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Abstract   

Two-dimensional (2D) graphene-like carbon nanostructures have recently attracted a lot of 

practical interest due to their unique physical, electrical, and optical properties. Carbon nanowalls 

(CNW) belong to this category of functional materials that can be described as an open network 

of interconnected two-dimensional graphene sheets standing vertically on a substrate. Owing to 

the large surface area, highly active graphene edges, and fabricating without the use of catalysts, 

CNW has shown its fascinating application as electrode material for different electrochemical 

systems such as electrodes for batteries and supercapacitors, fuel cells supports, oxygen reduction, 

and most recently electrochemical sensors and biosensors. Higher electrolyte permeability and 

reduction in ion resistance can be promoted by the opened structure of a CNW film. However, the 

functional properties of CNW can also be greatly influenced by the presence of structural defects 

and attached functional groups.  

In this study, we propose two different approaches for modifying CNW surface for their potential 

applications in electrochemical sensing and biosensing field; Firstly, coating of CNW surface by 

transitional metal oxide (MnOx) via anodic deposition technique and secondly, post plasma 

treatment of CNW with O2/Ar plasma and introducing novel inter-synthesis sequential treatment 

method. At first step (chapter 2), synthesizing of CNW at different deposition times and their 

characterization was discussed. Plasma enhanced chemical vapor deposition in a CO/H2 

microwave discharge system was performed for fabricating CNW. Subsequent to this, synthesis 

of MnOx/CNW was considered. Potentiostatic anodic deposition technique was applied for 

depositing of manganese oxides (MnOx) onto the CNW surface at different deposition times. It 

was shown that when deposition time is very short, the film has mostly original CNW structure 

with some nucleation spots of MnOx. By increasing deposition time, the accumulation of MnOx 

around the walls can be clearly confirmed. While, by further increase in deposition time, it is 

difficult to distinguish the border between CNW and MnOx, which indicates that MnOx can slightly 

infiltrate into the gaps between the walls. The average manganese oxidation state for the prepared 

electrodes was calculated based on deconvoluted O1s spectra and multiple splitting of Mn3s core 

level spectrum. As observed, electrodeposited MnOx coatings exhibit mixed Mn valance states, 

where by increasing deposition time, the oxidation state of Mn increases.  
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Cyclic voltammetry (CV) and amperometry techniques were performed to evaluate the sensor 

performance of MnOx/CNW towards detecting H2O2 (chapter 3). The prepared nanocomposite 

electrode exhibited high electrochemical activity for oxidation of hydrogen peroxide (H2O2) in 

phosphate buffer solution at an applied potential of +0.7V, showing a linear dependence on the 

concentration of H2O2 from 40µM to 10230µM, a high sensitivity (698.6 µA mM-1 cm-2), and a 

detection limit of 0.55µM (signal/noise=3). The proposed hybrid CNW structure combined with 

the transitional metal oxide MnOx demonstrated a great potential of CNW based composite 

electrodes in non-enzymatic electrochemical sensor application.  

To further improve CNW performance as a metal-free electrochemical sensor through its intrinsic 

modification, O2/Ar plasma with different O2 flow ratios were applied to modify the surface of 

CNW (chapter 4). Our results revealed that the CNW treated in low oxygen flow rate (O2/Ar: 

0.1/10sccm) exhibited the highest concentration of incorporated oxygen on its structure, which 

consequently resulted in conversion of intrinsic hydrophobicity of CNW to hydrophilicity. 

Interestingly, however, further increase in oxygen flow rate did not increase the oxygen content of 

CNW structure, but instead it resulted in an increment in the defect and contributing less oxygen 

on CNW surface. We assume that when low density of oxygen species exists in the plasma 

treatment gas mixture, the amorphous carbon structures that exist on the surface of as-grown CNW 

are selectively etched and the potential active oxygen species are stabilized to the produced defect 

sites, therefore formation of oxygen functional groups occurs favorably. However, the higher 

density of reactive oxygen species can result in higher etching rate, which can consequently lead 

to increase the etch rate from both amorphous and sp2 structures and prevent the stabilization of 

oxygen in the defect positions, hence contributing less oxygen functional groups on the CNW 

structure. Subsequent to finding the surface characteristic of CNW at different O2/Ar plasma 

treatment condition, novel inter-synthesis sequential treatment method was introduced to 

synthesize CNW with oxygen functional groups not only on top surface but also on the deep parts 

of the walls. Layer by layer and highly branched structure was observed by SEM cross-section 

images.  

Electrochemical measurements revealed that the most hydrophilic CNW surface does not exhibit 

the highest electrochemical activity for the oxidation of H2O2 (chapter 5). The highest 

amperometric response is observed for the CNW sample treated with O2/Ar: 1.0/10sccm, which 
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has lower oxygen content than CNW treated with O2/Ar: 0.1/10sccm but still possessing 

hydrophilic characteristic and also owning more defective structure. These results can suggest the 

importance of both defects and oxygen-containing functional groups in electrochemical behavior 

of the electrodes as both defects and oxygen-containing functional groups can act as potential 

active sites for electrochemical reactions and oxygen-containing functional groups can enhance 

the hydrophilicity and surface area wetted by the electrolyte. The modified CNW in O2/Ar: 

1.0/10sccm plasma displayed wide linear response range for oxidation H2O2 from 50µM to 

28000µM, low LOD, and sensitivity of 126.6µA/mM.cm2. This study demonstrates that intrinsic 

modification of CNW by O2/Ar plasma can result in enhancing CNW performance in 

electrochemical sensing systems as a metal-free electrode.  

Finally, overall summary obtained in this study and future works were described at chapter 6.  
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 1.1. Background  

 

In recent years, carbon-based nanomaterials have attracted a lot of practical interest due to their 

significant optical, electronic, mechanical, chemical properties and structural diversity. [1]. The 

carbon is the element in periodic table that shows an organization in different allotropic forms. 

Elemental carbon exists in two natural allotropes; diamond with sp3 hybridization and graphite 

with sp2 hybridization, both displaying unique physical properties such as hardness, thermal 

conductivity, and electrical conductivity. Diamond and graphite are the two widely known 

allotropic forms of carbon for a long time. However, the advent of fullerenes in 1985 by Kroto et 

al. marked the beginning of an era of synthetic carbon allotropes. Fullerene, which belongs to a 

zero-dimensional (0D) carbon nanostructures, was reported first, followed by one-dimensional 

carbon nanotubes (CNTs) in 1991 and then rediscovery of 2D graphene in 2004 [2].  

Among these three families of carbon allotropes, graphene has the most uniform structure where 

the differences can be seen only in the sheet extensions and the nature of edges. Furthermore, 

graphene is considered as the structural element of some other carbon allotropes as it can be 

wrapped up, rolled up cylindrically or stacked up to form 0D fullerenes, 1D carbon nanotubes and 

3D graphite [3].  

Although to compare with fullerenes and carbon nanotubes, chemical modification of graphene is 

still in its earliest infancy, graphene-based technology is considered to have the greatest potential 

for applications [2]. Over the last two decades, research on graphene has greatly increased, and 

various excellent properties have been observed by researchers.  
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Figure 1.1. Graphene as building material for carbon materials of all other dimensions [3]  

Due to easy surface functionalization, extremely large surface area, superior 2-D electrical 

conductivity, and chemical purity, graphene can be considered as an ideal electrode material. In 

addition, it displays remarkable electrochemical properties including low charge-transfer 

resistance, large potential window, excellent electrochemical activity, and fast electron transfer 

rate [4].  

Graphene and its derivatives such as graphene oxide (GO) and reduced graphene oxide (rGO) have 

been widely applied to develop improved chemical and biological electrochemical sensors. This 

is because of better and unique electrochemical properties of graphene materials as well as the ease 

of functionalizing the graphene surfaces with specific elements of interest. 

A large number of works have been dedicated to the application of graphene and graphene related 

materials for the analysis of DNA, protein, cell, and important biomarkers such as glucose, β 

nicotinamide adenine dinucleotide and its reduced form (NAD+/NADH), dopamine (DA), 

ascorbic acid (AA), uric acid (UA), and hydrogen peroxide (H2O2) [5]. 

Much of the electrochemical sensor and biosensor development research regarding applying 

graphene has focused on graphene oxide and its reduced form. Another form of graphene that has 

recently gained a lot of research interest is vertical graphene multilayers, also known as carbon 

nanowalls (CNW). CNW can be described as an open network of interconnected two- dimensional 
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graphene sheets standing vertically on a substrate, which are separated with an interlayer spacing 

of several nanometers.  

Owing to the large surface area, highly active graphene edges, and fabricating without the use of 

catalysts, CNW has been already suggested as electrode material for different electrochemical 

systems such as electrodes for batteries and supercapacitors [6–8], fuel cells supports [9,10], 

oxygen reduction [11], and most recently electrochemical sensors and biosensors [12,13].  

Higher electrolyte permeability and reduction in ion resistance can be promoted by the opened 

structure of a CNW film. However, the functional properties of CNW can also be greatly 

influenced by the presence of structural defects and attached functional groups [14].  

This thesis focuses on further improving surface characteristics of CNW films for their potential 

application in electrochemical sensing and biosensing field. Two different approaches were 

utilized to enhance CNW performance in electrochemical systems; (I) electrodeposition of 

transitional metal oxide on CNW and (II) plasma surface treatment of CNW for their potential 

application as electrochemical sensors towards H2O2 detection. Furthermore, novel inter-synthesis 

sequential treatment method was introduced in order to prepare CNW with oxygen functional 

groups not only on the top surface but also in deep parts of the walls.   

A comprehensive review of the current literature covering the use of manganese oxide/carbon 

nanomaterials composite and post plasma treatment of carbon nanomaterials in H2O2 sensing will 

be presented in the following sections. 

A brief introduction about CNW, its synthesis methods and growth mechanism will be first 

reviewed. Subsequent to this, post plasma treatment of carbon nanomaterials will be considered. 

This will comprise the introduction about the mechanism of plasma treatment on carbon 

nanomaterials, its effect on the surface morphology and chemistry of carbon nanostructures, and 

then plasma treatment of CNW with different gases will be discussed. Then, introduction to 

electrochemical sensing techniques including voltammetry and amperometry methods will be 

reviewed. Finally, the introduction about existing H2O2 sensing techniques, the materials used for 

electrochemical sensing of H2O2, and review of manganese oxides/carbon nanomaterials 

composites applied for H2O2 electrochemical sensing will be discussed. 
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 1.2. Introduction to Carbon nanowalls and its synthesis method 
 

Carbon nanowalls (CNW) are an open network of interconnected two-dimensional graphene sheets 

standing vertically on a substrate, which are separated with an interlayer spacing of several 

nanometers. As displayed in figure 1.2, the sheets form a self-supported network of wall structures 

with the height in the range of 1-2µm and the thickness in the order of several nanometers [15].  

 

 

 

 

 

 

 

 

Figure 1.2. Schematic illustration of carbon nanowalls [15] 

 

It is characterized by high surface to volume ratio, high aspect ratio, and good thermal and 

electrical properties with a high mechanical stability. In addition, unlike CNT, CNW is grown 

without the use of metallic catalyst and therefore does not require further purification steps before 

final utilization and application [16].  

The first synthesis of CNW was reported by Wu et al in 2002, when the growth of CNW was found 

during synthesis of carbon nanotubes in a microwave plasma enhanced chemical vapor deposition 

system (MPECVD) [17]. Since then, various PECVD methods has been utilized to synthesize 

CNW.  

PECVD method is a system with typically low pressure, in which the purity of the deposition can 

be controlled. It mainly consists of three major parts including plasma generator, gas (precursor 

and etchants), and vacuum heating chamber that usually made of a quartz tube (to place the 

substrate for plasma interactions on for CNW deposition) [18]. Based on the plasma sources, 

PECVD systems are classified into microwave (MW) plasma sources, radio frequency (RF), 

inductively coupled plasma (ICP), RF capacitively coupled plasma (CCP), direct current (DC) 
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plasma, and electron cyclotron resonance (ECR) plasma. DC plasma sources have the simplest 

form, containing two parallel plate electrodes fixed in the vacuum chamber. In this technique, one 

of the electrodes is connected to a DC power and the other one is earthed and plasma is activated 

in the interspace between these two electrodes. RF-PECVD can be sorted as capacitively coupled 

plasma (CCP) and inductively coupled plasma (ICP). A higher plasma density, lower damage to 

substrate, and freedom from inner electrode contamination are the main advantages of the ICP 

mode. Microwave plasma (MP) source is another popular method of PECVD in CNW synthesis 

[19]. It is a high-frequency plasma system with a MW generator with a frequency of approximately 

2.45GHz. The generated MW is coupled to the vacuum heating chamber either via a traverse 

rectangular cavity guide or an external antenna, producing a higher electric field effect inside the 

chamber with the wave propagation mode of TE (transverse electric mode).  The electromagnetic 

waves in the waveguide interact with the plasma discharge to form a standing wave. The 

waveguide length is controlled by an external tuner to attain the maximum electric field in the 

growth region. The maximum electric field is attained in low dimension (wavelength) of the MW 

and results in an increase in the electron-neutral collision and produces radicals for the deposition 

process [18].  

Generally, in PECVD techniques, CNW growth is performed by gas phase deposition process.  

Firstly, the carbon source gas is introduced into the plasma. Plasma is generated by applying a 

strong electromagnetic field to accelerate electrons to collide with the neutral gas. This collision 

results in dissociation, ionization, and excitation, which in turn numerous species-more electrons, 

ions, photons, and radicals, as well as excited background gas are formed. Each of plasma particles 

play a significant role when the plasma is applied for material synthesis. For instance, energetic 

ions can cause sputtering of material, elevate the substrate temperature, and increase surface 

diffusion. Electrons can supply activation energy for chemical reactions. The generated photons 

during the de-excitation of the plasma molecules, atoms, and ions can heat the substrate and 

participate in the photochemical reactions. Highly reactive radicals react with the substrate and 

deposit or chemically etch the sample. The undissociated source gas is also engaged in chemical 

reactions on the surface. To compare with thermal CVD, much lower temperatures are required 

for growing CNW by PECVD systems. The most reported temperature for CNW synthesis is in 

the range of 400oC to 800oC, which corresponds to CNT growth temperature. However, there are 

several experiments that declare growing of CNW by PECVD at lower temperatures, some even 
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at 320oC [20]. It is to say that because in-site temperature measurement of substrate is difficult, 

most of the measurements are done via thermocouple under the substrate holder or beside the 

heater. In addition, plasma itself can heat the substrate as well, which can result in inaccurate 

measurements.  This is more sever when higher plasma density systems such as MPCVD and ICP 

are utilized. It has been reported by Teo et al. that a significant high temperature of 700oC was 

induced by plasma with 66W input without using other heaters [21]. Different substrate 

temperatures can vary the deposited film properties. Raman spectra of the CNW films prepared in 

different temperatures showed that low temperatures bring more defects than higher temperatures 

as ID/IG ratio increases at lower temperatures [19,22].  

Furthermore, since many chemical reactions and depositions can occur at much lower temperatures 

to compare with thermal CVD, a wide range of substrates can be selected [18]. Substrates including 

metals, crystals, and other materials with or without catalytic property such as Ni [23], Cu [20], Al 

[20], Si [24], quartz [24], etc. has been selected so far to grow CNW. The effect of substrate on 

CNW growth is limited to the initial stage when carbon cluster nucleation starts and it fades as 

CNW grows thicker.  

Different effects of substrate such as lattice matching with graphite or not, formation stable carbide 

compound or not, and carbon solubility of the substrate can influence the CNW growth. The 

growth process for Ni and other metals with high carbon solubility may be more complex and not 

clear yet. It has been shown that higher crystalline degree and growth rate can be achieved with Fe 

metal compared to Cu and Si [19]. For different substrates of silicon, quartz, and platinum, the 

evolution process is different. In the case of using quartz as the substrate, a large lattice mismatch 

exists between the substrate and graphene, which lead to formation of amorphous carbon as buffer. 

By utilizing silicon as the substrate, carbide is formed at the interface. While no formation of 

amorphous carbon or carbide is reported while utilizing platinum as the substrate due to good 

crystal matching [19,25].  
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1.2.1. Growth mechanism of CNW in PECVD system 

 

As it mentioned earlier, CNW is deposited by PECVD systems, in which carbon-containing gas is 

partially atomized and ionized upon plasma conditions. The resultant radicals are then transported 

to the substrate and condensate on its surface to form nanostructured CNW. The schematic growth 

mechanism for CNW is illustrated in figure 1.3 and can be summarized as follows:  

1. Formation of defects on the substrate surface by ion stimulated plasma-surface interaction  

2. Migration of carbon species to the substrate surface and attaching to the produced defects 

on the surface by dangling bonds  

3. Formation of thin layer of carbon film on the substrate called a buffer layer, composed of 

both graphitic and amorphous carbon 

4. Attaching more carbon species to thin film layer in the form of carbon nanoislands and 

initiating nucleation  

5. Nucleation of small graphene nanosheets on dangling bonds followed by a two-

dimensional growth 

6. Generation of strong local electric field perpendicular to the substrate, leading to curling 

the edges of top layer sheets vertically along with the direction of the electric field 

7. Bonding of reactive carbon species to the edges of graphene sheets, and fast vertically 

growing of sheets and shadowing low-lying graphene sheets 

8. Eventually, increasing the height of graphene sheets with the growth rate rather than the 

thickness, resulting in the formation of nanowall   
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Figure 1.3.  Schematic representation of plasma-enhanced deposition of CNW [18] 

 

1.2.2. Effect of plasma parameters on CNW growth 

 

It has been found that reactive gas species play a significant role in the growth of high-quality 

CNW. The gaseous species for CNW growth can be categorized in three different groups: (i) 

carbon-containing precursor gases to produce carbon radicals for growing CNW (ii) etchant gases 

(H2, Ar, O2) for removal of amorphous carbon and help growing high crystalline CNW, and (iii) 

dopant gases (N2, NH3).   

The HC (hydrocarbon) gases are widely used as the carbon source for CNW growth alongside with 

other etchant gases such as H2, O2, and Ar.  The presence of H atoms in the plasma system assists 

in enhancing migration of carbon precursors and nucleation of carbon radicals. It is also more 

reactive with amorphous carbon atoms than sp2 and sp3 carbon structures, therefore it helps with 

etching and removing amorphous carbon and greatly improving the quality of CNW. Addition of 

neutral gases such as Ar can control the density of nanoislands in the initial stage of growth and 

consequently the density of CNW. It can also provide high quality CNW by increasing plasma 

stability and moderating the growth rate. The presence of O radicals can reduce the defects and 
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suppress the carbon nucleation and hinder the formation of interface layer. Therefore, the vertical 

growth of CNW from the nuclei can be promoted by removing this horizontal interface layer 

[18,26]. CNW can be also formed by applying CF gases such as C2F6 in a mixture with H2 and O2 

[27]. Another gas source to synthesize CNW is a CO/H2 mixture, where CNW can be observed 

only if H2 was added [28]. Recently, other precursors like p-xylene[10], ethanol or hexane[29,30], 

aluminum acetylacetonate [31] have been employed to synthesize CNW as well.  

In addition to the mixture of source gases, the proportion and flow rate of gas into the plasma 

system also has an important role in the growth of CNW. For instance, the study on the influence 

of concentration of CH4/H2 mixture in various flow rates (0-100%) on CNW growth was reported 

by Wang et al. It was shown that density of CNW sheets was highly influenced by CH4 

concentration, which is in charge for nucleation of carbon radicals and initial growth. Higher 

precursor concentration (40-100%) resulted in higher nucleation rate with small lateral size [32]. 

In another experiment by Wu et al. the effect of flow rate of gas mixtures on the growth mechanism 

of CNW was evaluated by varying flow rate of CH4/H2 mixture from 30, 10, 6, 4, to 1sccm. 

Amorphous carbon with column structures was observed for flow rate of 30sccm. Decreasing flow 

rate resulted in appearing tube-like carbon structures. While high quality CNW was observed at a 

flow rate between 4-8sccm. Further decrease in flow rate led to formation of amorphous carbon 

on substrate [33]. These results demonstrate that different gas flow rates in even same discharge 

conditions can highly affect the morphology of the final product.  

The growth mechanism of CNW can also be influenced by flow rate of etchant gases. The effect 

of H2 gas flow rate on the nucleation and growth of CNW was investigated by Kondo et al. [34]. 

The synthesis of CNW was studied in various H2 flow rates (0, 3, 5, 7, and 10sccm). Without any 

H radical, a thin layer of carbon was formed on the substrate. At flow rate of 3sccm, deposition 

carbon nanoparticles were initiated. Further increase to 5sccm and 7sccm resulted in producing 

CNW with an interlayer spacing of 10-20 nm and sheet thickness of less than 5 nm. Variation in 

H radical flow rate influenced the height of CNW as well and showed the maximum value at the 

flow rate of 5sccm, meaning that the optimum density of H radical inside the system highly 

influenced the vertical growth of CNW.  

Since varying flow rates results in changing the pressure inside the system, it can be concluded 

that growth of CNW can also be influenced by the operating pressure. In low pressure systems, 
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the flow rate of inserted gases controls the total pressure inside the chamber. When the total 

pressure is low, low flow of gas species through the system exists, which consequently results in 

lower growth rate. However, this slow growth rate can provide high quality CNW to compare with 

the CNW prepared in higher pressures due to effectively removal of a-C from the surfaces.  The 

curling up of nanosheets to a vertical form can also be influenced by plasma power. It has been 

described by Zhu et al. that increasing the power from 500W to 1200W increases the growth rate 

of CNW [35]. At high plasma power, a high electric field is induced on the plasma sheath above 

the substrate, which causes elevation of the temperature of substrate. This forces the nanosheet to 

curl up to a vertical form (same as electric field direction) and increases the growth rate.  

Although, plasma parameters can influence the growth mechanism and properties of CNW, further 

plasma treatment after the growth can modify the properties of CNW, which is one of main 

advantages of plasma-assisted techniques.  

 

1.3. Plasma assisted surface modification  

 

Plasma-based techniques have recently gained considerable attention as a versatile and 

biocompatible technique for modifying and inducing changes in the characteristic of nanomaterials. 

It can help improve the physical and chemical properties, such as wettability, metal adhesion, 

dyability, refractive index, hardness, chemical inertness, lubricity, and biocompatibility of 

materials surfaces in a short time. Furthermore, nanostructures have a larger surface area than bulk 

materials, which make this method more suitable for nanomaterials processing [36]. 

In plasma treatment, high-energy active species (HASs), including free radicals, excited molecules 

or atoms, positive ions, and electrons, attack and interact with the carbon materials surface aiming 

π bonds/C=C bonds. The next step of treatment strongly depends on the applied gas type. In the 

case of inert gas, rebinding of free radicals or macromolecular fragments on the carbon material 

(CM) surfaces can occur, which results in a network of cross-linked surface structures, and 

consequently improving mechanical performance of CM. On the other hand, when reactive gases 

such as O2, N2, NH3, and CO2 are introduced for treating the CM surfaces, formation of various 

functional groups on the surface occurs favorably. The generated dangling bonds at the first step 

display strong ability to chemisorb other species, such as activated atoms or free radicals. 

Additionally, the HASs can react with atoms or molecules on the surface of materials and produce 
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some volatile substances, resulting in etching the surface. The combined action of etching and 

grafting functional groups can control the physical structure and chemical properties of CM 

surfaces. Figure 1.4 Shows different surface modification processes by plasma treatment [37].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Various surface modification processes that can be achieved using plasma technology 

[38] 

 

 1.3.1. Effect of plasma treatment on the surface morphology and chemistry of CMs 

 

Plasma treatment is regarded as a “destructive” surface modification method. It has been reported 

that the external surface morphologies of CMs including ACs and ACFs are affected by etching 

effect of non-thermal plasma treatment (NPT). While the interior surfaces can be left without any 

damage as HASs do not reach the smallest micropores of CMs, limiting the reaction between HASs 

and internal carbon atoms [39,40]. Therefore, the bulk properties of CMs do not alter by plasma 

treatment. In addition to surface structure, the surface chemistry can be also altered by plasma 

treatment. Depending on the feed gas applied for the treatment, different functional groups on CM 

surfaces can be formed by insertion or by substitution of the previous functional groups [41]. 

Generally, presence of heteroatoms such as nitrogen, halogens, and especially oxygen determine 

the surface chemistry properties of CMs. Among all feed gases, O2 has become a common gas for 

forming non-thermal plasma due to its strong influence on the surface characteristics. Oxygen 

radicals can react with carbon atoms on external surface of CMs and OFGs with basic, neutral, 
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and /or acidic characteristics are formed [42]. It has been reported that the breakage of C=C bonds 

can create active sites to bind oxygen functional groups [43,44]. Different parameters such as 

modification time and output voltage can influence the concentration of OFGs on the surface 

structure. Furthermore, it has been shown that formation of oxygen functional groups can reach its 

saturation state, meaning that by further increasing modification time, the surface cannot continue 

to accept new oxygen groups [45]. And instead longer modification can damage the previously 

produced OFGs and reconvert them to the O2 [46]. The effect of discharge power and treatment 

time on modifying MWCNTs by LTOP reported by Wang et al. revealed that oxygen reaches its 

maximum quantity at certain power of 15W and treatment time of 40min. While further increase 

in discharge power and treatment time did not result in increasing the surface oxygen ratio due to 

overetching [47].  

Applying other feed gases such as N2, NH3, air, H2S, etc. results in different functional groups on 

CM surfaces. For instance, Applying N2 or NH3 results in grafting NFGs including C-N, C-NO2, 

C-NH2 on CMs surfaces [45,48]. SFGs can be formed on the surface of CMs by using H2S as 

treatment gas [49]. In the case of treating the surface with air, mixed oxygen and nitrogen 

functional groups can be generated [50]. To sum up, different types of functional groups can be 

grafted on surface of carbon materials by applying different gaseous media.   

 

1.3.2. Plasma treatment of CNW  

 

Post deposition exposure under different plasma medium such as hydrogen, oxygen, nitrogen, 

argon, and fluorine have been applied to tune CNW characteristics and mostly to switch their 

wettability. Exposing the CNW samples to hydrogen, oxygen, nitrogen, and argon mostly results 

in hydrophilic nature, while the fluorination makes the CNW surface superhydrophobic [51,52].  

In the case of hydrogen, the surface can be modified through strong etching and formation a 

roughened layer on the CNW surface. Moreover, the surface wettability can be controlled by 

forming H-bonds on the edges. It has also been reported that hydrogen plasma treatment can 

remove the absorbed oxygen atoms in the nanowall surface and in turn enhance CNW adsorption 

capabilities [53]. Hybridization of sp2 bonded carbon atoms can also be changed to sp3 through 

hydrogen plasma treatment, which further results in the transformation of band structure from 

semimetal to insulators [54].  
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Post plasma treatment of CNW with oxygen can influence both the edges and the interstitial sites 

of the CNW to form different functional groups. The wettability of the CNW treated with oxygen 

plasma is improved due to the presence of O-terminated carbon structure, which can also increase 

the penetration of aqueous solutions into the gaps between the walls [55] as well as enhance the 

capability of CNW to interact with electrolyte rapidly [56]. It has also been reported that 

photoluminescent (PL) properties of graphene can be modified by oxygen plasma treatment 

[57,58].  

Nitrogen plasma can be used for doping and grafting of the amino functional groups into the CNW 

structure and consequently enhance its electrical conduction and improve the electron field 

emission. The nitrogen plasma post-treatment can improve carrier concentration and carrier 

mobility by attaching N atoms to the graphene edges while keeping the morphology and edges of 

CNW intact [59]. Enhancement of electrochemical properties of N-doped CNW as a 

supercapacitor has been reported by Chi et al. and Yen et al [60,61]. 

Argon plasma can influence both electronic and surface properties of CNW [51,62]. It is usually 

used to enhance the removal of a-C. The prolonged Ar treatment on the edges of carbon nanowalls 

results in thinning of the edges and creating several defects, which these defects can act as the 

additional emission sites, resulting in the enhanced electronic properties and field emission 

characteristics [63,64].  Post plasma treatment of CNW with Ar at atmospheric conditions leads to 

the formation of H/O-terminated CNW by incorporation of oxygen into the lattice through the 

dissociation of oxygen molecules in the air, making the CNW surface superhydrophilic. In contrast 

to hydrogen, nitrogen, oxygen, and Ar plasma treatments, fluorine-containing plasma post-

treatment results in the hydrophobic nature of the surface by forming F-terminated bonds on CNW 

[51,65]. 

In addition, the effect of plasma treatment by N2 and O2 on physical properties of CNW such as 

specific surface area and pore size and electrochemical properties such as specific capacitance has 

been reported by Evlashin et al. It was revealed by BET study that after plasma modification, the 

specific surface area of CNW decreases from SCNW=1203m2g-1 for untreated CNW to 

SNCNW=919m2g-1, and SOCNW=658m2g-1 for CNW films treated with N2 and O2, respectively. 

Furthermore, due to facilitating in etching, plasma treatment decreases the porosity, where the pore 

size of 1.5nm, 1.7nm, and 2nm was reported for unmodified CNW, NCNW, and OCNW, 

respectively. The unmodified CNW displayed the specific capacitance of 1.3 Fcm-3, while NCNW 



21 
 

and OCNW showed the specific capacitance of 4.4 Fcm-3, and 8.9 Fcm-3, respectively. The authors 

reported that experimental dependence of capacitance should be proportional to the BET specific 

surface area, Ngroups the number of functional groups, and ndef ~ 1/L2 the number of defects 

(SBETNO+N/ndef) [66]. 

To sum up, post plasma treatment can result in formation of functional groups, increase in the 

defect density, or doping the impurities into graphene lattice. By modifying the properties of CNW 

through plasma-surface treatment, the CNW can be utilized for specific applications. For instance, 

CNW with high crystalline nature and sharp edges can be used for field emission application. 

Fluorinated CNW films with superhydrophobic nature are suitable for hydrophobic coatings. N-

doped CNW films with improved electrical properties and capacitance are useful for various 

electrical and electrochemical applications. Surface functionalization with oxygen can enhance the 

hydrophilic properties of CNW, which can in turn improve the interaction between the electrolyte 

and electrode and promote its application in electrochemical systems such as energy storage 

devices, catalytic reactions, sensors and biosensors [18].  

 

1.4. Electrochemical sensing techniques 

 

Electrochemistry concerns the interplay between electricity and chemistry, meaning that the 

measurements of electrical quantities, such as current, potential, or charge and their relationship 

to chemical parameters are studied. The electrochemical interaction takes place at the electrode-

solution interface. 

The type of electrical signal used for the quantitation depends on electroanalytical techniques.  

Generally, there are two principle sorts of electroanalytical measurements including potentiometric 

and potentiostatic.  Potentiometric measurements are based on static (zero current) situation in 

which the information about the changes in the activity or concentration of the analyte is obtained 

from the measurement of the potential established across a membrane.  

In potentiostatic (controlled-potential) techniques, which are based on dynamic (non-zero current) 

situations, the charge transfer processes at the electrode-solution interface are studied. In this 

method, the constant potential is applied to working electrode to drive an electron transfer reaction 

and the resultant current, which reflects the rate at which electrons move across the electrode-
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solution interface is measured. Thus, any chemical species that is electroactive can be measured 

by potentiostatic techniques [67].   

Different operating methods are often employed for the study of electroactive substances. The 

voltammetry and amperometry methods are the most adopted techniques in the development of 

electrochemical sensing systems because of their low-cost instrumentation, simplicity, and high 

sensitivity [5].  

Commonly, electrochemical measurement is conducted using three electrode system comprises of 

working electrode, a counter electrode, and a reference electrode, which all are immersed in a 

solution with a supporting electrolyte to assure the conductivity in the solution. The counter 

electrode is usually made from platinum and has a significantly larger surface area than working 

electrode in order to reduce the current resistance. The reference electrode has a stable and well-

known potential against which other electrodes in the system can be controlled and measured. 

They often consist of a saturated calomel electrode (SCE) or silver-silver chloride electrode 

(Ag/AgCl). The working electrodes are typically constructed from stable materials such as carbon 

(graphite or glassy carbon) or metals (mercury, platinum or gold). It is the most important part of 

the electrochemical cell where the reaction of interest occurs on its surface. The mentioned three 

electrodes are connected to a potentiostat, where the applied potential to working electrode is 

controlled by and then results are recorded by a computer [68].  Figure 1.5 illustrates the schematic 

representation of an electrochemical cell with three electrode system. 
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Figure 1.5. Schematic representation of an electrochemical cell with three electrode system [68] 

 

1.4.1. Voltammetry method 

 

In voltammetry technique, a range of potential is applied onto the working electrode and the 

changes in the current are measured. Based on the applied potential, the analyte is oxidized or 

reduced at the electrode surface and produce the current, while the bulk solution remains 

unchanged. In these measurements, the potential is related to the qualitative properties of the 

analyte and the measured current provides the information about the quantity of the analyte. The 

analytical data are recorded in the form of the voltamograms, which produced current by the 

analyte is plotted versus the potential of the working electrode [68]. Several voltammetry 

techniques have been developed so far, including differential pulse voltammetry, linear sweep 

voltammetry, square-wave voltammetry, and cyclic voltammetry [69].  

Cyclic voltammetry (CV) is the most commonly applied technique for determination of redox 

potential and electrochemical reaction rates of analyte solution. Different factors including 

electrode surface, stability of reduced/oxidized analyte, electrochemical reversibility of the analyte 

and so on can determine the general shape of voltammogram [70]. Figure 1.6 displays a classical 

cyclic voltammogram for the following reversible reaction  

 

Fe(CN)6
3- + e-    ⇌     Fe(CN)6

4- 

 

and introduces the main parameters.  
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Figure 1.6. The cyclic voltammogram showing the important parameters [71] 

 

1.4.2. Amperometry method 

 

In amperometry technique, a constant potential is applied at the working electrode with respect to 

the reference electrode. The electric current is generated from the electrochemical oxidation or 

reduction of an electroactive species on the electrodes ‘surface, therefore providing specific 

information related to the quantity of analyte present. The potential is set at a desired value or it is 

stepped to the selected values before injecting the sample. This method relays on the concentration 

of the target analyte. Because biocatalytic reaction rates are often first-order dependent on the bulk 

analyte concentration, such steady-state currents are usually proportional to the bulk analyte 

concentration [72]. Figure 1.7 shows typical amperometric response of H2O2 at VACNTs (Vertical 

aligned multiwalled carbon nanotube) and MnO2/VACNTs [73].  
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Figure 1.7. A sample amperometric response at MnO2/VACNTs (a) and VACNTs (b) by adding 

0.2mM H2O2 at each step  

 

1.4.3. Sensitivity and limit of detection  

 

To determine the sensitivity and limit of detection (LOD) of a sensor, a calibration plot is used. 

The calibration curves are constructed by plotting measured steady state current (I) versus 

concentration (C) of the analyte derived from the ampermetric responses [70].   

The sensitivity (S) of a sensor is defined as the slop of the calibration curve divided by the area of 

the electrode. The LOD is the lowest concentration of an analyte that can be consistently detected 

with a specific level of confident using following equation 

 

LOD= k
Stblank

B
 

where Stblank is the standard deviation of the blank solution and B is the slope of the calibration 

curve. In the determination of the LOD, the confidence level parameter is set as k = 3  [74].  

According to the LOD and sensitivity definition, the LOD can be increased if the current in the 

working electrode of the sensor can be adjusted in a way that less noise is observed (smaller Stblank). 
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And the sensitivity can be increased if the analyte interaction with the working electrode produces 

a larger response.    

Considering the large surface areas and high conductivity of carbon nanomaterials, their 

application in biosensors can be both advantageous and disadvantageous in tuning the LOD and 

sensitivity. In general, a larger surface area provides more reactive sites for electrochemical 

reactions, which can result in an increased total current response for an analyte in solution. 

However, an increase in background current offsets the increase in current response, which 

consequently limits the sensitivity and raises the LOD. Pure carbon nanomaterial sensors display 

this effect in a larger degree, which require active sites (nonreduced carbon or oxygenated sites) 

for sensing since extensive reduction of the carbon surface leads to an increased background 

current. This necessitates modification of the carbon surface, that is, functionalization of the 

carbon surface and/or attachments of metal NPs, biomolecules, etc., in order to detect trace amount 

of the analyte reproducibly. By these modifications of the carbon electrode surface, the sensitivity 

and LOD can be improved by enhancing electron transfer between analyte and electrode [70]. 

Among all biomarkers, H2O2 is particularly important for the development of efficient sensors and 

biosensors, since it is an enzymatic product of oxidases, an important mediator in clinical and 

pharmaceutical analyses, food controlling, and environmental protection. 

 

1.5. Hydrogen peroxide sensors   

 

Hydrogen peroxide (H2O2) is a very simple molecule in nature but it has a great significance in 

pharmaceutical, clinical, environmental, food manufacturing and chemical industries [75]. It is one 

of the reactive oxygen species (ROS) that plays an important role as a marker for oxidative stress  

[72,76]. Oxidative stress is believed to be an important cause for many different kinds of disorders 

in body such as atherosclerosis [77], Parkinson’s disease [78], diabetes [79], and cancer [80]. H2O2 

is also a by-product generated from some biochemical reactions catalyzed by most of the oxidase 

enzymes, such as glucose oxidase (GOD), cholesterol oxidase (ChoOx), glutamate oxidase (GlOx), 

oxalate oxidase (OxaOx), and lactate oxidase (LOx) [72,81,82]. Therefore, accurate detection of 

H2O2 is of great importance in biomedical, industrial, and environmental applications. 

Various analytical methods have been reported for the detection and quantification of H2O2 such 

as titrimetry [83,84], chromatography [85], colorimetric [86], chemiluminence [87], 
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spectrophotometric [88], fluorescence [89], and electrochemical analyses [73,90]. Among these 

methods, electrochemical technique has attracted extensive attention due to its advantages of high 

sensitivity, low cost, and simple operation.   

In electrochemical sensors, H2O2 can be either oxidized or reduced on the surface of an electrode. 

However, slow electrode kinetics and high overpotential of such electrodes can restrict the 

analytical applications of these redox reactions. Furthermore, other existing electroactive species 

can be reduced or oxidized from a matrix so that the simultaneous detection in the same sample is 

possible only when two species possess redox potentials sufficiently separated. Therefore, recent 

studies focused on modifying the electrode surfaces for decreasing the overpotential, increasing 

the electron transfer kinetic and the selectivity [91].  

A wide range of materials such as redox proteins [92], noble metals [93,94], and transitional metals 

[95–97] have been employed for electrochemical sensing of H2O2.    

Recently, nanomaterials have attracted an increasing interest in sensing and biosensing application 

due to their unique chemical, physical, and electronic properties that are different from those of 

bulk counterparts. In addition,  easy tailoring the properties of nanomaterials for designing new 

sensing platforms to enhance the sensing performance has made them a feasible alternative to 

chemical sensors and biosensors [75].  

 

1.5.1. Materials used for electrocatalytic sensing of hydrogen peroxide  

 

Electrochemical sensors for detection of H2O2 are generally classified into two major types 

including enzymatic and non-enzymatic sensors [98].  

 

1.5.1.1. Enzymatic H2O2 biosensors 

 

Generally, an electrochemical biosensor can convert a biological response into an electrical signal 

using different electrochemical strategies. Since 1990s, redox protein-based biosensors have been 

extensively employed for clinical diagnosis and bioassay [99]. Heme proteins such as horseradish 

peroxidase (HRP), hemoglobin (Hb), microperoxidase (MP), and myoglobin (Mb) have been paid 

substantial attentions to be used in construction of H2O2 biosensors because of their intrinsic redox 

capability. The heme proteins contain the iron that can easily undergo oxidation and reduction over 

a wide range of potentials [75]. Heme protein-based H2O2 biosensors can be divided into two 
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categories according to the different ways of electronic transfer: mediated-free biosensors and 

mediated biosensors. 

The mediated biosensors utilize various electron-shuttling mediators such as ferrocene, 

hexacyanoferrates, and thionine to facilitate the electron transfer between the electrode and the 

enzyme (redox protein). But they can also speed up the electron transfer between the electrode and 

various interfering reactions. While, mediated-free biosensors are based on direct electron transfer 

between the protein and the electrode without mediation. These types of biosensors are able to 

operate in a potential range closer to the redox potential of the protein itself, therefore fewer 

interfering reactions can occur. Mediated free biosensors have high selectivity, sensitivity, and 

conveniences. However, the main challenge to construct these biosensors is that the redox centers 

of heme proteins are always embedded in protein structure, which make the electron transfer 

distance so long so that the realization of direct electrochemistry is often difficult [75,99].  

Electrochemical biosensors based on the electrocatalysis of immobilized enzymes toward H2O2 

are highly selective and exhibit low detection limit. However, they display several limitations such 

as complex fabrication procedures, limited life time, high cost, and poor stability. Therefore, much 

effort has been devoted to the development of enzyme-free H2O2 sensors with low detection limit 

and wide response range [100].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Schematic representation of mediated and mediated-free H2O2 sensors [72] 
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1.5.1.2. Nonenzymatic H2O2 sensing 

 

There are many advantages of utilizing enzyme-free electrochemical methods for the detection of 

H2O2 such as stability, simplicity, reproducibility, and low cost. To obtain highly efficient enzyme-

free sensors, modification of the electrode surface with suitable materials, which enhance the 

electron transfer between electrode and analyte (H2O2) becomes increasingly important [101].  

For this purpose, noble metal catalysts such as Au, Pt, Pd, Ag and their alloys have been 

successfully applied to improve the electron transfer kinetics [93,94,102,103]. However, the noble 

metal-based sensor has some disadvantages such as low sensitivity, surface poisoning, high cost 

and limited availability of precious noble metals. Therefore, developing of low-cost, highly 

sensitive and selective non-enzymatic H2O2 sensors without applying noble metals is of great 

interest [101,104].  

Recently, a number of studies have been carried out to synthesize new nanocomposite catalysts 

using transition metals, their oxides or complexes. Transition metals are known as good catalysts 

because they are capable to have multiple oxidation states and also, they can absorb other 

substances onto their surfaces and activate them in the process. Transition metal oxides such as 

cobalt oxide [105], copper oxide [106], nickel oxide [107], manganese oxide [108], and iron oxide 

[95] have been reported to improve the electrochemical response to H2O2. As an important 

transition metal oxide, manganese oxides nanomaterials have drawn attention in electrochemical 

sensing of H2O2, due to its low cost, abundant resources, environment friendliness, and catalytic 

activity which can promote H2O2 decomposition [74,109]. Recently, a comprehensive research has 

been focused on combining nanostructured manganese oxides with an electrically conductive 

carbon frame to improve their analytic functioning.  

Due to high surface-to-volume ratio, high electrical conductivity, chemical stability, and 

extraordinary mechanical strength, carbon-based nanomaterials have received enormous attention 

to be used in the field of sensors and biosensors. Increasing the electroactive surface area, 

enhancing electron transfer, and promoting adsorption of molecules make the carbon 

nanomaterials especially advantageous for electrochemical sensors [110]. Carbon nanotubes 

(CNTs) and graphene are the most widely used carbon nanomaterials in the electrochemical 

sensing field. This is because of their intrinsic electronic, optical and magnetic properties and their 

performance as a chemically stable platform. Unlike the many other nanomaterials that their 

stability can be compromised by factors such as temperature, high ionic strength, and pH, CNTs 
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and graphene are chemically robust. The oxidation and reduction mechanisms of H2O2 on carbon 

nanohybrid-modified electrodes is presented in figure 1.9 [72].  

 

 

 

 

 

 

 

 

 

Figure 1.9. Schematic representation of oxidation and reduction reaction of H2O2 on carbon 

nanohybrid-modified electrodes [72] 

 

1.5.1.2.1. Manganese oxide/carbon nanotube composites 

 

The unique properties of CNT including high surface area, excellent electrical conductivity, strong 

mechanical strength and high stability, have been exploited to develop a wide range of biosensors.  

Several molecules such as glucose, acetaminophen, dopamine, ascorbic acid and various organic 

vapors, have been detected by functionalized CNT and modified electrodes [72]. Manganese 

oxides/CNTs composites have shown their high electrocatalytic activity in the reduction and 

oxidation of H2O2. Xu et al. reported a highly sensitive amperometric sensor based on MnO2-

modified vertically aligned multiwalled carbon nanotubes (MnO2/VACNTs) towards the oxidation 

of H2O2 [73].  A δ-MnO2/CNTs nanocomposite fabricated by hydrothermal process was introduced 

by Begum et al. for reduction of H2O2 [74]. In addition, combination MnO2/CNTs with other 

metals and carbon materials such as Ag [111], Ta [112], and graphene [98] as electrochemical 

sensors for detecting H2O2 have been reported.    
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1.5.1.2.2. Manganese oxide/ graphene composite  

 

In the carbon material family, graphene, a 2D carbon material, has attracted intense interests due 

to its remarkable physicochemical properties such as large theoretical specific surface area, 

extraordinary electronic properties and electron transport capabilities, strong mechanical strength 

and excellent thermal and electrical conductivities [99]. Besides this unique properties, having 

various derivatives such as graphene oxide (GO) and reduced graphene oxide (rGO), increases its 

functionalization capability and broadens its applications [113]. In addition, the chemically 

obtained graphene brings about remarkable structural defects (vacancies, holes) and surface 

functional groups (hydroxy, epoxy, carbonyl, phenol, etc.), which can act as active sites for 

immobilizing various species via covalent bonds for designing sensitive sensors [99]. The 

advantages of utilizing graphene and its derivatives in manganese oxide/ graphene composite in 

reduction and oxidation of H2O2 have been demonstrated in several studies. Li et al. reported 

MnO2/GO hybrid structure for non-enzymatic detection of H2O2 [114]. Mn3O4-MnO2 hetero-

nanorods/graphene nanocomposite fabricated by combining a hydrothermal (for MnOx nanorods), 

a wet chemical process (for composites) and thermal treatment for (hetero-structure) was proposed 

by Zeng et al [115]. In another study by Li et al., graphene oxide/manganese dioxide nanowires 

(GO/MnO2 NWs) composite was used as an electrode material for non-enzymatic detection of 

H2O2 [97]. Rice-like MnOx nanorods covered by nanographene is another nanocomposite of 

manganese which is introduced for determination H2O2 by Pan et al [116]. Utilizing reduced 

graphene oxide (rGO) in combination with manganese dioxide was also studied by Wang et al. 

and Zhang et al. [108,117]. Manganese dioxide based ternary nanocomposite containing Au and 

Ag for nonenzymatic sensing of H2O2 was introduced by Wang et al. and Zhang et al., respectively 

[108,117].  

Although, there are many studies devoted to the composite of manganese dioxide and graphene/ 

its derivatives for electrochemical sensing of H2O2, there has not been any report to utilize carbon 

nanowall as another type of two-dimensional (2D) graphene-like carbon nanostructures in 

combination with manganese oxides for detecting H2O2. The first utilization of CNW as a platform 

for electrochemical sensing of H2O2 was investigated by Tomatsu et al. [12]. However, the sensor 

performance is based on the utilizing high cost noble metal Pt. The combination of CNW with 

manganese oxides as an electrochemical sensor towards H2O2 was investigated in this thesis.   
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1.6. The Objective of this study 

 

The aim of this study is development of novel electrochemical sensors based on carbon nanowalls. 

For this purpose, two different surface modifications were applied to enhance CNW performance 

in electrochemical systems. Firstly, the application of CNW as a base material with high 

conductivity and large surface area is investigated by introducing a hybrid structure of CNW and 

transitional metal oxide MnOx as an efficient non-enzymatic H2O2 sensor. Then the direct 

application of CNW as a metal-free electrode in electrochemical systems is investigated by 

improving electrochemical sensor performance of CNW through its intrinsic modification by 

O2/Ar plasma. Furthermore, novel inter-synthesis sequential treatment method was introduced in 

order to provide CNW with more defective edge planes and conformal oxygen functional groups 

to further improve selective electrocatalysis property of CNW.  

 

1.7. Structure of this dissertation 

 

This dissertation contains 6 chapters.  

In Chapter 1, the research background and motivation are introduced, which followed by a 

comprehensive review on CNW, its synthesis method and growth mechanism, post plasma 

treatment on carbon nanomaterials and especially CNW, an introduction on existing H2O2 sensing 

techniques and the materials used for electrochemical sensing of H2O2.  

Transitional metal oxides and especially manganese oxides have been considered attractive for 

detecting H2O2 since they have catalytic activity towards H2O2 decomposition. For this reason, 

hybrid MnOx/CNW nanocomposite electrode was firstly introduced as electrochemical sensor for 

H2O2. Chapter 2 discusses the synthesis and characterization of CNW films, which followed by 

coating CNW samples with manganese oxides at different deposition times. The effect of different 

electrodeposition times on manganese oxidation state was thoroughly investigated.  

Chapter 3 discusses the electrochemical performance of MnOx/CNW nanocomposite electrode 

towards decomposition of H2O2. Linear range, limit of detection, and sensitivity of the hybrid 

electrode was determined and mechanism for oxidation and reduction of H2O2 was proposed.  
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In this hybrid structure, CNW was mainly used as a base material with high conductivity and large 

surface area combined with excellent electrocatalytic ability of MnOx toward H2O2 decomposition 

and little attention has been paid for direct application of CNW as a metal-free electrode in 

electrochemical systems through its intrinsic electrochemical ability due to the highly active 

graphene edges. 

Chapter 4 introduces plasma surface treatment of CNW by O2/Ar plasma in order to functionalize 

CNW with defects and oxygen functional groups and increase its electrochemical performance.  

Effect of different oxygen flow rates in plasma treatment gas mixture on characteristics of CNW 

was investigated in detail. In addition, novel inter-synthesis sequential treatment method was 

introduced to deposit CNW film with more defective edge planes and conformal oxygen functional 

groups. 

Chapter 5 discusses the electrochemical performance of CNW samples treated in different O2/Ar 

plasma conditions and propose a reaction model based on the surface and electrochemical 

characteristics of the samples. In addition, the selective electrocatalysis properties of CNW was 

investigated.   

Chapter 6 presents a summary of this dissertation and future work.  
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Chapter 2. Synthesis of CNW and its 

hybrid composite with manganese 

oxides and their characterization 
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2.1. Background of the chapter 

 

In recent years, the electrochemical measurements of H2O2 with electrodes made of carbon 

nanotubes (CNTs) or graphene have been widely studied [73,74,98,100]. Carbon nanowalls 

(CNW) are another type of carbon nanomaterial that can be a useful platform for electrochemical 

applications as they consist of stacks of graphene sheets standing vertically on a substrate. In 

addition, in contrast to other CVD-grown materials like CNT, CNW can be fabricated without the 

use of catalysts, making them especially attractive to investigate basic electrochemical phenomena. 

The excellent electrocatalytic activity and biosensing properties of multilayer graphene nanoflakes 

in simultaneous determining dopamine, ascorbic acid, and uric acid in phosphate buffer solution 

was demonstrated by Shang et al [13]. The performance of CNW as a platform for electrochemical 

sensing of H2O2 was investigated by Tomatsu et al, which shows excellent electrocatalytic activity 

for the reduction of H2O2 [12].  However, the sensor performance is based on the utilizing high 

cost noble metal Pt. In this study, for the first time, we propose a nanocomposite electrode based 

on the large surface area and high conductivity of CNW and catalytic activity of MnOx in the 

absence of any noble metals for electrochemical sensing of H2O2. The purpose of this chapter is to 

fabricate MnOx/CNW nanocomposite electrode in different deposition times, characterize them, 

and estimate Mn oxidation state based on the XPS data.  

 

2.2. Synthesis of CNW films and their characterization  

2.2.1. Experimental 

 

The production of CNW was carried out by a microwave plasma-enhanced chemical vapor 

deposition (MPECVD) with CO/H2 microwave discharge system as shown in figure 2.1.  The 

applied MPECVD system in this study was composed by 2.45 GHz microwave generator 

(APPLIED SCIENCE AND TECHNOLOGY, INC AX 2000). Silicon plate (9×9×0.5mm) and 

carbon rod (3 × 10mm) were employed as the substrates for characterization and electrochemical 

measurements, respectively. 

Firstly, substrate was placed into the reactor chamber and the chamber was pumped down to 1Pa. 

Then CO and H2 gases were simultaneously introduced at a constant flow rates at 23 and 2 Standard 
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Cubic Centimeter per Minute (SCCM), respectively and the chamber pressure was kept at 250Pa. 

This pressure was maintained throughout the whole reaction process.  The microwave was tuned 

to output of 100W and CO and H2 plasma was created for 30s, 60s, and 120s to prepare different 

CNW samples. Finally, the substrates were taken out of the chamber to characterize and also 

employ anodic deposition of MnOx on CNW samples.   

The deposited CNW films were observed using scanning electron microscope (JSM – 7500 F) 

operated at accelerating voltage of 15.0kV and beam current of 10µA without metal coating. For 

evaluating the hydrophilicity of CNW films, the contact angle of deionized water was measured 

on the surface of the electrode through the sessile drop method using a digital microscope (aigo, 

DMS012). The composition analysis of the fabricated CNW samples was carried out on an X-ray 

photoelectron spectroscopy (XPS, ESCA 5500 MT) with MgKα X-ray radiation as the source of 

excitation.   

 

 

 

 

 

 

 

 

 

Figure 2.1. schematic representation of MPECVD system [118] 
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2.2.2. Result and discussion 

 

Figure 2.2 shows the SEM images of the surface and cross section of CNW films deposited at 

different deposition times (30s, 60s, and 120s). Growing of CNW perpendicularly to the substrate 

can be revealed by cross section images. It also displays that by increasing deposition time, CNW 

earn more branches and consequently the gaps between the walls get narrower. These results 

suggest that increasing deposition time can lead in an increase in the surface area of CNW.  In 

addition, in this study, the growth rate of 3µm / min was obtained, which is much higher than our 

previous result (1µm/min), because the plasma input power increased to 100W over the previous 

condition where the plasma input power was set at 60W [28].  

The water contact angle measurements of CNW films synthesized in different deposition times 

showed a decrease in contact angle by increasing deposition time from 149° to 125°, and 120° for 

CNW samples deposited in 30s, 60s, and 120s, respectively and consequently improved the 

wettability. To evaluate the elemental percentages of CNW samples prepared at different 

deposition times, XPS analysis performed and the percentage of elements were calculated based 

on the peak area shown in figure 2.3 and collected in table 2.1. As can be observed from table 2.1, 

there is negligible change in the elemental percentage by increasing deposition time, indicating 

that improvement in CNW hydrophilicity is irrelevant to the oxygen content on the CNW surface 

in this work. Based on the SEM observation, this can be associated to the highly branched structure 

of CNW in longer deposition times. This is because in branched structure, CNW is more densely 

formed which may inhibit the lotus effect and there are more edges, where the number of defects 

increases and wettability improves consequently. 
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Figure 2.2.  SEM images of deposited CNW on Si substrate for 30s (a), 60s (b), and 120s (c)                
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Figure 2.3. XPS spectrum for CNW prepared in 60s 

 

Table 2.1. Elemental percentages for CNW samples prepared in different deposition times 

 

 

 

 

 

 

According to the XPS and water contact angle analyses, in the next section, CNs prepared in 60s 

was selected to deposit MnOx on its surface as the result showed very negligible differences in the 

characteristic of CNW films prepared in 60s and 120s.  

For a detailed analysis of the surface chemistry of CNW prepared in 60s, XPS spectra in the region 

of the C1s peak (282-294eV) was recordered and displayed in figure 2.4. The C1s peak was 

decomposed into 4 components. The two major peaks at 284.4 and 285.0 corresponds to the sp2 

Synthesis time (s)  C% O% 

30 99.2 0.8 

60 99.4 0.6 

120 99.3 0.7 
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C=C and sp3 C-C, respectively. The peak situated at 286.6 can be attributed to C-O (oxygen in 

alcohol or ether), while the peaks situated at 291.8eV can be ascribed to π-π* transition.  
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Figure 2.4. C1s spectra for CNW synthesized in 60s 

 

Raman spectroscopy was further applied to understand the structural characteristic of the CNW 

sample. As disclosed in figure 2.5, the sample shows a typical spectrum for CNW with clear 

characteristic graphitic D, G, and D'. The D peak of the samples which is associated with the 

defects in sp2 structures, was approximately shown at 1350cm-1.  The G band is related to the sp2 

structure, showing the degree of graphite-like domains in CNW was observed at 1580cm-1. A weak 

band observed at around 1620cm-1 corresponds to D' that emerges with D band indicating disorder 

in the finite-sized sp2 crystal and it is typical for graphene edges [119]. The ratio between the 

intensity of D and G bands (ID/IG) is used as the quantitative analysis technique to estimate the 

degree of disorder in graphene lattice [120]. The CNW sample showed the ID/IG ratios of 1.65, 

which can be related to its defective edge structures.  
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                             Figure 2.5. Raman spectra of CNW film prepared in 60s 

 

2.3. Synthesis of MnOx/CNW and their characterization  

2.3.1. Experimental  

 

Manganese (II) acetate tetrahydrate (Mn (CH3COO)2.4H2O) was purchased from FUJIFILM 

Wako Pure Chemical Corporation, and deionized water was used throughout the experiment.  

After synthesizing CNW samples, the electrochemical deposition of manganese oxides on CNW 

surfaces was carried out for 5s, 30s, and 60s in 0.25 M (CH3COO)2Mn.4H2O electrolyte using a 

three-electrode system composed of carbon rod and silicon as working electrodes, an Ag/AgCl 

(NaCl saturated) electrode as reference electrode and platinum wire as counter electrode (figure 

2.6). The applied potential was controlled at 1.0V (Ag/AgCl) using versa STAT 3 (Princeton 

Applied Research).    
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Figure 2.6. schematic representation of three electrode system for anodic deposition 

 

The morphology of MnOx/CNW nanocomposite films were observed using scanning electron 

microscope (JSM – 7500 F) operated at accelerating voltage of 15.0kV and beam current of 10µA. 

The composition analysis of the fabricated electrodes was carried out on an X-ray photoelectron 

spectroscopy (XPS, ESCA 5500 MT) with MgKα X-ray radiation as the source of excitation.   

 

2.3.2. Result and discussion 

 

Figure 2.7 shows SEM images of CNW/MnOx composite films, where MnOx was deposited 

electrochemically on CNW for 5s, 30s, and 60s. As it was observed, when the deposition time is 

very short, the film has mostly original CNW structure with some nucleation spots of MnOx.  By 

increasing deposition time to 30s, the accumulating of manganese oxides around the walls can be 

clearly confirmed. While in the case of 60s, it is difficult to distinguish the border between CNW 

and manganese oxide, which indicates that MnOx can slightly infiltrate into the gaps between the 

walls. 

XPS analysis is used to evaluate the chemical composition and oxidation state of the as-

synthesized manganese oxides. The wide XPS spectrum of MnOx/CNW displayed in figure 2.8 
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shows the peaks attributed to the core level of Mn 2p, Mn 3s, O1s and C1s. Based on the areas 

under these peaks, the elemental ratios of manganese oxides prepared in different deposition times 

were estimated and the results were collected in table 2.2. It can be seen that when deposition time 

is 5s, the ratio of C/Mn is much higher than those for longer deposition times, indicating partial 

formation of manganese oxides on CNW. Increasing deposition time from 30s to 60s showed a 

slight change in the elemental ratios that means there is negligible change in the thickness of the 

film while infiltrating of manganese oxide into the gaps of CNW occurs, as confirmed by the SEM 

observations.  
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Figure 2.7. SEM top images of MnOx/CNW and their cross sections prepared in 5s (a), 30s (b), 

and 60s (c) 
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Figure 2.8. XPS survey spectra for MnOx/CNW prepared in 60s 

 

Table 2.2. Elemental percentages and ratios for MnOx/CNW prepared in different deposition 

times 

Deposition time (s) C% O% Mn% C/Mn O/Mn 

5 74.7 12.4 12.9 5.79 0.96 

30 49 30.5 20.5 2.39 1.49 

60 45.6 33.8 20.6 2.21 1.64 
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Because, the electrochemical sensing characteristics are correlated with the manganese oxidation 

state, the manganese average oxidation state for each sample was further analyzed by the 

deconvoluted O1s spectra and the multiple splitting of Mn3s core level spectrum. As exhibited in 

figure 2.9 and table 2.3, the O1s spectra could be deconvoluted into three constituents 

corresponding to various oxygen containing chemical bonds including water molecule (H-O-H), 

hydroxide (Mn-OH), and oxide (Mn-O-Mn). It is observed that percentage of Mn-OH for the film 

prepared in 5s is much higher than the coatings fabricated in longer deposition times. This can be 

due to the partial formation of MnOx on CNW as a nucleation spots that attend only on the top 

surface of CNW, mostly creating hydroxy group. While increasing deposition time resulted in 

higher lattice oxygen content rather than hydroxy group, having the highest amount for MnOx 

prepared in 60s, although increasing deposition time from 30s to 60s showed a slight change. This 

tendency agrees with that of C/Mn elemental ratio and can be attributed to the fact that with 

increasing deposition time, thickness of film increases initially but saturates in longer deposition 

time while infiltrating of manganese oxide into the gaps of CNW occurs. Therefore, oxygen does 

not take part more in surface hydroxide group but participates as lattice oxygen that results in 

higher oxidation state for manganese in MnOx prepared in longer deposition time. 

The average manganese oxidation state for the prepared electrodes can be calculated from the 

intensities of the Mn-O-Mn and Mn-OH components according to Eq. (2.1), 

Ox. State = 
4 (SMn-O-Mn−SMn-OH) + 𝟑 (SMn-OH)

S(Mn-O-Mn)
 (2.1) 

where S is signal of the different components of the O1s spectra [121]. Based on O1s data, the 

average oxidation of 1.5, 3.3, and 3.5 were obtained for the nanocomposite films prepared for 5s, 

30s, and 60s, respectively, revealing same tendency with those estimated from O/Mn elemental 

ratios reported in table 2.2.  

The Mn3s splitting energies were also used for determining oxidation state of Mn. As shown in 

figure 2.9 and table 2.3, the Mn3s spectra shows a peak splitting caused by the parallel spin 

coupling of the 3s electron with the 3d electron upon photoelectron ejection. This energy 

separation between the two peaks is described in terms of exchange interaction energy as in Eq. 

(2.2), 

ΔE= (2S+1) K[3s, 3d]   (2.2) 
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where S stands for the total spin of unpaired electrons in the 3s and 3d levels in the final states and 

K[3s, 3d] is the exchange integral between 3s-3d energy levels [122]. Since in lower Mn valances, 

there are more unpaired electrons in the 3d orbital, more interaction can occur upon photoelectron 

ejection, increasing the splitting of the 3s peaks. A graphical representation of the separation of 

peak energies (ΔE) as a function of the manganese oxidation is displayed in ref [123] as shown 

below.  

 

 

 

 

 

 

 

 

Fig.4 in Ref. [123]. Separation of peak energies ΔE representative of the Mn 3s multiple splitting 

as a function of the mean manganese oxidation state according to Eq. (2.2). 

 

For the prepared nanocomposite electrodes in 5s, 30s, and 60s, the peak splitting of the doublet of 

Mn3s core level spectra were obtained 5.93, 5.32 and 5.01eV, respectively, resulting in the 

oxidation state of 2.1, 3.1, and 3.5 [Fig.4 in Ref. [123]. These results are in good agreement with 

O1s data and O/Mn elemental ratios. 

According to the obtained results, it can be concluded that electrodeposited MnOx coatings except 

the coating prepared in 5s, exhibit a mixed Mn valance states, where by increasing deposition time, 

the oxidation state of Mn increases. 
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The possible electrodeposition mechanism can be proposed as Ref. [124] that in initial step, two 

Mn2+ aqua complexes participate in one-electron, one proton equilibrium to form two Mn3+ species 

in solution as following equilibriums:  

2MnII (H2O)6
2+   ⇌ 2MnIII (H2O)5(OH)2+ + 2H+ +2e-                              (2.3) 

2MnIII (H2O)5(OH)2+                    MnII (H2O)6
2+ + MnIV (H2O)4(OH)2

2+               (2.4) 

These Mn3+ species disproportion and reform Mn2+ aqua and a Mn4+ species which can add to the 

MnOx surface. The Mn4+ formed at newly deposited edge sites may subsequently react with 

solution Mn2+ to form Mn3+ on the surface of MnOx [Fig. 10 in Ref 124].   

In this work, according to the XPS and SEM results, we selected 60s as the optimum condition 

and electrochemical measurements were performed applying MnOx/CNW prepared in 60s in the 

next chapter.  
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Figure 2.9. XPS spectra of MnOx films prepared in 5s (a), 30s (b), and 60s (c) in O1s and Mn3s 

regions 
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Table 2.3. Data obtained from XPS spectra 

Deposition 

time (s) 

                   Mn3s                       O1s Mn oxidation 

state  

derived from 

Mn3s/O1s 

     

Eb(1)/eV  
Eb(2)/eV ΔE/eV Eb/eV             Area% 

5 83.29 89.22 5.93 

Mn-O-Mn     530.04                                 

Mn-OH         531.90                                  

H-O-H          533.04    

27.14                                   

67.96                                       

4.89 

2.1/1.5 

30 83.62 88.94 5.32 

Mn-O-Mn       530.0                                 

Mn-OH         531.47                                  

H-O-H          532.38 

52.62                                       

35.13                                       

12.04 

3.1/3.3 

60 83.94 88.95 5.01 

Mn-O-Mn     530.08                                 

Mn-OH         531.52                                  

H-O-H          532.50 

58.71                                       

27.12                                        

14.17 

3.5/3.5 

 

 

2.4. Summary of the chapter 

 

In this chapter, we investigated fabricating of CNW in different deposition times and select the 

sample prepared in optimum condition to further deposit MnOx on. Electrochemical anodic 

deposition technique was applied to synthesize MnOx film on CNW applying different deposition 

times. SEM and XPS results confirmed that in the beginning, the deposition is fast while it saturates 

in longer deposition times. One of the possible explanations for this self-limiting deposition 

mechanism can be attributed to the very low electric conductivity of MnOx as compared with that 

of CNW. Furthermore, it was observed that electrodeposited MnOx coatings except the coating 

prepared in 5s, exhibit mixed Mn valance states, where by increasing deposition time, the oxidation 

state of Mn increases.  
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Chapter 3. Evaluating electrochemical 

sensor performance of MnOx/CNW 

nanocomposite electrode towards H2O2 
 

 

 

 

 

 

 

  



52 
 

3.1. Background of the chapter 

 

Accurate detection of hydrogen peroxide (H2O2) is of great significance because of its wide 

application in many industrial and environmental processes, and also serving as an essential 

intermediate in biochemical, food, pharmaceutical, and clinical analysis [125–127]. Various 

techniques such as titrimetry [83,84], chromatography [128], fluorescence [89,129], 

chemiluminescence [87], and electrochemistry [73,90,114] have been employed for the 

quantitative determination of H2O2. Among these methods, electrochemical technique has 

attracted extensive attention due to its high sensitivity and selectivity, low cost, and simple 

operation.  

 Electrochemical sensors for detecting of H2O2 are generally classified into two major types 

including enzymatic and non-enzymatic sensors [98]. Although, electrochemical biosensors based 

on the electrocatalysis of immobilized enzymes toward H2O2 possess good sensitivity and 

selectivity, they exhibit several limitations such as complex fabrication procedures, limited 

lifetime, high cost, and poor stability. Therefore, much effort has been devoted to the development 

of enzyme-free H2O2 sensors with low detection limit and wide response range [100].  

To obtain highly efficient enzyme-free sensors, modification of the electrode surface with suitable 

materials, which enhance the electron transfer between electrode and analyte (H2O2) becomes 

increasingly important. 

For this purpose, noble metal catalysts such as Au, Pt, Pd, Ag and their alloys have been 

successfully applied to improve the electron transfer kinetics [93,94,102,103]. However, the noble 

metal-based sensor has some disadvantages such as low sensitivity, surface poisoning, high cost 

and limited availability of precious noble metals. Therefore, developing of low-cost, highly 

sensitive and selective non-enzymatic H2O2 sensors without applying noble metals is of great 

interest [101,104].  

Recently, a number of studies have been carried out to synthesize new nanocomposite catalysts 

using transition metals, their oxides or complexes to improve the electrochemical response to H2O2.  

As an important transition metal oxide, manganese oxides nanomaterials have drawn attention in 

electrochemical sensing of H2O2, due to its low cost, abundant resources, environment friendliness, 

and catalytic activity which can promote H2O2 decomposition [74,109]. But the main disadvantage 
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of these materials that encounter many challenges with their practical application is low electronic 

conductivity, low ion diffusion constant and Mn dissolution into electrolyte [130,131]. To 

overcome these problems, combining nanostructured manganese oxides with an electrically 

conductive carbon frame can be an important consideration.  

The purpose of this chapter is evaluating the electrochemical performance of MnOx/CNW 

nanocomposite electrode by cyclic voltammetry (CV) and amperometry measurements and 

introduce a novel non-enzymatic electrochemical sensor for H2O2 detection. 

 

3.2. Experimental  

 

Hydrogen peroxide (H2O2), Uric acid (C5H4N4O3), Citric acid (C6H8O7), and Ascorbic acid 

(C6H8O6) were purchased from FUJIFILM Wako Pure Chemical Corporation. Phosphate buffer 

solution was purchased from Hayashi Pure Chemical Ind. Ltd. All chemicals were of analytical 

grade and deionized water was used throughout the experiment.  

Cyclic voltammetry (CV) and amperometry measurements were performed at the same three 

electrode system used for depositing MnOx (figure 2.2) to evaluate the sensor performance of the 

fabricated electrodes. 0.25 M phosphate buffer solution (pH 7.2) was used as the supporting 

electrolyte. The potential range of -1 to +1 V and a scan rate of 10mVs-1 were applied for 

performing CV measurements. The phosphate buffer solution was pulsed with high purity nitrogen 

for 10 min prior to experiments. Amperometry measurements were done at applied potentials of 

+0.7V and -0.5V under the stirring and pulsing with N2 throughout the experiment (Princeton 

Applied Research Versa STAT 3).  

 

3.3. Result and discussion  

3.3.1. Electrochemical properties of MnOx/CNW/carbon rod nanocomposite electrode 

 

Figure 3.1a illustrates the cyclic voltammograms (CVs) of bare carbon rod, CNW/carbon rod, 

MnOx/carbon rod, and MnOx/CNW/carbon rod electrodes in N2-saturated 0.25M phosphate buffer 

solution at a scan rate of 10mV/s. The CV curve without H2O2 exhibits no distinct redox peaks for 

carbon rod, CNW/carbon rod, and MnOx/carbon rod. However, modified carbon rod electrode with 
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MnOx/CNW shows a redox peak between 0 to 0.5V which is assignable to the reduction of Mn 

species in the absence of H2O2, and also it displays higher background current than those of other 

electrodes, indicating that MnOx/CNW improves the electroactive surface area. 

In order to investigate catalytic activity of fabricated electrode toward H2O2, CVs were recorded 

in the presence of 5mM H2O2 (figure 3.1b). As shown in figure 3.1b, there is no obvious redox 

peak on the bare carbon rod. However, a couple of small oxidation and reduction peaks were 

observed on the CNW, which may be brought by the excellent electronic conductivity and limited 

catalytic activity of carbon materials. In the case of MnOx coating carbon rod, higher redox currents 

than CNW was observed, demonstrating the electrocatalytic activity of manganese oxides toward 

H2O2 decomposition. The best electrochemical response was displayed with MnOx/CNW/carbon 

rod system. The enhanced anodic and cathodic peak currents at the MnOx/CNW/carbon rod 

indicated the excellent electrocatalytic activity of MnOx/CNW composite for the oxidation as well 

as reduction of H2O2. The superior electrochemical behavior of MnOx/CNW composite toward 

H2O2 can be mainly attributed to the excellent electrocatalytic activity of manganese oxides 

combined with high surface area and great electroconductivity of CNW. 
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Figure 3.1. Cyclic voltammograms obtained using bare carbon rod, CNW, MnOx, MnOx/CNW in 

the absence of H2O2 (a) and in the presence of 5mM H2O2 (b) 

(a) 

(b) 
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The electrocatalytic response of MnOx/CNW to H2O2 was further investigated by amperometric 

technique. Figure 3.2a shows the typical amperometric response of MnOx/CNW upon the 

successive addition of H2O2 every 60s into the phosphate buffer solution under stirring and pulsing 

N2 at +0.7V. The related calibration plot of steady-state currents of MnOx/CNW electrode against 

H2O2 concentration is depicted in figure 3.2b. The current increased linearly with increasing H2O2 

concentration and exhibited a wide linear range from 40-10230µM. The regression equation, I 

(µA)= 438.73CH2O2 (mM) + 200.66 with correlation coefficient of 0.9957 was obtained. The limit 

of detection (LOD) for H2O2 detection was estimated to be 0.55µM (S/N=3), using the following 

equation:   

LOD= 3
Stblank

B
          (3.1) 

where Stblank is the standard deviation of the blank solution and B is the slope of the calibration 

curve in figure 3.2b. The sensitivity was obtained to be 698.6µA. mM-1. cm-2, which is higher than 

most of those other Mn/carbon nanomaterials-based sensors (table 3.2). 
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Figure 3.2. Amperometric responses of MnOx/CNW with increasing H2O2 concentration in 0.25M 

phosphate buffer solution at an applied potential of +0.7V (a), the calibration curve of MnOx/CNW 

amperometric responses as a function of H2O2 concentration (b) 

 

(a) 

(b) 



58 
 

The amperometric response was also evaluated for the reduction reaction at an applied potential 

of -0.5V and the result was displayed in figure 3.3. As it was observed in figure 3.3a, a deviation 

occurs at higher H2O2 concentration, which can be related to the high ratio of H2O2 to MnOx. 

Figure 3.3b shows the calibration curve for H2O2 sensor at an applied potential of -0.5V with the 

linear concentration range of 150-11500µM.  

The obtained regression equation was I (µA)= -13.21CH2O2(mM) – 84.44 with a correlation 

coefficient of 0.9948 and a sensitivity of 21.03 µA mM-1 cm-2, which is around 37 times less than 

the sensitivity obtained at the potential of +0.7V. These results suggest that although MnOx/CNW 

electrode has the potential to detect H2O2 at both +0.7V and -0.5V, it is highly sensitive to detect 

H2O2 at oxidation potential.  

The possible mechanism can be proposed as follows. Firstly, H2O2 is adsorbed on MnO2/CNW 

active sites. Secondly, the chemical reaction between H2O2 and MnO2/CNW occurs, reducing 

MnO2 to the lower state of Mn, which by applying oxidation potential are electro-oxidized back 

to MnO2/CNW (Eqs. (3.2) and (3.3)). On the other hand, in the reduction side, some of these 

reduced Mn species (Eq. (3.2)) can react with H2O2 and chemically oxidized to MnO2/CNW (Eq. 

(3.4)), which finally by applying the reduction potential are electro-reduced to Mn(OH)2 (or 

Mn2O3/CNW) (Eq. (3.5)).  

Because, the sensor contains more Mn (IV) sites than lower states of Mn in its structure, the 

reaction 3.2 predominates. Therefore, applying oxidation potential leads to higher response current 

(Eq. 3.3) to compare with the applying reduction potential (Eq. 3.5). This can explain the obtained 

high sensitivity at the oxidation potential (+0.7V) in comparison to the sensitivity at the reduction 

potential (-0.5V).  

MnO2/CNW (s) + H2O2 (aq)                  Mn(OH)2 (or Mn2O3/CNW) (s) + O2 (g)               (3.2) 

Mn(OH)2 (or Mn2O3/CNW) (s) + 2OH- (aq)            MnO2/CNW (s) + 2H2O (l) + 2e-          (3.3) 

Mn(OH)2 (or Mn2O3/CNW) (s) + H2O2 (aq)                MnO2/CNW (s) + 2H2O                (3.4) 

MnO2/CNW   + 2H2O + 2e-             Mn (OH)2 (or Mn2O3/CNW) (s) + 2OH-                              (3.5) 

According to the achieved excellent amperometric response at oxidation potential, other sensor 

performance evaluations were performed at the potential of +0.7V. 
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Figure 3.3. Amperometric responses of MnOx/CNW with increasing H2O2 concentration in 0.25M 

phosphate buffer solution at an applied potential of -0.5V (a), the calibration curve of MnOx/CNW 

amperometric responses as a function of H2O2 concentration (b) 
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3.3.2. Reproducibility, stability, and selectivity of MnOx/CNW/Carbon rod nanocomposite 

electrode 

 

The reproducibility and stability of the sensor was investigated by measuring the current response 

of the electrode upon 0.5mM of H2O2 in 0.25M phosphate buffer solution at +0.7V. In a series of 

5 sensors prepared in a same way, the relative standard deviation (R.S.D) was 3.29%. For one 

MnOx/CNW electrode, the R.S.D was found to be 2.34% in 5 successive measurements. The long-

term stability of the sensor was also evaluated. The average current response of the electrode 

remained 92% of its initial value after three weeks of storing in an ambient condition. These results 

indicate a good reproducibility and stability for the proposed sensor. The selectivity of the 

electrode was evaluated by an amperometric (i-t) curve upon successive addition of 0.5mM H2O2 

and 2mM ascorbic acid (AA), uric acid (UA), and citric acid (CA), respectively. As shown in 

figure 3.4, there is an obvious current response to H2O2, while others show negligible response, 

indicating that the electrode shows high selectivity for H2O2 detection.  

 

0 100 200 300 400 500 600 700

0

100

200

300

400

I 
(

A
)

Time (s)

H
2
O

2

AA

UA CA H
2
O

2AA

UA CA H
2
O

2

 

Figure 3.4. Amperometric i-t curve for MnOx/CNW toward the successive addition of 0.5mM 

H2O2 and 2mM of interferential compounds  
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The reliability of the fabricated electrode was evaluated by a recovery test. 0.5mM H2O2 were 

added into 0.25M phosphate buffer solution and the current response was measured under the 

applied potential of +0.7V. Each sample was assayed three times and the converted concentrations 

and the average recoveries were listed in table 3.1. The recovery rates indicate that the proposed 

sensor can be a promising candidate for quantitative detection of H2O2.  

 

Table 3.1. The detection of H2O2 concentration in test samples 

 

 

 

 

 

 

The electrocatalytic performance of MnOx/CNW electrode was compared to the previously 

reported Mn/Carbon based electrodes and summarized in table 3.2.  The excellent sensor 

performance of the proposed electrode can be attributed to the edge-plane-based CNW platform 

with the high surface area which increases the electrocatalytic active area responsible for the fast 

electron transfer kinetic between MnOx and CNW. In addition, the main advantages of the 

proposed electrode are the low cost of fabrication due to using of carbon rod as the substrate and 

not applying the noble metals in its structure and also, very short synthesis time which takes only 

2 minutes (60s for synthesizing CNW, and 60s for depositing MnOx).  

 

 

 

 

 

sample  added (mM) found  Recovery (%) 

1 0.5 0.5197 103.9 

2 0.5 0.5121 102.4 

3 0.5 0.4971 99.42 
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Table 3.2. The comparison of electrocatalytic performance of MnOx/CNW electrode with 

previously reported Mn/Carbon based sensors for H2O2 

 

 

 

 

 

 

 

Electrode Sensitivity (µA mM-1 cm-2) LOD (µM) Linear range (µM) Reference 

MnO2/VACNTs 1080 0.8 1.2 - 1800  [73] 

GO/MnO2 38.2 0.8 5-600 [114] 

MnO2/rGONRs/GCE - 0.071 0.25-2455   [100] 

GO/MnO2/GCE 191 0.48 4.9-4500 [97] 

Au-MnO2-rGO 980/ 101.6 0.05 0.1-22/22-12600 [108] 

δ-MnO2/CNTs/GCE 243.9 1 50-22000 [74] 

Ag-MnO2-MWCNTs/GCE 82.5 1.7 5-10400 [111] 

GOD/PDDA-RGO/MnO2/AuNPs 83.7 1.8 - [132] 

MnO2/MWCNTs/Ta 83.3 0.04 3-3025 [112] 

MnO2NPs-CNFs/GCE 71 1.1 10-1500 [133] 

MM-HNRS/GS/GCE 1443/642/239 0.16 1-200/200-1200/1200-7440 [115] 

MNRS@NG/GS  707.9/229.2  0.2 2-240/240-4440 [116] 

MnO2/graphene nanocomposite - 2 10-90/200-900 [134] 

PANI-MnO2/GCE 403.3/152.1 0.8 5-50/50-10000 [135] 

MnO2/OMC/GCE 806.8 0.07 0.5-600 [136] 

MnO2/RGO/p25 297.2 0.3 1-4000 [137] 

Ag/MnO2/GO/GCE 105.4 0.7 3 -7000  [117] 

MnOx/CNW 698.6 0.55 40-10230 this work  

mailto:MNRS@NG/GS
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3.4. Summary of the chapter 

 

In this chapter, the electrochemical sensing performance of MnOx/CNW/carbon rod electrode 

towards H2O2 was evaluated. Compared to the bare CNW and MnOx electrodes, the MnOx/CNW 

nanocomposite electrode displays high electrocatalytic activity towards the oxidation and 

reduction of H2O2. This can be attributed to the combination of high conductivity and large surface 

area of CNW with excellent electrocatalytic ability of MnOx towards H2O2 decomposition. The 

performance of this sensor is satisfactory due to its low LOD, wide linear range, and excellent 

sensitivity, also displaying good stability, reproducibility and negligible interferences from AA, 

UA, and CA. This study demonstrates a new pathway for the application of carbon nanowalls in 

electrochemical sensing. 
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Chapter 4. Plasma surface treatment 

of CNW 
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4.1. Background of the chapter  

 

Owing to the large surface area, highly active graphene edges, and fabricating without the use of 

catalysts, CNW has shown its fascinating application as electrode material for different 

electrochemical systems such as electrodes for batteries and supercapacitors [6–8], fuel cells 

supports [14], oxygen reduction [11], and electrochemical sensors [12,138]. In many of those 

electrochemical studies for CNW applications, hybrid structures such as CNW/metal oxide 

deposits, CNW/ biocatalyst, and CNW/Pt nanoparticle have been utilized. However, in these 

hybrid CNW structures, CNW was mainly used as a base material with high conductivity and large 

surface area and little attention has been paid for direct application of CNW as a metal/enzyme-

free electrode in electrochemical systems through its intrinsic electrochemical ability due to the 

highly active graphene edges.  

In previous chapters, we introduced a hybrid CNW structure combined with the transitional metal 

oxide MnOx as an efficient non-enzymatic H2O2 sensor. In this chapter, we aimed to enhance the 

electrochemical sensing performance of CNW by intrinsic modification, so that the optimum 

modified CNW can be utilized as a potential metal-free electrochemical sensor. 

Plasma-based techniques have recently gained considerable attention as a versatile and 

biocompatible technique for modifying and inducing changes in the characteristic of nanomaterials. 

Various gas mixtures containing H2, O2, and N2 introduced in plasma can be used to induce 

activation and incorporation of functional groups on CNW surface [52]. For instance, hydrogen 

plasma treatment is used for etching and producing high quality CNW as well as increasing its 

surface area [52,139,140]. Nitrogen plasma can be used for doping and grafting of the amino 

functional groups into the CNW structure and consequently increase its electrical conduction and 

improve the electron field emission [141,142]. Post synthesis treatment in oxygen plasma can lead 

to oxidation and formation oxygen-containing functional groups [52,55].  

At the same time, the functional properties of CNW can also be greatly influenced by the presence 

of structural defects [14]. Among the various gas mixtures, oxygen has been found to 

simultaneously etch and introduce functional groups onto the surface of carbon nanomaterials. It 

has also been reported that the crystallinity of carbon nanostructures can be destroyed in high 

energy plasma with a high density of oxygen ions through continuous etching [143]. The article 

by Shimoeda et al. has demonstrated that taking advantage of utilizing oxygen atoms for the 

selective etching from the top edges of CNW without etching reaction of the wall surface, which 
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can be essential for carbon nanoelectronic devices [144]. In addition, there is a report that oxygen 

plasma treatment of CNW can enhance the aqueous solution penetration into the gaps between the 

walls [55]. Furthermore, the enhancement of electrochemical capacitor performance of oxygen 

plasma treated CNW was reported by Sahoo et al [56]. Nevertheless, no specific studies on 

improving CNW performance as electrochemical sensor through its intrinsic modification by 

oxygen plasma has been reported so far. In this chapter, we report the modification of CNW with 

different concentration of oxygen plasma and characterize their structures. Further investigating 

of their performance in electrocatalysis and sensing applications as a metal-free electrode will be 

discussed in chapter 5.  

 

4.2. Experimental 

 

CNW was prepared in 60s by the same method reported in chapter 2. A low-pressure plasma 

functionalization technique using the same apparatus for CNW synthesis was applied to 

functionalize the CNW. After synthetizing CNW, the chamber was pumped down to 1Pa. Then 

different concentration of oxygen (from 0.0 to 2.0sccm) admixed to 10sccm Argon were 

introduced into the chamber and then plasma was ignited at 250 Pa at a microwave power of 100W 

for 10s. The plasma emission was monitored by a spectrometer (Ocean Optics, HR4000, with a 

200 to 1100 nm grating, 5um entrance slit and 3648 pixels CCD) covering the spectral range 200-

1100 nm with 0.75 nm spectral resolution. Finally, the substrates were taken out of the chamber 

for further characterization and applications.   

Surface morphology characterization of CNW was carried out using a field emission scanning 

electron microscopy (JSM-7500F) operated at voltage of 5.0kV and beam current of 10µA for all 

the samples. Raman spectroscopy was performed to study the structural changes of the samples 

after plasma treatment using JASCO NRS-4100 at an excitation wavelength of 532nm.  The 

hydrophilicity of the samples was evaluated by measuring the contact angle of deionized water on 

the surface of CNW samples by sessile drop method, using a digital microscope (aigo, DMS012). 

The chemical composition and bonds of the samples were analyzed by X-ray photoelectron 

spectroscopy (XPS, PHI5000 VersaProbe) using a monochromatic Mg Kα X-ray source. The pass 

energies of 117.4eV and 23.5eV was applied for recording the wide scan and the high-resolution 

spectra, respectively.   
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4.3. Result and discussion  

4.3.1. Morphology of as-grown CNW and plasma treated CNW samples 

 

To understand the effect of oxygen plasma treatment on CNW morphology, a series of CNW films 

were treated at different plasma conditions. The change in surface morphology of CNW after each 

treatment was analyzed by FE-SEM and is presented in figure 4.1a-e. A top view and cross section 

image showing the morphology of as-grown CNW is presented in figure. 4.1a, while the CNW 

treated in different oxygen flow rates are displayed in figure. 4.1b-e.  

The preservation of morphology after exposing the CNW samples to 10sccm Ar and O2/Ar: 

0.1/10sccm plasma is clearly evident from figure 4.1a-c.  As it can be seen, when the oxygen flow 

rate is very low (0.1sccm), no obvious damage was caused at the edge or the wall structure, but 

the slight reduction in the height of CNW was observed. Increasing oxygen flow rate from 0.1 to 

1.0sccm, resulted in more height reduction as well as etching the edges of CNW. In addition, from 

figure 4.1d inlet (after treatment), it can be derived that increase in morphological defect results in 

an increment in the surface roughness as well. Further increase in oxygen flow rate from 1.0 to 

2.0sccm resulted in mainly destruction of CNW structure. The CNW was disappeared from the 

edges of the silicon substrate and only a thin layer of CNW with wider wall-to-wall space was left 

in the middle part of the substrate which was used for characterization. Figure 4.1e shows the SEM 

images of the left CNW in the middle of silicon substrate and its destroyed border. From these 

results, it can be concluded that because at higher oxygen flow rates, the high density of excited 

species and radicals are produced, strong interaction with the carbon surface can occur which 

consequently increase the etch rate and create certain defects in the surface structure. The increased 

etch rate can also result in removing the top layers of CNW surface and decreasing the height of 

the samples as observed from the cross-section images. For better comparison, the SEM images 

of all CNW samples before and after treatment with different O2/Ar plasma condition and their 

relevant heights are given in figures 4.2 to 4.5. This reduction in the height of CNW can suggest 

an explanation for the increment in wall-to-wall spacing of CNW by increasing oxygen flow rates 

in the plasma gas mixture. As the cross-section results display, there is 65% reduction in the height 

of the CNW film after treating with O2/Ar: 2.0/10sccm. This means that the top layers which 

contain small flakes and thinner branches with small wall to wall space are disappeared and the 

bottom part which has large flakes and less branches with wider wall to wall space are appeared 

at the top surface [28].  
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(d)   

(e)  

 

 

Figure 4.1. FE-SEM images of the CNW without and with plasma treatment; (a) as-grown CNW, 

(b) O2/Ar: 0.0/10sccm, (c) O2/Ar: 0.1/10sccm, (d) O2/Ar: 1.0/10sccm, and (e) O2/Ar: 2.0/10sccm  
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Figure 4.2. SEM images of CNW sample before and after treatment with O2/Ar: 0.0/10sccm at low 

magnification (a), high magnification (b), and cross section (c)  
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Figure 4.3. SEM image of CNW sample before and treatment with O2/Ar: 0.1/10sccm at low 

magnification (a), high magnification (b), and cross section (c)  
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Figure 4.4. SEM image of CNW sample before and after treatment with O2/Ar: 1.0/10sccm at low 

magnification (a), high magnification (b), and cross section (c)  
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Figure 4.5. SEM image of CNW sample before and after treatment with O2/Ar: 2.0/10sccm at low 

magnification (a), high magnification (b), cross section (c), and destroyed border between Si and 

left CNW in the middle of Si substrate (d) 

  

4.3.2. Surface properties of as-grown CNW and plasma treated CNW samples 

 

In order to determine the elemental composition and the type of oxygenated functional groups 

attached to the surface of CNW samples, XPS analysis was performed on the non-treated and 

plasma-treated surfaces. Figure 4.6a presents the XPS survey spectrum of as-grown CNW, CNW 

samples treated with O2/Ar: 0.0/10sccm, O2/Ar: 0.1/10sccm, and O2/Ar: 1.0/10sccm. The CNW 

treated with O2/Ar: 2.0/10sccm was not analyzed by XPS due to mainly destruction of its structure 

in this plasma treatment condition. As it observed, the XPS spectrum reveals the presence of C 

and O as main elements. The C1s and O1s peaks are observed at about 284.6 and 533.5eV, 

respectively. The relative percentage of O1s/C1s for untreated CNW, CNW treated with O2/Ar: 

0.0/10sccm, O2/Ar: 0.1/10sccm, and O2/Ar: 1.0/10sccm were <0.1%, 1.0%, 7.5%, and 1.8%, 

respectively (figure 4.6b). The result indicates that although the plasma condition of O2/Ar: 

1.0/10sccm has 10 times higher flow ratio of oxygen in comparison to the plasma condition of 

O2/Ar: 0.1/10sccm, it contributes less oxygen on the CNW surface. One of the possible 

explanations for this can be related to this fact that at lower oxygen flow rate, the reactive oxygen 

species in the plasma can etch and remove the amorphous carbon selectively that exist on the as-

grown CNW surface and simultaneously create oxygen functional groups on the defective 

positions and dangling bonds and stabilize them. On the other hand, further increase in oxygen 

After treatment (the 

border between CNW 

and silicon substrate) 

After treatment (the 

border between CNW and 

silicon substrate) 

(d) 
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flow rate results in high density of excited species and radicals. This can consequently increase the 

etch rate from both amorphous and sp2 structures and prevent the stabilization of oxygen in the 

defect positions, therefore contributing less oxygen functional groups on the CNW surface.  
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Figure 4.6. XPS survey spectrum for non-treated and treated CNW samples (a) and relative 

percentage of O1s/C1s (b) 
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For a detailed analysis of the surface chemistry of the samples, the XPS spectra in the region of 

the C1s peak (282-294eV) was recorded and displayed in figure 4.7a-d. The C1s spectrum was 

decomposed into 4 components for untreated CNW and 5 components for plasma treated CNW 

samples. The two major peaks at 284.4, and 285.0 corresponds to the sp2 C=C and sp3 C-C, 

respectively. The peak situated at 286.6 can be attributed to C-O (oxygen in alcohol or ether), 

while the peaks situated at 288.4eV and 291.8eV can be ascribed to C=O (carbonyl group), and π-

π* transition, respectively [145].  

The quantitative analysis exhibits that plasma treatment causes a decrease in the graphitic fragment 

(figure 4.6e). The decay of sp2 in plasma treated samples can be due to the high sputter yield of Ar 

and reactivity of oxygen species [146]. At the same time, the peak attributed to sp3 C or disordered 

C (i.e. dangling bonds at the edges) increases after plasma treatment and has the greatest quantity 

for the CNW treated with only Ar.  

An increase in contribution of C bonded to O is also evident after plasma treatment and it is found 

to have the highest quantity for the sample treated in low oxygen flow rate, hinting that oxygen 

radicals bind to the induced defective sites during plasma treatment process. Furthermore, despite 

the unreactive nature of Ar, oxidation takes place at the surface of CNW after treatment. This 

oxidation may occur due to exposure of the treated samples to the atmosphere upon extracting 

them from the plasma chamber. These changes suggest that highly energetic species can break 

C=C bonds and result in lower sp2 fragment, while contributing new C-Ox groups on the treated 

surface as well as increasing the assigned sp3 peak.  

 

 



77 
 

294 292 290 288 286 284 282

C-O
C-C/C-HIn

te
n

si
ty

 (
a

. 
u

.)

  

Binding energy (eV)

C=C



294 292 290 288 286 284 282

C=O
C-O

C-C/C-H

In
te

n
si

ty
 (

a
. 
u

.)

Binding energy (eV)

C=C



 

(a) 

(b) 



78 
 

294 292 290 288 286 284 282

C=O
C-O

C-C/C-H

In
te

n
si

ty
 (

a
. 

u
.)

Binding energy (eV)

C=C



294 292 290 288 286 284 282

C=O
C-O

C-C/C-H

In
te

n
si

ty
 (

a
. 
u

.)

Binding energy (eV)

C=C



 

(c) 

(d) 



79 
 

0

10

20

30

40

50

60

70

80

90

100

C=OC-OC-C/C-H

P
e
r
c
e
n

ta
g
e
 o

f 
c
o
m

p
o
n

e
n

e
ts

 (
%

)

 Untreated CNW

O2/Ar: 0.0/10sccm

O2/Ar: 0.1/10sccm

O2/Ar: 1.0/10sccm

C=C 

 

Figure 4.7. C1s spectra and their deconvolution for untreated CNW (a), CNW treated with 

O2/Ar: 0.0/10sccm (b), CNW treated with O2/Ar: 0.1/10sccm (c), CNW treated with O2/Ar: 

1.0/10sccm (d), and percentage of components (e).  

 

In order to understand and compare the vibrational properties of untreated and treated CNW 

samples, FTIR measurement was performed on the CNW prepared on IR-transparent silicon as the 

substrate based on the previous reported literatures [52,147]. It was observed that our as-grown 

CNW sample is not transparent and the FTIR spectra did not reveal any information about 

functional group on our CNW samples (figure 4.8). The differences in height, density, and the 

thickness of the walls in the CNW samples prepared with different methods may be the reason for 

different FTIR results. The same result has been reported by Evlashin et al. that FTIR spectra do 

not reveal any functional groups on CNW surface [148].   

(e) 
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Figure 4.8. FTIR spectra for as-grown CNW 

 

Raman spectroscopy was further applied to understand the structural characteristic of the CNW 

samples. As disclosed in figure 4.9, the samples show a typical spectrum for CNW with clear 

characteristic graphitic D, G, and D'. The D peak of the samples which is associated with the 

defects in sp2 structures, was approximately shown at 1350cm-1.  The G band is related to the sp2 

structure, showing the degree of graphite-like domains in CNW was observed at 1580cm-1. A weak 

band observed at around 1620cm-1 corresponds to D' that emerges with D band indicating disorder 

in the finite-sized sp2 crystal and it is typical for graphene edges [119]. As observed, all these post 

synthesis plasma treatments do not induce significant differences in the Raman spectra of CNW, 

indicating preserving the basic structure of the material (the characterization of the CNW treated 

with O2/Ar: 2.0/10sccm was done on the thin layer of left CNW on the middle of Si substrate). 

The ratio between the intensity of D and G bands (ID/IG) is used as the quantitative analysis 

technique to estimate the degree of disorder in graphene lattice [120]. The ID/IG ratios of CNW 

before and after plasma treatment was represented in figure 4.8b. It is seen that non-treated CNW 

has the ID/IG ratio of 1.65, which increases to 2.10 after Ar plasma treatment. Admixing a small 

amount of oxygen (0.1sccm) in Ar plasma gas mixture resulted in a decrease to a certain minimum 
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of ID/IG (1.5). However, further increase in oxygen flow rate from 0.1sccm to 1.0 and 2.0 sccm, 

causes the increase of ID/IG ratio to 1.76 and 1.99, respectively.  It can be said that defect sites were 

heightened by Ar plasma treatment and lowered by admixing slight oxygen amount in plasm gas 

mixture. Moreover, further increase in oxygen flow rate, resulted in an increase in defect sites. 

These results indicate that low oxygen flow rate can lower the defect sites by selective etching and 

removing amorphous carbon on the surface of as-grown CNW and substitution of oxygen to the 

defect sites. However, further increase in oxygen flow rate can mainly result in etching and 

consequently producing more defect sites.  
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Figure 4.9. Raman spectra of CNW films before and after plasma treatment (a), ID/IG ratios of the 

samples (b) 

(a) 

(b) 
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As different oxygen flow rates lead to different morphology, chemical composition and structure 

modifications, revealed by SEM, XPS and Raman spectroscopy analyses, it is expected that plasma 

treatments may tune the wetting nature of CNW. To evaluate the wettability of the CNW samples, 

water contact angle measurement was performed.  The variation of the contact angle as a function 

of oxygen flow rate in treatment gas mixture and the side-view photographic images of the water 

droplets on the CNW samples were shown in figure 4.10. As observed, before plasma treatment, 

the droplet on CNW surface remained in a spherical shape with the contact angle of 124.0o, in 

which the CNW surface is almost super hydrophobic. After plasma exposure, the contact angle 

decreases from 124.0 o to 58.6 o, 10.2 o, 33.1 o, and 104.7 o for the CNW samples treated with O2/Ar: 

0.0/10sccm, O2/Ar: 0.1/10sccm, O2/Ar: 1.0/10sccm, and O2/Ar: 2.0/10sccm, respectively. As the 

results display, the CNW treated with O2/Ar: 0.1/10sccm shows the most hydrophilic surface 

among the samples. While further increase in oxygen flow rate in plasma treatment gas mixture 

lead to an increase in water contact angle. The water contact angle can be altered by changes in 

the surface roughness and the chemical properties of the surface. 

Earlier, XPS analysis showed that CNW treated with O2/Ar: 0.1/10sccm has the highest oxygen 

content on its surface, where by further increase in oxygen flow rate, the contribution of oxygen 

onto the CNW structure decreases. In addition, it was shown by SEM images that the CNW treated 

with O2/Ar: 0.1/10sccm has almost similar morphology as the pristine CNW.  This suggests that 

oxygenated functional groups attached to the CNW surface are responsible for the change in 

wetting properties, which has been reported by other research groups [55,145].  
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Figure 4.10. The side-view photographic images of water droplets on CNW samples (a), and 

contact angle of water droplet on CNW as a function of oxygen flow ratio in plasma treatment 

gas (b)  

Untreated CNW O2/Ar: 0.0/10sccm 

O2/Ar: 0.1/10sccm O2/Ar: 1.0/10sccm 
O2/Ar: 2.0/10sccm 

(a) 

(b) 
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4.4. Introducing inter-synthesis sequential treatment method  

 

In this section, we only introduce a novel inter-synthesis sequential treatment method in order to 

deposit CNW with conformal oxygen functional groups and more defective edge planes and its 

further optimization and characterization is proposed as the future work. In this technique, CNW 

is fabricated by the same method as reported in chapter 2 with this difference that total synthesis 

time of 60s was divided into 12 cycles, in which each cycle composed of 5s synthesis and 5s 

treatment with O2/Ar: 0.1/10sccm. The plasma treatment condition of O2/Ar: 0.1/10sccm was 

applied since it incorporates the highest quantity of oxygen functional groups in CNW structure 

which was discussed in previous section. Figure 4.11 illustrates the schematic representation of 

inter-synthesis sequential treatment method. The related SEM top-surface and cross-section 

images were displayed in figure 4.12 and compared with the CNW prepared with original method. 

Growing of CNW perpendicularly to the substrate can be revealed by cross section images. 

However, CNW earns layer by layer structure as synthesis is paused for 5secnods during the 

treatment time. In addition, more branched structure can be observed for the CNW prepared with 

sequential method.  
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Figure 4.11. Schematic representation of depositing CNW by inter-synthesis sequential method 

(1 cycle: CNW synthesis for 5s, plasma treatment for 5s).  
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Figure 4.12. SEM image of CNW deposited by original method and inter-synthesis sequential 

method at low magnification (a), high magnification (b), and cross section (c) 

(b) 

(a) 

(Original CNW) (CNW prepared with sequential method) 

(c) 
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To understand the structural characteristic of CNW synthesized by sequential method, Raman 

spectroscopy was applied (figure 4.13). As disclosed in figure 4.13, the sample shows a typical 

spectrum for CNW with clear characteristic graphitic D, G, and D'. It was found that ID/IG ratios 

of CNW increases to 2.2 to compare with original CNW which is at around 1.65. This increment 

can be related to the increase in defective graphitic edge planes.  
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Figure 4.13. Raman spectra of CNW film prepared with original method (a) and inter-synthesis 

sequential method (b) 
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4.5. Summary of the chapter 

 

Oxygen-incorporated CNW films were successfully produced by PECVD system using different 

concentration of oxygen plasma post treatments. An increase in the oxygen content of CNW 

structure after plasma exposure was confirmed by X-ray photo-electron spectroscopy. The CNW 

treated in low oxygen flow rate (O2/Ar: 0.1/10sccm) displayed the highest concentration of 

incorporated oxygen (about 7.5%) among the samples, which in turn resulted in conversion of 

intrinsic hydrophobicity of CNW to hydrophilicity. While further increase in oxygen flow rate 

resulted in lower oxygen functional groups and also more structural and morphological defects. 

We assume that when low density of oxygen species exists in the plasma treatment gas mixture, 

the amorphous carbon structures that exist on the surface of as grown CNW are selectively etched 

and the potential active oxygen species are stabilized to the produced defect sites, therefore 

formation of oxygen functional groups occurs favorably. However, the higher density of reactive 

oxygen species can result in higher etching rate, which can consequently lead to increase the etch 

rate from both amorphous and sp2 structures and prevent the stabilization of oxygen in the defect 

positions, hence contributing less oxygen functional groups on the CNW structure. 

Subsequent to finding the surface properties of CNW samples after O2/Ar plasma, novel inter-

synthesis sequential treatment method was introduced to deposit CNW with conformal oxygen 

functional groups and more defective edge planes. Layer by layer structure with highly branched 

structure was observed by SEM images, and an increase in defective structure was confirmed by 

Raman spectroscopy.  
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5.1. Background of the chapter 

 

In chapter 3, we introduced a hybrid CNW structure combined with the transitional metal oxide 

MnOx as an efficient non-enzymatic H2O2 sensor [138]. In this chapter, we aimed to enhance the 

electrochemical sensing performance of CNW by intrinsic modification, so that the optimum 

modified CNW can be utilized as a potential metal-free electrochemical sensor. This chapter 

discusses the electrochemical performance of CNW samples treated in different O2/Ar plasma 

conditions and introduces a novel metal-free carbon based electrochemical sensor for detecting of 

H2O2 by surface modification of carbon nanowalls.  

 

5.2. Experimental   

 

The experimental method and equipment used in this chapter are similar to those in Chapter 3. 

Hydrogen peroxide (H2O2), Uric acid (C5H4N4O3), Citric acid (C6H8O7), and Ascorbic acid 

(C6H8O6) were purchased from FUJIFILM Wako Pure Chemical corporation. Phosphate buffer 

solution was purchased from Hayashi Pure Chemical Ind. Ltd. All chemicals were of analytical 

grade and deionized water was used throughout the experiment.  

To evaluate the sensor performance of the CNW samples, cyclic voltammetry and amperometry 

measurements were carried out using a three-electrode system composed of CNW samples as 

working electrodes, Ag/AgCl (NaCl saturated) electrode as reference electrode and platinum wire 

as counter electrode.  The potential range of 0.0 to 1.1V and a scan rate of 10.0mVs-1 were applied 

to perform CV measurements. 0.25M phosphate buffer solution (pH 7.2) was utilized as the 

supporting electrolyte. The phosphate buffer solution was pulsed with high purity nitrogen for 

10min prior to the experiments. Amperometry measurements were done at an applied potential of 

+0.7V under the stirring and pulsing with N2 throughout the experiment (Princeton Applied 

Research Versa STAT 3).  

 

5.3. Result and discussion  

5.3.1. Electrochemical characterization of as-grown CNW and plasma treated CNW samples 

In order to evaluate the catalytic properties of untreated and treated CNW samples to oxidation of 

hydrogen peroxide (H2O2), cyclic voltammetry test was performed in N2-saturated 0.25M 

phosphate buffer solution at a scan rate of 10.0mV/s. Figure 5.1 shows the CVs of untreated CNW, 
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CNW treated with O2/Ar: 0.0/10sccm, O2/Ar: 0.1/10sccm, O2/Ar: 1.0/10sccm, and O2/Ar: 

2.0/10sccm in the absence of H2O2 (a), and in the presence of 5mM H2O2 (b). No redox peaks are 

observed for all the electrodes in the absence of H2O2. However, adding 5mM H2O2 in phosphate 

buffer solution showed a significant change in the voltametric behavior of the electrodes. It is 

notable from figure 5.1b and 5.1c that oxidation current significantly increases after plasma 

treatment of CNW surface. The CNW treated in 10sccm Ar showed an obvious increase in 

oxidation current to compare with untreated CNW. Admixing 0.1sccm O2 with 10sccm Ar resulted 

in further increment in the current value. By increasing the oxygen flow rate from 0.1sccm to 

1.0sccm, a small jump in the current response was observed. However, further increase in oxygen 

flow rate resulted in a decrease in the current. This can be attributed to the destruction of CNW at 

higher oxygen density of plasma treating gas as discussed in Chapter 4.  
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Figure 5.1. Cyclic voltammograms obtained using untreated CNW and treated CNW in different 

plasma condition in the absence of H2O2 (a), in the presence of 5mM H2O2  (b), and the peak 

current response for each electrode obtained in the presence of H2O2 (c) 

(b) 

(c) 
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To further confirm the electrocatalytic activity of CNW samples toward oxidation of H2O2, 

amperometric measurement was performed. Based on the cyclic voltammetry result, +0.7V was 

selected as an applied potential for the amperometric detection of H2O2 as response current 

increased sharply at this potential. Figure 5.2 shows the amperometric response for different 

samples at +0.7V by adding 0.5mM H2O2. As it can be seen, the highest amperometric response 

was observed for the CNW treated in O2/Ar: 1.0/10sccm. The measured specific electrical 

conductivity of untreated and treated CNW samples by four-point probe system showed that the 

conductivity values for all the samples are roughly similar (figure 5.3). This indicates that 

conductivity is mainly determined by the bulk property of the samples which does not change due 

to the plasma surface treatment. Therefore, it can be said that different amperometric responses for 

CNW treated with different oxygen flow ratios in O2/Ar plasma can be attributed to the changes 

in the surface of the CNW samples.  

As it was earlier discussed in XPS and Raman spectroscopy sections in chapter 4, the treatment 

condition of O2/Ar: 1.0/10sccm contributed lower oxygen content on CNW structure and in turn 

less hydrophilicity than the treatment condition of O2/Ar: 0.1/10sccm, but also higher defect sites 

which can be potential active centers for chemical activity [14,149] . In addition, it was observed 

by SEM images that CNW treated with O2/Ar: 1.0/10sccm possesses etched edges to compare with 

the CNW treated with O2/Ar: 0.1/10sccm, which did not show any obvious changes on its surface 

morphology. Considering the water contact angle of the CNW treated with O2/Ar: 1.0/10sccm 

(θ=33.10), which assures enough hydrophilicity of the mentioned sample for enhanced 

electrochemical measurements and taking account of these structural and morphological defects, 

it can be suggested that both defects and hydrophilicity play important roles in the electrochemical 

behavior of the electrode. Defects can act as potential active sites for electrochemical reactions 

and hydrophilicity can enhance the surface area wetted by the electrolyte.  
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Figure 5.2. Amperometric response for non-treated and treated CNW samples at +0.7V 
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Figure 5.3. Sheet resistance (a) and electrical conductivity (b) of untreated and treated CNW 

samples 
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Owing to displaying the highest current response by CNW treated with O2/Ar: 1.0/10sccm, the 

sensor performance measurements was applied for the same electrode. Figure 5.4a shows the 

typical amperometric response of the CNW treated with O2/Ar: 1.0/10sccm upon the successive 

addition of H2O2 every 60s into phosphate buffer solution under stirring and pulsing N2 at +0.7V. 

The related calibration plot of steady-state currents of CNW treated with O2/Ar: 1.0/10sccm is 

depicted in figure 5.4b. The current increased linearly with increasing H2O2 concentration and 

exhibited a wide linear range from 50µM to 28000µM. The regression equation, I (µA)= 

75.946CH2O2(mM) + 43.348 with correlation coefficient of 0.9977 was obtained. The limit of 

detection (LOD) for sensing H2O2 was estimated to be 0.91µM (S/N=3). The sensitivity was 

obtained to be 126.6µA/mM.cm2, which is comparable to some previously reported electrodes 

applying carbon nanomaterials as the base conductive substrate[150–154]. Although, in most of 

the previous studies, the combination of transitional metal and/or a conductive polymer with 

carbon nanostructures have been reported as the electrodes for detecting H2O2, in this study we 

could succeed to utilize the only CNW structure for detecting H2O2.  
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Figure 5.4. Amperometric responses of CNW treated in O2/Ar: 1.0/10sccm with increasing H2O2 

concentration in 0.25M phosphate buffer solution at an applied potential of +0.7V (a), the related 

calibration curve as a function of H2O2 concentration (b) 

(a) 

(b) 
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5.3.2. Selectivity, reproducibility and stability of CNW treated with O2/Ar: 1.0/10sccm 

 

The selectivity of the electrode was evaluated by an amperometric (i-t) curve upon successive 

addition of 0.5mM H2O2, and 1.0mM ascorbic acid (AA), uric acid (UA), and citric acid (CA), 

respectively. As shown in figure 5.5, CA did not interfere with determination of H2O2 and a slight 

interference of UA was observed. However, an equivalent concentration of AA showed 

significance interference. This may be ascribed to its strong reducibility [155].  

The reproducibility and stability of the sensor was investigated by measuring the current response 

of the electrode upon 0.5mM of H2O2 in 0.25M phosphate buffer solution at +0.7V. In a series of 

5 sensors prepared in a same way, the relative standard deviation (R.S.D) was 2.33%. For one 

electrode, the R.S.D. was found to be 1.94% for 5 successive measurements. These results indicate 

a good reproducibility for the proposed sensor. In order to understand the stability of the sensor, 

the current response to 0.5mM H2O2 was measured and the electrode was stored in an ambient 

condition. After three weeks storing, the same sensor was utilized to measure the current response 

to H2O2. The results displayed remaining of 95% of the sensor’s initial current response. Although 

our result displayed the temporal stability of the fabricated sensor up to three weeks, the ambiguity 

on the long-term stability of the plasma modified carbon surfaces still exists.  It has been reported 

by Mendez-Linan et al. and Ortiz-Ortega et al. that the plasma modified carbon surfaces can be 

influenced by aging effect or reorientation phenomenon, in which as the time progresses, the newly 

generated functional groups attempt to reorient themselves to occupy a lower state of energy, 

consequently leading to the loss of surface activity with time [146,156]. Furthermore, the effect of 

aging on CNW itself was reported by Vizireanu et al., stating that the CNW edges contains many 

defects initially, but those defects are passivated and become less chemically active after several 

days [157].To prevent the deactivation of plasma modified carbon surfaces, Kim et al. has 

proposed a new approach, in which applying second plasma treatment after two weeks from the 

first round of treatment can significantly enhance the degree and lifetime of plasma-induced 

functional groups on single-walled carbon nanotubes (SWCNTs) [158]. Considering the aging 

phenomena, further investigation of the long-term stability of the proposed sensor is necessary.   
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Figure 5.5. Amperimetric i-t curve for CNW treated with O2/Ar: 1.0/10sccm towards the 

successive addition of 0.5mM H2O2 and 1.0mM interferential compounds 
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5.4. A possible reaction model 

 

In order to get an insight into the reaction mechanism for the plasma treatment, optical emission 

spectroscopy for O2/Ar plasma system was performed. The typical optical emission spectrum is 

indicated in figure 5.6 and the other spectrum for each condition were displayed in the Appendix. 

In figure 5.6, the intensity of atomic oxygen emission line at 777nm was plotted as a function of 

oxygen flow rates. The intensity increases with increasing oxygen flow rate up to 2.0 sccm 

monotonously and then decreases with increasing oxygen flow rate. This reduction of atomic 

oxygen line at high oxygen flow rate is mainly due to the reduction of atomic oxygen amount 

which is resulted in the electron energy reduction. From the OES results, it is safe to say that 

atomic oxygen increases with increasing molecular oxygen feed flow rate up to 2.0 sccm. However, 

interestingly, the highest oxygen amount and wettability of CNW surface was obtained with O2/Ar: 

0.1/1.0sccm plasma treatment and the highest electrocatalytic activity was obtained with O2/Ar: 

1.0/1.0sccm plasma treatment conditions.  

 

 

 

 

 

 

 

 

Figure 5.6. Emission intensity of atomic oxygen @ 777nm from O2/Ar plasma 

To illustrate the whole mechanism in a simple way, a schematic representation of the CNW treated 

in different oxygen plasma concentrations is displayed in figure 5.7. As it is seen, as-grown CNW 

has inherent hydrophobic nature which can hinder the interaction between the electrolyte and 

electrode and result in low performance of CNW in electrochemical system. Post plasma treatment 

of CNW with Ar increases the defect sites on CNW surface. The increment in defects after Ar 
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plasma treatment can lead to improving the electrochemical sensing performance due to acting as 

active sites for electrochemical reactions. Admixing slight amount of oxygen in Ar, results in 

attaching oxygen functional groups to the defect sites which consequently switch the 

hydrophobicity to hydrophilicity. The hydrophilic nature of CNW treated in O2/Ar: 0.1/10sccm 

can further improve the performance of CNW in electrochemical systems due to increase the 

effective surface area accessible for the electrolyte. Further increase in oxygen flow rate from 0.1 

to 1.0sccm displayed partial attaching functional groups to the defect sites, providing the CNW 

with some extend hydrophilicity and defective sites. This synergy effect between hydrophilicity 

and defects in the electrochemical behavior of the electrode resulted in the highest electrochemical 

activity of the CNW treated with O2/Ar: 1.0/10sccm towards oxidation of H2O2. It can be said that 

insertion of oxygen functional groups to the C atom adjacent to defective carbon results in further 

reducing the aromaticity, generating unpaired sp electrons and forming localized high charge 

densities, which eventually facilitates H2O2 adsorption, dissociation, and consequently producing 

higher electrochemical response.  

However, extra increase in oxygen flow rate from 1.0sccm to 2.0sccm resulted in destructing of 

CNW structure and consequently displaying weak electrochemical performance.  

 

 

 

 

 

 

 

 

 

Figure. 5.7. Schematic representation of functionalization CNW with O2/Ar plasma 
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5.5. Selective electrocatalysis properties of CNW 

5.5.1. Selective electrocatalysis properties of CNW treated with O2/Ar: 1.0/10sccm 

 

In section 5.3.2, it was shown that CNW treated with O2/Ar: 1.0/10sccm can detect H2O2 without 

any interference from citric acid (CA) and a slight interference from uric acid (UA). However, a 

significant interference from ascorbic acid (AA) was observed. In order to understand the potential 

range of interferential compounds and design a more selective electrode, the cyclic voltammetry 

measurement was performed in the presence of AA and UA at the potential range of -0.2V to 1.1V. 

Figure 5.8 illustrates the CV curves obtained from carbon rod, as-grown CNW, and CNW treated 

with O2/Ar: 1.0/10sccm in the absence and presence of AA, UA, and their mixtures. Well-defined 

voltammetric peaks are seen for the direct oxidation of AA and UA in as-grown CNW and CNW 

treated with O2/Ar: 1.0/10sccm in comparison to the carbon rod. 

For the oxidation of AA, CV response with a pair of anodic peaks located at -0.063V and 0.643V 

from the CNW treated with O2/Ar: 1.0/10sccm, anodic peaks situated at -0.028V and 0.630V from 

as-grown CNW, and only one oxidation peak at 0.164V from carbon rod can be observed. For the 

oxidation of UA, a redox pair with a ΔEp of 28mV and an anodic peak at around 0.960V was 

observed at the CNW treated with O2/Ar: 1.0/10sccm. The as-grown CNW showed a redox pair 

with a ΔEp of 30mV, whereas only one anodic peak was observed at the carbon rod. For the binary 

mixture of AA and UA, four strong anodic peaks are observed at the CNW treated with O2/Ar: 

1.0/10sccm and three strong peaks for the as-grown CNW, while the carbon rod electrode presents 

only one wide anodic response.  

Cyclic voltammetry results confirm that our CNW samples have strong electrocatalytic capability 

to simultaneously discriminate AA and UA. In addition, surface treatment of CNW with O2/Ar: 

1.0/10sccm results in enhancement of oxidation currents for AA and UA with compare to untreated 

CNW as depicted in figure 5.8d.  

Electrochemical behavior of CNW treated with O2/Ar: 1.0/10sccm was further evaluated in the 

presence of H2O2 and the ternary mixtures of AA + UA + H2O2 at the potential range of -0.2 to 

+1.1V (figure 5.9). Two oxidation peaks at around 0.680 and 0.900V were observed in the 

presence of H2O2, while there is no peak at negative potential side. The peak located at around 
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0.680V is assigned to the contamination with manganese oxide on counter electrode, which is very 

sensitive to decomposition of H2O2, therefore producing CV response only in the presence of H2O2.   

When we compare the cyclic voltammetry curve for only H2O2 with the CV for ternary mixtures 

of AA, UA, and H2O2, it can be confirmed that CNW treated with O2/Ar: 1.0/10sccm has the 

oxidation peak for both AA and H2O2 at potential of +0.7V. While there is no response for H2O2 

at -0.063V and only AA can be detected at this potential. This can be considered as an advantage 

for detecting AA or H2O2 selectively by applying different potentials. Since there is a response for 

AA at potential of -0.063V, the concentration of AA can be estimated at this potential and its 

equivalent current response can be subtracted at potential of +0.7V, therefore H2O2 concentration 

can be determined from the residual current.  
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Figure. 5.8. CV profiles of (a) carbon rod, (b) untreated CNW, and (c) CNW treated with O2/Ar: 

1.0/10sccm in phosphate buffer solution, 1mM AA, 0.1mM UA, and binary mixture of 1mM AA 

+ 0.1mM UA, and (d) their comparison for binary mixture of 1mM AA + 0.1mM UA   
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5.5.2. Selective electrocatalysis properties of CNW prepared with inter-synthesis sequential 

treatment method 

 

It was shown by SEM top surface and cross-section images (figure 4.12) that CNW prepared with 

sequential method has more branches and layer by layer structure. In addition, Raman 

spectroscopy (figure 4.13) revealed a noticeable increase in the defect density due to increase in 

the defective edge plane structure to compare with CNW prepared with original method. This 

noticeable increase in defect density and also possibility of formation oxygen in the deep parts of 

the pores for CNW prepared with sequential method can be considered as an advantage to detect 

the analytes that heterogeneous electron transfer (HET) rate at the edge planes are very fast for 

them and also electrochemically they are sensitive to oxygen functional groups (e.g.  ascorbic acid 

and uric acid) [5]. Therefore, in this section we tried to evaluate the electrochemical performance 

of CNW prepared with sequential method towards detecting AA and UA and compare the result 

with CNW treated with O2/Ar: 1.0/10sccm. As displayed in figure 5.10, the CV curves for the 

CNW synthesized with sequential method indicated an enhancement in oxidation current for AA 

and UA to compare with plasma surface treated CNW without decreasing its ability to 

simultaneously discriminate AA and UA. 

In this thesis, we only introduced the inter-synthesis sequential method to prepare CNW with more 

edge planes and conformal oxygen functional group. However, its further characterization and in-

depth analysis of its electrochemical performance is proposed as the future work. 
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Figure. 5.10. CV profiles of (a) CNW prepared with inter-synthesis sequential treatment method 

in phosphate buffer solution, 1mM AA, 0.1mM UA, binary mixture of 1mM AA + 0.1mM UA, 

and (b) its comparison with CNW treated with O2/Ar: 1.0/10 for binary mixture of 1mM AA + 

0.1mM UA  

 

5.6. Summary of the chapter 

 

It was shown that the most hydrophilic CNW surface does not exhibit the highest electrochemical 

activity for the oxidation of H2O2. The highest amperometric response is observed for the CNW 

sample treated with O2/Ar: 1.0/10sccm, which has lower oxygen content than CNW treated with 

O2/Ar: 0.1/10sccm but still possessing hydrophilic characteristic and also owning more defective 

structure. These results can suggest the importance of both defects and oxygen-containing 

functional groups in electrochemical behavior of the electrodes as both defects and oxygen-

containing functional groups can act as potential active sites for electrochemical reactions and 

(b) 
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oxygen-containing functional groups can enhance the hydrophilicity and surface area wetted by 

the electrolyte. The modified CNW in O2/Ar: 1.0/10sccm plasma displayed wide linear response 

range for oxidation H2O2 from 50µM to 28000µM, low LOD, and high sensitivity of 

126.6µA/mM.cm2. This study demonstrates that intrinsic modification of CNW by oxygen plasma 

can result in enhancing CNW performance in electrochemical sensing systems. 
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6.1. Conclusions 

 

In this study, the development of novel non-enzymatic H2O2 electrochemical sensors based on 

CNW was investigated. Two different approaches were considered to enhance electrochemical 

performance of CNW; Coating of CNW with transitional metal oxide MnOx and surface plasma 

treatment of CNW in O2/Ar system.  

At first approach, synthesis of CNW films in different deposition times was performed and based 

on the obtained result from XPS and water contact angle analyses, the CNW prepared in 60s was 

selected for further investigations as it displayed same wettability and elemental concentrations as 

CNW prepared at 120s but having the advantage of shorter synthesis time. The following points 

can be concluded: 

 Manganese oxides was electrodeposited on CNW at different deposition times (5s, 30s, 

and 60s).   It was shown by SEM images that when deposition time is very short (5s), the 

film has mostly original CNW structure with some nucleation spots of MnOx. By 

increasing deposition time to 30s, the accumulation of manganese oxides around the walls 

can be clearly confirmed. While, by further increase in deposition time (60s), it is difficult 

to distinguish the border between CNW and manganese oxide, which indicates that MnOx 

can slightly infiltrate into the gaps between the walls.  

 XPS analysis revealed that electrodeposited MnOx coatings exhibit a mixed Mn valance 

states, where by increasing deposition time, the Mn oxidation state increases.  

 Cyclic voltammetry (CV) measurement on MnOx/CNW prepared in 60s showed an 

enhanced cathodic and anodic peak currents for MnOx/CNW, indicating the excellent 

electrocatalytic activity of manganese oxides combined with high surface area and great 

electroconductivity of CNW. 

 It was observed by amperometric responses that proposed electrode has high 

electrochemical activity for oxidation of hydrogen peroxide (H2O2) in phosphate buffer 

solution at an applied potential of +0.7V, showing a linear dependence on the concentration 

of H2O2 from 40µM to 10230µM, a high sensitivity (698.6 µA mM-1 cm-2), and a detection 

limit of 0.55µM (signal/noise=3).  
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 The amperometric response for the reduction reaction at an applied potential of -0.5V 

showed a sensitivity of 21.03 µA mM-1 cm-2, which is around 37 times less than the 

sensitivity obtained at the potential of +0.7V, suggesting MnOx/CNW is highly sensitive 

to detect H2O2 at oxidation potential.  

At second approach, further improvement in CNW performance as a metal-free electrochemical 

sensor through its intrinsic modification was evaluated. For this purpose, O2/Ar plasma with 

different O2 flow ratios were applied to modify the surfaces of CNW samples. The following points 

can be concluded: 

 Our results revealed that CNW treated in low oxygen flow rate (O2/Ar: 0.1/10sccm) 

exhibited the highest concentration of incorporated oxygen on its structure, which 

consequently resulted in conversion of intrinsic hydrophobicity of CNW to hydrophilicity.  

 Interestingly, further increase in oxygen flow rate did not increase the oxygen content of 

CNW structure, but instead it resulted in an increment in the defect and contributing less 

oxygen on CNW surface.  

 It is assumed that when low density of oxygen species exists in the plasma treatment gas 

mixture, the amorphous carbon that exists on the surface of as-grown CNW are selectively 

etched and the potential active oxygen species are stabilized to the produced defect sites, 

therefore formation of oxygen functional groups occurs favorably. However, the higher 

density of reactive oxygen species can result in higher etching rate, which can consequently 

lead to increase the etch rate from both amorphous and sp2 structures and prevent the 

stabilization of oxygen in the defect positions, hence contributing less oxygen functional 

groups on the CNW structure.  

 CV measurement confirmed that oxidation current significantly increases after plasma 

treatment of CNW surface, showing an obvious increase in oxidation current of CNW 

treated in 10sccm Ar, which further increased by adding and increasing O2 (0.1sccm to 

1.0sccm) in Ar plasma. However, further increase in oxygen flow rate (2.0sccm) resulted 

in a decrease in the current due to the destruction of CNW at higher oxygen density of 

plasma treating gas.  

 Moreover, it was shown that the most hydrophilic CNW surface does not exhibit the 

highest electrochemical activity for the oxidation of H2O2. The highest amperometric 
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response is observed for the CNW sample treated with O2/Ar: 1.0/10sccm, which has lower 

oxygen content than CNW treated with O2/Ar: 0.1/10sccm but still possessing hydrophilic 

characteristic and also owning more defective structure.  

 These results can suggest the importance of both defects and oxygen-containing functional 

groups in electrochemical behavior of the electrodes as both defects and oxygen-containing 

functional groups can act as potential active sites for electrochemical reactions and oxygen-

containing functional groups can enhance the hydrophilicity and surface area wetted by the 

electrolyte.  

 The modified CNW in O2/Ar: 1.0/10sccm plasma displayed wide linear response range for 

oxidation H2O2 from 50µM to 28000µM, low LOD, and high sensitivity of 

126.6µA/mM.cm2. This study demonstrates that intrinsic modification of CNW by O2/Ar 

plasma can result in enhancing CNW performance in electrochemical sensing systems as 

a metal-free electrode.  

 The selective electrocatalysis properties of CNW treated with O2/Ar: 1.0/10sccm was 

evaluated in the presence of ascorbic acid (AA), uric acid (UA), and H2O2. It was shown 

that by scanning different potentials, the effect of interference can be circumvented.   

 

6.2. Future works 

 

Based on the overall results presented in this thesis, future works can be considered as follows:  

 In order to utilize the full advantage of CNW as a base conductive porous material in 

MnOx/CNW nanocomposite’s structure, depositing highly conformal coating on the deep 

parts of the pores shall be required. Optimization of electrochemical deposition condition 

or/ and atomic layer deposition (ALD) technique can be considered to design highly 

conformal thin coating.  

 Considering the application of plasma modified CNW as a metal-free electrochemical 

sensor, it is required to consider the aging effect on plasma treated CNW samples and 

evaluate its effect on long-term stability of the sensor.  
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 The application of the modified CNW for detecting different biomarkers such as 

epinephrine, dopamine, and so on can be considered to further widen CNW application as 

electrochemical sensor.    

 In depth analysis of characteristics and electrochemical performance of CNW prepared 

with inter-synthesis sequential treatment method is required to further take the advantage 

of highly defective edge plane structure and conformal oxygen functional groups in 

selectively detecting of different biomarkers.  
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Figure S2-1. OES spectrum for CO/H2 (23/2)sccm plasma 
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Chapter 5 
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