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Summary 

 

The main aim of this thesis to demonstrate synthesis of metal oxides using plasma 

based methods where much of the work is focussed using atmospheric pressure based 

microplasmas technique. Also the objectives are to study metal oxide properties through 

plasma process and manipulating its electronic structure by identifying various defects and 

quantum confinement effect. Finally, applicability of some the synthesized metal oxides were 

successfully integrated into photovoltaic devices where direct material integrity directly from 

the process was carried out. Also, biomedical application of metal oxide were explored. 

The most highlighting feature of the thesis is demonstration of metal oxide 

nanoparticle synthesis using two different techniques, plasma induced non-equilibrium 

electrochemistry (PiNE) and gas phase microplasmas. The spotlight of these techniques were 

shown with use of simple precursors for synthesis. A highly stable colloidal Cu-oxide 

quantum dots (QDs) size ranging from 2 – 4 nm were shown using PiNE technique for 

different process currents, where a detailed study showing formation mechanism of QDs 

were performed. Further the technique is extended to synthesis of other metal oxide 

especially manganese oxide. Finally, a generalised PiNE method applicable to synthesis 3d 

transition metal oxides were concluded. In gas phase microplasmas, synthesis of nanoscale 

zinc oxide tetrapods (ZnO nTPs) structure was demonstrated along with wide range of size 

and shaped nanoparticles (NPs) depending on the process parameters. Phase and structural 

stability of the QDs and nTPs were also studied for different annealing temperatures. An in-

depth material characterisation of all these metal oxides were carried out that reveals various 

defects in the material found to influenced by the experimental conditions. Finally, metal 

oxide (CuO QDs/ZnO) solar cell devices and with perovskite material are fabricated. These 

devices are first step towards cost-effective and advance metal oxide device fabrication.  
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Chapter 1 Introduction  

 The global energy demand is increasing day by day estimated to reach 1.52 % 

every year. The rapid growth in energy consumption is related to an increasing 

population density, industrialisation, urbanisation in developing countries etc. which 

in turn increases the dependence on conventional energy resources.1 Fossil fuels are 

the main source of energy production used around the world and their share is 

estimated around 79 % (2015) in overall energy resources.2 Some of the by-products 

from these sources are toxic and contribute to greenhouse gas emission, mainly CO2, 

which is now identified as the key role for global warming. Some projected effects of 

climate change are the increase in average temperature to 1-3 oC, rise in sea level 

about ~4 feet by 2100 and melting of polar ice caps.3 Recently, a unified agreement 

(Paris agreement) was taken by countries together to fight against climate change 

which represent a commitment to maintaining the increase in global mean 

temperature below 2 oC i.e. above the pre-industrial level. Among the resolutions, 

one of most agreed action is the undertaking of new technologies.4  And plan of 

action could be the replacement of fossil fuels with renewable energy sources such as 

wind, solar, hydrothermal and geothermal. Among these, solar energy is one of the 

most versatile resource, which can be harvested anywhere from small roof top to 

larger array of panels for grid base power stations.5  

 Solar energy is clean, free and abundant. The total solar energy (~480 

exajoule) received by the earth’s surface in one and half hour is equivalent to the 

annual total energy consumption (~430 exajoules) in the year 2001.6  Photovoltaics 

(PVs) is the technology that allows the conversion of solar energy into electricity and 

it plays a key role in the landscape of renewable energy technologies. Since the 

discovery of the PV effect in the 19th century, its development is based on new 

materials and fabrication process.7 Si-based PV cells are currently dominating the PV 

market.8 However, thin film based solar cells and other technologies have been 

developed based on cadmium indium gallium selenide (CIGS), cadmium telluride 

(CdTe), gallium arsenide (GaAs) multijunction cells, dye sensitized cells , quantum 

dots based device, and perovskite cells. All these newer technologies and materials 

are however behind Si-based cells due to either material cost, toxicity and stability.7 
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In the development of these most promising PV technologies, metal oxides have 

played an important and increasing role; metal oxides are now ubiquitous in PV 

cells, including for Si-based devices.   

 Metal oxides are compound that have a huge market with economic value 

envisioned to reach US$ 5 bn by 2025.9 This for instance covers 80 % of the total 

nanoparticle production. Most metal oxides are non-toxic and exhibit high chemical 

stability in a very wide range of conditions. Generally, metal oxide nanoparticles 

have been used in several areas such as for the paint industry, electronics, aerospace, 

pharmaceutical, construction, energy storage and harvesting etc.10 Several methods 

are available to synthesize and process metal oxide materials in bulk or at the 

nanoscale. However, most of these process for bulk/nanoscale form often require 

time-consuming steps including washing/purification. Some metal oxides require 

also toxic precursors for the synthesis.11 Atmospheric pressure based plasmas (APPs) 

could be an promising technology for metal oxide processing and could be easily 

integrated into the fabrication of solar cells.12  Two different types of APPs were 

employed in our studies, the first based on plasma induced non-equilibrium 

electrochemistry (PiNE) and the second that utilize a gas-phase microplasma.  

 PiNE is a new and rapidly developing technique for synthesis of 

nanomaterials and  represents a new branch in plasma chemistry research, which has 

evolved from recent and impressive developments in atmospheric pressure plasmas. 

PiNE offers a breadth of research opportunities at the interface between plasma 

science and wet chemistry. PiNE has been used to demonstrate the synthesis of 

several nanomaterials such as metal13 and metal oxides14 and in this work the 

synthesis of 3d-transition metal oxides (e.g. Cu- and Mn-oxides) using solid 

precursors have been studied. The possibility of using a solid precursor for metals 

largely simplify the synthesis process and can contribute to make the technique 

cheaper, safer and “greener”. Such a process can be also envisaged to be easily 

incorporated directly into solar cell fabrication without the need of intermediate 

steps. 12,15,16 

 Gas-phase microplasmas represent a unique and promising avenue for the 

synthesis of nanocrystals. They have shown to possess high pressure stability, 
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continuous flow and non-equilibrium chemistry.20 The corresponding technology is 

also being used in several other research areas and applications including for 

disinfection, plasma medicine, surface treatment and as fabrication tools for 

advanced devices.21 In the context of materials, microplasmas have been already 

demonstrated capable of producing conformal coatings to nanostructured materials.22 

For instance, in this work gas-phase microplasma synthesis of metal oxides has been 

investigated and in particular with focus on the production of Zn-oxide nanomaterials 

and coatings.  

 In order to assess the utilization of APP processes for given applications, 

these were utilized in the context of application-relevant device fabrication steps. 

The process leading to the synthesis of zinc oxide nanocrystals was therefore 

combined with other solar cell fabrication steps to produce organo-halide perovskites 

solar cells.25,26 

 As many metal oxide nanoparticles (ZnO, TiO2, Fe2O3, TiO2, Co3O4) have 

shown to possess excellent properties for biomedical applications27 the integration of 

CuO nanoparticles produced by PiNE in a biomedical scaffold was investigated It 

resulted that PiNE-based synthesis could be a versatile approach to supply 

nanomaterials for biomedical application.  

 

1.1 Aims and objectives 

 The overall aim of this PhD thesis was to explore capabilities and 

opportunities offered by atmospheric pressure microplasmas for the synthesis of 

metal oxide nanomaterials. This aim was developed focusing on two main aspects. 

Firstly, it was important to identify the key unique features of metals oxides 

produced by microplasmas whereby attention was given to manipulating the 

electronic structure (e.g. band energy diagram parameters) through size confinement 

and defect densities. A second aspect was to explore applications where the 

fabrication process could be integrated within existing fabrication steps, with 

attention given mainly to PVs but also other applications (e.g. biomedical 

applications). The objectives underpinning the project aims are the following: 
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• Demonstrate the generalized synthesis of metal oxide nanoparticles using 

PiNE) and gas-phase microplasmas. 

• Providing a mechanistic understanding of the formation steps for selected 

metal oxides in the microplasma processes. 

• Carry out an in-depth materials characterization of selected metal oxide 

nanomaterials to understand unique features and identify opportunities in 

manipulating the energy band diagram parameters. 

• Explore methodologies to vary size confinement and defect densities 

• Assess microplasma-based synthesis of metal oxide for their integration in 

solar cell devices. 

• Explore other application devices where microplasma-based processes could 

succeed in delivering metal oxide nanoparticles. 

 

1.2 Thesis description and structure 

The thesis contains 8 chapters: 

Chapter 1 gives a short introduction about the thesis work and provide the main aim 

and corresponding objectives. 

Chapter 2 deals with a compilation of relevant literature to understand our research 

work. Basically, contains various reports on synthesis techniques, about metal oxide 

materials and PV applications. 

Chapter 3 discusses the synthesis of Cu-oxide and Mn-oxide quantum dots using 

PiNE. The properties of metal oxides were studied, and an in-depth analytical study 

of the process was carried out. Formation mechanisms of quantum dots in ethanol 

were proposed.  

Chapter 4 focusses on the study of gas phase microplasma synthesis of zinc oxide 

nanoparticles and nanoscale tetrapods. All the properties of the nanocrystals were 

studied with respect to various process parameters. This chapter also addresses the 

synthesis of tin oxide nanocrystals under controlled oxygen precursor. 
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Chapter 5 shows the applicability of metal oxides in solar cells. Device fabrication 

were attempted with zinc oxide nanoscale tetrapods obtained from gas phase 

microplasma synthesis with perovskites and copper oxide quantum dots (QDs). We 

also demonstrated CuO QDs coating on biomedical scaffold. 

Chapter 6 provides an overall summary of the thesis work and also provides some 

future prospect based on the current work. 
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Chapter 2 Literature Review 

2.1 Photovoltaics and metal oxides 

2.1.1 Background 

 By 2020, the global energy demand can grow to reach levels of 50-80% more 

than the levels in 1990, based on a study from the world energy council (WEC).1 The 

total worldwide energy consumption was estimated to be 109.6 PWh in 20152 and is 

projected to increase by 28 % by the year 2040.3 Fossil fuel is one of the major 

contributors for global energy production, which is known to release toxic gases like 

SO2, NOx, CO, CO2 into the atmosphere and give rise to global warming and climatic 

change. Even the depletion of these non-renewable resources has paved way to the 

search for alternative energy resources, which represent a viable solution to supply 

sustainably the growing world energy demand.4,5 The use of natural resources6 

through clean energy technologies such as wind, hydropower, solar, geothermal, tidal 

etc.7 is a promising approach.4  

 Photovoltaics (PVs) is one of the most established and promising 

technologies in the renewable energy sector and relies on sunlight as a source of 

energy. PVs is one of the fastest growing energy harvesting technologies which can 

provide relatively cheap electricity for rural development electricity through 

reclamation of waste lands5, and offers sustainable green energy for the future energy 

demand.8 Electricity generated from PV solar cells can be used for a wide range of 

application from direct household supply to meeting industrial need with grid-based 

power stations. Between the years 2002 and 2007, the average growth rate of the 

world photovoltaic industry was 49.5%.9 The international energy agency (IEA) 

believes that solar power could be accounting for 11% of total global electricity 

production by 2050 (20% accountable for total world’s energy supply) and to 60% 

by 2100.10  

 PV technology relies on a fundamental physical principle, the PV effect, 

which was first observed in 1839 by a French physicist, Edmond Becquerel in a 

chemical reaction cell. Later in 1876, a similar effect was also seen with a solid piece 

of selenium. All this brought interest among researchers around the world and the 

first solar cell was developed in the year 1954 using crystalline Si from the 
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researchers in Bell laboratories11 with an efficiency of 6%. This solar cells were first 

used for powering space satellite.12 This development has fundamentally initiated PV 

technology and Si solar cells have been now available as assembled modules for a 

number of years. Laboratory made Si solar cells show a maximum efficiency of 

~24.4%13 which is close to the Shockley-Queisser (SQ)14 limit value of ~31%, i.e. 

theoretical calculated maximum efficiency achievable with single junction solar 

cells. These solar cells are still relatively expensive in large scale production.15 The 

success of the PV industry mainly depends on materials, cost, efficiency and design 

of the solar cell. In the market, the current cost of PV panels is $2.5 per watt peak 

and targeted to be reduced to $1 per watt peak by the year 2020.16 The price can be 

reduced with the following measures: (i) using cheaper materials, (ii) aiming for high 

conversion efficiency, (iii) introducing new fabrication or manufacturing techniques, 

(iv) scaling up for mass production, and (v) optimising PV system technology.10 

 

2.1.2 Fundamental working principles of solar cells 

 PVs is based on the conversion of sunlight directly into electricity utilizing 

films of semiconducting materials.17 A silicon PV cell, the most popular 

commercially available, is basically a homojunction device formed by n-type Si and 

p-type Si materials as in figure 2.1a. When sunlight enters from the transparent 

surface of the cell (left side in figure 2.1a), light is absorbed near the pn junction. The 

absorption of light creates electrons and holes in the material with diffusion of 

carriers along the concentration gradients in the p-type and n-type semiconductor and 

the creation of a depletion region of free carriers near the junction. This exposes a 

space-charge region due to negative ion cores in the p-type side and positive ion 

cores in the n-type. The depletion region and space charge produces a strong electric 

field of the order 104 V/cm to 105 V/cm, which quickly separate the photo-generated 

electron-hole pairs. Figure 2.1b depicts the equilibrated energy diagram with the 

Fermi level being constant at the junction; photo-excited electrons follow down the 

potential curve and are collected to the negative side (i.e. front electrode) and 

conversely holes with higher potential follows the potential curve towards the 

positive electrode at the back side of the cell.18  
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Figure. 2.1. (a) Structure of a solar cell device with back surface field (BSF); (b) band 

diagram of the device with fermi level (Ef) at thermal equilibrium.18 

 PV cells are characterised by irradiating simulated sunlight at AM 1.5G. The 

performance can be expressed in terms of efficiency () shown in equation (1), 

𝜂 =
[𝐹𝐹×𝑉𝑜𝑐×𝐽𝑠𝑐]

𝑃𝑖𝑛
 () 

where FF is the fill factor, Voc is the open-circuit voltage, Jsc is short-circuit current 

density, and Pin is the power of the incident light. The FF 

 𝐹𝐹 =
[𝑉𝑚×𝐽𝑚]

𝑉𝑜𝑐×𝐽𝑠𝑐
          () 

is related to Vm and Jm which are the voltage and current density at maximum output 

power and the values of Voc (voltage at zero current density) and Jsc (current density 

at zero voltage). The values of FF, Voc, Jsc are determined from current density-

voltage (J-V) curves.19,20 

 The absorption of light by a material depends on the bandgap, the absorption 

coefficient, hence the nature of allowed transitions, and the thickness of the layer. 

For example, Si has a fundamental absorption edge at 1.1 eV and its indirect bandgap 

transition makes the absorption coefficient to increase very slowly above the band 

edge. Thus, above the absorption edge (i.e. above 1.1 eV), absorption does not reach 

high values ( = ~104 cm-1) until its direct gap near 3.4 eV is reached. This implies 

that a path length about 10-20 m is needed to completely absorb sunlight in the red 

end of the solar spectrum. In contrast, direct bandgap materials such as InP, CdTe, 

GaAs etc. have strong absorption ( = ~104 cm-1) immediately above their band gap. 

Therefore some direct bandgap semiconductors require a much smaller thickness, of 

about 1 m or less, for the entire absorption of sunlight.18 
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2.1.3 Classification of PV generation technologies 

 Today, a variety of solar cells are available in the market; these are made up 

of semiconductors like silicon, GaAs, CdTe as well as CuInSe2, a-Si:H and 

commonly from group III-V, II-IV, I-III-V in newer cells. Figure 2.2 shows the 

evolution of PV technology for different materials in single and multi-junction 

cells.21  

 

Figure 2.2. Evolution of PV technology.21, 22 

 Based on the architecture and semiconductor used, PV technologies can be 

classified into three main generations. PV technologies were initially characterized 

by first generation (1G) devices, which are made up of single crystal silicon (c-Si) 

and mc-Si wafers in single-junction architecture as shown in figure 2.3a. Si-based 

solar cells23 are widely commercialised and still pertains 85% of the world’s total PV 

market share.24 These solar cells have excellent stability and reach efficiency of 

about of 18-21%,25 with a certified laboratory scale efficiency of 24.4%13. Also this 

type of solar cells rely on processing techniques used for integrated circuit (IC) 

manufacturing industry25 which facilitated the large scale production. The major 

costs in c-Si PV devices are due to the silicon wafer (i.e. 200-250-m-thick). Other 

drawbacks of first generation solar cells are complex manufacturing process, high 

manufacturing costs, hence greater energy payback time.26 
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 Second generation (2G) solar cells such as thin film based were introduced to 

overcome the drawbacks of 1G cells mainly by reducing the cell thickness yet with 

the aim of maintaining the same level of efficiency. This trend introduced thin films 

processing techniques for new PV cells. 2G solar cell use amorphous Si (a-Si), 

CuIn(Ga)Se2 (CIGS), CdTe/CdS or polycrystalline Si (poly-Si) as thin films 

deposited on glass (figure 2.3b). Cells made up of CdTe, a-Si, microcrystalline-Si 

show effective absorption of light with an active layer thickness of 1-10 m; 

particularly, poly-Si devices show efficiency around 10%.27 Results from some 

leading laboratories show thin-film PV devices using CdTe and CIGS with 

efficiencies of 16.5% and 18.4% respectively.28 However, these solar cells are 

difficult to produce in large scale production through IC manufacturing processes. 

Later, thin film cells fabricated with organic polymeric material such as [6,6]-phenyl-

C₆₁-butyric acid methyl ester (PCBM), poly(3-hexylthiophene-2,5-diyl) (P3HT)29 

showed efficiencies of 3-4% (figure 2.3c). With other light sensitive organic dyes 

such as indoline, coumarin, porphyrin were used with efficiencies around 5-9% 

(figure 2.3d).30 Recently improved efficiencies about 11.9%31 was achieved with 

conjugate polymers blends based on oligothiophene and benzodithiophene.32 Further, 

a certified efficiency of 17.2% was reported for tandem polymer solar cells.33 Many 

of these devices chiefly use metal oxides (TiO2 and ZnO) as carrier collector and 

transport. Recently perovskites methylammonium lead iodide (MAPI) solar cells 

were developed with efficiency ~31% (figure 2.3e).34  2G PV devices have been able 

to make an impact in the market with significant cost reduction due to simple 

fabrication process.25 

 

Figure 2.3. Different generation of PV cell architectures: (a) 1st generation-single 

crystal solar cell, and (b)-(e) 2nd generation thin film cadmium telluride, amorphous 

silicon solar cell, polymer, dye sensitized and perovskites solar cells.25,29,30,35 
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 Third generation (3G) PVs main objective is enhancing performance beyond 

SQ limit (> 31%). 3G PVs also aspire for reduction in costs, increased efficiency, 

using environment-friendly and abundant materials by introducing new concept of 

design involving improved manufacturing techniques. This can be achieved by 

stacking of several of these heterojunctions to increase the efficiencies. This 

approach shows a commercial efficiency of 40.7% in thin-films InGaP/InGaAs/Ge 

multijunction tandem cells36 (figure 2.4a); However this approach increases the cost 

of the devices which therefore have found wide use in space applications.25,37 Thus, 

alternative approaches have been proposed to achieve high efficiency in 3G PVs and 

these include fundamental new mechanisms of carrier generation rather than 

implementing new and complex device architectures. 3G mechanisms such as “hot 

carrier” extraction and carrier multiplication are shown in figure 2.4b and c.38 

Theoretically, these mechanisms shown to improve the efficiency from 33% (SQ) to 

45% (multiple exciton generation) and 67% (hot carrier).39 With the advancements in 

photo-physics, a major breakthrough in the development of 3G PVs through 3G 

mechanisms can be achieved by using the principles of quantum confinement of 

semiconductor nanocrystals. This has the potential of increasing the efficiency higher 

than the thermodynamic (SQ) limit of single junction solar cell.  For this quantum 

dots, were introduced in device fabrication that could potentially improve the device 

performance. For examples, PbSe quantum dot were identified to demonstrate carrier 

multiplication with a reported solar cell efficiency of about 10.6%.40,41 Further 

researches were focussing on utilisation of hot carriers, multiple exciton generation 

to increase efficiency which is now the goal of 3G PVs.42 

 

Figure 2.4. 3rd  generation- solar cell and its 3G mechanism, (a) Tandem 

multijunction solar cell (b) hot carrier and (c) carrier multiplication.38,43 
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 Research on PV materials has attained enormous growth with recent 

significant improvement in solar cells efficiency. A variety of semiconductor 

materials can absorb a wide range of the solar spectrum and can be used in a PV 

cells. Figure 2.5 shows the limiting efficiency of single-junction PV devices for 

various bandgap semiconductors, which highlights that a maximum efficiency of 

33.7%44 can be achieved with a band gap of 1.34 eV. Poleman et al., classified 

materials based on the performance into three major categories: (i) ultra-efficient 

monocrystalline semiconductors like Si, GaInP and GaAs, (ii) high-efficient poly- 

and multi-crystalline materials, Si, CdTe, Cu(In,Ga)(Se,S)2, InP, and methyl 

ammonium lead halide perovskite and (iii) low efficiency semiconductors like 

amorphous, micro and nanocrystalline Si, dye-sensitized titania (TiO2), quantum dots 

sensitised (QD), organic and polymeric materials.44  

 

Figure 2.5. Record of efficiency for different materials for respective band gaps 

limited by Shockley-Queisser (S-Q) efficiency limit (black line), semiconductor in 

green region has efficiency 50-75 % of S-Q limit and pink region less than 50% 

(limited by grey lines).44 
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2.1.4 Role of metal oxides in PVs 

 In all emerging PV technologies, metal oxides play an essential part in the 

device architectures of solar cells. Metal oxides are characterised by wide bandgap, 

effective carrier transport property, high optical transparency.45 Metal oxides are 

often used as transport/blocking layers, also referred to as selective transport layers 

in solar cells. For example, metal oxides such as molybdenum oxide as hole transport 

layer,46,47  antimony and cadmium oxide48 in Si solar cell, in perovskite solar cell 

depicted in figure 2.6a shows the use of zinc oxide and nickel oxide as transport 

layers.49 Also, in figure 2.6b shows zinc oxide as a nanostructured charge-extraction 

interfacial layer (IFL) to enhance efficiency of PV devices.50 Especially in organic 

solar cells, oxides have played a very important role as charge (electron and hole) 

extraction layers which is found to effectively transport carriers from the photoactive 

organic material.51 Metal oxides also appear in various other parts of solar cells and 

are used for instance as transparent conducting oxide (TCO), e.g. indium tin oxide 

(ITO) in figure 2.6 a-b, and in some cases even as the main light absorber layer for, 

e.g. Cu2O as shown in figure 2.6c. Metal oxides are low-cost, abundant and 

environmentally friendly materials which are easily processable. These 

characteristics as well as their compatibility with wide range of materials makes 

them suitable candidates for future generations of solar cells.  

 

Figure 2.6. Metal oxide use in various parts of solar cell (a) window/transport layer, 

(b) interfacial layer and (c) absorber layers.49,50,52 
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2.2 Metal oxides 

2.2.1 Introduction 

 Metal oxides are one of the most abundant materials (as minerals) in our earth 

curst. In the olden days, they were traditionally used as pottery which are strong and 

good insulator of heat. Recently, metal oxides are identified as a semiconductor with 

excellent optical and electronic properties competing with other semiconducting 

materials like CNTs, organic semiconductors, 2D materials such as graphene and 

MoS2. Metal oxides can have significant impact on a wide range of applications from 

fundamental components such as diodes, resistors, transistors to advanced devices of 

thin film and nanostructured metal oxides which presents a variety of applications 

such as gas sensors, thin-film transistor, optoelectronic devices (light emitting 

diode)53, solar cells54 (silicon heterojunction and organic perovskites devices), also 

optical spacer, buffer layers55 and transport layer. Popular and important oxides are 

for instance In2O3, SnO2, ZnO (e.g. used in thin film transistors), In–Ga–Zn oxide 

(IGZO) used in active-matrix displays and as transparent conducting oxides (TCO) 

such as tin-doped indium oxide (ITO) as electrode materials.51  

 Band theory describes the electronic structure of semiconductors usually 

represented in reciprocal space with valence band maximum (VBM) and conduction 

band minimum (CBM) curves; for example, the band structure for zinc oxide is 

shown in figure 2.7a. This band dispersion is determined by the hole and electron 

effective masses, which also have an impact on the mobility of carriers. The band 

structure of metal oxides generally consists of a valence band formed from occupied 

2p oxygen anti-bonding states (represented by dumbbell shaped in figure 2.7b) and a 

conduction band made up of unoccupied ns metal bonding states56 as shown as 

spherical shaped in figure 2.7b. The spherical symmetry of metal “ns” and their 

spacial extension gives rise to low electron effective mass and efficient transport of 

electrons observed even in metal oxides which exhibit an amorphous phase. Many 

metal oxides have high bandgap (>3 eV), which results in high transparency to the 

visible light yet with relatively high electron conductivity.57 
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Figure 2.7. Schematic of (a) electronic band structure of ZnO58 and (b) hybridisation 

of orbitals in metal oxide.56 

 

2.2.2 Synthesis and processing of metal oxides 

 Metal oxides materials can be synthesized using a variety of techniques, 

among them, most common ones are solution-based and vapour phase techniques. 

Further, they can be formed as thin films using sol-gel chemistry, spin coating, spray 

coating, aerosol-jet printing, thermal decomposition, sputtering, spray pyrolysis, 

pulsed laser deposition, sputtering, plasma assisted chemical vapour.51 Table 2.1 

shows a summary of preparation of different metal oxide and their applications for 

optoelectronics. Based on the process, the final product may be a film or powder or 

even solid block. Usually the process technique is chosen based on the application. 

Copper oxides and zinc oxides are of particular importance and present interesting 

features, including their raw material abundance, low-cost and limited environmental 

impact. 
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Table 2.1. Summary table with synthesis methods and application of several metal 

oxides.51 

Application Metal oxide Deposition technique Process. Temp. 

(°C) 

Device Performance 

p–n junction 

Diodes 

CuCrO2:Mg–ZnO PLD, Laser annealing RT ID = 7 mA 

p–n junction 

Sensors 

WO3–SnO2 Sol–gel 200 NO2 gas, 200 ppm 

ZnO–SnO2 Sol–gel 300 C2H5OH, 200 ppm 

ZnO–SnO2 PECVD 350 CO gas, 100 ppm 

Solar cells 
Ga2O3–Cu2O PLD RT PCE = 5.38 % 

Cu2O–TiO2–ZnO Vapour + ALD 1,140 (HPO2) PCE = 0.39 % 

Random 

access 

memories 

CuxO ECP NA RHS/RLS = 103 

ZrO2 Sol–gel 600 RHS/RLS = 102 

NiO Sputtering 300 RHS/RLS = 103 

Transparent 

conducting 

oxides 

ITO Sputtering RT  =10–4 cm 

AZO Sputtering RT  =10–4 cm 

IZO Sputtering RT  =10–4 cm 

GZO Sputtering RT  =10–4 cm 

ZITO Sputtering RT  =10–4 cm 

Organic PV 

Electrode 

ITO Commercial NA Rs=5 sq.-1, PCE = 0.39 % 

InCdO–ITO IAD RT Rs = 4.9 sq.-1, PCE= 1.14 % 

ZITO PLD RT Rs=17.5 sq.-1, PCE = 7.41 % 

Organic PV 

Interfacial 

layer 

MoO3 Thermal evaporated NA PCE = 3.33 % 

V2O5 Thermal evaporated NA PCE = 3.10 % 

ZnO Sol–gel 150 PCE = 10.6 % 

NiO PLD RT PCE = 5.16 % 

TiOx Sol–gel 150 PCE = 4.1 % 

ID-drain current, RT-room temperature, HP-high pressure, ρ-resistivity; RHS - high resistance state; 

RLS-low resistance state.  

 In PVs some of the widely used oxides are ZnO, TiO2, CuO, SnO2, Cu2O, 

CeO2, Fe2O3, WO3, MnxOy and SrTiO3.
59 Among them ZnO, CuO, MnxOy and SnO2 

were identified as cheap, abundant and environmentally friendly materials with great 

opportunities for instance to tailor their photo-/conductivity via atmospheric pressure 

plasma processes (discussed in section 2.3.5), post processing and other mechanism.  
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2.2.3 Copper oxides 

 Cupric oxide (CuO) is a naturally abundant transition metal oxide. It is a p-

type narrow band semiconductor that has a band gap of 1.0-1.5 eV. It has a great 

potential over a wide range of application especially towards optical and electronics 

such as photoconductive60, microelectromechanical system61, electrochemical cell62, 

industrial catalyst63, field effect transistor64, gas sensing65, field emitters66, magnetic 

storage67, solar cell68, solar selective absorber69, battery70 etc.   

 CuO has been synthesized in variety of routes from wet chemical methods to 

plasma techniques. A summary of different methods of synthesis of CuO through wet 

chemistry method is shown in table 2.2. 

Table 2.2. Summary of techniques used to synthesis CuO nanostructures71 

Method Precursor Solvent Surfactant Morphology Size 

Sonochemical Cu(CH3COO)2NaOH Distilled water Ethylene diamine-

tetra-acetic acid 

disodium 

Hierarchical 

superstructure 

D = 200 nm; L = 

600 nm using 

SEM 

Microwave Cu(CH3COO)2NaOH ethylene glycol PVP, CTAB Sphere 40 to 140 nm 

depend on conc. 

Microwave Cu(CH3COO)2NaOH water No surfactant Cubic 230nm 

Chemical and 

annealing 

CuCl2, NH4OH Water Thiourea Nanoparticle XRD - 50 nm 

Alcothermal Cu(CH3COO)2NaOH, 

Methanol and 

NH4OH 

Ethanol No Nanoparticle XRD, SEM - 5-8 

nm 

Sol-gel Cu(NO3)2 DI water Citric acid, 

ethylene glycol 

Nanoparticle XRD – 44 nm, 

TEM – 80 nm 

Solvothermal Cu(NO3)2 IPA, Ethanol No Nanorod D = 50-100 nm, L 

= in  m’s 

Hydrolysing 

method 

Cu(CH3COO)2 DI water No Flower like 400-600nm 

Coprecipitation Cu(NO3)2, NaOH Water Oleic acid, 

sodium oleate 

Nanoneedle TEM – L = 100 

nm, D=10 - 20 nm 

Hydrothermal CuSO4NaOH DI water H2O2 Nanobelt L = 2.5-5 m, 

width = 150-200 

nm 

Microwave Cu(CH3COO)2 urea Ethylene glycol No Nanoparticle SEM – 100 nm 
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Alcohol 

thermal 

Cu(CH3COO)2 Alcohol No Nanoparticle XRD – 3-9 nm 

TEM – 11 nm 

 

CuO exhibit monoclinic crystal structure with lattice parameter a = 4.6837 Å, 

b = 3.4226 Å, c = 5.1288 Å, b = 99.54o,  =  = 90o and it belongs to C6
2h 

symmetry72. In the unit cell, coordination number of Cu atom is 4 with Cu having 

four O nearest neighbours arranged approximately in square planar configuration 

along the (110) plane with Cu-O bonds in 1.88 Å  and 1.96 Å.71 

There are no clear reports on the bandgap of CuO nanoparticles and the actual 

bandgap has been observed to vary from 1.56 eV to 1.85 eV, which in some cases 

could have been the result of size-related quantum confinement effects. CuO 

generally exhibit low emission efficiency. Photoluminescence of CuO shows several 

peaks ranging from UV to the near infrared (IR) region. CuO deep level emission 

consists of green and near yellow emissions which are defect-related emission. The 

green emission in CuO is the presence of singly ionised oxygen vacancy and 

yellow/red emissions are assigned to interstitial metal atom in CuO lattice. Intrinsic 

Cu vacancies in CuO give rise to p-type conduction and this is the most common 

defect in the material.73 Quantum confinement effects in CuO nanomaterial is 

expected to result in the blue shift of the near band edge transition compared to 

bulk.74 

 CuO is a good material for photovoltaic application. It can be used as 

absorber as well as a transport layer in a solar cell. As an absorber, CuO solar cells 

have shown to have efficiency of about 2 % which is low as compared to the 

theoretically predicted value of 31 % based on the bandgap (1.3 eV).75,76 Kidowaki et 

al.77 achieved an efficiency of  = 1.8×10−6 % for CuO nanoparticles/C60 junctions. 

As a transport layer, Liu et al78. showed an efficiency about 1.12 % with dye 

sensitised TiO2 solar cell and Anandan et al.79 obtained an initial value of 0.29 % 

with CuO nanorods as transport layer in dye sensitive solar cells and found to 

increase to 1.23 % with the use of noble Pt electrode. The low performance of CuO 

in terms of efficiency is due to charge recombination induced from poor conductivity 

of CuO and shorter electron (100 – 200 nm) diffusion lengths.80,81 Even though CuO 

solar cells show lower efficiency compared to Si and chalcogenides devices, still its 
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cost effective process, low cost, and its abundance makes it a good candidate for 

future commercial solar cell devices.71  

 

2.2.4 Zinc oxides 

 Zinc oxide (ZnO) is a II-VI compound semiconductor with direct and wide 

bandgap of 3.37 eV at room temperature. This material exhibits a distinctive blue and 

UV light emission at room temperature, with its large exciton binding energy (60 

meV) and it is one of the best materials for UV lasing.82 It also possesses excellent 

electrical, optical and magnetic properties combined with higher electron mobility 

and thermal conductivities. It is found to be applied in a variety of fields such as 

transparent conductive coating83, thin film transistor, varistor84 scintillators for 

radiation detection85, UV light emitting diodes and laser diodes, electrode in flat 

panel display, dilute magnetic semiconductor and spintronics.86 

ZnO can be synthesized in variety of ways such as sol-gel method87, chemical 

vapour deposition88, pulsed laser deposition89, magnetron sputtering90, arc 

discharge91, molecular beam epitaxy92, metal organic chemical vapour deposition 

(MOCVD)93, vapour phase94, metal organic vapour phase epitaxy (MOVPE)95 and 

recently even using atmospheric pressure plasma.96 

 ZnO behaves as a partially covalent and ionic semiconductor which is due to 

tetrahedral coordination (typically sp3 covalent bonding) with significant ionic 

nature. ZnO is known to exist in three different crystal structure such as rock salt 

(figure 2.8a), zinc blende (figure 2.8b), wurtzite (figure 2.8c). The most common and 

stable phase under ambient conditions is wurtzite ZnO phase. However, rock salt and 

zinc blende phases can be obtained under special conditions at high pressure and 

temperatures.97 
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Figure 2.8. Various forms of ZnO crystal structure: (a) rock salt (b) zinc blende and 

(c) wurtzite.97 

Wurtzite ZnO structure consists of hexagonal unit cell with lattice parameters 

a = 3.2495 Å and c = 5.2069 Å and with a density of 5.605 g cm−3 98 that belongs to 

a space group P63mc. It is also said to have polar surfaces consisting of oxygen and 

zinc terminated surface oriented along c-axis99,100 and exhibits a non-

centrosymmetric nature which is represented by a factor “u” defined by a fraction of 

bond length parallel to c crystal axis97. The values of axial ratio (c/a) and u are 

important parameter of a wurtzite structure and ranges within c/a = 1.593-1.6035 and 

u = 0.3817-0.3856. 101 

ZnO crystals are well known for optical and electronic properties even for the 

formation of different kind of nanostructures like nanowires/nanorods, needles, 

nanotubes, nanobelts and ribbons etc. The optical luminescence of ZnO 

nanostructures demonstrate to have two main emission bands. The one located near 

the absorption edge is of short-wavelength band at 3.35 eV associated with exciton 

emission and the other is characterized by a longer wavelength green luminescence 

with low energy. Other (visible) emissions originate from defects like zinc (VZn) and 

oxygen (VO) vacancies, interstitial zinc (Zni) and oxygen (Oi) and sometimes from 

intrinsic defects such as oxygen vacancies related to green emission observed at 2.5 

eV and red emission at 2 eV to excess oxygen or zinc vacancies.102,103 

 In recent years, ZnO has been used in the fabrication of solar cell devices due 

to the limited environmental impact, high electron mobility, possibility of deposition 

on flexible substrates, etc. In solar cells, ZnO has been used as transport layer and in 

particular as a nanoscale ZnO. The efficiency of devices that have used 0D ZnO 

nanoparticles is often low because of lack of carrier transport among nanoparticles 
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and recombination of carriers due to larger nanoparticle film thickness compared to 

carrier diffusion lengths.104 1D nanostructures like nanorods or nanowires or even 

nanoflowers enhance electron transport due to their increased surface area. For 

example, PV cells made of ZnO nanoflowers105 show an efficiency  = 1.9 %, FF = 

0.53, Jsc = 5.5 mA/cm2; similarly, in dye sensitised solar cell, with hierarchical 

structure of nanowires and nanosheets devices show higher efficiency of 4.8 %.106 

ZnO solar cells made with 2D and 3D structures sensitised with dye or quantum 

dots107 are found to significantly improve the device efficiency, with the best known 

efficiency obtained for dye sensitised ZnO solar cells at 6.58 %.108 There are still 

researches going on to increase efficiency of ZnO-based PV devices and in year 2015 

there is report about 15.9 % based on perovskites especially with MAPI.109 

 

2.2.5 Manganese oxide 

 Among various transition metals, manganese oxide compounds are naturally 

heavy materials that abundantly available in the earth crust.110 They attract wide 

attention due to its versatile structural and stable multivalent (+2, +3 and +4) phase 

formation and some of the common oxide forms are identified as MnO, MnO2, 

Mn2O3, Mn3O4.
111 They exhibit characteristics features such as cheaper material and 

abundant, eco-friendly; these materials are used in several applications such as 

catalysts112, electrode materials for batteries113, super capacitors114, solar energy 

production115, fuel cell116 etc. Most of the application especially in the case of 

electrodes for super capacitors and batteries, surface area of these oxide contributes 

to enhanced performance, for example some of the reported nanostructure are 1D117, 

nanosheets118, nanoparticles119, nanospheres120. The nature of Mn-oxides (i.e. 

metallic, semiconducting or insulating) depends on the valence electron and from the 

open 3d shell and the atom site symmetry in the lattice.121 The crystal structure and 

properties of some of the commonly occurring manganese oxide compounds are 

shown in table 2.3. MnO is an antiferromagnetic oxide that behaves as an insulator, 

also referred to as a Mott-Hubbard insulator.122 The electrical conductivity of MnO2 

implies a semiconducting behaviour, which is used in electrodes with excellent 

capacitance behaviour.123 In the Mn3O4 compound, Mn2+ in the octahedral 
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arrangement leads to low conductivity due to a lattice chain of Mn2+ – O2- – Mn2+. 

Even when a slight distortion is introduced through Mn3+ in the lattice, the material 

does not show much improvements in the conductivity.121  Due to these properties, 

Mn3O4 was identified as an alternative electrode material for NiO, CuO etc. for super 

capacitor and battery applications.124 

Table 2.3. Manganese oxide and their crystal structure property. 

 

 Several techniques have been reported for the production of manganese oxide 

materials, some of commonly known ones are sol-gel125, hydrothermal126,127, 

precipitation128, electrodeposition129, spray coating124. Among these techniques, the 

hydrothermal method is identified as a versatile technique to optimise single phase 

oxide. However these methods requires post and pre-processing steps including the 

use of metal salts and catalysts for synthesis of manganese oxide compounds.130  

 

2.2.6 Tin oxide 

 Another important class of wide-band semiconducting material identified due 

to its widespread application is tin di-oxide (SnO2) with an optical bandgap of 3.6 

eV.131 It is an n-type semiconductor with outstanding properties and excellent 

application potential towards the field of opto-electronics such as solar cells132 and 

transparent electrodes for wearable electronics133, electrodes for energy storage134 

and used as sensor for identifying toxic gases.135 When combined with indium and 

Compound Mn 

valency 

Mn lattice site symmetry Space group Bond-length (Mn – O)  

Å 

MnO 

(manganosite) 

+2 Octahedral Cubic / f m -3 m 2.22 

MnO2 (pyrolusite)  +4 Distorted octahedral Tetragonal / P 

42/mnm 

1.87 – 1.89 

Mn2O3 (bixbyite) +3 Octahedral/Distorted 

octahedral 

Cubic / 1 a – 3 1.99 and 1.89 – 2.24 

Mn3O4 

(hausmannite)  

+2 Distorted tetrahedral Tetragonal / 1 4 / 

amd 

-  

Mn3O4 

(hausmannite) 

+3 Distorted octahedral - -  
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fluorine, tin oxide shows superior conductive characteristics that can be used for 

electrodes for perovskite solar cells and as electrodes on plastic substrates.136 Tin di-

oxide is also applied in the field of catalysis137 and electrochemistry.138 

 SnO2 exhibits a rutile based tetragonal crystal structure with space group of 

P42 /mnm. The basic unit cell consists of two tin and four oxygen atoms respectively. 

In which each tin atom surrounded by six oxygen atoms forms a corner of a regular 

octahedron whereas the oxygen atoms with three tin atoms appears in an equilateral 

triangle. The unit cell parameters were identified to a = b = 4.373 Å and c = 3.186 

Å.139  

 The material properties depend on its different geometrical shapes. Tin di-

oxide has been also synthesized in various morphologies including 1D nanorods131, 

nanowires and quantum dots140, nanotubes and nanoribbons141,  nano cubes and core 

shell structure.142 Tin-oxide nanostructures are often synthesized via techniques such 

as sol-gel143, chemical bath-deposition144, solvothermal131, thermal evaporation145, 

laser ablation146, chemical vapour deposition147 etc.  

 

2.3 Introduction to plasmas 

2.3.1 Plasma fundamentals and classification 

 Plasma is a partially ionised gas consisting of electrons, ions, neutral gaseous 

atoms. It is referred to as the fourth state of matter and constitutes 99% of the 

universe. Plasmas can be generated by ionisation by applying energy to a gas. 

Different form of energy supply can be used to generate a plasma such as thermal, 

electrical, optical (i.e. ultraviolet light), x-ray, gamma radiation. Among them, 

laboratory plasmas are commonly generated by electric and electromagnetic fields. 

To observe a discharge in air at atmospheric pressure, at least a potential of 30 kV is 

required for an electrode spacing of 1 cm. For low pressure plasmas operating in the 

pressure regime of 1 Pa to 100 Pa, discharges are observed at even larger electrode 

distances and/or lower applied voltage. The characteristics of a plasma discharge 

depend on a number of conditions including applied power, density of the charged 

particles generated and even the geometry of the reactor. For instance, the impact of 
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electrode distance in a plasma was studied and understood by F. Paschen148 and the 

Paschen curve was one of the main outcome (figure 2.9a), which depict the 

breakdown voltage of a gas at different values of the product of gas pressure and 

distance between electrodes. For a given gas pressure and electrode spacing, the 

discharge also depends on the volume ionization of the gas that results in a space-

charge field and avalanche breakdown of the gas.149,150 

 

 

Figure 2.9. (a) Paschen curve for different voltage vs the product of gas pressure 

and electrode distance.149 (b) Plot of gas and electron temperature for different 

pressures.151 
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 A plasma is overall considered quasi-neutral, but it contains free charge 

carriers. These charged species exhibit long-range coulombic forces and are 

surrounded by an effective space charge made up of oppositely charged species over 

shorter length scales, referred to as the Debye length. Ionisation in a plasma is 

mainly due to electrons, which, at low pressure conditions, have an effective 

temperatures in the range of 5-30 x103 K, ionization energies of 10-20 eV and 

density between 108-1013 cm-3.152 Generally, the energy coupled to electrons (and 

ions) is not transferred into thermal heating but consumed in other electron-induced 

reactions such as ionization, dissociation etc.; this results in the establishment of non-

equilibrium where for instance electrons exhibit energies much higher than the gas 

temperature. In many cases, plasmas electrons effective temperature (Te) may be few 

orders of magnitude higher than ions (Ti) and neutral species (Tn), i..e. the plasma is 

referred to as a non-equilibrium or non-thermal plasma. The ionization process in 

non-thermal plasmas is mainly from outer atomic shells. At higher gas pressures, the 

collision rates among the species is higher than at lower pressure, which eventually 

increases the fraction of energy transferred into heating the gas. Typically, ion 

temperatures in the range of 100's of eV define high temperatures or thermal 

plasmas. Thermal plasmas are generally highly ionized. Some of the common plasma 

sources and their conditions are listed in table 2.4.153,151 In general, the pressure of 

the gas plays an important role in determining the equilibrium of plasma as seen in 

figure 2.9b. It is also observed that other parameters like geometry of the electrodes 

and plasma dimensions affects equilibrium of plasmas.154  

Table 2.4. Lists of non-equilibrium plasma systems and their configurations, 

parameters, applications.155 

Configuration Pressure 

(mbar) 

ne 

(cm-3) 

Te 

(eV) 

Bias Application 

DC glow- cathode region 10−3–100  100 Yes Sputtering, deposition, surface 

elementary 

DC glow-hollow cathode 10−2–800 1012 0.1 No Radiation, chemistry 

DC glow-magnetron 10−3   Yes Sputtering 

Arc, internal heating 1000 1013 0.1 No Radiation welding 

RF capac. low pressure 10−3–10−1 1011 1–10 Yes Processing, sputtering 

RF capac. moderate 10−1–10 1011 1–10 No Processing, deposition 
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pressure 

RF capac. hollow cathode 1 1012 0.1 No Processing, radiation 

RF capac. magnetron 10−3   Yes Sputtering 

RF Inductive 10−3–10 1012 1 No Processing, etching 

Helicon 10−4–10−2 1013 1 No Processing 

MW closed structure 1000 1012 3 No Chemistry 

SLAN 1000 1011 5 No Processing 

Surfatron 1000 1012 5 No Processing 

ECR 10−3 1012 5 No Processing 

Dielectric barrier 

discharge 

1000 1014 5 No Ozone, processing chemistry 

 

 Non-equilibrium plasmas are widely used in etching and thin film 

deposition.154 Non-equilibrium plasmas are commonly known for their low pressure 

conditions which require pumps and vacuum systems, which add costs and introduce 

some processing limitations. Because of this, there has been growing interest in 

replacing systems with non-equilibrium cold plasmas at atmospheric pressure.150  

 

2.3.2 Low-temperature atmospheric pressure plasmas (APP) 

 Plasma discharges at higher pressures can easily reach thermal equilibrium 

because of reduced mean free path and higher collision rates between species. 

Typical examples of atmospheric pressure plasmas (APPs) that have reached thermal 

equilibrium are arcs, especially with molecular gases such as nitrogen and oxygen. In 

order to overcome transition into thermal conditions, reactor designs and plasma 

conditions have been studied capable of preventing or controlling gas heating. 

Various excitation sources can be used to generate non-equilibrium APPs such as 

alternate current (AC) or pulsed voltage, microwave or using bipolar high frequency 

generators. Table 2.5 presents a summary of different APP technologies. In general, 

the behaviour of plasma strongly depends on the gas characteristics (e.g. molecular 

or atomic gases) and on the reactor geometry.149,156 

Table 2.5 Characteristics of atmospheric plasma for different excitation157  

Excitation Type Temperature of species 

(K) 

ne 

(m-3) 

Operating conditions 

Gas 
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DC/ low 

frequency 

Arc torch Te = Th 8000-14000K 1021-1026 m-3 Ar/He, 10-150 slm 

Pulsed 

DC/Low 

frequency 

Corona = 40,000–60,000 K 

Th<400 K 

1015–1019 m-3 in Air 

DBD Te=10,000–100,000 K 

Th<700 K 

1018–1021 m-3 100 W Plasma 

5–40 slm 

Radio 

frequency 

ICP Te=Th=6000–11,000 K 1021–1026 m-3 Ar/He, 10–200 slm 

Microwave Cyrannus Th<700 K - Ar/O2, 6 kW 

Radio 

frequency 

APPJ Te=10,000–20,000 K 

Th<600 K 

1017–1018 m-3 O2 /He, 50–90 slm 

Cold plasma 

torch 

Te=10,000–20,000 K 

Th<700 K 

1017–1018 m-3 Ar, < 1 slm, 100 W 

Hollow cathode Te=3000–11,000 K 

Th<800 K 

1017–1018m-3 Ar, He, <2 slm, 100 

W 

Microplasma 

CCAP 

Te=1850–2300 K - Ar, <0.2 slm, 5–25 W 

Microwave 

MPJ Te=12,000–17,000 K 

Th=5000–10,000 K 

1022m-3 Ar, 2–7 slm, 2–5 kW 

MPT Te=16,000–18,000 K 

Th=3000–3500 K 

1020–1021m-3 Ar, <1 slm, 100 W 

 

 APPs have been investigated for a very wide range of applications including surface 

treatment, activation of species158, microelectronics159, composite and corrosion resistant 

coating160 and superconductors161, bacterial disinfectant and decontaminant for surface162 and 

sources of ultraviolet (UV) radiation.163 These plasmas operated in atmospheric pressure 

conditions may be used for production of metal, metal oxide and oxy-nitride coating and 

nanomaterial synthesis.149,164 The final product purity can also be controlled using plasma 

technique.165 Atmospheric pressure based plasma techniques attracts greater attention 

due to its simplicity, fabrication in ambient conditions, low cost precursors etc.166,167   

 

2.3.3 Introduction to microplasmas 

 Microplasmas are a special kind of APP discharges where the plasma is 

generally confined in a volume with at least one dimension less than millimetre 

length scales168. They are typically characterised by high electron densities, non-

equilibrium thermodynamics169, new sheath dynamics170, non-Maxwellian electron 



30 

 

energy distribution functions (EEDFs)171, and advantages over low pressure plasma 

system due to its high-pressure stability172, continuous flow, non-equilibrium 

chemistry and self-assembly of nanoparticles. Microplasma can be operated at 

atmospheric pressure which offers relatively low maintenance and operating costs 

compared to low pressure plasma systems, simpler to implement and these makes it 

highly desirable for industrial sector. Also, the technology behind paves new door to 

the production of nanoscale materials.173 Generally, microplasmas produce atomic 

species in high radical densities due to their increased electron collision. So, in 

material synthesis, this enhances high chance of particle nucleation and their 

polymerisation to form nanoparticles. The continuous flow of gas in the smaller 

dimension of plasma reactor effectively yields nanomaterials which can be easily 

deposited as thin films or collected in a continuous basis. Also the smaller size of the 

reactor confines uniform particle growth and promotes self-assembly of 

nanoparticles.164 Compared to other wet chemical techniques, plasma method is 

characteristics by high purity, easily applicable to novel devices and used to 

synthesis of several nanomaterial from metals to semiconductors or polymers.173 

Microplasmas are being investigated for a wide variety of application starting from 

biomedical174,175, chemical analysis176, material synthesis177, nanotechnology178, 

micro fabrication179 etc. 

 Microplasmas are of great interest in the field of nanotechnology. A wide 

range of nanomaterials that have size exhibiting quantum confinement effects can be 

synthesized using this technique. Microplasmas characteristics differ from standard 

larger volume plasmas. For instance, the surface to volume ratio of a microplasma 

and the electrode spacing are two important parameters that can determine plasma 

stability. Also the small electrode spacing of the reactor has a greater influence on 

the electric field, thus affecting the energy distribution of various species such as 

electrons, ions, radicals, neutrals present in the plasma.164 Thus microplasmas are 

non-equilibrium, efficient processes with fast reaction rates for wide range of gas 

mixtures.180 
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2.3.4 Physics of microplasmas 

 As the plasma is confined in submillimetre scale, interesting and new 

physical behaviour is expected. At this point, generally a new size dependant phase 

behaviour is observed as well. And these depends on two factors, surface to volume 

ratio and spacing between electrodes. When the plasma size decreased, the surface to 

volume ratio increases which alters overall energy balance that could leads to plasma 

stability over range of operating conditions. However reducing the spacing between 

electrodes could change the electric field, thus influencing the charge density and 

neutrality.173 This can be achieved with different electrode configurations. One of the 

earliest microplasma configurations was based on microscale cavities, implemented 

through slits, cylindrical cavities181. More recently, geometries that use extended 

microscale tubes and micro slots were explored.182 Mariotti et al. developed modified 

microplasma configurations for the formation of nanostructures using ultra high-

frequency (UHF) power183,184. Confining the plasma in microscale dimensions leads 

to high electron energy due to effective coupling of electric field to electrons; with 

0.2 mm electrode gap, an effective electron temperature as high as 14 eV180 can be 

achieved. For different configurations, the electron temperatures and the electron 

energy distribution function (EEDF) can vary significantly. Both experiments and 

simulation studies show that electron energy distributions do not follow a 

Maxwellian distribution.171,185 An experiment186 with a He direct current (DC) 

microplasma formed between two parallel plate electrodes (distance of 200 m) has 

shown three range of electron temperatures (Te), low (< 1 eV), mild (1–20 eV) and 

high (> 20 eV) depending on the position with respect to the cathode. The electron 

density187 (ne) values of a glow discharge is found to lie in the range of 109 cm-3 and 

1013 cm-3 and for a non-uniform atmospheric microplasma jet has shown values187 of 

1014 cm-3 and 1015 cm-3.187 The gas temperature is closely related to the discharge 

current and composition of the gas where the gas temperature of plasma formed with 

molecular gases is generally higher than rare gases. For example, microplasma 

formed with N2 gas under atmospheric pressure has a gas temperature of 1700 K to 

2000 K.188 With Ar gas in a hollow cathode metal tube, temperature is 1200 K.169,189 

Thus, microplasmas are found to have relatively high electron temperatures and 
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densities compared to conventional plasma and in particular its non-equilibrium 

behaviour makes it suitable for nanomaterial synthesis. 

 

2.3.5 Metal oxide synthesis using APP microplasmas 

 Nanomaterial synthesis are widely realized through non-plasma related 

methods such as thermal chemical vapor deposition (CVD), solvothermal routes, 

sol–gel methods, laser ablation, hydrothermal, combustion synthesis etc. In 

comparison, plasmas technology can offer the synthesis of a wide range of functional 

materials with suitable morphology and crystallinity. Some of the nanomaterials189 

are TiC, SiC, AlN, SnO2, V2O5, ZnO, CuO and metal nanoparticles like Ag, Au, Fe, 

and Cu can be synthesized. There is a great availability of different plasma methods 

used for synthesis of nanomaterials, most of them relying on low pressure 

systems.164,190  

 A wide range of nanomaterials with a variety of morphologies, physical and 

chemical properties can be synthesized using microplasmas. The configuration of 

electrodes usually controls nucleation and growth of the end product. The growth 

mechanism of nanoparticles depends on many factors including the precursor used 

during the synthesis process. For example, similarly to low pressure plasma 

processes, molecular gas precursor such as CH4, SiH4, saturated vapours from liquids 

or solids or evaporation of solids can be used in microplasma synthesis. Recently, 

coupling microplasmas with liquids has offered a versatile technique for the 

production of nanoparticles. A summary of various techniques using microplasma is 

shown in table 2.6.  

Table 2.6. Type of microplasma systems and applied to nanomaterials164 

Microplasma configuration Coupling and excitation 

frequency 

Nanomaterial structure 

Hollow cathode metal tube Capac. DC/15-35kHz Si-NC, Ni-NP, Fe-NP, CNT’s191,192 

Gas jets with external electrode Induct./Capac.,144MHz,  

Coil-Coil/Ring-Ring 

Si-NPs, Si-NC193 

Gas jets with wire electrode Induct. /Capac. 450MHz (pulsed) 

coil /patch wire 

Au-NPs194, SiO2ND195,MoO3NP196, 

spherical C-NP197 
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Gas jets with tube electrode Cap. 13.56/14MHz single 

tube/Tube-wire 

C-NSs, Si-NSs, C-NTs198,199,200 

In situ deposition for inner micro 

capillaries 

Capac. 13.56MHz/50kHz 

Plate/Ring-Plate 

TiOx-NSs, C-NTs201,202 

Plasma-Liquid interactions Capac. DC/13.56MHz  

Tube-Liquid 

Au-NPs, Ag-NPs, C-NS, TiO2-

NSF, Pt-NP203,204,205,206 

 

Atmospheric pressure based plasma process is an emerging and promising, cost 

saving technique for synthesis of metal oxides. Because of its simplicity and easy 

integration of process setup,207 a wide range of metal oxides have been demonstrated 

using this technique (e.g. CuO208, ZnO209, Co3O4
210, MoO3

211). Even nanostructured 

metal oxides have been shown using this technique. For example Mariotti et al. 

reported fabrication of complex nanoarchitecture composed of spherical to sheet like 

MoO3 nanoparticle on Si substrates using metal wire as starting material.212 Kumar et 

al. demonstrated synthesis of TiO2, ZnO, SnO2 nanowires and nanoparticles using 

gas phase based microplasma jets starting with micron sized metal particles.213 Koh 

et al. has shown synthesis of vertically aligned nanostructure of copper oxide using 

atmospheric microplasma jet with Cu based organometallic precursor.214 All of this 

shows that, this technique mostly employs simple precursors such as wire or foils 

and in some case volatile organometallic compounds. Thus, atmospheric pressure 

based process can be used to produce functional devices for optoelectronic 

application.215 We adopted in this work two types of synthesis methods, i.e. based on 

gas-phase plasma synthesis and synthesis based on plasma-liquid interactions.  

 

2.3.6 Gas phase and wire based microplasma process 

 Gas phase microplasma synthesis is a natural extension of low pressure 

plasmas methods.216 Gas precursors (figure 2.10a) or saturated vapours of liquids can 

be used which are non-thermally dissociated in the microplasma to grow metal, 

alloyed, metal oxides nanomaterials. The plasma process starts with the production 

of reactive radicals. These radicals interact via collisions and nucleate to form small 

clusters. These clusters then collide and aggregate to form nanoparticles. Finally, the 

nanoparticles come out of the plasma as solid aerosol. An interesting feature of 
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microplasma synthesis is the short residence time of growing nanoparticles 

compared, for instance, to low pressure systems217.  

 Alternatively, for microplasmas, a solid wire can also be used as precursor. 

The synthesis method consists of evaporation, etching or sputtering (figure 2.10b) in 

a microplasma218. The advantage is the use of the metal solid wire as precursor, 

which minimise waste and avoids the need of hazardous chemicals and gases219. The 

challenge of using a wire is however the control of the mechanism of nucleation and 

particle growth that depends on supply rate of the source (i.e. metal wire) and surface 

reactions. It is concluded that microplasma process gives size-tunable and continuous 

high purity nanoparticles at atmospheric pressures166. We use this technique to 

synthesize metal oxide such as zinc oxide nanoparticles (NPs) and nanostructured 

tetrapods crystals (nTPs) and tin oxide quantum dots discussed in section 5.2 and 5.4 

respectively. 

 

Figure 2.10. Schematic of microplasma with (a) gas phase precursor217 and (b) solid 

wire precursor.218 
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2.3.7 Plasma induced non-equilibrium electrochemistry  

 Plasma induced non-equilibrium electrochemistry (PINE) is a plasma based 

electrochemical process in which one of the electrodes of a conventional 

electrochemical cell is replaced with a plasma. It is a newly low-cost atmospheric 

pressure approach, which is rapidly developing as a branch of plasma research. This 

process was first studied by various researchers such as Gubkin220, Hickling et al.221, 

Harada222 and others. In the early days, this process was limited by using low vapour 

pressure solvents with external cooling to avoid evaporation. Later, with the 

developments of non-thermal microplasmas or atmospheric pressure plasmas, the 

process was extended to commonly available liquids like water and even volatile 

solvents like ethanol etc. Plasma-Liquid processes gained attention in research due to 

its potential application in the field of chemical analysis223, water treatment224, 

medicine225 etc. Earlier reports on these process were based on plasma immersed 

completely inside a liquid226,227 or plasma above the liquid228 for synthesis of 

metal229, metal oxide230 and even other kind206 of  nanoparticles.164,231   

 

Figure 2.11. Typical plasma-liquid interacting system.232 

 A typical plasma-liquid setup can consist of a cell similar to an 

electrochemical cell shown in figure 2.11 where the solid cathode is replaced by a 

plasma discharge. During the process, the plasma produces radicals and ions which 

contribute to electrical conduction within the liquid. Species from the plasma and 

through the plasma-liquid interface also contribute to chemical reactions in the 

liquid, which can lead to the production of nanoparticles. This method can therefore 

produce high quality metal and metal oxide nanoparticles with solid metal precursors 
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or with pre-dissolved aqueous metal ions. Compared to conventional electrochemical 

or wet chemical methods, this produces high quality nanocrystals without the use of 

any surfactants.164,233 Using this technique, we demonstrated the synthesis of Cu-

oxide QDs (discussed in detail in section 4.2), also extendable to synthesis of 

manganese oxide (MnxOy) QDs and other metal oxides such as Co-oxide234, Mo-

oxide.211 The plasma interaction setup similar to the one in figure 2.11 consists of 

metal foil (as anode) immersed in ethanol electrolyte. A microplasma discharge is 

generated through a DC power source and sustained on the top of the liquid. Plasma 

interaction with liquid produces radicals, ions and solvated electrons which reacts 

with metal foil produces monomer species that polycondensed to form metal oxide. 

From an in-depth chemical analysis of the liquid and nanoparticles, we were able to 

come to further conclusion that whole mechanism is a “Green – cycle”. This is 

because the process is involving ethanol molecule in the solvent dissociate and along 

with other minor products (H2O and H2O2) aids metal oxide formation then later 

reformed back to its original solvent as cyclic process (discussed in detail in section 

4.3.11). Thus, this process produces nanoparticles along with some minor by-

products that are not toxic.  
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Chapter 3 Plasma-induced non-equilibrium electrochemistry for 

the synthesis of metal oxide quantum dots 

3.1 A general method for the synthesis of metal oxide quantum dots   

 A range of 3d transition metal oxides quantum dots (MOx QDs) or ultra-

small nanoparticles that include cupric oxide (CuO), cobalt oxide (Co3O4), 

molybdenum oxide (MoO3), nickel oxide (NiO), manganese oxide (MnxOy) and zinc 

oxide (ZnO) have been demonstrated using plasma induced non-equilibrium 

electrochemistry (PiNE) as shown in figure 3.1 and figure 3.2. One of the most 

attractive features of this process is that a solid precursor in the form of a metal foil is 

used and QDs are synthesized in ethanol, making the synthesis potentially low-cost 

and green. It will be shown that PiNE induces a cyclic process (figure 3.3), or a green 

reaction chain, where the electrolyte is found to be largely unaffected with the 

formation of only minor non-toxic molecules such as water, hydrogen peroxide and 

isopropyl alcohol (IPA). Metal ions are released from the sacrificial metal foil 

electrode which combined with reactive species formed at the plasma-ethanol 

interfaces lead to the production of organometallic monomers; the latter undergo a 

polycondensation process with elimination of ethanol and water (green solvents) 

resulting in MOx QDs. However, the synthesis of MOx QDs requires a careful 

balance of monomer supply vs. the reaction kinetics to prevent excessive amorphous 

metal organic compounds being formed. 

 

Figure 3.1. Colloidal metal oxides quantum dots in ethanol using PINE process. 
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Figure 3.2. Schematic of PiNE process and setup for the synthesis of different 3d 

transition metal oxide. 

 

Figure 3.3. A schematic of the plasma induced non-equilibrium electrochemistry, 

highlighting the green process cycle.  
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 The demonstration of the generalized synthesis of MOx QDs has resulted 

from a group effort whereby this thesis will focus on a few aspects: (i) demonstrating 

the synthesis of MnxOy, (ii) a contribution to the characterization of Co3O4 and 

MoO3, and importantly (iii) the investigation of the mechanisms leading to metal 

oxide QDs synthesis through an in-depth analytical analysis of the CuO QDs 

synthesis process. The configuration setup for PiNE is in part similar to a 

conventional electrochemistry setup and consists of a cell with two electrodes, a 

metal foil acting as the anode and, differently from an electrochemical cell, a 

microplasma generated at the surface of the electrolyte acting as the cathode (figure 

3.2). The microplasma is generated with a Ni capillary tube (0.7 mm internal and 1 

mm external diameter), carrying He gas at 50 sccm. The metal foil is immersed 

inside ultrapure ethanol (99.8% pure, Sigma Aldrich) in a glass dish (total volume 40 

mL). The distance between the metal foil and the Ni capillary were fixed at around 

15-20 mm. The microplasma is generated and sustained within a spacing of 

approximately ~1 mm between the tip of the capillary tube and the surface of ethanol 

using a direct current (DC) power supply source (max 15 mA, 10 kV, Matsusada 

Precision Inc.). The microplasma current is ballast by a 100 kΩ resistor.  

 All experiments are carried out by applying a potential across the electrodes 

to maintain constant process current; however, it should be noted that in most cases, 

the set current cannot be achieved from the onset of the synthesis and this is seen to 

increase slowly until the set value is reached after 10-15 min processing. This is 

mainly due to the limited conductivity of pure ethanol which increases as conductive 

ionic species are introduced in the process. Various values of currents in the range 

0.2-6.0 mA have been used for the various synthesis processes. Synthesis can last up 

to 40 min depending on the type of MOx QDs to be synthesized and indeed on the 

QDs concentration to be produced. Over the course of processing time, we observe 

the colouration of the electrolyte (figure 3.1) due to the formation of MOx QDs 

(except for NiO QDs, which is colourless).  
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3.2 One-step synthesis of Cu-oxides QDs by PiNE 

3.2.1 Introduction 

 In this topic, synthesis of Cu-oxide QDs has been demonstrated using plasma 

induced non-equilibrium electrochemistry technique. Cupric oxide (CuO) is a 

familiar and versatile p-type transition metal oxide that is used for a wide range of 

industrial applications such as heterogenous catalyst1, electrode for solar2, 

photoconductive3 cell and super capacitor4, microelectromechanical system5, 

electrochemical cell6, field effect transistor7, gas sensing8, field emitters9, magnetic 

storage10, solar selective absorber11, battery12 etc. CuO can be used successfully as a 

heterogenous catalyst or integrated into composites with other metal oxides13 for CO2 

reduction14 via photocatalysis. This study is an extension of my colleague where he 

demonstrated the synthesis of cupric oxide for one processing current.14 However my 

contribution lies in an in-depth study of the process based on the different process 

current and also novelty of the my study is conclusion on formation mechanism 

based on understanding the liquid chemistry using various techniques. 

 

3.2.2 Process description and electrical characteristics 

 Rapid synthesis of cupric oxide (CuO) ultra-small nanoparticles or QDs and 

its formation mechanism will be discussed in this section. The process is based on 

PiNE (figure 3.4) operated with the DC power source connected to a copper foil 

(Fisher scientific, thickness 0.1 mm) which acted as the anode. The foil is immersed 

into a beaker containing ethanol (Conductivity <1 S, 99.8 % purity, Sigma Aldrich). 

The hollow Ni tube carries He gas at 50 standard cubic centimetre per minute (sccm) 

and act as cathode placed ~1 mm away from the surface of ethanol. The microplasma 

is formed and sustained between the Ni capillary and ethanol. The process was 

carried out for two different plasma operating currents, i.e. 0.5 mA and 3 mA. The 

product of the process at 0.5 mA was previously investigated and characterized;14 

here the analysis is extended to different processing current values (in particular 
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comparing 0.5 mA with 3 mA) and importantly and in-depth analysis is carried out to 

understand the chemical reaction paths leading the formation of the QDs. 

 

Figure 3.4.  Setup of the plasma-liquid electrochemical cell with Cu foil as anode. 

 

Figure 3.5. Current and voltage evolution during the plasma-liquid process for Cu 

foil as anode at 0.5 mA and 3mA processing currents. 

 Figure 3.5 reveals the voltage-current (V-I) behaviour over time for two 

currents. Initially for a set current value, say 0.5 mA and fixed voltage (3 kV), the 

actual current applied to the process is low. This is because of ethanol low 
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conductivity. As the process time increase, we observe the actual current increasing. 

At about ~10 minutes, the current in the circuit reaches the set value of 0.5 mA and 

the voltage value starts to decrease from 3 kV. A similar trend is observed for a 3 

mA current set-point where the actual current reaches the set value only after ~20 

minutes. Once the set value is reached, the current is kept constant by lowering the 

applied voltage for the remaining time until the completion of 30 minutes duration. 

Figure 3.6 shows the Cu-oxide QD colloid in ethanol obtained after 30 min synthesis 

for various currents.  

 

Figure 3.6. Final solution obtained after plasma process for different anodic 

currents with Cu foil. 

 

3.2.3 Materials characterization of Cu-oxide QDs 

 Structure, crystallinity and phase of QDs were studied using a 

transmission electron microscope. The as-prepared colloidal samples were first 

drop casted, onto a gold coated carbon grids and dried overnight. The 

microscopy and selected area diffraction were carried out using JOEL JEM-

2100F accessorized with a Gatan DualVision 600 Charge-Coupled Device at 

an accelerating voltage of 200 kV. Further, the d-spacing and diffraction rings 

were analysed using ImageJ software. Figure 3.7a-b (with inset) show the 

transmission electron micrograph revealing Cu-oxide QDs that are well dispersed 

and crystalline in nature. The sample prepared at 3 mA shows the presence of 

amorphous clumps believed to be synthesis by-products (figure 3.7b).  
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 The size distributions for >130 particles are found to be relatively narrow 

(figure 3.7c and 3.7d) and the lognormal curve fitting gives a particle mean diameter 

of 2.53 nm and 1.78 nm for 0.5 mA and 3 mA processing current respectively. The 

selected area electron diffraction (SAED) patterns (figure 3.7e and 3.7f) show 

circular bright and dark fringes indicating the diffraction from CuO crystal planes; 

samples prepared at 0.5 mA show dots arranged in circles ascribed to crystal planes 

(1 1 1), ( -1,1,2), (0 2 2) and (0 2 3). In the case of the sample prepared at 3 mA, the 

particles are found to be of mixed phase of CuO and Cu2O which is evident from the 

difference in d-values from diffraction planes (1 1 0), (-2 0 2), (2 0 2) and (0 2 3) of 

CuO and (1 1 0), (2 0 0) of Cu2O phases as shown in orange and red coloured semi-

circles in figure 3.7f. The high-resolution image (figure 3.7g and 3.7h) show 

diffraction fringes which also support d-spacing values of 0.195 nm, 0.225 nm, 0.247 

nm, 0.230 nm, 0.270 nm related to crystal planes of (-1,1,2), (1,1,1), (0 0 2), (2 0 0) 

and (1 1 0) of CuO crystal structure respectively.  
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Figure 3.7. TEM analysis of Cu-oxide QDs at 0.5 mA and 3 mA. (a-b) Micrographs 

with insets of single particle high resolution image. (c-d) Particle size distribution. 

(e-f) SAED patterns. (g-h) high resolution diffraction fringes of QDs.  

 The elemental constituents and their oxidation states present in the samples 

were identified through x-ray photoelectron spectroscopy (XPS). The measurements 

were performed using a Kratos Axis Ultra DLD photoelectron spectrometer working 

at ~ 10-9 mbar base pressure with monochromatic x-ray radiation Al Kα generated at 

15 kV and 10 mA. The survey and high-resolution spectra were acquired with 

conditions such as analyser pass energy of 150 eV and 20 eV, step size 0.3 eV and 

0.1 eV with dwell time 300 ms and 332 ms, respectively. Samples are prepared by 

drop casting the colloidal samples on silicon substrates under ambient air and heated 

at 60 oC for 30 min. The position of the peaks were in general identified using NIST 

web database15 and local database from CASA XPS software wherein the spectral 

fitting was also performed.  
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Figure 3.8. Survey scan photoelectron spectra of Cu-oxide QDs. 

 The survey scan spectra (Figure 3.8) of 0.5 mA and 3 mA samples show 

various peaks corresponding to Cu, C and O elements. The peaks of the spectra were 

first calibrated with carbon C 1s peak to 284.6 eV for charge shift in the samples.16,17 

The spectral background for all the spectra were identified and fitted with Shirley-

type function.18 Figure 3.9 shows high resolution scan of Cu 2p core shell as the 2p3/2 

and 2p1/2 doublet peak at around 934.5 eV and 954.3 eV respectively with shake-up 

satellite peaks approximately 8-9 eV from the main peaks (at 942.5 eV and 962.5 

eV). This satellite structure arises from electron transfer transition from (O2-) ligand 

to unfilled Cu 3d valence orbital in the ground state.19 If the samples contain Cu2O or 

Cu metal phases, satellite peaks will not appear because of complete Cu d10 orbital.19 

This strongly confirms the presence of CuO in both cases. Also the presence of Cu 

LMM Auger peak at 569.6 eV confirms the presence of CuO as observed by Poulston 

et al.20 The broader Cu 2p doublet bands were de-convoluted using asymmetric line 

profile combined with Gaussian and Lorentzian functions majorly for Cu2+ oxidation 

state as shown in figure 3.9. The peaks at 933.4 eV and around 935 eV correspond to 

CuO and related to copper hydroxides21,22 respectively.23 In the case of the sample 

prepared at 3 mA, there is a peak at 931.4 eV related to Cu+ of Cu2O.24  
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Figure 3.9. High resolution photoelectron spectra of Cu 2p of Cu-oxide QDs. 

 The core level O 1s band (figure 3.10) for 0.5 mA and as well as for 3 mA 

shows a broad peak with a distinguished shoulder due to the presence of different 

chemical states of oxygen. The bands are de-convoluted into two main peaks using 

curve fitting with Gaussian-Lorentzian function and clearly reveals the presence of 

CuO at low binding energy at 530 eV and a broader shoulder at 532 eV related to 

adsorbed oxygen and oxygen vacancies in the sample.21,25,26 However, in case of Cu-

oxide prepared at 3 mA, the spectrum shows a distinct peak at low binding energy 

that corresponds to the Cu2O phase.24 Thus, both our TEM and XPS analysis reveals 

the phase purity of QDs prepared from PiNE process at low current (0.5 mA). 

Increasing the processing current to 3 mA, the Cu2O phase is observed along with the 

main CuO. 

965 960 955 950 945 940 935 930

 experimental data

 CuO

 Cu(OH)
2

 Cu2p3/2 Satellite1

 Cu2p3/2 Satellite2

 Cu2p1/2:CuO

 Cu2p1/2:Cu(OH)
2

 Cu2p1/2 Satellite1

 Shirley type baseline

 fitted curve

3 mA

satellite

satellite

2p 1/2

2p 3/2

 

 

0.5 mA Cu 2p

Cu(OH)
2 CuO

 

 

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

Cu
2
O

Cu
2
O



63 

 

 

Figure 3.10. High resolution photoelectron spectra of O 1s of Cu-oxide QDs. 

 Thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) were performed to understand the sample purity from PiNE process. The 

measurements were carried out using Thermo fisher scientific - thermal analysis 

system, SDT Q600 V8.3 at heating ramp 5 °C/min from 20 °C to 1200 °C under 

nitrogen gas (N2) flow of about 50 mL/min. Samples were initially prepared by drop 

casting the Cu-oxide colloid onto 90 L SDT alumina cup at 70 oC for 30 min until 

the colloid dried inside the cup. Figure 3.11 shows TGA/DSC curves of the QDs 

obtained for two different currents. All the samples show significant weight losses 

(figure 3.11a) which were more prominent in the case of the sample at 3 mA and 

these losses were characterised with exothermic (positive peak) and endothermic 

(downward) peaks in figure 3.11b. An initial weight loss up to 200 oC is associated 

with removal of adsorbed water molecules27 or any volatile such as residual ethanol 

solvent present in the samples. This observation can be corroborated  from a report 

on TGA measurement with copper acetate monohydrates.28 However, the 3 mA 

sample shows significant weight loss (~21 %) which is characterised by a small 

exothermic peak at 129 oC in the DSC plot of figure 3.11b. This can be due to the 

excess loss of unbonded or adsorbed hydrated molecules with copper species or on 

the surface of the QDs. Further weight losses above 200 oC were observed that can 
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be identified at two different regimes, first around 240 oC (29 % for 0.5 mA and 37.5 

% for 3 mA) related to the decomposition of loosely bonded solvent molecules with 

copper species as intermediate complexes that in the synthesis process converts 

completely to Cu-oxide.29 Especially, the weight loss in the 3 mA sample around 226 

oC (figure 3.11b) is characterised by a strong exothermic peak probably coming from 

crystallisation.30 While between 300 oC and 700 oC, a pure CuO phase exists which 

later converts to Cu2O probably due to reduction in the N2 gas flow atmosphere.30 

Such a conversion of CuO to Cu2O and finally to metallic Cu were reported to 

observed in annealing experiments starting from CuO in vacuum31 and in hydrogen 

atmospheres.32 However, these reports also show that during these transformations, 

multiple phases were revealed to exist at a given temperature that depends on the size 

of the nanoparticles as well.32  Nitrogen is inert as compared to other noble gas such 

as He or Ar for annealing process. Thus annealing in N2 atmosphere induces phase 

transition. Also, at 948 oC (0.5 mA) and 1050 oC (3 mA), we observe a step in weight 

loss of about ~7 % accompanied with a large endothermic peak for the 3 mA sample 

(figure 3.11b). This is probably originating from loss of oxygen from Cu-oxide to Cu 

metal of the samples at those temperatures. Also, this clearly indicates a phase 

transition behaviour due to Cu-oxide reduction in N2 atmosphere.30 Beyond 1100 oC, 

the metallic Cu phase further undergoes a slight weight loss due to complete 

crystallisation as seen as endothermic peak. The observed shift and intensity of peaks 

in those temperatures between the (0.5 and 3 mA) samples with weight loss is 

probably from a difference in the mass. Thus, this study corroborate our previous 

TEM results, i.e. that at higher current by-products other than Cu-oxide are present. 
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Figure 3.11. (a) TGA and (b) DSC of Cu-oxide QDs for 0.5 and 3mA current. 

 

3.2.4 Optical properties of Cu-oxide QDs colloids 

 Optical characteristics of Cu-oxide QDs colloid (obtained at 0.5 mA and 3 

mA) were investigated ultraviolet-visible (UV-Vis) spectroscopy using Perkin 

Elmer-Lambda 650S UV/Vis spectrometer equipped with a 150-mm integrating 
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a quartz cuvette (1 cm path length) recorded from 250 nm to 800 nm. Figure 3.12a 

shows the light transmittance from the samples. Figure 3.12b shows the discontinuity 

plot to evaluate the bandgap (see theory for appendix A.2.5).33,34 The bandgap values 

were estimated to be 2.27 eV and 2.31 eV for 0.5 mA and 3 mA samples, 

respectively. The corresponding nature of the transition r can also be determined 

from figure 3.12c (see appendix A.2.5), which in this case results to be 1.92 and 1.90 

for 0.5 mA and 3 mA, respectively. Thus, the values of “r” for 0.5 mA and 3 mA 

seems to be closely related to the indirect nature (r ~ 2) of the transitions. It should 

be noted however that in the sample produced at 3 mA, the presence of impurity 

from a mixed phase may affect the validity of the measurements. The transition r can 

be used to verify the bandgap through Tauc’s equation (figure 3.12d); this confirmed 

very close values to the ones determined through the discontinuity plots,  2.15 eV 

and 2.11 eV for 0.5 mA and 3 mA, respectively.  

  

 

Figure 3.12. (a) Optical transmittance of Cu-oxide colloids for 0.5 mA and 3mA 

processing currents, (b) Discontinuity plots obtained for Cu-oxide samples, (c) 

Determination of the type of transition (r) value, and (d) Bandgap calculation using 

Tauc plot. 
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3.3 Formation mechanism of Cu-oxide QDs 

3.3.1 Introduction 

 In order to understand the formation of Cu-oxide QDs, the chemistry 

involved during the process has to be investigated including the analysis of the 

solution during the different steps of the synthesis. For comparison, in addition to 

studying the process with the Cu foil anode, an inert graphite anode was also used. 

3.3.2 Time dependant analysis of the formation of CuO QDs 

 CuO QDs could be formed at 0.5 mA whereby the synthesis at 3 mA 

produced mixed phases with obvious by-product residues. Here we will therefore 

focus on the synthesis at 0.5 mA to verify if the CuO QDs experienced any time-

dependent changes. Chemical analysis of the CuO QD samples was carried out using 

XPS at different time intervals to identify changes in the materials composition. 

Measurements were performed using a Kratos Axis Ultra DLD photoelectron 

spectrometer working at ~ 10-9 mbar base pressure with monochromatic x-ray 

radiation Al Kα generated at 15 kV and 10 mA. The position of the peaks were in 

general identified using NIST web database15 and local database from CASA XPS 

software wherein the spectral fitting was also performed. The Cu 2p spectra were 

acquired with analyser pass energy of 20 eV. To avoid over oxidation of any Cu 

monomer species present in the samples due to heating on a hot plate during sample 

preparation, for  this study alone the samples were prepared by immersing the 

conductive graphite substrates (~98% purity) into the synthesized solutions and 

drying them slowly at room temperature (~21 oC) overnight.  

 Figure 3.13a shows high resolution Cu 2p core shell of 0.5 mA for different 

process times. The spectra show peaks that are consistent with our previous 

measurements (see 3.2.3). All the spectra were initially baseline subtracted with 

Tougaard function. The broader Cu 2p3/2 along with satellite structure were de-

convoluted using asymmetric line profile combined with Gaussian and Lorentzian 

functions mainly to differentiate between chemical states of elemental copper. The 

broad Cu 2p3/2 peaks can be deconvoluted into two major peaks at 933.5 eV and 
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935.2 eV, the first related mainly to Cu2+ in the oxide20 and the second to bonding to 

electronegative ligands such as (–OCH2CH3) or (–OH); more evidence of the 

formation of these ligands will be also discussed later in section 3.3.11. The 5 

minutes interval samples show an extra peak at 937.9 eV that is identified with 

higher coordination of Cu atoms with oxygen in the solution.35,36 With increase in 

processing time, the main peak closer to the higher binding energy, i.e. 935 eV (blue 

peak) decreases as the processing time increases to 30 minutes, simultaneously the 

lower binding energy peak (magenta coloured) increases over the same process 

intervals. This behaviour is summarized with a quantification plot shown in figure 

3.3.11b, where the CuO concentration increases at the expenses of the other Cu 

complexes, i.e. in the conversion of Cu(OH)2 or Cu(OCH2CH3)2 into CuO. The 

graph also reveals that this conversion into CuO is very rapid within the first 10 min 

and slows down afterwards, resembling the electrical characteristics of the process 

(seen section 3.2.1). 
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Figure 3.13. Cu 2p core-level spectral analysis during CuO synthesized at 0.5 mA 

for different time intervals (a) Cu 2p3/2 deconvolution, (b) Quantification of Cu2+ 

mainly in oxide and its monomer form where error bars estimated from data 

obtained at 3 spots.    

 The optical property of the Cu-oxide colloids were investigated by uv-vis 

spectroscopy using Perkin Elmer-Lambda 650S UV/Vis spectrometer equipped with 

a 150-mm integrating sphere. All the measurements were carried out using 

colloidal samples taken in a quartz cuvette (1 cm path length) recorded from 

250 nm to 800 nm for different process intervals. Figure 3.14 shows the absorbance 

and Tauc’s plot (assuming the nature of transition, r = 2, indirect nature of bandgap) 

where the absorption coefficient (α) was obtained from the absorbance (as detailed in 

section A.2.5); the absorbance and Tauc’s plot of the colloids at 3 mA are included in 

figure 3.15 for completeness. As the processing time increases, the absorbance also 

increases (figure 3.14a); however, in the Tauc’s plot, intercept for different interval 

lies ~2 eV showing the bandgap did not change (figure 3.14b), which suggests that 

longer synthesis time contributes to increase the number of QDs without affecting 

other features such as size or composition.  
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Figure 3.14. (a) Absorption spectra and (b) Tauc’s plot of CuO colloid solution 

processed at 0.5 mA with Cu foil. 

 

Figure 3.15. (a) Absorption spectra and (b) Tauc’s plot of Cu-oxide colloidal 

solution prepared at 3 mA with Cu foil. 

 For comparison, bandgap and the nature of transition ‘r’ (related theory 

discussed in appendix A.2.5) were similarly estimated to our previous calculation in 

section 3.2.3. The bandgap is obtained around 2.39 eV through the discontinuity 

(figure 3.16a) and ’r’ estimated to range 1.6 – 2 as shown 3.16b. The nature of 

transition estimated seems to be close to 2, however the bandgap obtained using the 

calculation (2.39 eV) is little higher than one (2.1 eV) found using assumption as 

indirect bandgap. But over different intervals the values lies in the same range thus 

confirming the presences of CuO. This finding also in line with the conclusion from 

XPS analysis (see figure 3.13) that formation of CuO over time.  
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Figure 3.16. (a) True nature of bandgap and (b) optical transition for 0.5 mA colloid 

samples. 

 

3.3.3 Anodic dissolution  
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6x95 mm, Camlab - limited). Figure 3.17a shows the rapid Cu ion dissolution as 

instantaneous change in colour of the test strip during plasma process.  

 

 

 

Figure 3.17. (a) Rapid evolution of Cu ion less than 1 minute during plasma process, 

Cu ion dissolution dependence on (b) time up to 30 minutes for 0.5 mA and (c) 

Finally estimation of Cu ion concentration for longer duration up to total of 80 

minutes for three different processing currents.  
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 Figure 3.17b and 3.17c show the evolution of Cu ions measurements for 

different time at 0.5 mA and for different current for longer durations. The 

approximate estimate of Cu ion is shown in table 3.1 for 0.5 mA current over 30 min 

processing time. The process of anodic dissolution is based on an electrochemical 

oxidation reaction that takes place on the surface of the Cu anode, which results in 

Cu ions released in solution and electrons flowing in the circuit aided by an external 

power supply.37 This is represented by equation 1 and 2 below. Abbott et al. reported 

that the dissolution of metal ions generally takes place in the form of metal 

complexes with solvent species.38 This case will be discussed in detail in section 

3.3.11. 

𝐶𝑢𝑚𝑒𝑡𝑎𝑙 → 𝐶𝑢+ + 𝑒−                            1 

𝐶𝑢+ → 𝐶𝑢2+ +  𝑒−                                2 

 We also observed that the Cu ion concentration increases over longer period 

of time as measured for three different plasma current as shown in figure 3.17c. 

Further dissolution and the stability of Cu ion in ethanol will be discussed later in 

section 3.4.10. 

 

Table 3.1. Cu ion concentration measured with processing time for processing 

current - 0.5 mA, Cu foil anode. 

 

Processing time 

(min) 

Cu+/2+ ion concentration 

(mg/L) 

5 ~10 

10 ~10 – 30 

15 ~10 – 30 

20 ~30 

25 ~>30 

30 ~>30 
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3.3.4 Plasma optical emission spectroscopy and plasma-ethanol interface 

chemistry 

 Plasma optical emission spectroscopy (OES) can help identifying the 

different types of gas phase ions and radicals present in the plasma above the liquid. 

Spectra were recorded using ocean optics USB 4000 spectrometer (200-1100 nm 

range) with 3648-element CCD array detector. The fibre optic tip collects the light 

pointed towards the plasma above the liquid surface, inclined at a ~45o angle with 

respect to the liquid surface and at a distance of ~5 mm from the microplasma as 

shown in figure 3.18. All the spectra were recorded with integration time of 100 ms, 

averaged over 10 scans and corrected for electrical dark.  

 

Figure 3.18. OES measurement setup.  

 

Figure 3.19. OES spectra recorded from plasma above the liquid with Cu anode for 

various progressive currents for a set value 0.5 mA. 
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 Figure 3.19 shows the evolution of the emission spectra from the plasma with 

the current increasing to the set value of 0.5 mA. Similarly, figure 3.20 reports the 

spectra evolution of the plasma sustained with an increasing current up to the set-

point of 3 mA. In both cases the Cu foil was used as anode. The emission lines in the 

spectra were identified through (National Institute of Standards and Technology) 

NIST39 website and relevant literature and transition/reaction under consideration are 

summarized in table 3.2. In all cases, the spectra show weaker lines (447.8 nm, 491.7 

nm and 706.3 nm) corresponding to He gas emitted from its excited states, He 

metastables (He*), undergoing relaxation. These He metastables (He*) are produced 

through electron induced excitation as per equation 3.40,41 Due to the interaction of 

the plasma with the surrounding atmosphere/ethanol and possible turbulence at the 

interface, a range of emission lines from atmospheric gases such as nitrogen, oxygen, 

hydroxyl radicals etc. are observed and dominate all the spectra. Among all, the most 

intense emission lines arise from excited nitrogen that were identified as N2 1st 

positive lines from 600 nm to 900 nm, N2 2
nd positive lines from 300 nm to 450 nm, 

minor lines from atomic oxygen (O*) at 777.7 nm, 844.4 nm and OH band at 306 – 

322 nm.42,43 Further increase in the processing current leads to a general 

enhancement in the intensity of these atmospheric emission lines as well as to a more 

pronounced presence of atomic hydrogen lines, Balmer series H (656.5 nm) and 

H (486.2 nm)40,44  Y. Lu et al.45 reported similar series of emission lines in a DC 

driven capillary microplasma on water with Ar gas and in other works with He 

discharge in ambient air.41,46 He metastable species (He*) have sufficient energy to 

ionise atmospheric nitrogen and oxygen gas molecules by Penning ionisation47,48 as 

per equations 4 and 5 respectively.49  Liu et al.50 has extensively discussed Penning 

ionisation of He metastables with water molecules in He/H2O mixtures and other 

atmospheric gases with support of models. They concluded that the production rate 

of O, OH and H2O2 species depends on concentration of water molecules in the 

helium discharge.  One of the most important paths leading to the production of O 

and OH species are from electron impact dissociation of ethanol from bulk liquid or 

possibly dissociation of water molecule from atmospheric humidity of reactions in 

equations 6 to 9.  The interaction of helium metastables with water molecule can 

happen above the ethanol surface (equation 10 – 13) and can result in the production 
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of HeH+.51 This species are important in the generation of H3O
+ in the gas phase just 

above the liquid52 (equation 14 and 15) and could be reabsorbed into ethanol or 

formed in the liquid as H3O
+ leading to the increase in pH of the solution. However, 

the role of hydroxyl radicals (OH) can be important in our process as this would 

recombine (equation 16 and 17) close to the interface or in solution after absorption 

and lead to hydrogen peroxide in ethanol. Further increase in the anodic current 

contribute to decrease the pH and increase hydrogen peroxide content in the liquid, 

see figure 3.26 (section 3.3.7) and figure 3.25 (see 3.3.6) respectively. 

 

Figure 3.20. OES spectra recorded from plasma above the liquid with Cu anode for 

various progressive currents for a set value 3 mA. 

 The excited N2 and O2 molecules lose energy via collision with other neutral 

molecules or other excited species and their excited energy is expended as gas 

heating near the interface that can induce more evaporation of ethanol from the 

surface.53 The plasma locally heats up at the interface, volatile ethanol molecules 

could be subject to electron-induced ionisation into ethoxy and hydrogen radicals at 
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the interface (equation 18). Nonetheless, we should note that there are no emission 

lines related to C2 and CH radicals until 3 mA maximum processing current as seen 

in figure 3.20. Thus, various species such as OH, H+, H3O
+, H2O2 which are formed 

above the liquid or inside the liquid will diffuse into the bulk of the solution.  

Table 3.2. Reaction scheme of gases in the microplasma assumed at the interface. 

No. Reactions 

Electron induced ionisation and metastable generation in plasma: 

3 𝑒− + 𝐻𝑒 → 𝐻𝑒∗ + 𝑒− 

Helium metastable induced reactions in plasma: 

4 𝐻𝑒∗ + 𝑁2 → 𝑁2
+ + 𝐻𝑒 + 𝑒− 

5 𝐻𝑒∗ + 𝑂2 → 𝐻𝑒 + 𝑂∗ + 𝑂                       

Electron impact dissociation in plasma by atmospheric humidity: 

6 𝑒− + 𝐻2𝑂 → 𝑂∗ + 𝐻2 + 𝑒−                      

7 𝑒− + 𝐻2𝑂 → 𝐻2𝑂+ + 2𝑒−                        

8 2𝐻2𝑂+ → 𝐻3𝑂+ + 𝑂𝐻 

Electron attached process in plasma by atmospheric humidity: 

9 𝑒− + 𝐻2𝑂 → 𝐻− + 𝑂𝐻 

Helium metastable with water in plasma by atmospheric humidity: 

10 𝐻𝑒∗ + 𝐻2𝑂 → 𝐻+ + 𝑂𝐻 + 𝐻𝑒 + 𝑒−       

11 𝐻𝑒∗ + 𝐻2𝑂 → 𝑂𝐻+ + 𝐻 + 𝐻𝑒 + 𝑒−       

12 𝐻𝑒∗ + 𝐻2𝑂 → 𝐻2𝑂+ + 𝐻𝑒 + 𝑒− 

13 𝐻𝑒∗ + 𝐻2𝑂 → 𝑂𝐻 + 𝐻𝑒𝐻+ + 𝑒−           

14 𝐻𝑒𝐻+ + 𝐻2𝑂 → 𝐻𝑒 + 𝐻3𝑂+                  

15 𝐻2𝑂+ + 𝐻2𝑂 → 𝑂𝐻 + 𝐻3𝑂+                  

16 𝑂𝐻 + 𝑂𝐻 → 𝐻2𝑂2                                   

17 𝑂𝐻 + 𝑂𝐻 → 𝐻2𝑂 + 𝑂 

Gas or in liquid phase ethanol reaction: 

18 𝐶𝐻3𝐶𝐻2𝑂𝐻 + 𝑒− → 𝐶𝐻3𝐶𝐻2𝑂− + 𝐻       
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3.3.5 Graphite set-up 

 In order to better understand the fundamental mechanisms induced at the 

plasma-ethanol interface, we have carried out the same process used for QDs 

synthesis except that the anode was replaced with a neutral graphite rod (figure 3.21). 

The experiments were carried out for two different current (0.5 mA and 3 mA) for a 

duration of 30 min for each current. For comparison, the setup with the Cu electrode 

with the electrical characteristics is also shown in figure 3.22. The analysis will 

contribute to identify the mechanisms leading to the synthesis of the QDs. The 

voltage-current (V-I) for graphite anode follows the same trends as Cu anode, 

however there is a slight difference in the time required to reach the set current. i.e. 

in case of Cu anode, current reaches by 10 min but for graphite it is 14 min. This 

difference could be due to dissolution mobile Cu ions into ethanol thus increasing the 

conductivity of the solution. 

 

Figure 3.21.  (a) Setup of the PiNE cell and (b) I-V evolutioin with graphite rod as 

anode. 
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Figure 3.22.  (a) Setup of the PiNE cell and (b) I-V evolutioin with Cu foil as anode. 

 

3.3.6 Hydrogen peroxide quantification 

 Hydrogen peroxide (H2O2) has been shown to play a role in many PiNE 

processes54,55,56,57 and therefore it is important to evaluate the corresponding 

concentration at different conditions. Example of production of hydrogen peroxide 

were shown by Almubarak et al.54 in glow discharges electrolysis with aqueous 

ethanol. They described that the peroxide concentration depends on the oxygen flow, 

discharge current and voltage used in the process. Also, for a given oxygen flow rate, 

hydrogen peroxide yield decreased with increasing in current. However, these results 

require caution as the process conditions were substantially different from the setup 

used here. H2O2 concentrations was quantified here by a colorimetric technique that 

relies on a scavenger, titanium oxy sulphate (TOS).58 TOS reacts with hydrogen 

peroxide according to the following reaction, 

Ti4+ +  H2O2 +  2H2O →  H2TiO4 +  4H+                  19 

 And results in per-titanic acid which can be detected by ultraviolet-visible 

(UV-Vis) spectroscopy measuring the corresponding absorbance at 407 nm. A 

calibration curve is obtained with known amount of hydrogen peroxide in ethanol as 

shown in figure 3.23. 
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Figure 3.23. Calibration curve for estimating H2O2 concentration with titanium oxy-

sulphate in ethanol.  

 Figure 3.24a and 3.24b shows absorbance spectra of plasma processed 

ethanol for different duration for 0.5 mA and 3 mA currents obtained for graphite 

anode respectively. The value of absorbance is proportional to the amount of H2O2 

present in the solution which can be calculated from the calibration curve (figure 

3.23). 

 

Figure 3.24. UV-Vis spectral absorbance of plasma processed ethanol at (a) 0.5 mA 

and (b) 3 mA mixed with titanium oxy sulphate scavenger for different intervals. 

 Figure 3.25 shows the estimated H2O2 concentrations in ethanol after PiNE 

with a graphite anode for two different current at 0.5 mA and 3 mA.  
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Figure 3.25. H2O2 quantification at (a) 0.5 mA and (b) 3 mA processing current 

using graphite rod as anode. 

 The estimation of H2O2 concentration when the Cu foil was used as anode 

could not be carried out because of interference in the spectroscopic technique. 

However, we can safely assume that H2O2 production with a copper electrode to be 

similar to the trends depicted in figure 3.25 where differences are dictated by the 

electrical conditions reported in figure 3.21b and 3.22b; this is because the formation 

mechanisms of H2O2 are largely dependent on the plasma state at and above the 

interface.  

 The production of hydrogen peroxide is believed to take place at the interface 

from hydroxyl radicals (2OH → H2O2) originating from electron-induced 

dissociation in the plasma as discussed in plasma optical emission spectroscopy 

section 3.3.4. The exact location and timing of dissociation, species diffusion from 

plasma to liquid and formation of hydrogen peroxide is however still under debate 

and in some cases could depend from the specific process/plasma set-up being used. 

Our results show that the concentration strongly depends on the plasma current. 
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3.3.7 Test for acidolysis 

 Figure 3.26 shows the variation of pH after ethanol exposure to the plasma 

for the various treatment times up to 30 minutes. The plasma interacting with ethanol 

in ambient air and with a Cu foil anode induces changes in the pH from 7.3 pH to 

about 5.2 pH at 0.5 mA; at a higher current, 3 mA, the value is reduced a little further 

to 3.7 pH. In comparison, when the process was carried out with a graphite rod 

anode, the pH was reduced even further, 3.8 pH (0.5 mA) and 2.7 pH (3 mA). 

Several studies have been carried out on acidolysis of the electrolyte during a plasma 

process, however these are often related to water in air plasmas.59,60,61,62 Oehmigen et 

al. reported that aqueous medium pH changes can be from nitric acid/nitrous acids 

formed through the plasma process.61 Other reports have linked increased acidity to 

the presence of O2
– superoxide anion formed from the plasma process (e– + O2 → O2

–

).63 Further reports have attributed the acidity of water to H3O
+ species resulted from 

electron and He ion impact reaction with water molecule at the interface as 

represented by equation (14 and 15) in section 3.3.4.64,65 The presence of H+ radical 

which can also influence the pH in ethanol is attributed also to ion induced 

dissociation of water molecule from equation 11, in section 3.3.4. Thus, in our case, 

O2
–, H3O

+, H+ are all species that could contribute to the acidolysis of ethanol. 

Therefore, this study shows that the solution pH decreases over process duration. 

Further, a much lower pH value is observed in case of the graphite anode probably 

from abundant protonium species. But with Cu anode, protonium species are used for 

the formation of Cu related product formation.66  
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Figure 3.26.  Variation of pH for two different currents and durations. 

 

3.3.8 Infra-red spectroscopy 

 Fourier transform infra-red (FTIR) spectroscopy measurements were carried 

out for both configurations, i.e. with Cu foil and graphite anode; a Thermo fisher 

Nicolet iS5 was used. Measurements were initially carried out by placing the samples 

on the diamond window in the attenuated total reflectance (ATR) module which 

records the spectrum from 550 cm-1 to 4000 cm-1. Spectra were recorded averaging 

30 scans after background removal. Figure 3.27 shows the transmittance observed 

from 4000 cm-1 to 750 cm-1 for untreated ethanol and 15 minutes processed Cu-oxide 

colloid with Cu foil. The broad absorption peak at 3100-3600 cm-1 corresponds to O-

H stretching vibrations modes. The peaks at 2973 cm-1 and 2888 cm-1 are due to the 

C-H stretching vibrations. Peaks at 1089 cm-1 and 1335 cm-1 are from C-C stretching 

and CH3 bending respectively and these bands were commonly observed in all the 

samples with no visible differences.67 This is consistent with ethanol constituting the 

majority of the liquid samples after the plasma treatment. 
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Figure 3.27. IR transmittance bands of ethanol (a) before plasma process (b) plasma 

processed for 15 min a 0.5 mA with Cu foil as anode. 

 To resolve any smaller changes due to plasma process, higher resolution 

measurements were carried out using a liquid cell made up of BaF2 window spaced 

by a PTFE film (thickness 50 m) combined to form a small compartment placed in 

the transmittance module. Approximately 20 L of plasma-processed ethanol were 

injected into the compartment ensuring that no air bubbles were formed. All the 

measurements were carried in nitrogen atmosphere to suppress interference of 

atmospheric water and carbon di-oxide vibration in the spectra. All FTIR 

measurements were carried out within a time interval of 5 minutes after the plasma 

process. In this case, we observe a well-defined weak band at around 1658 cm-1 

which changes with plasma processing time (figure 3.28 and 3.29). The peak at 1658 

cm-1 corresponds to H-O-H bending modes of a free H2O molecule,68 which suggests 

an increasing water content during plasma processing. This was previously reported 

to originate from water vapour dissolution in ethanol when exposed to air.69 
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Figure 3.28. IR transmittance bands of plasma processed ethanol with Cu foil, (a) 

0.5 mA and (b) 3 mA  for different process durations. 

 

Figure 3.29. IR transmittance bands of ethanol with graphite anode at (a) 0.5 mA 

and (b) 3 mA for different process durations.  

 Based on a calibration curve of known amount of water in ethanol (shown in 

figure 3.30), the concentration of water content after the plasma process for two 

different anodes for various durations were estimated. Figure 3.31 is the estimated 

concentration of water molecules formed after the plasma process for two different 

anodes over various process durations. A sudden decrease in the total water content 

is observed for the samples processed at higher current, 3 mA, independent of the 

anode and suggesting a reaction involving water.  
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Figure 3.30. Calibration plot for various concentration of H2O in ethanol, (a) IR 

transmittance bands and (b) concentration graph.   

 

Figure 3.31. Water molecule concentration estimated for two currents in presence of 

Cu and graphite anodes. 

 

3.3.9 Nuclear magnetic resonance measurement 

 Proton (1H) and carbon (13C) nuclear magnetic resonance (NMR) 

measurements were carried out on plasma-processed samples using Bruker Avance 

DPX 600 MHz and 400 MHz spectrometers. For the measurements, the liquid 

samples were taken in dimethyl sulfoxide (DMSO) capillary and run with high scan 

rates to achieve good resolution such as 64 scans for 1H and 2048 scans for 13C. 
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Figure 3.32a shows proton NMR of plasma-processed samples at 0.5 mA with two 

different anodes (Cu and graphite); NMR spectra of the corresponding samples at 3 

mA are shown in figure 3.32b. All the samples show three significant peaks at and 

around 1.18 ppm (triplet), 3.61 ppm (quartet) and 5.20-5.35 ppm (singlet) which are 

identified to three different proton environments that match to CH3, CH2 and OH in 

ethanol molecule respectively.70 The small symmetrical satellite peaks either side of 

the 1.18 ppm and 3.61 ppm peaks are due to 13C nuclei coupling. Ethanol processed 

from graphite anode at 0.5 mA and 3 mA currents displays a peak at ~3.93 ppm, that 

could be attributed to secondary carbon (CH) group of isopropanol (IPA) molecule. 

We should note that this peak is higher for the higher current (3 mA, figure 3.32b) 

and when the graphite electrode is used. Finally, a minor peak around 2.5 ppm comes 

from dimethyl sulphoxide (DMSO), which was used for the measurements. 

 Figure 3.33a shows the 13C NMR spectra of plasma processed liquid samples 

with Cu and graphite anodes at low current 0.5 mA and figure 3.33b for 3 mA 

respectively. The very small peaks are due to noise level intrinsically present in the 

spectra. The spectra mainly have two large peaks due to ethanol at 16.8 ppm and 

56.3 ppm, which can be linked to terminal CH3 and -CH2- respectively. Dimethyl 

sulphoxide peak can be also observed clearly at 40 ppm. The sample with the 

graphite anode shows two peaks at 23.8 ppm and 62.7 ppm associated to methyl 

(CH3) and secondary (-CH-) carbon in isopropyl alcohol (IPA), respectively.67,71,72 

However, no IPA peaks were observed for Cu anode at 3 mA. Thus, C13 NMR 

confirms the presence of majority of product is ethanol with some minor impurities, 

potentially IPA. 
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Figure 3.32. Proton NMR spectra showing chemical shift due to plasma process at 

(a) 0.5 mA and (b) 3 mA, for a duration of 30 minutes. Each figure reports the 

spectra for pure ethanol, plasma treatment with graphite anode and copper anode.  
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Figure 3.33.  13C NMR spectra showing chemical shift due to plasma process for (a) 

0.5 mA and (b) 3 mA carried out for 30 minutes. Each figure reports the spectra for 

pure ethanol, plasma treatment with graphite anode and copper anode. 

 

3.3.10 Gas Chromatography-Mass Spectroscopy (GC-MS) 

 Figure 3.34 and 3.35 shows the gas-chromatography-mass spectroscopy (GC-

MS) chromatograms of samples processed with the Cu and graphite as anodes 

respectively (see section A.2.11 for on measurement details). All the plasma 

processed samples show peaks of elution time related to ethanol at around 1.6 min 
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with some minor peaks at 1.47 min, 1.52 min, 1.85 related to N2, H2O and 

dichloromethane respectively. Similar peaks were also observed with samples 

processed at higher processing current (3 mA).  

 With the exception for the sample at 0.5 mA with Cu anode, all samples show 

a peak following ethanol at higher elution time around 1.7 min corresponding to 

isopropyl alcohol. The ratios of integration area under the peaks are related to the 

ratio of the compounds present in the samples. Table 3.3 shows the approximate 

ratios of ethanol to isopropanol present after the plasma process. In conclusion both 

NMR and GC-MS measurements reveals that the majority of the solution contains 

ethanol after plasma process with trace amount of isopropyl alcohol present as an 

impurity. Thus, confirming the plasma process does not produces any other by-

product in the solution. This is evidence that the process is a green cycle where the 

starting and ending solution remains substantially the same. 

 

Figure 3.34. Chromatogram of plasma processed ethanol in Cu foil as anode. 

Table 3.3. Approximate ratio of ethanol to isopropanol present after the plasma 

process. 

Type of anode Current (mA) Ethanol /IPA 

Cu foil 
0.5 - 

3 7 : 1 

Graphite rod 
0.5 38 : 1 

3 8 : 1 
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Figure 3.35. Chromatogram of plasma processed ethanol with graphite as anode. 

 

3.3.11 Discussion on the reaction mechanism 

 Plasma interactions with ethanol in air induce different types of chemical 

reactions through the interface producing several species. Studies on plasma 

interactions with water found ions and radicals such as H3O
+, O2

–, OH*, NO2
–, NO3

–

etc.73 In our configuration of course electrons are also expected to be introduced at 

the interface and play a significant role in a range of reactions. Counter ions present 

in the liquid are expected to move towards the respective electrode area. Almubarak 

et al.74 reported that with glow discharges in aqueous ethanol, products such as 

acetaldehyde, hydrogen peroxide, butan-2,3-diol, and acetic acid were formed at 

varying concentrations depending on a range of parameters such as oxygen gas flow, 

discharge current and voltage used. Du et al. reported that with tornado-type 

electrical discharge,75 arc discharge plasma reactor,76 plasma-catalyst hybrid 

systems,77 hydrogen gas and carbon monoxide are the major products in addition to 

other minor components such as aldehyde, acetic acid, methane, etc. However, the 

plasma configuration and conditions can drastically impact the reaction chemistry 

and importantly the kinetics of reaction paths so that different products can easily 

result from different plasma set-ups. 

 Based on our results we can draw conclusions on the species present in the 

samples after the plasma treatment at different conditions and on the likely species 

that may be formed during the process. Overall, we could not find acetaldehyde or 

acetic acid in significant quantities like it was observed in glow discharge 
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electrolysis process.74 Instead NMR, GC-MS and FTIR measurements reveals the 

main species to be ethanol and of course CuO QDs as demonstrated through our 

materials characterization (see 3.2.2). The process does produce hydrogen peroxide 

(colorimetry results with graphite electrode, 3.3.6); however, this does disappear at 

the end of the CuO QDs synthesis, suggesting that H2O2 contributes to some 

reactions and likely plays a role in the synthesis process. Water was also found to be 

present after the process, confirmed by FTIR measurements. And acidolysis of 

ethanol was also observed over the process time (see 3.3.7). These results can now be 

used to draw a picture of the possible formation mechanisms leading to CuO QDs 

(figure 3.36). 

 As for the most part, the initial solution remains unchanged where ethanol 

essentially acts as a “catalyst” and the process can be described as a “green” reaction 

cycle with water molecule and other by-products such as H2O2 could be in support of 

the synthesis. A diagram depicting the overall process is provided in figure 3.36a 

with green colour gradients representing the plasma induced radicals in liquid. The 

following steps can be considered (figure 3.36b). 

 At the plasma-ethanol interface, gas phase electrons assumed to interact with 

ethanol molecule breaks to form ethoxy ions (CH3CH2O
–) and hydrogen radicals 

(step-1 of figure 3.36b). This dissociation occurs either via dissociative electron 

attachment of vaporized ethanol molecules or through the reaction of solvated 

electrons with ethanol in the liquid phase. The hydrogen radicals then recombine and 

form molecular hydrogen gas, which is released to the atmosphere. In general, we 

can safely assume that the presence of radicals/ions formed at the plasma-ethanol 

interface present a decreasing concentration gradient as we move away from the 

plasma. Near the anode area at the copper foil, anodic dissolution occurs and results 

in the production of Cu ions (standard oxidation potential for Cu2+ ion is –0.345 V)78 

into the solution. This is evidenced by the presence of Cu ions supported from semi-

quantitative analysis using the copper test strips (see section 3.3.3). The 

concentration of copper ions was found to increase with processing time up to ~30 

mg/L as discussed in section 3.3.2. The concentration was also seen to increase with 

processing current. The increasing concentration in all cases indicates that more Cu 

is supplied than it is consumed and therefore the synthesis is not supply-limited. The 
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divalent Cu ions (Cu (II)) are then transported via electrophoresis towards the 

plasma-ethanol interface, whereby the monovalent state (Cu(I)) is believed not to 

contribute to the current as less soluble in ethanol. Surface passivation in the form of 

an insulating film on the electrode could affect anodic dissolution, however at low 

currents this is not expected to affect the dissolution.38  

 

 

Figure 3.36. Reaction cycle involving the formation of CuO nanoparticle. 

 

 The negatively charged ethoxy ion attach with the electropositive Cu (II) ions 

to form copper ethoxide as in step 2 (figure 3.36b). Other than the formation of the 

CuO QDs and that all other reaction pathways are experimentally supported, there is 

no definitive confirmation that copper ethoxide is formed. Furthermore, we should 
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note that if copper ethoxide is formed and participates to the QDs synthesis, we 

would expect this compound only in small quantities as a result of excessive supply.  

 The water molecule (as revealed from FTIR measurements) present in 

ethanol can reacts with copper ethoxide to form a gel. Such a process of gelation 

were commonly observed when metal alkoxides reacts with water as reported by Lee 

et al.79  Similarly in our process, a gelation occurs through hydrolysis (step-3 in 

figure 3.36b). A similar kind of reaction was proposed by Yoldas80 for hydrolysis of 

titanium alkoxides to TiO2.  Sol-gel is a well-known technique for the synthesis of 

inorganic and ceramic glasses.81 The hydrolysis between the copper ethoxide and 

water molecules results in a Cu complex that later form a localised cluster of gels. 

Cudennec et al.82 reported that Cu(OH)2 in aqueous medium at 323 K exhibits to 

tetrahydroxocuprate (II) anions, Cu(OH)4
2-, a complex of divalent Cu ion with OH at 

the corners of a square planar structure. It was also explained that it was a reversible 

transformation that depends on the copper ion concentration and it stabilises on the 

account of Jahn Teller distortion that later transforms to monoclinic CuO.  

 Likewise in our PiNE process, water molecules, Cu ions and ethoxy ion are 

expected to form a distorted octahedral complex with Cu(II) ion at the centre as 

similar to one reported by Brubaker et al.80 through magnetic moment, ultraviolet 

and infrared measurements. The Cu (II) ion at d9 state is under Jahn Teller distortion 

and can stabilise itself in square planar geometry. Their charge depends on the type 

of ligands and bonding between them. Abbott et al.38 discussed about the behaviour 

of metal complex that depend on the solvent, concentration of ligand, nearest 

neighbour of metal ion with ligand and pH. An intermediate stage of the copper 

ethoxide undergoes partial hydrolysis with hydrated water molecules to form a 

complex as shown in equation 19. At some critical point, the super saturated clusters 

of these Cu complex form a gel (step 4 in figure 3.36b) which further undergoes 

elimination reaction to form by-products such as water and ethanol molecule shown 

in equation (20) and equation (21) respectively. This results in basic units of Cu – O 

– Cu bridges that form the square planar CuO4 units (square planar structure in which 

divalent copper is in the centre between four oxygen corners), the fundamental unit 

of monoclinic CuO crystal lattice. Thus, the process of polycondensation occurs 

locally by the gel and ends up as nucleates.  
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Equation 19: 

2

(n-1). n .

1-hydroxyethoxide

 

Equation 20: 

Equation 21: 

Equation 22: 

 

 The synthesis rate and size control of CuO QDs during PiNE is determined 

by the spatial distribution of species due to the microplasma interacting with the 

liquid. The region inside the liquid phase underneath the plasma possesses the right 

thermodynamic conditions such as temperature and monomer concentration for 

spontaneous nucleation and growth of QDs. Therefore, the formation of QDs occurs 

within a very localized region near the plasma, in comparison to other synthesis 

techniques where nucleation and growth occur across the entire solution.83 The 

diffusion of QDs away from this region (possibly facilitated by temperature 

gradients) terminates the growth of the QDs (represented in a curvature path in figure 

3.36a). The nucleation-growth process is therefore restricted near the plasma 

interface where there is rich availability of all precursor for rapid formation of QDs 

(step 5 in figure 3.36b). This is supported by time-dependant analysis (UV-Vis and 

XPS) in 3.3.2 which shows that CuO QDs of the same size (and properties) are 

formed from the very start of the process.  
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 For larger size CuO nanoparticles, the growth usually takes place via the 

progression of CuO4 units in all six different directions and depends on the 

availability of monomeric precursors.82 The condensation mechanism of alternate 

chains of CuO4 units could results into various nanostructures growth as reported by 

Zhang et al.84 as observed in wet chemistry methods. The presence of hydrogen 

peroxide can increase the nanoparticle growth rate through per-oxy termination (O2
2-

) to metal atom as shown in equation 22. Peroxyl groups are strong chelating agents 

that enhances hydrolysis of ethoxy groups to ethanol and Cu-O bridge85.  

 At 0.5 mA, we do not observe any intermediate products other than an 

increasing Cu ion concentration; therefore, we have to assume that the reaction chain 

is limited by the supply of ethoxy ions and consequently by reaction 18 in table 3.2, 

section 3.3.4, which is strongly dependent on the processing current. Water appear to 

be readily available at any condition essentially depleting copper ethoxide. However, 

at 3 mA, a higher production of ethoxy ions can lead to a bottleneck in step-3 

therefore with the formation of an amorphous gelatine compounds as observed by 

TEM (figure 3.7b, section 3.2.3).  

 Nonetheless, at higher processing currents (3 mA), the processes cycle could 

be also affected from the formation of higher molecular complexes that are also 

amorphous products as seen along with the QDs in transmission electron 

micrographs. This could be explained from excess hydrogen peroxide that forms Cu 

(OCH2CH3). (OH). nH2O complexes, some of which does not undergo the cyclic 

process to form the CuO QDs. However, at the same time the presence of protonic 

species as evident from the increase in acidity of the solution could also prevent the 

hydrolysis of the cluster gel to form nucleates.86 Overall, it can be concluded that the 

process of formation of CuO QDs is very localised near the plasma interface with the 

liquid, where the formation of QDs is aided mainly by the presence of water 

molecules, organometallic compounds, chiefly copper ethoxide, and moderately by 

the presence of hydrogen peroxide, supporting the idea of green cycle mechanism. 
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3.3.12 Conclusion 

 The formation mechanisms of metal oxide QDs in a PINE process were 

studied in detail providing a clearer understanding of the reaction paths. Various 

primary analytical techniques including FTIR, NMR and GC-MS confirmed the 

presence of solvent as the major component after plasma process except some by-

products such as water and hydrogen peroxide, which were found to exist along Cu-

oxide QDs. These chemical species were also quantified. Further, a detailed CuO QD 

synthesis cycle was drawn based on observed products and assuming the key copper 

based organo-metallic complexes. A full understanding of the green cyclic reaction 

paths was therefore achieved. The process may be similar for the wider range of 

metal oxide and indeed relevant to build a more complete theoretical framework for 

PINE.  

 

3.4 Post annealing studies of Cu-oxide QDs synthesized from PiNE process 

3.4.1 Introduction 

 Structure and phase stability of Cu-oxide QDs obtained from PiNE process is 

studied under annealing. Annealing was carried out on Cu-oxide QDs synthesized as 

previously described (see 3.2, 3.3) obtained for two different currents 0.5 mA and 3 

mA. First as-prepared colloids were taken in a 7 mL volume vial dried at 60 oC for 

about ~45 min to remove any excess solvent and continued to 350 oC for 8 h under 

ambient air in a muffle furnace. It is noted here that the temperature of the process 

was chosen based on TGA/DSC measurements (see figure 3.11) in which the CuO 

phase seems to be preserved during the temperature range from 250 oC until 450 oC. 

After annealing, the samples were cooled in the same furnace under ambient air 

overnight. The samples were collected and re-dispersed in 3 mL of ethanol by 

sonicating for 30 min; a dark brown solution was finally obtained. The annealed 

samples hereafter will be labelled as Cu-oxide nanoparticles (NPs). 
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3.4.2 Structure and Crystallinity 

 Structure and crystalline of Cu-oxide after annealing of the samples were 

studied using a transmission electron microscope.  The samples in ethanol 

were first drop casted, onto a gold coated carbon grids and dried overnight. 

The microscopy and selected area electron diffraction were carried out using 

JOEL JEM-2100F accessorized with a Gatan DualVision 600 Charge-Coupled 

Device at an accelerating voltage of 200 kV. Further the d-spacing and 

diffraction rings were analysed using ImageJ software.   

 

 

Figure 3.37. Transmission electron micrographs of Cu-oxide samples (a) annealed 

0.5 mA and (b) annealed 3 mA. 
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 Figure 3.37 shows micrographs of the samples revealing well dispersed and 

crystalline particles. The particle size distribution obtained fitting a lognormal 

distribution on the bar chart of about 100 nanoparticles shows that their average size 

is 24.77.7 and 19.14.4 nm for the samples at 0.5 mA and 3 mA, respectively. This 

is an increase in size from 2.53 nm and 1.78 nm respectively. The SAED patterns (in 

figure 3.37a and b) from nanocrystals shows bright dots arising from diffraction from 

the crystal lattice. Further the estimated d-spacing from the bright spots in the rings 

clearly reveals that the majority of the phases are from cupric oxide CuO (as shown 

in green fitted rings in figure 3.37). Interestingly, we also found that both samples 

show bright ring related to d = 0.245 nm of (1 1 1) lattice plane for the cubic Cu2O 

phase.  

 

3.4.3 Chemical analysis 

 The elemental and oxidation states of Cu-oxide after annealing were studied 

through x-ray photoelectron spectroscopy (XPS). The measurements were performed 

using a Kratos Axis Ultra DLD photoelectron spectrometer working at ~10-9 mbar 

base pressure with monochromatic x-ray radiation Al Kα generated at 15 kV and 10 

mA. The analyser pass energy were set to 150 eV for survey and 20 eV for high-

resolution spectra that are acquired at a dwell time of 200 ms. The position of the 

peaks were in general identified using NIST web database15 and local database from 

CASA XPS software wherein the spectral fitting was also performed. Samples in the 

form of colloids were first drop casted on silicon substrates and dried under ambient 

air at 60 oC for 30 minutes.  

 Figure 3.38 shows the XPS survey scan spectra obtained for annealed 0.5 mA 

and 3 mA samples in which the spectra clearly reveal the presence of Cu and O. All 

the bands were first calibrated with carbon C 1s to 284.6 eV to account for charge 

shift during measurement.16 Figure 3.39a shows high resolution scan of Cu 2p core 

shell with the 2p3/2 and 2p1/2 doublet at around 934.5 eV and 954.3 eV respectively 

with shake-up satellite peaks approximately 8-9 eV (at 942.5 eV and 962.5 eV) from 

main peaks. Cu 2p3/2 of the broader Cu 2p doublet bands were decomposed using 
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asymmetric line profile combined with Gaussian and Lorentzian functions. The 

peaks were identified based on a report by Biesinger et al. based on XPS study on 

transition metal oxides.87 The low binding energy component at 932.6 eV correspond 

to Cu(I) state in Cu2O, the second and most prominent peak in the whole spectra at 

933.6 eV is related to Cu(II) oxidation state of CuO phase and finally minor peaks 

are related to cupric ion linked to electronegative species such as hydroxides or from 

ethanol from the solvents. The broad satellite bands were also fitted into two main 

peaks (940.8 eV and 943.4 eV) arising from electron transition states from bonding 

and antibonding states.  Figure 3.40a shows the comparison of atomic concentration 

of Cu(I) and Cu(II) states as oxides and also from other copper compounds present in 

the samples after annealing in comparison with as-prepared QDs (analysis and fitting 

can be seen in section 3.2.2). After annealing, we could observe 16 % to 19 % of 

Cu2O phase formed along with the main CuO phase. This was also supported from 

TEM-SAED pattern revealing a diffraction ring related to Cu2O phase. However, 50 

% to 60 % of other copper related by-products or surface terminated function group 

on QD surface present before annealing has been reduced to 10 % to 15 %.  

 

Figure 3.38. XPS survey scan spectra of annealed Cu-oxide samples. 

 Figure 3.39b shows the O 1s core level revealing broad spectra with 

distinguished shoulder due to the presence of different chemical states of oxygen 

present. The spectra from the two annealed samples were de-convoluted into two 
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main peaks using curve fitting procedure with Gaussian-Lorentzian functions. The 

most intense sharp and low binding energy peak at 529.6 eV is from O2- of CuO 

phase, the next small peak at 530.5 eV can be assigned to O2- of Cu2O phase. We 

could observe two significant shoulder peak from 531 eV to 533 eV in which the 

peaks were decomposed and the one labelled as ‘other’ around 531.5 eV could be 

related to deficient lattice sites on the surface of the particles or loosely bonded 

adsorbed oxygen; sometimes this peak is also assigned to OH–.88  The last higher 

binding energy peak at around 532 eV can be identified from a contribution from 

native oxide SiO2 of the Si substrate89 or surface related oxy-carbonaceous 

contamination such as C=O or adsorbed water molecule etc.90,26 Similarly, oxygen 

content for both copper oxide phases and other copper compounds were estimated 

shown in figure 3.40b in comparison with as-prepared QDs (analysis and fitting can 

be seen in section 3.2.2). The components of O 1s are consistent with the analysis of 

the Cu peak for Cu2O and CuO positioned at 932.6 eV and 933.3 eV respectively.  

 

Figure 3.39. XPS analysis of annealed Cu-oxide (a) Survey spectra, core level (b) 

Cu 2p and (c) O 1s. 
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Figure 3.40. Atomic concentration of different oxides presents in before and after 

annealing (a) Cu 2p and (b) O 1s, error bars are estimated from data taken at 3 

spots on the samples. 
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3.4.4 Optical properties 

 The optical characteristics over 200 nm to 900 nm of the annealed Cu-oxide 

nanoparticles were investigated by UV-Vis spectroscopy using Perkin Elmer-

Lambda 650S UV/Vis spectrophotometer equipped with a 150-mm integrating 

sphere. The measurement was carried out on Cu-oxide nanoparticle dispersed in 

ethanol taken in 1 cm path length cuvette placed in path of the light. Figure 3.41a 

shows the transmittance of light over different wavelengths from ultraviolet 

extending up to red part of visible spectrum. The materials response over 

wavelengths gives us the idea of its behaviour over light through its absorption 

coefficient (figure 3.41b). The samples clearly show a significant absorption 

coefficient over the visible spectrum. However, we cannot assign or further estimate 

the bandgap values due to the existence of mixed phases (CuO and Cu2O) after 

annealing as evidenced from TEM and XPS analysis. 

 

Figure 3.41. Optical characteristics of copper oxide nanoparticles as colloid after 

annealing (a) Transmittance, (b) absorption coefficient. 
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during annealing process. This type of growth is presumably due to Ostwald type 

process.91 However, thermodynamically the size of  nanoparticle is related to melting 

temperature which linked to higher surface to volume ratio of QDs.92 Therefore 

heating the Cu-oxide QDs at 350 oC for 8 hrs can increase their particle size. 

Nevertheless, formation of different phase of copper oxide (evidenced from TEM 

and XPS in section 3.4.2 and 3.4.3) can be identified from annealing in air 

atmosphere.93,94  

 

3.4.6 Conclusion 

 Copper oxide QDs obtained from PiNE were annealed at 350 oC for 8 h in 

ambient air. The annealing temperature was chosen based on the previous DSC/TGA 

analysis as discussed in section 3.3.1. Annealing the samples over 8 h at 350 oC 

increases the particle diameter up to ~20 nm from <3 nm as evidenced from TEM 

analysis. Further SAED analysis shows significant Cu2O fraction in the nanoparticles 

and this observation was also supported from chemical analysis using XPS 

measurement in which the phases were quantified to present up to around 11.2 % and 

10.5 % along with the main CuO phase obtained from 0.5 mA and 3 mA processing 

currents respectively. While more in depth-studies are required to understand fully 

the larger absorption, the work provides interesting changes in the optical properties 

that could be beneficial for solar cell and catalytic applications.  

 

 

3.5 Synthesis and characterisation of mixed manganese oxide phases using 

plasma induced non-equilibrium electrochemistry (PiNE). 

3.5.1 Introduction 

 In light of the results obtained with a range of metals, we decided to attempt 

the synthesis of manganese oxide quantum dots as this would further contribute to 

generalize the synthesis process for metal oxides QDs by PiNE. The set-up (figure 

3.42a), as before, consists of two electrodes, in which manganese foil always acts as 
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the anode and a Ni capillary tube (0.7 mm internal and 1 mm external diameter), 

carrying He gas at 50 sccm, acts as cathode. The Mn foil is immersed (1 cm2) inside 

15 mL of ultrapure ethanol placed in a glass dish (total volume 40 mL). The distance 

between the electrodes were constant over different experiment around 15 mm. A 

microplasma is generated and maintained at a spacing of approximately 1-2 mm 

from the tip of the capillary tube onto the surface of ethanol using a DC power 

supply source.  

Various experiments were conducted varying the currents (0.2 mA, 0.5 mA, 1 

mA and 3 mA) by keeping constant the rest of the parameters such as He gas flow, 

distance between electrodes and spacing between Ni tube-liquid surface. The entire 

process was carried out for a duration of 30 min and produced pale brown to dark 

brownish solutions (as shown in figure 3.42b). Further, the colloids were 

characterised for various properties such optical, structural and electrical. 

 

Figure 3.42. (a) schematic of the hybrid PiNE cell; (b) manganese oxide colloid 

obtained for different processing current. 

 

3.5.2 Size and morphology 

 The Structure and phase of the QDs were studied using a transmission 

electron microscope. The as-prepared colloid samples were first drop-casted onto a 

gold-coated carbon grids and dried at room temperature overnight. The microscopy 

and selected area diffraction were performed using JOEL JEM-2100F accessorized 

with a Gatan DualVision 600 Charge-Coupled Device at an accelerating voltage of 

200 kV. The d-spacing and diffraction rings were measured using ImageJ software. 
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Figures 3.43 to 3.46 show transmission electron micrographs and their analysis of 

manganese oxide obtained using the plasma process for different currents. All the 

samples show more or less spherical shaped quantum dots. The diameter of the QDs 

was estimated by accounting approximately ~100 particles and fitting the distribution 

with a lognormal function. Figure 3.47 shows the variation of particle size for 

different plasma processing current. The high-resolution micrographs of QDs for 

each current show diffraction fringes of quantum dots revealing they are crystalline. 

Selected area diffraction pattern from a group of QDs reveals concentric rings related 

to different phases present in the particles. Assignments are based on the standard 

JCPDS file shown in table 3.4. QDs synthesized at 0.2 mA show ring patterns that 

can match up to all four phases of manganese oxide such as MnO (cubic), -MnO2 

(tetragonal), Mn2O3 (cubic) and Mn3O4 (tetragonal). At 0.5 mA the patterns can also 

be fitted with many phases such as MnO (cubic), -MnO2 (tetragonal), -MnO2 

(orthorhombic) and -Mn3O4 (orthorhombic). At higher processing current, 

specifically at 1 mA, we observed spots and rings that are related to orthorhombic 

phases of -MnO2 and -Mn3O4. Finally, at 3 mA, the diffraction pattern was 

corresponding to Mn2O3 (cubic) phase only. Overall, the particle size is found to 

increase with processing current likely due to the increased availability of Mn ions 

from anodic dissolution and other reactive species formed from the plasma-induced 

process, as per our analysis of CuO QDs synthesis (see section 3.3.11).95 The 

increased particle number can be confirmed visually by increased dark colour of the 

solution with processing currents.  

 

Table 3.4. Different MnxOy phases and their standard reference diffraction file used 

to identify SAED rings.  

Phase Referenced ICDD 

(JCPDS) file number 

MnO (cubic) #751091 

-MnO2 (tetragonal) #812261 

 -MnO2 (orthorhombic) #822169 
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Mn2O3 (cubic) #894836 

Mn3O4 (tetragonal) #894837 

-Mn3O4 (orthorhombic) #862337 

 

 

Figure 3.43. MnxOy quantum dots transmission micrographs and their phase, size 

analysis for 0.2 mA processing currents. 
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Figure 3.44. MnxOy quantum dots transmission micrographs and their phase, size 

analysis for 0.5 mA processing currents. 

 

 

Figure 3.45. MnxOy quantum dots transmission micrographs and their phase, size 

analysis for 1 mA processing currents. 
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Figure 3.46. MnxOy quantum dots transmission micrographs and their phase, size 

analysis for 3 mA processing currents. 

 

Figure 3.47. Variation of Mn-oxide quantum dots mean size for different processing 

currents. 
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3.5.3 Chemical analysis 

 The elemental and oxidation states of the QDs were studied by XPS. Samples 

in the form of film were prepared by first drop casting the colloid on silicon 

substrates and dried under ambient air at 60 oC. The measurements were performed 

using a Kratos Axis Ultra DLD photoelectron spectrometer working at ~10-9 mbar 

base pressure with monochromatic x-ray radiation Al Kα generated at 15 kV and 10 

mA. The analyser pass energy were set to 150 eV for survey and 20 eV for high-

resolution spectra that are acquired at a dwell time of 200 ms. The position of the 

peaks were in general identified using NIST web database15 and local database from 

CASA XPS software wherein the spectral fitting was also performed. The charge 

correction was performed based on C 1s to 284.6 eV.96  

 

Figure 3.48. XPS survey scan spectra of manganese oxide quantum dots for different 

processing current. 

 Figure 3.48 shows the x-ray photoelectron survey scan spectra of manganese 

oxide samples processed for different currents. The spectra reveals that the main 

elements include manganese and oxygen peaks where Si comes from the substrate. 

The high-resolution spectra of the atomic core levels of manganese and oxygen show 
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broad peaks possibly as the result of more oxidation states. Figure 3.49 shows the 

Mn 2p high resolution spectra with two peaks (3/2 and 1/2) due to inherent spin orbit 

splitting for various processing currents. The baseline of Mn 2p spectra were fitted 

with Tougaard function. To identify different oxidation state of manganese, the 

spectra were decomposed using an asymmetric Lorentzian deconvolution function. 

For simplicity, the main 2p3/2 peak of the spin-orbit splitting was only considered 

for fitting. All the samples were decomposed into five different components in which 

the broadest component peak, i.e. at high binding energy at around 645 eV 

corresponds to the shake-up satellite. From lower to high binding energy, the 

decomposed components can be assigned to increasing oxidation state of manganese 

elements starting from metallic state Mn(0) to Mn(IV). Biesinger et al. have 

discussed oxidation states of manganese in manganese oxide based on pass energy 

and peak full width at half maximum (FWHM) position.97 Nesbitt et al. also 

discussed the different manganese oxidation states based on precipitation mechanism 

of MnO2.
98 Based on these reports, we assigned 640.3 eV to Mn(II) (MnO), ~643.0 

eV to Mn(IV) (MnO2), ~642.1 eV to Mn(III) (Mn2O3 or MnOOH), ~641.1 eV for 

mixed oxidation state between (II) or (III) states (Mn3O4).
99,100 However in all our 

Mn core level, we can observe that peaks from 641 eV to 642 eV are predominant, 

clearly revealing that the majority of phases could be in higher oxidation states such 

as Mn2O3, Mn3O4 or possibly MnO2. The shake-up satellite peak at higher binding 

energy 645 eV arise due charge transfer between oxygen and paramagnetic 

manganese ion in the lattice. This is related to structural arrangement of oxygen 

around manganese either octahedral or tetragonal order.101 At 3 mA processing 

current, the sample has an intense component at ~641.1 eV, which reveals the 

presence of the Mn2O3 phase, corroborating the TEM analysis and confirming the 

presence of pure single Mn2O3 phase at higher current. 
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Figure 3.49. XPS high resolution Mn 2p spectral analysis of various manganese 

oxide quantum dots obtained for different processing current. 

 Figure 3.50 shows the O 1s core level spectra of all the samples prepared for 

different plasma processing current. The spectra clearly show that different 

contributions are present. The whole spectrum was first background subtracted with 

Shirley type function. Then deconvolution was performed by fixing the FWHM, 

using asymmetric Lorentzian function. The peaks were assigned starting from the 

lower binding energy, i.e. from the distinctive shoulder peak around 529.2-529.8 eV; 

this corresponds to O2
– bonded to manganese metal in manganese oxide.97 This peak 

is identified as OL in figure 3.50. The next component at 531.1 eV (OV) can be 

assigned due to oxygen defect sites in the lattice or loosely bounded adsorbed oxygen 

or sometimes this peak is also assigned to OH–.88  The most intense and broad peak 

(OO) at around 532 eV can be from O2
– from native oxide SiO2 from the substrate.89 

The component peak at higher binding energy (OS) could relate to surface oxy-

carbonaceous contamination such as C=O etc. or adsorbed water molecule.90 For 

increasing processing current, we observe that there is an increase in the high binding 

energy shoulder which could arise from carbon-based by-product formed during the 

process.  
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 Overall, XPS reveals existence of single phase Mn2O3 at 3mA current and 

presence of multi-phase manganese oxide at lower current from PiNE. These results 

corroborate the analysis from TEM-SAED measurements which also confirm mixed 

manganese oxides in the QDs at 0.2-1 mA and single phase at 3 mA.  

 

Figure 3.50. XPS analysis of high resolution O 1s core levels spectra. 

 

3.5.4 Optical properties 

 The optical characteristics of MnxOy QDs in colloids were investigated by 

UV-Vis spectroscopy using Perkin Elmer-Lambda 650S UV/Vis spectrophotometer 

equipped with a 150-mm integrating sphere. All the measurements were recorded in 

the wavelength range from 250 nm to 800 nm. Figure 3.51 show the transmittance 
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Figure 3.51. Optical transmittance from manganese oxide QDs colloid obtained for 

various processing currents. 

 All samples were measured subtracting ethanol as background and show 

significant changes in transmittance. The nature of transition and the bandgap were 

calculated by using the procedure discussed in section 3.2.5. Discontinuity plots are 

shown in figure 3.52a which reveal the bandgap of the samples around ~2.30 eV.33,34 

Correspondingly, the nature of the transitions can be estimated with figure 3.52b and 

by fitting the linear part. we obtained values ranging from 1.70 to 1.98 eV which are 

close to the value for an indirect band transition (r = 2). As our TEM and XPS 

analysis reveals mixed phase oxides at lower currents (0.2, 0.5 and 1 mA), it is 

however hard to reliably assign the behaviour and estimate the bandgap; only when a 

single (Mn2O3) phase is produced, at 3 mA, a valid estimation of the bandgap can be 

carried out, e.g. using Tauc’s plot (figure 3.52c). Therefore the optical bandgap at 3 

mA is estimated for Mn2O3 to be 2.02 eV. However some of the reported theoretical 

(experimental) bandgap values manganese oxide phases are MnO - 4.02 eV (3.6-4.2 

eV) , -MnO2 - 1.5 eV (0.26 eV), -Mn2O3 - 0.6 eV (1.2 eV) and Mn3O4 - 2.4 eV 

(1.91 eV).102,103,104 In fact the visible light absorption in Mn2O3 is reported to caused 
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from to ‘d – d transition’ in Mn3+ ion.105  Such transitions are classified as forbidden 

however several reports on Mn2O3 bandgap were assumed as direct nature (1.2 - 2.09 

eV).105,106 Thus, our estimated bandgap values for Mn in +3 i.e. Mn2O3 phase is 

higher (2.02 eV) than the theoretical value (0.6 eV) probably from their size related 

effect of manganese oxide which is corroborated by their small size TEM results.  
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Figure 3.52. Optical characteristics of manganese oxide QD colloids (a) bandgap 

discontinuity (b) nature of transition and (c) Tauc’s plot for manganese oxide 

quantum dot at 3 mA. 
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around 25 eV, O 2p and Mn 3d occurs around 2-10 eV. It is also revealed that the 

presence of lower oxidation states (Mn(II), Mn(III) and Mn(IV)) shows an ionic 

nature of bonds in the oxides. We have observed similar peaks around 5 eV, 12 eV 

and 25 eV basically showing manganese and oxygen rich states. However, the 

intensity of these peaks determines the type of oxidation state and valence 3d 

electron undergoing for bonding thus revealing whether they are metallic or 

insulator. In case of MnO, the relative position of regions such as O 2s, O 2p and Mn 

3d are approximately reported to 23 eV, 7 eV and 5 eV whereas as for other oxides 

such as MnO2, Mn2O3 and Mn3O4 are found to have ~ 25 eV, 5 eV and 12 eV 

respectively. Depending on the contribution at the lowest binding energy, the oxide 

compound can be oxygen or metal rich valence states.108 All our samples show most 

intense peaks around ~25 eV and less intense peak at ~5 eV corresponding to O 2s 

and O 2p respectively, in addition to 12 eV (Mn 3d). This confirms our plasma 

processed oxide compounds are of oxygen rich valence (O 2p) states than manganese 

3d orbitals. However we observe a distinct single phase behaviour at 3 mA sample 

which shows similar behaviour with those of other currents.  
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Figure 3.53. Valence band spectra of MnxOy QDs for different plasma processing 

currents. 
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phase Mn2O3 QDs. Further chemical analysis using XPS also confirms the presence 

of single phase at 3 mA and mixed phases at other processing currents with a broad 

Mn 2p core level depicting the presence of several oxidation states from very small 

amount of metallic manganese Mn(0) to Mn(IV) states. The optical characterisation 

on MnxOy QDs solution reveals light absorption over visible wavelengths 250-800 
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nm. The valence spectra obtained from XPS analysis shows QDs contains oxygen 

rich states.  

 

3.6 Synthesis of other metal oxides using PiNE 

3.6.1 Synthesis and photoluminescence of Co-oxide QDs  

 The synthesis of Co3O4 QDs by PiNE has been previously reported109 and 

this thesis’ contribution to the published work is highlighted here in this section with 

some additional related results. Briefly the process (schematic shown in figure 3.54) 

consists of a cobalt foil (anode, 0.1 mm in thickness) immersed (area of 5.32 cm2) in 

20 mL absolute ethanol as the electrolyte. A nickel tube (0.7 mm inner diameter and 

1.0 mm outer diameter) acts as cathode and carries helium gas (50 sccm) which is 

used to generate and sustain the microplasma. The distance between two electrodes 

were fixed to 1.5 mm. Experiments were started with an initial voltage of 3 kV from 

a direct-current power source in series with a ballast resistor of 100 k was applied 

between the anode and cathode for the initiation of the microplasma. The processes 

were carried out for two different currents 0.7 mA and 4.6 mA for a duration of 40 

minutes. The particles were found to be crystalline and with diameters in the range of 

2-5 nm. Figure 3.55 summarise some of the most significant results related to the 

synthesis of Co-oxide QDs. 
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Figure 3.54. Process schematic for synthesis of Co3O4.
109 

 

Figure 3.55. Transmission electron micrographs of Co3O4 nanocrystals obtained (a, 

b) 4.6 mA, (c) 0.7 mA for processing currents and (d) SAED pattern of the Co3O4 

nanocrystals at 0.7 mA and (e) Histogram profile of SAED pattern of 0.7 mA 

matched with PCPDS (No. 1-1152).109 

 The study of the photoluminescence properties was conducted as part of this 

thesis. Photoluminescence (PL) of Co-oxide QDs in colloid were measured using 

Agilent Cary Eclipse fluorescence spectrophotometer adjusting the excitation and 
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emission to 10 nm, scan rate of 10 nm per second. Samples in the form of colloid 

were taken in a quartz cuvette and emission spectra were recorded for different 

excitation wavelength at room temperature. Figure 3.56 shows the 

photoluminescence spectra of Co-oxide prepared for two different currents, 0.7 mA 

and 4.6 mA. The spectra were obtained for different excitation wavelength from 210 

nm to 290 nm and clearly show a strong visible luminescence emission ranging from 

300 nm to 400 nm. This emission can be related to the corresponding optical 

absorbance spectra obtained for 4.6 mA shown in figure 3.57a, which shows an 

absorption peak around 300 nm to 400 nm and weak absorption peak at 675 nm. 

Thus, the bandgap was estimated from the Co-oxide QDs film (shown in inset of 

figure 3.57b) found to be 1.5 eV as shown in figure 3.57b-c.109  

 

 

Figure 3.56. PL spectra of Co-oxide QDs in ethanol for different excitation 

wavelengths (a) 0.7 mA and (b) 4.6 mA. 
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Figure 3.57. PL spectra of Co-oxide QDs in ethanol for different excitation 

wavelengths (a) 0.7 mA and (b) 4.6 mA.109 

 

3.6.2 Synthesis of Mo-oxide QDs, other Mo species and their optical properties 

 The synthesis of Mo-oxide QDs by PiNE is part of a collaborative published 

work.110 This thesis’ contribution is highlighted here in this section, in particular 

focused on the optical properties. PiNE assisted anodization of molybdenum (Mo) 

foil in anhydrous ethanol were studied using DC microplasma setup as shown in 

figure 3.4. of section 3.2.2. The process uses a molybdenum (Mo) foil immersed 

(area of 5.00 cm2) in 20 mL of absolute ethanol where the foil also acts as an anode. 

A nickel tube (0.7 mm inner diameter and 1.0 mm outer diameter) acts as cathode 

carrying helium gas (50 sccm) which is used to generate and sustain the microplasma 

through DC power supply in series with a ballast resistor of 100 k. The synthesis 

was carried out with an initial voltage of 3 kV and 6.1 mA current. Initially, Mo 

dissolution occurs and leads to the formation of different types of Mo species such as 
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Mo-oxyethoxide along with hexagonal and orthorhombic MoO3. After aging, the 

solution was found to have molybdenum polyoxometalates (POM) along with the 

presence of ketones in ethanol. When the as prepared solution mixed with 5 vol.% 

water shows delay of in POM formation. While mixing with hydrogen peroxide 

produces dendritic feature of hexagonal MoO3. A summary of relevant results are 

shown in figure 3.58 revealing different as prepared, mixed in H2O2, H2O and their 

aged solutions. Figure 3.59 shows the TEM images of various product containing 

nanocrystals present in as-prepared, H2O2 and aged solutions. 

 

Figure 3.58. Various Mo containing solutions, (a) – (c) as prepared and their aged 

solution, (d) – (f) as prepared mixed with H2O2 and their aged solution and (g) – (i) 

as prepared mixed with water and their aged solution.110 

 The study of the optical properties was conducted as part of this thesis. 

Optical characteristics of the samples were investigated by UV-Vis spectroscopy 

using Perkin Elmer-Lambda 650S UV/Vis spectrophotometer equipped with a 150-

mm integrating sphere. All the measurements were carried out on colloidal 

samples taken in a quartz cuvette (1 cm path length) recorded from 250 nm to 

800 nm. Figure 3.60 shows the transmittance of as-prepared, water and hydrogen 

peroxide mixed samples. All the samples show an absorption peak around 300 nm to 

350 nm, specifically this peak started to shift towards lower wavelength from 350 nm 
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to 300 nm after mixing with water and hydrogen peroxide respectively. We can also 

notice another weak band around 675 nm that is prominent in the as-prepared sample 

and diminishes after addition of hydrogen peroxide and water.  

 

Figure 3.59. Transmission electron micrograph of nanocrystals (a) in as prepared 

solution, (b) in as prepared aged for 3 weeks and (c) nanocrystals in H2O2 solution 

and (d) in H2O2 solution aged after 3 weeks.  

 

Figure 3.60. Optical transmittance of Mo species and nanocrystals in different 

solution. 
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colloid were taken in a quartz cuvette and emission spectra were recorded for 

different excitation wavelength at room temperature. Figure 3.61 shows the 

photoluminescence spectra of as-prepared, water and hydrogen peroxide mixed 

colloids. As-prepared and water mixed samples reveals a broad band of spectra peaks 

in the blue region of the visible spectrum starting from 375 nm to 600 nm.  For 

different excitation wavelength, the as-prepared samples shows decrease in peak 

intensity while the water mixed samples reveals increase in intensity. The reason for 

the increase in intensity could be due to a higher presence of molybdenum complexes 

formed from water molecule with Mo(IV) ions. However, with the addition of 

hydrogen peroxide, the peaks are diminished as we see in figure 3.61c. This clearly 

shows the hydrogen peroxide does not capture Mo(IV) to form complexes rather 

their acidity oxidises the Mo-species to MoO3 in the solution.  

 

 

Figure 3.61. Photoluminescence spectra of Mo species along with Mo-oxide in 

various solutions (a) as-prepared solution, (b) in water and (c) in hydrogen 

peroxide. 
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Chapter 4 Gas-phase synthesis of nanocrystals using non-

equilibrium microplasmas 

4.1 Synthesis of nanoscale zinc oxide tetrapods using gas phase microplasmas  

4.1.1 Introduction 

 In this section, synthesis of metal oxide nanocrystals using gas phase 

microplasma and their properties will be discussed. The process was carried out 

using an in-house built setup referred to as the “MOX”, which operates in air (figure 

4.1a). The system briefly consists of a microplasma reactor, 2D x-y stage controlled 

by computer, a mass flow controllers (MFC) operated by a readout unit and a radio-

frequency (RF) power supply along with matching network capable of delivering 

radio frequency energy (13.56 MHz) with a variable power. The heart of this system 

is its microplasma reactor shown in figure 4.1b, essentially made up of a Perspex 

frame that holds a quartz capillary (1 mm external, 0.7 mm internal diameters) with a 

metal wire inside; one end of the capillary is connected to a gas feedthrough via a 

stainless steel metal tube and other end going through a Cu plate electrode. The 

copper electrode is powered by a RF power supply through a matching network 

while metal wire is used as sacrificial ground electrode. He carrier gas is flown into 

the feedthrough through an MFC. All the experiments were carried out for different 

helium gas flows and RF powers. The stage can be controlled and operated via a 

software through a computer.  

 The zinc oxide synthesis process uses a 0.5 mm diameter zinc wire (99.99% 

purity, Goodfellow) as starting material. Pure He gas (100% purity, grade ‘A’) is 

used as carrier gas. Synthesis of ZnO nTP are mainly discussed here along with 

corresponding detailed characterization. In order to understand better the 

mechanisms involved in the formation of these nanostructures; experiments were 

also carried out for different synthesis conditions where ZnO nanoparticles of 

different morphologies were produced. In particular, ZnO nTP were produced when 

an applied power of 40 W was used with, He gas flow at 150 sccm. Synthesis was 

then carried out for three other He gas flow rates (100 sccm, 200 sccm and 300 sccm) 
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for fixed RF power (40 W) and two different applied power at (30 W and 50 W) with 

fixed He gas flow of 150 sccm. The nanocrystals are collected on Si substrates.  

 

 

Figure 4.1. (a) Schematic of the MOX setup - MFC - Mass flow controller, (b) Photo 

of a microplasma reactor. 

 

4.1.2 Material characterisation 

Figure 4.2 shows a representative scanning electron microscopic image of ZnO nTPs 

deposited as a film on a Si substrate where the inset displays the film cross section. 

The measurements were carried out using JOEL SEM instrument at 10 kV 
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accelerating voltage at a working distance of 10 mm. The deposit appears to be a 

highly porous film of interconnected ZnO nTPs with an estimated average film 

thickness of 10.5  0.7 m using ImageJ software. 

 

Figure 4.2. Morphology of ZnO nTP film on a Si substrate deposited 40 W, 150 

sccm.  

 Transmission electron microscopy (TEM) and selective area electron 

diffraction (SAED) were carried out on a JOEL JEM-2100F accessorized with a 

Gatan Dual Vision 600 Charge-Coupled Device at an accelerating voltage of 200 kV. 

For TEM analysis, samples are first deposited onto Si substrate. Then powder of 

samples dispersed in ethanol (Sigma Aldrich, 99.8%) and sonicated for 10 minutes. 

40 μL of samples in ethanol colloids drop casted onto a holey carbon-coated grid 

(400 mesh, #S187-4, Agar Scientific) with an ultrathin carbon film (3 nm thick) and 

allowed to evaporate under ambient conditions overnight; d-spacing values of the 

crystal planes were measured on the digital image using ImageJ software. Figure 4.3 

shows transmission electron micrographs (TEM) of the ZnO nTPs with the insets 

reporting the SAED pattern and high-resolution images. For comparison, figure 4.4 

and 4.5 show nanoparticles synthesized at lower (30 W) and higher (50 W) applied 

power, respectively. At the selected synthesis conditions (40 W and 150 sccm, figure 

4.3), large amounts of ZnO nTPs are produced almost exclusively. The average and 

standard deviation of the arm length and diameter were found to be 65.6 ±16.9 nm 
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and 11.5 ± 2.3 nm; this was determined from the analysis of > 70 nTPs. At the other 

synthesis conditions (figure 4.4-4.5) mixed morphologies (quantum dots to 

rectangular rod and disc shaped nanocrystals) are observed with also minor amounts 

of nTPs. In figure 4.4 (30 W, 150 sccm), the majority of nanoparticles were spherical 

(diameter 13.8±4.2 nm) with a few rod-like particles with aspect (length to width) ratio 

ranging from 2 to 26. In figure 4.5 (50 W, 150 sccm), larger rectangular shaped 

particles were observed (length scale 36.2±13.2 nm with aspect ratio ranging from 1 

to 3); also, in this case a small number of nTPs with much thicker arms could be 

found. We have also investigated the synthesis conditions corresponding to lower 

(100 sccm) and higher (200 sccm and 300 sccm) flow rates with respect to the 

synthesis conditions of the nTPs (40 W and 150 sccm, figure 4.3); corresponding 

TEM images shown in figure 4.6 to 4.8. The synthesis products, at the different 

conditions, all show a crystalline phase of hexagonal wurtzite ZnO as demonstrated 

by the corresponding SAED patterns (bottom right insets of figure 4.3 to 4.8). 

 

Figure 4.3. Transmission electron micrographs of ZnO – nTPs structures obtained 

for 40 W RF power at fixed He gas flow 150 sccm with inset of high-resolution image 

and SAED pattern and high resolution images. 
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Figure 4.4. Transmission electron micrographs of ZnO structures obtained for 30 W 

RF power at fixed He gas flow 150 sccm with inset of high-resolution image and 

SAED pattern and high resolution images. 

 

Figure 4.5. Transmission electron micrographs of ZnO structures obtained for 50 W 

applied RF power at fixed He gas flow 150 sccm with inset of high-resolution image 

and SAED pattern and high resolution images. 
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Figure 4.6. Transmission electron micrographs of ZnO nTPs and nanocrystals 

obtained for 100 sccm He gas flow fixed 40 W RF power with inset of SAED pattern 

and high resolution images.  

 

Figure 4.7. Transmission electron micrographs of ZnO nTPs and nanocrystals 

obtained for 200 sccm He gas flow fixed 40 W RF power with inset of SAED pattern 

and high resolution images.  
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Figure 4.8. Transmission electron micrographs of ZnO nTPs and nanocrystals 

obtained for 300 sccm He gas flow fixed 40 W RF power with inset of SAED pattern 

and high resolution images.  

 Figure 4.9 reports TEM images to aid a more in-depth analysis of the ZnO 

nTPs produced at 40 W and 150 sccm. nTPs consist of four arms at an angle of 120o 

with single core of octahedral crystal.1  The nTPs arms are shown in figure 4.9a-c. 

The fourth arm in figure 4.9d is perpendicular to the plane of the paper, mostly 

composed of d = 0.26 nm, i.e. the [0 0 0 2] plane shows the arms of nTPs are grown 

along the c-axis i.e. in the {0 0 0 1} direction. A closer analysis of the arm shows 

hexagonal faced crystals which indicates these are oriented along the c-axis as 

represented in figure 4.9e. The d-spacing measured at the faces of the nTP arms 

(figure 4.9a-c) predominantly contains 0.16 nm and 0.147 nm and correspond to 

planes [1 1 -2 0] and [1 0 -1 3] respectively. Nevertheless, the SAED pattern on a 

single nTP (figure 4.9f and insets) shows dots that match to the crystal plane [0 0 0 

2] and [1 1 -2 0] related to hexagonal arm crystals along with a dot related to d = 

0.152 nm that belongs to cubic zinc blende phase of ZnO oriented in [2 2 0] plane 

(PCPDS file no. 650682). This crystal plane confirms the presence of octagonal core 

twin crystal which will be discussed later.  
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Figure 4.9. Single ZnO nTPs analysis obtained at 40 W, 150 sccm. (a-d) High 

resolution transmission electron micrographs and the crystal planes of a single nTP 

arms. (e) Hexagonal lattice of a nTP arm. (f) SAED pattern with inset showing single 

nTP particle where yellow and red coloured d-spacing represent cubic and 

hexagonal phase of ZnO respectively . 
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 A highly resolved core of a nTP can be seen in figure 4.10a, here the green 

dotted lines represent a vertex along with orange doted lines which depict the 

trigonal pyramidal part of the core crystals; a complete geometrical schematic is 

shown in figure 4.10b. These structures form the core of nTP crystals that have eight 

facets and the corresponding geometrical arrangement was successfully understood 

through a model proposed by Iwanaga et.al2, called in short the “octa-twin” shown in 

figure 4.10c. This model suggests that the nTP core consists of eight trigonal 

pyramidal crystals coupled by multiple-inversion called twin crystals. Each 

pyramidal core crystal with four facets (figure 4.10c) constitutes a basal plane 

oriented along {0 0 0 1} direction represented in blue colour and three other sides 

having crystal planes [1 1 -2 2], [-2 1 1 2] and [1 -2 1 2] shown in red colour 

respectively.3 The surface of the octahedral crystal (i.e. eight face) has polar face 

along {0 0 0 1} direction where the four arms extends (figure 4.10b-c). The phase of 

this central core crystal is reported to have cubic zinc blende ZnO.4 The interface 

between the core structure and the hexagonal wurtzite arms is inherently linked 

through twinning of the crystal lattice which can be understood through the 

underlying symmetry as previously reported5,1 as twinned crystals are antisymmetric 

rather mirror symmetric to the contact plane. However, the nTP arm from octahedral 

core crystal has alternative Zn2+ {0 0 0 1} along +c and O2- {0 0 0 -1} in -c axis. This 

alternative polar surfaces with counter charges are catalytically active and attract 

more precursor species to grow rapidly along the c-axis {0001} direction resulting in 

the tetrapod arm. In figure 4.10a, we also observe such a core of octa-twin crystal 

with geometrical face shown as dashed lines, which were represented in completed 

octahedral core geometrical structure in figure 4.10b. Thus, the arms grow from the 

basal plane with alternating Zn and O atoms contains polar surfaces.5  
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Figure 4.10. Representation of the crystal core of a ZnO nTP: (a) high 

resolution micrograph of a nTP core where the fourth arm is perpendicular to 

the plane of image, (b-c) geomentrical representation of an octahedral core 

crystal. 

 X-ray diffraction (XRD) measurements were carried out on a film of as 

deposited ZnO nanoparticles on Si substrate using Bruker AXS D8Discover 

instrument using monochromatic Cu Kα X-ray (wavelength = 1.5406 

angstrom) radiation generated at an accelerating voltage of 40 kV and current 

of 40 mA in glancing incidence of X-ray tube angle at 0.75o with respect to 

sample plane. The data were acquired at a rate of 0.03 increments, scan speed 

of 12 s per step up to a total duration of 5 h. Semi-qualitative/phase 

quantitative analysis (Rietveld refinement) of the XRD patterns were carried 

out using MAUD program.6 The theoretical pattern were generated from the 
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standard crystal information file (cif) for Zn7 and ZnO8 obtained from online 

crystallography open database.9 Figure 4.11 shows the XRD pattern of the 

ZnO nTPs (40 W) and nanocrystals obtained from samples prepared for 

different applied RF power. All samples possess identical peaks that were 

indexed to the standard Joint Committee for Powder Diffraction Studies 

(JCPDS) file no. 65-3411, which confirms the hexagonal wurtzite phase (space 

group P63mc). The peak intensities are found to vary slightly depending on the 

synthesis conditions, where the nTPs exhibit a stronger peak corresponding to 

[0 0 0 2] plane when (normalised peak height of about 0.69 for 40 W- nTPs 

compared to 0.63 and 0.60 for 30 W and 50 W respectively) compared to the 

other synthesis conditions; this is expected due to the hexagonal structure of 

the nTP arms. A minor peak at 39.01o and 43.20° were identified to metallic 

zinc (JCPDS file no: 04-0831), indicating that the samples contains some 

traces of metallic zinc for lower (30 W) RF power. 

 

Figure 4.11. X-ray diffraction pattern of ZnO nTP and nanocrystals for various RF 

power revealing various crystal planes of ZnO. 

 Semi-quantitative analysis of the XRD peaks was carried out using 

Rietveld refinement with fair convergence of weighted profile R factor10 (Rwp) ~ 

11-12 %, Rb ~ 8 %, expected R factor (Rexp) ~ 9 %. Table 4.1 shows the results 

of this analysis which confirm the presence of metallic zinc for the samples 
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synthesized at low power (30 W) as well as the existence of very minor 

metallic zinc impurities in the ZnO nTPs samples prepared at 40 W.  

Table 4.1. Phase quantification of nanoparticle with nTP for different applied RF 

power. 

Applied RF power 

(W) 

ZnO 

(%) 

Metallic Zinc 

(%) 

30 99.19 0.81 

40 (nTPs) 99.67 0.33 

50 100 0 

 

 The presence of metallic zinc could be due to non-oxidized zinc particles. 

XRD results also provide the opportunity to study in more details the crystal 

structure from where the lattice constants can be determined.11 For the hexagonal 

wurzite ZnO crystal structure, experiments and first principle calculation shows the 

lattice constants are in the range of ‘a’ = 3.247-3.250 Å and ‘c’ = 5.204-5.207 Å 

respectively.12,13 Figure 4.12a shows the calculated lattice constants ‘a’ and ‘c’ 

for different applied RF power. The values are found to increase with RF 

power probably related to lattice expansion caused from the microplasma 

temperature.14 Generally any variation in thermodynamic conditions (pressure 

and temperature) at synthesis could change the particle size, crystallinity, 

nano/microstructure, etc.15 Particularly, lattice contraction is dominant in small 

sized nanocrystal.16 In case of Au and Pt metal nanoclusters, lattice parameter 

varies inversely over size.17 However, for ionic metal oxide nanoparticles such 

as zinc oxide that possess electrostatic forces from the surface dipoles and 

short range repulsive forces inside the lattice could induce the opposite 

effect.18 TEM analysis shows that ZnO obtained for different power were 

exhibited different size and morphologies, particularly nTPs at 40 W. 

Furthermore, the change in lattice parameter can also be affected by several 

other reasons such as defects and crystallinity of nanoparticles. The presence 

of lattice defects either as foreign dopant or deficient parent atom induces 

lattice strain that can contribute to the change in lattice parameters. This 
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depends on the ionicity parent atoms and atomic radii of dopant atoms 

respectively. Nanocrystals tend to show improvements in crystallinity and size 

with temperature19 that effectively removes lattice strains in nanocrystals thus 

altering the lattice parameters.13 In figure 4.12b the calculated full width at half 

maximum (FWHM) of the maximum intense XRD peak [1 0 -1 1] is shown to 

decrease with applied power. The broadening of the FWHM is identified to 

arise from two factors, one from specimen and other due to instrument. 

However, the specimen broadening is identified to lattice strain which in turn 

affected from nanocrystal size, geometry, presence defects etc.20,21 TEM 

analysis shows various sizes of the ZnO structures such as 13.8 nm and 36.2 

nm at 30 W and 50 W, while for nTPs, the length and diameter of the arms was 

65.6 nm and 11.5 nm respectively.  Thus, a long range ordering in the crystals 

without defects can reduce peak broadening as observed FWHM values.  

 Figure 4.12c shows ‘c’ to ‘a’ ratio, with a value not larger than 1.604, 

while 1.633 is generally the expected value for hexagonal wurzite crystals;22 

however, experimental values closer to the ones we have found have been also 

reported.13 The value we have observed shows a dip at 40 W power, this probably 

because of the presence of nTPs; Zhu et al. in their study on ZnO nanorods 

revealed that the lattice constant ‘c’ is found to reduce with increasing rod 

length.23 This is likely due to the presence of purely one-dimensional rods in 

the nTPs produced at 40 W. In such case, a large number of c-axis 

preferentially grown nTP rods can lower the lattice constant ‘c’, hence 

reducing the value of the “c/a” ratio. We also observe a slight increasing trend 

in the unit cell volume from 30 W to 50 W (figure 4.12c) probably from the 

anisotropic nanocrystal growth at higher power that could increase the unit cell 

volume.  
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Figure 4.12. Results from semi-quantitative analysis. (a) Variation of lattice 

constant, (b) FWHM of maximum intense peak [1 0 -1 1] and (c) ZnO unit cell 

condition such as aspect ratio and volume for different RF power.  

 The chemical composition of the ZnO nTP crystal synthesized at 40 W and 

150 sccm was analysed using x-ray photoelectron spectroscopy (XPS). The 

measurements were performed using a Kratos Axis Ultra DLD photoelectron 

spectrometer working at ~ 10-9 mbar base pressure with monochromatic x-ray 

radiation Al Kα generated at 15 kV and 10 mA. As prepared film on Si substrate 

were used for measurement. The position of the peaks were in general identified 

using NIST web database24 and local database from CASA XPS software wherein 

the spectral fitting were performed as well. Figure 4.13a shows the core-level spectra 

of zinc (Zn 2p), which presents narrow doublets at 1021.1 eV and 1044.1 eV. The 

peaks were deconvoluted using an asymmetric Lorentzian function and reveal Zn (II) 

in zinc oxide at 1021.3 eV (generally reported at 1021.7 eV)25 along with a minor 

component attributed to Zn (0) metallic zinc at 1020.9 eV. The presence of metallic 
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zinc was also confirmed by XRD and photoluminescence emission (see below). The 

broad O 1s core-level (figure 4.13b) was deconvoluted into two peaks. The first peak 

is at 529.7 eV, which is close to the reported value of 530.2 eV and relates to lattice 

oxygen of zinc oxide.26 The second at 531.6 eV can be ascribed to oxygen vacancies 

(reported at 531.4)27 or due to chemisorbed oxygen or hydroxyl or water molecules 

usually observed at further higher binding energy around 532 eV.28  

 

 

Figure 4.13. Core level spectra of (a) Zn 2p and (b) O 1s.  
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4.1.3 Optical properties 

 Ultraviolet-visible (UV-Vis) absorption spectroscopy were performed using 

Perkin Elmer-Lambda 650S UV-Vis spectrometer fitted with a 150-mm integrating 

sphere. The study was carried out on ZnO nTP/NPs obtained for variable gas 

flow and applied RF power. For any measurements, as-prepared ZnO nTPs/NPs 

were dispersed in ethanol (99.8%; Sigma Aldrich) and taken in a quartz cuvette of 1 

cm path length. Optical transmittance was recorded for different incident 

wavelengths. Finally, the relative absorption coefficients () were estimated. 

Thus, the bandgap of the nTP/NPs were estimated for different carrier flow 

rate and RF power using Tauc’s equation. Figure 4.14a shows the transmittance 

of ZnO nTPs/NPs synthesized at different RF applied power. Whereas figure 4.14c 

reveals for variable He gas flow. All samples exhibit strong absorbance near the UV 

region 360-390 nm. If we assume that scattering can be considered negligible and the 

nature of the transition to be direct, the bandgap is estimated from Tauc’s plot for 

different RF power and He gas flows respectively (inset figure 4.14a, and figures 

4.14c).29 In ZnO, the bandgap is determined from the hybridisation between valence 

orbitals of the constituents, i.e. Zn 3d and O 2p. Any change in the bond lengths 

(between Zn–O or O–O or Zn–Zn) from induced lattice strain will be 

correspondingly affect the lattice constants and affect the valence electrons, which 

will eventually determine the band edge and bandgap. The experimental optical 

bandgap of ZnO has been observed to vary from 3.1 eV to 3.3 eV,30 which can be 

often the result of different synthesis conditions leading to somewhat different 

bonding arrangements. Our ZnO nanocrystals including nTPs synthesized for 

different RF power and He gas flows reveals the bandgap values in the range 3.22-

3.26 eV as observed in figure 4.14b and 4.14d respectively. The bandgap of 

semiconducting nanoparticles can be influenced by quantum confinement.31 Our 

TEM analysis (figure 4.3 to 4.8), however, has shown that the size of the nTPs and 

NPs is much larger than the expected ZnO Bohr exciton radius (2.87 nm32). Thus, we 

do not expect quantum confinement to play a role here. Therefore, we can correlate 

these to the trends observed in the lattice constants and more specifically to the c to a 

ratio (figure 4.12c). We can observe that the bandgap in figure 4.14b follows closely 

the c to a ratio in figure 4.12c, i.e. a reduction of the ratio results in a larger bandgap 
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and vice versa.33 This clearly show that the optical properties, the bandgap in the 

specific case, may not depend on expansion/contraction of the crystal lattice but they 

might be affected by a distortion of its unit cell.  

 

 

Figure 4.14. Optical characteristics of ZnO nTPs and nanoparticles for different RF 

powers and gas flows: (a) and (c) light transmittance with corresponding Tauc’s 

plots in the inset; whereas (b) and (c) variation of estimated bandgap observed for 

different applied power and He gas flows respectively. 

 The bandgap and nature of transition of ZnO nTPs/NPs in colloid form 

obtained using Tauc’s plot were verified by the use the method described in 

experimental section (3.2.5). Figure 4.15a shows the plots corresponding to the 

discontinuity method where the bandgap can be extracted by fitting exponential 

functions. This yields a bandgap Eg of around 3.29 eV for all RF powers. The 

corresponding nature of the transition “r” is also determined (figure 4.15b) and 

resulted in values of 0.51, 0.50 and 0.51 calculated for 30 W, 40 W and 50 W 
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respectively. These values confirm that the ZnO nTPs/NPs obtained from 

microplasma synthesis exhibit a direct band transition (r = 0.5). 

 

 

Figure 4.15. Plots showing (a) discontinuity at the band edge and (b) nature of 

transition obtained from light absorption for different wavelength from ZnO nTPs 

and nanoparticle obtained for different applied RF power. 

 Photoluminescence (PL) of the ZnO nTPs/NPs in colloid for different He gas 

flow and applied RF power were measured using Agilent Cary Eclipse fluorescence 

spectrophotometer adjusting the excitation and emission to 10 nm, scan rate of 10 nm 
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per second. The obtained ZnO nanoparticle (already used for UV-Vis spectroscopy) 

were used and emission from the samples are recorded for a fixed excitation 

wavelength (320 nm) at room temperature. Figure 4.16a shows room temperature 

photoluminescence emission spectra of ZnO nTPs excited at 320 nm where spectra 

in figure 4.16c correspond to NPs produced at different He gas flows. All the 

samples show a strong and narrow emission peak around 385-388 nm which 

corresponds to near-band to band exciton emission; this is confirmed by its close 

resemblance with the bandgap calculated from absorption measurements (figure 

4.16b). A small shoulder band near the main peak around 421 nm (2.9 eV) is also 

present, which can be attributed to visible-violet emission from interstitial zinc (Zi) 

or from interface trap sites in the nanocrystals. These levels act as shallow donor 

states. The visible-violet emission was previously observed for nanostructures grown 

in oxygen deficient conditions.34,35 Wu et al.36 also observed similar violet emission 

at 2.95 eV; this was assigned to electronic transitions from oxygen deficiency trap 

sites to the valence band. This intense visible-violet emission appears to be consistent 

with the presence of nTPs in the samples (see figure 4.16a), whereby the sample with 

a large amount of nTPs (40 W) exhibits the largest shoulder while the sample 

produced at 30 W, without nTPs, does not exhibit a shoulder peak. A very similar 

trend of this shoulder peak is observed for synthesis conditions at different gas flow 

(Figure 4.16c) which strongly support the link between this emission at 421 nm and 

the nTPs. Figure 4.16e shows an understanding of optical band scheme related to 

various emission. In contrast, the broad emission band from 450 nm to 650 nm 

appear with the absence of nTPs; this broad emission peaks at about 510 nm for the 

sample produced at 30 W and 150 sccm (figure 4.16a) while it peaks at 565 nm for 

the sample produced at 40 W and 300 sccm (figure 4.16c). This green emission is 

associated with oxygen-based deep acceptor states corresponding to either oxygen 

anti-site (Ozn) or oxygen interstitial (Oi) as shown schematically in figure 4.16e.37,38 

This analysis suggests that the nTPs are free from oxygen-based defects and instead 

result in a weak shoulder violet-emission from zinc interstitial or from interface trap 

states. However, a small excitonic peak shift as shown in 4.16b and 4.16d for ZnO 

nTPs/NPs obtained for various RF power and He gas flows is observed. These shifts 

can be correlated to a slight change in bandgap revealed in figure 4.14b and 4.14d. 
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Figure 4.16. Photoluminescence characteristics of ZnO nTPs and nanoparticles for 

different (a) RF powers and (c) He gas flows, whereas (b) – (d) variation of excitonic 

peak position for various synthesis conditions; (e) emission scheme from different 

defect levels in ZnO nanocrystals. 
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 Overall the nTPs present a distorted crystal lattice responsible for a larger 

bandgap where the low defect density also prevent transition from shallow states. 

While in part these characteristics can be attributed to the morphology of the nTPs, it 

is clear that the synthesis conditions at higher applied power have to be considered 

also responsible for produce an oxygen-rich ZnO. In order to understand this better, 

the process and growth mechanisms have been analysed further. 

 

4.1.4 Microplasma optical emission spectroscopy 

 Plasma optical emission spectroscopy (OES) can contribute to 

understand the formation mechanisms of the ZnO crystals. This diagnostic 

provides information on the presence of various elemental species (Zn and O), 

thus helping in understanding the evolution of a ZnO nTP/NPs in the 

microplasma. To understand evolution of various nanoparticles plasma OES 

was carried out using ocean optics USB 4000 spectrometer portable modular (200-

1100 nm range) with 3648-element charge couple device (CCD) array detector. All 

the spectra were recorded with integration time of 100 ms, averaged over 10 scans 

and corrected for electrical dark. A collimator capped fibre optic tip was placed at 

two different positions (A and B, figure 4.17 with insets showing the actual 

microplasma emission spectra) to capture light from the plasma. The corresponding 

spectra were recorded from position A, representing the emission from the 

plasma inside the capillary (figure 4.18a) and from position B, producing 

spectra with emission mainly originating from the afterglow i.e. the plasma 

interacting with ambient air (figure 4.18b). 
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Figure 4.17. Setup of optical emission measurement. 

 Emission lines were identified according to the online database 

maintained by national institute of standards and technology-NIST.39,40 Figure 

4.18a exhibits mostly lines originating from atomic (neutrals) and ionised state 

of Zn, He precursor gas and minor emission lines of N2
+ band (around 425 

nm). The lines from helium gas were identified at wavelengths 492 nm, 587 

nm, 667 nm and 706 nm corresponding to transitions from neutral helium 

metastable atoms (He*).41 These emission lines are from relaxation of various 

excited He* metastables to ground or intermediate states, whereby the cause 

for excitation are likely through electron impact process inside the 

capillary.42,43,44 The incoming helium gas atoms can undergo ionisation 

through collision with electrons (e– + He → He+ + e–)45 to form singly ionised 

helium ions (He+) and their presence can be confirmed from emission at 468.6 

nm in the spectra.46 In the submillimetre gap between capillary wall and Zn 

wire, the energetic He+ ions can interact via a charge exchange mechanism 

called the Duffendack process47 that (Znsolid + He+ → Zn+ + He) can produce 

singly ionised Zn species; these were identified at 491.2 nm, 492.3 nm, 602.1 

nm and 610.1 nm.48 However, He metastables also undergo Penning reactions 

with the Zn wire (He* + Znsolid → Zn+ + He + e–).49 Theses mechanisms were 
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drawn based on earlier studies on dynamics of excitation and ionisation of Zn 

atom in He gas which were well studied in Zn/He lasers.50  

 

 

Figure 4.18. Microplasma emission spectra from (a) inside the capillary tube 

above the exit and (b) at the exit of capillary tube with inset showing the actual 

microplasma. 
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 Excitation into helium metastables require energies of about 19.8 eV 

and 20.6 eV, which are lower than the first ionisation energy (24.6 eV).51 In 

comparison, the ionization energy for zinc are 9.3 eV and 17.9 eV,52 

respectively, which are lower than any of the He excitations above. Therefore, 

it is highly probable for the He metastables to produce Zn ionised species in 

the plasma, i.e. the formation of He metastable by electron impact is likely to 

be followed by ionisation of solid Zn rather than producing He+ ions.53 The 

ionised Zn+ atom can recombine with an electrons (e–) aided by a third body 

(M), that can be either an ion or neutral atom or even with capillary walls to 

form excited zinc neutral species or simply Zn metastable as e– + Zn+ + M → 

Zn(R) + M where Zn(R) is the intermediate Rydberg state which decays 

radiatively to other Zn metastable levels (Zn*). This radiative decay can in fact 

be observed as emission lines from the capillary representing the most intense 

emissions at 468 nm, 472.2 nm, 481.1 nm and 636.1 nm with some minor lines 

at 328.7 nm, 330.8 nm and 335 nm that reflect the presence of these neutrals 

Zn*. Similar emission lines were reported in the case of pulsed laser 

deposition54 and laser ablation55 processes. Thus, Zn ions are believed to be 

formed through Duffendack and Penning processes. However these ions can 

be trapped between the electric field near the electrode which recombines with 

electron to form Zn neutrals that diffuses out like Zn vapours. These processes 

are similar to the one observed with magnetron sputtering process.  Therefore 

the production of Zn neutrals or atoms from Zn wire can be simply called as 

sputtering.56 The reaction of helium gas with Zn wire ultimately support a 

possibility of sputtering producing Zn atoms (neutrals) observed to be 

dominant inside the capillary tube.57,58  

 Figure 4.18b shows the emission lines recorded from the afterglow i.e. 

at position B. Metastable rich carrier gas along with plasma electrons and zinc 

neutrals interacts with ambient air constituents such as O2, N2 and H2O. The 

spectrum reveals a similar kind of Zn lines, which are however much lower in 

intensity than Zn* and Zn+ lines found from position-A emission and stronger 

He lines. O2 molecules are dissociated into atomic species by electron or ion 

(He metastables) impact as predicted by chemical kinetic model simulated by 
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Stalder et al.;59 the presence of atomic oxygen48 was seen with transitions 

corresponding to emission at 777 nm and 845 nm. Emission of hydrogen 

atomic lines H ( nm), H ( nm) and the OH (307-309 nm) band can 

be associated with electron impact dissociation of water vapour present in air. 

The emission spectrum also shows stronger N2 and N2
+ bands emission (391 

nm and 427 nm) which may arise from Penning ionisation of He metastables 

with N2 downstream of the plasma.61 This N2 related products loses energy via 

gas heating in the afterglow enriching adiabatic expansion of the nanoparticles. 

The density of excited species in the afterglow of the plasma is strongly 

affected by collisions with neutral molecules in the surrounding air; for 

example, molecular oxygen is known to effectively quench excited N2
* species 

(e.g. N2
* + O2 → N2 + 2O) producing atomic oxygen species.62 Thus, near 

capillary exit, the majority of excited N2 species undergo production of atomic 

oxygen and can enhance formation of ZnO nTPs/NPs by quenching. 

 

4.1.5 Formation mechanism of ZnO nTPs/NPs from microplasma 

 In this section, we will mainly discuss about the formation of nanoscale 

zinc oxide tetrapods in gas phase microplasma. Optical emission results 

obtained from both positions clearly discloses that the dominant species are 

zinc and oxygen atomic neutrals. Henceforth we can consider the formation of 

nTPs are from theses energetic atomic neutrals present in the plasma. Briefly 

the Zn* species from the capillary diffuse hydrodynamically and combine with 

readily available atomic oxygen neutrals to form ZnO nuclei which grow to 

nTP. The formation process can be understood from the schematic represented 

in figure 4.19. The whole mechanism can be classified into formation of nuclei 

and their growth to nTP. 

 The process of nucleation is thought to occur near the plasma exit, 

where the vapours of zinc neutrals from the wire combines with atomic oxygen 

from atmosphere. This can be supported by similar processes occurring in 

thermal based tetrapod synthesis, where evaporation of zinc vapour and 

condensation in oxygen atmosphere results in tetrapod structure63,64 Also in the 
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thermal process, Zn atoms in the vapor exist as clusters of a small number of 

zinc atoms that oxidise to metastable fullerene-like structures of (ZnO)n where 

n is 11, 12, 15 that further collapse to form a stable ZnO nuclei.65,66. Therefore, 

in our gas phase microplasma process, the zinc vapours of zinc neutrals from 

capillary reacts with oxygen atoms to form ZnO nuclei. However this could 

start from (step 1, figure 4.19) cluster of zinc neutrals that combines with 

oxygen neutrals forming metastable structures that later changes to form ZnO 

nuclei. Such a process could lead to the rapid formation of nuclei in the sub-

millimetre plasma region. At the same time, this spontaneous nucleation is 

actually related to the available free energy and saturated vapor pressure of 

zinc neutrals,67,68,69,70 which overall related to microplasma synthesis 

conditions and, for instance in the applied RF power.37 

 

Figure 4.19. Mechanism showing the zinc oxide nanoscale tetrapods formation 

in the microplasma.  

 At a given ambient oxygen concentration in the atmosphere, vapor 

pressure of zinc neutrals from the plasma determines the phase and rate of 

ZnO nucleation.71 So what is that makes the nuclei to grow as nTPs? This can 
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be likely attribute to their interaction energy which is identified through a 

potential known as Lennard-Jones potential.72 The interaction potential 

inversely depends on the distance between any two nuclei or neutrals. In the 

confined microplasma, the high density of super saturated neutrals (Zn and O) 

along with formed ZnO nuclei interacts each other and grow into bigger 

particle. However, in the expanding plasma afterglow, since the neutrals are 

just energetic atoms of low mass, the growth is primarily aided from the 

neutrals to nanostructure or larger nanoparticles as we observed over various 

applied RF powers.  

 The growth of nuclei to nanostructure or nanoparticle depends on the 

phase and surface energy of nuclei present in the microplasma.73,67 In case of 

40 W, 150 sccm, our TEM analysis reveals that nTPs consist of four hexagonal 

phase arms joined from a cubic ZnO phase crystal with eight face. This core 

crystal with polar face could actually exist as a nuclei in the microplasma. 

Such nuclei with eight face and cubic zinc oxide phase require high free 

energy for spontaneous growth to nTP.74 This energy can be supplied by the 

applied power and He flow gas. The presence of cubic ZnO and hexagonal 

arms were observed at other cases such as 100 sccm and 200 sccm, 40 W and 

50 W, 150 sccm. However, the amount of nTPs were relatively higher in the 

former case with uniform hexagonal arms.  

 The one-dimensional hexagonal rod growth of nTPs (step 2 in figure 

4.19) can be described in terms of vapour-solid (VS) mechanism. The c-axis 

rod growth occurs from the octahedral core crystal that consists of polar 

surface oriented along {0 0 0 1} direction. As we discussed in our TEM 

analysis, this surface acts a catalytically active centres for the wurzite rod to 

grow along c-axis. Each plane perpendicular to the direction of c-axis contains 

Zn2+ termination and O2– termination along negative c-axis direction3 that 

attracts more monomer species. Thus, a rapid tetrapod arm growth occurs on a 

floating nucleus passing adiabatically in the afterglow of the plasma. The VS 

technique has also been identified for the growth of nTPs in other thermal 

evaporation based techniques.75,76 The advantage of this technique is that there 
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is no metal catalyst required, which is reported to be critical in vapor-liquid-

solid methods for hierarchical nanorods growth on various substrates.77,78  In 

the absence of such a multiple polar faceted nuclei, growth could proceed in an 

isotropic, i.e. all directions, resulting in spherical NPs as observed in other RF 

power (30 W and 50 W, 150 sccm) and flow (200 sccm and 300 sccm) 

conditions. Therefore, the growth of nTPs from the super-saturated of neutrals 

(Zn* and O*) and ZnO nuclei in the afterglow undergo an adiabatic expansion 

and result in nucleation first and growth after. 

 It is important to consider the role of other gaseous species present in 

the plasma such as energetic N2 molecules. The convective quenching during 

growth of the nuclei in the afterglow with metastable species, mainly N2 gas 

molecules, during nTP in-flight crystal growth determines crystallinity and its 

structure. To understand this, we looked at previous reports on the synthesis of 

ZnO using atmospheric plasma jets. Hsu et al. reported the synthesis of zinc 

oxide thin films using ZnCl2 as precursor in a nitrogen based atmospheric 

pressure plasma. They observed, the microstructure and crystallinity of the 

films that improved from convective quenching of N2 metastables; however 

the films showed to be amorphous in nature when oxygen plasma is used 

instead of N2 gas.79 Similarly, N2  has been used in other atmospheric pressure 

plasma processes for enhancing the oxidation of Sn80 and in annealing of 

ZnO/MgZnO films.81 Chou et al. observed in their Ga-ZnO films prepared 

using atmospheric plasma jet showing lower sheet resistance from the 

inclusion of H2 gas precursor along with the main Ar gas carrier and due to the 

introduction of shallow donor states in ZnO.82 Thus in our case, the 

crystallinity of the nTPs and NPs as evidenced from TEM-SAED and XRD 

could be from the influence of other energetic species in the microplasma 

afterglow. 

 

4.1.6 Effect of plasma parameters on the formation of nTPs/NPs 

 The synthesis conditions such as plasma power and gas flow have a 

decisive function in the formation of the product whether nTPs or nanoparticle 
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(NPs). Let us first consider the effect of plasma power at a constant 150 sccm 

of He gas flow. At 30 W RF power, 14 nm spherical sized particles were 

mainly observed, while increasing the power to 50 W beyond the nTPs 

synthesis conditions (40 W), a few nTPs with a larger amount of particles 

could be produced. Likely, the main cause of these changes can be attributed 

to changes in vapour pressure of the zinc atomic species induced from the 

applied RF power for a given ambient oxygen concentration in air. For nTPs to 

form in the microplasma, the required pressure and temperature inducing 

metastable octahedron ZnO nuclei particles is required.83 This could be also 

interpreted energetically.  Considering the thermodynamic relation of the free 

energy (G) and molar enthalpy (H) changes given as G = H – TS, 

where S is the change in entropy and T is the absolute temperature. For a 

spontaneous formation of nTPs and NPs in spent of applied RF power, G < 

0.84 The applied power generates Zn and O neutrals and rest of energy spent as 

heating the species. There are reports on calculated molar enthalpy (H) of 

ZnO that are found to be different based on their phase,85 size,86 and 

morphology.87 For example, the estimated molar enthalpy at standard 

temperature (298.1 K) and pressure (1 atm) for bulk ZnO is −350.46 kJ/mol,88 

nanosized (~40 nm) zinc oxide is −322.36 kJ/mol,89 for nanorods (~36 nm) is 

−341.43 kJ/mol.87 Therefore a slight change in enthalpy can be influenced by 

the applied RF power and gas flow generating different sized particle and 

nanostructures. Nonetheless, at lower plasma powers, say at 30 and 40 W, we 

observe slight metallic zinc content (~ 0.8 – 0.3 %) along with nTPs/NPs, this 

probably could come from the unreacted Zn metal from the wire. Metallic zinc 

instead is not observed at 50 W where a complete stoichiometric reaction 

between rich zinc and oxygen neutrals species seem to take place. PL 

measurements seem to corroborate a relatively lower supply of reactive 

oxygen, as weak green emission from oxygen vacant sites in the lattice at 30 

W power was observed and likely originating from sub-stochiometric reactions 

between excess atomic zinc and low density oxygen neutrals in the afterglow. 

However, in the nTP growth, the stochiometric reaction between zinc and 
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oxygen neutrals goes into hexagonal rod growth afterwards in afterglow can 

produce oxygen vacant free ZnO lattice as observed.  

 When the He gas flow is changed for a fixed 40 W RF power, we 

observe nTPs formation with flow at 150 sccm 50 sccm, although with 

irregular arms and other rod shaped particles. However, their optical 

properties, especially PL, show no sign of emission related to oxygen defects. 

At even higher gas flows, the shape of NPs changes to spherical (~10 nm) with 

some oxygen based defects.   

 The presence of oxygen defects such as oxygen anti-site and interstitials 

were observed in NPs produced at two different extreme parametric conditions 

such as low power (30W) and 150 sccm and at high flow (300 sccm) and 40 W 

respectively. This clearly reveals that lower applied RF power does lead to 

incomplete crystallisation of NPs and results in oxygen atom misplaced in a 

zinc site of ZnO sublattice. But at higher He gas flow, the possible presence of 

higher amount of energetic oxygen atomic species reacting on the formed NPs 

in afterglow and bombarding oxygen atoms into the ZnO sublattice thus 

forming an interstitial.  

 Nevertheless, an optimum parameter (40W, 150 sccm) for a given 

microplasma geometry were found that produce defect-free nTP crystals that 

can be confirmed by photoluminescence and x-ray photoelectron spectroscopy. 

Therefore, super-saturated Zn sputtered atoms from a metal wire induced by 

the microplasma and rapid quenching along microplasma afterglow in 

atmospheric ambience produces in general zinc oxide nanocrystals and for a 

specific power and He gas flow results in nanoscale ZnO tetrapods. 

 

4.1.7 Conclusion  

 Synthesis of nanoscale and intrinsic oxygen vacant free ZnO nTP and rich 

ZnO NPs were demonstrated using atmospheric pressure plasma from a zinc metal 

sacrificial wire as starting material. The formation of the nTPs is closely linked to the 
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synthesis conditions, whereby small changes in the synthesis control parameters (i.e. 

applied plasma power and gas flow) lead to the other ZnO morphologies with various 

degrees of oxygen-related defects. The nTP arms are hexagonal wurtzite grown 

along (0002) plane containing polar surfaces. TEM, XRD, photoluminescence and 

XPS measurements have shown the correlation between the absence of oxygen-

related defects and the optical properties. The nature of the optical transition in the 

crystals are confirmed to be direct with sharp absorption transition near UV region of 

the electromagnetic spectrum. The formation mechanisms have been also studied 

aided from thermodynamic, nucleation theories and correlated to the specific crystal 

and defect characteristics of the ZnO nTP. This work shows that this microplasma 

process can contribute to control oxygen-related defects in ZnO; it therefore suggests 

the possibility of non-equilibrium defect engineering through the manipulation of 

oxygen concentration for a larger family of metal oxides. 

 

4.2 Annealing studies of ZnO nTPs  

4.2.1 Introduction 

 The ZnO nTPs previously described were further subjected to annealing in air 

with the aim of investigating the evolution of surface and other defects. Structural, 

optical and band structure properties of the nanocrystals before and after annealing 

were characterising using TEM, XRD, UV-Vis, PL, XPS and Kelvin probe 

microscopy (KPM). As expected, the morphology of the nTPs is drastically modified 

after annealing at different temperatures. Particles were found to take spherical 

shapes or close to with hexagonal wurtzite phases. The optical bandgap was observed 

to increase slightly with increasing annealing temperature whereas the 

photoluminescence suggests the formation of oxygen-based deep level acceptor and 

weak shallow donors introduced after annealing.  Finally, an overall band structure 

was estimated from XPS valence band and KPM which reveals that the Fermi level 

moves inside or close to the valence band giving a p-type character. 

 Unless otherwise stated, ZnO nTPs obtained directly from non-equilibrium 

gas phase microplasma process at an RF power of 40 W and a gas flow of He gas at 
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150 sccm were used for these annealing studies. The as-deposited samples on silicon 

substrate were placed in the center of a muffle furnace and annealed. The furnace 

was heated from room temperature (~21 oC) to three different temperatures 300 oC, 

500 oC and 700 oC for 5 h in air at the target temperature. The samples were then 

cooled in air over night in the furnace and collected after the temperature reached 

room temperature. The samples are then used for crystallography and chemical 

composition measurements.  

 

4.2.2 Material characterisation 

 TEM and SAED measurements were carried out on a JOEL JEM-2100F 

instrument accessorized with a Gatan Dual Vision 600 Charge-Coupled 

Device at an accelerating voltage of 200 kV. For TEM analysis, first the 

powders of annealed ZnO samples were dispersed into ethanol (Sigma Aldrich, 

99.8%) and sonicated for 10 minutes. 40 μL of the nanoparticle in ethanol colloid 

were drop casted onto a holey carbon-coated grid (400 mesh, #S187-4, Agar 

Scientific) with an ultrathin carbon film (3 nm thick) and allowed to evaporate 

under ambient conditions overnight; d-spacing values of the crystal planes 

were measured on the digital image using ImageJ software. Figure 4.20 shows 

TEM of ZnO nTP before and after annealing (300 oC, 500 oC and 700 oC). The 

micrographs reveal that nTPs are not present anymore after annealing. The 

nanocrystals after annealing were found to be nearly spherical and their mean size 

was obtained by fitting a log-normal distribution over the experimental distribution 

of ~200 particles. Table 4.2 shows the mean size and standard deviation of the 

nanocrystals corresponding to annealing at different temperature. Here the size of the 

nTPs was evaluated taking in consideration its rod diameter. Analysis of SAED 

patterns confirms the ZnO hexagonal wurtzite phase for all samples with [1 0 -1 0], 

[0 0 0 2], [1 0 -1 2], [1 1 -2 0] and [1 0 -1 3] planes and therefore no significant 

changes with respect to the ZnO nTPs. However, high resolution TEM suggests the 

presence of highly oriented crystal planes with d values of 0.26 nm which are related 

to [0 0 0 2] planes, mainly for the samples annealed at 300 oC, 500 oC and 700 oC. 
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This shows that the crystals, during annealing, have been grown preferentially in the 

{0 0 0 1} direction along the c-axis.  

 Figure 4.21 shows further high-resolution TEM images of single ZnO 

nanocrystals with corresponding FFT analysis. The arms of the ZnO nTP show for 

the most part [1 1 -2 0] crystal planes (figure 4.21a). After annealing, the nanocrystal 

exhibits mainly [0 0 0 2] planes as shown as most intense diffraction spots in figure 

4.21b-d. This further confirms that the crystal is recrystallised in air and grow along 

the {0 0 0 1} c-axis direction of the hexagonal unit cell. 

 

 

Figure 4.20. TEM micrograph of ZnO nTPs annealed at different temperature with 

their high resolution image, SAED pattern and particle size distribution (for nTPs, 

its rod diameter) (a) as-prepared nTP ZnO (b) 300 oC, (c) 500 oC and (d) 700 oC. 
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Table 4.2. Size distribution of ZnO nanocrystals annealed at various temperatures. 

Sample description Diameter (nm) 

ZnO nTPs – rod  10.97±3.46 

300oC 23.49±8.20 

500oC 69.49±18.38 

700oC 64.53±27.73 

 

 

Figure 4.21. High resolution micrographs and their diffraction pattern obtained 

from Fast Fourier Transformation (FFT) of ZnO nanocrystals (a) ZnO nTP rods, (b) 

300 oC, (c) 500 oC and (d) 700 oC. 

 XRD measurements were carried out on a film of ZnO nTPs deposited 

directly from the plasma on Si substrates. A Bruker AXS D8Discover was 

used with a monochromatic Cu Kα X-ray (wavelength = 1.5406 Angstroms) 

radiation generated at an accelerating voltage of 40 kV and current of 40 mA. 

The data were acquired at a rate of 0.03 increments, scan speed of 12 s per step 

up to a total duration of 5 h. Semi-quantitative analysis (Rietveld refinement) 

of the XRD patterns was carried out using MAUD program.6 The theoretical 

pattern were generated from the standard crystal information file (cif) for Zn7 

and ZnO8 obtained from online crystallography open database.9 Figure 4.22 

displays XRD patterns of the ZnO nTPs before and after annealing. All the samples 

show the same peaks which can be indexed to the standard Joint Committee for 

Powder Diffraction Studies (JCPDS) file no. 79-2205 and confirm the hexagonal 

wurtzite phase (space group P63mc) in all cases. The small peak at 43.2o that 
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corresponds to metallic zinc disappears with annealing temperature. The peak 

intensity of the [0 0 0 2] crystal plane is found to vary significantly with annealing 

temperatures as highlighted in figure 4.22. Besides, the full width half maximum 

(FWHM) of the maximum intense peak are also changing with annealing 

temperature; for instance, the changes related to the peak FWHM related to the [1 0 -

1 1] crystal plane are summarized in table 4.3. The values found to decrease with 

different annealing temperatures revealing the improvement in crystallinity of ZnO 

nanocrystals. Semi-quantitative analysis of the patterns were performed using 

Rietveld refinement with fair convergence of weighted profile R factor10 (Rwp) 8 – 

11  %. The estimated lattice constants ‘a’ and ‘c’ and corresponding aspect ratio (c/a) 

are tabulated in table 4.3. The lattice parameters values slightly increase from nTPs 

probably due to the increase in the crystalline order and large size nanocrystals at 

higher annealing temperature,20,21 therefore reducing the overall XRD line width as 

measured in terms of FWHM from the most intense peak. 

 

Figure 4.22. X-ray diffraction pattern of annealed ZnO nanocrystals for various 

annealing temperatures in comparison with ZnO nTPs. 
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Table 4.3. Lattice parameters obtained using refinement for various annealed ZnO 

nanocrystals. 

Description FWHM 

of [1 0 -1 1] 

(deg.) 

a 

(Å) 

c 

(Å) 

c/a 

ZnO nTP 0.4510 3.2493 5.2060 1.6021 

300oC 0.3607 3.2492 5.2061 1.6022 

500oC 0.2279 3.2499 5.2069 1.6021 

700oC 0.1996 3.2497 5.2063 1.6021 

 

4.2.3 Chemical composition 

 Surface chemistry and chemical composition of the annealed ZnO 

nanocrystals were characterised using XPS through a Kratos Axis Ultra DLD 

photoelectron spectrometer working at 10-9 mbar base pressure. The survey 

and high-resolution spectra were acquired in high vacuum using a 

monochromatic Al Kα X-ray radiation at 15 kV and 10 mA with analyser pass 

energy of 150 eV and 20 eV. The as-annealed samples in the form of film were 

directly used for the measurements. The acquired spectra are corrected for 

charge-shift using C 1s line at 284.6 eV. Figure 4.23 shows the overall survey 

spectra with elemental lines (core level and Auger lines) mainly related to zinc and 

oxygen species. Figure 4.24a shows the high-resolution spectra of Zn 2p core level. 

The profile constitutes a narrow doublet peaks 2p3/2 and 2p1/2 at 1021.1 eV and 

1044.2 eV respectively.90 The spectra were also analysed by deconvolution using 

asymmetric Lorentzian peak fitting function with Shirley and Tougaard background 

functions. In the Zn 2p region, for the as-prepared zinc oxide nTPs (i.e. before 

annealing), we observe a minor peak at 1020.8 eV assigned to metallic Zn (0). The 

major component at 1021.2 eV is related to Zn (II) in zinc oxide.25 Zn 2p spectral 

lines of the annealed ZnO nanocrystals shows narrow doublet peaks with more or 

less similar position and full width and half maximum (FWHM) as that of ZnO nTPs 

with no identifiable component for metallic Zn. Thus, indicating the nanocrystals 

after annealing are pure ZnO.  
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Figure 4.23. Survey scan spectra of ZnO nanoparticles on Si substrate for various 

annealing temperatures (a) as prepared nTP ZnO (b) 300oC, (c) 500oC and (d) 

700oC. 
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Figure 4.24. High resolution core level spectra of (a) Zn 2p and (b) O 1s. 

 Figure 4.24b shows the broad O 1s core-level spectra for various annealing 

temperatures. The asymmetric profile can be decomposed into three components, 

namely lattice oxygen (OL), vacant oxygen (OV) and oxygen at the surface (OS). The 

first low binding energy component (OL) within 529-530 eV can be assigned to 

lattice site oxygen (O2–) of hexagonal zinc oxide phase.25,26 The next component (OV) 

within 530-531 eV can be ascribed to oxygen (O2–) deficient site in the ZnO lattice, 

generally reported at 531.4 eV.27 Finally, the third component (OS) around 532 eV 

can be assigned to chemisorbed oxygen, hydroxyl adsorbed on the surface or water 

molecule usually observed at ~532 eV28. After annealing, the O 1s peak shifts to 

higher binding energy. This can be seen as lattice oxygen (OL) component 

diminishing and surface oxygen (OS) increases with temperature. Figure 4.25 shows 

the bar chart of the atomic % contribution to the O 1s peaks (OL, OV and OS). It is 

clear that the oxygen peak is subject to drastic changes between 300 oC and 500 oC, 

where the contribution of the lattice and vacant oxygen are suppressed, and the 

surface oxygen contribution is increased. Since the ZnO nanocrystal measured are 

on silicon substrate. Also, survey spectra evident the presence of broad silicon peak. 

Therefore the intense broad O 1s peak at ~532 eV, especially at higher annealing 

temperature, could possibly include the contribution from oxygen of SiO2.
91 

However, surface oxidation of nanocrystal can occur at high temperature that 
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contributes to increase the OS component. The improved crystalline arrangement 

(evidenced from TEM, and XRD) shows reduced presence of defects/vacant sites in 

the crystal as confirmed by lower OV component in O 1s at higher temperature.  

 

Figure 4.25. Atomic % oxygen content in the film for various annealing temperature.  

 

4.2.4 Optical properties 

 UV-Vis absorption spectroscopy was recorded using Perkin Elmer-Lambda 

650S ultraviolet-visible spectrophotometer fitted with a 150-mm integrating sphere. 

The spectroscopic measurements were performed on colloid of annealed ZnO 

nanocrystal. The colloid were prepared by dispersing in ethanol (99.8%, Sigma 

Aldrich) the nanocrystals obtained after annealing. For measurement colloid was 

taken in a quartz cuvette of 1 cm path length. Transmittance of light from the 

samples recorded over different wavelength from 250 nm to 800 nm. The 

absorption coefficient and bandgap were estimated using procedure described 

in experimental section 3.2.5. Figure 4.26 shows the transmittance of the samples 

produced at different annealing temperatures. All the samples exhibit an increasing 

absorption towards the visible and UV spectral ranges with a sharp transition near the 

UV region 380-390 nm. However, the transmittance exhibit two different 
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characterisitcs with lower UV absorption for the samples annealed at 500 oC and 700 

oC while a much higher UV absorption for the other two samples (ZnO nTPs and 

annealed at 300 oC). The bandgap of the samples was determined assuming direct 

transitions92 as shown in the Tauc’s plot in figure 4.30a-b. The bandgap values 

(figure 4.30b) reflects the transmission behaviour with a drastic change at annealing 

temperatures between 300 oC and 500 oC. 

 

Figure 4.26. Optical transmittance from ZnO nanocrystals annealed at different 

temperatures. 

 PL measurements were carried out using Agilent Cary Eclipse 

fluorescence spectrophotometer with excitation and emission slit width to 10 

nm, scan rate of 10 nm per second. The ZnO nanoparticle obtained after 

annealing were dispersed in ethanol (99.8%; Sigma Aldrich) and the emission 

was recorded for a fixed excitation wavelength (320 nm) at room temperature. 

Figure 4.27 shows room temperature photoluminescence emission spectra from 

annealed ZnO nanocrystals and nTPs excited at 320 nm excitation wavelength. To 

understand better the dynamics of emission and related property, the luminescence 

spectra were analysed by decomposing into identifiable components or bands using a 

gaussian fitting model in figure 4.27. The deconvoluted peaks were labelled as bands 

u, v, b, c, g and y listed according to the emission wavelengths in table 4.4.93,94 
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Figure 4.27. Photoluminescence emission spectra from annealed ZnO nanocrystals 

at 320 nm excitation wavelength. 

 

 

Table 4.4. Peak locations related to various emissions in wavelength, nm (in eV) 

 Interband Defect based emission 

Samples u v b c g y 

ZnO nTPs 388.61(3.19) 405.74(3.05) 433.24(2.86) - - - 

300 oC 384.25(3.22) 403.06(3.07) - 477.05(2.59) - 557.33(2.22) 

500 oC 380.66(3.25) 400.15(3.09) - - - - 

700 oC 383.86(3.23) 400.19(3.09) - - 506.61(2.44) 551.57(2.24) 
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Figure 4.28. Band energy scheme revealing different defect levels in zinc oxide 

nanocrystals after annealing with numerical values with respect to CB obtained from 

reference 93 and 94.  

 Figure 4.28 shows various emission scheme that can take place in ZnO 

nanocrystals. All the levels were estimated based on the assumption of a theoretical 

bandgap of 3.36 eV for zinc oxide. All the spectra contain highly intense and narrow 

ultraviolet emission (band u) around 380-389 nm (3.26 eV) due to the recombination 

(called interband transition) of free exciton, (Fex) i.e. an electron (e–) near the 

conduction band (CB) to the hole (h+) in the valence band (VB). However, this 

emission peak observed to blue shifts for ZnO annealed at high temperatures as 

shown in figure 4.29. This is because of the change in the ZnO nanocrystal structure 

mainly from nTP rods to nanoparticles as similar structural shifts were observed and 

reported by Zhao et al.95 The shoulder peak (band v) near the main UV band located 

around 400 nm (~3.01 eV) is also consistent in all the samples. This emission could 

originate from radiative recombination of e– at an interstitial zinc (Zi) site with a h+ in 

the VB or from the recombination of a CB electron with a h+ at the vacant zinc site 

(VZn); both these transitions would pair with non-radiative transitions from/to the 

CB/VB. Here the Zni is identified as a shallow donor level located 0.22 eV below CB 

and can capture an electron from the conduction band via non-radiative path 

way.34,35,96 Samples processed at 300 oC and 700 oC show a broad visible emissions, 

in which 300 oC shows two peaks, one at blue region 477 nm (band c), other at 
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yellow 557 nm (band y). The 700 oC annealed ZnO shows broad peaks at 517 nm 

decomposed into green at 506 nm (band g), yellow at 551 nm (band y) components 

respectively.  

 

Figure 4.29. Observed excitonic peak ‘u’ shift for different annealed ZnO 

nanocrystals. 

 There are several proposed theories on the mechanisms inducing visible 

(blue, green and yellow) emissions that occur from single or double ionised points 

defects, surface states, photoexcited carriers etc discussed in table 4.5.97,98 The 

formation of zinc interstitials (Zni) can be understood via Frenkel reaction  shown in 

equation 1 where VZn
ex and Zni

ex are neutral vacant and interstitial zinc sites 

respectively. The zinc interstitial (Zni
ex) site further ionised shown in equation 2 and 

3 to form Zni
+, Zni

++ extended levels. These levels lies below CB shown in the band 

energy scheme (figure 4.28).  

 Similarly, Schottky reaction explain the formation of oxygen vacant defect 

levels (Vo) through equation 4 to form neutral states Vo
ex and VZn

ex. The neutral 

vacant oxygen site (Vo
ex) undergo ionisation to form Vo

+ and Vo
++ levels (equation 5 

and 6).99 Thus Frenkel and Schottky reactions explains the formation of defect levels 

in a crystal lattice. 
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Table 4.5. Various defect formation in ZnO lattice 

Equation 

No. 

Frenkel reaction: 

1 𝑍𝑛𝑍𝑛 ↔ 𝑉𝑍𝑛
𝑒𝑥 + 𝑍𝑛𝑖

𝑒𝑥 

2 𝑍𝑛𝑖
𝑒𝑥 ↔ 𝑍𝑛𝑖

+ + 𝑒− 

3 𝑍𝑛𝑖
+ ↔ 𝑍𝑛𝑖

++ + 𝑒− 

 Schottky reaction: 

4 0 ↔ 𝑉𝑜
𝑒𝑥 + 𝑉𝑍𝑛

𝑒𝑥 

5 𝑉𝑜
𝑒𝑥 ↔ 𝑉𝑜

+ + 𝑒− 

6 𝑉𝑜
+ ↔ 𝑉𝑜

++ + 𝑒− 

 

 The presence of the defect can be identified from emission through radiative 

recombination (e– - h+) that can occur between excited defect sites to ground state. In 

our case the observed emission shown in figure 4.27 can be correlated to scheme in 

figure 4.28. For example, the formation of blue emission (415 to 488 nm) are 

reported to arise from shallow zinc interstitials level or from interface trap states.93 

The weak blue emission around 433 nm (band b) seen with as prepared ZnO nTPs 

having 1-D rods can be explained based on transition from one of the extended 

shallow donor (e– - h+) recombination from Zni level below CB to VB.96 The 300 oC 

annealed nanocrystals exhibit blue-green band (a slight blue shift of green emission) 

at 477 nm (band c) can correlated radiative recombination of  e– and h+ from shallow 

donor zinc interstitials to an oxygen based deep acceptor levels.93 However the 

nanocrystal annealed at 700 oC shows two distinct green (band g) and yellow (band 

y) emission related to radiative (e– - h+) recombination corresponding to oxygen 

acceptor level (Vo
ex) to VB and CB to Vo

++ that further non radiatively decay to VB 

respectively.94 Thus, oxygen based defects acts as deep levels responsible for visible 

emissions as observed in our case of 300 oC and 700 oC annealed nanocrystals.37,38  
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4.2.5 Electronic structure of ZnO nanocrystals 

 Figure 4.30a shows the estimated bandgap obtained by Tauc’s plot from 

optical transmittance data. The values (figure 4.30b) change with annealing 

temperature. Figure 4.31 shows the detailed valence band structure of the ZnO 

nanocrystals measured using XPS with the inset showing a closeup of the spectral 

region near the Fermi level. The spectra clearly reveal the presence of the valence Zn 

3d orbital that belong to ZnO with their photoemission onset. The values of Ef - EVBM 

were estimated for the different annealed zinc oxide and are plotted in figure 4.32. 

The onset values for the samples annealed at 500 oC and 700 oC are lower than the 

other samples revealing the existence of a tail-like occupied states near the band edge 

leading up to the Fermi level. 

  

Figure 4.30. Optical bandgap estimated for annealed ZnO crystals (a) Tauc’s plot 

and (b) variation of bandgap.  

The work function () of ZnO nanocrystals was measured using air KPM. 

Samples are prepared as film coated on indium tin oxide (ITO) substrate (1 cm x 1 

cm) by spray coating the colloid of ZnO nanocrystals. The synergistic effects of both 

valence band onset and Fermi level as observed from XPS and KPM measurements 

can be seen in figure 4.32; this illustrates that the Fermi level is within (or close to) 

the valence band edge when the annealing temperature exceeds 300 oC. Using optical 

bandgap, Fermi level and valence band onset values (Ef – EVBM), the band energy 

scheme was obtained as shown in figure 4.33 which shows the complete electronic 

structure for different annealed zinc oxide nanocrystals. 
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Figure 4.31. XPS valence band spectra of ZnO nanocrystals for different annealing 

temperature. 

 

Figure 4.32. Variation of valence band onset (Ef – EVBM) and Fermi level (Ef) for 

different annealing temperature. 
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Figure 4.33. Band energy diagram of annealed ZnO nanocrystals at different 

temperatures.  

 

4.2.6 Discussion and conclusion 

 When the ZnO nTP were annealed over 8 h in air, changes in morphological, 

optical and electronic band structure were observed, in particular when the 

temperatures were raised to 500-700 oC. This type of changes have been reported for 

annealing in nitrogen, air, vacuum etc.100 For example, zinc oxide annealed in inert 

gas environment induce zinc interstitials while in an oxygen-rich environment 

introduces surface oxidation of the nanoparticles.101 Thermal processing at high 

temperature also helps recrystallisation where stress and strain can be relieved from a 

nanocrystal lattice. At sufficiently high temperature, small crystals are also prone to 

coalesce  and grow into bigger crystals.102 In our case, the size distribution obtained 

from TEM shows that the particle size increases to around ~69 nm from the nTPs 

with rod diameters of ~11 nm, a clear sign of coalescence. FFT analysis also 

revealed that the particles have developed [0 0 0 2] crystal planes after annealing.  

However, XRD discloses that the most intense peaks are 36.3o and 31.7o which relate 

to [1 0 -1 1] and [1 0 -1 0] diffraction planes, respectively, and the peak intensity 
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corresponding to [0 0 0 2] is found to decreases with annealing temperature as seen 

in figure 4.3. This clearly indicates that the c-axis crystals decrease with increasing 

temperature and in turn the amount of polar surfaces decreases. A similar 

phenomenon was observed and confirmed from XRD with zinc oxide films annealed 

in air for 2 h at 400 oC.103 Ostendorf and co-workers showed annealing at high 

temperature and longer cycles, zinc oxide underwent surface reconstructions in the 

form of nano-facets consisting mainly with surface termination in [1 0 -1 0] crystal 

planes. They also observed a large number of triangular features with deficient Zn 

content, i.e. rich in oxygen terminations near the edge of the triangles.104 Diebold et 

al. also produced evidence of the surface stabilisation with low index zinc oxide 

crystal planes such as [1 0 -1 0], [1 1 -2 1], [1 1 -2 0] non-polar surface, [0 0 0 1], [0 

0 0 -1]  polar surface in which the former tends to stabilise at high temperature due to 

different surface energy.105 We can therefore conclude that our ZnO nanocrystals 

increased the low-index non-polar surfaces due to annealing. UV-Vis spectroscopy in 

fact showed a decrease in the bandgap value when sufficiently high temperature (> 

300 oC) was reached that could be attributed to improved crystallinity, change in 

particle size and possibly from carrier concentration in the nanocrystals.106 With 

respect to carrier concentration, this can be the result of active defect sites. In the 

work function measurements based on air-KPM, the position of the Fermi level of 

annealed ZnO increases from 4.892 eV to 5.308 eV. KuO et al. showed that the work 

function of oxygen plasma treated zinc oxide surface increases up to 4.21 eV from 

3.74 eV (as deposited). They attributed this increase to the presence of oxygen 

terminated bonds after the plasma treatment which they confirmed from their XPS 

measurement with O 1s showing an intense peak at ~532 eV.107 However, the 

reported work function values obtained using density functional theory for a non-

polar surface [1 0 -1 0] and polar surface have shown a minimum value around 4.8 

eV 100,105,108 Thus, the increase in the work function with annealing temperature is 

related the presence of polar planes and oxygen terminations on the surface. Zhu et 

al. in their work on annealing of ZnO film in air up to 450 oC observed atmospheric 

oxygen reacting and forming oxygen terminated surface. They also distinguished the 

type of oxygen species on the surface such as at low temperature, its physio-adsorbed 

oxygen; from low temperature up to 420 oC it can be either O– or O2
2– and at further 
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higher temperatures, it is mostly either O– or O2–. Further, presence of the oxygen 

species quenches the photoluminescence significantly.106 Thus, the absence of visible 

emission in PL spectra from 500 oC annealed ZnO nanocrystals could be due to non-

radiative recombination from the surface related oxygen species. This is well 

evidenced with our XPS measurements revealing a broad peak at higher binding 

energy than at low temperature ones and as synthesized ZnO nTPs. Therefore, the 

presence of oxygen based defects on the surface of the nanocrystal contribute to hole 

type carrier density in the material pushing the fermi-level to VB.109 Thus, annealing 

the nanocrystals, effectively introduces defect levels from the surface that exhibit a 

p-type behaviour.  

 Let us understand the how p-type conductivity is possible? In a bulk ZnO 

particle, defects (also called as point defects) can be distinguished as interstitials, 

vacancies and antisites. Mainly oxygen deficiency attributes to n-type character and 

manifests as oxygen vacancy (Vo). This along with zinc interstitial (Zi) forms an 

unintentional doping.110,111 Other commonly observed point defects are zinc anti-site 

(Zno) acts as shallow donors, zinc vacancy (Vzn), oxygen interstitials (Oi) and oxygen 

anti-site (Ozn) were all found to behave as deep acceptors.112,113 Many theoretical 

work were devoted114 on quantification of defects using density functional theory 

(DFT) aided and begun from local density approximation (LDA).115  Initially these 

methods found to show inaccuracies successively underestimating the bandgap.  

Later rectifications in the calculation were carried out using coulombic correction 

factor “U” (as LDA+U) for position of d-orbitals, incorporating hybrid functionals 

etc brings the bandgap close to the experimentally observed values ~3.2 eV (bulk 

ZnO bandgap is 3.4eV).116,117,118 Further DFT calculations were extended to 

determine the position (respect to fermi level) and energies of defects in the solids.119 

In a significant abundant Zn and O atoms in a nanocrystal, the formation energy 

𝐸𝑓(𝐷𝑥
𝑞) for a point defect/impurity (Dx) in a charge state (q) can be obtained as 

below114,120,121, 

𝐸𝑓(𝐷𝑥
𝑞) = 𝐸𝑡(𝐷𝑥

𝑞) − 𝐸𝑡(𝑍𝑛𝑂) − ∑ 𝑛𝑖𝜇𝑖𝑖 + 𝑞(𝐸𝑓 − 𝐸𝑉)                 7 

Where 𝐸𝑡(𝐷𝑥
𝑞) is total energy of model super cell containing defects Dx and 𝐸𝑡(𝑍𝑛𝑂) 

is the total energy of an equivalent supercell having 𝑛𝑖 number of host atoms (in this 

case Zn and O) of “i” type and 𝜇𝑖 is the corresponding chemical potential of the host 
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atoms. 𝐸𝑓 is the fermi level or electron chemical potential with reference to the 

valence band maximum 𝐸𝑉. At equilibrium, the position of the fermi level depends 

on charge neutrality of the defect/vacancy in the solid. In principle, equation 7 shows 

the formation energy is a function of fermi level, any change in the defect 

concentration can ultimately affect the position of it. Additionally, Ef is referenced to 

the valence band maximum (Ev), allowed to vary from 0 to Eg where Eg is the band 

gap of the material.112  The boundary conditions on the variation of fermi level were 

grounded to either Zn rich or O rich regimes. This allows one to calculate the 

enthalpy of formation of defect/vacancy in a crystal lattice. For example in n-type 

ZnO, Vo, Zi, Oi, OZn and Zno all have high formation energies and VZn has low 

formation energy.114 However, presence of these defects depends concentration of 

host atoms per unit volume under thermal equilibrium. At a given thermodynamic 

conditions, concentration of defect species (cd) can be obtained via following 

equation,121 

𝑐𝑑 = 𝑁𝑠𝑒𝑥𝑝 (−
𝐸𝑓(𝐷𝑥

𝑞
)

𝑘𝐵𝑇
)                      8 

 Where Ns is the number of point defect sites in the crystal lattice, kB is the 

Boltzmann constant and T is the temperature. In general defects in a solid can places 

different levels in the electronic band gap.122 These energy levels formed based on 

the charge and formation energies of the point defect. At a room temperature, due to 

thermal ionisation of some defects, and energy levels are formed near the band edge 

and are called as shallow levels. These levels behave acceptor like when they are 

close to valence band maxima (VBM) and donor like levels in near to conduction 

band minima (CBM). Sometimes, transitions can happen as resonance rather levels 

from charge centres located near the conduction band or valence band. These charge 

centres can be identified as a temporary state of hydrogen-like effective mass that 

behaves like shallow levels. In contrary, if the defects aren’t ionised, it can go in as 

deep levels inside the band gap possess similar acceptor/donor behaviour depending 

on relative position with respect to VBM/CBM. In zinc oxide, Zni, Vo, Zno behaves 

like donor like defects, whereas Oi, OZn, and VZn acts as acceptor like defects, thus 

these defect formations are favourable in appropriate of zinc rich and oxygen rich 

conditions respectively.112 
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 Besides the intrinsic nature (n-type character), doping or post treatments can 

selectively introduce intriguing properties suitable for functional device 

applications.102,123,124 High quality n-type nanocrystals were produced through 

doping with Ga and Al.  Similarly through first principle calculation and experiments 

p-type ZnO were reported with doping elements from group-V of N, P, As and Sb, 

group-I of Li, Na and K, or group-IB of Cu, Ag and Au.125,126,127 Zhang et. al. 

reported change in conductivity (n-type to p-type) can be achieved through native 

point defects in ZnO.97 However, attaining p-type behaviour via acceptor like point 

defects (VZn, Oi) requires high formation energy. Also, doping is many cases were 

difficult with acceptors basically due to self-compensates with native defects.126  The 

most successful way of doing is via co-doping such as N – Al doped ZnO, B – N 

doped ZnO etc.128 Kaftelen et. al. reported p-type behaviour from the localised 

surface of nanocrystals and established a core-shell model. This study explains the 

presence of  negatively charged VZn and positively charged Vo as reflected in the 

electronic band structure.129 Similarly, Erdem reported p-type behaviour observed at 

high temperature in ZnO caused by Zn vacant defects present on the surface and 

proposed on a core-shell structure.130 Such a surface based defects can be induced by 

annealing or calcination under ambient gas (O2, H2, CO, N2) atmospheres.131 Thus, 

annealing zinc oxide in air atmosphere could tailor their optical and electronic band 

structure.133 

 In conclusion, annealing of as-synthesized ZnO nTPs in air demonstrated to 

introduce oxygen based defect levels in the nanocrystal. The nTPs shown to 

completely recrystallised to nearly spherical nanocrystals. The as-prepared and 300 

oC annealed sample essentially show similar behaviour in optical, chemical and band 

structure. However, a minor change in properties possibly from increase in size and 

morphology from nTPs to nanoparticles was observed from TEM and XRD. The 

major drastic change happens as the particles are annealed from >300 oC, where 

there is an impact on optical properties and band structure which is supported by the 

XPS defect analysis and also by PL, depicting a different range of transitions. 

Finally, 500 oC to 700 oC, seem to change the chemical (XPS) and optical (PL 

specifically) properties but with essentially impacting the electronic structure and 

therefore overall properties. Therefore, annealing at high temperatures (500 to 700 
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oC) introduces oxygen terminated on nanocrystal surface as observed from XPS. This 

contributes to presence of oxygen based defect level that populates acceptor states 

near valence band resulting the fermi level in valence band. Thus, this study provides 

an insight into the post processing can tune defects in a non-equilibrium processed 

ZnO nanocrystals for potential application for future optical and electronics 

applications. 

 

 

4.3 Synthesis of tin oxide (SnOx) nanocrystals under He/O2 mixtures 

4.3.1 Introduction and system description 

 The results produced with the gas-phase microplasma system are very 

encouraging to vary and tailor electronic properties of oxides. For this reason, an 

initial investigation with another metal oxide was carried out, on a first instance to 

verify the possibility of synthesizing other important metal oxide systems. Tin oxide 

(SnOx) was selected due to its importance in a range of application and also due to its 

interesting electronic structure such as wide bandgap and n-type conductivity.134 The 

samples were prepared using an in-house built setup, hereafter referred to as NOXY, 

which essentially resembles the MOX system with the only difference being the 

possibility of carrying out the experiments within an enclosed stainless-steel 

chamber. Therefore, the process ambient gas atmosphere inside the chamber could be 

controlled. The NOXY also included an x-y motorised stage controlled via a 

software through a computer. The stage can be used to deposit films of required area.  

 SnOx quantum dots (QDs) were synthesized using gas phase microplasma in 

the NOXY system. The process uses a solid tin (Sn) metal wire as starting material at 

various He (carrier) gas and oxygen (reactive) gas for various flow under fixed RF 

power conditions. A schematic of the NOXY setup is shown in figure 4.34a (see also 

section 3.1.4). An important part of this work is the microplasma reactor used (figure 

4.34b, picture in figure 4.34c). This consists of a perspex casing hosting a quartz 

capillary tube (1 mm external, 0.7 mm internal diameters) with a grounded Sn wire 

placed inside as shown in figure 4.34b. One end of the capillary is connected to a gas 
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feedthrough and the other end of the capillary, with the wire, is inserted through two 

copper plate electrodes (1.5 mm thick) that acts as double Cu powered electrodes. 

The copper plates are powered using RF power operating at 13.56 MHz. All the 

experiments were carried out in nitrogen background gas. The pressure inside the 

chamber was controlled and monitored using a vacuum pump and pressure gauge. 

Before the experiments, the chamber is completely evacuated (~1 mTorr) and 

nitrogen gas is slowly introduced to reach the working atmospheric pressure inside 

the chamber. 

SnOx QDs were prepared using a 0.25 mm Sn wire placed inside the quartz 

capillary in which the end of tin wire is suspended at the same height of the first Cu 

electrode of the double-electrode setup as shown in figure 4.34b. All the experiments 

were carried out at fixed RF power of 50 W except for pure tin (no oxygen gas flow) 

in which the deposition was performed at 41 W . Because to avoid melting of wire as 

observed at 50 W and having a sustaining plasma. Also, helium gas flow is 

maintained constant at 1100 sccm with a variable O2 gas flows as shown in table 4.6. 

The working pressure for all the experiments was maintained within the range 710-

721 mTorr for a duration of 15 min. Finally, samples were deposited on to a n-type 

(1 0 0) silicon substrate and as well as in ethanol (99.8%, Sigma Aldrich) used for 

various characterisation. 
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Figure 4.34. (a) Schematic of the NOXY deposition system, (b) microplasma reactor 

used for SnOx deposition and (c) An actual picture of microplasma reactor in NOXY. 

Tables 4.6. Samples and their parameters for various gas flow combinations 

performed for 41 and 50 W RF power . 

Samples Gas flow rate 

(sccm) 

Oxygen 

gas mix 

conc. 

(%) 
He O2 

SnO1 1100 0 0 

SnO2 1100 11 0.9 

SnO3 1100 15 1.3 

SnO4 1100 25 2.2 

 

4.3.2 Material characterisation 

 Morphology and crystallinity of the samples were studied using transmission 

electron microscopy (TEM) and selective area electron diffraction (SAED) on a 

JOEL JEM-2100F accessorized with a Gatan Dual Vision 600 Charge-Coupled 

Device at an accelerating voltage of 200 kV. For TEM analysis, QDs were collected 

into ethanol (99.8%, Sigma Aldrich) directly from the process.  20 μL of the solution 

were drop casted onto a holey carbon-coated grid (400 mesh, #S187-4, Agar 

Scientific) with an ultrathin carbon film (3 nm thick) and allowed to evaporate under 

ambient conditions overnight; d-spacing values of the crystal planes were measured 

on the digital image using ImageJ software. Figure 4.35 to 4.38 shows electron 

micrographs of the SnOx QDs prepared for different oxygen gas mixture in helium 

collected directly in ethanol with some high resolution and particle size distribution. 
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However some samples doesn’t have images because of lower particle count and 

absence of lattice fringes. Most of the samples show particles in spherical shape 

ranging from 1.58 nm to 4.13 nm except in the sample obtained from pure He gas 

precursor that has no sign of particles with a crystalline phase. Samples with oxygen 

at 0.9% and 1.3% presented a large number of highly packed particles. While at 

2.2% oxygen, it was hard to capture SAED patterns due to the small particle size 

diminished to 1.58 nm. The size of the QDs decreases with increasing O2 as shown in 

figure 4.39. SAED of the QDs produced with 0.9% oxygen shows bright and well 

defined rings related to tin (IV) oxide (SnO2) phase (PCPDS#880287) with crystal 

lattice corresponding to (1 0 1), (2 0 0), (2 2 0), (3 0 1) and (3 1 2). Similarly, for 

1.3% O2, the SAED pattern includes diffraction rings related to (1 0 1), (1 1 1), (-2 0 

1) etc. of the Sn3O4 phase (PCPDS#160737X). The crystallinity of the sample 

produced with 2.2% oxygen was evaluated from high resolution TEM images (figure 

4.38), which show d-spacing (0.21 nm) related to the (2 1 0) crystal plane of tin (IV) 

oxide.  

 

Figure 4.35. Transmission electron micrographs, selected electron diffraction and 

particle size distribution of SnOx at 0 %, oxygen concentrations in the process.  
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Figure 4.36. Transmission electron micrographs, selected electron diffraction and 

particle size distribution of SnOx at 0.9 %, oxygen concentrations in the process.  

 

 

Figure 4.37. Transmission electron micrographs, selected electron diffraction and 

particle size distribution of SnOx at 1.3 %, oxygen concentrations in the process.  
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Figure 4.38. Transmission electron micrographs, selected electron diffraction and 

particle size distribution of SnOx at 2.2 %, oxygen concentrations in the process.  

 

Figure 4.39. Size of SnOx QDs obtained for different oxygen flow concentration. 

 

4.3.3 X-ray photoelectron spectroscopy 

 Chemical composition was analysed using x-ray photoelectron spectroscopy 

(XPS). The measurements were performed using a Kratos Axis Ultra DLD 

photoelectron spectrometer working at ~ 10-9 mbar base pressure with 

monochromatic x-ray radiation Al Kα generated at 15 kV and 10 mA. The as 

deposited sample on Si substrate were used for the study. The position of the peaks 
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were in general identified using NIST web database24 and local database from CASA 

XPS software wherein the spectral fitting were performed as well.  All the spectra 

were recorded on three spots on the sample. Mean and standard deviation were 

estimated on the three values.  

 

Figure 4.40. XPS survey scan spectra of various SnOx QDs on Si substrate. 

 Figure 4.40 show the survey scan of the samples. The spectra show the 

presence of tin through its core levels and Auger lines along with nitrogen, oxygen 

and silicon peaks that arise from the substrate. The high resolution core level spectra 

of tin (figure 4.41) is composed of the doublet peaks 3d5/2 and 3d3/2 positioned at 

487 eV and 495.4 eV respectively. The spin-orbit splitting energy difference between 

these two peaks was found to be 8.4 eV which matches with reported values.135,136 

The peak profiles were deconvoluted by fitting with asymmetric Lorentzian function 

with background corrected with Tougaard function. The Sn 3d5/2 peak at 487 eV 

and with a FWHM of ~1.3 eV is consistent with tin (IV) oxide (SnO2) as per reports 

in the literature.137 However, the other phases (SnO or Sn2O3 or Sn3O4) cannot be 

completely excluded due to overlapping chemical shifts.135  Figure 4.43a show total 

elemental (tin, oxygen and Si) content in the film for different oxygen gas mixtures 

estimated from survey spectra. The amount tin content in the films were found to 

increase with oxygen inclusion with overall oxygen content ranging around ~65 at. 

%. The films also show significant presence of Si constant from the substrate 

probably caused from variation in thickness of the film over large area.  
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Figure 4.41. Sn 3d core level XPS spectra and analysis of various samples on Si 

substrate.  

 

 

Figure 4.42. O 1s core level XPS spectra and analysis of various samples on Si 

substrate.  

 Figure 4.42 shows the oxygen O 1s core level spectra for different oxygen 

gas mixtures in the process. The spectra were first corrected with Shirley type 
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baseline function and deconvoluted using the same asymmetric Lorentzian function 

to identify the presence of any chemical shifts caused from different oxidation states 

of oxygen. The spectra were identified with three components, lowest binding energy 

530-531 eV is related to lattice oxygen in tin oxide (OL),138 the middle around 531-

532 eV can be related to oxygen deficient sites in tin oxide or oxygen present in the 

native oxide from the silicon substrate139 or chemisorbed oxygen140. Further at high 

binding energy region around 533 eV (OS) from superficial carbon contamination 

(CO, CO2) or moisture from atmosphere.141 XPS measurements were carried out 

immediately after deposition and we reduced to the minimum possible (<15 min) the 

time that the samples were exposed to air. We do not see any significant contribution 

from atmospheric contamination usually observed as a shoulder at high binding 

energy in O 1s. Thus, the various oxygen contribution in the film were estimated and 

are shown in figure 4.43b.  

 Figure 4.43c reports the ratio between tin and oxygen atomic percentage 

obtained from the XPS survey scan (Si 2p, Sn 3d and O 1s). From the overall content 

of tin to oxygen, i.e. total tin to oxygen atomic concentration, the curve is found to 

lie between 0 to 0.5 which means that the films are under either oxygen rich or tin 

deficient condition as represented by black curve. However, from the survey scan, Si 

2p peaks around 102 eV that corresponds to oxide part of silicon oxide rather in the 

Si metal (98 – 99 eV).142,143 So, this clearly shows the oxygen content calculated 

should be corrected by excluding the oxygen from native oxide. The red curve shows 

the ratio of tin to remaining oxygen which is found to lye near 0.5 as shown in dotted 

line in figure 4.43c. Thus, this clearly indicates that the majority of product formed 

were the most stable phase of tin oxide SnO2 during the process. 

 

0 % 0.9 % 1.3 % 2.2 %
0

10

20

30

40

50

60

70

80

 

 

E
le

m
e

n
ta

l 
c
o

m
p

o
s
it
io

n
 (

a
t.

 %
)

O
2
 gas mix. (%)

 Sn,  O,  Si

(a)

0 % 0.9 % 1.3 % 2.2 %

0

10

20

30

40

50

60

70

80

 

 

c
h

e
m

ic
a

l 
c
o

m
p

o
s
it
io

n
 (

a
t.

 %
)

O
2
 gas mix. (%)

 lattice oxygen, O
L

 other oxygen, O
O

 surface oxygen, O
S

(b)



193 

 

 

Figure 4.43. Elemental composition estimated from (a) XPS survey scan, (b) high 

resolution oxygen spectra and (c) Sn/O ratio of film for different oxygen gas 

mixtures. 

 

4.3.4 Optical properties 

 Figure 4.44a shows the optical transmittance of SnOx quantum dots recorded 

using UV-Vis spectroscopy. All the curves display a sharp UV absorbance around 

300 nm and are transparent in the visible range. The corresponding bandgap values 

were estimated using Tauc’s plots (figure 4.44b) assuming direct transitions. The 

values were found to vary between 4.46 eV and 4.74 eV (figure 4.44c). In the 

literature, the experimental bandgap of the most stable form of tin oxide (i.e. SnO2) 

varies between 3.4 eV and 3.6 eV.135,144,145 However, this value of the bandgap is 

found to depend strongly on  the oxidation state146, size147 and defect.148,149 Lee et al. 

reported that the bandgap of SnO2 increased up to 4.05 eV for sizes of 1.5 nm.150 

Also, Deng et al. used a model aided with density function theory (DFT) which 

predicted an increase in the bandgap with a decrease in particle size.151 Similarly, our 

experiments show that  the bandgap decreases with increasing particle size (figure 

4.44d).  
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Figure 4.44. Optical characteristics and related bandgap of SnOx quantum dots for 

various O2 gas mixtures: (a) transmittance curve, (b) Tauc’s plot, (c) bandgap of 

SnOx QDs for different O2 gas mixtures and (d) bandgap vs particle size. 

 

4.3.5 Conclusion 

 Tin oxide (SnOx) quantum dots synthesis was successfully demonstrated 

using atmospheric gas phase microplasma synthesis technique starting with metal 

wire as precursor for different oxygen gas mixture in helium gas. TEM analysis of 

SnOx QDs reveals that the particles are spherically shaped and crystalline. Chemical 

analysis on all the deposited films using XPS reveals that the films contains mostly 

tin in +4 oxidation state as SnO2. However, high-resolution photoelectron spectra of 

core levels of tin and oxygen shows exciting results about the presence of other 

metastable tin oxide phases such SnO, Sn2O3 and Sn3O4 found to have a dependence 

on oxygen gas mixture in helium. Therefore, synthesis of tin oxide quantum dots 

using microplasma technique can be a versatile method that have a future prospect 

for energy and optoelectronic applications. 
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Chapter 5 Application of metal oxides nanostructures for solar cell  

5.1 ZnO nanoscale tetrapod (ZnO nTPs) and CuO quantum dots (QDs) in 

photovoltaic devices 

5.1.1 Introduction 

 This section discusses the applicability of metal oxides (CuO, ZnO) 

synthesized by atmospheric pressure microplasmas processes (see 3.2 and 4.1) for 

potential photovoltaic application. Device optimization in terms of performance was 

not the objective of this work and the focus was an initial evaluation of the 

integration of the synthesis processes in the fabrication of experimental solar cells. 

 We demonstrated ZnO based nanostructured devices using nano-tetrapods 

(ZnO nTPs) produced through the gas-phase synthesis method (section 4.1) used 

here as electron transport layer for organic perovskite methyl ammonium lead iodide 

(MAPI).  

 ZnO nanomaterials have been used as transport layer for different kinds of 

solar cell devices such as dye sensitized solar cells (DSSCs)1, hybrid polymer SCs2, 

quantum dot sensitized SCs (QDSC)3, Cu2ZnSnS4 (CZTS) SCs4 and recently with 

perovskites SCs.5 In these devices, ZnO was mainly employed as a compact film 

(planar)6 or a mesoporous structure in the form of one dimensional rods7, porous 

structure made up of quantum dots8 and with nano-tetrapods (nTPs).9 Large 

modification of these device were carried out to increase their reliability in terms of 

efficiency and cost by inclusion of nanostructured ZnO materials such as rods 

reported to an efficiency of 16.1 %10, quantum dots to 5.2 %8 etc. ZnO was also used 

in dye sensitized solar cell devices with reported efficiency of 6.5 %.11 A 

comprehensive review of solar cell devices with different ZnO nanostructures is 

available in the literature.12 Despite some device fabrication challenges with ZnO-

based transport layers, solar cells have shown relatively high efficiencies of 15.9 % 

(perovskite in planar structure)6 and 10 % (on flexible PET substrate).13 These 

studies justify the use of nanostructured ZnO in various device architectures whereby 

the introduction of an atmospheric pressure plasma-based process could introduce a 

range of benefits such as lower costs, eco-friendly process and could relax some 
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fabrication constraints on fabrication of other layers (e.g. pressure and thermal 

budget). 

 Devices were then fabricated by replacing the MAPI absorber with CuO QDs 

(section 3.2) and coupled with an organic hole transport layer. This allowed 

assessing the integration of the two main plasma-based materials synthesis processes 

presented in this thesis (i.e. gas-phase and PiNE) in the application device fabrication 

steps. The cells were tested as per experimental details provided in Appendix A 

section A.2.10 and A.3. 

 

5.1.2 MAPI devices with ZnO nTPs 

 Figure 5.1a shows the solar cell architecture and Figure 5.1b shows 

corresponding images (front and back view) of the experimental device after 

complete fabrication; each device as shown in figure 5.1b actual consists of two 

separate working solar cells (C1 and C2).14,15 Glass substrates with patterned indium-

doped tin-oxide (ITO) were purchased (Visiontek Systems Ltd., 15 ohms/sq.). The 

ZnO nTPs layer was deposited from the gas-phase plasma-based process (section 

5.1) directly onto the ITO-patterned glass. Methyl ammonium lead iodide (MAPI) 

perovskite (Xi’an Polymer Light Technology Corp., >99 %) was spray coated onto 

ZnO nTP layer (see section 3.3.1). The final Au (Kurt J. Lesker, 99.99 %) contact 

was then deposited using low pressure based DC magnetron sputtering system for a 

duration of 50 min. according to specification also provided in chapter 2. The nTPs 

layer acts as transport mesoporous structure for electron extraction from a MAPI 

absorber. Other devices that also utilized other methods of nTPs deposition (e.g. 

collection in liquid and subsequent spray deposition) were also trialled and are 

reported in the appendix. Here we report on the best performing device that was 

achieved by direct deposition from the plasma onto devices.  
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Figure 5.1. (a) Schematic of device architecture, (b) Photo of a fabricated device 

revealing the cells C1 and C2, (c) SEM cross section of glass/ITO/ZnO nTP + 

perovskite/Au layer device. 

 Figure 5.1c shows the cross-section of the device. The thickness of Au layer 

and the ITO contact layer was estimated to be 201 nm ± 9.5 nm and 458.8 nm ± 30.5 

nm, respectively; the latter corresponding to a manufacturer specification of ~150 

nm. The cross section image reveals a highly porous nTPs layer structure with 
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further big crystals from perovskite growth often interpenetrating as ZnO layer. Due 

to this, the differentiation between the ZnO nTPs and the MAPI layer was not 

straightforward. Therefore, this layer can be identified to covered with both 

perovskite crystals and porous structure of nTPs (highlighted as red oval regions in 

the yellow box of figure 5.1c). Thus, combined thickness of the active perovskite 

with the ZnO nTPs layer is however estimated to be 8.0 ± 0.2 m. This already 

highlights some fabrication challenges due to the high porosity of the ZnO layer 

which clearly impact the perovskite crystallization and morphology.  

 

Figure 5.2. Band alignment diagram of the ITO/ZnO nTP/MAPI/Au device. 

 Figure 5.2 shows the energy band diagram of the device where the energy 

levels were obtained in from the experimental values of section 5.1 for ZnO nTP and 

from the literature for MAPI16, ITO17 and Au.18 

 The electron extraction feature of the ZnO layer results from the equilibration 

of the Fermi levels. Figure 5.3a shows current density vs voltage (J-V) characteristics 

under dark and illuminated conditions in forward and reverse bias (FB and RB). This 

reveals successful rectification from the devices, which demonstrates that the direct 

deposition of the oxide layer is capable of depositing viable oxide films; it should be 

noted that all devices fabricated by other techniques (in Appendix A) exhibited 

rectification. Figure 5.4a-d shows the open circuit voltage (VOC), short circuit density 

(JSC), fill factor (FF) and efficiency () in forward bias and in reverse bias under 
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different light soaking intervals. The best conditions are reached under reverse bias 

and light soaking with values of 3.83 mA/cm2, 0.519 V, 23.5 % 0.47 % ().  Some of 

the issues that may have affected the device performance include the ZnO nTP 

morphology, where the corresponding roughness was not matched to the ideal 

dimension of the MAPI crystal grains. In addition, adhesion of the nTP film to the 

ITO-glass substrate could also be a problematic aspect because it could affect 

transport of photogenerated carrier from the absorber reducing its efficiency.19 Thus, 

nTP adhesion may be required to be assessed further. It should be emphasized that 

also the deposition of the MAPI layer, i.e. spray coating, is not currently the most 

optimized method for perovskite photovoltaics. 

 

Figure 5.3. (a) J-V characteristics of a device operated under dark and illuminated 

forward bias (FB) and reverse bias (RB) conditions. 
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Figure 5.4. Performance parameters with subsequent effect of light soaking up to 10 

minutes: (a) open circuit voltage (VOC) (b) short circuit current density (JSC),(c) fill 

factor (FF) and (d) efficiency. 

 

5.1.3 Devices with CuO QDs and ZnO nTPs 

 Cupric oxide is a good solar absorber material with very low bulk bandgap 

(1.3 eV), predicted to have maximum efficiency of 31 %.20 Using of quantum 

confined nanocrystals of CuO could enhance its performance because of widening of 

bandgap thus, pushing the conduction band lower makes them better electron 

blocking layer.21 With such property, solar cells were fabricated with cupric oxide 

nanoparticles (CuO QDs) obtained from plasma liquid interaction process (see 

section 4.2, 0.5 mA current) with the ZnO nTPs still acting as transport layer. Earlier 

studies on CuO/ZnO solar cell devices reported efficiencies from 0.03 % to 

2.88%.22,23,24 Such a combination of heterojunction device was even used for H2S gas 
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sensing applications.25 Figure 5.5a shows the device architecture with the purchased 

ITO-glass substrate and the ZnO nTP deposited directly from the plasma as per 

previous section. In this device architecture however, the MAPI layer was replaced 

with a CuO QDs absorber layer. The as-prepared CuO QDs synthesized by PiNE 

(see section 4.2) were spray coated onto the porous network of nTPs. The devices 

were completed with an organic hole transport layer 2,2',7,7'-Tetrakis[N,N-di(4-

methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD) deposited by spin-

coating (70 µL at 4000 rpm, 20 s) and subsequently with an Al (Kurt J. Lesker, 

99.9995 %) metal contact by low pressure plasma DC magnetron sputtering for 50 

min (see details at 3.3.2).  

 Figure 5.5b shows the band alignment of the device estimated from 

experiments (see section 4.2 and 5.1) and literature.26,27 Where CuO QDs are 

expected to act as an absorber layer with ZnO nTP and Spiro-OMeTAD acting as 

transport layers, for electrons and holes respectively. Device performance was 

characterised under AM 1.5G solar radiation and corresponding current were 

measured for various applied bias voltages. Figure 5.6 shows J-V characteristic 

curves of the devices revealing rectification from the heterostructure with relevant 

parameters summarized in table 5.1. The device exhibited very low efficiency values 

of 0.001 % to 0.002 %.    

 

Figure 5.5. (a) Device architecture and corresponding (b) energy band diagram of 

CuO QDs/ZnO nTPs solar cells.  
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Figure 5.6. J-V characteristics of a hybrid inorganic/organic (CuO QDs/ZnO nTPs) 

solar cell device under forward (FB) and reverse (RB) bias conditions.  

Table 5.1. Summary of the performance parameters obtained from J-V 

measurements. 

Device Jsc 

(A/cm2) 

Voc 

(mV) 

FF 

(%) 

Efficiency 

(%) 

CuO QDs/ZnO nTP in FB 55.83 131.430 20.784 0.00153 

CuO QDs/ZnO nTP in RB 62.47 142.056 21.712 0.00193 

 

5.1.4 Discussion 

 When MAPI perovskites solar cells with ZnO nTPs were fabricated from 

direct atmospheric plasma process. We observed the device performance in terms of 

efficiency, fill factor (FF) were low. Several reports on zinc oxide based MAPI 

perovskite devices shows efficiencies from 5 to 16 %.10,28,29,30 Such a devices were 

fabricated generally in glove box filled with inert gas such as nitrogen etc.10 But in 

our case, the aim was to demonstrate fabrication of transport layer from direct 

microplasma process without/or few intermediate steps in air atmosphere. However 
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the factors affecting the performance of the devices were identified and are as 

follows, first the perovskite layer is fabricated in ambient atmosphere which is 

usually fabricated in inert gas atmosphere usually in glove box. Secondly, the direct 

deposition of ZnO nTP layer intrinsically porous (see section 4.1.2 in chapter 4). 

which could introduce lots of trap states which could affect the efficiency of the 

device.31 Finally, there is not encapsulation layer or a hole transport layer that could 

enhance the performance of the device.32 Cheng et. al. observed degradation of 

MAPI on zinc oxide transport layer which could also affect its performance. 

Generally, ZnO devices suffers highly with issues on degradation especially with 

perovskite methyl ammonium lead iodide precipitate out to lead iodide which could 

affect the performance of a solar cell and decrease the efficiency.33  Some of these 

point can be also affects the performance of CuO/ZnO devices. Thus, inculcating a 

hole transport layer and a blocking layer with the porous nTP/perovskite layer could 

increase the performance which lies in future scope of this work. 

 

5.1.5 Conclusion 

 Rectifying solar cell devices were successfully demonstrated with integrated 

layers of ZnO nTPs and CuO QDs fabricated by atmospheric pressure plasma 

deposition step. The nanostructured ZnO was used as a mesoporous structure and 

was made from gas-phase direct microplasma deposition within a MAPI-based solar 

cell architecture. These devices established the functionality of the structure with a 

max efficiency of 0.47 % and showing a constant performance over light soaking up 

to 10 min. Another device architecture was fabricated and tested with two layers 

produced out of plasma-based fabrication steps to form CuO QDs and ZnO nTPs 

layers. Also in this case, the devices was here found to achieve rectification, although 

the overall efficiency was very low. Further, device optimisation through 

atmospheric pressure microplasma process can provide reliability and will be a step 

toward advance third generation/ mechanism for highly efficient devices.  
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Chapter 6 Conclusion and outlook 

6.1 Conclusion 

 The synthesis of several transition metal oxides quantum dots (MOx QDs) 

including cupric oxide (CuO), manganese oxide (MnxOy), cobalt oxide (Co3O4), 

molybdenum oxide (MoO3), nickel oxide (NiO), and zinc oxide (ZnO) was 

demonstrated by plasma induced non-equilibrium electrochemistry (PiNE) using an 

in-house built system, referred to as the DC-SE. The synthesis process was carried 

out with simple solid precursor, a metal foil in ethanol. This technique demonstrated, 

a simple low-cost production of QDs based  on green cyclic process involving non-

toxic products.  

 A detailed study of the formation mechanisms of MOx QDs was performed 

using Cu foil for production of Cu-oxide QDs for two different currents (0.5 and 3 

mA). Transmission electron microscopy (TEM) along with selected area electron 

diffraction (SAED) and x-ray photoelectron spectroscopy (XPS) confirms the 

presence of quantum dots (1.8 nm to 3.2 nm) of copper oxide phase. Further, thermal 

gravimetric analysis revealed the phase purity at low current. However, at higher 

current, the presence of amorphous features in the TEM arise a question of product 

purity. Several primary analytical techniques including Fourier transformed infrared 

(FTIR) spectroscopy, nuclear magnetic resonance (NMR) and gas chromatography 

mass spectroscopy (GC-MS) were executed to understand the plasma-induced 

chemical reactions in solution. Infrared spectroscopy revealed the presence of the 

initial solvent as the major component after plasma processing except for minor 

quantities of water. Using colorimetric measurements, the presence of hydrogen 

peroxide was also found and quantified. Gas chromatography-mass spectroscopy 

(GC-MS) and Nuclear magnetic resonance (NMR) show the presence of isopropyl 

alcohol as minor product along with ethanol. Based on all these results, the CuO QD 

synthesis cycle was drawn and the presence of possible copper based organo-metallic 

complexes was speculated. Thus, a full understanding of the green cyclic reaction 

paths was therefore achieved. This process mechanism may be extended to 

understand the synthesis of the wider range of MOx QDs and indeed is relevant to 

build a more complete theoretical framework for PINE. 
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 The synthesis of manganese oxide quantum dots (MnxOy QDs) using PiNE 

using manganese foil in ethanol was therefore demonstrated. TEM shows the 

particles to be crystalline and spherical in shape with sizes ranging from2.0 nm to 2.5 

nm) except for the QDs synthesized at 1 mA which exhibited a mean diameter of 3.4 

nm; these dimensions are all within the quantum confinement regime. The formed 

particles were identified to be of mixed phases such as MnO (cubic), -MnO2 

(tetragonal),  -MnO2 (orthorhombic), Mn2O3 (cubic), Mn3O4 (tetragonal), −Mn3O4 

(orthorhombic), however at higher processing current at 3mA we observe a single 

phase of Mn2O3 QDs. Chemical analysis using XPS also confirms the presence of a 

single phase at 3 mA and mixed phases at other processing currents with a broad Mn 

2p core level depicting the presence of several oxidation states from very small 

amount of metallic manganese Mn(0) to Mn(IV) states. The optical characterisation 

on MnxOy QDs colloids reveals light absorption over the visible wavelengths 250-

800 nm. Thus, the valence spectra obtained from XPS analysis discloses that QDs 

contain oxygen rich states. 

 Thermal stability of the PiNE produced copper oxide QDs were studied by 

annealing the as-prepared samples to 350 oC for 8 h in ambient air. The nanoparticles 

obtained after the process show a six-fold increase in size, i.e. the mean diameter 

increases up to ~20 nm from ~3 nm. SAED analysis shows mixed phases with a 

significant fraction of Cu2O present together with CuO; these results were 

corroborated by XPS measurements. Thus, this study provides valuable information 

on the temperature range where QDs were stable. 

 The second part of this thesis focused on the synthesis of metal oxides using 

gas phase microplasmas. Firstly, the synthesis of defect-free and oxygen-rich zinc 

oxide nanoscale tetrapods (nTPs) was demonstrated using an atmospheric pressure 

plasma technique from a zinc metal sacrificial wire as starting material in ambient 

air. The formation of the nTPs was noticed to be closely linked to the synthesis 

parameters (i.e. applied plasma power and gas flow); changes in the synthesis 

parameters lead to other ZnO morphologies with various degrees of deep level 

oxygen-related defects. TEM on the nTPs shows the arms are hexagonal wurtzite 

grown along (0002) plane containing polar (oxygen and zinc terminated) surfaces. X-
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ray diffraction (XRD) and SAED show that the nanocrystals are highly crystalline 

confirming to the wurtzite phase of ZnO. Photoluminescence and XPS measurements 

have shown the correlation between the absence of oxygen-related defects.  The 

nature of the optical transition in the crystals observed from ultraviolet-visible (UV-

Vis) spectroscopy confirms to be direct with sharp absorption transition near the UV 

region of the electromagnetic spectrum. The formation mechanisms of the ZnO nTPs 

have been also studied aided from thermodynamic, nucleation theories and correlated 

to the specific crystal and defect characteristics of the ZnO nTP. This work shows 

that this microplasma process can contribute to control oxygen-related defects in 

ZnO and therefore suggests the possibility of defect engineering through the 

manipulation of oxygen concentration for a larger family of metal oxides. 

 Tin oxide (SnOx) quantum dots synthesis was demonstrated using 

atmospheric gas phase microplasma synthesis technique starting with tin wire for 

different oxygen gas mixture in helium gas.  The particles are found to be spherical 

in shape and are crystalline as revealed by TEM. Chemical analysis of the QDs films 

shows these to be mostly in +4 oxidation state as SnO2. However, high-resolution 

photoelectron spectra of core levels of tin and oxygen shows exciting results about 

the presence of other meta stable tin oxide phases such SnO, Sn2O3 and Sn3O4 found 

to have a dependence on oxygen gas mixture in helium.  

 Effect of thermal annealing on ZnO nTPs were studied by annealing the 

samples at high temperature (300 oC, 500 oC and 700 oC) in ambient air. The as 

prepared and 300 oC annealed samples essentially show similar behaviour in optical, 

chemical and band structure with increase in size and change in morphology from 

nTPs to nanoparticles. Thus, it is understood that structural changes do not affect the 

properties of the particles at these conditions. The major drastic change was observed 

in the particles when nTPs were annealed above 300 oC impacting optical properties 

and band structure; this was shown by XPS defect analysis and also through 

photoluminescence (PL) studies depicting the different range of transitions. 

Annealing at high temperature introduced polar and oxygen-terminated surface states 

which contributed to the hole-type conductivity and resulting in Fermi level shifting 
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very close or within the valence band. Overall it can be concluded that post-

processing could tune defects produced in a non-equilibrium process. 

 Finally, metal oxides such as ZnO nTPs and CuO were used in solar cell and 

biomedical applications. Particularly, devices with direct incorporation of ZnO nTP 

with methyl ammonium lead (MAPI) perovskites shows the feasibility of direct 

integration of metal oxides into solar cell device fabrication process. Finally, 

demonstration of CuO QDs obtained from PiNE were successfully introduced in 

scaffold for biomedical applications. These applications show the direct use of metal 

oxide obtained from innovative plasma-based processes. 

In overall summary of the thesis is, 

• Rapid synthesis of highly stable metal oxide (CuO , MnxOy, Co3O4, MoO3, 

NiO and ZnO) QDs from metal foil in ethanol is shown using plasma induced 

non-equilibrium electrochemistry; the mechanisms involved were studied in 

detail.  

• A simple and cost-effective synthesis of ZnO by gas phase non-equilibrium 

microplasmas was demonstrated in which purity, structure and defects of 

metal oxide were able to be controlled by process parameters. Also, tin oxide 

synthesis with controlled oxygen gas precursor was also demonstrated. 

• Manipulation of defects to tailor the materials properties was shown through 

the plasma-based processes and/or in combination with annealing steps. 

These results show exciting opportunities offered by simple metal-oxides to 

adapt important properties such as semiconducting character and light-matter 

interactions. 

• Fabrication of solar cell devices using ZnO nanoscale tetrapods and CuO 

QDs demonstrates the process feasibility and direct applicability of metal 

oxide into solar cell. 

• CuO QD obtained directly from PiNE process were successfully coated on to 

biomedical polycaprolactone (PCL) scaffold. 
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6.2 Outlook 

• PiNE is new and emerging technique, still lot of things are needed to 

understand, especially there is a need to identify the characteristics of 

organometallic complex formed during the process. 

• Optimisation studies need to be carried out to full exploit the synthesis 

process of zinc oxide nTPs and other synthesis based on the same process 

with perovskites and other solar cell technologies. 

• The results suggest the possibility of investigating fully inorganic (e.g. with 

metal oxides) solar cell devices where both PiNE and gas phase microplasma 

processes can strongly contribute within the fabrication steps. 

• PiNE has demonstrated particular suitability for biomedical applications 

where colloids are advantageous. Future investigations of biocompatibility or 

microbial disinfectant of metal oxide QDs obtained from PiNE should be 

followed up to fully understand the potential and realistic application toward 

the biomedical field. 
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Appendix 

A. Experimental details 

In this chapter, we will discuss the methods involved in processing of metal 

oxides, including the experimental set-up used for materials synthesis with 

atmospheric pressure plasmas. In addition, details of the different characterisation 

techniques used will be described. Metal oxide synthesis and characterisation work is 

all carried out at Ulster University (UU). However, two analytical techniques that 

relate to the analysis of liquids exposed to plasma processes were performed in 

Queen University Belfast (QUB). Various details of the characterisation are 

summarized in the table A.1. 

Table A.1. Summary of characterisation techniques used in this study 

Technique Instrument Location Operator Analysis 

Ultraviolet – visible 

(UV-vis) 

spectroscopy 

Perkin Elmer - Lambda 

650S UV-Vis 

spectrometer  

UU Carried-out by 

author 

Performed by 

author 

Photoluminescence 

Spectroscopy 

Agilent Cary Eclipse 

fluorescence 

spectrometer 

UU Carried-out by 

author 

Performed by 

author 

Transmission electron 

microscopy (TEM) 

JOEL, JEM-2100F 

instrument with Gatan 

DualVision 600 

Charge-Coupled 

Device (CCD)  

UU Carried-out by 

colleague 

Performed by 

author 

Scanning electron 

microscopy (SEM) 

JOEL SEM and Hitachi 

SU 5000 instrument 

UU Carried-out by 

author 

Performed by 

author 

X-ray photoelectron 

spectroscopy (XPS) 

Kratos Analytical Axis 

Ultra-2008 DLD 

spectrometer 

UU Carried-out by 

colleague and 

some by author 

Performed by 

author 

Fourier transform 

infrared (FTIR) 

spectroscopy 

Thermo fisher Nicolet 

iS5 

UU Carried-out by 

author 

Performed by 

author 

X-ray diffraction 

(XRD) 

Bruker AXS D8 

Discover 

diffractometer 

UU Carried-out by 

author 

Performed by 

author 

Plasma optical 

emission 

spectroscopy (OES) 

Ocean optics USB 

4000 portable 

spectrometer equipped 

with CCD array 

detector 

UU Carried-out by 

colleague and 

author 

Performed by 

author 
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pH Probe pH meter Extech 

EC500  

UU Carried-out by 

author 

Performed by 

author 

Proton (1H) and 

carbon (13C) nuclear 

magnetic resonance 

(NMR) 

Bruker Avance DPX 

600 MHz and 400 MHz 

spectrometers 

QUB Carried out by 

collaborator 

Performed by 

collaborator and 

author 

Gas chromatography-

mass spectrometry 

(GC-MS) 

Agilent Technologies 

7890B GC system 

equipped with an 

Agilent Technologies 

5977A MSD and an 

Agilent Technologies 

HP-5MS UI 0.25 

micron 30 m x 0.250 

mm column attached. 

QUB Carried out by 

collaborator 

Performed by 

collaborator 

Kelvin probe 

microscopy (KPM) 

SKP Kelvin Probe 

Version Delta 5+, 

Version 5.05  

UU Carried out by 

author 

Performed by 

author 

Current density– 

Voltage (J-V) solar 

simulator 

Keithley 2400 source 

meter equipped with 

AM 1.5 (1000 W/cm2) 

solar radiation. 

UU Carried out by 

author 

Performed by 

author 

    

A.1 Metal oxide synthesis techniques 

A.1.1 Introduction 

In this work, synthesis of various metal oxides such as Cu-oxide quantum 

dots (QDs), MnxOy QDs, ZnO nanoparticles (NPs) and nano-tetrapods (nTPs) and 

SnOx QDs were demonstrated using two different atmospheric pressure microplasma 

techniques: plasma-induced non-equilibrium electrochemistry (PiNE) and gas-phase 

microplasma synthesis. These techniques were performed using in-house built 

systems namely the “DC-SE” for PiNE and the “MOX” and “NOXY” for gas-phase 

synthesis. In particular, the MOX was set-up and developed as part of this thesis 

work.  

 

A.1.2 DC-SE system for synthesis of metal oxides quantum dots via PiNE 

PiNE was carried out in the DC-SE system which is an in-house built plasma-

liquid interaction-based system developed by our group in past years. The system is 

versatile in the synthesis of metal and metal oxide nanoparticle and ultrasmall 
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quantum dots such as Au1, CuO2, Co3O4
3, Mo-oxide and other nanomaterial such as 

nitrogen doped carbon quantum dots.4,5 Prior work also included surface engineering 

of nanocrystals used for solar cell fabrication.6   

 

Figure A.1. Schematics of DC – SE system showing PiNE process.  

Figure A.1 shows the set-up of the DC-SE system, which consists of a cell with two 

electrodes, a metal foil acting as the anode and a microplasma generated at the 

surface of the electrolyte acting as the cathode. The microplasma is generated and 

sustained at the tip of a Ni capillary tube (0.7 mm internal and 1 mm external 

diameter), carrying He gas at 50 sccm at a distance of approximately ~1 mm between 

the tip of the capillary tube and the surface of ethanol using a direct current (DC) 

power supply source (max 15 mA, 10 kV, Matsusada Precision Inc.). For metal-

oxide synthesis, the counter electrode is a metal foil which is immersed inside 

ultrapure ethanol (99.8% pure, Sigma Aldrich) in a glass dish (total volume 40 mL). 

The distance between the metal foil and the Ni capillary were fixed at around ~15 

mm. The microplasma current is stabilised through a ballast 100 kΩ resistor. 

 

A.1.3 MOX system for the synthesis of zinc oxide nanostructures 

Gas phase microplasma synthesis of metal oxide, specifically ZnO NPs and 

nTPs, was carried out using the MOX system operated under ambient atmospheric 

air. The system was developed as part of this thesis work and the synthesis of zinc 
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oxide quantum dots was first demonstrated by a colleague.7 Figure A.2a shows the 

set-up of the in-house built MOX system which consists of a microplasma reactor, 

mass flow controller (MFC) and readout unit, radio frequency power supply with 

matching network, helium gas cylinder with gas regulator. The set-up was also 

upgraded and improved with an x-y motorised stage controlled by a computer. The 

microplasma reactor shown in figure A.2b consists of a grounded zinc wire (0.5 mm 

diameter), which is placed inside a quartz capillary (1 mm external, 0.7mm internal 

diameters) carrying He carrier gas controlled via mass flow controller (MFC) and 

associated readout unit. The capillary tube with the zinc wire is placed within a 

single copper electrode (thickness 1.5 mm) as shown in figure A.2b. A Perspex 

casing is then used as the reactor frame.  
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Figure A.2. (a) Schematic of MOX system and (b) microplasma reactor. 

 A radio frequency (13.56 MHz) source through a matching network is 

connected to the copper electrode. The experiments were carried out by applying 

different power to the Cu electrode using an RF power supply connected to the 

matching network. Based on the geometry of the Cu electrode, wire position, gas 

flow and RF power, different  nanostructures and morphologies could be produced 

and deposited onto a substrate through the x-y moving stage. 

 

A.1.4 NOXY system for the synthesis of tin oxide nanocrystals using a gas 

phase microplasma 

Tin oxide (SnOx) quantum dots (QDs) were synthesized using an in-house built set-

up, NOXY, as shown in figure A.3a; this allows gas-phase microplasma synthesis of 

various materials under a controlled environment. The NOXY is in principle very 

similar to the MOX, where both systems allow for interchangeable microplasma 

reactors to be used. The only difference between the MOX and NOXY is that the 

first operate in ambient air whereas the second allows for controlling the surrounding 

environment (e.g. in nitrogen). Furthermore, although these can be changed easily, 

the NOXY is equipped with oxygen, nitrogen and ammonia process gases, while the 

MOX allows only helium and argon to be supplied within the plasma. The NOXY 

consists of a microplasma reactor, RF power supply with matching network, MFC 

operated through a readout unit, x-y stage controlled via a personal computer. The 
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microplasma reactor and x-y stage were housed inside a stainless-steel chamber 

where the process ambient can be controlled through a vacuum pump and throttle 

valve. The process is carried out with a solid tin (Sn) wire as a starting material with 

a fixed He (carrier) gas and variable oxygen (reactive) gas concentrations.  This 

system is also equipped with movable x-y stage.  

 

 

Figure A.3. (a) Schematic of NOXY system and (b) microplasma reactor. 

 The microplasma reactor (figure A.3b) consists of a grounded Sn wire (0.25 

mm, Good Fellow) placed inside a quartz capillary tube (1 mm external, 0.7 mm 
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internal diameters) passed through two Cu electrodes housed inside a Perspex casing. 

All the experiments are performed with the wire placed in such a way that one end of 

the wire is at the centre of the two plates passing through one of the copper plates 

completely as shown in figure A.3b. A radio frequency (13.56 MHz) power is 

applied to both the electrodes with the capillary tube carrying He/O2 gas mixtures.   

 Experiments were carried out with inert ambient via N2 gas purging and 

process pressure is maintained (~760 mbar) and monitored using throttle valve and 

pressure gauge. Before experiments, the chamber is completely evacuated, and 

nitrogen gas is slowly introduced to the required working pressure inside the 

chamber. Finally, the SnOx quantum dots were deposited on to a n-type (1 0 0) 

silicon substrate which are used for further characterisation. 

 

A.2 Material characterisation techniques 

A.2.1 Transmission electron microscopy (TEM) 

 Transmission electron microscopy (TEM) can be considered one of the most 

powerful tool available to analyse structure and crystal phase of ultrasmall 

nanomaterials. Figure A.4 shows the set-up of a TEM instrument which consists of 

an electron gun that acts as a source of electrons which are then accelerated to very 

high energy by the anode. The condenser lens collimates high energy electrons and 

allows them to pass through the specimen, for instance nanocrystals dispersed on a 

thin mesh TEM grid. The electrons interact with the sample and the transmitted 

electrons are collected and focused onto an image on the fluorescent screen or charge 

coupled device detector through the intermediate and projector lens systems. The 

detector collects the signal transforms to digital format through a computer. The 

purpose of these lenses are used to enhance the quality of the image thus eliminating 

unwanted diffracted electrons from the sample in the specimen.8,9 TEM is basically 

operated under two modes, transmission image recording mode and diffraction 

mode. This is performed using objective and intermediate lens. In transmission 

mode, high resolution images from the samples were observed and recorded whereas 
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a selected area electron diffraction mode produces bright rings and spots of 

diffraction from different crystal planes in the samples.10 

 

Figure A.4. Schematic of a transmission electron microscope.8 

 We carried out all our TEM and related selected area electron diffraction 

measurement using JOEL JEM-2100F accessorized with a Gatan DualVision 600 

Charge-Coupled Device at an accelerating voltage of 200 kV. All the samples were 

prepared by depositing 40 μL of the colloid containing nanocrystals onto a holey 

carbon-coated gold grids (400 mesh, #S187-4, Agar Scientific) with an ultrathin 

carbon film (3 nm thick) and allowed the solvent to evaporate under ambient 

conditions overnight. The obtained digital images were later analysed for d-spacing 

values using ImageJ software. 

 

A.2.2 Scanning electron microscopy (SEM) 

 Nanoparticle morphology and elemental composition were studied using 

scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy 

(EDS). An SEM is in principle similar to an optical microscope where instead of a 

light beam, a beam of electron is used to probe the surface characteristics of the 

sample. The electron beam interacts with the samples producing secondary electrons 
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(SE) and back-scattered electron (BSE) that provides the user with valuable 

information related surface topography and its chemical constituents. A typical 

electron microscope (shown in figure A.5) consists of electron gun that produces 

electron which are accelerated towards the sample by high voltage anode. The 

accelerated electrons are collimated to a fine beam using magnetic lens systems.  

 

Figure A.5. Schematic of scanning electron microscope.11  

 The incident electron beam interacts with the sample and produces SE and 

BSE. SE are produced from the sample surface due to inelastic process of primary 

electron beam. SE are captured by a detector closer to the sample surface and provide 

information on the arrangement of various features of sample. Whereas, BSE are 

elastically scattered or reflected electrons from the samples. The intensity of back 

scattered electron depends on the atomic number of element present. Thus, this 

electron used to identify surface composition of the sample and also provides other 

information such as crystallography and magnetic field of sample.12 Characteristics 

x-rays are also produced during the process by removal of core electron by the 

incident high energy electrons. X-rays can be recorded using the corresponding EDS 

detector and a computer is used to produce the elemental composition and 

distribution on the surface.11,13 
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We carried out scanning electron microscopy with JOEL EO/ InTouchScope 

and Hitachi SU 5000 Field emission SEM equipped capable of EDS. With JOEL 

instrument electron beam setting were 20 kV with spot size 50 for zinc oxide 

nanoscale tetrapod film. For biomedical scaffold, Hitachi FE-SEM instrument is 

operated with electron beam potential of 5 kV, spot intensity of 30.0 and working 

distance 5 mm respectively. For the same samples, EDS settings were changed to 

electron beam potential of 10 kV, spot intensity increases to 50.0 and at a working 

distance of 10 mm respectively.  

 

A.2.3 X-ray diffraction (XRD) 

X-ray diffraction (XRD) crystallography is a primary analytical technique 

used to characterise crystal structure of a materials in the form of powders 

(polycrystalline) and thin films. This technique gives information on phase and 

dimension of crystal unit cell of compounds. XRD is also used to study the structure 

of high molecular weight polymer molecule such as DNA etc. Discovered by Max 

von Laue in 1912, this technique is used in several area of scientific research.14  

 

Figure A.6. Basic principle showing x-ray diffraction from crystal lattice.15  

The principle of x-ray diffraction relies on a beam of monochromatic x-rays that falls 

on a polycrystalline sample containing a single crystal or randomly oriented crystals; 

the incident x-rays interacts with the sample producing constructive interference that 

depends on the atomic arrangement in the material. This can be very well understood 

from figure A.6 which shows x-ray diffraction onto the planes of a crystal lattice. 
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However, constructive interference is more pronounced when incident wavelength  

is comparable to the interatomic distance d that obeys Bragg’s law given as, 

                                                           2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                             1 

where θ is the angle between the direction of the incident x-ray and the normal 

formed with the lattice planes.16 

 

Figure A.7. Schematic of x-ray diffractometer showing Bragg-Brentano geometry.17 

 An x-ray diffractometer consists of three main components, x-ray source, 

sample stage also called as goniometer and x-ray detector as shown in figure A.7. 

The source placed in one arm provides monochromatic x-ray Cu kα ( =1.5406 Å) 

generated from an x-ray tube which is then passed through the slit.  The fine beam of 

x-ray falls on to the sample placed in a silicon holder and mounted at the center of 

the goniometer. The interacted x-rays from the samples are then taken by the 

detector, which consists of a scintillator attached with a photomultiplier tube; this 

converts x-rays into electrical signal which are processed by a computer.18   

 Measurements are carried out by fixing the sample in the goniometer with the 

x-ray tube and detector at variable angles of θ and 2θ respectively. This arrangement 

with a moving x-ray tube and detector is called the Bragg-Brentano geometry. We 

performed our measurement using Bruker AXS D8Discover instrument using 

monochromatic Cu Kα X-ray (wavelength = 1.5406 angstrom) radiation 

generated at an accelerating voltage of 40 kV and current of 40 mA in glancing 

incidence of x-ray tube angle at 0.75o with respect to sample plane. The data 

were acquired at a rate of 0.03 increments, scan speed of 12 second per step up 
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to a total duration of 5 h to 10 h. The as-deposited powders on Si substrate 

were directly used for the measurement. After recording the diffraction data, 

peaks were matched with standard crystallographic file (JCPDS). We also 

performed semi-qualitative/phase quantitative analysis (Rietveld refinement) 

of the XRD patterns using MAUD program19. The theoretical pattern were 

generated from the standard crystal information file (cif) for example in case 

of zinc oxide, Zn20 and ZnO21 obtained from online crystallography open 

database.22 

 

A.2.4 X-ray photoelectron spectroscopy (XPS) 

 X-ray photoelectron spectroscopy (XPS) is a fundamental surface 

characterisation technique used to understand surface chemistry of materials. It is 

also a quantitative technique that provides information about elemental composition, 

chemical and electronic states of constituent elements present in the material.23 It is 

based on the photoelectric effect, which was first observed by Hertz in 188724 and 

later theorized by Einstein in the 1905 for which he received the Nobel prize in 

1921.25 

 

Figure A.8. Photoemission accompanied by Auger electron emission in XPS. 

 When high energetic photons (h) of x-rays are incident on the surface of a 

material, photoelectron are ejected (as shown in figure A.8a) with certain kinetic 

energy (K.E.) that depends on the energy of incident x-ray and binding energy (B.E.) 
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of the electrons within the element present. This can be understood from the relation 

below, 

𝐾. 𝐸. = ℎ𝑣 − 𝐵. 𝐸. +                           2 

 where  is the work function of the spectrometer. Typically x-ray penetrate 

about 1-10 nm on the material surface. In addition to emission of photoelectron, also 

Auger electrons (shown in figure A.8b) are present due to relaxation of excited states 

in the same element followed by photoemission.26  

 

Figure A.9. Schematic of an x-ray photoemission spectrometer.27 

 An XPS instrument  (shown in figure A.9) generally consists of three main 

components, an x-ray source, sample analysis chamber and a detector, also called 

electron energy analyser;  the analysis chamber and the column connecting to the 

detector are all maintained in ultra-high vacuum at ~10-9 mbar. X-ray used for the 

technique are generally monochromatic and consist of either Al kα or Mg kα X-rays 

of energies 1486.7 eV and 1253 eV respectively. 26,27 

We carried out XPS measurements  with a Kratos Axis Ultra DLD 

photoelectron spectrometer at ~10-9 mbar base pressure. The survey and high-

resolution spectra were acquired in high vacuum using a monochromatic Al 

Kα X-ray radiation at 15 kV and 10 mA with analyser pass energy of 150 eV 

and 20 eV for recording survey and high-resolution spectra respectively. 
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Generally, XPS samples were prepared by drop casting the colloid containing 

the samples on to a silicon substrate under ambient air at 60 oC. All the 

samples are checked for any charge compensation and corrected as required 

for charge-shift using adventitious carbon C 1s line at 284.6 eV.  

 

A.2.5 Ultraviolet-visible (UV-Vis) spectroscopy 

 The optical properties of the nanomaterials were characterised using 

ultraviolet-visible (UV-Vis) spectroscopy, which is one of the most versatile, simple 

and cost-effective technique used in material characterisation. The instrument 

consists of two light sources (deuterium and halogen lamps), a monochromator based 

on a diffracting grating, a beam splitter, sample compartments (reference and sample 

slots) and detector enclosed in an integrating sphere as represented in figure A.10. 

The composite light from the source enters into a monochromator, which is 

monochromatized and passes through a slit that produces parallel beam of light. Then 

light enters into a beam splitter split up into two beams passing through reference 

and samples slots. The light (Io) passing through the sample suffers a loss of 

intensity (changes to I) due to absorption of light. And this is recorded by the 

detector as transmittance (T = I/Io) of light through the samples and the signal is 

analysed by the computer attached to the instrument.  

 

Figure A.10. Schematic of a UV-Vis spectrometer.28 

 According to Beer – Lambert’s law, light absorbance (A) of the sample is 

given by, 
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𝐴 = 𝑐𝑑                                      3 

 where ‘’ is extinction coefficient and d is the path length of light through the 

sample (cuvette, d = 1 cm), ‘c’ is molar concentration of solute in the solution.29 

However, absorbance can be written logarithmically related to transmittance as in 

following relationship, 

𝐴 = 𝑙𝑜𝑔10𝑇 = 𝑙𝑜𝑔10
𝐼

𝐼𝑜
                         4 

 Let us consider infinitesimal change in intensity of light passing through slab 

‘dx’ of samples is given as,  

𝐼(𝑥) − 𝐼(𝑥 + 𝑑𝑥) = −𝛼𝐼(𝑥)𝑑𝑥                5 

 Integrating equation 3 over entire sample thickness ‘d’ where the intensity 

changes from initial ‘IO’ to ‘I’ due to absorption of light after passing through sample 

of thickness ‘d’, 

∫
𝑑𝐼

𝐼

𝐼

𝐼𝑂
= − ∫ 𝛼𝑑𝑥

𝑑

0
                                6 

𝑙𝑛
𝐼

𝐼𝑂
= −𝛼𝑑                                        7 

𝐼

𝐼𝑂
= 𝑒−𝛼𝑑                                            8 

𝐼 = 𝐼𝑂𝑒−𝛼𝑑                                          9 

 Where ‘α’ is called absorption coefficient of the sample, in case of sample 

exhibiting reflection of incident light from top surface, the intensity light after 

passing through the sample is given as,  

𝐼 = 𝐼𝑂(1 − 𝑅)𝑒−𝛼𝑑                                10 

Therefore, using equation 10, transmittance can be written as, 

𝑇 =
𝐼

𝐼𝑂
=

𝐼𝑂(1−𝑅)𝑒−𝛼𝑑

𝐼𝑂
                               11 

𝛼 = −
1

𝑑
𝑙𝑛

𝑇

(1−𝑅)
                                  12 

 If the measurement is carried out in transmittance compartment with the 

incident beam normal to sample plane (to cuvette surface) and with nanoparticle 

solution, and if R << T, in this case, the absorption coefficient is given as, 
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𝛼 = −
1

𝑑
𝑙𝑛𝑇                                        13 

 Using equation 13, knowing the value of ‘d’ and transmittance of light ‘T’ 

over different wavelength, one can calculate the absorption coefficient. 

The optical bandgap is estimated using Tauc’s equation and corresponding plot,  

𝛼ℎ𝑣 = 𝐶(ℎ𝑣 − 𝐸𝑔)𝑟                              14 

 where C is a constant of proportionality, r is the nature of transition Eg 

is bandgap of the material and hυ is the energy of incident photon of at given 

wavelength of light. The nature of transition r can take values of ½, 2, 3/2, and 

3 corresponding to allowed direct, allowed indirect and forbidden direct and 

indirect transitions respectively.30 We also employed a technique of estimating the 

bandgap Eg without using Tauc’s plot, in which equation 4 can be rewritten as  

      
𝑑𝑙𝑛(𝛼ℎ𝑣)

𝑑(ℎ𝑣)
=

𝑟

(ℎ𝑣−𝐸𝑔)
                    15       

 ln(𝛼ℎ𝑣) = ln(𝐶) + 𝑟𝑙𝑛(ℎ𝑣 − 𝐸𝑔)           16 

 By plotting Equation 4 with hυ  in the x-axis, the bandgap can be 

extracted by evaluating the discontinuity. Thus, fitting those asymptotes 

provides a value for the bandgap (Eg). The corresponding nature of the 

transition r can be determined using equation 5 through plotting ln(hυ) vs. 

ln(hυ - Eg) and by fitting the linear part near the high energy range. Earlier 

using this method bandgap for silica and silica-iron oxide composite were 

estimated.31 Finally, the bandgap value can be confirmed by re-calculating 

using the same nature of transition value using Tauc’s plot which should lye 

close to the ones determined through the discontinuity plots.  

 All our measurements were carried out using Perkin Elmer-Lambda 650S 

UV-Vis spectrometer equipment fitted with a 150-mm integrating sphere and 

wavelength range of 190 nm to 900 nm. The samples generally used for optical 

studies were in colloid form in ethanol (99.8 % purity, Sigma Aldrich) taken in a 

quartz cuvette (High precision cell from Hellma Analytics). Transmittance data were 

recorded at rate of 1 nm/s with resolution of 2 nm and used for analysis to calculate 

the bandgap. 
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A.2.6 Photoluminescence (PL) spectroscopy 

 Photoluminescence (PL) spectroscopy is a non-destructive and contactless 

technique that provides valuable information about electron transition levels and 

band structure of the material. When light enters into a sample, photon of energy hυ 

excites the material by absorption generating carriers, i.e. photoexcitation. Some of 

these carriers relaxes to the ground state by emitting light. The spontaneous emission 

of light is called photoluminescence. Depending on the internal electronic structure 

of the material, some of the luminescence processes can be delayed, in this case 

referred to as fluorescence and phosphorescence. The typical time scale of a PL 

process is in the range of (~10-9 s). For other processes such as fluorescence and 

phosphorescence the transition time is in the order of 10-8-10-4 s and 10-4-10-2 s 

respectively. The various mechanism involved in luminescence are described in 

figure A.11 in which figure A.12 reveals photoluminescence.32,33 

 

Figure A.11. Luminescence scheme showing photoluminescence and various 

photoexcitation and decay processes.32 
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Figure A.12. Photoluminescence scheme in a semiconductor nanocrystal showing 

other defect emissions, where a is excitonic PL and b, c, d, e are extrinsic or defect 

PL.34 

In semiconductor crystals, photoluminescence process arises from presence 

of defects and surface states that can be classified as intrinsic and extrinsic PL as 

shown in figure A.12. When an electron is excited to the conduction band by 

absorbing a photon from incident light by leaving a hole in valence band, the electron 

decay radiatively by direct recombination with hole in valence band called “band-to-

band” as represented by scheme “a” in figure A.12 called intrinsic PL or excitonic 

emission. This process is observed in direct band semiconductors such as GaAs, ZnO 

etc. In case of an indirect bandgap crystals such as Si, this band-to-band 

recombination occurs with help of phonon which is identified by momentum 

conservation. However, naturally all crystals contain some kind of defects known as 

donor (Dn), acceptor (An) and deep (DP) states as shown in figure A.12. The related 

emission are called as defect emission represented as “b, c & e and d” etc, but whose 

wavelength are always less than that of the band-to-band emission. This emissions 

actually help to understand the type of defects present in the semiconductor.35,34 

 A photoluminescence spectrometer used for PL measurements is shown in 

figure A.13. It consists of a light source that produces a continuous wavelength 

generally in the range from UV to far infrared. A monochromator chooses a 

particular wavelength of excitation to excite the sample. Usually the emission light is 

collected by an emission monochromator placed at right angle to the incident light 

and thus the emission light is collected by a detector usually made up of charge 

coupled device (CCD) and analysed by a computer. 



239 

 

 

Figure A.13. Schematic of a PL set-up.33 

 We carried out photoluminescence spectroscopy on colloid of metal oxide 

samples. The measurement was carried out using an Agilent Cary Eclipse 

fluorescence spectrophotometer capable of emission and excitation wavelength 

ranging from 190 nm to 1100 nm. Each measurement is performed by 

adjusting the excitation and emission slits widths to 10 nm respectively and 

scan rate of 10 nm per second. The whole range of emission wavelengths were 

recorded for a single excitation wavelength generally at a time. Finally, the 

plots are analysed. 

 

A.2.7 Fourier transform infra-red spectroscopy (FTIR)  

FTIR uses the interaction of infrared light with molecules. It is a simple, cost-

effective and powerful techniques used for the characterisation of organic and 

inorganic samples. FTIR provides a chemical footprint of the samples and is widely 

used by chemical industries such as petrochemical, pharmaceutical and food 

industries. FTIR analysis relies on the vibrational states of molecules, thus 

identifying and determining their structure.36  
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Figure A.14. Schematic of (a) an FTIR instrument and (b) attenuated total 

reflectance (ATR).37 

FTIR was introduced due to drawbacks from older infrared spectrometers 

such as low throughput, slower and manual operations.38 Figure A.14a shows a 

schematic of an FTIR instrument (Thermo fisher, Thermo Nicolet), which consists of 

a sample compartment, interferometer, laser and infrared source, detector. Attenuated 

total reflectance (ATR) set-up is shown in figure A.14b and consists of a sample 

placed over diamond crystal window. It measures the characteristics of sample using 

total internal reflection of IR beam in the diamond window extending evanescent 

wave in the sample, thus recording back the attenuated evanescent wave from the 

sample.37,39  

All measurements were carried out using a ThermoFisher Nicolet iS5 

instrument. The spectra of liquid samples were recorded using a liquid cell made up 

of BaF2 window spaced by a Polytetrafluoroethylene (PTFE) film (thickness 50 m) 

combined to form a small compartment. Approximately 20 L of plasma-processed 

liquid were injected into the compartment ensuring that no air bubbles were formed. 

The liquid cell was then analysed in the transmittance mode and all the 

measurements were carried in nitrogen atmosphere to suppress interference of 

atmospheric water and carbon-di-oxide vibration in the spectra. All FTIR 

measurements were carried out within a time interval of 5 min after the plasma 

process. We also used ATR mode for the measurement of solid samples, which were 

dropped-casted on the diamond crystal.  
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A.2.8 Plasma optical emission spectroscopy (OES) 

 

Figure A.15. Optical emission spectrometer portable module.40 

Figure A.15 shows a portable modular Ocean Optics USB 4000 spectrometer 

(wavelength range 200-1100 nm) equipped with 3648-element CCD array detector; 

this was used for optical emission measurements. A fibre optic cable with a 

collimator capped at one end is connected to the interface of the spectrometer 

module. All the spectra were recorded with integration time of 100 ms averaged over 

10 scans and corrected for electrical dark. 

 

A.2.9 Kelvin probe microscopy 

The Fermi level of samples was measured using Kelvin probe 

microscopy. All the measurements were carried out using SKP Kelvin Probe 

Version Delta 5+, Version 5.05 from KP Technology Ltd., U.K (shown in 

figure A.16). The films were prepared by spray coating colloids (0.5 mg/mL) 

onto  indium-doped tin-oxide (ITO)-coated glass. The measurements were 

carried out in ambient condition at room temperature. Prior to actual 

measurement of the sample, the Kelvin probe tip was calibrated with a 

reference gold with known work function (5100 eV). The measurement 

involves scanning the probe tip across an area of 5 mm x 5 mm at 100 different 

points and the relative value of the contact potential difference (CPD) is 

recorded.  
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Figure A.16. Photo of typical kelvin probe instrument KP Technology Ltd. 

The work function of the sample is calculated from the equation, 

 ∅𝑠𝑎𝑚𝑝𝑙𝑒 = ∅𝐴𝑢 + 𝐶𝑃𝐷𝐴𝑢(𝑚𝑉) + 𝐶𝑃𝐷𝑠𝑎𝑚𝑝𝑙𝑒(𝑚𝑉)            17 

where ∅𝐴𝑢 is the work function of Au (5100 meV with respect to 

vacuum level), 𝐶𝑃𝐷𝐴𝑢 is contact potential difference between tip and reference 

gold, 𝐶𝑃𝐷𝑠𝑎𝑚𝑝𝑙𝑒  is the contact potential difference between sample surface 

and tip.   

 

A.2.10 J-V solar simulator 

The current density-voltage (J-V) characteristic of fabricated solar cell 

devices (cell dimension 0.04 cm2) were measured using Keithley 2400 source 

meter and data recorded via software Tracer 2.0. All the measurements were 

carried out at ambient condition at room temperature, in presence of simulated 

AM 1.5G (100 mW/cm2) solar radiation generated from LOT Quantum Design 

solar simulator light source. Prior to all measurement, the light source is 

calibrated using reference Si solar cell (Area: 4 cm2).  
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Figure A.17. Photo of J-V measurement system. 

 

A.2.11 Other characterisation techniques 

We carried out studies to contribute to our understanding of the liquid 

chemistry generated during PiNE.  

Proton (1H) and carbon (13C) nuclear magnetic resonance (NMR) 

measurements were carried out using Bruker Avance DPX 600 MHz and 400 MHz 

spectrometers. For the measurements, the liquid samples were taken in dimethyl 

sulfoxide (DMSO) capillary and run with high scan rates to achieve good resolution 

such as 64 scans for 1H and 2048 scans for 13C. 

Gas chromatography-mass spectrometry (GC-MS) studies were carried out 

using Agilent Technologies 7890B GC system equipped with an Agilent 

Technologies 5977A MSD and an Agilent Technologies HP-5MS UI 0.25 micron 30 

m x 0.250 mm column attached. The samples were diluted with toluene at a dilution 

factor of 10 to allow for well-resolved peaks for chemical compounds. 

The pH of the plasma processed liquids were tested using a hand-held probe 

pH meter Extech EC500 (resolution - 0.01% pH, range – 0 to 14 pH). Before the 

measurement, the pH meter is calibrated with a standard pH solution of 4.01, 7.00, 

11.00 pH. The measurements are performed by placing the pH bulb into the plasma 

processed liquid.  



244 

 

 

A.3 Solar cell device fabrication 

The fabrication of full solar cell devices required the use of a range of 

deposition and synthesis processes which are described here. In particular details of 

the deposition of methyl ammonium lead iodide (MAPI) perovskite, Au and Al metal 

contacts, 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene 

(spiro-OMeTAD) are provided. 

 

A.3.1 MAPI devices with ZnO nTPs 

Prior to the device fabrication process, indium tin oxide (ITO) coated glass 

substrates (2 x 32 mm ITO strip on 32 x 10 mm glass Visiontek Systems Ltd., 15 

ohms/sq., 150 nm) were cleaned three times starting with ultrasonicating the 

substrates with water, then with isopropanol and finally in acetone solvent and dried 

with flush of nitrogen gas.  The entire fabrication steps are shown in figure A.18. 

With step 1, ZnO nTP transport layer were directly deposited using gas phase 

microplasma process performed in air ambience at room temperature. This was done 

by loading ITO substrates on to the x-y stage of MOX setup below the microplasma 

reactor (see section 3.1.3).  

 

Figure A.18. ZnO nTP/MAPI fabrication steps 
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A line scan motion (length 28 cm/minute) was assigned to the stage using the 

computer program and microplasma was turned on for ~20 s. After deposition of 

ZnO nTP layer, 1 M concentration of MAPI solution was prepared by dissolving in 

dimethyl formaldehyde (DMF) at 60 oC under stirring.41 After complete dissolution 

of the crystals, (step 2) 400 L of the solution was spray coated on top of ZnO 

nTP/ITO substrates maintained at 100 oC and placed on a hotplate in air. After MAPI 

coating, the substrates were annealed on hot plate for 10 min. In step 3, the substrates 

were loaded into a metal sputtering system (Moorefield Minilab, 2 inch Au 

magnetron sputtering operated with DC power source) along with custom mask for 

metal contacts. Gold metal coating was done for a duration of 50 min onto the 

ITO/ZnO nTP/MAPI structure. Finally, device structure was tested using J-V solar 

simulator. Two set of devices were fabricated from this process and used for the 

study.  

 

A.3.2 Devices with CuO QDs and ZnO nTPs 

In these devices, both ZnO nTP (transport layer) and CuO QD were 

fabricated using spray coating process. ITO-coated glass was replaced for fluorine-

doped tin oxide (32 x 2 mm FTO strip on 32 x 10 mm glass, Visiontek Systems Ltd, 

12 ohms/sq., 150 nm) as the base plate due to its stability compared to ITO. The FTO 

substrates were first cleaned using the same procedure as previous section (3.3.1). 

The device formation process is shown in figure A.19. In the first step, ZnO nTP 

were spray coated using 1.5 mL of colloidal solution (0.5 mg/mL) on to the FTO 

substrate placed on a hot plate maintained at ~80 oC. ZnO nTP were obtained directly 

from the gas phase microplasma process and powders of them were dispersed in 

ethanol to form colloids used for spray coating.  
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Figure A.19. ZnO nTP/MAPI fabrication steps. 

In the second step, ~4 mL of as-prepared CuO QD colloids obtained directly 

from PiNE were taken and spray-coated on top of ZnO nTP/FTO substrate 

maintained at ~80 oC on a hot plate. The samples after both layers were left for ~1 h 

on the hot plate to evaporate any residual solvent in the substrate. After cooling, (step 

3) spiro-OMeTAD was spin coated with 70 µl at 4000 revolution per minute (rpm), 

20 s on to CuO QD layer.42 Then, step 4, the substrates coupled with custom masking 

layer were loaded into metal sputtering system (Moorefield) for Al contact. Finally, 

after completion of all layer, the devices were tested using J-V solar simulator. 
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B. Application of metal oxides on biomedical scaffolds  

B.1 Biomedical application of CuO 

B.1.1 Introduction 

 CuO nanoparticles (NPs) have been studied widely due to their antibacterial 

properties.43,44 Feasibility studies were therefore carried out to assess the possibility 

of depositing CuO QDs (section 5.2) on bioimplant scaffolds. Some of the 

experiments and results described here constituted part of final year projects of 

undergraduate students. The scaffolds utilized here and provided by a collaborator 

are made up of polycaprolactone (PCL) as shown in figure B.1a. The scaffold is 

formed by a porous network structure  produced by 3D printing with a thread in zig-

zag lines, layer by layer as shown in figure B.1b. Coating with the CuO QDs was 

carried out in a flow-cell setup operated via a syringe pump as shown in figure B.1c 

(this was set-up by an undergraduate student). The setup consists of a silicon tube 

holding PCL scaffold where its surface plane was kept perpendicular to the direction 

of the flow of the liquid; one end of the tube is connected to a syringe pump where 

one can control the flow rate of the solution passing through the scaffold. 

Experiments were carried out with a rate of 1 mL/min with the syringe containing 5 

mL for a total duration of 5 min and the small duct area between the exit of syringe 

and the scaffold also contain ~5 mL of solution before starting the actual experiment. 

An oxygen plasma pre-treatment was applied on some of the samples; specifically a 

commercial plasma system (Diener Atto LC PC 117077) was used with the 

following parameters: 5 min, 40 % power of 50 W, and 0.40 mbar oxygen gas. In 

order to compare the flow-cell set-up, coating was also tested by simple immersion 

of the PCL scaffolds in 5 mL colloid of the CuO QDs for a duration of 5 min. The 

scaffolds were then taken out after 2 minutes immersion and dried in air on a paper 

strip until fully dry. Table B.1 shows the sample name and their description used for 

this study. 



248 

 

 

 

 

Figure B.1. (a) Molecular structure of polycaprolactone (PCL); (b) scanning 

electron micrograph of a PCL scaffold; (c) schematic of the setup used for coating 

the scaffold with CuO QDs. 

 

Table B.1. Samples used for the study. 

Sample name Description 

PCL 1 uncoated PCL scaffold 

PCL 2 scaffolds coated with CuO QDs by immersion for 2 minutes 
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PCL 3 scaffolds coated with CuO QDs using the flow-cell setup for 5 

minutes  

PCL 4 scaffolds treated with oxygen plasma for 5 minutes 

PCL 5 scaffolds first oxygen plasma treated (5 minutes) and coated with 

CuO QDs using flow-cell setup for 5 minutes 

 

 

B.1.2 Surface morphology and elemental composition by EDX analysis 

 Surface morphology and chemical composition of the PCL scaffold were 

characterised using scanning electron microscopy (SEM). The measurement was 

performed using HITACHI SU 5000 instrument with electron beam setting at a 

potential, spot intensity and working distance of 5 kV, 30.0 and 5 mm respectively. 

For energy dispersive x-ray analysis (EDS), the analysis settings were changed to 10 

kV, 50.0 and 10 mm respectively. All the images were captured using secondary 

electron from the samples. 

 Figure B.2 shows the high resolution (~4.0 kX) micrographs with inset shows 

the low resolution (~80 X) of different PCL scaffolds before and after oxygen plasma 

treatment and CuO coatings. All the samples show a rough surface that could be due 

to polymer extrusion from the 3D printing process. This is confirmed under increased 

magnification (scaled 4.0 kX, inset of figure B.2 - PCL 1) where most of the PCL 

surface shows wrinkle-like features from the shrinkage of the PCL polymer after the 

extrusion process. After the oxygen plasma treatment (figure B.2 - PCL 4), the 

surface shows smooth surface like the pure PCL scaffold. However, coating CuO on 

to an oxygen plasma treated PCL (figure B.2 - PCL 5) shows rougher surface with 

marginal increase in white patches that probably from CuO QDs clusters settled on 

the surface after oxygen plasma treatment.  
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Figure B.2. Scaffold surface morphology before and after various steps in the 

coating process (insets are the corresponding lower magnification images) and for 

sample description refer table B.1.  

 In order to evaluate the elemental composition of the surface of the samples, 

we carried out energy dispersive x-ray analysis (EDS) on an area of 97.4 m x 129.7 

m. Figure B.3 shows the bar charts of different elements on the surface in which all 

the samples show carbon and oxygen as the main elements present at the surface of 
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PCL scaffolds with ~69 at.% to 77 at.% and ~20 at.% to 28 at.% respectively, with 

relatively minor changes across the samples. A very minor amounts of silicon about 

~0.05 at.% to 0.14 at.% was also present and with Cu being detected only on one of 

the samples, i.e. the sample that was treated with the oxygen plasma prior to CuO 

QDs deposition with the flow-cell. The presence of silicon is due to silicon 

impurities in the scaffolds. This clearly shows that the oxygen plasma pre-treatment 

of the PCL scaffolds enhances the sticking probability of CuO QDs on the surface.  

 

Figure B.3. Atomic percentage obtained from different treated PCL scaffolds with 

righten side plot shows the lowest scale atomic concentration of the same graph. and 

for sample description refer table B.1. 

 Figure B.4 – B.5 shows elemental mapping analysis. The results are 

complimentary to figure B.3 with a uniform distribution of the elemental 

composition.  
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Figure B.4. EDX elemental mapping of PCL scaffolds surfaces with righten side 

showing images of individual elemental map and for sample description refer table 

B.1. 
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Figure B.5. EDX elemental mapping of PCL scaffolds surfaces with righten side 

showing images of individual elemental map and for sample description refer table 

B.1. 

 

B.1.3 Surface chemical analysis by XPS 

 A more in-depth chemical analysis was carried out for some of the scaffolds 

using x-ray photo electron spectroscopy (XPS). Measurements were performed using 

a Kratos axis ultra DLD photoelectron spectrometer working at ~10-9 mbar base 

pressure with monochromatic x-ray radiation Al Kα generated at 15 kV and 10 mA. 

The position of the peaks were in general identified using NIST web database45 and 

local database from CASA XPS software wherein the spectral fitting was also 

performed.  
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Figure B.6. XPS survey spectras of various treated/coated PCL scaffolds.  

 Figure B.6 shows the overall survey scan spectra from the samples clearly 

revealing the presence of carbon, oxygen and copper in one of the spectra 

(quantification shown in figure B.10c), the latter originating from CuO QDs and the 

first two elements mainly from the PCL scaffold (although, for a minor part oxygen 

may be due to CuO QDs as well). Spectra were first calibrated with carbon C 1s at 

284.6 eV accounting for charge shift during measurement. All the spectra were first 

background subtracted with Shirley function and deconvoluted into component peaks 

using asymmetric Gaussian and Lorentzian functions. Figure B.7 shows high 

resolution scan of C 1s core shell of all three samples in which the uncoated scaffold 

(PCL 1) and flow based CuO QDs coated PCL (PCL 3) samples show an intense low 

binding peak at 284.6 eV assigned to sp3 carbon bonds (C – C or C – H). Whereas 

mid (286.1 eV) and high (288.5 eV) binding energy peaks are related to C – O and C 

= O chemical bonds respectively. All these three components are related to the 

polycaprolactone (PCL) polymer compound.46,47 However, after oxygen plasma 

treatment and coating with CuO QDs (PCL 5), the spectrum exhibits a broader peak 

with a more intense components at the higher binding energies at ~287.6 eV and 

~291 eV. The first is likely due to changes in the surface chemistry of the PCL 

scaffold induced from the oxygen plasma treatment, which may have introduced 

surface carboxylic groups (–COOH) identified at 287.6 eV48 i.e. increases the 

carbonyls (C = O) as shown in figure B.7. The highest binding peak 291.4 eV can be 

assigned to  – * shake-up and usually comes from sp2 type of bonding also 
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reported to appear in aromatic carbon rings structures.49 Thus, the oxygen plasma 

appears to introduce carboxylic functionalisation on the surface of the PCL, enhances 

surface hydrophilicity50 thereby increase the probability for CuO QDs to stick. The 

various carbon chemical bonding arrangements were quantified (figure B.10a). It can 

be clearly seen that the sample treated with the oxygen plasma present a very 

different surface chemistry; in particular a relative increase of the carboxyl and 

carbonyl species was observed whereas sp3 carbon and C – O bonds were found to 

decrease.51  

 

Figure B.7. High resolution C 1s spectras of various treated/coated PCL scaffolds.  
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 Figure B.8 shows O 1s core level peaks of the different PCL scaffolds 

showing broad peaks with distinctive shoulders due to the presence of different 

chemical states of oxygen. The spectra from uncoated PCL (PCL 1) and pure flow 

coated CuO QDs PCL (PCL 3) show a narrow band with a small shoulder. The most 

intense sharp and low binding energy peak at 531.6 eV is from O2- from carbonyl 

function groups (C = O) and the next peak at 533.1 eV can be assigned to O2- from C 

– O groups. The presence of both groups in O 1s high resolution is consistent with 

the PCL chemical composition.46,47,48 We also found that the PCL coated with CuO 

QDs via flow setup does not show any peak for oxide related to CuO. However, after 

oxygen plasma treatment and coating with CuO QDs (i.e. sample PCL 5), the O 1s 

spectra broadens and include a small component peak at 530.8 eV which can be 

assigned to O2- of CuO close to the reported value of 530.3 eV.52 This spectrum also 

shows two peaks related to PCL substrate (C – O, C = O) that were relatively small 

in the bare scaffold compared to the most intense peak at 534.4 eV; these could arise 

from surface bonded oxygen radicals or hydroxyl species OH– and a higher binding 

energy peak at 535.5 eV can assigned to adsorbed water molecule etc.53,54,55  

However, Rosenthal et al. reported that the higher binding energy peak at 534.4 eV 

can also originate from single oxygen bonded to carboxylic acids groups (O – COO) 

and the one at 535.4 eV can be from single oxygen attached to surface carbonates of 

PCL.56  

 Figure B.10b shows the quantified oxygen atomic % at different chemical 

state concentration for different samples and confirm that the plasma treatment has 

contributed to a more hydrophilic surface. XPS shows that 2 at.% of Cu (from CuO 

QDs) is present on the scaffold surface for the sample that was treated with the 

oxygen plasma. The higher Cu at.% concentration detected by XPS compared to the 

EDX is due to the shallower depth of analysis of the first. This also indicate that CuO 

QDs are unlikely agglomerated and have only partial coverage of the surface area 

analysed. It is clear that the oxygen plasma treatment is necessary to allow for the 

CuO QDs to deposit on the PCL scaffold and that the less hydrophilic nature of the 

as prepared PCL is responsible for limited QDs deposition without plasma treatment. 
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Figure B.8. High resolution O 1s spectras of various treated/coated PCL scaffolds.  

 We also observe silicon in the survey spectra as shown in figure B.9; this Si 
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overlapping with the O – C component. Thus, the presence of silicon from SEM 

EDX and XPS analyses confirms the presence of silicates on the surface of PCL, 

possibly due to the PCL composition itself.  
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Figure B.9. High resolution Si 2p spectras of various treated/coated PCL scaffolds.  
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Figure B.10. Quantified chemical species present on the surface of various PCL 

scaffolds obtained from (a) C1s and (b) O1s and (c) total constituent elemental 

composition. 
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B.1.4 Conclusion 

 CuO QDs were successfully deposited on the surface of PCL scaffolds. SEM-

EDX and XPS confirm the presence of CuO QDs, only after the PCL has been pre-

treated with an oxygen plasma. While much further work will be required to assess 

the deposition within the scaffolds and their biomedical application potential, this 

initial work has demonstrated the qualitative feasibility of using a flow-cell approach 

to deposit CuO QDs synthesized by PiNE from colloids. 
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C. Application of metal oxides nanostructures for solar cell  

C.1 Spray coated ZnO tetrapods devices (with ZnO blocking layer and hole 

transport layer (HTL)) 

Table C.1. Solar cell device description and their structure. ITO – Indium tin oxide, 

FTO – Fluorine doped tin oxide, Spiro-OMeTAD - 2,2′7,7′-tetrakis-(N,N-di-p-

methoxyphenyl amine)-9,9′-spirobifluorene, ZnO nTPs – Zinc oxide nanoscale 

tetrapods, MAPI – Methyl ammonium lead iodide, Pd – Palladium metal. 

Name Architecture 

Device - a ITO/spray coated ZnO nTPs /MAPI/Pd metal contact 

Device - b ITO/ZnO planar layer/spray ZnO nTPs /MAPI/Pd metal contact 

Device - c FTO/ZnO planar layer/spray ZnO nTPs /MAPI/Spiro-

OMeTAD/Pd metal contact 

 

   

Figure C.1. (i) Energy band diagram and (ii) device architecture. 
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Figure C.2. (i) Energy band diagram and (ii) device architecture. 

 

 

 

 

Figure C.3. (i) Energy band diagram and (ii) device architecture. 
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Figure C.4. Cross-section of device b and c with estimated layer thickness.  
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Figure C.5. I – V characteristics of a single solar cell device (a, b and c) with two 

cells. (C1 and C2) operated in forward bias (FB) and reverse bias (RB) with and 

without AM 1.5 solar light. 
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Figure C.6. Effect of light soaking of device - b and their respective variation of (a) 

Efficiency vs fill factor, FF, (b) open circuit voltage (VOC) vs short circuit current 

(JSC). 
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Figure C.7. Effect of light soaking of solar cell device - c and their respective 

variation of (a) Efficiency vs fill factor, FF, (b) open circuit voltage (VOC) vs short 

circuit current (JSC). 
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Figure C.8. Perovskite coated device - c degradation before and restoration after 

spin coating HTL on to spray coated ZnO nTP layer. 

 

C.2 Hybrid Inorganic/organic metal oxide device 

 

 

 

Figure C.9. (a) Device architecture and corresponding (b) energy band diagram of 

CuO QDs and Si NCs/ZnO nTPs solar cells. 
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Figure C.10. J – V characteristics of a hybrid inorganic/organic (a) CuO/ZnO nTPs 

and (b) SiNCs/ZnO nTPs solar cell device under forward (FB) and reverse (RB) bias 

conditions.  

 

Table C.2. Summary of results obtained from J-V measurements. 

Device Jsc 

(A/cm2) 

Voc 

(mV) 

FF 

(%) 

Efficiency 

(%) 

InD6 in Light FB  611.85 0.632 619.87 0.0024 

InD6 in Light RB 689.73 0.788 450.32 0.00245 

InD4 in light FB 3.03 9.857 16.416 4.90E-06 

InD4 in light RB 2.43 6.504 9.863 1.56E-06 
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Abstract
The influence of the liquid composition on the chemical and morphological properties of 
copper-based nanostructures synthesized by a non-equilibrium atmospheric plasma treat-
ment is investigated and discussed. The synthesis approach is simple and environmentally 
friendly, employs a non-equilibrium nanopulsed atmospheric pressure plasma jet as a con-
tactless cathode and a Cu foil as immersed anode. The process was studied using four dis-
tinct electrolyte solutions composed of distilled water and either NaCl + NaOH, NaCl only 
or NaOH only at two different concentrations, without the addition of any copper salts. 
CuO crystalline structures with limited impurities (e.g. Cu and Cu(OH)2 phases) were pro-
duced from NaCl + NaOH containing solutions, mainly CuO and  CuCl2 structures were 
synthesized in the electrolyte solution containing only NaCl and no synthesis occurred in 
solutions containing only NaOH. Both aggregated and dispersed nanostructures were pro-
duced in the NaCl + NaOH and NaCl containing solutions. Reaction pathways leading to 
the formation of the nanostructures are proposed and discussed.
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Introduction

In recent years, the interactions between non-equilibrium (cold) atmospheric pressure plas-
mas (CAP) and liquids have attracted great interest due to their key role played in reaction 
mechanisms relevant for emerging fields such as plasma medicine [1, 2] and nanomaterials 
synthesis [3–5]. As widely documented, CAP can be the source of a broad range of reac-
tive species, which initiate cascade reactions in the bulk of the liquid phase when inter-
acting through the gas–liquid interface [6]. These reactions can induce the synthesis of 
nanostructures directly in solution when suitably designed plasma–liquid configurations 
are used [7–10].

In addition to CAP assisted approaches, wet-chemical (i.e. hydro/solvothermal synthe-
sis, self-assembly, sonication) and electrochemical techniques have been employed over the 
years for the synthesis of nanostructures [11–15]. Among these techniques, electrochemical 
methods show similarities with the CAP assisted approach; these are based on the anodic 
dissolution of metal foils and subsequent reduction of metal cations at the solid cathode to 
obtain pure and size controlled nanostructures. However, isolating the reduction products 
without affecting their purity is rather difficult; in this respect CAP presents a remarkable 
advantage, since the replacement of a solid cathode with a contactless one allows the free 
nucleation and dispersion of the produced nanostructures [16]. An additional advantage is 
the possibility of synthesizing nanostructures without the need for surfactants or capping 
agents [17–19], which are typically required in wet chemical and electrochemical meth-
ods to avoid aggregation [14, 15, 20–23] but are generally responsible for nanostructures 
contamination. Recently, Mariotti et al. demonstrated the possibility of effectively employ-
ing a cathodic microplasma to synthesize surfactant-free and electrostatically stabilized Au 
nanoparticles of different sizes by varying the concentration of the Au precursor dissolved 
in deionized water [4]. The cathodic microplasma configuration was also employed to pro-
duce colloidal metal nanoparticles from a solid metal anode dipped in an electrolyte solu-
tion. Sankaran et al. reported on the use of a cathodic microplasma and an immersed solid 
Ag or Au foil, as anode, for the rapid production of colloidal metal nanoparticles in an 
acidic electrolyte solution of de-ionized water, in the presence of a stabilizing agent [3, 7]; 
similarly, Du and Xiao [5] proposed the production of  Cu2O nanoparticles in an electrolyte 
solution by means of the cathodic microplasma configuration and using a Cu foil as anode.

However, further investigations are still required to better understand the effects of the 
chemical composition and conductivity of the liquid environment on the characteristics 
of the plasma-produced nanostructures. In the present work, we have focused on these 
aspects by testing four distinct electrolyte solutions composed of distilled water and either 
NaCl + NaOH, NaCl or NaOH at two different concentrations; no surfactants, capping or 
stabilizing agents were added to the solutions. The experimental setup was completed by a 
nanopulsed CAP jet, as cathode, and a Cu foil partially immersed in the electrolyte solution 
as anode. Copper was chosen as the anode of the electrochemical cell since Cu-based nano-
structures (e.g. CuO,  CuCl2, Cu) have raised interest for a wide range of applications, such 
as absorber in photovoltaic cells, catalyst and antimicrobial agents [24–27]. Morphological 
and chemical characterization of the obtained nanostructures was performed by transmis-
sion electron microscopy (TEM), selected area electron diffraction (SAED), X-ray diffrac-
tion (XRD) analysis and X-ray photoelectron spectroscopy (XPS). The chemical mecha-
nisms leading to the synthesis of nanostructures in both electrolyte solutions are proposed 
and discussed with the support of the chemical characterization of the plasma-produced 
colloids.
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Experimental Section

Non‑equilibrium Atmospheric Pressure Nanopulsed Plasma Jet

The plasma source adopted in this work is a single electrode plasma jet (Fig. 1a), which 
is suitable for different processes such as polymerization, co-deposition processes and for 
the treatment of various substrates [28–31]. The high-voltage electrode is a 19.5 mm long 
stainless steel sharpened metallic needle with a diameter of 0.3 mm. The plasma plume is 
ejected from the source tip through an orifice with a diameter of 4 mm. The plasma source 
was driven by a commercial pulsed DC generator (FID GmbH-FPG 20-1NMK) producing 
high-voltage pulses with a slew rate of 3–5 kV/ns, a pulse duration of about 30 ns and a 
peak voltage (PV) of 7–20 kV.

Plasma‑Assisted Synthesis of Cu‑Based Nanostructures

In our experimental setup (Fig. 1b), the CAP jet was used as cathode while a copper foil 
(2 cm × 2 cm) was used as anode. The peak voltage and pulse repetition frequency of the 
generator driving the source were fixed at 7 kV and 320 Hz, respectively; 3 standard litres 
per minute (slpm) of Ar were used to sustain the plasma, which propagated in air across 
the gap (1 mm) between the nozzle of the CAP jet and the liquid solution. The distance 
between the plasma source and the copper foil was set at 3 cm; the plasma treatment of the 
liquid solution lasted 30 min.

In order to carefully investigate the chemistry induced by the plasma in the liquid envi-
ronment, additional experiments were performed using an inert carbon rod as anode as a 
substitute for the copper foil.

Four distinct 6  mL aqueous electrolyte solutions (chemicals purchased from Sigma 
Aldrich) were employed for the process; Table 1 summarizes the respective composition and 

Fig. 1  Plasma source and process schematic. a Non-equilibrium atmospheric pressure plasma jet: plasma 
jet impinging onto a liquid surface; b experimental setup employed for the nanostructures synthesis in liq-
uid environment
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conductivity, where the latter was measured by means of a Eutech Cond 6+ conductivity 
meter.

All the electrolyte solutions were produced starting from distilled water and NaCl + NaOH 
(alkaline solution) or NaCl (acid solution) were used to vary the pH. SOL3 contained 
only NaOH with the same concentration of SOL1 to understand the role of the base in the 
plasma–liquid processes occurring in SOL1. Finally, SOL4 contained only NaOH with a con-
centration sufficient to obtain the same conductivity of SOL1 so to discriminate the relevance 
of the chemical composition of the liquid environment with respect to its conductivity.

Colloids Characterization

The pH of the solutions before and after 30 min of plasma exposure was measured by means 
of a pH meter (InLab Micro Pro). Analytic Quantofix test strips (Sigma Aldrich) were used 
to perform a semi-quantitative analysis of Cu ions  (Cu+/2+), hydrogen peroxides, nitrates and 
nitrites concentrations (detection limits 5 mg/L, 0.5 mg/L, 5 mg/L, 0.5 mg/L, respectively) in 
untreated solutions and colloids, as reported in [32].

Protocol for Samples Characterization After Nanostructures Synthesis

Colloids were washed by centrifuging (3000 rpm for 1 h) in water for 4 times and in etha-
nol for 4 times. After that, colloidal samples were transferred in glass vials, dried and further 
annealed at 300 °C for 3 h. The samples were then re-dispersed in ethanol and ultra-sonicated 
for 10 min before drop-casting.

Morphological and Chemical Characterizations of the Nanostructures

The morphology and chemical properties of the samples were analyzed by TEM and SAED 
(JEOL JEM-2100F), XRD (XRD, Bruker D8 Discover) and XPS (Kratos Anlytical, Japan). 
Samples were drop-cast on carbon coated Au grids and allowed to dry overnight before being 
used for TEM and SAED measurements. For XRD measurements, powder samples were 
directly drop-cast onto an XRD sample holder and scanned. For XPS measurements, samples 
were drop-cast on silicon substrates and dried.

Table 1  Electrolyte solutions: chemical composition, conductivity and pH values

NaCl (g/mL) NaOH (g/mL) Conductivity (mS/cm) pH

SOL1 0.075 0.005 112.35 ± 0.76 12.81 ± 0.03
SOL2 0.150 – 181.93 ± 5.78 5.91 ± 0.25
SOL3 – 0.005 33.17 ± 1.31 12.8 ± 0.1
SOL4 – 0.047 110.60 ± 1.80 13.1 ± 0.1
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Results and Discussion

Characterization of the Colloids

The colour change in the solution after plasma treatment is often a qualitative indication 
of the nanostructures being formed [4, 16]. In our experiments we observed a colour 
change after 10 min of plasma treatment only for SOL1 (brownish colour, Fig. 2b) and 
SOL2 (greenish colour, Fig.  2d). Conversely, nanostructures were not synthesized in 
SOL3 and SOL4 and accordingly no colour change was observed.

Cu ions were detected in both the colloids produced by plasma treating SOL1 (SOL1 
colloid) and SOL2 (SOL2 colloid); more specifically, a concentration in the range 
of 10–30 mg/L was detected in the SOL1 colloid and a concentration in the range of 
100–300 mg/L was measured in the SOL2 colloid. SOL1 was initially extremely basic 
(pH 12.81 ± 0.03) due to the presence of NaOH and no significant variations in pH were 
registered after the plasma treatment. However, the plasma process induced a dramatic 
alkalinisation of SOL2, with the pH increased from 5.91 ± 0.25 to 10.35 ± 0.22. In both 
colloids,  NO2

− (concentration in the range of 10–20 mg/L) and  NO3
− (concentration in 

the range 100–250 mg/L) anions were detected; these ions can originate from oxygen 
and nitrogen species formed by the interaction of the plasma plume with the surround-
ing environment air, which then dissolve into the liquid phase [8]. Finally, the concen-
tration of  H2O2 was below the detection limit for all the plasma treated solutions. Pro-
duction of  Cu+/2+ was not observed in SOL3 and SOL4 after plasma treatment, possibly 
due to the role of NaCl in promoting the anodic dissolution of the Cu foil, as observed 
in electrochemical cells [33–35]. These results are further summarized in Table 2.

Fig. 2  Solutions and colloids. a SOL1, b SOL 1 colloid, c SOL2, d SOL2 colloid. Brown and green col-
loids were produced by subjecting SOL1 and SOL2 to 30 min of plasma exposure, respectively (Color fig-
ure online)
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Morphology of the Synthesized Nanostructures

Figure 3 reports the TEM images of the nanostructures obtained from SOL1 and SOL2. 
The plasma treatment of both solutions induced the production of nanorods and nanopar-
ticles. However, the chemical composition of the electrolyte solutions did affect the pro-
duced nanostructures; while nanorods from both solutions were highly aggregated (Fig. 3a, 
e), nanorods from SOL1 appeared to be longer (200–500 nm long) than those from SOL2 
(< 200 nm long). Also, nanorods in SOL2 presented a single crystal phase (Fig. 3f) while 
a clear polycrystalline nature could be observed for nanorods from SOL1 (Fig.  3b). In 
both cases the CuO phase could be confirmed by fast Fourier transform (FFT) analysis, as 
shown in the corresponding insets where planes separated by 0.24 nm have been observed 
as expected for CuO. Crystalline nanoparticles with diameters below 10  nm could also 
be observed in both colloids (Fig. 3c, d, h). Finally, some non-crystalline structures were 
observed in SOL2 (Fig. 3g). SAED analysis (Fig. 4) confirmed the presence of the CuO 
phase in both cases with also other crystalline structures among SOL2 products (Fig. 4b); 
their chemical composition was identified by means of different characterization tech-
niques as reported in the following section.

Chemical Composition and Crystal Structure of the Synthesized Nanostructures

The chemical composition and crystal structure of the nanomaterials was further assessed 
by XRD and XPS analysis. Samples were obtained by drop-casting the colloids onto sili-
con substrates and dried, according to the procedure reported in Methods.

Figure  5 reports the XRD spectra collected for samples produced by plasma treating 
SOL1 and SOL2. XRD patterns clearly highlight that the peaks can be attributed to CuO, 
presenting a monoclinic pure phase (Pattern: 01-089-5895) [36, 37]. However, samples 
produced from SOL2 also present two minor NaCl peaks. No characteristic peaks of any 
other copper containing compound could be detected from this analysis.

Fig. 3  TEM images of nanostructures obtained from the plasma treatment of SOL1 (a–d) and SOL2 (e–g). 
Insets in b and f report the corresponding FFT
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Fig. 4  Selective area diffraction pattern of the samples produced from SOL1 (a) and SOL2 (b). Red traces 
indicate CuO phase (Color figure online)

Fig. 5  X-ray diffraction spectra of nanostructures obtained from SOL1 and SOL2. The spectrum of nano-
structures obtained from SOL1 highlights the presence of CuO peaks; the spectrum of nanostructures pro-
duced from SOL2 reports the presence of CuO and NaCl peaks
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Figure  6 shows the XPS spectra collected for samples obtained from SOL1 and 
SOL2. The Cu 2p core level binding energies just below 935 eV and 955 eV are attrib-
uted to the Cu 2p3/2 and Cu 2p1/2, respectively [36, 38]. The presence of the satellite 
peaks (from 940–946 eV to 960–965 eV) on the higher binding energy side of the Cu 
2p main peaks confirmed the formation of CuO phase rather than cuprous oxide  (Cu2O) 
[38, 39]. Deconvolution of the two main Cu 2p3/2 and Cu 2p1/2 peaks was carried out on 
the basis of the following components: metallic copper (I), CuO phase (II) and a third 
peak to be ascribed to either the binding energy within  CuCl2 or Cu(OH)2 (III).

Focusing on the nanostructures produced from SOL1 (Fig.  6a, b), the wide scan 
spectrum (Fig.  6a) underlines the presence of Cu and O. The trace amount of silicon 
(Si), carbon (C) and sodium (Na) are due to the substrate, organic impurities and to the 
composition of the electrolyte solution, respectively. Selected areas of the wide scan 
were also recorded for Cu 2p (Fig. 6b). The de-convoluted Cu 2p3/2 envelope exhibits a 
peak placed at 934.2 eV (II) corresponding to CuO phase and a much less intense peak 
at 932.2 eV (I) attributed to the presence of the Cu phase [40, 41]. The XPS wide scan 
does not indicate the presence of Cl and therefore the third low-intensity peak (III) has 
to be ascribed to Cu(OH)2. Finally, the Cu 2p1/2 peak can be de-convoluted in the lower 
contribution of the metallic phase (I) and the stronger one of the oxidized phase (II).

Fig. 6  XPS spectra of nanostructures obtained from SOL1 (a, b) and SOL2 (c, d): wide scan spectra (a, c), 
Cu 2p peaks and their deconvolution (b, d). The spectra collected from the analysis of nanostructures pro-
duced from SOL1 (a, b) showed the presence of CuO (peak II), Cu(OH)2 (peak III) and Cu (peak I) phases, 
while the spectra collected from SOL2 reported the presence of  CuCl2 (peak III), CuO (peak II) and Cu 
(peak I) phases
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Wide scan XPS spectra of nanostructures synthesized from SOL2 (Fig.  6c) showed the 
presence of Cu, O and traces of Si, C and Na, as already observed for nanostructures from 
SOL1. Additionally, the presence of Cl peaks at 268.6 eV and 198.6 eV can be attributed to 
the  CuCl2 phase, as reported in a previous work [40]. This is confirmed from the analysis of 
the Cu 2p peaks (Fig. 6d), since the Cu 2p3/2 and Cu 2p1/2 are placed at slightly higher bind-
ing energy (934.8 eV and 954.7 eV, respectively) than the SOL1 case, in agreement with the 
contextual presence of CuO and  CuCl2 phases [40]. The deconvolution is consistent with this 
analysis as the typical binding energies for CuO (II) and  CuCl2 (III) can be fitted (Fig. 6d) 
along with a negligible peak attributed to copper metal phase (I). However we cannot exclude 
the possibility that peak (III) originates from the Cu(OH)2 phase.

Formation of Nanostructures and Reactions Induced by Plasma in Liquid Phase

Based on the material characterization, both dispersed and aggregated nanoparticles and 
nanorods were produced in SOL1 and SOL2 colloids. SOL1 mainly yields CuO crystalline 
structures with limited impurities or unreacted products (e.g. Na as detected by XPS). A very 
limited amount of metallic Cu and Cu(OH)2 nanostructures are also revealed by XPS analysis 
(undetected by XRD). SOL2 also produces CuO crystalline structures together with by-prod-
ucts and unreacted compounds as observed by XPS (i.e.  CuCl2) and XRD (NaCl), respec-
tively. Two coexisting reaction pathways leading to the synthesis of these Cu-based nanostruc-
tures are here proposed.

Pathway A

Cl−, due to the dissociation of NaCl in water, reacts with metal Cu at the interface between 
the copper foil anode and the solution, producing CuCln1−n [5]. CuCln1−n ions move into the 
electrolyte solution which contains  Cl− and  OH− ions due to the natural dissociation of 
water and NaOH (if present) and to the dissociation of  H2O molecules induced by plasma 
at the cathode of the electrochemical cell [5, 7, 8]. CuCln1−n reacts with the electrolyte lead-
ing to the formation of copper oxychloride compounds, i.e. botallackite [42] or clinoat-
acamite [43], containing both  CuCl2 and Cu(OH)2 phases. After the formation of these 
phases, the pathway proceeds according to the following reactions, depending on the pH of 
the solution:

In an acidic solution, the equilibrium is shifted towards  CuCl2, so the formation of 
Cu(OH)2 in (2) is limited [43]. Conversely, in an alkaline solution at room temperature,  CuCl2 
can react with  OH− leading to the formation of Cu(OH)2 in (2) [44]. before being converted to 
CuO according to (3) [45].

Pathway B

(1)Cu + nCl− → CuCl1−n
n

+ e−

(2)CuCl2 + 2OH−
→ Cu(OH)2 + 2Cl−

(3)Cu(OH)2 + 2OH−
→ CuO + 2OH− + H2O

(4)Cu → Cu2+
aq

+ 2e−
aq

(5)Cu2+
aq

+ 2e−
aq
→ Cu
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In this second pathway (B), the first reaction (4) represents the metal dissolution 
occurring at the anode of the electrochemical cell [3]; the released  Cu2+ ions then react 
with hydrated electrons in the bulk of the liquid, forming Cu according to reaction (5) 
[3, 46]. Finally, in the bulk of the liquid, metal Cu can react with  H2O2 molecules (reac-
tion 6) leading to the formation of CuO [46].

In alkaline solutions (SOL1, SOL3 and SOL4),  H2O2 was not observed after plasma 
treatment, due to the high  OH− concentration which leads to the  H2O2 decomposition 
[47] according to the reaction:

With SOL2 (pH before the treatment = 5.91 ± 0.25) no  H2O2 was detected after plasma 
treatment. However when the copper foil was replaced by a carbon rod, thus eliminating 
the nanomaterial synthesis, around 3 mg/L of  H2O2 were detected in plasma treated solu-
tions. This is strong evidence that, with copper foil as electrode, the absence of  H2O2 in 
SOL2 colloid is as a result of its complete consumption through the reaction with copper 
in (6).

Focusing on SOL1 (alkaline), at the anode of the electrochemical cell,  Cl− ions 
can interact with metal Cu and form CuCln

1−n, which, in the highly alkaline solution 
(pH > 12), is completely converted in Cu(OH)2. The  OH− in the bulk of the liquid can 
then transform Cu(OH)2 into CuO, according to reaction  3.The metal Cu dissolution 
enables the release of  Cu2+ ions, which, reacting with hydrated electrons produced by 
plasma, can be reduced forming metal Cu. The proposed mechanism is supported by the 
results of the characterization of the nanostructures, which revealed:

1. The presence of CuO;
2. The absence of  CuCl2;
3. The presence of Cu(OH)2. This can be ascribed to the incomplete conversion of Cu(OH)2 

into CuO, probably due to the rather low temperature (20 °C) of the liquid environment 
during the process. Indeed, previous studies demonstrated that temperatures around 
50 °C are generally required for the complete conversion of Cu(OH)2 in CuO in an 
alkaline solution [48];

4. The presence of Cu. Due to the high alkalinity of the solution,  H2O2 was completely 
consumed by the reaction with  OH− and was not available for reacting with Cu to pro-
duce CuO according to reaction 6.

In contrast, SOL2 is initially acid and its pH increases only gradually during the pro-
cess (pH 10.35 at the end of the treatment) due to the plasma induced electrolytic reac-
tions leading to the reduction of hydrogen ions to hydrogen gas [8, 46, 49]. This limits 
the efficiency of reaction 2 and makes reaction 6 possible, as  H2O2 becomes available 
for reacting with Cu, with the following effects:

1. CuCl2 is not totally converted to Cu(OH)2, remaining as by-product at the end of the 
process, as revealed by XPS analysis;

2. CuO is produced by the conversion of Cu(OH)2 by  OH−, according to reaction 3. Due 
to the initial acid pH of SOL2, the conversion is not complete and traces of Cu(OH)2 
phase could be found at the end of the process;

(6)Cu + H2O2 → CuO + H2O

(7)H2O2 + OH−
→ H2O + HO−

2
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3. CuO is also produced, according to reaction 6, between metal Cu and plasma produced 
 H2O2. Due to the acid pH of the solution at the beginning of the process,  H2O2 is not 
consumed by the  OH− ions and the reaction between  H2O2 and Cu can occur with the 
formation of CuO. As a result, a lower amount of Cu is detected in SOL2 with respect 
to SOL1.

Finally, the presence of NaCl among the final products of SOL2, as detected by XRD, 
can be attributed to its initial concentration, which is higher in SOL2 than in SOL1; since 
NaCl has also been documented to promote the anodic dissolution of the Cu foil in an 
electrochemical cell [33–35], the higher NaCl concentration can be held responsible for the 
higher Cu ions concentration in SOL2 than in SOL1.

Conclusions

The results presented here highlight that the composition of the produced nanostructures 
as well as their crystalline properties depend on the chemical characteristics of the liquid 
environment used for the CAP assisted synthesis process.

The study has revealed: (1) the prevalent role of electrolyte chemical composition ver-
sus that of the conductivity; (2) the fundamental role of NaCl, which enables copper anodic 
dissolution; (3) in an alkaline solution, the conversion of  CuCl2 phase into the CuO phase; 
(4) in an initially acidic solution, the formation of CuO as a result of the reaction between 
metallic Cu and plasma produced  H2O2.

Plasma-assisted electrochemistry is an innovative and complex field, in which many 
questions dealing with the role of process parameters on nanostructures’ morphology and 
phases are still unanswered. In this context, the proposed study represents an attempt to 
identify the fundamental mechanisms driving the plasma–liquid interactions so that the 
characteristics of the liquid environment can be appropriately tuned to produce nanostruc-
tures with desired properties.
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Multi-functional MnO2 nanomaterials for photo-
activated applications by a plasma-assisted fabri-
cation route†

Davide Barreca, *a Filippo Gri, b Alberto Gasparotto, b Giorgio Carraro, b

Lorenzo Bigiani, b Thomas Altantzis, c Boštjan Žener, d

Urška Lavrenčič Štangar, d,e Bruno Alessi, f Dilli Babu Padmanaban,f

Davide Mariotti f and Chiara Maccato *b

Supported MnO2-based nanomaterials were fabricated on fluorine-doped tin oxide substrates using

plasma enhanced-chemical vapor deposition (PE-CVD) between 100 °C and 400 °C, starting from a

fluorinated Mn(II) diamine diketonate precursor. Growth experiments yielded β-MnO2 with a hierarchical

morphology tuneable from dendritic structures to quasi-1D nanosystems as a function of growth temp-

erature, whose variation also enabled a concomitant tailoring of the system fluorine content, and of the

optical absorption and band gap. Preliminary photocatalytic tests were aimed at the investigation of

photoinduced hydrophilic (PH) and solid phase photocatalytic (PC) performances of the present nano-

materials, as well as at the photodegradation of Plasmocorinth B azo-dye aqueous solutions. The

obtained findings highlighted an attractive system photoactivity even under visible light, finely tailored by

fluorine content, morphological organization and optical properties of the prepared nanostructures. The

results indicate that the synthesized MnO2 nanosystems have potential applications as advanced smart

materials for anti-fogging/self-cleaning end uses and water purification.

1. Introduction

Photoactivated processes have been widely recognized as cost-
effective and environmentally friendly routes for both renewable
energy generation and purification/cleaning technologies.1–3 In
particular, great attention has been devoted to the degradation
of persistent pollutants in effluent wastewaters, such as dyes
from textile, paper and pharmaceutical industries, into harm-
less products.4–6 In addition, increasing efforts have been
focused on photoinduced anti-fogging and self-cleaning appli-

cations promoted by suitable functional systems, for which
surface adsorption phenomena and hydrophobic/hydrophilic
properties directly affect functional performances.7,8

Among the possible candidate materials, MnO2 is an
important transition metal oxide possessing various poly-
morphs, such as α-, β-, γ- and δ-MnO2,

9–18 and has been the
subject of several studies. In fact, thanks to the appealing
variety of chemical and physical properties, MnO2 materials
maintain their signature in many fields, such as Li-ion bat-
teries, supercapacitors, gas sensors, adsorbents and
heterogeneous catalysts.5,9,10,19–28 In addition, their band
gap (EG ≈ 1.5–2.7 eV, depending on the crystal phase and
preparation process)1,2,20,29 enables the utilization of the
renewable and largely available solar energy for photocatalytic
applications,5,13 differently from titania-based materials,
whose absorption is limited to the UV spectral range.13,30

In fact, Mn(IV) and Ti(IV) oxides possess many similarities,
including the presence of O defects and the basic structural
unit, MO6 (with M = Mn or Ti), being the leitmotiv of their
various polymorphs.31 Therefore, MnO2-based systems could
be usefully exploited in curbing environmental pollution and
promoting water purification and safety, thanks also to their
low toxicity, moderate price and high activity.6,15,32–34 So far,
MnO2 materials have been used for the photodegradation of

†Electronic supplementary information (ESI) available: XPS, EDXS and AFM
experimental data; KP results; details on photocatalytic tests. See DOI: 10.1039/
c8nr06468g
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organic dyes in wastewater.1,5,6,11,13,34 In a different way,
reports on the reversible hydrophobic/hydrophilic switching
and on solid phase photoactivated pollutant degradation have
been devoted to TiO2

4,35,36 and other oxide materials,7,8 but,
to our knowledge, no MnO2-based systems have ever been
investigated for such applications.

As a general rule, the obtainment of pure crystallographic
phases is highly desirable to control MnO2 functional pro-
perties, though being an open challenge due to the system
structural and morphological complexity.14,19,21,30,37 In
addition, MnO2 properties are directly influenced by their
nano-organization (nanorods, nanoflowers, nanotubes,
nanosheets, etc.9,11,13,22,38), which, in turn, can be tailored by
the adopted synthetic method.12,16,33 As a consequence, efforts
have been dedicated to the fabrication of low-dimensional
MnO2 systems using various techniques,29,34,39,40 among
which liquid-phase routes are by far the most used.6,9,11,14,16,32

However, several studies have been dedicated to
powders,5,9,10,12,26,30,40 whereas supported MnO2 systems,
though being undoubtedly preferable for various appli-
cations,7,36,41,42 are indeed much less investigated.2,20,21,43 In
particular, although previous studies have been done on nano-
structured β-MnO2 as an electrode, as well as catalytic and
magnetic materials,16,17,22,37–39,43,44 the functional investi-
gation of this polymorph, especially in supported forms and
for photoactivated applications, deserves further efforts.6

Herein, we report the preparation of phase-pure supported
β-MnO2 nanomaterials, whose applications in Vis-light photo-
activated processes are scarce, by means of plasma-enhanced
chemical vapor deposition (PE-CVD), exploiting the unique
gas-phase and surface chemistry of cold plasmas.8,45 So far,
only one work is available on the PE-CVD of MnOx thin films,
but the control of phase composition has been proven to be
difficult.41 In particular, our attention is devoted to the fabrica-
tion of F-doped MnO2 nanomaterials starting from a fluori-
nated Mn(II) precursor. As a matter of fact, fluorine doping has
been demonstrated to favourably affect the structural, optical,
electrical and catalytic properties of different oxides for
various applications, such as gas sensing, Li-ion batteries and
photocatalysis,46–51 but it has never been reported so far for
MnO2-based materials. To this aim, one of the main novel
characters of this work is the synthesis of nanostructured
β-MnO2 with a fine control of F content and morphology as a
function of the growth temperature. For the first time, the
functional behaviour of the developed systems is investigated
in relation to: (a) their photoinduced hydrophilicity (PH) and
solid phase photocatalytic (PC) activity in methyl stearate
degradation,7 in view of anti-fogging and self-cleaning appli-
cations; and (b) the photodegradation of aqueous solutions of
the monoazo-dye Plasmocorinth B. The latter was chosen as a
model compound thanks to its environmental stability and the
absence of coloured degradation by-products, enabling us to
follow its decomposition by means of ultraviolet-visible
(UV-Vis) spectroscopy.36 The most attractive results in view of
possible future implementations are presented and critically
discussed as a function of material properties.

2. Experimental section
2.1 Synthesis

PE-CVD growth processes were performed using a two-elec-
trode custom-built apparatus equipped with a radio frequency
(RF) generator (ν = 13.56 MHz), adopting Mn(tfa)2·TMEDA
(tfa = 1,1,1-trifluoro-2,4-pentanedionate; TMEDA = N,N,N′,N′-
tetramethylethylenediamine) as a precursor.52 Fluorine-doped
tin oxide (FTO)-coated glass substrates (Aldrich®; ≈7 Ω sq−1;
FTO thickness ≈600 nm), subjected to an established pre-
cleaning procedure,53 were mounted on the grounded elec-
trode, whereas RF-power was delivered to the second electrode.
Electronic grade Ar and O2 were used as plasma sources. The
precursor was placed in an external glass vessel heated at
85 °C using an oil bath and transported toward the deposition
zone by an Ar flow [rate = 60 standard cubic centimeters per
minute (sccm)] through feeding lines maintained at 150 °C.
Two additional independent gas-lines were used to introduce
Ar (rate = 15 sccm) and O2 (rate = 5 sccm) directly into the
reactor. For all depositions, the interelectrode distance, total
pressure, RF-power and process duration were set at 6 cm,
1.0 mbar, 20 W and 60 min, respectively. The growth tempera-
ture was varied between 100 °C and 400 °C.

2.2 Characterization

X-ray diffraction (XRD) patterns were collected at an incidence
angle of 1.0° on a Bruker D8 Advance X-ray diffractometer,
equipped with a Göbel mirror and a Cu Kα X-ray source (40 kV,
40 mA).

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed using a Perkin-Elmer Φ 5600ci spectrometer and a
standard Al Kα source (1486.6 eV). All binding energies (BEs;
standard deviation = ±0.2 eV) were referenced to the adventi-
tious C 1s component at 284.8 eV (Fig. S1†). After a Shirley-
type background subtraction, atomic compositions were evalu-
ated using Φ V5.4A sensitivity factors. When necessary, peak
fitting was carried out using a least-squares procedure, using
Gaussian–Lorentzian peak shapes. Ar+ sputtering was carried
out at 4.0 kV (argon partial pressure = 5 × 10−8 mbar).

Field emission-scanning electron microscopy (FE-SEM) and
energy dispersive X-ray spectroscopy (EDXS) measurements
were carried out using a Zeiss SUPRA 40VP microscope,
equipped with an Oxford INCA x-sight X-ray detector, at accel-
eration voltages between 10 kV and 20 kV. ImageJ® software
(http://imagej.nih.gov/ij/) was used to estimate deposit thick-
ness and aggregate size.

Atomic force microscopy (AFM) images were obtained using
an NT-MDT SPM Solver P47H-PRO instrument operating in the
tapping mode and in air. Root mean square (RMS) roughness
values were calculated at a window size of 5 μm × 5 μm, after
background subtraction and plane fitting.

Cross-sectional samples for transmission electron
microscopy (TEM) observations were prepared using a focused
ion beam system (FIB-SEM, FEI HELIOS NanoLab 650). During
sample preparation, due to the high length of the rods and
their low packing density, a carbon coating and a Pt protective
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layer (high contrast regions between the rods) were deposited
to embed the structures and prevent them from collapsing.
Low and high magnification high angle annular dark field-
scanning TEM (HAADF-STEM) images, selected area electron
diffraction (SAED) patterns and EDXS elemental maps were
acquired using an aberration corrected cubed FEI Titan elec-
tron microscope operated at 300 kV, equipped with the
ChemiSTEM system.54 Image acquisition was performed using
probe convergence and detector collection inner semi-angles
of 21 mrad and 55 mrad, respectively.

Optical spectra were recorded in the transmittance mode
using a Varian Cary 50 spectrophotometer, using a bare FTO-
coated glass substrate as a reference. In all cases, the substrate
contribution was subtracted. The band gap (EG) of the samples
was evaluated using the equation:3,46,47

ðαhνÞn ¼ Aðhν� EGÞ ð1Þ
where α and hν are the absorption coefficient and the photon
energy, respectively, A is a constant and n = 2 (direct allowed
transitions) for various MnO2 polymorphs.1,20,29,34,55 EG values
were obtained by extrapolating the straight portion of experi-
mental curves to intersect the energy axis at α = 0.

Valence band XPS measurements were carried out in a
Kratos Axis Ultra DLD X-ray photoelectron spectrometer at
≈10−9 mbar base pressure using an Al Kα (1486.6 eV) X-ray
source operated at 15 kV and 10 mA, with an analyser pass
energy of 20 eV. For each sample, three measurement spots
were taken with a spot size of 400 µm2.

The absolute Fermi energy was determined by Kelvin probe
(KP) measurements (KP Technologies APS04) with a 2 mm
gold plated tip. A sputtered Au-on-Si reference was used for the
calibration of the tip work function and samples were kept in
the dark for 24 h before analysis. Values of Fermi energy were
scanned over a 4 mm × 4 mm area and averaged to the final
value.

2.3 Photocatalytic tests

PH properties were analysed by following the evolution of the
H2O contact angle (WCA) vs. illumination time. After storage
in the dark, samples were subjected to front side irradiation by
three UV lamps (Actinic BL, Philips, 2 × 20 W and 1 × 40 W).
For each irradiation time, a water droplet (volume = 4 μL) was
deposited on the sample surface and the average WCA
values were determined by three independent measurements
using a Theta Lite (Biolin Scientific) instrument. For solid
phase PC oxidation tests, samples were preliminarily irradiated
with the above UV light source in order to start from a “clean”
hydrophilic surface, subsequently dip-coated with a 0.2 M
solution of methyl stearate in n-hexane (withdrawal speed =
10 cm min−1), and finally dried in air. This procedure resulted
in the formation of a uniform fatty compound coating onto
the MnO2 sample surface.7 The photoinduced methyl stearate
degradation was investigated by measuring WCA values vs.
irradiation time, using the above reported conditions, immedi-
ately after the application of the fatty compound layer. The

reproducibility of the system activity was confirmed by three
contamination/illumination cycles with WCA measurements.

Liquid phase photocatalytic tests were performed using a
custom built photoreactor by immersing two identical samples
(total geometrical area ≈ 5 cm × 5 cm) in 50 mL of a
Plasmocorinth B dye solution (initial concentration = 2.3 ×
10−5 M), continuously purged with gaseous oxygen throughout
the process. Irradiation was carried out by a set of six different
lamps arranged radially around the reactor [Blacklight Blue,
Philips, for UV (36 W m−2) illumination; Lumilux De Luxe
Daylight, Osram, for Vis (73 W m−2) illumination]. To investi-
gate the dye photodegradation process, UV-Vis absorption
spectra on the working solution were recorded at regular time
intervals (30 min) using an Agilent Cary 60 UV-Vis spectro-
photometer. The photocatalytic activity was evaluated by moni-
toring the dye absorbance maximum (λmax = 527 nm) as a func-
tion of irradiation time.4,42,56 The residual dye content for
each illumination time was calculated as:

A=A0 � 100 ¼ C=C0 � 100 ð2Þ
with A (C) and A0 (C0) being the absorbance (concentration)
values for the sample and the control solution, respectively.34

3. Results and discussion
3.1 Materials characterization

The system structure was preliminarily analyzed using XRD
(Fig. 1). The recorded patterns showed a limited number of
broad and relatively weak diffraction peaks, as already
observed for manganese oxide systems,32 suggesting that the
obtained specimens were formed by small-sized crystalline
domains with highly defective structures,13,16 as also con-
firmed by TEM data (see below). For a growth temperature
of 100 °C, no appreciable signals were observed. In a different
way, the sample grown at 200 °C presented a weak reflection at

Fig. 1 XRD patterns of the target manganese oxide samples fabricated
at different growth temperatures. Reflections pertaining to β-MnO2,
Mn2O3 and FTO substrates are marked for clarity.
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2θ ≈ 37.3° related to the (101) planes of β-MnO2, the equili-
brium phase of manganese dioxide at standard temperature
and pressure13,44 (space group: tetragonal – P42/mnm, with
lattice constants a = 4.39 and c = 2.87 Å).33,38,40 The absence of
the (110) peak at 2θ ≈ 28.7°, the most intense one in the refer-
ence powder spectrum for this polymorph,57 suggested the
possible occurrence of preferential orientation/texturing
effects, although the modest diffracted intensity precluded
more detailed observations. An increase of the growth temp-
erature to 300 °C resulted in the appearance of the (110)
β-MnO2 reflection. Finally, at 400 °C the peaks located at 2θ =
23.2° and 33.0° were attributable to (211) and (222) planes,
respectively, of body-centred cubic Mn2O3, whose presence
accounted also for the low intensity (400) peak, detected as a
shoulder on the FTO signal at 2θ ≈ 38.2°.58 Nevertheless, a sig-
nature for the β-MnO2 presence was provided by the reflection
at 2θ ≈ 37.3°, appearing as a shoulder on the most intense
FTO signal. The co-presence of MnO2 and Mn2O3, already
observed during the liquid-phase synthesis of MnO2

materials,19,31,37 could be attributed to a partial MnO2 thermal
decomposition under these preparation conditions.25,59

The surface chemical composition of the target systems was
analysed using XPS, yielding qualitatively similar results irre-
spective of the adopted deposition temperature. Survey spectra
(Fig. 2a) displayed the presence of C (see also Fig. S1†), O, Mn
and F signals. For a growth temperature ≤300 °C, the Mn 2p
peak shape and position (Fig. 2b; BE(Mn 2p3/2) = 642.7 eV;
spin–orbit splitting = 11.5 eV) were in agreement with the pres-
ence of MnO2

12,17,21,27,31,32 free from other manganese oxides
in appreciable amounts, as also confirmed by the Mn 3s multi-
plet splitting separation (Fig. 2c; 4.7 eV).2,15,18,33,52 In a
different way, at 400 °C the Mn 2p spectrum (BE(Mn 2p3/2) =
642.3 eV) and the Mn 3s band spacing (5.4 eV) were in line
with the presence of Mn2O3.

24,31,40,41 Nevertheless, the energy
difference between the BE(Mn 2p3/2) maximum and the O 1s
lowest BE component (112.2 eV) was intermediate between
those of Mn2O3 and MnO2.

10,17,21,25,33

The surface O/Mn atomic ratio (≈1.7–1.5 upon going from
100 °C to 400 °C) was lower than the stoichiometric value for
manganese dioxide. The O 1s peak (Fig. 2d) was decomposed
by means of two components located at BE = 529.9 eV (I) and
531.6 eV (II). Whereas the former could be assigned to lattice
oxygen in the Mn–O–Mn network,6,10,15,24,43 the latter (typically
≈30% of the total O content) was due to the concurrence of
hydroxyl groups and atmospheric oxygen adsorbed onto
surface defect sites.9,16,30,33,59 Non-stoichiometric O vacancy-
rich β-MnO2 is indeed well documented23,37,60 and the pres-
ence of “active oxygen” as lattice defects or adsorbed species
onto the surface has been reported to enhance its catalytic
activity in various processes.15,24,33,37,38 This feature favourably
impacts even on the system photocatalytic performances, as
discussed in detail in section 3.2. Finally, the surface F 1s peak
(Fig. 2e) was characterized by two components located at BE =
684.9 eV (III) and 688.5 eV (IV). The former, consistent with
the presence of lattice F, revealed a successful fluorine incor-
poration into the oxide lattice due to the used fluorinated pre-

cursor in the plasma-assisted processes, leading to F-doped
β-MnO2 systems. The second component, related to precursor-
derived CFx groups (see also Fig. S1†),49–53 could be removed
after Ar+ erosion for 5 min, indicating that its presence was
limited to the specimen surface. The uniform in-depth F distri-
bution was confirmed by EDXS analyses (Fig. S2†). As can be
observed from Fig. 2f, in line with previous studies,48,50,53 both
F components underwent a decrease upon increasing the
growth temperature, highlighting the possibility of tailoring F
doping in the target MnO2 systems by the sole variation of this
parameter.

The nanosystem morphology, investigated by the combined
use of FE-SEM and AFM analyses (Fig. 3), revealed a significant
dependence on the adopted growth temperature. At 100 °C
(Fig. 3a–c), the specimen was characterized by hierarchical
dendritic structures (mean lateral dimension = 200 nm; overall
deposit thickness = 330 nm) uniformly protruding from the
FTO substrate, resulting from the assembly of low-sized lamel-
lar aggregates (length and width = 75 nm and 20 nm, respect-
ively). A similar morphology was obtained even for the sample
grown at 200 °C (Fig. 3d–f ), although the formation of bigger
and denser nanostructures (mean dimension = 230 nm; length
and width of the lamellar aggregates = 115 nm and 30 nm,

Fig. 2 (a) Surface wide-scan XPS survey of a representative MnO2

sample synthesized at 200 °C. Detailed Mn 2p (b), Mn 3s (c), O 1s (d) and
F 1s (e) regions are also displayed. Panels (b) and (c) display signals
related to samples grown at 200 °C and 400 °C (red and green traces,
respectively). (f ) Evolution of CFx (red points, left axis) and lattice F con-
tributions (blue points, right axis) as a function of the growth tempera-
ture. X(FCFx) and X(Flattice) were calculated as X(FCFx) = {(% at. FCFx)/[(% at.
FCFx) + (% at. Mn)]} × 100 and X(Flattice) = {(% at. Flattice)/[(% at. Flattice) + (%
at. Mn)]} × 100.
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respectively) gave rise to a tightly packed cross-sectional
arrangement. In a different way, a net morphological evolution
took place for the specimen obtained at 300 °C (Fig. 3g–i), that
was characterized by pointed nanothorns (average length and
diameter = 900 and 80 nm, respectively; mean aspect ratio =
11.2) protruding from a more compact underlayer ≈300 nm
thick. At 400 °C (Fig. 3l–n), the increased thermal energy
supply produced more elongated quasi-1D nanostructures
(average length and diameter = 900 nm and 50 nm, resulting
in an aspect ratio of 18.0), with a thinner underlayer
(≈180 nm). The morphology of the 300 °C and 400 °C deposits
likely arises from the initial formation on the substrate of a
granular layer, subsequently self-catalysing the growth of an-
isotropic nanothorns in a process assisted by O deficiencies
(see the above XPS data), resulting, in turn, from the material
bombardment by O-related species.45,52 The surface topogra-
phy was also probed using AFM, and images recorded on
different sample areas enabled ascertaining surface homogen-
eity. The results, in line with FE-SEM data, confirmed the
above discussed morphological evolution, highlighting the for-
mation of highly rough materials. In particular, the calculated
RMS roughness values, that can be used as an estimation of
surface area,4,7,48 increased exponentially with growth temp-

erature (Fig. S3†), i.e. with decreasing F concentration,47

leading to very high values at 400 °C. Thanks to their open and
highly porous morphology, such nanostructures could be
deemed to have potential advantages for photocatalytic appli-
cations, due to their reduced lateral size and high contact area
with the reaction medium.1,3,34,36

In order to investigate in detail the system structure at the
nanoscale, HAADF-STEM and EDXS analyses were carried out
on representative specimens fabricated at 200 °C (Fig. 4) and
300 °C (Fig. 5). An overview HAADF-STEM cross-sectional
image of the sample grown at 200 °C, together with EDXS
elemental maps for Sn, Mn, O and F, is shown in Fig. 4a,
revealing the FTO//MnO2 stacking and a homogeneous spatial
distribution of the analysed elements. The presence of hier-
archical dendritic structures is in line with the results obtained
using FE-SEM (compare with Fig. 3). Fig. 4b displays a high
resolution HAADF-STEM (Z-contrast) micrograph, together
with the fast Fourier transform (FFT) pattern, shown as an
inset. The FFT corresponds to the [001] zone axis of the
β-MnO2 polymorph, the sole crystalline phase detected in the
present specimen, in agreement with XRD results (see above).
Many stacking faults could be observed, as indicated by the
white arrows in Fig. 4b. SAED analysis (Fig. 4c) highlighted the

Fig. 3 (From left to right) Representative plane-view, cross-sectional FE-SEM images and AFM micrographs of β-MnO2 nanomaterials obtained at
different temperatures.
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polycrystalline nature of the target system, as can be noted by
the presence of discontinuous circles.

Fig. 5a shows an overview HAADF-STEM image of the speci-
men grown at 300 °C, along with EDXS elemental maps. The
micrographs evidence the assembly of quasi-1D high aspect
ratio nanothorns with pointed tips, growing from a relatively
compact underlayer in contact with the FTO substrate, in
accordance with FE-SEM observations. Fig. 5b shows a higher
magnification HAADF-STEM image of a region of the sample,
and Fig. 5c and d display representative high resolution
HAADF-STEM images for the target nanothorns and the under-
layer, collected in the regions marked in Fig. 5b by red and
green squares, respectively. The corresponding FFT patterns
(insets) reveal that both the nanothorn and underlayer struc-
ture correspond to the β-MnO2 polymorph, in agreement with
XRD and XPS analyses.

The fabricated materials were also analysed using optical
absorption spectroscopy (Fig. 6a). In general, the recorded
spectra displayed a prominent radiation absorption in the Vis
range, of great importance for photocatalytic applications acti-
vated by Vis light (see below). The spectra were also character-
ized by a broadened absorption tail towards the near-infrared
(NIR) region, consistent with the presence of O vacancies (see

the above XPS data) and resulting in the formation of sub-
band gap states.46,53 From Tauc plots (Fig. 6b), it was possible
to extrapolate EG values as 2.5 eV, 2.2 eV, 2.0 eV and 1.8 eV for
growth temperatures of 100 °C, 200 °C, 300 °C and 400 °C,
respectively. These values were blue-shifted with respect to lit-
erature data for MnO2 (typically close to 1.8 eV 1,13,60,61), a
phenomenon that could be ascribed to the occurrence of size
effects29,46 and to a modified carrier concentration when
oxygen vacancies are saturated by fluorine. This explanation
also accounts for the progressive increase of band gap values
at the lowest deposition temperatures, resulting in a higher F
content (see above and Fig. 2f).47,50,53 For the specimen de-
posited at 400 °C, the obtained band gap (EG = 1.8 eV) was
intermediate between those reported for MnO2 and
Mn2O3,

3,13,34 in line with the system composition (see above).
Fig. 6b also shows that the sample fabricated at 200 °C pos-
sesses a higher absorption coefficient (α) with respect to the
other ones, a phenomenon traced back to a concurrent favour-
able contribution of the system crystallinity and the relatively
high lattice F content.49 This result is of great importance,
since a superior light absorption efficiency positively affects
the functional behaviour36 (see below).

Fig. 6c displays a schematic band energy diagram reporting
conduction band (CB), valence band (VB), and Fermi level (Ef )
positions for the various samples. The energy band diagram of

Fig. 4 (a) Cross-sectional HAADF-STEM image and corresponding
EDXS elemental maps for a specimen fabricated at 200 °C. (b) High
resolution STEM image from the same sample together with the FFT
pattern. The crystal is oriented along the [001] axis of the β-MnO2 struc-
ture. The white arrows mark the presence of stacking faults. The high
contrast particles in b are Pt nanoparticles from the protective layer de-
posited during FIB sample preparation. (c) SAED pattern from a region of
the MnO2 deposit in (a).

Fig. 5 (a) Cross-sectional HAADF-STEM image and corresponding
EDXS elemental maps for a specimen fabricated at 300 °C. (b) Higher
magnification HAADF-STEM image from a sample region. (c, d) High
resolution STEM images from the thorns and the underlayer region,
respectively, as indicated by the red and green squares marked in (b).
FFT patterns (shown as insets) indicate that both structures correspond
to β-MnO2. The high contrast particles in c are Pt nanoparticles from the
protective layer deposited during FIB sample preparation.
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manganese oxides is very controversial in the literature, not
only due to complications arising from the large number of
possible polymorphs, but also because of the complex influ-
ence of oxygen-related defects, grain boundaries and, in the
present case, also of fluorine doping.19,37,60,62,63 In this work,
the energy diagram in Fig. 6c was sketched based on XPS, KP
and optical absorption measurements (see above and
Fig. S4†). While the target samples show a rather high conduc-
tivity, the results reveal a band structure typical of a semi-
conductor. Similar to our previous work on F-doped Fe2O3,

53

the present data suggest that the increase of band gap values
with fluorine content was not due to a Moss–Burstein effect
(involving the partial filling of the CB and increase of n-type
behaviour with fluorine concentration), but to a different
phenomenon, as testified by the progressive increase of the
system p-type behaviour at higher F loadings (i.e. lower depo-
sition temperatures). In fact, oxygen vacancies yield occupied
sub-band gap states above the VB edge, as suggested by optical
absorption data (see above). Due to F incorporation into the
material and the subsequent formation of Mn–F bonds (as
confirmed by XPS), these states become partially empty and
can accept electrons from the MnO2 valence band, generating
holes in the latter. This phenomenon is likely to become pre-
dominant at higher F concentrations, thus explaining the

enhanced p-type character of samples grown at lower
temperatures.

3.2 Photoactivated properties

PH tests on the obtained systems were carried out by measur-
ing the evolution of the water contact angle as a function of
irradiation time (Fig. 7a). As can be observed, all samples pre-
sented a relatively fast variation of their initial state upon UV
exposure, yielding appreciably hydrophilic surfaces for
sufficiently long irradiation. The typical time within which the
final hydrophilic state is reached (<1 h) is in line with pre-
viously reported data for other oxide-based materials obtained
by CVD and PE-CVD routes.7,8 Nevertheless, the initial WCA
value at the beginning of the process (in the absence of UV
irradiation) results progressively lower for samples obtained at
higher growth temperatures. This feature could be mainly
traced back to the different fluorine contents of the target
specimens, which, as already discussed, decreases upon
increasing the temperature (see Fig. 2f). In fact, the presence
of a higher CFx group content on the surface resulted in a
more hydrophobic surface,64 as observed for the samples
obtained at 100 °C and 200 °C (see also XPS data above). In
addition, fluorine presence leads to a passivation of nano-
material defects and, hence, to a reduced content of oxygen
vacancies,48,50,53 the key active sites for water chemisorption,
with the formation of new –OH groups.4,7,8,35 As a conse-
quence, higher fluorine loadings result in an increased initial
hydrophobicity. An additional concurrent contribution to the
trend of the initial contact angles is provided by RMS rough-
ness values, progressively increasing with the growth tempera-
ture (Fig. S3†).7,35

As can be observed, the system behaviour became more
hydrophilic upon irradiation, with a direct dependence on the
deposition temperature. The Δ(WCA) value (difference
between the initial and final contact angles) is in fact reduced
from ≈80 to ≈20° upon going from 100 °C to 400 °C. The
rationale for the above difference lies in the different fluorine
contents of the target materials, since an increase in F content

Fig. 6 Optical absorption spectra (a) and Tauc plots (b) for manganese
oxide samples grown at different temperatures. (c) Schematic band
energy diagram of the same specimens.

Fig. 7 (a) PH behavior of MnO2 nanomaterials: WCA as a function of
irradiation time. Inset: Photographs of H2O droplets on a specimen fab-
ricated at 100 °C at different illumination stages. (b) PC behaviour of the
same samples: water CA vs. irradiation time for methyl stearate-coated
systems.

Paper Nanoscale

104 | Nanoscale, 2019, 11, 98–108 This journal is © The Royal Society of Chemistry 2019

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 4

/1
0/

20
19

 1
2:

53
:1

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c8nr06468g


(at 100 °C) results in an increase of the Lewis acidity of metal
centres, beneficially affecting the system activity.49 In addition,
at the lowest temperatures, the higher F content is more
effective in passivating material defects, thus reducing detri-
mental electron–hole recombination.53 In a different way,
carrier recombination processes are favoured by lower band
gap values, indeed corresponding to the less active samples
fabricated at higher temperatures. Although for the latter cases
an increased RMS roughness would imply a higher active area
(see above), it appears that this phenomenon (Fig. S3†) cannot
efficiently counterbalance the above effects. In addition, the
formation of Mn2O3/MnO2 heterojunctions at 400 °C does not
improve the separation of photogenerated charge carriers, due
to the unfavourable band edge positions at the interface
between these oxides (Fig. S5†). At the end of PH tests,
samples were stored in the dark for 12 h and subsequent
measurements of initial WCA values revealed the restoring of
initial surface characteristics, highlighting the reversibility of
the discussed behaviour.

In spite of the preliminary character of these studies, our
data highlight that the target nanomaterials are active in
photo-induced superhydrophilicity processes and that, in par-
ticular, the sample grown at 100 °C exhibited a superior
activity with respect to a commercial Pilkington® Activ™
Glass, a reference standard for the target applications.7 These
results are of particular interest due to the environmentally
friendly character of MnO2 and capability of harvesting solar
radiation, differently from TiO2 or ZnO, the most used plat-
forms for such applications.

Solid phase PC performances of the target nanomaterials
were examined in the photodecomposition of methyl stearate,

a well-known model fatty compound, by monitoring WCA evol-
ution vs. illumination time7 (see the Experimental section;
Fig. 7b). As a general rule, the starting WCA values were all
higher than 90°, in accordance with the presence of the hydro-
phobic methyl stearate overlayer. In addition, the initial WCA
values progressively increased with the adopted growth temp-
erature. This trend was traced back to the parallel enhance-
ment of the system RMS roughness upon going from 100 °C to
400 °C (see above), a phenomenon which, in turn, increased
the system hydrophobicity.7 In general, the material activity
resulted directly dependent on the deposition temperature. In
particular, the Δ(WCA) value decreased from ≈50° to ≈30°
upon going from 100 °C to 400 °C, and even in the latter case
the excursion was higher than that exhibited by the reference
Pilkington® Activ™ Glass.7 The best performances of the
100 °C-deposited sample could be mainly related to its higher
lattice F content (see above and Fig. 2f), exerting a beneficial
influence on photocatalytic activity and conductivity and sup-
pressing, in parallel, detrimental electron–hole recombination
processes.46,49,51,53 In this case, a predominant contribution of
RMS roughness could be ruled out since, as already noted, the
corresponding values showed an opposite trend with respect
to that shown in Fig. 7b.

Finally, the liquid phase PC activity of the target specimens
was tested in the degradation of Plasmocorinth B aqueous
solutions as a function of illumination time. In all cases,
control experiments revealed that no dye decomposition took
place in the dark and/or in the absence of the target materials.
Fig. 8a displays selected optical absorption spectra of the dye
solution in the presence of a manganese dioxide specimen,
showing a progressive absorbance decrease upon increasing

Fig. 8 (a) Optical absorption spectra of Plasmocorinth B aqueous solutions (2.3 × 10−5 M) as a function of UV irradiation time in the presence of a
β-MnO2 specimen synthesized at 200 °C. (b) Solution photobleaching at different illumination times. (c) Photocatalytic performances in the degra-
dation of Plasmocorinth B under UV and Vis illumination for a representative MnO2 sample fabricated at 200 °C. (d) Values of the apparent kinetic
constants (k) and half-life times (t1/2) for specimens obtained at different temperatures.
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UV irradiation time, and pointing out the effectiveness of
these materials to quickly decompose the pollutant. The poss-
ible mechanism of the overall process is described in section
S-1.5.† The solution fading due to dye degradation is visible
also to the naked eye (Fig. 8b). Fig. 8c displays the relative
Plasmocorinth B concentration vs. irradiation time in the pres-
ence of a representative MnO2 sample. Photocatalytic dye
decomposition was carried out utilizing not only UV, but also
Vis light. The obtained results (Fig. 8c) revealed a comparable
sample activity in both cases (see also kinetic constants and
half-life data in Table S1†), an interesting goal from an appli-
cative point of view. In addition, differently from previous
studies,42 cyclability tests (Fig. S6†) did not show any signifi-
cant performance degradation, an issue of vital importance in
view of practical applications.4,30,32,56

As a general rule, all specimens were active in the target
process and the dye decomposition followed a pseudo-first-
order reaction kinetics, as usually reported in similar
cases.5,6,34 The values of apparent first-order rate constants
and half-life are reported in Fig. 8d. Such results were better
than those exhibited in Plasmocorinth B photocatalytic oxi-
dation over supported TiO2 and M/TiO2 (M = Ag, Au)
films,36,42,56 thus highlighting the potential of the present
materials for use in photocatalytic dye degradation processes.

The obtained data suggest the following trend for the
sample photocatalytic activity as a function of the material
growth temperature: 400 °C < 100 °C < 300 °C ≈ 200 °C. This
trend could be apparently surprising, since the specimen
obtained at 400 °C was characterized by the highest RMS
roughness (i.e., by a higher active area), and, at a first glance, it
could have been expected to be the most active. This result
could be explained considering that the system liquid phase
photoactivity is affected not only by the actual roughness
value, but also by other concurring factors: (i) the different
absorption coefficients; (ii) the different lattice F contents; and
(iii) the system optical band gaps. In particular, as already
observed in relation to data shown in Fig. 7a, lower EG values,
corresponding to the samples fabricated at higher tempera-
tures, favour the recombination of photogenerated electrons
and holes. In addition, the formation of Mn2O3/MnO2 hetero-
junctions, occurring for the 400 °C specimen, does not
improve charge carrier separation (see also Fig. S5†), due to
the unfavourable mutual band edge positions. As a result,
taking into account the concomitant effect of the above issues,
the most active specimen was the one obtained at a growth
temperature of 200 °C.

4. Conclusions

This work has reported the PE-CVD fabrication of MnO2 nano-
systems from Ar–O2 plasmas on FTO substrates. The use of a
fluorinated Mn(II) molecular precursor enabled a homo-
geneous F doping of the target systems, with a content directly
tuneable as a function of the adopted growth temperature
(100–400 °C). Concomitantly, nanosystems with hierarchical

morphologies spanning from dendritic structures to quasi-1D
sharp nanothorns, with controllable surface roughness and
optical properties, could be effectively obtained. The fabricated
materials were composed of pure β-MnO2 at a deposition
temperature of 100–300 °C, and by the co-presence of β-MnO2

and Mn2O3 at 400 °C. The validity of the proposed preparation
route is further highlighted by the fact that, at variance with
the preparation of MnO2 polymorphs involving templates and
surfactants, it affords high purity products without any post-
synthesis treatment, that could alter the desired structures.6 A
thorough multi-technique approach enabled the investigation
of the interplay between the preparation conditions and the
resulting system characteristics. Preliminary photo-induced
hydrophilicity/photocatalytic functional tests, both in the solid
and in the liquid phase, highlighted the possibility of finely
tailoring MnO2 nanomaterial performances, which resulted
from a complex interplay between their nano-organization, F
content and optical absorption. In addition, the use of Vis illu-
mination instead of UV one did not result in an appreciable
performance decrease, paving the way to the use of natural
sunlight to activate the target processes. The obtained results,
which, to the best of our knowledge, have no precedents to
date on the target materials, open challenging perspectives for
the development of multi-functional photocatalysts for self-
cleaning and antifogging applications, as well as for waste-
water treatment.
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