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ABSTRACT 

One-dimensional nanostructured materials have attracted a great deal of interest owing to their 

potential applications in various industries.  Due to the limitations and cost associated with 

conventional low-pressure plasma systems, atmospheric pressure plasma techniques such as 

dielectric barrier discharge (DBD) were investigated as an alternative approach for inducing 

specific chemical reactions.  Ruthenium dioxide (RuO2) and copper oxide (CuO) nanostructured 

materials are widely used in supercapacitor electrodes, field emission devices and for catalytic 

and biological applications.  In such applications, size and shape dependent properties of 

nanomaterials play critical roles in improving the performance.  In this research, an attempt was 

made to prepare one-dimensional RuO2 and CuO nanomaterials using DBD plasma. It was noted 

that the morphology of nanomaterials prepared by exposing the precursor to the DBD plasma 

was found to depend strongly on the characteristics of the substrate, physical properties of the 

synthesis materials as well as on the composition of the feed gas.  The morphologies obtained 

from the plasma technique were also achieved by the conventional wet chemical methods using 

polyethylene glycol surfactant. The plasma techniques necessarily avoided the use of surfactant 

molecules, controlled the product morphology by few experimental variables, and showed the 

feasibility for scale up. In addition, oxidation state of the materials could be controlled by 

carefully selecting the plasma feed gas. The spherical and sheet shaped nanomaterials prepared 

using the above techniques was analyzed for their shape dependent performances in industrially 

and medically valuable applications such as photocatalysis, carbon monoxide (CO) oxidation and 

antimicrobial activities. The photocatalytic behavior of spherical and sheet shaped RuO2 against 

methylene blue dye showed an excellent shape dependent catalytic activity in the presence of 

visible light. The CO oxidation using sheet-like RuOx/γ-Al2O3 showed the complete conversion 
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at 175 °C whereas it was achieved only at 200°C using spherical type RuOx/γ-Al2O3 and at every 

experimental temperature, sheet shaped nanomaterials showed increased CO conversion 

efficiency. Similar shape dependency was also noted when using grain-like and needle like 

CuO/γ-Al2O3 at 300 °C. In the above catalytic cases, enhancement in the activity observed to 

sheet-like nanomaterials was the cumulative effects of increase in the porosity, morphology, 

catalyst stabilization and dispersion, and changes in the oxidation states. The RuO2 and CuO 

nanomaterials were assessed for the shape dependent anti-microbial activities against Gram 

positive and Gram negative bacteria. In all the cases, sheet like nanomaterials showed more 

inhibitive effect than spherical or other types. Interaction of nanomaterials with bacteria created 

an oxidative stress and released the corresponding metal ions and thus the microorganism lost its 

essential nutrients for survival.  
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CHAPTER I    

INTRODUCTION 

1.1 Ruthenium oxide and copper oxide nanostructured materials 

Size and shape effects constitute a peculiar and fascinating aspect of nanostructured 

materials (for simplicity, nanomaterials or NMs).  The effects determined by changing size and 

shape pertain to the evolution of structural, thermodynamic, electronic, spectroscopic, 

electromagnetic and chemical features of these finite systems.  The properties of a material 

depend on the type of motion its electrons can execute, which depends on the space available for 

them.  Thus, the properties of a material are characterized by a specific ―length scale‖, usually on 

the nm dimension.  If the physical size of the material is reduced below this length scale, its 

properties change and become sensitive to size and shape.   

Transition metal oxide NMs such as ruthenium oxide (RuOx where x=2, predominantly) 

finds applications in preparing dimensionally stable anodes, thin film resistors and capacitors 

owing to its unique redox surface chemistry [1].  For instance, RuO2 nanorods are reported to 

increase the Seebeck coefficient in thermoelectric devices [2] and to exhibit enhanced field 

emission [3].  In addition RuOx is a promising-material both in the context of catalysis [4,5] and 

energy [6].  For instance, combinations and composites based on metallic ruthenium/-ruthenium 

oxides are notable for coupling reaction catalysis [7], catalyzing the photochemical reduction of 

water [8], catalysts for N2O decomposition [9], selective oxidation of alcohol [10] and oxidation 

of carbon monoxide (CO) [11-13].  The advantage of RuOx for the above chemical and catalytic 

reactions is mainly from its low temperature activity but at the same time, its cost hinders its 

wide usage as an industrial catalyst.  On account of the cost associated with it, the uniqueness 

and the performance of RuO2 could not be ruled out. 
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On the other hand, copper oxide nanomaterials (CuO NMs) [14] are also predominantly 

used in the above catalysis reactions [15,16], and for preparing sensors [17], high critical 

temperature superconductors [18] etc. due to its excellent physicochemical properties and cost 

effectiveness.  It is the simplest member in the family of copper compounds and a narrow band 

gap (1.2 eV) p-type semiconductor which exhibits superior photocatalytic [19] and photovoltaic 

properties [20].  In addition, its biological and environmental usage such as preparation of 

antibacterial agent [21-24], in anti-tumor therapy [25], arsenic removal in water treatment [26] 

etc. are notable.  Even though many reports suggest the usage of CuO NMs for a variety of 

applications, copper and its compounds find its indispensable application as a sterilization agent 

in water since ancient days.  One disadvantage of using CuO for catalytic reactions is its high 

temperature operation.  The RuO2 and CuO NMs exhibit completely different physicochemical 

properties and investigation on these materials for selected applications may provide useful 

results.  It is therefore, the reason for choosing the above materials could be well understood. 

The general properties of the RuO2 and CuO NMs are listed in Table 1. 

1.2 Principles of dielectric barrier discharge (DBD) plasma 

Plasmas are collection of freely moving charged particles which is, on the average, 

electrically neutral.  Plasma discharges are driven by voltage or current sources.  The collision 

between charged and neutral particles results in an ionization which is very important event to 

sustain the plasma.  Different kinds of plasma techniques (Fig. 1.1) are used for variety of 

operations based on whether it belongs to thermal or non-thermal in nature and operate in 

vacuum or in atmospheric pressure.  The mode of plasma generation, abundance and sustenance 

of plasma characterizes the design of the given plasma source.  One of the plasma techniques 

which we deal with this research is dielectric-barrier discharges.  These are characterized by the 
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application of one or more insulating layers in the current path between metal electrodes in 

addition to the discharge space.  In such conditions the electrons are not in thermal equilibrium 

with ions and thus it is called as non-equilibrium (and non-thermal) plasma.  The transported 

charge is proportional to the gap spacing and the permittivity of the dielectric but does not 

depend on pressure.  Electrically induced plasmas are called ‗discharges‘ and because of its low 

gas temperatures, are referred to as cold plasmas. In this case, 

Te >> Tg and Te > Ti > Tg 

Where, (T is the temperature, e-electrons, g- gas, and i-ions). 

Table 1. General properties of RuO2 and CuO 

Molecular formula RuO2 CuO 

Molecular weight 133.06 g mol
-1

 79.545 g mol
-1

 

Density 6.97 g cm
-3

 6.315 g cm
-3

 

Appearance Blue-black solid Black to brown powder 

Boiling point 1200 °C 2000 °C 

Crystal structure Rutile (tetragonal) 

 

Monoclinic, mS8 

 

Space group P42 Imnm C2/c 

Band gap 2.2-2.7 eV 1.2 eV 

Solubility in water Insoluble Insoluble 

Precursor price 100$/g 70$/100g 
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Figure 1.1 Examples of plasma routes for nanomaterial synthesis.  (a) DC arc method (b) self-

organization of nanostructures produced by plasma (c) metal nanoparticle synthesis using 

micro-plasma (d) Gas phase particle formation process in thermal plasma [27-29]. 

Different types such as planar or cylindrical configurations are common (Fig. 1.2). 

Closely related are surface discharge configurations in which discharges are initiated at a 

dielectric surface due to strong electric fields generated by imbedded metal electrodes.  The 

presence of the dielectric(s) precludes dc operation.  Although DBD configurations can be 

operated between line frequency and microwave frequencies the typical operating range for most 

technical DBD applications lies between 500 Hz and 500 kHz [30].  From the Lissajous (charge-

voltage plot) figure created during the plasma generation, the powder consumption can easily be 

calculated (Fig.1.3, and see the appendix).     
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Figure 1.2 The common dielectric barrier 

discharge configurations [30]. 

 

Figure 1.3 The schematic representation of 

voltage vs. charge Lissajous figure, 

representing the power consumption during 

plasma discharge. 

1.3 DBD Plasmas for nanomaterial synthesis 

Nanostructured materials exhibit peculiar behaviors due to quantum effects (size) and 

interfacial phenomena.  A solid object is called a nanostructured material when at least one of its 

dimensions lies within the range of nanometer to tens of nanometer.  Particularly, one 

dimensional (1D) nanostructures (such as wires, belts, rods and tubes whose lateral dimensions 

fall anywhere in the range of 1-100 nm) are preferred in technologically valuable applications on 

account of the performance improvements resulting from their morphological effects.  To 

accomplish 1D structure in wet chemical synthesis, care must be taken to optimize the process 

parameters such as precursor concentration, type and concentration of surfactant, pH and 

temperature.  Plasma-mediated gas phase routes such as metal-organic chemical vapor deposition 

(MOCVD), microwave plasma synthesis [31,32] and sputtering techniques usually give high 
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aspect ratio 1D materials.  Vapor deposition techniques are performed in high vacuum 

environments for which the installation cost and the energy requirements are very high.  A 

review article by Ostrikov et al. [33] reports the plasma-based nanoscale materials synthesis 

achieved in vacuum environments with other fundamental considerations including classification 

and terminology.  Thermal plasma is conventionally used through combustion-assisted plasma 

spraying but high operation cost related to cooling system and low energy efficiency hampers 

their use.  In order to mitigate the above problems, atmospheric pressure non-equilibrium plasma 

[34,35] has been investigated as an alternative approach and interesting results have been 

achieved in synthesizing and functionalizing specific nanomaterials [36].  Recently, Mariotti et al. 

[29,37,38] have given a short review about the recent findings in the micro-plasma mediated 

NMs synthesis and they have also acknowledged the potential of other atmospheric plasma 

techniques such as dielectric barrier discharge (DBD).  A quick review of the literature revealed 

that the DBD plasmas have mainly been used for gas purification, surface functionalization and 

synthesis of carbon-based nanomaterials [39-44].  In such DBD processes, there is no mandatory 

requirement for applying any external heating system and the whole reaction is carried out under 

non-thermal condition. Sometimes, a small increase of temperature caused by collisions of 

plasma constituents can be an advantage for reactions.  The DBD plasma technique is a novel 

way of achieving 1D materials in which interactions between plasma constituents and precursor 

molecules serve as a key role.  Due to easy handling and simplicity in design, there are many 

possibilities for the preparation of NMs, especially rod-shaped ones, by using the DBD plasma.  

Achievement of rod type NMs are fulfilled by the assistance of electric forces which require no 

capping agents, stabilizers and surfactants.  The DBD plasma technique gains momentum 

nowadays for NMs synthesis [45], and it is imperative to note that information on the synthesis 
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of metal or metal oxide using the DBD plasma is scarce in the literature.  With this background 

information, attempts have been made to prepare metal oxide nanomaterials such as RuO2 and 

CuO using DBD plasma.  The prepared NMs were used for specific applications stated below 

with an extensive literature survey.  The NMs were also synthesized by conventional wet 

chemical techniques in order to demonstrate the uniqueness of plasma-mediated method.   

1.4 Shape dependent performance of RuO2 and CuO NMs in catalysis and biology 

1.4.1 Photocatalytic activity 

Semiconducting materials such as TiO2 and ZnO exhibit the optical band gap for solar 

absorption of > 3 eV and thus they respond mainly in the UV region (except in some cases where 

they need to be functionalized with dyes for visible region response), which ultimately hampers 

their use as a visible light photocatalytic material.  In order to use the visible region of the solar 

spectrum effectively (which occupies > 50% of the radiation), materials should be active in the 

said region with sufficiently lesser band gap.  Nanomaterials such as RuO2 and transition metal 

ions such as Cu
2+

 and Fe
3+

 have been reported to alter the band gap energy of the photo catalysts 

[46].  The RuO2 NMs possess the band gap of about 2.2-2.7 eV and its compounds (especially 

with TiO2) have previously used for the photocatalytic oxidation of water in the presence of 

visible light [47], degradation of azo dyes under UV irradiation [48] etc.  It was showed that the 

photocatalysis by organometallic ruthenium complexes is due to its favorable redox potentials, 

metal-to-ligand charge transfer etc [49].  But investigation on the possibility to use RuO2 NMs as 

a visible light photo catalyst was not performed earlier.  Thus, visible light photocatalytic 

performances of the spherical and one dimensional RuO2 nanomaterials were carried out in this 
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research.  At the same time, photocatalytic activity of CuO is basically UV responsive and 

numerous research was carried out earlier [50,51] and thus not reported here. 

1.4.2 CO oxidation catalysis using RuOx/γ-Al2O3 and CuO/γ-Al2O3 

CO+1/2 O2→ CO2                                                                     -------------------- (1) 

Noble metal catalysts such as Pt and Pd exhibit good CO oxidation activity but concerns 

over cost and abundance have compelled researchers develop metal oxides as a viable alternative 

[52-55].  The catalytic activity of candidate metal oxide systems is heavily dependent on 

oxidation state and for example in the Ru-O system, when RuO2 catalyst is used under a high 

partial pressure of O2, it exhibits a superior CO oxidation performance than Ru metal catalysts 

[10,56].  As stated earlier, CuO catalysts are viable alternative for preparing low cost industrial 

catalysts in abundance.  Moreover, the performance of such catalysts can improve greatly when 

they are well stabilized or uniformly dispersed on the surface of the suitable support such as γ-

Al2O3 [57].   

Dispersion is a critical step furthering an effective reaction between the reactants [58].  

Conventional methods of catalyst dispersion on support materials by wet impregnation often 

yield aggregated structures [59].  Using DBD plasma to prepare RuOx/γ-Al2O3 or CuO/ γ-Al2O3 

is also cumbersome because of the non-uniformity of the catalyst dispersion and plasma exposure 

only to upper surface of the catalyst.  In this case, polymer molecules can be used in wet 

chemical nanomaterial synthesis as a stabilizer, surfactant or growth-directing agent [60,61] in 

which they control the particle aggregation, pore characteristics and in the catalysis context, 

stability and poisoning resistance of the support [62] relatively easier.  Polyethylene glycol (PEG) 

is one of the most widely-used polymers in the design of heterogeneous catalysts [63] and can 

increase the interaction between the catalyst and the support.  Polymer additives need to be 
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chosen carefully so as not to hinder the catalytic process and need to be removed by heat 

treatment prior to the experiment.  PEG is an attractive choice as an additive since its oxidation 

products contain no nitrogen, sulfur or phosphorous thus precluding catalyst poisoning during 

heat treatment [64].  There are several reports describing the use of polymer stabilizers for the 

preparation of the catalysts [65-67] but there are few detailed studies on the surfactant-induced 

morphological changes and subsequent correlations with activity are available.  Further 

understanding of such relationships provides a useful means to improve catalyst performance.  In 

this study, the shape dependent CO oxidation performance of RuOx/γ-Al2O3 and CuO/γ-Al2O3 

catalysts were studied.  Detailed physical and chemical characterizations of the materials have 

allowed us to begin to understand the connectivity between catalyst design and activity. 

1.4.3 Antibacterial activity of RuO2 and CuO NMs 

It is a well-known fact that microbial contamination of air, water, and soil due to different 

types of microorganism creates problems in living conditions and also it is a serious issue in 

health care.  Apart from the major applications of RuO2 in energy and catalysis, investigation in 

the fields of biology, environmental conservation and health is very limited.  Recently numerous 

studies indicate that nanoparticles have strong antibacterial activity against plant and animal 

pathogens.  For example, metallic silver nanoparticles are known to inactivate microbes by 

interacting with their enzymes and restrain cell proliferation [68].  Recently many metal oxide 

NMs such as Ag2O, ZnO, Fe2O3, TiO2, SnO2, CeO2 and polymer membrane composites [69-74] 

were shown to exhibit good antibacterial activities.  In addition to the type of materials, 

morphology also can induce additional effects on the microorganism.  For example, size and 

shape dependent anti-bacterial activities are reported for single-walled carbon nanotubes [75] 

and silver [76].  Although great many studies on the antibacterial effect of numerous metal and 
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metal oxide nanoparticles are available, investigations using RuO2 nanomaterials are very less in 

this field.  Existing literatures have mainly focused on the activity of ruthenium complexes 

[77,78].  At the same time, recent reports on uptake and effect of nanoparticles with aquatic 

organisms such as fish species suggest its limited bioavailability [79,80].  Based on the above 

backgrounds, our curiosity to investigate the usage of RuO2 nanomaterials for biological 

applications called for this research.  When considering copper oxide for this application, the 

United States environmental protection agency (U.S EPA) has already approved only copper and 

its alloys as a solid surface material to continuously kill 99.9% bacteria within two hours on 

touch surfaces.  When copper compounds used for cleaning of water, copper ions release from 

copper surface and hit the protein or fatty acid of the cell membrane, create holes (oxidative 

damage) through which the cell loses essential nutrients required for its survival [81,82].  

Coating of CuO on the support membrane material is a good technique to kill microorganism and 

decontaminate polluted water by increasing the specific surface area and mesoporous property 

[83].  The main contribution of CuO over other metal oxide NMs is the cost benefit, which is 

cheaper than silver and exhibits relatively stable physical and chemical properties.  It can easily 

mix with polymers and can be prepared with various surface morphologies and surface area [84]. 

In recent times, much attention is given to the synthesis of structure-specific (both size 

and shape) NMs since the material‘s effective performance largely depends on this factor [85-87].  

For example, uptake and distribution of NMs by a biological system largely depend on the size, 

while preferential interaction with specific target molecules is mainly determined by the shape.  

Surface functionalization, surface area and morphology play important roles to inhibit the 

bacterial growth.  The quantity of metal ion release, reactive oxygen species generation and 

interaction between microorganism and the NMs are mainly decided by the above factors [88-
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91].  It must be noted in the literature that investigation on the shape-dependent behavior using 

CuO NMs is very less but can be found for Cu2O NMs [92,93].  Studies suggests that CuO NMs 

are superior to Cu2O based on the minimum bactericidal concentration (MBC) values.  The main 

advantage of CuO over Cu2O is the stability.  The CuO is stable at room temperature (Cu ion is 

in the +2 valance state) whereas Cu2O (+1 valance state) is stable above 1020°C only.  Second, 

CuO primarily exhibit monoclinic crystal structure but Cu2O is cubic.  This parameter is also 

important since the adsorption and desorption of bacteria greatly depend on the microstructure.   

 1.5 Focus of current research 

This research is focused on two themes such as preparation of structure specific nanomaterials 

and its application in catalysis and biology.  The DBD plasma and wet chemical routes were 

used for the synthesis of RuO2 and CuO NMs.  The effects of plasma gas composition and 

growth substrates on the morphology of the NMs, plausible mechanisms elucidating the 

morphological differences, challenges in the plasma synthesis, and the physicochemical aspects 

of the prepared NMs are dealt with this section.  On considering the application part, 

photocatalysis, CO oxidation catalysis and antibacterial activities with an emphasis on 

nanomaterial shapes are studied extensively.  
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CHAPTER II 

EXPERIMENTAL METHODS 

2.1 Introduction 

This chapter discusses the detail information about the experimental setup and methods 

used for the preparation of RuO2 and CuO NMs using DBD plasma and wet chemical synthesis. 

Also experimental details related to photocatalysis, anti-bacterial properties, preparation of 

RuOx/γ-Al2O3 and CuO/γ-Al2O3 catalysts used for CO oxidation are given. 

2.2 Materials used 

RuCl3.xH2O (MW. 207.43 g mol
-1

), polyethylene glycol (average MW. 20000) and 

Tetraethyl orthosilicate (TEOS, MW. 208.33 g mol
-1

) were purchased from Sigma-Aldrich.  

Copper (II) nitrate trihydrate (Cu(NO3)2.3H2O, MW. 241.6 g mol
-1

), ethyl alcohol and sodium 

hydroxide (NaOH) were purchased from Daejung  chemical and metal Co. Ltd., Korea.  The 

CuCl2 (Hayashi Pure Chemical) and NH3 (Junsei Chemical Co.) were also used.   All chemicals 

are of analytical grade and used without further preparation. 

2.3 DBD plasma reactor setup 

The preparation of RuO2 and CuO NMs was carried out in a self-designed planar type DBD 

plasma reactor whose schematic diagram is presented in figure 2.1.  Two stainless steel sheets (15 cm 

long and 4 cm wide) were acted as high voltage and ground electrodes.  Two 1.5-mm-thick glass 

plates serving as a dielectric barrier were inserted between the electrodes.  The distance between the 

upper and lower electrodes was fixed at 15 mm.  The whole DBD reactor was enclosed in an acrylic 

chamber equipped with a gas inlet and outlet.  Alternating current (AC) high voltage of about 16 



24 
 

to 20 kV at a frequency of 400 Hz was applied across the electrodes.  The actual discharge power 

dissipated in the plasma reactor was calculated from the area of the so-called Lissajous curve 

(also known as charge-voltage plot) generated in a digital oscilloscope (Tektronix 

MSO/DPO3000).  The feed gas to the DBD plasma reactor consisted of Ar and H2 (or O2). Mass 

flow controllers (Atovac AFC 500) were used to adjust the flow rates of Ar, O2 and H2.  

 

Figure 2.1. Schematic (a) and the laboratory setup (b) of the DBD plasma reactor used for NMs 

synthesis. (c) shows the photograph of the  generated plasma.  

2.4 Synthesis of RuO2 nanomaterials under DBD plasma 

Table 2 in the chapter III summarizes the feed gas composition and the concentrations of 

the precursors used. About 2 ml of RuCl3.xH2O and NaOH each were mixed in a small petri-dish 

(or on a glass plate) and kept inside the DBD plasma reactor.  Two experimental parameters such 

as the NaOH concentration and the feed gas composition were chosen to control the growth and 
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agglomeration process.  As an indication of the variation in the plasma density, the area of the 

Lissajous curve corresponding to the actual discharge power gradually increased from 2 to 32 W 

as time went by.  At the end of 3-h plasma reaction, ruthenium hydroxide was formed as a black 

precipitate.  The precipitate was washed repeatedly with deionized water in order to remove the 

un-reacted chemicals and byproducts.  The powder was dried in a furnace at 350°C for 24 h and 

the final product was taken for further characterizations.  

2.5 Plasma Synthesis of RuO2 using different substrates 

So as to examine the substrate effect on the morphological structure of RuO2 NMs, four 

different substrate materials such as copper (Cu), silicon (Si), glass (GL), and polyethylene 

terephthalate (PET) were used.  The substrates were 5 cm long and 4 cm wide, respectively. 

(Table 5 in section III summarizes the sample names (based on the substrates used) and the flow 

rates maintained to grow NMs).  About 500 μL of RuCl3.xH2O (0.1 M) and NaOH (1.0 M) each 

were mixed, stirred for 2 min and then it was spread on the substrate.  The substrate was kept on 

the bottom electrode of the DBD plasma reactor.  Gas purging with corresponding gases was 

done for 15 min and the samples were exposed to plasma.  The input power was controlled at 

38.20 W for all samples.  It should be noted that the input power also includes the power 

consumed in the area not occupied by the nanomaterial precursor, i.e. actual power consumption 

for nanomaterial generation is much less than the aforementioned value.  The area occupied by 

the nanoparticle precursor is about 1/5
th

 of the whole electrode area.  Two experimental 

parameters such as the composition of feed gas and the type of substrate were chosen to analyze 

the growth process.  Black precipitate of Ru (OH)3 was collected at the end of 3 h reaction, 

which was washed repeatedly with deionized water.  Drying and heat treatment was performed at 
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350°C for 24 h by keeping the solid powder in a furnace, which eventually produced crystalline 

RuO2 and they were used for photocatalysis experiments. 

2.6 Synthesis of RuO2 by conventional synthesis 

Two methods were carried out for preparing spherical and sheet-like RuO2 nanomaterials.  

For spherical types (will be hereafter referred to as SP NPs), 0.1 M RuCl3.xH2O dissolved in 20 

mL de-ionized water was taken in a two neck flat bottom flask stirred with magnetic stirrer and 

20 mL of NaOH (1M) was added drop wise in a course of 3 h.  For achieving sheet structures 

(will be hereafter referred to as SH NPs), about 0.4 g PEG (dissolved in 20 mL H2O) was added 

extra with the same concentrations of the reactants used in the first experiment [i.e. 0.1 M 

RuCl3.xH2O + 1 M NaOH + 0.4 g PEG].  The temperature of the solution was maintained at 

75°C for the entire reaction.  At the end of the reaction, black precipitate was formed.  After 

discarding the supernatant, the precipitate was washed many times with deionized water. The 

solid precipitate was heat treated in a furnace up to 350°C for 24 h and the final product was 

taken for further characterization and anti-bacterial tests.  

2.7 Shape dependent Photocatalytic activity of RuO2 

The photocatalytic activity of the spherical and one dimensional RuO2 NMs was assessed 

by their degradation capability of methylene blue (MB) solution in the presence of a visible light.  

A compact fluorescent lamp (CFL, model: ES 220/N EX-L, Orex Co. Ltd, Korea) operating at 

220V, 20 W and 60 Hz was used for this experiment.  The light emission of the lamp was 

measured by using Maya 2000 PRO optical emission spectrometer.  Exactly 4.5 mg of MB was 

dissolved in 1 L H2O and then RuO2 NMs were added separately with 20 ml of the prepared 

solution.  Known quantity of spherical and sheet shaped RuO2 NMs was taken for experiments 

and named as SP 2.5 (2.5 mg spherical type), SP 5.0 (5 mg spherical type), SH 2.5 (2.5 mg sheet 



27 
 

type) and SH 5.0 (5 mg sheet type), respectively.  The sample solution was kept in an open glass 

reactor, exposed to CFL lamp and simultaneously agitated by using a magnetic stirrer.  A UV-

visible absorbance spectrometer (model: HP 8453) was used to monitor the intensity of the dye 

solution at different time interval in order to monitor the degradation process. 

2.8 Shape dependent antibacterial activity of RuO2 nanomaterials      

The bacterial species such as S. iniae, S. parauberis, E. tarda and V. anguillarum were 

maintained in Brain Heart Infusion (BHI) agar at 37 °C.  The bacterial suspensions were 

prepared by taking a single colony from the stock bacterial culture with a loop and inoculating 

with 20 mL of sterile nutrient broth in a 100 mL Erlenmeyer flask.  The flask was then 

incubated in a shaking incubator at 37 °C at 110 rpm for 24 ± 2 hours.  After incubation, 0.4 mL 

of the overnight inoculum was transferred to a 100 mL Erlenmeyer flask containing 20 mL 

nutrient broth and incubated in a shaking incubator for 3 hours at 37 °C with 120 rpm.  The 

RuO2 nanomaterials (SP NPs and SH NPs) were diluted from two to four times with 100 μL of 

BHI broth and inoculated with each pathogenic bacteria at an approximate concentration 

between 10
5
 to 10

6
 colony-forming units (CFU)/mL.  The bacterial concentration from 0 to 24 h 

was estimated by measuring the optical density of the culture at 660 nm using UV-visible 

spectrophotometer (Libra S22, Biochrom).  Positive control with all the reaction components 

except nanomaterials, standard control containing all components with silver nanoparticles (10 

mg/mL, instead of RuO2 nanomaterials) and a negative control (without nanomaterials and 

bacterial cells) were also performed in triplicate and the mean ± standard error (SE) was taken.  
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2.8.1  Thiobarbituric acid reactive species (TBARS) assay 

Free radicals generated in the cultures were estimated with TBARS assay kit (CellBiolabs, 

USA). Briefly, an aliquot of 1 mL of nanomaterials containing culture was collected to which 

200 μL of 10% SDS was added and swirled vigorously.  About 2 mL of freshly prepared 

thiobarbituric acid (TBA) was added to the above mixture and incubated at 95 °C for 60 min.  It 

was then cool down to room temperature and centrifuged at 3500 rpm for 15 min.  The 

supernatant was collected and optical density was measured at 532 nm to estimate the formation 

of TBARS, a malondialdehyde (MDA) equivalent.  All analyses were carried out in triplicate. 

2.9. Shape dependent CO oxidation using RuOx /γ-Al2O3 

2.9.1. Syntheses of catalysts 

1 wt.% RuOx supported on mesoporous γ-Al2O3 (referred hereafter as RAWOS) was 

prepared using the following homogeneous precipitation procedure (for calculations, refer 

appendix 4.2).  Firstly, a known quantity of RuCl3.xH2O (0.155 g) and TEOS (0.25 wt.%, also 

containing ethanol and water) solution were prepared and mixed (previously it has been 

suggested that the in situ formation of a minor amount of SiO2 could improve the hardening of 

the oxidation catalyst without affecting its performance [1].  The solution was reacted with 25 

mL, 1M NH3 solution (acting as a precipitating agent) at 75°C.  After 2 h, the required amount of 

Al2O3 powder (9.9 g irreducible support) was added and the mixture was stirred for further 1 h.  

Following the reaction, the product was washed repeatedly with deionized water in order to 

remove the by-product and then heat-treated at 115 °C.  The resulting powder was pressed into a 

pellet (approximately 8 Ton weight for 1 cm diameter) and calcined at 650 °C for 24 h.  In order 

to investigate the role of stabilizer/surfactant, a separate sample (hereafter referred to as RAWS) 
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was prepared as above with the addition of a synthesis step in which, PEG (0.5 g) was prior to 

the addition of the NH3 solution.  It is to be understood that the calcination step convert 

amorphous Ru (OH)3 into RuOx and to remove PEG completely.  Unmodified γ-Al2O3 was also 

prepared as a reference sample (hereafter referred to as ALVIR).  Following calcination, the 

pellets were crushed and sieved to obtain 2-3 mm size granules. 

2.9.2 Experimental part 

Exactly 10 g of catalyst prepared as above was loaded in a tubular reactor (1.5 cm 

diameter) and then fixed inside a furnace equipped with a temperature controller (Fig. 2.2).  The 

volume of the catalyst inside the reactor was 11.48 cm
3
.  The gas flow rate of CO was fixed at 2 

cm
3
min

-1
 (based on room temperature and at 1 atm) corresponding to 2000 ppm (the value of the 

space velocity is 5226 h
-1

).  The oxygen concentration was varied from 0.5 to 2.5 vol.% and 

supplied to the reactor with N2 carrier gas (total flow is 1 L min
-1

).  All experiments were 

performed under isothermal conditions (the feed gases were introduced immediately after the 

required temperature was attained).  The difference between the temperature measured at the 

catalyst using a thermocouple and recorded by the temperature controller was negligible.  The 

concentration of CO at the outlet was measured by using the FTIR spectrometer after 1 h of the 

reaction.  The percentage of conversion was calculated by using the following formula:  

CO conversion (%) = [1- (COoutlet/COinlet)] x 100     ----------------------------- (2) 
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Fig. 2.2 The experimental setup used for CO oxidation.  

2.10 Plasma Synthesis of CuO  

The CuCl2 and NH3 were used as received.  About 0.1 M of the above precursors was 

separately prepared and 500 μL each was kept on a glass plate or in a petri dish.  Then, 500 μL 

NH3OH (1 M) precipitating agent was added, stirred using a glass rod and kept in between 

electrodes of the DBD reactor (Fig. 1.1).  Then, Ar plasma was generated and the nanomaterial 

solution was exposed to the plasma for 3 hours.  At the end of the plasma reaction, the product 

was collected, washed and annealed at 200°C. 

2.11 Synthesis of CuO by conventional methods 

Exactly 0.01M Cu(NO3)2. 3H2O, 0.1M NaOH and 0.0002M PEG solutions were prepared 

separately in a 100 mL deionized water and agitated with a magnetic stirrer.  The 

Cu(NO3)2.3H2O and PEG were mixed together and the temperature of the solution was 

maintained at 75°C.  Then NaOH solution was added drop-wise by using a burette and observed 

the change in the color of the solution from light blue to black and the reaction was continued for 

another 3 h (will be referred hereafter as CuO 75).  Second set of experiment was conducted with 
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all the precursors stated above but the temperature was kept at 100°C (will be referred hereafter 

as CuO 100) by using water condenser set up.  Final set of experiment was performed with the 

same precursors in a hydrothermal reactor for 36 h and the furnace temperature was fixed at 

150 °C (will be referred hereafter as HYD 150).  At the end of the reaction, the precipitate was 

washed repeatedly with de-ionized water, dried and heat treated at 200 °C.  All experiments were 

performed many times with different process parameters and the optimized variables (to obtain 

CuO with different surface morphology) are reported above.  (It is to be understood that PEG is 

basically used for the stabilization of nanoparticles and it is eco-friendly

[2] as well.  The molecular weight (MW) of PEG has a strong influence on the viscosity of the 

solution.  Increasing the MW would increase the viscosity and vice versa.  It is reported in the 

literature that PEG with high MW (> 6000) decrease the dispersion of the metal salt.  This is 

because high MW PEG behaves like a linear hydroxyl polymer, which is very hydrophilic in 

nature.  It restricts the migration of the metal ions and thus reduces the size of the nanoparticles 

eventually [3].  In addition, size can also be controlled by using the same MW PEG with 

different concentration [4].  Crystallinity of the final product will not be affected much when 

using different MW PEG [5].  When considering the above points, it was planned to fix the size 

as minimum as possible by choosing the PEG 20000 and concentrated much on other 

experimental parameters to achieve different shapes).  

2.11.1 Antibacterial activity of CuO nanomaterials  

Antibacterial activity of the synthesized CuO NMs of different shapes were determined using 

a human Gram negative pathogenic bacteria, Escherichia coli and three major fish pathogens 

namely two Gram positive bacteria - Streptococcus iniae, Streptococcus parauberis and one 

Gram negative bacteria - Vibrio anguillarum following disc diffusion method.  Bacteria were 
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cultured in Brain Heart Infusion (BHI) broth at 37 ºC on a shaking incubator (at 190 rpm).  A 

lawn of bacterial culture was prepared by spreading 100 µL culture broth (10
7
 CFU/mL) of each 

test organism on solid BHI agar plates.  The CuO NMs (CuO 75, CuO 100 and HYD 150) were 

diluted to a stock concentration of 10 mg/mL of BHI broth and 10 µL of it was impregnated into 

the disk (diameter of 8 mm).  Then the discs were allowed to dry for 15 min aseptically.  The 

prepared CuO NMs impregnated discs were placed on each bacterial spread BHI agar plates and 

initially incubated for 15 min at 4 ºC (to allow diffusion) and later on at 37 ºC for 24 h.  Positive 

test results were scored when a zone of inhibition was observed after the incubation period.  

Silver NMs was used as positive nanomaterial control (+NMC). The assay was performed in 

triplicates and the mean ± standard error (SE) was calculated. 

The minimum inhibitory concentration (MIC) was determined based on a broth micro-

dilution method as described elsewhere [6].  Briefly, bacteria were cultured overnight at 37 ºC in 

BHI broth and adjusted to a final density of 10
7
 CFU/mL by 0.5 McFarland standards.  Then, in 

a 96-well plate, 90 𝜇L of BHI broth was added and 10 𝜇L of CuO NMs (10 mg/mL) was diluted 

eight fold serially.  To that 10 𝜇L of bacterial culture was inoculated and then the 96-well plate 

was incubated at 37 ºC for 12 h in shaking incubator rotating at 150 rpm.  The lowest 

concentration at which no or least observable bacterial growth (as noted by the absence of visible 

bacterial growth) was taken as the MIC value of CuO NMs.  Positive bacterial control (+BaC) 

with all the reaction components except nanomaterials, positive nanomaterial control (+NMC) 

containing all components with serially diluted silver nanomaterials (10 mg/mL, instead of CuO 

NMs), negative bacterial control (-BaC, containing CuO NMs without bacterial cells) and a 

negative control (without nanomaterials and bacterial cells, containing only BHI medium) were 

also performed simultaneously in triplicate and the mean ± standard error (SE) was taken.  
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2.11.2. Metal ion release analysis 

In order to estimate the release of copper ions, the CuO NMs treated bacterial cultures were 

centrifuged using 96-well plate centrifuge (PlateFuge™, Alkali Scintific Inc.).  The obtained 

supernatant (contains dissolved Cu
2+

) and the pellet (contains bacterial culture, Cu
2+

 and CuO 

NMs) were dissolved well in 2 vol.% nitric acid separately, kept overnight and subjected to 

elemental analysis using inductively coupled plasma-optical emission spectroscopy (ICP-OES 

700 series, Agilent Technologies).  Before that, standard ICP ionic solution with different 

concentrations (from 0.1 to 100 ppm) was prepared and the calibration curve was plotted. 

2.12 Shape dependent CO oxidation performance using CuO /γ-Al2O3 

1 wt.% CuO (CuO 75 and CuO 100) supported on mesoporous γ-Al2O3 was prepared by 

directly mixing the above powders.  The resulting powder was pressed into a pellet 

(approximately 8 Ton weight for 1 cm diameter) and calcined at 650 °C for 24 h.  Unmodified γ-

Al2O3 was also prepared as a reference sample.  Following calcination, each of the pellets were 

crushed and sieved to obtain 2-3 mm size granules.  The pellets were loaded inside a quartz tube 

and performed for CO oxidation experiments similar to the procedures carried out for RuO2. 
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CHAPTER III 

RESULTS AND DISCUSSIONS 

This chapter provides detailed information about the physico-chemical characterization, growth 

mechanisms of RuO2 and CuO nanomaterials.  Also, obtained results when the nanomaterials 

were utilized for the application such as photocatalysis, antibacterial activity and CO oxidation 

are dealt with in detail.  

3.1 Influence of plasma on the morphology of RuO2 

3.1.1 Absorbance measurement by UV-visible spectrometer   

The mixture of RuCl3.xH2O and NaOH were exposed to plasma for 3 h (see Table 2). 

Generally the process of nanoparticle formation occurs in four stages such as precursor 

formation, nucleation, growth and ageing.  Mixing of the reactants led to the formation of zero 

charge precursor molecules of hydrated hydroxide [1], i.e., insoluble Ru(OH)3.  Such attainment 

of zero-charge molecules is necessary for further nucleation, which can be monitored by 

measuring the absorbance values.  Figure 3.1 represents the UV-visible absorption spectra of the 

precursors recorded at different times when Ar plasma-assisted synthesis was performed (RO 

NR1).  The RuCl3 solution exhibited a broad absorbance peak at 407 cm
-1 

due to the metal-ligand 

charge transfer.  On mixing NaOH with RuCl3, the intensity of the peak started disappearing and 

at the end of 3-h plasma exposure, it completely vanished and might have shifted to higher 

energies.  The analysis of the UV absorption spectra confirmed the complete chemical 

conversion of the precursor molecules into metal hydroxides [2].  Further, for the growth of 

metal oxide particles, olation and oxolation reactions occur, which means that hydrated 

hydroxides take part in condensation reactions.  Theoretically, the super-saturation condition 
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resulting from increasing the precursor concentration leads to nucleation.  The growth continues 

until the solution concentration falls to the saturation.  Since the initial nucleation and growth of 

metal oxides might result in spherical shapes (due to the lowest possible surface energies) [3], a 

typical Mie scattering profile of exponential decay was observed, which is in agreement with the 

previous results [4].  The growth and the ageing process are determining factors for the final 

morphology of the RuO2 NMs, which also depend on the experimental conditions. 

 

Figure 3.1 (a) UV-visible absorbance spectra recorded during and after synthesis of RuO2 NMs. 

(b) XRD spectra of RuO2 NMs: (a) RO AG1 (Ar + H2), (b) RO NP1 (Ar + O2) and (c) RO 

NR1 (Ar). 

3.1.2 X-ray Diffraction study for structural analysis  

Ruthenium hydroxides obtained from plasma exposure were amorphous in nature, and 

thus the powders were heat-treated in a furnace to obtain crystallinity by removing water 

molecules [5].  Figure 3.1 (b) displays the XRD patterns of RuO2 NMs heat-treated at 350°C 

corresponding to RO AG1, RO NP1 and RO NR1, respectively.  Regardless of the feed gas 

compositions, RuO2 NMs yielded a good crystallinity with prominent diffraction peaks.  Due to 
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thermal decomposition of RuO2 in the furnace, a small amount of metallic Ru was observed [6].  

In fig. 3.1 (b), major Bragg reflections at 2θ values around 28.00, 34.93, 39.64 and 54.00 

represent (110), (101), (200) and (211) set of lattice planes of rutile RuO2 (JCPDS card no.88-

0322). 

Table 2. Composition of the feed gas and the concentrations of precursors 

Sample 

name 

Feed gas flow 

rate (cm
3
 min

-1
) 

Conc. of 

RuCl3.xH2O (M) 

Conc. of 

NaOH (M) 

RO AG1 

Ar (60)+H2 (15) 

0.1 1 

RO AG2 0.1 2 

RO NP1 

Ar (60)+O2 (15) 

0.1 1 

RO NP2 0.1 2 

RO NR1 

Ar (75) 

0.1 1 

RO NR2 0.1 2 

RO→ ruthenium oxide; AG→ aggregated; NP→ nano pillar; NR→ nano rod; gas flow rates are 

mentioned in the parentheses. 

3.1.3 XPS- surface chemical analysis  

The chemical nature of the surface of RuO2 NMs prepared by using Ar + H2, Ar + O2 or 

Ar feed gas was studied with the help of XPS.  The high resolution core level spectra for Ru 3d 

(3d5/2 and 3d3/2) and O 1s were taken in the range between 278-292 and 527-535 eV, respectively, 

for samples RO AG1, RO NP1 and RO NR1(Fig. 3.2).  The spectra were de-convoluted using a 

peak fit program (Gauss-Lorentzian) by fixing the full width at half maximum (FWHM) values 

at 1.4 and 1.8 for Ru 3d and O 1s spectra, respectively.  The positions corresponding to the 

binding energies of the species and their assignments are listed in table 3.  One can note from 
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table 3 that the chemical state of Ru prepared using Ar plasma (RO NR1) showed a major 

portion containing RuO2 (Fig. 3.2 (c)). The Ar + H2 (RO AG1) and Ar + O2 (RO NP1) plasma-

synthesized samples exhibited a considerable portion of RuO3 in addition to RuO2 [Fig. 3.2 (a) 

and (b)].  It represents the presence of non-stoichiometric oxygen on the surface of Ru.  The 

respective O 1s spectra [Fig. 3.2 (d)-(f)] for RO AG1, RO NP1 and RO NR1 showed main peaks 

at 531.7 eV along with lower binding energy lattice oxygen around 529.3 eV, which indicated 

the enhancement in the interaction between Ru and O species forming RuO2 [7]. 

 

Figure 3.2 High resolution core level XPS spectra of Ru 3d and O 1s species for RO AG1 [(a) 

and (d)], RO NP1 [(b) and (e)] and RO NR1 [(c) and (f)], respectively. 
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Table 3. XPS binding energies of identified species found with Ru. 

Sample 

name 
Species 

Peak position 

(eV) 
Assignment Refs. 

RO AG1 and  

 RO NP1 

Ru 3d  280.6 RuO2  [8] 

 282.5 RuO3 [9] 

 284.6 C 1s  

 286.2 CO [10] 

  286.5 CO2  [11] 

  287.9 CO [12] 

 O 1s 529.3 RuO2 [13] 

  530.7 RuO3 [9] 

  530.8 Non stoichiometric  O2 [14] 

  532.2 Molecular O2 [15] 

RO NR1 Ru 3d 282.2 RuO2 [16] 

  284.5 C 1s  

  286.2 CO  [10] 

  287.9 CO  [12] 

 O 1s 530.2 Atomic Oxygen [17] 

  531.7 RuOx/Ru [18] 

  533.6 Chemisorbed O2 [14] 

 

3.1.4 Surface morphological analysis   

Figure 3.3 shows the FESEM images of the RuO2 NMs prepared using three different 

combinations of plasma gases (see Table 2).  Figures 3.3 (a) and (b) show the surface 

morphological images when using Ar + H2 .  As can be seen from these figures, RuO2 NMs 

prepared using this method were completely aggregated in nature and displayed a non-specific 

structure (RO AG1).  In addition, increasing the concentration of NaOH twice (RO AG2) did not 

help attain a particular morphology.  Figures 3.3 (c) and (d) show the structures of RuO2 
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resulting from Ar + O2 plasma exposure.  When 1 M NaOH was used, a ‗pillar-like‘ morphology 

(RO NP1) with ‗channel-like‘ cut portions was observed [figure 3.3 (c)].   

 

Figure 3.3. Effects of gas composition and concentration of NaOH on the surface morphology 

of RuO2 NMs. FESEM images obtained when (a) Ar + H2 gas mixture and 1 M NaOH [RO 

AG1]; (b) Ar + H2 gas mixture and 2 M NaOH [RO AG2]; (c) Ar + O2 gas mixture and 1 

M NaOH [RO NP1]; (d) Ar + O2 gas mixture and 2 M NaOH [RO NP2]; (e) Ar gas and 1 

M NaOH [RO NR1]; (f) Ar gas and 2 M NaOH [RO NR2] were used.  

When the concentration of NaOH was increased to 2 M, they exhibited a perfect ‗nanopillar‘ 

morphology (RO NP2) showing widths and lengths in the range of 200 nm and >1.5 µm, 

respectively [figure 3.3 (d)].  On the other hand, when Ar only was used as the feed gas, regular 

and uniformly-oriented RuO2 ‗nanorods‘ were obtained.  When 1 M NaOH was used, the 

nanorods prepared were approximately 100 nm width [figure 3.3 (e)].  Increasing the NaOH 
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concentration resulted in further changes in the width and the length to less than 100 nm and to 

greater than 2.5 μm, respectively [figure 3.3 (f)].  The FESEM results demonstrated that the 

growth and the morphology of RuO2 were mainly controlled by the gas composition, while the 

concentration of NaOH played an auxiliary role. 

3.1.5 Morphological confirmation studies 

3.1.5.1 Morphologies obtained in the absence of plasma 

In order to confirm whether the morphology of RuO2 NMs results from plasma effects, 

additional reference experiments were performed using the respective gas compositions.  For 

these experiments, instead of applying high voltage, the precursor solution was heated according 

to the recorded temperature curves in section 3.6.  Figures 3.4 (a)-(c) show the FESEM surface 

morphologies of the RuO2 NMs prepared in the presence of Ar + H2, Ar + O2 and Ar gas 

atmosphere, respectively.  The NMs prepared in the presence of mixed gases exhibited random 

aggregation with no specific morphology, as compared to less aggregated spherical particles 

observed in the Ar-only case.  Since all the above cases did not result in any specific 

morphologies it can be concluded that the nanopillar and nanorod structures observed in section 

3.1.4 are entirely attributed to plasma mediation. 

 

Figure 3.4. FESEM surface morphologies of the RuO2 NMs prepared under non-plasma 

condition in the presence of Ar + H2 (a), Ar + O2 (b) and Ar (c) feed gas.  
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3.1.5.2 Investigations on the effects of plasma treatments  

We also investigated whether the morphology could be altered by exposing RuO2 

powders obtained from the wet chemical method to plasma.  One set of experiment includes the 

preparation of RuO2 nanoparticles by the wet chemical method, followed by exposing the dry 

powder to Ar + H2, Ar + O2 and Ar plasma for 3 h.  The FESEM surface morphologies are given 

in figures 3.5 (a)-(c), respectively.  The spherical morphology obtained from the chemical 

method was not affected much by the plasma exposure but their aggregation behaviors slightly 

differed from each other, depending on the gas composition.  Ar + H2 and Ar + O2 plasma 

resulted in an agglomeration of the RuO2 nanoparticles with varying degrees whereas Ar plasma 

did not encourage the above behavior [Fig. 3.5 (c)].  Another set of experiment includes 

exposing the wet chemically prepared RuO2 in its precipitate state containing some water to Ar + 

H2, Ar + O2 and Ar plasma.  The FESEM morphological images are given in Figs. 3.5 (d)-(f), 

respectively.  According to the gas composition, changes in the aggregation behaviors were also 

noticed here.  When Ar + H2 was used, the RuO2 particles were conglomerated [Fig. 3.5 (d)].  

Similar trend was noticed for Ar + O2 with a minor distinction [figure 3.5 (e)].  When Ar plasma 

was used, the nucleated RuO2 particles tried to align themselves in a perfect straight line (arrow 

marked) and eventually rendered a self-assembled bundles [figure 3.5 (f)].  An important point to 

be noted is that the transformation from spherical to rod structure was not achieved in all these 

cases.  The above experiments gave an important confirmation that the morphology of RuO2 

powders prepared using wet chemical routes could not be altered by the post plasma treatments, 

irrespective of whether they are in dry or wet states.  Conversely speaking, the whole reaction 

should be carried out in the presence of Ar plasma for attaining uniform 1D surface architecture. 
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Figure 3.5. FESEM surface morphological images of wet chemically prepared RuO2 powders 

after (a) Ar + H2, (b) Ar + O2 and (c) Ar plasma exposure. The surface morphological 

images of the RuO2 NMs after exposed to (d) Ar + H2, (e) Ar + O2 and (f) Ar plasma when 

the reactions were started in its wet precipitation state. 

3.1.6 Evolution of temperature during plasma reaction and its influence on the morphology  

 It was inferred from the literature that temperature plays an important role in rendering 

specific morphology in NMs.  We investigated the effect of the feed gas composition on the 

morphology of RuO2 by monitoring the variations in the temperature versus time inside the 

plasma reactor.  Totally two alcohol thermometers one of which was fixed at the center of the 

reactor (T1) and the other one was placed on the top of the nanomaterial precursors (T2) in order 

to probe the changes in the solution and the surrounding temperature during the synthesis.  

Figures 3.6 (a)-(c) show the temperature-time plot (heating curves) when Ar + H2, Ar + O2 and 

Ar were used, respectively.  It was observed that the attainment of thermal equilibrium depended 

on the composition of the gas mixture and time.  The initial values of T1 and T2 were 30 and 

28°C, respectively.  From the beginning to the end, gradual increases in T1 and T2 were observed 
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for all the cases.  The increase in the temperature increases the vapor pressure of the solution, 

leading to the evaporation of water molecules.  In addition, the energy imparted from the plasma 

constituents to the solution was utilized for interfacial electrochemical reactions [19].  The 

observed difference (ΔT) between T1 and T2 was approximately between 2 and 8°C from start-up 

until about 120 min of the process.  After that, both T1 and T2 reached almost the same 

temperature beyond 150 min for mixed gases (Ar + H2 and Ar + O2) and 130 min for Ar, 

respectively.  It means that the entire chemical reactions were carried out in a gradually varying 

thermodynamic condition.   

 

Figure 3.6. Temperature-time plots during RuO2 synthesis in the presence of Ar + H2 (a), Ar + 

O2 (b) and Ar (c). [T1 and T2 are the temperatures at the center of the reactor and near the 

solution, respectively].  The process and the mechanisms of nucleation and growth in Ar 

plasma (d). 
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It is to be noted that such fluctuations could be an important parameters to affect the 

growth of nanoparticles.  When Ar + H2 was used as the feed gas [Fig. 3.6 (a)], maximum 

temperature inside the plasma reactor was around 60°C whereas for Ar + O2 and Ar, it was 76°C 

[Figs. 3.6  (b) and (c)], respectively.  For Ar + H2, complete water evaporation was achieved at 

the end of 3 h, whereas for the other cases, it took 2 h.  On comparing the generation of 

temperature according to the gas composition, it is understood that the aggregated RuO2 NMs 

obtained with Ar + H2 may be attributed to the temperature inadequacy.  But in the other cases, 

the maximum temperature of about 76°C was reached, which may be an optimum value required 

for attaining efficient nucleation and thus specific morphology.  It seems that reaction is shifting 

from physical to chemical to thermal in time. 

3.1.7 Possible chemical reaction mechanism mediated by plasma species 

Other than temperature effects, possible plasma reactions in determining the morphology 

of RuO2 NMs were analyzed from the literature. Reactive species such as energetic electrons, 

ions and radicals are generated in the plasma due to collisional ionization and dissociation.  The 

density and the composition of the species mainly depend on the applied electric power and the 

feed gas composition.  The growth kinetics of the NMs is controlled by transport coefficients of 

the plasma species.  When Ar and H2 are used as the feed gas constituents, the following gas-

phase reactions [20] may occur: 

Ar + e
-
 → Ar

+ 
+ 2e

-
 (3) 

H2 + e
- 
→ H2

+ 
+ 2e

-                                                                             
 (4) 

Ar
+ 

+ H2 → ArH
+ 

+ H
●                                                                 

   (5) 

ArH
+
+ e

- 
→ Ar

* 
+ H

●
 (6) 

ArH
+ 

+ H2 → H3
+ 

+Ar (7) 
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H3
+
+ e

- 
→ H2 + H

●
 (8) 

Ar
*
+ H2 → Ar + H2

*
 (9) 

H2
* 
→ 2H

●
 (10) 

The electron-impact ionization, dissociative electron-impact excitation and charge-transfer 

reactions produce H-ionic species such as H2
+
, H3

+
 and H

-
.  Further, ArH

+ 
ions also create H-

atom by reacting with electrons.  The above formed H-ionic species and H radicals may also 

increase the production of condensed HCl along with NaCl, which might have an influence on 

the morphological control.  The addition of H2 to Ar leads to changes in the plasma discharge 

such as shift in the electron energy distribution function (EEDF) and decreases in the densities of 

metastable Ar, Ar
+ 

and e
-
.  It causes asymmetric charge transfer and ion flux which in turn 

decrease or hinder the progress in the electrical current and thus resultant temperature [30].  In 

addition, H2 reduction leads to the formation of H2O molecules at the interfaces of Ru clusters 

which may reduce the temperature and increase the aggregation of the particles.  

For Ar + O2 mixture, Ar* dissociate O2 molecule at a high rate, and thus a substantial 

decrease in the Ar* density was reported [22]
 
as follows:  

Ar + e
-
 → Ar

* 
+ e

-
 (11) 

Ar
* 
+ e

- 
→ Ar + e

-
 (12) 

Ar
* 
+ O2 → Ar + O + O (13) 

O2 + e
- 
→ O + O + e

-  
 (14) 

The enhanced O species may further form non-stoichiometric oxides on the surface of Ru 

as observed in the XPS spectra.  In addition, the electron impact excitation of O atoms produces 

O (3s), O (5s) and O (5p) with photon emissions at 130, 136 and 777 nm, respectively, during 

their relaxation processes.  Such UV and VUV fluxes are basically used for breaking the bond in 
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the Ru precursors exothermically.  The crater-like structure in the RO NP samples may be 

ascribed to the ‗spouting out‘ of water vapors during heat treatment [23]. 

In the Ar-only case, major energy loss mechanisms are electron collision and wall 

quenching.  Internal energy minimization or the dissipation of electron energy is mainly utilized 

for the evaporation of the solvent.  Uniform growth is controlled by the accumulation of the 

negative charges on the surface of the Ru hydroxide nuclei which effectively prevent further 

aggregation during the ageing process.  Since Ru hydroxide is capable of accumulating more 

charges when it is used in the aqueous condition, agglomeration is strongly prevented and a 

defined morphology is attained in the presence of plasma.  The creation of a positive potential in 

the plasma region (during the half cycle of AC voltage) and the net negative charge on the 

nucleated Ru particles effectively form a potential gradient which drives the growth towards 1D 

rod like morphology.  This is schematically represented in figure 8 (d). Since Ar is an inert gas, it 

is expected that no noteworthy surface chemical modifications occurred on the NMs except for 

the morphological control. 

In summary, an investigation of the possibility to use the DBD plasma reactor to 

synthesize RuO2 NMs with different morphologies was carried out.  It was observed that feed 

gases (such as Ar + H2, Ar + O2 and Ar) used for plasma generation control the final 

morphology.  Experiments conducted in the absence of plasma showed only aggregated 

structures which indicated that plasma reactions are essential to achieve various morphological 

features.  Post plasma treatments of RuO2 NMs prepared by wet chemical method did not show 

any morphological changes except the degree of aggregation.  It is concluded that Ar plasma 

was effective for obtaining uniform 1D RuO2 nanostructured materials.  Eventually, apart from 

the environmental applications, the potential of the DBD plasma for the synthesis of one 

dimensional nanostructured materials looks significant. 
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3.2 Effect of substrates on the plasma synthesis of RuO2 

3.2.1. Structure and composition analysis 

Figure 3.7 (a) represents the XRD spectra of the RuO2 NMs prepared when Ar + O2 

plasma was used.  The prominent diffraction peaks at the diffraction angles (2θ) of about 28.0°, 

34.9°, 39.6° and 54.0°correspond to (110), (101), (200) and (211) set of lattice planes, 

respectively, which represent the rutile type RuO2 (JCPDS card no.88-0322).  Depending on the 

substrates and the inlet gas used, structural changes were noted especially for one dimensional 

nanostructures in which (101) plane intensity was higher than (110) plane [19].  Usually for 

spherical and mixed morphologies (will be discussed in section 3.2.2), predominant diffraction 

peak at 28° referring to (110) plane is always higher than any other peaks [24].  Similar trend 

was noted for RuO2 NMs prepared under Ar plasma.  The atomic percentage of Ru and O were 

calculated to be 30.07 and 69.93, respectively by EDX analysis (Fig. 3.7 (b)).  Figure 3.7 (c) 

displays the XPS survey spectra of the Cu AO sample (table 5), in which the characteristic peaks 

belonging to Ru 3d, Ru 3p and O 1s indicated the formation of RuO2.  In order to identify the 

nature of oxides on the surface, high resolution core level Ru 3p3/2 spectra were taken and de-

convoluted using Gauss-Laurentian peak fitting program (Fig. 3.7 (d)).  Two peaks at the binding 

energy values of about 462.8 and 465.0 eV correspond to ruthenium dioxide and higher oxides of 

ruthenium.  The atomic percentages of RuO2 and RuOx calculated from the areas of the peaks 

were found to be 66.6 and 33.4, respectively [25,26].  It is thought from our earlier studies that 

chemical composition will not change to a greater extent (except for a slight variation from RuO2 

to the formation of minor amount of RuO3) when different substrates were used since the post 

synthesis processes such as cleaning and heat treatment were same for all samples. 
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Figure 3.7. Characterization results of RuO2 NMs prepared in the presence of Ar + O2 plasma. (a) 

XRD spectra (Cu, Si, GL and PET refers to copper, silicon, glass and polyethylene 

terephthalate substrates), (b) EDX data, (c) XPS survey spectrum, and (d) high resolution 

core level spectrum for Ru 3p3/2 taken for Cu AO sample. 

3.2.2 Morphological studies 

3.2.2.1. Preparation of RuO2 NMs using different substrates under Ar plasma 

Figures 3.8 (a)-(d) show the observed morphology of the RuO2 NMs corresponding to the 

samples Cu A, Si A, GL A and PET A, respectively prepared under Ar plasma.  The RuO2 NMs 

grown on the copper substrate exhibited self-assembled non-uniform spherical structure.  On the 

other hand, the NMs grown on the silicon, glass and PET substrates exhibited various one-
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dimensional (1D) morphologies such as tip-broken dense nanostructures, flower-shaped uniform 

nanosheets and nanonetworks, respectively.  The length and the width of nanosheets and 

networks were observed to be >1 μm and <100 nm, respectively.  From the figures, it is obvious 

that morphology of NMs can be altered by varying the substrate material.  Since the reaction 

time and condition for all the substrates were maintained identical, the changes in the 

morphology must have resulted from the substrate materials.  In other words, the nature of the 

substrate is one of the key parameters to determine the morphological structure.  The substrates 

explored in this work can be classified into conductor, semiconductor and insulator.  The 

substrates grouped into insulator resulted in 1D morphology, probably due to the so-called 

electrostatic trapping phenomenon [27] that is usually observed in vacuum deposition processes.  

In such processes, insulating materials serve as a nucleation site for the formation of rod-shaped 

1D NMs.  As presented in Table 4, the thermal and electrical conductivities of the substrates 

differ from one another, which gave important information on the heat and electrical conduction 

of the substrate materials under the plasma discharge condition.  Apart from the chemical and 

electrical interactions [28], the energy gained from the plasma constituents is dissipated as heat, 

which increase the solution temperature, i.e., the vapor pressure of water, eventually leading to 

the evaporation of water.  Subsequently, the nucleation of the particles and further growth take 

place, based on the heat surrounding of the medium established by the thermal conductivity of 

the substrate.  When using Ar for the creation of plasma, two dominant processes such as 

electron collision and wall quenching give rise to the accumulation of negative charges on the 

surface of the ruthenium particles, which can effectively hinder the aggregation during ageing.  

Such charge accumulation usually results in the 1D morphology at 76°C reactor temperature.  
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Figure 3.8. Effect of substrate materials such as (a) copper, (b) silicon, (c) glass and (d) PET on 

the morphology of RuO2 NMs in the presence of Ar plasma. 

Table 4 Conductivity values of the substrates explored at room temperature. 

Material Thermal (W.m
-1

.K
-1

) Electrical (Ohm
-1

.m
-1

) 

Copper 385-401 5.910
7
 

Silicon 149 4.310
-4

 

Glass 0.82-0.93 10
-14

-10
-12

 

PET 0.15-0.24 8.610
-17

 

 

3.2.2.2. Preparation of RuO2 NMs using different substrates under Ar + O2 plasma 

Besides the substrate-induced morphological changes of RuO2 NMs, effect of gas 

composition was also studied by introducing oxygen along with Ar. Net temperature of around 

76°C was also reached with this gas composition.  Figures 3.9 (a)-(d) show the observed 

morphologies of the RuO2 NMs corresponding to the samples Cu AO, Si AO, GL AO and PET 
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AO, respectively.  When comparing with the Ar-alone case (Fig. 3.8), it can be noticed that the 

gas composition also plays an important role in determining the morphology.  The RuO2 NMs 

grown on copper and silicon substrates exhibited aggregated nanostructures with varying degrees, 

while those grown on glass and PET substrates displayed nanopiller and non-uniform nanorod 

structures.  When the mixture of Ar and O2 was used, excited Ar molecules dissociate O2 

molecules with a high rate constant [29].  This results in the increase of the highly reactive 

atomic O species which might form further non-stoichiometric oxides on the surfaces of Ru. 

 

Figure 3.9. Effect of substrate materials such as (a) copper, (b) silicon, (c) glass and (d) PET on 

the morphology of RuO2 NMs in the presence of Ar + O2 plasma. 

It appears that the DBD plasma reactor is suitable for obtaining spherical/aggregated and 

rod-type NMs, just like in vacuum deposition processes.  In fact, the nucleation and growth 

mechanisms are similar to each other in many aspects, but it seems the ways they attain the states 

are quite different.  In sputtering processes, applied power, temperature, gas composition (also, 

pressure) and substrate are the crucial factors to determine the coating characteristics.  For 
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instance, it was reported that RuO2 nanorods with a length of about 1.4 μm can be obtained by 

regulating the substrate temperature with higher plasma density and lower oxygen mole fraction 

[30].  In such vacuum processes, nanorods are formed at high temperatures (400-600°C) which 

essentially required for the adatom diffusion.  Likewise, all the above variables can also affect 

the DBD process.  According to our previous observations, starting the synthesis with less input 

power caused the whole process to end very slowly, whereas applying too high power could 

break the dielectric layer.  More importantly, starting the synthesis with too high power did not 

produce any specific morphology because the solvent evaporated much earlier.  As mentioned 

above, the effective reactor temperature is around 76°C, which can be used as an internal 

temperature parameter.  Under this temperature condition, the electrical force between the 

electrodes drives the nucleated species to align in the axial direction.  From the above results, it 

is thought that input power, temperature, gas composition and substrate type can all have impact 

on the material‘s morphology in the DBD plasma reactor. 

3.2.3. Particle size analysis and zeta potential analysis 

Particle size analysis was performed mainly for the 1D particles of our interest.  The 

average hydrodynamic diameter for each sample is given in Table 5, and the particle size 

distribution is also shown in Fig. 3.10 in which the diameter of the NMs versus light scattering 

distribution (%) along with cumulative percentage distribution is represented.  Overview of the 

graphs show the average particle size varies between 231.4 and 353.1 nm for the samples (for 

spherical types it was about 38.6 nm).  The particles with larger size may reflect their length.  

Further, particles might have hydrated in water, which can explain their presence at higher size 

range.  The average size of the spherical and sheet structures obtained from the particle size 

analysis once again confirmed the morphological features obtained by FESEM. 
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Table 5 Observed morphologies of the RuO2 NMs obtained by changing the gas 

composition and the substrate. 

Sample 

name 

Feed gas and flow 

rate  (cm
3
 min

-1
) 

Morphology Average size 

(nm) 

Zeta potential 

values (mV) 

Cu A Ar (75) Aligned spherical 353.1 28.7 

Si A Ar (75) Broken tip 243.1 26.5 

GL A Ar (75) Nanosheets 259.3 29.5 

PET A Ar (75) Networks 338.0 28.1 

Cu AO Ar (60) and O2 (15) Spherical 38.6 25.8 

Si AO Ar (60) and O2 (15) Stacked bundles - - 

GL AO Ar (60) and O2 (15) Nanopiller 231.4 27.2 

PET AO Ar (60) and O2 (15) Non-uniform rod 320.1 23.3 

A: Ar; AO: Ar and O2.  
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Figure 3.10. Particle size analysis histogram of RuO2 NMs grown on various substrates in the 

absence and in the presence of oxygen. 

The stability of the RuO2 NMs was analyzed using the surface charge measurements (zeta 

potential).  The experiments were carried out for investigating the aggregation behavior of the 

particles in potential applications.  In suspension state, the electrostatic repulsion between the 

adjacent charged particles can be identified from the zeta potential.  The surface charge values of 

the Cu A and PET AO samples were found to be about 28.7 and 23.3 mV, respectively.  The zeta 

potential values exhibited by the above samples are very close to the prescribed value of 30 mV 

for good stability [31].  The zeta potential value of the other specified 1D particles were also 

given in Table 5. 
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3.2.4. Photocatalytic properties 

In order to investigate the property differences arising from the morphological effects, 

methylene blue dye degradation experiments were carried out by using spherical type (Cu AO) 

and sheet shaped (GL A) NMs obtained from the plasma reaction.  Firstly, the optical band gap 

of the chosen spherical and sheet-like RuO2 samples were calculated from their absorption 

spectrum in the visible region by taking 1.25 mM sample.  The absorption coefficient (α) was 

calculated by noting the absorbance value of the samples at 407 nm.  The band gap energy was 

calculated by extrapolating the linear portion of the plot drawn between (αhν)
2
 and hν. From the 

plot, the optical band gap for the spherical and sheet-like RuO2 nanomaterials was found to be 

2.69 and 2.62 eV (Fig. 3.11 (a)-(b)).  From the literature, optical band gap corresponding to 

RuO2 varies between 2.2 and 2.7 eV depending upon the synthesis procedure [32].  The optical 

emission spectrum of the CFL used for the experiment is given in Fig. 3.12 which showed the 

wavelength mostly lying in the visible region.   

 

Figure 3.11. Band gap calculation by plotting (αhν)
2
 vs. hν corresponding to spherical (a) and 

sheet-like (b) RuO2 nanomaterials.  The inset figures show the variation in the absorbance 

vs. wavelength for the nanomaterials as measured by using UV-visible spectrometer.  
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Figure. 3.12 The optical emission spectrum of the CFL used for the experiment 

The UV-visible absorbance spectra of the virgin dye (photolysis) and photocatalyzed MB 

solution taken at different time of exposure is given in the supporting information (Fig. 3.13).  In 

order to determine the percentage of photodegradation of MB, the following formula was used 

and plotted in Fig. 3.14. 

% Degradation = [1- (Ct / C0)] x 100     -----------------------------         (15) 

Where C0 is the initial concentration of the dye and Ct is the concentration after degradation.  It 

can be seen from the figure that virgin MB underwent its natural photo degradation of about 16% 

after 15 h CFL exposure.  The percentage of RuO2 NMs catalyzed photo degradation was 

improved much, which was dependent on the amount of NMs loading and shape.  It was about 

78.26 and 85.51 % degradation was observed for the samples SP 5.0 and SH 5.0, respectively.  

The difference of about 7.25% is ascribed due to the shape effect which indicates that sheet 

shaped RuO2 NMs were superior as compared with spherical shaped NMs.  
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Figure 3.13 The UV-visible absorbance spectra corresponding to photolysis of virgin dye (a) and 

photocatalyzed MB solution taken at different time of exposure is given for SP 2.5, SP 

5.0, SH 2.5 and SH 5.0 in (b)–(e), respectively.  Figure (f) shows the degradation of 

methylene blue using wet chemically synthesized spherical (WCSP 5.0) and sheet-like 

(WCSH 5.0) RuO2 NMs. 

The adsorption capacity of the dye molecules on the NMs surface is a critical step in 

photo-catalysis which is determined from the surface area of the RuO2 NMs.  Figure 3.15 shows 

the adsorption-desorption isotherm [(a) and (c)] and the multipoint BET plots [(b) and (d)] for SP 

5.0 and SH 5.0, respectively as measured by using Quantachrome Instruments (version 2.11).  

The shape indicates that it belongs to type V isotherm, where the adsorbate-adsorbent interaction 

potential is small.  The pore volume and pore radius of the spherical and sheet-like NMs during 

adsorption and desorption process are mentioned in Table 6, which confirmed the standard 

values (1.5-100 nm).  The linearity of the data over the relative pressure (P/P0) range 0.1-0.3 

assures the suitability of the BET model to determine the surface area of the RuO2 NMs.  The 
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spherical and sheet shaped nanomaterials exhibit the surface area of about 25.39 and 37.48 m
2
/g, 

respectively.  Even though the difference is very small, enhancement in the activity might be due 

to the surface structure and electronic properties (band gap) of the NMs [33].   

 

Figure 3.14. The comparison of the % degradation of methylene blue versus exposure time using 

spherical (SP 2.5 and SP 5.0) and sheet-like (SH 2.5 and SH 5.0) RuO2 NMs. Inset figure 

shows the virgin methylene blue solution at 0 h (a) and 15 h (b) of CFL exposure 

(photolysis) whereas (c) and (d) shows the SP 5.0 and SH 5.0 samples after 15 h of 

exposure, respectively.  
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Figure. 3.15. The adsorption-desorption isotherm (a) and (c) and the multipoint BET plot (b) and 

(d) observed for spherical (SP 5.0) and sheet-like (SH 5.0) RuO2 nanomaterials. 

 

Table 6 Properties of the nanomaterials measured using Barrett-Joyner-Halenda (BJH) method. 

Nanomaterials Process Surface area 

(m
2
/g) 

Pore volume 

(cc/g) 

Pore radius Dv(r) 

Ȧ 

Spherical type 

Adsorption 19.601 0.109 18.392 

Desorption 27.293 0.111 84.188 

Sheet-like 

Adsorption 25.657 0.227 18.344 

Desorption 33.990 0.229 87.081 
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After adsorption of the dye molecules, the mechanism of dye degradation under visible 

light can be explained similar to the UV mediated excitation of the catalyst material as given 

below [34,35].   

RuO2 + hν (visible light) → RuO2 (e
-
CB, h

+
VB)                        --------------------- (16) 

RuO2 (h
+

VB) + dye → dye
●+ 

→ oxidation of the dye               --------------------- (17) 

RuO2 (h
+

VB) + H2O → RuO2  + H
+ 

+ OH
●                                               

--------------------- (18)
 

RuO2 (h
+

VB) + OH
- 
→ OH

●                                                                                 
--------------------- (19)

 

OH
● 

+ dye → degradation of the dye                                        ---------------------(20) 

RuO2 (e
-
CB) + O2 → O2

●-                                                                                       
--------------------- (21)

 

O2
●- 

+ dye → dye -OO
●                                                                                           

--------------------- (22)
 

O2
●- 

+ HO2
● 

+ H → H2O2 + O2                                                                          --------------------- (23)
 

Formation of the oxide species such as super oxide (O2
-●

/OOH
●
), H2O2 and OH

●
 radicals 

originated due to the ejected electrons of the conduction band and valence band holes of the NMs 

are assumed to be responsible for the degradation of dye .   

The above study investigated the application of DBD plasma for the syntheses of RuO2 

NMs with different shapes, focusing on the roles of plasma gas composition and substrate 

material to achieve structure-specific RuO2 NMs.  The heat conduction and charging mechanism 

in and out of the substrate might be the reason for the changes in the morphology.  The particle 

size analysis and surface charge measurements confirmed the stability of the prepared particles.  

The spherical and sheet shaped RuO2 nanomaterials exhibited the optical band gap values of 

about 2.69 and 2.62 eV and tested for methylene blue photo-catalytic performance under visible 

light exposure.  The results showed that sheet shaped nanomaterials exhibited higher activity as 

compared to spherical types.  
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3.3 Alternative way of tailoring the morphology of RuO2  

3.3.1. X-Ray diffraction study for structural analysis   

The XRD patterns of SP NPs heat treated from 100 to 350°C are shown in Fig. 3.16.  From 

the spectra, it is possible to elucidate the formation mechanism of RuO2.  Addition of NaOH with 

RuCl3.xH2O forms the precipitate of Ru(OH)3 at the end of the reaction.  Ruthenium (III) 

hydroxide is unstable and oxidizes in the presence of air during initial heat treatment (100°C 

drying process) which form RuO2. nH2O.  At this stage the product exhibits amorphous nature 

with no prominent peaks.  Further heat treating the samples up to 350°C causes the complete 

removal of water molecules and produce crystalline RuO2 with small presence metallic Ru due to 

thermal decomposition [36].  The major Bragg reflections at 2θ values around 28.00, 34.96, 

39.65 and 54.00 correspond to (110), (101), (200) and (211) set of lattice planes of rutile RuO2.  

XRD spectra of SH NPs also displayed the same diffraction pattern (not given here), which may 

result from the presence of mixed morphology. 

 

Figure 3.16 X-ray diffraction patterns of SP NPs after heat treatment at different temperatures. 
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3.3.2. Surface morphological analysis.   

Figures 3.17 (a) and (b) represent FESEM images and Figs. 3.17 (c) and (d) correspond to 

TEM images of SP NPs and SH NPs, respectively.  The SP NPs mainly exhibited RuO2 particle 

blocks of spherical morphology and the same was observed in TEM (< 50 nm size).  On the 

other hand, SH NPs displayed a ‗sheet like‘ structure due to PEG addition which might 

controlled the growth process.  It can be seen from Fig. 3.17  (b), the total length and width of 

the RuO2 nanosheets are > 1µm and 250 nm, respectively.  The corresponding TEM image in 

Fig. 3.17 (d) also showed the nanosheet structures containing sharp tips.   

 

Figure 3.17 FESEM and TEM surface morphology of RuO2:  SP NPs [(a) and (c)] and SH 

NPs [(b) and (d)], respectively. 
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3.3.2.1 Effect of varying concentration of NaOH and PEG on the morphological structure of 

RuO2 nanomaterials 

It would be more appropriate discussing the morphologies observed during the optimization 

process.  The solution temperature, concentration of NaOH and PEG were noted as important 

factors affecting the final morphology of RuO2 nanomaterials.  For all experiments, Ru precursor 

concentration was fixed at 0.1 M.  Experiments conducted at room temperature and below 75°C 

yielded only aggregates of RuO2 powders with no specific morphology.   

Effect of NaOH on the spherical morphology of RuO2 was studied by varying the 

concentration such as 0.5, 1.0, 1.5 and 2.0 M. The FESEM images of the observed structures are 

given in Fig. 3.18 (a)-(d) showing the spherical particles with varying degrees of aggregation.  

For example, it is obvious to see highly aggregated (Fig. 3.18  (a)) and less aggregated spherical 

particles (Figs. 3.18 (b)-(d)).  From the above observations, reaction between 1 M NaOH and 0.1 

M RuCl3.xH2O was taken as an optimized parameter for obtaining RuO2 with spherical 

morphology.   

The effect of PEG on the sheet like morphology was studied by varying the amount of PEG 

such as 0.2, 0.4, 0.6 and 0.8 g (each dissolved in 20mL H2O), keeping 1 M NaOH constantly in 

order to find out the surfactant induced changes.  Addition of PEG did not affect the pH (~10) 

value.  When 0.4 g of PEG was used, most of the RuO2 (around 65%) nanomaterials exhibited 

sheet like morphology (Fig. 3.18 (f)) but other compositions yielded low or dense sheet-like 

structures (Fig. 3.18 (e), (g)-(h)).  It was inferred from the above optimization process that 

addition of 0.4 g PEG (with 1 M NaOH and 0.1 M RuCl3. xH2O) at 75°C could yield maximum 

sheet like structures in RuO2.  
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Figure 3.18 Observed FESEM morphologies of RuO2 at different experimental conditions.  

RuCl3.xH2O was fixed at 0.1 M for all experiments.  Effects noticed when increasing the 

concentration of NaOH such as (a) 0.5 M, (b) 1.0 M, (c) 1.5 M and (d) 2 M.  Effect of 

surfactant induced growth by varying the concentration of PEG such as (e) 0.2 g, (f) 0.4 g, 

(g) 0.6 g and (h) 0.8 g (at 1 M NaOH fixed concentration). All solutions were prepared 

separately in 20 mL H2O. 

3.3.3. Analysis of functional groups using FT-IR spectroscopy  

The FTIR spectra of SP NPs and SH NPs are given in Figs. 3.19 (a) and (b).  On observation, 

it brought out the spectral regions correspond to oxide and water molecules.  The lattice and the 

surface vibration between Ru metal and the oxygen atom can be traced in the region defined by 

their fundamental frequency.  The metal-oxygen (M-O) vibration or the perturbation region was 

observed around 650-800 cm
-1 

in which the lattice vibration expressed the oxygen content in the 

form of oxides.  The vibrational frequency of Ru-O bond depends on the co-ordination number 

of Ru metal atom.  Characteristic bands over 3200 cm
-1

 resulted from the surface hydroxyl 

groups and uncompensated water vapor bands [37].  Peaks at 1068 and 1300-1400 cm
-1
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attributed to the vibration of C-OH stretching mode and C-O-H in-plane deformation [38].  The 

reduction in the intensity of OH and the absence of C-OH bands are clearly visible in SP NPs in 

which no PEG was added.   

 

Figure 3.19 The FTIR spectra of SP NPS and SH NPs. 

3.3.4. XPS surface chemical analysis  

Typical XPS survey spectrum for SH NPs is given in Fig. 3.20.  The characteristic peaks 

correspond to Ru 3d, Ru 3p and O 1s regions were detected.  Figures 3.21 (a) and (b) refers to 

the high resolution core level Ru 3d spectra of SP NPs and SH NPs, respectively.  Both spectra 

exhibited three regions at the binding energy values of 286.0, 284.2 and 284.6 eV corresponding 

to ruthenium oxides, small amount of metallic Ru and carbon [39,40], respectively.  Since the 

binding energy of carbon also falls closely with Ru 3d, Ru 3p peaks were fitted for obtaining 

accurate results which are given in Fig. 3.21 (c) and (d).  As can be seen from the spectra, the 

prepared nanomaterial consisted mainly of ruthenium dioxide (463.2 eV) and ruthenium oxides 

(RuO3 at 465.0 eV). Corresponding O 1s spectra for SP NPs and SH NPs are also shown in Figs. 

3.21 (e) and (f), respectively.  The oxygen spectra showed the presence of ruthenium oxides at 
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529.3 and 530.7 eV [41,42] and the presence of less intense water molecules which might have 

resulted by water adsorption from the atmosphere prior to XPS measurement [43].   

 

Figure 3.20 XPS survey spectrum for RuO2 (SH NPs). 

 

Figure 3.21 XPS high resolution core level spectra of SP NPs and SH NPs:  Ru 3d3/2 [(a) and 

(b)], Ru 3p3/2 [(c) and (d)] and O 1s [(e) and (f)]. 
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3.3.5. Stability of RuO2 nanomaterials   

The stability of SP NPs and SH NPs were analyzed by measuring its surface charges (zeta 

potential) after dispersion in pure water at 25°C.  In a suspension state, repulsion between the 

adjacent particles by charging can be identified from the zeta potential.  As can be seen from 

Figs. 3.22 (a) and (b), the prepared SP NPs and SH NPs exhibited the surface charge values of 

about 25.36 and 23.35 mV, respectively.  The zeta potential values exhibited by the particles are 

close to the prescribed value shown in the literature [44].  The particle size analysis showed the 

hydrodynamic diameter of SP NPs was well below 150 nm (Fig. 3.22 (c)).  Small fraction of the 

particles might have hydrated easily in water and could be the reason for their presence at higher 

size range [45] as compared to the sizes observed in microscopic techniques.  But the SH NPs 

spanned a wider range (greater than 65% of the particles lies above 600 nm) which may due to 

sheet shapes (Fig. 3.22 (d)).  The above studies provided the information related to RuO2 

nanomaterials‘ stability and agglomeration phenomena in aqueous solution which is essential for 

attachment of nanomaterials with bacterial surfaces.   

3.3.6. Shape dependent anti-microbial effects of RuO2 nanomaterials 

Inhibitory effect of the RuO2 nanomaterials [SP NPs and SH NPs] against four pathogenic 

bacterial species is shown in Fig. 3.23.  The positive control curve for all pathogens showed a 

sigmoidal growth pattern with logarithmic phase between 0 and 24 h and the negative control did 

not show any growth.  Among the four bacterial species V. anguillarum and E. tarda (Gram-

negative) evidenced a significant growth inhibition (P<0.05) at all the three concentration as 

compared to other two Gram-positive pathogens (S. iniae and S. parauberis), which recorded the 

growth inhibition only at higher concentration (75 µg/mL).   
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Figure 3.22 Zeta potential studies for SP NPs (a) and SH NPs (b).  Particle size analysis 

performed to SP NPs (c) and SH NPs (d). 

The reason could be due to the differences in their structure of the cell walls.  The Gram-

negative bacteria have lipopolysaccharide (LPS) layer at the exterior, followed underneath by a 

thin peptidoglycan layer of thickness about 7-8 nm [46].  Even though LPS layer composed of 

covalently linked lipids and polysaccharides, they lack rigidity and strength.  The negative 

charges on the LPS are attracted towards weak positive charges (as measured in zeta potential) 

possess by nanomaterials [47].  On the other hand, the cell wall of Gram-positive bacteria is 

principally composed of peptidoglycan layer (linear polysaccharide chains cross-linked by short 

peptides which form a three dimensional rigid structure) of thickness around 20-80 nm [48].  The 

rigidity and extended cross-linking not only supports the cell walls but also making difficult to 

the nanomaterials for penetration and damage.  The extent of inhibition of bacterial growth 
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reported in this study with RuO2 nanomaterials was dependent on the concentration and their 

physical structure.  In comparison with the spherical shaped RuO2 nanomaterials, the SH NPs is 

highly sensitive towards all the tested bacteria which may be due to the penetration capability of 

the hierarchical structures.  However, the inhibitory effect of standard Ag nanoparticles (10 

µg/mL) was significantly higher (P<0.001) when compared with RuO2 nanomaterials.    

 

Figure 3.23 The O.D. values measured using UV spectrophotometer representing the bacterial 

growth curves for (a) S. parauberis, (b) S. iniae, (c) E. tarda and (d) V. anguillarum when 

interacting with SP NPs and SH NPs at different concentrations.  Positive control refers to 

bacteria in nutrient broth; Negative control refers to nutrient broth; Standard control refers 

to 10 μg Ag (silver) nanoparticles in nutrient broth. 
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In order to probe the effect of RuO2 nanomaterials, FESEM images were taken to analyze 

the damages occurred to the bacterial surface.  Figure 3.24 shows the surface morphological 

images of E. tarda and S. iniae taken before [(a) and (b)] and after [(c) and (d)] interaction with 

SH NPs.  The images clearly revealed the damages caused to the cell membrane along with 

adsorbed RuO2 nanomaterials on the entire surface.  It is obvious to see the catastrophic damage 

occurred to E. tarda as well as surface pits on S. iniae.  Similar damage in the cell membrane of 

Gram-negative bacteria by silver nanoparticles has been reported previously [49].  The EDS 

mapping was carried out to confirm the adsorbed materials on the bacterial surface.  Figures 3.24 

(e) and (f) represent the EDS elemental mapping of SH NPs adsorbed on E. tarda and S. iniae 

which showed the presence of RuO2 with its composition at the inset table. 

 

Figure 3.24 The FESEM surface morphological images of E. tarda [(a) and (c)] and S. iniae [(b) 

and (d)] taken before and after interaction with SH NPs, respectively.  The ruptured cell walls 

and the damaged body of the cells can be seen.  EDS mapping performed on E. tarda (e) and S. 

iniae (f) confirmed the adherence of SH NPs on the surface of the cells.  
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The mechanism for the antibacterial activity of RuO2 nanomaterials may be either due to 

direct contact mechanism or oxidative stress.  The former is due to the direct contact occurs 

between the metal oxide surface and the bacterial cell walls which eventually lead to the 

disruption of bacterial organelles [50].  The latter may due to the elevated reactive oxygen 

species levels (ROS) by the exposed nanomaterials.  This was confirmed from our studies that 

TBARS assays showed an increase in the ROS production for E. tarda (Fig. 3.25 (a)) as 

compared to S. iniae (Fig. 3.25 (b)).  However, the ROS production for both types of RuO2 

containing bacterial cultures was found significantly lower than Ag nanoparticles.  Previous 

studies on ZnO, TiO2 and MgO nanomaterials showed the cellular toxicity owing to oxidative 

stress [51].  Several studies claimed that the direct contact itself is sufficient for bacterial cell 

death which is based on the surface charge of the nanoparticles.  Both mechanisms are inter-

related [52] and the exact mechanism of the toxicity of the RuO2 nanoparticles need further 

investigations.   
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Figure 3.25 Bar charts show the trends of MDA equivalents with increasing concentration of SP 

NPs, SH NPs and Silver nanoparticles.  

To summarize, a systematic study on the wet chemical synthesis, characterization and shape 

dependent anti-bacterial studies of RuO2 nanomaterials were carried out.  The concentration of 

the precursors, PEG surfactant and the reaction temperature played a major role in controlling 

the morphology.  The surface chemistry of the materials was identified with FTIR and XPS which 

revealed the presence of majority of ruthenium oxides without much variation in its oxidation 

state das compared to samples prepared by plasma techniques.  The prepared nanomaterials 

showed an excellent stability in water and tend to adsorb easily on bacterial surfaces due to its 

surface charge.  Investigations of the antibacterial property on fish pathogenic bacteria showed 

that sheet-like RuO2 nanomaterials render strong inhibition as compared to spherical type 

nanostructured materials. 
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3.4  Shape dependent CO oxidation performance of RuOx/γ-Al2O3 

3.4.1 Characterization of the catalyst  

Figure 3.26 (a-b) shows the FESEM micrographs of the RAWOS and RAWS catalysts, 

respectively.  The RAWOS samples showed the presence of aggregated structures of RuOx 

nanomaterials inside and on the surface of the γ-Al2O3 support.  By contrast, the PEG-stabilized 

RAWS sample exhibited a finger-like protrusion of RuOx on the surface of the γ-Al2O3.   

 

Figure 3.26 The FESEM surface morphological images of RAWOS (a) and RAWS (b) catalysts. 

(Abbreviations: RAWOS: RuOx/γ-Al2O3 without polymer stabilizer; RAWS: polymer 

stabilized RuOx/γ-Al2O3). 

The TEM image of RAWOS sample (Fig. 3.27 a) clearly displayed the distinction 

between γ-Al2O3 (gray) and small size RuOx (black) which is non-uniform in shape and size.  At 

the same time, RAWS clearly show the presence of rod-like structures with a length and width of 

ca. 200 and 75 nm, respectively (Fig. 3.27 (b)).  Assemblies of nanorods such as this were 

widespread throughout catalyst samples.  The elemental composition measured by EDX data for 



75 
 

the corresponding catalysts can be seen in the right side of the figures.  The RAWOS catalyst 

contains 58.34% oxygen and 9.78% Ru whereas RAWS contain 46.49 % oxygen and 50.94 % 

Ru (atomic percentage).  

 

Figure 3.27 The TEM images of RAWOS (a) and RAWS (b) catalysts along with the EDX 

spectra. The composition of the catalyst elements are given inside.  

The observed one dimensional (1D) growth found in RAWS is proposed to originate 

from the formation of micelles in PEG solution, which further directs the growth of the catalyst.  

As noted previously in the literature, the formation of 1D structure is achieved due to the effect 

of PEG acting as a capping and growth directing agent.  The ordered chain structure of PEG 
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(mainly arising from oxygen in the C-O-C chains) is anticipated to adsorb easily on a ruthenium-

rich surface, coordinating with the ruthenium ions forming PEG-Ru
+3

 complexes in the colloidal 

state and confining growth at specific crystal faces [53,54] .  Subsequent neutralization with 

alkaline solution (ammonia) produces PEG-Ru(OH)3.  Finally heat treatment at high temperature 

(650 °C) removes PEG and water which results in the ruthenium oxide nanomaterials.  This 

process is shown schematically in Fig. 3.28.   

 

Figure 3.28  Formation mechanism of 1-D RuOx in the presence of PEG. 

The phase and crystal structure of the ALVIR, RAWOS and RAWS catalysts were 

analyzed by using XRD and given in Fig. 3.29.  The diffraction pattern of the as-received 

alumina shows prominent diffraction peaks at 2θ=36.7, 45.8 and 66.9° corresponding to the 

(311), (400) and (440) reflections of γ-Al2O3, respectively (cf. JCPDS card no. 00-010-0425).  

Commonly, commercial γ-Al2O3 is mesoporous with a higher surface area and the most 

thermodynamically stable phase of alumina [55-57]. The XRD diffractograms of both the 

synthesized and heat-treated catalyst materials displayed identical peaks although reflections 
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corresponding to  RuOx could not be observed clearly which may due to the inclusion of Ru 

atoms in the interstitial sites of alumina or it may simply due to the lesser amount of RuOx [58].   

 

Figure 3.29 The XRD spectra of the 

catalysts: The as prepared ALVIR (a), 

RAWOS (b) and RAWS (c). The RAWOS 

and RAWS catalysts heat-treated at 650° 

C are given in (d) and (e), respectively.  

 

Figure 3.30 The FTIR spectra recorded for 

ALVIR, RAWOS and RAWS catalysts (a-

c). 

The FTIR spectra of the ALVIR, RAWOS and RAWS catalysts are shown in Fig. 3.30 (a-c), 

respectively.  As-received alumina exhibited prominent bands at 550 cm
-1

 and 790 cm
-1

 

corresponding to the Al ions in octahedral and tetrahedral surrounding (Al-O vibrations), 

respectively [59].  The band at 1635 cm
-1

 can be associated with physisorbed water (from 

exposure prior to analysis) and a broad peak between 3200 cm
-1

 and 3600 cm
-1

 indicate OH 

stretching exhibited by hydroxyl functional groups [60,61].  The FTIR spectra of the RAWOS 

and RAWS catalysts displayed similar peaks to those observed in spectra for ALVIR.  Ru-O 

vibrations are expected to occur between 600 and 800 cm
-1

 and thus a distinction between Al-O 
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and Ru-O bands could not be clearly made.  Bands originating from the functional groups 

associated with PEG (the main C-O-C band at 1094 cm
-1

) in the RAWS sample were not 

observed, which implies that the PEG was removed by the heat treatment. 

 The RAWOS and RAWS catalysts were additionally characterized using XPS (Fig. 3.31). 

Spectra were de-convoluted using a Gauss-Laurentzian peak fitting program.  The respective 

high resolution core level Al 2p, Ru 3d and Ru 3p spectra are given for the catalyst RAWOS (Fig. 

3.31 a-c) and RAWS (Fig. 3.31 d-f).  The binding energy values observed in the Al 2p spectra of 

both catalysts correspond to Al2O3 as expected [62].  Spectra also consisted peaks corresponding 

to carbon (284.5 eV) and Ru 3d peaks typical for ruthenium oxides (286.2 and 286.0 eV) [63].  

Since the Ru 3d and C 1s peaks are very close in terms of binding energy values, spectra in the 

Ru 3p region were recorded to clarify the ruthenium oxidation state and bonding environment.  

From the positions and relative intensity of the observed peaks, the RAWOS sample surface 

consisted of approximately 68 at.% Ru (IV) (typical of RuO2 - 462.4 eV) and approximately 32 

at.% RuO3 (465.0 eV) [64].  By comparison, Ru 3p peaks for the RAWS sample surface 

reflected an approximate composition of 62 at.% higher oxides of Ru (i.e. RuOx, where x = 3 

mostly) at 464.3 eV and 38 at.% elemental Ru
0
, (461.8 eV) [63].  It is reported that RuO3 was 

found in all of the surfaces of RuO2 and it plays main role in the stability of RuO2 [63]. It is 

clearly seen that when the sample was prepared with a polymer stabilizer such as PEG (RAWS), 

it results in the formation of metallic Ru by the reducing activity of ethylene glycol molecules 

[65].  
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Figure 3.31 High resolution core level Al 2p, Ru 3d and Ru 3p spectra corresponding to 

RAWOS (a-c) and RAWS (d-f) catalysts. 

The adsorption capacity of gas molecules within the pores of the catalyst is an important 

step towards understanding the catalyst reaction.  This can be determined from the surface and 

pore-characteristics of the catalyst.  The pore volume and pore radius of the catalysts during 

adsorption and desorption process are listed in Table 7, which confirmed the standard values of 

the pore size (1.5-100 nm) reported [66].  The linearity of the data (indicating a strong interaction 

of the ruthenium oxide catalyst with N2) in the relative pressure (P/P0) range of 0.0-0.3 reinforces 

the suitability of applying the BET model in determining the specific surface area of the catalysts.  

The ALVIR, RAWOS and RAWS catalysts exhibit BET surface area values of ca. 112.2, 138.3 

and 128.1 m
2
g

-1
, respectively.  From a comparison of the RAWS and RAWOS sorption isotherm 

results, the addition of the polymer stabilizer apparently leads to an increase in the pore volume 
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and pore radius and a decrease in the surface area values (10.2 m
2 

g
-1

). A similar trend has been 

reported previously when Ni-Al2O3 catalyst was stabilized by cetyltrimethylammonium bromide. 

Table 7 Physisorption results of the catalysts measured by using Barrett-Joyner-Halenda (BJH) 

method. 

Catalyst 

name 

Process Surface area 

(m
2
/g) 

Pore volume 

(cc/g) 

Pore radius 

(Mode Dv(r)) Ȧ 

ALVIR  

Adsorption 102.9 0.2322 30.72 

Desorption 140.7 0.2480 28.18 

RAWOS   

Adsorption 120.5 0.2475 30.58 

Desorption 168.7 0.2694 24.40 

RAWS Adsorption 119.0 0.2532 30.76 

 Desorption 164.8 0.2723 24.54 

 

3.4.2 CO oxidation performance of the catalysts 

 Oxygen concentration and temperature were varied in the range of 0.5-2.5 vol. % and 

50-250 °C, respectively in a series of CO oxidation experiments.  The inlet concentration of CO 

was fixed at 2000 ppm.  The conversion of CO into CO2 obtained with the as received γ-Al2O3 

(ALVIR) under steady state conditions showed a maximum of 5.6 % at reactor temperature of 

175°C.  The CO conversion percentage using the RAWOS and RAWS catalyst material is shown 

in Fig. 3.32 (a-c) at the inlet concentration of oxygen from 0.5-2.5 vol.%, respectively.  The plots 

clearly demonstrate a gradual increase in CO conversion from < 10 % at 50 °C to 100 % at 

200 °C.  Generally, varying the oxygen content at low temperature did not affect the overall 
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conversion process significantly but its influence at high temperature is clear.  The RAWOS 

catalyst exhibits substantial activity above 100 °C.  Similar behavior was observed on repeating 

the oxidation experiments with the PEG-stabilized RAWS catalyst but the CO conversion 

percentage at each experimental temperature was notably higher.  Moreover, total conversion 

was achieved at 175 °C as compared to 200 °C observed for the equivalent RAWOS catalyst.  At 

low temperature (50 °C and 75 °C), the difference between the materials is almost negligible but 

when the temperature is increased, a remarkable difference can be noted.  An increase in the CO 

conversion efficiency of about 33 % by RAWS catalyst was observed in experiments at 125 °C 

with an O2 concentration of 1.5%.  Above and below this temperature, a gradual decrease in the 

conversion efficiency can be noted with a slight variation depending on the oxygen concentration.  

The stability of the catalysts was also confirmed by conducting the experiments continuously for 

7 h at 125 °C.  These extended experiments showed the repeatability of the performance 

observed above without any significant change.   

 

Figure 3.32 The CO oxidation performance of RAWOS and RAWS catalysts with different 

concentrations of oxygen.   

In order to investigate the performance of the catalysts under real working conditions, 

water was added to the reactant gas (i.e. CO + H2O + O2).  The experiments were thus performed 
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in the presence of 2.5 % and 5 % water (by volume) at different temperature.  The results of 

these CO oxidation experiments are represented in Figs. 3.33 (a-b), respectively.  The CO 

conversion efficiency increased depending upon the temperature.  For a water content of 2.5 %, 

full conversion was achieved at 275 °C for the RAWOS catalyst.  By contrast, the rod type 

RAWS catalysts exhibited 100 % CO oxidation at a reduced temperature of 225 °C (Fig. 3.33 –

(a)).  Increasing the water content from 2.5 to 5 % resulted in the shift of temperature to 300 °C 

for the RAWOS material and 250 °C for the RAWS catalyst, respectively (Fig. 3.33-(b)).  In 

addition, it is very clear that at every reaction temperature, the RAWS catalyst showed an 

improved conversion performance over the RAWOS equivalent.  As compared to the results 

obtained under dry conditions, increase in the effective temperature required for full conversion 

can be understood in terms of the competition between CO and H2O adsorption in the reactive 

sites of the catalysts.  This also consistent with the finding that pre-oxidized RuOx catalysts are 

very active in dry conditions, similar to the phenomena exhibited by oxides of copper and cobalt 

[67,68].   

    

Figure 3.33 Effect of (a) 2.5 vol. % and (b) 5 vol. % water content on the CO oxidation using 

RAWS and RAWOS catalyst.  The inlet oxygen concentration was fixed at 1.5 vol. % . 
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Second set of experiments were carried out to examine the effect when decreasing the 

amount of catalyst loading to 0.5 wt.%, results of which are given in Fig. 3.34.  The CO 

oxidation performance exhibited by RAWOS (a), RAWS (b) and the difference between the two 

(c) is represented.  Since the amount of catalyst loading is reduced to half, the total conversion 

was observed only at 250°C for both catalysts.  The conversion at each temperature was less than 

the conversion percentage observed when using 1wt.% catalyst loading.  On comparison, RAWS 

catalyst exhibited higher conversion efficiency than RAWOS.  The overall supremacy of RAWS 

was noted as 6.1% at 175°C, below this temperature the efficiency difference was gradually 

decreased (Fig. 3.34 (c)).  

 

Figure 3.34 The CO conversion performance corresponding to (a) RAWOS, (b) RAWS and (c) 

activity difference between RAWOS and RAWS. The experiment was performed at 0.5 

wt.% catalyst loading. 

3.4.3 Discussions 

 The reason for the enhancement of the catalytic activity in the PEG-stabilized materials 

results from a combination of factors.  First, the increase in the pore volume and pore size would 

appear to be dominant (Table 7).  Second, the stoichiometric and non-stoichiometric ruthenium 

oxides (and hence variable ruthenium oxidation states) states might be expected to contribute to 
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the catalyst activity is seen, for example MnOx (where x < 2) [69].  Arguments in the literature 

suggest that metallic Ru as observed in the RAWS material (and as found by XPS), forms bonds 

with adsorbed ad-layers of oxygen (as a transient surface oxide) in situ during CO oxidation and 

catalytically more active below 500K [70-73]. Third, metallic catalyst on the oxide supports 

show structure-sensitive (size) catalytic activity and favors towards high CO adsorption when 

experiments were conducted with Pd and Rh.  For example,  Zhou et al have reported that 

increase in the CO oxidation capability of Pt nanowires over zero dimensional Pt nanostructures 

is due to the large crystal facets and a small density of defect sites [74].  This means that the 

synergistic effect rendered by metallic component combined with rod-structure of RuOx (as a 

manifestation of shape dependent catalytic activity) also explain such improvements [75].  It is 

reported that the difference in the geometry of nanomaterials occur due to the changes in the 

surface atomic arrangement and thus exhibit different electronic structure [76].  The binding 

strength between the catalyst surface and the adsorbed species (interaction) depends on such 

atomic arrangements (defect structures) which in turn influence the catalytic activity and 

selectivity [77,78].  The open coordination sites rendered by the edge and corner atoms than 

terrace atoms [79] usually found in tetrahedral (in our case, Ru exhibit rutile type and the Ru 

atoms located in the corner) nanomaterials might significantly affect adsorption energy 

(activation energy) and bond enthalpy as observed in electron transfer reactions [80].  In addition, 

the flat sides of RuOx containing large number of surface atoms would increase the contact area 

with the catalyst support which can facilitate effective charge transfer and the support itself may 

supply additional reactive sites for the adsorption of reactant molecules [81] which is an 

important contribution by shape.  
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Finally, the catalyst dispersion engendered in the PEG-stabilized catalysts contributes 

significantly to catalyst activity.  Figure 3.35 shows the TPR profiles of the RAWOS and RAWS 

catalysts.  The H2 consumption profiles exhibits a number of maxima at different temperatures, 

implying the existence of various Ru species on γ-Al2O3.  The H2-TPR for RAWOS shows 

reduction peaks between 100-300 °C.  The narrow peaks at ca. 168 °C and 225 °C (and 266 °C) 

correspond to the reduction of RuO3 and RuO2 [82,83].  Low temperature peak found at 110 °C 

refers to the formation of ruthenium from tiny RuO2 particles (Fig. 3.35 a).  By comparison, the 

RAWS catalyst exhibited a smooth and well defined ruthenium reduction peak with large peak 

area at low temperature (95.5°C).  High temperature peak at 522°C is the result of the reduction 

of the mesoporous γ-Al2O3 support [84,85] and reasonably a high shoulder peak at 331°C should 

be the reduction of large RuO2 nanorod structures.  Comparing the peak areas, the amount of H2 

gas consumed by the RAWS catalyst is higher than the un-stabilized catalysts and the reduction 

events are shifted consistently shifted to lower temperature (by between 35-170°C).  One might 

infer therefore that since the rod-structured catalyst is well-dispersed the formation of oxygen 

vacancies throughout the RuOx is facilitated via the facile interaction of gaseous species, which 

ultimately leads to an enhancement of CO oxidation.  Such a size and shape dependent reduction 

behavior of supported RuOx observed now was previously encountered when using CeO2 

catalysts [84]. 
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Figure 3.35 The H2 consumption (TPR) profiles of the RAWOS (a) and RAWS (b) catalysts. 

This study dealt with the preparation of nano-sized RuOx catalysts on mesoporous γ-

Al2O3 support by following a chemical co-precipitation route.  Two predominant types of catalyst 

nanomaterial were synthesized; aggregated spheres and dispersed rods.  The addition of PEG 

surfactant was essential in achieving the latter catalyst morphology.  Subsequent 

characterization showed that polymeric surfactant used for stabilization could be removed by 

heat treatment and did not lead to catalyst poisoning.  The surfactant played the principal roles 

in controlling morphology and pore characteristics of the catalysts.  It was observed that the 

PEG-stabilized rod type nanomaterials showed superior conversion over un-stabilized spherical-

shaped materials in the catalytic oxidation of CO.  The use of PEG in mediating the shape, size, 

surface structure and transition metal oxidation state is crucial in tailoring the catalyst 

performance.  
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3.5  The DBD Plasma-mediated synthesis of CuO nanomaterials 

The FTIR and XRD spectra of the Ar plasma synthesized CuO nanomaterials are given in 

Figs. 3.36 (a)-(b), respectively.  The copper oxide sample exhibited main bands at 530 and 607 

cm
-1

 which are attributed to Cu2O and CuO stretching [86].  The metal-oxygen vibrations 

corresponding to Cu-O was observed at 445-910 cm
-1

 [87].  Peaks around 1645 cm
-1

 and beyond 

3400 cm
-1

 in all samples refer to the O-H stretching of adventitious water molecules. The 

diffraction patterns observed for copper oxide consisted mainly of CuO and a small diffraction 

peak at 48.7° corresponds to metallic copper [88].  The XRD peaks shown by rutile type RuO2 

contain major peaks around 28°, 35°, 54° corresponding to (110), (101) and (211) sets of lattice 

planes of vibration.  Moreover, (101) plane intensity is higher than any other peaks, which 

showed the growth of one dimensional structures such as nanorods. 

 

Figure 3.36 The FTIR (a) and XRD (b) spectra of the Ar plasma synthesized CuO nanomaterials. 

The FESEM morphological images of the plasma-synthesized CuO showed cylindrical 

shape with small dips on the surface (Fig. 3.37 a) whereas the CuO nanomaterials synthesized 
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using wet chemical technique and commercial samples exhibited aggregated spherical features 

(Fig 3.37 c-d), respectively.  It can be easily seen from the images that the plasma mediated 

process influenced the morphology, which is very different from the materials prepared from 

conventional synthesis.  Basically, in wet chemical routes, aggregation is a major problem which 

can be prevented by using stabilizing polymers or surfactants.  Since there was no capping agent 

used for the synthesis, only spherical nanomaterials with varying particle size were observed. 

 

Figure 3.37 The FESEM images of the Ar plasma synthesized (a), wet chemically synthesized 

(c) and commercial (d) CuO samples. And (b) shows the particle size distribution of the 

plasma-mediated CuO NMs. 

Particle size analysis was performed for CuO nanomaterials, and the average hydrodynamic 

diameter was 225 nm.  The particle size distribution is also shown in Fig. 3.37 (b) where the size 

of the nanomaterials versus light scattering distribution (%) along with cumulative percentage is 
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represented.  Further, the nanomaterials might be hydrated in water, which could explain the 

distribution in higher size range.  The average size of the CuO obtained from the particle size 

analysis confirmed the morphological features obtained by FESEM. 

It is important to note that the morphological structures observed for CuO nanomaterials 

prepared in the presence of plasma was entirely different.  It may be due to the plasma 

characteristics and its specific interaction with each material.  The CuO is a p-type 

semiconductor with a band gap of approximately 1.5 eV [89], leading to the accumulation of 

electrons which can move easily to the entire surface of the growing particles.  When the 

negative potential increases in a specific region, the growth is driven towards positive potential 

created by the high voltage electrode, and vice versa.  Since the electrons are highly mobile, a 

perfect nanorod or nanosheet structure could not be obtained (Fig. 3.38).  In this case, heat loss 

is only due to the material‘s resistance (i
2
R is very less), which is immediately dissipated to the 

reactor atmosphere and it did not help for material‘s growth very much.  The dips on the surface 

of CuO observed might be due to spouting-out of water vapors when the heat treatment was 

carried out. (For reader‘s information, the CuO nanofibers were grown by using DBD plasma by 

taking dry Cu(OH)2 powder and the mechanism was not explained in detail in the literature [90]).   

 

Figure 3.38 Growth mechanism of CuO in the presence of Ar plasma. 
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3.6 Shape dependent antibacterial performance of CuO NMs 

3.6.1. X-Ray diffraction study for structural analysis   

The XRD patterns obtained for CuO 75, CuO 100 and HYD 150 samples are given in Fig. 

3.39 (a-c), respectively along with standard peaks for Cu2O and Cu(OH)2.  Prominent peaks at 

the diffraction angle (2θ) 35.4, 38.5 and 48.8° refer to (0,0,2), (2,0,0) and (2,0,-2) lattice planes 

of vibration of monoclinic CuO NMs (JCPDS file No.48-1548) [91].  The space group of the 

material is reported to be C2/c (the lattice parameters are: ao=4.688 Å, bo=3.423 Å, co=5.132 Å, 

α= ɤ =90° and β=99.54°) [92].  Other small diffraction peaks are noted with its respective miller 

indices in the figure.  All samples exhibited a similar diffraction pattern but the intensity of the 

peaks at 35.4 and 38.5° increased for CuO 100 and HYD 150 (b and c) as compared to CuO 75 

(a).  It might result from the changes in the nucleation and growth pattern of CuO NMs in which 

growth favors towards a particular plane.  In addition, high purity of the prepared sample was 

confirmed by the absence of peaks pertaining to impurities. 
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Figure 3.39 The XRD patterns of copper oxide nanomaterials. (a) CuO 75, (b) CuO 100, and (c) 

HYD 150. The standard JCPDS data correspond to CuO, Cu2O and Cu(OH)2 are also given. 

3.6.2. Surface morphological analysis   

The FESEM surface morphological images of the samples CuO 75, CuO 100 and HYD 150 

are represented in Figs. 3.40 (a-c), respectively when no PEG surfactant was used.  The CuO 75 

sample exhibited aggregated spherical nanoparticles with diameter <50 nm.  It is due to the fact 

that the nanoparticles tend to aggregate in order to reduce the Gibb‘s free energy in the absence 

of any surfactant.  It seems that aggregated structures are commonly observed in most of the 
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methods including microwave irradiation [93]. The CuO 100 exhibited slightly elongated 

structures with less aggregates as compared to CuO 75.  But the HYD 100 exhibited nanoplates 

of approximately 100 nm length in all sides.  It is obvious to note that the preparation method 

influenced the morphology of the nanomaterials, especially the temperature and pressure 

parameters played vital roles. It means spherical nanoparticles could be obtained by conventional 

wet chemical approach but the temperature control is important [94].  On the other hand, 

hydrothermal method results in the formation of two dimensional structures such as 

nanoplates/sheets [95,96].  The FESEM images of the CuO 75, CuO 100 and HYD 150 samples 

prepared with the addition of PEG are represented in Figs. 3.40 (d-f), respectively.  The CuO 75 

exhibited rice grain-like morphology, similar to which is reported in the literature (spindly 

nanocrystals of CuO was prepared by using complex, wire explosion system) [97].  In this case, 

PEG acted as a templating or structure directing agent and also helped to reduce the surface free 

energy [98,99].  The CuO 100 exhibited a nanoneedle-like structures with length > 300 nm and 

width of about 50 nm.  In this case, temperature and reaction condition played major roles in 

which the growth is thermodynamically controlled.  At the same time, the sample prepared in the 

hydrothermal condition exhibited a uniform nanoplate structure with each sides ranging > 200 

nm with thickness <30 nm.  It is reported in the literature that hydrothermal synthesis of CuO 

NMs are governed both by growth thermodynamics and the growth kinetics which usually render 

flower-like structures [100].  When comparing HYD 150 prepared without surfactant, addition of 

PEG enhanced the size of the nanoplates.  Such enhancement in the shape and size control was 

not observed in other samples. 
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Figure 3.40 The FESEM images of the CuO 75, CuO 100 and HYD 150 samples prepared in the 

absence (a-c) and in the presence (d-f) of PEG surfactant, respectively.   

  For further information about the influence of PEG surfactant on the CuO NMs morphology 

the FESEM images are given in Fig. 3.41.  In this case, 0.0001M (a-c) and 0.0003 M (d-f) 

concentration of PEG solutions were used and other experimental parameters were maintained 

identical.  It was noticed that, particle size, shape and aggregation were greatly influenced by 

PEG concentration.  For example, when 0.0001M PEG was used at 75 °C, the grain-like 

morphology was not clearly observed which looked like a spherical particles (Fig. 3.41 a). 
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Increasing PEG concentration to 0.0003 M increased the size and resulted in aggregated clusters 

of grain-like CuO NMs (Fig. 3.41 d).  Similar phenomena was noted when the experiment was 

carried out at 100 °C, in which the needle-like particles were aggregated and formed a flower-

like morphology (Fig. 3.41 e).  In hydrothermal conditions, changing the concentration of PEG 

did not alter the shape of the CuO NMs to great extent but the size and thickness of the 

nanosheets were affected much (Figs. 3.41 c and f).  

 

Fig. 3.41 Effect of PEG addition on the morphology of CuO NMs: CuO 75 (a and d), CuO 100 

(b and e) and HYD 150 (c and f) when 0.0001 M and 0.0003 M PEG was used, respectively. 



95 
 

3.6.3. Particle size analysis and surface charge measurement 

Particle size analysis was performed for CuO 75, CuO 100 and HYD 150 NMs, and the 

average hydrodynamic diameter was found to be 92, 216 and 193 nm, respectively.  The particle 

size distribution is also shown in Figs. 3.42 a-c, in which the nanomaterials size against light 

scattering distribution (%) along with cumulative percentage distribution is represented.  The 

particle size values obtained with this method is comparable to the size observed from FESEM.  

Generally, the nanomaterials might easily be hydrated in water and due to the formation of 

dielectric layer around the nanomaterial in the liquid media, the particle size observed in this 

method is slightly higher than the microscopic values obtained.  

 

Figure 3.42 Particle size distribution observed for CuO 75, CuO 100 and HYD 150 (a-c). 

Typical zeta potential graph obtained for HYD 150 is given in (d).  
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The stability of CuO 75, CuO 100 and HYD 150 NMs was analyzed by measuring its 

surface charge (zeta potential) after dispersion in pure water at 25°C.  In suspension state, 

repulsion between the adjacent particles by charging can be understood from the zeta potential. 

By definition, the zeta potential represent the potential difference between the dispersion 

medium and the stationary layer of liquid bound to the dispersed particle.  It can be seen from a 

typical zeta potential graph corresponding to HYD 150 (Fig. 3.42 d), the surface charge value 

was -27.67 mV. The zeta potential of about -26.72, -25.5 mV was noted for CuO 75, CuO 100, 

respectively.  There are six reasons for a material to acquire surface electrical charges are 

reported. For metal oxide such as copper oxide, ionization of surface groups (degree of charge 

development) and the presence of net molecular charge is commonly observed when the 

interface is deionized water. In addition, the zeta potential value is a function of pH of the 

dispersion medium.  In our case, water was used (pH~7) and in this pH range, most of the 

nanoparticles including CuO exhibit negative zeta potential values [94].  Even though PEG was 

used as a non-ionic surfactant, (which played main role in the nanoparticle stabilization and 

morphology during synthesis) it was later removed by heat treatment.  The absence of PEG 

bands in the FTIR spectra clearly showed this.  So the negative value of the CuO nanoparticle 

should represent the actual surface charge.  The zeta potential values exhibited by the particles 

are very close to the prescribed value of + 30 mV for good stability.  

3.6.4. Functional group and surface chemical analysis 

The chemical functional group analysis for CuO 75, CuO 100 and HYD 150 

nanomaterials were carried out by using FTIR spectrometer and the spectra are given in Fig. 3.43.  

The samples prepared by all methods exhibited similar chemical identity.  A peak found at 520 

cm
-1 

is ascribed due to Cu-O stretching and others at 610 and 668 cm
-1

 correspond to CuO 
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nanostructure [101].  A high intensity peak observed at 3443 cm
-1

 refers to the vibration of O-H 

molecules.  Vibration band at 1050 cm
-1 

noticed
 
for CuO 75 and CuO 100 corresponding to the 

coordination of metal (Cu) by O-H [102].  A shift of this peak towards higher wavenumber for 

needle-like CuO 100 to 1123 cm
-1

 was noted.  Literature suggests that shift in the FTIR spectra 

result from the changes in the strength of the hydrogen bond.  If it is weak, then the intensity 

associated with absorption coefficient decrease and thus frequency of the band shift gradually 

[103].  Another reason might be from the mass effect.  If the mass of the molecule (Cu-OH) 

reduces, then the peak shift towards higher wavenumber occurs (since the frequency of vibration 

is inversely proportional to the mass of the vibrating molecule).   

 

Fig. 3.43 The FTIR spectra correspond to 

CuO 75, CuO 100 and HYD 150 

nanomaterials. 

 

Fig. 3.44 The XPS survey spectra of CuO 75, 

CuO 100 and HYD 150 (a-c). 

The chemical state of surface of the prepared nanomaterials was also characterized by using 

XPS spectroscopy, the survey spectra of which are given in Fig. 3.44 (a-c).  The presence of 

copper, oxygen and the adventitious carbon signal were noted down.  The high resolution core-
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level spectra of Cu 2p3/2 and O 1s corresponding to CuO 75, CuO 100 and HYD 150 are given in 

Figs. 3.45 (a-c) and (d-f), respectively.  The Cu 2p spectra of all the samples exhibited two peaks 

between the binding energy values 933.4-933.8 eV and 935.1-935.3 eV corresponding to CuO 

and Cu(OH)2, respectively [104,105].  The Oxygen spectra also consisted of two peaks around 

530 and 532 eV refer to CuO (O
2-

) and adsorbed oxygen, respectively [106,107]. 

 

Fig. 3.45 The high-resolution core level Cu 2p3/2 (a-c) and O 1s (d-f) XPS spectra of CuO 75, 

CuO 100 and HYD 150 samples, respectively.  The composition (at.%) of the species 

present in the sample is noted inside. 

3.6.5. Results of antibacterial activity 

Antibacterial activity of CuO NMs was analyzed against four bacterial strains namely E. 

coli, S. iniae, S. parauberis and V. anguillarum.  Figure 3.46 represent the antibacterial activity 

of CuO NMs against E. coli and S. iniae using disc diffusion assay.  In this method, among the 
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three samples, CuO 75 showed smaller zone formation against E.coli when compared with CuO 

100.  However, HYD 150 showed significant antibacterial activity with a comparable inhibitory 

zone formed by silver nanomaterials (+NMC).  The diameter of inhibition zone reflects the 

magnitude of susceptibility of microbes.  Antibacterial activity of CuO NMs against S. iniae and 

other bacterial strains are presented graphically in Fig. 3.47.  It reveals that HYD 150 exhibits 

considerable antimicrobial activity against all bacteria particularly S. iniae was the most 

susceptible.  Similar pattern was also noted for other two nanomaterials in which CuO 100 was 

found superior to CuO 75.  In addiation, the MIC values of three CuO nanomaterials against all 

the four pathogens are listed in table 8 (also see Fig. 3.48).  Similar to disc diffusion assay, the 

HYD 150 sample showed the lowest MIC of 3.1250 𝜇g/mL for E. coli and 1.5625 𝜇g/mL for S. 

iniae, S. parauberis and V. anguillarum while the highest MIC (6.2500 𝜇g/mL) was for CuO 100 

against all pathogens except S. iniae (MIC 3.125 𝜇g/mL).  A drastic reduction in the value of 

MIC in this study was noted for E.coli due to the variation in the size and shape of the CuO NMs 

used as compared to other reports [108,51].  

Table 8.  The MIC values of the CuO NMs for the tested bacteria. 

Bacteria 
MIC values of the nanomaterials (𝜇g/mL) 

CuO 75 CuO 100 HYD 150 Ag NMs 

E. coli 6.2500 6.2500 3.1250 1.5625 

S. iniae 3.1250 3.1250 1.5625 1.5625 

S. parauberis 3.1250 6.2500 1.5620 0.7813 

V. anguillarum 1.5625 6.2500 1.5620 0.7813 
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Figure 3.46 Photographs show the disc diffusion (zone of inhibition) results of CuO NMs 

against (a) E. coli and (b) S. iniae. The +NMC refers to positive nanomaterial control (Ag 

NPs) and CuN refers to the CuO precursor (Copper (II) nitrate trihydrate).  Higher zone 

formation was observed for the CuO precursor but it cannot be used directly as an 

antibacterial agent as it would harm the total aqueous media after dissolution.  

 

Figure 3.47 The bar graph shows the value of the inhibition zone against different bacteria by 

using CuO 75, CuO 100 and HYD 150. 
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Figure 3.48 Typical 96-well plate assay used to calculate the MIC values of E. coli for the 

prepared CuO NMs.  The +NMC refers to positive nanomaterial control; +BaC refers to 

positive bacterial control; -BaC refers negative bacterial control and –C refers negative 

control.  

 The literature suggests the mechanism for the antibacterial activity of CuO NMs could 

result from several factors.  A commonly observed ‗direct contact mechanism‘ occurs between 

the different shape nanomaterials and the bacterial organelles in a shaker incubator.  Grain-like, 

needle-like and plate-like CuO NMs might interact differently (process such as nanomaterial 

adsorption/desorption based on surface area, tearing of bacterial cell wall, cutting of the bacterial 

body by the nanomaterials, etc.) with the bacterial surface which could easily damage the cell 

[109].  In this case, the morphology of the CuO NMs plays an important role in the bactericidal 
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effect and thus the plate-like HYD 150 showed more powerful effect.  Secondly, the oxidative 

stress reported based on the elevated reactive oxygen species (such as HO
•−

, O2
•2−

, HO
2•−

 and 

H2O2) levels.  As noted in Fig. 3.49, both S. iniae (Gram positive) and E. coli (Gram negative) 

bacteria were showed significant elevation in the ROS production with increasing concentrations 

of CuO NMs.  However, the ROS production was lower than Ag NMs. Previous reports on 

variety of nanoparticles including metal oxide particles induced ROS as one of the basic 

mechanism of cytotoxicity [110].  Metals including iron (Fe), copper (Cu), chromium (Cr), 

vanadium (V), and silica (Si) are involved in ROS generation via mechanisms such as Haber-

Weiss and Fenton-type reactions [111].  The ROS are either directly bound to the NMs surface 

or may be generated as free entities in an aqueous suspension [112].  Dissolution of NMs and 

subsequent release of metal ions can enhance the ROS response [61].  Thirdly, release of copper 

2+ ions subsequently bind with DNA molecules and disorder DNA strands and eventually affect 

the biochemical processes [113].  It was confirmed by the ICP-OES analysis, the amount of 

copper ion released from CuO NMs in E. coli and S. iniae bacterial cultures are listed in Table 9.  

As a general understanding that the supernatant would contain only dissolved Cu
2+

 whereas the 

pellet might consist of CuO NMs in addition to Cu
2+

.  It can clearly be seen that presence of Cu
2+

 

in HYD 150 is higher than other CuO NMs in both tested bacterial cultures and the bacterial 

controls.  Considering all the above factors, the bactericidal activity by the CuO NMs should be 

the combined effect, exact mechanism of which needs further understanding. 
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Figure 3.49 Bar charts show the trends of MDA equivalents with increasing concentration of 

CuO NMs. 

Table 9. Copper ions measurement in CuO NMs treated bacterial cultures using ICP-OES . 

Bacterial 

medium 
Samples 

Amount of copper ions (ppm) 

Pellet Supernatant 

S. iniae 

CuO 75 38.17 20.54 

CuO 100 22.51 32.13 

 HYD 150 46.33 39.70 

- 0.03 0.96 

E. coli 

CuO 75 15.00 19.51 

CuO 100 21.37 28.18 

HYD 150 40.56 37.98 

- 0.04 0.52 
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In this study, grain-like, needle-like and plate-like CuO nanomaterials were synthesized by 

different but simple experimental procedure.  The prepared nanomaterials exhibit high purity 

and crystallinity.  The stability of the samples was confirmed by the zeta potential analysis.  The 

shape dependent anti-bacterial property of the prepared samples were tested against E. coli, S. 

iniae, S. parauberis and V. anguillarum by disc diffusion assay and MIC assay.  Among the 

bacteria tested, E.coli and S. iniae were found the most susceptible to CuO NMs.  Comparing the 

shape dependent performance, CuO prepared through hydrothermal method exhibited highest 

activity than the samples prepared through co-precipitation routes.  The increase in the activity 

of hydrothermally synthesized plate shaped NMs may due to its morphology dependent 

interaction with the bacterial cell wall, stress-related damage and the release of Cu
2+

.  This 

would lead to protein and nucleic acid denaturation and consequent cell death.  It is concluded 

that plate-like CuO NMs are more effective in inhibiting bacterial activity than grain-like and 

needle-like CuO nanomaterials. 
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3.7 Shape dependent CO oxidation performance of CuO nanomaterials 

Figure 3.50 (a-c) shows the TEM image of the γ-Al2O3support (ALVIR), CuO 75 and CuO 100 

respectively.  The CuO 75 and CuO 100 clearly showed the rice-grain like and nano needle-like 

morphologies respectively. The XPS spectra in Fig. 3.51 showed that the Cu 2p spectra mainly 

consisted of CuO at the binding energy values 933.9 and 933.1 eV, respectively [114,115]. 

 

Figure 3.50 The TEM image of the γ-Al2O3support (a), CuO 75 (b) and CuO 100 (c). The EDX 

spectrum of CuO 100 with the elemental composition is shown in (d). 

The aluminum 2p spectra consisted of two peaks correspond to Al2O3 (Fig. 3.51 c) and the O 1s 

spectra also represented the Al2O3 peaks (Fig. 3.51 d).  
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Figure 3.51 The XPS survey spectrum (a) and high resolution core level Cu 2p (b), Al 2p (c) and 

O 1s (d) spectra of   CuO 75/γ-Al2O3. 

In order to investigate the shape dependent CO oxidation performance of different shape CuO 

nanomaterials, 1 wt.% of the synthesized CuO NMs were loaded with γ-Al2O3 support as an ex 

situ basis.  Exactly 10 g catalyst was loaded in a tubular reactor and the CO oxidation experiment 

was performed by following the same procedures explained in section 2.9.2.  The CuO 75/γ-

Al2O3showed the total CO conversion at 300 °C whereas CuO 75/γ-Al2O3exhibited complete 

conversion only at 325°C.  Also, higher performance of CuO 75/γ-Al2O3 at every experimental 

temperature is very clear from the fig. 3.52.  
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Figure 3.52 The CO oxidation performance of CuO 75/γ-Al2O3and CuO 100/γ-Al2O3. 

This study clearly demonstrated that CuO nanomaterial shapes also an important 

parameter to determine the catalytic activity.  This kind of shape dependent catalytic behavior of 

nanomaterials are nowadays an active research field, the mechanism for the improvement by 

shapes needs further investigations. 
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3.8 Summary and future directions 

This dissertation presented the versatility of dielectric barrier discharge plasma reactor for 

nanomaterials synthesis apart from its traditional usage in surface treatments and toxic gas 

decomposition applications.  An extensive investigation to tailor the desired morphologies of 

nanomaterials was carried out.  The plasma feed gas composition, influence of substrate 

materials, concentration of precursor solutions and the nature of precursor materials were found 

to determine the morphological structure.  The investigated RuO2 and CuO nanomaterials are 

widely used in catalysis, to prepare antibacterial products and in supercapacitor electrodes. 

Application using RuO2 nanomaterials are very limited in literature which may due to its 

expensive nature.  Because of the cost associated with it, the uniqueness and the performance of 

RuO2 could not be ruled out. On the other hand, CuO is cheap in terms of cost and also a 

ubiquitous candidate for many applications.  In addition to the materials, size and shape 

dependent properties come into picture since the uniqueness in the performance strongly 

corroborated with this.  So this research focused on the following themes. Those are (i) novel 

DBD plasma-mediated nanomaterials synthesis, (b) tailoring of nanomaterial morphology and 

(c) demonstration of the shape dependent properties towards selected functional applications. 

When talking about the discussed applications, CO oxidation is an environmentally important 

and a simple reaction to study.  Photocatalysis for the degradation of dyes is also an industrially 

important reaction.  Biological applications such as preparation and testing of antibacterial 

materials are rapidly growing fields of interest and also a major healthcare theme.  

First chapter systematically introduced the DBD plasma, its usage for material synthesis, 

properties of RuO2 and CuO nanomaterials and the importance of the selected applications. 

Significance of nanomaterials size and shapes to enhance the performances were also 
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emphasized. Second chapter discussed the experimental methods used for the preparation of 

nanomaterials, catalyst materials and the experimental procedures to carry out CO oxidation, 

photocatalysis and antibacterial activity.  Each and every technical detail was explained in this 

chapter.  The result and discussion part in chapter three clearly stated the observed results and 

reasonable explanations were given especially when dealing with the shape dependent behavior 

of nanomaterials.  In every possible place, materials synthesis using plasma and conventional 

wet chemistry were equally dealt with.   

Similar to the well-developed vacuum based plasma techniques such as chemical vapor 

deposition and laser ablation etc. used for nanomaterial preparation, DBD plasma can also be 

used for the above application with cost and energy efficient manner.  In this dissertation, 

preparation of RuO2 and CuO nanomaterials only was carried out. Synthesis of various metal and 

metal oxide nanostructures and composite materials will be carried out in future. Some of the 

critical issues should be sorted out in the DBD technique for material synthesis.  For example, 

long synthesis time, plasma sustenance, handling issues remains hurdle at this stage.  If the stated 

issues are rectified, it will be a great achievement in the future.  

Regarding the application part, establishing a clear structure-property relationship is an 

important issue.  Especially when efforts were made to explain the performance difference 

arising from shape effects, it was a cumbersome task to systematically prove CO oxidation 

results. It is due to the intricate phenomena of gas interactions with the catalyst surface.  Further 

understanding would help to overcome the stated problem. These issues will be handled with 

priority in the days to come.  
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CHAPTER IV APPENDICES 

4.1 List of symbols or abbreviations used 

FESEM- Field emission scanning electron microscopy 

HRTEM-High Resolution transmission electron microscopy 

FTIR-Fourier transform infrared 

XRD- X-ray diffraction 

UV-Vis- Ultraviolet visible  

EDX- Energy dispersive x-ray  

XPS- X-ray photoelectron spectroscopy 

CO- Carbon monoxide 

PEG- Polyethylene glycol 

RuO2- Ruthenium dioxide 

CuO- Copper (II) oxide (or Copper oxide) 

Al2O3- Aluminum oxide (or alumina) 

MFC- Mass flow controller 

SP- Spherical shape 

SH- Sheet-like 

NM- Nanomaterials 

NP- Nanoparticles 

NR- Nanorods 

RAWOS- Ruthenium oxide supported on alumina prepared in the absence of stabilizer 

RAWS- Ruthenium oxide supported on alumina prepared in the presence of stabilizer 

ALVIR- Pure alumina 

CuO 75 – Copper oxide prepared at 75 °C temperature 

CuO 100 – Copper oxide prepared at 100 °C temperature 
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4.2 Calculations used 

1. Prepare 1 wt.% RuO2 loaded in 10 g γ-Al2O3. 

Solution: 

 1 wt.% RuO2 = 1g/100 g= 0.1 g RuO2 

Required amount of γ -Al2O3 = 10-0.1=9.9 g 

To prepare RuO2 from RuCl3: 

Molecular weight of RuO2 = 133 g mol
-1

. 

0.1g  [1 mol RuO2/133 g]=7.518 x 10
-4

 mol 

7.518 x 10
-4

 mol [207.4 g/1 mol RuCl3]=0.16 g RuCl3 

So mix 0.16 g RuCl3 in 9.9 g γ -Al2O3 

 

2. Calibrate the given mass flow controller for 10 sccm N2 gas flow 

Solution: 

 

1. First see the total flow (if 200 

sccm), then set in the controller 

200 sccm in the corresponding gas 

channel and correct zeroing. 

2. Set the MFC value at 10 sccm and calculate the time taken to complete 10 cc in a 

manual flow calibrator.  If it takes 80 seconds then the actual flow is = vol/time = [10 

cc/80 sec]* [60 sec/1 min]=7.5 cc/min 

3. To fix 10 sccm flow: 7.5/10 cc=10/x; x=13.3 sccm 

(Note: To measure flow > 1 L/ min, use bigger calibrator and find out the time to fill 1 L 

first. Do it reversely as above). 
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3. NOx removal calculations: Find out the flow rates for the given variables in the figure. 

 

Solution: 

Formula of n-heptane: C7H14 

We need C1/NO=6 therefore, 

7C1H14/500 ppm=6 

Net NO flow= 430 ppm 

A: O2 flow calculation: 

1* A = 1000 * 0.1 ; A=100 sccm 

[LHS: what we have (100% pure O2); RHS = what we want (10% O2 in 1000 mL)] 

(Note: Sometime we need to convert % to ppm, then multiply % with 10000) 

D: NO flow calculation: 

0.05* D = 1000 * 500 x 10
-6

 ; D=8.6 sccm 

(Note: The NO cylinder contains only 5 % NO and remaining N2) 

C: N2+heptane flow calculation: 

It is planned to allow 5 % heptane as a reductant to the reaction. 

 

To adjust 5%, we should check with the vapor pressure table of n-heptane to find out the 

temperature in 1 atm pressure. 

x/760 mm Hg = 0.05; x = 38 mm Hg or 0.05 bar  

Required temperature to obtain 0.05 bar is 22 deg.  

(always take x bar/1bar as a basis) 



126 
 

0.05 bar *D=1000*500*10
-6; 

D=10 sccm. 

B: Remaining N2 flow calculation: 

B= 1000-(100+8.6+10)=881.4 sccm. 

 

4. If 5 vol. % water is used in 1 L total flow, calculate the MFC flow rate. 

Solution: 

x/760 mm Hg = 0.05; x = 38 mm Hg or 0.05 bar  

Required temperature to obtain 0.05 bar is 33 deg.  

(always take x bar/1bar as a basis) 

0.05 bar*a=1000*5%
; 
D=1000 sccm. 

 

5. Calculate the actual plasma discharge power in the following oscillogram. 

 

Total power = X axis * Y axis * frequency 

   = [(10*10
3
 V)*8]*[(2V*8)]*400*10

-6
 S

-1
 

   =512  W 

The paper weight correspond to the whole region = 1.6598g 

Paper weight of the plasma region= 0.0855g  

Therefore, actual discharge power is 512W:1.6598g= x:0.0855g; x=26.37 W  

(same problem will also be solved by taking the area of the total power and parallelogram 

area; Just replace area instead of weight) 
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