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1.1 Classification and property of nanomaterials 

 

Over the last century, researches on nanomaterials (NMs) have flourished to a great extent 

ranging from medical to industrial applications. This is mainly due to their tunable physical, 

chemical or biological properties enhanced over their bulk counterparts [1]. In general, 

nanomaterials are those materials with size less than 100 nm at least in one dimension [2]. 

They present different shapes, such as nanorods and nanosheets, and are characterized by 

dimensionality as follows, (1) zero-dimensional NMs: all three dimensions are in nanoscale. 

The movement of electrons is confined in all three dimensions, examples are the 

nanoparticles. (2) one-dimensional NMs: two dimensions are in nanoscale range and one 

dimension remains out of the nanoscale range such as nanorods, nanowires or nanotubes. The 

electrons can move freely only in the X-direction. (3) two-dimensional NMs: only one 

dimension is in nanoscale range. Nanofilms are related to this class. The free electrons can 

move in the X-Y plane. (4) three-dimensional NMs: the materials in this classification are 

generally composites built with nanoparticles as building blocks such as nanocomposites, 

multi-nanolayers or bundles of nanowires. In any dimension, the nanomaterials are not in 

nanoscale range. The free electrons can move in the X-Y-Z directions [3].  

 

 

Figure 1.1 Classification of nanomaterials from 0 D to 3 D. 

The nanomaterials within the critical size (<100 nm) present unique optical properties, 

thermal stability and chemical reactivity, differing from the bulk materials. For example, Au 

in the bulk presents golden yellow color, but Au nanoparticles (less than 10 nm) are black 

particles without metal luster. The melting point of Pb dramatically decreases from 600.6 K 

of bulk structures to 380 K of Pb nanospheres with a size of ~3 nm [4]. Pt in bulk is an inert 

metal, while nano-structured Pt catalysts exhibit the highest activity to the ORR mechanism 

in direct methanol fuel cells (DMFCs) [5]. These differences in performance originate from 
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the surface effect or quantum effect of nanomaterials. The surface effect can be ascribed to 

the atoms on the material surface. When the size of material decreases to nanoscale, the ratio 

of atoms on the surface (compare to the bulk) will increase obviously. The coordination 

number for surface atoms is insufficient. The surface atoms own high movability and 

demonstrate high reaction activity, thereby being applied in the fields like catalysis, 

functional coatings, adsorbents, and sensors [2]. As described by Tuerhing et al., the quantum 

effect implies that the quasi-continuous electronic level nearby the Fermi level transfers into 

the discrete energy levels when the particle size decreases to nanoscale [6]. The optical, 

electrical and magnetic behavior of materials could become controllable by the size of 

nanomaterials as well. Li et al. [7] reported that carbon dots with a diameter of 3.8 nm 

appeared near‐infrared emission (800 nm), while smaller carbon dots with a diameter of 1.2 

nm give UV light emission (350 nm). Besides, not only the size enables to influence the 

property of NMs, the morphology of NMs also plays a crucial part in the property control. 

The catalytic activities of the Pt-based catalysts with different morphologies, such as 

cuboctahedra, cubes, and porous particles, show to be very different for ethylene 

hydrogenation conversions studied by Lee et al. [8]. Therefore, property control of NMs is 

of primary importance, which can be achieved during synthesis process by the control of 

reaction routes and conditions. The engineered NMs, with specific size and property, have 

attracted great attentions in a wide range of applications from cosmetics, sterilization and 

sensors to fuel catalyst, drug delivery, and food industry [1-3].  

1.2 Nanomaterials synthesis by non-plasma methods 

The synthesis of nanomaterials is generally divided into three possible routes as follows, (1) 

biological methods (2) physical methods (3) chemical methods. Biological methods utilize 

microorganisms like bacteria, fungi, algae for the preparation of nanomaterials from the 

aqueous solution of metal salts. They are compatible for pharmaceutical and biomedical 

applications methods since they are regarded as green synthesis [9]. However, the biological 

synthesis generally needs a long reaction time and specific conditions for microorganisms’ 

culture including temperature, PH and moisture. such requirement increases the complexity 

and the cost of the NMs synthesis [10-11]. Physical methods are divided in “top-down” 

synthesis, like milling [12], and “bottom-up” synthesis such as laser evaporation [13] and 
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thermal decomposition [2]. Milling technique is easily available for a wide range of materials 

in wet and dry conditions by pulverizing large materials into smaller particles. In contrast, 

the main disadvantage is the difficulty in controlling the particle size and shape [12]. Laser 

evaporation is used in raw materials evaporation, consecutively forming the NMs outside the 

evaporation zone via fast condensation [13]. Thermal decomposition utilizes heating to break 

the chemical bonds and splits the molecules into the NMs formation [2]. These methods 

enable to control the size of the particles and structures by the adjustment of conditions, like 

the laser powers or carrier gases [13-14]. Nevertheless, the main disadvantage is the high 

energy requirements as energy dissipation in both heating and laser generation is very high. 

Chemical methods are comprised of numerous bottom-up synthesis techniques, including 

hydrothermal synthesis [15], co-precipitation synthesis [16] and sol–gel synthesis [17]. It 

enables the fabrication of nanomaterials with high purity, controllable particle size and 

morphology. For example, morphology of ZnFe2O4 nanoparticles obtained from 

hydrothermal synthesis was changed from shuttle-like to well-dispersed nanoparticles with 

increasing temperature [15]. Nonetheless, the use of toxic solvents and chemicals is the main 

disadvantage that restrict its applications in NMs synthesis. 

1.3 Non-thermal plasma assisted chemical reactions 

Plasma is the fourth state of matter and it is normally generated by the partially or fully gas 

ionization [18]. Different from the other states mostly present on the earth, plasma is the 

predominant state in the universe. It has been estimated that more than 99% of the visible 

universe is constructed by plasmas such as lighting, aurora and solar winds [19]. Plasma 

consists of a significant number of the electrically charged species including electrons, ions, 

neutral atoms and molecules, making plasma electrically conductive, internally interactive, 

and strongly responsive to electromagnetic fields [19]. Plasma can be classified into thermal 

plasma and non-thermal plasma due to the temperature of electrons and heavy particles, e.g. 

neutral molecules. When the temperature of electrons and heavy particles are equal (Te ≈ Tn), 

the quasi-equilibrium plasma is called thermal plasma. The ionization and chemical reaction 

processes are mainly determined by the very high temperature in this state. On the other hand, 

in case of non-equilibrium due to a significant difference in temperature between the 

electrons and heavy particles (Te ≫ Tn), this plasma is called non-thermal plasma [20]. The 
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highly energetic electrons are able to reach an energy of 1–10 eV, while the gas kinetic 

temperature of the plasma can be as low as room temperature, enabling thermodynamically 

unfavored reactions to occur at low temperatures [20] 

The research of non-thermal plasma attracts attention in different areas such as CO2 

conversion [21-22], nitrogen fixation [23-24], VOC decomposition [25-26] and bio-medical 

applications [27-28]. The reactive species, e.g. energetic electrons, radicals and ions, provide 

the possibility to achieve the high conversion of reactants at atmospheric pressure and 

relatively low temperatures, thereby promoting temperature sensitive applications. In recent 

years, non-thermal plasma technology is widely used in nanomaterial synthesis, including 

metal NMs [29], metal oxide NMs [30], silicon NMs [31- 32] and carbon nanomaterials [33-

34]. For instance, Ni NPs were obtained from the dissociation of nickelocene by RF plasma 

[29]. Anath et al. prepared AgO/RuO2 nanocomposites with good crystallinity in a DBD 

reactor [30]. Silicon NPs, with a mean particle size of 6 nm, were produced by VHF plasma, 

presenting the potentials in optical and electronic applications [31]. Carbon nanosheets with 

2-5 layers were fabricated in a microwave reactor at the pressure of 18–30 mTorr [34]. These 

non-thermal plasma technologies contribute to synthesize and control the structure of NMs 

effectively by operating the plasma parameters. However, some of these plasmas require low 

pressures to achieve non-equilibrium conditions foremost to synthesize nanoscale objects 

[35]. Also, they entail relatively larger reaction volumes compared to hollow cathode 

microplasma reactor in this study. In addition, the relatively large 

spatial scale of reaction volume results in the non-uniform temperature, precursor 

concentration and residence time distribution environment for particle nucleation and growth, 

giving rise to the partial agglomeration of the produced NMs [36]. Thus, other non-thermal 

plasma technologies are demanded for high-quality NMs synthesis at atmospheric pressure. 

 

1.3.1 Microplasma introduction 
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Figure 1.2 Paschen curves obtained for Helium, Neon, Argon, Hydrogen and Nitrogen 

[38], © 2014, original file reprinted from Wikipedia under license CC BY-SA 4.0 

(https://creativecommons.org/licenses/by-sa/4.0/deed.en). 

 

Microplasma is a type of non-thermal plasma, which is defined within sub-millimeter scale 

in at least one dimension and can be operated at atmospheric pressure. According to the 

Paschen’s law, pd, the value related to the pressure “p” and discharge gap “d", determines the 

required breakdown voltage [37]. Figure 1.2 shows the Paschen curves of different gases. In 

general, the breakdown voltage for a certain gas is proportional to the value of pd at a higher 

voltage and discharge gap. Ar is discussed as an example. The lowest breakdown voltage for 

the ignition of Ar discharge is ~200 V with a value of pd ( ~1 Torr·cm). If p is fixed at 

atmospheric pressure, the value of d is ~0.013 mm at the point. The required breakdown 

voltage of atmospheric microplasma is proportional to discharge gap, when the gap is larger 

than 0.013 mm. As the gap decreases further, the breakdown voltage increases gradually. 

According to the small discharge gap, the breakdown voltage of microplasma is generally 

low and varies with discharge gases.  

https://creativecommons.org/licenses/by-sa/4.0/deed.en
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Figure 1.3 Different types of microplasma classified by discharge characteristics and 

electrode geometries. (a). DBD microplasma [38], reprinted by permission from Spring 

Nature, Plasma Chemistry and Plasma Processing, © 2020. (b). microplasma jet [39], © 

IOP Publishing, reproduced with permission, all rights reserved. (c). hollow cathode 

microplasma. Image (1), reprinted from [40], with the permission of AIP Publishing, © 

2002. Image (2) © IOP Publishing, reproduced with permission [41], all rights reserved, 

© 2010. (d). microplasma array [42], reprinted with permission of John Wiley and Sons, 

Inc. © 2016. 

 

The classification of microplasma is based on the discharge characteristics and electrode 

geometries. Figure 1.3 presents several typical classes of microplasma including DBD 

microplasma [38], microplasma jet [39], hollow cathode microplasma [40-41] and 

microplasma array [42]. A DBD microplasma reactor is the reactor with two conductive 

electrodes, at least one of which is cover by dielectric layer [39]. The plasma is confined 

within sub-millimeter scale in at least one dimension. A coaxial DBD microplasma reactor 

was developed for CO2 decomposition in Figure 1.3 (a) [38]. The reactor was a quartz tube 

wrapped with six aluminum foil strips in parallel connections as the ground electrodes. A 

stainless steel rod was inserted in the central axis of quartz tube as high voltage electrode. 
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The discharge gap in the quartz tube was 0.5 mm fluxed with CO2 for microplasma generation. 

The DBD microplasma reactor possesses the potentials of being scalable. Figure 1.3 (b) 

exhibits microplasma jets with three types of electrode geometries. Basically, a capillary is 

utilized to confine the gas flow in the microplasma jet reactor. The precursors, such as 

reactant gases or metal wires, can be introduced into capillary directly. In case (1), the quartz 

capillary was wrapped by a 5-turn coil. One side of coil was connected to a 450 MHz UHF 

generator (5–30 W) and grounded in the other end. A dc power supply connected to the metal 

tube was used for plasma generation. CH4, as precursor diluted by Ar, was directly pressed 

to capillary. The microplasma jet was formed in the capillary and shot on the substrate for 

carbon deposition [43]. In case (2), only Ar was introduced as plasma generation gas from 

capillary. The halogen gas of SF6 was introduced to the plasma jet from the extra nozzle to 

produce high-density etchant flux for silicon etching [44]. In case (3), a Mo wire, placed in 

the capillary, was adopted as consuming electrode for Mo-oxide NPs fabrication. Cu plate 

was placed under substrate as ground electrode for plasma generation [45]. The options for 

precursors have more flexibility in microplasma jet reactors. Figure 1.3 (c) demonstrates two 

examples of hollow cathode microplasma. For hollow cathode microplasma, the conductive 

hollow tubes with small diameter (less than 1 mm) were applied as cathode electrodes in both 

of cases. In case (1), CH4 and H2, as the reactant gases, were injected into hollow electrode 

for diamond film production. A metal foil was utilized as ground electrode for plasma 

generation and product deposition. Instead, a metal foil immersed in the solution was used as 

ground electrode in case (2). Metal NPs were formed in the liquid under the Ar microplasma 

treatment. The hollow cathode electrode microplasma is easy to operate for different reaction 

systems at atmospheric pressure, presenting more possibilities for different NMs synthesis. 

Figure 1.3 (d) shows a microplasma array reactor. 16 parallel capillaries with an inner 

diameter of 200 µm were arranged in 4 × 4 array and fixed by two parallel polymethyl 

methacrylate plates. The upper surface of plate above was coated with graphite as high 

voltage electrode. The low surface of plate below was also coated as ground electrode. The 

capillaries were filled with He for microplasma jet generation as the image in Figure 1.3 (d). 

The microplasma array enhances the surface treatment area, exhibiting potentials in large-

scale applications. 
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Regardless of which sort of microplasma is chosen, the following reaction parameters of 

microplasma are of importance to control the microplasma reactions, containing discharge 

gap, power input, gas composition and residence time. Wang et al. explored the CH4 

conversion in a DBD microplasma reactor [46]. The reduced discharge gap from 0.9 mm to 

0.4 mm poses an increase of SEI from 75.9 kJ/L to 149.2 kJ/L, promoting methane conversion 

from 20.01% to 25.10%. In addition, power input was also studied. When the power input 

was enhanced from 10.4 W to 25.6 W, SEI increased from 31.04 kJ/L to 76.27 kJ/L. The 

average input energy per molecule was increased by the input power, resulting in an 

improvement of methane conversion from 7.46% to 20.52%. Besides, the effects of gas 

composition were studied by Sankaran et al. for diamond nanoparticles synthesis in a hollow 

cathode microplasma reactor [40]. As the CH4 concentration was reduced in the CH4-H2 gas 

mixture, the non-diamond phase of carbon disappeared and a high purity crystalline diamond 

phase was formed instead. Furthermore, Shimizu et al. reported the relationship between 

residence time and product size in a microplasma jet reactor [43]. The sizes of produced 

spherical graphite increased from ~300 nm to ~1 µm with a rise of residence time from 30s 

to 120s. In sum, these reaction parameters play a critical role on the plasma reactions, which 

needs to be fully considered during the reaction operation. 

 

1.3.2 Microplasma applications 

 

Owing to the unique characteristics of microplasma, the relatively low breakdown voltage 

and atmospheric pressure generation, the applications of this technology are developing 

rapidly. The typical examples, like VOCs treatment, biomedical sterilization, surface 

treatment and nanomaterial synthesis, are discussed hereafter as presented in Figure 1.4. 

Shimizu et al. studied the air control by using DBD microplasma to remove the VOCs 

compounds and bacteria in Figure 1.4 (a-b) [47]. The removal of HCHO reached around 96 % 

when the voltage was increased above 1.1 kV. Further, the sterilization 

of Escherichia coli was confirmed after air-and-vaporized-ethanol microplasma treatments 

[48]. The differences of the bacteria numbers in six orders of magnitude were observed after 

microplasma sterilization. Blajan et al. [49] explored the surface treatment of glass by 

atmospheric Ar microplasma. The water droplet contact angle decreased from 54.7o to 4.9o 

after 30 second plasma treatment in Figure 1.4 (c), since the hydrophilic property of glass 

https://www.sciencedirect.com/topics/physics-and-astronomy/escherichia
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surface changed owing to the generated active species such as OH species. Nanodiamonds 

and Au NPs were fabricated via ethanol dissociation and chloroplatinic acid reduction in 

Figure 1.4 (d-e), respectively. 

 

 

Figure 1.4 Typical applications of microplasma. (a) VOCs treatment [47], © 2011, Kazuo 

Shimizu, originally published in Intechopen under CC BY-NC-SA 3.0 license 

(https://creativecommons.org/licenses/by-nc-sa/3.0/). (b) Bacteria sterilization [47], © 

2011, Kazuo Shimizu, originally published in Intechopen under CC BY-NC-SA 3.0 

license (https://creativecommons.org/licenses/by-nc-sa/3.0/). (c) Glass surface treatment 

[49], © 2011, IEEE. (d) Nanodiamonds synthesis, reprinted by permission from Spring 

Nature, Nature communication [50], © 2013. (e) Au NPs synthesis [51], © 2014, 

originally published in Nanoscale Research Letters under CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

 

In recent years, this technology was also widely used in the synthesis of different 

nanomaterials including metal NPs such as Au NPs [52], bimetallic nanoparticles such as 

NixFe1-x NPs [41], metal oxide NPs such as Cu2O [53] and carbon nanomaterials such as 

nano-diamonds [50]. Compared with conventional NMs synthesis methods, microplasma 

offers unique advantages such as rapid synthesis, atmospheric operation and controllable 
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process. Conventional methods for nanodiamond synthesis, e.g. carbon-containing 

explosives and plasma-enhanced chemical vapour deposition (PECVD), require high 

pressure and/or high temperature reaction conditions, yet, the products are still impure with 

a mixture of non-diamond and diamond phase [54]. On the contrary, in an atmospheric 

microplasma reactor, particles of nanodiamonds were produced continuously via the 

evaporation of ethanol vapor and rapid quenching within 1 ms [50]. The purified product 

with a stable phase was formed by adding hydrogen during the plasma reaction. Thus, the 

NMs synthesized by microplasma present high purity and good quality when the plasma 

parameters are well-controlled. In addition, using microplasma technology for the NMs 

synthesis allows avoiding the addition of toxic chemicals. In the study of Chiang et al. [52], 

Au NPs were reduced with the electrons from microplasma instead of chemical agents. The 

size of AuNPs can be tailored by altering the operating parameters such as discharge power, 

implying an increased sensitivity in cardiac troponin I detection compared to AuNPs 

produced by conventional chemical reduction [52]. Hence, the NMs synthesized by 

microplasma present more opportunities in the bio-applications.   

 

Table 1.1 A summary of nanomaterials synthesis methods 

Methods Advantages Disadvantages 

Non-plasma 

methods 

Biological synthesis 
[9-11] 

Green synthesis process 
Long reaction time, 
specific reaction 
conditions 

Physical synthesis 
[2, 12-14] 

Available for a wide range of 
NMs   

High energy 
requirement 

Chemical synthesis 
[15-17] 

Size and morphology 
controllable 

Toxic chemicals 
involved, high 
temperature and/or 
pressure required  

Conventional  
non-thermal 

plasma methods 

DBD [30], Glow 
discharge [33], 
microwave [34] 

Fast and efficient synthesis 
Controllable synthesis process  

Large processing 
volumes, high 
energy input or low 
pressures required 
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Microplasma 
synthesis 

Microplasma jet in 
this study 

Relative low breakdown 
voltage 
Fast and efficient synthesis 
Controllable synthesis process  
Atmospheric pressure 
operation 

Low productivity 

 

Although the configurations of microplasma are various based on the discharge 

characteristics and electrode geometries, the microplasma system for NMs synthesis can be 

divided into three types, containing gas-phase NMs synthesis, gas-liquid interface NMs 

synthesis and liquid-phase NM synthesis in Figure 1.5. In general, the NMs synthesis from 

gas-phase reaction proceed mainly via the precursor dissociation by microplasma. NixFe1-x 

NPs, as an example, were synthesized in a gas-phase microplasma reactor via the direct 

dissociation of metal-organic precursor vapor [41]. The composition and size of bimetallic 

nanoparticles were tunable with variation of vapor concentration and gas flow rate. However, 

the mechanisms for the liquid-phase reaction and gas-liquid interface reaction exhibit the 

diversity based on the variety of reactants and conditions. Noble metal NPs such as Au [52] 

and Ag [55] are widely synthesized via electron reduction from the metal salts precursors 

dissolved in water. Nevertheless, in some cases, water is also identified as reactant in the 

form of active chemical species, like OH and H. In the microplasma jet study from Du et al. 

[53], Cu2O NPs were synthesized via microplasma reaction between Cu anode and OH 

species formed in the salt-water solution. The morphology of Cu2O was changed from 

irregular shape in water solution to spheres in H2O-ethylene glycol (1:1) solvent mixture. In 

summary, the microplasma reaction routes with liquid are more complex with unclear 

mechanism, which is one of dominant objectives of this study. 
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Figure 1.5 (a) Fe NPs synthesis by gas-phase microplasma [41], © IOP publishing, 

reproduced with permission, all rights reserved. (b) Cu2O NMs synthesis by gas-liquid 

interphase microplasma [53], © 2014, ChangMing Du & MuDan Xiao, originally 

published in Scientific Reports under CC BY 4.0 license, 

https://creativecommons.org/licenses/by/4.0/. (c) Carbon nanotube synthesis by liquid 

phase microplasma [56], © IOP publishing, reproduced with permission all rights 

reserved.  

 

Although high-purity and high-quality nanomaterials can be fabricated via different 

approaches by microplasma, this technique presents also some disadvantages and especially 

the low productivity caused by limited plasma size. Thus, some enhancements have been 

proposed to solve this limitation. The typical method is to fabricate microplasma arrays to 

improve the processing capacity and productivity, which was remarkably effective in the 

fungal keratitis of rabbits and presents potentials in medical treatment [57]. However, it still 

shows restrictions in the scaling-up of nanomaterial productivity. Therefore, the possibility 

of NMs synthesis by other types of discharge is also worthy of exploration.  

 

1.4 The outline of this thesis  

 

The main objective of this thesis is to explore the synthesis routes of NMs by non-thermal 

plasma technology and analyze the reaction mechanisms on account of the different reaction 

routes. Figure 1.6 demonstrates the framework of the thesis. The research was carried out 

with two types of plasma reactors including the microplasma reactor (chapter 2-4) and the 

gliding arc reactor (chapter 5). A variety of NMs were produced from rare earth NMs such 

as Eu doped CeO2 in chapter 2 to carbon nanomaterials such as carbon dots and carbon 

nanosheets in chapter 3-5. 
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Figure 1.6 The framework of this thesis. 

 

In chapter 2, the microplasma reactor and involved characterization methodologies were 

introduced and described in more detail. Two types of rare earth NPs were synthesized via a 

microplasma-assisted method, Eu doped CeO2 NPs and Eu and/or Tb doped Y2O3 NPs. The 

synthesis process consists of two steps, (1) the formation of hydroxide in water solution by 

microplasma; (2) the deposition of rare earth hydroxides to rare earth oxides by calcination. 

The emission property of obtained Eu doped CeO2 NPs was measured under the UV 

irradiation. To extend the emission range of NMs and prove the possibility for other rare 

earth materials, Eu and/or Tb were doped in the Y2O3 with different composition ratios. The 

emission range was further explored based on the various composition ratios. 

 

In chapter 3, a fast and effective method was developed for the synthesis of fluorescent 

carbon dots by microplasma technology at atmospheric pressure, using isopropanol as the 

only reactant. Characterizations of the synthesized carbon dots were performed including the 

investigation of their structure, morphology and optical properties. Quinine sulfate was used 

as standard for quantum yield calculation. The effects of operating time, precursor 

concentrations and operating voltages on the property of carbon dots were explored and 

explained in detail. The mechanism was analyzed based on the optical emission spectra study.  
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In chapter 4, in order to improve the quantum yield and optical property of carbon dots, an 

effective approach was presented for the synthesis of fluorescent N-doped carbon dots via a 

microplasma-assisted process at atmospheric pressure. The effect of reaction parameters 

during microplasma reaction on the surface groups and photoluminescence (PL) property of 

carbon dots were studied in detail. The micromorphology, structure, chemical compositions 

and photoluminescence properties of the N-doped carbon dots were systematically 

characterized. The quantum yield was calculated with quinine sulfate as standard. The 

generated chemical species and mechanism during plasma-liquid interaction were monitored 

and studied by optical emission spectroscopy. 

 

According to the low productivity of NMs in microplasma, an investigation of NMs 

synthesized by gliding arc discharge was explored in chapter 5. A comparison study for 

carbon nanosheets synthesis including toluene dissociation and graphite exfoliation were 

investigated in a 2D gliding arc reactor at atmospheric pressure. The effect of gas flow rate, 

precursor concentration and power input on the structure of carbon nanosheets from two 

synthesis routes were explored and compared in detail. The mechanisms for both routes were 

interpreted and compared, referring to the generated chemical species monitored by optical 

emission spectroscopy. The possible enhancement methods were present based on the 

analysis.  

 

Finally, chapter 6 summarized results and present the outlook of NMs synthesis via non-

thermal plasma technology for the future. 
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2.1  Synthesis of Eu doped CeO2 nanoparticles via microplasma-assisted method 

 

Abstract 

 

Rare earth-doped nanoparticles have technological applications in lighting, display and 

fluorescent probes as well as light sources for cancer treatment. In the present study, a 

microplasma-assisted method was demonstrated for the synthesis of Eu doped CeO2 

nanoparticles. Ce(NO3)3.6H2O and Eu(NO3)3.5H2O were used as the starting materials and 

being dissolved in the distilled water as the reactants. The plasma-liquid interaction process 

was in-situ investigated by optical emission spectroscopy, and the obtained products were 

characterized by complementary analytical methods. Results showed that crystalline cubic 

CeO2:Eu3+ nanoparticles were successfully obtained. As a result, the obtained nanophosphors 

emitted apparent red color under the UV irradiation, which can be easily observed by naked 

eye. The photoluminescence spectrum further proved the downshift behavior of the obtained 

products, where characteristic 5D0→7F1,2,3 transitions of Eu3+ ions had been detected. This 

microplasma-assisted method presents great potential for the synthesis of a series of 

nanophosphors, especially for bio-application purpose. 
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2.1.1 Introduction 

 

As the most abundant rare earth metal which comprises about 0.0046% by weight in the 

Earth’s crust, cerium (Ce) and cerium-based compounds have historically gained great 

interests from different fields [1]. CeO2 receives much attention due to the low reduction 

potential and coexistence of Ce3+/Ce4+ on its surfaces. The interchangeability of the valence 

states (4+ and 3+) of the cerium ions leads to oxygen vacancies within the CeO2. In this case, 

electrons are regarded as small polarons, and the motion of the electrons is imagined as a 

thermally mediated hopping mechanism [2]. These properties allow CeO2 to be an attractive 

material for oxide ion conductors, and remarkable applications ranging from catalysts, fuel 

cells, host material to electrochemical devices, antioxidants and gas sensors [3]. Besides, 

CeO2 nanoparticles has also been researched in the life science industry [4-5]. Brunner et al. 

studied the cytotoxicity of oxide nanoparticles and proved that CeO2 nanoparticles have 

relatively low toxic effects on the cells [4]. Celardo et al. reported that the redox reaction 

cycle between the two oxidation states of the cerium ions had a good similarity to antioxidant 

enzymes. CeO2 nanoparticles present pharmacological potential due to the antioxidant 

activity and low toxicity [5]. However, the emission of CeO2 is very weak for the use in cell 

imaging or as light source for cancer treatment. Suitable doping activators in CeO2 matrix 

are needed to achieve superior emission performance. Recently, Eu doped CeO2 

nanomaterials have been considered as promising luminescent lanthanide complexes. 

Europium has a strong red emission and can be excited from ultraviolet to visible light. An 

optimal spectral overlap was found to exist between the charge transfer band of CeO2 and the 

4f-4f intra configurational transitions of Eu3+ ions [6]. CeO2 is an ideal host material for Eu 

owing to the absence of electrons in the 4f shell. By doping Eu3+ ions into CeO2 host, it can 

encourage effective energy transfer from the Ce4+ - O2− host to Eu3+ ions and greatly enhance 

the luminescent properties [6]. Moreover, since the ionic radius of Eu3+ (0.1066 nm) is close 

to that of Ce3+ (0.1143 nm) and Ce4+ (0.097 nm), it favors extensive solubility of Eu3+ within 

the ceria lattice [7].   

        

According to the low dimensionality and large surface area, nanoparticles usually exhibit 

unique properties that differ considerably from bulk materials. The decrease of the CeO2 size 

can prompt the formation of oxygen vacancies, leading to an improvement of electron 
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mobility [2]. Once reduced to the nm-level, these oxygen vacancies can alter the electronic 

and valence arrangement. The substitution of Ce4+/Ce3+ by Eu3+ can greatly enhance the 

emission characteristics of CeO2 particles, since it is more convenient for energy transfer 

between Eu3+ and the redox pair Ce4+ and Ce3+ oxidation states. Besides, nano-sized particles 

have the possibility to be transported through tissues and even cells. If CeO2:Eu3+ 

nanoparticles were engineered with appropriate proteins, they can be used for bio-imaging or 

bio-labelling purpose. Thus, Eu doped CeO2 nanomaterials present potentials in life science 

field due to their intrinsic low toxicity, good biocompatibility, high chemical stability and 

excellent luminescent property. 

 

Despite the promising perspective of CeO2:Eu3+ nanoparticles for bio-applications, currently, 

it is still a challenge to prepare high purity crystalline products with a facile and relative 

environmentally friendly method. Conventional wet chemistry methods require the usage of 

extra chemicals. Toxic chemicals used in these methods may cause unexpected influence on 

bio-systems or on the environment. Meanwhile, stabilizers or surfactants, used to limit 

particle growth, are commonly needed. As a result, purification procedures like repeated 

washing and drying are needed to remove the impurities [8]. As to solid-state reaction 

methods, they are almost operated at sintering temperatures as high as 1500 - 1600 ℃, with 

the grain size of the obtained powders on the order of 5-20 µm. To obtain nano-sized 

CeO2:Eu3+ phosphors for bio-application uses, the powders must be repeatedly ground and 

milled. Due to the introduction of additional defects during the mechanical procedures, it can 

greatly reduce the luminescence efficiency of the products.  

 

In the present chapter, a microplasma-assisted method was introduced for the synthesis of Eu 

doped CeO2 nanoparticles. The goal is to synthesize Eu doped CeO2 nanoparticles without 

involving toxic chemicals and complex purification processes. The formed active radicals 

such as OH, O and H from water molecules during the plasma-liquid interaction were 

involved in the reactions, avoiding the usage of extra hydrolyzing agents, stabilizers and 

surfactants and favoring the application of the generated products in bio-related fields.  
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2.1.2 Microplasma setup 

 

 

 

Figure 2.1.1 Schematic diagram of the experimental setup (left) and reactor (right) 

 

The microplasma setup is available to synthesize nanomaterials both in only gas phase and 

gas-liquid interphase. In the present work of chapter 2-4, all the nanomaterials were 

fabricated based on the gas-liquid interface reaction as shown in Figure 2.1.1. A stainless-

steel capillary (I.D.=0.25-0.5 mm, O.D.=1.6 mm) was used as a negative electrode and a 

platinum disk was immersed in the liquid as the ground electrode. Both electrodes were 

connected to a negatively biased DC power supply (Matsusada Precision, Model AU-10R30) 

to ignite and sustain the plasma. A 50 kΩ ballast resistor was used to limit the current. A 

Labview program was installed to control the DC power supply and MFCs of gases, 

recording the plasma current, voltage and power automatically. A continuous argon gas 

stream at a flow rate of 60-100 sccm was injected through the capillary electrode placed 1 

mm above the liquid surface. The operating discharge voltage was in a range of 3-5 kV in all 

studies.  

 

2.1.3 Characterization instruments and techniques 

 

In order to study the effect of plasma parameters on the nanomaterial and control their 

properties for the specific applications, different techniques have been applied for the purpose 

of characterizing the generated nanomaterials and the plasma reaction mechanism study. In 

this section, the characterization techniques were introduced for produced nanomaterials as 

well as the in-situ diagnostic study for the plasma reaction process. 
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Characterization techniques for analyzing the synthesized nanoparticles 

(1) The size and morphology of synthesized nanomaterials 

Scanning electron microscope (SEM), transmission electron microscope (TEM) and atomic 

force microscopy (AFM) are popular techniques for size and morphology characterization of 

nanomaterials with instrument fundaments in Fig. 2.1.2. SEM produces images by scanning 

the sample surface with a focused beam of electrons. The electron beam is focused by 

objective lens on the specimen. When the electron beam hits the material, electrons and X-

rays are emitted from the specimen and caught by the detector, converting to the signals of 

nanomaterials [9]. The signals resulted from electron-sample interaction provide detailed 

information about the materials such as surface morphology, chemical composition and 

crystalline structure [9]. For the sample preparation, it is commonly prepared by scattering 

the solid particles on a piece of carbon tape or metal. In chapter 2, the synthesized rare earth 

nanomaterials were examined with SEM techniques. 

 

Although the SEM is capable of achieving a detailed visual image of materials with high-

quality and spatial resolution in nano-scale, it is only able to observe the surface images of 

the materials and cannot give any internal information. TEM is a superior choice for the 

capture ultra-fine details at high magnifications, even as small as a single column of atoms. 

Unlike the image-forming principle of SEM, TEM is a microscopy technique by emitting a 

beam of electrons through an ultra-thin specimen. The images are formed from the interaction 

of the electrons transmitted through the specimen and detected by a sensor such as a CCD 

camera [10]. The particle size distribution can be derived by counting numerous particles. 

The lattice fringes and lattice space of metallic nanoparticles can be observed and calculated, 

thereby promoting to confirm their crystalline structures. For the samples’ preparation of 

TEM, an ultra-thin specimen is required by depositing aerosol directly on the grid or dropping 

sample-dispersed solution (distilled water, methanol, ethanol, etc.) on the grid. In the plasma 

gas-liquid interface reaction, the samples can be prepared by drop-casting method directly on 

the TEM grids. In chapter 2-5, all the nanomaterials were characterized by TEM for 

morphology study. 

 

https://en.wikipedia.org/wiki/Electron
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Compared to the SEM and TEM, AFM enables to demonstrate images in three-dimensional 

topography instead of two-dimensional projection. AFM is a microscopic technique, imaging 

a surface topography by using attractive and repulsive interaction forces between the tip on 

the cantilever and sample surface [11]. When the tip gets close to the surface, the attractive 

force causes the cantilever to deflect towards the surface. With the closer distance to the 

surface, increasing repulsive force takes over and causes the cantilever to deflect away [12]. 

The surface information including the changes of height, amplitude and phase is recorded by 

moving the AFM tip over sample surface. In the chapter 5, the thickness of carbon nanosheets 

was studied with AFM. 

 

Figure 2.1.2 The instrument fundaments of SEM [13], original file reprinted from the 

website of thermofisher.com. TEM [14], original file reprinted from the website of 

nanoscience.gatech.edu. and AFM [15], original file reprinted from 

commons.wikimedia.org. 

 

(2) Chemical composition study of synthesized nanomaterials 

X-ray photoelectron spectroscopy (XPS) and energy dispersive X-ray spectroscopy (EDX) 

are widely used for characterizing the chemical composition of nanomaterials. XPS is a 

surface analysis technique based on energy-spectrum measurements 

of photoelectrons emitted from material surface under the irradiation with a 

monochromatic soft X-ray radiation [16]. It is routinely used for a qualitative and/or 

quantitative analysis of surface elemental compositions and an electronic state analysis of 

https://www.sciencedirect.com/topics/chemistry/photoelectron
https://www.sciencedirect.com/topics/chemistry/soft-x-ray
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each element on the sample surface [17]. EDX can determine the elemental composition of 

individual points or map out the distribution of elements from the imaged area. In a equipped 

SEM-EDX, the atoms on the surface are excited by the electron beam, emitting specific 

wavelengths of X-rays and implying characteristics of atomic structure of the elements [18]. 

The X-ray emissions are analyzed by an energy dispersive detector and related elements are 

presented with the composition of the atoms. EDX can detect the sample depth in a range of 

1-5 μm while XPS only enables to measure a depth of 10 nm into the surface [19]. EDX was 

applied in chapter 2 for the composition study of rare earth nanomaterial and XPS was used 

in chapter 2-5 for chemical composition and surface groups study of synthesized 

nanomaterials.  

 

(3) Structure study of synthesized nanomaterials 

The structure analysis is crucial for the study of synthesized nanomaterial characters. X-ray 

diffraction (XRD) method is the most basic method for characterizing the crystal structures. 

The pattern is resulted from the measurements of X-ray intensities scattered by the distributed 

electrons belonging to the atoms in the material. This technique is suitable to determine the 

crystal structures by analyzing the positions and intensities of diffraction peaks for the 

crystallized material in the range of diffraction angle from 10o to 150o [17]. Another 

technique for crystalline structure study, selected area electron diffraction (SAED), is mostly 

performed inside a TEM. The paralleled electron beams illuminate the sample with the 

diffraction spots formed in the back focal plane of the objective lens, whereas convergent 

illumination is used to obtain diffraction discs [20]. As a result, a diffraction pattern is formed 

by a series of spots, corresponding to a satisfied diffraction of the sample's crystal structure. 

An area of ~0.1 µm in the sample can be selected by using a diaphragm in SAED [20]. Unlike 

XRD, SAED has higher spatial resolution, enabling measurements of the materials with low 

atomic number and small crystal structure. The useful structure analysis was conducted by 

XRD and SAED for rare earth nanomaterials in chapter 2.  

 

The characterization methods above are suitable to acquire the structure information of 

crystal materials. However, other analysis methods are required for the nanomaterials with 

amorphous structure such as carbon nanomaterials in chapter 3-5. Hence, Fourier-transform 

infrared spectroscopy (FTIR), Raman spectroscopy and UV-vis spectroscopy are introduced 

https://www.sciencedirect.com/topics/materials-science/atomic-structure
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in order to assist in the study of nanomaterials with amorphous structure. Both of FTIR 

spectroscopy and Raman spectroscopy reflect the chemical bonds information by measuring 

vibration spectra. FTIR absorption occurs when bipolar molecular moments are altered by 

molecular vibration, while Raman scatter is observed when the polarization rate of molecules 

change [17]. Therefore, IR and Raman spectroscopies are very complementary to each other. 

These two analytical methods allow the measurement of substances in any state (gas, liquid, 

or solid), with only a small amount of sample required. Besides, UV-vis spectrophotometry is 

a quantitative analytical technique with the absorption of near-ultraviolet (180–390 nm) or 

visible (390–780 nm) radiation by chemical species in solution or in the gas phase [21]. The 

position and intensity of electronic transition from chemical bonds are presented from the 

absorption spectrum, promoting the structure and quantitative study of nanomaterials. 

 

(4) In-situ characterization of plasma-assisted nanomaterial synthesis process 

Optical emission spectroscopy (OES) is a non-intrusive technique for the analysis of plasma 

diagnostics. In the plasma reaction process, the multiple optical emission lines from plasma 

enter the spectrometer. The incoming light is divided as element-specific wavelengths by a 

diffraction grading in the spectrometer. The intensity measured is proportional to the 

concentration of reactive species in the reaction. Therefore, OES allows an identification of 

reactive species such as radicals, ions and molecules existing in plasma. The in-situ 

measurement of energetic species provides more possibilities to explore the complex plasma 

reaction process and mechanism. A summary of characterization methods is shown in Table 

2.1.1. 
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Table 2.1.1 Involved characterization methods in the presented research 

Function Method Detailed information 

Size and morphology 
analysis 

SEM Morphology 

TEM Morphology and size Distribution 

AFM Height, amplitude and phase analysis 

Chemical composition 
analysis 

XPS 
Qualitative and quantitative  
analysis for surface element  

EDX Element analysis and distribution  

Structure  analysis 

XRD Crystal size and structure 

SAED 
Crystal structure analysis for low 

atomic number 

FTIR 
Chemical bonds information from 

 vibration spectra 
Raman 

UV-vis 
Quantitative chemical bond  

analysis by electronic transition 

Diagnostics analysis OES 
In-situ measurement for reactive  

species in plasma 

Optical property 
analysis 

Luminescence  
spectroscopy 

Excitation and emission property 
measurement 

 

2.1.4. Experimental section 

 

All experiments in chapter 2 were carried out in a microplasma reactor (see Figure 2.1.1). 

The electrolyte solution was prepared by dissolving Ce(NO3)3.6H2O (434.22 g/mol, Sigma 

Aldrich) and Eu(NO3)3.5H2O (428.06 g/mol, Sigma Aldrich) in deionized H2O to obtain a 

total Eu/Ce concentration of 0.05 mol/L. The ratio of europium to cerium was varied between 

0% and 10%. 10 mL solution was filled in the quartz microplasma reactor. A capillary 

(I.D.=318 µm, O.D.=1.6 mm) made from stainless steel was used as a cathode and being 

placed 1 mm above the liquid surface. A platinum disk was immersed in the liquid as the 

counter electrode. In each operation, a continuous argon flow of 100 sccm was coupled into 



Rare earth nanomaterial synthesis via microplasma-assisted method 

31 
 

the capillary as the plasma gas. Experimental values of the plasma current, voltage and power 

can be automatically recorded using a LabVIEW based program. After the plasma treatment, 

the solution was centrifuged for 10 minutes at 4000 rpm to obtain the products, followed by 

drying at 50 °C to get solid powders. Afterwards, these powders were furtherly heat-treated 

at different temperatures to get the oxide products for complementary characterization.  

 

The optical emission spectra were recorded using an HR2000+ES spectrometer (Ocean 

Optics, Inc.). The emitted lights during the plasma-liquid interactions were collected by an 

optical fiber fixed 20 mm from the electrodes axis. This technique helps to identify the 

reactive species in the complex plasma-assisted process, and gives valuable information of 

the excited states of the short-live radicals. The EDX characterization was performed via a 

Phenom ProX (Phenom World) equipped with a silicon drift EDX detector to examine the 

element distribution (Sapphire DPP-2). High-resolution TEM images were obtained using a 

FEI Tecnai 20 (Sphera) microscopy operated with a 200 kV LaB6 filament. The X-ray 

diffraction patterns of the synthesized particles were obtained with a Rigaku Powder 

Diffractometer using Cu-Kα1 radiation (kα=1.54056 Å). The scans were recorded in a 2θ 

step of 0.02° with a dwell time of 20 s in each step. The Raman spectroscopy measurements 

were taken by a LabRAM confocal Raman microscope (Horiba Jobin-Yvon) with a laser 

diode emitting light at 632 nm. Si wafer was used to calibrate the Raman system by the 

prominent peak at the wavelength of 520.6 cm-1, followed by the measurement of solid 

samples on a glass substrate. The measurements were performed at laser power density of 1 

mW. The XPS measurements were carried out with a Thermo Scientific K-Alpha X-ray 

photoelectrons spectroscopy, equipped with a monochromatic small-spot X-ray source and a 

180° double focusing hemispherical analyzer. Spectra were obtained using an aluminium 

anode (Al Kα = 1486.6 eV) operated at 72 W and a spot size of 400 µm. Survey scans were 

measured at a constant pass energy of 200 eV and region scans at 50 eV. The 

photoluminescence measurements were carried out at room temperature through a 

luminescence spectrometer (Perkin Elmer, Model LS-50B) using 360 nm wavelength as the 

excitation wavelength. The samples were prepared by pressing solid powders into a hole on 

the sample holder with a glass slide. 
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2.1.5 Results and discussion  

 

Time-evolution images of the plasma-treated electrolyte solution are presented in Figure 

2.1.3. The clear and colourless solution gradually turns into slightly white and semi-

transparent after plasma operation for 1 h, in which white floccules are formed. This suggests 

that chemical reactions can be induced by the plasma-assisted process without the addition 

of extra chemicals. As the plasma-driven process continues, the semi-transparent solution 

becomes further turbid. More and more white floccules were generated and deposited from 

the solution. The solution becomes totally creamy white after approximately 4 h.  

Figure 2.1.3 Images of the electrolyte solution treated by plasma for (a) 0 h (b) 1 h (c) 2 

h (d) 3 h and (e) 4 h 

In addition to the visual-appearance of the plasma-treated solution, the optical emission 

spectra of the plasma-liquid interaction process were investigated, and results were reported 

in Figure 2.1.4. In this research, both the emission spectra of blank experiments (only with 

Ar plasma) and Ar plasma with reaction solution were acquired. For the pure argon case, the 

spectrum is merely composed of emission lines in the red/near-infrared spectral region (680-

950 nm), attributed to the argon 3p54p-3p54s transitions. By contrast, when plasma interacts 

with the liquid solution, new spectral features of the neutral hydrogen line at λ = 656 nm (Hα) 

as well as the molecular bands of the OH radicals at λ = 310 nm (the 3064 Å system) are 

observed, suggesting the splitting of H2O molecules under the plasma effect [22]. 
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Figure 2.1.4 Emission spectra of (a) pure argon plasma and (b) argon plasma 

interacting with the electrolyte solution 

 

In the study of reactor configuration, the capillary tube was negatively stressed with high 

voltage and the platinum electrode was grounded. Owing to the external electrical field, 

electrons were driven toward the solution surface to collide with H2O molecules. These 

energetic electrons can dissociate water molecules to form H and OH radicals, detected by 

the OES spectra (equation 1). The OH radicals are highly reactive and can further combine 

with electrons to form OH- in the liquid (equation 2). Besides, the equilibrium solubilities of 

the studied lanthanide hydroxides are rather low (~10-7 g/ml). Both the europium ions and 

the cerium ions are easily hydrolyzed to colloidal deposits from the reactant solution 

(equation 3), reflected by the images of the electrolyte solution under plasma treatment at 

different times (Figure 2.1.3).     

 

The elemental mapping over a random area of the Eu3+ doped CeO2 samples reveals the 
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existence of Ce, O and Eu elements without the appearance of any other impurities (Figure 

2.1.5 a-d). Moreover, Eu exhibits a homogeneous distribution among the Ce and O elements, 

indicating that it was uniformly incorporated into the CeO2 nanoparticles. The EDX analysis 

further confirms this result. Strong Ce and O are observed as well as low intensity of Eu 

signals. No extra impurities are detected (Figure 2.1.5).  

 

Figure 2.1.5. (a) Element mapping area, (b) Ce, (c) O, (d) Eu and (e) EDX spectrum 

of the obtained samples  

Figure 2.1.6 (a) shows the XRD patterns of Eu doped CeO2 nanoparticles with the Eu doping 

concentration varying from 2% to 10%. In general, all the diffractions peaks locate at the 

same positions and well match with the cubic fluorite structure of CeO2 (JCPDS #81-0792) 

[23]. No peaks of Eu, Eu2O3 and Eu(OH)3 are detected, implying the successful doping of   

Eu into the CeO2 lattice. However, compared with pure CeO2, the diffraction peaks of Eu 

doped CeO2 nanoparticles shift to a larger 2θ value, thereby being observed more clearly in 

the range from 26° to 34°. This is attributed to the doping of europium ions into the host 

matrix, since europium ions have a larger ionic radius (r=1.1206 Å) than cerium ions (r=1.11 

Å), leading to the lattice expansion [24]. The effect of the annealing temperature was also 
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investigated in Figure 2.1.6 (b). For powders dried at room temperature, only three broad 

peaks with very low intensities at 28°, 47° and 56° are visible, presenting the poorly 

crystallized structures. In the temperature range from 400 °C to 1000 °C, the peaks appear an 

apparent narrowing trend, inferring an enhanced crystallite growth with increasing 

temperature. Meanwhile, no structural change during the calcination process, since all peaks 

are characteristic diffractions of Eu doped CeO2 nanomaterials. The average crystalline size 

(d) of the nanoparticles annealed at 1000 °C is estimated from the highest intensity peak (111) 

at 28◦ using the Scherrer formula 

                                      (4) 

K is the shape factor with a value of 0.89 for the cubic fluorite structure of ceria. 𝜆 is the 

wavelength of the X-rays (1.54056 Å); 𝛽 is the line broadening at half maximum peak 

intensity in radians. 𝜃 is the Bragg angle [25]. As calculated, the crystallite size is 52.2 nm 

under the studied condition.   

 

Figure 2.1.6 (a) XRD patterns of CeO2:Eu3+ (2-10 mol%) annealed at 1000 °C; (b) XRD 

patterns of Eu doped CeO2 annealed at different temperatures  

 

Figure 2.1.7 (a-b) show representative TEM images of the Eu doped CeO2 nanomaterials. 

Nano-sized particles of irregular shapes were observed, with measured size ranging from 30 

nm to 60 nm. Particles are aggregated on account of the calcination. It is noteworthy that this 

technique allows the preparation of nanoparticles within 60 nm at 1000 ℃, which are much 

smaller compared with other physical or chemical methods that without stabilizers or 

surfactants (those are mostly larger than 100 nm and may reach micro-size level) [26-27]. 

Since conventional wet chemistry methods use supersaturated alkali precipitants, cerium 

cos

K
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hydroxides easily nucleate and grow to a large extent due to the vigorous hydrolyzing 

reactions. By contrast, in this method OH- are smoothly generated from water molecules to 

deposit ultra-small floccules in a mild condition, avoiding overgrowth of the deposits. The 

atomic-level particle structure was also examined by the high-resolution image, as shown in 

Figure 2.1.7 (c). Clear lattice fringes are observed, implying the crystalline nature of the 

synthesized particles. This was supported by the inserted FFT image and SAED image, in 

which diffraction rings arising from the (111), (200), (220), and (311) lattice planes are 

detected. 

 

 

Figure 2.1.7. (a-b) Representative TEM images, (c) HRTEM image and (d) SAED 

image of 10% Eu-doped CeO2 nanoparticles obtained at 1000 ℃ 

 

Raman analysis was performed to provide the structural fingerprint of CeO2 nanoparticles 

with Eu3+ doping. Figure 2.1.8 shows the Raman spectra of CeO2 nanoparticles with (red one) 

and without (black one) Eu3+ doping. For the pure CeO2 nanoparticles, a significant band 

located at 465 cm-1 is observed, corresponding to the first order scattering of CeO2 

nanoparticles (F2g mode). This band is caused by the stretching of the Ce-O-Ce symmetric 

vibration, where Ce and O are 8-fold and 4-fold coordinated [28]. Additionally, several bands 
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ranging from 250 cm−1 to 1400 cm−1 owing to the second order scattering are also detected. 

These bands belong to different phonon symmetry modes. For the Eu3+ doped CeO2 

nanoparticles, several new bands appeared from 1150 cm−1 to 1850 cm−1 are observed, 

presenting the changes of chemical bonds and symmetric vibration. This is entirely on 

account of the incorporation of Eu3+ into the CeO2 matrix. The same observation has been 

reported by Burger et al., where Eu3+ was doped into yttria by wet chemical routes with 

combustion and coprecipitation techniques [29]. The Raman results further confirm the 

successful synthesis Eu doped CeO2 nanoparticles by the plasma-induced technique. 

 

Figure 2.1.8. Raman spectra of CeO2 nanoparticles with and without Eu3+ doping 

 

To further investigate the chemical compositions and binding information of the products, 

XPS characterization is employed for both Eu3+ doped and undoped CeO2 nanoparticles 

(Figure 2.1.9). Both samples consist of Ce and O. The peaks corresponding to Eu 4s and Eu 

3d are not visible in the undoped ceria spectrum, while appear in the doped spectrum (~400 

eV and 1135 eV). In addition, high resolution spectra of Ce 3d, Eu 3d and O 1s are presented 

for element states study in Figure 2.1.9 (b-d). For the Ce 3d, the spin-orbital-splitting of the 

3d5/2 (878-898 eV) and 3d3/2 (898-920 eV) are clearly visible. Each doublet is further split by 

multiple splitting, representing different 4f configurations in the photoemission initial and 

the final states. The peaks at 898 eV and 916.7 eV are indexed to the Ce4+ 3d3/2 and Ce4+ 3d5/2 

contributions, while the peaks situated at 882.8 eV and 901.4 eV correspond to the binding 



Rare earth nanomaterial synthesis via microplasma-assisted method 

38 
 

energy of Ce3+ 3d3/2 and Ce3+ 3d5/2. Therefore, it demonstrates the existence of a small amount 

of Ce3+ at the surface, which is well-known for CeO2 nanoparticles [30]. The results are 

characteristic spectral features of ceria and can be taken as evidence of the formation of CeO2 

nanoparticles [31]. The Eu 3d bindings at 1163 eV and 1134 eV, assigned to the Eu3+ 3d5/2 

and Eu3+ 3d3/2, indicate that the existing form of Eu in Eu-O bonds are trivalent ions (Eu3+). 

This revealed that part of europium ions form Eu2O3 within the nanophosphors. Spectral 

decomposition of O 1s bands further confirms the above findings. The most prominent peak 

at 529.1 eV as well as the associated low intensity peak at 530.5 eV is typical O-Ce bonds 

existing in CeO2 nanoparticles [32]. Moreover, as reported by Yuan et al., two additional 

peaks at 532.2 eV and 533.4 eV are assigned to O-Eu binding as well as the oxide impurities 

such as O-C compounds or O-H species [33]. 

 

Figure 2.1.9. (a) Full XPS spectra of CeO2 nanoparticles with and without Eu3+ doping; 

(b) XPS spectrum of Ce 3d; (c) XPS spectrum of Eu 3d; (d) XPS spectrum and the 

associated spectral decomposition of O1s 



Rare earth nanomaterial synthesis via microplasma-assisted method 

39 
 

Figure 2.1.10 shows the representative emission spectra of CeO2 nanoparticles without/with 

4% Eu doping. In Figure 2.1.10 (a), broad emission bands are observed at around 390 and 

415 nm when irradiated at 300 nm, which are characteristic spectral features of CeO2, in 

consistent with reference [34]. Meanwhile, the emission bands located between 340 nm and 

500 nm are originated from the hopping from different defect levels to the O 2p band [35]. 

In the emission spectrum of Eu3+ doped CeO2 nanoparticles, two intensive peaks at 589 nm 

and 612 nm are attributed to the 5D0→7F1 and 5D0→7F2 transition of Eu3+ ions, respectively. 

The 5D0→7F1 transition is the parity-allowed magnetic dipole transition and is insensitive to 

the crystal field environment, while the 5D0→7F2 transition originates from the electronic 

dipole transition and being hypersensitive to the local symmetry around the Eu3+ ions. 

According to the Judd-Ofelt theory, the incorporation of Eu3+ ions into CeO2 host would 

perturb its structure. At low doping concentrations, the Eu3+ ions mainly enter into the lattice 

with inversion symmetry. With the increase of Eu3+ doping concentration, they can replace 

Ce4+ and create symmetry distortions to cause the electric dipole transitions [6]. In the present 

case, the 5D0→7F1 transition is found to be higher than the 5D0→7F2 transitions, indicating 

that most of the Eu3+ ions go into the lattice instead of occupying the Ce4+ sites. This agrees 

with the study of Shi et al., where the 5D0→7F1 transition was stronger than other transitions 

at the 4% Eu3+ doping concentration [24]. In addition, an optical photograph of the 

nanophosphor under the same UV wavelength is also shown in Figure 2.1.10 (b). Apparent 

red fluorescent light is clearly visible from the Eu doped CeO2 sample by the naked eye, 

confirming their downshifting nature. 
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Figure 2.1.10 Representative photoluminescent emission spectra (a) CeO2 and (b) 

CeO2:4%Eu under UV excitation. Inset shows a typical photograph of the obtained 

nanophosphors under the UV irradiation of 360 nm. 

2.1.6 Conclusion 

 

Eu doped CeO2 nanoparticles were successfully synthesized by a microplasma-assisted 

method, without the use of additional toxic chemicals and complex purification procedures. 

Complementary characterizations were carried out to study the plasma-liquid interaction 

process and the properties of obtained products. As a result, high purity crystalline Eu doped 

CeO2 nanoparticles were obtained with an averaged calculated crystallite size of 52.2 nm at 

the calcination temperature of 1000 °C. Moreover, Europium ions were proved to be 

effectively incorporated into the CeO2 matrix. The obtained nanophosphors exhibited clear 

downshifting behaviour, where the 5D0→7F1 transition was found to be higher than the 

5D0→7F2 transitions. 

 

In terms of nanofabrication, microplasma-assisted synthesis allows the production of 

nanostructures more efficiently in a controllable approach. The unique kinetics of non-

thermal plasma can lead to a fast nucleation and a slow crystal growth in comparison to the 

traditional wet chemistry methods. Moreover, due to the high flexibility in choosing 

precursors, this technique presents great potentials to extend the production for other rare 

earth luminescent nanomaterials in a facile and controllable process. This extension study 

was carried out in chapter 2.2.  
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2.2  Color-tunable Eu3+ and Tb3+ co-doped nanophosphors synthesis by plasma-

assisted Method 

 

Abstract 

 

In this second part of chapter 2, the atmospheric pressure microplasma-assisted technique is 

extended for the synthesis of Eu3+/Tb3+ single-doped or co-doped Y2O3 nanophosphors from 

an aqueous solution of the corresponding rare earth nitrite salts. Systematic experiments were 

performed to prepare (Y1-x-yEuxTby)2O3 nanophosphors of various Tb3+ and Eu3+ ratios (x:y 

= 1:0, 2:1, 1:1, 1:2, and 0:1) to achieve the emission colour tunability by adjusting the dopant 

compositions. Results indicated that Eu/Tb single-doped and co-doped Y2O3 crystalline 

nanophosphors were successfully synthesized with uniform incorporation of Tb3+ and Eu3+ 

ions into the Y2O3 host matrix. The generated products demonstrated apparent downshift 

behaviour under ultraviolet irradiation. The characteristic spectral excitation and emission 

bands were detected by the photoluminescence measurement. Further, the emission colors 

were regulated to a large extent by adjusting the relative composition ratios of Tb3+ and Eu3+ 

ions. This extending study proved the possibilities for a wide range of rare earth 

nanophosphors synthesis via microplasma technology and presented the potentials of 

luminescent nanomaterial synthesis via microplasma technology in a flexible and 

controllable process.  
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2.2.1 Introduction 

 

The ability to tune the color outputs of nanomaterials has attracted significant interest for 

various applications, ranging from the light-emitting devices including fluorescent lamps, 

LEDs and display panels to the life-science purposes such as bio-labelling or bio-imaging 

[36-37]. Owing to the great luminescent efficiency, good biocompatibility, superior stability 

and excellent mechanical properties, Y2O3-based rare earth nanophosphors are considered as 

promising luminescent complexes. While each single type of the rare earth ion has fixed 

energy levels leading to constant emission wavelengths, emissions from various rare earth 

ions can cover almost the entire visible spectrum [38]. Thus, the emission tunability of such 

composites can be achieved by doping with specific elements. For instance, Eu doped 

Y2O3 phosphors presented typical red color emission in contrast to the green color emission 

from Tb doped Y2O3 [39]. Being inspired by these properties, an apparent question is 

naturally raised: if it is possible to simultaneously co-dope appropriate rare earth ions of 

specific emission characteristics in a single host matrix to realize the color tuning by 

controlling their relative composition ratios?       

 

In recent years, the conjugate couple of rare earth ions Eu3+ and Tb3+ received a great deal of 

attention to be used as the luminescent centers for white light source [40-41]. While Eu3+ ions 

suffer from low absorption strength in the blue spectrum range, Tb3+ ions exhibit comparative 

strong absorption in this range and can act as sensitizers for Eu3+ ions. The co-doping of Tb3+ 

ions into Eu doped Y2O3 composites enables to induce effective energy transfer from the Tb3+ 

to Eu3+ and greatly improve the luminescent efficiency [42]. Moreover, for Eu-doped 

phosphors, Eu3+ can be partially reduced to Eu2+, resulting in the coexistence of both valence 

states of Eu ions (Eu3+ and Eu2+). Due to the 5D0→7FJ (J=1-4) transitions of Eu3+ ions and the 

4f65d1→4f7 transitions of Eu2+ ions, the Eu-doped phosphors can emit both red and blue 

emissions under UV excitation at the same time [43]. This in conjunction with the green light 

emitting from Tb3+ ions compose the three primary colors (RGB). Therefore, it is rational to 

infer that the emission color tuning from green to red luminescence can be achieved by proper 

control and regulation of the Eu3+/Tb3+ dopants. 
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In our previous research, the microplasma-assisted process can be an alternative option for 

the synthesis of high purity rare earth oxide nanoparticles [44]. This technique mainly 

consists of two steps: (1) deposition of rare earth hydroxides through plasma reactions; (2) 

decomposition of these rare earth hydroxides to form oxide derivatives by a calcination 

process. Based on the previous research, in the present study we extend this concept for 

preparing Eu3+/Tb3+ single-doped and co-doped Y2O3 nanophosphors, in which their 

photoluminescence properties can be tuned to a large extent by adjusting the concentration 

ratios of dopants. This synthetic method and the relevant adjusting strategy are also expected 

to be applicable for a series of rare earth doped/co-doped nanophosphors. 

 

2.2.2 Experimental section 

 

The luminescent nanophosphors were prepared via an atmospheric pressure plasma-assisted 

method. Detailed information of the plasma setup and experiment procedure can be referred 

to previous work [44]. Y(NO3)3·6H2O (Sigma-Aldrich), Eu(NO3)3·6H2O (Sigma-Aldrich) 

and Tb(NO3)3·6H2O (Sigma-Aldrich) were chosen as the starting raw materials and being 

mixed according to the formula (Y1-x-yEuxTby)2O3. The mixed powders were dissolved in 

deionized water to obtain the reactant solution. To investigate the possibility of tuning 

photoluminescence properties by controlling the product composition, different formulations 

were prepared by mixing different ratios of Tb3+/Eu3+ (x:y = 1:0, 2:1, 1:1, 1:2, and 0:1). The 

plasma-assisted synthesis process was carried out in a plasma reactor, where 10 ml (0.05 

mol/L) of the solution was continuously treated by an argon microdischarge for 3 hours in 

each operation. Afterwards, the deposited hydroxide sediments were centrifuged and calcined 

at 1000 °C to obtain the Tb3+ and Eu3+ doped/co-doped Y2O3 oxides without any purification 

procedures. Finally, the as-prepared products were carefully scraped from the crucible for 

further characterization. The detailed information for characterization and measurements was 

presented in chapter 2.1.4. 

 

2.2.3 Results and discussion 

 

Figure 2.2.1 shows the XRD patterns of Y2O3 nanoparticles doped with different 

concentrations of Eu3+ and Tb3+ ions, which were calcined at a temperature of 1000 °C. It 
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can be noticed that all diffraction peaks are consistent with the standard pattern of the cubic 

Y2O3 (JCPDS#41-1105). The doping concentrations of Eu3+ and Tb3+ do not cause any 

significant change on the crystalline structure. No impurity phases such as Eu, Tb, Eu2O3, 

Tb2O3, Eu(OH)3 and Tb(OH)3 were detected. Moreover, the crystallite size was calculated 

from the most intensive peak (222) at 28◦ using the Scherrer formula. The characteristic 

crystallite size is 31.2 nm for the studied conditions. 

 

Figure 2.2.1 XRD patterns of (a) Y2O3:5% Tb; (b) Y2O3:5% Tb/2.5% Eu; (c) Y2O3:3% 

Tb/3% Eu; (d) Y2O3:2.5% Tb/5% Eu and (e) Y2O3:5% Eu nanophosphor. The 

standard data for Y2O3 (JCPDS NO.41-1105) is also presented in the Figure for 

comparison. 

 

To further investigate the particle size, morphology and crystalline structure, Figure 2.2.2 

shows typical images of Y2O3:3%Eu,3%Tb nanophosphors acquired by the transmission 

electron microscopy. The obtained products consist of agglomerated particles of irregular 

shapes, with a particle size in the range of 20-50 nm, which is smaller than those prepared by 

a precipitation method (90-150 nm) [45]. The selected area electron diffraction (SAED) 

pattern displays a series of concentric diffraction rings that are formed by diffraction spots, 

indicating their characteristic polycrystalline structure. This is furtherly confirmed by the 

high-resolution TEM image, where clear lattice fringes of different crystal planes are 

observed. However, due to the calcination, particles are partially aggregated, leading to the 
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overlap of lattice fringes in the field of view. Moreover, by measuring the distance across 10 

atomic planes from a typical nanoparticle, the interplanar distance between the adjacent 

lattice planes is estimated to be 3.2 Å, matching well with the (222) plane of the Y2O3 

nanoparticle (3.1 Å). The slightly increased value may be attributed to the substitution of Y3+ 

ions (0.9 Å) by larger Eu3+ (0.94 Å) or Tb3+ ions (0.92 Å) [46]. The SEM and EDX 

characterizations are presented in Figure S2.2.1. 

 

Figure 2.2.2 (a) Representative TEM image; (b) SAED pattern, (c-d) HRTEM images 

and (e-f) lattice spacing of Y2O3:3% Eu, 3% Tb nanophosphors. 
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As an effective technique to qualitatively estimate the crystallinity and structural symmetries 

of the obtained products, Raman characterization was performed. Figure 2.2.3 exhibits 

comparative Raman spectra of the undoped, Eu3+ doped, Tb3+ doped and co-doped Y2O3 

nanoparticles. For the pure Y2O3 sample, the spectrum is dominated by a distinct peak at 

378 cm-1, corresponding to the Fg mode rising from the Y3+- O2− vibration. In addition, a 

series of low intensity peaks are observed at 130 cm-1, 329 cm-1, 469 cm-1 and 592 cm-1, 

which are the characteristic spectral features of the cubic Y2O3 structure [47]. With the Tb 

doping, the main peak at 378 cm-1 is slightly suppressed. Meanwhile, a broad peak of very 

weak signal appears in the range of 800-1000 cm-1. The distinguishable peak is well-known 

as the torsional stretching of the Tb-O bond [48]. Similarly, the Raman spectra of the Eu3+ 

doped/co-doped samples also demonstrate the characteristic peaks of Y2O3 cubic structure. 

However, the main spectral feature of the Y3+-O2− vibration at 378 cm-1 (Fg mode) is 

significantly suppressed. Instead, several new peaks are captured at the wavenumber of 428 

cm-1, 705 cm-1, 1260 cm-1, 1388 cm-1, 1659 cm-1, 1700 cm-1 and 1766 cm-1, which are 

perfectly indexed to the vibrational bending of the Eu-O bond [49]. As the Eu3+ 

concentration increases, an apparent decrease ratio of Y-O/Eu-O intensity is obtained, 

suggesting the vibrational bending among chemical bonds are changed. The Raman spectra 

prove the effective doping of Eu3+ and Tb3+ ions into the Y2O3 lattice. 

 

Figure 2.2.3 Raman spectra of the products with various Eu3+ and Tb3+ doping 

concentrations 
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X-ray photoelectron spectroscopy (XPS) has been used as a complementary tool to examine 

the surface chemical composition and the valence states of the Eu3+ and Tb3+ doped/co-doped 

nanophosphors. The overall spectra reveal the presence of Y and O elements on the surface 

of all samples. However, the Eu 3d and Tb 3d signals are not visible in the pure Y2O3 sample, 

while can be clearly detected in the corresponding doped samples, verifying the successful 

incorporation of Tb and Eu ions (Figure S2.2.2). To give more details about the valence 

chemistry of the constituent elements, high resolution XPS spectra of Y 3d, O 1s, Eu 3d and 

Tb 3d are presented in Figure 2.2.4 (a-d). The deconvolution of the Y 3d spectrum reveals 

the presence of yttrium oxides (Y 3d5/2: 156.3 eV; Y 3d3/2: 158.3 eV) and yttrium carbonates 

(Y 3d5/2: 158.1 eV; Y 3d3/2: 160.2 eV) [50]. This is a very common phenomenon, since Y2O3 

nanoparticles can easily absorb CO2 from air to form carbonate compounds. In the Eu 3d 

spectrum, two dominant peaks are observed at 1164 eV and 1134 eV, corresponding to the 

3d5/2 and 3d3/2 binding energy of the trivalent Eu ions [51]. Additionally, two noticeable 

satellite peaks observed at 1157 eV and 1126 eV are assigned to Eu2+ 3d5/2 and Eu2+ 3d3/2, 

respectively [52]. The areas of Eu3+ and Eu2+ are proportional to the Eu concentration. 

Therefore, it is deduced that most Eu3+ ions are in the form of Eu-O bonds, coexisting with a 

small amount of Eu2+ ions. The presence of Eu2+ is caused by the change in crystal symmetry 

and coordination at the particle surface, where Eu ions prefer to be in the lower-valent state 

[53]. The XPS spectrum of Tb 3d, presenting two peaks at 1242 eV and 1277 eV, is assigned 

to the Tb3+ 3d5/2 and Tb3+ 3d3/2 [52]. Spectral deconvolution of the O 1s band reconfirms the 

above result, in which two most prominent peak at 528.9 eV and 531.7 eV are indexed to the 

typical O-Y binding and Y-O-H binding existing in the Y2O3 compounds [47]. The subpeak 

at 530.5 eV is caused by the Eu(Tb)-O binding. However, because the binding energy 

between Eu-O and Tb-O is very close, the further deconvolution of this peak is unnecessary 

and out of scope in the present study. The last peak located at 533.1 eV is attributed to the O-

C bond originated from carbonate compounds on the surface of particles, being consistent 

with the Y 3d spectrum. 
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Figure 2.2.4 High resolution XPS spectra of (a) Y 3d, (b) O 1s, (c) Eu 3d and (d) Tb 

3d in the Y2O3:3% Eu, 3% Tb sample 

 

In order to explore the possibility of tuning optical properties by adjusting the composition 

of the nanophosphors, the photoluminescence emission spectra of Y2O3 nanoparticles with 

various Eu3+/Tb3+ doping concentrations were further explored. Figure 2.2.5 exhibits typical 

emission spectra of Eu3+, Tb3+ single-doped/co-doped nanophosphors with a Tb3+/Eu3+ ratio 

of 1:0, 2:1, 1:1, 1:2 and 0:1. For the sake of comparison, all presented spectra are normalized 

at the same level. All peak positions do not change with relative ionic concentrations, 

suggesting that the nature of activators remains unchanged [54]. In the co-doped spectra, both 

of the emissions from Tb3+ and Eu3+ can be simultaneously captured. With the increase of 

Eu3+ partial concentration, the characteristic emission peak at 612 nm (5D0→7F2 transition) 

rises substantially, for more Eu3+ luminescent centers are generated. For the emission 

spectrum with the equal Tb3+ and Eu3+ doping level (Y2O3:3%Eu,3%Tb), the emission from 

Eu3+ is dominant, indicating Eu3+ ions own higher photoluminescence sensitivity compared 
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with Tb3+ ions at the same condition. In the Eu doped Y2O3 nanophosphors, the emission 

spectrum of Y2O3:5% Eu nanophosphors is dominated by a sharp peak at 612 nm, 

corresponding to the electric dipole transition of Eu3+ ions (5D0→7F2) in C2 symmetry. 

Besides, several other emission groups with much lower intensities are detected in the 

wavelength range from 575 nm to 725 nm, belonging to the 5D0→7FJ (J=0,1,2,3,4) transitions 

of Eu3+ ions in S6 symmetry [55]. For the emission spectrum of Tb doped Y2O3 

nanophosphors, four strong emission bands at around 485 nm, 545 nm, 585 nm and 625 nm 

are measured, corresponding to the intra-4f transitions of Tb3+ ions. Among them, the most 

prominent band at 540-555 nm is indexed to the 5D4→7F5 transition, while the bands at 475-

505 nm, 575-600 nm and 605-630 nm originate from 5D4→7FJ (J=6, 4, 3) transitions, 

respectively [56]. Representative photoluminescence excitation and emission spectra of 

Y2O3:5%Tb3+ and Y2O3:5% Eu3+ samples are demonstrated in Figure S2.2.3. 

 

Figure 2.2.5 Typical photoluminescence emission spectra of Eu3+ and Tb3+ doped/co-

doped Y2O3 nanophosphors. All spectra were recorded under 259 nm excitation and 

being normalized at the same level. 

 

Figure S2.2.4 presents photographs of the Tb3+ and Eu3+ doped/co-doped Y2O3 powders 

excited by a commercial UV source at 254 nm. For the Y2O3:Tb3+ sample, strong green 
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fluorescent color, attributed to the predominant 5D4→7F5 transition of Tb3+ ions at around 

545 nm (green: 492 - 577 nm), is clearly visible by naked eyes. With the doping of Eu3+ ions, 

the fluorescent color gradually shifts from yellow at Y2O3:5%Tb/2.5%Eu and white-yellow 

at Y2O3:3%Tb/3%Eu, to orange-red at Y2O3:2.5%Tb/5%Eu, and ultimately to red at 

Y2O3:5%Eu. This could be explained by the superposing luminescent effect determined by 

the three emitters (Tb3+: green, Eu3+: red, Eu2+: blue) under the UV irradiation. Therefore, the 

luminescent color of the nanophosphors is tunable by adjusting the relative concentration 

ratio of Tb and Eu ions. This is verified by the CIE (Commission Internationale de 

l’Eclairage) chromaticity diagram, where the color gradually changes from green to deep-red 

by controlling the luminescent ions concentration (Figure 2.2.6). The detailed color 

coordinates were calculated from the photoluminescence emission spectra and are listed in 

Table 2.2.1. 

 

 

Figure 2.2.6 Typical CIE diagram and coordinates of the Eu3+ and Tb3+ single-doped/co-

doped Y2O3 nanophosphors 
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Table 2.2.1. CIE diagram parameters and energy transfer information of Y2O3:Eu/Tb 

nanophosphors 

No Composition Color 
coordinates 

I545nm 

/I612nm 
Emission 

color 
Transition 

x y 

1 Y2O3:5%Tb 0.2851 0.5754 ∞ Green 5D4→7FJ (J=0-6) of Tb3+ 
2 Y2O3:5%Tb/2.5%Eu 0.4213 0.4992 1.36 Yellow 5D0→7FJ (J=0-4) of Eu3+ 

 
5D4→7FJ (J=0-6) of Tb3+ 

3 Y2O3:3%Tb/3%Eu 0.4486 0.4503 0.37 White 
yellow 

5D0→7FJ (J=0-4) of Eu3+ 

 
5D4→7FJ (J=0-6) of Tb3+ 

4 Y2O3:2.5%Tb/5%Eu 0.5572 0.3906 0.07 Orange 
red 

5D0→7FJ (J=0-4) of Eu3+ 

 
5D4→7FJ (J=0-6) of Tb3+ 

5 Y2O3:5%Eu 0.6348 0.3458 0 Red 5D0→7FJ (J=0-4) of Eu3+ 

 

2.2.4 Conclusion 

 

In summary, an extending study was described for the synthesis of Eu3+ and Tb3+ single-

doped/co-doped Y2O3 nanophosphors. By using Y(NO3)3·6H2O, Eu(NO3)3·6H2O and 

Tb(NO3)3·6H2O salts as the starting materials, a series of Y2O3-based nanophosphors doped 

with different Tb3+/Eu3+ concentration ratios (x:y = 1:0, 2:1, 1:1, 1:2, and 0:1) were prepared 

in a two-step manner. Complementary characterization methodologies were employed to 

examine the product microstructures as well as the photoluminescence properties. The 

emission color tunability was exploited by simply adjusting the composition ratios of 

Tb3+/Eu3+ ions. Results revealed crystalline (Y1-x-yEuxTby)2O3 nanoparticles with the cubic 

structure and homogenous Eu3+ and Tb3+ doping were obtained via the plasma-assisted 

method, where the particle size was estimated to be in the range of 20-50 nm. The products 

proved to possess downshifting phenomenon, and typical spectral excitation and emission 

bands of (Y1-x-yEuxTby)2O3 phosphors were detected. Moreover, the emission color can be 

regulated to a large extent by simply tuning the relative concentration ratios of the dopant 

ions. The demonstrated method is expected to receive considerable attention from various 

fields, especially for the facile and controllable synthesis of luminescent nanoparticles.   
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Supplementary material 

 

 

Figure S2.2.1. SEM and EDX characterization of the Y2O3:3%Tb/3%Eu sample. (a) 

Element mapping area; (b) The overall EDX spectrum; (c) Yttrium element; (d) Oxygen 

element; (e) Europium element and (f) Terbium element 

 

Figure S2.2.2. XPS patterns of the Y2O3 nanoparticles doped with various Eu3+ and Tb3+ 

concentrations 
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Figure S2.2.3 (a-b) Representative excitation and emission spectra of 5% Tb doped 

Y2O3 nanophosphors; (c-d) Representative excitation and emission spectra of 5% Eu 

doped Y2O3 nanophosphors. 

 

Figure S2.2.4. Images of the Tb3+ and Eu3+ single-doped/co-doped Y2O3 nanophosphors 

excited under UV excitation: (a) Y2O3; (b) Y2O3:5% Tb; (c) Y2O3:5%Tb/2.5% Eu; (d) 

Y2O3:3% Tb/3% Eu; (e) Y2O3:2.5% Tb/5% Eu and (f) Y2O3:5% Eu. 
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Abstract 

 

Carbon dots have recently emerged and gained much interest as a new class of carbon 

nanomaterials especially suited for biological applications owing to their characteristic 

advantages such as non-toxicity, bio-compatibility, and element abundance. In this chapter, a 

fast and effective method was developed for the synthesis of fluorescent carbon dots by 

microplasma technology at atmospheric pressure, using isopropanol as the only reactant. 

Characterizations of the synthesized carbon dots including the investigation of their structure, 

morphology and optical properties were performed. The produced carbon dots have a narrow 

size distribution (average diameter of 1.78 nm) and are amorphous and graphitic in nature. 

The photoluminescent study indicates that the carbon dots present an excitation-dependent 

emission property with the excitation wavelengths in a range of 310-410 nm. The high-

density electrons produced by microplasma induce the chemical reactions and accelerate the 

formation process of functional groups doped carbon dots. 
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3.1 Introduction 

 

In recent years, large research efforts have been devoted on development of advanced carbon 

nanomaterials such as carbon nanotubes, graphene, fullerenes and carbon dots due to their 

unique electronic, mechanical, thermal and optical properties [1]. Among them, carbon dots 

with the diameter below 10 nm are a new member of quantum dot-like photoluminescent 

nanomaterials. The luminescent properties of carbon dots allow for their applications in 

numerous fields such as bio-imaging/sensing, photocatalysis, analytical chemistry and 

optoelectronic devices (LEDs) [1-4]. Comparing with commonly used metal-based quantum 

dots, carbon dots perform higher biocompatibility and lower toxicity [5], suggesting they are 

more suitable for bio-applications. 

 

Generally, carbon dots are synthesized through two pathways: “top down” methods with 

graphite materials as carbon sources, “bottom up” methods with organic molecules as carbon 

sources. Hence, they are classified into graphene nanodots and carbon nanodots, respectively. 

The graphene nanodots are synthesized from the “break off” of graphite, carbon nanotubes 

and other types of carbon materials [6]. On the other hand, carbon nanodots can be obtained 

by “bottom-up” polymerization principally from high carbon/oxygen contained organic 

chemicals, like citric acid, amino acid and D-fructose [7]. The synthesis methods for carbon 

dots can be categorized in chemical methods (including electrochemical synthesis [8], 

combustion/hydrothermal synthesis [9-10] and microwave synthesis [11]) and physical 

methods (including laser [12], thermal plasma synthesis [13]). However, most of the 

synthesis methods face challenges such as using toxic starting materials, requirement of 

special reaction conditions, complex separation procedures and low quantum yields. For 

example, phenylenediamine was used as carbon source to fabricate red emitting carbon dots 

[14]. However, phenylenediamine is a highly toxic organic chemical and the solvothermal 

synthesis process requires a long reaction time (12 h) to obtain carbon dots. In another 

research, N-doped graphene quantum dots were synthesized with citric acid and 

dicyandiamide in 3 hours, followed by 48 h dialysis to get rid of unreacted small molecules 

and solvent [15]. In addition, the majority of carbon dots reported so far possess quantum 

yields lower than 10% [5, 16-17]. 
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Besides, most of methods reported above for synthesizing carbon dots require high 

temperature, which is effective to accelerate chemical reactions but also results in the 

production of chemical wastes and process control problems during reaction. For example, 

Shin et al. [18] synthesized carbon dots in a wide size range of diameter (70-150 nm) by 

hydrothermal method. As reported, particle size is one of crucial factors which significantly 

influences the carbon dots emission wavelengths, resulting in various fluorescent colors such 

as blue, green, yellow and red [7]. Thus, further complex separation procedure is needed for 

non-uniform size distribution carbon dots to control the luminescent properties.  

 

As reported before, non-thermal plasma, widely applied to pretreat the catalysts and 

synthesize nanomaterials, is a promising technology for material synthesis or pretreatment 

[19-22]. Therefore, non-thermal plasma could be a prospective approach to solve the problem 

of non-uniform size distribution caused by thermal methods. Huang et al. [5] compared the 

carbon dots produced by atmospheric pressure helium microplasma with those produced by 

chemical methods. Their results proved that carbon dots produced by microplasma have 

smaller size and more uniform size distribution compared to the ones produced by chemical 

methods. In addition, active radicals like OH, O and H from water molecules can be formed 

through plasma liquid interaction that may allow additional surface functionalization of 

carbon dots without extra solvents.  

 

The reported carbon dots by a simple microplasma-assisted process adopted the reactants 

such as fructose, citric acid and folic acid [5, 23-24]. The synthesis and mechanism study 

from these reactants have been also explored by using other synthesis methods [25-27]. The 

research of carbon dots gained from short chain alcohols (C<=3), nevertheless, are limited 

particularly in the microplasma-assisted carbon dots synthesis. In this study, IPA, the easiest 

secondary alcohol for cosmetics and pharmaceutical applications owing to the low toxicity 

of any residues [28-29], was used as a typical small molecule reactant. The mechanism study 

by OES was added in comparison with other studies. Moreover, there is no addition of acids 

/ bases or metal ions in this synthesis process. Consequently, the production cycle is much 

shorter without dialysis separation process. 

 

In this chapter, isopropanol was used as low-toxic carbon source without any acid/alkaline 
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reagents. An Ar microplasma was used for the synthesis of carbon dots at atmospheric 

pressure. Energetic electrons (≥ 1eV) produced in plasma were injected to the reaction 

volume, initiating and accelerating the synthesis process at the gas-liquid interface. The aim 

of this research is to demonstrate a facile and green way to prepare functional groups attached 

carbon dots without involving high-toxic chemicals and complex purification processes, and 

the reaction parameters such as operating voltage and isopropanol concentration have been 

controlled to study the effects of them on the structure and PL property of carbon dots. The 

produced carbon dots exhibit excitation-dependent emission property, favoring the product 

application in biological fields after toxicity test in near future.  

 

3.2 Experimental section 

 

3.2.1 Materials and methods  

In this study, all experiments were carried out in a designed plasma reactor as sketched in 

Figure 2.1.1. The electrolyte solution was prepared by dissolving 2 ml of isopropanol (60.1 

g/mol, VWR) in 8 ml deionized H2O and filled in the quartz reactor. A stainless-steel capillary 

(I.D. = 0.51 mm, O.D. = 1.6 mm) was used as a negative electrode and a platinum disk was 

immersed in the liquid as the ground electrode. A continuous argon gas stream at a flow rate 

of 60 sccm was injected through the capillary electrode which was placed 1 mm above the 

liquid surface, and the discharge voltage was ~4 kV. The microplasma was applied to treat 

the solution for 20 min, and the sample solution turned to yellowish in color after the 

treatment. The solution was filtrated with a 0.2 mM filter membrane and then dried by a 

vacuum drying machine at room temperature to remove larger particles and unreacted 

reactants. The carbon dots solution was acquired by dissolving the dried products in 

deionized water. This solution is used for X-ray photoelectron spectroscopy (XPS, film 

drying), UV–visible absorption and Photoluminescence spectroscopy (PL) measurements. 

Freeze-drying is the last procedure to produce the carbon dots powder for further 

characterizations such as Transmission electron microscopy (TEM), Fourier transform 

infrared spectroscopy (FTIR), X-ray diffraction and Raman analysis.  

 

3.2.2 Characterization and Measurements 

The detailed information for characterizations including OES, XPS, Raman, TEM and XRD 
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was presented in chapter 2.1.4. The chemical compositions were assessed by using an X-ray 

photoelectron spectroscopy (XPS) from Thermo Scientific K-Alpha. The sample was 

prepared by depositing the carbon dots solution on Si substrates and dried at room 

temperature. The Fourier transform infrared spectroscopy (FTIR) spectra were measured by 

Alpha spectrometer with the KBr pellet technique ranging from 500 to 4000 cm-1. The UV–

visible absorption spectrum and diffuse-reflectance spectra were recorded on a UV-2501PC. 

The photoluminescence (PL) measurements were performed on a luminescence spectrometer 

(Perkin Elmer, Model LS-50B) using excitation wavelengths in the range of 310-410 nm. 

The quantum yield (Φ) of C-dots was estimated by comparing the absorbency peak values 

(A) and integrated PL emission areas (I) with quinine sulfate (54%) as a reference, as shown 

in equation (1) [5]. “QS” stands for quinine sulphate. It was dissolved in 0.1 M H2SO4 

(refractive index ηQS= 1.33), and the C-dots were dissolved in deionized water (refractive 

index η= 1.33). 

           

𝚽 = [
𝑰(𝟏−𝟏𝟎

−𝑨𝑸𝑺)

𝑰𝑸𝑺(𝟏−𝟏𝟎−𝑨 )
] (

𝒏𝟐

𝒏𝑸𝑺
𝟐) 𝚽𝑸𝑺                       (1) 

 

3.3 Results and discussion 

 

Optical emission spectroscopy study for carbon dots synthesis 

Optical emission spectra were measured during the plasma reaction to observe the 

dissociation of precursor and synthesis of carbon dots, followed by the identification of the 

excited state of the generated species. Figure 3.1 shows the recorded spectra when plasma 

starts to treat the isopropanol solution and the blank water sample. Detailed radiative 

transition information is summarized in Table 3.1. The dominant peaks from 690-850 nm 

were resulted from highly excited electronic states of Ar atomic transitions (Ar I) [30]. Apart 

from the Ar species, prominent emission peaks corresponding to the C2 swan band between 

460 and 570 nm and CH modes at 389 nm and 431 nm were detected. The bands are 

particularly important for carbon nanomaterial formation, implying the dissociation of the 

reactants [21]. According to Wang et al. [31], C2 species in reaction work effectively in 

nucleating a solid carbon cluster, and CH species form a hydrocarbon layer, promoting the 

nucleation of carbon nanomaterials. In this research, the reaction is considered to occur in 
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the gas-liquid interface. When plasma was generated in the gas-liquid interface, a high 

density of electrons was produced and interacted with the sample solution, isopropanol was 

dissociated, where C2 and CH species were produced, leading to the carbon nucleation and 

carbon dots formation. Besides, the weaker peaks in 307-310 nm and 656 nm are assigned to 

OH bands and atomic hydrogen (Hα) resulted from the dissociation of reactant and water [32]. 

In the case of blank water sample, OH, Hα and Ar species also appeared in the spectrum, 

indicating that water was dissociated during plasma treatment.  

 

Figure 3.1 Optical emission spectra during plasma reaction. 

 

Table 3.1 Summary of emission lines from spectra 

Species System Transition Wavelength 

OH 3064 Å system A 2∑+ → X 2Π 308.9 nm 

CH 4300 Å  

3900 Å 

A2∆ →X 2Π, ground state 

B2∆ →X 2Π, ground state 

432.0 nm 

389.3 nm 

C2 Swan system A3∑ →X 3Π, ground state 467.9 nm, 468.5 nm 

469.8 nm, 471.5 nm 

473.7 nm, 516.5 nm 

558.6 nm, 563.6 nm 

H Balmer series n → 2s,2p 489.6 nm (Hβ), 657.2 nm (Hα) 
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Ar Ar I 4p → 4s 696.5 nm (1s5-2p2), 706.7 nm (1s5-2p3) 

738.4 nm (1s4-2p3), 750.4 nm (1s5-2p1) 

763.5 nm (1s5-2p6), 772.4 nm (1s3-2p2) 

794.8 nm (1s3-2p4), 826.5 nm (1s2-2p2) 

842.5 nm (1s4-2p8) 

 

X-ray photoelectron spectroscopy study for carbon dots elements analysis 

 

Figure 3.2 XPS spectrum of carbon dots: (a) XPS spectrum with atomic content (b) 

High resolution C 1s spectrum.  

 

The surface composition and elemental analysis of the produced carbon dots were detected 

by XPS technique. Results indicate that these carbon dots are composed of atomic C (80.31%) 

and O (19.69%) in Figure 3.2 (a). The C 1s spectrum of carbon dots (Figure 3.2(b)) consists 

of three contributions: 284.5 eV, 286.0 eV and 287.9 eV. The first and main contribution at 

284.5 eV is attributed to the formed graphitic structure carbon. The peak clearly presents that 

the prepared carbon dots are predominantly comprised of sp2 carbons, thereby confirmed by 

Raman spectrum in Figure 3.4. The contributions at 286.0 eV and 287.9 are on account of 

the presence of C-O and C=O groups, respectively [33]. 

 

Transmission electron microscopy and X-ray diffraction study for size and morphology 

The morphology, size distribution and crystal structure of the carbon dots were confirmed by 

TEM, selected area electron diffraction (SAED) and XRD. The TEM images of the produced 

CDs in Figure 3.3 (a-b) reveal that these spherical nanoparticles were well dispersed and 

separated from each other. The average diameter of the carbon dots is 1.78 ± 0.47 nm, 
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calculated from collecting and measuring the diameter of 100 particles. XRD patterns in 

Figure 3.3 (d) is consistent with amorphous SAED pattern in Figure 3.3 (c), appearing only 

a broad peak at about 2θ = 21o and no sign of crystalline structure. 

  

 

Figure 3.3 (a) and (b) TEM image with size distribution, (c) TEM image with SAED, (d) 

XRD pattern. 
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Fourier transform infrared spectroscopy and Raman study for structure of carbon dots 

 

Figure 3.4 (a) FTIR spectrum of carbon dots, (b) Raman spectrum of carbon dots. 

Vibrational spectroscopy data are accessed through FTIR and Raman analysis in Figure 3.4. 

The broad and intense peak in Figure 3.4 (a) around 3440 cm-1 corresponds to the O-H 

stretching vibration, followed by C-H stretching vibrations at weak bands of 2922 cm−1 and 

2972 cm−1 [16]. The absorption at 1731 cm−1 and 1650 cm−1 are attributed to the generation 

of C=O and C=C groups, respectively. Besides, the peaks at 1382 cm−1and 1050/1278 cm−1 

prove the existence of C-OH and C-O-C groups in carbon dots [34]. The Raman spectra in 

Figure 3.4 (b) exhibit two broad features, at 1365 cm−1 and 1590 cm−1, close to the D (disorder) 

and G (graphite) bands, respectively. D band derives from the vibrations of carbon atoms 

with dangling bonds in the termination plane of disordered graphite or glassy carbon, while 

the G band is related to E2g mode of the graphite and the vibration of sp2-bonded carbon 

atoms in a two-dimensional hexagonal lattice [35]. The intensity of G band is higher than D 

band in Figure 3.4 (b). It proves that carbon dots are principally composed of sp2 carbons 

with some sp3 hybrid carbons. This situation is similar with carbon dots synthesized by Mao 

et al. in report [3]. In conclusion, functional groups such as C=O, C-O and O-H are attached 

to the graphitic-structure carbon dots during plasma reaction successfully. The existence of 

carboxyl and hydroxyl groups results in favorable water solubility of carbon dots. Moreover, 

the oxidation state of carbon dots influences the emission properties [7]. 

 

Optical study of carbon dots 

Further investigation was carried out to study the optical properties of prepared carbon dots. 

The isopropanol solutions demonstrate no emission before and strong blue light emission 
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under the 365 nm UV lamp after reaction. The UV-vis absorption spectrum indicates the 

extent of reaction (Figure 3.5 (a)) from no absorption at 0 minute to highest absorption 

intensity after 20 minutes reaction, suggesting the optimal reaction time was around 20 min. 

Lower absorption in spectrum was measured after 20 minutes, this is possibly caused by the 

evaporation of isopropanol and aggregation of carbon dots, thereby resulting in the decrease 

of soluble carbon dots production. Besides, the absorption wavelength of carbon dots is 

within 450 nm and the dominating peak is found at 252 nm assigned to the π-π* transition of 

C=C [36]. PL spectra were measured as a function of the excitation wavelengths as reported 

in Figure 3.5 (b). The peak, with highest emission intensity in PL spectrum, was captured at 

330 nm excitation wavelength. Peak wavelengths are excitation energy dependent, emerging 

red shift from 365 nm to 490 nm with the increase of excitation wavelengths in a range of 

310-410 nm. This PL behavior of carbon dots is derived from the differences of particle size 

and surface energy traps distribution in the carbon dot as reports [10, 37].  

 

Figure 3.5 (a) UV-vis absorption spectra with reaction time. (b) The emission spectra as 

a function of excitation wavelengths. 

 

The effect of reaction conditions, including precursor concentrations (1-2 ml) and operating 

voltages (3-4 kV) on PL properties, were also explored in study. All the experiments were 

kept running for 20 min. The purified carbon dots were dissolved in water and adjusted to 

the same concentration (~0.1 mg/ml) in all cases. The intensity and tendency of the PL spectra 

in Figure 3.6 are different in the case of various precursor concentrations in Figure 3.6 (a-c). 

The intensity of emission peaks at 310 nm and 330 nm excitation wavelengths are similar in 

the case of 1ml isopropanol. Nonetheless, only one highest emission spectrum appears at 330 
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nm excitation wavelength using 2 ml isopropanol. This behavior could be explained by the 

domain size distribution and carbonization degree analyzed from carbon dots size and surface 

composition [7, 38]. The dominant size distribution with 1ml isopropanol is between 1.0-2.0 

nm (~85%). But primary size distribution with 2 ml isopropanol is narrower between 1.5 nm-

2.0 nm (~50%). The average size (1.78 nm) of 2 ml isopropanol is bigger than the size (1.55 

nm) with 1 ml isopropanol (as in Figure S3.1). The size difference may give rise to the shift 

of maximum emission wavelength [7]. Moreover, the surface content of carbon (80.31%), in 

carbon dots made with 2 ml isopropanol, is higher than that with 1 ml isopropanol (73.79%) 

as in Figure S3.2. The graphitic structure carbon is also higher with 2 ml isopropanol (69.17%) 

in the carbon spectrum of XPS. Hence, the reaction with lower concentration of isopropanol 

in this research range could bring about less intense dissociation reaction under plasma 

treatment, resulting in the low carbonization degree and the difference in PL emission 

intensity. The emission spectra in the case of various operating voltages can be also 

interpreted from the size distribution in this way. The average size of carbon dots with 3 kV 

is smaller (1.51 nm) (as in Figure S3.1). Since there is no obvious difference in the 

composition and PL emission intensity of carbon dots between the samples operated at 3 kV 

and 4 kV. The effect of voltage on PL emission of carbon dots are considered to principally 

influence the intensity of dissociation reaction, which leads to the variety of size distribution 

and PL emission. It is obvious that both of precursor concentration and operating voltage are 

able to affect the formation and optical properties of carbon dots in this research range.  

 

Figure 3.6 (a) PL spectra of reactant with 1 ml isopropanol sample treated by plasma 

operating at 4 kV (b) PL spectra of reactant with 2 ml isopropanol treated by plasma 

operating at 3 kV (c) PL spectra of reactant with 2 ml isopropanol treated by plasma 

operating at 4 kV. 
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Quantum yield of the produced carbon dots with 2 ml isopropanol is around 1.5% based on 

the calculation with the reference solution quinine sulfate as Table 3.2. The majority of 

reported carbon dots present low quantum yields within 10% and limited blue/green emitting. 

The low quantum yield poses the difficulties and restrictions in application, whereas this 

problem can be hopefully solved by doping various elements (N, B, P) and altering the 

specific carbon sources [7]. 

 

Table 3.2 Quantum yield of carbon dots  

Excitation 

wavelength 

I IQS AQS A QY % 

350 1962.917 78047.04 0.05402 0.04906 1.5 

360 1559.859 63894.69 0.04301 0.03963 1.4 

370 1238.211 37303.71 0.02693 0.03421 1.4 

380 927.635 15357.77 0.0139 0.02931 1.6 

390 584.5303 4424.035 0.0039 0.02452 1.2 

 

3.4 Conclusion 

 

A simple, effective and green way was developed for producing carbon dots by microplasma 

process without involving highly toxic chemicals and complex purification processes. During 

the microplasma reaction, energetic electrons generated by plasma dissociated the 

isopropanol and achieved the carbonization of reactant without using conventional heating 

methods. Precursor concentrations and operating voltages during plasma treatment can affect 

the composition and size distribution of carbon dots, thereby enabling the variation of PL 

emission. In addition, carbon dots produced in gas-liquid interface microplasma possess 

different functional groups such as C=O, C-O, OH. These functional groups could lead to 

superior water solubility of carbon dots and the intense blue emissions in the range of 365-

490 nm. This method is possible to be extended to the synthesis of photoluminescent carbon 

dots with diverse compositions through varying carbon precursors, such as N-, B- and P- 

doped reactants. In this case, the quantum yields and emission wavelength ranges of carbon 

dots could be enhanced and expanded to red fluorescence for extensive applications. The 

extension study was carried out in chapter 4. 
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Supplementary material 

 

 

Figure S3.1. The TEM images with size distribution of the sample treated with (a) 1 ml 

isopropanol operating at 4 kV (b) 2ml isopropanol operating at 3 kV (c) 2 ml 

isopropanol operating at 4 kV 
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Figure S3.2. C 1s spectrum of carbon dots treated with: (a) 1 ml isopropanol operating 

at 4 kV (b) 2 ml isopropanol operating at 3 kV (c) 2 ml isopropanol operating at 4 kV
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Abstract 

 

In this chapter, the microplasma approach is extended to the synthesis of fluorescent N-doped 

carbon dots via a microplasma-assisted process at atmospheric pressure. The effects of 

reaction parameters during microplasma reaction on the surface groups and PL property of 

carbon dots were studied in detail. Nitrogen element was successfully doped as N-H group 

and pyrrolic–like structure in the carbon dots during the synthesis process. The 

micromorphology, structures, chemical compositions and photoluminescence properties of 

the N-doped carbon dots were systematically characterized. The generated chemical species 

and mechanism during plasma-liquid interaction were monitored and studied by optical 

emission spectroscopy. The synthesized particles with an average size of 5.98 nm showed 

intense blue emission under a UV lamp and owned excitation-dependent emission property 

with a quantum yield up to 9.90%. The plasma treatment time and operating voltage affect 

the carbonization degree, doping state of nitrogen and particle size, resulting in the difference 

of photoluminescence (PL) behavior. The electrode sizes have slight effects on the yield of 

N-doped carbon dots from 0.31% to 0.42% owing to differences of electron density. 
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4.1 Introduction 

 

In our previous study of chapter 3, a simple and green way was reported for pure carbon dots 

synthesis by isopropanol dissociation via microplasma technology [1]. However, the yield 

and quantum yield of pure carbon dots are limited. As reported in literature, functional groups 

on the surface of carbon dots are crucial factors to affect the surface level and the level gap 

[2]. Nitrogen doping along with sulphur, boron and phosphorous is an effective surface 

passivation route for carbon dots, it can cause radiation rearrangements and improve the 

fluorescent properties [3-4]. As in the research conducted by Jin et al., the amino groups in 

the carbon dots result in the red shift of fluorescence [5]. The band gap shows a decreasing 

trend with the increase of amino groups. Campos et al. reported the quantum yield of carbon 

dots was improved from 8% to 11% with nitrogen doping [6]. Thus, element doping study of 

carbon dots is essential to obtain carbon dots with favourable fluorescent performance.  

 

There are a few studies for the synthesis of N-doped carbon dots by microplasma [7-8]. Wang 

et al. obtained the N-doped carbon dots with an average diameter of 47.31 nm with folic acid 

and NaHCO3 as the reactants [7]. Wang et al. utilized microplasma as anode and produced 

N-doped carbon dots with a quantum yield of ~5.1% [8]. However, the effects of microplasma 

reaction parameters on the doping states of nitrogen and photoluminescence (PL) behaviour 

have not been fully studied. The yield study of carbon dots is also limited. Thus, in this study, 

microplasma is applied as the cathode for the synthesis of N-doped carbon dots. The reaction 

parameters such as reaction time, operating voltage, electrode size, were researched to study 

the effects of them on the surface groups and PL behaviours of N-doped carbon dots 

systematically. The production yield and quantum yield of carbon dots were also reported. In 

addition, there is no addition of metal ions impurity during the synthesis process. The reaction 

mechanism was explored with optical emission spectrum compared with reported studies.  

 

The main objective of this chapter is to achieve the doping of nitrogen on carbon dots 

effectively via a microplasma-assisted process and explore the effects of microplasma 

reaction parameters on the surface groups and PL properties of carbon dots. The synthesis of 

N-doped carbon dots was investigated by using microplasma under atmospheric pressure and 

room temperature. Ar was applied for plasma generation. The functional groups, fluorescent 
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properties and reaction mechanism were studied in detail by characterizations for potential 

applications. 

 

4.2 Experimental section 

 

4.2.1 Chemicals 

 

Citric acid (192.1 g/mol, 99.5%) was purchased from VWR and was used as the carbon 

source in the reaction. Ethylenediamine (60.1 g/mol, 99%) was supplied by Sigma Aldrich 

and was chosen as the nitrogen source. In the pretests, other nitrogen sources such as 

ammonia and urea were also tested. But results are not satisfactory owing to low yield. The 

amount of ethylenediamine from 0.2 ml-0.8 ml was also explored for the N-doped carbon 

dots synthesis. The reaction with 0.6 ml ethylenediamine produced more carbon dots, 

presenting favorable emission property in Figure S4.1.     

  

4.2.2 Synthesis process of N-doped carbon dots 

 

The reactant solution was prepared by dissolving 1 g citric acid and 0.6 ml ethylenediamine 

in 10 ml deionized H2O. The aqueous solution was fully mixed then transferred into the 

quartz reactor presented in Figure 2.1.1. A continuous argon gas stream with a flow rate of 

60 sccm was injected through the capillary electrode. The discharge voltage was kept at ~5 

kV. The microplasma was applied to treat the solution for 2 h and the transparent solution 

turned to brown in color after the treatment. The produced solution underwent 24 h dialysis 

and was filtrated with a 0.2 μm filter membrane to remove unreacted reactants and larger 

particles. The produced carbon dots solution is directly used for X-ray photoelectron 

spectroscopy (XPS, film drying), UV–visible absorption and Photoluminescence 

spectroscopy measurements. Freeze-drying is the last procedure to produce the carbon dots 

powder for further characterizations such as Transmission electron microscopy (TEM), X-

ray diffraction, Fourier transform infrared spectroscopy (FTIR), and Raman analysis.  

 

4.2.3 Characterization and Measurements 
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The detailed introduction for characterizations including OES, XPS, Raman, TEM and XRD 

was presented in chapter 2.1.4 and 3.2.2. The TEM samples were prepared by drop-casting 

the solution to a carbon-coated copper grid and dried in the oven at 40 °C for 10 min. 

Chemical elements were analyzed with an X-ray photoelectron spectroscopy (XPS) by 

depositing the sample on Si substrates. The photoluminescence measurements were 

performed with a luminescence spectrometer (Perkin Elmer, Model LS-50B) using excitation 

wavelengths in the range of 350-430 nm. Quinine sulfate was used as a standard reference 

for fluorescence measurement, with a relatively constant quantum yield of 54% over the UV 

absorption region 240 - 400 nm and photoluminescent emission region (350 - 600 nm) in the 

0.1 M H2SO4 solution [9]. The quantum yield (Φ) of carbon dots was estimated by comparing 

the absorbance peak values (A) and integrated PL emission areas (I) with quinine sulfate as 

the standard and calculated according to equation (1) [10].  

Φ = [
𝐼(1−10

−𝐴𝑄)

𝐼𝑄(1−10−𝐴 )
] (

𝑛2

𝑛𝑄
2) Φ𝑄, (1) 

“Q” stands for quinine sulfate. It was dissolved in 0.1 M H2SO4 (refractive index ηQ = 1.33), 

and the N doped carbon dots were dissolved in deionized water (refractive index η = 1.33). 

 

4.3 Results and discussion 

 

4.3.1 Characterization analysis of N-doped carbon dots after 2 h treatment 

 

The dispersed N-doped carbon dots after two-hour plasma treatment (operating at 5 kV) were 

observed in the TEM images in Figure 4.1 (a-c). Most of the products are particles (Figure. 

4.1 a-b) apart from a small number of sheets-like material/dark background in Figure. 4.1 (c). 

It is possible that a few nanosheets were generated with carbon dots. The particle size analysis 

was done by collecting 100 nanoparticles from scale-based images, measured via Image J 

software and analyzed via Origin software. The size distribution of N-doped carbon dots is 

from 3 - 10 nm as shown in Figure 4.1 (d). The average particle size is 5.98 ± 1.37 nm. The 

XRD pattern of the synthesized particles reveals one diffraction peak centre at around 21° 

(Figure 4.1 (e)), presenting an amorphous structure of the N-doped carbon dots [11]. In the 

Raman spectrum shown in Figure 4.1 (f), two peaks, observed between 1000-2000 cm-1, are 
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attributed to the D band (1333 cm-1) and the G band (1580 cm-1). The D band is representative 

of the vibrations of disordered graphite or glassy carbon, while the G band is related to the 

in-plane displacement of carbon atoms in a two-dimensional hexagonal lattice. Additionally, 

the value of ID/IG can be used to estimate the degree of graphitization [12]. The intensity of 

D band is higher than the peak of G band with the ID/IG value of 1.39 (see Figure 4.1 (f)), 

implying that more sp3-hybridized carbon was produced, and the addition of nitrogen element 

could disrupt regular graphitic structure [12-13].  

 

 

Figure 4.1 (a)-(c) TEM images, (d) particle size distribution, (e) XRD pattern, (f) Raman 

spectrum of N-doped carbon dots synthesized by plasma operating at 5 kV after 2 h. 

The functional groups of N-doped carbon dots were studied by FTIR spectrum in Figure 4.2.  

The broad peak at 3440 cm-1 and stretching vibration peak at 2960 cm-1 are assigned to O-H 

and C-H bonds, respectively. The vibrational absorption peak of C=O conjugated with 

aromatic C=C is found at 1650 cm-1 [14]. The bands at 1260 cm-1 and 1563 cm-1 are originated 

from vibrations of C-N and N-H bonds, indicating the successful synthesis of N-containing 

groups [14]. The absorptions at 1020-1100 cm-1, 1380 cm-1 prove the existence of C-O-C, C-

OH groups in synthesized N-doped carbon dots [15]. The existence of carboxylic and 

hydroxyl groups highly relates to the excellent water solubility of synthesized N-doped 
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carbon dots.  

 

 

Figure 4.2 FTIR spectrum of N-doped carbon dots synthesized by plasma operating at 

5 kV after 2 h. 

Photoluminescent emission spectra of N-doped carbon dots were measured as a function of 

excitation wavelengths in Figure 4.3 (a). The emission peaks shift from 450 nm to 479 nm 

corresponding to excitation wavelengths from 350 nm to 430 nm. This photoluminescence 

behaviour, excitation-dependent fluorescence emission property, is commonly resulted from 

the presence of various particle sizes and the distribution of the different surface energy traps 

[16-17]. The emission intensities are also different with the variation of excitation 

wavelengths. Therefore, it is of great importance to find the dominant excitation wavelength 

and emission wavelength with favourable PL behaviour. In our study, the emission presents 

the highest intensity at 468 nm with an excitation wavelength of 390 nm, which coincides 

with the maximum excitation spectrum in Figure 4.3 (b). There are three peaks in the 

excitation spectrum monitored at 468 nm (Figure 4.3 (b)), indicating that three types of 

excitation energy trapping exist on the surface of carbon dots. Further, PL emission spectra, 

at excitation wavelength 390 nm, was explored as a function of carbon dots concentration in 

water in Figure S4.2. The intensity of PL emission peak increases with carbon dots 

concentration within the research range. There is a linear relationship between concentration 
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and peak intensity when the concentration is lower than 0.08 mg/ml. The quantum yields of 

excitation wavelength in a range of 360 - 390 nm were calculated relative to the quantum 

yield of quinine sulfate via equation (1). The value is up to 9.90% at the excitation wavelength 

of 390 nm.  

 

Figure 4.3 PL emission spectra (a) and excitation spectra (b) of N-doped carbon dots 

synthesized by plasma operating at 5 kV after 2 h. 

 

4.3.2 The effect of reaction time on the surface groups and PL properties of N-doped carbon 

dots. 

 

Figure 4.4 reports UV-vis absorption spectra of the sample solution after 1 h, 1.5 h and 2 h 

plasma treatment. Three typical absorption peaks at 250 nm, 280 nm and 340 nm are detected 

in the spectra. The peaks are in accordance with the result from the excitation spectrum in 

Figure 4.3 (b). The peaks at 250 nm and 280 nm are ascribed to the π-π* transition of C=C 

and n-π* transition of C=O, having less effects on fluorescent signal emission of carbon dots 

[18]. The transition centre around 340 nm is assigned to the trapping of excited carriers by 

the localized surface states, which may result in strong photoluminescent emission. This is 

in line with the results achieved by Gu et al. in their study of nitrogen-doped graphene 

quantum dots [14]. Besides, the intensities of peaks increase with the operating treatment 

time, indicating that the synthesis process continues with the plasma treatment time after 1 h. 

In addition, the embedded photo in Figure 4.4 clearly implies that the untreated sample 

solution exhibited no emission while blue light was observed in the two-hour treated sample 

solution when they were exposed to a 365 nm UV lamp. 



N-doped carbon dots synthesis via a microplasma process 

85 

 

 

Figure 4.4 UV-vis absorption spectra of N-doped carbon dots solution 

 

XPS was measured to analyse the surface composition and to identify nitrogen doping in 

carbon dots after the plasma synthesis process. The spectra of the sample after 1 h, 1.5 h and 

2 h treatments were reported to compare the variation of the functional groups. The C 1s 

spectra in Figure 4.5 (a, c, e) consist of three contributions at 284.8 eV, 286.3eV and 288.0 

eV, corresponding to C-C, C-O/C-N and C=O groups [6]. The contribution at 284.8 eV is 

related to graphitic structure carbon, suggesting that sp2 carbons are predominant in the 

synthesized carbon dots with longer plasma treatment time. As for high-resolution N 1s 

spectrum of Figure 4.5 (b, d, f), it is asymmetric due to the existence of two different peaks 

at 399.5 eV and 401.2 eV, corresponding to pyrrolic–like N and N-H groups respectively [19-

20]. It can also be confirmed from the FTIR spectra study (Figure S4.3). The intensities of 

N-H and O-H groups decrease when plasma treatment time increases in two hours. Instead, 

the intensity of C-N rises in the case of longer plasma treatment time. N-H groups exist in 

the N-doped carbon dots from theoretical and characterization analysis. This implies that the 

doping mode of N element can be controlled with the variation of plasma treatment time 

during the plasma-assisted synthesis process. 
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Figure 4.5 XPS spectra comparison of N-doped carbon dots synthesized by plasma 

operating at 5 kV after 1 h (a, b), 1.5 h (c, d), after 2 h (e, f). 

 

The tendencies of PL emission spectra of N-doped carbon dots after 1 h, 1,5 h and 2 h plasma 

treatment (Figure 4.6) are almost the same in all cases. The emission peaks shift from 450 

nm to 479 nm with the variation of excitation wavelengths from 350 nm to 430 nm. The 

emission intensities perform the highest intensity at 468 nm under the excitation wavelength 
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of 390 nm. Nevertheless, lower carbonization degree and more functional groups deriving 

from shorter treatment time pose the emergence of higher intensities of emission peaks, 

treated as crucial factors for influencing the surface energy levels and level gaps [2, 21]. The 

average particle size increases from 3.10 nm after 1 h treatment (Figure S4.4) to 5.98 nm 

after 2 h treatment. Besides, Sun et al. found the PL properties of N-doped carbon dots are 

primarily affected by the surface state rather than size differences [22]. More functional 

surface groups such as C-O/C-N, C=O and N-H groups lead to much higher PL emission 

intensities in the case of the sample with shorter treatment time. In sum, the plasma treatment 

time has evident impacts on the carbonization degree and doping mode of N of carbon dots. 

When the plasma is applied to treat the reactant solution, the condensation reaction between 

citric acid and ethylenediamine is accelerated, thereby posing the carbon nucleation. When 

the plasma treatment time is prolonged, more functional groups are carbonized into carbon 

core. It brings about the decrease of surface groups such as O-H and N-H and the growth of 

carbon core [23]. Consequently, the carbonization degree and size of N-doped carbon dots 

are increased. The doping mode of N transfer from N-H to pyrrolic-like N. Simultaneously, 

the lessened surface functional groups result in the lower PL intensity in the case of long 

treatment time.  

 

 

Figure 4.6 The emission spectra N-doped carbon dots by plasma operating at 5 kV after 

1 h (a), 1.5 h (b), and 2 h (c) plasma treatment.  

4.3.3 The effect of operating voltage on the surface group and PL properties of N-doped 

carbon dots. 

 

The XPS spectra of the samples operating at various voltages (3-5 kV) were reported to 
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compare the variation of the surface functional groups. The concentration of graphitic 

structure of carbon rises with the increase of operating voltages from 40% to 51%. As for 

high-resolution N 1s spectrum of Figure 4.7, the composition of pyrrolic-like N increases 

obviously in samples operating at higher voltage, implying the change of N doping from N-

H groups to pyrrolic-like N. This illuminates that the carbonization degree and doping mode 

of N element of carbon dots are adjustable with the variation of operating voltages during the 

plasma-assisted synthesis process. UV-vis absorption spectra of the sample solution 

operating at 3-5 kV were shown in Figure S4.5. Three typical absorption peaks, emerged at 

250 nm, 280 nm and 340 nm in the spectra, are ascribed to the π-π* transition of C=C, n-π* 

transition of C=O and trapping of excited carriers by the localized surface states in 

accordance with the peaks in Figure 4.4. The intensity is higher with the increase of operating 

voltage. More N-doped dots were produced with the rise of plasma operating voltage. 
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Figure 4.7 XPS spectra comparison of N-doped carbon dots after 2 h plasma treatment 

operating at 3 kV (a, b), 4 kV (c, d), 5 kV (e, f). 

The purified N-doped carbon dots were dissolved in water and adjusted to the same 

concentration (0.05 mg/ml) for PL measurement in all the cases. The PL spectra were 

discussed in Figure 4.8. The intensity and emission wavelength of PL spectra in various cases 

have no obvious change. Thus, the surface groups do not play a decisive role in this case. 

However, the intensity tendency of PL emission peaks shifts from short wavelength to long 

wavelength. This could be explained by the size differences caused by the variation of 
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operating voltages. The average particle sizes increase from 3.41 nm operating at 3 kV to 

5.98 nm operating at 5 kV (Figure S4.4). Higher plasma voltage leads to an expansion of 

discharge volume and more energetic electrons generation [24]. It poses more intense 

condensation reaction between reactants and accelerates carbon nucleation and growth, 

resulting in larger particle generation and more carbon dots produced. The result coincides 

with the opinions in other reports [1, 25]. Therefore, the effect of plasma operating voltage is 

considered to principally influence the intensity of the condensation reaction between 

reactants, resulting in the changes in particles sizes and PL emission tendency.  

  

 

Figure 4.8 PL spectra comparison of N-doped carbon dots after 2 h plasma treatment 

operating at 3 kV (a), 4 kV (b), 5 kV (c). 

4.3.4 The effect of electrode sizes on the N-doped carbon dots 

 

The particles synthesized with different electrode sizes (0.25 mm/0.50 mm) were studied in 

this section. Tests were all operated at 5 kV for 2 h. Surface groups (Figure S4.6) and PL 

spectra (Figure S4.7) of synthesized carbon dots have no significant differences in two cases. 

The concentration of N-doped carbon dots solution synthesized with 0.25 mm electrode, 

nonetheless, is higher than that with 0.50 mm electrode in the sample photo of Figure. S4.8. 

The yield of carbon dots was calculated based on the mass of produced carbon dots. The 

average yield of carbon dots (0.42%) synthesized with 0.25 mm electrode is slightly higher 

than that with 0.50 mm electrode (0.31%). Notably, the yield of carbon dots is generally low 

(~0.1%) based on the reports [1, 26]. The value in this study is already three times higher. If 

relatively growth rate was considered, the yield increased by 35% from 0.31% to 0.42% when 

the electrode size decreased by 50% from 0.50 mm to 0.25 mm. In consequence, the yield 

javascript:;
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difference resulting from the electrode size variation is reasonable. This reason could be 

comprehended by the difference in electron density owing to the various electrode sizes. As 

reported in similar studies [27-28], the current density and electron density increase as the 

tube diameter of microplasma decreases. The electron densities were estimated in both cases 

as equation (2) [29]. ne stands for electron density, j is the current density, E is the electric 

field, μe is the electron mobility and e is the elementary charge constant. The electron mobility 

μe is 4.3×102 cm2/(V· s) for argon at atmospheric pressure [29]. The density with 0.25 mm 

electrode, 9.24×1018 m-3, is higher than that with 0.5 mm electrode 2.34×1018 m-3. These 

numbers are within the reported estimated electron density range (1015 m-3 – 1020 m-3) of 

microplasma [29] and in consistence with the conclusion from the similar study [27-28]. 

When the electrode size decreases 50%, the electron density is ~ 3 times higher than before 

from the calculation in equation (2), thereby leading to a 35% increase of the yield. It can be 

proved that electron density is higher in the case of smaller size electrode in this study, 

incurring a higher yield of particles production. 

ne = 𝑗/(𝐸μe𝑒) (2) 

4.3.5 Mechanism analysis 

 

The optical emission spectrum was recorded to observe the excited state of generated 

chemical species and to further analyse the reaction mechanism. The prominent peaks in 

Figure 4.9 are indexed to highly excited electronic states of Ar atomic transitions (Ar I) 

between 690 - 850 nm [30]. Apart from the Ar species, peaks at 307-310 nm, 656 nm and 

777.2 nm indicate OH bands, atomic hydrogen (Hα) and O I bands, which correspond to the 

dissociation of H2O in the sample solution [31]. A very week hydrogen (Hβ) peak appears at 

486.1 nm [32]. Detailed radiative transition information is summarized in Table 4.1. No 

typical peaks of carbon species (C2) appear between 460-570 nm [33], suggesting that the 

dominant mechanism for N-doped carbon dots synthesis is not derived from the hydrocarbon 

dissociation as previous study in chapter 3. In this research, blank tests were done without 

plasma treatment. No particles were generated in the reactant solution after 1 h or 2 h. Thus, 

microplasma is required for the N-doped carbon dots synthesis in this research, which is 

considered to accelerate the condensation reaction between citric acid and ethylenediamine. 

Then polymer-like materials were generated and further carbonized to final N-doped carbon 
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dots [8]. When plasma was ignited, electrons with high density were produced and interact 

with the surface of the sample solution, initiating and accelerating the condensation reaction 

between citric acid and ethylenediamine, towards the formation of N- doped carbon dots.  

 

Figure 4.9 OES spectrum during the N-doped carbon dots synthesis process. 

 

Table 4.1. Summary of emission lines from spectra  

Species System Transition Wavelength 

OH 3064 Å system A 2∑+ → X 2Π 308.9 nm 

H Balmer series n → 2s,2p 486.1 nm (Hβ), 657.2 nm (Hα) 

O  3p5P → 3s5S 777.2 nm 

Ar Ar I 4p  → 4s 696.5 nm (1s5-2p2), 706.7 nm (1s5-2p3) 

738.4 nm (1s4-2p3), 750.4 nm (1s5-2p1) 

763.5 nm (1s5-2p6), 772.4 nm (1s3-2p2) 

794.8 nm (1s3-2p4), 826.5 nm (1s2-2p2) 

842.5 nm (1s4-2p8) 
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4.4 Conclusions 

 

An extension study of N-doped carbon dots synthesis via a microplasma-assisted technique 

at atmospheric pressure was presented in chapter 4. Energetic electrons generated by plasma 

initiate the condensation of reactants and accelerate the production of N-doped carbon dots 

without any heating process as used in the conventional method. Nitrogen element was 

successfully doped in the carbon dots in the forms of N-H groups and pyrrolic-like N, which 

was examined by XPS analysis. Functional groups like C=O, C-O, N-H, C-N were attached 

in synthesized carbon dots, leading to intense blue emission under a UV lamp and a quantum 

yield up to 9.90%. Plasma treatment time has an obvious effect on carbonization degree and 

surface groups of N-doped carbon dots. Longer plasma treatment time poses higher 

carbonization degree and larger particle generation. The lessened surface groups could be the 

dominant reason for the decrease of PL emission intensity. Operating voltages, related to 

discharge volume and the number of energetic electrons, can influence the intensity of 

condensation reaction between reactants. Higher operating voltage promotes carbon 

nucleation and growth, thereby resulting in larger particle generation and the differences of 

PL emission tendencies. The sizes of the electrode in this study do not have obvious effects 

on the structure of synthesized carbon dots. However, it has an impact on the electron density. 

Electron density is higher in the case of smaller size electrode in this study, resulting in a 

higher yield of particles production. The maximum yield of N-doped carbon dots is 0.42% 

operating at 5 kV after 2 h plasma treatment in the case of smaller size electrode. The 

presented microplasma technique can be potentially applied to the synthesis of other elements 

(such as B, P) doped carbon dots.  

 

4.5 Application outlook of fabricated N-doped carbon dots 

 

Carbon dots demonstrate special excitation-dependent emission property. The luminous 

mechanism of carbon dots is generally concerned in quantum effect, surface state, and 

recombination of electron-hole pair related to the size and surface passivation. Nitrogen 

containing organic molecules passivate effectively the surface of carbon dots, and improve 

the fluorescence efficiency and radiation rearrangements of carbon dots, presenting potentials 

in various application fields including bio-imaging [4], sensing [15] and photocatalysis [34] 
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as replacements of potential toxic metal-contained quantum dots owing to serious safety 

concern. In this section, the photocatalysis and metal sensing ability were tested with 

produced N-doped carbon dots for the outlook of applications.   

Photodegradation of methyl orange (MO) 

A sample (3 mL) containing 2.7 ml MO (10.0 ppm) and 0.3 mL H2O2 (3%) dissolved 0.8 mg 

N-doped carbon dots was placed in a quartz cell. The reaction was commenced at room 

temperature under light (3W 450 nm, LED strips) with solution stirring all the time. Two 

comparable experiments with or without N-doped carbon dots as the catalysts were tested, 

respectively. The MO in the reaction was quantified by the measurement of the decay of UV-

vis absorbance at Imax = 465 nm in 5 h.                                                                                                                                                                                                                                                                                                                    

 

Figure 4.10 MO concentration degradation curves versus reaction time 

Figure 4.10 plots the MO concentration degradation curve versus reaction time with/without 

N-doped carbon dots. After irradiated for 5 h, MO concentration decreases in both cases. The 

degradation efficiency of MO was about 22 % with N-doped carbon dots, while the blank 

test without carbon dots was only 7%. The results indicate that NCDs can be regarded as an 

efficient visible-light sensitive photocatalyst. The reason was interpreted as follow. As 

reported [35], N dopant introduces electrons into carbon dots and changes the local electronic 

structure of carbon dots, enhancing the binding with ions and increasing the capacitance of 

N-doped carbon dots largely. In the photocatalytic process, electrons were transferred from 
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the π - system of the N-doped carbon dots to the peroxide molecule during the process of 

H2O2 decomposition, thereby generating the active species (OH·) with strong oxidation 

capability and causing the degradation of MO (Figure 4.11).  

 

Figure 4.11 Possible catalysis process of MO degradation with N-doped carbon dots. 

Metal ion sensing 

Another interesting application of N-carbon dots is in the field of sensing. 2.5 ml various 

metal ion solutions (16 μM) and 0.5 ml N-doped carbon dots (0.3 mg/ml) were mixed for 

sensing tests in a quartz cell, respectively. The FL emission spectra were recorded at an 

excitation wavelength of 390 nm after mixing 15 min. The quenching effect of different ions 

on carbon dots are compared in Figure 4.12. F0 and F stand for the PL intensities of the carbon 

dots at 390 nm in the absence and presence of metal ions, respectively. As a result, the PL 

intensity of carbon dots is more quenched in the presence of Cu2+, decreasing 13% after 15 

minutes. The results coincide with the report, indicating that PL intensity of amine 

functionalized carbon dots can be quenched by copper ions via inner filter effect and cupric 

amine complex formation [15]. According to the U.S environmental protection agency, the 

upper limit of copper ions in drinking water is 20 μM [36]. The sensitivity of carbon dots was 

further explored based on copper concentration. Different concentrations of Cu2+ in the range 

of 0–16 μM were added into the carbon dots solutions.  
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Figure 4.12 Effect of different metal ions (16 μM) on the PL properties of N-doped 

carbon dots. 

 

(
𝐹0

𝐹
) − 1 = 𝐾𝑠𝑣𝐶                             (3) 

The Stern–Volmer equation is involved for sensitivity study in equation (3), which supplies 

the information of PL deactivation by introducing quenchers (heavy ions or acceptor 

molecules) and observing the PL intensity as a function of their concentration [37]. F0 and F 

stand for the PL intensities of the carbon dots at 390 nm in the absence and presence of Cu2+ 

ions, respectively. Ksv is the Stern–Volmer quenching constant, C is the concentration of the 

analyte (Cu2+). The PL intensity quenching of N-doped carbon dots is increased with the 

addition of copper ions in Figure 4.13 (a). The Stern–Volmer plot in Figure 4.13(b) fits to the 

linear equation with a correlation coefficient (R2) of 0.9925, implying that the N- doped 

carbon dots are highly sensitive to the copper ions conducted static quenching in this sensing 

system. 
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Figure 4.13 (a) PL spectra of carbon dots solution in the presence of different Cu2+ 

concentrations (from top to bottom: 0, 2, 4, 8 and 16 μM). (b) plots of the values of (F0/F) 

− 1 versus the concentrations of Cu2+. 

 

Synthesized N-doped carbon dots were tested both in the photocatalysis and metal ion 

sensing. The results prove that carbon dots are efficient in the MO degradation as the visible-

light sensitive photocatalysts and are highly sensitive for the copper ion detection, presenting 

great potentials in serving as photocatalysts and nanoprobes. However, PL property of carbon 

dots recently still concentrate on the blue to green color emission. The enhancements of 

quantum yield and emission range are the emphasis of carbon dots researches. Further, the 

functional modifications of carbon dots enable to adjust the PL properties so as to suit for a 

variety of applications. 
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Supplementary material 

 

 

Figure S4.1 UV-vis spectra (a) and PL spectra (b) of N-doped carbon dots solution with 

different concentration of EDA. 

 

 

Figure S4.2 PL emission spectra as a function of N-carbon dots concentration dissolved 

in water.   
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Figure S4.3 FTIR spectrum of N-doped carbon dots operating at 5 kV after one/two-

hour plasma treatment. 

 

Figure S4.4 TEM images of N-doped carbon dots operating at 5 kV after 1 h plasma 

treatment (a), operating at 5 kV after 1.5 h plasma treatment (b), operating at 3 kV after 

2 h plasma treatment (c), operating at 4 kV after 2 h plasma treatment (d). 
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Figure S4.5 UV-vis absorption spectra of N-doped carbon dots solution operating at 3-

5kV after 2 h. 

 

Figure S4.6 XPS spectra comparison of N-doped carbon dots synthesized with 0.25 

mm electrode (a,b) / 0.50 mm electrode (c, d) 
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Figure S4.7 PL emission spectra comparison of N-doped carbon dots synthesized with 

0.25 mm electrode (a) / 0.50 mm electrode (b). 

 

 

Figure S4.8 The N-doped carbon dots solution synthesized with 0.50 mm electrode 

(left)/ 0.25 mm electrode (right). 
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CHAPTER 5 

 

Carbon nanosheets synthesis in a 

gliding arc reactor: on the reaction 

routes and process parameters 
 

This chapter is based on:  

X. Ma, S. Li, R. Chaudhary, V. Hessel, F. Gallucci, Carbon nanosheets synthesis in a gliding 

arc reactor: on the reaction routes and process parameters, Plasma Chemistry and Plasma 

Processing, (2020) doi: 10.1007/s11090-020-10120-z. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://research.tue.nl/en/persons/xintong-ma/publications/
https://research.tue.nl/en/persons/xintong-ma/publications/


Carbon nanosheets synthesis in a gliding reactor 

108 

Abstract 

 

Gliding arc discharge, as one of the most efficient non-thermal plasmas, has been widely used 

in gas treatment but rarely studied for the nanomaterial synthesis. In this chapter, the 

possibility of gliding arc discharge was explored for nanomaterial synthesis. A comparison 

study for carbon nanosheets synthesis including toluene dissociation and graphite exfoliation 

was investigated in a 2D gliding arc reactor at atmospheric pressure. The effects of gas flow 

rate, precursor concentration and power input on the structures of carbon nanosheets 

produced through the two synthesis routes were explored and compared. Amorphous carbon 

nanosheets were produced in both approaches with a few crystalline structures formation in 

the case of toluene dissociation. The thickness of carbon nanosheets synthesized from 

graphite exfoliation was less than 3 nm, which was thinner and more uniform than that from 

toluene dissociation. The flow rate of carrier gas has direct influence on the morphology of 

carbon nanomaterials in the case of toluene dissociation. Carbon spheres were also produced 

along with nanosheets when the flow rate decreased from 2 L/min to 0.5 L/min. However, in 

the case of graphite exfoliation, only carbon nanosheets were observed regardless of the 

change in flow rate of the carrier gas. The generated chemical species and plasma gas 

temperatures were measured and estimated for the mechanism study, respectively. 
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5.1 Introduction 

 

Carbon nanosheets (CNSs) with thickness in the nanoscale have ultrahigh surface-to-volume 

ratio [1], thereby providing a stable and active surface for energy storage and conversion in 

many applications such as the lithium-ion batteries [2], hydrogen storage materials [3] and 

catalyst supports [4]. The synthesis of CNSs is mainly carried out through conventional 

methods including chemical vapor deposition [5], hydrothermal synthesis [6] and 

chemical/mechanical exfoliation [7-8]. Somani et al. [5] synthesized CNSs with 20-35 layers 

by evaporating and pyrolyzing camphor in the furnace (700-850 oC) with argon. Fang et al. 

[6] adopted hydrothermal method to produce CNSs by heating phenol and formaldehyde in 

an oven at 130oC for 20 h. The CNSs with 4 nm thickness were obtained after drying and 

calcining the samples at 400-500oC for 2h. Song et al. [7] utilized chemical exfoliation to 

synthesize CNSs with 2-5 nm thickness by sonicating graphite in alcohol solution for 20 h 

and oxidative acid solution for 72 h. Overall, the CNSs synthesized by above methods 

generally require long reaction time and high temperature. Thus, non-thermal plasma 

technology is proposed as an alternative approach for the synthesis of CNS. 

 

Non-thermal plasma technology is widely used in the synthesis of different nanomaterials 

including metal materials [9-11] and carbon nanomaterials [12-14]. The products with high 

purity and good quality can be achieved when the plasma parameters are well-controlled [15]. 

For the synthesis of CNSs, plasma-enhanced chemical vapor deposition (PCVD) is one of 

the common methods, which decomposes carbon source vapor in the substrate via the 

combination of plasma treatment and heating effect for CNSs production. For example, CNSs 

with thickness of 2 nm were synthesized by Wang et al. [13] via microwave discharge 

reaction at 1200-3000oC.  

 

Gliding arc discharge is one of the non-thermal plasmas, which is also defined as warm 

plasma since the characteristics of gliding arc are intermediate between cold plasma and 

thermal plasma [16]. Gliding arc discharge presents some advantages over other plasma types 

such as atmospheric operation, high flexibility and productivity. Most of reported researches 

on gliding arc discharge focus on gas conversion and decontamination treatments covering 

CO2 conversion [17], methane conversion [18] and VOC emission control [19]. The research 
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on carbon nanomaterial synthesis was rarely studied in a gliding arc reactor, although there 

are a few papers that reported the formation of carbon nanomaterial [18, 20-21]. Most of 

them aimed at achieving high conversion of reactants like CH4 with the carbon deposition as 

by-products. Hu et al. converted methane to C2 hydrocarbons and hydrogen, resulting in a 

few carbon deposits in the electrode [18]. Sperka et al. explored the effect of hyper gravity 

on the morphology of carbon nanomaterials by decomposing CH4 in a gliding arc reactor 

[20]. Methane was converted into hydrogen and graphene sheets researched by Wu et al. [21] 

in a rotating gliding arc reactor. Compared with microplasma, gliding arc discharge 

demonstrates similar merits such as facile operation and controllable process, but also 

exhibits potentials in the improvement of productivity in nanomaterial synthesis. So far, the 

synthesis of carbon nanomaterials by gliding arc plasma reactors has not been fully studied. 

Questions such as suitable carbon sources and synthesis routes remain to be explored which 

are the topic of our research of carbon nanomaterials synthesis in a 2D gliding arc plasma 

reactor. 

 

In this chapter, the synthesis of CNSs was explored in a gliding arc reactor via two routes, 

chemical vapor dissociation and graphite exfoliation. All of reactions were carried out at 

atmospheric pressure and Ar was used as carrier gas for plasma generation. Toluene was 

chosen as the carbon source for chemical vapor dissociation. Since toluene belongs to 

harmful substances (VOCs), the conversion of it would also contribute to environment 

protection. For graphite exfoliation, electrode made from graphite was used directly as carbon 

source. The produced CNSs from two routes were collected for characterization analysis. The 

effect of gas flow rate and precursor concentration on the morphology of carbon nanosheets 

in two routes were also explored and compared in detail. 

 

 

 

 

 

 

 

 



Carbon nanosheets synthesis in a gliding reactor 

111 

5.2 Experimental section 

 

5.2.1 Experimental setup 

 

Figure 5.1 Schematic diagram of the experimental setup (left) and reactor (right). 

 

The experiments were carried out in a 2D gliding arc discharge reactor as shown in Figure 5.1. 

The reactor consists of two knife-shape stainless steel/graphite electrodes with thickness of 

1 mm and height of 63 mm covered by quartz plate. The width of each electrode is 20 mm 

with 2 mm narrowest gap for arc generation. The reaction volume of the reactor is 1.01 cm3 

in total. One of the electrodes is connected to a high voltage output and the other one is 

grounded via an external resistor (10 ohm) for current measurement. The gliding arc 

discharge reactor is supplied by an AC high voltage–power supply (AFS generator G15S-

150 K) operating in a burst mode with a power of 8 W and a frequency of 50 kHz. For the 

burst mode operation, the time of voltage applied and voltage switched off were kept constant 

at 10 ms and 1 ms, respectively. The applied voltage (V1) was measured by a high voltage 

probe, while the voltage (V2) on the external resistor was recorded by another voltage probe. 

All the electrical signals including voltage and current were measured by a four-channel 

digital oscilloscope. The current, discharge power and the specific energy input (SEI) were 

calculated as in equation (1-2). 
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                              P [W] =  
1

T
∫ VI dt

T

0
                        (1)                             

 SEI [J L−1] =
discharge power [W]

flow rate [Lmin−1]
 · 60[s min−1]             (2) 

In this work, Ar was used as the carrier gas for plasma generation in a flow rate range of 0.5-

2 L/min for plasma generation. In the case of toluene dissociation, three-minute gliding arc 

plasma was used to treat evaporated toluene vapor carried by Ar with a flow rate of 0.5 L/min, 

1 L/min, 1.5 L/min and 2 L/min at 20 oC. The effect of toluene concentration on the CNSs 

structure was also explored by accelerating the toluene evaporation via heating the container 

to 40 oC and 60 oC. Most of the produced nanomaterials were collected from the deposition 

on quartz wall for analysis. However, minor amount of them, which is hardly quantifiable, 

was blew into a water container. In the case of graphite exfoliation, graphite electrode (AC-

K500, GF Machining Solutions Pte.Ltd.) was used as carbon source for exfoliation in the 

gliding arc reactor for an hour at 20 oC. After plasma treatment, most of produced CNSs were 

collected inside the water container followed by drying in the oven at 60 oC for analysis. 

There was also a small part of the product, less than 20% of total product, deposited on the 

quartz wall. For the analysis, the obtained CNSs powder from two routes was used for Raman 

and X-ray diffraction analysis directly. The powder dispersed in water was applied for further 

characterizations such as Transmission electron microscopy (TEM) and Atomic Force 

Microscope (AFM).             

 

5.2.2 Characterization and Measurements 

 

The detailed introduction for characterizations including OES, XPS, Raman, TEM and XRD 

was presented in chapter 2.1.4 and 3.2.2. The height of CNSs was measured by tipping-mode 

AFM and analysed with nanoscope software (V6.14r1).  

 

5.3 Results and Discussion 

 

5.3.1 Carbon nanomaterial synthesis from toluene dissociation 
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Table 5.1. Summary results from the reaction at the various flow rates.  

Ar flow rate 

(L/min) 

Toluene 

concentration 

(%) 

Power  

(W) 

SEI  

(kJ/L) 

Residence time 

 (s) 

 

Single gliding 

arc cycle 

 (ms) 

0.5 1.7 7.6 0.91 0.12 10.0 

1.0 1.6 7.5 0.45 0.06 5.7 

1.5 1.4 7.6 0.30 0.04 4.2 

2.0 1.2 7.4 0.22 0.03 3.4 

 

Toluene vapor was carried by Ar gas with the flow rate tested from 0.5 L/min to 2 L/min in 

the reactor. The concentration of toluene changed in a small range between 1.2% - 1.7% with 

the Ar flow rate. The toluene concentration, power consumption and SEI were measured and 

calculated (as presented in Table 5.1). The height of arc in all cases was around 3.0 cm as 

shown in Figure S5.1. There is no significant change in the power consumption, while the 

SEI and the residence time of reactant decrease with the increase of total flow rates. The 

typical voltage and current waveforms of gliding arc at different flow rates were present in 

Figure S5.2. Single gliding arc cycle can be observed from the voltage and current waveforms, 

which decreases from 10 ms to 3.4 ms with the increasing flow rate. The reactant vapor 

undergoes longer residence time and the larger SEI at lower flow rate, which may lead to the 

structure difference of carbon nanomaterials. The characterization of material synthesized is 

shown in following section.      
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Figure 5.2 TEM images of carbon nanomaterials with Ar flow rate 0.5 L/min (a-b), 

1L/min (c-d), 1.5 L/min (e-f) and 2 L/min (g-h). Red arrows mark the position of 

particles formation. 

 

Figure 5.2 shows the TEM images of the produced carbon nanomaterials at different Ar flow 

rates. As shown in Figure 5.2 (a-b), both of carbon spheres and carbon nanosheets were 

observed in the product from experiment at the flow rate of 0.5 L/min. However, only a few 

carbon spheres with red arrows were observed on the carbon layer at 1 L/min (Figure 5.2c). 

In the case of 1.5-2 L/min, multilayer CNSs were observed instead of carbon spheres (Figure 

5.2 e-h). Overall, most of the carbon nanomaterials were layer-structured while carbon 

spheres were also found in the case of low flow rate. The main reason for this phenomenon 

could be the difference of energy and residence time for the different gas flow rates. In the 

case of 0.5 L/min, both of the SEI and residence time are the highest. As reported [13], 

graphitization at high temperature induce the coalescence of graphene sheets and the 

formation of loop at the tip of sheets, resulting in the formation of graphene nanoparticles. 

Thus, the high SEI and long residence time could lead to the formation of loops and carbon 

nanoparticles at low flow rate. In addition, more carbon nanomaterials deposit on the quartz 

wall at low flow rate especially in the position of arc generation due to low velocity (Figure 

S5.3). The deposition mass on quartz plate was 1.9 mg at 0.5 L/min and 0.5 mg at 2 L/min, 
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respectively. The heating effect of gliding arc with long residence time could promote the 

formation of loops in the deposited carbon nanomaterials. Moreover, in order to observe the 

detailed structures, the HR-TEM images from 2 L/min are also provided in Figure S5.4. Most 

of products show amorphous structures as shown in Figure S5.4 (a), while lattice fringes can 

also be found in some parts in the image as Figure S5.4 (b). According to the XRD pattern in 

Figure S5.5 (a), the produced CNSs are amorphous structures without intensive carbon peaks. 

Overall, it can be concluded that the majority of CNSs from toluene dissociation are 

amorphous with a few amorphous-to-crystalline structures transition. Raman spectra were 

presented for further study of the structures in next step.  

 

The Raman spectra of the carbon nanomaterial from different flow rates are shown in Figure 

5.3, all spectra exhibited typical carbon feature peaks at 1360 cm−1, 1596 cm−1, 2697 cm−1, 

2935 cm−1 and 3211 cm−1. The peak positions of D band and G band are close to amorphous 

carbon as our previous report [12]. D band appeared at 1360 cm−1 demonstrates from the 

vibrations of carbon atoms in the disordered structures, edges or glassy carbon, which could 

result from the amorphous structure of carbon (Figure S5.5). While the G band at 1596 cm−1 

is related to the vibration of sp2-bonded carbon atoms in a two-dimensional hexagonal lattice 

[22]. In all the spectra as shown in Figure 5.3, the intensity of G peak is higher than D peak, 

indicating there are principally sp2 carbons with some sp3 hybrid carbons defects. In addition, 

the ratio of ID/IG decreases with the increase of Ar flow rate, indicating that the ordered sp2 

carbon structures rise with the increasing flow rate. The full width at half maximum (FWHM) 

of G peak declines with the increasing flow rate, implying the rise of the sp2 carbon structures. 

This coincides with the result in Figure 5.2. The morphology of carbon nanomaterials 

changes from carbon spheres / CNSs to only CNSs. In addition, 2D, 2G and combination 

bands (D+G) are also observed in the spectra. 
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Figure 5.3 Raman spectra of carbon nanomaterials produced at different flow rates. 

 

The XPS spectra of the samples synthesized at various flow rates were reported to compare 

the variation of the surface functional groups. The produced CNSs were comprised with 

carbon (89.1%) and oxygen element (10.9%) from full spectrum at 2 L/min as an example in 

Figure S5.6 (a). The C1s spectra consist of four contributions at 284.5 eV, 285.4 eV, 286.3 

eV and 288.8 eV in Figure 5.4, which are assigned to C-C (sp2), C-C (sp3), C-O and C=O 

groups. These groups coincide with the groups of C1s spectra in report [23-24]. The 

concentration of carbon, including sp2 and sp3 structures, decreases from 80.2% to 74.5% 

with the increase of Ar flow rates, which could result from the variety of SEI and residence 

time. At low flow rate, higher SEI and longer residence time could lead to the higher 

carbonization degree. The oxygen spectrum consists of C-O and C=O groups shown in Figure 

S5.7, which is in accordance with the analysis of carbon spectrum in Figure 5.4. The C-O 

and C=O could be resulted from the physical absorption of O2/H2O in the toluene or oxidation 

in the air after the reaction. 
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Figure 5.4 C1s spectra of produced carbon nanomaterials at different Ar flow rates. 

 

In our research, toluene concentration varies in a small range from 1.2% to 1.7% within the 

studied flow rates. By considering the effect of concentration on the structures of CNSs, 

another group of tests were done with diverse toluene concentrations. The flow rate of Ar 

was fixed at 2 L/min for the new tests. The toluene container was heated to 40 oC and 60 oC 

and the concentration of toluene was 2.8% and 5.5%, respectively. The carbon nanomaterials 

synthesized at 20 oC – 60 oC were collected after plasma treatment and analysed by Raman 

spectroscopy. Results were shown in Figure S5.8. The ID/IG and I2D/IG were calculated for all 

spectra. However, there is no obvious change observed, ID/IG is in a range of 0.65-0.67 and 

I2D/IG is between 0.12-0.13. The value of ID/IG varies within 3%, which is much smaller than 

the variation (12%) from flow rate study and can be negligible. All the experiments were 

repeated at least three times. Therefore, it can be concluded that the concentration of toluene 

in a range of 1.2% to 5.5% has no evident effect on the structure of carbon nanomaterial 

synthesis. This is different with the case reported by Wu [21], in which CH4 was used as 
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carbon source and the concentration of CH4 varied in a larger range of 16.7% to 44.4%. The 

ratio of ID/IG increased with the rising of CH4 concentration in their study. Therefore, in our 

study with toluene concentration varying within a smaller range, the main contributors to the 

differences of structure in our flow rate study are the SEI and residence time.  

 

5.3.2 Carbon nanomaterial synthesis from graphite exfoliation 

 

Table 5.2. Summary results from the reaction at the various flow rates. 

Ar flow rate 

(L/min) 

Arc height 

(cm) 

Power 

(W) 

SEI 

(kJ/L) 

Residence time 

(s) 

0.5 3.4 2.0 0.24 0.12 

1.0 4.0 3.0 0.18 0.06 

1.5 5.0 3.4 0.14 0.04 

2.0 5.5 4.0 0.12 0.03 

 

In the study of graphite exfoliation, two graphite electrodes in the gliding arc reactor were 

used as carbon source. Only Ar gas was injected to the reactor with a set of flow rates from 

0.5 L/min to 2 L/min. The power consumption and SEI were measured and calculated in 

Table 5.2. Unlike toluene dissociation, the height of arc increased from 3.4 to 5.5 cm in Figure 

S5.9 and power consumption (2.0-4.0 W) show an increase tendency with the Ar flow rate. 

The voltage and current waveforms at different flow rates were shown in Figure S5.10. The 

waveform from 2 L/min was discussed as an example. The gliding arc ignited at ~ 4.5 kV 

with a high current peak at ~17 A. Then it decreased to ~ 0.6 kV and increased the value with 

arc propagation. The current waveform demonstrates an evident decreasing trend after the 

position of breakdown. There is only one gliding arc cycle within 10 ms burst time in all 

cases.  

 



Carbon nanosheets synthesis in a gliding reactor 

119 

Figure 5.5 TEM images of produced carbon nanomaterials with Ar flow rate 0.5 L/min 

(a-b), 1 L/min (c-d), 1.5 L/min (e-f) and 2 L/min (g-h). Red arrows mark the position of 

crumples. 

 

Figure 5.5 presents the morphology of synthesized carbon nanomaterials from graphite 

exfoliation at the flow rate from 0.5 L/min to 2 L/min. All the materials were typical multi-

layer structure CNSs and most of them owned the sizes less than 100 nm. Interestingly, the 

crumple structures of graphene marked with red arrows were also found including dense 

wrinkles in some cases (Figure 5.5d). These structures present the potential of the carbon 

nanomaterials in energy related research such as energy storage and supercapacitors due to 

the high conductive property and high surface area [25]. In order to observe the layers in 

detail, HR-TEM images of produced CNSs are also provided in Figure S5.4 (c-d). From the 

images, the fabricated CNSs are amorphous structures with dense wrinkles, which coincides 

with results from XRD pattern in Figure S5.5 (b). The layer number is less than 5 for most 

of cases in the observed images. 
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Figure 5.6 Raman spectra (a) and C1s spectrum (b) of produced CNSs from graphite 

exfoliation. 

 

The structure of produced CNSs was further examined with Raman spectroscopy and XPS 

in Figure 5.6. The flow rate in research range has no evident effect on the structure of CNSs, 

since the Raman spectra from various flow rates have no difference in Figure 5.6a. The 

sample at flow rate of 2L/min as an example was further analysed for detailed structure study. 

The typical D band, G band and 2D band of carbon peaks were present at position of 1339 

cm-1, 1583 cm -1 and 2680 cm-1 in Figure 5.6 (a), which coincide with the spectrum of nano-

graphene as reported [26]. The Raman spectrum of initial graphite electrode is also presented 

in Figure 5.6a. The spectrum of graphite electrode demonstrates an intense G band and a very 

weak D band as the typical graphite structures. Compared with initial graphite electrode, the 

ratio of ID/IG of product after plasma reaction is much higher (1.30), indicating the existence 

of high intensity of disordered structure in the structure. From the TEM analysis, most of 

produced CNSs own the small sizes less than 100 nm. Thus, the high intensity of D band can 

originate from an abundance of edges in the CNSs or amorphous structure [27]. In addition, 

the position of 2D band shifts from 2709 cm-1 of graphite electrode to 2680 cm-1 after reaction, 

implying that the layer number of CNSs decreases after plasma exfoliation process. This 

result is in accordance with the opinion from other study [28]. Further, for a single layer 

graphene, the ratio of I2D/IG is higher than 1 [26]. In this study, the ratio of I2D/IG is 0.40, 

indicating the synthesis of multi-layer structure CNSs. The composition of CNSs was 

discussed by XPS analysis. The produced CNSs consists of carbon (90.6%) and oxygen 

element (9.4%) from full spectrum at 2 L/min as an example in Figure S5.6 (b). In carbon 
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spectrum of Figure 5.6 (b), the bond of graphitic carbon, hybrid sp3 carbon, C-O and C=O 

groups were shown at the binding energy of 284.5 eV, 285.4 eV, 286.2 eV and 287.6 eV. 

Hybrid sp3 carbon can derive from the amorphous structure of CNSs in Figure S5.5. The 

oxygen spectrum, containing C-O, C=O and absorbed water/oxygen, could originate from 

the oxidation during drying process in Figure S5.11. 

 

Figure. 5.7 The deposition of CNSs from graphite exfoliation at different flow rates. 

 

In addition, the productivity of CNSs was discussed based on the mass of products. In Figure. 

5.7, the CNSs deposited on the quartz wall at flow rate of 0.5 L/min were obviously more 

than those at flow rate of 2 L/min. The mass of collected powder from water container was 

also higher (0.8 mg) at 0.5 L/min than that (0.4 mg) at 2 L/min. The reason could be explained 

as follows. Higher SEI and longer residence time at low flow rate give rise to the production 

of more energetic electrons, Ar species and related higher heating temperature. These factors 

have an effect on the graphite electrode surface directly, resulting in a higher productivity at 

low flow rate. 

 

Apart from the gas flow rate, the effect of power input on the carbon nanomaterials was also 
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explored based on the advices. The flow rate was fixed at 2 L/min for both of cases with the 

variation of power input in a range of 4 W - 16 W. For toluene dissociation, the ratio of ID/IG 

increases from 0.63 to 0.73 (Figure. S5.12) with SEI from 0.12 – 0.33 kJ/L (Table S5.1), 

indicating that the sp3 hybrid carbons defects and edges rise with the increase of SEI. This 

coincides with the results in the flow rate study. Higher SEI leads to more sp3 carbons and 

edges production. The mass of product also increases from 0.1 mg to 1.4 mg with SEI. For 

graphite exfoliation, there is no obvious change in the Raman spectra with the increasing SEI 

in a range of 0.08 – 0.20 kJ/L (Table S5.1). The ratios of ID/IG and I2D/IG are within a teeny-

variation range, 1.25 - 1.27 and 0.35 - 0.37, respectively. The mass of product rises from 0.1 

mg to 1.0 mg with an increase of SEI. In sum, the rise of power input is indexed to higher 

SEI of the plasma reaction, resulting in the slight change of products in toluene dissociation 

and no obvious change in graphite exfoliation within research range. In addition, higher SEI 

also incurs higher productivity in both of approaches. The results are in agreement with the 

conclusions from the flow rate study, which also varies SEI by the adjustment of flow rate.  

 

5.3.3 The layer number and synthesis mechanism comparison 

The dominating synthesized carbon nanomaterials were multi-layer structure CNSs based on 

the Raman analysis in Figure. 5.3 and Figure. 5.6. Thus, the number of nanosheets layer needs 

to be further explored in both of toluene dissociation and graphite exfoliation. In Figure. 5.8, 

the typical AFM images and height study of produced CNSs were analyzed in two cases at 2 

L/min with a scan area of 600 × 600 nm on mica substrates, respectively. In order to verify 

the distribution of product from both of routes, extra AFM images with various scales are 

presented in Figure. S5.14-15. The CNSs from toluene dissociation exhibit a large irregular 

layer in the image with some small-size nanosheets around in Figure. 5.8 (a). The height of 

the large layer is approximately 0.90 nm, presenting the existence of 2-3 layers based on the 

thickness of single-layer graphene (0.335 nm) [29]. However, some thicker and smaller CNSs 

also appear in the image with the thickness around 4 nm (11 layers) in Figure. 5.8 (b). In 

general, the structure of CNSs produced in toluene dissociation is not very uniform. The 

reason could be explained from the following aspects: In the process of CNSs production, 

highly energetic electrons achieve the ionization, excitation and dissociation of carbon source 

in the plasma vapor dissociation reaction, resulting in the low-temperature growth of CNSs. 

On the one hand, the dissociation process of carbon source is too fast under the plasma 
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treatment. The CNSs are synthesized in the gas phase and stack together before depositing 

on the quartz wall. On the other hand, the concentration of carbon source (~1%) could be not 

low enough in our research, the high vapor pressure can accelerate the pyrolytic 

decomposition in gas phase. The formed new layer deposit on the old ones, resulting in the 

generation of non-uniform thickness. In the case of graphite exfoliation (Figure. 5.8 (c)), the 

distribution of the CNSs seems more uniform. The sizes of CNSs are around 50 nm with the 

thickness in a range of 0.92-1.58 nm (2-5 layers) in Figure 5.8 (d). 

 

 

Figure 5.8 AFM image and height analysis in toluene dissociation (a, b) and graphite 

exfoliation (c, d). 

 

To further explore the reasons of the differences of product distribution in two routes, the gas 

temperatures were estimated for both of approaches. In this study, the C2 species, observed 

from high current arcs by optical emission spectrometer in both of cases, can also be applied 

for temperature estimation [30]. Thus, the peak at 516 nm, corresponding to Δv=0 of C2 swan 

bands in a range of 510 - 520 nm, was used for rotational temperature estimation by fitting 
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experimental spectra in Specair. Figure 5.9 demonstrates the experimental spectra as well as 

the fitted ones. The estimated rotational temperatures are around 3000 K and 1200 K in 

toluene dissociation and graphite exfoliation, respectively. Rotational temperature is 

normally regarded as an approximation of gas temperature in atmospheric-pressure plasma 

reaction as reported [30-32]. Therefore, the estimated temperatures represent for plasma gas 

temperature in the two reactions. These numbers coincide with the reported gliding arc gas 

temperature in a range of 1000 - 4000 K [33-34]. Further, the gas temperatures from the 

reactor outlet were also measured, which were lower than 310 K in both of cases.  

 

As reported, the plasma gas temperature is not uniform in the gliding arc reactor [35-37]. The 

gas temperature of thin plasma arc channel is much higher than the surrounding gas 

temperature [37]. Therefore, temperature uniformity can be one of reasons to explain the non-

uniform distribution in toluene dissociation and relatively uniform distribution in graphite 

exfoliation. For toluene dissociation, the CNSs were fabricated in the gas phase by toluene 

vapor dissociation. Thus, the uniformity of gas temperature has stronger influences on the 

quality of products during plasma reaction. In addition, the product from toluene dissociation 

deposits in the various positions of quartz wall during the reaction rather than being collected 

from water tank as graphite exfoliation. Therefore, the product can be further affected by the 

heating effects from various plasma regions. As for graphite exfoliation, the CNSs were 

generated from graphite electrode exfoliation and the products were blown out of reactor 

directly. Hence, the gas temperature has less effects on the product structures than that from 

toluene dissociation. Moreover, although the estimated gas temperatures are around 3000 K 

and 1200 K for two approaches. Nevertheless, the residence time in high temperature arc 

channel is very short. The average gas temperature from outlet is lower than 310 K. Therefore, 

the majority of CNSs products from toluene dissociation are amorphous with a few 

amorphous-to-crystalline structures transition. CNSs from graphite exfoliation are still 

amorphous, since the temperature for ordered graphitic structure formation should be higher 

than 2000 K as reported [38].Only amorphous carbon was formed at the temperature below 

1500 K [38]. 
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Figure 5.9 Experimental spectrum and Specair fitted spectrum in toluene dissociation 

(a) and graphite exfoliation (b) 

 

Optical emission spectra were measured during the plasma reaction to observe the toluene 

dissociation and graphite exfoliation with the identification of the generated excited species 

in Figure 5.10. In Figure 5.10 (a), the dominant peaks from 460-620 nm are C2 swan band 

together with CH modes at 431 nm and atomic hydrogen Hα at 656 nm [39]. These species 

are resulted from the dissociation of toluene and can identify the presence of hydrocarbon 

species such as C2Hx and CHy, which are important for the formation of carbon nanomaterials 

[40-41]. Apart from the carbon species, prominent emission peaks between 690-850 nm are 

related to highly excited electronic states of Ar atomic transitions (Ar I), which also takes a 

primary role in the spectra of graphite exfoliation in Figure 5.10 (b). However, only less 

intense C2 species are observed except Ar species in the spectrum of graphite exfoliation due 

to the difference of CNSs formation mechanism between two routes. In this study, when 

plasma was generated in the gliding arc reactor, a high density of electrons was produced to 

dissociate toluene or exfoliate graphite electrode to produce C2 species, promoting the 

nucleation and growth of carbon and leading to CNSs formation. The arc images from two 

synthesis routes were also compared in Figure 5.10, which present typical blue color arc from 

high density carbon species in toluene dissociation and purple color arc from dominant 

excited Ar species in graphite exfoliation. 
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Figure 5.10 The OES spectra from toluene dissociation (a) and graphite exfoliation (b). 

 

Toluene dissociation was explored based on the OES spectra recorded. The possible 

decomposition reactions were present in equation (3)-(6) based on studies [42-43]. The 

principle process of toluene dissociation is induced by electron impact dissociation. High 

energy electrons react with toluene and argon molecules via inelastic collisions to form 

metastable Ar species, generating phenyl, methyl and benzyl radicals [43]. Then the radicals 

can either combine to generate intermediate products such as bibenzyl and other aromatic 

hydrocarbons in equation (7-9), or continue to dissociate to other radicals and products. The 

possible dissociation routes for benzyl radicals are presented as an example in equation (10-

12), since the production of benzyl radicals are more favorable due to the low reaction 

enthalpy (84.4 kcal/mol) compared with phenyl [44]. Then the radicals and intermediate 

products further dissociate to carbon species or recombine to form various aromatic 

chemicals based on the reaction conditions as studied in reports [44-45], followed by 

carbonization process under the impact of electrons and Ar* species or directly flowing away 

with carrier gas. This dissociation reaction process terminates when the partial pressure of 

the carbon products exceeds the saturated vapor pressure at the deposition temperature. 

Finally, the decomposed products deposit on the quartz wall directly or polymerize further to 

CNSs on the surface of quartz wall. Based on the detection results from OES, the C2, H, CH 

species also prove that the dissociation of toluene ring takes place during the plasma reaction. 

The abundance of C2 in Ar-containing plasmas can be attributed to the available pathways 

for C2 production, resulting from the energy transfer between Ar* species with ethylene or 

acetylene species in equation (6, 10). This is in correspondence with the opinions in other 
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studies [46-47]. Hα and CH species are possible to originate from H and CH3 radicals in 

equation (4, 5, 12) during the dissociation process. Notably, toluene dissociation is a complex 

process with hundreds of possible reaction routes as explored by modelling and GC-MS in 

many studies [44-45]. This study aims at the comparison study of CNSs synthesis between 

two reaction routes. Thus, only several primary reactions from toluene dissociation are 

presented for the OES and mechanism study. The entire toluene dissociation routes and 

detailed mechanism study are out of scope in current study. As for graphite exfoliation, high 

temperature arc with energetic electrons act on the graphite electrode surface directly. As 

reported [48], a critical temperature of 800 K should be exceeded for a quick graphite 

exfoliation to occur. The estimated gas temperature in the graphite exfoliation is up to 1200 

K. Thus, the function of energetic electrons and related high gas temperatures enable to 

overcome the attractive van der Waals interactions between graphite layers and initiate the 

exfoliation of graphite, resulting in the formation of C2 species from electrode surface 

observed in OES. The C2 species further promotes the nucleation and growth of CNSs. 

Finally, CNSs products were blown away from reactor with Ar flow and collected in the water 

tank.                    
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5.4 Conclusion 

 

In this chapter, a comparison study for carbon nanosheets synthesis including toluene 

dissociation and graphite exfoliation was explored in a gliding arc reactor at atmospheric 

pressure. In toluene dissociation, the effect of gas flow rate and precursor concentration were 

explored on the morphology of carbon nanosheets. The product morphology changed from 

only CNSs to CNSs/spheres with the decrease of flow rate from 2 L/min to 0.5 L/min of Ar, 

since the high SEI and residence time give rise to the formation of loops and carbon 

nanoparticles. Within the tested range, the toluene concentration is not relevant to the 

structure of CNSs. In graphite exfoliation, the structures of produced CNSs have no obvious 

change at all tested flow rates. However, the productivity is higher in the case of low flow 

rate. This tendency coincides with the results in toluene dissociation and was explained in 

detail. The rise of power input is indexed to higher SEI of the plasma reaction, resulting in 

the slight change of products in toluene dissociation and no obvious change in graphite 

exfoliation within research range. The results are in accordance with the conclusions from 

the flow rate study, which also varies SEI by the adjustment of flow rate. Further, the 

structures and reaction species were compared for the mechanism study between two routes. 

The produced CNSs from graphite exfoliation owned 2-5 layers were thinner and more 

uniform than the CNSs from toluene dissociation via AFM analysis. The possible reasons 

were explained based on simulated plasma gas temperatures, carbon sources and reaction 

mechanisms in detail. In OES study, high intensity reactive species were observed in toluene 

dissociation including C2, CH and atomic hydrogen Hα except Ar species. While only less 

intense C2 species were found in graphite exfoliation. Thus, the possible dissociation 

reactions were proposed for further mechanism analysis. 

 

In this study, we found that the structures of nanomaterials could be flexible on account of 
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the controllable plasma operation parameters in a gliding arc reactor. Some possible 

enhancements, nonetheless, are necessary for the high quality and crystal carbon 

nanomaterials production, which are presented as follows. (1) An improvement of energy 

input may enhance the crystallization degree of carbon nanomaterials. As report [21], higher 

operating voltage promoted the CNSs synthesis with a high crystallization structure in a 

gliding arc reactor. Hence, energy input can be one of parameters related to the structure 

control. (2) The addition of selective catalysts can facilitate the nanomaterial formation with 

specific morphology. For example, nickel catalyst was proved for the generation of the 

carbon nanotubes in different plasma reactions [49-50]. Thus, the morphology of 

nanomaterials produced by gliding arc reactor might be well-controlled with selective 

catalysts. (3) A combination between gliding arc discharge technology and other technologies 

can improve the quality or the property during/after the plasma treatment. For example, 

chemical exfoliation is an effective method to decrease the thickness of CNSs. But it 

generally requires long reaction time to achieve the exfoliation process. The thickness of 

CNSs reduced from 22 nm to 9 nm after 44 h chemical exfoliation treatment in report [7]. If 

the chemical exfoliation was combined for treating CNSs after plasma treatment. It is 

promising to produce thin layer CNSs in a relative short time. Moreover, the functional CNSs 

with surface groups are also possible to generate by changing carrier gas like nitrogen for N-

doped CNSs production. Overall, gliding arc discharge presents the potentials in the 

nanomaterial synthesis with high productivity, further research will be needed in the future. 
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Supplementary material 

 

 

Figure S5.1 Arc images from toluene dissociation at different flow rates 

 

 

Figure S5.2 Voltage and current signals of toluene dissociation at various flow rates. 
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Figure S5.3 The deposition of CNSs images from toluene dissociation at 0.5 L/min (a) 

and 2 L/min (b). 

 

Figure S5.4 HR-TEM images of CNSs from toluene dissociation (a-b) and graphite 
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exfoliation (c-d). Red markers stand for the position of lattice fringes in toluene 

dissociation (b) and layers (c-d) in graphite exfoliation. 

 

 

Figure S5.5 XRD patterns of carbon nanomaterials from toluene dissociation (a) and 

graphite exfoliation (b). 

 

Figure S5.6 XPS full spectrum of CNSs from toluene dissociation (a), graphite 

exfoliation (b) at flow rate of 2 L/min. 
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Figure S5.7 O 1s spectrum of produced CNSs from toluene dissociation. 

 

Figure S5.8 Raman spectra of carbon nanomaterials produced at 20, 40 and 60 degree 
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Figure S5.9 Arc images from graphite exfoliation at different flow rates. 

 

Figure S5.10 Voltage and current signals of graphite exfoliation at various flow rates. 
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Figure S5.11 O 1s spectrum of produced CNSs from graphite exfoliation. 

 

Table S5.1. Summary results from the reactions with the variation of power input. 

Power 

input 

(W) 

Power consumption 

(toluene dissociation) 

(W) 

SEI  

(kJ/L) 

Power consumption 

(graphite exfoliation) 

(W) 

SEI 

 (kJ/L) 

4 4.8 0.12 2.8 0.08 

8 7.0 0.21 3.8 0.11 

12 9.4 0.28 5.2 0.16 

16 11 0.33 6.6 0.20 
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Figure S5.12 Raman spectra of carbon products produced from toluene dissociation at 

flow rate of 2 L/min with power variation in a range of 4 W-16 W. 

 

Figure S5.13 Raman spectra of carbon products produced from graphite exfoliation at 
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flow rate of 2 L/min with power variation in a range of 4 W-16 W. 

 

 
Figure S5.14 AFM image and height analysis in toluene dissociation with a scan area of 

1 × 1 um (a-b), 510 × 510 nm (c-d). 
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Figure S5.15 AFM image and height analysis in graphite exfoliation with a scan area of 

1 × 1 um (a-b), 510 × 510 nm (c-d). 
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6.1 Conclusion 

 

Non-thermal plasma technology attracted great attention in the nanomaterial synthesis, since 

the reactive plasma species such as energetic electrons promote nanomaterials synthesis at 

relatively low temperatures. Among the non-thermal plasma technologies, microplasma 

presents potentials in high-quality nanomaterial synthesis with several advantages over 

conventional routes, like atmospheric pressure reaction and controllable operation. 

Nevertheless, the reaction routes in the gas-liquid interface microplasma system are complex 

with unclear mechanisms. Therefore, the objective of this research project was to explore the 

synthesis routes of nanomaterials by microplasma technology and analyze the reaction 

mechanisms. In the last chapter, the possibility of nanomaterials synthesis was extended to 

gliding arc discharge. The results are discussed, and some perspectives are presented for 

future research orientation.  

 

6.1.1 Rare earth nanomaterials synthesis 

 

The research commenced from the synthesis of rare earth nanomaterials. A microplasma - 

assisted method was demonstrated for the synthesis of Eu doped CeO2 nanoparticles via a 

two-step process, plasma electrodeposition of hydroxide, followed by a calcination process. 

The existence of OH species observed from OES spectra promote the formation of 

hydroxides during the plasma reaction. Results indicated that crystalline cubic CeO2:Eu3+ 

nanoparticles were successfully synthesized. The effects of Eu dopant concentration and 

calcination temperature on the structure of Eu doped CeO2 nanoparticles were investigated. 

The increasing dopant concentration of europium ions and calcination temperature lead to 

matrix lattice expansion and crystallite growth enhancement of products, respectively. Red 

color emission of produced nanophosphors can be easily observed by naked eye under the 

UV irradiation. The photoluminescence spectrum further proved the downshifting behavior 

of the obtained products, where characteristic 5D0→7F1,2,3 transitions of Eu3+ ions had been 

detected. 

 

In addition, according to the high flexibility in choosing precursors, this technique was 

extended for the synthesis of Eu3+/Tb3+ single-doped or co-doped Y2O3 nanophosphors from 
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corresponding rare earth nitrite salts solution. (Y1-x-yEuxTby)2O3 nanophosphors of various 

Tb3+ and Eu3+ ratios (x:y = 1:0, 2:1, 1:1, 1:2, and 0:1) were prepared to achieve the emission 

colour tunability by adjusting the dopant compositions. Results demonstrated that Eu/Tb 

single-doped and co-doped Y2O3 crystalline nanophosphors were successfully synthesized 

with uniform incorporation of Tb3+ and Eu3+ ions into the Y2O3 host matrix. The generated 

products demonstrated apparent downshifting behaviour under ultraviolet irradiation. The 

emission colors were regulated to a wide range by adjusting the relative composition ratios 

of Tb3+ and Eu3+ ions. This extending study proved the possibilities for other rare earth 

nanophosphors synthesis via microplasma technology and presented the potentials of 

luminescent nanomaterial synthesis via microplasma technology. 

 

6.1.2 Carbon dots synthesis 

 

Carbon dots were synthesized by microplasma technology at atmospheric pressure, using 

isopropanol as the only reactant. Obtained carbon dots, possessing surface groups such as 

C=O, C-O, OH, owned typical excitation-dependent emission property with the excitation 

wavelengths within the range of 310-410 nm. Precursor concentrations and operating 

voltages during plasma treatment are able to affect the composition and size distribution of 

carbon dots, posing the difference of photoluminescence emission. The mechanism was 

analyzed based on the optical emission spectra study, implying that the formation of carbon 

dots originated from the direct dissociation and carbonization of isopropanol in the gas-liquid 

interface. Nevertheless, the quantum yield achieved is only around 1.5%. 

 

6.1.3 N-doped carbon dots synthesis 

 

In order to improve the quantum yield and optical property of carbon dots, an effective 

approach was presented for the synthesis of fluorescent N-doped carbon dots through a 

microplasma-assisted process. The effect of reaction parameters during microplasma reaction 

on the surface groups and photoluminescence property of carbon dots was studied in detail. 

Nitrogen element was successfully doped in the carbon dots in the forms of N-H groups and 

pyrrolic-like N. The synthesized particles with an average size of 5.98 nm showed intense 

blue emission under a UV lamp and owned excitation-dependent emission property with a 
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quantum yield up to 9.90%. The plasma treatment time and operating voltage affect the 

carbonization degree, doping state of nitrogen and particle size, resulting in the difference of 

photoluminescence (PL) behavior. The electrode sizes have slight effects on the yield of N-

doped carbon dots from 0.31% to 0.42% owing to differences of electron density. Based on 

the detected chemical species, the N-doped carbon dots were derived from the polymerization 

of reactants in the liquid phase initiated and accelerated by microplasma. Further, the tests 

for N-doped carbon dots applications including photocatalysis and metal ion sensing were 

tested and demonstrated for an outlook of applications. 

 

6.1.4 A comparison study for carbon nanosheets synthesis in a gliding arc reactor 

 

In chapter 5, the possibility of nanomaterials synthesis was extended to gliding arc discharge. 

A comparison study for carbon nanosheets synthesis, including toluene dissociation and 

graphite exfoliation, was investigated in a 2D gliding arc reactor at atmospheric pressure. 

The effect of gas flow rate and precursor concentration on the structure of carbon nanosheets 

from two synthesis routes was compared in detail. In toluene dissociation, the flow rate of 

carrier gas has direct influence on the morphology of carbon nanomaterials. Carbon spheres 

were also produced along with nanosheets with the decreasing flow rate. In the case of 

graphite exfoliation, nevertheless, only carbon nanosheets were observed regardless of the 

change in flow rate of the carrier gas. The mechanisms for both approaches were analysed 

and compared on account of the generated chemical species. The probable enhancement 

methods were presented based on the analysis. 

 

6.2 Outlook 

 

In the presented study, two types of non-thermal plasma technologies, microplasma and 

gliding arc discharge, were successfully explored for the synthesis of rare earth nanomaterial 

and carbon nanomaterial. The research detailed reaction routes, processes and parameters 

together with the analysis of mechanisms in different cases. Nonetheless, challenges remain 

in the gas-liquid interface microplasma reaction and gliding arc synthesis, seeking for 

appropriate solutions. 
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A microplasma jet contact with liquids provides a plasma–liquid interface where many 

physical and chemical processes are involved such as decomposition, reduction, sputtering 

and evaporation of the liquid [1]. These processes can take place among the reactants, 

solvents and electrodes depending on the reactants and experimental conditions. For example, 

rare earth hydroxides, Ce(OH)3: Eu, were formed from the reaction between metal ions and 

OH species generated from water dissociation in Chapter 2. The synthesized carbon dots in 

chapter 3 were obtained from reactant (isopropanol) dissociation and carbonization. In order 

to produce target materials, it is primary to control the conditions and reaction rates to achieve 

the desired reaction. Therefore, the fully study of relevant plasma physics and reaction 

kinetics are needed for the reaction control and mechanism research. In-situ instruments and 

techniques are required for the chemical reaction, diagnostics and nanomaterial nucleation 

and growth analysis.  

 

In addition, the results in the chapter 3-4 indicate that it is possible to control the size, 

structure and morphology of nanomaterials by tuning the reaction parameters, like operating 

voltage and reaction time. In this case, the property of nanomaterials enables to be adjusted 

following the requirements of applications. But, the controllable range of plasma parameters 

are limited in the current setup. The unstable discharge problem exists on account of the 

liquid evaporation under high-voltage treatment for a long time. Moreover, the production 

yield is far from the industrial applications. Hence, an improvement of current system is 

proposed for future study. As introduced in chapter 1, the typical method is to fabricate 

microplasma arrays to improve the processing capacity and productivity, presenting 

potentials in medical treatment such as fungal keratitis of rabbits and micropatterning of 

materials surfaces [2-3]. In a microplasma array system, the microplasma jets are arranged 

in an array structure depending on the requirements. In the gas-liquid interface reaction, the 

array structure enhances the contact surface area for the reaction. Nevertheless, a large 

number of plasma jets can increase reaction space substantially. By considering the efficient 

reaction space utilization and productivity, a continuous flow system can combine with a 

single or multiple jets instead of a batch reactor, achieving the consecutive production and 

yield enhancement in limited space.   

 

Apart from the improvement of microplasma system, it is also worthy of exploration the 
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possibility of nanomaterial synthesis by other non-thermal plasma technologies . Gliding arc 

discharge, presenting advantages over other plasma types such as high flexibility and 

productivity, was studied for carbon nanosheets synthesis. In the chapter 5, we found that the 

structures of nanomaterials could be flexible due to the controllable plasma operation 

parameters in a gliding arc reactor. Some possible enhancements were also proposed for the 

high-quality nanomaterials production in chapter 5, (1) crystallization degree of 

nanomaterials can be enhanced by adjusting energy input. (2) the morphology of 

nanomaterials produced by gliding arc reactor might be well-controlled with selective 

catalysts. (3) a combination between gliding arc discharge technology and other technologies 

can improve the quality or the property during/after the plasma treatment. For example, if the 

chemical exfoliation was combined for treating CNSs after plasma treatment. It is promising 

to produce thin layer CNSs in a relative short time. Overall, gliding arc discharge presents 

the potentials in the nanomaterial synthesis with high productivity, further research will be 

needed in the future. Except for researched gliding arc discharge and microplasma, other non-

thermal plasma technologies such as DBD [4] and glow discharge [5] were also reported in 

the effective synthesis of functional nanomaterials. Hence, from gliding arc study and these 

reports, it states the possibilities for a wider range of nanomaterial synthesis with other 

discharge types. The suitable choice of non-thermal plasma technologies for the targeted-

property nanomaterials synthesis is also a promising research, requiring further realization of 

interaction between plasma and nanomaterial technologies. 
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