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Metal nitrides have gained interest due to their high melting point, mechanical resistance, 

thermal and electrical conductivity. To the best of our knowledge, titanium nitride (TiN) and 

molybdenum nitride (MoN) electrodes have always been prepared as thin films. However, thin 

film electrodes tend to delaminate or crack during preparation or usage which exposes the 

underlying substrate and increases their surface area. In addition, the vapour deposition 

techniques employed to prepare thin films can introduce contaminants to the samples. In this 

work we prepared solid metal nitride samples, characterised them with a range of physical 

methods and investigated their electrochemical properties. 

Our work demonstrates the feasibility of obtaining TiN and MoN from Ti and Mo foils and 

microwires via nitridation in a NH3 atmosphere. The process was confirmed using energy 

dispersive X-ray spectroscopy and X-ray diffraction (XRD). The XRD spectra also showed that 

hexagonal MoN and cubic Mo2N were obtained. This work also demonstrates the viability of 

fabricating solid TiN and MoN microelectrodes, microdisks and microbands, from the nitrided 

Ti and Mo samples. Hence a major objective of the project was to assess whether TiN and MoN 

could be used as alternatives to conventional microelectrode materials such as Pt, Au, and C. To 

the extent of our knowledge, MoN and TiN wires have never been used to construct 

microelectrodes.  

The electrochemical behaviour of the solid TiN and MoN microelectrodes is assessed using 

different redox mediators to cover a range of redox potentials. The cyclic voltammograms 

recorded with the untreated TiN microband electrodes showed that the redox processes at 

positive potentials were not electrochemically reversible. Yet, the electrochemical response was 

improved after etching the TiN surface with hydrofluoric acid vapour. In contrast, MoN 

microelectrodes exhibited sigmoidal shape cyclic voltammograms with a plateau region for all 

redox mediators even without surface treatment. The TiN and MoN microelectrodes exhibited 

good activity towards the oxygen reduction reaction recorded in pH 1, 7, 10, and 14. The TiN 

and MoN microelectrodes were also employed to assess their properties towards the reduction 

of peroxodisulfate, a very strong oxidising agent with a very complex reduction process. This 

study also employed bare Au, bare Pt, nanostructured Pt, and bismuth-adsorbed Pt microdisk 

electrodes to search for the electrode that produces a stable and preferably a diffusion-controlled 

current for the reduction of peroxodisulfate. Cyclic voltammograms with a plateau region were 

obtained with the nanostructured Pt, bismuth-modified Pt, HF-etched TiN, and MoN 

microelectrodes but not with the bare Au and bare Pt microelectrodes. However, only MoN 

microdisks demonstrated a stable steady-state current for the reduction of peroxodisulfate. To 

our knowledge, no group has observed cyclic voltammograms with a plateau region when 

employing bare electrodes for the reduction of peroxodisulfate. A linear relationship between 

the current and concentration was obtained with the MoN microdisk electrodes for 

concentrations above 0.1 mM. Similarly, the MoN microdisk electrode produced a 

diffusion-controlled current for scan rates between 5 and 50 V s
-1

.  

Overall, the MoN microelectrodes produced more reliable amperometric results than the TiN 

microelectrode. Thus, the MoN microelectrodes could be exploited as an alternative to the 

conventional Pt, Au, and C microelectrodes. 
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Chapter 1  Introduction 

In this work, two metal nitrides: titanium nitride (TiN) and molybdenum nitride (MoN) 

were produced and characterised using several surface characterisation techniques 

which include optical microscopy, scanning electron microscopy (SEM), energy 

dispersive spectroscopy (EDX), and X-ray diffraction (XRD). The samples were then 

turned into microelectrodes. The electrodes were then characterised using different 

redox mediators to assess their electrochemical responses in different potential regions. 

The electrodes were also employed to study their working potential window and the 

oxygen reduction reaction (ORR). TiN and MoN were also used to investigate the 

reduction of peroxodisulfate which is a very strong oxidising agent with a complicated 

reduction process. The work presented herein was done to investigate the feasibility of 

preparing TiN and MoN from titanium (Ti) and molybdenum (Mo) metals respectively 

via nitridation and of fabricating microelectrodes from the prepared samples. It was also 

carried out to probe whether both metal nitrides could be used as alternatives to 

conventional microelectrode materials such as platinum (Pt), gold (Au), or carbon (C) 

for electroanalytical measurements. Two unique characteristics of the electrodes used in 

this work are that the electrodes are solid and in the form of microelectrodes.  

Metal nitrides are densely packed metallic structures where nitrogen (N) atoms fill the 

interstitial sites.[1] All transition metals can form metal nitrides except for the second 

and third rows of Group 8 to 10 metals: ruthenium, osmium, rhodium, iridium, 

paladium, and Pt.[2] This is because the size of the metal atoms decreases with the 

group number.[2] For that reason, interstitial N atoms cannot occupy the lattice of high 

group transition metals that favour compact arrangement.[2] N atoms randomly occupy 

the largest interstices.[3] As a result, nitrides of Group 7 to 10 are usually less stable.[2]  

Theoretical and experimental studies demonstrated that metallic bonding is prevalent in 

metal nitrides compared to covalent and ionic bonding.[1] Transition metal nitrides can 

be regarded as metals due to their high electronic conductivity which is comparable to 

that of metals.[1] The conductivity of TiN and MoN are 4 – 55 x 10
3
[4, 5] and 7 – 10 x 

10
3
 S cm

-1
[6, 7] respectively. For comparison, the conductivity of Pt and Ti are 94 x 10

3
 

and 24 x 10
3
 S cm

-1
 respectively.[8] All transition metal mononitrides have been shown 

to be metallic from the calculations of the electronic structures of 4d transition metal 
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mononitrides with a rocksalt or zinc sulfide structure.[1] The transition metal nitrides 

usually retain the electronic properties and mass densities of the parent metals.[9] Metal 

nitrides have been studied because of their useful properties.[10] They have high 

corrosion resistance, melting point, and hardness.[2, 11] The chemistry of nitrides was 

significantly studied from the 1930s to the 1970s by various groups.[10] Transition 

metal nitrides have been studied for various catalytic reactions including ammonia 

synthesis or decomposition, carbon monoxide hydrogenation, nitrogen monoxide 

dissociation, hydrodenitrogenation and hydrodesulfurisation.[1, 12, 13] Recently, metal 

nitrides have gained popularity for supercapacitors due to their good electrical 

conductivity.[4] 

TiN and MoN electrodes have been prepared in the forms of thin films electrodes with 

large geometric areas or powder to form ink. Unfortunately, thin films have the 

tendency to form cracks and delaminate during sample preparation or usage; this 

increases the surface area and exposes the underlying substrate.[3] Mo samples need to 

be heated slowly so as to avoid delamination of the thin film during sample 

preparation.[3] In the hope to address the problems of crack formation and film 

delamination, we have prepared solid TiN and MoN electrodes by nitriding 

commercially available Ti and Mo wires. This is the first time TiN and MoN have been 

prepared in dense form to be used as microelectrodes. Thus, the TiN and MoN prepared 

for this work can be regarded as new materials for microelectrodes. The next section 

discusses the structure, preparation methods, chemistry and electrochemical properties 

of TiN.  

1.1 Titanium nitride 

One of the metal nitrides that has gained attention is TiN. TiN contains a rocksalt 

(NaCl) crystal lattice structure, Figure 1.1.[5, 14] Other types of TiN such as ε-Ti2N and 

α-Ti(N) have also been detected as claimed by Gicquel and colleagues.[15] TiN has 

many advantages which include high mechanical strength, thermal stability, melting 

point, corrosion resistance, biocompatibility, and low electrical resistivity.[16] TiN has 

been studied as decorative and protective coatings,[17, 18] diffusion barriers in 

electronic applications,[19-23] solar cell applications,[24] and biological 

applications.[16, 25-29] TiN was first employed in medical devices in the 1980s.[30] 
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Figure 1.1: Rocksalt crystal lattice structure of TiN. Red and blue spheres represent 

the Ti and N atoms respectively. 

Thin films of TiN have been synthesized using chemical vapour deposition (CVD)[22, 

31-33] and physical vapour deposition (PVD).[27, 34-38] Fukui[39] compared the two 

deposition techniques. The CVD technique appears to be much better than the PVD in 

terms of deposition coverage and film adhesion.[39] The typical film thicknesses 

prepared using the CVD and the PVD techniques range from 5 to 20 μm and from 0.5 to 

5 μm respectively.[39]  

The PVD technique consists of four components: a vacuum environment, a target (the 

material source in the form of solid, in this case, Ti), a substrate (the surface where thin 

film is being deposited), and an energy supply (from heat or kinetic energy) to transport 

the target to the substrate.[40] There are three major steps for film deposition and they 

are: the formation of gaseous species from the target, the transport of the gaseous 

species from the source to the substrate, and the growth of thin film on the substrate 

surface.[41] The target is turned into gaseous species either by evaporation (employing 

high temperature using high energy electron beam or resistant heating) or collisional 

impact (bombardment of inert gas ions – atoms of the material are ejected when these 
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fast ions hit the surface of the material).[41-45] The escaping vapour or the ejected 

atoms will travel in a straight line and collide with the substrate; these will eventually 

condense and form a film.[44] Compounds such as oxides, nitrides, or carbides may be 

formed when a reactive gas is supplied during evaporation.[44] 

To obtain the desired product, CVD uses the chemical reaction between precursor and 

other gases which takes place in the vapour phase, either close to or on the substrate 

surface; the reaction product near the surface is then deposited on the substrate.[44] For 

CVD, gases or evaporating liquids containing the metal of interest are utilised as the 

source materials.[43] One possible reaction to prepare TiN using CVD is as 

follows:[43] 

2TiCl4(g)
+ 2NH3(g)

+ H2(g)
 → 2TiN(s) + 8HCl(g)          (Eq. 1.1) 

where (g) and (s) mean gaseous species and solids, respectively. The substrate used for 

CVD is often heated to provide the initial thermal energy needed for the reaction to 

occur.[46] The deposition temperature (the temperature of the substrate) for this 

reaction is 1000 - 1450ºC.[45, 47] 

Some of the major problems of using PVD and CVD to prepare thin films are 

contamination and supply rate (the rate of conversion from solid or liquid to gas) of the 

source materials.[43] The supply rate affects the deposition rate and this influences the 

film properties such as grain size and crystallinity.[43] The condition of the surface 

substrate which includes roughness and level of contamination can also affect the 

deposition behaviour.[43] When employing CVD, the high temperature needed for the 

chemical reaction to occur can damage the substrate. 

Nitridation is another approach to produce TiN by flowing nitrogen or ammonia gas 

over a heated Ti powder or thin films.[48-51] In this work, solid TiN microelectrodes 

were fabricated from nitrided Ti strips with a thickness (this will become the width of 

the microband electrodes) of 14 – 16 μm. Thus, the TiN electrodes employed in this 

work were in the form of dense microelectrodes as opposed to thin films and powder. 

The nitridation reaction could proceed via the following equation:[48] 

2Ti + 2NH3  → 2TiN + 3H2                     (Eq. 1.2) 

This means that hydrogen gas is produced during the nitridation process. Mazza and 
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Trasatti claimed that the nitridation method was found to produce pure metal nitride 

without having any contaminants as studied using X-ray structural analysis.[52] They 

have also reported that the process was incomplete when the thin film sample was 

nitrided in less than 5 hours. 

Wittmer et al.[23] have reported that parts of TiN thin films can turn into titanium 

dioxide (TiO2) through surface oxidation when exposed to high temperatures 

(500 - 650°C). Ernsberger and colleagues[53] used X-ray photoelectron spectroscopy 

(XPS) and reported that a layer of oxide with the thickness of ≤ 11 Å can form on a TiN 

thin film surface even when exposed to air at 22ºC and 38% relative humidity. The 

reaction for the oxidation of TiN samples has been suggested to be as follows:[54] 

2TiN +  2O2 → 2TiO2 + N2                      (Eq. 1.3) 

Esaka et al.[55] proposed that the oxidation of TiN occurs in three steps: the 

replacement of N atoms in the TiN lattice with oxygen atoms via diffusion, the 

formation of TinO2n-1 on the oxynitride (TiNxOy) layers, and the slow oxidation of the 

remaining TiN resulted in TiO2 formation. The mechanisms were proposed from the 

results obtained using XPS and X-ray absorption spectroscopy on TiN thin films. 

Oxide layers can also be formed electrochemically. Milošev et al.[56] have 

demonstrated the formation of an oxide layer on TiN thin film electrodes using XPS 

when sweeping the potential to really positive values. The authors showed that the TiN 

thin film electrodes were turned into TiNxOy when cycling the potential from -0.2 to 0.7 

V vs. saturated calomel electrode (SCE) and an oxidation peak was seen at circa 1.1 V 

vs. SCE. The thickness of the oxide film was measured to be circa 70 Å when cycling 

the potential to 1.7 V vs. SCE.[56] A TiN sample can undergo electrochemical 

oxidation via the following reaction:[56] 

TiN + 2H2O →  TiO2 +  
1

2
N2 + 4H+ + 4e−          (Eq. 1.4) 

It has been suggested that the oxidation of TiN can also occur in the form of hydroxides 

when sweeping the potential between ~ 1 to 1.5 V vs. reversible hydrogen reference 

electrode (RHE):[54, 57] 
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TiN + 3H2O → Ti(OH)3 + 
1

2
N2 + 3H+ + 3e−          (Eq. 1.5) 

TiN + 3H2O → TiO2. H2O +  
1

2
N2 + 4H+ + 4e−                  (Eq. 1.6) 

Witvrouw et al.[58] have reported that the oxide layers on TiN thin films can be 

removed with either wet or vapour etching using hydrofluoric acid (HF). However, they 

suggested that the wet HF etching technique gives better results than the HF vapour 

etching technique when removing the oxide layers on TiN thin films. The work 

presented in Chapter 3 shows that HF vapour treatment is better than wet HF in 

improving the electron transfer kinetics of redox reactions at the TiN electrodes. 

Mazza and Trasatti[52] suggested that TiN thin film electrodes can be used to study 

redox systems successfully. However, Kirchner and colleagues[59] have reported that 

the electrochemical behaviour of untreated TiN thin films at positive potentials is quite 

poor compared to Au thin films. Gray et al.[60] have studied the effect of surface oxide 

layers on the capacitive current of TiN with large area (10 x 10 mm square) prepared 

using the same methodology as described herein with a slight variation in the holding 

temperature. Other forms of TiN have been produced such as nanowire array,[61] 

nanotube array,[62, 63] nanostructure,[4, 5] and microsphere[64] for sensor and 

supercapacitor applications. The next section introduces the properties, structures, 

chemistry, and electrochemistry of MoN. 

1.2 Molybdenum nitride 

MoN is the least studied metal nitride amongst titanium nitride, zirconium nitride, 

tungsten nitride, and chromium nitride.[1] MoN has been used as decorative and 

protective coatings, electronic gates and solid state diffusion barriers.[1] MoN 

demonstrates an interesting catalytic property[1] which has been studied for ammonia 

synthesis,[65] nitrogen oxide decomposition,[66] alkane hydrogenolysis,[67] 

hydrodesulphurisation,[12, 68, 69] and hydrodenitrogenation.[70-72]  

MoN exists in many forms: α-MoN is MoN metal with small amounts of interstitial 

N.[10] β-MoN has a face-centered tetragonal distortion of the cubic γ-Mo2N with an 

organised array of N atoms.[1] γ-Mo2N and δ-MoN consist of cubic and hexagonal 

phases respectively.[10] Different phase constituents can be obtained by controlling 
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parameters including the temperature during the synthesis.[1, 9] For example, β-MoN is 

stable at low temperature and γ-Mo2N is stable at high temperature.[1] However, the 

most stable structures are the cubic γ-Mo2N and the hexagonal δ-MoN.[73] δ-MoN was 

first synthesised by Hӓgg[74] in 1930 from Mo metal powder via nitridation.[75] There 

are several types of hexagonal δ-MoN respectively denoted as δ1-MoN, δ2-MoN, 

δ3-MoN, and Mo5N6.[1] δ1-MoN consists of a WC-type crystal lattice with stacking 

faults of the N atoms layers along the c-axis. δ2-MoN has a NiAs type structure with 

organised N atoms. δ3-MoN has trigonal Mo groups with well-ordered N atoms; it can 

also be described as a slightly distorted NiAs superstructure. Mo5N6 is the outcome of 

coalescence of WC- and NiAs-type building blocks with vacancies on Mo sites. 

However, samples containing mixed phases of cubic Mo2N and hexagonal MoN are 

often obtained.[76] In this work, several characterisations were performed on the MoN 

samples before recording their electrochemical response. Little is known about their 

electrochemistry but Cao et al.[77] reported that the δ-MoN phase is a better ORR 

catalyst than the γ-Mo2N phase.[77] Figure 1.2 shows the structure of γ-Mo2N, δ1-MoN, 

δ2-MoN, and δ3-MoN. 
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Figure 1.2: The structures of different form of MoN: γ-Mo2N (top left), δ1-MoN (top 

right), δ2-MoN (bottom left) and δ3-MoN (bottom right) taken with permission from 

Shah et al.[78] The large and small spheres represent Mo and N atoms respectively. 

The various crystal structures could be of interest for any surface sensitive reactions. 

Similar to TiN, MoN thin films have also been prepared using CVD[79-81] and PVD 

techniques.[1, 82-86] Other than these two techniques, nitridation is also a commonly 

used method to prepare different phases of MoN. Two parameters that dictate the phase 

constituents when performing nitridation technique are holding temperature and heating 

time.[1] Lyutaya[87] reported that γ-Mo2N can be formed by flowing ammonia gas over 

Mo powder (1 – 2 μm mean particle sizes) heated at 700ºC for 8 hours. The author also 

mentioned that molybdenum oxynitride (Mo2O1-xNx) can be synthesised from MoO3 at 

the same temperature but on a shorter time frame (4 hours). McKay[88] has prepared 

γ-Mo2N from MoO3 powder in ammonia environment at a temperature of 785ºC for 5 

hours. The author also managed to synthesise δ-MoN from MoS2 at the same 
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temperature but held for a longer period of time, 60 hours, whilst flowing ammonia gas. 

Kim et al.[3] reported that γ-Mo2N is obtained when the temperature is held between 

500 and 800ºC and δ-MoN is synthesised when the holding temperature is above 800ºC. 

The authors have used 300 nm thick Mo thin films for their work. Therefore, it is 

necessary to determine the phase constituents of the prepared MoN samples using 

reliable surface characterisation techniques before conducting further investigation on 

the prepared samples. For the work presented in Chapter 4 and 5, γ-Mo2N and δ-MoN 

samples were synthesised by exposing Mo strips to ammonia gas stream at 1100ºC for 

30 hours and at 800ºC for 60 hours respectively. 

Lyutaya[87] have identified that Mo samples could undergo the following reactions 

during nitridation process: 

2MoO3 + 4NH3 →  Mo2N + 6H2O +  
3

2
N2                            (Eq. 1.7) 

2Mo + NH3 → Mo2N +  
3

2
H2                              (Eq. 1.8) 

where Eq. 1.7 could take place since Mo is readily oxidised from air or moisture.[3] 

Roberson and colleagues[89] have reported the surface oxidation and oxide passivation 

of MoN thin film electrodes when performing electrochemical experiments. They also 

reported that the potential window of γ-Mo2N thin film electrodes is between -0.34 and 

0.56 V vs. SCE and between -1.34 and -0.34 V vs. SCE in 4.4 M H2SO4 and 7.6 M 

KOH respectively whereas the potential window of δ-MoN thin film electrode is 

between -0.34 and 0.66 V vs. SCE and between -1.34 and -0.34 V vs. SCE respectively. 

The mechanisms of oxygen reduction reaction and some electrochemical results 

reported in the literature for TiN and MoN electrodes are discussed in the next section. 

1.3 Oxygen reduction reaction 

The ORR is a complex reaction which can proceed in several pathways with the 

simplest one being the four-electron reduction to water.[40] The four-electron reduction 

pathway can also occur in two different ways depending on the pH.[40] The reaction 

consumes four electrons and four protons under acidic conditions:[40] 

O2 + 4H+ + 4e− →  2H2O                      (Eq. 1.9) 
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However, the reaction consumes water molecules as a proton source under basic 

conditions and then produces hydroxide ions:[40] 

O2 + 2H2O +  4e−  → 4OH−          (Eq. 1.10) 

The pathway taken by the reaction depends on the amount of H
+
 ions available in the 

vicinity of the electrode surface.  

The reaction can also proceed through a two-electron reduction with a peroxide 

intermediate.[40] The peroxide formed can be further reduced to produce water or may 

diffuse into the bulk of the solution before decomposing into oxygen and water.[40] It is 

possible for the oxygen produced from the decomposition to be reduced if it is in close 

proximity to the electrode surface.[90] The two-reduction pathway also depends on the 

pH of the electrolyte:[40] 

O2 + 2H+ + 2e−  → H2O2                    (Eq. 1.11) 

H2O2 + 2H+ + 2e−  → 2H2O                           (Eq. 1.12) 

in acidic conditions and 

O2 +  H2O + 2e− →  HO2
− +  OH−                   (Eq. 1.13) 

HO2
− +  H2O + 2e−  → 3OH−                   (Eq. 1.14) 

in alkaline solutions. The hydrogen peroxide can decompose as follows:[90, 91] 

H2O2  →  H2O +  
1

2
O2                      (Eq. 1.15) 

This has been simplified in the form of a diagram by Wroblowa as shown in Figure 

1.3:[92] 
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Figure 1.3: ORR pathways redrawn from Perry.[93] km is the rate of mass transport 

from the diffusion of related species. k1 is the rate constant for the four-electron 

reduction that produces H2O. k2 is the rate constant for the two-electron transfer to 

form peroxide. k3 is the rate constant for the subsequent reduction of the peroxide 

species to form water. k4 is the rate constant for the decomposition route that forms 

either water or dioxygen.  

Noël et al.[94] reported that it is also possible to form OH
●
 with Pt microelectrode as 

follows: 

O2 + 2H+ +  3e−  → HO●
 + OH−                               (Eq. 1.16) 

The OH
●
 radicals then convert to either OH

‒
 or water.[94] Shao et al.[95] have reported 

the possibility of forming superoxide in 0.1 M NaClO4 + NaOH (pH 11) studied using 

surface-enhanced infrared reflection absorption spectroscopy. The electrochemical 

equation is as follows:[96] 

O2 + e−  ⇌ O2
●¯

                         (Eq. 1.17) 

The superoxide then reacts with water to form oxygen:[96] 

2O2
●¯

 + H2O ⇌  O2 +  HO2
− +  OH−          (Eq. 1.18) 

The reaction can be affected by certain conditions which include the rate of mass 

transport, electrolyte, surface roughness, crystal structure, electrode material, and 

pH.[93, 94] When the rate of mass transport is greater than the rate of peroxide 
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reduction, the diffusion rate of hydrogen peroxide from the electrode surface to the bulk 

of solution increases.[97] This event leads to less oxygen being reduced to water. This 

effect is usually seen when the rotation rate of rotating disk electrodes is increased[97] 

or when the size of microelectrodes[97] and nanoelectrodes[98] is decreased. Different 

metals also exhibit a preference for different reduction mechanisms and this determines 

the efficiency of the electrode materials to reduce oxygen.[99] 

Transition metal nitrides possess relatively good stability in acidic environments and 

fairly wide potential window.[100] The metal and N bonding on the electrode surface is 

believed to promote the donation of electrons which should enhance the electrocatalytic 

activity towards the ORR.[77] Thus, transition metal nitrides should be considered as 

alternative materials to the conventional ORR catalysts.[100] Mazza and Trasatti[52] 

have studied the ORR using cathodic polarization on TiN thin film electrodes prepared 

via nitridation and showed that the electrodes exhibit activity towards the reaction. 

Avasarala et al.[101] have reported that Pt supported on TiN nanoparticles showed an 

enhanced electrocatalytic behaviour towards the ORR when compared to Pt supported 

on carbon. They suggested that the improved catalytic activity was due to the greater 

dispersion of Pt particles on TiN than on the carbon support. However, since the 

electrodes used Pt catalyst, cost limitation is a problem.  

Zhong and colleagues[102] have studied the ORR in an acidic environment on γ-Mo2N 

catalyst with a small amount of MoO2 due to incomplete nitridation. The authors 

reported that the onset of the ORR started at more positive potentials (~ 0.46 V vs. SCE) 

when compared to a bare glassy carbon (~ 0.24 V vs. SCE) and a XC-72R/glassy carbon 

(~ 0.36 V vs. SCE) in 0.5 M H2SO4. The authors have also studied the γ-Mo2N/carbon 

on rotating disk electrodes in 0.5 M H2SO4. They reported that the reaction appeared to 

be under mixed-control with no plateau region was observed at higher scan rates. 

However, they suggested that the reaction proceeds via the four-electron pathway to 

water. Xia et al.[103] have studied the ORR with δ-MoN (with a negligible amount of 

impurities from carbon black) prepared from molybdenum tetraphenylporphyrin using 

ammonia heat treatment. They stated that the onset potential of the reduction started at 

0.34 V vs. SCE in 0.5 M H2SO4. Qi et al.[73] and Cao et al.[77] have demonstrated that 

δ-MoN electrodes are more electrocatalytic towards ORR than γ-Mo2N electrodes 

prepared in the form of homogeneous ink with the addition of carbon black. The 
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differences in the sample preparation method between Qi et al.[73] and Cao et al.[77] 

are the catalyst loadings level and that Qi et al.[73] mixed carbon black and Mo metals 

before conducting the nitridation process which explains the presence of graphite on 

their XRD spectra. The nitridation process of a catalyst can result in different 

composition and lattice structures; it can also affect the core properties of the catalyst 

and carbon support including the distribution of the catalyst on the support, the catalyst 

loading level, number of catalytic sites, and the acid-base properties of the support.[103] 

Qi et al.[73] reported that the onset potentials of ORR for the δ-MoN and the γ-Mo2N 

catalysts are at 0.51 and 0.46 V vs. SCE respectively in 0.5 M HClO4. Cao and 

colleagues[77] also showed a similar trend where the onset potential of δ-MoN (~ 0.68 

vs. RHE) is at more positive value than that of γ-Mo2N (~ 0.42 V vs. RHE) in 0.1 M 

HClO4. The difference in the onset potentials from the work presented by Xia et 

al.[103] and Zhong et al.[102] to that reported by Qi et al.[73] is attributed to the 

catalyst loadings on the carbon support.[73] Mayrhofer and colleagues[104] reported 

that ORR varies significantly with the catalyst loadings. It could also be due to the 

different electrolyte used by Qi and colleagues.[73] Cao et al.[77] claimed that their 

δ-MoN catalyst exhibits the four electron pathway unlike their γ-Mo2N catalyst. 

To the best of our knowledge, solid TiN and MoN microelectrodes have never been 

employed to study the ORR. The metal nitride microelectrodes used for this work do 

not contain carbon compound. The electrodes are in solid form and have a flat surface. 

It is known that sample morphology can affect the electrocatalytic activity of electrode 

materials.[77] Cao and colleagues[77] proposed that a broader range of metal nitrides 

should be employed to better understand the relationship between crystal structures and 

ORR activity.  

1.4 Peroxodisulfate reduction reaction 

Peroxodisulfate or persulfate, S2O8
2‒

, is a highly reactive oxidizing agent.[105] It has 

been used to decompose organic in wastewaters.[106, 107] Peroxodisulfate can undergo 

thermal or radiation decomposition resulting in the formation of two sulfate 

radicals.[108] Comninellis and Chen[109] have described the process of treating 

wastewaters using peroxodisulphate activated with electrodes in detail. Peroxodisulfate 

can be produced via electrochemistry. Formerly, Pt and platinized Ti electrodes had 

been used to produce peroxodisulfate commercially from ammonium sulfate 
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oxidation[105] and sulfuric acid electrolysis[110] by applying very positive 

overpotential. Two problems arise when using Pt anodes for this application: the 

decrease in production efficiency due to water electrolysis and the need to purify the 

electrolyte because of corrosion product formation.[110, 111] Boron-doped diamond 

(BDD) electrodes have been studied as an alternative electrode material to produce 

peroxodisulfate via sulfuric acid oxidation.[110, 112, 113] This is because BDD 

electrodes have been reported to have a wide potential window (~ 3 V) in 1 M 

H2SO4[110, 114] although this is not always the case. Smit and Hoogland[115] have 

proposed that the production of peroxodisulfate can occur as follows: 

2SO4
2− →  S2O8

2− + 2e−                     (Eq. 1.19) 

The protonation of sulphate should be taken into consideration due to the effect of pH 

on the reaction when operating in acidic environment. Thus, Khamis et al.[110] have 

proposed that the following reaction should also be considered: 

2HSO4
−  →  S2O8

2− +  2H+ + 2e−                  (Eq. 1.20) 

In 1949, Clark and Tso[116] reported on the qualitative analysis of the presence of 

peroxodisulfate in acid solutions using aniline, benzidine, 2,7-diaminofluorene, and 

Zwikker reagents. In the same year, Kryukova showed a peculiar shape polarograms for 

the electroreduction of peroxodisulfate which has since attracted interest.[117] Many 

electrode materials have been employed over the years, either pristine or modified 

surfaces, to further understand the electrochemical behaviour of peroxodisulfate. Some 

of the materials include Au,[118, 119] roughened Au,[120] Pt,[117] bismuth-modified 

Pt,[117, 121] and BDD.[122]  

Two parallel pathways were proposed for the reduction of peroxodisulfate. The first 

pathway involves a fast dissociative chemisorption, subsequently followed by a slow 

one-electron reduction as given by:[119] 

S2O8
2−  → (S2O8

2−)ads  → 2(SO4
−)ads                  (Eq. 1.21) 

(SO4
−)ads +  e−  → (SO4

2−)ads  →  SO4
2−

                 (Eq. 1.22) 
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The second pathway starts with a slow uptake of the first electron. This pathway 

involves the direct reduction of peroxodisulfate anions:[119] 

S2O8
2− +  e−  →  SO4

2− +  SO4
−

                   (Eq. 1.23) 

SO4
− +  e−  →  SO4

2−
                     (Eq. 1.24) 

Two reduction peaks are shown by Samec et al.[118, 119, 123] for the reduction of 

peroxodisulfate and these were obtained with Au rotating and stationary disk electrodes. 

The first peak is seen at 0.4 V vs. SCE and the second peak is seen at 0 V vs. SCE in 

acidic solution. Oxide formation or stripping peak can interfere with the first reduction 

peak in neutral solution when the potential is swept to very positive values.[119] They 

have associated the first reduction peak with the fast dissociative chemisorption (Eq. 

1.21 and 1.22) and the second reduction peak with the direct reduction of 

peroxodisulfate (Eq. 1.23 and 1.24). The authors reported that the first peak is affected 

by the scan rate and the second peak is affected by the rotation rate. 

Many cyclic voltammograms of the peroxodisulfate reduction recorded with unmodified 

electrodes show no diffusion-controlled limiting currents even though rotating disk 

electrodes were employed.[117-119, 121, 123] These results suggest that the reaction is 

far from being mass transport controlled. Climent et al.[121] also reported that the 

current obtained (-160 μA cm
-2

) with a bare Pt rotating disk electrode is smaller than the 

theoretical current (-300 μA cm
-2

). These responses were attributed to the complication 

coming from the adsorption of peroxodisulfate and/or its intermediates on the electrode 

surface.  

Some groups have modified the electrode surface with adspecies (adsorbed species) 

such as lead,[124, 125] bismuth,[117, 121, 124] and thallium[124] to inhibit the 

adsorption of peroxodisulfate; they claimed to have diffusion-controlled plateau regions 

after modifying the electrodes. Kokkinidis and colleagues[124] reported that 

bismuth-adsorbed Pt rotating disk electrodes showed the highest electrocatalytic activity 

towards the reduction of peroxodisulfate in acidic environment amongst thallium- and 

lead-adsorbed Pt electrodes. The half-wave potential of the reduction wave recorded 

with the bismuth-modified electrode was more positive than those recorded with the 

thallium- and lead-modified electrodes in 0.5 M HClO4.[124] The authors stated that the 
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half-wave potential of the peroxodisulfate reduction depends on the potential where the 

electrodissolution of the adspecies occurs. The potential for the electrodissolution of 

bismuth adspecies is more positive than those of thallium and lead adspecies under 

acidic condition.[124] Kokkinidis et al.[124] suggested that the reduction of 

peroxodisulfate is under mixed-control since the hysteresis between the forward and 

backward scan is large and the half-wave potential depends on the potential of the 

electrodissolution of the adspecies. 

To the best of our knowledge, the electrochemical properties of peroxodisulfate have 

only been investigated using rotating disc electrodes and macroelectrodes.[118-120] 

Only two groups have reported on the reduction of peroxodisulphate using 

microelectrodes: Au and BDD.[110, 122] In this work, the effects of employing 

different scan rates and upper potential limits were investigated. Different radii of 

microelectrodes and concentrations of peroxodisulfate were also used to probe the 

electroreduction of peroxodisulfate. However, this work does not intend to unravel the 

mechanism of the peroxodisulfate reduction but to assess the electrochemical response 

of this species on these new materials for microelectrodes. The next section briefly 

reviews the definition and characteristics of microelectrodes. 

1.5 Ultramicroelectrodes 

Microelectrodes can range from 0.1 to 100 µm in diameter but 5 to 25 µm are typical in 

electroanalytical studies.[126] Different geometries have been developed over the years: 

disks, bands, hemispheres, spheres, cylindrical holes, rings and recessed disks.[126, 

127] Microdisk electrodes are the easiest to fabricate[126] and are more popular.[128] 

Because of edge effects, the diffusion layer at a microelectrode is different from the 

diffusion layer at a macroelectrode. Planar diffusion normally occurs at 

macroelectrodes[126, 129] as illustrated in Figure 1.4(a). On the contrary, hemispherical 

diffusion takes place at microdisk electrodes,[126, 129] Figure 1.4(b). The current 

measured using this electrode is normally very small, often on the nA scale.[126] 

Microelectrodes are known to have high mass transfer coefficient and low double layer 

charging current.[126, 128] 
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Figure 1.4: The diffusion field of redox species for: (a) macroelectrode and (b) 

microdisk electrode. 

The hemispherical diffusion would result in steady-state conditions, Figure 1.5(b). The 

limiting current, ilim, can be determined theoretically using Saito equation:[130, 131] 

𝑖𝑙𝑖𝑚 
= 4 𝑛𝐹𝐷𝑐∗𝑎                             (Eq. 1.25) 

where D is the diffusion coefficient, c*
 
is the concentration in the bulk, n is the number 

of electrons transferred, F is the Faraday constant and a is the radius of the electrode. 

Macroelectrodes exhibit non steady-state currents shown in Figure 1.5(a). 

 

 

 

 

 

Figure 1.5: Typical linear sweep voltammograms recorded at slow scan rates in a 

redox system for: (a) macroelectrodes and (b) microelectrodes. 

Electrical noise can affect the results when using microdisk electrodes since the current 

is very small.[132] In our case, a Faraday cage was used to avoid electromagnetic noise. 

Microband electrodes can address this problem as one dimension is relatively large 

within the range of mm or cm and that provides larger currents; the other dimension is 
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relatively small within the range of μm or nm, and this offers the characteristic of 

quasi-steady state current.[132] Microband electrodes demonstrate hemicylindrical 

diffusion, a combination of both hemispherical and planar diffusion, at long time[133] 

as shown in Figure 1.6.  

 

Figure 1.6: Hemicylindrical diffusion field illustrated in red (planar diffusion) and 

blue (hemispherical diffusion) for a microband electrode sealed inside an insulating 

sheath. 

The limiting current obtained with a microband electrode can be estimated using the 

following equation:[134] 

𝑖𝑙𝑖𝑚 =  
2𝜋𝑛𝐹𝐷𝑐∗𝑙

ln(
64𝐷𝑡

𝑤2 )
                               (Eq. 1.26) 

where t is time, w is the width, and l is the length of the microband wire. F, n, D, and c* 

have their usual meaning. Thus, microband electrodes do not exhibit a true steady state 

at long time but with sweep rates on the mV s
-1

, the change is sufficiently small for ilim 

to be considered as a quasi-steady state current.[135] 

The difference in the electrochemical response between macro and microelectrodes is 

due to the nature of mass transport. The mass transfer coefficient is a measure of the 

rate of transport of redox species from the bulk of the solution to the electrode 
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surface.[126] For large electrodes, the mass transfer coefficient, Km, can be calculated 

by dividing the diffusion coefficient of redox species with the thickness of diffusion 

layer, 𝛿 =  √𝜋𝐷𝑡, given by the following equation:[126] 

𝐾𝑚 =  
𝐷

𝛿
=  √

𝐷

𝜋𝑡
                      (Eq. 1.27) 

The diffusion layer is the area where the initial redox species is actively travelling 

towards the electrode surface down a concentration gradient.[126] For microelectrodes, 

the mass transfer coefficient is slightly more complicated due to the hemispherical 

diffusion. In the steady state, the mass transfer coefficient to a microdisk is as 

follows:[135]  

𝐾𝑚 =  
4𝐷

𝜋𝑎
                               (Eq. 1.28) 

The rate of mass transport increases as the radius of the electrode decreases. Thus, the 

mass transfer coefficient can be manipulated by varying the size of the electrode. This is 

similar to employing rotating disk electrodes where the mass transfer coefficient can be 

varied by changing the rotation rate as explained by the following equation:[126]  

𝐾𝑚 =  
0.201𝐷2/3𝜔1/2

𝜐1/6                      (Eq. 1.29) 

where ω is the rotation rate in revolutions per minute (rpm) and υ is the kinematic 

viscosity in cm
2
 s

-1
. The fast rotation of the rotating disk electrodes feeds fresh solution 

over the electrode surface. The rate of mass transport is higher when faster rotation rate 

is employed. However, there is a limitation when employing rotating disk electrodes in 

terms of the rotation rate. Table 1.1 shows the comparison between the mass transfer 

coefficient of microelectrodes with various sizes and of rotating disk electrodes with 

different rotation speeds calculated using Eq. 1.28 and Eq. 1.29 respectively. 

  



Chapter 1  

20 

Table 1.1: The values of mass transfer coefficients obtained with different sizes of 

microdisk electrodes compared to the rotation speed of rotating disk electrodes needed 

to achieve the same rate of mass transport; D = 1 x 10
-5

 cm
2
 s

-1
 & υ = 1 x 10

-2
 cm

2
 s

-1
. 

10
4
 x a / cm  10

3
 x Km / cm s

-1 
ω / rpm 

25 5 641 

12.5 10
 

2565 

5 25 16044 

2.5 51 64127 

The table shows that unreasonably high rotation rates are required to reach the same rate 

of mass transport as that produced by microelectrodes with radii smaller than 12.5 μm. 

The typical range for rotation speed for rotating disk electrodes is from 10 to 5000 rpm. 

Employing a faster scan rate than 5000 rpm will create turbulence which can affect the 

experimental data. Thus, microelectrodes can help to address the problem. The shape of 

voltammetry on microelectrodes and the reversibility of reactions are discussed in the 

next section. 

1.6 Voltammetry at microelectrodes 

Linear sweep voltammetry is performed by sweeping the potential from a potential 

where no appreciable current is measured to a potential where the reaction is under mass 

transport control. This would produce a sigmoidal shape voltammogram when using a 

microdisk electrode[132] as shown in Figure 1.7(right). At a slow scan rate, the 

hemispherical diffusion can occur during the timescale of the potential scan.[126] At a 

fast scan rate, the surface concentration changes rapidly and planar diffusion will take 

place.[126] Likewise, cyclic voltammetry is also executed by sweeping the potential 

from a potential where zero current is measured to a potential where the reaction is mass 

transport controlled. However, the potential is then swept back to the initial potential as 

shown in Figure 1.7(left). The smoothness and the cleanliness of the electrodes can be 

determined by observing the shape of the steady state voltammograms. A small 

hysteresis between forward and reverse sweeps implies a smooth and clean electrode 

surface often obtained after polishing the electrode with alumina slurries. 
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Figure 1.7: (left) A plot of potential as a function of time and (right) the 

corresponding steady-state cyclic voltammogram for a microelectrode recorded in the 

presence of redox system at low scan rates. The current of the forward scan overlaps 

with that of the backward scan for the steady-state voltammogram. 

The half-wave potential and electrochemical reversibility of the reaction can be 

determined from the steady-state voltammogram by using the following equation 

derived from the Nernst eq.:[135] 

𝐸 =  𝐸1/2 +
𝑅𝑇

𝑛𝐹
ln (

𝑖𝑙𝑖𝑚−𝑖

𝑖
)                      (Eq. 1.30) 

where E is the applied potential, E1/2 is the half-wave potential, R is the gas constant, T 

is the temperature, and i is the current obtained at E. Fick’s first law states that the flux 

of oxidised species is proportional to its diffusion coefficient and the concentration 

gradient, dc/dx, at a particular distance, x, from the electrode:[132] 

−Fluxo = 𝐷o (
d𝑐o

d𝑥
)

𝑥=0
=  

𝐷o(𝑐o
∗−𝑐o(𝑥=0))

𝛿
 =  

𝑖

𝑛𝐹𝐴
                 (Eq. 1.31) 

where 𝑐o
∗ and Do are the concentration at the bulk of the solution and the diffusion 

coefficient of the oxidised species respectively, co is the concentration of the oxidised 

species, x = 0 is the electrode surface, and A is the electrode area. Eq. 1.31 states the 

relationship between the concentration at the electrode surface and the current.[132] 

With Do/δ equivalent to Km, the limiting current is given by:[132] 

𝑖lim

𝑛𝐹𝐴
= 𝐾𝑚o

𝑐o
∗                      (Eq. 1.32) 
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where 𝐾mO
 is the mass transfer coefficient of the oxidised species. The combination 

between Eq. 1.31 and 1.32 would give:[132] 

𝑐o (𝑥=0) =  
(𝑖lim −𝑖) 

𝑛𝐹𝐴𝐾mo

                             (Eq. 1.33) 

When reduced species is not initially present in the solution, the following eq. is 

obtained:[132] 

𝑐R (𝑥=0) =  
𝑖

𝑛𝐹𝐴𝐾mR

                              (Eq. 1.34) 

where cR and 𝐾mR
 are the concentration and the mass transfer coefficient of the reduced 

species respectively. For a reversible reaction, the concentrations of the redox species at 

the electrode surface are related to the Nernst eq.:[132] 

𝐸 =  𝐸°,
 +

𝑅𝑇

𝑛𝐹
ln (

𝑐o (𝑥=0)

𝑐R (𝑥=0)
)                            (Eq. 1.35) 

where Eº
,
 is the formal potential of the redox couple. The insertion of Eq. 1.33 and 1.34 

into Eq. 1.35 would give:[132] 

𝐸 =  𝐸°,
−

𝑅𝑇

𝑛𝐹
ln (

𝐾mO

𝐾mR

) +  
𝑅𝑇

𝑛𝐹
ln (

(𝑖lim−𝑖)

𝑖
)                           (Eq. 1.36) 

𝐾mo  and 𝐾mR are determined by the types of electrodes used such as macroelectrode, 

rotating disk electrode, or microelectrode as stated earlier. The relationship between the 

half-wave potential and the formal potential is given by the following equation:[136] 

𝐸1/2 =  𝐸°,
−  

𝑅𝑇

𝑛𝐹
ln (

𝐾mO

𝐾mR

)                            (Eq. 1.37) 

If the diffusion coefficient of the reduced species is close to that of the oxidised species 

(which is often assumed to be the case), the rate of mass transfer is also close; this 

makes Eq. 1.37 to be E1/2 = 𝐸°,.[136] Since the half-wave potential is associated to the 

formal potential of the redox species it can be exploited to confirm the identity of the 

analytes. The insertion of Eq. 1.37 into Eq. 1.36 leads to Eq. 1.30. The potential where 

the current is half of the limiting current value is called the half-wave potential.[132] A 
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linear relationship should be obtained when a graph of the applied potential as a 

function of ln (ilim – i) / i is plotted.[137] A reversible process would have a slope of 

circa 0.026 V when n is 1. 

A Tomeš criterion is a quick guide to determine the voltammetric reversibility of an 

electrochemical reaction.[138] For a reversible reaction, the eq. is given by:[138] 

𝐸3

4

− 𝐸1

4

=  
𝑅𝑇

𝑛𝐹
ln (9)                     (Eq. 1.38) 

where E3/4 and E1/4 are the potentials at three quarter and one quarter of the wave 

respectively. The rest of the parameters have their usual meaning. Eq. 1.38 explains that 

the difference between the potentials should be 56/n mV at 25ºC.[138] Electrochemical 

kinetics can affect the shape of the cyclic voltammogram where the cyclic 

voltammogram is shifted as the electron transfer becomes slower since a higher 

overpotential is needed to overcome the kinetic barrier as shown in Figure 1.8.[137]  

 

Figure 1.8: Linear sweep voltammograms for a reversible, quasi-reversible, and 

irreversible reactions taken with permission from Brownson.[137] 

The electrochemical kinetic can also affect the half-wave potential of the 

electrochemical reaction as seen in Figure 1.8. Conventional electrode materials such as 

Pt, Au, and C would exhibit reversible voltammograms for redox mediators that 

undergo a fast 1 e
‒ 

transfer. The next section explains about the aims of the project 

presented herein. 



Chapter 1  

24 

1.7 Aims of this work 

The aim of this work was to prepare TiN and MoN materials from commercially 

available Ti and Mo sheets and wires via the nitridation technique. Other goals were to 

confirm that TiN and MoN samples were obtained and to characterise their surface 

morphology using optical microscopy, SEM, EDX, and XRD. The TiN and MoN 

samples were then turned into microelectrodes. This was done to electrochemically 

characterise the solid TiN and MoN microelectrodes in different potential regions using 

different redox mediators and supporting electrolytes. The final objective was to find 

the best material that exhibits a stable current for the reduction of peroxodisulfate for 

applications in SECM. 

1.8 Structure of thesis 

This dissertation consists of six chapters. Chapter 2 will describe the methodology of 

preparing TiN and MoN samples. The fabrication of TiN, MoN, Pt, Au, 

bismuth-modified Pt, and nanostructured Pt microelectrodes is also explained. The 

electrochemical setup of the work presented herein is also shown. The fabrication of 

reference and counter electrodes is described in detail. The methods used to conduct 

optical microscopy, SEM, EDX, and XRD are explained as well. Chapter 3 will discuss 

the results obtained with the TiN strips using the optical microscopy, SEM, EDX, and 

XRD. It will also discuss the electrochemical results obtained with non-treated and 

treated TiN microband electrodes using different redox mediators. The TiN microband 

electrodes were treated with HF-vapour to improve the electrochemical response at 

positive potentials. The electrochemical results obtained with the treated and 

non-treated TiN microband electrodes for the ORR will also be discussed. Chapter 4 

will focus on the results obtained with MoN strips and wires using the same surface 

characterisation techniques employed in Chapter 3. The electrochemical results obtained 

with the MoN microelectrodes using different redox mediators and for the ORR will 

also be discussed. In this work, hexagonal MoN and cubic Mo2N were assessed. 

Chapter 5 will focus on finding the best material that exhibits a stable and ideally 

diffusion-controlled current for the reduction of peroxodisulfate to study the 

electrogeneration of peroxodisulfate using SECM in the future. The study was 

conducted on various materials: bare Au, bare Pt, nanostructured Pt, bismuth-modified 
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Pt, HF-etched TiN, and MoN microelectrodes. This chapter does not intend to study the 

mechanism of the peroxodisulfate reduction. Chapter 6 will then provide the conclusion 

of the entire work and a discussion of the possible paths for future work. It will then be 

followed by an appendix of supplementary data.  

 





Chapter 2  

27 

Chapter 2  Experimental 

2.1 Reagents 

In this study, all of the chemicals were used as received without further purification. To 

prepare the solutions and to clean the glassware, deionised water (resistivity 18.2 MΩ 

cm) was obtained from a Purite Select purification system. All glassware was immersed 

in 5% Decon 90 (BDH) with distilled water overnight. They were then rinsed 

thoroughly with a copious amount of deionised water before drying in an oven (LTE 

Scientific) at 40°C prior to usage. The chemicals used in this study are listed in Table 

2.1. The next section explains the procedure to fabricate TiN microelectrodes. 
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Table 2.1: Information about the chemicals that were used in the study. 

Name Chemical formula Purity / % Manufacturer Purpose 

Acetone C3H6O N-Grade Fisher Scientific Cleaning samples and tools 

Alumina Al2O3 - Buehler Polishing electrodes  

Aniline C6H5NH2 ≥ 99.5 Sigma-Aldrich Passivating the surface of TiN electrodes 

Bismuth (iii) oxide Bi2O3 99.999 Sigma-Aldrich Modifying the surface of Pt electrodes  

Epoxy resin - - Araldite Fabricating working electrodes 

Ferrocenemethanol C11H12FeO 97 Sigma-Adrich Test solution 

Hexaammineruthenium (iii) chloride Ru(NH3)6Cl3 98 Aldrich Test solution 

Hexachloroplatinic (iii) acid H2PtCl6·xH2O 99.9 Aldrich  Making nanostructured Pt film 

Hydrofluoric acid HF 48 Sigma-Aldrich Treating the surface of TiN electrodes 

Liquid mercury Hg 99.9998 Alfa Aesar Fabricating reference electrodes 

Mercury (i) chloride  Hg2Cl2 95 Alfa Aesar Fabricating reference electrodes 

Mercury (i) sulphate Hg2SO4 99.5 BDH Fabricating reference electrodes 

Octaethylene glycol HO(CH2CH2O)8H ≥ 95 Sigma-Aldrich Passivating the surface of TiN electrodes 

Perchloric acid HClO4 ≥ 70 Sigma-Aldrich Preparing Bi2O3 solutions 

Polyethylene glycol hexadecyl ether Brij56 - Aldrich Making nanostructured Pt film 

Potassium chloride KCl ≥ 99 Fisher Scientific Supporting electrolyte 

Potassium ferricyanide K3Fe(CN)6 > 99 BDH Test solution 

Potassium ferrocyanide anhydrous K4Fe(CN)6·3H2O 100.64 Fisher Scientific Test solution 

Potassium hexachloroiridate (iii) K3IrCl6 - Aldrich Test solution 

Potassium hydroxide KOH ≥ 85 Fisher Scientific Supporting electrolyte 

Potassium perchlorate KClO4 100 Aldrich Supporting electrolyte 

Potassium peroxodisulfate K2S2O8 ≥ 99 Fluka Test solution 

Potassium sulphate K2SO4 ≥ 99 Timstar Lab Supplies Supporting electrolyte 

Silver epoxy - - RS Component Fabricating working electrodes 

Sodium perchlorate NaClO4 ≥ 99 Aldrich Supporting electrolyte 

Sulfuric acid H2SO4 98 Sigma-Aldrich Supporting electrolyte 

Trisaminomethane (TRIS) C4H11NO3 ≥ 99.9 Aldrich Passivating the surface of TiN electrodes 

2.2 Electrodes 

2.2.1 Working electrodes 

2.2.1.1 Titanium nitride 

A Ti foil (Alfa Aesar, 99.6%) was cut into several small strips (~ 0.1 x 5.0 cm). The 

strips were cleaned with acetone, rinsed with deionised water, and dried using 

compressed air. The strips were then placed in between two alumina tiles to prevent the 

strips from bending or curling during the ammonolysis. The alumina tiles along with the 

Ti strips were positioned in the middle of a silica sample tube. This tube was then 

placed inside a furnace (Lenton Thermal Designs Limited). The Ti strips were heated at 
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1100ºC for 30 hours with the temperature rate of 10°C min
-1

 as illustrated in Figure 2.1. 

A slow temperature rate was employed to ensure a uniform heating throughout the 

samples.[3] Dry ammonia gas (Pureshield, BOC anhydrous grade) was constantly 

flowed during the entire nitridation process. Once finished, the samples were let to cool 

down to room temperature inside the furnace. After the furnace had reached the room 

temperature, the ammonia residue from the TiN samples was removed by purging the 

sample tube with nitrogen gas (Pureshield, BOC) for 15 minutes. The samples were 

then stored in a small transparent sample container. 

 

Figure 2.1: The temperature program to prepare the TiN samples. 

After cooling, the recovered foils were golden in colour, Figure 2.2, and quite brittle. 

For this reason, the epoxy resin was used as the insulating sheath instead of a 

borosilicate glass pipette. To fabricate the TiN microband electrode, one end of a TiN 

strip was attached to a multicore wire (RS Component) using silver epoxy, Figure 

2.3(left). The silver epoxy was then let to harden for a couple of hours. A pipette tip 

(1000 μL, Diamond) was bisected and covered with a Teflon tape that served as a 

mould for the fabrication of metal nitride electrodes, Figure 2.3(right). An adhesive was 

used to secure the pipette tip on a flat surface before insulating the electrical connection. 
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Figure 2.2: (left) Ti strip which was cut from Ti foil. (right) The TiN strips after the 

ammonolysis. 

Teflon tape was employed in this case as epoxy resin does not adhere to this material. A 

small amount of epoxy resin was deposited into the cast. The TiN wire was gently laid 

on top of the epoxy resin. More epoxy resin was then put inside the cast to cover the 

TiN wire and let to harden overnight. The electrode was taken out from the cast and a 

Pasteur pipette (Fisherbrand) was affixed to the hardened epoxy for easier handling. The 

electrode was polished with silicon carbide papers (Starke) of different grades: 240, 

600, and 1200 until the TiN microband wire was exposed.  
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Figure 2.3: (left) One end of a TiN strip was attached to a copper wire using a silver 

paint. (right) The connection was insulated with the epoxy resin in a mould made out 

of a bisected pipette tip which was covered with a Teflon tape. The pipette tip was 

secured on a flat surface using an adhesive. 

The electrode was then polished with alumina lapping films (3M) of different sizes: 5, 1 

and 0.3 microns until a mirror finished was obtained. The electrode was held as 

perpendicular as possible to the polishing material while polishing the electrode. The 

electrode was rinsed with deionised water before changing to a lower grade of the 

polishing materials. After the polishing procedure had finished, the electrode was 

cleaned with a wet polishing microcloth (Buehler) to remove any alumina residue. 

Figure 2.4 shows the finished microband electrode. A Ti microband electrode was also 

fabricated using the same procedure to make the TiN microband electrode. This is to 

compare the electrochemical response of the TiN microband electrode to that of a Ti 

microband electrode. The TiN and Ti microband electrodes were always polished with 

0.3 micron lapping films, cleaned with a wet polishing cloth, and rinsed with deionised 

water before use.  
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Figure 2.4: The finished TiN microband electrode. 

In order to remove the oxide layers that might have formed on the TiN electrode, the 

surface of the TiN microband electrode was etched with HF acid vapour (WARNING: 

HF acid is an extremely toxic and corrosive liquid. It must be handled with utmost care 

with an antidote cream within reach).[139] The TiN microband surface was exposed to 

the HF vapour from the concentrated HF acid for 1 minute. It was then rinsed with 

deionised water several times and gently dried using compressed air. The methodology 

of fabricating MoN microelectrodes is explained in the next section. 

2.2.1.2 Molybdenum nitride 

The exact methodology of preparing the TiN samples was followed to make cubic 

Mo2N strips and wires. The difference was that Mo foils (99.95%, Advent Research 

Materials) and 25 μm diameter Mo wires (99.95%, Advent Research Materials) were 

used instead of the Ti foils. As explained in Section 1.2, different phase constituents can 

be attained by varying the holding temperature. The cubic Mo2N samples were obtained 

at a higher temperature and hexagonal MoN samples were produced at a slightly lower 

temperature. A different temperature program was employed for the preparation of 

hexagonal MoN strips and wires as shown in Figure 2.5.  
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Figure 2.5: The temperature setup to prepare the hexagonal MoN samples. 

The temperature was first held at 800°C for 60 hours to obtain hexagonal MoN. It was 

then increased to 1100°C for 30 hours to ensure that the centre of the Mo strips and 

wires was also undergoing ammonolysis. The temperature was decreased back to 800°C 

for another 15 hours to retain the hexagonal MoN. The temperature rate was 10ºC min
-1

. 

Unlike the TiN samples, the prepared MoN samples did not drastically change colour 

but the colour turned slightly dull, Figure 2.6. However, the MoN samples were also 

brittle. The MoN strips and wires were then turned into microband and microdisk 

electrodes by following the methodology to fabricate the TiN microband electrodes. 
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Figure 2.6: (left) Mo strip which was cut from Mo foil. (right) The MoN strips after 

the ammonolysis. 

The electrodes were then polished with silicon carbide papers and alumina lapping films 

of different grades until a mirror finished was obtained. The electrodes were rinsed with 

deionised water several times before changing to a lower grade of the polishing 

materials. After polishing with a 0.3 micron alumina lapping film, the electrodes were 

cleaned with a wet microcloth and rinsed with deionised water. Mo microband and 

microdisk electrodes were also fabricated by following the procedure to make the TiN 

microband electrode. Like the TiN and Ti microband electrodes, the MoN and Mo 

microband electrodes were also polished, cleaned, and rinsed before use. The next 

section describes the procedure to prepare conventional microdisk electrodes. 

2.2.1.3 Conventional material microdisk electrodes 

The conventional microelectrodes were fabricated by following the procedure explained 

by Denuault.[128] The metal wire of interest, such as Pt (99.99%, Goodfellow Metals) 

or Au (99.99%, Advent Research Materials), was inserted into a borosilicate glass 

pipette and it was sealed using the flame of a blow torch. The glass pipette was then 

secured using a clamp. The open end of the glass body was connected to a vacuum 

pump (KNF) using a rubber pipe and a nichrome wire (Rapid Electronics) heating coil 

was brought upward towards the sealed part of the glass body. The vacuum pump was 

turned on and the pipette tip was heated. The heat caused the glass to melt and the 
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vacuum forced the melted glass to collapse around the wire. The heating coil was 

slowly brought further upward to seal the rest of the wire, leaving only about 10 mm of 

the wire exposed to the air inside the glass body. The glass body was then let to cool 

down and the tube connecting the glass pipette to the vacuum pump was disconnected. 

Small pieces of indium (Sigma Aldrich) were placed inside the glass body. The tip of 

the glass pipette was gently heated until the indium had melted. The glass body was 

lightly tapped to ensure that the electrode wire was completely covered with the melted 

indium. A 500 μm diameter insulated copper wire (RS Components) was cut, 

approximately 15 cm long, and a bit of the insulating sheath was removed from both 

ends to expose the copper wire. One end of the copper wire was then pushed through 

the melted indium. Upon cooling, the annealed indium provided the connection between 

the microwire and the copper wire. An electrical tape or epoxy was used to secure the 

insulated copper wire to the glass body as a means to maintain the connection between 

the wires. Figure 2.7 illustrates the method to fabricate a microelectrode. 
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Figure 2.7: Step-by-step diagram for the fabrication of a microelectrode. The metal 

wire is inserted through the tip of the glass pipette. The wire is sealed using the flame 

of a Bunsen burner. The tip of the glass pipette is inserted into a heating coil and the 

other end is connected to the vacuum pump using a rubber tube. The vacuum pump is 

turned on and the glass pipette is heated to seal the microwire. Indium is inserted into 

the glass body and a copper wire is pushed through the melted indium. The copper 

wire is secured to the glass body using epoxy or an electrical tape. The illustration 

was taken and modified from Perry.[93] 

The electrode was polished with silicon carbide papers of different grades until the wire 

was exposed. The electrode was then polished with 5, 1 and 0.3 µm alumina suspension 

(Buehler) on a polishing cloth to obtain a mirror finish surface. While preparing the 

electrodes, undesirable bubbles would usually form along the microwire. The electrode 

was normally polished until the bubbles were absent around the wire on the electrode 

surface. The electrode was rinsed with deionised water before changing to a lower grade 

of the polishing materials. The electrode surface was then cleaned with a wet polishing 

cloth and rinsed with deionised water. The electrode was sonicated in deionised water 

using an ultrasonic bath (VWR) for a minute to remove the remaining alumina slurry on 

the electrode surface. It was then rinsed with deionized water several times. The Pt 

electrode was also cleaned and characterised in deoxygenated 1 M H2SO4 at 100 mV s
-1

 

by cycling the potential from -0.65 to 0.9 V vs. saturated mercurous sulfate electrode 
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(SMSE) until reproducible cyclic voltammograms were obtained normally after 15 

cycles. However, gold electrodes were electrochemically cleaned between -0.6 to 1.2 V 

vs. SMSE at 500 mV s-1. The electrochemical cleaning procedure was employed as a 

means to obtain a pristine electrode surface.[140] A two-electrode system was typically 

employed when using microdisk electrode for any electrochemical measurements. The 

working electrodes were stored in sample vials filled with deionised water when not in 

use to avoid any contamination on the electrode surface. However, the conventional 

material working electrodes were always polished with 0.3 µm alumina slurry on a 

polishing cloth for 10 minutes, cleaned with a wet polishing cloth, and rinsed with 

deionised water before use. The procedure to electrodeposit nanostructured Pt films is 

explained in the next section. 

2.2.1.4 Surface-modified electrodes 

2.2.1.4.1 Nanostructured platinum electrodes 

The nanostructured Pt film was electrochemically deposited on a conventional Pt 

microdisk electrode. The mesoporous Pt microelectrode was prepared by following the 

methodology explained by Attard et al.[141] In this work, Brij 56 was used instead of 

C16EO8 which has a quite similar characteristic but can be purchased at a lower 

cost.[142] C16EO8 is a surfactant that forms a wide hexagonal mesophase which is 

stable at room temperature.[143] An orange paste consisting of 42% non-ionic Brij 56, 

29% hexachloroplatinic (iii) acid, and 29% w/w deionised water was prepared in a 

sample vial. The substance was mixed using a wooden stick. The substance was then 

heated to approximately 40°C in an oven for 30 minutes and taken out to cool for 30 

minutes. The substance was heated and cooled for three more times. The sample vial 

was then sealed and stored in a dark cabinet. The substance can last in the period of one 

month after the preparation. 

To prepare the nanostructured Pt microelectrode, a Pt mesh counter electrode was 

secured to a wooden block using electrical tapes. A small amount of the plating mixture 

was placed on the counter electrode. A freshly polished Pt electrode and a SCE were 

pushed through the orange mixture, making sure that there was a connection between 

the electrodes. The experimental setup is shown in Figure 2.8.  
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Figure 2.8: The experimental setup for the electrodeposition of a nanostructured Pt 

film on a 25 μm Ø Pt microdisk electrode. WE, RE, and CE stand for working, 

reference, and counter electrodes respectively. 

The desired film thickness can be obtained by controlling the amount of charge passed 

through the electrode surface. The amount of charge needed to get the film thickness of 

interest can be calculated by using the following equation: 

𝑄 (C) =  
film thickness (cm) × 𝑛 (4)× 𝐹 × metal density (g cm−3) × 𝐴 (cm2) 

metal atomic weight (g mol−1)
       (Eq. 2.1) 

where Q is the charge and the meaning of other parameters remains the same. The 

density and atomic weight of Pt are 21.4 g cm
-3

 and 195.084 g mol
-1

 respectively. The 

resting potential was set to be at 0.6 V vs. SCE before the potential was stepped to -0.1 

V vs. SCE and held at the latter potential until the calculated charge had passed. To 

obtain a 2.5 µm thick mesoporous Pt film deposited on a 25 µm diameter Pt microdisk 

electrode, the electrodeposition was set to stop automatically when the charge had 

reached -52 µC, assuming 100% Faradaic efficiency for the metal deposition.[144] 

However, this is not always the case as the deposition can be affected by other surface 

processes such as hydrogen adsorption. The SCE was then replaced with a SMSE. The 

potential was then cycled from -0.65 to 0.9 V vs. SMSE at 500 mV s
-1

 until reproducible 

cyclic voltammograms were obtained typically after 300 cycles. The electrode tip was 
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then rinsed with a copious amount of deionised water to remove any traces of the 

mixture. The electrode tip was also immersed in deionised water while stirring 

overnight to get rid of the residue of the plating mixture. It was then rinsed again with 

deionised water and stored in a sample vial containing deionised water. However, the 

electrode surface is never completely clean from the surfactant. Thus, the 

nanostructured Pt electrode was then cleaned and characterised in deoxygenated 1 M 

H2SO4 by cycling the potential from -0.65 to 0.9 V vs. SMSE at 100 and 500 mV s
-1

 

until the voltammetric response is reproducible. Figure 2.9 shows the SEM images of 

the nanostructured Pt film on a Pt microdisk electrode. 

 

Figure 2.9: SEM images of a 40 μm Ø nanostructured Pt film electrodeposited on a 

25 μm Ø Pt microdisk electrode taken from different angles: top (left) and side (right) 

of the film. 

It can be noted that the film surface is not very smooth. The film thickness was close to 

the calculated film thickness. However, the electrode radius after the electrodeposition 

was larger than the initial radius. This implies that the film growth had spread beyond 

the electroactive surface of the electrode.  

After the electrodeposition, the electrodes were not polished to avoid removing the 

nanostructured Pt films from the electrode surface. In order to avoid or at least lessen 

the contamination of the film, the electrodeposited electrodes were stored in deionised 

water before use. The deionised water was replaced occasionally. Before performing the 

electrochemical measurements, the nanostructured Pt microelectrode was rinsed with 

deionised water and was then electrochemically cleaned as described for the bare Pt 

microdisk electrode in Section 2.2.1.3. The electrode was cleaned with deionised water 
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and it was gently dried using compressed air. The next section describes the 

methodology of modifying Pt electrodes with bismuth adspecies. 

2.2.1.4.2 Bismuth-adsorbed platinum electrode 

The method of electrode surface modification was conducted as explained by Clavilier 

and colleagues.[145] A 25 μm diameter Pt microdisk electrode was polished with 0.3 

micron alumina slurry for 10 minutes on a microcloth. The electrode was then rinsed 

with deionised water and rubbed against a wet microcloth. The microelectrode was 

sonicated in deionised water for 1 minute. It was then cleaned and characterised in 

deoxygenated 1 M H2SO4 by cycling the potential from -0.65 to 0.9 V vs. SMSE at 500 

mV s
-1

 for 15 cycles. 

A solution of 10 mM Bi2O3 in 0.6 M HClO4 was prepared in a sample vial. The 

polished and cleaned electrode was then immersed in the Bi2O3 solution for 1 minute. It 

was then rinsed with deionised water and gently dried using compressed air. The 

method to prepare reference electrodes is explained in the next section. 

2.2.2 Reference electrodes 

A homemade SCE and SMSE were used as the reference electrodes. The reference 

electrodes were made by and inherited from previous students. The potential of the 

reference electrodes was checked against a homemade standard hydrogen electrode. The 

reference electrodes were prepared according to the methodology explained by 

Bartlett.[146] The reference electrodes comprised of two parts. One part is a glass tube 

containing a Pt wire sealed in the middle of the tube; both ends of the wire remained 

exposed to the air. The other piece is a Pasteur pipette-like glass body with a frit at the 

tip and a threaded glass at the opposite end. Figure 2.10 shows the two body parts of a 

reference electrode. 
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Figure 2.10: (left) A glass tube containing a Pt wire with both ends of the wire are 

exposed. (right) Glass body with a fine sintered glass frit at the tip and a threaded 

glass at the other end. The two body parts were connected together using the screw 

lid. 

The glass tube was filled with liquid mercury until the Pt wire was fully covered 

(WARNING: mercury is an extremely toxic material and must be handled with care). In 

preparing a SMSE, a paste made out of K2SO4, Hg2SO4, and liquid mercury was set on 

the mercury. A glass wool (Timstar) was plugged in to the tube to hold the substances. 

Figure 2.11 shows the filled tube. 

 

Figure 2.11: Glass tube packed with liquid mercury and a paste (Hg2SO4, K2SO4 and 

liquid mercury). A glass wool was used to hold the substance in place. 

The tube containing the paste was then placed inside the pipette-like glass body that was 

filled with saturated K2SO4. The same protocol was used to make a SCE. However, a 

paste made out of Hg2Cl2, KCl and liquid mercury was employed instead of the paste 
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made out of the Hg2SO4, K2SO4, and liquid mercury; the pipette-like glass body was 

filled with saturated KCl instead of the saturated K2SO4 respectively. The fritted tip of 

the SCE and SMSE were placed in saturated KCl and saturated K2SO4 respectively 

when not in use to maintain the concentration of the electrolytes and to avoid the 

presence of bubbles and contaminants. The reference electrodes were inspected 

frequently for bubbles and the respective solution was refilled when needed. The 

reference electrodes were always rinsed with deionised water and dried using a clean 

tissue paper before use. The potential of the reference electrodes was checked against a 

homemade standard hydrogen electrode.  

The SMSE was normally employed when cleaning and characterising the 25 µm 

diameter Pt or Au microdisk electrodes in 1 M H2SO4 solution in order to avoid chloride 

ions contamination. In most cases, the SCE was used in the presence of chloride anions 

and for easier comparison. The next section describes the procedure to fabricate counter 

electrodes. 

2.2.3 Counter electrode 

The counter electrodes were obtained from the glassblowing workshop of the chemistry 

department. A Pt mesh was employed as the counter electrode when using a 

three-electrode configuration. For most of the counter electrodes, a Pt wire was sealed 

inside a glass body with both ends of the Pt wire exposed to the air. A Pt mesh was then 

connected to the outer end of the Pt wire by merging them together using a spot welder 

(Meritus). A copper wire, circa 15 cm in length, was connected to the inner end of the 

Pt wire. When electrodepositing the nanostructured Pt film, a Pt mesh without a glass 

body was used. The counter electrodes were sterilised with flame prior to usage to 

remove any contaminants. Figure 2.12 shows the Pt meshes employed as the counter 

electrodes during the electrochemical measurements. The electrochemical instruments 

used are specified in the next section. 
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Figure 2.12: Pt meshes used in this work. 

2.3 Electrochemical instruments 

All the electrochemical experiments were conducted in a grounded Faraday cage to 

reduce the electromagnetic interference. The experiments were done at room 

temperature (19 – 25ºC). Every electrochemical experiment was performed using a 

potentiostat PGSTAT 101 controlled by NOVA 1.9 and NOVA 1.10 from Eco Chemie. 

The software was installed on a desktop (Dell) with Window XP (Microsoft). Most of 

the cyclic voltammograms shown herein are taken from the 3
rd

 cycle to show 

reproducible voltammetric responses. The next section introduces the electrochemical 

cells used in this project.  

2.4 Electrochemical cell 

Several three- or five-neck 25 mL electrochemical glass cells were employed for the 

electrochemical experiments. The three-neck electrochemical cells were used when the 

solutions did not need to be purged. The five-neck glass cells were employed when the 

solutions needed to be either deoxygenated with Ar (Pureshield, BOC) or aerated with 

air. The air was scrubbed and humidified by passing through a Dreschel bottle that 

contained the same solution as in the electrochemical cell before reaching the test 

solutions. The solution was bubbled for 30 minutes before recording the first 

measurement. Subsequently, gas of interest was passed through the solution for 15 
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minutes before running the next measurements. Figure 2.13 shows the two kinds of 

electrochemical cells used in this work. The methods to conduct optical microscopy and 

SEM are explained in the next section. 

 

Figure 2.13: Electrochemical cells used in this work: (left) three-neck and (right) 

five-neck cells. The temperature of the solution inside the cells can be regulated by 

connecting the jacketed glass cells to a thermostatically-controlled water bath using 

rubber tubes. 

2.5 Optical microscopy and scanning electron microscopy 

Optical microscope images were taken using an Eclipse LV100ND optical microscope 

with an integrated camera, both purchased from Nikon. The images were usually taken 

under bright mode at various magnifications. The microscope is connected to a 

computer and can be operated using a software tool called NIS Element. The computer 

program offers several useful functions which include measuring and 3D imaging. 3D 

imaging was occasionally used to gain a better image and understanding of the surface 

of the samples. 

The SEM was performed using a Philips XL30 environmental scanning electron 

microscope (ESEM). The SEM was run by a software program called XL. The electrode 

was placed on a sample holder, specifically designed to hold the electrode body, inside 

the ESEM chamber. The stage was usually tilted at 60° angle when observing the tip of 

an electrode. However, the stage was not tilted when determining the thickness of thin 

film deposited on an electrode. The SEM was mostly done in a wet mode to avoid the 
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charging up of the insulating sheath that surrounds the electrode material. A gaseous 

secondary electron (GSE) detector was used to detect the electron beams scattered by 

the samples. The electron beam was typically set at 10 kV. The SEM images were taken 

at different magnifications ranging from 50 to 5000x. The next section describes the 

procedure to conduct EDX experiments. 

2.6 Energy dispersive X-ray  

The EDX system is integrated into the Phillips XL30 ESEM. A 12 mm diameter carbon 

adhesive tab (Agar Scientific) was placed on an aluminium specimen stub (Agar 

Scientific). The sample was then secured on the carbon tab. The pin stub along with the 

sample was then mounted on the sample stage inside the ESEM chamber. The EDX was 

conducted under wet mode and the GSE detector was employed. The working distance 

between the detector and the sample was made sure to be approximately 10 mm. The 

electron beam was set at 5 kV for the MoN samples or 10 kV for the TiN samples. The 

EDX was controlled by a software tool named Noran System Six (NSS). The SEM 

image of the sample from the XL software was transferred to the NSS software before 

conducting the EDX. The EDX was performed at five different and random locations on 

the samples. The next section explains the procedure to perform XRD experiments. 

2.7 X-ray diffraction  

2.7.1 Strip samples 

Several metal nitride strips of interest were cleaned using deionised water and acetone. 

They were then placed in a mortar and immersed in acetone. The strips were then 

ground and turned into fine powder using a pestle. The powder was then transferred 

onto a clean glass slide (Fisherbrand) by using a Pasteur pipette drop by drop. The 

powder was let to dry before another drop was added. A small area of the glass slide 

was concentrated with the fine powder; this resulted in the formation of a thin film of 

the sample. 

The XRD instrument used was a Rigaku SmartLab diffractometer which was run by a 

software program called SmartLab Guidance. The slide was then placed in the middle of 

the sample stage inside the XRD chamber. The XRD instrument was used with a 

grazing incident angle set at 1° and a slit size of 10. The 2-theta was taken from 20 to 
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80° for all samples. The data obtained from the XRD was analysed using PDXL2 

software. The data was further refined by using a Rietvield fit and Le Bail fit to extract 

more information from the spectra. The refinement was performed using GSAS 

package[147] with model structures from the Inorganic Crystal Structure 

Database.[148] The next section describes the method to prepare the wire samples for 

the XRD experiments. 

2.7.2 Wire samples 

The sample preparation for the metal nitride wires were different from the strip samples 

because the wires were too small to be turned into fine powder. An L-shape steel sample 

holder was made specifically for this purpose. A small window, ~ 1 x 1.5 cm, was cut in 

the middle of the sample holder to allow the electron beam to pass through the metal 

nitride wires. A Scotch tape was stuck on the steel sample holder covering the window 

and the MoN wires were secured on the Scotch tape, Figure 2.14. The parameters for 

the XRD procedure and data analysis were performed as done on the strip samples. The 

XRD was also performed on the Scotch tape to determine the background spectrum. 

The Rietveld refinement was also conducted on the XRD spectra obtained with the 

MoN wires as explained in the previous section. The next chapter focusses on the 

results obtained using TiN samples. 

 

 

 

Figure 2.14: Illustration of a metal nitride wire secured on the steel sample holder 

using a Scotch tape. The setup was drawn from different views: front (left) and top 

(right). 
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Chapter 3  Titanium Nitride 

TiN materials were prepared via nitridation process where Ti strips were heated at 

1100ºC for 30 hours whilst flowing ammonia gas. The TiN samples were characterised 

using optical microscopy, SEM, EDX, and XRD. The TiN strips were then turned into 

microband electrodes. To the best of our knowledge, no group has studied the 

electrochemical responses of solid TiN microelectrodes. Thus, the electrochemical 

behaviour of the solid TiN microband electrodes was assessed at both negative and 

positive potentials using different redox mediators. Unfortunately, the voltammograms 

recorded at positive potentials demonstrated slow electron transfer kinetics and this was 

thought to arise from oxide formation. Hence, the TiN microband electrode was treated 

with HF vapour in hope to improve the shape of the voltammetric responses at positive 

potentials. The treated and untreated TiN microband electrodes were also employed to 

study their potential windows as well as the ORR. The next section discusses the results 

obtained using EDX and XRD conducted on TiN strips. 

3.1 Surface characterisation 

3.1.1 Energy dispersive X-Ray  

The composition of the TiN samples was probed using EDX. The EDX analysis was 

done on a small TiN strip (circa 15 x 18 mm) before being turned into an electrode to 

avoid contamination. The TiN strip was rinsed with deionised water and gently dried 

using compressed air. The sample preparation for the EDX study was explained in 

Section 2.6. A SEM image of the TiN strip was also taken while conducting the EDX. 

Figure 3.1 shows the EDX spectrum and the SEM image of the TiN sample. 
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Figure 3.1: EDX spectrum of a TiN sample obtained at location no. 1 (blue point, ●) 

shown on the SEM image (inset). The EDX analysis was performed at five different 

and random locations as indicated on the inset. Conditions: wet mode, 10 kV, and at 

200x magnification. 

The SEM image of the TiN sample, Figure 3.1(inset), shows that the TiN strip surface is 

porous and rough. As explained in Section 1.1, H2 gas is produced during the nitridation 

process;[48] this could lead to the porous and rough surface of the sample. The EDX 

spectrum, Figure 3.1, is representative of the spectra as they were quite similar. The 

EDX pattern shows several intense Ti and N peaks. However, quantitative analysis was 

difficult to perform as one of the Ti peaks coincides with the N peak. Perry et al.[149] 

suggested that the N to Ti ratio can be estimated using electron probe microanalysis and 

Auger electron spectroscopy. They have compared the techniques with several other 

surface characterisation techniques including XPS, XRD, chemical analysis and 

gravimetric oxide chemical analyses. The C peak could be coming from the carbon tab 

employed to secure the sample and the oxide peak could be due to the surface oxidation 

of the TiN sample. The surface of the TiN can be oxidised even when exposed to air at 

room temperature.[26, 54] However, the wet mode employed could also be responsible 



Chapter 3  

49 

for the presence of the oxide peak. For comparison, EDX was also conducted on a Ti 

strip using the same procedure and under the same conditions. Figure 3.2 shows the 

EDX spectrum and SEM image of the Ti strip.  

 

Figure 3.2: EDX spectrum of a Ti sample obtained at location no. 1 (blue point, ●) 

shown on the SEM image (inset - b). The EDX analysis was performed at five 

different and random locations as indicated on inset (b). Inset (a) shows the 

comparison between EDX spectrum obtained on the TiN sample taken from Figure 

3.1 and that acquired on the Ti sample. Conditions: wet mode, 10 kV and at 200x 

magnification. 

Unlike the TiN sample, the surface of the Ti strip is smooth and not porous, Figure 

3.2(inset). The EDX spectrum of the Ti sample, Figure 3.2, is also representative of the 

other spectra. As expected, the EDX did not detect any N peak. The C peak seen on the 

spectrum could be coming from the carbon tab. A small peak at approximately 0.55 keV 

could be attributed to the surface oxidation.  

This section confirmed the feasibility of incorporating N into Ti strips via the nitridation 

process. Several strong Ti and N peaks were seen on the EDX spectrum obtained with 
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the TiN strip. There was no N peak seen on the EDX spectrum obtained with the Ti 

sample. Unlike the Ti strip, the surface of the TiN strip was rough and porous. The 

results obtained with the TiN using XRD are discussed in the next section.  

3.1.2 X-ray diffraction spectroscopy 

The bulk phase composition of the TiN sample was determined using XRD. The TiN 

sample was prepared as explained in Section 2.7.1. The XRD pattern obtained with the 

TiN powder was then fitted to a Rietveld fit. The Rietveld refinement was conducted to 

obtain the relevant diffraction peak position and intensity information from the 

experimental XRD pattern.[150] The fitting involves minimising a weighted sum of 

squares while changing the peak profile, background functions, and structural 

parameters such as unit cell parameters, fractional atomic coordinates, atomic 

displacement parameters, and site occupancy factors to obtain the best match between 

the experimental data and the calculated pattern.[150] This study was conducted by 

Prof. Andrew Hector. Figure 3.3 shows the Rietveld fit of the TiN sample. 

 

Figure 3.3: Rietveld fit for the XRD pattern of the TiN samples after grinding it to a 

fine powder. Cross marks are the data points. The upper and lower continuous lines 

are the fit and the difference between the data point and the fit respectively. The tick 

marks show the allowed reflection positions for the TiN. 
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Figure 3.3 shows that the TiN samples contain a rocksalt structure described in Section 

1.1. The Rietveld refinement shows a good fit with a profile factor, Rp, of 7.8% and a 

weighted profile factor, Rwp, of 9.9%. Rp and Rwp are the reliability factors obtained 

from the refinement that reflect the fitting quality of the experimental data.[151] The 

XRD spectrum did not show the presence of any contaminants. The lattice parameter 

obtained from the refinement was 4.24(9) Å and this value is in agreement with the 

value from the literature of 4.24 Å for stoichiometric TiN.[152] This study confirmed 

that TiN were obtained after nitriding the Ti strips. 

This section confirmed the result obtained using EDX, Section 3.1.1. The Rietveld fit 

indicated that the TiN consisted of a rocksalt structure. It seemed that no contamination 

was detected from the TiN sample. The next section discusses the surface morphology 

of the solid TiN microband electrodes. 

3.2 Surface morphology 

SEM images of the TiN electrode surface were taken to investigate the morphology of 

the microelectrode. At lower magnifications, the width and length of the 

microelectrodes were measured. The physical appearance of the TiN electrode surface 

was assessed at higher magnifications. The electrode was polished with a 0.3 micron 

alumina lapping film to obtain a smooth surface and rinsed with deionised water. It was 

then gently dried using compressed air. The procedure to conduct the SEM study was 

explained in Section 2.5. Figure 3.4 shows the SEM images of the TiN microwire sealed 

using epoxy at different magnifications. 
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Figure 3.4: SEM images of a TiN wire sealed with epoxy at different magnifications: 

(a) 49x, (b) 1000x, (c) 2000x, and (d) 5000x. Conditions: wet mode, 10 kV, and 0.7 

mbar.  

The length and width of the TiN microband electrode are circa 1225 μm and 15 μm 

respectively determined from Figure 3.4(top). The length of the band can vary slightly 

as the cutting tool used was not highly precise. Thus, the dimensions of the TiN 

microwire were measured after every polishing using the optical microscope as it is 

more convenient. At higher magnifications, Figure 3.4(bottom), some surface defects 

are seen on the TiN microband electrode. The presence of the crumbles and pits on the 

electrode surface could affect the electrochemical response when it comes to surface 

processes. However, the presence of these imperfections is unavoidable. Figure 3.5 

shows an optical image of the TiN microband electrode under bright mode. 
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Figure 3.5: Optical microscope image of a section of the TiN microband electrode 

sealed with epoxy at 100x magnification under bright mode. 

The crumbles have a similar colour as the TiN material which implies that they are a 

part of the TiN microwire. An EDX analysis performed on some crumbles confirmed 

that they are TiN. The defects on the TiN microelectrode could be induced by the 

porosity of the TiN strips, Figure 3.1(inset). The porosity of the surface could weaken 

the structure at the edges of the TiN microwire; this resulted in the formation of 

crumbles whilst polishing the electrode. In contrast, the Ti strip was smooth and not 

porous, Figure 3.2(inset). As a result, no defect is seen on the Ti microband electrode, 

Figure 3.6. Some scratch marks are seen and this could be coming from poor polishing. 

Yet, this proves that Mo microelectrode can endure the polishing. This suggests that the 

formation of the crumbles at the edges of the TiN microband electrodes was contributed 

by the porosity of the TiN strips. 
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Figure 3.6: Optical microscope images of a Ti microband electrode sealed inside the 

hardened epoxy at different magnifications: 5x (left) and 100x (right) under the 

bright mode. 

In summary, this section showed the viability of fabricating solid TiN microelectrode 

from the TiN strip. However, some crumbles and pits were seen on the electrode 

surface; these defects were thought to arise from the porosity of the TiN strip. There 

was no crumble and pit seen on the Ti microband electrode since the Ti strip was 

smooth and not porous. The electrochemical behaviour of the TiN microband electrode 

is discussed in the next section.  

3.3 Voltammetric features without pre-treatment 

The electrochemical behaviour of solid TiN microelectrode has never been studied 

before. Thus, the electrochemical response of a TiN microband electrode was assessed 

at both negative and positive potentials using different redox mediators. An electrolyte 

solution containing Ru(NH3)6Cl3 was used to probe the electrochemical response of the 

TiN microband electrodes at negative potentials. Ferrocyanide, ferricyanide, FcMeOH, 

and K3IrCl6 solutions were used to investigate the electrochemical behaviour of the TiN 

microelectrodes at positive potentials. These redox mediators were chosen as they are 

known to be simple and reversible redox systems. A three-electrode configuration was 

employed when using the TiN microband electrodes regardless of the redox species due 

to the large currents obtained during the voltammetric measurements. The 

electrochemical response of the TiN microband electrode was first probe in the cathodic 

region in the presence of Ru(NH3)6
3+

 redox species. For comparison, the same 

experiment was performed with a Pt microdisk electrode as it exhibits a reversible 

electrochemical process for the redox mediators of interest. The cyclic voltammograms 

obtained with the TiN microband and Pt microdisk electrodes were normalised to the 
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limiting current of each cyclic voltammogram respectively for easier comparison. 

Figure 3.7(left) shows the cyclic voltammogram recorded with the TiN microband 

electrode in the Ru(NH3)6Cl3 solution. Figure 3.7(right) shows the normalised cyclic 

voltammograms obtained with the TiN microband and Pt microdisk electrodes in the 

same redox mediator. 

 

 

 

 

 

 

Figure 3.7: (left) Cyclic voltammogram (3
rd

 cycle) recorded with a TiN microband 

electrode (length: 1224 μm & width: 14 μm) in 1 mM Ru(NH3)6Cl3 + deoxygenated 

0.5 M KCl at 2 mV s
-1

. The black arrow (→) indicates the potential taken to compare 

the experimental ilim to the theoretical ilim. (right) Normalised cyclic voltammograms 

obtained with the TiN microband (red solid line, ▬) and 25 μm Ø Pt microdisk (black 

solid line, ▬) electrodes. The red solid line (▬) cyclic voltammogram was taken from 

the figure on the left. The potential scan was started at -0.92 V vs. SCE for both cyclic 

voltammograms. Temp. = 22ºC. 

The limiting current obtained with the TiN microband electrode is circa -59 nA; this 

value is close to the expected value of -61 nA calculated using Eq. 1.26 considering F = 

96485 C mol
-1

, D = 8.4 x 10
-6

 cm
2
 s

-1
 and n = 1.[153] A fairly small hysteresis between 

the forward and backward scans is seen, Figure 3.7(left); this suggests that the electrode 

is clean. The normalised cyclic voltammogram recorded with the TiN microband 

electrode (red) overlaps with that obtained using the Pt microdisk electrode (black). The 

TiN wave, Figure 3.7, appears to be under diffusion-control and the TiN electrode 

behaves like the Pt electrode in the Ru(NH3)6
3+

 redox system.  
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The reversibility and half-wave potential of a redox process can be determined by 

plotting a graph of the potential as a function of ln (ilim – i) / i as described by Eq. 1.30. 

The potential was taken from the descending part of the cyclic voltammogram, Figure 

3.8(left) as indicated in red. The potential was taken from -0.198 to -0.222 V vs. SCE. 

Figure 3.8(right) shows the graph of potential vs. ln (ilim – i) / i taken from the cyclic 

voltammogram recorded with the TiN microelectrode; the graph was then fitted to the 

linear fit. 

 

 

 

 

 

 

 

Figure 3.8: (left) Cyclic voltammogram (3
rd

 cycle) recorded with the TiN microband 

electrode taken from Figure 3.7. The red solid line (▬) indicates the portion taken to 

plot the graph of the potential as a function of ln (ilim - i) / i shown on the right. Temp. 

= 22ºC. 

A linear relationship, Figure 3.8(right), is seen and the correlation coefficient obtained 

from the linear fit is 0.9998. The half-wave potential of the Ru(NH3)6
3+

 species obtained 

from the intercept is -0.205 V vs. SCE. The slope of the linear fit is 0.024 V and this 

value is close to the ideal value of 0.026 V considering that n = 1; this implies that the 

cyclic voltammogram is consistent with a reversible electrochemical process. For 

comparison, the same analysis was conducted on a Pt microdisk electrode. The 

half-wave potential of Ru(NH3)6
3+

 redox species obtained with the Pt microdisk 

electrode is -0.199 V vs. SCE and the value of the slope obtained from the linear fitting 

is 0.026 V. This implies that the reduction of the Ru(NH3)6
3+

 redox species on the TiN 

microband and Pt microdisk electrodes is a reversible process. 
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The electrochemical behaviour of the TiN microband electrode at positive potentials 

was probed in ferrocyanide and ferricyanide solutions. Figure 3.9 shows the cyclic 

voltammograms recorded with the TiN microband electrode in the presence of 

Fe(CN)6
4-/3-

 redox species. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Cyclic voltammograms (3
rd

 cycle) recorded with a TiN microband 

electrode (length: 1220 μm & width: 14 μm) in argon-saturated 0.5 M KCl with 

different redox species: 1 mM ferrocyanide (black solid line, ▬) and 1 mM 

ferricyanide (red solid line, ▬) at 2 mV s
-1

. The potential scan was started at 0.01 

(black solid line, ▬) and 0.34 (red solid line, ▬) V vs. SCE. Temp. = 20ºC. 

The current at 0.3 V vs. SCE obtained using the ferrocyanide solution (black) is 

approximately 9 nA and this value is smaller than the expected limiting current of 48 

nA, D = 6.5 x 10
-6

 cm
2
 s

-1
 and n = 1.[135] The current at -0.2 V vs. SCE recorded using 

the ferricyanide solution (red) is circa -46 nA and this value is relatively smaller than 

the theoretical limiting current, -56 nA, considering D = 7.6 x 10
-6

 cm
2
 s

-1
 and n = 

1.[135] Both cyclic voltammograms look sluggish with no plateau region. An 

overpotential is needed to observe the ferricyanide reduction wave (red). This suggests 
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that the redox processes at positive potentials are not reversible.[126] It could be due to 

the formation of oxide layers on the electrode surface at positive potentials; the presence 

of the oxide layers resulted in slower electron transfer kinetic of the redox processes.  

The electrochemical behaviour of the TiN microband electrode at positive potentials 

was confirmed using a FcMeOH solution. A cyclic voltammogram was also recorded 

with a Pt microdisk electrode for comparison. Figure 3.10 shows the voltammetric 

responses recorded with the TiN microband and Pt microdisk electrodes using the 

FcMeOH solution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Cyclic voltammograms (3
rd

 cycle) recorded with a TiN microband 

electrode (red solid line, ▬, length: 1224 μm & width: 14 μm) and a 25 μm Ø Pt 

microdisk electrode (black solid line, ▬) in 1 mM FcMeOH + aerobic 0.5 M KCl at 2 

mV s
-1

. The potential scan was started at 0.01 V vs. SCE for both cyclic 

voltammograms. Temp. = 20ºC. 

The current at 0.3 V vs. SCE recorded with the TiN microband electrode (red) is ~ 16 

nA; this value is smaller than the theoretical limiting current of 56 nA considering D = 
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7.6 x 10
-6

 cm
2
 s

-1
 and n = 1.[154] The cyclic voltammogram obtained with the TiN 

microelectrode (red) using the FcMeOH solution, Figure 3.10, also looks sluggish 

similar to those recorded using the ferrocyanide and ferricyanide solutions, Figure 3.9. 

Kirchner et al.[59] also reported a similar electrochemical response recorded with a TiN 

thin film electrode in a FcMeOH solution. The shape of the red cyclic voltammogram, 

Figure 3.10, implies that the electrochemical process is not reversible. A nice sigmoidal 

shape steady-state cyclic voltammogram is obtained with the Pt microdisk electrode 

(black), Figure 3.10. The slope obtained from the linear fitting using Eq. 1.30, -0.024 V, 

is close to the ideal value of -0.026 V considering n = 1; this means that the Pt 

microdisk electrode exhibits a reversible electrochemical process.  

Cyclic voltammetry was then performed using a K3IrCl6 solution which possesses a 

more positive half-wave potential. Figure 3.11 shows the voltammetric responses 

acquired using the TiN microband and Pt microdisk electrodes in the K3IrCl6 solution. 
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Figure 3.11: Cyclic voltammograms (3
rd

 cycle) recorded with a TiN microband 

electrode (red solid line, ▬, length: 1224 μm & width: 14 μm) and a 25 μm Ø Pt 

microdisk electrode (black solid line, ▬) in 1 mM K3IrCl6 + aerated 0.5 M KCl at 2 

mV s
-1

. The potential scan was started at 0.31 (red solid line, ▬) and 0.5 (black solid 

line, ▬) V vs. SCE. Temp. = 25ºC. 

The current at 0.85 V vs. SCE obtained with the TiN microband electrode (red), 19 nA, 

is smaller than the theoretical limiting current, 60 nA, considering that D = 8.2 x 10
-6

 

cm
2
 s

-1
 and n = 1.[155] The cyclic voltammogram recorded with the TiN microelectrode 

(red) looks sluggish with no plateau region; this could arise from the formation of oxide 

layers on the electrode surface. A nice sigmoidal shape voltammogram is obtained with 

the Pt microdisk electrode (black). The slope of the linear fitting obtained using Eq. 

1.30 is -0.028 V and this value is close to the ideal value of -0.026 V considering n = 1; 

this implies that the redox process on the Pt electrode is reversible. The continuous 

increase in the current obtained with the TiN microband electrode could be due to 

oxygen evolution since a very high overpotential is applied. This can be confirmed by 

conducting a potential window study using the TiN microband electrode. A potential 
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window is the working potential range of an electrode before the solvent is 

electrolysed.[156] 

The potential window of the TiN microband electrode was studied in the absence of 

redox mediators. The same study was also conducted with a Ti microband electrode for 

comparison. The currents recorded with both microelectrodes were normalised to the 

geometric area of each electrode for easier comparison. Figure 3.12 shows the cyclic 

voltammograms recorded with the Ti and TiN microband electrodes in 0.5 M KCl 

solution. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Cyclic voltammograms (3
rd

 cycle) recorded with a TiN microband 

electrode (red solid red, ▬, length: 1223 μm & width: 15 μm) and a Ti microband 

electrode (black solid line, ▬, length: 1032 μm & width: 17 μm) in argon-saturated 

0.5 M KCl at 100 mV s
-1

. The potential scan was started at -0.35 (red solid line, ▬) 

and -0.05 (black solid line, ▬) V vs. SCE. 

The potential window of the TiN microband electrode (red), from circa -1 to 1.1 V vs. 

SCE, is slightly smaller than that of the Ti microband electrode (black), approximately 

from -1 to 1.5 V vs. SCE. This suggests that the TiN microband electrode is more 

electrocatalytic towards oxygen evolution reaction than the Ti microband electrode. The 
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background current recorded with the TiN microelectrode (red) is larger than that 

recorded with the Ti microband electrode (black); this could be due to the surface 

defects on the TiN microband electrode, Figure 3.4. Figure 3.12 shows that the potential 

window of the TiN microband electrode is considerably wide to probe the oxidation 

IrCl6
3-

. The potential window of an TiN thin film electrode obtained using a phosphate 

buffered solution showed by Zhou and Greenberg[25] had a similar working potential 

window. 

However, the increase in the current, ≥ 1.2 V vs. SCE, seen on the red cyclic 

voltammogram could also be coming from the oxidation of chloride ions that leads to 

the formation of chlorine. Thus, a background study was also conducted in a K2SO4 

solution. To avoid chloride ions contamination, a SMSE reference electrode was 

employed. Figure 3.13 shows the normalised cyclic voltammograms of the background 

currents recorded using the K2SO4 and KCl solutions. For easier comparison, the 

potential of the SMSE was then converted with respect to that of a SCE reference 

electrode by adding 0.395 V.[126]  
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Figure 3.13: Cyclic voltammograms (3
rd

 cycle) recorded with a TiN microband 

electrode (length: 1225 μm & width: 16 μm) in the deoxygenated KCl (red solid line, 

▬) and K2SO4 (blue solid line, ▬) solutions at 100 mV s
-1

. The red (▬) cyclic 

voltammogram was taken from Figure 3.12. The potential scan was started at -0.54 V 

vs. SCE for the blue (▬) voltammogram. 

The current obtained using the K2SO4 solution (blue) increased when the potential is 

swept beyond 1 V vs. SCE similar to that recorded in the KCl solution (red); this 

implies that the increase in the current is not contributed by the oxidation of chloride 

ions but most likely from water electrolysis. An unknown reduction wave at circa -1 V 

vs. SCE is seen for the cyclic voltammogram recorded in K2SO4 solution (blue). Zhou 

and Greenberg[25] suggest that hydrogen adsorption could occur on TiN electrodes at 

negative potentials. However, no further study was conducted to confirm the hypothesis.  

ORR is a surface sensitive reaction where the surface structure of electrode material 

could affect the response.[157] Thus, the ORR was also probed using a TiN microband 

electrode. The voltammograms recorded with the TiN microband electrode in the 

presence and the absence of dissolved oxygen were compared to those recorded with a 
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Ti microband electrode. For easier comparison, the currents were normalised to the 

geometric area of each electrode. Figure 3.14 shows the cyclic voltammograms 

recorded with the TiN and Ti microband electrode in the absence and in the presence of 

dissolved oxygen.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: Cyclic voltammograms (3
rd

 cycle) recorded with a TiN microband 

electrode (red, length: 1223 μm & width: 15 μm) and Ti microband electrode (black, 

length: 1065 μm & width: 16 μm) in argon- (dashed dot lines, ▬ ● ▬) and 

air-saturated (solid lines, ▬) 0.5 M NaClO4 at 10 mV s
-1

. The potential scan was 

started at -0.26 (red dashed dot line, ▬ ● ▬), -0.06 (red solid line, ▬), -0.04 (black 

dashed dot line, ▬ ● ▬), and -0.42 (black solid line, ▬) V vs. SCE. 

A reduction wave and two cross-over points are seen for both electrodes. The two 

cross-over points are typical features of ORR and seen on many electrode surfaces;[158] 

this occurs when the intermediates are competing for the adsorption sites with other 

adsorbates. The current on the reverse scan is higher than that on the forward scan 
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from -1.17 to -0.55 V vs. SCE seen on the cyclic voltammogram recorded with the TiN 

microband electrode (red); this is probably due to more adsorption sites available on the 

reverse scan. The TiN microband electrode (red) is slightly more electrocatalytic 

towards the ORR than the Ti microband electrode (black) especially on the reverse scan. 

The effect of pH on the ORR was investigated using the TiN microband electrode. 

H2SO4, NaClO4, and KOH solutions were used to prepare the pH 1, pH 7, and pH 14 

solutions. To obtain a solution with pH 10, a diluted H2SO4 solution was gradually 

added into a KOH solution until the desired pH was obtained. The voltammograms were 

normalised to the geometric area of the electrode and were vertically translated for 

easier comparison. Figure 3.15 shows the normalised cyclic voltammograms recorded in 

the absence and in the presence of dissolved oxygen in different pHs.  
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Figure 3.15: Cyclic voltammograms (3
rd

 cycle) recorded with a TiN microband 

electrode (length: 1223 μm & width: 15 μm) in different pHs: pH 1 (black), pH 7 

(red), pH 10 (blue), and pH 14 (magenta) in anaerobic (dashed dot lines, ▬ ● ▬) and 

aerobic (solid lines, ▬) test solutions. The red (▬) cyclic voltammograms were taken 

from Figure 3.14. The grey solid line (▬) indicates the position of zero current. The 

potential scan was started at -0.11 (black dashed dot line, ▬ ● ▬), -0.03 (black solid 

line, ▬), -0.25 (blue dashed dot line, ▬ ● ▬), -0.19 (blue solid line, ▬), -0.66 V 

(magenta dashed dot line, ▬ ● ▬), and -0.52 (magenta solid line, ▬) V vs. SCE. 

Temp. = 23ºC. 

Two cross-over points are seen on each cyclic voltammogram except for the black 

voltammogram; the cross-over points are typical characteristics of the ORR regardless 

of electrode materials.[158] The ORR current recorded in the pH 1 solution (black) is 

small compared to the other voltammograms. The ORR wave recorded in pH 10 (blue) 

seems to have the steepest slope amongst the voltammograms, Figure 3.15. A nice 

plateau region is obtained with the pH 14 solution. The potentials at half limiting 

currents obtained for the pH 7, pH 10, and pH 14 are -1.1, -0.95, and -0.99 V vs. SCE 
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respectively; this suggests that the ORR recorded with the TiN microband electrode is 

not affected by pH when using neutral, basic, or slightly basic solutions. 

This section demonstrated the possibility of employing the solid TiN microband 

electrode as an electroanalytical sensor. A sigmoidal shape cyclic voltammogram was 

obtained with the TiN microband electrode in Ru(NH3)6Cl3 solution but the 

voltammograms recorded at positive potentials looked sluggish and the currents were 

smaller than expected. This electrochemical response was thought to arise from the 

formation of oxide layers on the electrode surface. The potential window of the TiN 

microband electrode was slightly smaller than that of the Ti microband electrode. For 

the ORR, two cross-over points were obtained for most of the cyclic voltammograms 

even in different pHs. The ORR waves were not dependent to the pH when it was ≥ 7. 

The TiN microband electrode seemed to be more electrocatalytic towards the ORR than 

the Ti microband electrode. The next section discusses the results obtained with 

HF-etched TiN microband electrodes. 

3.4 Voltammetric features with HF-etching treatment 

The previous section showed that the TiN microband electrode behaved like Pt 

microelectrodes at negative potentials in the presence of Ru(NH3)6
3+

 redox mediator. 

However, the voltammograms recorded with the TiN microband electrode at positive 

potentials were sluggish and the currents obtained were smaller than the theoretical 

limiting currents. The formation of oxide layers on the electrode surface was suspected 

to cause the poor electrochemical response at positive potentials. The voltammetric 

responses at positive potentials could be improved by treating the TiN electrode surface 

with HF vapour as it can remove the oxide layer from the surface.[58] The results 

obtained with the HF-treated TiN microband electrodes are discussed in this section. 

The surface of the polished and cleaned TiN microband electrode was exposed to HF 

acid vapour from the concentrated solution for 1 minute before being rinsed with 

deionised water. To reduce health and safety risks, the TiN microband electrode was 

etched with HF vapour only once and characterised using different redox mediators of 

interest successively. The HF-etched TiN microelectrode was rinsed in between the 

experiments. The treated TiN microband electrode was first characterised in the 
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Ru(NH3)6
3+

 redox system. Figure 3.16 shows the voltammogram recorded with the 

HF-etched TiN microband electrode in the Ru(NH3)6Cl3 solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16: Cyclic voltammogram (3
rd

 cycle) recorded with a HF-etched TiN 

microband electrode (length: 1217 μm & width: 15 μm) in 1 mM Ru(NH3)6Cl3 + 

degassed 0.5 M KCl at 2 mV s
-1

. The potential scan was started at -0.09 V vs. SCE. 

Temp. = 20ºC. 

The cyclic voltammogram obtained with the HF-etched TiN microband electrode, 

Figure 3.16, looks similar to that recorded with the untreated TiN microband electrode, 

Figure 3.7. The limiting current at -0.35 V vs. SCE, -60 nA, is close to the theoretical 

value, -62 nA, calculated using Eq. 1.26 considering D = 8.4 x 10
-6

 cm
2
 s

-1
 and n = 

1.[153] The hysteresis between the forward and backward scans is small and this 

indicates that the electrode surface is clean. The voltammetric features of the cyclic 

voltammogram will be discussed later. 
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The electrochemical behaviour of the HF-etched TiN microband electrode was then 

studied using ferrocyanide and ferricyanide solutions. Figure 3.17 shows the cyclic 

voltammograms recorded with the HF-treated TiN microband electrode in the presence 

of Fe(CN)6
4-/3-

 redox species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: Cyclic voltammograms (3
rd

 cycle) recorded with the HF-etched TiN 

microband electrode (length: 1217 μm & width: 15 μm) in different redox systems: 1 

mM ferrocyanide (black solid line, ▬) and 1 mM ferricyanide (red solid line, ▬) in 

aerobic 0.5 M KCl at 2 mV s
-1

.The potential scan was started at 0.01 (black solid line, 

▬) and 0.31 (red solid line, ▬) V vs. SCE. Temp. = 20ºC. 

The limiting current at 0.35 V vs. SCE obtained using the ferrocyanide solution (black), 

51 nA, is close to the theoretical limiting current, 49 nA, considering D = 6.5 x 10
-6

 cm
2
 

s
-1 

and n = 1.[135] The limiting current at 0.1 V vs. SCE recorded using the ferricyanide 

solution (red) is -54 nA and this value is close to the expected value of -56 nA 

considering D = 7.6 x 10
-6

 cm
2
 s

-1
 and n = 1.[135] A plateau region is seen for both 

cyclic voltammograms. Contrary to the results obtained with the untreated TiN 
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microband electrodes, Figure 3.9, the cyclic voltammograms in Figure 3.17 do not look 

sluggish. This suggests that the HF vapour treatment could have removed the oxide 

layer from the electrode surface; this resulted in a faster electron transfer kinetic of the 

redox processes. Bakke et al.[159] reported that alumina can withstand HF vapour. 

Thus, there is a possibility that the electrode surface contains alumina residues. 

However, the electrode was cleaned with a wet polishing microcloth and rinsed with 

deionised water after every polishing. The shape of the cyclic voltammograms will be 

discussed later. The experiment was also conducted in a FcMeOH solution and the 

voltammetric response is shown in Figure 3.18.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18: Cyclic voltammogram (3
rd

 cycle) obtained with the HF-etched TiN 

microband electrode (length: 1217 μm & width: 15 μm) in 1 mM FcMeOH + aerated 

0.5 M KCl at 2 mV s
-1

. The potential scan was started at 0.08 V vs. SCE. Temp. = 

21ºC. 

The limiting current at 0.35 V vs. SCE, 45 nA, is smaller than the theoretical value of 56 

nA, D = 7.6 x 10
-6

 cm
2
 s

-1
 and n = 1.[154] The cyclic voltammogram starts to look 
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sluggish; this could be due to the re-formation of oxide layers on the electrode surface. 

The electrochemical response could be improved by etching the electrode surface with 

HF vapour again. In order to confirm this, a stability test was conducted using a freshly 

treated TiN microband electrode in a FcMeOH solution and the results are discussed 

later. 

A cyclic voltammogram was also recorded in the presence of IrCl6
3-

 redox species. 

Figure 3.19 shows the cyclic voltammogram recorded with the treated TiN microband 

electrode in the K3IrCl6 solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19: Cyclic voltammogram (3
rd

 cycle) recorded with the HF-etched TiN 

microband electrode (length: 1217 μm & width: 15 μm) in 1 mM K3IrCl6 + aerobic 

0.5 M KCl at 2 mV s
-1

. The potential scan was started at 0.31 V vs. SCE. Temp. = 

21ºC. 

The current at 0.85 V vs. SCE, 47 nA, is smaller than the theoretical value, 60 nA, D = 

8.2 x 10
-6

 cm
2 

s
-1

 and n = 1.[155] There is no plateau region seen in Figure 3.19. The 

poor electrochemical response could arise from the formation oxide layer on the 

electrode surface. However, the results in this section are very encouraging since the 
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electrochemical behaviour at positive potentials was improved after treating the 

electrode surface with HF vapour.  

The electrochemical stability of the HF-etched TiN microband electrode was probed in 

a FcMeOH solution using a freshly treated electrode. The potential was cycled for 100 

times at 2 mV s
-1

. Figure 3.20 shows the 3
rd

, 20
th

, 50
th

, 80
th

, and 100
th

 cyclic 

voltammograms recorded with the HF-etched TiN microband electrode in the FcMeOH 

solution. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20: Cyclic voltammograms (3
rd

 cycle – black solid line, ▬; 20
th

 cycle – red 

solid line, ▬; 50
th

 cycle – blue solid line, ▬; 80
th

 cycle – magenta solid line, ▬; & 

100
th

 cycle – green solid line, ▬) recorded with a HF-etched TiN microband electrode 

(length: 1217 μm & width: 16 μm) in 1 mM FcMeOH + aerated 0.5 M KCl at 2 mV 

s
-1

. The potential scan was started at 0.01 V vs. SCE. Temp. = 24ºC. 

The limiting current at 0.3 V vs. SCE for the 3
rd

 cycle, 62 nA, is quite close to the 

theoretical value, 57 nA, calculated using Eq. 1.26, D = 7.6 x 10
-6 

cm
2
 s

-1
 and n = 

1.[154] The value of the limiting current starts to decrease as the potential is cycled 
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many times. The limiting current obtained from the 20
th

 cycle is 52 nA and this value is 

still within the 10% of experimental error expected for a microelectrode; this suggests 

that the limiting current acquired from the 20
th

 cycle can be taken into consideration. 

However, the limiting currents obtained after the 20
th

 cycle are not within 10% of 

experimental error expected for a microelectrode. This means that the TiN electrode 

surface should be re-etched after cycling the potential more than 20 cycles to obtain 

reliable results. This could be due to the re-formation of oxide layers on the electrode 

surface; Milošev and colleagues[56] reported the presence of titanium oxynitride when 

cycling the potential at positive values. The currents obtained in the anodic region using 

the untreated TiN microband electrodes in the electrolyte solutions containing 

ferrocyanide, FcMeOH, and K3IrCl6 redox mediators as shown in Figure 3.9, 3.10, and 

3.11 respectively were small; this behaviour was attributed to the presence of oxide 

layers on the electrode surface. However, the existence of oxide layers should not affect 

the limiting currents. As explained by Eq. 1.26, the limiting currents can be influenced 

by the number of electrons transferred, concentration and diffusion coefficient of redox 

species, and dimensions of the microband electrodes. The concentration of analytes and 

number of electrons transferred should be constant; this leaves the dimensions of 

microband electrodes and the values of diffusion coefficient to be the factors that could 

affect the limiting currents. For the results shown in Figure 3.20, the electrode surface 

area could have become smaller due to the swelling of the epoxy. The value of diffusion 

coefficient could have changed slightly as the temperature of the solutions was not 

controlled. It is worth mentioning that the experiment took approximately 12 hours to 

finish. Nonetheless, these results show that it is possible to improve the shape of the 

cyclic voltammograms by re-etching the electrode surface with HF vapour. 

The potential window of a freshly etched TiN microband electrode was also probed in 

KCl solution. The current obtained was normalised to the geometric area of each 

electrode respectively. The cyclic voltammogram recorded with the treated TiN 

microband electrode was compared to that recorded with the untreated TiN microband 

electrode, Figure 3.21.  
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Figure 3.21: Cyclic voltammograms (3
rd

 cycle) recorded with the untreated (black 

solid line, ▬) and HF-treated (red solid line, ▬) TiN microband electrodes (length: 

1224 μm & width: 16 μm) in deoxygenated 0.5 M KCl at 100 mV s
-1

. The black (▬) 

cyclic voltammogram was taken from Figure 3.12. The potential scan was started at 

0.03 (red solid line, ▬) and -0.35 (black solid line, ▬) V vs. SCE. 

The potential window of the HF-etched TiN microband electrode (red) is smaller than 

that of the untreated TiN microband electrode (black); this could be due to the 

passivation of the HF-etched TiN electrode surface. The surface passivation caused the 

electrochemical process on the HF-etched TiN microelectrode to run slower than that on 

the untreated TiN microband electrode. To the best of our knowledge, no study has been 

conducted on solid TiN microelectrodes treated with HF vapour. The current obtained 

with the HF-etched TiN microband electrode is larger than that recorded with the 

untreated TiN microband electrode; this could be coming from the defects present on 

the electrode surface, Appendix 1. There are also several small unknown oxidation and 

reduction peaks seen on the red voltammogram.  
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The increase in the current beyond 1 V vs. SCE, Figure 3.21, could also be attributed to 

the oxidation of chloride anions. Thus, the potential window study was also done in a 

K2SO4 solution. A SMSE was employed to avoid any chloride ions contamination. The 

potential was then converted with respect to the potential of a SCE by adding 0.395 

V.[126] Figure 3.22 shows the voltammograms obtained with the treated TiN 

microband electrode in the K2SO4 and KCl solutions. 

 

 

 

 

 

 

 

 

 

 

Figure 3.22: Cyclic voltammograms (3
rd

 cycle) recorded with the HF-etched TiN 

microband electrodes (length: 1224 μm & width: 16 μm) in degassed 0.5 M K2SO4 

(red solid line, ▬) and KCl (black solid line, ▬) at 100 mV s
-1

. The black (▬) cyclic 

voltammogram was taken from Figure 3.21. The potential scan for the red (▬) cyclic 

voltammogram was started at -0.74 V vs. SCE. 

The potential window of the HF-etched TiN microband recorded in the K2SO4 solution 

(red) is similar to that obtained in the KCl solution (black). This implies that the 

increase in the current when cycling the potential beyond 1 V vs. SCE in the KCl 

solution is coming from the electrolysis of water. There are some well-defined unknown 

broad peaks for both cyclic voltammograms.  
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The ORR was also probed using a newly etched TiN microband electrode. The same 

procedure to probe the ORR explained in Section 3.3 was employed. Figure 3.23 shows 

the cyclic voltammograms recorded with the HF-etched TiN and untreated TiN 

microband electrodes. The currents were normalised to their geometrical areas for easier 

comparison. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23: Cyclic voltammograms (3
rd

 cycle) recorded with a HF-etched TiN 

microband electrode (red, length: 1219 μm & width: 16 μm) and the untreated TiN 

microband electrode (black) taken from Figure 3.14 in deoxygenated (dashed dot 

lines, ▬ ● ▬) and aerated (solid lines, ▬) 0.5 M NaClO4 at 10 mV s
-1

. The potential 

scan was started at 0 (red solid line, ▬) and -0.33 (red dashed dot line, ▬ ● ▬) V vs. 

SCE. 

Two reduction waves are seen on the cyclic voltammogram recorded with the 

HF-etched TiN microelectrode in the presence of dissolved oxygen (red solid line); 

these waves could be attributed to the ORR. This suggests that the ORR proceeds via 

several pathways. It is possible that dissolved oxygen is first reduced to hydrogen 

peroxide before being further reduced to water, Eq 1.11 and 1.12. Two cross-over points 
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are also seen and they are typical characteristics for ORR.[158] This usually occurs 

when the intermediates compete for the adsorption sites with other adsorbates. Two 

reduction waves are also seen on the voltammogram recorded with the HF-etched TiN 

microelectrode in the absence of dissolved oxygen (red dashed dot line); these peaks 

could be attributed to the hydrogen adsorption as suggested by Zhou and 

Greenberg.[25] The voltammogram for the ORR recorded with the HF-treated TiN 

microband electrode (solid red line) starts at more positive potentials than that obtained 

with the untreated TiN microband electrode (solid black line). This suggests that the 

HF-etched TiN is more electrocatalytic towards the ORR than the untreated TiN 

microband electrode. 

The cyclic voltammogram recorded with the untreated TiN microelectrode in the 

presence of Ru(NH3)6
3+

 redox species looked similar to that obtained with the 

HF-etched TiN microelectrode. However, the voltammetric responses at positive 

potentials recorded with the untreated TiN microband electrodes were sluggish but they 

were improved after etching the electrode surface with HF vapour. Nonetheless, the 

shape of the cyclic voltammograms was found to deteriorate as the potentials were 

cycled at positive potentials many times. This was thought to be caused by the 

re-formation of oxide layers on the electrode surface. Yet, the electrochemical response 

could be improved again by re-etching the TiN microelectrode. Table 3.1 summarises 

the voltammetric features obtained with the Pt, untreated TiN, and HF-etched TiN 

microelectrodes using different redox mediators. 

  



Chapter 3  

78 

Table 3.1: Voltammetric features obtained from the Pt, untreated TiN, and HF-etched 

TiN microelectrodes for different redox mediators of interest. The values of the 

theoretical and experimental ilim for the HF-etched TiN obtained in the FcMeOH 

solution are the values acquired after the electrode was freshly etched using HF acid 

vapour. N/A = not available. 

Material Voltammetric feature 
Redox mediator (1 mM) 

Ru(NH3)6Cl3 K4Fe(CN)6
 K3Fe(CN)6 FcMeOH K3IrCl6 

Pt 

E1/2 / V -0.199 0.209 0.209 0.169 0.719 

Slope / V 0.026 -0.025 0.026 -0.024 -0.028 

Expected ilim / nA -4.1 3.1 -3.7 3.7 3.6 

Obtained ilim / nA -4.1 3.4 -4.0 3.3 3.4 

Untreated  

TiN  

E1/2 / V -0.205 N/A N/A N/A N/A 

Slope / V 0.024 N/A N/A N/A N/A 

Expected ilim / nA -61 48 -56 56 60 

Obtained ilim / nA -59 9 -46 16 19 

HF-etched  

TiN  

E1/2 / V -0.197 0.216 0.227 0.173 N/A 

Slope / V 0.024 -0.025 0.024 -0.028 N/A 

Expected ilim / nA -62 49 -56 57 60 

Obtained ilim / nA -60 51 -54 62 47 

The analysis was not possible to be conducted on most of the voltammograms obtained 

with the untreated TiN microelectrodes because no plateau region was observed. 

Furthermore, the values of the experimental limiting currents were far from the 

expected values. The table shows that the values of the half-wave potentials obtained 

with the HF-etched TiN microband electrodes are quite close to those recorded with the 

Pt microelectrodes. The Pt electrode is taken as the standard because it exhibits a 

reversible electrochemical reaction for each mediator. The slopes obtained from the 

analysis for the HF-etched TiN microelectrode are close to the theoretical value of 0.026 

V considering that n = 1. This implies that the HF-etched TiN microband electrode is 

consistent with a reversible electrochemical process. Unfortunately, the HF-etched TiN 

microband electrode would have to be re-etched after recording voltammograms at 

positive potentials many times. This makes the TiN microband electrode inconvenient 

to use. 

In summary, this section showed that the shape of the voltammograms recorded with the 

untreated TiN microelectrode at positive potentials was improved after treating the 
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electrode surface with HF vapour. However, the treated TiN microelectrode would have 

to be re-etched after cycling at positive potentials many times. The potential window of 

the HF-etched TiN microelectrode was slightly smaller than that of the untreated TiN 

microelectrode. The HF-etched TiN microband electrode seemed to be more 

electrocatalytic towards the ORR than the untreated TiN microband electrode. Two 

reduction waves and two cross-over points were seen on the voltammograms obtained 

with the HF-etched TiN microelectrode in the presence of dissolved oxygen. 

Wet HF-etching was also conducted by immersing the TiN microband electrode in a 

diluted HF acid for 1 minute. However, the currents obtained with the wet HF-etched 

TiN electrode in the presence of Fe(CN)6
4-/3-

 redox couple were small and no plateau 

region was seen; this suggests that wet HF-etching is not a good method to treat the TiN 

electrode surface. The cyclic voltammograms recorded with the TiN microelectrode 

after immersing the tip in a diluted HF solution for 1 minute are shown in Appendix 2. 

The surface of the untreated and HF-etched TiN microband electrodes was also 

passivated with amine groups in hope to hinder the formation of oxide layers on the 

electrode surface but it was unsuccessful. The electrochemical responses obtained with 

the amine-modified TiN and amine-modified HF-etched TiN electrodes were similar to 

those obtained with the untreated TiN and HF-etched TiN electrodes respectively. The 

next section discusses the electrochemical results obtained with a Ti microband 

electrode. 

3.5 Titanium microband electrode 

The previous sections showed that the untreated TiN microband electrode exhibited a 

good electrochemical response at negative potentials but not at positive potentials. 

However, the electrochemical behaviour of the TiN microelectrode at positive potentials 

can be improved by exposing the electrode surface to HF acid vapour for 1 minute. In 

this section, the electrochemical response of a Ti microband electrode is discussed. This 

is to show the advantage of using TiN as an electrode material rather than using Ti. 

Figure 3.24 shows the cyclic voltammograms recorded with the Ti and TiN microband 

electrodes in a degassed Ru(NH3)6Cl3 solution.  
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Figure 3.24: Cyclic voltammograms (3
rd

 cycle) recorded with a Ti (red solid line, ▬, 

length: 1058 μm & width: 16 μm) and HF-etched TiN (black solid line, ▬, length: 

1217 μm & width: 16 μm) microband electrodes in 1 mM Ru(NH3)6Cl3 + 

deoxygenated 0.5 M KCl at 2 mV s
-1

. The currents were normalised to the geometric 

area of each electrode for easier comparison. The black (▬) cyclic voltammogram 

was taken from Figure 3.16. The potential scan was started at -0.01 V vs. SCE for the 

red (▬) voltammogram. Temp. = 22ºC. 

The limiting current at -0.6 V vs. SCE obtained with the Ti microband electrode 

(red), -52 nA, is close to the theoretical limiting current, -54 nA considering D = 8.4 x 

10
-6

 cm
2
 s

-1
 and n = 1.[153] However, the cyclic voltammogram obtained with the Ti 

microelectrode (red) is sluggish unlike that recorded with the TiN microband electrode 

(black). More overpotential is needed to drive the reduction process when employing 

the Ti microband electrode. These results suggest that TiN is a better electrode material 

than Ti. 

The electrochemical responses of the Ti microband electrode at positive potentials were 

assessed using redox mediators with positive half-wave potentials. Figure 3.25 shows 
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the voltammograms recorded with the Ti microband electrode using ferrocyanide, 

ferricyanide, FcMeOH, and K3IrCl6 solutions.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.25: Cyclic voltammograms (3
rd

 cycle) recorded with a Ti microband 

electrode (length: 1058 μm & width: 16 μm) in aerobic 0.5 M KCl in 1 mM FcMeOH 

(blue solid line, ▬), 1 mM ferrocyanide (red solid line, ▬), 1 mM ferricyanide (black 

solid line, ▬), and 1 mM K3IrCl6 (magenta solid line, ▬) solutions at 2 mV s
-1

. The 

potential scan was started at 0.01 (red & blue solid lines, ▬ & ▬), 0.26 (black solid 

line, ▬), and 0.31 (magenta solid line, ▬) V vs. SCE. Temp. = 22ºC. 

The electrochemical responses obtained with the Ti microband electrode at positive 

potentials, Figure 3.25, are similar to those recorded with the untreated TiN microband 

electrode discussed in Section 3.3. The shape of the cyclic voltammograms is sluggish 

with no plateau region. The currents obtained are smaller than the expected limiting 

currents for all the voltammograms. This implies that the Ti microband electrode is not 

a good electroanalytical sensor unlike the HF-etched TiN microband electrode. The Ti 

microelectrodes are likely to be in the form of TiO2 at pH 7 according to the Pourbaix 

diagram.[160] 
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This section showed the disadvantages of using Ti microband electrode. More 

overpotential was needed to drive the redox processes at both negative and positive 

potentials. This section proved that HF-etched TiN microelectrode is superior to the Ti 

microband electrode.  

3.6 Summary 

This chapter showed that TiN strips were obtained by incorporating N into Ti strips 

through the nitridation process. The EDX spectrum obtained with the TiN samples 

showed the presence of Ti and N peaks. The XRD pattern demonstrated that the TiN 

comprised of a rocksalt structure. The TiN strips were then turned into TiN microband 

electrodes.  

A nice sigmoidal shape cyclic voltammogram was recorded with the untreated TiN 

microband electrode in Ru(NH3)6Cl3 solution. In contrast, the cyclic voltammograms 

recorded with the untreated TiN microband electrode at positive potentials were 

sluggish. No plateau region was seen and the currents were also smaller than the 

theoretical limiting currents. These electrochemical responses were thought to arise 

from the formation of oxide layers on the electrode surface. The electrochemical 

responses obtained with the TiN microband electrode at positive potentials were 

improved after exposing the TiN microband electrode to HF vapour for 1 minute. This 

suggests that HF vapour was able to remove the oxide layers from the electrode surface. 

However, the shape of the cyclic voltammograms deteriorated as the potential was 

scanned at positive potentials many times; this is possibly due to the re-formation of 

oxide layers on the electrode surface. The treated TiN microband electrode was 

re-etched with HF vapour after cycling at positive potentials many times to obtain 

reliable results.  

The potential window of the TiN microband electrode was smaller than that of the Ti 

microband electrode. However, the potential window of the TiN microband electrode 

should be sufficient to probe a wide range of analytes. The potential window of the 

HF-etched TiN microband electrode was smaller than that of the untreated TiN 

microband electrode. 

One reduction wave was seen on the cyclic voltammogram recorded with the untreated 

TiN microband electrode in the presence of dissolved oxygen. Two cross-over points 
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were also seen on the voltammogram and these are typical features for the ORR on 

many electrode materials.[158] The untreated TiN microelectrode was more 

electrocatalytic towards the ORR than the Ti microelectrode. The ORR current obtained 

with the untreated TiN microelectrode in acidic condition was smaller than those 

recorded in other pHs. The onset of the ORR was not affected by the pH in neutral, 

basic, and slightly basic solutions. The potentials at half limiting currents were not 

dependent on the pH when it was ≥ 7. Interestingly, two reduction waves were seen on 

the cyclic voltammogram for the ORR recorded with the HF-etched TiN microband 

electrode. The HF-etched TiN microelectrode was more electrocatalytic towards the 

ORR than the untreated TiN microelectrode. 

The cyclic voltammograms recorded with the Ti microband electrode at negative and 

positive potentials looked sluggish. The currents obtained with the Ti microelectrode at 

positive potentials were smaller than the theoretical limiting currents. This chapter 

showed the advantage of using TiN microband electrode over Ti microelectrode. 

However, the major disadvantage of employing TiN microband electrode is the need to 

treat the electrode surface with HF vapour to improve the electrochemical responses at 

positive potentials. Nonetheless, the results shown in this chapter open up the possibility 

of turning other metal strips into nitrided metals for microelectrodes. The next chapter 

discusses the results obtained with MoN samples. 
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Chapter 4  Molybdenum Nitride 

In the previous chapter, Ti strips were turned into TiN via ammonolysis. The surface of 

the TiN strips was characterised using optical microscopy, SEM, EDX, and XRD. The 

TiN strips were then turned into TiN microband electrodes. Their electrochemical 

behaviour was probed in the anodic and the cathodic regions using various redox 

mediators. In this chapter, we describe how the nitridation process was also conducted 

on Mo strips and wires to produce MoN microelectrodes. 

Two types of MoN were of interest: the cubic Mo2N and hexagonal MoN phases due to 

their stable structures.[73] This chapter shows that it is feasible to obtain the two MoN 

phases via nitridation on commercially available Mo wires and strips. Two kinds of 

microelectrodes were fabricated from the prepared MoN materials: microdisk and 

microband electrodes. Several attempts were made to obtain MoN samples consisting 

entirely of Mo2N and entirely of MoN. Four MoN samples were prepared denoted as 

MoN A, MoN B, MoN C, and MoN D. MoN A strips and MoN C wires were prepared 

by holding the temperature at 1100ºC for 30 hours. MoN B strips and MoN D wires 

were heated at 800ºC for 60 hours before increasing the temperature to 1100ºC for 30 

hours and decreasing back to 800ºC for a further 15 hours. MoN A strips were turned 

into microband electrodes and they were found to contain mostly the cubic phase Mo2N 

with traces of the hexagonal phase MoN. MoN B strips were also turned into microband 

electrodes which contained equal amounts of Mo2N and MoN. MoN C wires were 

turned into microdisk electrodes which also had equal amounts of Mo2N and MoN. 

MoN D wires were turned into microdisk electrodes where the hexagonal phase MoN 

was predominant with traces of the cubic phase Mo2N. In this chapter, the surface 

characterisation of the MoN samples and the electrochemical responses of the MoN 

microelectrodes will be discussed. 

As for TiN, the MoN samples were characterised using optical microscopy, SEM, EDX, 

and XRD. Like the TiN materials discussed in the previous chapter, the electrochemical 

behaviour of the solid MoN microelectrodes prepared using the methodology described 

in Section 2.2.1.2 has never been studied before. Thus, the electrochemical responses of 

the MoN microband and microdisk electrodes were also probed at negative and positive 

potentials using different redox mediators. A stability test was also performed on the 
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MoN microelectrodes by cycling the potential many times. The MoN microelectrodes 

were employed to investigate their working potential window and the ORR. The results 

were also compared to those obtained with Pt and Mo microelectrodes. The results 

obtained with EDX conducted on MoN samples are discussed in the next section. 

4.1 Energy dispersive X-Ray spectroscopy 

One of the MoN A strips was first characterised using EDX before it was turned into a 

microband electrode to avoid the presence of any contaminants. The sample was 

cleaned with deionised water and dried using compressed air. The sample preparation 

was explained in Section 2.6. The EDX was done at five different and random locations. 

An SEM image of the surface of the MoN A strip was also taken. The EDX and SEM 

were performed under wet mode at 1000x magnification. A MoN B and Mo strips were 

also studied and prepared in a similar manner. Figure 4.1 shows the EDX spectra of the 

MoN A, MoN B, and Mo samples and the SEM image of each strip is shown as the 

inset. 
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Figure 4.1: EDX spectra of MoN A (top), MoN B (middle), and Mo (bottom) strips 

obtained at location no. 1 (blue point, ●) respectively. The insets show the SEM 

images of the respective MoN and Mo strips. The EDX analysis was conducted at five 

different and random locations on each strip as indicated on the insets. Heating 

conditions: MoN A: the temperature was held at 1100ºC for 30 hours & MoN B: the 

temperature was held at 800ºC for 60 hours before increasing it to 1100ºC for 30 

hours and decreasing it back to 800ºC for a further 15 hours. Conditions for EDX 

and SEM: wet mode, 5 kV, and at 1000x magnification.  
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The EDX spectrum of each sample, Figure 4.1, is representative of the EDX spectra 

obtained at other locations as they were quite similar to each other. Several Mo and N 

peaks are seen on the spectra obtained with the MoN A (top) and MoN B (middle) 

strips. For the Mo strip, Figure 4.1(bottom), no N peak is observed as expected. The 

oxide peak could be coming from surface oxidation[161] and the C peak could be 

coming from the carbon tab. The SEM images show that the surface of the MoN A 

(top - inset) and MoN B (middle - inset) strips, Figure 4.1, is smoother than that of the 

TiN strip, Figure 3.1(inset). Unlike the TiN strip, the surface of the MoN A and MoN B 

strips is not porous. Figure 4.1 shows that the surface of the Mo strip (bottom) has a 

slightly smoother texture than that of the MoN A (top) and MoN B (middle) strips. 

However, the MoN B strip appears rougher than the MoN A strip. This could be due to 

the prolonged nitridation process used to prepare the MoN B strips. Kim et al.[3] 

reported that the rough surface of MoN electrodes was due to the volumetric 

enlargement of the crystal grains throughout the ammonolysis. Qi et al.[73] performed 

EDX on a hexagonal phase MoN thin porous film drop-casted on a glassy carbon 

electrode. The N peak on their EDX spectrum seemed to coincide with the C peak and 

this made the quantitative analysis difficult. 

A similar analysis was also conducted on MoN C, MoN D, and Mo wires. The study 

was performed using the same sample preparation procedure and under the same 

conditions as those used with the MoN and Mo strips. The only difference was that the 

wires were investigated at 5000x magnification to lessen the signal coming from the 

sample holder. Figure 4.2 shows the EDX spectra of the MoN and Mo wires obtained at 

one of the locations as well as the SEM image of the wire respectively. 
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Figure 4.2: EDX spectra of MoN C (top), MoN D (middle), and Mo (bottom) wires 

obtained at location no. 1 (blue point, ●) respectively. The insets show the SEM 

images of the respective MoN and Mo wires taken from the side of the wires. The 

EDX analysis was conducted at five different and random locations on each wire as 

indicated on the insets. Heating conditions: MoN C: the temperature was held at 

1100ºC for 30 hours & MoN D: the temperature was held at 800ºC for 60 hours 

before increasing it to 1100ºC for 30 hours and decreasing it back to 800ºC for a 

further 15 hours. Conditions for EDX and SEM: wet mode, 5 kV, and at 5000x 

magnification. 
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The morphology of the MoN wires, Figure 4.2(top and middle - insets), is much rougher 

than that of the MoN strips, Figure 4.1(top and middle - insets). The surface of the MoN 

wires is grainy, unlike the surface of the MoN strips. Figure 4.2 shows that the surface 

of the Mo wire (bottom) is also rough but not as grainy as that of the MoN wires (top 

and middle). The EDX spectra for the MoN and Mo wires are quite similar to those of 

the MoN and Mo strips respectively. 

A quantitative analysis was conducted on the EDX spectra obtained from the MoN 

samples, considering that the peaks were quite distinct. The quantification of the 

elements was completely done by the NSS software tool. No standard was used for the 

EDX analysis. Table 4.1 shows the atom percent of Mo, N, C, and O for the MoN 

samples. 
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Table 4.1: Atomic composition in % for the MoN A, MoN B, MoN C, and MoN D 

samples. 

Sample Point Mo N O C 

MoN A 

1 18.3 13.1 9.9 58.7 

2 18.1 13.2 9.9 58.8 

3 18.3 13.4 9.7 58.6 

4 18.4 13.2 10.0 58.3 

5 18.2 13.5 10.0 58.4 

Average 18.3 13.3 9.9 58.6 

MoN B 

1 18.5 18.9 11.7 50.9 

2 19.6 18.8 11.2 50.4 

3 20.1 15.1 11.3 53.5 

4 20.7 17.4 10.8 51.1 

5 21.2 16.1 10.6 52.1 

Average 20.0 17.3 11.1 51.6 

MoN C 

1 7.6 5.1 12.0 75.2 

2 7.4 5.8 12.0 74.8 

3 6.6 3.9 12.2 77.4 

4 7.7 4.3 11.7 76.3 

5 7.5 4.2 11.7 76.6 

Average 7.4 4.7 11.9 76.1 

MoN D 

1 11.4 5.7 71.8 11.1 

2 10.6 9.9 68.7 10.8 

3 11.3 7.1 71.0 10.7 

4 11.3 7.8 70.4 10.6 

5 11.2 9.4 69.1 10.3 

Average 11.2 8.0 70.2 10.8 

The ratios of Mo to N for the MoN A, MoN B, MoN C, and MoN D samples were 

calculated to be 1:0.7, 1:0.9, 1:0.6, and 1:0.7 respectively. However, the samples 

contain both hexagonal MoN and cubic Mo2N which makes the data analysis 

complicated. Moreover, EDX is not an ideal technique to determine the elemental 

composition accurately, especially for light elements including N; this is due to the poor 

energy resolution of EDX.[162] Nonetheless, these results indicate that the 
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methodology followed successfully produced MoN. The next section discusses the 

results obtained using XRD conducted on the MoN samples. 

4.2 X-ray diffraction  

The MoN A and MoN B strips were then investigated using XRD to determine their 

bulk phase compositions and to confirm the results obtained using EDX. To prepare for 

the XRD analysis, a few of the MoN A samples were immersed in acetone and ground 

to a fine powder using a pestle and a mortar. The powder was then transferred onto a 

clean glass slide to make a thin film according to the methodology explained in Section 

2.7.1. The sample was placed in the middle of the sample stage inside the XRD 

chamber. Rietveld fit was then applied to the XRD spectrum. The same procedure was 

employed to prepare the MoN B sample for this study. This study was conducted in 

collaboration with Prof. Andrew Hector. Figure 4.3 shows the XRD spectra of the MoN 

A and MoN B samples.  
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Figure 4.3: Rietveld refinement results for XRD patterns of the MoN A (top) and 

MoN B (bottom) samples: measured patterns (+) and calculated curves (red solid 

lines, ─). The blue solid lines (─) are the difference between the measured patterns 

and the calculated curves. The cyan (─) and the pink marks (─) are the positions of 

the reflection for hexagonal phase MoN and the cubic phase Mo2N respectively. The 

green solid lines (─) are the background patterns obtained from the software tool. 

Heating conditions: MoN A: The temperature was held at 1100ºC for 30 hours & 

MoN B: The temperature was held at 800ºC for 60 hours before increasing it to 

1100ºC for 30 hours and decreasing it back to 800ºC for a further 15 hours. 
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For the MoN A sample, Figure 4.3(top) shows a good fit between the experimental data 

and the Rietveld fit with Rwp and Rp equal to 9.7% and 7.5% respectively. The XRD 

pattern shows that the MoN A sample consists of the cubic phase Mo2N with a lattice 

parameter of a = 4.17(18) Å; this value is in agreement with the value reported in the 

literature for cubic phase Mo2N, 4.17 Å.[163] However, the sample also includes 

11.1(2)% of hexagonal phase MoN. The hexagonal phase MoN has lattice parameters a 

= 5.75(9) Å and c = 5.62(15) Å. These values are also quite close to those reported in 

the literature, a = 5.74 Å and c = 5.62 Å for this phase.[1] This means that the MoN A 

samples contained the cubic phase Mo2N with some hexagonal phase MoN. Thus, the 

electrochemical behaviour of these samples should be mostly influenced by the cubic 

phase Mo2N rather than the hexagonal phase MoN; this is assuming that there is no 

phase separation near the surface since the electrochemical response will be influenced 

by the phase that constitutes the majority of the surface. Jauberteau et al.[1] stated that 

the samples can have mixed phases of MoN when NH3 gas is used instead of N2 as the 

reactive gas for the nitridation process because the reaction is more difficult to control.  

Figure 4.3 shows that the MoN B sample (bottom) contains equal amounts of hexagonal 

phase MoN and cubic phase Mo2N. Some peaks (2θ = 23.9, 35.9, and 51.4) seem to 

have shifted slightly; this could be due to the strained hexagonal phase MoN. This has 

resulted in a poor Rietveld fit, Rwp = 10.8% and Rp = 7.7%. The XRD pattern for the 

hexagonal phase MoN can only be fitted in Le Bail mode (a refinement method that 

restricts peak locations to values set by unit cell parameters, while enabling the 

intensities of individual peak to be refined independently).[150] The hexagonal phase 

MoN has lattice parameters of a = 5.75(8) Å and c = 5.59(8) Å, quite close to those 

reported in the literature, a = 5.74 Å and c = 5.60 Å.[76] The cubic phase Mo2N has a 

lattice parameter of a = 4.15(4) Å and this value is quite close to that from the literature, 

4.165 Å.[163]  

The amounts of MoN C and MoN D wires prepared were insufficient to be turned into 

fine powder samples. Thus, MoN C and MoN D wires were each secured on Scotch 

tapes as explained in Section 2.7.2. The samples were then placed in the middle of the 

stage inside the XRD chamber. This study was performed in collaboration with Prof. 

Andrew Hector. Figure 4.4 shows the XRD spectra of the MoN C and MoN D samples. 

Rietveld fit was applied to the XRD spectra obtained from the side (length) of the wires.  
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Figure 4.4: Rietveld refinement results for XRD patterns of the MoN C (top) and 

MoN D (bottom) samples: measured patterns (+) and calculated curves (red solid 

lines, ─). The blue solid lines (─) are the difference between the measured patterns 

and the calculated curves. The cyan (─) and the pink marks (─) are the positions of 

the reflection for the hexagonal phase MoN and cubic phase Mo2N. The green solid 

lines (─) are the background patterns obtained from the software tool. Both MoN 

samples were in the form of wires. Heating conditions: MoN C: the temperature was 

held at 1100ºC for 30 hours & MoN D: the temperature was held at 800ºC for 60 

hours before increasing it to 1100ºC for 30 hours and decreasing it back to 800ºC for 

a further 15 hours. 
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The XRD spectrum shows that the MoN C sample (top) consists of equal amounts of 

cubic phase Mo2N and hexagonal phase MoN. There was a problem when fitting the 

peak intensities of the cubic phase Mo2N to the Rietveld fit and this was suspected to be 

due to the strong absorption from the wire core. Le Bail fit was used to fit the cubic 

phase Mo2N but to no avail. A reasonable fit, Rwp = 4.4% and Rp = 8.0%, to the 

hexagonal phase MoN is obtained. Lattice parameters for the hexagonal phase MoN are 

a = 5.73(5) Å and c = 5.61(5) Å, quite close to those reported in the literature, a = 5.72 

Å and c = 5.60 Å.[164]  

Figure 4.4(bottom) shows that the MoN D sample contains the hexagonal phase MoN 

with some cubic phase Mo2N. The broad peak (approximately from 27 to 72º) seen in 

Figure 4.4(bottom) could be coming from the Scotch tape. The background XRD of the 

Scotch tape is shown in Appendix 3. A reasonable Rietveld fit was obtained for the 

XRD spectrum. However, the other phase could not be identified. Thus, the peak at 

44.8º was excluded from the XRD pattern to gain a better fit for the Rietveld refinement 

which then gave Rwp and Rp values of 1.8% and 1.2% respectively. The cubic phase 

Mo2N peaks are very weak and could not be fitted. The lattice parameters estimated for 

the hexagonal phase MoN are a = 5.74(3) Å and c = 5.63(3) Å, quite similar to those 

reported in the literature, a = 5.74 Å and c = 5.60 Å.[76] Overall the XRD analysis 

suggests that the sample mostly consists of the hexagonal phase MoN. 

The strength of an X-ray beam decreases as it penetrates further into matter.[165] This 

is because an X-ray photon is removed from the beam when the photon interacts with an 

atom of the material.[165] Two factors that can affect X-ray attenuation are the sample 

thickness and absorption coefficient of the material.[165] Materials with high 

absorption coefficient tend to absorb photons more readily than those with low 

coefficient. Due to the X-ray attenuation, the X-ray beam was not able to penetrate deep 

into the MoN wire due to its thickness. Thus, the XRD result for the MoN D wire 

showed above only provides the phase constituents at the outermost layer of the wire. In 

order to confirm that the MoN D samples contained more hexagonal phase MoN than 

the cubic phase Mo2N, XRD was done on the cross-section of a MoN D wire. This 

should provide an insight of the phase constituents at the core of the wire. For this 

experiment, the MoN D sample was prepared by sealing it inside epoxy resin as 

explained in Section 2.2.1.1. However, the MoN D wire was not connected to a copper 
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wire for this study. The MoN D sample was then placed in the middle of the sample 

stage inside the XRD chamber. This study was done with the help from Prof. Andrew 

Hector. Figure 4.5 shows the XRD spectrum obtained from the cross-section of the 

MoN D wire.  

 

Figure 4.5: XRD spectrum obtained from the cross-section of a MoN D wire sealed 

inside the hardened epoxy. The blue (─) and black (─) solid lines indicate the 

positions of cubic phase Mo2N and hexagonal phase MoN respectively. 

The XRD spectrum shows that the samples had equal amounts of cubic phase Mo2N and 

hexagonal MoN. It means that the outer layer of the MoN D wire, Figure 4.4 (bottom), 

contained more hexagonal MoN than cubic Mo2N even though the inner layer of the 

wire, Figure 4.5, contained the same amounts of both phases. Nevertheless, it seems that 

the hexagonal MoN dominated the sample. Thus, the electrochemical behaviour of the 

MoN D microdisk electrode could be attributed to the hexagonal phase MoN. The 

surface morphology of the MoN microelectrodes is discussed in the next section. 
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4.3 Surface morphology 

The MoN samples were then turned into microband and microdisk electrodes 

respectively as explained in Section 2.2.1.1. The electrodes were polished with a 0.3 

micron alumina lapping film before being cleaned with a wet polishing cloth and rinsed 

with deionised water. The electrodes were then gently dried using compressed air. The 

morphology of each MoN microelectrode was observed under the optical microscope at 

100x magnification, Figure 4.6.  

 

 

Figure 4.6: Optical microscope images of the MoN A (top left, length: 1430 μm & 

width: 15 μm), MoN B (top right, length: 864 μm & width: 15 μm), MoN C (bottom 

left, 28 μm Ø), and MoN D (bottom right, 29 μm Ø) microelectrodes at 100x 

magnification under bright mode. 

The morphology of the MoN microband electrodes, Figure 4.6(top), appears to be 

smoother than that of the TiN microband electrodes, Figure 3.5. A lesser amount of 

debris can be seen at the edges of the MoN A and B microbands than with the TiN 

microbands. As with the TiN microband electrode, the presence of these defects was 
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unavoidable. The MoN A and B microelectrodes, Figure 4.6(top), also appear to have 

fewer defects than the TiN microelectrodes, Figure 3.5. This could be due to the 

morphology of the MoN A and B strips, Figure 4.1(inset – top and middle) since the 

surface of the MoN A and B strips is not as porous and rough as that of the TiN strip, 

Figure 3.1(inset). The edge of the microdisk electrodes seems quite rough, this could be 

due to the surface morphology of the side of the wires after the nitridation process, 

Figure 4.2(inset – top and middle). The diameter of the microdisk electrodes, Figure 

4.6(bottom), has increased by 12 and 16% from the initial diameter, 25 μm, for the 

MoN C and D microdisks respectively; this could be due to the incorporation of nitride 

into the Mo wire during the ammonolysis. The electrochemical results obtained with the 

MoN microelectrodes are discussed in the next section. 

4.4 Voltammetric features of MoN microelectrodes 

4.4.1 Simple redox mediators 

The prepared MoN microelectrodes were then studied for their electrochemical 

behaviour. To investigate the electrochemical response at negative potentials, the first 

electrochemical experiment conducted on the MoN microelectrodes were in the 

presence of Ru(NH3)6
3+

 redox species. For the microband electrodes, a three-electrode 

configuration was employed considering that the currents obtained were quite large. A 

two-electrode system was used for the microdisk electrodes. Figure 4.7 shows the cyclic 

voltammograms recorded with the MoN microelectrodes in the Ru(NH3)6Cl3 solution. 
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Figure 4.7: (left) Cyclic voltammograms (3
rd

 cycle) recorded with a MoN A (black 

solid line, ▬, length: 1430 μm & width: 15 μm) and a MoN B (red solid line, ▬, 

length: 864 μm & width: 15 μm) microband electrodes. (right) Cyclic voltammograms 

(1
st
 cycle) recorded with a 27 μm Ø MoN C (black solid line, ▬) and a 29 μm Ø MoN 

D (red solid line, ▬) microdisk electrodes. The cyclic voltammograms were recorded 

in 1 mM Ru(NH3)6Cl3 + degassed 0.5 M KCl at 2 mV s
-1

. The potential cycle was 

started at -0.07 (black solid line, ▬, left), -0.08 (red solid line, ▬, left), 0.01 (black 

solid line, ▬, right), and 0.09 (red solid line, ▬, right) V vs. SCE. Temp. = 20ºC. 

Nice sigmoidal shape quasi-steady state and steady state cyclic voltammograms are 

obtained for the microband and microdisk electrodes respectively. Faint redox peaks can 

be seen for the cyclic voltammograms recorded with the microband electrodes, Figure 

4.7(left); this is consistent with the hemicylindrical diffusion field explained in Section 

1.5. The limiting currents are circa -79, -48, -4.4, and -4.3 nA for the MoN A, B, C, and 

D respectively at -0.3 V vs. SCE. The theoretical limiting currents are -72, -44, -4.4, 

and -4.7 nA for the MoN A, B, C, and D microelectrodes respectively; these were 

calculated using Eq. 1.26 and 1.25 for the microband and the microdisk electrodes 

respectively (F = 96485 C mol
-1

, D = 8.4 x 10
-6

 cm
2
 s

-1
 and n = 1).[153] The difference 

between the experimental and theoretical limiting currents is circa ±10% and this is 

consistent with the experimental error typically found with microelectrodes. The 

microdisk electrodes have virtually no hysteresis and this is consistent with their true 

steady state arising from their hemispherical diffusion fields. In contrast, the microband 

electrodes produce a larger hysteresis. This is consistent with their hemicylindrical field 
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as explained in Section 1.5. The half-wave potential and the reversibility of the redox 

reaction are shown and discussed later.  

The investigation of the electrochemical behaviour of the MoN microelectrodes was 

continued by probing the electrochemical responses at positive potentials using a 

FcMeOH solution. Figure 4.8 shows the voltammograms recorded with the freshly 

polished MoN microelectrodes in the presence and in the absence of the FcMeOH redox 

species. 

 

 

 

 

 

 

 

 

Figure 4.8: (left) Cyclic voltammograms (3
rd

 cycle) recorded with a MoN A (black, 

length: 1430 μm & width: 15 μm) and a MoN B (red, length: 863 μm & width: 15 μm) 

microband electrodes. (right) Cyclic voltammograms (1
st
 cycle) recorded with a 26 μm 

Ø MoN C (black) and a 26 μm Ø MoN D (red) microdisk electrodes. The cyclic 

voltammograms were recorded in aerated 0.5 M KCl with (solid lines, ▬) and without 

(dashed dot lines, ▬ ● ▬) 1 mM FcMeOH at 2 mV s
-1

. The potential scans were 

started between 0 and 0.1 V vs. SCE. Temp. = 20ºC. 

Unlike the TiN microband electrode, Figure 3.10, the MoN electrodes seem to be more 

stable when cycling the potentials to more positive values even without undergoing any 

treatment. The experimental limiting currents obtained are approximately 62, 44, 3.6, 

3.5 nA at 0.3 V vs. SCE for the MoN A, B, C, and D microelectrodes respectively. 

These values are close to the theoretical limiting currents which are 66, 40, 3.8, and 3.8 

nA respectively for the MoN A, B, C, and D electrodes. The difference between the 

experimental and theoretical limiting currents is circa ±10% which is a typical 
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experimental error for microelectrodes. The theoretical limiting currents were calculated 

using Eq. 1.26 and 1.25 for the microband and microdisk electrodes respectively using 

D = 7.6 x 10
-6 

cm
2
 s

-1
 and n = 1.[154] The hysteresis between the forward and backward 

scans is larger than on the cyclic voltammograms recorded in the Ru(NH3)6Cl3 solution. 

The shape of the cyclic voltammograms will be discussed later. The currents increased 

as the potential is cycled to more positive values, > 0.3 V vs. SCE; this could be due to 

the onset of oxygen evolution. This was supported by conducting an experiment in the 

absence of the redox mediator as shown with the dashed dot lines in Figure 4.8. The 

currents obtained in the absence of the redox mediator started to increase at circa 0.3 V 

vs. SCE and this could be attributed to the onset of oxygen evolution. This suggests that 

the MoN microelectrodes are not suitable to probe any redox mediators with half-wave 

potentials larger than ~ 0.3 V vs. SCE. For this reason, the electrochemical behaviour on 

MoN microelectrodes was not probed using a K3IrCl6 solution. However, the increase in 

the currents could also be due to the oxidation of chloride anions. 

In order to confirm that the increase in the currents was not arising from the oxidation of 

chloride anions, a voltammogram was recorded in a K2SO4 solution using each type of 

MoN microelectrodes. For this study, a SMSE reference electrode was employed so as 

to avoid the contamination from chloride anions. The cyclic voltammogram obtained in 

the K2SO4 solution was compared to that recorded in the KCl solution shown in Figure 

4.8. Figure 4.9 shows the cyclic voltammograms recorded with the MoN 

microelectrodes in the KCl and the K2SO4 solutions. For easier comparison, the 

potential recorded using the SMSE was converted to the potential with respect to a SCE 

reference electrode by adding 0.395 V[126] and the currents were normalised to the 

geometric area of each electrode. 
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Figure 4.9: (left) Cyclic voltammograms (3
rd

 cycle) recorded with a MoN A (black, 

length: 1344 μm & width: 16 μm) and a MoN B (red, length: 863 μm & width: 16 μm) 

microband electrodes. (right) Cyclic voltammograms (1
st
 cycle) recorded with a 26 μm 

Ø MoN C (black) and a 26 μm Ø MoN D (red) microdisk electrodes in the aerobic 0.5 

M KCl (dashed dot lines, ▬ ● ▬) and the anaerobic 0.5 M K2SO4 (solid lines, ▬) 

solutions at 2 mV s
-1

. The cyclic voltammograms recorded in the KCl solution were 

taken from Figure 4.8. The potential scans were started between 0 and 0.1 V vs. SCE. 

The currents started to increase from circa 0.25 V vs. SCE for the cyclic 

voltammograms recorded in the K2SO4 solution (solid lines) similar to those recorded in 

the KCl solution (dashed dot lines). This implies that the increase in the currents was 

not due to the oxidation of chloride ions but to that of water.  

An electrochemical stability test was performed with each type of MoN 

microelectrodes. The study was conducted in a FcMeOH solution. The potential was 

cycled 100 times from 0 to 0.4 V vs. SCE at 2 mV s
-1

. The cyclic voltammograms 

shown in Figure 4.10 were taken from the 3
rd

, 20
th

, 50
th

, 80
th

, and 100
th

 cycle. 

.  
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Figure 4.10: Cyclic voltammograms (3
rd

 cycle - black, 20
th

 cycle - red, 50
th

 

cycle - blue, 80
th

 cycle - magenta, and 100
th

 cycle - green)
 
recorded with the MoN A 

(top left, length: 1366 μm & width: 15 μm), MoN B (top right, length: 787 μm & 

width: 15 μm), MoN C (bottom left, 26 μm Ø), and MoN D (bottom right, 26 μm Ø) in 

1 mM FcMeOH + aerated 0.5 M KCl at 2 mV s
-1

. The potential scans were started at 

0.07 V vs. SCE for the MoN A, B, and D electrodes and at 0.04 V vs. SCE for the 

MoN C electrode. Temp. = 25ºC. 

The cyclic voltammograms for the MoN A microband electrode seems to be more stable 

than the HF-etched TiN microband electrode, discussed in Section 3.4, even after 

cycling the potential numerous times. The limiting current obtained from the cyclic 

voltammogram of the 3
rd

 cycle is approximately 62 nA at 0.3 V vs. SCE; this is quite 

close to the theoretical limiting current of 63 nA (calculated using Eq. 1.26; D = 7.6 x 
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10
-6

 cm
2
 s

-1
 and n = 1).[154] Reproducible cyclic voltammograms were obtained after 

the 20
th

 cycle. The limiting currents obtained from the cyclic voltammograms after the 

20
th

 cycle are circa 57 nA which is still within 10% of the typical experimental error for 

a microelectrode. Thus, the limiting currents measured after cycling the potential more 

than 20 cycles can still be taken into consideration and this is in contrast with the 

behaviour of the TiN microband electrodes. This means that the electrochemical 

response of the MoN A microband electrodes is quite stable even when cycling the 

potential for the 100
th

 time. 

The shape of the cyclic voltammogram recorded with the MoN B microband electrode 

worsened slightly as the number of cycles increased. After the 3
rd

 cycle, the half-wave 

potentials of the cyclic voltammograms shifted slightly to more positive potentials. The 

limiting current obtained from the black cyclic voltammogram is 36 nA at 0.3 V vs. 

SCE, and in agreement with the theoretical limiting current of 36 nA. The limiting 

current obtained from the cyclic voltammogram of the 20
th

 cycle is 35 nA at 0.3 V vs. 

SCE, and it is slightly smaller than that obtained from the cyclic voltammogram of the 

3
rd

 cycle, but the difference between the measured and the theoretical values is still 

within typical experimental error. Reproducible cyclic voltammograms are obtained 

after the 50
th

 cycle. The limiting currents obtained after the 50
th

 cycle are circa 34 nA at 

0.3 V vs. SCE, which is also still within the typical experimental error. This means that 

the limiting currents obtained from the MoN B microband electrodes can still be taken 

into consideration even after cycling the potential for the 100
th

 cycle. 

The limiting current of the 3
rd

 cycle for the MoN C microdisk electrode is 3.4 nA at 0.3 

V vs. SCE, compared to the theoretical limiting current, 3.8 nA, calculated using Eq. 

1.25. The value of the experimental limiting current for the 3
rd

 cycle is not within 10% 

of the typical experimental error for microelectrodes. The limiting currents obtained 

from the 1
st
 cycle and the 2

nd
 cycle are 3.6 and 3.5 nA respectively. This means that the 

limiting currents that can be taken into consideration are from the 1
st
 and the 2

nd
 cycle. 

The results obtained from the MoN C microdisk electrode are in contrast to those 

obtained with the MoN A and B microband electrodes, where the limiting currents were 

still within the acceptable range of experimental error even for the 100
th

 cycle. 

For the MoN D microdisk electrode, the limiting current on the black cyclic 

voltammogram (3
rd

 cycle) is 3.8 nA at 0.3 V vs. SCE, and this value is in agreement 
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with the calculated limiting current of 3.8 nA. Like the MoN C microdisk electrode, the 

shape of the cyclic voltammogram also worsened as the number of cycles increased. 

The half-wave potentials of the cyclic voltammograms shifted to more positive 

potentials over increasing potential cycles. Similar to the MoN C microdisk electrode, 

the limiting current obtained from the red cyclic voltammogram (20
th

 cycle), 3.4 nA at 

0.3 V vs. SCE cannot be taken into account as it is not within the acceptable range of 

experimental error. The limiting currents that can be taken into consideration were 

obtained between the 1
st
 and the 8

th
 cycles. This means that it is better to polish the 

MoN D microdisk electrodes after cycling the potential eight times to get reliable 

results. The results of the electrochemical stability test for the MoN D microdisk 

electrodes are also poor compared to those obtained with the MoN A and B microband 

electrodes. 

The electrochemical response of the MoN microelectrodes at positive potentials was 

then confirmed by performing cyclic voltammetry in a Fe(CN)6
4-/3-

 solution. Figure 4.11 

shows the cyclic voltammograms recorded with the MoN microelectrodes in presence 

of the Fe(CN)6
4-/3-

 redox couple. 
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Figure 4.11: (left) Cyclic voltammograms (3
rd

 cycle) recorded with a MoN A (black, 

length: 1430 μm & width: 15 μm) and MoN B (red, length: 990 μm & width: 16 μm) 

microband electrodes. (right) Cyclic voltammograms (1
st
 cycle) recorded with a 27 μm 

Ø MoN C (black) and 26 μm Ø MoN D (red) microdisk electrodes. The voltammetric 

responses recorded in aerobic 0.5 M KCl with different redox mediators: 1 mM 

ferrocyanide (solid lines, ▬) and 1 mM ferricyanide (dashed dot lines, ▬ ● ▬) at 2 

mV s
-1

. The potential scans were started at 0.01 (solid lines, ▬) and 0.29 (dashed dot 

lines, ▬ ● ▬) V vs. SCE. Temp. = 20ºC. 

For cyclic voltammograms obtained in the Fe(CN)6
4-

 solution, the limiting currents are 

approximately 61, 44, 3.3, and 3.5 nA at 0.3 V vs. SCE for the MoN A, B, C, and D 

microelectrodes respectively. The values are close to the theoretical limiting currents of 

57, 40, 3.4, and 3.3 nA for the MoN A, B, C, and D microelectrodes calculated using 

Eq. 1.26 (microband) and 1.25 (microdisk), D is 6.5 x 10
-6

 cm
2
 s

-1
 and n is 1.[135] The 

experimental limiting currents obtained in the ferricyanide solution are 

circa -67, -46, -3.9, and -4.2 nA at 0.1 V vs. SCE; these are also close to the theoretical 

limiting currents of -66,-46, -4, and -3.8 nA (calculated using Eq. 1.26 and 1.25, n = 1, 

and D = 7.6 x 10
-6

 cm
2
 s

-1
)[135] for the MoN A, B, C, and D respectively. The limiting 

currents obtained in both redox mediators are close to the expected limiting currents 

even without going through any treatment. The shape of the cyclic voltammograms does 

not look sluggish unlike the untreated TiN microband electrode in the anodic region 

shown in Figure 3.9. The hysteresis for both cyclic voltammograms is quite small. The 

same trend as with the cyclic voltammograms recorded in the FcMeOH solution, Figure 

4.8, is seen where the currents also increase when sweeping the potential beyond 0.35 V 

vs. SCE; this could be due to the onset of oxygen evolution as discussed earlier. 
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For each type of electrode the half-wave potential and the reversibility of the redox 

process were determined from the slopes of the voltammetric waves recorded with the 

different redox mediators using the data treatment explained in Section 3.3. The 

voltammetric features obtained on a Pt electrode in the same solutions were also shown 

for comparison. The voltammetric features obtained from the redox processes of the 

redox mediators on the MoN and Pt microelectrodes are summarised in Table 4.2. 

Table 4.2: Voltammetric features obtained from the Pt and MoN A, B, C, and D 

microelectrodes for the different redox mediators of interest. The values for the Pt 

microdisk electrode were taken from Section 3.4. 

Material Voltammetric feature 
Redox mediator (1 mM) 

Ru(NH3)6Cl3 K4Fe(CN)6
 K3Fe(CN)6 FcMeOH 

Pt microdisk 

E1/2 / V -0.199 0.209 0.209 0.169 

Slope / V 0.026 -0.025 0.026 -0.024 

Expected ilim / nA -4.1 3.1 -3.7 3.7 

Obtained ilim / nA -4.1 3.4 -4.0 3.3 

MoN A microband 

E1/2 / V -0.195 0.200 0.213 0.171 

Slope / V 0.024 -0.025 0.023 -0.023 

Expected ilim / nA -72 57 -66 66 

Obtained ilim / nA -79 61 -67 62 

MoN B microband 

E1/2 / V -0.212 0.202 0.216 0.166 

Slope / V 0.024 -0.026 0.023 -0.024 

Expected ilim / nA -44 40 -46 40 

Obtained ilim / nA -48 44 -46 44 

MoN C microdisk 

E1/2 / V -0.199 0.215 0.216 0.176 

Slope / V 0.026 -0.025 0.025 -0.026 

Expected ilim / nA -4.4 3.4 -4.0 3.8 

Obtained ilim / nA -4.4 3.3 -3.9 3.6 

MoN D microdisk 

E1/2 / V -0.203 0.214 0.216 0.177 

Slope / V 0.026 -0.025 0.025 -0.025 

Expected ilim / nA -4.7 3.3 -3.8 3.8 

Obtained ilim / nA -4.3 3.5 -4.2 3.5 

The table shows that the values of the half-wave potentials of the redox mediators on 

the MoN microelectrodes are quite close to those obtained on the Pt microdisk 

electrode. The theoretical value for the slope is 0.026 V, considering that n = 1. The 

values of the slope obtained for all the MoN microelectrodes are quite close to the 
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theoretical value. This means that for all the microelectrodes the cyclic voltammograms 

obtained with the different redox mediators are consistent with a reversible 

electrochemical process. The differences between the experimental and theoretical 

currents are within the typical experimental error for microelectrodes. 

4.4.2 Potential window study 

A potential window study was conducted with each type of MoN microelectrodes in the 

absence of any redox mediators. The background current recorded with a MoN A 

microband electrode was compared to that recorded with Mo and MoN B microband 

electrodes. The cyclic voltammogram recorded with a MoN C microdisk electrode was 

compared to those recorded with MoN D and Mo microdisk electrodes. The currents 

were normalised to the geometric area of each electrode respectively for easier 

comparison. Figure 4.12 shows the cyclic voltammograms recorded with the MoN and 

Mo microelectrodes in the KCl solution. 
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Figure 4.12: (top left) Cyclic voltammograms (3
rd

 cycle) recorded with a MoN A 

(black solid line, ▬, length: 1430 μm & width: 15 μm) and Mo (red solid line, ▬, 

length: 1588 μm & width: 17 μm) microband electrodes. (top right) Cyclic 

voltammograms (3
rd

 cycle) recorded with a MoN A (black solid line, ▬, length: 1344 

μm & width: 15 μm) and a MoN B (red solid line, ▬, length: 864 μm & width: 15 

μm) microband electrodes. (bottom) Cyclic voltammograms (1
st
 cycle) recorded with a 

26 μm Ø MoN C (black solid line, ▬), a 28 μm Ø MoN D (red solid line, ▬), and a 25 

μm Ø Mo (blue solid line, ▬) microdisk electrodes. The cyclic voltammograms were 

obtained in deoxygenated 0.5 M KCl at 100 mV s
-1

. The potential scans were started 

between -0.4 and 0 V vs. SCE. 
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These results demonstrate that the MoN microelectrodes show less surface activity than 

the Mo microband electrode. The peaks seen on the cyclic voltammogram recorded with 

the Mo microband electrode could not be attributed to known surface processes. Other 

groups have reported the presence of anodic and cathodic peaks at circa -0.6 V vs. SCE 

on molybdenum oxide electrodes in acidic condition and they are attributed to the 

reductive formation of hydrogen molybdenum bronzes (HxMoO3) or non-stoichiometric 

molybdenum oxides (MoO3-y).[166, 167] The oxidation peaks were absent on cyclic 

voltammograms recorded with the Mo microband electrode in the absence of chloride 

anions as shown in Appendix 4 which suggests that the peaks may be linked to the 

oxidation of chlorides. The working potential window for the MoN microelectrodes 

runs from circa -1.1 to 0.3 V vs. SCE. Liu et al.[168] have reported that the potential 

window of their MoN thin film electrodes (-0.05 – 0.65 V vs. RHE) is wider than that of 

the Mo2N thin film electrodes (0.05 – 0.5 V vs. RHE) in acidic aqueous solution. For 

the results shown above, it is important to remember that the MoN B and the MoN C 

microelectrodes consisted of equal amounts of cubic phase Mo2N and hexagonal phase 

MoN. Thus, it is difficult to draw conclusions for both electrodes. Figure 4.12 shows 

that the working potential range for the Mo microband and microdisk electrodes runs 

from approximately -0.5 to 0 V vs. SCE and from circa -0.75 to 0 V vs. SCE 

respectively. This means that the MoN microelectrodes have a larger working potential 

window than the Mo microelectrodes in the KCl solution. This enables the MoN 

microelectrode to probe a wider range of analytes than the Mo microelectrodes. 

Unknown reduction and oxidation peaks can be seen for the MoN microelectrodes. 

Roberson and colleagues[89] have studied the potential window of γ-Mo2N and δ-MoN 

thin film electrodes in acidic and basic solutions. They suggested that the process of 

electrodissolution or passivation could occur on the electrode surface; this resulted in 

increasing current before the oxygen evolution region. To the extent of our knowledge, 

no study has been conducted to study the surface processes occurring within the 

potential window in neutral condition. 

4.4.3 Oxygen reduction reaction 

The ORR was then probed on the MoN A, B, and D microelectrodes. Figure 4.13(left) 

shows the voltammograms recorded with the MoN A and B microband electrodes in the 

aerated NaClO4 solution. The cyclic voltammogram recorded with the MoN D 
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microdisk electrode was compared to that of MoN A microband electrode as both 

electrodes contain mostly of a single phase. MoN C is not shown because it contains 

both phases and this complicates the data analysis. Figure 4.13(right) shows the cyclic 

voltammograms recorded with the MoN A and D microelectrodes in the aerated 0.5 M 

NaClO4 solution.  

 

 

 

 

 

 

Figure 4.13: (left) Cyclic voltammograms (3
rd

 cycle) recorded with the MoN A (black 

solid line, ▬, length: 1305 μm & width: 14 μm) and MoN B (red solid line, ▬, 

length: 864 μm & width: 15 μm) microband electrodes. (right) Cyclic voltammograms 

(3
rd

 cycle) for the MoN A (black solid line, ▬) and a 26 μm Ø MoN D (red solid line, 

▬) microelectrodes. The black (▬) voltammogram was taken from the figure on the 

left. The cyclic voltammograms were obtained in air-saturated 0.5 M NaClO4 at 10 

mV s
-1

. The limiting currents are -150, -104, and -9.4 nA at -1 V vs. SCE for the MoN 

A, B, and D microelectrodes respectively. The potential scans were started at 0.09 

(MoN A), 0.01 (MoN B), and -0.06 (MoN D) V vs. SCE. Temp. = 21ºC. 

For the MoN A microelectrode, two cross-over points are seen on the black cyclic 

voltammogram and these are typical voltammetric features for the ORR regardless of 

electrode materials.[158] The ORR proceeds via the adsorption of oxygen on the metal 

surface.[90, 158] Strong adsorption of oxygen enables it to dissociate on the electrode 

surface and form water.[90] The bond between the oxygen molecules is more difficult 

to be broken when they are weakly adsorbed on the metal surface; this resulted in 

two-electron reduction.[90] On the reverse scan, the electrode surface is oxide-free; this 

leads to a much cleaner surface. Thus, the current of the reverse scan is higher than that 
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of the forward scan for the MoN A (from -0.8 to -0.56 V vs. SCE) and D (from -0.77 

to -0.55 V vs. SCE) microelectrodes. The two cross-over points are consistent with the 

change of surface state between the forward and reverse scans. Two reduction waves are 

obtained and this means that the ORR could have occurred in several pathways. For the 

MoN B (red - left) microelectrode, a single reduction wave without two cross-over 

points is seen which means that the electrode surface has not changed during the 

reduction process. However, it is important to remember that the MoN B samples 

contained the same amounts of cubic phase Mo2N and hexagonal phase MoN. 

Furthermore, phase segregation could take place near the surface and the surface may 

not have the same composition as the bulk. Thus, it is quite difficult to draw firm 

conclusions from Figure 4.13 for the MoN B microelectrode. The apparent number of 

electrons transferred for the ORR on the MoN D microdisk electrode is calculated to be 

3.13 using Eq. 1.25, considering that D = 2.29 x 10
-5

 cm
2 

s
-1

 and c
*
 = 0.257 mM.[158] 

However, this value could lead to false conclusions as the temperature of the solution 

was not controlled. Furthermore, ORR is a complicated reaction. Thus, the number of 

electrons transferred for this reaction on other electrodes is not reported. 

The shape of the cyclic voltammogram recorded with the MoN D (red – right) 

microdisk electrode is quite similar to that of the MoN A (black – right) microband 

electrode. The potentials at half limiting currents for the MoN A, B, and D 

are -0.59, -0.66, and -0.57 V vs. SCE respectively. Cao et al.[77] have studied the ORR 

on several types of MoN including δ-MoN and γ-Mo2N thin film electrodes which were 

prepared by CVD technique. They reported that the δ-MoN is far more electrocatalytic 

towards ORR than the γ-Mo2N in 0.1 M HClO4 and attributed this to the crystal 

structure of the hexagonal phase MoN. The ORR waves in Figure 4.13 appear drawn 

out and this suggests that the kinetic of the reaction is sluggish. 

The electrochemical response for the ORR obtained using the MoN A microband 

electrode was then compared to that recorded with a Mo microband electrode. The 

currents were normalised to the geometric areas of each electrode respectively for easier 

comparison. Figure 4.14 shows the cyclic voltammograms recorded with the MoN A 

from Figure 4.13 and the Mo microband electrodes in the NaClO4 solution. 
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Figure 4.14: Cyclic voltammograms (3
rd

 cycle) recorded with the MoN A microband 

electrode (red, length: 1305 μm & width: 14 μm) and a Mo microband electrode 

(black, length: 1547 μm & width: 17 μm) in the air- (solid lines, ▬) and 

argon-saturated (dashed lines, ▬ ▬) 0.5 M NaClO4 solution at 10 mV s
-1

. The red 

cyclic voltammograms were taken from Figure 4.13. The potential scan applied on 

the Mo microband electrode was started at -0.43 (black dashed line, ▬ ▬) & -0.31 

(black solid line, ▬) V vs. SCE. 

The current density obtained with the Mo microband electrode is much larger than with 

the MoN A microband electrode. This suggests that a significant part of the current may 

be due to other unknown surface processes, as seen in Figure 4.12 and not from the 

ORR. This could also be due to a difference in surface roughness between the MoN and 

the Mo microband electrodes (since a larger surface roughness would magnify the 

response of surface processes) but this is unlikely because the electrodes were polished 

in the same way. Thus, it is quite difficult to analyse the result of the ORR obtained on 

the Mo microband electrode.  

The ORR was then probed in different pHs on a MoN A microband electrode in both 

aerated and deoxygenated solutions, Figure 4.15. The pH 1, pH 7, and pH 14 solutions 
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were made with H2SO4, NaClO4, and KOH solutions respectively. The pH 10 solution 

was prepared by adding a diluted H2SO4 solution, drop by drop, to a KOH solution until 

the desired pH was obtained. For easier comparison, the cyclic voltammograms were 

normalised to the geometric areas of each electrode which were determined after every 

polishing and the cyclic voltammograms were vertically translated. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: Cyclic voltammograms (3
rd

 cycle) recorded with a MoN A microband 

electrode (length: 1308 μm & width: 14 μm) in the aerated (solid lines, ▬) and the 

deoxygenated (dashed dot lines, ▬ ● ▬) pH 1 (black), pH 7 (red), pH 10 (blue), and 

pH 14 (magenta) solutions at 10 mV s
-1

. The potential sweep was started at 0.09 

(black dashed dot, ▬ ● ▬ and solid lines, ▬), -0.04 (blue dashed dot line, ▬ ● 

▬), -0.1 (blue solid line, ▬), -0.43 (magenta dashed dot line, ▬ ● ▬), and -0.35 

(magenta solid line, ▬) V vs. SCE. The red cyclic voltammograms were taken from 

Figure 4.13. The grey solid line (▬) indicates the position of zero current. Temp. = 

21ºC. 

The ORR current recorded in the acidic solution is smaller than those seen with the 

other pHs. One reduction wave is seen for the black cyclic voltammogram recorded in 
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the presence of dissolved oxygen which could mean that the ORR occurred in a single 

pathway. A nice plateau region is seen for the black voltammogram on the reverse scan. 

The cyclic voltammogram recorded in the pH 7 solution (red) looks quite similar to that 

recorded in the pH 10 solution (blue). Two cross-over points can also be seen for the 

cyclic voltammogram recorded in the presence of dissolved oxygen in pH 14 (magenta). 

Two reduction waves can be seen on the forward scan. This means that the ORR in pH 

14 could have occurred in several pathways. Interestingly, two distinct plateau regions 

can be seen on the reverse scan in the pH 14 solution. The potentials at half limiting 

currents for pH 1, 7, 10, and 14 are -0.29, -0.59, -0.68, -0.78 V vs. SCE. The ORR 

waves typically shift to more negative potential with the decrease in pH.[93] To the best 

of our knowledge, there is no study of the ORR in different pHs for MoN electrodes. 

4.5 Voltammetric features of Mo microelectrodes 

The electrochemical behaviour of Mo microelectrodes was also studied to demonstrate 

the advantage of using MoN microelectrodes over the Mo microelectrodes. The first 

electrochemical experiment on the Mo microelectrodes were conducted in a 

Ru(NH3)6Cl3 solution. Figure 4.16 shows the cyclic voltammograms recorded with the 

Mo microband and microdisk electrodes in the Ru(NH3)6Cl3 solution. 
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Figure 4.16: Cyclic voltammograms (3
rd

 cycle) recorded with the Mo microband (left, 

length: 1804 μm & width: 15 μm) and microdisk (right, 25 μm Ø) electrodes in 1 mM 

Ru(NH3)6Cl3 + anaerobic 0.5 M KCl at 2 mV s
-1

. The potential scans were started 

at -0.08 (left) and -0.15 (right) V vs. SCE. Temp. = 19ºC. 

Nice sigmoidal shape cyclic voltammograms are obtained for both microelectrodes. The 

limiting currents are circa -100 and -3.9 nA at -0.4 V vs. SCE and these are quite close 

to the theoretical limiting currents: -91 and -4.1 nA for the Mo microband and 

microdisk electrodes respectively. The theoretical limiting currents were calculated 

using Eq. 1.26 for the microband and Eq. 1.25 for the microdisk electrodes respectively, 

using D = 8.4 x 10
-6

 cm
2
 s

-1
 and n = 1.[153] The current starts to increase at about -0.05 

V vs. SCE and this could be due to the electrodissolution of Mo which normally occurs 

at positive potentials.[169] Soluble species such as HMoO4
‒
 and MoO4

2‒
 tend to form 

on anodic overpotentials in neutral and alkaline solutions.[169] The Pourbaix diagram 

of Mo shows that it is more likely to have MoO4
2‒

 in neutral condition over this 

potential range, -0.1 – 0.4 V vs. SCE.[169] The reversibility and half-wave potential of 

the redox species on the Mo microband and microdisk electrodes were determined using 

Eq. 1.30. The half-wave potentials were found to be -0.197 and -0.23 V vs. SCE from 

the intercepts of the linear fittings for the Mo microband and microelectrodes 

respectively. The slopes of the fittings were 0.027 and 0.026 V for the respective 

microband and microdisk electrodes; these values are close to the theoretical value for a 

1 e
-
 process. Contrary to the Ti microband electrode, this means that the reduction of 

Ru(NH3)6
3+

 redox species on the Mo microelectrodes exhibited a reversible 

electrochemical process.  
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The electrochemical behaviour of a Mo microband and microdisk electrodes were 

probed with other redox mediators of interest: ferrocyanide, ferricyanide, and FcMeOH. 

The cyclic voltammograms recorded with the Mo microband and microdisk electrodes 

in a Fe(CN)6
4-/3-

 and a FcMeOH solutions are shown in Figure 4.17. 

  

 

 

 

 

 

 

Figure 4.17: Cyclic voltammograms (3
rd

 cycle) recorded with the Mo microband (left, 

length: 1804 μm & width: 15 μm) and microdisk (right, 25 μm Ø) electrodes in the 

aerobic 0.5 M KCl with different redox mediators: 1 mM ferrocyanide (black solid 

line, ▬), 1 mM ferricyanide (red solid line, ▬), and 1 mM FcMeOH (blue solid line, 

▬) at 2 mV s
-1

. 

The currents recorded in all redox mediators were relatively large for both electrodes. 

This could be due to the electrodissolution of Mo often occurs in the anodic region[169] 

as discussed earlier. This means that the Mo microelectrodes can probe a smaller range 

of analytes than the MoN microelectrodes. The presence of N atoms within the 

interstices of the Mo crystal seems to have inhibited the dissolution process; this 

extends the working potential window in the anodic region. The results prove the 

superiority of MoN compared to Mo for electroanalytical applications. 

4.6 Summary 

In this chapter, it was shown that MoN can be obtained from commercially available 

Mo foils and wires via ammonolysis. The EDX spectra showed the presence of Mo and 

N peaks for all of the prepared samples. Different phases of MoN were obtained by 

changing the holding temperature during the ammonolysis. However, XRD patterns 

showed that the samples often consisted of more than one phase of MoN. The MoN A 
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strips contained more hexagonal phase MoN with some cubic phase Mo2N. However, 

the MoN B and the MoN C samples consisted of equal amounts of the hexagonal phase 

MoN and the cubic phase Mo2N. The outer layer of the MoN D wires consisted of the 

hexagonal phase MoN with some cubic phase Mo2N. Interestingly, the core of the MoN 

D wires was found to contain equal amounts of the hexagonal phase MoN and the cubic 

phase Mo2N when conducting the XRD on the cross-section of the wire. This means 

that the MoN D wires could contain more hexagonal phase MoN than the cubic phase 

Mo2N. The SEM images of the strips showed that the surface of the MoN A strip was 

slightly rougher than that of the Mo strip and that the surface of the MoN B strip was 

rougher than that of the MoN A strip. However, the SEM images of the surface of the 

MoN C and the MoN D wires showed that the surface of the wires was rough and 

grainy. The MoN strips and wires were then turned into the microband and microdisk 

electrodes. The optical images of the MoN A and B microband electrodes showed that 

their surface was quite smooth with few defects. Interestingly, the surface of the MoN C 

and D microdisk electrodes was smooth with no defect. However, the edge of the 

microdisk was quite rough. Nice sigmoidal shape cyclic voltammograms were obtained 

at negative and positive potentials. Unlike the MoN microelectrodes, the Mo 

microelectrodes showed a poor electrochemical response in the anodic region; this 

could be due to the electrodissolution of the Mo microelectrodes at these potentials. One 

of the advantages of using the MoN microelectrodes was that they did not require any 

treatment unlike the TiN microband electrodes. Another advantage is that the 

incorporation of N into the Mo metals enables the investigation of redox processes in 

the anodic region. Table 4.2 showed that on the MoN microelectrodes the redox 

processes selected appeared reversible. The experimental limiting currents obtained on 

the MoN microelectrodes with the different redox mediators were within the typical 

experimental error expected for microelectrodes. This means that the redox processes on 

the MoN microelectrodes appeared to be under diffusion-controlled. However, the 

currents increased as the potential was swept to more positive potentials which could be 

due to the onset of oxygen evolution. From the stability test results, the cyclic 

voltammograms recorded with the MoN A and B microbands were more stable than 

those recorded with the MoN C and D microdisks for some unknown reasons. The 

limiting currents obtained from the MoN A and MoN B microband electrodes were still 

within the typical experimental error even for the cyclic voltammogram of the 100
th
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cycle, but not for the MoN C and MoN D microdisk electrodes. The working potential 

window for the MoN microelectrodes was from circa -1.1 to 0.3 V vs. SCE. The 

potential window of the MoN microelectrodes was larger than that of the Mo 

microelectrodes. This means that the MoN microelectrodes were able to probe a wider 

range of redox species than the Mo microelectrodes. The ORR was also studied on the 

MoN microelectrodes. Two cross-over points could be seen on most of the cyclic 

voltammograms recorded with the MoN microelectrodes; this is a typical feature of 

ORR. Two reduction waves were seen on the cyclic voltammograms recorded with the 

MoN A and D microelectrodes in the presence of dissolved oxygen. This means that the 

ORR could have occurred in multiple pathways on these electrodes. Only one reduction 

wave with no cross-over points was seen on the cyclic voltammogram recorded with the 

MoN B microband electrode in the presence of dissolved oxygen which could mean that 

the electrode surface did not change during the reduction process. However, it was quite 

difficult to draw a conclusion from the electrochemical responses for the MoN B 

microelectrodes since the sample contained equal amounts of the hexagonal phase MoN 

and the cubic phase Mo2N. The ORR study was also done in different pHs on the MoN 

A microband electrodes. The current recorded in the acidic environment was smaller 

than that in the neutral and the basic solutions. The cyclic voltammograms recorded in 

the pH 7 and pH 10 solutions were quite similar to each other. Interestingly, two plateau 

regions could be seen on the reverse scan which was recorded in the presence of 

dissolved oxygen in the pH 14 solution. Overall the work presented in this chapter has 

shown that MoN microelectrodes were successfully fabricated, and characterised and 

that they appear to be promising electrodes for electroanalytical investigations. The next 

chapter discusses the results obtained with various microelectrodes for the reduction of 

peroxodisulfate. 
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Chapter 5  Microelectrode studies of the 

peroxodisulfate reduction 

Peroxodisulfate or persulfate, S2O8
2‒

, is a highly reactive oxidizing agent that has been 

used to treat wastewaters in order to decompose organic chemicals.[106, 170] The 

electroreduction of peroxodisulphate is fairly complicated and remains poorly 

understood. To the best of our knowledge, the electrochemical properties of 

peroxodisulfate have only been investigated using rotating and stationary disc 

electrodes.[118-120] Khamis et al.[110] is the only group that has employed gold 

microelectrodes to study the electrogeneration of peroxodisulfate on an array of 

boron-doped diamond (BDD) electrodes using square-wave voltammetry. In this 

chapter, the reduction of peroxodisulfate was probed with various electrode materials in 

the form of microelectrodes.  

The initial aim of this project was to study the production of peroxodisulfate anions by 

oxidising SO4
2-

 anions on BDD electrodes as shown by Khamis et al.[110] These 

authors reported that the electrogeneration of peroxodisulfate is possible at really 

positive potentials, > 2 V vs. Ag/AgCl (saturated KCl).[110] However, the initial 

objective of our project was to study the peroxodisulfate production on BDD electrodes 

that contain higher boron concentrations: 2000, 15000, and 30000 ppm which were 

obtained from the University of Sao Paolo, Brazil. This was to study the effect of 

having higher concentrations of boron in the BDD electrodes on the efficiency of 

peroxodisulfate production. 

To investigate the electrogeneration of peroxodisulfate on the BDD electrodes with high 

boron concentrations, SECM was chosen as the probing technique. The SECM 

technique enables the investigation of an electroactive species produced on a substrate, 

in this case the BDD electrodes, by moving a microelectrode towards the substrate using 

a micro-positioning system. The substrate would have to be biased at a potential where 

SO4
2-

 anions can be oxidised to peroxodisulfate anions and the SECM tip would have to 

be biased at a potential where peroxodisulfate reduction can be seen. This approach is 

known as the substrate generation tip collection mode of SECM.[171] Thus, the SECM 

tip should exhibit a stable and ideally diffusion-controlled current to obtain reliable 

data.  
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Upon investigation, it was found that conventional electrode materials, Pt and Au, did 

not exhibit a diffusion-controlled process for the reduction of peroxodisulfate. This 

means that the conventional electrode materials were not suitable to be used as the 

SECM tip. This prompted a study of various electrode materials on a quest to find the 

best electrode material that exhibits a stable reduction current. For this work, bare and 

surface-modified microelectrodes namely bare Au, bare Pt, nanostructured Pt, 

bismuth-modified Pt, TiN, and MoN microelectrodes were used to study the 

electroreduction of peroxodisulfate. It is important to note that this work was not 

performed to unravel the mechanism for the reduction of peroxodisulfate. To the best of 

our knowledge, no group has studied the reduction of peroxodisulfate with TiN and 

MoN electrodes of any form. Au microelectrodes were the first electrode material used 

to study the peroxodisulfate reduction reaction and the results are discussed in the next 

section. 

5.1 Bare gold microdisk electrodes 

The electroreduction of peroxodisulfate has been studied on Au electrodes particularly 

because the interfacial structure of this electrode is well-understood[119] and because it 

has a reasonably wide potential window.[172] Unlike Pt electrodes, Au electrodes do 

not demonstrate hydrogen adsorption and desorption processes.[173] Most of the 

studies on peroxodisulfate reduction were done on Au rotating disk electrodes.[118-120, 

123, 172, 174] In this section, the peroxodisulfate reduction was conducted on bare Au 

microdisk electrodes using cyclic voltammetry. Voltammograms were recorded using 

the bare Au microelectrode in the presence and in the absence of the peroxodisulfate as 

shown in Figure 5.1.  
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Figure 5.1: Cyclic voltammograms (1
st
 cycle) recorded with a 25 μm Ø bare Au 

microdisk electrode in degassed 0.1 M KClO4 with (red solid line, ▬) and without 

(black solid line, ▬) 2 mM K2S2O8 at 10 mV s
-1

. The potential scans were started at 

0.35 (red solid line, ▬) & 0.77 (black solid line, ▬) V vs. SCE. Temp. = 23ºC. 

The black cyclic voltammogram shows a broad oxide formation peak running from 0.87 

to 1.4 V vs. SCE and an oxide stripping peak at circa 0.68 V vs. SCE. A similar result 

was shown by Desilvestro and Weaver[175] who have studied the surface oxide of 

roughened gold electrodes using surface-enhanced Raman spectroscopy (SERS) in 

aqueous solutions. For the red cyclic voltammogram, the oxide formation peak is quite 

similar to that seen on the black cyclic voltammogram. However, two reduction waves 

can be seen at circa 0.4 and -0.3 V vs. SCE.  

The reduction wave at around 0.4 V vs. SCE is quite broad and the current is smaller 

than the theoretical current of 19 nA calculated using Eq. 1.25 (D = 9.7 x 10
-6

 cm
2
 s

-1
 

and n = 2).[119] The broad reduction peak at approximately 0.4 V vs. SCE could be 

attributed to the reduction of oxide species formed and the adsorption of peroxodisulfate 

on the electrode surface. It has been reported that the oxide stripping could interfere 

with the reduction peak at more positive potentials in a neutral solution.[119] Samec 
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and Doblhofer[119] suggested that the reduction of peroxodisulfate at more positive 

potential is more complicated as it involves a stronger interaction between the 

peroxodisulfate anions and the metal surface. This means that peroxodisulfate and/or 

sulphate anions, the by-product of the reduction, are adsorbed on the Au electrode 

surface.[118, 119] The reaction mechanism for the reduction peak at more positive 

potentials was proposed to occur under fast dissociative chemisorption followed by a 

slow one electron reduction as explained by Eq. 1.21 and 1.22.[119]  

Samec et al.[119] reported that on polycrystalline Au rotating disk electrodes the 

reduction of peroxodisulfate at more positive potentials is affected by the scan rate. The 

oxide reduction peak seems to have shifted to more negative potentials (from ~ 0.68 to 

0.45 V vs. SCE) in the presence of peroxodisulfate. This suggests that the oxide species 

might be harder to reduce in the presence of peroxodisulphate. 

The current recorded in the presence of peroxodisulfate at circa -0.3 V vs. SCE is larger 

than that at around 0.4 V vs. SCE but it is still smaller than the theoretical current of -19 

nA. Samec and Doblhofer[119] suggested that the reduction peak at more negative 

potentials could be associated with the direct transfer of an electron to reduce the 

peroxodisulfate ion. This shift could be due to the electrostatic repulsion of the 

peroxodisulfate anions on the negatively charged electrode surface.[119] The authors 

nevertheless reported that at this potential the peroxodisulfate reduction peak is affected 

by the rotation rate of the rotating disk electrodes. The reaction mechanism they 

proposed for the cathodic peak at more negative potentials is as described by Eq. 1.23 

and 1.24.[119] 

Interestingly, the backward scan for the reduction of peroxodisulphate at circa -0.3 V 

vs. SCE gives more current than the forward scan. This suggests that the surface is 

activated when the potential is scanned below than -0.3 V vs. SCE. The hysteresis 

between the positive and negative potential scans is relatively large. A similar 

observation was reported by Samec and colleagues[119, 123] who studied the 

electroreduction of peroxodisulfate in an acidic environment with stationary and 

rotating Au electrodes. The reduction current at circa -0.3 V vs. SCE, -8.6 nA, is very 

far from the expected value of -19 nA (D = 9.7 x 10
-6

 cm
2 

s
-1

 and n = 2)[119] calculated 

using Eq. 1.25. Furthermore, the reduction wave does not follow a sigmoidal shape with 

a plateau region as expected for microelectrodes under diffusion-control. These points 
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imply that the reduction of peroxodisulphate at more negative potentials is strongly 

kinetically-controlled and not diffusion-controlled.  

Samec and Doblhofer[119] reported that the peroxodisulfate reduction peak at more 

positive potentials is affected by the potential scan rate and that the peak at more 

negative potentials is affected by the rotation rate. For this work, a scan rate study was 

conducted on a bare Au microdisk electrode. Figure 5.2 shows the cyclic 

voltammograms recorded with the Au microelectrode at different scan rates; they were 

vertically translated for easier analysis. The potential range was widened from 1.4 V 

to -1 V vs. SCE so as to observe the peroxodisulfate reduction at more negative 

potentials. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Cyclic voltammograms (2
nd

 cycle) recorded with a 25 μm Ø bare Au 

microdisk electrode in 2 mM K2S2O8 + deoxygenated 0.1 M KClO4 at different scan 

rates: 0.01 (black solid line, ▬), 0.1 (red solid line, ▬), and 1 (blue solid line, ▬) V 

s
-1

. The voltammograms were vertically translated for easier data analysis. The 

potential scan was started at 0.3 V vs. SCE for all cyclic voltammograms. The grey 

solid line (▬) indicates the position of zero current. Temp. = 22ºC. 
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The current of the forward scan for the reduction peak at circa -0.3 V vs. SCE barely 

changes even when faster scan rates are employed. However, the current of the 

backward scan becomes smaller as the potential is cycled with faster scan rates. For the 

black cyclic voltammogram, the reduction peak current for the backward scan at 

circa -0.3 V vs. SCE is approximately -18 nA when the potential is scanned at 0.01 V 

s
-1

. Interestingly, this value is quite close to the theoretical diffusion-controlled limiting 

current, -19 nA. This implies that the electrochemical response for the peroxodisulfate 

reduction is improved when cycling the potential to more negative values probably due 

to the surface activation. Figure 5.1 showed the same electrochemical response but the 

potential was not swept to more negative values and thus the current of the reverse scan 

was smaller than that shown in Figure 5.2. Overall, the current for the backward scan in 

Figure 5.2 at -0.3 V vs. SCE is affected by the scan rate but not the current for the 

forward scan. 

The currents for the reduction peak at approximately 0.26 V vs. SCE become larger as 

the scan rate is increased. Two distinct reduction peaks can be seen as the potential is 

cycled at 1 V s
-1

. The reduction peak at circa 0.3 V vs. SCE can be attributed to the 

reduction of surface oxides and the reduction peak at approximately 0.1 V vs. SCE can 

be ascribed to the reduction of (SO4
‒
)ads, Eq. 1.22. Both are surface processes and their 

peak current should therefore increase with scan rates. 

In order to examine the effect of gold oxides on the reduction of peroxodisulfate, cyclic 

voltammograms were recorded with different upper potential limits. The upper potential 

limit was changed from 0.5 V vs. SCE to 0.8, 1.1, and 1.4 V vs. SCE. The potential was 

cycled continuously and the potential waveform is shown in Appendix 5. Figure 

5.3(left) shows the corresponding cyclic voltammograms recorded at 10 mV s
-1

. The 

previous result showed the effect of the scan rate on the peroxodisulfate reduction. At 

slow scan rates it was quite difficult to observe the oxide formation and stripping 

processes and the peroxodisulfate reduction at more positive potentials. From Figure 

5.2, it can be seen that the peroxodisulfate reduction peak at positive potentials is more 

pronounced at a faster scan rate. Thus, the effect of oxide growth was also studied at 1 

V s
-1

 shown in Figure 5.3(right). The cyclic voltammograms were vertically translated 

for easier comparison. 
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Figure 5.3: (left) Cyclic voltammograms recorded with a 25 μm Ø bare Au microdisk 

electrode in 2 mM K2S2O8 + argon-saturated 0.1 M KClO4 with different upper 

potential limits: 0.5 (black solid line, ▬ = 3
rd

 cycle), 0.8 (red solid line, ▬ = 5
th

 cycle), 

1.1 (blue solid line, ▬ = 7
th

 cycle), and 1.4 (magenta solid line, ▬ = 9
th

 cycle) V vs. 

SCE at 10 mV s
-1

. (right) The same experiments but recorded at 1 V s
-1

. The grey solid 

lines (▬) indicate the position of zero current. The potential scans were started at 0.3 

V vs. SCE. Temp. = 22ºC. 

For Figure 5.3(left), only the peroxodisulfate reduction will be discussed. The scan rate 

employed for this study is too slow to observe the gold oxide formation and reduction 

peaks; it needs to be at least 100 mV s
-1

 as shown in Figure 5.2. From Figure 5.1, it was 

known that the onset of oxide formation on a gold microdisk electrode was at circa 0.85 

V vs. SCE. For the black cyclic voltammogram in Figure 5.3(left), the peak current of 

the forward scan is approximately -19 nA when the potential is swept to 0.5 V vs. SCE. 

This value is within 10% of the expected value, -19 nA, calculated using the previously 

stated conditions. As the potential is scanned to more positive values, 0.8 (red) V vs. 

SCE, a small amount of oxide is formed on the electrode surface. The oxide is then 

reduced from the surface when the potential is swept to more negative values; the 

corresponding oxide formation and reduction peaks are not apparent because the scan 

rate is too low. Figure 5.3(left) shows that on the surface of the Au microelectrode the 

oxide formation and stripping processes do affect the hysteresis. The formation and 

stripping of the surface oxide film hamper the reduction of peroxodisulfate on the 

forward scan resulting in smaller currents and this leads to a larger hysteresis. The 
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currents for the reverse scan at circa -0.25 V vs. SCE for the red, blue, and magenta 

cyclic voltammograms in Figure 5.3(left) are -18 nA. This value is still close to the 

theoretical limiting current but it seems that it is better to cycle the potential to 0.5 V vs. 

SCE as the current is close to the expected value and the hysteresis is smaller than when 

using larger upper potential limit. 

From Figure 5.3(right), there is no reduction peak at positive potentials when the 

potential is cycled only to 0.5 (black) and 0.8 (red) V vs. SCE. A small unknown 

oxidation peak at 0.7 V vs. SCE can be seen on the red cyclic voltammogram in Figure 

5.3(right). Desilvestro and Weaver[175] have utilised SERS on a roughened Au 

electrode to study oxide formation under acidic condition and showed a peak (175 cm
-1

) 

on the SERS spectra obtained between 0 to 1 V vs. SCE which they attributed to a 

surface-oxygen vibration for adsorbed perchlorate. The current increase seen when the 

potential is scanned to 1.1 (blue) V vs. SCE in Figure 5.3(right) is more likely due to the 

formation of gold oxides. For the blue cyclic voltammogram in Figure 5.3(right), two 

small broad cathodic peaks can be seen at 0.7 and 0.2 V vs. SCE as the potential is 

swept to more negative values. The peak at 0.7 V vs. SCE could be attributed to the 

stripping of the oxide and the peak at 0.2 V vs. SCE could be ascribed to the reduction 

of adsorbed (SO4
‒
)ads, Eq.1.22. More oxide forms on the electrode surface when the 

potential is scanned to 1.4 (magenta) V vs. SCE. Two distinct reduction peaks are seen 

in Figure 5.3(right) at 0.1 and 0.3 V vs. SCE which could be attributed to the 

peroxodisulfate and oxide reduction peaks respectively. Comparing the blue and 

magenta cyclic voltammograms in Figure 5.3(right) shows that the peak attributed to the 

reduction of oxides shifts from 0.7 to 0.3 V vs. SCE when more oxide is formed. This 

implies that a larger amount of oxide is harder to strip from the electrode surface. This 

trend was also reported by Burke et al.[172] who studied the oxide formation and 

stripping processes on a Au electrode in a H2SO4 solution. Such shift could happen due 

to place exchange mechanism that may proceed at high overpotentials similar to that 

occurs with Pt electrodes. This mechanism proposed that the Au atoms at the surface 

exchange places with the initially adsorbed oxide species to form a more stable metal 

oxide (by having the oxide species in the sub-lattice).[176] As more oxide forms, this 

eventually leads to the thickening of oxide layers and are harder to remove.[176] 

Interestingly, the peroxodisulfate reduction peak at more positive potentials only 

appears when oxide is formed on the electrode surface and it is also more pronounced as 
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more oxide is formed as shown in Figure 5.3(right). This suggests that the oxide film 

facilitates the adsorption of SO4. It has been suggested that oxide species can facilitate 

the reduction of peroxodisulfate at more positive potentials by accelerating the 

dissociative chemisorption of peroxodisulfate, Eq. 1.21 and 1.22.[119] Thus, the results 

shown in Figure 5.3(right) are consistent with the mechanism proposed by Samec et 

al.[119] 

From Figure 5.3(right), the currents for the reduction of peroxodisulfate at circa -0.3 V 

vs. SCE for the red, blue and magenta cyclic voltammograms are smaller than that on 

the black cyclic voltammogram. The current for the black cyclic voltammogram in 

Figure 5.3(right) at -0.3 V vs. SCE is approximately -10 nA and this is smaller than the 

expected limiting current, -19 nA. This could be due to the effect of employing a faster 

scan rate as shown in Figure 5.2. The reduction waves at -0.3 V vs. SCE in Figure 

5.3(right) become smaller when more oxides are formed and stripped as the potential is 

scanned to more positive values. The peak currents recorded at -0.3 V vs. SCE for the 

red, blue, and magenta cyclic voltammograms in Figure 5.3(right) are -5 nA. At the 

same potential, this value is about half that seen on the black cyclic voltammogram 

shown in Figure 5.3(right). The currents of the reverse scans at -0.3 V vs. SCE, Figure 

5.3(right), are smaller than those shown in Figure 5.3(left) and this may also be due to 

the scan rate effect shown in Figure 5.2. 

In summary the results presented in this section show that the gold oxide formation peak 

in the presence of peroxodisulfate was quite similar to that in the absence of the 

peroxodisulfate. Two reduction peaks can be seen in the presence of peroxodisulfate in 

the anodic and in the cathodic regions. The broad reduction peak in the anodic region 

could be attributed to the oxide stripping and the peroxodisulfate reduction processes. 

This was even more obvious when conducting experiments at a faster scan rate where 

two distinct reduction peaks were seen at 0.3 and 0.1 V vs. SCE. However, the current 

for the peroxodisulfate reduction at more negative potentials became smaller when the 

potential was cycled at faster scan rates. At slower scan rates, the reduction current of 

the forward scan at -0.3 V vs. SCE was quite large when no oxide was formed on the 

electrode surface. The current of the reverse scan became larger when the potential was 

cycled to -1 V vs. SCE. However, no plateau region was seen. Oxide species formed on 

the electrode surface resulted in a smaller peak current on the forward scan which led to 
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a larger hysteresis. Yet, the currents on the backward scans were still close to the 

theoretical limiting current, for the reduction wave at more negative potentials. On the 

contrary, the reduction of peroxodisulfate at more positive potentials was only seen 

when more oxide species were formed on the electrode surface.  

From the above results, it can be seen that the Au microelectrodes are not suitable to be 

used as the SECM tip for the investigation of peroxodisulfate on the BDD electrodes of 

interest. The peroxodisulfate reduction waves in both anodic and cathodic regions were 

not diffusion-controlled. Moreover, the current is not stable when holding the potential 

at -0.3 V vs. SCE for 500 s as shown in Appendix 6. The next section discusses the 

results of the reduction of peroxodisulfate on bare Pt microelectrodes. 

5.2 Bare platinum electrodes 

The investigation of peroxodisulfate reduction on Pt electrodes goes as far back as 1954 

with the work of Nikolaeva and Grossmann.[121, 177] The reduction of peroxodisulfate 

has been studied on polycrystalline and single crystal Pt rotating and stationary disk 

electrodes.[117, 121, 178] In this section, the reduction of peroxodisulfate was studied 

on bare Pt microdisk electrodes. To the extent of our knowledge, the study of 

peroxodisulfate reduction on Pt microelectrodes has never been reported in the 

literature. The electroreduction of peroxodisulfate was investigated on a bare Pt 

microdisk electrode. Figure 5.4 shows the cyclic voltammograms recorded with the bare 

Pt microelectrode in the presence and in the absence of peroxodisulfate anions. 
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Figure 5.4: Cyclic voltammograms (3
rd

 cycle) recorded with a bare 25 μm Ø Pt 

microdisk electrode in the anaerobic 0.1 M KClO4 solution with (red solid line, ▬) 

and without (black solid line, ▬) 2 mM K2S2O8 at 10 mV s
-1

. The potential scan was 

started at 0.3 V vs. SCE for both cyclic voltammograms. Temp. = 23ºC. 

The reduction peak at -0.3 V vs. SCE, circa -16 nA, is slightly smaller than the 

theoretical limiting current calculated to be -19 nA. Climent and colleagues[121] also 

reported that the peroxodisulfate reduction current obtained on a Pt (111) electrode was 

smaller than the expected current; this implies that the reduction was not under pure 

diffusion-control. Like the bare Au microdisk electrode shown in Figure 5.1, there is no 

plateau region on the red cyclic voltammogram shown in Figure 5.4. Climent et al.[121] 

also did not see a plateau region. The authors suggest that it is because the 

peroxodisulfate reduction is inhibited by adsorbed (SO4
-
)ads, Eq. 1.22, before the 

concentration of peroxodisulfate at the electrode surface becomes negligible. Kokkinidis 

and colleagues[124] suggested that there is a possibility for peroxodisulfate to adsorb on 

the electrode surface based on the Tafel plots obtained with a bare Pt rotating disk 

electrode. When holding the potential at -0.3 V vs. SCE for 500 s, the current is not 
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stable as shown in Appendix 7; this means that this electrode is not suitable to be used 

as the SECM tip for the detection of peroxodisulfate. 

The electroreduction of peroxodisulfate studied using the bare Pt electrode seems to be 

even more complicated than that recorded with the bare Au electrode. Figure 5.4 shows 

that the reduction of peroxodisulfate occurs in the hydrogen adsorption region, as 

reported by Botukhova and Petrii[117] for bare Pt rotating disk electrodes. Kokkinidis 

et al.[124] also suggested that the peroxodisulfate reduction is strongly dependent on 

the state of the electrode surface. The results in Figure 5.4 are consistent with this: 

from -0.66 to 0.3 V vs. SCE the current for the backward scan is larger than the current 

for the forward scan as reported by Botukhova and Petrii.[117] This electrochemical 

response is often seen for the ORR which involves the competition for the adsorption 

sites between the intermediates and other adsorbed species.[158] A large hysteresis 

between the forward and backward scans is seen in the figure. Botukhova and 

Petrii[117] stated that the large hysteresis could be due to the specific adsorption of 

perchlorate anions on the surface of Pt electrode which could have hampered the 

reduction process of peroxodisulfate. It could also be the adsorption of hydrogen, 

peroxodisulfate anions, and/or intermediates which complicates the peroxodisulfate 

reduction further. Figure 5.4 shows that the peroxodisulfate reduction occurs within the 

hydrogen adsorption region of the Pt electrode as a reduction peak can be seen starting 

at approximately -0.2 V vs. SCE on the black cyclic voltammogram. Thus, some of the 

steps in the peroxodisulfate reduction could also involve adsorbed hydrogen as 

follows:[124] 

SO4
−

(ads)
+ H(ads)  → HSO4

−
                             (Eq. 5.1) 

Climent et al.[121] suggested that hydrogen underpotential deposition could block the 

peroxodisulfate reduction that leads to the current decay between -0.3 to -1 V vs. SCE. 

Figure 5.3 showed that the oxide formation and removal processes widened the 

hysteresis between the forward and the backward scans of the cyclic voltammograms 

recorded with a bare Au microdisk electrode. The effect of oxide formation was also 

studied on a bare Pt microdisk electrode. The potential waveform shown in Appendix 5 

was employed for this experiment. However, the highest upper potential limit was 1.2 V 

vs. SCE instead of 1.4 V vs. SCE. For easier comparison, the cyclic voltammograms 
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were vertically translated. Figure 5.5 shows the cyclic voltammograms recorded with 

the bare Pt microdisk electrode in the peroxodisulfate solution at 0.01 (left) and 1 (right) 

V s
-1

. 

 

Figure 5.5: (left) Cyclic voltammograms recorded with a 25 μm Ø bare Pt microdisk 

electrode in 2 mM K2S2O8 + degassed 0.1 M KClO4 with different upper potential 

limits: 0.5 (black solid line, ▬ = 3
rd

 cycle), 0.8 (red solid line, ▬ = 5
th

 cycle), 1.1 (blue 

solid, ▬ = 7
th

 cycle), and 1.2 (magenta solid line, ▬ = 9
th

 cycle) V vs. SCE at 10 mV 

s
-1

. (right) The same experiment but recorded at 1 V s
-1

. The potential scan was 

started at 0.3 V vs. SCE. The grey solid lines (▬) indicate the position of zero current. 

Temp. = 23ºC. 

Figure 5.5 (left) shows that the reduction currents for the forward scan at circa -0.35 V 

vs. SCE become smaller as the potential is swept to more positive values because more 

oxide is formed; this also produces a larger hysteresis. The results shown in Figure 

5.5(left) are consistent to with those seen with the Au microelectrodes in Figure 5.3(left) 

in terms of the hysteresis. Two distinct reduction waves are seen in Figure 5.5(left) but 

they are more obvious for the forward scans than the backward scans; these waves could 

correspond to the two-electron reduction of peroxodisulfate ions. The peak currents for 

the reverse scans in Figure 5.5(left) at around -0.29 V vs. SCE remain the same for the 

black, the red and the blue cyclic voltammograms, circa -16 nA. However, the peak 

current of the reverse scan at -0.28 V vs. SCE for the magenta cyclic 

voltammogram, -14 nA, is slightly smaller than on the other cyclic voltammograms, 

Figure 5.5(left). 



Chapter 5  

134 

A nice plateau region was seen on the black cyclic voltammogram for the reduction of 

peroxodisulfate in Figure 5.5(right) and the limiting current at -0.5 V vs. SCE, circa -17 

nA, is quite close to the theoretical limiting current, -19 nA. However, this limiting 

current is not diffusion-controlled since the scan rate is fast and hemispherical diffusion 

cannot be achieved in a short time scale. The peroxodisulfate reduction wave decreases 

and an anodic peak appears at approximately -0.2 V vs. SCE as more oxides are formed 

on the electrode surface, Figure 5.5(right). The anodic peak seen in Figure 5.5(right) at 

circa -0.25 V vs. SCE could be attributed to the hydrogen desorption on the electrode 

surface. More oxide species are formed as the potential is swept to 1.1 (blue) and 1.2 

(magenta) V vs. SCE. Two reduction peaks seen at -0.2 and -0.6 V vs. SCE in Figure 

5.5(right) could be ascribed to the oxide stripping and hydrogen adsorption peaks 

respectively. The peaks become more pronounced as more oxide is formed. The 

hysteresis between forward and backward scans is quite large for all cyclic 

voltammograms shown in Figure 5.5. At slower scan rates (Figure 5.5 – left), the 

surface processes are masked by the electroreduction of peroxodisulfate. At faster scan 

rates (Figure 5.5 – right), the peaks for the surface processes such as the hydrogen 

adsorption, hydrogen desorption, oxide formation, and oxide removal are more 

pronounced. This electrochemical trend was also reported by Botukhova and 

Petrii.[117] Contrary to the results obtained with Au microelectrodes, Figure 5.3(right), 

the peroxodisulfate reduction wave is not seen with the Pt electrode recorded at 1 V s
-1

, 

Figure 5.5(right). 

This section shows that the electroreduction of peroxodisulfate on bare Pt microdisk 

electrode is also quite poor. The peroxodisulfate reduction occurs in the same potential 

region as the hydrogen adsorption and desorption processes. There was no plateau 

region at slow scan rate and the current decayed as the potential was cycled to more 

negative values. The oxide formation and removal processes worsened the 

peroxodisulfate reduction wave and increased the hysteresis. The peroxodisulfate 

reduction wave was diminished and the surface process peaks were more pronounced as 

the potential was swept to more positive potentials. Overall the results presented in this 

section indicate that the Pt microelectrode is also not suitable to be used as the SECM 

tip for the investigation of peroxodisulfate production because the current was not under 

diffusion-control. In the next section, the voltammograms for the reduction of 

peroxodisulfate obtained with nanostructured Pt microelectrodes are discussed. 
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5.3 Nanostructured Pt electrodes 

In 1992, Beck reported the preparation of Mobil Composition of Mater No. 41, a type of 

mesoporous materials comprising a hexagonal array of regular and identical pores,[179] 

which has since attracted much interest in the preparation and study of similar 

materials.[180, 181] According to IUPAC, mesoporous solids are defined as solids that 

contain pores with diameters ranging between 20 and 500 Å.[181, 182] Mesoporous 

materials are of high interest as catalysts because of their high specific surface areas and 

larger pore sizes than the conventional zeolites.[141] Zeolites are classified as 

microporous solids[180] that contain pores with diameters of not more than 20 Å.[181]  

Lyotropic liquid crystalline phases of surfactants were used in our work as a template to 

prepare nanostructured electrodes. Lyotropic liquid crystalline phases contain structures 

that have long range periodicities and repeat distances ranging from 20 to 150 Å.[141] 

In water, surfactants normally clump together into micelles or lyotropic 

liquid-crystalline phases depending on the concentrations.[143] Surfactant aggregates 

can be utilised as templates to prepare inorganic porous nanostructure.[143] The 

electrodeposition of Pt confined to this aqueous environment results in the formation of 

Pt films with ordered, well-defined, long-ranged porous nanostructures and high 

specific surface areas.[141] These are known as mesoporous or nanostructured Pt films.  

This study was performed to probe whether the high surface area and large amount of 

adsorption sites afforded by nanostructured Pt films lead to a better electrochemical 

response for the reduction of peroxodisulfate than the bare Pt electrodes. To the best of 

our knowledge, no study has been conducted on nanostructured Pt electrodes for the 

electroreduction of peroxodisulfate. However, platinized Pt rotating disk electrodes 

have been employed to study the peroxodisulfate reaction.[117, 125, 172] For platinized 

Pt electrodes, a thin film of Pt is electrodeposited from a chloroplatinic acid solution in 

the absence of any templates.[117, 183] In this section, nanostructured Pt film 

electrodeposited on a bare Pt microdisk electrode was used to investigate the 

electrochemical response of the peroxodisulfate reduction.  

The nanostructured Pt microelectrode was prepared as described in Section 2.2.1.4.1 

and was cleaned in a degassed 0.5 M H2SO4 solution by cycling the potential from -0.65 

to 0.9 V vs. SMSE at 0.5 V s
-1 

for 15 cycles. The electrode was then characterised in the 
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same solution at a slower scan rate. Figure 5.6 shows the cyclic voltammograms 

recorded with the nanostructured Pt and bare Pt microdisk electrodes in the same 

solution at 0.02 V s
-1

. For easier comparison, the current was normalised to the 

geometric areas of each microelectrode as shown in Figure 5.6(right). 

 

 

 

 

 

 

Figure 5.6: (left) Cyclic voltammograms (3
rd

 cycle) recorded before (black solid line, 

▬) and after (red solid line, ▬) depositing a 40 μm Ø nanostructured Pt film on a 25 

μm Ø bare Pt microdisk electrode in the deoxygenated 0.5 M H2SO4 solution at 20 

mV s
-1

. The potential scan was started at 0.2 (red solid line, ▬) and 0.3 (black solid 

line, ▬) V vs. SMSE. (right) Current density vs. potential graph plotted for the figure 

shown on the left. Temp. = 20ºC. 

The cyclic voltammogram recorded with the nanostructured Pt has significantly larger 

currents than that recorded with a bare Pt microdisk electrode, Figure 5.6(left); This 

could be due to the larger electroactive area possessed by the Pt film. The diameter of 

the nanostructured Pt film, 40 μm, is larger than the initial diameter, 25 μm; this could 

also lead to the larger current. It was noted that the surface of the nanostructured Pt 

electrode was rough, Figure 2.9; this could contribute to the larger current density 

obtained with the nanostructured Pt electrode than that recorded with the bare Pt 

electrode, Figure 5.6(right). The oxide stripping peak at circa 0.03 V vs. SMSE for the 

black cyclic voltammogram reaches -0.5 mA cm
-2

 while the peak current for the red 

cyclic voltammogram is -10.4 mA cm
-2

. This implies that the deposition of the 

nanostructured Pt film gave a 19x increase in the electroactive surface area. This value 

is much smaller than those reported in the literature.[184, 185] The small increase could 
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be due to the potentiostatic mode used during the electrochemical measurements. The 

potentiostat employs digital input and output; this means that a simple potential ramp, 

Figure 1.7(left), is made up of small potential steps. As a result, mini current transients 

are acquired. The software program usually takes the value at the end of each current 

transient to create a voltammogram. Hence, most of the information pertaining to the 

surface processes is lost. In order to retain the information, current intregration 

potentiostatic mode has to be employed. This should result in a higher current for the 

peaks associated with surface processes. Nonetheless, the electrochemical features of Pt 

electrodes were retained as peaks attributed to the surface processes such as oxide 

formation/removal and hydrogen adsorption/desorption are still seen. These results are 

consistent with previous published work using nanostructured Pt electrodes.[145]  

The investigation of peroxodisulfate was continued using the nanostructured Pt 

microdisk electrode. Cyclic voltammograms were recorded with the nanostructured Pt 

electrode in the presence and in the absence of peroxodisulfate as shown in Figure 

5.7(left). Different upper potential limits were also employed to investigate the effect of 

oxide formation and stripping on the reduction of peroxodisulfate with the 

nanostructured Pt microelectrode. The potential was cycled consecutively using the 

potential waveform shown in Appendix 5 and the corresponding cyclic voltammograms 

are shown in Figure 5.7(right) where they are vertically translated for easier 

comparison. This study was done at 0.01 V s
-1

 since Figure 5.5(right) showed that the 

reduction of peroxodisulfate obtained with a bare Pt microelectrode was masked by the 

oxide stripping peak when employing 1 V s
-1

. 
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Figure 5.7: (left) Cyclic voltammograms (3
rd

 cycle) recorded with the 40 μm Ø 

nanostructured Pt in the presence (red solid line, ▬) and in the absence (black solid 

line, ▬) of 2 mM K2S2O8 + argon-saturated 0.1 M KClO4 at 10 mV s
-1

. (right) Cyclic 

voltammograms recorded with different upper potential limits: 0.5 (black solid line, 

▬ = 3
rd

 cycle), 0.8 (red solid line, ▬ = 5
th

 cycle), 1.1 (blue solid line, ▬ = 7
th

 cycle), 

and 1.2 (magenta solid line, ▬ = 9
th

 cycle) V vs. SCE at 10 mV s
-1

. The potential scan 

was started at 0.3 V vs. SCE for all cyclic voltammograms. The grey solid line (▬) 

indicates the position of zero current. Temp. = 20ºC. 

The black voltammogram in Figure 5.7(left) shows several peaks attributed to the 

surface processes on the electrode surface. The peaks appear at different potentials than 

those shown in Figure 5.6 and this is likely to be due to the changes in the local pH at 

the vicinity of the electrode surface. The forward scan alters the local pH to be acidic 

and the reverse scan modifies it to be alkaline;[187] the pH at the proximity of the 

electrode surface is linked to the strong binding and release of H
+
 cations during the 

forward and backward scans respectively.[187] The hydrogen desorption peaks showed 

in Figure 5.6 remained at the same positions because of the high concentration of H
+
 

cations in the solution.[187] A similar effect is seen for the cyclic voltammogram 

recorded in the presence of peroxodisulfate. The surface processes peaks can still be 

seen on the red cyclic voltammogram in Figure 5.7(left) except for the oxide stripping 

peak which is masked by the peroxodisulfate reduction wave. The peaks related to the 

surface processes were not seen on the cyclic voltammograms recorded with the bare Pt 

microdisk electrode in the presence and in the absence of peroxodisulfate at a similar 
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scan rate, Figure 5.4. This is due to the significant increase in electroactive area 

provided by the nanostructured Pt film.[117] The limiting current in Figure 5.7(left) 

at -0.3 V vs. SCE, circa -27 nA, is close to the theoretical limiting current, -30 nA, 

calculated for a 40 μm diameter disk. This suggests that the electroreduction of 

peroxodisulfate on the nanostructured Pt microdisk electrode appears to be under 

diffusion-control. Unfortunately, the current is not stable when holding the potential 

at -0.3 V vs. SCE for 500 s as shown in Appendix 8; this means that this electrode is not 

suitable to be used as the SECM tip to study the generation of peroxodisulfate on the 

BDD electrodes.  

In contrast to the results obtained with the bare Pt microelectrodes (Figure 5.5 – left) the 

oxide stripping peak emerges when the potential is cycled to 0.8 (red) V vs. SCE, Figure 

5.7(right), as more oxide is formed on the electrode surface, even at slow scan rate. The 

oxide removal peak occurs at the same potential as the peroxodisulfate reduction. Figure 

5.7(right) shows that the oxide stripping becomes even more pronounced as the 

potential is swept to 1.1 (blue) and 1.2 (magenta) V vs. SCE. This means that the 

reduction of peroxodisulfate is masked by the oxide stripping peak even though a slow 

scan rate was employed. Thus, it is recommended to avoid the formation of an oxide 

layer on the nanostructured Pt electrodes when investigating peroxodisulfate reaction on 

this electrode. 

From this section, it can be seen that the nanostructured Pt microdisk electrode 

exhibited a plateau region close to the theoretical limiting current. However, the peaks 

attributed to the surface processes can also be seen even at slow scan rate. The 

formation of oxide species on the electrode surface resulted in the appearance of oxide 

stripping peak at the same potential as the reduction of peroxodisulfate. From the results 

shown in this section, it seems that the nanostructured Pt electrode might not be the best 

electrode to study the electrogeneration of peroxodisulfate. In the next section, the 

results of the reduction of peroxodisulfate studied with bismuth-adsorbed Pt 

microelectrodes are discussed. 

5.4 Bismuth-adsorbed Pt electrodes 

The deposition of sub-monolayer amounts of foreign metal adspecies via the immersion 

of Pt electrodes in a solution with the presence of metal cations has attracted attention 
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due to the interesting electrocatalytic properties.[121, 188] In 1985, Shibata and 

Motoo[189] investigated the likelihood of maintaining the deposited metal adsorbed 

species (adspecies), lead and bismuth, even after transferring the electrode to a solution 

in the absence of the metal cations. They claimed that the loss of adspecies is less than 

3% during the transfer which is virtually negligible. This means that the metal adspecies 

can deposit on the electrode surface even without applying overpotential and remain 

adsorbed after rinsing the electrode and transferring it into a solution in the absence of 

the metal cations of interest.[121]  

Several metal adspecies have been used to study the effect of adsorbed species such as 

lead,[124, 125] cadmium,[125] thallium,[124] and bismuth[121, 124] on the reduction 

of peroxodisulfate. All of the groups have employed rotating disk electrodes for their 

work. Kokkinidis et al.[124] have reported that bismuth-adsorbed Pt electrodes are the 

most active electrocatalyst for the electroreduction of peroxodisulfate among 

thallium- and lead-adsorbed Pt electrodes in acidic condition. The authors suggest that it 

is because bismuth adspecies tend to desorb from the electrode surface at more positive 

potentials than the other metal adspecies. Thus, the bismuth adspecies are still present 

when the potential is cycled to where the reduction of peroxodisulfate occurs and this 

facilitates the peroxodisulfate reduction process to occur at lower overpotentials. To the 

best of our knowledge, no group has employed bismuth-modified Pt microelectrodes to 

study the peroxodisulfate reduction. In this section, the electrochemical results obtained 

from bismuth-adsorbed Pt microdisk electrodes will be discussed. 

A sub-monolayer amount of bismuth can be deposited on Pt electrode simply by 

immersing the electrode in a solution containing bismuth cations for a period of 

time.[121] It has been suggested that the electrons at the electrode surface are 

transferred into the bismuth adatoms when they approach each other so as to reduce the 

electrostatic interaction; this phenomena changes the charge state of the bismuth 

adatoms.[190, 191] The electroreduction of peroxodisulfate was studied on a 

bismuth-adsorbed Pt microdisk electrode which was prepared as explained in Section 

2.2.1.4.2. The bismuth-modified Pt microelectrode was characterised in a degassed 0.1 

M H2SO4 solution at 0.1 V s
-1

 and compared with a bare Pt microdisk electrode as 

shown in Figure 5.8(left). The stability of a bismuth-adsorbed Pt electrode was also 

investigated by cycling the potential several times in the same solution. The electrode 
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surface was re-modified with bismuth adspecies before conducting the stability test. The 

potential was first swept towards more negative potentials to maintain the adhesion of 

the bismuth adspecies on the electrode surface before going to more positive potentials. 

This was done to observe any changes in the hydrogen adsorption and desorption 

regions even after scanning to more positive potentials. It has been reported that 

bismuth adspecies can desorb from the electrode surface when cycling the potential to 

more positive values.[124, 145] Figure 5.8(right) shows the repetitive cyclic 

voltammograms recorded with the bismuth-adsorbed Pt microelectrode in the 

deoxygenated 0.1 M H2SO4 solution at 0.1 V s
-1

. 

  

 

 

 

 

 

 

Figure 5.8: (left) Cyclic voltammograms (3
rd

 cycle) recorded with a 25 μm Pt 

microdisk electrode before (black solid line, ▬) and after (red solid line, ▬) 

immersing the electrode tip in 10 mM Bi2O3 + 0.6 M HClO4 for 1 minute. The 

voltammograms were recorded in anaerobic 0.1 M H2SO4 at 0.1 V s
-1

. The potential 

scan was started at 0.02 V vs. SMSE for both cyclic voltammograms. (right) Cyclic 

voltammograms were recorded with a 25 μm Ø bismuth-adsorbed Pt microdisk 

electrode in deoxygenated 0.1 M H2SO4 at 0.1 V s
-1 

for 5 cycles. The potential scan 

was started at 0 V vs. SMSE to more negative potentials. Temp. = 24ºC. 

Figure 5.8(left) shows that hydrogen adsorption and desorption peaks on the red cyclic 

voltammogram were much smaller than that on the black cyclic voltammogram. A 

similar electrochemical response was reported by Clavilier and colleagues[145] for a 

bismuth-modified polycrystalline Pt electrode in 0.5 M H2SO4 solution. This suggests 

that hydrogen adsorption was hindered where bismuth atoms occupied the electrode 
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surface. It is also better to use current integration potentiostatic mode for this 

experiment. 

A couple of small oxidation peaks can be observed on the red cyclic voltammogram in 

Figure 5.8(left) at approximately -0.02 and 0.13 V vs. SMSE. Clavilier et al.[145] did 

show extra peaks at ~ 0.62 V vs. RHE and they observed only a small oxide stripping 

peak as the potential was not swept positive enough to form much oxide. The oxidation 

peaks at -0.02 and 0.13 V vs. SMSE could be attributed to the oxidation of bismuth 

adspecies which is explained by the following reaction:[121, 145] 

Bi + 4H2O ⇌ Bi(OH)2 + 2H3O
+ 

+ 2e
-
           (Eq. 5.2) 

Figure 5.8(left) shows that the oxide stripping peak on the red cyclic voltammogram is 

slightly larger than that on the black cyclic voltammogram and the peak is also shifted 

to slightly more negative potentials. This implies that the removal of oxide species from 

the surface is slightly harder with the presence of bismuth adspecies on the electrode 

surface. 

The voltammogram in Figure 5.8(right) was started at a potential where there should be 

no reactions which means that the current was zero. A small reduction peak is seen in 

Figure 5.8(right) at approximately -0.09 V vs. SMSE as the potential is swept to more 

negative values. This peak could be attributed to the stripping of oxide species which 

could be present on the surface prior to sweeping the potential.  

A small unknown oxidation peak is seen in Figure 5.8(right) at -0.02 V vs. SMSE which 

was also seen in Figure 5.8(left). This small oxidation peak diminishes and the 

hydrogen peaks become slightly larger as the potential is cycled many times, Figure 

5.8(right). This could be due to the electrodissolution of the adspecies and the slow 

decrease of the adspecies coverage when cycling the potential to more positive 

values.[124] More oxide species are formed as the potential is scanned to 0.9 V vs. 

SMSE which leads to a more pronounced oxide reduction peak for the 2
nd

 cycle 

onwards. The oxide formation and stripping peaks are reproducible for every cycle. 

Climent and colleagues[121] mentioned that the bismuth adspecies remained on the 

electrode surface judging from the stability of consecutive cyclic voltammograms even 
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when going to more positive potentials. This means that bismuth adspecies on the 

electrode surface were quite stable whether in the oxidized or the reduced form.[145]  

The peroxodisulfate reduction was investigated on a bismuth-adsorbed Pt microdisk 

electrode. Figure 5.9 shows the cyclic voltammograms recorded with the 

bismuth-adsorbed Pt microelectrode in the presence and in the absence of 

peroxodisulfate anions. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Cyclic voltammograms (3
rd

 cycle) recorded with a 25 μm Ø 

bismuth-adsorbed Pt electrode in deoxygenated 0.1 M KClO4 with (red solid line, ▬) 

and without (black solid line, ▬) 2 mM K2S2O8 at 10 mV s
-1

. The potential scan was 

started at 0.3 V vs. SCE. Temp. = 23ºC. 

Interestingly, a very nice plateau region of 0.6 V wide was obtained on the 

bismuth-adsorbed Pt microelectrode in the presence of peroxodisulfate anion. The 

reduction wave recorded with the bismuth-adsorbed Pt electrode occurs at more positive 

potentials than those recorded with the Au, Pt, and nanostructured Pt microelectrodes. 

The shift indicates that the reduction of peroxodisulfate is easier to achieve with the 
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bismuth-adsorbed Pt microelectrode. The limiting current at -0.2 V vs. SCE, -17 nA, is 

quite close to the theoretical limiting current, -19 nA. This implies that the 

peroxodisulfate reduction on the bismuth-adsorbed Pt microelectrode is under 

diffusion-control. A similar electrochemical response was reported for 

bismuth-adsorbed on polycrystalline and single crystal ([111] and [100]) Pt rotating disk 

electrodes.[117, 121, 124] Kokkinidis et al.[124] suggested that a faster electron 

transfer is obtained on the bismuth-modified Pt electrode as bismuth adspecies prevent 

the peroxodisulfate and/or intermediate anions from adsorbing on the electrode surface. 

The pathway associated with the direct electron transfer, Eq. 1.23 and 1.24 should be 

considered for the peroxodisulfate reduction on a bismuth-adsorbed Pt electrode, as it 

was assumed to have no complication coming from the chemisorbed species of 

peroxodisulfate and/or its intermediates.[121, 124] The electrochemical results shown in 

the figure demonstrate the electrocatalytic activity of the bismuth-adsorbed Pt microdisk 

electrode towards the reduction of peroxodisulfate. The electrocatalytic activity of 

surface-modified electrodes is characterised by a decrease in the overpotential and an 

attainment of mass transport controlled limiting current.[124] However, two cross-over 

points are seen, at -0.2 and 0.46 V vs. SCE, which are a typical electrochemical 

response for reactions that involve the competition for vacant sites between 

intermediates and other adsorbed species.[158] Thus, the mechanism associated with the 

dissociative chemisorption, Eq. 1.21 and 1.22, must also be taken into account. Sadly, 

the current is not stable when holding the potential at -0.2 V vs. SCE for 500 s, 

Appendix 9, and this means that this electrode is also not suitable to be used as the 

SECM tip. 

The effect of oxide formation and stripping processes was also investigated on this 

surface-modified microelectrode. This was an important study for underpotential 

deposition of metal adspecies as it has been reported that the adspecies can desorb from 

the electrode surface when sweeping the potential to more positive values.[124] In order 

to perform this study, the potential waveform shown in Appendix 5 was employed and 

the corresponding cyclic voltammograms are shown in Figure 5.10 where they are 

vertically translated for easier comparison.  
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Figure 5.10: Cyclic voltammograms recorded with a 25 μm Ø bismuth-adsorbed Pt 

microdisk electrode in 2 mM K2S2O8 + degassed 0.1 M KClO4 at 10 mV s
-1

 with 

different upper potential limits: 0.5 (black solid line, ▬ = 3
rd

 cycle), 0.8 (red solid line, 

▬ = 5
th

 cycle), 1.1 (blue solid line, ▬ = 7
th

 cycle) and 1.2 (magenta solid line, ▬ = 9
th

 

cycle) V vs. SCE. The potential scan was started at 0.3 V vs. SCE for all cyclic 

voltammograms. The grey solid line (▬) indicates the position of zero current. Temp. 

= 23ºC. 

Even though more oxide species are formed on the electrode surface as the potential is 

scanned to more positive values, all of the experimental limiting currents at -0.25 V vs. 

SCE, circa -17 nA, are close to the theoretical limiting current of -19 nA. This implies 

that the oxide formation does not affect the diffusion-controlled reduction of the 

peroxodisulfate. This could also mean that the bismuth adspecies do not desorb from the 

electrode surface. However, the peroxodisulfate reduction waves seem to have shifted 

slightly to more negative potentials; the E1/2 are 0.29, 0.22, 0.15, 0.13 V vs. SCE for the 

black, red, blue, and magenta cyclic voltammograms respectively. This suggests that a 

slightly larger driving force is needed to initiate the peroxodisulfate reduction after 
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forming oxide species on the bismuth-adsorbed Pt electrode. The hysteresis between the 

forward and backward scans becomes larger as more oxide species are formed. A large 

hysteresis is typically seen for the ORR and it is usually obtained when intermediates 

are competing with other adsorbates for adsorption sites.[158] The process runs a lot 

faster on the reverse scans than on the forward scans. This suggests that there are more 

vacant adsorption sites on the reverse scans than on the forward scans. 

As the electrochemical response for the peroxodisulfate reduction on the 

bismuth-adsorbed Pt microelectrode was quite encouraging, a further study was 

conducted. The peroxodisulfate reduction was then studied on bismuth-adsorbed Pt 

microelectrodes with different radii. This experiment is akin to changing the rotation 

rate of rotating disk electrodes, where a higher mass transfer coefficient can be achieved 

by increasing the rotation rate. In this case, the mass transfer coefficient increases when 

the radius of microelectrodes decreases.[126]  

Pt microelectrodes with different radii: 2.5, 5, 12.5, and 25 μm were modified with 

bismuth adatoms as mentioned before. Cyclic voltammograms were recorded with the 

bismuth-adsorbed Pt microelectrodes with different radii in the peroxodisulfate solution. 

To facilitate comparison, only the backward scans of the cyclic voltammograms are 

shown in Figure 5.11(left). This was done because the plateau regions seen on all the 

cyclic voltammograms were nicer on the reverse scan. The limiting currents obtained 

from the voltammograms, Figure 5.11(left), are plotted against the electrode radius in 

Figure 5.11(right).  
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Figure 5.11: (left) Linear sweep voltammograms (3
rd

 cycle – reverse scans) recorded 

with the bismuth-adsorbed Pt microdisk electrodes with different radii: 2.5 (black 

solid line, ▬), 5 (red solid line, ▬), 12.5 (blue solid line, ▬), and 25 (magenta solid 

line, ▬) μm in 2 mM K2S2O8 + argon-saturated 0.1 M KClO4 at 10 mV s
-1

. The 

potential scan was started at 0.09 V vs. SCE for all cyclic voltammograms. (right) 

Limiting currents measured at 0 V vs. SCE from Figure 5.11(left) as a function of 

electrode radius. The error bar shown for the 25 μm Ø bismuth-adsorbed Pt 

microdisk electrode (blue dot, ●) was calculated from 3 measurements. The grey solid 

line (▬) indicates the expected limiting currents calculated using Eq. 1.25 

considering that D = 1.2 x 10
-5

 cm
2
 s

-1
. Temp. = 23ºC. 

The peroxodisulfate reduction seems to be a diffusion-controlled process on all the 

bismuth-adsorbed Pt microelectrodes as a nice plateau is observed in each case, Figure 

5.11(left). The limiting currents of the 5 and 10 μm diameters bismuth-adsorbed Pt 

electrodes are close to the theoretical values of -4.6 and -9.3 nA respectively (D = 1.2 x 

10
-5

 cm
2
 s

-1
 and n = 2).[119] However, the limiting currents of the 25 and the 50 μm 

diameters bismuth-adsorbed Pt microdisk electrodes seem to deviate from the linear 

relationship, Figure 5.11 (right). This suggests that the reduction of peroxodisulfate is 

not diffusion-controlled for the lowest mass transfer coefficients (larger electrodes). A 

possible explanation is that the complication coming from adsorbed (SO4
‒
), Eq. 1.22, is 

lessened when the rate of mass transport is high as the (SO4
‒
)ads is removed more 

efficiently from the electrode surface. Even though plateau regions are obtained with the 

bismuth-adsorbed Pt microelectrodes, the currents recorded with 5 and 25 μm diameters 

bismuth-adsorbed Pt microelectrode are not stable when the potential is held at -0.2 V 
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vs. SCE for 500 s as shown in Appendix 10 and 9 respectively. This means that these 

electrodes are also not suitable to be used as SECM tips for the detection of 

peroxodisulfate. 

In summary, a nice plateau was observed for the peroxodisulfate reduction. The limiting 

current obtained was quite close to the theoretical limiting current which implied that 

the reaction was under diffusion-control. The values of the experimental limiting 

currents remained the same even after forming oxide species on the electrode surface by 

sweeping the potential to more positive values. However, the hysteresis became larger 

when more oxide species was formed. A non-linear response was obtained for the graph 

of limiting currents as a function of the radii of the electrodes; this suggests that the 

reaction was diffusion-controlled at small microelectrodes but not at large 

microelectrodes.  

Before conducting the experiments with the bismuth-adsorbed Pt microdisk electrode, a 

thin film of bismuth was electrodeposited on a 25 μm diameter Pt microdisk electrode. 

Unfortunately, the electrochemical response was very poor. The current obtained was 

very small as shown in Appendix 11. Thus, no further study was conducted for the 

reduction of peroxodisulfate with the bismuth film. The electrochemical results obtained 

with HF-etched TiN microband electrodes are discussed in the next section. 

5.5 HF-etched TiN microband electrodes 

In chapter 3, a faster electron transfer kinetic was observed after the TiN microband 

electrode was exposed to HF vapour for a period of time and this was thought to arise 

from the removal of oxide layers from the electrode surface. Thus, the electrochemical 

behaviour of the peroxodisulfate reduction was assessed on the HF-treated TiN 

microband electrode. To the extent of our knowledge, no group has studied the 

peroxodisulfate reduction on TiN microelectrode. Figure 5.12 shows the cyclic 

voltammograms of the HF-treated TiN microband electrode in the presence and in the 

absence of peroxodisulfate. 
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Figure 5.12: Cyclic voltammograms (3
rd

 cycle) recorded with a HF-etched TiN 

microband electrode (length: 1217 μm & width: 15 μm) in deoxygenated 0.1 M KClO4 

with (red solid line, ▬) and without (black solid line, ▬) 2 mM K2S2O8 at 10 mV s
-1

. 

The potential sweep was started at 0.05 V vs. SCE for both cyclic voltammograms. 

Temp. = 22ºC. 

A nice plateau region is observed for the red cyclic voltammogram. The limiting current 

at -0.8 V vs. SCE, -276 nA, is quite close to the theoretical limiting current, -280 nA (D 

= 9.7 x 10
-6

 cm
2
 s

-1
 and n = 2).[119] This indicates that the peroxodisulfate reduction on 

this new microelectrode material is under diffusion-control. However, the reaction 

appears irreversible since the value of |E3/4 – E1/4|, 255 mV, is far from the 28 mV 

expected for a reversible reaction when n = 2, Eq. 1.38. The current for the backward 

scan is smaller than that for the forward scan which was not seen on the bare Au, bare 

Pt, and modified Pt electrodes. This suggests that the surface is not activated as the 

potential is swept to more negative values and remains the same during the reverse scan. 

The peroxodisulfate reduction study was also conducted on an untreated TiN microband 

electrode. The electrochemical response was very poor. The current obtained was very 

small as shown in Appendix 12. The potential window for the peroxodisulfate reduction 
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on the TiN microband electrode is similar to that for the reduction of Ru(NH3)6
3+

. 

However, the reduction of peroxodisulfate is more complicated as it involves the 

adsorption of peroxodisulfate or its intermediates on the electrode surface, unlike the 

reduction of Ru(NH3)6
3+

. It seems that the peroxodisulfate reduction is inhibited by the 

presence of oxide species on the TiN electrode surface. Thus, the electrode had to be 

treated with HF-etching before conducting the study of peroxodisulfate reduction.  

The outcome of this section is that the reduction of peroxodisulfate seems to be a 

diffusion-controlled process with the HF-etched TiN microband electrode as a nice 

plateau region was observed and the experimental limiting current was close to the 

theoretical value. However, no further study was conducted using the TiN microband 

electrode as the current was quasi-steady state and this would not be suitable for long 

SECM experiments. The HF-etching procedure also added to the complication of the 

electrode preparation. In the next section, the electrochemical response for the reduction 

of peroxodisulfate on MoN microelectrodes is discussed. 

5.6 MoN microelectrodes 

The electroreduction of peroxodisulfate was also observed on MoN samples; another 

new material for microelectrodes developed during this project. As discussed in Chapter 

4, two types of MoN were studied: hexagonal MoN and cubic Mo2N. No study has been 

reported on MoN electrodes of any forms for the peroxodisulfate reduction. The first 

MoN electrode used to investigate the peroxodisulfate reduction was the MoN A 

microband electrode. From the XRD spectrum shown in Section 4.2, the MoN A 

microband electrodes contain mostly the cubic phase with some hexagonal phase. 

Figure 5.13 shows the voltammograms recorded with the MoN A microband electrode 

in the presence and in the absence of peroxodisulfate anions.  
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Figure 5.13: Cyclic voltammograms (3
rd

 cycle) recorded with a MoN A microband 

electrode (length: 1373 μm & width: 16 μm) in the presence (red solid line, ▬) and in 

the absence (black solid line, ▬) of 2 mM K2S2O8 + degassed 0.1 M KClO4 at 10 mV 

s
-1

. The potential scan was started at 0.29 (red solid line, ▬) & 0.02 (black solid line, 

▬) V vs. SCE. Temp. = 21ºC. 

The limiting current at -0.7 V vs. SCE from the forward scan, -327 nA, is close to the 

expected value, -320 nA. However, the currents recorded with the MoN A microband 

electrode is quasi-steady state. Thus, this electrode is not suitable to be used as the 

SECM tip for the detection of peroxodisulfate. The current for the reverse scan is higher 

than that for the forward scan from circa -0.28 to 0.25 V vs. SCE; this response is 

typically seen when the intermediates are competing for the adsorption sites with other 

adsorbates.  

The advantages of employing microdisk electrodes rather than microband electrodes 

have been explained in Chapter 4. Since true steady state currents can be recorded with 

microdisk electrodes, they are more suitable to be used as a SECM probing tip. The 
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electroreduction of peroxodisulfate was also probed on a MoN D microdisk electrode. 

As discussed in Section 4.2, the MoN D microdisk electrodes contain more hexagonal 

phase MoN and some cubic phase Mo2N. Figure 5.14(left) shows the cyclic 

voltammograms recorded with the MoN D microdisk electrode in the presence and in 

the absence of peroxodisulfate. The cyclic voltammograms recorded with the MoN D 

microdisk electrode was also compared to that recorded with a freshly polished and 

cleaned MoN C microdisk electrode, Figure 5.14(right). In Section 4.2, it was shown 

that the MoN C microdisk electrodes consist of equal amounts of hexagonal phase MoN 

and cubic phase Mo2N. The voltammograms were normalised to the limiting current 

obtained with each electrode in the presence of peroxodisulfate anions for easier 

comparison. 

 

 

 

 

 

 

Figure 5.14: (left) Cyclic voltammograms (3
rd

 cycle) recorded with a 26 μm Ø MoN D 

microdisk electrode in the presence (red solid line, ▬) and in the absence (black solid 

line, ▬) of 2 mM K2S2O8 + anaerobic 0.1 M KClO4 at 10 mV s
-1

. The potential scan 

was started at 0.09 (black solid line, ▬) & 0.34 (red solid line, ▬) V vs. SCE. (right) 

Normalised currents recorded with the 26 μm Ø MoN D microdisk electrode (red solid 

line, ▬) in the presence of peroxodisulfate (same as on the left) and with the 28 μm Ø 

MoN C microdisk electrode (black solid line, ▬). The currents were normalised by 

the currents taken at -1 V vs. SCE which were -20.5 and -21.7 nA for the MoN D and 

C microdisk electrodes respectively. Temp. = 22ºC. 

Nice steady state cyclic voltammograms with a clear plateau region are obtained with 

both MoN C and D microdisks in the presence of peroxodisulfate. For the MoN D 
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microdisk, the limiting current at -0.6 V vs. SCE, -20 nA, is close to the expected 

limiting current value, -19.5 nA. The reduction of peroxodisulfate on the MoN D 

microdisk electrode appears to be under diffusion-control. However, the value of |E3/4 – 

E1/4|, 100 mV, is far from the 28 mV expected for a reversible process when n = 2, Eq. 

1.38. This suggests that the reduction of peroxodisulfate is not a simple electron transfer 

process, even on MoN. The reduction of peroxodisulfate is slightly harder to achieve 

with the MoN C microdisk electrode compared to the MoN D microdisk electrode. This 

could be due to the sensitivity of this reaction to the surface structure of the 

electrode.[121] However, both cyclic voltammograms showed that the reaction runs 

faster on the reverse scans from -0.5 to 0.35 V vs. SCE. This electrochemical response 

is akin to the ORR where the intermediates are competing for adsorption sites with other 

adsorbed species.[158] For this reaction, SO4
-
 anions require adsorption sites to be 

reduced.  

The electroreduction of peroxodisulfate was further investigated on a MoN D microdisk 

electrode with different concentrations of peroxodisulfate. Figure 5.15 shows the graph 

of the limiting currents as a function of the concentrations of peroxodisulfate recorded 

with the MoN D microdisk electrode.  
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Figure 5.15: Limiting currents measured at -0.6 V vs. SCE (voltammograms are 

shown in Appendix 13) recorded with a 26 μm Ø MoN D microdisk electrode in 

different concentrations of K2S2O8 in argon-saturated 0.1 M KClO4. Concentrations 

of K2S2O8: 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, and 5 mM. A linear 

fitting was done for limiting currents recorded in higher concentrations of K2S2O8 

indicated by the solid red line (▬). Temp. = 23ºC. 

At higher concentrations, the limiting currents are directly proportional to the 

concentrations of peroxodisulfate. From the gradient of the straight line the value of D 

calculated using Eq. 1.25 is approximately 9.5 x 10
-6

 cm
2
 s

-1
, this value is close to that 

reported in the literature.[119] However, a non-linear relationship is seen for the 

peroxodisulfate reduction at lower concentrations. This suggests that the 

diffusion-control can only be achieved for concentrations above 0.1 mM on the MoN D 

microdisk electrode. To the best of our knowledge, this is the first study that 

demonstrates the diffusion-controlled reduction of peroxodisulfate on a bare electrode. 

The electrode was only mechanically polished before conducting the experiment 

without undergoing any surface modification  
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To confirm that the current was diffusion-controlled a scan rate study was done using a 

freshly polished MoN D microdisk electrode in a degassed peroxodisulfate. According 

to the Aoki and Osteryoung[192] equation for microdisks, the peak current should vary 

with the square root of the scan rate as follows: 

𝑖m 

4𝑛𝐹𝐷𝑐∗𝑎
=  0.34e−0.66𝑝 + 0.66 − 0.13e

−11

𝑝 +  0.351𝑝         (Eq. 5.3)  

where 𝑝 =  (
𝑛𝐹𝑎2𝜐

𝑅𝑇𝐷
)

1

2
, im is the maximum current, υ is the scan rate and the other 

parameters have their usual meaning. Fast scan rates were employed for this study 

ranging from 0.01 to 100 V s
-1

. Figure 5.16 shows the limiting currents as a function of 

the square root of scan rate and the cyclic voltammograms are shown in Appendix 14. 

Unfortunately, the cyclic voltammograms recorded at 50 and 100 V s
-1

 seem to be 

affected by the instrumental limitation. 
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Figure 5.16: Scan rate dependence of the currents taken for the voltammograms 

shown in Appendix 14. They were recorded with a 26 μm Ø MoN D microdisk 

electrode in 2 mM K2S2O8 + deoxygenated 0.1 M KClO4 and taken at -0.6 V vs. SCE 

for scan rates between 0.01 and 0.5 V s
-1

 and -0.8 V vs. SCE for scan rates between 1 

and 100 V s
-1

. The grey solid line (▬) indicates the expected limiting current 

calculated using Eq. 1.25 using the same values for the parameters mentioned before. 

Temp. = 23ºC. 

At slow scan rates, limiting currents were obtained, see voltammograms in Appendix 

14, due to the hemispherical diffusion. At high scan rates, the voltammograms, 

Appendix 14, do not show the characteristic shape expected for a simple planar 

diffusion-controlled process. Nevertheless, the current is found to be proportional to the 

square root of scan rate from 5 to 50 V s
-1

 and this corresponds to planar diffusion 

control, Figure 5.16. This figure shows that the current recorded at 100 V s
-1

 diverges 

from the linear relationship due to instrument limitation (details are presented in 

Appendix 14). Over all scan rates, the reduction of peroxodisulfate appears to be under 

diffusion-control. This suggests that the MoN D electrode significantly promotes the 

reduction of peroxodisulfate. Even though the reduction of peroxodisulfate appears to 
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be controlled by diffusion on this electrode, the process is kinetically-controlled since 

the reduction waves are increasingly drawn out as the scan rate increases. The reduction 

peaks shift from -0.6 V at 0.5 V s
-1

 to circa -0.9 V at 50 V s
-1

.  

From the results shown above, the MoN D microdisk seems to be the best electrode to 

use as the SECM tip to investigate the peroxodisulfate production on the BDD 

electrodes of interest, assuming that the BDD electrodes with high boron concentrations 

can generate high concentrations of peroxodisulfate. To use the MoN D microdisk as 

the SECM tip, it should demonstrate a stable current. Thus, chronoamperometry was 

conducted by holding the potential at -0.8 V vs. SCE for 500 s. Figure 5.17 shows the 

chronoamperogram recorded for 500 s with the MoN D microdisk electrode in the 

presence of peroxodisulfate anions. 

 

 

 

 

 

 

 

 

 

 

Figure 5.17: Chronoamperogram recorded with a 29 μm Ø MoN D microdisk 

electrode in the 2 mM K2S2O8 + argon-saturated 0.1 M KClO4. The potential was 

initially held at 0.38 V vs. SCE for 5 s before holding the potential at -0.8 V vs. SCE 

for 500 s. The inset shows the same data within the range of -30 to -20 nA. Temp. = 

22ºC. 
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The limiting current is approximately -24 nA which is close to the -22 nA expected for 

this concentration and size of electrode. The MoN D microdisk electrode exhibits a 

stable current over 500 s for the reduction of peroxodisulfate. This result is completely 

different to that obtained on a bare Au microdisk electrode, Appendix 6. Figure 5.17 

shows that this electrode could be used as the SECM tip to probe the generation of 

peroxodisulfate in the future. 

The work presented in this section has shown that the cyclic voltammograms obtained 

with the MoN C and D microdisk electrodes exhibited steady state voltammograms with 

a plateau region. The limiting currents obtained with the MoN C and D microdisk 

electrodes were close to the theoretical limiting currents. To the best of our knowledge, 

no group has shown cyclic voltammograms with a plateau region for the reduction of 

peroxodisulfate on bare electrodes without undergoing any surface modification. The 

MoN electrodes only underwent mechanical polishing before conducting the 

experiments. However, the limiting currents were proportional to the concentrations 

only when the concentrations of peroxodisulfate were > 0.1 mM. The currents were also 

proportional to the scan rates between 5 and 50 V s
-1

. A stable current was obtained 

when holding the potential over a long period of time with the MoN D microelectrode.  

5.7 Summary 

The work presented in this chapter was not conducted to unravel the mechanisms of the 

reduction of peroxodisulfate but to find a suitable electrode material for a 

peroxodisulfate amperometric microsensor. In this chapter, it was shown that the bare 

Au and bare Pt electrodes did not show a plateau region. For the bare Au microdisk 

electrode, the peroxodisulfate reduction occurred over a wide range of potentials. The 

reduction of peroxodisulfate in the anodic region was associated with the chemisorption 

of peroxodisulfate anions or reaction intermediates. The peroxodisulfate reduction peak 

in this region became even more pronounced and separated from the oxide stripping 

peak when faster scan rates were employed. It seemed that the formation of gold oxides 

facilitated the peroxodisulfate reduction in the anodic region. The reduction wave in the 

cathodic region was attributed to the direct electron transfer to the peroxodisulfate. The 

reduction peak of the reverse scans in the cathodic region became smaller as the 

potential was cycled at faster scan rates. The peak currents were quite close to the 

theoretical limiting currents when the potential was cycled from 0.5 V to -1 V vs. SCE. 
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The oxide formation and stripping processes led to a larger hysteresis between the 

forward and backward scans for the reduction wave in the cathodic region. For the bare 

Pt electrode, the reduction of peroxodisulfate only occurred in the negative region. The 

current obtained with the bare Pt electrode was not close to the theoretical limiting 

current. The oxide stripping peak appeared at the same potential as the peroxodisulfate 

reduction. A nice plateau region was seen on the cyclic voltammogram recorded with 

the nanostructured Pt microdisk electrode. However, the surface processes were 

enhanced because of the larger surface area of the nanostructured Pt film. The limiting 

current obtained on the nanostructured Pt electrode was close to the theoretical value 

which suggests that the reduction was under diffusion-control. The peroxodisulfate 

reduction peak was masked when sweeping the potential to more positive values. The 

bismuth-adsorbed Pt microdisk electrodes also exhibited a nice plateau region. Unlike 

the nanostructured Pt electrode, the surface processes were not seen on the cyclic 

voltammograms recorded with this electrode. The experimental limiting currents 

obtained with the bismuth-adsorbed Pt microelectrodes were close to the theoretical 

limiting currents. The oxide formation on the electrode surface did not affect the 

limiting current. However, the peroxodisulfate reduction wave shifted to slightly more 

negative potentials which resulted in a larger hysteresis between the forward and 

backward scans. Unfortunately, the graph of the limiting currents as a function of the 

radii of bismuth-adsorbed Pt microelectrodes showed that the reaction was only under 

diffusion-control for the smallest radii. The bismuth-adsorbed Pt electrode was more 

appealing than the nanostructured Pt electrode because the bismuth-adsorbed Pt 

electrode did not show peaks related to surface processes. The reduction of 

peroxodisulfate on the HF-etched TiN microband electrode exhibited a plateau region 

and the limiting current was close to the expected value. A similar electrochemical 

response was obtained with the MoN A microband electrode. Since the HF-etched TiN 

and the MoN A electrodes were in the form of microbands, no further study was 

conducted as the currents obtained were quasi-steady state. A nice plateau region was 

seen for both MoN C and D microelectrodes and the experimental limiting currents 

were close to the theoretical values. To the best of our knowledge, MoN is the first 

electrode to exhibit limiting currents in agreement with the theoretical limiting currents 

without any treatment or modification except for polishing. For the MoN D 

microelectrode, the graph of the limiting currents as a function of concentrations of 
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peroxodisulfate showed that a diffusion-controlled reaction could only be achieved at 

higher concentrations. The currents were also proportional to the square root of scan 

rates above 5 V s
-1

. The current recorded with the MoN D microdisk electrode was 

stable when holding the potential where the peroxodisulfate reduction occurred for 500 

s. From the results shown herein, the MoN D electrode could be used as the SECM tip 

to study the electrogeneration of peroxodisulfate on the BDD electrodes. Unfortunately, 

the SECM study for the electrogeneration of peroxodisulfate on the BDD electrodes has 

not been conducted as some challenges still need to be addressed; this will be discussed 

in the next chapter which provides the conclusion of the entire work and the 

recommendations for future work. 
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Chapter 6  Conclusion and future work 

6.1 Conclusion 

This thesis demonstrated the viability of preparing solid TiN and MoN materials from 

Ti and Mo strips and microwires via nitridation. This was confirmed by EDX and XRD. 

The XRD spectra also showed that hexagonal MoN and cubic Mo2N were obtained. The 

surface of the TiN strips was rougher and more porous than that of the MoN strips. 

However, the MoN wires were rougher and grainier than the MoN strips. The TiN and 

MoN samples were successfully turned into microelectrodes even though the samples 

were brittle. The MoN microdisk electrodes showed no defects on the surface. 

However, the TiN and MoN microband electrodes contained some surface defects 

probably caused by the porosity of the sample strips.  

To the best of our knowledge, no group has prepared solid TiN and MoN 

microelectrodes and showed their electrochemical behaviour. The electrochemical 

responses of the solid TiN and MoN microelectrodes were assessed using different 

redox mediators. In the anodic region, the cyclic voltammograms recorded with the 

untreated TiN microband electrodes reflected very sluggish charge transfers. Yet, the 

shape of the cyclic voltammograms was improved after exposing the electrode surface 

to HF vapour for 1 minute. Contrary to the TiN microelectrodes, sigmoidal shape cyclic 

voltammograms with a plateau region were obtained with the MoN microelectrodes in 

both anodic and cathodic regions even without any treatments.  

The solid TiN and MoN microelectrodes showed activity towards the ORR in pH 1, 7, 

10, and 14 solutions. The currents recorded in the pH 1 solutions were smaller than 

those recorded in the pH 7, 10, and 14 solutions for both microelectrodes. Two typical 

ORR cross-over points were seen for the cyclic voltammograms recorded with the solid 

TiN and MoN microelectrodes. The hexagonal MoN microelectrodes demonstrated a 

slightly higher electrocatalytic activity towards the ORR than the cubic Mo2N 

microelectrodes. 

The cyclic voltammograms obtained with the bare Au and bare Pt for the reduction of 

peroxodisulfate did not exhibit a plateau region which implied that they were far from 

being diffusion-controlled. Cyclic voltammograms with a plateau region were recorded 
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with the nanostructured Pt, bismuth-adsorbed Pt, HF-etched TiN, and bare MoN 

microelectrodes. However, only the MoN microdisk electrodes exhibited a stable 

current on the chronoamperogram recorded for 500 s. To the extent of our knowledge, 

this is the first report of a bare electrode without any treatments able to exhibit cyclic 

voltammograms with a plateau region and a stable current over 500 s for the reduction 

of peroxodisulfate. A linear relationship was seen for the graph of the current as a 

function of concentration when > 0.1 mM. The current was also observed to be 

proportional to the square root of scan rate between 5 and 50 V s
-1

. This therefore 

indicates that over these scan rates the reduction of peroxodisulfate was 

diffusion-controlled. The work demonstrated that the MoN microdisk electrodes could 

be used as amperometric sensors, e.g. as the SECM tip to study the electrogeneration of 

peroxodisulfate using the BDD electrodes in the future.  

In use the TiN microelectrodes were fairly inconvenient because of the need to treat 

their surface with HF vapour. In contrast, the results obtained with the MoN 

microelectrodes were encouraging and the electrodes were much easier to use than the 

TiN microelectrodes. The MoN microelectrodes did not need any surface treatment or 

modification except for the mechanical polishing. Thus, the MoN microelectrodes seem 

to have a lot of potential as alternatives to conventional Pt, Au, and C microelectrodes 

to probe redox processes.  

6.2 Future work 

The surface of the TiN samples was rough and porous as seen in the SEM images 

shown in Chapter 3, this could have led to the formation of defects on the electrode 

surface. The defects could affect the results of surface sensitive reactions such as the 

ORR. A possible solution to obtain a smooth TiN surface is to lower the holding 

temperature and time so as to control the production of H2 gas which could have caused 

the porous surface. N2 gas could be used instead of NH3 gas during the nitridation 

process to obtain a single phase MoN.  

The cyclic voltammograms in the anodic region recorded with the untreated TiN 

microband electrodes shown in Chapter 3 were drawn out and did not show a plateau 

region; these responses were thought to arise from the presence of oxide layers on the 

electrode surface. To confirm that oxide layers were the actual reason behind the poor 
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electrochemical response, XPS could be employed. The XPS could be utilised after 

recording the cyclic voltammograms in the anodic and in the cathodic regions. This 

could also be done before and after etching the electrode surface with HF vapour. 

Chapter 4 demonstrated the feasibility of preparing 26 – 29 μm diameters MoN 

microdisk electrodes. A future work would be to prepare different sizes of MoN 

electrodes: 5, 10, and 50 μm diameters. Another possible future work is to prepare TiN 

microdisk electrodes by nitriding commercially available Ti microwires with different 

diameters: 5, 10, 25 and 50 μm. The TiN microdisk electrodes would allow to record 

steady-state currents and will be easier to polish.  

It would be beneficial to control the temperature of the solutions using a thermostat 

when probing any reactions particularly for the ORR to have a good estimation of the 

number of electrons transferred. The diffusion coefficient of a redox species depends on 

the temperature of the solutions.[193] HClO4 and NaOH could be employed instead of 

H2SO4 and KOH to prepare the acidic and basic solutions since NaClO4 was used to 

record cyclic voltammograms in a neutral condition; the substitution is useful to have 

the same cations and anions in the solutions. 

This project employed alumina-based polishing materials to polish the electrodes, it 

would be interesting to observe the electrochemical response obtained with the TiN and 

MoN microelectrodes after polishing them with oxide-free polishing materials such as 

diamond lapping films. The alumina-based polishing materials could have promoted the 

surface oxidation of the solid TiN and MoN microelectrodes. 

This study has shown the feasibility of preparing solid TiN and MoN microelectrodes. 

The methodology of fabricating the solid TiN and MoN microelectrodes could be 

utilised to prepare other metal nitride microelectrodes such as nickel nitride, vanadium 

nitride, chromium nitride, and tungsten nitride. It would also be interesting to 

investigate other redox processes with the MoN microdisk electrodes such as ammonia 

synthesis,[65] nitrogen oxide decomposition,[66] hydrodesulphurisation,[12, 69] and 

hydrodenitrogenation.[70, 72]  

Chapter 5 showed that a cyclic voltammogram with a plateau region was obtained using 

the nanostructured Pt microdisk electrode for the reduction of peroxodisulfate. 

However, the peaks attributed to the surface processes were enhanced when compared 
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to the bare Pt microelectrodes even at slow scan rates. On the contrary, the surface 

processes were suppressed when employing the bismuth-adsorbed Pt microelectrodes. 

In addition, nice sigmoidal shape cyclic voltammograms were obtained using these 

microelectrodes. It would be interesting to decorate the nanostructured Pt 

microelectrodes with bismuth adatoms to supress the surface processes. The 

bismuth-adsorbed nanostructured Pt microelectrodes can provide a large amount of 

active sites and high surface area for the reduction of peroxodisulfate. There is also a 

possibility that the peaks linked to the surface processes will not be seen if 

bismuth-adsorbed nanostructured Pt microelectrodes were employed. The reduction of 

peroxodisulfate discussed in Chapter 5 was studied in a neutral condition and in the 

absence of SO4
2-

 anions. A possible future work is to study the reduction of 

peroxodisulfate using K2SO4 and H2SO4 solutions with the MoN and bismuth-adsorbed 

Pt microdisk electrodes since the electrogeneration of peroxodisulfate should be 

conducted in solutions containing SO4
2-

 anions. This is also to check the effect of 

having SO4
2-

 anions initially present and of the pH on the reduction of peroxodisulfate. 

Then, the work could proceed to study the electrogeneration of peroxodisulfate by 

oxidising SO4
2-

 anions with the BDD electrodes using SECM with the MoN microdisk 

electrodes employed as the working tip. However, the reduction of peroxodisulfate 

occurs at the same potential as the ORR when using MoN microelectrodes and this 

could affect the results. Thus, the solution would need to be deoxygenated using an inert 

gas to remove dissolved oxygen before conducting the SECM experiments and to 

remain oxygen-free during the experiments. Haram and Bard[194] placed a SECM cell 

inside a small transparent Plexiglass box with a constant flow of argon through the box 

to provide an inert environment whilst performing SECM experiments. Otherwise, 

bismuth-adsorbed Pt microdisk electrodes could be used for this study since the 

reduction of peroxodisulfate occurs at more positive potentials where ORR will not 

interfere with the results. Yet, the ORR would have to be studied using bismuth-

adsorbed Pt microelectrodes to confirm this. Nonetheless, the study with 

bismuth-adsorbed Pt microelectrodes would have to be done by performing cyclic 

voltammetry at different tip-substrate distances; this is because the current recorded 

when holding the potential where the reduction of peroxodisulfate occurred for 500 s 

was not stable. 
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The onset potential of oxygen evolution for each BDD electrode would need to be 

investigated using solutions containing SO4
2-

 anions as this could provide an insight to 

the efficiency of the BDD electrodes to generate peroxodisulfate. The generation of 

peroxodisulfate could be investigated with different BDD surfaces, pre-treatment, 

surface terminations, and boron-doping. 
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Appendix 

 

Appendix 1: SEM image of a section of the TiN microband electrode sealed inside 

hardened epoxy after being exposed to HF vapour for 1 minute. Conditions: 0.7 

mBar, 12.0 kV, and at 2000x. 

 

 

 

 

 

 

 

 

Appendix 2: Cyclic voltammograms (3
rd

 cycle) recorded with a TiN microband 

electrode after immersing the tip in diluted HF acid for 1 minute. The 

voltammograms were obtained using different redox mediators: 1 mM ferrocyanide 

(black solid line, ▬) and 1 mM ferricyanide (red solid line, ▬) + deoxygenated 0.5 M 

KCl. The potential scan was started at 0.05 (black solid line, ▬) and 0.39 (red solid 

line, ▬) V vs. SCE. 
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Appendix 3: XRD spectrum obtained at a random location on a Scotch tape. The 

XRD spectrum is not fitted to the Rietveld fit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 4: Cyclic voltammogram (3
rd

 cycle) recorded with a Ti microband electrode 

(length: 1197 μm & width: 15 μm) in deoxygenated 0.5 M K2SO4 at 100 mV s
-1

. The 

current was normalised to the geometric area of the electrode. The potential scan was 

started at -0.53 V vs. SCE. 
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Appendix 5: Potential waveform applied on the 25 μm Ø Au microdisk electrode with 

different upper potential limits: 0.5, 0.8, 1.1, and 1.4 V vs. SCE. For Pt electrodes, the 

highest potential limit is 1.2 V vs. SCE instead of 1.4 V vs. SCE. The corresponding 

cyclic voltammograms shown are taken from the 3
rd

, 5
th

, 7
th

, and 9
th

 cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 6: Chronoamperogram recorded with a 25 μm Ø bare Au microdisk 

electrode in 2 mM K2S2O8 + deoxygenated 0.1 M KClO4 for 500 s. The initial potential 

was 0 V vs. SCE and it was then stepped to -0.3 V vs. SCE.  
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Appendix 7: Chronoamperogram recorded with a bare 25 μm Ø Pt microdisk 

electrode in 2 mM K2S2O8 + deoxygenated 0.1 M KClO4 for 500 s. The initial potential 

was 0.4 V vs. SCE and the potential was then stepped to -0.3 V vs. SCE.  

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 8: Chronoamperogram recorded with a 40 μm Ø nanostructured Pt 

microdisk electrode in 2 mM K2S2O8 + deoxygenated 0.1 M KClO4 for 500 s. The 

potential was initially held at 0.4 V vs. SCE and it was stepped to -0.3 V vs. SCE. The 

inset shows the same chronoamperogram within the range of -20 to -30 nA.  
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Appendix 9: Chronoamperogram recorded with a 25 μm Ø bismuth-adsorbed Pt 

microdisk electrode in 2 mM K2S2O8 + deoxygenated 0.1 M KClO4 for 500 s. The 

initial potential was 0.5 V vs. SCE and it was stepped to -0.2 V vs. SCE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 10: Chronoamperogram recorded with a 5 μm Ø bismuth-adsorbed Pt 

microdisk electrode in 2 mM K2S2O8 + deoxygenated 0.1 M KClO4 for 500 s. The 

potential was initially held at 0.5 V vs. SCE and then stepped to -0.2 V vs. SCE.  
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Appendix 11: (left) Cyclic voltammograms (5
th

 cycle) recorded with a 29 μm Ø 

bismuth film electrodeposited on a 25 μm Ø Pt microdisk electrode in deoxygenated 

0.1 M KClO4 with (solid line) and without (dashed dot line) 2 mM K2S2O8 at 10 mV 

s
-1

. The potential scan was started at 0 V vs. SCE. (right) SEM image of the 2.5 μm 

thick bismuth film electrodeposited on a 25 μm Ø Pt microdisk electrode using 20 mM 

Bi2O3 + deoxygenated 0.6 M HClO4. The potential was held at -0.1 V vs. SCE 

until -16 μC was reached. Conditions when taking the SEM image: 20 kV, 0.5 Torr, 

& at 5000x. 

 

 

 

 

 

 

 

 

 

 

 

Appendix 12: Cyclic voltammograms (3
rd

 cycle) recorded with an untreated TiN 

microband electrode (length: 1217 μm & width: 16 μm) in 2 mM K2S2O8 + 

deoxygenated 0.1 M KClO4 at 10 mV s
-1

. The potential scan was started at 0.09 V vs. 

SCE for both voltammograms.  
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Appendix 13: Linear sweep voltammograms recorded with a 26 μm Ø MoN D 

microdisk electrode at 10 mV s
-1

 in deoxygenated 0.1 M KClO4 with different 

concentrations of K2S2O8: (left) 0.001 (purple, ▬), 0.002 (orange, ▬), 0.005 (wine, 

▬), 0.01 (cyan, ▬), and 0.02 mM (pink, ▬); (right) 0.05 (black, ▬), 0.1 (red, ▬), 0.2 

(blue, ▬), 0.5 (magenta, ▬), 1 (olive, ▬), 2 (navy, ▬), and 5 mM (violet, ▬). 

 

Appendix 14: Cyclic voltammograms (3
rd

 cycle) recorded with a 26 μm Ø MoN D 

microdisk electrode in 2 mM K2S2O8 + deoxygenated 0.1 M KClO4 at different scan 

rates: (left) 0.01 (black, ▬), 0.02 (red, ▬), 0.05 (blue, ▬), 0.1 (magenta, ▬), 0.2 

(olive, ▬), and 0.5 V s
-1

 (navy, ▬); (right) 1 (green, ▬), 2 (dark cyan, ▬), 5 (orange, 

▬), 10 (wine, ▬), 20 (violet, ▬), 50 (pink, ▬), and 100 V s
-1

 (dark yellow, ▬). The 

voltammograms appear jagged at very high scan rates because of instrumental 

limitations (the highest acquisition rate available was 1 data point every 1.9 ms). 
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