
 

 

 

 

 

Doctoral Dissertation (Shinshu University) 

 

 

 

 

The fabrication and application of nanoparticle-based 

multifunctional composites 

 

 

 

 

 

 

March 2021 

 

LI XIAOJUAN



 
 

  



 
 

Abstract ....................................................................................................................... I 
 

Chapter 1: General introduction ................................................................................ 1 
1.1 Nanomaterials ......................................................................................................................... 1 

1.1.1 Carbon-based nanomaterials ........................................................................................ 1 
1.1.2 Metal nanomaterials ..................................................................................................... 3 
1.1.3 Nanocomposites ........................................................................................................... 5 

1.2 Antibacterial materials ............................................................................................................ 6 
1.2.1 Organic antibacterial agents ......................................................................................... 7 
1.2.2 Inorganic antibacterial agents....................................................................................... 7 
1.2.3 Nano antibacterial agents ............................................................................................. 8 

1.3 Photocatalytic materials .......................................................................................................... 9 
1.3.1 History of photocatalytic materials .............................................................................. 9 
1.3.2 Semiconductor photocatalytic materials .................................................................... 10 
1.3.3 Novel photocatalytic materials ................................................................................... 11 

1.4 Purpose of this research ........................................................................................................ 12 
 

Chapter 2: The synthesis and antibacterial activity of silver nanoparticles/graphene 
oxide nanoscroll composites ...................................................................................... 14 

2.1 Introduction ........................................................................................................................... 14 
2.2 Experimental ......................................................................................................................... 16 

2.2.1 Materials and reagents................................................................................................ 16 
2.2.2 The fabrication of Ag/GO nanoscroll composites ...................................................... 17 

2.2.2.1 The synthesis of GO ........................................................................................ 17 
2.2.2.2 The synthesis of Ag/GO nanoscroll composites .............................................. 17 

2.2.3 Antibacterial activity test............................................................................................ 18 
2.2.4 Instruments and characterizations .............................................................................. 19 

2.2.4.1 Morphology ..................................................................................................... 19 
2.2.4.2 Chemical structure characterization ................................................................ 19 
2.2.4.3 Antibacterial standards .................................................................................... 20 

2.3 Results and discussion .......................................................................................................... 20 
2.3.1 Determination of the optimal condition ..................................................................... 20 
2.3.2 Analysis of the Ag/GO nanoscroll composites ........................................................... 23 
2.3.3 The effect of temperature on AgNPs and Ag/GO nanoscroll composites .................. 28 
2.3.4 Antibacterial activity of the Ag/GO nanoscroll composites ....................................... 29 

2.4 Conclusions ........................................................................................................................... 31 
 

Chapter 3: The photocatalytic application of silver nanoparticles/graphene oxide 
nanoscroll composites ............................................................................................... 33 

3.1 Introduction ........................................................................................................................... 33 
3.2 Experimental ......................................................................................................................... 35 



 
 

3.2.1 Materials, reagents and synthesis of Ag/GO nanoscroll composites .......................... 35 
3.2.2 Photocatalytic activity evaluation .............................................................................. 35 

3.2.2.1 Establishing the optimal photocatalytic conditions ......................................... 35 
3.2.2.2 Photocatalytic recyclability evaluation ........................................................... 36 

3.2.3 Instruments and characterization ................................................................................ 36 
3.3 Results and Discussion.......................................................................................................... 37 

3.3.1 Optimization of photocatalysis conditions for the Ag/GO nanoscroll composites..... 37 
3.3.1.1 Effect of degradation sample........................................................................... 37 
3.3.1.2 Effect of initial MB concentration .................................................................. 42 
3.3.1.3 Effect of bath ratio of Ag/GO nanoscroll composites to MB solution ............ 43 
3.3.1.4 Effect of the light source ................................................................................. 44 

3.3.2 Recyclability of the Ag/GO nanoscroll composite photocatalyst ............................... 47 
3.4 Conclusions ........................................................................................................................... 51 

 

Chapter 4: Synthesis and antioxidant stability of “sandwich” copper nanoparticle 
@ graphene oxide composites ................................................................................... 52 

4.1 Introduction ........................................................................................................................... 52 
4.2 Experimental ......................................................................................................................... 54 

4.2.1 Materials and reagents................................................................................................ 54 
4.2.2 Synthesis of CuNPs@GO composites ....................................................................... 54 
4.2.3 Antioxidant stability testing ....................................................................................... 55 

4.2.3.1 Air stability testing .......................................................................................... 55 
4.2.3.2 High-temperature stability testing ................................................................... 55 
4.2.3.3 Conductivity testing ........................................................................................ 56 

4.2.4 Instruments and characterizations .............................................................................. 57 
4.2.4.1 Observations related to composite morphologies ........................................... 57 
4.2.4.2 XRD analysis .................................................................................................. 57 
4.2.4.3 Raman analysis ............................................................................................... 58 
4.2.4.4 Thermogravimetric analysis (TGA) ................................................................ 58 

4.3 Results and discussion .......................................................................................................... 59 
4.3.1 Characterization of the CuNPs@GO composites....................................................... 59 
4.3.2 Analysis of antioxidant stability ................................................................................. 63 

4.3.2.1 Air stability ...................................................................................................... 64 
4.3.2.2 High-temperature stability .............................................................................. 65 
4.3.2.3 The conductivity of CuNPs@GO composites ................................................. 68 

4.4 Conclusions ........................................................................................................................... 69 
 

Chapter 5: Overall conclusions ................................................................................ 71 
References ................................................................................................................. 74 
Acknowledgements ................................................................................................... 91 
 



I 

 

Abstract  

Nanoparticle composites have attracted scientific attention due to the distinguished 

set of properties and applications. The properties of nanoparticles are dependent on the 

component size and structure. Therefore, the synthesis of nanoparticle composites with 

well component size, nanostructure, and morphology have attracted great interest. 

However, the controllable fabrication, and particular desired shape of nanoparticle-based 

composites are still a challenge. This thesis focuses on exploring the size-controllable, 

shape-controllable, and applications of nanoparticle-based composites. The nanostructure 

formation, properties and applications of composites are well discussed. The most 

significant results achieved in this dissertation are given as follows: 

In this work, owing to the large surface area, graphene oxide (GO) was used as the 

carrier to protect nanoparticles from aggregating, and the π-π continuous surface can 

provide abundant ways for nanoparticles transferring during their application. 

Silver nanoparticles/graphene oxide nanoscroll composites (Ag/GO nanoscroll 

composites) were fabricated by a one-step method at room temperature. The GO sheets 

were cut into pieces by the silver nanoparticles (AgNPs) due to their catalytic activity, 

and then the GO pieces rolled up, resulting from the intermolecular hydrogen bonds. 

Transmission electron microscope images show that the Ag/GO nanoscroll composites 

have open-ended tubular hollow structures. The Escherichia coli (E. coli) was used to 

evaluate the antibacterial activity of synthesized nanoscroll composites. After against the 
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E. coli for 3 days, the inhibition rate of Ag/GO nanoscroll composites can still up to 

99.99%. This attributes to the open-ended tubular hollow structures, providing abundant 

channels and space to prevent AgNPs from aggregating and oxidizing. The result exhibits 

that the Ag/GO nanoscroll composites have the potential for long-lasting antibacterial 

activity. So, the Ag/GO nanoscroll composites can be applied in antibacterial materials 

for long-lasting use. On the other hand, the Ag/GO nanoscroll composites were 

synthesized as a recyclable photocatalyst. The open-ended nanoscroll structures provide 

sufficient space to prevent the AgNPs from oxidizing and aggregating, and the π-π 

continuous surface provides an abundance of pathways for AgNPs transfer during 

photodegradation. To demonstrate the recyclability of the synthesized photocatalytic 

composites, methylene blue aqueous solution was photodegraded under optimal 

conditions over ten consecutive photocatalytic cycles. The result shows that the Ag/GO 

nanoscroll composites are able to mineralize methylene blue to colorless within 10 min 

in each cycle, and no decomposition was detected after ten cycles. The Ag/GO nanoscroll 

composites can be used as a recyclable photocatalyst in wastewater treatment applications. 

Additionally, Copper nanoparticles (CuNPs) have been widely studied because they 

are cheap and easy to be obtained. However, it is challenging to be long-term storage 

because of their oxidation in the air easily. To prevent CuNPs oxidation, the sandwich 

structure composites (CuNPs intercalated into graphene oxide (GO) sheets - CuNPs@GO 

composites) were fabricated via the liquid-phase reduction method. The limited GO 

interlayer distance controls the size of CuNPs (~ 10 nm in diameter) during the reduction 
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process, and the GO sheets serve as the protective cover to prevent CuNPs from oxidation. 

In addition, the large surface area of GO layer provides enough space for CuNPs against 

their aggregation. To confirm that the sandwich structure can protect CuNPs from 

oxidation, the air stability and high temperature stability of CuNPs@GO composites were 

evaluated. The result shows that the composites exhibit no oxidation sign following 

exposure to dry air for at least 21 weeks or 90 °C. Simultaneously, the conductivity result 

of the synthesized composites shows no change after exposure to dry air for at least 21 

weeks. This sandwich structure provides a potential research direction for fabricating 

CuNPs with high antioxidant stability and stable conductivity.  



 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1 
 

 

General introduction



 

 



 

1 

Chapter 1: General introduction 

1.1 Nanomaterials 

Nanotechnology has gained huge attention in the past two decades, in which the 

nanomaterials are the primary and critical component. Nanomaterials are materials that 

have the size between 1 to 100 nm at least in one dimension and made up of carbon, metal, 

metal oxides, or organic matters [1]. Nanomaterials produce unique quality and 

capabilities by modifying the shape and size at the nanoscale level. Nanomaterials have 

different shapes, such as nanorods, nanoparticles, and nanosheets, based on their 

dimensionality [2]. The unique properties of nanomaterials, for example, high reactivity, 

strong sorption, etc., are explored for application in many fields like medicine [3-5], 

catalysis [6], renewable energy, and environmental remediation [7], and antibacterial 

material [8]. In this chapter, the classification, property, and application of nanomaterials 

are briefly introduced. 

The nanomaterials are generally classified into the carbon-based nanomaterials, 

metal nanomaterials, nanocomposites, etc. 

 

1.1.1 Carbon-based nanomaterials 

The main constituent in this type of nanomaterials is carbon. They can be classified 

into graphene [9], carbon nanotubes (CNT) [10], carbon nanofibers [11, 12], fullerenes, 

and carbon dots [13]. Carbon-based nanomaterials are presented in Fig. 1-1. 
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defined, novel graphene with an exceptional surface area. The nanoparticles can act as a 

stabilizer against the aggregation of individual graphene sheets, which is generally caused 

by a strong Van der Waals interaction between graphene layers. Moreover, the graphene 

sheets decorated with nanoparticles might can result in some particular properties because 

they combine the outstanding properties of nanoparticles and the synergetic effect 

between them. At the present, the various kinds of nanoparticles [23-25] have been 

synthesized and supported on graphene, including Ag, Au, Cu, TiO2, ZnO, etc. 

Graphene oxide (GO) as a type of graphene is the product of chemical exfoliation of 

graphite and has been known for more than a century. GO has been known to disperse 

well in water since its first discovery over a century ago and thus has been routinely 

described as hydrophilic. The GO is the ideal alternative for the production of solution 

processable graphene, as it can be synthesized in large quantities from inexpensive 

graphite powder and can readily yield stable dispersions in various solvents. GO is an 

oxidized graphene sheet having its basal planes decorated mostly with epoxide and 

hydroxyl groups, in addition to carbonyl and carboxyl groups located at the edged.  

 

1.1.2 Metal nanomaterials 

There are different methods for the preparation of metal nanoparticles like chemical 

or photochemical methods. By using reducing agents, the metal ions are reduced to the 

metal nanoparticles. Almost all the metals can be synthesized into their nanoparticles [26]. 

The commonly used metals for nanoparticle synthesis are cobalt (Co), silver (Ag), copper 
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(Cu), gold (Au), iron (Fe), lead (Pb), zinc (Zn), etc. The nanoparticles have distinctive 

properties such sizes as low as 10 to 100nm, surface characteristics like a high surface 

area to volume ratio, pore size, surface charge and surface charge density, crystalline and 

amorphous structures, shapes like spherical and cylindrical and color, reactivity and 

sensitivity to environmental factors such as air, moisture, heat and sunlight etc. [27, 28]. 

Not only a single nanoparticle but also the mixing of two or more nanoparticles with size 

control can also be achieved. They are widely used in different research areas, 

environmental and bioimaging studies.  

Among various metal nanomaterials, silver nanoparticles are obtained particular 

interests due to their unique properties, which could be used in broad-spectrum 

antimicrobial materials [29-31], chemical/biological sensors and biomedicine materials 

[32-34], and biomarker [35] and so on. They have unique optical, electrical, and thermal 

properties and are incorporated into the industrial application of electronics, catalysis, and 

photonics. Silver nanoparticles are one of the most attractive nanomaterials for 

commercialization applications. They have been used extensively as electronic products 

in the industry, antibacterial agents in the health industry, food storage, textile coatings, 

and environmental applications. As antibacterial agents, silver nanoparticles were used 

for a wide range of applications, from disinfecting medical devices and home appliances 

to water treatment [36-38]. However, the bare silver nanoparticles are prone to oxidize 

and aggregate while they are exposed to air or water at room temperature [39]. Therefore, 

the silver nanoparticles-based composite nanomaterials have become the current research 
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trend. 

Since 1990s, copper nanoparticles have attracted much attention from scientists. 

Many techniques, such as chemical reduction [40], reduction of copper ions with 

supercritical fluids [41], and laser irradiation of copper oxide powders, are developed to 

synthesize copper nanoparticles [42, 43]. Copper nanoparticles have been pulled in 

extensive consideration because of their optical, catalytic, mechanical, and electrical 

properties [44, 45]. They have also been used as a substitute for gold, silver and platinum 

in different areas (e.g., thermal conducting materials and microelectronics applications) 

[46, 47]. However, copper nanoparticles have a large specific surface area and high 

chemical activity, which can be easily oxidized into dark red cuprous oxide and black 

copper oxide in the air, losing their original physical and chemical properties. In addition, 

the copper nanoparticles have low dispersion in the absence of modified stabilizers, which 

limits their application in many fields. Therefore, suitable base materials decorating 

copper nanoparticles to form nanocomposites point out a new direction for research. 

 

1.1.3 Nanocomposites 

The nanocomposite is a polyphase solid material where one of the phases has one, 

two, or three dimensions of less than 100 nm. Over recent years, nanocomposites have 

become a hot topic very fast by the reason of the quick development of nanofillers 

(nanoparticles, nanotubes, nano-whiskers, nanofibers, nanolayers and nanosheets) as well 

as the excellent material performances resulted from the great specific surface area, high 
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surface energy, small size effect, quantum benefit and macroscopic quantum tunneling of 

nanofillers. In them, the graphene-based nanocomposites are developing in recent days to 

a large extent. The single-layer carbon atoms are arranged in a hexagonal matrix, with 

zero band gap. The electrons are almost as the massless particles that consist of the good 

electrical medium in 2D [48]. The oxidation product of graphene is graphene oxide, 

whose electronic conductivity is excellent [49]. The different types of graphene oxide 

family nanocomposites are metal/graphene oxide nanoparticles, metal oxide /graphene 

oxide nanocomposites, metal chalcogenide/graphene oxide nanocomposites. The metal 

and metal oxides possess a variety of applications. Among of them, Ag [50], Cu [51], Au 

[52], ZnO [53], TiO2 [54], and Fe2O3 [55] show the photocatalytic, photovoltaic, drug 

delivery [56], gas sensors [2], batteries [57] and cytotoxicity activities [58].  

 

1.2 Antibacterial materials 

Bacterial contamination has become a crucial problem due to many infections in food 

storage, medical implants, hospital settings, biosensors, and public health events [59]. 

Therefore, antibacterial materials have been widely researched. Antibacterial material 

refers to a new type of functional material that kills or inhibits bacteria. Many substances 

have good bactericidal or antimicrobial functions, such as some organic compounds with 

specific groups, some inorganic metal materials and their compounds, and some minerals. 

However, antibacterial materials are functional materials that can inhibit or kill surface 



 

7 

bacteria by adding individual antibacterial agents, such as antibacterial plastics, 

antibacterial fibers, and fabrics, antibacterial Ceramics, antibacterial metal materials, etc. 

 

1.2.1 Organic antibacterial agents 

The main varieties of organic antibacterial agents are vanillin or ethyl vanillin 

compounds, which are often used in polyethylene food packaging films to have an 

antibacterial effect. In addition, the acylanilides, imidazoles, thiazoles, isothiazolone 

derivatives, quaternary ammonium salts, bisquats, phenols, etc. are also used as 

antibacterial agents. Generally, organic antibacterial agents have low heat resistance, are 

easily hydrolyzed, and have a short validity period. Simultaneously, the safety of organic 

antibacterial agents is still under research. 

 

1.2.2 Inorganic antibacterial agents 

There are many types of inorganic antibacterial agents, such as Ag, Cu, and ZnO, 

which can bring antibacterial activity to materials. Sevinc etc. [60] have demonstrated 

that the blending 10 wt.% ZnO nanoparticles into dental composites displays antibacterial 

activity and reduces the growth of bacterial biofilms against Streptococcus subrings by 

roughly 80% for a single-species model dental biofilm. In addition, a variety of metallic 

biocides used for mold inhibition are only operative for the short-term. Therefore, the 

development of simple, low-cost, and long-term effective antibacterial methods is 

significant. 
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1.2.3 Nano antibacterial agents 

Nano antibacterial materials are the treatment of inorganic antibacterial agents with 

high-tech nanotechnology so that they have more extensive and excellent antibacterial 

and sterilization functions; it improves the long-term antibacterial effect through the slow 

release. Nanoparticles are widely used as antibacterial activities mainly through two 

reactions. The first one is called the contact reaction, which relies on Cullen's gravity to 

attach nano ions to cell walls firmly, then the nano ions can break through the cell walls 

and enter the cells to solidify the bacterial protein [61, 62]; eventually the cells die due to 

loss of the ability to divide and multiply. When the bacteria lose their activity, nano ions 

are freed out from the bacteria, repeated sterilization, so their antibacterial effect can last 

a long time. The second one is called the photocatalytic reaction, meaning that under the 

action of light, nano ions activate the water and air of oxygen adsorbed to the surface of 

the powder, producing OH- and O2
-, which can decrease the ability of bacteria to multiply 

and destroy bacteria in a short period of time.  

Among all the nanoparticles, silver nanoparticles with a high bactericidal activity [63, 

64] have been widely applied in medicine to prohibit colonization of bacteria on 

prostheses [65], wound-dressing [66], and to reduce infections in burn treatment [67]. 

However, the bare silver nanoparticles are prone to oxidize and aggregate while exposed 

to air or water [39]. To overcome the shortcomings, many other materials, such as carbon 

nanotubes (CNTs), graphene oxide (GO), and so forth, have been employed as potential 

support materials to increase the stability and antibacterial activity of silver nanoparticles 
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[68-73]. Among these materials, the one-dimensional CNTs have been widely used as 

adsorbents to remove various environmental pollutants due to their unique structures and 

high super physical and chemical properties. CNTs have high electron transfer property, 

making them have better photocatalytic performance and yield an efficient antibacterial 

activity level. However, the CNTs tend to agglomerate due to their hydrophobic nature, 

limiting some applications. In contrast, GO has received significant interest due to a large 

number of oxygen bonds, such as hydroxyl, carboxyl and epoxide groups, which stabilize 

the aqueous dispersion of GO [74-76] can be a suitable support material to increase the 

stability of silver nanoparticles.  

 

1.3 Photocatalytic materials 

1.3.1 History of photocatalytic materials 

The history of photocatalysis can be traced back to the 1960s. The discovery of water 

photolysis on a TiO2 electrode by Fujishima [77] and Honda in 1972 has been recognized 

as the landmark event that stimulated the investigation of photonic energy conversion by 

photocatalytic methods [78, 79]. Since then, intense research has been carried out on TiO2 

photocatalysis, which focused on understanding the fundamental principles, enhancing 

the photocatalytic efficiency, and expanding the scope of applications [80]. Unfortunately, 

TiO2 is not ideal for all purposes and performs relatively poorly in processes associated 

with solar photocatalysis. In principle, TiO2 can utilize no more than 5% of the total solar 
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energy impinging on the earth, surface due to its wide bandgap (3.2 eV). Therefore, during 

the past decade, much effort has been devoted to modifying TiO2 and investigated 

possible alternatives to TiO2.  

 

1.3.2 Semiconductor photocatalytic materials 

Semiconductor photocatalytic materials have received much attention as a potential 

solution to the world energy shortage and counteract environmental degradation. In 

semiconductors, the conduction-band electrons (ecb
-) have a chemical potential of + 0.5 

to -1.5 V versus the normal hydrogen electrode (NHE); hence they can act as reductants. 

The valence-band holes (hvb
+) exhibit a strong oxidative potential of + 1.0 to + 3.5 V 

versus NHE [81]. The energy of the incident photons is stored in the semiconductor by 

photoexcitation, then converted into chemical form by a series of electronic processes and 

surface/interface reactions.  

TiO2 photocatalyst, as one of the traditional semiconductor materials, is widely used 

in a variety of applications and products in the environmental and energy fields, including 

self-cleaning surfaces, air and water purification systems, sterilization, hydrogen 

evolution, and photoelectrochemical conversion. The photocatalytic properties of TiO2 

are derived from the formation of photogenerated charge carriers (hole and electron), 

which occurs upon the absorption of ultraviolet light corresponding to the band gap [82, 

83]. The photogenerated holes in the valence band diffuse to the TiO2 surface and react 

with adsorbed water molecules, forming hydroxyl radicals (•OH). The photogenerated 



 

11 

holes and the hydroxyl radicals oxidize nearby organic molecules on the TiO2 surface. 

Electrons in the conduction band typically participate in reduction processes, which 

typically react with molecular oxygen in the air to produce superoxide radical anions 

(•O2
−). However, only a small proportion of the holes is trapped at lattice oxygen sites 

and may react with TiO2, which weakens the bonds between the lattice titanium and 

oxygen ions. As a result, the effect achieved by TiO2 photocatalysis is not very significant. 

ZnO photocatalyst presents higher photocatalytic activity than TiO2 in the 

photodegradation of some organic compounds, so it is a suitable alternative to TiO2 [84]. 

However, the photocatalytic activity of ZnO is still not high enough because the low 

separating efficiency of the photoelectron hole pairs and the structure of the ZnO crystal 

would be destroyed after consecutive use due to the photo corrosion effect. 

 

1.3.3 Novel photocatalytic materials 

In order to overcome these drawbacks, a lot of efforts have been made to improve or 

replace the traditional semiconductor photocatalysts. Recently, the introduction of 

noble metal nanoparticles (e.g., Ag, Au) onto semiconductor surfaces contributes to 

expanding the light-harvesting scope of UV and visible light, due to their potent surface 

plasmon resonance (SPR) effects [85]. In addition, owing to their low Fermi levels, noble 

metal nanoparticles might serve as electron trappers, reducing the photogenerated 

electron-hole recombination rate [86]. Among the noble metals, Ag is considered to be 

the most economical raw material with the most potent SPR effect. Ag as a co-catalyst 
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could enhance the separation of electron-hole. Thus, the photocatalytic activity of the 

semiconductor increased. It can be inferred that Ag can be a potential candidate for 

photocatalysis. 

 

1.4 Purpose of this research 

Nanotechnology is one of the most active research areas with both novel science and 

useful applications. Nanotechnology is a multidisciplinary science which deals with 

physics, chemistry, materials science, and other engineering sciences. The applications of 

nanotechnology are spreading in almost all branches of science and technology. So far, 

the research of nanotechnology has made specific achievements; however, nanoparticle 

composites with controllable shape and size are still challenging in the present study. In 

this thesis, thence, three different types of nanoparticle-based composites with controlled 

shapes and sizes were investigated. (1): The Ag/GO nanoscroll composites were 

synthesized using a one-step method at room temperature, where the GO sheets were cut 

into pieces by AgNPs (4 - 10 nm), and then rolled up to nanoscrolls due to the force of 

intermolecular hydrogen bonds. The synthesized the Ag/GO nanoscroll composites can 

be applied as an antibacterial material and a recyclable photocatalyst for long-lasting use. 

(2): The sandwich shaped CuNPs@GO composites were fabricated via the liquid-phase 

reduction method, in which the limited GO interlayer distance controls the CuNPs growth 

(~ 10 nm diameter) during the reduction process, and the GO sheets serve as the protective 
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Chapter 2: The synthesis and antibacterial activity of 

silver nanoparticles/graphene oxide nanoscroll 

composites 

2.1 Introduction 

Graphene nanoscrolls (GNSs), a new type of graphene family materials, is an 

important carbon material with a one-dimensional tubular structure [87-91]. GNSs inherit 

some excellent properties of both graphene and carbon nanotubes (CNTs) [92], such as 

outstanding electrical conductivities, high mechanical strength, and high carrier mobility 

[90, 93, 94]. They have been used as hydron storage [95, 96] and batteries [97, 98]. In 

addition, owing to their open-ended topological tubular structures, GNSs are expected to 

possess some properties distinct from graphene and CNTs [99, 100]. Compared with 

graphene, the electrons and molecules can quickly diffuse into or onto the tubular walls 

of GNSs at high rates. Their open-ended structures can accommodate as many as 

molecules during the intercalation process without breaking tubular walls [101]. 

Compared with multiwalled carbon nanotubes (MTCNTs), the elections flow within a 

single nanoscroll rather than through several coaxially nested nanoscrolls [102, 103]. To 

date, many efforts have been done to theoretical predict and calculate GNSs[100, 102, 

104], but the synthesis of GNSs by various methods is still restricted from the technical 

difficulties [94, 103]. In chemical methods, the complex experimental process 
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dramatically increases the cost and wastes energy [105-107]. The harsh experimental 

conditions in physical methods make it harder to isolate the GNSs from raw materials 

such as graphite and carbon [108-110]. Besides, the technique of rolling up graphene can 

fabricate GNSs. The experiments are based on multiple operation steps, which needs 

several days, and the efficiency is low[92, 102, 111]. Graphene oxide (GO) has received 

significant attention owing in no small number of oxygen functional bonds. These 

abundant oxygen groups assist the dispersion of GO in water as a stable suspension. 

Owing to this property, GO can provide active sites to functionalize and hybridize with 

other materials[112]. However, there have been few reports on graphene oxide 

nanoscrolls, which is fabricated by rolling up graphene oxide sheets. 

Silver nanoparticles (AgNPs) have attracted considerable research interests because 

of their antibacterial activities [113-115]. The large surface area of AgNPs allows them to 

contact with the bacteria in a better way; then the AgNPs can break through the cell walls 

and enter the cells to solidify the bacterial protein [61, 62]. Eventually the cells die due 

to loss of the ability to divide and multiply. On the other hand, AgNPs can activate the 

oxygen in water and air adsorbed to the surface of the powder, producing OH- and O2
-, 

which can decrease the ability of bacteria to multiply and destroy bacteria in a short period 

of time [116, 117]. However, the bare AgNPs are prone to oxidize and aggregate while 

they are exposed to air or water [39]. Therefore, the AgNPs-based composite antibacterial 

agents must be fabricated to enhance the application of different kinds of bacteria. 

Here, to simplify the practical steps and increase the efficiency, silver nanoparticles/ 
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graphene oxide nanoscroll composites (Ag/GO nanoscroll composites) were fabricated 

by a one-step method at room temperature. The GO sheets were cut into pieces by AgNPs 

in the nitrogen atmosphere, and then, the pieces of GO sheets were rolled up by the force 

of intermolecular hydrogen bonds. To study the rolling up conditions, three different 

molar ratios (R) of GO solution to silver nitrate (AgNO3) were carried out. Under the 

optimal condition, the Escherichia coli (E. coli) was used to evaluate the antibacterial 

activity of synthesized composites. It was owing to the open-ended tubular hollow 

structures, which can provide abundant channels and space to prevent AgNPs from 

aggregating and oxidizing, that the Ag/GO nanoscroll composites have the potential for 

long-lasting antibacterial activity. As a result, the Ag/GO nanoscroll composites can be 

applied in antibacterial materials for long-lasting use. 

 

2.2 Experimental 

2.2.1 Materials and reagents 

Graphite flake (median 7-10 micron) was obtained from Alfa Aesar a Johnson 

Matthey Co., Ltd. Sulfuric acid (H2SO4), potassium permanganate (KMnO4), hydrogen 

peroxide (H2O2), hydrochloric acid (HCl), silver nitrate (AgNO3), trisodium 2- 

hdroxypropane-1,2,3-tricarboxylate (Na3Ct) and 2-dimethylaminoethanol (DMEA) were 

all purchased from Wako Pure Chemical Co., Ltd (Osaka, Japan). Escherichia (E. coli) 

and related reagents were all obtained from Nantong University, China. All chemicals 
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were analytical reagents and used without further treatments. Deionized water was used 

throughout the course of the investigation. 

 

2.2.2 The fabrication of Ag/GO nanoscroll composites 

2.2.2.1 The synthesis of GO 

GO was synthesized by a modified Hummers method [118]. First, graphite flake 

powder (1g) was added into H2SO4 solution (23mL, 99%) under stirring in an ice bath. 

While the powder was completely dissolved, KMnO4 (3g) was added very slowly, 

keeping the suspension temperature lower than 5°C. After that, the system was transferred 

to oil bath (40 °C) and stirred for 30 min. Then, 50 mL of deionized water was added, and 

the system was stirred at 95°C for 15min. Another 150 mL of deionized water was added, 

followed by addition of H2O2 (5mL, 30%), the color of the solution turned from dark 

brown to bright yellow. Finally, the mixture was washed with HCl solution (1:10, 150mL) 

to remove metal ions. The solution was purified by filtering until PH is 7. Thereafter, the 

solution was washed by ultrasonic for 30 min to exfoliate it to GO. To remove the 

unexfoliated graphite, the dispersion was centrifuged for 30 min (3500 rpm).  

2.2.2.2 The synthesis of Ag/GO nanoscroll composites 

The Ag/GO nanoscroll composites were synthesized by a one-step approach using 

AgNO3 as AgNPs precursor, and GO solution was used both as dispersant and carrier for 
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AgNPs. The AgNO3 was dissolved in the GO solution. Then, an aqueous solution of 

Na3Ct was added dropwise, keeping the mixture stirring at room temperature. Followed 

by the DMEA added to the reaction mixture, the mixture was then stirred for one hour at 

room temperature. The color of the mixture changed from bright yellow to pale brown. 

Finally, the mixture was washed twice and separated by centrifugation (5000 rpm) to 

remove impurities and re-dispersed in deionized water to obtain the silver 

nanoparticles/graphene oxide nanoscroll composites. Three different molar ratios (R) of 

GO solution to AgNO3 were carried out. The specific contents of reagents for the 

experimental operation are shown in Table 2-1. 

Table 2-1 The specific contents of reagents 
 

R=0.5 R=1 R=2 

AgNO3 2.94 mmol 5.88 mmol 11.76 mmol 

GO 

(5%) 

42 mL 42 mL 42 mL 

Na3Ct 0.147 mmol/mL 

mmol/mL mmol/mL 

0.294 mmol/mL 0.588 mmol/mL 

DMEA 58.8 mmol/mL 117.6 mmol/mL 235.2 mmol/mL 

 

2.2.3 Antibacterial activity test  

The antibacterial activity of Ag/GO nanoscroll composites was evaluated by a colony 

count method, taking place under the optimal condition. E. coli was employed for 

different antibacterial assays[119-121]. In the colony count method [122], The E. coli (2 

mL, 104 CFU/mL) was inoculated in 50 mL PBS with 0.75 g of as-prepared samples 
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(control, graphene oxide (GO), silver (Ag), carbon nanotubes (CNTs), Ag/GO nanoscroll 

composites). The mixtures were incubated in a rotary shaker at 150 rpm and 37 °C for 20 

- 24 h. Then, 100 µL of above suspensions (final concentration: 3 µg/mL) were uniformly 

spread over the surface of the agar solution and put in an incubator at 37 °C. The bacterial 

growth was monitored at an interval of 12 h over three days. The antibacterial activity 

was evaluated by counting the colonies.  

 

2.2.4 Instruments and characterizations 

2.2.4.1 Morphology 

The Ag/GO nanoscroll composites were dried for morphological measurement and 

analysis. Field-emission scanning electron microscopy (FE-SEM) images of Ag/GO 

nanoscroll composites were obtained from a Hitachi S-5000 operating at 20kV. 

Transmission electron microscopy (TEM) images were acquired by a JEOL JEM 2010 

TEM operating at 200kV. The distribution of elements was carried out on a Hitachi S-

3000N scanning electron microscopy (SEM) equipped with an EX-200 EDS.  

2.2.4.2 Chemical structure characterization 

X-ray diffraction (XRD) measurements were performed on a MiniFlex 300 XRD 

using Cu Kα radiation. UV-vis (UV-2700 Spectrophotometer, Shimadzu Co., Ltd., Japan) 

was used to obtain the absorption spectra of GO and Ag/GO nanoscroll composites. 
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Fourier transform infrared spectroscopy (FT-IR) was used to analyze the chemical 

structures of GO and Ag/GO nanoscroll composites, using an IR Prestige-21 

Spectrometer (Shimadzu Co., Ltd., Japan), with the transmit method. The element 

contents were carried out on a Hitachi S-3000N scanning electron microscopy (SEM) 

equipped with an EX-200 EDS.  

2.2.4.3 Antibacterial standards 

Based on GB 15979-2002 Sanitary Hygiene Products Hygiene Standards, Appendix 

C5[123-125] non-dissolving antibacterial, the antibacterial activity of the obtained 

samples was investigated by the colony count method. 

 

2.3 Results and discussion 

2.3.1 Determination of the optimal condition 

Three different molar ratios (R=0.5, R=1, and R=2) of GO solution to AgNO3 were 

carried out to obtain the optimal rolling up condition. The morphology and nanostructure 

of Ag/GO nanoscroll composites were investigated by FE-SEM and TEM (Fig. 2-1). The 

results show that when R is 1, the GO sheets were cut into pieces, and then, the GO pieces 

rolled up to nanoscrolls with 100 nm in diameter (Fig. 2-1(c)) and Fig. 2-1(d)), attached 

by lots of AgNPs. Compared with R = 0.5 (Fig. 2-1 (a) and 2-1(b)), the diameter of the 

nanoscroll composites in R=1 is smaller (100 nm < 300 nm). This result can be explained 
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as that the diameter of nanoscrolls is depended on the size of GO pieces, and the size of 

GO pieces is determined by the number of silver nanoparticles. Compared with R = 0.5, 

the number of AgNPs is much more in R = 1 due to more AgNO3 content. Therefore, a 

larger number of carbon-carbon bonds are broken due to more silver nanoparticles, and 

the size of GO pieces is smaller. Compared with R is 2 (Fig. 2-1(e), 2-1(f)), the GO sheets 

in R=1 are cut into pieces, and then roll up successfully. The failure of rolling up 

conditions in R=2 is because the AgNPs with high density are aggregated on the surface 

of pieces of GO sheets (Fig. 2-1(f)), exceeding the limit of the intermolecular hydrogen 

bonds. The synthesized Ag/GO nanoscroll composites in our method (Fig. 2-1(g)) show 

four intense peaks at 2θ = 38.1°, 44.3°, 64.4°, and 77.5°, which are respectively assigned 

for (111), (200), (220) and (311) lattice planes of Ag [75], which are in agreement with 

the standard card (JCPDS: 04-0783) [126]. Compared with R=0.5 and R=2, all the peaks 

in R=1 are the sharpest, indicating that the highest quality are characterizes the AgNPs. 

As shown in Fig. 2-2 (a) and Fig. 2-2 (b), the size of AgNPs in R=1 is from 4-10 nm, 

which indicates that the AgNPs have excellent nanomaterial properties. The EDS area 

mapping (Fig. 2-2 (c-e)) was used to investigate the homogeneity of the contained 

elements. The result shows that the distribution of AgNPs filled inside and outside of 

Ag/GO nanoscroll composites is even with high density. Overall, these results exhibit that 

R=1 is the optimal condition to fabricate Ag/GO nanoscroll composites.  
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Fig. 2-1 Analysis of three different molar ratios of Ag/GO nanoscroll composites. (a), 

(b) R=0.5; (c), (d) R=1; (e), (f) R=2. (a), (c) and (e) FE-SEM images; (b), (d) and (f) TEM 

images; (g) XRD pattern of three different molar ratios of Ag/GO nanoscroll composites. 
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Fig. 2-2 Analysis of R=1. (a) TEM image of AgNPs; (b) Size distribution histogram 

of AgNPs; (c), (d) and (e) Area mapping analysis for each element present in R=1. 

 

2.3.2 Analysis of the Ag/GO nanoscroll composites 

GO is amphiphilic with a lot of hydroxyl groups (-OH) and carboxyl groups (-COOH) 

located at the edges and the defective sites [127]. As shown in Fig. 2-3, The SEM 

micrograph (Fig. 2-3 (a)) exhibits that the radial dimension of the GO sheet is on the order 

of several hundred to several micrometers. In Fig. 2-3 (b), the sharp peak at 2θ=2.22° 

corresponds to an interlayer distance of 3.98 nm (d001) according to Bragg Formula 

(2d sin 𝜃 = 𝑛𝜆). Compared with literature reports [128, 129], the prepared GO in our 

work has a higher degree of oxidation [130]. As a result, the GO made in our work has 

abundant oxygen groups. As illustrated in Fig. 2-4, when AgNO3 was dispersed in GO 
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solution (5 wt.%) under stirring, the silver ions dispersed homogeneously in the GO 

solution. After the reductant (Na3Ct) was added, the silver ions in the mixture solution 

were exchanged with the counterions (Na+) via the ionic exchange mechanism, and silver 

ions were reduced to the form AgNPs, attached on the surface of GO sheets. When the 

DMEA was dropped to the above mixture, some C-C bonds were broken and the GO 

sheets were cut into pieces (compare the size of GO in Fig. 2-3 (a) and nanoscrolls in Fig. 

2-1 (c)) because the AgNPs act as a catalyst to form transition-metal complexes under the 

nitrogen atmosphere [131-133]. Meanwhile, the electrostatic attraction between positive-

charge hydrogens (H) and more electro-negative of oxygens (O), the powerful 

intermolecular hydrogen bonds (O – H ··· O) are formed at the edges of the pieces of GO 

sheets. Due to the force of intermolecular hydrogen bonds, the pieces of GO sheets were 

rolled up. As reported [134], the intermolecular hydrogen bonds could make the density 

of the electron more uniform in the infrared light, making the spectra shift to the lower 

frequency. Compared with the GO spectra (Fig. 2-5), the O-H vibration peaks of the 

Ag/GO nanoscroll composites shift from 3410 cm-1 and 1634 cm-1 to 3254 cm-1 and 1458 

cm-1, respectively. The result shows that the pieces of GO sheets were rolled up by the 

force of intermolecular hydrogen bonds. 



 

25 

 

Fig. 2-3 (a) SEM image of GO; (b) XRD pattern of GO. 

 

 

Fig. 2-4 Schematic illustration of the silver nanoparticles/graphene oxide nanoscroll 

composites synthesis process. 
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Fig. 2-5 FT-IR spectra of GO and Ag/GO nanoscroll composites (R=1). 

 

In order to prove that the properties and composition of GO have not been changed 

after the one-step approach, the comparison analysis under the optimal condition has been 

done by XRD, UV-vis, and EDS. In Fig. 2-6 (a), compared with the GO curve, the sharp 

peak at 2θ = 2.22° in Ag/GO nanoscroll composites curve does not show any change, 

which exhibits that the crystallinity of GO does not change during the rolling up process. 

The UV-vis transmittance spectra of GO and Ag/GO nanoscroll composites are illustrated 

in Fig. 2-6 (b). Two clear peaks can be observed in the spectra of Ag/GO nanoscroll 

composites, compared with the GO spectra. Plasmon resonance (SPR) band is observed 

at 410 nm confirms the Ag ions have been reduced into AgNPs, which is consistent with 

literature values[131, 135]. In particular, compared with the curve of GO, a new 

transmission peak at 330 nm appears in the curve of Ag/GO nanoscroll composites. This 
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maybe because, in Ag/GO nanoscroll composites, the UV light can easily pass through 

the open-ended tubular hollow structures, forming a transmission peak, while the sheets 

of GO prevent the UV light from transmitting. The EDS (Fig. 2-6 (c)) result shows that 

the atomic ratio of carbon to oxygen in the GO is consistent with that in the Ag/GO 

nanoscroll composites, which further confirms that the rolling up process in this chapter 

does not change the composition of GO. This is because the reducibility of Na3Ct is not 

strong enough and the reaction process was carried out at room temperature, which does 

not meet the conditions for reducing GO. As a result, the GO was not reduced. 

 

 

Fig. 2-6 Comparison analysis of GO and Ag/GO nanoscroll composites. (a) XRD 

pattern; (b) UV- vis transmittance spectra; (c) EDS results. 
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2.3.3 The effect of temperature on AgNPs and Ag/GO nanoscroll 

composites 

The rate of reaction increased with increasing reaction temperature, resulting in the 

formation of larger AgNPs [135]. In the investigation, the synthetic reaction of Ag/GO 

nanoscroll composites was performed at 50°C (R=1). It can be observed that the reaction 

mixture of the product turned brown more quickly than that at room temperature. Fig. 2-

7 (a) shows a TEM image of Ag/GO nanoscroll composites obtained at 50°C. As 

temperature rises, the size of AgNPs attached on the surface of GO gets bigger (ranges 

from 30 to 40 nm in diameter). It is noted that the GO sheets cannot be scrolled up, 

suggesting that the formation process is also depended on the size of AgNPs. Additionally, 

from EDS spectrum (Fig. 2-7 (b)), the atomic ratio of AgNPs prepared at room 

temperature is higher than that at 50°C. However, the atomic ratio of carbon to oxygen is 

essentially the same at two different conditions. This result indicates that the structure and 

properties of the GO are not affected by heating condition. Although the composition of 

the GO cannot affect by the temperature, the sizes of the AgNPs become larger with 

increasing temperature, and the AgNPs are aggregated on the GO sheets, resulting the 

failure of formation process of Ag/GO nanoscroll composites. 
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Fig.2-7 Preparation of Ag/GO nanoscroll composites (R=1) at 50 °C. (a) TEM image of 

Ag/GO nanoscroll composites; (b) EDS analysis of Ag/GO nanoscroll composites.  

 

2.3.4 Antibacterial activity of the Ag/GO nanoscroll composites 

The colony count method was used to quantitatively evaluate the long-lasting 

antibacterial activities of Ag/GO nanoscroll composites compared with the blank, GO, 

Ag and CNTs against the E. coli for 3 days. The inhibition rates are shown in Fig. 2-8. 
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Compared with the control test (Fig. 2-8 (a)), different samples exhibit antibacterial 

activities in the order: Ag/GO nanoscroll composites > Ag > CNTs > GO. In particular, 

the inhibition rate of the Ag/GO nanoscroll composites (Fig. 2-8 (e)) can still remain to 

99.99% over 3 days. This is because the open-ended tubular hollow structures provide 

enough space to prevent the AgNPs from aggregating and oxidizing, and the π-π electrons 

are continuous in the nanoscrolls which can provide abundant channels for AgNPs to 

transport quickly and efficiently. As a result, the Ag/GO nanoscroll composites exhibit 

long-lasting antibacterial activity. The bacteria digital photos (after 3 days) of different 

samples are shown in Fig. 2-9. 

 

Fig. 2-8 The inhibition rate against E. coli. (a): control test; (b): GO; (c): CNTs; (d): 

Ag; (e): Ag/GO nanoscroll composites. Incubation condition: 37 °C, 3 days. 
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fabricated by the force of intermolecular hydrogen bonds, attached by lots of AgNPs with 

4 - 10 nm in size. Throughout the rolling up process, the properties and composition of 

the GO have not changed. The E. coli was used to evaluate the long-lasting antibacterial 

activity of the Ag/GO nanoscroll composites. The result shows that after against the E. 

coli for 3 days, the inhibition rate of Ag/GO nanoscroll composites can still up to 99.99%. 

This is due to their open-ended tubular structures, and the composites provide abundant 

continuous channels and space to prevent the AgNPs from aggregating and oxidizing, 

which enhance the antibacterial activity of the composites to use for a long time. As a 

result, the Ag/GO nanoscroll composites can be applied as antibacterial materials for 

long-lasting use.
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Chapter 3: The photocatalytic application of silver 

nanoparticles/graphene oxide nanoscroll composites 

3.1 Introduction  

With rapid economic growth and industrialization, the environmental pollution 

caused by organic and inorganic wastes and hazardous metal has become an 

overwhelming problem worldwide [136-138]. Dyes are commonly used to color products 

in the textile industries; however, most dye molecules used do not bind to fibers [139, 

140]. Therefore, many dyes are therefore released into the water system, resulting in harm 

to the environment and human and animal health [141-144]. Photocatalysis is considered 

one of the most effective methods of removing organic pollutants from wastewater [145-

150]. Recently, nanomaterials have been used as adsorbents in photocatalysis owing to 

their high surface area [151]. As a consequence of their catalytic properties, silver 

nanoparticles (AgNPs) are considered as one of the most promising nanomaterial 

catalysts [152-155]. However, agglomeration and oxidation limit their reuse in 

photocatalysis [156]. To overcome these problems, suitable substrates such as polymers, 

metal oxides, and graphene materials are used to disperse the AgNPs by forming 

composite photocatalysts [157-159].  

Graphene oxide (GO) is one of the suitable substrates used to adsorb dyes because it 

can improve the transfer rate of conduction band electrons and has a high surface area 

[160-162]. In addition, GO has a large number of oxygen functional bonds that assist the 
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dispersion of GO in water to form a stable suspension. Owing to these properties, GO can 

be functionalized and hybridized with AgNPs to produce excellent composites. 

Nevertheless, because GO has a two-dimensional flat structure, it does not prevent AgNPs 

from oxidizing, which limits the reuse of the composites for subsequent photocatalytic 

processes [163]. GO nanoscrolls, which form nanoscroll composites with AgNPs, offer 

better photocatalyst recyclability than GO. This is attributed to the one-dimensional 

nanoscroll structures that can wrap AgNPs to prevent them from oxidizing and provide 

sufficient space to prevent AgNPs from agglomerating. However, there have been few 

reports on the synthesis and properties of GO nanoscrolls combined with AgNPs. 

In this chapter, considering the huge photocatalytic potential, the AgNPs are used as 

the photocatalyst for photodegradation of MB. Simultaneously, to reduce the negative 

impact of agglomeration of AgNPs, GO are used as the carrier and protective agent to 

prevent AgNPs from agglomeration and oxidation. In addition, in order to protect the 

AgNPs from oxidation in long-term photodegradation use, the two-dimensional GO 

sheets are rolled up to one-dimensional nanoscrolls. Therefore, Ag/GO nanoscroll 

composites were synthesized for use as a recyclable photocatalyst. The controlled 

variable method, degradation sample (GO, AgNPs, Ag/GO nanoscroll composites), bath 

ratio of sample to methylene blue (MB) solution (1:100, 1:200, 1:300), initial MB 

concentration (100 mg/L, 200 mg/L, 300 mg/L), and light source (UV light, natural 

sunlight), was used to obtain the optimal conditions for photodegradation. In addition, to 

demonstrate the recyclability of the Ag/GO nanoscroll composite photocatalyst, ten 

consecutive cycles under the optimal conditions were comprehensively studied.  
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3.2 Experimental  

3.2.1 Materials, reagents and synthesis of Ag/GO nanoscroll composites 

As reported in our previous work, the GO was synthesized by the modified Hummers 

method [118]. The Ag/GO nanoscroll composites were synthesized by a one-step 

approach. The entire experiment was performed at room temperature. Firstly, the AgNO3 

was dissolved in the GO solution, followed by an aqueous solution of Na3Ct added 

dropwise. Then, the DMEA was added to the reaction mixture, the mixture was then 

stirred for one hour. The color of the mixture changed from bright yellow to pale brown. 

Finally, the mixture was washed twice and separated by centrifugation to remove 

impurities and re-dispersed in deionized water. 

 

3.2.2 Photocatalytic activity evaluation 

3.2.2.1 Establishing the optimal photocatalytic conditions 

The optimal photocatalytic conditions for the Ag/GO nanoscroll composites were 

established by photodegradation of MB solution at room temperature. Different 

degradation samples (GO, AgNPs, Ag/GO nanoscroll composites), different bath ratios 

of sample to MB solution (1:100, 1:200, 1:300), different initial MB concentrations (100 

mg/L, 200 mg/L, 300 mg/L), and different light sources (UV light, natural sunlight), were 

assessed using the controlled variable method. First, the catalyst samples were added to 

the MB solutions and stored in the dark for 24 h to attain the adsorption-desorption 

equilibrium between the MB solution and the samples [164]. Subsequently, the first 
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sample (at 0 min) was taken out, and light irradiation was started. At certain time intervals, 

3 mL samples were taken and centrifuged at 5000 rpm for 10 min to remove the particles. 

The supernatants obtained were analyzed using UV-vis spectroscopy. The absorbance of 

a characteristic band at 664 nm (λ max) [165] was determined by measuring in the 

wavelength range 400 - 800 nm.  

3.2.2.2 Photocatalytic recyclability evaluation 

To demonstrate the recyclability of the Ag/GO nanoscroll composite photocatalyst, 

ten consecutive cycles were carried out under the optimal conditions. After each cycle, 

the sample was filtered to separate the catalyst from the MB solution, repeatedly washed 

with deionized water, and dried at 50°C before the next photocatalysis cycle. 

The concentration C (mg/L) and the photodegradation rate D (%) were evaluated 

using a calibration curve based on the absorbance of the dye at various known 

concentrations [166] of MB, given by : 

D =
(𝐶0−𝐶𝑡)

𝐶0
× 100%                                                  (3-1)  

where c0 is the initial concentration of MB and ct is the concentration of MB at time t. 

 

3.2.3 Instruments and characterization 

The Ag/GO nanoscroll composites were dried for morphological measurement, 

analysis, and photodegradation. The morphology of the Ag/GO nanoscroll composites 

was determined from the Transmission electron microscopy (TEM) images acquired 

using a JEOL JEM 2010 TEM operating at 200kV. Energy dispersive spectroscopy (EDS) 
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was carried out on a Hitachi S-3000N scanning electron microscope equipped with an 

EX-200 EDS. UV-vis spectroscopy (UV-2700 Spectrophotometer, Shimadzu Co., Ltd., 

Japan) was used to determine the absorption spectra of the MB solution at certain time 

intervals. The samples were centrifuged using an H-27F centrifuge (Kokusan, Japan). X-

ray diffraction (XRD) measurements were performed on a MiniFlex 300 XRD using Cu 

Kα radiation. Fourier transform infrared spectroscopy (FT-IR) was used to analyze the 

chemical structures of the decolorized solution, using an IR Prestige-21 Spectrometer 

(Shimadzu Co., Ltd., Japan) with an ATR accessory. The UV light source (300 W mercury 

lamp; λ = 365 nm) was purchased from Shanghai Lanpu Light, China. The conditions for 

natural sunlight exposure were: 9:00 to 15:00 on December 26, 2019, in Ueda, Japan. 

 

3.3 Results and Discussion 

3.3.1 Optimization of photocatalysis conditions for the Ag/GO nanoscroll 

composites 

The optimal photocatalytic conditions were established using the controlled variable 

method. Several experiments were carried out to study the influence of a variety of factors 

on the photocatalytic performance of the Ag/GO nanoscroll composites. 

3.3.1.1 Effect of degradation sample 

Fig. 3-1 shows the photocatalytic activities of different samples (a)-(d). For the blank 

sample (Fig. 3-1(a)), in the absence of photocatalyst, no changes in the MB absorption 

spectrum were observed, indicating that MB was not degraded at all. Compared with the 
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blank sample, GO (Fig. 3-1 (b)) shows a gradual decrease in MB absorption over 8 h. 

This is attributed to the large surface area of GO that can uniformly adsorb MB molecules. 

However, the adsorbed particles reduce the light transmittance of GO as time progresses, 

resulting in a decrease in photocatalytic efficiency. As shown by the AgNPs spectra (Fig. 

3-1 (c)), the AgNPs initially show excellent photocatalytic activity for mineralizing MB, 

but subsequently was almost unchanged after 4 h. AgNPs can effectively degrade MB, 

but due to agglomeration and photo-corrosion, AgNPs gradually lose their photocatalytic 

activity over time. In contrast, the Ag/GO nanoscroll composites (Fig. 3-1 (d)) exhibit 

effective photodegradation, and the MB is mineralized to colorless within 8 min. This 

performance is attributed to the open-ended nanoscroll structures with π-π continuous 

surfaces, which provide an abundance of pathways for AgNPs to transfer during 

photodegradation. The UV light can be absorbed quickly and efficiently by the AgNPs 

and the electrons in the valence band of the Ag/GO nanoscroll composites can be excited 

to the conduction band [167], resulting in that a large number of electron-hole (e- - h+) 

pairs being generated. The photoelectrons and holes transfer quickly to the surfaces owing 

to the π-π continuous surfaces. The holes can react with water (H2O) or hydroxide (OH-) 

at the surfaces of the composites to generate hydroxyl radicals ( ∙ OH ) with strong 

oxidation properties. On the other hand, photoelectrons can also interact with oxygen (O2) 

on the surface to generate superoxide radicals ( ∙ 𝑂2
−), followed by further reactions to 

generate ∙ OH. Owing to the high activity of ∙ OH, the MB is degraded to water (H2O) 

and carbon dioxide (CO2). The process of photodegradation using the Ag/GO nanoscroll 

composites is illustrated in Scheme 3-1, and the specific reaction equations are as follows 
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[168, 169] :  

Ag + hν → Ag + 𝑒− + ℎ+                                            (3-2)                                                                                    

𝐻2 𝑂 + ℎ+ → 𝐻+ + ∙ 𝑂𝐻                                             (3-3)                          

𝑂𝐻− + ℎ+ → ∙ 𝑂𝐻                                                  (3-4)                                                      

𝑂2 + 𝑒− →  𝑂2
−                                                     (3-5)                                                      

𝑂2
− + 𝐻+ → ∙  𝐻𝑂2                                                  (3-6)                                                    

2 ∙  𝐻𝑂2 → 𝐻2𝑂2 + 𝑂2                                               (3-7) 

𝐻2𝑂2 + 𝑂2
− → 𝑂2 + 𝑂𝐻− + ∙ 𝑂𝐻                                       (3-8)                                         

∙ OH + MB → 𝐻2𝑂 + 𝐶𝑂2 + 𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠                        (3-9)                          

As shown in Fig. 3-1(e), the photodegradation rates of GO, AgNPs, and Ag/GO 

nanoscroll composites reached 24.12%, 38.25%, and 99.99%, respectively, after 8 h under 

UV light irradiation. The Ag/GO nanoscroll composites show a highly efficient 

photodegradation of MB.  
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Scheme 3-1 The photodegradation process of the Ag/GO nanoscroll composites. 
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Fig. 3-1 Effect of degradation samples. (a) - (d) absorption spectra change for 

different degradation samples: (a) blank; (b) GO; (c) AgNPs; (d) Ag/GO nanoscroll 

composites. (e) photodegradation rate for the degradation samples. (f) magnification of 

the Ag/GO nanoscroll composites photodegradation curve. The suspension color changes 

are shown in the insets of (a) - (d). (conditions: bath ratio of sample to MB solution 1:100, 

initial MB concentration of 100 mg/L, and UV light irradiation). 
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3.3.1.2 Effect of initial MB concentration 

As shown in Fig. 3-2(a) - (c), when the initial MB concentration was increased from 

100 mg/L to 200 mg/L and 300 mg/L keeping other parameters constant, the 

mineralization time increased from 8 min to 15 min and 20 min, respectively. The 

photodegradation rate (Fig. 3-2 (d)) reached 99.99% for each initial concentration. The 

result shows that the Ag/GO nanoscroll composites achieved high photocatalytic activity 

even when the initial MB concentration was 300 mg/L. This is because the increase in the 

initial concentration presents the increase of MB organic molecules, which increases 

mineralization time.  

The increase number of MB molecules means an increase in the number of molecules 

that need to be degraded. In this case, the required oxidant increases, which increases the 

photodegradation time. However, an increase in photodegradation time does not mean a 

decrease in photodegradation efficiency. This is because that the generated hydroxyl 

radicals (∙ 𝑂𝐻) and superoxide radicals ( ∙ 𝑂2
−) are much more than the MB molecules 

under this condition. 

It was therefore concluded that 100 mg/L is the best initial MB concentration for 

photodegradation.  
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Fig. 3-2 Effect of initial MB concentration. (a) - (c) absorption spectra change for 

different initial MB concentrations: (a) 100 mg/L; (b) 200 mg/L; (c) 300 mg/L. (d) 

photodegradation rates for the different initial MB concentrations. The suspension color 

changes are shown in the insets of (a) - (c). (conditions: bath ratio of Ag/GO nanoscroll 

composites to MB solution 1:100 and UV light irradiation). 

3.3.1.3 Effect of bath ratio of Ag/GO nanoscroll composites to MB solution 

As shown in Fig. 3-3(a) - (c), MB was mineralized to colorless in all cases. An 

increase in bath ratio led to more MB being mineralized. The results show that the time 

for complete photodegradation of MB increased from 8 min to 13 min and 19 min with 

bath ratios of 1:100, 1:200, and 1:300, respectively, and the photodegradation rates all 

reached 99.99%. Therefore, increasing the bath ratio only increased the total 
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photodegradation time without affecting the degradation efficiency of the Ag/GO 

nanoscroll composites. In short, the best bath ratio condition is 1:100.  

 

 

Fig. 3-3 Effect of bath ratio of Ag/GO nanoscroll composites to MB solution. (a) - (c) 

absorption spectra change for different bath ratios: (a) 1:100; (b) 1:200; (c) 1:300. (d) 

photodegradation rate of bath ratios. The suspension color changes are shown in the insets 

of (a) - (c). (conditions: initial MB concentration of 100 mg/L and UV light irradiation). 

3.3.1.4 Effect of the light source 

The mineralization rate under UV light (Fig. 3-4 (a)) was found to be nearly 40 times 

faster than under natural sunlight (Fig. 3-4 (b)). This indicates that Ag/GO nanoscroll 

composites have excellent photocatalytic properties under ultraviolet conditions. Fig. 3-

4(c) exhibits that after 314 min of irradiation with natural sunlight, the photodegradation 
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rate reached 96%. Considering UV light accounts for 3 % - 5 % of the sun, we believe 

that the Ag/GO nanoscroll composites also have high photocatalytic activity under natural 

sunlight.  

 

 

Fig. 3-4 Effect of the light source. (a) and (b) absorption spectra change for different 

light sources. (a) UV light; (b) natural sunlight. (c) photodegradation rates for different 

light sources. (d) magnification of UV light photodegradation curve. The suspension color 

changes are shown in the insets of (a) and (b). (conditions: bath ratio of Ag/GO nanoscroll 

composites to MB solution 1:100 and initial MB concentration of 100 mg/L).  

 

Based on the above results, we concluded that the optimal photocatalytic conditions 
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for photodegradation are as follows: a bath ratio of Ag/GO nanoscroll composites to MB 

solution of 1: 100 with an initial MB concentration 100 mg/L exposed to UV light 

irradiation. 

 

3.3.2 Photocatalytic reaction kinetics 

The photodegradation reaction of MB by Ag/GO nanoscroll composites occurs via a 

pseudo-first-order reaction. The of plot of ln(C0/C) against time is shown in Equation 3-

10 [170, 171].  

𝐼𝑛 (
𝐶0

𝐶
) = 𝑘𝑡                                                    (3-10)                                                                                                          

where, C0 is the initial concentration of MB and C is the concentration of MB 

remaining at certain reaction time t. k is the apparent reaction rate constant, in term of 

min−1. First-order kinetics of the Ag/GO nanoscroll composites is shown in Fig. 3-5. 

 The pseudo first-order rate constants for the composites can be calculated as 0.0433 

min−1, as shown in the linear relationship. 

As reported that the photocatalysis reaction kinetics occurs using the Langmuir-

Hinshelwood mechanism [172]. Under the condition that the concentration of MB is low, 

the number of MB molecules is much less than generated hydroxyl radicals (∙ 𝑂𝐻)  and 

superoxide radicals ( ∙ 𝑂2
−). As the number of oxidative radicals is constant, the reaction 

of the MB will not be very obvious. Therefore, the total reaction is simplified to 

mechanism for single molecule [173]. The model is shown in Equation 3-11. 

𝑟 =
𝑘𝐾𝐶

1+𝐾𝐶
                                                      (3-11)                                                                                                         

where C is the concentration of MB, k is the rate constant, K is the Langmuir constant. 
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Fig. 3-5 The photocatalytic reaction kinetics of the Ag/GO nanoscroll composite 

photocatalyst. 

 

3.3.3 Recyclability of the Ag/GO nanoscroll composite photocatalyst 

Recyclability is an essential parameter for photocatalysts in practical applications. To 

determine the reusability of the Ag/GO nanoscroll composites, ten consecutive cycles 

were carried out under the optimal conditions discussed above. Fig. 3-6 shows the ten 

successive photodegradation experiments. In each cycle, the Ag/GO nanoscroll 

composites completely mineralized MB to colorless within approximately 10 min. 

Compared with other reported photocatalysts (Table 3-1), the Ag/GO nanoscroll 

composites exhibit a higher photodegradation rate within less time after multiple cycles. 

This result shows that the nanoscroll composites can be reused for photodegradation. This 

is because the AgNPs absorb the UV light to activate electrons with no other physical or 

chemical reaction required; therefore, the catalyst is not consumed during the total 

photodegradation. When there is no light, the AgNPs return to the Ag/GO nanoscroll 

composites with no change to their original state. In addition, the nanoscrolls provide 
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sufficient space to prevent the AgNPs from oxidizing and aggregating, which allows the 

AgNPs to be reused for numerous photodegradation cycles. 

To confirm the Ag/GO nanoscroll composites can be reused without exhibiting loss, 

EDS and XRD were carried out before and after ten photodegradation cycles, as shown 

in Fig. 3-7. The EDS analysis shows that the main elements of the Ag/GO nanoscroll 

composites are C, O, and Ag (Fig. 3-7 (a) - (b)). The atom ratios of C, O, and Ag change 

from 42.96 %, 22.35 %, and 34.96 %, respectively, to 44.17 %, 22.41 %, and 31.42 %, 

demonstrating that the composition of the Ag/GO nanoscroll composites remains stable. 

As shown in Fig. 3-7 (c), after ten cycles, the sharp peaks of the composites diffraction 

pattern show no differences to those in the zero-cycle pattern, which is consistent with 

the result of EDS analysis.  

FT-IR analysis (Fig. 3-7 (d)) of the decolorized solution was carried out to show that 

the MB organic matter had degraded. Characteristic peaks were detected at 1610 cm-1 and 

3350 cm-1, which corresponds to the peaks of water (H2O) in the infrared spectrum. The 

result shows that after photocatalysis, the organic MB molecules were degraded to 

inorganic matter. This further indicates that the Ag/GO nanoscroll composites can be 

effectively used for the photodegradation of dyes and can be reused numerous times. 
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Fig. 3-7 Photocatalytic recyclability analysis of the Ag/GO nanoscroll composites. 

(a) EDS analysis of the Ag/GO nanoscroll composites before photodegradation. (b) EDS 

analysis of the Ag/GO nanoscroll composites after ten photodegradation cycles. (c) XRD 

patterns of the Ag/GO nanoscroll composites initially and following ten photodegradation 

cycles. (d) FT-IR analysis of the decolorized solution. 
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3.4 Conclusions 

In conclusion, Ag/GO nanoscroll composites with a novel structure were synthesized 

for use as a recyclable photocatalyst. Ten consecutive cycles of MB mineralization were 

used to demonstrate the recyclable photocatalytic properties. The results show that under 

the optimal conditions (bath ratio of Ag/GO nanoscroll composites to MB of 1:100, initial 

MB concentration of 100 mg/L, and UV light irradiation), the nanoscroll composites can 

mineralize MB to colorless within 10 min in all cycles, and no loss was exhibited after 

ten cycles. This performance is attributed to the open-ended nanoscroll structures, which 

provide not only enough space for the AgNPs to prevent aggregation and oxidization, but 

also abundant pathways for AgNPs to transfer during photodegradation. We anticipate 

that the Ag/GO nanoscroll composites synthesized in this chapter can be used as a 

recyclable photocatalyst in photocatalytic materials.
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Chapter 4: Synthesis and antioxidant stability of 

“sandwich” copper nanoparticle @ graphene oxide 

composites 

4.1 Introduction 

Metal nanoparticles have attracted significant attention in the field of nanoscale 

science for decades because of their unique chemical, physical, electronic, and magnetic 

properties, as well as their catalytic activity and potential for sensory and optical 

applications. [178-183]. Based on these unusual properties, metal nanoparticles can be 

used as catalysts or components in electronic devices, chemical and biological sensors, 

and photonic devices [184-187]. Among all metal nanoparticles, copper nanoparticles 

(CuNPs) have garnered particular interest due to their high electrical conductivity, 

catalytic performance, and antibacterial ability [188-192]. Additionally, the production 

cost of CuNPs is generally much lower than that of noble nanoparticles [193, 194]. Nia 

et al. reported the electrochemical deposition of copper nanoparticles on reduced 

graphene oxide using a facile one-step method and showed that the product can be used 

as a nonenzymatic hydrogen peroxide sensor [192]. Similarly, Menna et al. prepared 

graphene-stabilized zero-valent copper nanoparticles use in photocatalytic water splitting 

[195]. Simon et al. described a synthesis for copper nanocluster-doped HAP NPs which 

act as nanocarriers for antibacterial drug delivery [196]. However, it is highly challenging 

to maintain CuNPs in metallic form because bare CuNPs are readily oxidized to form 
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Cu2O and CuO when exposed to air under ambient conditions [197, 198]. Therefore, there 

exists an urgent need to generate CuNPs that demonstrate enhanced antioxidant stability 

both in air and at high temperatures. 

Several strategies have been directed towards achieving antioxidant stability for 

CuNPs, including introducing polymer coatings [199, 200], metallic coats[201, 202], or 

carbon material carriers [203, 204]. Because of the relatively high costs and the charge 

transport properties of coatings [205], the implementation of a graphene carrier represents 

one of the most suitable options for the deposition of CuNPs. Wang et al. synthesized the 

copper nanoparticles encapsulated by multi-layer graphene exhibited a high degree of 

thermal stability [206]. Guo et al. also prepared copper nanoparticles on graphene support 

[207], and Jin et al. generated Cu/graphene that showed high catalytic activity [208]. 

However, the mechanism of graphene formed on CuNPs is governed by the adsorption-

diffusion method. For example, passivating the surface of CuNPs with a single-layered C 

atom hinders the formation of multi-layered graphene [209]. The resulting single-layered 

graphene is not sufficient to protect CuNPs from oxidation. Furthermore, the formation 

temperature of graphene-coated CuNPs is very high, which can be dangerous and is also 

not environmentally friendly [200] [208]. 

In this chapter, we describe the synthesis of stable CuNPs intercalated into graphene 

oxide composites (CuNPs@GO composites). These materials are fabricated at room 

temperature using an in-situ liquid-phase reduction method. The intercalation process 

forms a sandwich structure, wherein the GO sheets are served as the carriers and 

stabilizers for CuNPs by covering them to prevent their oxidation. The large surface area 
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of GO layer provides enough space for CuNPs while protecting them from aggregation. 

To confirm that the sandwich structure can effectively prevent oxidation of CuNPs, the 

air stability, high-temperature stability, and conductivity of the CuNPs@GO composites 

were carried out. The analysis based on TEM, XRD and Raman techniques shows that 

the synthesized composites exhibit enhanced antioxidant stability and conductivity both 

in air and at high temperatures. 

 

4.2 Experimental 

4.2.1 Materials and reagents 

The reagents, H2SO4, KMnO4, H2O2, HCl, CuSO4·5H2O, L-ascorbic acid (C6H8O6), 

and 2-Dimethylethanolamine (DMEA), were all provided by Wako Pure Chemical Indus-

tries Ltd., Japan. Graphite flakes (median 7-10 microns) were obtained from Alfa Aesar, 

a Johnson Matthey Co., Ltd., Japan. All chemicals were analytical grade reagents and 

used without further treatment. Deionized water was used throughout these investigations. 

 

4.2.2 Synthesis of CuNPs@GO composites 

GO was synthesized from graphite flakes using a modified version of the Hummers 

method [118]. The CuNPs@GO composites were synthesized via the following in-situ 

liquid-phase reduction method. An aqueous solution of GO (5 %, 20 mL) was stirred (600 

rpm/min) for 30 min at room temperature. Then, CuSO4·5H2O (0.75 g) was added, 

followed by the addition of DMEA (0.254 mL). After all reagents were dissolved, the L-
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ascorbic acid solution (26.4 mg/mL) was added dropwise. The mixture was then stirred 

for four hours at room temperature. The CuNPs located on the surface of the GO sheets 

were removed by sonication. Finally, the mixture was washed twice by deionized water, 

separated by centrifugation (5000 rpm, 10 min) to remove impurities, and re-dispersed in 

deionized water to obtain the composites comprised of copper nanoparticles intercalated 

in graphene oxide. 

 

4.2.3 Antioxidant stability testing 

4.2.3.1 Air stability testing 

The synthesized CuNPs@GO composites were dried using a vacuum freeze dryer, 

and then exposed to air for 21 weeks. 

4.2.3.2 High-temperature stability testing 

CuNPs@GO composite membranes (30 mm × 20 mm × 0.5 µm) were formed on 

polyimide films using a simple solution casting method. Then, the developed composite 

membranes were heated at different temperatures (50 °C, 90 °C, 110 °C, and 100 °C) for 

30 min with a thermo-compressor (F = 0 N). Immediately following the heating process, 

the membranes were rapidly returned to room temperature for analysis. Fig. 4-1 displays 

the high-temperature analysis heating process.  
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powder samples stuck to carbon tape and then attached to the scanning sample stage. The 

diffraction pattern was obtained at diffraction angles between 2θ = 5 - 85° at a scanning 

speed of 4° min-1 with a 0.02° divergence slit size. The samples (exposed to air for 21 

weeks and heated to different temperatures) were re-examined XRD. 

4.2.4.3 Raman analysis 

Raman spectra were taken using a Raman RXN system spectroscopy instrument 

(Hololab 5000). The 532 nm laser was used as the excitation source. The scanning range 

spanned 500 to 2500 cm -1. Samples were tested in solution. 

4.2.4.4 Thermogravimetric analysis (TGA) 

The thermal analysis of CuNPs@GO composites was conducted using a 

thermogravimetric analyzer (TG - DTA, TG 8120, Rigaku, Japan). The CuNPs@GO 

composite powder (3 - 6 mg) was collected in a standard aluminum (Al) crucible and 

scanned at a heating rate of 10 °C/min over the temperature range 30 - 650 °C under 

nitrogen flow. The derivative of TGA (the DTG) was calculated using the central finite 

difference method shown in Equation 4-2. where ∆t is the time interval for reading the 

residual sample weight [210], and Wt+∆t – Wt-∆t is the residual weight of the sample at 

time t + ∆t and t - ∆t, respectively [211]. 

DTG =
𝑊𝑡+∆𝑡−𝑊𝑡−∆𝑡

2∆𝑡
                                                  (4-2)                                                                                           

The times associated with each weight loss and the maximum decomposition 

temperature (Tmax) of the CuNPs@GO composites were calculated from the DTG curve 

[212]. 
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4.3 Results and discussion 

4.3.1 Characterization of the CuNPs@GO composites 

Most reported chemical reduction methods rely on organic solvents and 

environmentally hazardous reducing agents [213-215]. Conversely, this work employs 

the L-ascorbic acid as an ecologically friendly reducing agent. The L-ascorbic acid is 

highly polar, and the electrons in the lactone ring carbonyl double bond, double bonds, 

and the hydroxyl group lone pair can form a conjugated system [216]. The “semi-

dehydroascorbic acid” and then the dehydroascorbic acid is produced following 

dehydrogenation of the L-ascorbic acid (Fig. 4-3). The L-ascorbic acid and 

dehydroascorbic acid then constitute the redox system for the reduction process. 

Meanwhile, the lone pairs of electrons (e-) in the polar groups of L-ascorbic acid can 

occupy two sp orbitals of Cu2+, which leads to the successful reduction of Cu2+ to Cu0 

nanoparticles [216]. The overall reduction process is shown in Fig. 4-3, and Equation 4-

3 and 4-4 show the redox reactions taking place [216, 217]. 

 𝐶6𝐻8𝑂6  → 𝐶6𝐻6𝑂6  + 2𝐻+ + 2𝑒−                                     (4-3)                                                             

𝐶𝑢2+ + 2𝑒− → 𝐶𝑢0                                                  (4-4)                                                     

Because of these interactions, the nanosized CuNPs are easily synthesized between 

the GO sheets and form sandwich structures. It is observed from the TEM image in Fig. 

4-4 (a) that the CuNPs are uniformly located between the GO sheets, which allows 

verification of their target sandwich structure morphology. Fig. 4-4 (b) displays the TEM 

image of the isolated CuNPs, which shows that the average diameter of the CuNPs is 10 

nm. This is a result of the limited distance between GO sheets, which efficiently controls 
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the growth of the CuNPs during reduction. The measured d-spacing values of the CuNPs 

lattice are 2.1 Å, which corresponds to the (111) lattice plane of Cu0 (Fig. 4-4 (b), inset)  

[208, 218]. This is further evidence that the Cu2+ was reduced to Cu0 nanoparticles by L-

ascorbic acid, as described above and illustrated in Fig. 4-3. The EDS area mapping 

results (Fig. 4-4 (c-e)) were analyzed to investigate the homogeneity of the component 

elements. We determined that there are a high density and even distribution of CuNPs 

within the CuNPs@GO composites.  

Fig. 4-4 (f) shows the XRD diffractograms of GO and CuNPs@GO composites. 

According to the Bragg Formula ( 2d sin 𝜃 = 𝑛𝜆 ), the sharp peak at 2θ = 2.22° 

corresponds to the interlayer distance of the GO sheets (001) [219]. The sharp peak of 

GO (001) is conserved and unchanged in the CuNPs@GO composites curve. This 

observation supports the conclusion that GO is used as the carrier and stabilizer for the 

CuNPs in the composite structures without undergoing any chemical reaction throughout 

the in-situ liquid-phase reduction process. Three high-intensity diffraction peaks located 

at 2θ = 43.42°, 50.56°, and 74.16° correspond to the three crystalline planes (111), (200), 

and (220) of the CuNPs face-centered cubic structure (JCPDS: 04-0836; a = 0.3615 nm) 

[220, 221], respectively. This XRD result provides further evidence that the CuNPs were 

successfully reduced. 

To confirm the CuNPs reduction reaction, the Raman spectra of GO and CuNPs@GO 

composites were acquired, these are compared in Fig. 4-4 (g). both a D band and a G band 

are present in all poly-aromatic hydrocarbons[222], and these bands are directly related 

to the “molecular” picture of carbon materials[223]. The D band peak at 1200 - 1400 cm-
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1 originates from the breathing modes of sp2 hybridized atoms in the carbon ring of 

networks. Therefore, this band is considered the peak of disordered vibration [224]. 

Similarly, the G band peak around 1600 cm-1 arises from the stretching motion of all pairs 

of sp2 hybridized atoms in chains and rings, so it is considered the ordered vibration peak 

[225]. Based on the analysis of Fig. 4-4 (g), the difference between the D and G band 

peak of GO and CuNPs@GO composites are clearly observed. The intensity ratio of the 

D band to the G band (ID/IG) for GO is 0.98, while the ID/IG for CuNPs@GO composites 

is 0.79. This difference is likely due to the presence of CuNPs. Additionally, some defects 

in the GO could be repaired, resulting in a reduction of the intensity ratio. The formation 

of these Raman peaks is a result of vibrations of molecules or covalent bonds. Therefore, 

no peaks correspond to CuNPs in the Raman spectra because the CuNPs only contain 

metal-metal bonds. The results of the Raman analysis are consistent with the conclusions 

based on the XRD. 

In short, characterization of the CuNPs@GO composites using various techniques 

confirmed that the sandwich structured composites were successfully synthesized with 

nanosized CuNPs intercalated between the sheets of GO.  
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Fig. 4-3 Schematic showing the CuNPs@GO composites, reduction reaction process. 
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Fig. 4-4 Characterization of the synthesized CuNPs@GO composites. (a) TEM 

image of CuNPs@GO composites; (b) TEM image of CuNPs; (c-e) EDS mapping of 

CuNPs@GO composites: (c) C, (d) O, (e) Cu; (f) XRD diffractograms of GO and 

CuNPs@GO composites; (g) Raman spectra of GO and CuNPs@GO composites. 

 

4.3.2 Analysis of antioxidant stability  

The antioxidant stability of CuNPs is a significant property to consider when 
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determining their potential practical applications. Therefore, the air stability and the high-

temperature stability of the synthesized CuNPs@GO composites were evaluated to 

confirm that the sandwich structure obtained in this chapter promotes enhanced stability 

against oxidation. 

4.3.2.1 Air stability  

The air stability of the synthesized composites was tested by drying them and then 

exposing them to air for 21 weeks under ambient conditions. The XRD and Raman 

analyses of the CuNPs@GO composites were conducted before and after exposure to air. 

The XRD spectra collected for the composites before and after the air stability test are 

shown in Fig. 4-5 (a). It is clear from these spectra that the crystallinity of CuNPs has no 

changed following exposure to air for 21 weeks. In addition, oxidation of the CuNPs@GO 

composites would result in Cu-O bond formation; however, no covalent bond peaks are 

observed in the Raman spectra (Fig. 4-5 (b)) after 21 weeks, compared with the curve at 

0 weeks. Therefore, the results of both XRD and Raman analysis verify that the sandwich 

structure can efficiently protect CuNPs from oxidation following exposure to air under 

ambient conditions.  
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Fig. 4-5 (a) XRD spectra of CuNPs@GO composites at week 0 and week 21; (b) 

Raman spectra of CuNPs@GO composite at week 0 and week 21. 

4.3.2.2 High-temperature stability 

To assess the high temperature stability of CuNPs@GO composites, composite 

membranes were generated on the polyimide film using a solution casting method. 

Different temperature conditions (50 °C, 90 °C, 110 °C, and 100 °C) were tested using 

thermo-compressor (F = 0 N).  

Analysis of TGA and DTG curves was conducted to quantify the weight change and 

thermal decomposition of the CuNPs@GO composites. As shown in Fig. 4-6 (a), the 

thermal degradation of the CuNPs@GO composites occurs in four steps. The details of 

the weight loss conditions at each temperature point are listed in Table 4-1. The first 

weight loss step is consistent with the first endothermic peak of the DTG curve at 70.65 °C, 

and this step represents the evaporation of the physisorbed water [193]. The second stage 

corresponds to the loss of bound water (from hydroxyl and carboxyl units), and the third 

weight loss step is due to the degradation of the polymeric backbone of the GO. The final 

endothermic degradation has the fastest degradation speed (TP = 3.84 %/min) and the most 
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significant weight loss, and this stage represents the loss of CuNPs. The degradation of 

the CuNPs occurs at the last stage because of the sandwich structure. Specifically, the 

cover of the GO sheets initially protects the CuNPs from degradation, once the GO is 

degraded, the CuNPs are exposed and vulnerable to degradation with the rising 

temperature. The total weight loss experienced by the CuNPs@GO composites is 

equivalent to 58.95%, so the TGA data demonstrate that the CuNPs@GO composites 

have good thermal stability. 

Fig. 4-6 (b) shows the XRD spectra of the CuNPs@GO composite membranes at RT, 

and heated to 50 °C, 90 °C, and 110 °C. The spectra show that when the composite 

membranes are heated to a temperature up to and including 90 °C, the CuNPs@GO 

composites exhibit high antioxidant ability; however, the temperature is increased to 

110 °C, the GO is reduced and the CuNPs are oxidized. To determine the specific 

temperature at which CuNPs@GO composites oxidation occurs, the additional heating 

temperature of 100 °C was tested, as shown in Fig. 4-6 (c). All XRD patterns are clearly 

observed in the spectra, including the (111), (200), and (220) crystal lattice planes of 

CuNPs, the (110) and (222) crystal lattice planes of Cu2O (JCPSD: 05-0667) [221], and 

the (200) and (022) of the crystal lattice planes of CuO (JCPSD: 89-8531) [226]. All of 

these structures are detected because two oxidation steps occur as the temperature rises. 

The first product is Cu2O, which forms at a lower temperature, and CuO is formed at 

higher temperatures. These processes are described by reaction Equations 4-5 and 4-6 

[227].  

4𝐶𝑢 + 𝑂2 → 2𝐶𝑢2𝑂                                                 (4-5)                                                  
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2𝐶𝑢2𝑂 + 𝑂2 → 4𝐶𝑢𝑂                                                (4-6)                                                 

Based on the XRD results presented, the CuNPs@GO composites are oxidized at 

around 100 °C. Additionally, the diffraction peak that appeared at 2θ = 20.5° on the XRD 

spectrum (Fig. 4-6 (c)) corresponds to the (200) plane of reduced GO, which indicates 

that the GO was reduced at 100 °C.  

In summary, the CuNPs@GO composites remain stable at temperatures up to 90 °C, 

which confirms that the synthesized sandwich composites exhibit high-temperature 

stability. 

 

 







 

70 

the sandwich structured CuNPs@GO composites demonstrate excellent antioxidant 

stability both in ambient conditions and at high temperatures. In addition, the conductivity 

result of the synthesized composites shows no change after exposing to dry air for at least 

21 weeks. These results indicate new potential research directions based on fabricating 

highly stable CuNPs.
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Chapter 5: Overall conclusions 

This thesis was mainly devoted to studies on the fabrication of nanoparticle-based 

functional composites, and their properties and applications. Three kinds of shape-

controlled, size-controlled nanocomposites were successfully fabricated, and their 

structural and functional properties were investigated and discussed in detail. The brief 

summaries are as follows: 

Chapter 1 reviewed references and provided brief summaries of functional 

composites, including to nanomaterials, antibacterial materials, and photocatalytic 

materials. 

In chapter 2, the Ag/GO nanoscroll composites were fabricated, and their 

antibacterial activity was investigated in detail. Three different molar ratios were carried 

out to study the optimal condition of the rolling up process. The result shows that when 

the AgNO3 of 5.88 mmol was added into the GO solution of 42 mL at room temperature, 

the GO sheets were cut into pieces, Then, the Ag/GO nanoscroll composites with 100 nm 

in diameter are fabricated by the force of intermolecular hydrogen bonds, attached by lots 

of AgNPs (4 - 10 nm). The Ag/GO nanoscroll composites were proved to have long-

lasting antibacterial activity. The result shows that after against the E. coli for 3 days, the 

inhibition rate of Ag/GO nanoscroll composites can still up to 99.99%. This is due to their 

open-ended tubular structures, and the composites provide abundant continuous channels 

and space to prevent the AgNPs from aggregating and oxidizing, which enhance the 

antibacterial activity of the composites to use for a long time.  
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In chapter 3, the photocatalytic application of Ag/GO nanoscroll composites was 

addressed. Ten consecutive cycles of MB mineralization were used to demonstrate the 

recyclable photocatalytic properties of synthesized nanoscroll composites. The results 

show that under the optimal conditions (bath ratio of Ag/GO nanoscroll composites to 

MB of 1:100, initial MB concentration of 100 mg/L, and UV light irradiation), the 

nanoscroll composites can mineralize MB to colorless within 10 min in all cycles, and no 

loss was exhibited after ten cycles. This performance is attributed to the open-ended 

nanoscroll structures, which provide not only enough space for the AgNPs to prevent 

aggregation and oxidization, but also abundant pathways for AgNPs to transfer during 

photodegradation. 

In chapter 4, the fabrication and conductivity of CuNPs@GO composites were 

studied. The L-ascorbic acid was used as an eco-friendly reducing agent, and its strong 

polarity efficiently reduced Cu2+ to Cu0. Owing to the limited interlayer distance of the 

GO sheets, controlled the growth of CuNPs during the reducing process, the CuNPs were 

uniformly generated with a diameter of about 10 nm. To verify that the sandwich structure 

protected the CuNPs from oxidation, the air stability and high- temperature stability of 

CuNPs@GO composites was evaluated. The combined results show that the CuNPs@GO 

composites exhibit no sign of oxidation after exposure to air for 21 weeks. Additionally, 

after heating the composites at temperatures up to 90 °C for 30 min, the CuNPs still 

maintain their metallic nanoparticle form, and the GO is not reduced. The conductivity 

result of the synthesized composites shows no change after exposure to dry air for at least 

21 weeks. These results indicate new potential research directions based on fabricating 
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highly stable CuNPs with enhanced conductivity.  

In summary, three types of nanoparticle-based composites have been successfully 

fabricated and their properties, structural analysis, and applications have been well 

discussed.  
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