GOP+ODA+Ag and GOP+DAO+Ag (Fig. 7; top row) show the presence 
of C 1s and O 1s components typical for GOP, as well as N 1s and Ag 3d 
peaks. Deconvolution of C 1s peak shows the presence of several com
ponents, the one at 284.7 eV due to C–C sp2/sp3 bonds being pre
dominant in all the spectra. For pristine GO and GOP, signals at 286.8 
and 288.5 eV correspond to epoxy groups (C–O, C–O–C) and to car
boxylic (C––O, O–C=O) moieties, respectively [2,3,54–56]. The COOH 
signal almost disappeared for GOP+ODA+Ag, but is still clearly visible 
for GOP+DAO+Ag (288.4 eV), whereas the epoxy component dis
appeared completely for both samples. Instead, a new signal at 
285.7–285.9 eV is detected due to C–N bonds formed as a result of NH2 
addition onto epoxy groups. Both spectra exhibit a new signal at 
285.9–286.3 eV due to C–O–H groups formed in the same epoxy ring- 
opening reaction. The component at 287.6 eV for GOP+ODA+Ag can 
be assigned to amide –N–C=O moieties [3,7,57–59]. 

As regards the analysis of O 1s spectra, we adhere to the point of view 
[60] that many reported assignments of the “carbon–oxygen” signatures 
are conflicting, for several reasons. To begin with, the O 1s photoelec
tron kinetic energies are lower than the ones for C 1s, the O 1s sampling 
depth is correspondingly smaller, and thus the O 1s signals are more 
surface-specific. Another reason is that a large variety of O-containing 
species can contribute to the O 1s peak. The last but not least is the 
possibility of contamination with ubiquitous atmospheric oxygen. This 
is why we did not attempt to carry out a fine deconvolution of the 
components. We can only suggest that the ones found in the spectra of 
GOP+ODA+Ag and GOP+DAO+Ag at 532.7 eV comprise the contri
bution of different groups with single C–O and O–H bonds [60,61], 
and at 532.1–532.2 eV, of the groups containing C=O bonds (carboxylic, 
amide, quinone moieties, etc.) [2,3,62]. 

In the case of N 1s signals, in both samples the dominating compo
nent is the one at 400.3–400.4 eV due to imine species formed as a result 
of NH2 addition onto epoxy rings. The presence of the component at 
403.0–403.2 eV suggests that a considerable fraction of NH species exist 
in protonated form: unlike the case of GO and GOP functionalized with 
amines in the gas phase [2,3], GOP+ODA+Ag and GOP+DAO+Ag 
samples passed through silver deposition step in an acidic medium. The 
nitrogen atoms in amide functionalities manifest themselves as a spec
tral signature at 401.2–401.5 eV. The origin of the fourth component 
found at 402.1–402.3 eV is especially interesting, and can be related to 
amine/imine N atom coordination to metal species [63,64]. 

Silver manifests itself as well-defined and symmetric Ag 3d3/2 and Ag 
3d5/2 peaks at 373.8–374.2 and 367.7–368.2 eV, respectively, typical 
for metallic form of silver [11,63–65]. The absence of evident contri
butions at about 376 (Ag 3d3/2) and 370 eV (Ag 3d5/2) [66] suggests that 
the residual content of Ag+ is very low (if any). 

As expected, XPS spectra of the GO powder-based materials (Fig. 8), 
recorded for comparison, share many important features found for GOP- 
derived samples. In particular, deconvoluted C 1s peak includes the 
dominating component at 284.7 eV due to C–C sp2/sp3 bonds. The 
COOH feature was not detected for GOP+ODA+Ag, but remains clearly 
visible at 288.7 eV for GOP+DAO+Ag. The epoxy component, 
commonly observed at about 287 eV, disappeared completely for both 
samples, replaced by signals at 285.7–286.3 eV is detected due to new 
bonds formed as a result of NH2 addition onto epoxy groups. 

The O 1s spectra for GO+ODA+Ag and GO+DAO+Ag (Fig. 8) look 
less alike the spectra of their GOP counterparts (Fig. 7), which can be 
attributed to a much stronger interference of atmospheric oxygen (as 
well as adsorbed water) in the case of powder samples. Here, the 
component at 532.6–532.7 eV resulting from the existence of different 
groups with single C–O and O–H bonds [60,61] remains to be domi
nant. The lower-energy component can be due to a combination of the 
groups containing C=O bonds in carboxylic, amide and quinone moi
eties [2,3,62]. The higher-energy peak at 533.8 eV can be attributed to 
adsorbed water: its contribution is much higher in the case of 
GO+DAO+Ag, due to a higher hydrophylicity of diamine residues 
compared to octadecyl radicals in GO+ODA+Ag. 

In the case of N 1s signals, the principal component is again the one 
at 400.0–400.2 eV due to imine species formed as a result of NH2 
addition onto epoxy rings. The presence of the component at 402.9 eV, 
which suggests that a considerable fraction of NH species exist in pro
tonated form, is obvious for GO+ODA+Ag only. The feature at 400.8 eV 
in the spectrum of GO+DAO+Ag corresponds to the amide N atoms. 
And, finally, the component appearing at 401.9 eV in both spectra can be 
attributed to amine/imine N atom coordination to metal species 
[63,64]. 

The Ag 3d spectra for powder samples are very similar to each other. 
As in the case of GOP-derived materials, they are composed of two well- 
defined and symmetric Ag 3d3/2 and Ag 3d5/2 peaks at 374.2 and 368.2 
eV, respectively, characteristic for metallic form of silver [11,63–65]. No 
evident contributions at about 376 (Ag 3d3/2) and 370 eV (Ag 3d5/2) 
[66], which would point to the existence of Ag+, were detected. 

General morphological changes due to the decoration of GO powder 
and GOP-derived materials with Ag NPs were studied by using SEM 
(Figs. 9 and 10). The first point of interest is the differences in mat 
thickness for GOP samples, determined from cross-section SEM images 
(Fig. 9a,d,g,j). The fact that it is about 22 μm for pristine GOP and 23 μm 
for GOP+Ag implies that in this particular case the amount of silver 
which penetrated inside the mats (between individual GO sheets) is 
insignificant. For their amine-functionalized counterparts, the mat 
thickness estimates gave 119 μm for GOP+ODA+Ag and 34 μm for 
GOP+DAO+Ag. In other words, while GOP+Ag and GOP+DAO+Ag 
samples exhibit a minor increase in the thickness, it is about five-fold for 
GOP+ODA+Ag compared to pristine GOP. An important contribution 
into this effect is due to amine functionalization: we already observed in 
our earlier work [3] that the pristine mat thickness of 16 μm increases to 
28 μm for GOP+ODA, and also to 20 μm for GOP functionalized with 
1,12-diaminododecane (a GOP+DAO analogue). Still, this ‘swelling’ is 
much weaker than the one observed for GOP+DAO+Ag (Fig. 9j) and 
especially for GOP+ODA+Ag (Fig. 9g), which thus can be attributed 
mainly to more efficient intercalation of silver into amine-functionalized 
GOP, even though the Ag content within the mats turned to be below 

Fig. 7. XPS spectra of GOP samples amine-functionalized and decorated with AgNPs: survey spectra (top row) and deconvolution of the corresponding spectral lines 
(C 1s, N 1s, O 1s and Ag 3d). Raw spectra are shown in black, and sum, in red. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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EDS detection limit. 
The SEM images grouped in the middle and right columns of Fig. 9 

show the differences in surface morphologies observed at the lower and 
the upper (with respect to the membrane filter employed in GOP 
fabrication) mat sides, respectively. The lower side seems to have more 
compact and uniform morphology; a likely reason is that during the 
filtration process, well-shaped platelets first sedimented at the filter 
surface. Additionally, for GOP+ODA+Ag one can observe micrometer- 
sized (roughly 1–3 μm) white agglomerates of silver particles, which 

cover some surface sites rather densely (especially at the upper surface; 
Fig. 9i). This contrasts with GOP+DAO+Ag, where only a few such 
particles can be seen. Taking into account a comparable (of the order of 
1%) content of elemental Ag in the two amine-functionalized samples 
according to TGA and XPS, as well as the limited resolution of SEM at the 
nanoscale, one can suggest that the size of Ag particles is typically much 
smaller in GOP+DAO+Ag. 

Larger-sized silver particles with interesting morphology were 
detected in GO+DAO+Ag when imaging by SEM the powder samples 

Fig. 9. Representative SEM images of pristine GOP (a–c), GOP+Ag (d–f), GOP+ODA+Ag (g–i), and GOP+DAO+Ag (j–l). Left column (a,d,g,j) shows cross-section 
images; middle column (b,e,h,k) corresponds to the lower mat side which was in contact with the filter membrane during GOP fabrication; right column (c,f,i,l) 
corresponds to the upper mat side. Scale bar, 10 μm in all images. 

Fig. 8. XPS spectra of GO powder samples amine-functionalized and decorated with AgNPs: survey spectra (top row) and deconvolution of the corresponding 
spectral lines (C 1s, N 1s, O 1s and Ag 3d). Raw spectra are shown in black, and sum, in red. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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(Fig. 10). All three Ag-decorated GO varieties look very different with 
respect to pristine GO powder (Fig. 10a–c), but in their own way. On 
GO+ODA+Ag surface (Fig. 10g–i), silver particles are irregularly sha
ped, notably agglomerated and broadly variable in size. In 
GO+DAO+Ag powder sample (Fig. 10j–l), we found remarkable flower- 
like particles (reminding commonly known ‘desert rose’ selenite in 
morphology), many of which being of 1–3 μm in size, covering rather 
uniformly some surface sites. Similar microstructures, consisting of 
single-crystalline plates of metallic silver, were synthesized in other 
studies [67,68] targeting the design of non-enzymatic H2O2 sensors and 
other bioanalytical applications, where Ag particles with high active 
surface area would be of special importance. The synthetic approach 
proposed [68] contemplates an enzyme-induced particle growth on 
solid substrates, and the complex morphology obtained contrasts with 
the auto-catalytically grown spherical particles, which maintain their 

overall geometrical appearance while increasing their diameter. Crys
tallinity of silver particles in GO+DAO+Ag can be illustrated by the 
results of XRD shown in Fig. 11. The pattern recorded contains several 
peaks which can be indexed to the (111), (200), (220), (311) and (222) 
crystal planes, well-known for Ag particles [67,69,70]. Possible building 
blocks to form desert rose-like morphologies are single-crystalline silver 
plates, which are intertwined to form the nanoflowers up to a size of 
several micrometers, with this process strongly dependent on the syn
thesis conditions [69,70]. An enhanced number of amine/imine centers 
for Ag coordination, existing in GO+DAO+Ag due to bifunctional nature 
of 1,8-diaminooctane used for functionalization, might be one of the 
factors favoring the peculiar nucleation process leading to the flower- 
like particles. 

The formations covering GO+Ag surface (Fig. 10d–f) do not look as 
metal particles, be they either regularly or irregularly shaped. Instead, 

Fig. 10. Representative SEM images of pristine GO (a–c), GO+Ag (d–f), GO+ODA+Ag (g–i), GO+DAO+Ag (j–l). Scale bar: left column, 10 μm; middle column, 5 μm; 
right column, 1 μm. 
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they remind rolled individual graphene sheets, roughly of 1 μm in length 
and up to 100 nm in diameter. The origin of this effect is not totally 
clear, but we cannot exclude the possibility that silver deposition causes 
strong distortion of smaller GO sheets and/or thin stacks up to their 
rolling. EDS measurements of Ag content at these sites yielded rampant 
(as for all samples) values of around 10 wt%. Taking into account that 
EDS analysis is very superficial and does not reflect the elemental 
composition inside multilayer platelets of GO, the above estimates do 
not contradict the averaging value of 1.33% from TGA. 

Detailed information on the size and morphology of Ag NPs depos
ited onto GOP and GO powder was obtained by employing bright-field 
(Figs. 12 and 13) and dark-field (Fig. 14) TEM techniques. Both 
GOP+Ag and GO+Ag samples contain twin particles of round/rectan
gular form with different grain boundaries; this type of morphology is 
associated with a lack of control during the particle nucleation and 
growth [71,72]. Their sizes fluctuate in a range of 15–35 nm for 
GOP+Ag (Fig. 12c,d) and 10–30 nm for GO+Ag (Fig. 13c,d), that is, 
essentially in the same range. The formation of Ag NPs at non- 
functionalized GO surfaces is governed by the coordination of silver 
species to the O donor atoms of oxygenated groups, which serve as 
numerous and efficient sites for nanoparticle nucleation and growth, 
however with a clear tendency to agglomeration and/or coalescence. 

In line with the results of SEM imaging (Figs. 9h,i and 10g–i), Ag NPs 
in GOP+ODA+Ag (Fig. 12e,f) and GO+ODA+Ag (Fig. 13e,f) were found 
to be generally irregularly shaped and randomly distributed. Most of 
them have a size of 3–15 nm, but the formation of larger agglomerates of 
up to ca. 200 nm can be observed as well (Fig. 13e). While similar 
relatively large agglomerates were found also in GOP+DAO+Ag 
(Fig. 12g), much more typical for the 1,8-diaminooctane-functionalized 
materials is the presence of small Ag NPs of around 5 nm (Figs. 12h and 
13h). Here it is appropriate to mention the study by Mohan et al. [73] on 
morphological transformation of silver nanoparticles influenced by 
different factors. They showed that Ag NP agglomeration can be pro
voked by an oxidative environment, whereas exposure to nitrogen-rich 
solutions did not lead to aggregation. In the present context, one can 
suggest that for amine-functionalized samples, the formation of Ag NPs 
occurs via reduction of metal ions coordinated to N donor atoms of the 
covalently attached amine molecules. This results in a more homoge
neous size distribution and prevents the agglomeration observed in 
pristine GOP and GO powder, where the interaction of Ag with oxidized 
functionalities provokes the formation of particles with different sizes 
and their coalescence. 

The latter conclusions are strongly supported by the results of Z- 
contrast dark-field TEM imaging presented in Fig. 14, which allow for a 
more explicit comparison of the sizes and morphology of Ag NPs found 
in GO+Ag, GO+ODA+Ag and GO+DAO+Ag, nearly at the nucleation 
level. The image in Fig. 14c clearly shows that GO-DAO+Ag sample 
surface has a very homogeneous coverage with small-size Ag NPs of 
about 3–5 nm, contrary to GO+ODA+Ag and especially GO+Ag. 

The fact that direct functionalization of prefabricated GOP is the only 
approach allowing for systematic tuning of its physical (including 
electronic) characteristics [3], motivated us to monitor the changes in 
conductivity/resistivity due to amine functionalization followed by Ag 
deposition. The results are summarized in Table 1. When analyzing the 
effect of amine functionalization, one can see that, compared to pristine 
GOP, is increases by one order of magnitude for GOP+ODA, and by two 
orders of magnitude for GOP + DAO: thus, the general increase in 
conductivity (and, correspondingly, decrease in resistivity) is consistent 
with our earlier results [3]. The effect of silver decoration turned to be 
insignificant, compared to the above. In particular, for GOP+Ag vs. 
pristine GOP and GOP+DAO+Ag vs. GOP+DAO, the conductivity/re
sistivity remains of the same order of magnitude. Only for 
GOP+ODA+Ag compared to GOP+ODA the conductivity increases by 
one order of magnitude, and correspondingly resistivity decreases to a 
similar degree. These results can be explained in terms of content and 
distribution of Ag particles in the following way. Despite of the highest 

silver content in GOP+Ag (7.47% according to TGA), Ag NPs deposited 
onto pristine GO surfaces (TEM morphology in Figs. 12c,d and 13c,d) 
are relative large without appreciable electric contact between them. An 
additional factor might be that groups of silver particles are found 
confined within the rolls observed by SEM (Fig. 10d–f), which contrib
utes to their mutual isolation and consequent loss of electric contact. The 
differences in elemental Ag content for GOP+ODA+Ag and 
GOP+DAO+Ag are relatively insignificant, of 1.06% and 1.88%, 
respectively. However, the former contains extended surface sites 
densely covered with Ag particles and their agglomerates (SEM in 
Fig. 9i), which enhance electric contact, whereas in the latter AgNPs are 
small and more uniformly dispersed throughout GOP+DAO+Ag surface 
(as also in GO+DAO+Ag; see Figs. 13g,h and 14c). 

3.2. Theoretical modeling 

Some explanation of the experimental results obtained was attemp
ted by employing theoretical DFT calculations. Extended dimensions of 
both realistic individual GO sheets and Ag NPs are computationally 
prohibitive, so that the models to be handled had to be considerably 
smaller. One of the most appropriate choices to simulate an Ag NP 
proposed by Ma’s group [74–76] (and also used by Lim et al. [77]) is a 
cluster composed of thirteen Ag atoms shown in Fig. 15. In all the above 
works [74–77] the computational methodology of choice was the same 
PBE general gradient approximation functional as the one widely 
employed for DFT studies of noncovalent, covalent and coordination 
bonding of a broad variety of chemical species to graphene and GO 
models [38–45]. According to Mulliken analysis for the optimized Ag13 
geometry, the cluster contains different external atoms in terms of the 
sign and magnitude of charge: from negative of − 0.075 to positive of 
0.031 e. This implies the possibility of electrostatic attraction of Ag13 to 
both positively and negatively-charged atoms or functional groups of 
pristine and functionalized GO. 

On the other hand, the models to be selected for pristine and amine- 
functionalized GO had to match the size of Ag13 cluster: the ones based 

Fig. 11. XRD diffractogram for GO+DAO+Ag sample.  
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Fig. 12. TEM and HRTEM images of pristine GOP (a,b), GOP+Ag (c,d), GOP+ODA+Ag (e,f) and GOP+DAO+Ag (g,h).  
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Fig. 13. TEM and HRTEM images of pristine GO (a,b), GO+Ag (c,d), GO+ODA+Ag (e,f) and GO+DAO+Ag (g,h).  
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on ten fused aromatic-ring system described previously [42,43] satisfy 
this criterion. Since due to the size limitation it is unfeasible to 
contemplate the whole variety of possible oxygenated functionalities 
existing in realistic GO, we limited them to six carboxylic and eight 
aromatic ketone groups, as previously described in Ref. 42 and illus
trated in Fig. 16 for GO model. To simulate GO+ODA and GO+DAO 
species covalently functionalized with amines, all four COOH groups of 
GO model were converted into the corresponding amide derivatives 
(Fig. 16). Furthermore, in the case of GO+DAO we had to take into 
account that the Ag deposition takes place under acidic conditions: 
accordingly, all four terminal NH2 groups, which are not involved into 
covalent bonding through the formation of amide derivatives, were 
protonated (GO+DAO-4H+ model). 

The numerical results of DFT calculations are summarized in Table 2. 
Fig. 16 schematically represents the complexation of pristine GO, 
GO+ODA and GO+DAO-4H+ models with Ag13 nanocluster. One can 
make several important observations in terms of formation energies and 
geometries of the complexes. First, the strongest bonding of silver was 
found on pristine GO model, with the formation energy of − 176.2 kcal/ 
mol. Here, Ag13 is strongly attracted not only to one carboxylic groups 
(whose proton becomes substituted), but also to two carbonyl O atoms 
and one C atom of the graphene backbone; the short bonds formed can 
be qualified as covalent ones. The above interactions result in strong 
bending distortion of GO model, along with some flattening of Ag13 
nanocluster. It is appropriate to recall the SEM images (Fig. 10d–f) 
revealing the effect of rolling GO sheets and/or stacks in GO+Ag sample: 
the above simulation results could serve as a plausible explanation of its 
origin. 

In terms of bonding strength, GO+Ag is followed by GO+ODA+Ag13 
(− 111.3 kcal/mol) and GO+DAO-4H++Ag13 (− 71.6 kcal/mol) com
plexes. Correspondingly, the pattern of interaction appears to be 
different for ODA and DAO moieties. In Fig. 16 one can see that Ag13 
cluster forms as many as eight contacts (pink dashed lines) shorter than 
2.8 Å with terminal alkyl groups of three octadecyl radicals of 
GO+ODA+Ag13, whereas only one such close approach forms and with 

only one protonated 8-amino group of GO+DAO-4H++Ag13, which 
explains the weaker bonding (that is, less negative formation energy). 

The differences in electronic structure of the three complexes with 
Ag13 cluster were analyzed in terms of energy (Table 2) and distribution 
(Fig. 17) of frontier orbitals HOMO and LUMO. The HOMO-LUMO gap 
energies calculated for individual components Ag13, GO, GO+ODA and 
GO+DAO-4H+ are 0.063, 1.107, 0.860 and 0.866 eV, respectively 
(Table 2). Since silver nanocluster has the lowest gap energy of all, it is 
logical to expect that the gap values of GO, GO+ODA and GO+DAO-4H+

will decrease upon complexation with Ag13. Indeed, they drop by 
roughly one order of magnitude in all cases: to 0.103, 0.057 and 0.095 
eV for GO+Ag13, GO+ODA+Ag13 and GO+DAO-4H++Ag13, respec
tively. While these changes are relatively uniform for all the complexes, 
the same cannot be said about frontier orbital localization (Fig. 17). The 
very strong (in terms of binding energy and formation of new bonds) 
interaction in the case of GO+Ag13 results in the localization of both 
HOMO and LUMO on carbon nanocluster, with only an insignificant 
fraction of LUMO found on Ag13. Here one should remind that the most 
common HOMO-LUMO distribution for the complexes of carbon nano
clusters with organic and metal-containing coordination compounds is 
when LUMO is localized on carbon nanocluster and HOMO, on the 
second interacting component (see, for example [35,41,79,80] and 

Fig. 14. Z-Contrast dark-field TEM images for: (a) GO+Ag, (b) GO+ODA+Ag and (c) GO+DAO+Ag.  

Table 1 
Conductivity and resistivity results for pristine and amine-functionalized GOP 
samples with and without Ag NPs.  

Sample Conductivity (S/cm) Resistivity (Ω⋅cm) 

GOP (1.05 ± 0.06) × 10− 5 (0.96 ± 0.05) × 105 

GOP+Ag (0.73 ± 0.07) × 10− 5 (1.38 ± 0.13) × 105 

GOP+ODA (2.04 ± 0.12) × 10− 4 (4.93 ± 0.28) × 103 

GOP+ODA+Ag (0.79 ± 0.04) × 10− 3 (1.27 ± 0.07) × 103 

GOP+DAO (2.21 ± 0.09) × 10− 3 (4.54 ± 0.18) × 102 

GOP+DAO+Ag (1.54 ± 0.19) × 10− 3 (6.58 ± 0.89) × 102  

Fig. 15. Optimized geometry of the Ag13 cluster used to simulate Ag NPs, 
showing atomic charges obtained by Mulliken analysis. 
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references therein). In the present study, this type of HOMO-LUMO 
distribution can be observed only for GO+DAO-4H++Ag13, whereas 
for GO+ODA+Ag13 the orbital localization is inverted. The fact that the 
two of them in GO+Ag13 are found on carbon nanocluster can be 
interpreted as the loss of reactivity of silver component in both elec
trophilic and nucleophilic processes, which in practice might have 
important undesirable consequences for catalytic, electrocatalytic and 
biomedical applications of Ag NPs deposited onto GO-based materials. 

4. Conclusions 

Both GOP and GO powder can be successfully functionalized with 
aliphatic amines and serve as supports for the decoration with Ag par
ticles. At the same time, differences were found for the paper and 
powder-based materials. An important trend can be seen in the silver 
content estimated from TGA curves, which is 6.55% and 11.88% for 
GO+ODA+Ag and GO+DAO+Ag, whereas for GOP+ODA+Ag and 
GOP+DAO+Ag it dramatically decreases to 1.06% and 1.88%, respec
tively. Apparently, compacting GO powder into paper hinders the 
accessibility of Ag species to functionalizing groups within the mat. 
From the above values it follows also that silver content in DAO- 
functionalized samples is almost twice as high compared to that in 
ODA-derived materials. A logical explanation is that the use of bifunc
tional reagents such as DAO provides additional amino groups serving as 
coordination centers for anchoring and stabilization of Ag NPs. 

The most relevant information on the size and morphology of Ag NPs 
was obtained from bright-field and dark-field TEM imaging. Both 
GOP+Ag and GO+Ag samples contain twin particles of round/rectan
gular form with different grain boundaries; this type of morphology is 
associated with a lack of control during the particle nucleation and 
growth. Their sizes vary in a range of 15–35 nm for GOP+Ag and 10–30 
nm for GO+Ag. Ag NPs in GOP+ODA+Ag and GO+ODA+Ag are 
generally irregularly shaped and randomly distributed. Most of them 
have a size of 3–15 nm, but the formation of larger agglomerates of up to 
ca. 200 nm were observed as well. While similar relatively large ag
glomerates were found also in GOP+DAO+Ag, much more typical for 
the 1,8-diaminooctane-functionalized materials is the presence of small 
Ag NPs of around 5 nm. One can suggest that for amine-functionalized 

samples, the formation of Ag NPs occurs via reduction of metal ions 
coordinated to N donor atoms of the covalently attached amine mole
cules. This results in a more homogeneous size distribution and prevents 
the agglomeration observed in pristine GOP and GO powder, where the 
interaction of Ag with oxidized functionalities provokes the formation of 
particles with different sizes and their coalescence. 

According to the results of DFT calculations, the binding of Ag NPs 
(represented by Ag13 cluster model) is the strongest on pristine GO, 
followed by ODA and finally DAO-functionalized material. This corre
lates with the size and distribution of Ag nanoparticles observed 
experimentally by TEM. In addition, the strong interaction of Ag13 
cluster with pristine GO model causing distortion of the graphene 
backbone might serve as an explanation of the rolling effect detected by 
SEM for GO+Ag hybrid. 

The results obtained expand the spectrum of possible uses of eco- 
friendly solvent-free functionalization techniques to the fabrication of 
silver-decorated carbon nanomaterials, where the size and uniform 
distribution of Ag NPs is an important prerequisite for successful elec
trochemical, catalytic and biomedical applications. 
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Fig. 16. Optimized geometries of GO, GO+ODA and GO+DAO-4H+ models (left) and of the corresponding complexes with Ag13 nanocluster (right). The values 
shown in blue are the formation energies (in kcal/mol) for GO+Ag13, GO+ODA+Ag13 and GO+DAO-4H++Ag13 complexes. The pink dashed lines show close 
contacts shorter than 2.8 Å. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Total energies (E, in Ha), HOMO, LUMO and HOMO-LUMO gap energies (in eV) for separated Ag13 cluster, pristine and amine-functionalized GO models and their 
corresponding complexes with Ag13, as well as formation energies (ΔE, in kcal/mol) for the complexes with Ag13, as calculated by using PBE GGA functional with 
Grimme’s dispersion correction in conjunction with DNP basis set.  

Structure E (Ha) ΔE (kcal/mol) EHOMO (eV) ELUMO (eV) HOMO-LUMO gap (eV) 

Ag13 − 67,595.2584005   − 3.415  − 3.352  0.063 
GO − 2954.3392083   − 6.925  − 5.818  1.107 
GO+Ag13 − 70,549.8783335 − 176.2  − 4.868  − 4.765  0.103 
GO+ODA − 5702.6813267   − 6.482  − 5.622  0.860 
GO+ODA + Ag13 − 73,298.1170641 − 111.3  − 4.220  − 4.163  0.057 
GO+DAO-4H+ − 4354.7740818   − 6.599  − 5.733  0.866 
GO+DAO-4H++Ag13

a − 71,950.1465917 − 71.6  − 4.939  − 4.844  0.095  

a This is the only set of calculations which were impossible to complete with Fermi occupancy, but instead at thermal smearing of 0.0001 Ha. Nevertheless, we 
showed for very different model systems that cluster DFT calculations using the latter value yield the same results (geometries, total energies, spin and frontier orbital 
distribution, etc.) as those performed with Fermi occupancy [50,78]. 
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Tehuacanero-Cuapa and Josué Esau Romero-Ibarra for their assistance 
in TEM studies. We are also grateful to Ing. Antonio Morales-Espino for 
assistance in XRD characterization. 

References 

[1] A.M. Dimiev, S. Eigler (Eds.), Graphene Oxide: Fundamentals and Applications, 
Wiley, Chichester, 2017. 

[2] N. Alzate-Carvajal, E.V. Basiuk, V. Meza-Laguna, I. Puente-Lee, M.H. Farias, 
N. Bogdanchikova, V.A. Basiuk, Solvent-free one-step covalent functionalization of 
graphene oxide and nanodiamond with amines, RSC Adv. 6 (2016) 
113596–113610. 

[3] N. Alzate-Carvajal, D.A. Acevedo-Guzmán, V. Meza-Laguna, M.H. Farías, L. 
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A B S T R A C T   

Nanostructured hybrids of graphene oxide and palladium were fabricated by means of one-step solvent-free gas 
phase treatment of graphene oxide with the aliphatic amines 1-octadecylamine and 1,8-diaminooctane, followed 
by in situ decoration with palladium in the liquid medium using palladium chloride as the precursor and citric 
acid as a mild and environmentally friendly stabilizing and reducing agent. The proposed synthesis method 
represents an eco-friendly alternative for obtaining nanohybrids of graphene oxide and palladium nanoparticles 
under mild conditions. Spectroscopic studies evidenced -COOH group derivatization of graphene due to the 
amidation reaction; transmission electron microscopy demonstrated the formation of nanometer-sized crystalline 
palladium particles and evidenced that the diamine-functionalization results in a larger particle sizes than 
observed for monoamine- or non-functionalized substrates. The hybrids obtained have a slightly lower thermal 
stability than pristine graphene oxide.   

1. Introduction 

In recent years graphene oxide (GO) has emerged as a highly 
promising material for applications in energy storage (batteries and 
supercapacitors), catalysis [1–4], sensors, as well as building block of 
conducting and thermal materials, filtration membranes and bacteri
cidal agents [5–9]. Combining the properties of metal nanoparticles 
with those of GO through covalent assembly results hybrid architectures 
offer additional technological possibilities [10–18] due to their large 
surface area, plasmon resonance, highly stable nature, and in general 
easy processing [19–21]. It has been demonstrated that amino groups, 
along with the oxygen-containing groups already present in GO [22], act 

as nucleation points for metal nanoparticles that form through coordi
nation bonds or electrostatic interactions with metal ions [23–26]. One 
of the simplest methods for metal nanoparticle deposition is liquid phase 
chemical reduction of the respective salts with the help of stabilizing and 
dispersing agents, which help to avoid agglomeration and therefore 
control size and morphology [11–19], favouring the uniform distribu
tion of nanoparticles on the GO surface [27]. 

In our previous work [28], we demonstrated that the formation of 
nanostructured hybrid materials employing amine-functionalized GO to 
support silver nanoparticles (AgNPs) can be achieved via a simple and 
eco-friendly gas-phase treatment. We have shown that this method of 
synthesis does not require additional purification processes because the 

* Corresponding author at: Instituto de Ciencias Aplicadas y Tecnología, Universidad Nacional Autónoma de México, Circuito Exterior C.U., 04510 Cd. México, 
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surplus reagents can be eliminated in situ through moderate dynamic 
vacuum and heating conditions. With respect to conventional tech
niques where toxic solvents are employed and several reaction steps are 
involved [29,30], the one-step gas-phase amine functionalization 
method has the advantage of yielding AgNPs with a controlled size 
distribution and a higher surface density, which are important re
quirements for applications of GO hybrid materials in several fields 
[31–34]. This motivates a further study on other noble metals like 
palladium in view of exploiting not only the peculiar electronic, me
chanical, and catalytic properties of these nanoparticles, [35–37] but 
also their application for therapeutic purposes based on their antibac
terial and cytotoxic activity [38–40]. 

The main purpose of the present work was to demonstrate that it is 
possible under eco-friendly and mild conditions to obtain nanohybrids 
of GO and palladium nanoparticles (PdNPs) by applying a gas-phase 
pretreatment of GO with amine molecules, which thanks to their 
chemical affinity toward biological molecules [41], confer an additional 
ecological value to this study. Similar studies with pristine, 
non-functionalized materials will be performed as well for comparison 
purposes. 

2. Experimental 

2.1. Materials 

Single-layer graphene oxide powder (≥99 wt% purity, platelet 
diameter of 300–800 nm and thickness of 0.7–1.2 nm) from Cheap Tube, 
Inc., was used. 1-Octadecylamine (ODA; ≥99%), 1,8-diaminooctane 
(DAO; ≥98%), citric acid (≥99.5%), palladium chloride (≥99%), 2- 
propanol (≥99.8%) and hydrochloric acid (≥37%) from Sigma-Aldrich 
were used as received. 

2.2. Gas phase functionalization with amines 

We followed the general procedure described in our previous works 
[42–44] and optimized it for the present purposes. The yield was 
improved employing GO/amine w/w ratios of 1:1. The functionalization 
process comprised three steps: (1) degassing for 15 min at temperature 
of 100 ◦C under constant evacuation pressure of 10− 2 Torr; (2) func
tionalization reaction under static vacuum for 1 h in a temperature 
range of 160–180 ◦C; (3) degassing at 100 ◦C under constant evacuation 
for 30 min to remove unreacted amines. 

The amine-functionalized samples are labelled GO+ODA and 
GO+DAO in the following. 

2.3. Deposition of palladium nanoparticles 

We adapted the methods of PdNP deposition based on the reduction 
of Pd2+ ions with citric acid, reported by Roy et al. [45], Dar et al. [46], 
and Li et al. [47]. Compared to Dar et al. [46], we reduced the reaction 
time from 7 h to 10 min by adopting the acidic solution of PdCl2 
employed by Li et al. [47] and, in order to assure the complete reduction 
reaction of the precursor, the citric acid concentration was 10 times 
higher. For achieving homogeneous dispersions, it was necessary to 
dissolve the metallic precursor in a 0.2 N solution of HCl assisted by 
heating at about 70 ◦C, which was then diluted with distilled water to 
obtain PdCl2 0.005 M. 

For preparing the hybrids, amine-functionalized and pristine GO 
were immersed in 0.005 M PdCl2 in a proportion of 5 mg/10 mL. Then, 
20 mL of a 0.05 M solution of citric acid was added to the reaction vessel 
upon continuous stirring at room temperature for 10 min. After this, the 
materials were washed twice with deionized water, dried, and stored 
under vacuum at room temperature. The amine-functionalized samples 
decorated with PdNPs are labelled GO+ODA+Pd and GO+DAO+Pd in 
the following. An analogous sample was obtained with non- 
functionalized pristine GO for comparison. This hybrid is labelled 

GO+Pd in the following. 

2.4. Characterization 

Fourier-transform infrared (FTIR) spectra in attenuated total reflec
tance (ATR) mode were measured employing a Nicolet iS50R Thermo- 
Scientific spectrometer. Each spectrum was the sum of 32 scans, 
collected in the range of 500–4000 cm− 1 with a resolution of 4 cm− 1. 
Measurements were performed in triplicate to verify reproducibility. 

The X-ray powder diffraction (XRD) data were obtained on a D8 
Advance Bruker diffractometer with a monochromatic Cu Kα X-ray 
source (λ = 1.5418 Å) and a secondary beam graphite monochromator; a 
LYNXEYE detector (1D mode) was used. The samples were finely pul
verized and the patterns were recorded in a 2θ range from 3◦ to 60◦, in 
steps of 0.02◦ and with a counting time of 1.0 s per step; duplicate 
spectra were acquired. 

Thermogravimetric and differential thermal analysis (TGA–DTA) 
were carried out using a STA 449 C Jupiter analyzer from Netzsch- 
Geratebau GmbH. For the tests, samples of approximately 10 mg were 
exposed to an air flow of 100 mL/min, and a heating ramp of 10 ◦C/min 
up to 1000 ◦C; duplicate analysis was performed. 

Scanning electron microscopy (SEM) was performed with a JEOL 
JSM-6510LV instrument, operated at an acceleration voltage of 20 kV, 
and coupled to an INCA Energy 250 Energy Dispersive X-ray (EDS) 
Microanalysis System from Oxford Instruments. All the samples were 
fixed on double-sided carbon tape and measured without coating. Two 
imaging modes were used: secondary electrons images (SEI) and back
scattered electron composition (BEC), collecting micrographs at 10, 5 
and 0.5 µm. SEM-EDS spectra were acquired for every sample in 5 
different spots with a diameter of 30 µm. 

Transmission electron microscopy (TEM) bright-field (BF) and dark- 
field (DF) studies were carried out with a JEOL JEM-ARM200F STEM 
Schottky FEG, operated at a 1.0 Å resolution and a 200 kV acceleration 
voltage. The samples were dispersed in 2-propanol, drop casted onto 
lacey carbon films on 200 mesh copper TEM grids manufactured by Agar 
Scientific, dried at room temperature and cleaned by plasma treatment 
before measurements. Micrographs at 200, 100 and 20 nm were per
formed in BF mode, whereas DF imaging at 0.5 µm, 100 and 20 nm were 
collected from different spots on every sample. TEM-EDS mapping was 
performed for every sample on 3 different spots with a diameter of 1 µm. 

2.5. Theoretical calculations 

To gain theoretical insight into the mechanisms of interaction of 
PdNPs with pristine and amine-functionalized GO as well as into the 
geometry and formation energies of the resulting Pd-GO hybrids, we 
employed density functional theory (DFT) calculations. The numerical- 
based DFT module DMol3 [48–51] of Materials Studio was the software 
package of choice. We used the Perdew-Burke-Ernzerhof (PBE) func
tional [52] within the generalized gradient approximation, along with a 
long-range dispersion correction by Grimme [53] (commonly referred to 
as PBE-D2), which is crucial when noncovalent interactions are 
involved. The double numerical basis set DNP, which has a polarization 
d-function added on all non-hydrogen atoms, as well as a polarization 
p-function added on all H atoms, was combined with the DSPP pseu
dopotentials. The settings for full geometry optimization and calculation 
of electronic parameters included ‘fine’ computation quality and 
convergence criteria (namely, 105 Ha energy change, 0.002 Ha/Å 
maximum force, 0.005 Å maximum displacement, and 10− 6 SCF toler
ance). All the calculations were spin-unrestricted. The global orbital 
cutoff [54] was set to 4.5 Å, as defined by the presence of palladium 
atoms. Since setting orbital occupancy to Fermi-type not always allowed 
for the reasonably fast and successful SCF convergence, for the most 
complex systems the latter was aided by using thermal smearing 
[54–56], the value of which was reduced stepwise from 0.005 to 10− 4 

Ha, and the final calculation was refined with Fermi orbital occupancy 
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(with a few exceptions). 
All the calculations considered the presence of an aqueous medium, 

whose implicit inclusion was performed via the conductor-like screening 
model (COSMO) [57,58] with the value of 78.54 for dielectric constant 
of water. 

The formation energies ΔЕGOmodel+PdNC for the complexes (or ΔЕ for 
simplicity) of different GO models (GOmodel) with a palladium nano
cluster (PdNC) were calculated using the following general equation:  

ΔЕGOmodel+PdNC = EGOmodel+PdNC – (EGOmodel + EPdNC)                             

where Ei is the corresponding absolute energy. 

3. Results and discussion 

3.1. Experimental results 

To visualize general changes in the chemical nature of GO before and 
after functionalization with amines and further decoration with PdNPs, 
dispersibility tests were conducted in water and 2-propanol. For this 
purpose, 0.5 mg/mL dispersions of GO in solvent were prepared with 
ultrasonication for 10 min at room temperature (Fig. 1). For pristine GO, 
brownish dispersions were formed in both water and 2-propanol, which 
precipitated after 24 h. Amine-functionalized GO formed instable dis
persions in water, whereas in 2-propanol the stability of the dispersions 
deceased with time and almost total precipitation was observed after 24 
h. These results confirm that the surfaces modified with long chains of 
ODA and DAO acquire a more hydrophobic character. Once decorated 
with PdNPs, the amine-functionalized GO solids precipitated to the 
bottom of the beakers in both solvents practically immediately after 
sonication. 

The effectiveness of amine derivatization via GO surface chemistry 
was checked with the help of FTIR spectroscopy (Fig. 2). The spectrum 
of pristine GO shows the fingerprint bands of the oxygen-containing 
moieties: the hydroxyl band (νOH) at 3592 cm− 1; the δOH signal at 
1607 cm− 1; νC–

–O vibrations in COOH groups at 1719 cm− 1; νC-O(asym) in 
epoxy bonds [59] at 1373 cm− 1; the δOH signal at 1241 cm− 1 and the 
νC-O vibrations at 1051 cm− 1 from C–O–H groups [60]. Unsaturated 
ketone groups could be responsible for the band at 964 cm− 1 [43]. For 
aminated GO the νC–

–O signal decreased in intensity and shifted, from 
1704 to 1719 cm− 1 to 1694–1699 cm− 1, due to the characteristic ‘amide 
I′ band between 1600 and 1700 cm− 1, accompanied by the ‘amide II’ 

band at 1558–1563 cm− 1 [22,61,62]. The set of bands located at 
1200–1400 cm− 1 can be assigned to the ‘amide III’ mode [61,62]. 
Additionally, the bands of alkyl groups are observed: the νCH(asym) band 
at 2916–2921 cm− 1 and the νCH(sym) band at 2843–2848 cm− 1. These 
observations corroborate a successful amine derivatization. 

For GO-Pd samples, clear changes can be observed in the bands 
corresponding to the vibrations of the oxygenated groups; in particular, 
the increased intensity, broadening and shifting of νC–

–O absorption band 

Fig. 1. Dispersibility tests for GO samples in water and 2-propanol: (1) pristine GO, (2) GO+Pd, (3) GO+ODA, (4) GO+ODA+Pd, (5) GO+DAO, and (6) 
GO+DAO+Pd. The images were taken immediately after 10-min ultrasonication (0 h) and after 24 h. 

Fig. 2. FTIR spectra of pristine and amine-functionalized GO samples before 
and after decoration with Pd nanoparticles. 

D.I. Rodríguez-Otamendi et al.                                                                                                                                                                                                               



Materials Today Communications 35 (2023) 106007

4

from COOH functionalities might indicate that the palladium nano
particles form a coordination bond with the oxygen in these groups. 
GO+ODA+Pd and GO+DAO+Pd samples show the same trend. Other 
important changes for these samples include an almost total disap
pearance of ‘amide II’ δNH absorption at 1558–1563 cm− 1, a decrease of 
the νC-O band at 1051–1076 cm− 1 and an increase in intensity of νC-N 
signals at 1163–1168 cm− 1. All these changes indicate the coordination 
of palladium to nitrogen and oxygen atoms present on GO+ODA and 
GO+DAO surfaces. 

TGA and DTA were used to identify changes in the thermal behaviour 
of GO caused by the modification with amines and the decoration with 
PdNPs. The TGA curve for pristine GO (Fig. 3a) exhibits three principal 
weight losses that correspond to the evaporation of physisorbed water 
(10.3%, until 136 ◦C), the pyrolysis of oxygenated functionalities 
(28.4%, until 245 ◦C), and the graphene lattice combustion (60.6%, 
until 690 ◦C) [63]. The DTA curve consists of two principal peaks in 211 
and 668 ◦C, matching the main weight loss steps in the TGA curve. 

For GO+Pd (Fig. 3b), the pattern of weight loss includes four steps. 
The first is related to the evaporation of physisorbed water (5.6%, until 
134 ◦C), the second refers to the pyrolysis of oxygenated groups (37.8%, 
until 247 ◦C), the third one is related to the combustion of the main 
graphene backbone (45.1%, until 446 ◦C), and the fourth weight loss 
(6.4%, until 797 ◦C) can be attributed to a portion of the palladium 
present in the sample. In fact, at temperatures over 420 ◦C, Pd slowly 
oxidizes to PdO2 [64] and PdO2 decomposes to Pd at temperatures above 

780 ◦C. The last ramp (1.2%, until 1000 ◦C) mirrors the metallic Pd 
content. So, the total palladium content in the sample is around 11.5%. 
The DTA peaks refer to the combustion of the main components in the 
system, namely the oxygen-containing groups (239 ◦C), the graphene 
lattice (419 ◦C and 478 ◦C), and the palladium oxide (shoulder at 
830 ◦C). The second and the third peak are strongly shifted to lower 
temperatures in comparison to the pristine GO sample; this can be 
explained by the catalytic effect of palladium on the combustion of the 
graphene backbone, similarly to what we saw previously for GO hybrids 
with silver nanoparticles [28]. 

For both amine-functionalized samples (Fig. 3c,d), the same per
centage of 3.9% for the loss of physisorbed water was observed when 
heating up GO+ODA+Pd to 141 ◦C and GO+DAO+Pd to 138 ◦C. 
However, the loss steps for the oxygenated groups present noticeable 
differences; while for GO+ODA+Pd the corresponding percentage is 
15.9% and the weight loss extends up to 247 ◦C, for GO+DAO+Pd the 
percentage is almost double, 29.5%, and the weight loss extends up to 
293 ◦C. In the case of GO+ODA+Pd the main weight loss corresponds to 
the combustion of graphene lattice, 73.6% of the sample were lost when 
heating up to 500 ◦C, while for GO+DAO+Pd the weight loss is some
what smaller, 63.9% and the temperature range slightly wider (heating 
up to 506 ◦C). Similarly to GO+Pd, these weight losses occur at lower 
temperatures compared to pristine GO, due to an apparent catalytic 
effect of the metal. Both thermograms show a shoulder at 828 ◦C, related 
to the decomposition of palladium oxide, which can be estimated to 

Fig. 3. TGA (black) and DTA (blue) curves for GO and GO hybrids: a) pristine GO, b) GO+Pd, c) GO+ODA+Pd, and d) GO+DAO+Pd.  
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make up 2.7% of GO+ODA+Pd, and 1.5% of GO+DAO+Pd. The 
metallic Pd content in every case is 0.3% for GO+ODA+Pd, and 4.8% for 
GO+DAO+Pd. 

When comparing the TGA-DTA results for the GO+Pd series with 
those previously reported for the GO+Ag homologues [28], one notices 
that palladium importantly impacts the combustion temperature of the 
graphitic backbone; whereas for GO+Ag the pyrolysis starts at 682 ◦C, 
for GO+Pd it commences already at 446 ◦C. In the case of aminated 
samples, GO+ODA+Ag pyrolysis starts at 695 ◦C, but for GO+ODA+Pd 
it begins already at 506 ◦C, likewise for GO+DAO+Ag the combustion 
temperature is 716 ◦C, while for GO+DAO+Pd it is 500 ◦C. This testifies 
to a stronger catalytic effect of palladium nanoparticles. Another 
important difference concerns the final weight loss in the temperature 
range from 797◦ to 861◦C in all the palladium-containing samples and 
corresponding to thermal decomposition of palladium oxide; this trend 
is not observed in the silver-containing hybrids because silver does not 
oxidize. Another difference is related to the final residue. While in the 
non-aminated GO hybrids the metal content is higher for palladium 
(GO+Pd: 11.5%; GO+Ag: 1.5%), in aminated samples one sees an 
opposite trend, namely a metal content of 3.0% for GO+ODA+Pd and of 
6.3% for GO+DAO+Pd, while for GO+ODA+Ag the silver content 
amounts to 6.7% and for GO+DAO+Ag even to 12.1%. 

To characterize the difference in chemical composition of the sam
ples due to the functionalization with amines and further decoration 
with palladium particles, BEC SEM images were acquired (Fig. 4). The 

respective particle size distributions are presented in Fig. 5, where an 
asymmetrical distribution of size is clearly observed in all GO+Pd, 
GO+ODA+Pd and GO+DAO+Pd samples and small particle sizes 
dominate. The brightest spots highlight the presence of palladium par
ticle agglomerates. For GO+Pd (Fig. 4a-c) triangular and octahedral 
shapes [65,66] with a narrow size distribution ranging from 0.04 to 
0.34 µm and an average of 0.13 µm (Fig. 5a) are observed. The micro
graphs for GO+ODA+Pd (Fig. 4d–f), show mostly spherical palladium 
clusters in a broader range (0.03–1.2 µm) with an average particle size 
of about 0.26 µm (Fig. 5b). Similarly to the case of GO+Pd, also for 
GO+DAO+Pd (Fig. 4g–i) different geometric shapes are seen, from 0.02 
to 0.85 µm, and the average particle size amounts to 0.14 µm (Fig. 5c). 
Comparing the particle size distributions, one notices that those for 
GO+Pd and GO+DAO+Pd are narrower than that of the 
ODA-functionalized sample. These observations agree with E. Ramirez 
et al. [67], who have demonstrated the predominant role of chemical 
equilibria between all potential coordinating agents in stabilizing the 
nanoparticles; here this concerns the ligands resulting from the pre
cursor, the amine and the reducing agent. Since the mEq of ODA are 
lower than for DAO, for lower amine content we found aggregated 
particles but with a more regular shape. The size and shape of particles 
are governed by the nature of the stabilizing ligands and, in the case of 
weak ligands such as amines, by the quantity of ligand added. 

The EDS results presented in Table 1 demonstrate that the metal 
content is highest for GO+Pd (10.0 ± 5.2 wt%; 1.4 ± 0.8 at%), followed 

Fig. 4. Representative SEM images for GO+Pd (a-c), GO+ODA+Pd (d–f), and GO+DAO+Pd (g–i) at different magnification. Scale bars: 10 µm (left column); 5 µm 
(middle column), and 0.5 µm (right column). 
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by GO+DAO+Pd (6.9 ± 4.1 wt%; 0.9 ± 0.6 at%), and GO+ODA+Pd 
(2.5 ± 0.4 wt%; 0.3 ± 0.04 at%). Despite the differences in particle size, 
the tendencies observed in Fig. 5 match those of the thermal studies. 

To also study the morphology, size, and distribution of smaller GO- 
supported palladium particles we collected bright-field (Fig. 6) and 
dark-field (Fig. 7) TEM micrographs. The corresponding particle size 
histograms are presented in Fig. 8. For GO+Pd (Figs. 6 and 7a-c) strong 
agglomeration of differently shaped metallic particles can be observed, 
leading to a broad size distribution ranging from 2 to 15 nm, and an 
average particle size of 5.7 ± 2.3 nm (Fig. 8a). On ODA-functionalized 
GO, spherical particles ranging from 1 to 13 nm are observed, with an 
average size of 4.2 ± 1.4 nm (Fig. 8b), whereas on DAO-functionalized 
GO, the particles are much larger, ranging from 6 to 450 nm, and the 
average size is 52.5 ± 83.5 nm (Fig. 8c). 

TEM EDS mapping (Fig. 9) was carried out to supplement the mi
crographs with results on the chemical composition. The highest Pd 
content was found for the hybrid with pristine GO, followed by that for 
DAO-functionalized GO, and finally by that for ODA-functionalized GO. 
According to the elemental maps, the most homogeneous distribution 
with minimal agglomeration can be observed for GO+ODA+Pd, while 
GO+Pd and GO+DAO+Pd show a strong coalescence of particles. These 
results are not as informative on the average composition of the hybrids 
as the SEM EDS results because they represent a snapshot on the local 
composition of a much smaller area (TEM spot diameter 1 µm vs. SEM 
spot diameter 30 µm) but they match the trend in Pd content previously 
discussed in SEM EDS, and agree with the thermal behaviour of the 
hybrids. 

The agglomeration observed in the non-aminated sample can be 
associated with the strong interaction of sterically unprotected Pd spe
cies with the GO surface. The smallest particle size achieved in 
GO+ODA+Pd can be justified by the presence of the ODA moieties, 
which avoid a strong attraction to the graphitic backbone. In 
GO+DAO+Pd, the two coordinating sites of DAO favour a higher con
tent of metallic nanoparticles, which is mirrored by the histograms in 
Figs. 5 and 8, and the percentage of Pd observed in EDS studies (Tables 1 
and 2). 

Compared with Ag-containing samples, larger particles with a 

broader size distribution were observed in the GO+Pd series, despite a 
slightly lower palladium content. It is important to highlight a strong 
tendency of agglomeration of either silver or palladium nanoparticles on 
pristine graphene oxide, which underlines the importance of nitrogen- 
containing ligands for nucleation and growth regulation [67]. 

The crystallinity of the Pd-containing hybrids was investigated by 
XRD and the diffractograms acquired are shown in Fig. 10. GO presents 
the characteristic (001) diffraction peak at 2θ = 11.2◦ (d-spacing of 
0.79 ± 0.007 nm) [68–71]. In fact, according to Dékány, Krüger-
Grasser, and Weiss [72], pristine GO presents d-spacings between 0.61 
up to 1.1 nm, depending on the amount of water adsorbed. The modi
fication with amines resulted in a broadening of the main GO peak and a 
shifting from 11.2◦ to 11.7◦ (d001 = 0.76 ± 0.007 nm) for GO+ODA, and 
to 12.5◦ (d001 = 0.71 ± 0.009 nm) for GO+DAO. This slight shrinking of 
the interlamellar space could be associated with the hydrophobic 
aliphatic chain of the amine moieties. For GO+Pd, GO+ODA+Pd and 
GO+DAO+Pd hybrids a noticeable broadening of the graphitic peak at 
2θ = 13.4◦ (d-spacing of 0.66 nm) is seen; this points to small coherently 
diffracting domains and hence to (partial) exfoliation [73]. According to 
Kaniyoor et al., this phenomenon might be provoked by the acid treat
ment preparing for the decoration with PdNPs; in fact a partial removal 
of oxygenated functionalities (a certain degree of reduction) and water 
molecules, decreases the interlayer spacing in comparison to pristine GO 
[74–77]. FT-IR and TGA/DTA results support this interpretation. It is 
reasonable to assume that the acidic treatment of aminated-GO also has 
an impact on the flake thickness via exfoliation-reduction [73], which 
causes the broad (001) Bragg reflection peak. The exfoliatiation seems to 
continue during Pd decoration since for both GO+ODA+Pd and 
GO+DAO+Pd hybrids the 001 peak has almost totally disappeared, 
indicating that the coherently diffracting domains are very small. The 
slightly narrower d-spacing for GO+DAO is probably due to 
cross-linking by bifunctional molecules like 1,8 diamino octane onto the 
GO network, resulting in a more compact hybrid [44,78]. 

The appearance of new peaks assigned to (111) and (200) Bragg 
reflections at 2θ = 40.2◦ and 46.7◦ respectively, in the Pd-containing 
hybrids confirmed that the palladium nanoparticles that are large 
enough to be detected in XRD, have a face centred cubic (fcc) crystalline 
structure [79]. The fact that the intensity of the peaks in aminated 
samples is higher than in the non-aminated GO+Pd indicates more 
periodicity in crystalline arrangements due to the complexation effect by 
the nitrogen in amines. The lack of these stabilizing agents on the 
chemical environment of GO+Pd promotes chaotic/random arrange
ments; as a consequence, the height of the peak is reduced. These phe
nomena match the discussion of the SEM and TEM images (vide supra) 
where we saw that ligand moieties have an impact on the nucleation 
patterns of metallic particles. 

3.2. Theoretical modeling 

We attempted to provide an explanation for the experimental results 

Fig. 5. Particle size distribution histograms obtained from SEM imaging of (a) GO+Pd, (b) GO+ODA+Pd and (c) GO+DAO+Pd.  

Table 1 
EDS results for the GO/PdNP series (SEM imaging).  

Sample Weight % Atomic % 

GO+Pd C (K): 56.4 ± 8.8 
O (K): 33.6 ± 4.3 
Pd (L): 10.0 ± 5.2 

C (K): 67.8 ± 6.3 
O (K): 30.8 ± 5.6 
Pd (L): 1.4 ± 0.8 

GO+ODA+Pd C (K): 62.9 ± 0.4 
O (K): 34.0 ± 0.7 
Pd (L): 2.5 ± 0.4 

C (K): 70.7 ± 0.5 
O (K): 28.7 ± 0.5 
Pd (L): 0.3 ± 0.04 

GO+DAO+Pd C (K): 58.7 ± 6.3 
O (K): 33.6 ± 3.4 
Pd (L): 6.9 ± 4.1 

C (K): 68.9 ± 4.4 
O (K): 29.8 ± 4.0 
Pd (L): 0.9 ± 0.6  
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by modeling the properties of the hybrids with DFT calculations. The use 
of realistic-size GO and PdNP models is obviously computationally 
prohibitive, but relatively small models can already highlight some 
trends. An appropriate and computationally accessible choice to simu
late a Pd nanoparticle is the Pd16 cluster (Fig. 11), which was proposed 
by Nava et al. [80]. This cluster has a maximal lateral extension of 7.1 Å 
and can also be synthesized experimentally in a ligand-stabilized form 
[81]. In the case of GO, we employed the models of pristine GO, 
GO+ODA and GO-DAO successfully tested in our previous study on 
AgNP decoration of the same substrates [28]. 

The optimized Pd16 geometry (Fig. 11a) is rather symmetric. As 
shown by the Mulliken analysis, the atoms of the cluster differ in terms 
of the sign and magnitude of charge: from − 0.041 e to 0.013 e. In other 
words, both positively and negatively charged chemical species (either 
atoms or functional groups) can interact electrostatically with Pd16 and 
this will be important for how the metal nanoparticles can bind to 
pristine and functionalized GO. 

As described previously [28], a computationally feasible choice of 
GO models is based on a ten fused aromatic-ring system [82,83]. To 
represent the oxygen-containing functionalities of GO, we introduced six 

carboxylic and eight aromatic ketone groups. The models for GO+ODA 
and GO+DAO were derived from the GO model by converting four of its 
six COOH groups into the corresponding amides [28]. In the case of 
GO+DAO we additionally accounted for the fact that the Pd deposition 
is carried out under acidic experimental conditions, by protonating the 
four NH2 termini, which did not form amide derivatives; the resulting 
model is referred to as GO+DAO-4 H+. 

The DFT results related to complex formation and the frontier orbital 
energies are presented in Table 3. Fig. 12. schematically describes the 
mechanism and energy of complexation of a Pd16 cluster with the 
models for pristine GO, GO+ODA and GO+DAO-4 H+. One can see that 
the weakest bonding (− 62.2 kcal/mol) was found on GO+ODA. In this 
case, Pd16 remains on the top of the model, forming close contacts 
mainly with the terminal CH3 groups of octadecyl moieties. The other 
two cases are very different, with very low negative values of formation 
energies (i.e. very strong bonding) for both GO (− 135.2 kcal/mol) and 
especially GO+DAO-4 H+ (− 179.5 kcal/mol). The most interesting 
distinctive feature is that the Pd cluster directly chemisorbs on the 
graphene backbone by forming short Pd-C bonds, which can be qualified 
as covalent. This happens even on GO+DAO-4 H+, despite the presence 

Fig. 6. Bright-field TEM imaging for GO+Pd (a-c), GO+ODA+Pd (d-f) and GO+DAO+Pd (g-i) at different magnification. Scale bars: 200 nm (left column); 100 nm 
(middle column), and 20 nm (right column). 
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of rather long DAO moieties. This direct contact between the Pd16 
cluster and the graphene backbone ‘smears’ palladium atoms over the 
GO surface, contrary to the case of GO+ODA+Pd16, where Pd16 

generally conserves its symmetric shape. A possible explanation is that 
ODA substituents are sufficiently long, and thus ‘shield’ and protect 
palladium from the strong attraction to the GO surface. The ‘smearing’ 

Fig. 7. Z-Contrast dark-field TEM images for GO+Pd (a-c), GO+ODA+Pd (d-f) and GO+DAO+Pd (g-i) at different magnification. Scale bars: 0.5 µm (left column); 
100 nm (middle column), and 20 nm (right column). 

Fig. 8. Particle size distribution histograms obtained from TEM imaging of (a) GO+Pd, (b) GO+ODA+Pd and (c) GO+DAO+Pd. The inset in (c) shows the main 
population of particles ranging from 1 to 15 nm onwards represented by the maximum on the histogram. 
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of Pd atoms observed theoretically can explain PdNP coalescence and 
agglomeration observed experimentally on GO and GO+DAO, whereas 
PdNPs deposited onto GO+ODA do not tend to coalesce and remain 
small, though the Pd elemental content is relatively small as well. 

As it could be expected, the differences in geometries and mecha
nisms of nanohybrid formation give rise to notable differences in the 
electronic structure; we analyzed specifically the energy and distribu
tion of frontier orbitals HOMO and LUMO (Table 3 and Fig. 13). The 
HOMO-LUMO gap energies calculated for individual components are 
0.313 eV for Pd16, 1.105 eV GO, 0.854 eV for GO+ODA and 0.863 eV 
for GO+DAO-4 H+ are (Table 3). It is logical to expect that, since Pd16 
has the lowest gap energy of all these components, its complexation with 
GO, GO+ODA and GO+DAO-4 H+ will result in lower HOMO-LUMO 
gap energies for the corresponding hybrids. As one can see, the 
HOMO-LUMO gap dramatically decreases to 0.163 eV for GO+Pd16, 

0.008 eV for GO+ODA+Pd16 and 0.144 eV for GO+DAO-4 H++Pd16. 
An especially interesting observation is that Pd functionalization de
creases the gap energy by two orders of magnitude, namely from 
0.854 eV for GO+ODA to 0.008 eV for GO+ODA+Pd16. The frontier 
orbital localization (Fig. 13) matches the differences in HOMO-LUMO 
gap energies. The very strong interaction in the cases of GO+Pd16 and 
GO+DAO-4 H++Pd16 results in the localization of both the HOMO and 
the LUMO on the same Pd atoms and an insignificant charge density on 
GO. On the contrary, in GO+ODA+Pd16 the HOMO and the LUMO are 
very well separated, with the HOMO localized exclusively on GO, and 
the LUMO exclusively on Pd16. The fact that the LUMO in all three cases 
is centered on Pd might imply that the latter remains active in electro
philic processes; in addition the presence of the HOMO on the same 
atoms in GO+Pd16 and GO+DAO-4 H++Pd16 can be linked to Pd cluster 
activity in nucleophilic processes. In turn, this might have important 
positive consequences for catalytic, electrocatalytic and biomedical 
applications of PdNPs deposited onto GO and GO-based materials.  
Table 4. 

4. Conclusions 

Dispersibility tests, FTIR, XRD, TGA/DTA, as well as SEM and TEM 
imaging accompanied with EDS mapping, gave indications that applying 
an eco-friendly gas-phase functionalization of GO with amines is useful 
to create supports for the decoration with Pd nanoparticles. However the 
palladium content in non-aminated GO+Pd samples is higher than in 
amine-functionalized GO. XRD results showed Pd (111) and (200) 
peaks, indicating that the larger palladium nanoparticles, which are 

Fig. 9. C, O and Pd elemental mapping and all maps overlaid on the TEM micrograph (left. 
column) for GO+Pd (top row), GO+ODA+Pd (middle row) and GO+DAO+Pd (bottom row). 

Table 2 
EDS results for the GO/PdNPs series (TEM imaging).  

Sample Weight % Atomic % 

GO+Pd C (K): 24.6 ± 7.6 
O (K): 2.7 ± 1.4 
Pd (L): 72.7 ± 6.2 

C (K): 69.9 ± 10.1 
O (K): 6.1 ± 4.0 
Pd (L): 24.1 ± 6.1 

GO+ODA+Pd C (K): 60.0 ± 20.2 
O (K): 6.9 ± 1.8 
Pd (L): 33.1 ± 18.5 

C (K): 86.0 ± 8.4 
O (K): 8.0 ± 3.9 
Pd (L): 6.0 ± 4.5 

GO+DAO+Pd C (K): 46.8 ± 16.8 
O (K): 6.0 ± 4.8 
Pd (L): 47.2 ± 21.6 

C (K): 82.1 ± 3.6 
O (K): 7.3 ± 4.1 
Pd (L): 10.6 ± 7.7  

D.I. Rodríguez-Otamendi et al.                                                                                                                                                                                                               



Materials Today Communications 35 (2023) 106007

10

visible to this technique, crystallize with a face centered cubic (fcc) 
structure. Electronic imaging evidence differences in PdNPs nucleation 
and shape with the amount of stabilizing agents (citric acid, and amine 
moieties). 

The most relevant explanation could be obtained from bright-field 
and dark-field TEM imaging. GO+Pd samples we found to contain par
ticles that generally are irregularly shaped and randomly distributed, 
whereas a more homogeneous size distribution preventing agglomera
tion was observed for ODA-functionalized GO. DAO-functionalized 
samples presented the formation of particles with different sizes, 
shapes, and coalescence. The average Pd particle sizes were found to be 
ten times larger on GO functionalized with diamines than on pristine 
GO, and on GO with monoamines. 

Referring to theoretical data, the fact that the LUMO in all three cases 
is centred on Pd, might imply that the latter remains active in 

Fig. 10. XRD diffractograms of pristine and amine-functionalized GO before 
and after decoration with Pd nanoparticles. 

Fig. 11. Optimized geometry of the Pd16 cluster used to simulate PdNPs, 
showing atomic charges obtained by Mulliken analysis. 

Table 3 
Particle size distribution for the GO/PdNP series by SEM and TEM imaging.  

Sample Average SEM (µm) Average TEM (nm) 

GO+Pd 0.13 ± 0.05 5.69 ± 2.28 
GO+ODA+Pd 0.26 ± 0.23 4.23 ± 1.37 
GO+DAO+Pd 0.14 ± 0.12 52.46 ± 83.47  

Fig. 12. Optimized geometries of the GO, GO+ODA and GO+DAO-4 H+

models (left) and of their hybrids formed with a Pd16 nanocluster (right) in 
aqueous medium. The values shown in blue are the formation energies (in kcal/ 
mol) for GO+Pd16, GO+ODA+Pd16 and GO+DAO-4 H++Pd16 hybrids. The 
pink dashed lines indicate closest approaches shorter than 2.8 Å. 
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electrophilic processes; in addition the presence of the HOMO on the 
same atoms in GO+Pd16 and GO+DAO-4 H++Pd16 can be linked to Pd 
cluster activity in nucleophilic processes. In turn, this might have 
important positive consequences for catalytic, electrocatalytic and 
biomedical applications of PdNPs deposited onto GO-based materials. 
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supported on two-dimensional graphenes as heterogeneous catalysts, Coord. Chem. 
Rev. 312 (2016) 99–148. 

[14] H. Golzar, F. Yazdian, M. Hashemi, M. Omidi, D. Mohammadrezaei, H. Rashedi, 
M. Farahani, N. Ghasemi, J.S. Shayeh, L. Tayebi, Optimizing the hybrid 
nanostructure of functionalized reduced graphene oxide/silver for highly efficient 
cancer nanotherapy, N. J. Chem. 42 (15) (2018) 13157–13168. 

[15] N. Cai, J. Fu, H. Zeng, X. Luo, C. Han, F. Yu, Reduced graphene oxide-silver 
nanoparticles/nitrogen-doped carbon nanofiber composites with mesomicroporous 
structure for high-performance symmetric supercapacitor application, J. Alloy. 
Compd. 742 (2018) 769–779. 

[16] F. Zeng, D. Xu, C. Zhan, C. Liang, W. Zhao, J. Zhang, H. Feng, X. Ma, Surfactant- 
free synthesis of graphene oxide coated silver nanoparticles for SERS biosensing 
and intracellular drug delivery, ACS Appl. Nano Mater. 1 (6) (2018) 2748–2753. 

[17] C. Shuai, W. Guo, P. Wu, W. Yang, S. Hu, Y. Xia, P. Feng, A graphene oxide-Ag co- 
dispersing nanosystem: dual synergistic effects on antibacterial activities and 
mechanical properties of polymer scaffolds, Chem. Eng. J. 347 (2018) 322–333. 

[18] Y. Jiang, D. Carboni, L. Malfatti, P. Innocenzi, Graphene oxide-silver nanoparticles 
in molecularly-imprinted hybrid films enabling SERS selective sensing, Materials 
11 (9) (2018) 1–17, 1674. 

[19] A. Kumar, B. Mazinder Boruah, X.-J. Liang, Gold nanoparticles: promising 
nanomaterials for the diagnosis of cancer and HIV/AIDS, J. Nanomater. (2011) 
1–17. 

[20] V.K. Sharma, C.M. Sayes, B. Guo, S. Pillai, J.G. Parsons, C. Wang, B. Yan, X. Ma, 
Interactions between silver nanoparticles and other metal nanoparticles under 
environmentally relevant conditions: a review, Sci. Total Environ. 653 (2019) 
1042–1051. 

[21] P.K. Singh, P. Kumar, A. Kumar, Unconventional physical methods for synthesis of 
metal and non-metal nanoparticles: a review, Proc. Natl. Acad. Sci. India A - Phys. 
Sci. 89 (2) (2018) 199–221. 

[22] D.R. Dreyer, S. Park, C.W. Bielawski, R.S. Ruoff, The chemistry of graphene oxide, 
Chem. Soc. Rev. 39 (2009) 228–240. 

[23] S. Gurunathan, J.H. Park, Y.-J. Choi, J.W. Han, J.-H. Kim, Synthesis of graphene 
oxide-silver nanoparticle nanocomposites: an efficient novel antibacterial agent, 
Curr. Nanosci. 12 (6) (2016) 762–773. 

[24] Q. Bao, D. Zhang, P. Qi, Synthesis and characterization of silver nanoparticle and 
graphene oxide nanosheet composites as a bactericidal agent for water 
disinfection, J. Colloid Interface Sci. 360 (2) (2011) 463–470. 

[25] Z. Li, J. Gao, X. Xing, S. Wu, S. Shuang, C. Dong, M.C. Paau, M.M.F. Choi, Synthesis 
and characterization of n-alkylamine-stabilized palladium nanoparticles for 
electrochemical oxidation of methane, J. Phys. Chem. C 114 (2) (2010) 723–733. 

[26] A.M. Dimiev, S. Eigler (Eds.), Graphene Oxide: Fundamentals and Applications, 
Wiley, Chichester, 2017. 

[27] J. Li, D. Kuang, Y. Feng, F. Zhang, Z. Xu, M. Liu, D. Wang, Green synthesis of silver 
nanoparticles–graphene oxide nanocomposite and its application in 
electrochemical sensing of tryptophan, Biosens. Bioelectron. 42 (2013) 198–206. 

[28] D.I. Rodríguez-Otamendi, V. Meza-Laguna, D. Acosta, E. Alvarez-Zauco, L. Huerta, 
V.A. Basiuk, E.V. Basiuk, Eco-friendly synthesis of graphene oxide–silver 
nanoparticles hybrids: The effect of amine derivatization, Diam. Relat. Mater. 111 
(2021) 1–21. 

[29] S. Kumari, P. Sharma, S. Yadav, J. Kumar, A. Vij, P. Rawat, S. Kumar, C. Sinha, 
J. Bhattacharya, C. Mohan Srivastava, S. Majumder, A novel synthesis of the 
graphene oxide-silver (GO-Ag) nanocomposite for unique physiochemical 
applications, ACS Omega 5 (10) (2020) 5041–5047. 

[30] T.T.T. Vi and S.J. Lue, Preparation of silver nanoparticles loaded graphene oxide 
nanosheets for antibacterial activity, IOP Conf. Ser.: Mater. Sci. Eng. 162 (2016) 
012033 (1–5). 

[31] H.-S. Kim, H. Lee, K.-S. Han, J.-H. Kim, M.-S. Song, M.-S. Park, J.-Y. Lee, J.-K. Kang, 
Hydrogen storage in Ni nanoparticle-dispersed multiwalled carbon nanotubes, 
J. Phys. Chem. B 109 (18) (2005) 8983–8986. 

[32] L.-M. Ang, T.S. Andy Hor, G.-Q. Xu, C. Tung, S. Zhao, J.L. Wang, Electroless plating 
of metals onto carbon nanotubes activated by a single-step activation method, 
Chem. Mater. 11 (8) (1999) 2115–2118. 

[33] P.S. Karthik, A.L. Himaja, S.P. Singh, Carbon-allotropes: synthesis methods, 
applications and future perspectives, Carbon Lett. 15 (4) (2014) 219–237. 

[34] D. Zhang, T. Liu, J. Cheng, S. Liang, J. Chai, X. Yang, H. Wang, G. Zheng, M. Cao, 
Controllable synthesis and characterization of tungsten disulfide nanosheets as 
promising nanomaterials for electronic devices, Ceram. Int. 45 (9) (2019) 
12443–12448. 

[35] V.R. Bakuru, B. Velaga, N.R. Peela, S.B. Kalidindi, Hybridization of Pd 
nanoparticles with UiO-66(Hf) metal-organic framework and the effect of 
nanostructure on the catalytic properties, Chem. A Eur. J. 24 (60) (2018) 
15978–15982. 

[36] D.K. Pattadar, J.N. Sharma, B.P. Mainali, F.P. Zamborini, Anodic stripping 
electrochemical analysis of metal nanoparticles, Curr. Opin. Electrochem 13 
(2019) 147–156. 

[37] S.B. Yaqoob, R. Adnan, R.M. Rameez Khan, M. Rashid, Gold, silver, and palladium 
nanoparticles: a chemical tool for biomedical applications, Front. Chem. 8 (376) 
(2020) 1–15. 

[38] C.P. Adams, K.A. Walker, S.O. Obare, K.M. Docherty, Size-dependent antimicrobial 
effects of novel palladium nanoparticles, PLoS ONE 9 (2014) 85–98. 

[39] K. Chaloupka, Y. Malam, A.M. Seifalian, Nanosilver as a new generation of 
nanoproduct in biomedical applications, Trend Biotechnol. 28 (11) (2010) 
580–588. 

[40] V. Leso, I. Iavicoli, Palladium nanoparticles: toxicological effects and potential 
implications for occupational risk assessment, Int. J. Mol. Sci. 19 (2018) 503. 

[41] J. Bandekar, Amide modes and protein conformation, Biochim Biophys. Acta 1120 
(2) (1992) 123–143. 

[42] N. Alzate-Carvajal, E.V. Basiuk, V. Meza-Laguna, I. Puente-Lee, M.H. Farias, 
N. Bogdanchikova, V.A. Basiuk, Solvent-free one-step covalent functionalization of 
graphene oxide and nanodiamond with amines, RSC Adv. 6 (2016) 
113596–113610. 

[43] N. Alzate-Carvajal, D.A. Acevedo-Guzmán, V. Meza-Laguna, M.H. Farías, L. 
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[72] I. Dékány, R. Krüger-Grasser, A. Weiss, Selective liquid sorption properties of 
hydrophobized graphite oxide nanostructures, Colloid Polym. Sci. 276 (7) (1998) 
570–576. 

[73] A. Kaniyoor, T.T. Baby, T. Arockiadoss, N. Rajalakshmi, S. Ramaprabhu, Wrinkled 
graphenes: a study on the effects of synthesis parameters on exfoliation-reduction 
of graphite oxide, J. Phys. Chem. C. 115 (2011) 17660–17669. 

[74] N. Díez, A. Sliwak, S. Gryglewicz, B. Grzyb, G. Gryglewicz, Enhanced reduction of 
graphene oxide by high-pressure hydrothermal treatment, RSC Adv. 5 (2015) 
81831. 

[75] S. Choudhary, H.P. Mungse, O.P. Khatri, Dispersion of alkylated graphene in 
organic solvents and its potential for lubrication applications, J. Mater. Chem. 22 
(2012) 21032–21039. 

[76] H.P. Mungse, O.P. Khatri, Chemically functionalized reduced graphene oxide as a 
novel material for reduction of friction and wear, J. Phys. Chem. C. 118 (2014) 
14394–14402. 

[77] G. Wang, J. Yang, J. Park, X. Gou, B. Wang, H. Liu, J. Yao, Facile synthesis and 
characterization of graphene nanosheets, J. Phys. Chem. C. 112 (2008) 8192–8195. 

[78] W.-S. Hung, C.-H. Tsou, M. De Guzman, Q.-F. An, Y.-L. Liu, Y.-M. Zhang, C.-C. Hu, 
K.-R. Lee, J.-Y. Lai, Cross-linking with diamine monomers to prepare composite 
graphene oxide-framework membranes with varying d-Spacing, Chem. Mater. 26 
(9) (2014) 2983–2990. 

[79] R. Molaei, K. Farhadi, M. Forough, S. Hajizadeh, Green biological fabrication and 
characterization of highly monodisperse palladium nanoparticles using pistacia 
atlantica fruit broth, J. Nanostruct. 8 (1) (2018) 47–54. 

[80] P. Nava, M. Sierka, R. Ahlrichs, Density functional study of palladium clusters, 
Phys. Chem. Chem. Phys. 5 (2003) 3372–3381. 

[81] N.T. Tran, M. Kawano, L.F. Dahl, High-nuclearity palladium carbonyl 
trimethylphosphine clusters containing unprecedented face-condensed 
icosahedral-based transition-metal core geometries: proposed growth patterns 
from a centered Pd13 icosahedron, J. Chem. Soc. Dalton Trans. 19 (2001) 
2731–2748. 

[82] V.A. Basiuk, N. Alzate-Carvajal, L.V. Henao-Holguín, E.V. Rybak-Akimova, E. 
V. Basiuk, Coordination functionalization of graphene oxide with 
tetraazamacrocyclic complexes of nickel(II): generation of paramagnetic centers, 
Appl. Surf. Sci. 371 (2016) 16–27. 

[83] V.A. Basiuk, E.V. Rybak-Akimova, E.V. Basiuk, Graphene oxide and nanodiamond: 
Same carboxylic groups, different complexation properties, RSC Adv. 7 (2017) 
17442–17450. 

D.I. Rodríguez-Otamendi et al.                                                                                                                                                                                                               

http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref60
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref60
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref61
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref61
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref62
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref62
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref62
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref63
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref63
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref63
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref63
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref64
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref64
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref65
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref65
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref65
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref66
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref66
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref67
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref67
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref67
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref68
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref68
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref68
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref69
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref69
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref69
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref70
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref70
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref70
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref71
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref71
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref71
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref72
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref72
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref72
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref73
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref73
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref73
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref74
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref74
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref74
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref75
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref75
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref76
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref76
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref76
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref76
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref77
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref77
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref77
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref78
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref78
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref79
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref79
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref79
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref79
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref79
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref80
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref80
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref80
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref80
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref81
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref81
http://refhub.elsevier.com/S2352-4928(23)00698-0/sbref81

	Eco-friendly synthesis of graphene oxide–silver nanoparticles hybrids: The effect of amine derivatization
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 GOP fabrication
	2.3 Functionalization of GO and GOP with amines
	2.4 Deposition of Ag NPs
	2.5 Characterization
	2.6 Theoretical calculations

	3 Results and discussion
	3.1 Experimental results
	3.2 Theoretical modeling

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References

	Eco-friendly synthesis of graphene oxide–palladium nanohybrids
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Gas phase functionalization with amines
	2.3 Deposition of palladium nanoparticles
	2.4 Characterization
	2.5 Theoretical calculations

	3 Results and discussion
	3.1 Experimental results
	3.2 Theoretical modeling

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	References


