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Abstract 

This thesis reports on the synthesis of novel phthalocynines  

tetrakis[(benzo[d]thiazol-2ylthio)phthalocyaninato]cobalt(II)chloride (complex 1) 

and tris(2-(ethylthio)benzo[d]thiazole)2-(phthalocyanine-9-ylthio)propionate 

cobalt(II) chloride (complex 2). The complexes are combined with DNDs via different 

techniques such as π-π stacking, covalent linkage and sequential modification on 

glassy carbon electrode. The synthesized MPcs and conjugates were characterized 

using UV-visible, mass, Fourier transform infrared, and Raman spectroscopies as well 

as transmission electron microscopy and dynamic light scattering. Combining MPcs 

with DNDs sought to improve electrooxidation of hydrazine. The electrochemical 

studies were conducted using cyclic voltammetry, chronocoloumetry, 

electrochemical impedance spectroscopy and chronoamperometry. Hydrazine was 

utilized as an analyte of interest, due to its mutagenic and carcinogenic effects. 

Glassy carbon electrodes (GCE) were modified using drop and dry method. The 

conjugation via covalent linkage proved to be the best way of enhancing 

electrocatalytic properties. Since it performed better in terms of limit of detection 

(0.33 µM), even though catalytic rate and sensitivity are not the highest. 
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Preface 

 

The research on the determination of harmful substances in the environment and 

humans is of interest to many researchers. Hydrazine is one of the widely studied 

analytes due to its toxicity which causes severe damage to the central nervous 

system, kidneys and liver.  Development of electrocatalysts is of interest in this work 

for the detection of hydrazine. Phthalocyanines of different symmetry are employed 

in this thesis and their electrocatalytic properties enhanced by detonation 

nanodiamonds. Enhancement of phthalocyanine’s electrochemical properties using 

zero-dimensional carbon allotropes such as graphene quantum dots and carbon dots 

have been reported. However, this is the first time that detonation nanodiamonds 

are incorporated to phthalocyanines for electrocatalysis.



 

 

 

 

 

 

 

1 INTRODUCTION 
 

This chapter reviews literature on detonation nanodiamonds, 

phthalocyanines, electrocatalysis, the analyte and electrode modification 

employed in this work. 
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1.1 Detonation Nanodiamonds (DNDs) 

 Diamonds may be called a “supermaterials” according to Spitsyn and Alexenko [1], 

since they exhibit fascinating physical, mechanical and chemical properties that are 

more superior compared to other materials [2]. The utilization of diamonds in 

science over the years has been of great interest. One of the major and growing 

applications is in nanotechnology through miniaturization of the bulk diamond to 

diamond nanoparticles (nanodiamonds), hence improving the already exciting 

properties of the natural diamond [3]. These types of nanomaterials do not only 

show diamond properties which include high thermal conductivity and hardness, but 

also possess unique nanomaterial properties such as large surface area, small 

particle size and large numbers of surface defects [4,5]. Nanodiamonds belong to a 

group of zero-dimensional carbon allotropes which include graphene quntum dots 

and carbon dots. Zero-dimensional carbon allotropes have tunable properties and 

nanodiamonds are no exception. The tuning of nanodiamonds include doping, and 

surface functionalization, this enables application in various fields such as drug 

delivery [6], sensing [7], bioimaging [8], catalysis [9], energy storage [10], 

photovoltaics [11], etc. Some of the applications of nanodiamonds are displayed in 

Fig. 1.1 [12]. 
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Figure 1.1: Synthetic techniques, properties and various applications of 

nanodiamonds [12].  

Diamond nanoparticles are widely synthesized using a process called detonation, 

hence the name detonation nanodiamonds (DNDs) and are used in this work. 

Detonation nanodiamonds, also known as ultra-dispersed diamonds (UDD) are novel 

carbon nanomaterials made up of a tetrahedral network structure, and comprise a 

diamond core (sp3), a middle core (sp2+x) and a graphitized outer layer (sp2) which 

are often partially oxidized, Fig. 1.2 [13]. The presence of π electrons allows for π-

π stacking with other materials with π electron system. In addition, DNDs are made 

up of several functional groups on the surface such as amine, alcohol, and carboxyl, 

illustrated in Fig. 1.2 [14,15], which allow for  covalent linkage of the DNDs to 

different materials such as phthalocyanines. The incorporation of nanomaterials 
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with porphyrins and phthalocyanines, seeks to enhance the properties of the latter 

[16,17]. 

 

Figure 1.2: A typical structure of detonation nanodiamonds [18].   

 

1.2 Phthalocyanines (Pcs) 
 

Research on phthalocyanines has been ongoing for many years. Throughout the 

years, researchers have been investigating ways of improving the chemical 

properties of the phthalocyanines. Activity and properties of the Pc can be enhanced 

by introducing different central metals and substituents of the ring at the peripheral 

(-alpha) and non-peripheral (-beta) positions of the ring, Fig. 1.3. 

Phthalocyanines are chemically flexible, which permits their modification to suit 

specific applications [19]. Phthalocyanines have been widely applied in 

photodynamic therapy (PDT) as photosensitizers, solar cells, sensing and catalysis, 

and in non-linear optics to name a few [20-23].   
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Figure 1.3: Molecular structure of the MPc illustrating peripheral (-alpha) and non-

peripheral (-beta) positions. 

 

1.2.1 Synthesis 
 

Synthesising metallophthalocyanines (MPcs) involves the utilization of precursors 

such as phthalonitrile, phthalamide, phthalic anhydride, phthalic acid, phthalimide, 

o-cyanobenzamide or 1.3-diiminoisoindoline, metal salts and a catalyst, Scheme 

1.1. Phthalonitriles are mostly used in the laboratory. There are two types of MPcs 

(symmetrical and asymmetrical). The symmetrical MPcs can be synthesised from one 

phthalonitrile, whereas asymmetrical involves two different phthalonitiles, polymer 

support and the sub-phthalocyanine approach [24,25]. The synthesis is usually 

carried out by cyclotetramerization of phthalonitriles under high temperature 

conditions [26]. 
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Scheme 1.1: Various starting materials for the synthesis of metallophthalocyanines 

(MX = metal salt). 

 

1.2.1.1  Asymmetrical MPcs 

 

The synthesis of mono substituted MPcs (AAAB or ABBB) (asymmetrical Pc), Scheme 

1.2, involves the combination of two different phthalonitriles depending on the type 

of application. This is achieved by following the widely used statistical condensation 
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approach with ratios such as 1:3, 1:5 and 1:9. However, 1:3 ratio is the most 

preferred and employed in this thesis, since it limits the formation of 

tetrasubstituted MPcs. The formed product is usually a mixture of different isomers 

(Scheme 1.2), which can be separated by column chromatography to get the desired 

complex. 

 

Scheme 1.2: Synthesis of asymmetrical metallophthalocyanines. 
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1.2.1.2  Symmetrical MPcs 

 

The synthesis of symmetric MPcs involves one type of phthalonitrile, Scheme 1.3. 

When compared to the asymmetrical MPcs, symmetrical phthalocyanines give better 

yields. 

 

 

Scheme 1.3: Synthesis of symmetric (tetra substituted) MPcs. 

 

1.2.2 Electronic spectra of phthalocyanines 
 

The electronic spectra phthalocyanines consists of the Q and B bands. The Q-band 

is observed at 650 nm or longer, whereas B-band is observed at 300 nm – 400 nm. 

Figure 1.4 shows an electronic absorption spectra and electronic energy levels of 

the phthalocyanine. The positions of the Q and B bands are determined by the type 

of substituent, central metal, conjugation to nanomaterials, or symmetry [27,28]. 
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These induce red or blue shifts on the Q – band. The Q-band is associated with a1u 

to eg transitions while the B-band(s) is due to b2u and a2u to eg transition, which are 

due to π-π* transitions occurring in the phthalocyanine ring [28].   

 

Figure 1.4: Electronic absorption spectra of a typical phthalocyanine and electronic 

energy levels (insert). 

 

1.2.3 Phthalocyanines employed in this work (All new) 
 

The structures of symmetrical (complex 1) and asymmetrical (complex 2) 

metallophthalocyanines employed in this thesis, are shown in Table 1.1. The 

complexes are made up of benzothiazole and mercaptopropionic acid substituents 

and cobalt as a central metal. In this work symmetrical MPc complex 1 is employed 

in combination with detonation nanodiamonds (DNDs) via π-π stacking as an 

electrocatalysts for hydrazine. The ring for complex 1 has been reported for central 

metals such as Ga and Zn [29], but it is reported for the first time for Co as a central 
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metal in this work. In addition, asymmetrical complex 2 made up of benzothiazole 

and mercaptopropionic acid is also reported for the first time in this thesis.  

The benzothiazole substituents found in both complexes are known electrocatalyst 

[30-32]. The quest for improving the properties of the phthalocyanine has been 

ongoing for decades. In this work benzothiazole substituents is utilised to improve 

the π-conjugated system of the Pc, since benzothiazoles possess large conjugated 

system [33]. In addition, benzothiazole is an electron donating group and thus make 

the MPc complexes more readily oxidised [34] and improves the solubility of the 

complex.  

Complex 2, an asymmetrical phthalocyanine, contains mercaptopropionic acid as 

one of the substituents. The COOH functional group in mercaptopropionic acid is 

used for covalent linkage via amide bond with DNDs.  

The investigation of the electrocatalytic activity of symmetrical and asymmetrical 

phthalocyanines has been reported over the years [35-37]. However, symmetrical 

Pcs are the most studied due to their ease of synthesis. The asymmetrical 

phthalocyanines are known to possess good non-linear optical and recently 

electrocatalytic properties when compared to symmetrical derivatives [38,39]. 

Table 1.2, shows Pcs which have been linked to zero dimensional carbon based 

nanomaterials [40-49]. 
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Table 1.1: MPcs and MPc-DNDs composites employed in work for electrocatalysis of 

hydrazine. 

MPc structure MPc-DNDs hybrids 

 

DNDs ππ stacked with 

complex 1 (1-DNDs(ππ)). 

(New) 

 

 

DNDs ππ stacked (2-

DNDs(ππ)) and 

covalently linked 

(2@DNDs) with complex 

2  

(New) 
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Table 1.2: Shows zero-dimensional carbon allotropes (carbon dots (CD), detonation 

nanodiamonds (DNDs), and graphene quantum dots (GQDs)) conjugated to MPcs for 

various applications. 

Carbon 

nanomaterial 

MPc structure Application/Anal

yte 

Nanomateria

l-MPc 

interaction 

Referen

ces 

NGQDs 

NSGQDs 

 

Photo-

sonodynamic 

therapy 

π-π stacking  [40] 

DNDs 

 

Photophysics and 

Non-Linear 

Optics (NLO) 

Axial ligation [41] 



Page | 13  
 

NCDs 

 

Dye-sensitised 

solar cells 

(DSSCs) 

π-π stacking [42] 

CDs 

 

Photophysics π-π stacking  [43] 

GQDs 

 

Gas sensing π-π stacking [44] 

GQDs 

 

Electrochemical 

biosensing 

π-π stacking [45] 
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g-C3N4/GQDs 

 

Photodegradation Covalent 

linkage 

[46] 

DNDs 

 

Photodynamic-

antimicrobial 

chemotherapy 

π-π stacking [47] 

GQDs 

 

Oxygen reduction 

reaction (ORR) 

GQDs linked 

axially using 

Fe-O bonds 

[48] 

N, S-CDs CuPc derivative  

(structure not shown) 

 

Photoelectroche

mical biosensing 

Electrostatic 

adsorption 

[49] 
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NGQDs = nitrogen doped graphene quantum dots, NSGQDs = nitrogen-sulfur doped 

graphene quantum dots, NCDs = nitrogen doped carbon dots, CDs = carbon dots, 

GQDs = graphene quantum dots, g-C3N4 = graphitic carbon nitride, N, S-CDs = 

nitrogen-sulfur doped carbon dots.  

 

Conjugation of detonation nanodiamonds to Pcs is shown in Table 1.2 for non-linear 

optics and photodynamic-antimicrobial chemotherapy (PACT) applications. But 

there is no reported work for applications in electrochemical sensing, hence the 

interest in this thesis [40-49]. 

 

1.3 Electrocatalysis 
 

1.3.1 Overview 
 

Electrocatalysis, may be described as an improvement of the rate of an 

electrochemical reaction in the presence of a catalyst. Electrocatalysis has been 

widely used in research and industry for various applications [50]. One of exciting 

applications, is in electrochemical sensing [51]. Electrochemical sensing is a 

detection technique, where an electrocatalyst is employed. In this case, 

electrocatalysts catalyse the redox reactions occurring at the working electrode’s 

surface. Electrocatalysts can reduce the catalytic potential and increase the 

currents [52]. Fig. 1.5 illustrates an impact of electrocatalyst when it is introduced 

to the surface of a bare electrode [53]. 
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Figure 1.5: Comparative cyclic voltammograms of a modified glassy carbon 

electrode (GCE) and a bare GCE in 6 mM of hydrazine (0.2 M NaOH) [53]. 

 

1.3.2 Electrode modification methods 
 

Various modification approaches have been developed including the following: 

electrochemical grafting, adsorption, electrodiposition and self-assembly, etc. 

Herein, adsorption ‘drop and dry’ is employed, Fig. 1.6 [54]. 
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Figure 1.6: Illustration of the ‘drop and dry’ modification of electrodes (1-4), 

electrochemical cell setup (5 and 6), and electrochemical characterisation and 

sensing plot (7) [54]. 

 

This method involves physically adsorbing the electrocatalyst by dropping it on 

electrode’s surface. The physical adsorption method involves dissolving the MPc or 

nanomaterials in a suitable solvent, and dropping a known amount on the surface, 

Fig. 1.6. Drop and dry method is simple and time saving. The π electron system 

found in phthalocyanines and zero-dimensional carbon allotropes such as DNDs, 

GQDs and CDs informed the utilization of the glassy carbon electrode. The materials 

may interact with the π system of the glassy carbon electrode forming stable layers.  
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1.3.3 Phthalocyanines in electrocatalysis 
 

MPcs serve as electron mediators in electrocatalysis, due to fascinating redox 

chemistry [55]. The electron mediation depends on the type of a central metal or 

substituents on the Pc ring. Electroactive central metals are the most preferred as 

to enhance the already good electron transfer abilities of phthalocyanines. The 

widely used central metals arranged in order  electrocatalytic activity include: Fe2+ 

> Co2+ > Mn2+ > Ni2+ ≈ Cu2+, with Fe2+ and Co2+ being the most active and extensively 

explored in electrocatalysis [56]. Fig. 1.7 illustrates the electron transfer process 

occurring on electrode’s surface for the central metal (MII/MIII redox couple) [57].  

 

Figure 1.7: An electrocatalytic process of MPc on working electrode’s surface [57]. 
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1.3.4 Detonation nanodiamonds in electrocatalysis  
 

Carbon nanomaterials are known in electrocatalysis when employed alone, modified 

from their pristine state and in the presence of other materials such as 

phthalocyanines. Detonation nanodiamonds, have been used as supports for CO gas 

electrochemical sensing [58]. The functional groups present of DNDs surface enables 

modification and conjugation to other materials for the enhancement of properties 

[59].  Table 1.3 [60-63], illustrates examples of use of some nanodiamonds for 

electrochemical sensing of various analytes. Due to their superior properties, 

nanodiamonds have been reported as good electrocatalysts in electrochemical 

sensing, because of low limits of detections (LoDs) obtained.  

Table 1.3: DNDs based electrocatalysts in electrochemical sensing 

Electrode Analyte Reference 

ND/GCE Pyrazinamide antibiotic [60] 

NDG/CS/GCE Azathioprine [61] 

ND-DHP/GCE Codeine [62] 

ND powder electrode Nitrite [63] 

 

NDG/CS = Nanodiamond-graphite/chitosan, DHP = Dihexadecyl phosphate. 
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1.4 Analyte 

Hydrazine was employed as a test analyte in this work. Hydrazine is useful in various 

industries such as agriculture, pharmaceuticals, and as rocket fuel. At high 

concentrations it can be harmful to living organisms and humans, hence the need 

for constant detection [64,65]. Several techniques have been developed for the 

detection of hydrazine such as spectrometry, chromatography and 

chemiluminescence. However, these have too many disadvantages such as, time 

consuming due to sample pre-treatments, require complicated and costly equipment 

and poor stability [66,67]. The electrochemical methods are preferred due to high 

sensitivity, low limits of detection, cost effectiveness [68,69].  

The mechanism of hydrazine as an analyte, using electrocatalyst (CoPc as an 

example) is as follows [70] eqns 1.1-1.4: 

 

[Co(I)Pc]-           [Co(II)Pc] + e-                                (1.1) 

[Co(II)Pc] + N2H4 + OH- RDS           [Co(I)Pc…N2H3]-         (1.2) 

[Co(I)Pc…N2H3]-             [Co(I)Pc]- + *N2H3                (1.3) 

*N2H3 + 3OH-  fast            N2 + 3e- + 3H2O                      (1.4) 

RDS = Rate Determining Step 
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1.5 Summary of Aims and Objectives 
 

The main aim of the work in this thesis is to design new electrocatalysts for the 

electrochemical detection of hydrazine. This is conducted by altering the surface of 

the bare glassy carbon electrode. Nanodiamonds are employed to enhance the 

electrochemical properties of the symmetrical and unsymmetrical cobalt 

phthalocyanines via π-π stacking and covalent linkage. 

The objectives of this thesis are: 

 Synthesis of the novel cobalt phthalocyanines 

 π-π stacking of the detonation nanodiamonds onto complexes 1 and 2. 

 Covalent linkage of detonation nanodiamonds and complex 2 via the amide 

bond 

 Characterisation of the complexes and conjugates 

 Investigate electron transfer abilities of the electrodes using cyclic 

voltammetry and electrochemical impedance spectroscopy (EIS) in 0.1 M KCl 

containing 1 mM [Fe(CN)6]3−/4−. 

 Investigate the electrocatalytic properties of the modified electrodes towards 

hydrazine using cyclic voltammetry, chronocoulometry, and 

chronoamperometry. 
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2 MATERIALS, EXPERIMENTAL AND EQUIPMENT. 
 

This chapter gives materials and equipment, also outlines synthesis of the 

phthalocyanines and conjugates, and electrode modifications employed in this 

thesis 
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2.1 Materials 
 

Cobalt chloride, potassium chloride (KCl), iron ferricyanide, aluminium oxide, 

dicyclohexylcarbodiimide (DCC), were purchased from Sigma-Aldrich. 

Dimethylsulfoxide (DMSO), dimethylformadide (DMF), 1-pentanol, tetrahydrofuran 

(THF), 1,8-diazabicylo [5.4.0]-undec-7-ene (DBU), and methanol were purchased 

from Merk. Detonation nanodiamonds (DNDs) were obtained from Nanocarbon 

Research Institute Ltd.   

2.2 Equipment 
 

 UV-visible spectra data was obtained from Shimadzu UV–Vis 2550 

spectrophotometer in the range of 300-800 nm.  

 The mass spectra data was obtained on a Bruker AutoFLEX III Smart-beam 

TOF/TOF mass spectrophotometer using α-cyano-4-hydrocinnamic acid/THF 

as the matrix in the positive ion mode 

 Elemental analysis was done using Vario-Elementer Microcubes ELIII.  

 Infrared spectroscopy was performed using a Bruker Alpha IR (100 FT-IR) 

spectrophotometer.  

 Transmission electron microscopy (TEM) images were obtained from Zeiss 

Libra TEM 120 model. 

 Dynamic light scattering (DLS) was done on Malvern Zetasizer nanoseries 

(Nano-ZS90).  

 A Raman spectrometer (with a 1064 nm Nd: YAG laser and liquid nitrogen 

cooled germanium detector) Bruker Vertex 70-Ram II was used to collect 

Raman spectral data. 
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 Cyclic voltammetry (CV) (potential window of -1 to 1 V vs Ag/AgCl for 

ferricyanide, sodium hydroxide and -0.4 to 0.6 V vs Ag/AgCl for hydrazine) 

were performed using Autolab potentiostat PGSTAT 302 electrochemical 

workstation (driven by GPES software version 4.9).  

 Electrochemical impedance spectroscopy (EIS) studies were performed at 

1105 Hz to 0.1 Hz frequency with the applied potential of 0.24 V using an 

Autolab Potentiostat PGSTAT30 equipped with Nova software version 2.1. A 

non-linear least squares (NLLS) method based on the EQUIVCRT programme 

was used for automatic fitting of the obtained EIS data. 

 Chronocoulometry in ferricyanide was performed on a Bioanalytical Systems 

100W Electrochemical Analyzer. 

 

2.3 Synthesis 

 

2.3.1 Synthesis of Complex 1, Scheme 3.1 

 

4-(Benzo[d]thiazol-2-ylthio) benzene-1,2-dinitrile (i) was synthesized according to 

literature [71]. Complex 1 was synthesized as follows: phthalonitrile (i) (0.2g, 0.68 

mmol) and cobalt chloride (0.02 g, 0.17 mmol) were dissolved in 1-pentanol (5 mL), 

followed by addition of DBU (0.3 mL). The reaction mixture was left to reflux at 200 

℃ for 18 h under nitrogen atmosphere. The product was then precipitated with 

methanol and subjected to silica gel column chromatography using THF to isolate 

the required product (complex 1).  

Yield: (0.15 g) 18 %; IR (KBr, v, cm−1): 3055-2924 (Ar-C-H), 2231(C-N), 1600 (C=N, 

1411 Ar-C=C), 750 (C-S). UV/Vis (THF) λmax (nm) (log ε): 667 (4.87), 606 (4.37), 331 
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(4.82). Elemental analysis Calc. for C60H28N12S8.5H2O: C = 54.50, N =12.72; found: 

C =53.16, N = 11.44;   MALDI TOF MS m/z: Calcd: 1232.96; Found: [M]+= 1231.56. 

2.3.2 Synthesis of Complex 2, Scheme 3.2 
 

Mercaptopropionic acid phthalonitrile (ii) was synthesized as reported in literature 

[72]. Complex 2 was synthesized as follows: phthalonitrile (ii) (0.08 g, 0.21 mmol), 

phthalonitrile (i) (0.3 g, 1.02 mmol) and cobalt chloride (0.13 g, 1.02 mmol) were 

dissolved in 1-pentanol (5 mL), followed by addition of 1,8-diazabicylo [5.4.0]-

undec-7-ene (DBU) (0.3 mL). The reaction mixture was refluxed at 160 ℃ for 18 h 

under nitrogen atmosphere. The product was then precipitated with methanol and 

subjected to silica gel column chromatography and eluted with tetrahydrofuran 

(THF)/methanol (9:1), to isolate the required product.  

Yield: (0.1g) 25 %; IR (KBr, v, cm−1): 3500-3100 (-OH), 3055-2924 (Ar-C-H), 1711 

(C=O, 1556 (C=N, 1405 Ar-C=C), 1325 (C-N), 744 and 728 (C-S). UV/Vis (DMF) 

λmax (nm) (log ε): 670 (4.61), 616 (4.11), 337 (4.51). Elemental analysis Calc. for 

C56H29CoN11O2S7: C = 57.42, N = 13.15. Found: C = 56.47, N = 12.22. MALDI TOF MS 

m/z: Calcd: 1169.99; Found: [M-OH]+= 1152.58 m/z.  

2.3.3 π-π stacking of complexes 1 and 2 onto DNDs, Scheme 3.3 
 

The π-π stacking was done following literature [73]. Briefly, DNDs (5 mg) were 

dissolved in dimethylformamide (DMF, 3 mL) followed by the addition of 1 or 2 (8 

mg in 3 mL DMSO). The mixture was sonicated for 4 h and left stirring at room 

temperature for 48 h. Thereafter, the mixture was precipitated with ethanol and 

centrifuged at 3500 rpm for 10 min. The resulting precipitated was then left to dry 

in the fume hood, to form 1-DNDs(ππ) and 2-DNDs(ππ). 
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2.3.4 Covalent linkage of complex 2 to DNDs, Scheme 3.4 
 

The formation of 2@DNDs conjugate was achieved by activating the carboxylic group 

in mercaptopropionic acid moiety as follows: dicyclohexylcarbodiimide (DCC, 5.3 

mg, 0.0257 mmol) and complex 2 (12 mg, 0.011 mmol) were dissolved in 3 mL of 

DMF and left to stir at ambient temperature for 48h. After this time, a solution of 

DNDs (10 mg in 3 mL DMF) was added and the resulting mixture allowed to stir for 

another 48 h. The product was obtained by precipitation using ethanol and 

centrifuged at 3000 rpm for 10 min and is represented as 2@DNDs. 

2.4 Electrode modification 
 

The glassy carbon electrode (GCE) was used as a working electrode, platinum wire 

as a counter electrode and silver|silver chloride (3 M KCl) as the reference 

electrode. Firstly, the GCE was polished on a polishing pad using alumina and washed 

with Millipore water. The modification was carried out using the drop-and-dry 

method as follows: 5 µL (1 mg/mL) in DMF each of complex 1, complex 2, DNDs, 1-

DNDs(), 2-DNDs(ππ) and 2@DNDs were dropped on the GCE surface and dried for 

2h at 60 °C, to give GCE/1, GCE/2, GCE/DNDs, GCE/1-DNDs(ππ), GCE/2-DNDs(ππ) 

and GCE/2@DNDs. In addition, the GCE was modified by sequential addition of the 

complex 1, complex 2 and DNDs onto the GCE, represented as GCE/DNDs-1(seq), 

GCE/DNDs-2(seq) (when DNDs are placed first onto the electrode) and GCE/1-

DNDs(seq), GCE/2-DNDs(seq) (when CoPc is placed first) where seq represents 

sequential.  The solutions used for electrochemical experiments were deaerated by 

argon gas and the cell kept under argon atmosphere throughout the experiments. 
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3 CHARACTERISATION 
 

 

This chapter looks into synthesis and characterisation of complexes 1, 2, 1-

DNDs(ππ), 2-DNDs(ππ), 2@DNDs and DNDs alone. 
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3.1 Characterisation of the MPcs 
 

The synthesis of complexes 1 and 2 was carried out by statistical condensation of 

the phthalonitriles, Schemes 3.1 and 3.2. Synthesized MPcs were characterized 

using different techniques to confirm their formation. The characterisation 

techniques employed in this work include mass and UV-visible spectroscopies, 

elemental analysis as well as Fourier-transform infrared spectroscopy (FT-IR). In this 

work nuclear magnetic resonance spectroscopy was not utilized due to the 

paramagnetic nature of the central metal Co2+ in both complexes. The elemental 

analysis values obtained for complex 2 are in agreement with the calculated, 

however for complex 1 the values are in agreement with observations that some Pcs 

are isolated as hydrates [74]. 

 

Scheme 3.1: Synthesis of complex 1 
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Scheme 3.2: Synthesis of complex 2 

 

The UV-visible spectra of the synthesized phthalocyanines are shown in (Fig. 3.1). 

Figure. 3.1, shows broad Q bands at 667 nm and 670 nm for complexes 1 and 2 

respectively, typical of cobalt phthalocyanines [75], Table 3.1. In addition, B bands 

were observed for both complexes at 331 nm for 1 and 337 nm for 2. In comparison 

to unsubstituted MPc’s Q bands (660 nm in THF), the synthesized complexes had red-

shifts on the Q band, Table 3.1 [76]. The red-shits of the Q bands are due to the 

substituents employed in this work. The Pc ring substituents employed in this work 

contain sulphur, which are known to possess large electron-donating abilities, hence 

the red-shifts of the Q band [77].  
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Figure 3.1: UV-visible spectra for complex 1 and 2 (14 µM) in THF. 

 

Table 3.1: Shows parameters of the synthesized MPcs and conjugates in THF. 

Complex/Conjugate/

nanomaterial 

THF Q band 

Uv/vis (nm) 

Dynamic light scattering 

(DLS) size (nm) 

1 667 - 

2 670 - 

DNDs - 3.1 

1-DNDs(ππ) 669 9.7 

2-DNDs(ππ) 675 18 

2@DNDs 680 22 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

300 400 500 600 700 800

A
b
so

rb
a
n
c
e

Wavelength (nm)

Complex 1

Complex 2



Page | 32  
 

A further investigation into formation of the desired product was confirmed by mass 

spectra. The obtained mass form complex 1 was 1231.56 m/z, Fig A1 (Appendix), 

whereas for complex 2 it was 1152.58 m/z, Fig A2 (Appendix). The mass obtained 

for complex 2 was a result of OH fragmentation from the mercaptopropionic acid 

substituent.  

Figure 3.2 shows the FT-IR spectra of the synthesized complexes 1 and 2. The 

formation of phthalocyanines is confirmed by the disappearance of the nitrile peak 

near 2200 cm-1. The peak is from phthalonitriles employed. For complex 2 FT-IR 

spectrum shows hydroxyl (OH) and carbonyl (C=O) peaks at 3500-3100 cm-1 and 1711 

cm-1 respectively, which could be from the carboxylic acid moiety present in 2, 

however these peaks were not observed for 1, since it is a benzothiazole tetra MPc. 

Furthermore, C-S peaks were observed for all the compounds between 700-600 cm-

1. 
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Figure 3.2: FT-IR spectra of complex 1 and 2. 

3.2 Characterisation of MPc-DNDs composites 
 

The presence of π electrons in both the CoPcs (1 and 2) and DNDs allows for π-π 

stacking of the two, forming 1-DNDs(ππ) and 2-DNDs(ππ), Scheme 3.3. The presence 

of COOH on the CoPc and NH2 on DNDs allowed for the two to be linked through a 

covalent bond (an amide bond), forming 2@DNDs, Scheme 3.4. The characterisation 

of 1-DNDs(ππ), 2-DNDs(ππ) and 2@DNDs was done using dynamic light scattering 

(DLS), transmission electron microscopy (TEM), UV-visible, Raman and FT-IR 

spectrometries. 
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Scheme 3.3: Illustration of π-π stacking of complex 1 onto DNDs (1-DNDs(ππ)) as 

an example. 
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Scheme 3.4: Illustration of covalent linkage of complex 2 to detonation 

nanodiamonds (2@DNDs). 
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3.2.1 UV-visible spectra 
 

Herein conjugating DNDs to MPcs is of interest, however to prove formation of the 

conjugates, characterisation using different techniques is important. Uv-visible 

spectra (Fig.3.3) is employed in this section. Detonation nanodiamonds do not show 

any absorption peak as proven in literature [41,47] and as shown in Fig.3.3. Table 

3.1 shows that upon conjugation there were Q band red shifts for all the conjugates. 

The red shifts are due to molecular flattening of the porphyrin [78]. The increase in 

intensity below 400 nm is due to the absorption by DNDs. For ππ stacked materials, 

the Q bands were broad an indication of aggregation [47]. The observations are an 

indication of successful conjugation. 

 

Figure 3.3: UV-visible spectra for DNDs, 1-DNDs(ππ), 2-DNDs(ππ) and 2@DNDs. 
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3.2.2 FT-IR 
 

The FT-IR spectra of DNDs and the conjugates (2-DNDs(ππ) and 2@DNDs) are shown 

in Fig. 3.4. Of interest in this case, are stretching/vibrational frequencies associated 

with the amide group. The shifting of the C=O stretching at 1711 cm-1 of complex 2 

(Fig. 3.2) to a sharp peak at 1656 cm-1 (Fig. 3.4) is a characteristic of amide group 

formation for 2@DNDs.  
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Figure 3.4: FTIR spectra of DNDs, 2-DNDs(ππ) and 2@DNDs. 
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3.2.3 TEM and DLS 
 

The TEM images shown in Fig. 3.5, illustrates that DNDs are spherical in shape and 

there is aggregation in conjugates (1-DNDs(ππ) (b) 2@DNDs (c) and 2-DNDs(ππ) (d)). 

The images did not clearly provide the size, hence DLS Fig. 3.6 was employed. 

 

Figure 3.5: TEM images of (a) DNDs, (b) 1-DNDs(ππ), (c) 2-DNDs(ππ) and (d) 

2@DNDs. 

 

a b 

c d 
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DLS plots Fig 3.6 show the size of the DNDs, 1-DNDs(ππ), 2-DNDs(ππ) and 2@DNDs. 

The data obtained from DLS reveals a noticeable increase in the size upon 

conjugation of DNDs and MPcs, the sizes are 3.1 nm, 9.7 nm, 18 nm, 22 nm for DNDs, 

1-DNDs(ππ), 2-DNDs(ππ) and 2@DNDs,  respectively (Table 3.1). The size increase 

observed from DLS may be due to aggregation, which is an indication of the 

interactions between the MPcs and the adjacent nanoparticles via π-π stacking. 

Particles of this nature (DNDs and Pcs) are susceptible to aggregation due to high 

electron density, hence an increase in size is observed for the conjugates. In 

addition, the aggregation is a result of interactions between the MPc and the 

adjacent nanomaterials via π-π stacking, since Pcs are known for their π-π stacking 

[79].   There larger diameters for 2-DNDs(ππ) and 2@DNDs indicate that there were 

larger aggregates [80], however the bulkier nature of complex 1 may have 

prevented aggregation in 1-DNDs(ππ).  
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Figure 3.6: Dynamic Light Scattering plots for DNDs, 1-DNDs(ππ), 2-DNDs(ππ) and 

2@DNDs in DMSO. 

3.2.4 Raman spectroscopy 
 

Raman spectrometry Fig. 3.7 was utilized to determine the quality of the DNDs and 

the conjugates (1-DNDs(ππ), 2-DNDs(ππ) and 2@DNDs). The Raman spectra (Fig. 

3.7) shows the disorder (D) sp3 defects and graphitic (G) sp2 peaks for all materials 

empolyed in this work. The D and G peak positions are shown in Table 3.2. The data 

in Table 3.2 reveals that the D bands for 1-DNDs(ππ) and 2-DNDs(ππ) shifted to 
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lower wavenumbers, whereas covalently linked conjugate 2@DNDs to higher 

wavenumber of 1210 cm-1 when compared to DNDs alone. 

Table 3.2 shows that all the conjugates had low wavenumbers for graphitic (G) sp2 

peaks in comparison with DNDs alone. The shifts in ππ stacked materials is attributed 

to strong π interactions between MPcs and zero-dimensional carbon allotropes and 

other factors such as strain of the carbon nanomaterials, diameter and nature 

[81,82]. In addition, the excitation wavelength and crystalline size of materials also 

alter the position and width of Raman bands [82]. 

 

Table 3.2: Shows the disorder (D) sp3, graphitic (G) sp2 peaks and ID/IG ratios for 

DNDs and the conjugates. 

Material (D) sp3 peaks G sp2 peaks ID/IG ratios 

DNDs 1115 cm-1 1430 cm-1 0.19  

1-DNDs(ππ) 1045 cm-1 1426 cm-1 0.21 

2-DNDs(ππ) 1050 cm-1  1418 cm-1 0.33 

2@DNDs 1210 cm-1 1365 cm-1 0.79 
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Figure 3.7: Raman spectra of DNDs, 1-DNDs(ππ), 2-DNDs(ππ), 2@DNDs 

 

The extent of interaction between DNDs and MPcs employed in this work were 

determined by the ratio of D to G bands: ID/IG (sp3/sp2). The ID/IG ratios give 

information about the structural changes on the conjugates. The obtained values 

from ID/IG for DNDs were 0.19, 0.21 for 1-DNDs(ππ), 0.33 for 2-DNDs(ππ) and 0.79 

for 2@DNDs    as shown in Table 3.2. There is only a small increase for ππ conjugates 

showing that π-π stacking of Pcs and DNDs does not significantly alter the sp2 lattice 

of the DNDs. Lower ID/IG ratio values indicate lower disorders [83]. In addition, the 
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high ID/IG ratio for 2@DNDs indicates that covalent linkage altered the sp2 of lattice 

of the materials significantly. 

 

3.3 Summary of the chapter 
 

The spectroscopic characterisation of the synthesized materials confirmed 

successful synthesis. FT-IR, mass spectra, elemental analysis and UV-visible spectra 

were successfully employed for complexes 1 and 2 characterisation. Confirmation 

of the formation of conjugates (1-DNDs(ππ), 2-DNDs(ππ) and 2@DNDs) was 

conducted using FT-IR, TEM and DLS for morphology and size, Raman and  UV-visible 

spectroscopies. 
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4 CHARACTERISATION OF THE MODIFIED 
ELECTRODES 

 

This chapter discusses characterisation of the modified electrodes 

in ferricyanide for electron transfer and sodium hydroxide. 
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4.1 Studies in ferricyanide 
 

4.1.1 Cyclic voltammetry 
 

Ferricyanide is a known redox probe for the characterisation of GCEs. The choice is 

motivated by high reversibility and stability of this probe [84]. Cyclic voltammetry 

(Figure 4.1) was employed to probe electrochemical properties such as the charge 

transfer ability of the modified electrodes in 1 mM [Fe(CN)6]3−/4− in 0.1 M KCl 

solution. The properties were determined by anodic to cathodic peak potential 

separation. Anodic to cathodic peak potential differences (ΔEp) are shown in (Table 

4.1), with the bare electrode showing the lowest ΔEp. The GCE/1, GCE/2 and 

GCE/DNDs-2(seq) probes had the highest ΔEp values, an indication of a blocked 

surface. Lower ΔEp values are an indication of a good electron transfer abilities. This 

observation reveals that the bare electrode has a better charge transfer than all the 

modified electrodes. However, the lowest ΔEp value is not only synonymous with 

desirable electron-transporting abilities but is also often associated with a clean 

electrode surface. Table 4.1 shows that incorporating DNDs to MPcs improves 

electron transfer abilities of the MPc. However, this provides no information about 

the charge transfer in the presence of hydrazine. The increasing order of ΔEp from 

Table 4.1; Bare GCE < GCE/DNDs < GCE/2-DNDs(seq) < GCE/DNDs-1(seq) <  GCE/2-

DNDs(ππ) < GCE/2@DNDs < GCE/1-DNDs(seq) < GCE/1-DNDs(ππ) < GCE/1 < 

GCE/DNDs-2(seq) < GCE/2.  The trend shows that sequentially modified GCE/DNDs-

2(seq), had the highest ΔEp than other electrodes in the presence of DNDs. In terms 

of electron transfer abilities of the sequentially modified electrodes, when the MPc 

is on top GCE/DNDs-1(seq) had better ΔEp compared to GCE/1-DNDs(seq). However, 

for complex 2 electrodes GCE/2-DNDs(seq) performed better. 
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Figure 4.1: Cyclic voltammograms of the bare and modified glassy carbon 

electrodes in 1 mM [Fe(CN)6]3−/4− in 0.1 M KCl solution at 100 mV/s scan rate. 

 

4.1.2 Chronocoulometry 
 

The active areas of the modified electrodes were determined using 

chronocoulometric experiments. Figure 4.2, illustrates the plots of charge versus 

time and charge versus square root of time which was obtained by stepping the 

potential from 0 V to 1 V. The plot Fig. 4.2, was used with integrated Cottrell 

equation (Eq. 4.1) in determining the active area and to calculate the surface 

coverage (Table 4.1) [85].  

                     𝑸 =
𝟐𝒏𝑭𝑨𝑫𝟏/𝟐𝑪𝟎𝒕𝟏/𝟐

𝝅𝟏/𝟐
                         (4.1) 
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where n= number of electrons, A = the effective surface area, C0 = concentration of 

[Fe (CN)6]3-/4, F the Faraday’s constant (96,485 C.mol-1), t = time, D = diffusion 

coefficient 7.6 × 10-6 cm2/s of according to literature [86].   The calculated effective 

area was employed in calculating the surface coverage under section 4.2 (Table 

4.1). 

 

 

Figure 4.2: Chronocoulometric plots of GCE/CoPc@DNDs (a) charge vs. time and (b) 

charge vs. square root of time in 1 mM [Fe(CN)6]3−/4−  in 0.1 M KCl. 
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Table 4.1: Table showing ΔEp, surface coverage and Rct values in ferricyanide 

solution. 

Electrodes Rct(kΩ) ΔEp (mV) Γ (mol cm-2) 

Bare GCE 0.035 78 - 

GCE/DNDs 0.93 115 5.60×10-7 

GCE/1 74.7 822 1.63×10-6 

GCE/2 17.8 1340 8.36×10-7 

GCE/DNDs-1(seq) 6.86 156 1.01×10-6 

GCE/1-DNDs(seq) 12.2 325 1.27×10-6 

GCE/1-DNDs(ππ) 42.4 537 7.13×10-7 

GCE/DNDs-2(seq) 15.9 1021 1.88×10-6 

GCE/2-DNDs(seq) 14.9 142 7.00×10-7 

GCE/2-DNDs(ππ) 11.0 230 4.59×10-7 

GCE/2@DNDs 14.4 283 1.53×10-6 

 
 

4.1.3 Electrochemical impedance spectroscopy (EIS) 
 

The charge transfer resistance was further investigated by EIS experiments. The 

Nyquist plots (Fig. 4.3) were used to obtain charge transfer resistance (Rct) values 

using the Randles model for circuit fitting, Fig. 4.3d. To predict the charge-transfer 

abilities of the electrodes, semi-circles from the Nyquist plots are employed. A large 

semi-circle reveals that the material is more insulating resulting in poor charge 

transfer abilities, whereas a small diameter implies fast electron movement. The Rct 

values obtained from the Nyquist plots show that bare electrode had the lowest Rct 
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of 0.035 kΩ which is lower than for modified electrodes. A lower Rct value shows 

that there are better charge transfer kinetics. The incorporation of the DNDs to 

complexes 1 and 2 improved the charge transfer abilities of the probes. Table 4.1, 

shows that GCE/DNDs-1(seq) had a better charge transfer ability in terms of Rct than 

other electrodes, probably because in the former the CoPc is on top. As stated above 

MPcs are known to overcome the problems of slow kinetics [55], hence when placed 

on top of DNDs, CoPc is exposed and mediates more efficiently in GCE/DNDs-1(seq), 

but it is not the case for GCE/DNDs-2(seq). The RCT values obtained from EIS do not 

entirely corroborate with ΔEp values from cyclic voltammetric experiments, with 

GCE/1, GCE/2 and GCE/1-DNDs(ππ) being the worst performing in EIS. 
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Figure 4.3: Comparative Nyquist plots in 1 mM [Fe (CN)6]3−/4− of (a) bare GCE and 

GCE/DNDs, (b) GCE/1-DNDs(seq), GCE/DNDs-1(seq), GCE/1-DNDs(ππ), (c) GCE/2, 

GCE/DNDs-2(seq), GCE/2-DNDs(ππ) and GCE/2@DNDs, (d) Randles fitting model 

employed. 
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4.2 Cyclic voltammetry in sodium hydroxide 
 

Cyclic voltammograms in sodium hydroxide as a supporting electrolyte  were 

conducted to understand the electrocatalytic activities of the electrodes in the 

absence of an analyte. Figure 4.4, shows CVs of electrodes employed in this work 

in 0.1 M NaOH. 
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Figure 4.4: Cyclic voltammograms of the bare and modified electrodes in 0.1 M 

sodium hydroxide solution at 100 mV/s scan rate. 

 

The oxidation peaks (labelled I) were observed for GCE/DNDs-1(seq), GCE/DNDs-
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comparison with literature [87]. For CoPc containing electrodes, the reduction 

-25

25

75

125

175

-0.85 -0.35 0.15 0.65

C
u
rr

e
n
t 

(µ
A

)

Potential (V vs. Ag/AgCl)

GCE/1

GCE/2

GCE/1-DNDs(seq)

I

-50

50

150

250

350

-0.9 -0.4 0.1 0.6 1.1

C
u
rr

e
n
t 

(µ
A

)

Potential (V vs. Ag/AgCl)

GCE/DNDs-2(seq)

GCE/2@DNDs

II
I

II 



Page | 55  
 

peaks between -0.3 to - 0.6 V (labelled II) are attributed to Co(II)/Co(I) processes 

[55, 88], this process mediates in the oxidation of hydrazine according to Eqns 1.1-

1.4. Peak near a potential of -0.5 V for DNDs alone has been observed for other zero-

dimensional carbon allotropes as graphene quantum dots [89]. DNDs possess oxygen-

rich groups at the surface, which may result in rich redox chemistry.  

The calculated effective area Eqn 4.1 was used to calculate surface coverage shown 

in, Table 4.1 using equation 4.2 [90]. 

                                       Г =
𝑸

𝒏𝑭𝑨
         (4.2) 

where Г is the surface coverage, Q the integrated surface area of the modified 

electrode, n the number of electrons transferred, F the Faraday’s constant (96,485 

C.mol-1) and A is the effective surface area calculated from Eq. 4.1. The intergrated 

surface area (Q) was determined from the process labelled II in Fig.4.4.  

The calculated values of surface coverage are shown in Table 4.1. The data obtained 

reveals that GCE/1, GCE/DNDs-2(seq) and GCE/2@DNDs had the highest surface 

coverages than other modified probes. Pcs forming a flat monolayer on electrode’s 

surface have a surface coverage of 1 x 10-10 mol/cm2 or lower [91]. But in this case 

the obtained Γ values are higher and may imply the formation of multi-layered films. 
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4.3 Summary of the chapter  
 

In this chapter electrochemical characterisation of the modified electrodes was 

presented. The CVs obtained from ferricyanide show that after modification, the 

electrodes had poor electron transfer abilities when compared to bare GCE. This is 

an indication of successful modification. Electrochemical impedance spectroscopy 

further proves this, since some of the Rct values corroborate with CV results studied 

in ferricyanide. The CVs conducted in sodium hydroxide as a supporting electrolyte 

were used to calculate surface coverage. Information obtained implied that 

modified electrodes had multi-layered films. 
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5 HYDRAZINE ELECTROCHEMICAL SENSING 
 

Electrochemical determination of hydrazine is discussed in this 

chapter. 
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5.1 Cyclic voltammetry 
 

The electrocatalytic parameters of the modified electrodes listed in Table 5.1 were 

carried out in 5 mM of hydrazine in 0.1 M NaOH. Figure 5.1 illustrates comparative 

cyclic voltammograms for hydrazine electrochemical detection. The important 

information obtained from the plots in Fig. 5.1 and data in Table 5.1 is as follows: 

 Bare GCE and GCE/DNDs electrodes did not show any peaks for the oxidation 

of hydrazine.  

 The GCE/1, GCE/2, GCE/DNDs-1(seq), GCE/1-DNDs(seq) and GCE/1-

DNDs(ππ), GCE/2-DNDs(seq), GCE/DNDs-2(seq), GCE/2-DNDs(ππ), and 

GCE/2@DNDs showed prominent oxidation peaks, with GCE/2@DNDs having 

highest background corrected current (at 86 A) and a negatively shifted 

oxidation potential (at 0.09 V, similar to GCE/DNDs-2(seq) at 0.08 V), Table 

5.1. Other probes have high potentials between 0.12 - 0.32 V. 

 Even though GCE/1 and GCE/1-DNDs(seq) showed a  relatively low oxidation 

potential for hydrazine, they gave low background corrected currents, when 

compared to the currents observed for GCE/DNDs-1(seq) and GCE/1-

DNDs(ππ).  

 Sequentially modified electrodes perform, better in terms of background 

corrected current when the MPc is on top, whereas electrodes with DNDs on 

top recorded lower currents. This is because CoPc is not exposed. When the 

CoPc is exposed it mediates more efficiently than when it is not exposed. In 

addition, the probes containing asymmetrical Pc (2) performed better 

highlighting the importance of low symmetry. 
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 Further highlighting an importance of putting MPc on top in sequentially 

modified electrodes, GCE/DNDs-2(seq) compared to GCE/2-DNDs(seq), 

GCE/DNDs-1(seq) compared with GCE/1-DNDs(seq), higher currents were 

reported when MPcs are on top. For complex 2, this corresponds to higher 

surface coverage when the MPcs were on top (Table 5.1).  

 Comparing GCE/2-DNDs(ππ) with GCE/2@DNDs shows that the lowest 

oxidation potential and highest current are observed for the latter (Table 

5.1), showing the advantage of covalent linking. The higher current in 

GCE/2@DNDs corresponds to high surface coverage. 

The observations from this data show the significant role of the DNDs, as it has been 

shown that nanomaterials improve the electrocatalytic activity of phthalocyanines. 

However, in some cases DNDs did not improve the electrocatalytic activity in terms 

of current (e.g GCE/1-DNDs(seq). Since DNDs have a conjugated π system, they 

donate electrons to the CoPc ring which results in the enhancement of CoPc’s 

electrocatalytic ability towards hydrazine.   

Cyclic voltammograms of the modified electrodes show double oxidation peaks 

towards hydrazine in some cases. The double oxidation peaks are known to result 

from the regeneration of the active electrocatalysit on electrode’s surface, which 

oxidizes hydrazine [92].   



Page | 60  
 

  

 

-4

16

36

56

76

96

116

-0.35 0.05 0.45

C
u
rr

e
n
t 

(µ
A

)

Potential (V vs. Ag/AgCl)

Bare GCE

GCE/DNDs

-1

0

1

2

3

4

5

6

-0.4 0.1 0.6

C
u
rr

e
n
t 

(µ
A

)

Potential (V vs. Ag/AgCl)

GCE/1-DNDs(seq)

-5

0

5

10

15

20

25

30

35

40

-0.4 -0.1 0.2 0.5

C
u
rr

e
n
t 

(µ
A

)

Potential (V vs. Ag/AgCl)

GCE/1

GCE/DNDs-1(seq)

GCE/1-DNDs(ππ)



Page | 61  
 

 

 

 

Figure 5.1: Cyclic voltammograms of bare GCE, GCE/DNDs, GCE/1, GCE/DNDs-

1(seq), GCE/1-DNDs(seq), GCE/1-DNDs(ππ), GCE/2, GCE/DNDs-2(seq), GCE/2-

DNDs(seq), GCE/2-DNDs(ππ) and GCE/CoPc@DNDs for the detection of 5 mM 

Hydrazine in 0.1 M sodium hydroxide at 90 mV/s scan rate. 
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Table 5.1: A summary of the electrocatalytic activity of modified electrodes 

towards 5 mM hydrazine in 0.1 M sodium hydroxide. 

 

 

  

 

 

 

 

Electrodes Hydrazine 
oxidation 
potential/V 

Backgroud 
corrected 
current/ µA 

Tafel slopes 
(mV/decade 

Γ (mol cm-2) 

Bare GCE - - - - 

GCE/1 0.12 16 117 1.63×10-6 

GCE/DNDs - - - 5.60×10-7 

GCE/DNDs-1(seq) 0.32 36 76 1.01×10-6 

GCE/1-DNDs(seq) 0.13 1.9 136 1.27×10-6 

GCE/1-DNDs(ππ) 

 
0.25 24 194 7.13×10-7 

GCE/2 0.18 38 121 8.36×10-7 

GCE/DNDs-2(seq) 0.08 73 231 1.88×10-6 

GCE/2-DNDs(seq) 0.13 37 181 7.00×10-7 

GCE/2-DNDs(ππ) 0.14 38 173 4.59×10-7 

GCE/2@DNDs 0.09 86 67 1.53×10-6 
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5.2 Kinetics 
 

Kinetic studies were conducted by increasing the scan rates from 20 mV/s to 90 mV/s 

at a constant concentration of hydrazine, GCE/2@DNDs used as an example in Fig. 

5.2. These studies were conducted to investigate the reversibility of the redox 

reaction on the modified electrode surfaces. Figure 5.2(a) shows that the oxidation 

reactions on the electrode surface are irreversible, because when the current 

increases, the potential shifts to the more positive side. The direct proportionality 

observed between current and square root of the scan rate at Fig. 5.2 (b) is a 

characteristic of a diffusion-controlled reaction. Furthermore, from the plot of log 

Ip vs. log v Fig. 5.2(c) the slope of the plot is close to 0.5 for both probes. These 

slopes are close to the theoretical value of a diffusion-controlled reaction (0.5) [93].  
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Figure 5.2: Cyclic voltammograms in 5 mM hydrazine in 0.1 M NaOH GCE/2@DNDs 

modified GCE at different scan rates 20 mV-90 mV, (a) multiple scan rates (b) plot 

of peak oxidation current vs square root of the scan rate, (c) log current vs log of 

scan rate and (d) potential (Ep) vs the logarithm of the scan rate (log v).  

 

A further investigation of the processes happening on the electrode was carried by 

determining the Tafel slopes. The relationship of potential versus log of scan rates 

(log v) (Fig.5.2a) is given by Equation 5.1 since the oxidation reaction is irreversible 

and diffusion-controlled [94]. 

𝐸𝑝 =
𝑏

2
log 𝑣 + 𝐾      (5.1) 

where b is the Tafel slope, v is scan rate and Ep is peak potential and K is a constant. 

Tafel slopes ranged from 67 to 231 mV/decade, Table 5.1. Tafel slopes outside the 

range of 60-120 mV/decade suggest the possibility of chemical complications on the 
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surface of the electrode, [87,95]. For GCE/1, GCE/DNDs-1(seq), GCE/2@DNDs and 

GCE/2, the Tafel slopes are within the 60-120 mV/decade range, but the rest fall 

outside this range (Table 5.1). Tafel slopes exceeding 120 mV/decade having no 

meaning in the kinetic sense [87].  

 

5.3 Stability studies 
 

Stability studies were conducted for GCE/2@DNDs and GCE/2 by running 10 

consecutive scans in 5 mM hydrazine, Fig. 5.3(a and b). The background corrected 

current for GCE/2 decreased, whereas for GCE/2@DNDs it increased Figure 5.3(a 

and b). The current increased by 3.9 % for GCE/2@DNDs, and decreased by 25 % for 

GCE/2. These results revealed that GCE/2 was not stable, since the current kept on 

decreasing after 10 scans. In addition, the results from this study highlight an 

important role of detonation nanodiamonds in enhancing the electrocatalytic 

properties of phthalocyanines. 
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Figure 5.3: Cyclic voltammograms for stability studies on (a) GCE/2 and (b) 

GCE/2@DNDs in 5 mM Hydrazine in 0.1 M NaOH at 90 mV/s. 

 

 

 

5.4 Chronoamperometry 
 

Limits of detection and catalytic rate constants (Table 5.2) were obtained using 

chronoamperometric experiments. Figure 5.4(a) illustrates chronoamperometry 

plots of GCE/2@DNDs as an example at varying concentrations (0.1-0.6 mM). Since 

bare GCE and GCE/DNDs did not show peaks in cyclic voltammogram, the 

chronoamerometry experiments were not conducted. 
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Table 5.2: A summary of chronoamperometric data for hydrazine electro-oxidation 

at different concentrations. 

Electrodes Catalytic rate 

constant (M-1. s-1) 

Sensitivity LoD (µM) References 

GCE/1 4.4×105 2.97 2.5 This work 

GCE/DNDs-1(seq) 3.2×103 5.7 3.2 This work 

GCE/1-DNDs(seq) 2.9×102 0.61 11 This work 

GCE/1-DNDs(ππ) 1.3×106 9.6 1.7 This work 

GCE/2 3.2×103 14 9.6 This work 

GCE/DNDs-2(seq) 6.8×104 8.9 2.7 This work 

GCE/2-DNDs(seq) 5.0×104 7.4 8.2 This work 

GCE/2-DNDs(ππ) 1.6×103 0.46 13.5 This work 

GCE/2@DNDs 9.3×104 11 0.33 This work 

GCE/3-rGONs 1.37×106  0.82 [96] 

GCE/4@NGQDs 4.31  6.81 [39] 

 

rGONs = reduced graphene oxide nanosheets; NGQDs = Nitrogen doped graphene 

quantum dots; 3 = {tris tert butyl phenoxy mono [4-(4-(5-chloro-1H-

benzo[d]imidazol-2-yl) phenoxy phthalocyaninato]} Co(II); 4 = 2,9,16-tris-(3-

diethylamino)phenoxy) mono aminophenoxy phthalocyaninato Co(II). 
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Figure 5.4: Chronoamperometry plots of GCE/2@DNDs at varying concentrations of 

hydrazine in 0.1 M NaOH (a) (insert calibration curve at t = 2 s), (b) plot of Icat/IBuffer 

vs. time1/2, (c) plot of slope squared vs. hydrazine concentration. 

 

The catalytic rate constants of the probes were calculated using the plot of Icat/Ibuffer 

versus square root of time (Fig. 5.4(b)) and according to the method described in 

literature Eqn. 5.2 [97]. 
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𝑰𝒃𝒖𝒇𝒇
= 𝝅𝟏/𝟐(𝒌𝒄𝒂𝒕𝑪𝒕)𝟏/𝟐         (5.2) 

where Icat and Ibuff are currents in the presence and absence of hydrazine, 

respectively, C the concentration of hydrazine, kcat is the catalytic rate constant and 

t as the time elapsed in seconds. The squared slopes in (Fig. 5.4(b), were plotted 

against different the concentration of hydrazine (Fg. 5.4(c)). Slopes obtained from 

the linear plots are equal to πkcat where kcat is the catalytic rate constant (M-1s-1). A 

summary of rate constants is illustrated in Table 5.2.  
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The observations from obtained catalytic constants (Table 5.2) are:  

 GCE/2@DNDs had the highest catalytic rate constant when compared to other 

probes.  

 Sequentially modified electrodes revealed that when the CoPc is on top the 

probe performs better. 

 The incorporation of DNDs to CoPc improved the catalytic rates of the CoPc, 

however it was not the case for GCE/2-DNDs(ππ), GCE/DNDs-1(seq) and 

GCE/1-DNDs(seq) . The behaviour may be attributed to phase separation 

between non-covalently linked nanosystems due to absence of a covalent 

bond between DNDs and CoPc.  In addition to this, high catalytic rate of 

GCE/2@DNDs corresponds with the cyclic voltammetry (Fig. 5.1) data as it 

shows high background corrected current and lower potential (Table 5.1) 

when compared to other probes.  

The limits of detection (LoD) were determined using 3δ/s, where δ is standard 

deviation of the blanks and s (sensitivity) from the slopes of the calibration (Fig. 

5.4(a) (Insert)). A summary of LoDs illustrated in Table 5.2, reveals that 

GCE/2@DNDs had a lowest LoD of 0.33 µM and second highest sensitivity, LoD was 

better than some literature reports (Table 5.2) [39,96]. A look into sequentially 

modified electrodes GCE/DNDs-2(seq) and GCE/DNDs-1(seq) performed better than 

its counterparts GCE/2-DNDs(seq) and GCE/1-DNDs(seq), this shows the importance 

of placing the CoPc on top. The effectiveness of detonation nanodiamonds is 

observed in this study by decrease in LoDs except for GCE/1-DNDs(seq) and GCE/2-

DNDs(ππ). The LoD is directly proportional to the catalytic rates of the probes, 

however it is not the case in some cases of this thesis. 
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5.5 Interference studies 
 

The selectivity of GCE/2@DNDs probe towards hydrazine was studied in the presence 

of interferents (ammonia and aniline). In real life applications aniline and ammonia 

have a potential of interfering with hydrazine detection signals [98], hence the 

exploration.The obtained data is shown in the form of square wave voltammograms 

in (Fig. 5.5 a and b). The oxidation potentials for hydrazine + aniline and 

hydrazine+aniline+ammonia shifted to 0.19 V when compared to hydrazine alone 

(0.15 V). A decrease of 74 % in the current of hydrazine + ammonia was observed. In 

the presence of all three interferents current decreased by a huge percentage of 84 

%. Even though there was a decrease, the electrode was still sensitive in the 

presence of both interferents, showing good electrocatalytic properties. The plots 

show peaks below 0.1 V which are not for analine and ammonia electrooxidation, 

this may be due to changes in conditions such as pH and temperature after the 

addition of interferents (Fig. 5.5b) [99,100].  
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Figure 5.5: Square wave voltammograms of GCE/2@DNDs in (a) 5 mM hydrazine (H) 

pH 13.2, 10 mM aniline (A), 10 mM ammonia (AM), (b) hydrazine +aniline (H+A), 

hydrazine + ammonia (H+AM) and hydrazine + aniline + ammonia (H+A+AM) in 0.1 M 

NaOH. 
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5.6 Summary of the chapter 
 

Modified electrodes showed successful electrooxidation towards hydrazine. The 

results obtained provide direction on the conjugation technique suitable for low 

detection limits. The covalently linked (GCE/2@DNDs) had the lowest LoD than other 

probes. Results also showed the importance of π-π stacking, since GCE/1-DNDs(ππ) 

had low LoD compared to sequentially modified electrodes, but for GCEs containing 

complex 2, the symmetry lost activity in the presence of DNDs (GCE/2-DNDs(ππ). 

Combining nanomaterials with MPcs is known to give stable, sensitive and selective 

electrodes. This is proven in this chapter. 
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6 CONCLUSIONS AND FUTURE ASPECTS 
 

Summary of the chapters discussed and future aspects are 

presented in this chapter 
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6.1 Conclusion 
 

Novel symmetric and asymmetrical cobalt phthalocyanines are presented in this 

work. Thorough characterisation was performed on these complexes to confirm 

formation and purity. Spectroscopic techniques also confirmed the successful 

conjugation of complexes 1 and 2 to DNDs. The role of DNDs is noticeable in 

improving MPc’s electrocatalytic properties towards hydrazine electrooxidation. In 

this work symmetry plays a significant role in electrocatalysis, since the obtained 

results show high sensitivity and current for GCE/2. In addition, asymmetrical 

phthalocyanine enabled covalent linkage. The covalently linked electrode 

GCE/2@DNDs was the best performing electrode. These observations show the 

importance of symmetry in phthalocyanines and conjugation via covalent linkage. 

Even though the GCE/2@DNDs recorded lower catalytic rate and sensitivity than 

some of the modified electrodes, however the probe recorded lowest limit of 

detection of 0.33 µM and second highest sensitivity, further highlighting 

nanomaterial’s importance in the enhancement of electrocatalytic properties of 

MPcs. 

6.2 Future aspects  
 

Electrochemical studies on DNDs-MPc conjugates are represented in this thesis for 

the first time. There is huge gap in terms of combining different phthalocyanines 

with DNDs for electrochemical sensing, not only for hydrazine. Detonation 

nanodiamonds as carbon nanomaterial have tuneable properties. Doped carbon have 

been widely employed in electrocatalysis. This potential of DNDs can be extensively 

exploited in enhancing the properties of MPcs. 
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Figure A1: Mass spectra for complex 1. 
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Figure A2: Mass spectra for complex 2. 


