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Abstract  

 

Conjugates of nanomaterials and metallophthalocyanines (MPcs) have been prepared 

and their electrocatalytic activity studied. The prepared nanomaterials are zinc 

oxide and silver nanoparticles, reduced graphene oxide nanosheets and 

semiconductor quantum dots. The MPcs used in this work are cobalt (II) (1a), 

manganese(III) (1b) and iron (II) (1c) 2,9(10),16(17),23(24)- tetrakis 4-((4-

ethynylbenzyl) oxy) phthalocyaninato, 2,9(10),16(17),23(24)- tetrakis(5-pentyn-oxy) 

cobalt (II) phthalocyaninato (2), 9(10),16(17),23(24)- tris-[4-tert-butylphenoxy)-2-

(4-ethylbezyl-oxy) cobalt (II) phthalocyaninato (3), 9(10),16(17),23(24)- tris-[4-tert-

butylphenoxy)-2-(pent-4yn-yloxy)] cobalt (II) phthalocyaninato (4), cobalt (II) (5a) 

and manganese (III) (5b) 2,9(10),16(17),23(24)- tetrakis [4-(4-(5-chloro-1H-benzo 

[d]imidazol-2-yl)phenoxy] phthalocyaninato and 9(10),16(17),23(24)- tris tert butyl 

phenoxy- 2- [4-(4-(5-chloro-1H-benzo[d]imidazole-2-yl)phenoxy] cobalt (II) 

phthalocyaninato (6). Some of these MPcs (1a, 3 and 4) were directly clicked on 

azide grafted electrode, while some (1b, 1c, 2, 5a and 5b) were clicked to azide 

functionalised nanomaterials and then drop-dried on the electrodes. One 

phthalocyanine (5b) was drop-dried on the electrode then silver nanoparticles were 

electrodeposited on it taking advantage of metal-N bond. Scanning electrochemical 

microscopy, voltammetry, chronoamperometry, electrochemical impedance 

spectroscopy are among electrochemical   methods used to characterise modified 

electrodes. Transmission electron microscopy, X-ray photoelectron spectroscopy, X-

ray diffractometry, Raman spectroscopy and infrared spectroscopy were employed 

to study surface functionalities, morphology and topography of the nanomaterials 

and complexes. Electrocatalytic activity of the developed materials were studied 
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towards oxidation of 2-mercaptoethanol, hydrazine and hydrogen peroxide while the 

reduction study was based on oxygen and hydrogen peroxide. In general, the 

conjugates displayed superior catalytic activity when compared to individual 

materials. 

Complex 2 alone and when conjugated to zinc oxide nanoparticles were studied for 

their nonlinear optical behaviour. And the same materials were explored for their 

hydrazine detection capability.  

The aim of this study was to develop sensitive, selective and affordable sensors for 

selected organic waste pollutants. Conjugates were found to  achieve the aim of the 

study compared to when individual materials were employed.
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1. Introduction  

 

This work reports on symmetrical and asymmetrical metallophthalocyanines (MPcs) 

as electrocatalysts when alone or in the presence of nanomaterials. The MPcs are 

linked to nanomaterials by click chemistry or by metal-N bond. The nanomaterials 

employed are reduced graphene oxide nanosheets (rGONS), quantum dots (QDs), 

silver nanoparticles (AgNPs) and zinc oxide nanoparticles (ZnONPs), there is also a 

small section on nonlinear optics (NLO) where one Pc is compared for its 

effectiveness as NLO material or electrocatalyst.  

1.1.  Phthalocyanines  

1.1.1. History and general applications  
 

Phthalocyanines (Pcs) are two-dimensional tetrapyrrolic macrocycles containing 18 

delocalised π-electrons which are responsible for their intense absorption in the 

red/near-infrared region [1]. Pcs were first synthesized in 1907 by Braun and 

Tcherniac, as by-products of the preparation of o-cyanobenzamide from phthalimide 

and acetic anhydride at high temperature [2]. Phthalocyanine structure was only 

elucidated later in the 1930s by Linstead and co-workers [3] who later developed 

synthetic procedures for several metallated phthalocyanines. MPcs have tunable 

structure since different substituents [4, 5] and central metals [6, 7] can be 

employed to modify their properties and hence their applications. Due to their 

remarkable chemical inertness, thermal stability, photo stability and high electronic 

conjugation, MPcs have widespread applications in nonlinear optics [8-10], 

photodynamic therapy [11, 12], solar cells [13, 14], as pigments in paint industry 

[15] and in electrocatalysis [16, 17]. 
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1.1.2. Synthesis  
 

MPcs are generally synthesized by condensation reaction involving substituted 

precursors. The method is easier to control and cleaner in terms of extent of 

substitution when compared to direct substitution onto the ring of a pre-existing 

phthalocyanine. Commonly used phthalocyanine precursors are phthalic anhydride 

(1), phthalic acids (2), diiminoisoindoles (3), phthalimides (4), phthalonitriles (5), 

and o-cyanobenzamides (6), Scheme 1.1. Phthalonitriles are more commonly used 

in the laboratories [18]. When using phthalonitriles, the usual conditions are heating 

at reflux temperature in the presence of a metal template (for metallated 

phthalocyanine) in high boiling solvents, for example quinoline and N,N-

dimethylaminoethanol (DMAE) [19, 20]. Phthalic anhydrides are used in industrial 

processes because of low cost [21]. Phthalocyanines can be symmetrical or 

unsymmetrical depending on the number of precursors used in the synthesis.  

1.1.2.1. Symmetrical Metallophthalocyanines  
 

In this case, synthesis of MPcs is achieved by cyclotetramerisation of a phthalonitrile 

Scheme 1.1, in the presence of a metal salt, a base such as 1, 8-diazabicycloundec-

7-ene (DBU) and a suitable solvent as stated above [22, 23]. 
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Scheme 1.1: Synthesis routes to metallophthalocyanines via tetramerization of 

various precursors in presence of a suitable solvent.  

 

In absence of a metal, un-metallated Pc is produced. Un-metallated phthalocyanines 

(H2Pc) can also be metallated by heating in the presence of metal or metal salt, 

using high boiling point solvents.  
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1.1.2.2. Asymmetrical Metallophthalocyanines  
 

The statistical condensation approach is mainly used for the preparation of the A3B 

asymmetric phthalocyanine analogues [24-26]. The method requires two different 

substituted phthalonitriles (A and B, Scheme 1.2), which upon cyclization reaction 

give a mixture of six compounds, with the A3B type Pc being in a good yield, 

depending on the ratio of the phthalonitriles [27, 28].  Table 1.1 shows the terminal 

alkynyl MPcs which have been used to modify the electrodes for electrocatalysis [29-

35]. As the table shows, there is only one asymmetrical MPc hence this study uses 

asymmetrical complexes.  
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Scheme 1.2: Synthesis of low symmetry phthalocyanines  
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Table.1.1: Some phthalocyanines molecules bearing alkyn group clicked on to the 

electrode surface for applications in electrocatalysis. 

Structure  Analyte  Electrode Ref 

 

Hydrogen 

evolution 

reaction 

(HER) 

GCE [29] 

 

ORR GCE [30] 
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H2O2 Gold 

electrode 

[31] 

 

Hg(II), Cu(II) 

Pb(II),Cd(II), 

As(III) 

GCE [32] 
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M = Fe  

M = Co or Ni 

Hydrazine GCE [33] 

 

 

 

 

 

 

 

 

 

 

 

[34] 

[35] 

Where GCE= glassy carbon electrode 
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1.1.3. Metallophthalocyanines employed in this thesis 
 

Table 1.2 shows the MPcs employed in this work, all complexes are new except 

complex 2. 

Table 1.2: Phthalocyanines used in this work, nanomaterials as well the test 

analyte 

Molecules Nanomaterials Analyte Electrode 

Modification 

 

1a = 2,9(10),16(17),23(24)- tetrakis 4-((4-

ethynylbenzyl) oxy) cobalt(II) phthalocyaninato  

1b = 2,9(10),16(17),23(24)- tetrakis 4-((4-

ethynylbenzyl) oxy) manganese(III) atectate 

phthalocyaninato  

1c = 2,9(10),16(17),23(24)- tetrakis 4-((4-

ethynylbenzyl) oxy) iron(II) phthalocyaninato  

 

 

 

QDs azide 

clicked 

 

plus 

 

azide rGONS 

for 1a 

H2O2 

and O2 

Adsorption 

of clicked 

conjugate 

 

 

1a also 

clicked 

alone 
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2 = 2,9(10),16(17),23(24)- tetrakis(5-pentyn-

oxy) cobalt (II) phthalocyaninato  (Not new) 

Studied with 1a  

 rGONS  azide 

clicked  

 

 

 

 

2 - ME Adsorption 

of clicked 

conjugate 

 

 2   

ZnONPs azide 

clicked 

NLO 

N2H4 

Adsorption 

of clicked 

conjugate 
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3 = 9(10),16(17),23(24)- tris-[4-tert-

butylphenoxy)-2-(4-ethylbezyl-oxy) cobalt (II) 

phthalocyaninato  

4 = 9(10),16(17),23(24)- tris-[4-tert-

butylphenoxy)-2-(pent-4yn-yloxy)] cobalt (II) 

phthalocyaninato  

Studied with 1a 

 

 

 

 

 

  - 

N2H4 Clicked  
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5a = 2,9(10),16(17),23(24)- tetrakis [4-(4-(5-

chloro-1H-benzo [d]imidazol-2-yl)phenoxy] 

cobalt(II) phthalocyaninato 

5b = 2,9(10),16(17),23(24)- tetrakis [4-(4-(5-

chloro-1H-benzo [d]imidazol-2-yl)phenoxy] 

manganese(III) chloride phthalocyaninato 

 

AgNPs 

M-N bond 

    5b 

 

 

rGONS 

(sequential) 

      5a 

 

 

N2H4 Electrodepo

sition 

       5b 

 

 

layer 

sequential 

(Adsorption) 

        5a 

    

rGONS N2H4 sequential 

 

(Adsorption)  
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6 = 9(10),16(17),23(24)- tris tert butyl phenoxy- 

2- [4-(4-(5-chloro-1H-benzo[d]imidazole-2-

yl)phenoxy] cobalt (II) phthalocyaninato        

 

Where QD = semiconductor quantum dots, AgNPs = silver nanoparticles, rGONS = 
reduced graphene nanosheets and NLO = nonlinear optics, 2-ME = 2-Mercaptoethanol 

 

The complexes in Table 1.2 will be compared as follows. 

Group A; Effect of central metal on electrocatalytic behaviour of MPcs 

The electrocatalytic property of MPcs are affected by the central metal among other 

factors. Complex 1 with Co, Mn and Fe as central metals was employed. The other 

part of this work compares electrocatalytic oxidation of hydrazine using complexes 

5a and 5b with Mn and Co as central metals, respectively. 

      Group B; Effect of nature of substituent  

The nature of MPcs substituents also affect the electrocatalytic behaviour of MPcs. 

Therefore, the effect of substituent was explored by comparing complexes 1a, CoPc, 

and 2   which consist of substituent having a benzyl ring, without a substituent and 

aliphatic substituent respectively. These complexes alone and when used with 

rGONS were compared for electrocatalysis of 2-mecarptoethanol. 

Group C; Effect of asymmetry 

Whether the MPcs are symmetrical or have low symmetry is reported to have effect 

on electrocatalytic activity. Some substituents are electron donating due to 

continuity of the π electron delocalisation and some are electron withdrawing [36, 

37]. This thesis compares complexes 1a with 2 (both are symmetrical), and 3 with 

4 (both are asymmetrical) towards electroxidation of hydrazine. 
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Group D; Effect of different nanomaterial  

From the literature, nanomaterials are reported to enhance electrocatalytic activity 

of MPcs by a synergistic effect [38-40]. MPcs were clicked to rGONS in this thesis to 

study their catalytic activity. Complex 2 was clicked with ZnONPs and rGONS, and 

complex 1a clicked to rGONS and CdTe/ZnS QDs and their electrocatalytic activities 

in different analytes compared. 

Group E; Different applications  

The two applications studied in this work are electrocatalysis and nonlinear optics. 

When MPcs are linked to ZnOPs they are reported to enhance their efficiency for 

both electrocatalysis [41] and nonlinear optics [42]. Complex 2 when linked to 

ZnONPs via click chemistry was studied for both electrocatalysis and nonlinear optics 

applications. 

1.2. Nanomaterials  

 

Nanomaterials are reported to improve electrocatalytic properties of MPcs by 

synergistic effect, they were therefore conjugated to MPcs in this thesis. 

1.2.1. Semiconductor quantum dots   

 

Semiconductor quantum dots (QDs) are colloidal nanocrystalline semiconductors 

possessing unique properties due to quantum confinement effects. QDs are stable, 

luminescent and the size can be controlled. The stability of QDs improves their 

sensitivity and prolong lifetime in their use in sensing. QDs may be functionalized 

with capping agents which allow for linking to other materials [43, 44]. Due to the 

availability of precursors and the simplicity of crystallization, Cd-chalcogenide 

nanocrystals have been the most studies colloidal QDs. Several synthetic methods 
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have been reported since the first synthesis of the monodispersed CdX (X= S,Se and 

Te) nanocrystals [45]. In this thesis, the new MPcs synthesized were conjugated to 

QDs via click chemistry for use in electrocatalysis as there is only one reported 

example in literature (shown in Table 1.3)  [46-49]. Only reference [46] involves 

linking via click chemistry. The CdTe core was protected with the shell ZnS to make 

CdTe/ZnS (Fig. 1.1) in order to stabilise the quantum dots and ZnS was chosen 

specifically to ease coating with a capping agent. QDs were linked to complexes 1 

as examples and used for oxygen and hydrogen peroxide detection. 

1.2.2. Graphene oxide nanosheets (GONS) 

 

Graphene is a single-atom-thick sheet of the sp2-bonded carbon atoms in a hexagonal 

two-dimensional lattice, graphene has attracted attention in recent years because 

of its unique electrical, catalytic, optical and mechanical properties [50-52]. These 

properties make it a good candidate for various applications such as nanoelectronic, 

photovoltaic, sensor and catalysis [53-55]. Various methods for preparation of the 

high quality GONS have been reported, these include chemical vapour deposition 

(CVD) [56], reduction of graphene oxide (GO) [57, 58] and mechanical exfoliation 

[59]. Graphene oxide has been used with MPcs for electrocatalysis before [60-71] 

because of its good electron transfer properties due to π conjugation however, there 

is no reported work (shown in Table 1.3) where MPcs are linked to rGONS via click 

chemistry resulting in triazole ring which is known [72] to enhance electron transfer 

therefore, this work seeks to close that gap. The representation of rGONS is in Fig 

1.1. 
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1.2.3. Zinc oxides nanoparticles (ZnONPs) 

 

Zinc oxide nanoparticles (ZnONPs) represented in Fig 1.1, are interesting from 

several points of view. The application of ZnONPs ranges from catalysis to UV-light 

emitters, transparent high-power electronics, ceramic varistors, surface acoustic 

wave, and poiezoelectric transducers [73]. There are various reported methods for 

production of ZnONPs these includes, hydrothermal methods [74], sol-gel methods 

[75], laser ablation [76], chemical vapour deposition [77], electrochemical 

deposition [78], thermal deposition [79] and combustion method [80]. The 

outstanding optical and electrocatalytic of properties of ZnONPs motivated their 

conjugation to MPc and their subsequent use in non-linear optics and electrocatalysis 

in this thesis as there is no reported work on ZnONPs clicked to MPcs for sensing and 

NLO. 

1.2.4. Silver nanoparticles (AgNPs) 

 

Sliver nanoparticles (AgNPs) synthesis of much interest to scientific community 

because of their wide spread applications. They can be synthesized by different 

methods such as vapour deposition, electrochemical, sol gel, laser pyrolysis and 

green methods such as by using bacteria, plant extract and fungus [81]. They are 

used in cancer cell diagnosis and treatment as well as in electrochemical sensing 

and catalysis [82]. There are reported studies of other metal nanoparticles such as 

AuNPs and PdNPs being used with MPcs for sensing (Table 1.3) [83-87] but AgNPs 

have not been reported. The AgNPs were linked to MPc via metal-S bond in this work 

to study the electrocatalytic effect. 
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Figure 1.1: Nanomaterials employed in this work  
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Table.1.3: Examples of carbon nanomaterials, metal nanoparticles linked to MPcs 

for electrocatalysis.  

Conjugate  Applications  Analyte  Ref. 

Graphene based nanomaterials 

bi-FePc/rGO Electrocatalysis ORR [60] 

CoTCPc/rGO 

 

Electrocatalysis Hydrogen peroxide [61] 

CoTAPhPcNP-rNDGONS Electrocatalysis  Hydrogen peroxide [62] 

CoTAPc-rSDGONS Electrocatalysis Hydrogen peroxide [63] 

CoTAPc/rGONS,MWCNT   [64] 

FePc/GO/CNT 

 

Electrocatalysis hydrazine [65] 

pCoTAPc/rGO Electrocatalysis Cysteine, hydrazine [66] 

ZnPTEPc/rGO Sensors Ammonia [67] 

CoTNPc/GO Electrocatalysis L-cysteine [68] 

FePc/rGONS Electrocatalysis ORR [69] 

CoPc/NDGONS 

 

Electrocatalysis L-cysteine, 

reduced L- 

glutathione, 2- 

mercaptoethane 

sulfonic acid 

[70] 

CoTSPc/GONS  Electrocatalysis Nitrile  [71] 

Metal nanoparticles   

NiTAPc/AuNPs Electrocatalysis  Hydrazine  [83] 

ZnTPPc-AuNPs and InTPPc-

AuNPs 

NLO  [84] 

NiPc/NiNP  Electrocatalysis Amitrole [85] 

pCoTAPc/PdNPs  Electrocatalysis Hydrazine  [86] 

pNiTSPc/AuNPs Electrocatalysis nitrile [87] 

Quantum dots 

NiTAPc/ CdTe-QDs Electrocatalysis Chlorophenol  [47] 
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NiODPc/SWCNT-QDs Electrocatalysis  pentachlorophenol  [48] 

FeTHPc/CdSe /ZnS Electrocatalysis Paraquat [46] 

CoTApPc/rGNS/CdSe  Electrocatalysis ORR [49] 

TAPc= tetra amino Pc, TSPc = tetra sulfo Pc, THPc = tetra hexynyl Pc, TApPc = tetra amino pyrimidin-2-ylthio 

Pc, ODPc = Octa decyl Pc, TPPc = tetra pentynyl Pc,TAphPcNP= tetra ammino phenoxy nanoparticle, TCPc = 

tetra carboxy Pc, bi =unsubstituted binuclear Pc, TNPc =tetra nitro Pc, PTEPc = pentinamide tetra ethoxyethoxy, 

small letter “p” preceding a complexes (CoTAPc and NiTSPc) means they were polymerised. NPs = nanoparticles. 

rGONS = reduced graphene oxide nanosheets, rNDGONS= reduced nitrogen doped graphene oxide nanosheetS, 

rSDGONS= reduced sulphur doped graphene oxide nanosheets, NLO = nonlinear optics, ORR= oxygen reduction 

reaction, CNT = carbon nanotubes 

 

1.3. Electrode modification  

 

MPcs are first immobilised on to the electrode surface, then electrocatalytic study 

is carried out in a suitable analyte. Therefore, this section deals with methods of 

electrode modifications. 

1.3.1. Drop-dry 
 

Drop-dry involves dispersion of desired electrocatalysts in a solvent such as 

dimethylformamide, applying to the electrode substrate and allowing to dry. The 

electrode may be dried in oven if the solvent is not readily volatile. A major 

advantage of this method is that the electrocatalyst coverage is immediately known 

from the original solution concentration and droplet volume. Mainly conjugates and 

sequentially placed materials were used to modify glassy carbon electrodes (GCEs) 

using this method. For adsorption, the interaction between the macrocycle and 

support is via  interaction. 

1.3.2. Electro-grafting (followed by click chemistry) 
 

This method involves reduction of suitable aryl diazonium using electrochemical 

methods, in this work diazidoaniline was employed. Scheme 1.3 presents the 
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reaction sequence involved: i) an aryl amine residue is diazotated in presence of 

NaNO2 and HCl giving an aryl-diazonium, ii) the latter is electro-reduced to an aryl 

radical. The generated radical attacks the surface (iii) and forms a C-X bond, X being 

the electrode material [88-90]. In this thesis, the grafted moiety has (R) as an azide 

functional group which is linked to the MPcs via “Sharpless click” reaction.  The 

Sharpless “click” reaction term was first used in 2001 [91]. A good example of a click 

chemistry reaction is the Huisgen 1,3-dipolar cycloaddition of azide and alkynes to 

give triazole linkages [92]. The reaction occurs in the presence of Cu(I) catalyst. This 

method provides a more stable modification relative to the drop-dry method 

explained above. Complexes 1a, 3, and 4 were clicked to azide grafted GCE using 

this method. While for complexes 1 and 2 were clicked to nanomaterials before 

drop-dry method was employed. 

 

Scheme 1.3: Reaction sequence for the electro-grafting of aryl diazonium 

modified molecule (R). (The processes i, ii and iii are define under section 1.3.2) 

1.3.3. Electrodeposition  
 

Electrodeposition is alternatively called redox deposition. It involves immersion of 

electrode in an electrolyte solution containing electrode modifier followed by 

cycling using cyclic voltammetry (CV). This method is used in this work to produce 
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silver nanoparticles by controlling deposition potential, number of scan rates and 

electrolyte. Complex 5b was used with AgNPs to modify GCE using this method. 

   

1.4. Basics of electrocatalysis 
 

Electrocatalysis is the heterogeneous catalysis of electrochemical reactions, which 

occur at the electrode-electrolyte interface and where the electrode plays both the 

role of electron donor/ acceptor and of catalyst. The effect of electrocatalysis is to 

increase of rate of the electrode reaction, which results in an increase of the 

Faradaic current [93]. As the current increase can be masked by other non-

electrochemical rate-limiting steps, the most straightforward indication for the 

electrocatalytic effect is the lowering of overpotential at a given current density. 

Electrocatalysis, as with chemical catalysis, can either be homogenous or 

heterogeneous in character. In the case of homogenous electrocatalysis, both the 

catalysts and the substrate are in the same phase in solution. In heterogeneous 

electrocatalysis, the catalyst is immobilised on the electrode surface. MPcs exhibit 

catalytic activity for the electrochemical oxidation and reduction of a variety of 

target analytes in both homogenous and heterogeneous phases [94, 95]. Fig. 1.2 

shows the MPc facilitated electron transfer steps during the oxidation of an analyte 

at the MPc modified electrode surface utilising MIII/ MII redox couple. The MPcs act 

by lowering the overpotential of oxidation or reduction of the target analytes, and 

are known to mediate the redox process at the central metal and/or ring [96, 97].  

The mechanism for the electrocatalytic oxidation process due to the metal centre 

is given by equations (1.1) and (1.2) [98]. 
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M (II)Pc(-2) → M (III)Pc(-2) + e-                                          (1.1) 

M (III)Pc(-2)+ A → M (II)Pc(-2) + Aox ( oxidised species)        (1.2) 

 

 

 Figure 1.2: Schematic presentation of electroctrocatalytic process promoted by 

MPc immobilized on the electrode [98].       

 

1.5. Test analytes used in this work  

 

The developed electrocatalysts in this work were tested on analytes such as 

hydrazine, hydrogen peroxide, oxygen and 2-mercapto ethanol. Analytes different 

from each other were studied because electrocatalysts are specific to analytes. 



Chapter ONE                                                                                     Introduction 
 

24 
 

1.5.1. Hydrazine  

Hydrazine and its simple methyl and dimethyl derivatives have endothermic heats 

of formation and high heats of combustion. Therefore, these compounds are used as 

rocket fuels [99]. Hydrazine has been used as a synthetic intermediate to produce 

several different types of drugs such as carbidopa, dihydralazine, nifuroxazide, 

isoniad and hydralazine [100]. Having two active nucleophilic nitrogens and four 

replaceable hydrogens, hydrazine is the starting material for many derivatives such 

as foaming agents [101] for plastics, antioxidants, polymers, polymer cross-linkers 

and chain extenders [102], as well as fungicides, herbicides, plant-growth regulators 

and pharmaceuticals [103]. Hence there is a need to monitor the levels of hydrazine 

in the environment. As Table 1.1 shows hydrazine has been studied in the presence 

of MPcs, this time MPcs are incorporated with nanomaterials. 

1.5.2. Oxygen reduction 
 

Oxygen is used as a reactant in fuel cells. Fuel cells produce energy in a more 

efficient and cleaner way than combustion [104]. The oxygen reduction reaction 

(ORR) has traditionally been carried out with noble metals such as Pt and metal 

oxides such as RuO2 and MnO2 as catalyst. Platinum is very costly and is susceptible 

to poisoning. Research is now shifted to using non noble metal based metals and 

non-metal based catalysts. ORR has been studied on alkyl MPcs (Table 1.1), this work 

combines MPcs with QDs for improved ORR.  

1.5.3. Hydrogen peroxide 

 

Hydrogen peroxide is one of the 100 most important chemicals in the world [105]. It 

is freely miscible with water and reported to be able to cross cell membranes 

readily, although the pathways it uses to traverse have not been elucidated [106]. 
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The hydrogen peroxide concentrations more than 50 µM are reported to be cytotoxic 

to a wide range of animals [106], plants and bacterial cells in culture. Hydrogen 

peroxide is widely used in bleaching agents [107], in wastewater treatment [108], 

for paper pulp processing and for textile manufacturing [109]. Hydrogen peroxide is 

produced as an intermediate in fuel cells during oxygen reduction (via 2 electron 

reaction) at the cathode, it is not a desirable intermediate as it degrades the 

membranes used in fuel cells, resulting in the decrease of efficiency of the fuel cell. 

This work reports on the MPcs linked to QDs via click chemistry for detection of 

hydrogen peroxide. Alkyl MPcs have been used for H2O2 but this work is with 

nanomaterials. 

1.5.4. 2-Mercaptoethanol 

 

2-Mercaptoethanol is a liquid at room temperature and possesses a strong unpleasant 

smell [110]. Is it used in various applications such as brightening agent in copper 

deposition, ingredient in hair permanent chemicals, corrosion inhibition in steel, a 

reagent for diagnostic bioassays [111]. MPcs have been used for detection of 2-ME, 

this thesis is with nanomaterials.  

1.6. Nonlinear optics  

 

Nonlinear optics is a study on how light interacts with matter at high intensity. 

Optical limiting is a specific branch of nonlinear optics, and deals with how certain 

materials are able to regulate light intensity. This means that certain materials do 

not transmit light linearly at the high intensities, but, instead, have a fixed intensity 

transmission. Limiting threshold intensity (Ilim) is an important term in the optical 

liming measurements which may be defined as the input fluence (or energy) at which 
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the transmittance is 50% of the linear transmittance, Fig. 1.3 [112]. When the Ilim 

value is lower that means the material is a better optical limiter. 

Ideally, the output energy of a limiter increases linearly with the input energy until 

a threshold (Ilim) is reached as shown in Fig. 1.4 [112]. After the threshold, the output 

energy is clamped at a given value, for all input intensity beyond the Ilim. This work 

focuses on the optical limiting that result from nonlinear absorption (NLA). For an 

optical limiter to be good, it should limit nanosecond or sub-nanosecond light pulses 

in a wide range of the UV-vis spectrum. 

 



Chapter ONE                                                                                     Introduction 
 

27 
 

 

Figure 1.3: The behaviour and an explanation of an optical limiter [112] 

 

 

Figure 1.4: The behaviour of an ideal optical limiter, Itrans = transmitted fluence, Iin 

= incident fluence. 

 

In this thesis, open aperture Z-scan technique was employed.  In Z scan, a sample is 

allowed to pass through from one point to the other along the path (Z) of a focused 

Gaussian beam and the transmittance is measured as a function of the sample’s 

position relative to the focus, Fig. 1.5 [113]. There is only one example of alkynyl 
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Pcs being used in the presence of nanomaterials for NLO [84] hence the interest in 

this work. 

 

 

Figure 1.5: Z-scan profiles of InPc in DMF. Open circles represent experimental 

data while solid line is a theoretical fit [113].  

In this work, the signatures from Z scan plots were simulated using Sheik-Bahae 

treatment for the normalised transmittance (Tnorm(z)) as a function of z-position 

[114], using Eqn. 1.3.  
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Rayleigh length (which is defined by 


 2
0w ; λ = wavelength of the laser beam and w0 

= beam waist (~ 2.56 x10-3 cm) at the focus (z = 0). 𝛽௘௙௙ is the two-photon nonlinear 

absorption coefficient. 

Leff is the effectiveness of the sample and is given by Eqn. 1.4. 



L

eff

e
L




1
                             (1.4)                                                   

In Eqn. 1.4, α and L respectively represent the linear absorption coefficient and the 

thickness of the sample. After obtaining the 𝛽௘௙௙ values from the linear regression 

technique, the third order optical susceptibility (Im[(3)] in esu) which is an 

imaginary component was calculated using  Eqn. 1.5 [7].  

)2(

)(
]Im[ 0

2
0)3(




 effcn
                 (1.5)                                                                     

In Eqn. 1.5, c and n0 represent the speed of light in vacuum and the linear refractive 

index respectively. ε0 is the permittivity of free space and λ is the wavelength of the 

laser light. 

There is a direct correlation at a molecular level of Im[(3)] in esu with the 

hyperpolarization which gives the nonlinear absorption per mole of the sample 

through  the relationship shown in Eqn. 1.6 [7]: 

4*

)3( ]Im[

fN

                                (1.6)                                                                                            

where AmolNCN * ( molC  represents the concentration of active species in the 

excited state in mol), 𝑁𝐴 is the Avogadro constant, while f represents Lorenz local 

field and is given by Eqn. 1.7: 
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3
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1.7. Summary of aims of thesis  

 

The aims of this work are stated below 

(a) Synthesis of new MPc complexes with alkynyl terminated substituent in order 

to enable them to be clicked either directly to the electrode or to the 

nanomaterials. 

(b) Fabrication of rGONS, ZnONPs and CdTe/ZnS QDs nanocomposites with MPcs 

via click chemistry while AgNPs-MPc was via metal-N bonds.  

(c) Investigation of the surface properties of the modified electrodes utilising 

both electrochemical and non-electrochemical methods. 

(d) Application of modified electrodes towards electrocatalysis of hydrazine, 

hydrogen peroxide, ORR, and 2-mercaptoethanol and to a lesser extend the 

composites were used for nonlinear optics application. 

(e) Investigation of the electrode kinetics associated with the electrocatalysis of 

the analytes. 

(f) Investigation of the kinetics occurring at nanocomposite catalyst/ electrolyte 

interface. 

(g) Investigation of the effect of the nanoparticles on the nonlinear optical 

properties of MPc.  
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2.  Experimental  
 

2.1. Materials 
 

2.1.1. General reagents  
 

Tetrabutylammonium tetrafluoroborate (TBABF4), 4-azidoaniline hydrochloride, 

bromo tris (triphenylphosphine) copper (I) (Cu (PPh3)3Br), 1,8–diazobicyclo [5.4.0] 

undec-7-ene (DBU), hydrazine, trimethylamine and cobalt chloride, hydrogen 

peroxide, 2-mercaptoethanol, sodium azide, potassium cyanide, silver nitrate, 

manganese chloride, dimethylethylamine (DMEA), trimethylamine (TEA), manganese 

(III) acetate (Mn(Ac)), iron (II) chloride, 1-ethyl-3-(3-imethylaminopropyl)-

carbodiimde (EDC), iron ferricyanide, iron ferrocyanide, lithium chloride, and N-

hydroxyl succinimide (NHS) were obtained from Sigma-Aldrich. Alumina (∼0.05, 0.3, 

1, 10 µm) was obtained from Unilab. 4-Azidobenzenediazonium tetrafluoroborate 

salt was synthesized from 4-azidoaniline hydrochloride in situ as reported in 

literature [115].   

2.1.2. Solvents  
 

Tetrahydofuran (THF), chloroform, dimethylformamide (DMF), acetonitrile (ACN) 

and acetone were purchased from Merck. Millipore water was obtained from Milli-Q 

Water Systems (Millipore Corp. Bedford, MA, USA). 

2.1.3. Phthalonitrile synthesis 
 

Syntheses of 4-ethynylbenzyl phthalonitrile (i) [116], 4-tert-butylphenoxy 

phthalonitrile (ii) [117], 4(pent-4-yn-1-yloxy) phthalonitrile (iii) [118] and 4-(4-(5-

chloro-1H-benzo[d]imidazol-2-yl)phenoxy) phthalonitrile (iv) [119] have been 

reported in literature.  
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2.1.4. Phthalocyanines and nanoparticles  
 

Cobalt phthalocyanine (CoPc) was obtained from Sigma-Aldrich. The syntheses of 

2,9(10),16(17),23(24)-tetrakis(pent-4-ynoxy) phthalocyaninato cobalt(II) (2) [120], 

rGONS [121] have been reported. Glutathione (GSH) capped ZnO nanoparticles [122] 

and CdTe/ZnS quantum dots capped with 3-mercaptopropionic acid (MPA) [123] 

were synthesized as reported in the literature.  

2.2. Equipment  
 

 Ultra violet-visible (UV-Vis) absorption spectra were recorded using Shimadzu 

UV-2250 spectrophotometer. 

  Scanning electron microscopy (SEM) images of modified glassy carbon plates 

(Goodfellow, UK, 1 × 1 cm and 2 mm thick) were obtained using a TESCAN 

Vega TS 5136 LM electron microscope.  

 Infrared (IR) spectra were recorded on a Bruker Alpha IR (100 FT-IR) 

spectrophotometer.  

 Elemental analysis was done using a Vario–Elementar Microcubes ELIII 

  Mass spectra data were collected on a Bruker AutoFLEX III Smart-beam 

TOF/TOF mass spectrophotometer using α-cyano-4-hydrocinnamic acid as the 

matrix in the positive ion mode. 

 Dynamic light scattering (DLS) measurements were performed using a Malvern 

Zetasizer Nanoseries, Nano-ZS90  

 Transmission Electron Microscopy (TEM) images were obtained from a Zeiss 

Libra TEM 120 model operated at 90 Kv 

  Energy dispersive X-ray (EDX) spectrometer (INCA PENTA FET coupled with 

VAGA TESCAM operated at 20 kV) 
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 Magnetic circular dichroism (MCD) spectra were measured with a Chirascan 

plus spectrodichrometer equipped with a 1 T (tesla) permanent magnet by 

using both the parallel and antiparallel fields. 

 Cyclic voltammetry (CV), chronoamperometry (CA) and chronocoulometry 

(CC) were performed using Autolab potentiostat PGSTAT 302 electrochemical 

work station (driven by GPES software version 4.9).  

 Electrochemical impedance spectroscopy (EIS) studies were performed using 

an Autolab Potentiostat PGSTAT30 equipped with GPES software version 4.9. 

The studies were performed between 1.0 Hz and 10 kHz, using a 5 mV rms 

sinusoidal modulation. A non-linear least squares (NLLS) method based on the 

EQUIVCRT programme was used for automatic fitting of the obtained EIS data.   

 BAS 100B electrochemical analyser was used for the rotating disk electrode 

(RDE) studies. 

 Scanning electrochemical microscopy (SECM) experiments were carried out 

using Uniscan Model 370 equipment and a 25 μm Pt microelectrode (Uniscan) 

as the tip. SECM approach curves were done using the Pt microelectrode with 

a Pt counter electrode and Ag|AgCl wire as the pseudo-reference electrode 

in K3[Fe(CN)6]/K4[Fe(CN)6] solution following oxidation at 0.1 V vs. Ag|AgCl.  

 X-ray photoelectron spectroscopy (XPS) analysis was done using an AXIS Ultra 

DLD, with Al (monochromatic) anode equipped with a charge neutraliser, 

supplied by Kratos. Curve fitting was performed using a Gaussian-Lorentzian 

peak shape after performing a linear background correction.  Glassy carbon 

plates (Goodfellow, UK) of 1×1 cm and 2 mm thick were used as substrates 

for SECM and XPS. 
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 X-ray diffraction (XRD) patterns were performed on a Bruker D8 Discover 

diffractometer, equipped with a LynxEye detector, under Cu-Kα radiation (λ= 

1.5405 Å). Data were collected in the range from 2θ = 10˚ to 100 ˚, scanning 

at 0.010˚ min-1 and 192 s per step. 

 All Z-scan experiments described in this study were performed using a 

frequency-doubled Nd:YAG laser (Quanta-Ray, 1.5 J/10 ns fwhm (full width 

at half maximum) pulse duration) as the excitation source. The laser was 

operated in a near Gaussian transverse mode at 532 nm (second harmonic), 

details have been provided before [124]. The Z-scan experiments were done 

in THF at room temperature.  Complex 2 and its conjugate were dissolved in 

DMF and solutions of UV-Vis absorbance of 1, 1.5, 2, 2.5 and 3 made. The Z-

scans were then recorded for solutions. 

2.3. Synthesis of MPcs 
 

2.3.1. Complexes 1a, 1b and 1c, Scheme 3.1 
 

Mixtures of 4-ethynylbenzyl phthalonitrile (i) (0.20 g, 0.77 mmol), (0.3 mL)  DBU in 

1-pentanol (5 mL) and manganese(III) acetate (0.28 g, 0.77 mmol) for 1c  or iron (II) 

chloride (0.10 g , 0.77 mmol) for 1b, cobalt (II) chloride (0.23 g, 1.80 mmol) for 1a 

were heated at reflux temperature under argon for 15 h. The mixtures were then 

allowed to cool and methanol was added to precipitate the product, which was 

further collected by centrifugation. The complexes were purified by column 

chromatography over silica gel using chloroform as eluent. Chloroform was removed 

with rotary evaporator under reduced pressure at 85 °C. 

1c: Yield: 0.24 g (22%). IR (cm-1): 3553 (C≡C), 1622 (C=C), 3090 (C-H), 3090 (C-H). 

UV/Vis (DMF), λmax nm (log ε): 668 (3.95), 604 (3.29), 340 (3.49). Anal. Calculated 
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(C70H43N8O6Mn): C 73.29%, H 3.78%, N 9.77%. Found: C 73.41%, H 3.68%, N 9.76%. 

MALDI-TOF-MS (m/z): found = 1146.17; cald = 1146.27 [M] +. 

1b: Yield: 0.33 g (35%). IR (cm-1): 3553 (C≡C), 1622 (C=C), 3090 (C-H), 3090 (C-H). 

UV/Vis (DMF), λmax nm (log ε): 720 (4.82), 648 (4.12), 340 (4.39). Anal. Calculated: 

C68H40N8O4Fe):  C 75.07%, H 3.93%, N 10.15%. Found: C 75.01%, H 3.90%, N 10.20%. 

MALDI-TOF-MS (m/z): found = 1088.12; cald = 1088.25 [M] +. 

1a: Yield: 0.2421 g (22%). IR (cm-1): 3553 (C≡C), 1622 (C=C), 3090 (C-H), 3090 (C-H). 

UV/Vis (DMF), λmax nm (log ε): 668 (4.92), 604 (4.19), 340 (4.44). Anal. Calculated: 

C 74.79%, H 3.69%, N 10.26%. Found: C 74.60%, H 3.53%, N 10.22%. MALDI-TOF-MS 

(m/z): found = 1091.11; cald = 1091.23 [M] +. 

2.3.2. Complex 3, Scheme 3.2  
 

4-Tert-butylphenoxy phthalonitrile (ii) (0.45 g, 4.42 mmol) and 4-ethybylbenzyl 

phthalonitrile (i) (0.142 g, 1.12 mmol) were were dissolved in 1-pentanol (3 mL). 

Anhydrous cobalt chloride (0.124 g, 2.11 mmol) was added to the mixture in the 

presence of catalytic amounts of DBU. The temperature of the reaction mixture was 

adjusted to 140 oC and stirred for 18 h under a nitrogen atmosphere. After cooling 

to room temperature, the dark blue mixture was diluted with methanol and the 

formed precipitate was collected by centrifugation. The resultant product was 

purified by column chromatography over silica gel eluting with CHCl3 and a gradient 

of CHCl3–methanol up to 5% methanol to give pure complex (3). 

Yield: 0.142 g (25%). FT-IR (UATR-TWOTM)  max/cm-1: 3203 (H-C≡C2918-2850 

(Aliph,-C-H), 1599(Ar -C=C-), 1467, 1357 (C-C), 1231 (Ar-O), 1091 (Ar-O-), 741. 

UV/Vis (CHCl3): λmax nm (log ε) 668 (4.92), 610 (4.22), 326 (4.34). Anal. Calc. for 
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C71H58CoN8O4 (%): C, 74.40; H, 5.10; N, 9.78; Found (%): C, 74.21; H, 5.06; N, 9.64. 

MS (MALDI-TOF): (m/z) cald = 1145.16, found = 1145.39 [M] +
 

2.3.3. Complex 4, Scheme 3.2 
 

Complex 4 was synthesized and purified as for complex 3 except 4-tert-

butylphenoxy phthalonitrile (ii) (0.53 g, 4.42 mmol), 4-(pent-4-yn-1-yloxy) 

phthalonitrile (iii) (0.12 g, 1.03 mmol), anhydrous cobalt chloride (0.14 g, 2.10 

mmol) were used. 

Yield: 0.131 g (21%). FT-IR (UATR-TWOTM)  max/cm-1: 3214 (H-C≡C), 2916-2846 

(Aliph,-C-H), 1602(Ar -C=C-), 1469,1360 (C-C), 1230 (Ar-O), 1092 (Ar-O-), 719.  

UV/Vis (CHCl3): λmax nm (log ε) 668 (4.94), 603 (4.28), 329 (4.46). Anal. Calc. for 

C67H58CoN8O4 (%): C, 73.28; H, 5.32; N, 10.20; Found (%): C, 73.12; H, 5.03; N, 10.08. 

MS (MALDI-TOF): m/z cald = 1097.39, found = 1098.61, [M+H] +. 

2.3.4. Complex 5a, Scheme 3.3 
 

The 4-(4-(5-chloro-1H-benzo[d]imidazol-2-yl)phenoxy)phthalonitrile (iv) (100 mg, 

0.27 mmol) were mixed with CoCl2 (9 mg, 0.067 mmoL) and catalytic amount of DBU 

in DMAE (3 mL). The mixture was degassed by nitrogen and stirred at 140 oC for 18 

h. After cooling to the room temperature, the reaction mixture was precipitated by 

adding water-methanol (1:1). The precipitate was collected by centrifugation, 

washed several times with ethanol. The purification of the crude product was 

performed by column chromatography on silica gel (eluent: CHCl3/THF-100/10).  

Yield: 51% (0.042 g).  FT-IR (UATR-TWOTM)  max/cm-1: 3480 (NH), 3113-2847 (C-H 

(Ar) and intermolecular H bonding), 1594, 1460-1332, 1228, 1114, 835. Anal. Calc. 

for C84H44Cl5CoN16O4 (%): C, 64.12; H, 2.82; N, 14.24; Found (%): C, 63.65; H, 2.79; 
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N, 14.36 MALDI-TOF-MS (m/z): cald = 1542.10 [M] +; found = 1542.70 [M]+. UV–Vis 

(DMF): λmax (nm) (log ε) 315 (4.99), 601 (4.42), 663 (5.04). 

2.3.5. Complex 5b, Scheme 3.3 
 

4-(4-(5-Chloro-1H-benzo[d]imidazol-2-yl)phenoxy) phthalonitrile (iv) (0.1 g, 0.27 

mmol), anhydrous MnCl2 (0.017 g, 0.14 mmol) and catalytic amount of DBU were 

dissolved in n-hexanol (2.5 ml). The reaction mixture was purged with argon at room 

temperature and heated up to 150 °C for 18 h. Then, the reaction mixture was 

cooled down to room temperature, the product was precipitated by adding 

methanol/LiCl (0.003g) mixture. The precipitate was collected by centrifugation, 

washed several times with ethanol, acetone and water remove the soluble by-

products and any un-reacted metal salt. The desired pure product was collected by 

dissolving in DMF and re-precipitating with methanol. Complex 5b was also 

synthesized without the addition of LiCl and purified as indicated above and used 

only for UV-Vis spectral studies to show aggregation without LiCl.  

Yield: 0.060 g (56%). FT-IR (UATR-TWOTM)  max/cm-1: 3480 (NH), 3113-2847 (C-H 

(Ar) and intermolecular H bonding), 1594, 1460-1332, 1228, 1114, 835. Anal. Calc. 

for C84H44Cl5MnN16O4 (%): C, 64.12; H, 2.82; N, 14.24; Found (%): C, 63.98; H, 2.80; 

N, 14.19. MALDI-TOF-MS (m/z): cald = 1573.56 [M] +; found = 1539.18 [M-Cl]+. UV–

Vis (DMSO): λmax (nm) (log ε) 372(4.01), 650 (4.82), 715 (4.38). 

2.3.6. Complex 6, Scheme 3.4 
 

4-(4-(5-Chloro-1H-benzo[d]imidazol-2-yl)phenoxy)phthalonitrile (iv) (100 mg, 0.27 

mmol) and 4-tert-butylphenoxy phthalonitrile (ii) (224 mg, 0.81 mmol) were 

dissolved in 1-pentanol (4 mL) in presence of anhydrous cobalt chloride (70 mg, 0.54 

mmol) and DBU. The temperature of the reaction mixture was heated up to 140 oC 
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and stirred for 18 h under a nitrogen atmosphere. After cooling to the room 

temperature, the reaction mixture was precipitated by adding water-methanol 

(1:1). The formed precipitate was collected by centrifugation. The crude product 

was purified by column chromatography eluting with CHCl3 and a gradient of CHCl3–

THF up to 10% THF to give pure complex 6. 

Yield: 11% (0.030 g). FT-IR (UATR-TWOTM)  max/cm-1: 3480 (NH), 2916-2846 (Aliph,-

C-H), 3113-2847 (C-H (Ar) and intermolecular H bonding), 1594, 1460-1332, 1228, 

1114, 835. Anal. Calc. for C75H59ClCoN10O4 (%): C, 71.69; H, 5.48; N, 10.72; Found 

(%): C, 70.84; H, 5.11; N, 10.28. MALDI-TOF-MS (m/z): cald = 1558.72 [M] +; found = 

1558.79 [M]+,  UV–Vis (DMF): λmax (nm) (log ε) 328 (4.82), 698 (4.31), 662 (4.93). 

 

2.4. Preparation of nanomaterials  
 

2.4.1. Functionalization of the CdTe/ZnS QDs with azide, Scheme 3.5 
 

The conjugation of CdTe/ZnS QDs with the azide was carried out using a method 

reported in the literature [46] as follows: MPA capped CdTe/ZnS QDs (50 mg) were 

dissolved in 2 mL of water. Thereafter EDC (20 mg, 0.104 mmol) and NHS (15 mg, 

0.217 mmol) were added to the solution in order to activate the carboxyl functional 

moiety of the MPA capping the CdTe/ZnS QDs. The mixture was left stirring at room 

temperature for 2 h after which 20 mg (0.117 mmol) of 4-azidoaniline hydrochloride 

were added. The solution was left stirring for 24 h leading to the formation of the 

carbomide linkage between the MPA capped CdTe/ZnS QDs and the 4-azidoaniline 

hydrochloride. The QDs were precipitated using methanol and purified. The QDs 

were represented as azide CdTe/ZnS QDs. 
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2.4.2. Functionalization of the reduced graphene oxide with azide, Scheme 3.7 
 

The GONS purchased from Sigma-Aldrich were produced using Hummer’s method 

[125]. It has recently been shown that rGONS synthesized by Hummer’s method 

contain organosulfate groups on the basal plane as part of its chemical structure, in 

addition to epoxy and hydroxyl groups [126]. Substitution of organosulfate and a 

small number of oxides by azide groups has been reported [127]. Briefly, the 

substitution was as follows:  rGONS (10 mg) and sodium azide (5 mg, 0.077 mmol) 

were dispersed in 25 mL of Millipore water and freeze-dried. The product was 

obtained via filtration and washed with copious amounts of water and dried at 70 

0C. The resulting rGONS are represented as azide-rGONS. 

 

2.4.3. Functionalization of the ZnONPs with azide, Scheme 3.9 
 

The GSH capped ZnONPs (50 mg) were dissolved in 2 mL of water. Thereafter EDC 

(20 mg, 0.10 mmol) and NHS (15 mg, 0.12 mmol) were added to the solution in order 

to activate the carboxyl functional moiety of the GSH capped ZnONPs. The reaction 

was left stirring at room temperature for 2 h after which 4-azidoaniline 

hydrochloride (20 mg, 0.12 mmol) was added. The solution was left stirring for 24 h 

leading to the formation of the carbomide linkage between the GSH capped ZnONPs 

and the 4-azidoaniline hydrochloride. The ZnONPs were precipitated using 

methanol. The ZnONPs are represented as azide ZnONPs. 
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2.5. Conjugation of MPcs to nanomaterials 
 

2.5.1. Conjugation of the azide functionalized CdTe/ZnS QDs to 1a, 1b, and 1c 
by click chemistry, Scheme 3.6 
 

Complexes 1a (10.92 mg, 1.00 mmol), 1b (11.02 mg, 1 mmol), and 1c (10.88 mg, 1 

mmol) were each mixed with azide CdTe/ZnS QDs (22 mg), Cu(PPh3)3Br (15 mg, 2 

mmol), and trimethylamine (2 mL) and dissolved in 5 mL DMF. The mixtures were 

stirred at room temperature for 72 h. The resulting precipitates were washed with 

water and dried at room temperature to get the desired products represented as 

clicked 1c-QDs, 1b-QDs and 1c-QDs.    

2.5.2. Conjugation of azide-rGONS to complexes 1a and 2 via click chemistry, 
Scheme 3.8 
 

Complexes 1a (12.72 mg, 1.23 mmol) or 2 (10.55 mg 1.02 mmol), azide-GONS (30.45 

mg), and Cu (PPh3)3Br (15.56 mg, 2.11 mmol) were added to a solvent mixture of 8 

mL dimethylformamide (DMF) and 2 mL trimethylamine. The mixture was stirred at 

room temperature for 48 h under Ar. The reaction was then poured into 100 mL of 

cold water. The precipitate was filtered off and washed with Millipore water. The 

conjugates are represented as 1a-rGONS(linked) and 2-rGONS(linked). Linked 

indicated as opposed to rGONS sequentially(seq) added. 

2.5.3. The clicking of azide-functionalized ZnONPs to complex 2, Scheme 3.10 
 

Complex 2 (10.92 mg, 1.00 mmol) was mixed with azide ZnONPs (22.23 mg), 

Cu(PPh3)3Br (12.34 mg, 2,05 mmol), and trimethylamine (TEA, 2.04 mL) in 5.06 mL 

DMF. The mixture was stirred at room temperature for 72 h. The resulting 

precipitate was washed with water and dried at room temperature to get desired 

products represented as 2-ZnONPs. 
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2.6. Electrode modification  
 

The glassy carbon electrode (GCE) was employed as the working  electrode, while 

silver|silver chloride (with saturated potassium chloride), and platinum wire were 

used as reference and counter electrodes respectively. Prior to modification, the 

GCE was polished on a Buehler-felt pad using alumina(< 10 µm). Between each polish 

step, Millipore water was used to remove any impurities by sonicating for 15 min. 

The electrode was then rinsed with millipore water and dried before use. The GCE 

was modified using three methods namely; 1) drop dry method, 2) electrodeposition 

method and 2) electrografting and subsequently click chemistry. All the solutions 

were purged with argon gas for 20 min to remove any dissloved oxygen (except for 

ORR experiment) before analysis. The argon atmosphere was maintaned above the 

solution through out the experiments. 

2.6.1. Click chemistry of Pc (1a, 3 or 4) onto GCE, Scheme 4.1 
 

The bare GCE surface was first grafted by the electrodeposition and scanning from 

+0.2 V to -0.1 V for three cycles in a solution of 0.1 mM 4-azidobenzenediazonium 

tetrafluoroborate salt (containing 0.01 M TBABF4 in 96:4 ACN: HCl (1M)). The 

electrode was rinsed with DMF then acetone and Millipore water. Following grafting, 

the click reaction was performed by immersing the grafted-GCE into a solution 

containing 1 µM of Pc in 1 mL DMF containing 2 mM Cu(PPh3)3Br and  0.5 mL 

trimethylamine.  The electrode was left to click for 18 h. The glassy carbon plates 

(GCP) surfaces were used for SEM, XPS, SCEM and they were modified by grafting 

followed by clicking via the same process as applied to the GCE. Complex 1a was 

also adsorbed onto electrode without click, represented as 1a-adsorbed. 

 



Chapter TWO                                                                                   Experimental                     
 

42 
 

2.6.2. Electrodeposition onto GCE 
 

Complex 5b was dispersed in DMF (1 mg /mL) and sonicated for 1 h, then 1 µL of 

complex 5b was dropped on GCE and dried in an oven for 15 min at 60 ˚C, resulting 

in 5b. After drying, 5b-AgNPs was prepared by cyclic voltammetry scanning of 5b in 

an aqueous solution (saturated by argon) containing KCN (0.325 g, 4.99 mmol), 

NaNO3 (0.425 g, 5.00 mmol) and AgNO3 (0.085 g, 0.50 mmol), Scheme 4.2. The 

potential was scanned (20 scans) from -0.7 V to -1.55 V at 100 mVs-1. The cyanide 

from KCN solution complexes metallic impurities that maybe be present in the 

solution, resulting in lowering of onset potentials of silver deposition. The NaNO3 

was used as an electrolyte. For comparison purpose, GCE was modified with AgNPs 

alone was prepared using the above electrodeposition procedure for 5b-AgNPs. In 

both cases, the modified GCEs were dried in an oven for 15 min at 60 ˚C.  The 

modification of GCP for SECM, SEM and EDX was carried out as outlined above for 

the GCE. 

2.6.3. Adsorption onto GCE 
 

Most complexes or conjugates were adsorbed onto the electrode complete list in 

Table 4.1. Complex 1a is indicated as “adsorbed” since it is also clicked in order to 

differentiate. Modifiers were also applied sequential to the electrodes. For 

electrode modification via adsorption, MPcs alone or conjugated to QDs (1 mg) or 

conjugated to rGONS (1 mg) were dissolved in 1 mL DMF. Then, 5 µL of the solution 

was placed on the GCE, followed by drying in an oven at 60 °C overnight. In the case 

of sequential modification, 1 mg of each material (rGONS, 1a, 2, 5a, or 6) was 

dissolved in 1000 μL of DMF and sonicated. Each of the dispersed material (0.5 μL) 

was dropped on the glassy carbon electrode separately (rGONS, 1a, 2, 5a, 6) and 
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sequentially (1a-rGONS, 2-rGONS, 5a-rGONS or 6-rGONS) and dried in an oven. The 

MPcs were placed on top of nanomaterials. 
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3. Synthesis and Characterization  
 

This Chapter deals with characterization of MPcs, nanomaterials and their 

conjugates. 

3.1. MPcs complexes alone, Schemes 3.1 to 3.4 
 

1H NMR spectra for all complexes were not recorded due to the paramagnetic nature 

of Co, Fe and Mn elements. Mass spectrum confirmed the formation of all complexes 

since the anticipated molecular ions were obtained. The symmetrical complexes 1a, 

1b, 1c (Scheme 3.1), 5a and 5b (Scheme 3.3) were synthesized using one 

phthalonitrile while complexes 3, 4, (Scheme 3.2) and 6 (Scheme 3.4) were 

synthesized using two dissimilar phthalonitriles. Complexes 1a, 1b and 1c (Scheme 

3.1) were prepared from the condensation of 4-ethynylbenzyl phthalonitrile (i) in 

the presence of corresponding metal salt in 1-pentanol and using DBU as catalyst. 

Complexes 5a and 5b (Scheme 3.3) were prepared from the cyclotetramerization 

reaction of 4-(4-(5-chloro-1H-benzo[d]imidazol-2-yl)phenoxy)phthalonitrile (iv) in a 

high boiling solvents (n-hexanol for 5b and DMAE for 5a) in the presence of anhydrous 

salt (MnCl2 for 5b and CoCl2 for 5a) and DBU as a strong base. Novel mono alkynyl 

terminated Co phthalocyanines were synthesized by the statistical condensation 

reactions of precursor phthalonitriles (Scheme 3.2) with the anhydrous cobalt 

chloride in 1-pentanol. After work-up, the mixtures were purified by 

chromatography over silica gel, eluting with CHCl3 and a gradient of CHCl3–methanol 

up to 5% methanol to give pure CoPcs (3 and 4). For synthesis of 6, 4-(4-(5-chloro-

1H-benzo[d]imidazol-2-yl)phenoxy)phthalonitrile (iv) and 4-tert-butylphenoxy 

phthalonitrile (ii) were dissolved in 1-pentanol in presence of anhydrous cobalt 

chloride and DBU. The temperature of the reaction mixture was raised to reflux 
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temperature, followed by stirring for 18 h under a nitrogen atmosphere. After 

cooling to the room temperature, the reaction mixture was precipitated by adding 

water-methanol (1:1) mixture. The formed precipitate was collected by 

centrifugation. The crude product was purified by column chromatography eluting 

with CHCl3 and a gradient of CHCl3–THF up to 10% THF. 
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Scheme 3.1: Synthesis scheme for complexes 1a, 1b and 1c 



Chapter THREE                                                                           Characterization                      
 

50 
 

NN N

N

NNN

N

O

R

R

R Co

R O=

NC

NC O

NC

NC O

+

CoCl2, Pentanol

DBU,N2,reflux, 6 h

4

1
2

3
4

5

(ii)

(iii)

NN N

N

NNN

N

O

R

RR Co

NC

NC O

NC

NC O

+ CoCl2 , Pentanol

DBU,N2,reflux, 6 h

1
2

3
4

5

3

(ii)

(i)

 

Scheme 3.2: Synthetic route of complexes 3 and 4. 
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Scheme 3.3: Synthetic route for complexes 5a and 5b 

 

 

Scheme 3.4: Synthetic route for complex 6 
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3.1.1. FTIR spectra 
 

The FT-IR spectra of complexes 1a, 3 and 4 (as examples) in Fig. 3.1 do not show 

the nitrile (C≡N) peaks of the phthalonitriles, confirming the cyclotetramerization 

of precursor phthalonitriles to form corresponding phthalocyanines. The -H-C≡C 

peaks belonging to the terminal alkynyl groups were observed at 3214 cm-1 for 

complex 3, 3203 cm-1 for complex 4 and 3240 cm-1 for 1a.  In addition, the aliphatic 

–C-H vibrations appeared at between 2916-2846 cm-1 and 2918-2850 cm-1 resulting 

from the tert-butyl groups and alkynyl group for complexes 3 and 4, respectively. 
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Figure 3.1: FTIR spectra of complex 1a and precursor (i) and complexes 3 and 4. 
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3.1.2. UV-Vis spectra 
 

Metallated phthalocyanines show two characteristic bands in their absorption 

spectra. The Q band, which is attributed to the π-π* transitions from the highest 

occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO) of the Pc ring [36]. Fig. 3.2 shows the UV-Vis spectra of complexes 1, 2, 5 

and 6 in DMF (as examples), data in Table 3.1. The intense Q band is typical of 

metallated Pcs. The ethynylbenzyl group (in complex 1a, 668 nm) results in the blue 

shift of the Q band compared to the aliphatic alkynyl (in complex 2, 665 nm) 

substituted CoPc. It has been reported [36] that when electron-releasing groups are 

bound to the non-peripheral positions of the Pc ring, the Q bands shift to longer 

wavelengths, hence Q band of complex 1a is slightly red-shifted compared to 

complexes 2 and CoPc due to the presence of the electron-rich benzene groups in 

1a.  Complexes 1a, 1b and 1c are soluble in a wide range of organic solvents 

including DMF, DMSO, ethanol, toluene, CHCl3. The spectra are typical of cobalt 

phthalocyanines [128].  

Complexes 3 and 4 showed intense single Q-absorption bands at 669 nm in DMF, 

Table 3.1. The other characteristic absorptions, B bands, are observed between 300-

350 nm for 3 and 4 [128]. 

The UV-Vis spectra of studied cobalt phthalocyanines 6 and 5a in DMF were shown 

in Fig. 3.2. The Soret bands were observed at 315 nm and 338 nm for 5a and 6 

respectively. On the other hand, the Q-band were observed at 663 and 661 nm for 

5a and 6 respectively (Table 3.1). Thus, the obtained Q-bands are almost the same 

and in the range for CoPc [129, 130].   
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The UV-vis spectra complex 5b with and without addition of LiCl in DMSO are shown 

in Fig. 3.3. Without addition of LiCl, the electronic ground state absorption spectra 

shows broadening due to aggregation due to molecular interactions. However after 

addition of LiCl, the B-band (372 nm) became more pronounced and the spectrum 

showed no evidence of aggregation. In addition to the de-aggregation LiCl increased 

the solubility of the macrocycle [131]. The Q-band was observed at 715 nm typical 

for manganese (III) phthalocyanines [132], Table 3.1.  

The theory of MCD is based on the analyses of the three Faraday terms A1, B0 and 

C0, which provide information on the state degeneracies and band polarizations that 

cannot be derived from the UV-vis absorption spectrum alone [130]. The MCD 

spectrum of complex-5b in Fig. 3.3 is similar to what would be expected for a 

monomeric MnPc as intense A1 term are observed in the Q and B-band regions with 

crossover point at 712 nm and 328 nm, respectively, which corresponds to the 

absorption maxima for MnPc.  
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Figure 3.2: UV-Vis spectra of complexes 1a, 1b, 1c, CoPc, 2, 5a and 6 in DMF 
(concentration ~ 1 × 10-5 M). 
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Figure 3.3: MCD and absorption spectra for 5b in DMSO.  

 

Table 3.1: Spectra in DMF, loading and particle size 

complex Q band/nm  Loading ng/mg DLS /nm  

     

CoPc 662    

1a-adsorbed 668    

1a-QDs 669 72 35.00  

1a-rGONS 667    

1b  718    

1b-QDS 719 60 29.08  

1c 661    

1c-QDs 663 70 35.95  

2 665    

2-ZONPs 664 83 43.8  

2-rGONS 662    

3 669    

4 669    

5a 663    

5b 715    

6 661    
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3.1.3. Cyclic Voltammetry (CV) and Differential pulse voltammograms (DPV) 
 

Fig. 3.4 and 3.5 show the cyclic and differential pulse voltammetry of complexes 1a 

and 5b as examples in DMF containing 0.1 M TBABF4. The cyclic voltammogram of 

complex 1a (Fig. 3.4 (a)) showed four identifiable redox processes (I–VI). From 

literature [131], peaks (II) and (III) are attributed to Co (I)/Co (II) and Co (III)/Co (II), 

respectively in DMF.  The Co (III)/Co (II) couple is irreversible, as is often observed 

for this couple in literature [132]. The rest of the peaks are ring based. Oxidation at 

the Pc ring occurs by successive loss of one electron from the highest occupied 

molecular orbital (HOMO) resulting in the formation of [Pc−1]•+ and [Pc0]•2+ cation 

radicals. Reduction, on the other hand, occurs by successive gain of electrons by the 

lowest unoccupied molecular orbital (LUMO) of the phthalocyanine complex 

resulting in the formation of Pc (−2n) species (where n = number of electrons). Since 

DPV is more sensitive than CV, it was used to confirm the oxidation and reduction 

peaks obtained on the cyclic voltammograms for both complexes 1a and 5b. The CV 

of complex-5b Fig. 3.5 (a) show quasi-reversible to irreversible which does not 

change with scan rate. Fig. 3.5 (b) the DPV shows four peaks at E1/2 = - 0.72 V (I), - 

0.13 V (II), + 0.42 V (III), + 0.95 V (IV). The two ill-defined and irreversible peaks 

located in the positive region (labelled III and IV) may be related to  metal oxidation 

(Mn(IV)Pc(-2)/Mn(III)Pc(-2) (process III) and subsequent ring oxidation (Mn(IV)Pc(-

1)/Mn(IV)Pc(-2)) (process IV) in comparison with literature [133, 134]. The reversible 

voltammetric couple located at – 0.13 V can be attributed to Mn(III)Pc(-2)/Mn(II)Pc(-

2) redox process and that at -0.72 V to Mn(II)Pc(-2)/Mn(I)Pc(-2) in accordance with 

the literature [134]. 
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Figure 3.4: (a) Cyclic voltammogram (CV) and (b) differential pulse voltammogram 

(DPV) profiles of 1 × 10-3 M of complex 1a in DMF containing 0.1 M TBABF4 

supporting electrolyte. 
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Figure 3.5: (a) Cyclic voltammetry (at different scan rates) and (b) differential 

pulse voltammetry of 5b in DMF and 0.1 M TBAF4 supporting electrolyte  

 

3.2. Conjugates of QDs with 1a, 1b and 1c 
 

Complexes 1a, 1b and 1c were linked to semiconductor QDs. Scheme 3.5 shows the 

formation of the amide bond between mercaptopropionic acid (MPA) capped 

CdTe/ZnS QDs and 4-azidoaniline hydrochloride using EDC/NHS as coupling agents 

to form azide CdTe/ZnS. Scheme 3.6 shows the route for the click reaction between 

alkynyl MPc and azide CdTe/ZnS QDs. 
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Scheme 3.5: Conjugation of MPA QDs with 4-azidoaniline hydrochloride to form 
azide QDs 

 

Scheme 3.6: Clicking of alkynyl MPcs with azide QDs 

 

3.2.1. FTIR specra 
 

From Fig. 3.6, the disappearance of the C≡C-H stretch at around 3000 cm-1 on the 

clicked Pcs is an indication that the alkyne terminated Pcs are successfully linked to 

the quantum dots hence forming triazole ring.  
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Figure 3.6: FTIR spectra of 1c, 1c-QDs, 1b, 1b-QDs, 1c, and 1c-QDs.  

 

3.2.2. UV-Vis and Fluorescence spectra  
 

Fig. 3.7 (a) shows Uv-Vis spectra of Pc (1a) in the presence of the QDs, the 

broadening below 600 nm could be due the absorbance of the QDs. QDs have broad 

absorption and a narrow emission, Fig. 3.7 (b). 

The size of the Pcs is approximately of 1 nm while the size of the quantum dots is 

larger (5.95 nm from DLS, discussed below). Hence, it is likely that more than one 

Pc can be bonded to the QDs considering the size of Pc relative to QDs. The reverse 

where more than one QD bind to a Pc is unlikely due to size considerations. The 

loadings of Pcs onto the QDs (gPc/mg QDs) were estimated to be 72 µg/mg, 60 

µg/mg and 70 µg/mg for 1a-QDs, 1b-QDs and 1c-QDs (Table 3.1), respectively 

following literature methods, but using absorption instead of fluorescence [135]. 

The lower loading for 1b could be a result of the interference caused by the bulky 

acetate axial ligand, which could have prevented more Pc complexes to be loaded. 
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Figure 3.7: UV-Vis spectra of (a) 1c and 1c-QDs in DMF. (b) Absorption (i) and 

emission spectra (ii) of QDs alone in water. 

 

3.2.3. XPS spectra 
 

XPS was used to confirm the click reaction between Pc and QDs. Fig. 3.8 (a) shows 

a wide scan XPS spectra of QDs, 1a and 1a-QDs, showing the expected elements. 

After clicking, the peaks due to both 1a and QDs were observed. This could be due 

to successful linking of QDs to 1a, however, high resolution N (1s) was carried out 

for further confirmation. 
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Figure 3.8: (a) Wide scan XPS spectra for azide functionalized QDs, 1a, and 1a-QDs. 

High resolution of deconvoluted N 1s component for (b) azide functionalized QDs 

and (c) 1a-QDs. 

The linking of azide functionalized QDs to the Pc via click chemistry was confirmed 

by comparing the N1s spectra. From the N1s spectra of QDs alone, the peak at 403.5 

eV is assigned to central, electron deficient N, and the peak at 402.8 eV is assigned 

to the outer N [136] which confirms presence of azide on QDs. The N1s XPS spectrum 

of 1a-QDs show the presence of a peak 403.8 eV which is assigned to the central, 

electron deficient N of an azide. The observation of this peak could mean that some 

azide moieties on the QDs were not involved in the click reaction. The central-N 

peak is highly reduced in intensity in 1a-QDs (Fig. 3.8 (c)) at 153.09 cps compared 

to QDs (Fig. 3.8 (b)) alone at 5 396.83 cps, showing that some of the azide are 

involved in linking. 

3.2.4. DLS 
 

To determine the average size of synthesized QDs and their conjugates, a size-

distribution analysis was performed using dynamic light scattering (DLS) in aqueous 
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solution. Fig. 3.9 shows that the average particle size of QDs was 5.95 nm and the 

sized of conjugates was 35.00 nm, 29.08 nm and 35.95 nm for 1a-QDs, 1b-QDs and 

1c-QDs respectively, Table 3.1. The increase in size following conjugation is due to 

aggregation as a result of - stacking between Pcs on adjacent NPs. Pcs are known 

for their tendency to - stack forming H aggregates [137]. 
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Figure 3.9: Size-distribution analysis by dynamic light scattering of (a) QDs, (b) 1a-

QDs, (c) 1c-QDs and (d), 1b-QDs. 

3.3. Conjugates of rGONS with CoPc, 1a, 2   
 

Complexes 1a and 2 were employed for these studies. As stated in the synthesis 

section, Hummer’s method for the synthesis of GONS results in the presence of 

epoxy, and carbonyl, carboxyl, and hydroxyl groups on the carbon plane and/or 

edges and defect sites [126]. The organosulfate groups have also been reported to 
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appear on rGONS when rGONS are prepared using this method [127]. Substitution of 

organosulfate and a small number of oxides by azide groups has been reported [138] 

and occurred in this work, Scheme 3.7. Scheme 3.8 shows the route for the click 

reaction between complex 2 (as an example) and azide-rGONS.  

 

Scheme 3.7: Azide functionalization of rGONS to form azide-rGONS 
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Scheme 3.8. Conjugation of azide-rGONS to 2-rGONS as an example. 

 

3.3.1. FTIR spectra 
 

Fig. 3.10 shows FTIR spectra of pristine rGONS, azide-rGONS, complex 2, and 2-

rGONS as examples. The presence of the stretch at 1161 cm-1 in rGONS is attributed 

to the organosulfates and its decrease in intensity after azide functionalization could 
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be an indication that it has been substituted by the azide. The appearance of peaks 

at 2103 cm-1 after azide functionalization of rGONS which corresponds to N=N=N 

stretching of an azide could be an indication of successful azide functionalization 

process. The elemental analysis also showed an increase in nitrogen content after 

functionalization of azide. rGONS (C: 51.20%, H: 1.87%, N: 1.48%) and azide-rGONS 

(C: 50.93%, H: 0.24%, N: 1.83%). The disappearance of the alkyne group at 3254 cm-

1 (from FTIR spectrum of complex 2) in 2-rGONS could be a result of the click 

reaction. Furthermore, there was no copper content form CuBr(PPh3)3 catalyst used 

click chemistry. 
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Figure 3.10: FTIR spectra of rGONS, azide-rGONS, complex 2 and 2-rGONS. 
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3.3.2. Uv-Vis spectra  
 

The ground state electronic absorption spectra for rGONS, 2 and conjugate are 

shown in Fig. 3.11. The Q band for 2 is observed at 665 nm and the Soret band at 

327 nm, the slight shift of the Q band to 662 nm (Table 3.1) and the disappearance 

of the Soret band after conjugation with rGONS could be attributed to Pc and rGONS 

interaction. 
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Figure 3.11: Uv-Vis spectra of rGONS, 2 and 2-rGONS in DMF. 

3.3.3. XPS spectra 
 

XPS analysis was employed to confirm the success of the click reaction. Fig. 3.12 (a) 

shows a wide scan of both rGONS and azide-rGONS. The presence of a peak at 399.15 

eV assigned to N1s is an indication that rGONS was successfully functionalized with 

an azide which compliments IR results. In the high-resolution spectra, the 

disappearance of central electron deficient (N≡N) peak in Fig. 3.12 (c) which was 

present at 403.10 eV in Fig. 3.12(b) also further confirms that the azides were 

involved in the click reaction hence their disappearance after clicking. 
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Figure 3.12: (a) wide scan XPS spectra for rGONS and azide-rGONS, N1s high-

resolution XPS spectra for (b) azide-rGONS and (c) Complex-2-rGONS. 

3.3.4. Raman spectra, TEM and XRD 
 

Fig. 3.13(a) shows the Raman spectra for rGONS and azide-rGONS with characteristic 

D and G peaks where the G band is a result of in-plane vibrations of SP2 bonded 

carbon atoms whereas the D band is due to out of plane vibrations attributed to the 
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presence of structural defects. The rGONS and azide-rGONS have D band at 1291 and 

1327 cm-1, respectively while the G band was almost the same and was observed at 

1598 cm-1. The ID/IG ratios for the rGONS and azide-rGONS were found to be 0.73 

and 0.88 respectively. This suggests that azide functionalization could have been 

successful as there is an increase in disorder after functionalization.  

The morphology or rGONS was investigated using TEM Fig. 3.13 (b). The micrograph 

shows that the nanosheets are randomly compact and disorderly stacked together 

showing wrinkles typical of graphene materials as reported in the literature [139, 

140]. Fig. 3.13(c) shows XRD patterns for rGONS, the characteristic broad peak at 

25˚ which corresponds to (002) plane [141]. 
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Figure 3.13: Raman spectra (a) TEM micrograph (b), and XRD patterns (c) of rGONS. 

(b) 
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3.4. Conjugate of ZnONPs with 2  
 

Scheme 3.9 shows the azide functionalization of ZnONPs using the EDC/NHS coupling 

agents to form an amide bond, and Scheme 3.10 shows the linking of azide ZnONPs 

to 2 using click chemistry. 

 

Scheme 3.9: Synthesis of azide-functionalised ZnONPs in aqueous medium using EDC 

and NHS as cross-linkers at room temperature. 
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Scheme 3.10: Clicking of azide functionalized ZONPs to complex 2 

 

3.4.1. FTIR spectra 
 

From Fig. 3.14, the appearance of a peak at 2111 cm-1 on azide ZnONPs spectrum 

which is not present on ZnONPs indicates azide functionalization of ZnONPs was 

successful. The peaks at 3226, 3287 and 3301 cm-1 for GHS-ZnONPs, azide ZnONPs 

and 2-ZnONPs respectively are attributed to N-H bond which comes from the GSH 

capping meaning some GHS remains after azide functionalization. Also, the 
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disappearances of alkyne H-C stretch (3563 cm-1) of 2 and N3 (2111 cm-1) for azide 

ZnONPs on the spectrum of 2-ZnONPs could be attributed to successful click 

reaction.  
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Figure 3.14: FTIR spectra of GSH-ZnONPs, azide ZnONPs, 2, and 2-ZnONPs. 

 

3.4.2. UV-Vis and MCD spectra  
 

Fig 3.15 shows the magnetic circular dichroism (MCD) and the UV-Vis absorption 

spectra of complex 2 in DMF. As stated above a single Q-band at 665 nm (Table 3.1) 

typical for metallated phthalocyanine was obtained in the absorption spectra [132]. 

A distinct S-shaped sigmoid curve between 600 and 750 nm was observed in the MCD 

spectral graph of the 2 with a cross-over point at 667 nm, which corresponds to the 

same wavelength as that of the absorption maxima. From the MCD spectroscopy, the 

peaks at 667 and 328 nm bands are assigned as the Q and B bands respectively [142]. 

There was no change in the Q band maxima of 2 when conjugated to ZnONPs except 

for the broadening, which is attributed to absorption of ZnONPs (Fig. 3.15). 
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The loading of Pc onto ZnONPs was determined to be 83 µg/mg using reported 

literature methods by employing absorption instead of fluorescence [135]. 
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Figure 3.15: (a) MCD spectra (b) electronic absorption and of 2 and 2-ZnONPs ( ̴ ×10-

6 M) and azide ZnONPs in DMF. 
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3.4.3. XPS 
 

The linking of azide functionalized ZnONPs to the 2 via click chemistry was 

confirmed by comparing the N1s XPS spectra, Fig. 3.16. From the N1s spectra of 

azide ZnONPs (represented as ZnO-N3 in Fig. 3.16 (a)) alone, the peak at 403.6 eV is 

assigned to central, electron deficient N, and the peak at 402.7 eV is assigned to the 

outer N [136] which confirms presence of azide on ZnONPs. The N1s XPS spectrum 

of 2-ZnONPs (Fig. 3.16 (b)) show the presence of a peak 403.6 eV which is assigned 

to the central, electron deficient N of an azide. The observation of this peak could 

mean that some azide moieties on the ZnONPs were not all involved in the click 

reaction. The azide peak is highly reduced in intensity in 2-ZnONPs at 134.3 cps 

compared to ZnONPs alone at 5420.2 cps, showing that some of the azide are 

involved in linking. 
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Figure 3.16: High resolution XPS spectra of deconvoluted N 1s component for (a) 

azide functionalized ZnONPs and (b) 2-ZnONPs. 

 

3.4.4. DLS 
 

The DLS size of ZnONPs nanoparticles is 6.50 nm and of the Pc conjugate is 43.82 

nm (Fig. 3.17), (Table 3.1).  There is an increase in size on linking of ZnONPs to 2 

due to possible interactions of Pcs on adjacent NPs. Pcs are known for their - 

stacking [142]. 
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Figure 3.17: DLS graphs showing average particle sizes (a) ZnONPs and (b) 2-

ZnONPs. 

 

3.4.5. XRD, TEM and EDX 
 

Fig. 3.18(a) (right) represents the X-ray diffraction patterns of azide ZnONPs. The 

diffraction peaks located at 31.69˚, 34.42˚, 36.14˚, 47.49˚, 56.70˚, 62.88˚, 67.90˚and 

69.06˚ have been indexed as hexagonal wurtzite phase of ZnONPs [143, 144].  This, 

further confirms the synthesized nanoparticles were free from impurities as they do 

not contain any other XRD peaks other than ZnONPs peaks. EDX was used to 

qualitatively determine the elemental composition of the synthesized azide ZnONPs, 

Fig. 3.18(a) (left). The presence of Zn and O peaks in Fig. 3.18(a) confirms the 

successful synthesis of ZnONPs, after conjugation with 2 there was an appearance 

of Co metal in Fig. 3.18 (b) (left) which comes from the cobalt phthalocyanine used 
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and this could mean 2 was successfully conjugated to ZnONPs. The appearance of 

new elements: Cu, P and Br in the EDX spectrum in Fig. 3.18(b) not present in 

Fig.3.18 (a) could be from the catalyst (Cu(PPh3)3Br) used in the conjugation 

reaction.  The TEM image of 2-ZnONPs shows distinct NPs, Fig. 3.18 (b) (right). 
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Figure 3.18: (a) EDX (left) and XRD (right) spectra for azide ZnONPs, and (b) EDX 

spectra (left) and TEM image (right) of 2-ZnONPs. 
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3.6. Conclusions  
 

XPS results show successful incorporation of azide moiety into rGONS and ZnONPs 

and confirms their successful conjugation to phthalocyanines via click chemistry. 

The synthesised nanomaterials were confirmed by TEM, DLS and XRD. The triazole 

ring was formed after conjugation.
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4. Electrochemical modification and characterization  
 

Various methods were used for modification of glassy carbon electrode in this work 

namely drop dry method, electrografting and electrodeposition.  The electrodes 

were modified with phthalocyanines alone, or nanomaterials, or conjugates. The 

conjugates were obtained by using click chemistry and some by using Ag-N bond. 

The following techniques were utilised for characterization of modified electrodes 

scanning electrochemical microscopy (SECM), cyclic voltammetry (CV) 

electrochemical impedance spectroscopy (EIS), scanning electron microscopy (SEM) 

and x-ray photoelectron spectroscopy (XPS). 

4.1. Grafting and click chemistry of Pc directly onto the electrode, Scheme 4.1  
 

The complexes 1a, 3 and 4 were used to modify the GCE without nanomaterials as 

shown in the Scheme 4.1. Complex 1a was both clicked and adsorbed hence 

indicated in Table 4.1, complexes 3 and 4 were only clicked hence not indicated in 

Table 4.1 
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Scheme 4.1: schematic Illustration of grafting of GCE with azide and clicking of 

complexes 3 and 4 (as examples) on grafted electrode 

 

4.1.1. Cyclic Voltammetry (CV)  

From Fig. 4.1 (a), the reduction of 4-azidobenzediazonium to diazonium radicals was 

confirmed by the appearance of the reduction peak at - 0.5 V on the first cycle and 

this peak disappeared when the second cycle was recorded, which is an indication 

that the electrochemical reduction process occurred.   

Fig. 4.1 (b) illustrates the response of the bare GCE towards 1 mM ferrocyanide 

solution and the expected reversible couple is obtained on the bare GCE. The 

grafting step resulted in the passivation of the GCE.  After clicking, the electrode 

was also tested in the same solution and the passivation continued. This has been 
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observed before during click reaction [33]. The same behaviour was observed for 

complexes 3 and 4 in Fig 4.2. 
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Figure 4.1: Cyclic voltammograms of (a) bare GCE in 0.1 mM 4-

nitrobenzenediazonium tetrafluoroborate, in ACN containing 0.1 M TBABF4 and (b) 

bare GCE, grafted GCE and 1a-clicked in 1 mM ferrocyanide solution. 
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Figure 4.2: Presentation of (a) the grafting of diazonium salt to the GCE and (b) 

clicking of complexes 3 or 4 to the grafted electrode. 
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4.1.2. SEM characterization    
 

The SEM images of the electrodes following grafting and clicking are shown in Fig. 

4.3 (using 1a as an example). The bare glassy carbon plate Fig. 4.3 (a) has a 

homogeneous surface showing that it is unmodified. After grafting, Fig. 4.3 (b) the 

surface is not homogenous, which is an indication that the surface is modified. In 

Fig. 4.3 (c) the electrode appears rougher than (b) which is an indication that the 

clicking of complex 1a to the grafted glassy carbon plate (b) was successful. Hence, 

based on the Fig. 4.1 to Fig. 4.3, electrode modification was successful. 

 

 

  

 

 

 

 

 

 

 

Figure 4.3: SEM images of (a) bare glassy carbon plate, (b) grafted glassy carbon 

plate and (c) the clicked 1a-clicked-GCP. 

 

4.1.3. X-ray Photoelectron Spectroscopy (XPS)   
 

The XPS analysis was employed to confirm the successful modification of the 

electrode surface via click chemistry by analysing elemental composition at the 

surface. Fig. 4.4 (a) (using 4 as an example) shows wide scan spectra for bare, 

grafted and clicked electrodes, showing the expected C (1s) peak at 284.9 eV. The 

O (1s) peak at 529.3 eV may come from air since the modification of the electrode 

(a) (b) (c) (b) (c) 
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surface was done in the open environment. The appearance of N (1s) peak at 384.6 

eV on grafted and clicked GCE is an indication of a successful grafting. After the 

grafted GCE was clicked, the Co(2p3/2) peak is observed at the binding energy of 

683.6 eV which is an indication that complex 4 was successfully linked to the grafted 

surface. From the N1s spectra (Fig. 4.4(b)) of grafted electrode shows a peak at 

403.3 eV is assigned to central, electron deficient N, and the peak at 402.8 eV is 

assigned to the outer N [136] which confirm presence of azide on the grafted 

electrode. The N1s XPS spectrum of complex (4) – GCP clicked show the presence of 

a peak 403.8 eV which is assigned to the central, electron deficient N of an azide. 

The observation of this peak could mean that some azide moieties on the grafted 

electrode were not involved in the click reaction. The azide is reduced in intensity 

from 60 cps of the grafted electrode to 13 cps for clicked complex-4 (as an example), 

showing that some azide are involved in liking. Fig. A1(a) shows the N1s XPS for 

complex 4 alone with two peaks being observed. Furthermore, an increase in the 

amounts of C-N for complex-4 alone (as an example) from 17.38% to 28.42% for 

clicked complex-4-clicked-GCP and C=N from 13.15% to 27.26%, could be due to 

successful attachment of CoPc on azide functionalized electrodes as CoPc ring has 

C-N and C=N bonds. The high resolution (C1s) clicked spectra shows a new peak C=N 

at 285.7 eV in Fig. 4.4(c) which confirms the presence of the Pc on the electrode. 

Fig. A1 (b) shows deconvoluted Co 2p XPS spectra of complex-4 and Fig. A1(c) for 

clicked complex-4.  Two distinct peaks are observed at 780.3 eV assigned to Co 

2p3/2 and at 795.3 eV due to Co 2p1/2 [145]. Both peaks are associated with the Co 

metal in its +2 oxidation state [145]. Following clicking in Fig. A1(c), both peaks are 

still present though the Co 2p1/2 is slightly broadened. The presence of both peaks 

following clicking shows that the oxidation state of the central metal did not change. 
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Figure 4.4: (a) Wide scan XPS spectra for bare, grafted and 4-clicked-GCP. High 

resolution XPS spectrum of (b) N (1s) and (c) C (1s). 
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4.1.4. Scanning Electrochemical Microscopy (SECM) 
 

Scanning electrochemical microscopy (SECM) was employed to characterize the GCP 

platforms before and after grafting and clicking. Area scans were done to show the 

degree of conductivity of the platforms. 
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Figure 4.5: SECM area scans for (a) bare GCP, (b) grafted GCP, (c) complex-3-

clicked-GCP and (d) complex-4-clicked-GCP. Carried out in 5 mM K3[Fe(CN)6]/K4 

[Fe(CN)6] and 0.1 M KCl using water as a solvent.  
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The bare surface was scanned for comparison purposes (Fig. 4.5 (a)). The bare GCP 

showed that it was smooth and had a maximum current of 5.2 nA. However, after 

grafting (Fig. 4.5 (b)) the current dropped to range of 1 to 7 pA which is an indication 

that the GCP is passivated by azidoaniline which is insulative in nature. After clicking 

the currents ranged from 3.6 to 4.8 nA and 1.4 to 3.0 nA for clicked complexes 3 

and 4 respectively (as examples). Thus, the current ranges were lower than that of 

a bare GCP. The SECM results are in agreement with CV results that the largest 

currents are observed on the bare electrode and the smallest on the grafted 

electrode 
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Table 4.1: A summary of CV data for the different surfaces in 1 mM [Fe(CN)6]3-/4- 

Electrode Ep (mV)   1 mM  Fe(CN)6
3-/4-  

Bare GCE 72 

QDs 301 

1a  

1a-clicked - 

1a-adsorbed 210 

1a-QDs 243 

1b 294 

1b-QDs 186 

1c 374 

1c-QDs 210 

rGONS 90 

1a-rGONS(linked) 132 

1a-rGONS(seq) 146 

2  224 

2-rGONS(linked) 140 

2-rGONS(seq) 148 

ZnONPs 380 

2-ZnONPs 120 

3-clicked - 

4-cliked  - 

5a 250 

5a-rGONS(seq) 131 

AgNPs 170 

5b 360 

5b-AgNPs 160 

6 183 

  

6-rGONS(seq) 124 

CoPc 385 
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CoPc-rGONS(seq) 156 

    aseq = sequential.  

 

4.2. Adsorption of clicked conjugates 
 

Clicked QDs conjugates of 1a, 1b, 1c , clicked rGONS conjugate of 1a and 2 to ZONPs 

were used to modify electrodes (GCE) by  absorption method (1a and 2 was also 

used for sequential modification, labelled Seq) in Table 4.1 and characterized with 

CV, EIS and SECM in 0.1 M KCl containing [Fe(CN)6]3-/4- solution. 1a alone is indicated 

as 1a-adsorbed in this section to differentiate from clicked since both methods were 

used for 1a. 1b, 1c and 2 alone were also adsorbed on the electrodes alone. 

4.2.1. Cyclic Voltammetry (CV) 
 

Cyclic voltammetry studies (Fig. 4.6) (using complexes 1 as an example for QDs) 

were carried out on different electrodes in 1 mM [Fe(CN)6]3-/4- in 0.1 M KCl. The 

anodic to cathodic peak potential separation (Ep) are shown in Table 4.1. The lower 

Ep is related to better charge transfer process. 
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Figure 4.6: Cyclic voltammograms of bare GCE, QDs, 1a, 1b, 1c, 1a-QDs, 1b-QDs, 

and 1c-QDs In 0.1 M KCl containing 1 mM [Fe(CN)6]3-/4- solution. Scan rate = 100 mV/s. 

(Starting potential of scans= -0.25 V). 

 

The ΔEp of bare GCE (at 72 mV) is closer to the Nernstian value of 58 mV for a one 

electron process, Table 4.1, this serves an indication of the good charge transfer 

kinetics for the [Fe(CN)6]3-/4-. The observed changes in ΔEp values upon modifications 

confirm alteration on the GCE surface. ΔEp values of Pcs decreased following 

conjugation to the QDs, confirming improved charge transfer ability. The following 

trend can be observed from Table 4.1 for ZnONPs conjugate; 2-ZnONPs (120 mV) < 

2 (224 mV) < azide ZnONPs (380 mV), thus incorporating ZnONPs to 2 results in the 

decrease of peak separation resulting in be improvement of electron transfer ability 

of the conjugate. For rGONS conjugates, the Ep values were found to be in the 

following order: rGONS (90 mV) <1a-rGONS(linked) (132 mV) < 2-rGONS(linked) (140 

mV) < 1a-rGONS(seq) (146 mV) < 2-rGONS(seq) (148 mV) < CoPc-rGONS(seq) (156 

mV) < 1a-adsorbed (210 mV) < 2 (224 mV) < CoPc (385 mV). Again, there is generally 

a decrease in peak separation in the presence of rGONS compared to MPcs alone, 

this confirms that graphene oxide nanosheets enhance charge transfer, with slightly 

higher charge transfer ability on rGONS(linked) compared to rGONS(seq). This might 
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be due to covalent bond easing charge transfer. Also, the substituents on the MPc 

are found to play a role in the charge transfer as MPc with benzyl substituent (1a-

adsorbed) is found to result in better charge transfer than when MPc only bears an 

aliphatic substituent (2). The MPc without the substituents (CoPc) gave poor results 

compared to its substituted counterparts.   

 

The Randles-Sevcik Eqn. 4.1 [146] can be applied on [Fe(CN)6]3-/4 redox couple in 

Fig. 4.6 to determine the effective electrode area. 

𝐼௣  = 2.69 × 10ହ𝑛ଷ/ଶ 𝐴𝐶𝐷
ଵ
ଶ 𝑣ଵ/ଶ                                                          4.1 

where Ip, A, C, D, n, and v are the peak current, the effective surface area, 

concentration of [Fe(CN)6]3-/4, diffusion coefficient of [Fe(CN)6]3-/4, the number of 

electrons involved, and scan rate, respectively. The literature value for D = 7.6 × 

10-6 cm2s-1 [147] for [Fe(CN)6]3-/4 was used. The effective electrode area was 

determined using Eqn. 4.1 and plotting current at different scan rates. The same 

scan rate was used for the data from where Q was determined for comparison 

purposes. 

The CoPc derivatives were used as electrode modifiers and cycled in pH 7 buffer, 

Fig. 4.7. The peaks at around 0.75 V (III) are assigned to ring based processes, peaks 

near -0.5 V (I) is assigned to CoII/CoI couple and CoIII/CoII processes are near 0 V (II) 

which is a slight shift to the less positive potentials relative to literature [148].The 

slight difference from Fig. 3.4 could be due to solution versus adsorbed species.  
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 By using the effective area of the modified electrodes determined using Eqn. 4.1 

and the total charge determined by integrating the cathodic peak area of CoII/CoI (I) 

Fig. 4.7 and then by employing Eqn. (4.2), surface coverages were calculated. 

Γ =  
୕

୬୊୅
                                                                                          (4.2)  

where Q is the electric charge, n is the number of electrons transferred (~ 1), F the 

Faraday constant (96,485 C mol-1) and A is the effective surface area obtained from 

Eqn. 4.1. The surface coverages reported in this work (ranges from 4.65 × 10-10 mol 

cm-2 to 3.23 × 10-9 mol cm-2) (Table 4.2) and were higher than the reported value for 

phthalocyanines lying flat on the surface of the electrode (1× 10-10  mol cm-2) [149] 

suggesting that the clicking of graphene oxide nanosheets hinder 

metallophthalocyanines from lying parallel to the electrode surface. In addition to 

that, the high surface coverage values of Pcs alone could imply a perpendicular 

orientation on the GCE.  The higher surface coverages imply the increase in the 

electrode surface area which offers more electrocatalytic surface. 

Table 4.2: A summary of surface coverages for different electrode- 

Electrode 𝚪 (mol cm-2) 

 

1a-adsorbed 1.55× 10-9 

1a-rGONS(linked) 3.23 × 10-9 

1a-rGONS(seq) 2.84× 10-9 

2  1.42× 10-9 

2-rGONS(linked) 2.47× 10-9 

2-rGONS(seq) 2.52× 10-9 

CoPc 4.65× 10-10 

CoPc-rGONS(seq) 2.12× 10-9 
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Figure 4.7: Cyclic voltammograms of a selection of modified electrodes containing 

the CoPc derivatives in 0.5M NaOH solution. Scan rate = 100 mV/s 

 

4.2.2. Electrochemical Impedance Spectroscopy 
 

Electrochemical impedance spectroscopy (EIS) was carried in order to get an insight 

into charge transfer kinetics occurring at the electrode/electrolyte interface. EIS is 

an informative and non-destructive technique useful in probing molecules at the 

surface. There are two plots which are commonly used to show impedance behaviour 

[150]. These are the Nyquist and Bode plots. The Nyquist plots are shown in Fig. 

4.8(a) for 1b and Fig. A2 (a)   for 1c and conjugates. Fig. 4.8(c) represents the fitting 
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model used. The Nyquist plot (Fig. 4.8(a), Fig. A2(a), is divided into two frequency 

regions, the kinetically-controlled (high frequency) region where a semi-circle is 

observed and the diffusion-controlled (low frequency) region where the Warburg line 

is observed. On a Nyquist plot the infinite Warburg impedance appears as a diagonal 

line. Parameters such as the electrolyte resistance (Rs), charge transfer resistance 

(Rct), capacitance (Cdl), and Warburg impedance (W) can be determined from Nyquist 

plots. A high Rct signifies low conductivity of the electrodes. The obtained charge 

transfer resistance (as examples) are as follows: bare (11.74 k cm-2), QDs (42.30 

k cm-2), 1a-adsorbed (8.48 k cm-2), 1b (32.86 k cm-2), 1c (7.92 k cm-2), 1a-

QDs (4.53 k cm-2), 1b-QDs (4.10 k cm-2) and 1c-QDs (2.69 k cm-2), Table 4.3. 

Generally, QDs increased the conductivity of the electrodes with 1c-QDs showing 

least resistance followed by 1b-QDs. Hence, conjugating QDs to MPc improve 

electron transfer at the electrode surface. The decrease in Rct values in the presence 

of QDs is in agreement with the decrease in E values (improve charge transfer 

ability) discussed above. The Warburg parameter (W), Table 4.3, decreased in the 

presence of QDs showing slow diffusion. The C also decreased in the presence of 

QDs, Table 4.3.  For probes 1a, 2-ZnONPs and 2-rGONS the EIS studies were not 

carried out. 

0 50 100 150 200

0

50

100

150 Bare 

 QDs

 1b

 1b-QDs

Z
'' 

/ 
k

 c
m

-2

Z' /k cm-2

(a)

 



Chapter FOUR                                  Electrode modification and characterization                                      
 

99 
 

0 1 2 3 4 5 6

10

20

30

40

50

60

Bare 

 QDs

 1b

 1b-QDs

-P
h

a
se

 a
n

g
le

log (f / Hz)

(b)

 

 

Figure 4.8: (a) Comparative Nyquist plots (b) Bode plot of electrodes and the fitting 

model used (c), where W is Warburg parameter and Cdl is capacitance. In 0.1 M KCl 

containing 1 mM [K3[Fe(CN)6]/K4[Fe(CN)6] solution. 

 

The apparent electron transfer rate constant (kapp) was calculated using Eqn. 4.3 

[146]: 

𝑘௔௣௣ =
𝑅𝑇

𝑛ଶ 𝐹ଶ 𝐴𝑅௖௧𝐶
                                                                  4.3 

where Rct is charge transfer resistance, C is the concentration of the [Fe(CN)6]3-/4- 

solution, n is number of electrons transferred, A is the real surface area of the 

electrode, R is the ideal gas constant, T is the absolute temperature (K), and F is 

Faraday constant.  The real surface area (A) was calculated using Randles Sevcik 

Eqn. 4.1 above. 

Cdl 
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The kapp values increased for the Pcs in the presence of QDs, showing the importance 

of linking the two, Table 4.3.  It was found out that 1c and 1c-QDs had higher kapp 

values than the corresponding of the Pcs and conjugates. 

Fig. 4.8(b) (and Fig. A2 (b) for 1c and its conjugate) shows Bode plots of electrode 

surfaces. The phase angle values for all the electrodes studied are less than the ideal 

90° for a true capacitor leading to the conclusion that these electrodes are of leaky 

capacitor behavior [151]. On a Bode plot, the Warburg impedance exhibits a phase 

shift of 45°. Only 1c electrode could have a Warburg behaviour because the phase 

angle is 45°. The deviations from 45° for the rest of the electrodes could be related 

to differences in the roughness of the surfaces. 

The slopes of the Bode plots (log Z vs. log f, Fig. A2(c)) are less than ideal – 1.0 for 

pure capacitor behaviour at the mid frequency region, indicative of pseudo-

capacitive behaviour [152]. The data in Table 4.3 gave percentage errors less than 

5% making reliable. 
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Table 4.3. A summary of EIS data on different electrodes in 1 mM [Fe(CN)6]3-/4- in 

0.1 M KCl supporting electrolytes. 

Electrode Rct / k 
cm-2   

W/ k 
cm-2  

C / µF 
cm-2 

    𝒌𝒂𝒑𝒑/103 cm 
s-1 

Error (%) 

Bare GCE 11.74 7.068 9224 0.31  2.45 

QDs 42.30 0.011  3621 1.62  4.89 

1a-adsorbed 8.48 0.044  3608 2.79  3.22 

1a-QDs 4.53 0.040 1952 7.03 1.98 

1b 32.86 0.060  2660 4.43  2.36 

1b-QDs 4.10 0.044 1740 7.87 3.47 

1c 7.92 0.069 2150 5.22  4.66 

1c-QDs 2.69 0.060 778 9.46  3.18 

rGONS 8.04 0.082 686 5.74 4.06 

5a 38.74 0.075 642 0.62 2.65 

5a-
rGONS(seq) 

18.96 0.053 523 1.97 3.60 

6 22.48 0.066 692 1.27 3.61 

6a-
rGONS(seq) 

12.72 0.048 543 2.53 4.01 

 

 

4.2.3. Scanning electrochemical microscopy (SECM) 
 

SECM approach curves were used to study surface activity of modified surfaces, Fig. 

4.9 (using 1b and 1c as examples). The bare-GCP produced an increase in current 

with an increase in proximity to the surface, indicating conductivity.  An increase in 

current was also observed for 1b, and 1c (Fig. 4.9(b)). The currents increase further 

after conjugation with QDs, hence this shows the importance of conjugation. The 
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trend in activity as revealed by the calculated tip current-limiting current (I/Ilim) (at 

0 d/a= distance per surface area of the working electrode) is as follows: bare GCP ˂ 

1a ˂  1a-QDs ˂  1b ˂  1b-QDs ˂  1c ˂  1c-QDs. The trend shows 1c-QDs to produce higher 

currents relative to other probes making it suitable for electrocatalysis, the obtained 

SECM result is in agreement with EIS data (in terms of RCT, shown in Table 4.3). The 

insulating nature of Teflon is judged by the decrease in current as the tip approaches 

the surface, Fig. 4.9(a). The area scan technique SECM was used to study the effect 

of electrode modification. From Fig. 4.10 it can be seen that unmodified and 

modified electrodes give smooth micrographs suggesting that the plates have a 

uniform surface and there was uniform immobilization of the probes on the plate. 

Also for the modified electrodes in Fig. 4.10 (b-d), the obtained results are similar 

to what is reported in the literature [153] in terms of topography and it is an 

indication that the electrode modification is complete since a homogenous current 

with a regular topography is observed. Electrodes showed varying current of range 

0.12 to 0.28 nA (bare GCP) < 3.7 to 4.2 nA (rGONS) < 4.10 to 4.45 nA (GCP-2)  4 to 

5 nA (GCP-2-rGONS(linked)). The bare GCP showed the lowest current, followed by 

rGONS. The largest currents were obtained for Pcs and their conjugates. Please note 

that the current for bare GCP is different from Fig. 4.5, since a different plate was 

employed. Also, different y-axis scan ranges were used for Figs. 4.5 and 4.10. 
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Figure 4.9: SECM approach curve of Teflon, bare GCP, 1b, 1c, 1b-QDs and 1c-QDs 

In 0.1 M KCl containing 5 mM [Fe(CN)6]3-/4- solution. Scan rate = 100 mV/s. 
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Figure 4.10: SECM Micrograph on (a) bare GCP (b) GCP-rGONS, (c) GCP-2 and GCP-

2-rGONS (linked). 

4.3. Electrodeposition 
 

Scheme 4.2 shows the electrochemical synthesis of AgNPs on 5b. For 5b-AgNPs prior 

to electrodeposition process, 5b was first drop dried on the GC plate, followed by 

the growth of AgNPs. The Ag self-assembles onto the 5b through the Ag-N bond. 
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Scheme 4.2. Schematic diagram of 5b-AgNPs conjugate. 

 

4.3.1. Cyclic Voltammetry  
 

Fig. 4.11 shows cyclic voltammograms for the modified electrodes in 1 mM 

K3[Fe(CN)6]/K4[Fe(CN)6] in 0.1 M KCl solution. The peak potential separation E for 

a reversible system such as K3[Fe(CN)6]/K4[Fe(CN)6]   is a good measure of the charge 

transfer ability of the electrode with lower values showing a good  charge transfer 

ability. The decrease in E follows the order:  5b (E = 360 mV) > AgNPs (E = 170 

mV) ≈ 5b-AgNPs (E = 160 mV), Table 4.1. It can be noted that 5b-AgNPs showed 

lower potential difference than 5b and this could be the synergistic effect of 5b and 

AgNPs. 
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Figure 4.11: Cyclic voltammetry of bare, AgNPs, 5b, and 5b-AgNPs in 1 mM 
K3[Fe(CN)6]/K4[Fe(CN)6] solution. Scan rate: 100 mVs-1. 
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4.3.2. Scanning electron microscopy (SEM) and energy dispersive X-ray analysis 
(EDX) 
 

SEM images of bare GC plate Fig. A3, 5b (Fig. A4 (a), AgNPs (Fig. A5 (a) and 5b-

AgNPs (Fig. 4.12a) modified GC plates present different morphologies of the 

different electrodes. Bare GC plate shows a smooth surface, while the SEM image of 

adsorbed 5b shows irregular shapes and a rough surface. The SEM image of the AgNPs 

show flower-like particles (Fig. A5 (a)) which are also present in 5b-AgNPs, Fig. 

4.12(a). 

EDX spectra for 5b-AgNPs (Fig. 4.12(b)) confirms presence of silver element, the 

other elements K, Na and O could be from the electrolyte and KCN used in the 

electrodeposition process.  The appearance of extra element (Mn) on the EDX image 

Fig. 4.12(b) confirm the presence of manganese metal which comes from the 

phthalocyanine.  The Mn is absent in AgNPs alone (Fig. A5 (b)) and present in 5b 

alone (Fig. A4 (b)).  

  

a 
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Figure 4.12: (a) SEM image of 5b-AgNPs and the corresponding (b) EDX spectrum.  

 

4.3.3. Scanning Electrochemical microscopy  
 

The SECM approach curves were used in the study of surface activity of modified 

surfaces, shown on Fig. 4.13. The bare GCP showed an increase in current with an 

increase in proximity to the surface indicating conductivity and upon modification 

with AgNPs, 5b and 5b-AgNPs the conductivity increases. The trend in activity as 

revealed by the calculated tip current-limiting current (I/Ilim) (at d/a=0 as 

mentioned before) is as follows: Bare GCP < 5b < AgNPs < 5b-AgNPs. The trend shows 

5b-AgNPs to produce relatively higher currents rendering it suitable for 

electrocatalysis, the obtained SECM result is in agreement with CV data (in terms of 

potential difference, discussed below) 

b 
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Figure 4.13: SECM approach curve of bare GCP, AgNPs, 5b, 5b-AgNPs In 0.1 M KCl 

containing 5 mM [Fe(CN)6]3−/4− solution. Scan rate = 100 mV/s. 

 

4.4. Sequential modification only  
 

For electrode modification, 1 mg of each material (rGONS, 5a, or 6) was dissolved 

in 1000 μL of DMF and sonicated. Each of the dispersed material (0.5 μL) was dropped 

on the glassy carbon electrode separately (rGONS, 5a, 6) and sequentially (5a-

rGONS(seq) or 6-rGONS(seq)) and dried in an oven. It have been reported that the 

best catalytic activity is obtained when MPcs are placed on top of nanomaterials 

[154], hence in this work for the sequentially modified electrodes, rGONS are placed 

first on the electrode followed by CoPc derivatives. 

4.4.1. Cyclic voltammetry  
 

Fig. 4.14(a) shows the CVs of probes in 1 mM K3[Fe(CN)6]/K4[Fe(CN)6]. The obtained  

anodic to cathodic peak separations (Ep) were  90, 250, 183, 131 and 124 mV for 

rGONS, 5a, 6, 5a-rGONS(seq) and 6-rGONS(seq)  respectively(as shown in Table 4.1). 

The lower the (Ep) the better the charge transfer, 6 has lower (Ep) than 5a this 

could be attributed to tert-butyl phenoxy substituent present in 6 as they are 

electron donating. Generally, using the combination of cobalt phthalocyanines and 
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rGONS resulted in the lowering of (Ep) this is due to electron rich - system of 

rGONS. 6-rGONS(seq) gave better charge transfer than 5a-rGONS(seq). 

Fig. 4.14 (b) shows the cyclic voltammograms of bare, rGONS, 5a, 6, 5a-rGONS (seq) 

and 6-rGONS (seq) in supporting electrolyte (0.20 M NaOH).  There are no peaks for 

bare and rGONS. For CoPc containing electrodes, the peak at around -0.5 V (I) is due 

to CoIIPc-2/CoIPc-2 redox couple and CoIIIPc-2/CoIIPc-2 processes are near 0 V (II) as 

discussed above. The peak (III) at around 0.6 V corresponds to ring based processes 

as discussed above. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

-30

-20

-10

0

10

20

30

 Bare
 rGONS
 6
 5a
 5a-rGONS(seq)
 6-rGONS(seq)

I /
A

E / V (AgAgCl)

(a)

 

-1.0 -0.5 0.0 0.5 1.0

0

10  Bare 
 rGONS
 6
 5a
 5a-rGONS(seq)
 6-rGONS(seq)

I 
/µ

A

E / V(AgAgCl)

(b)

I

II

III

 

Figure 4.14: Cyclic voltammetry of bare, rGONS, 5a, 6, 5a-rGONS(seq) and 6-

rGONS(seq) in (a) 1 mM K3[Fe(CN)6]/K4[Fe(CN)6]  solution and (b) 1 mM hydrazine in 

0.2 M NaOH.  Scan rate: 100 mVs-1. 
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4.4.2. Electrochemical impedance spectroscopy (EIS) 
 

The insight into the charge transfer process of K3[Fe(CN)6]/K4[Fe(CN)6] redox couple 

at the electrodes was obtained from EIS. Fig. 4.15 (a) shows Nyquist plots obtained 

for bare, rGONS, 5a, 5a-rGONS, 6 and 6-rGONS at frequencies between 10 kHz and 

0.1 Hz. The Rct values obtained are provided in Table 4.3, the lower the Rct the 

better the charge transfer kinetics. 6 gave lower Rct value (22.48 k cm-2 ) compared 

5a (38.74 k) cm-2 due to presence of electron donating substituent in the former. 

Furthermore, incorporating rGONS to phthalocyanines resulted in the lowering of Rct 

values which could be attributed to highly conjugated rGONS system.  

The apparent charge transfer rate constants (kapp), Eqn. 4.3 was largest for 6-rGONS 

(kapp = 2.53 × 103 cms-1) compared to other rGONS based probes however, 1c-QDs 

gave the largest kapp of all probes, Table 4.3. The results corroborate CV results. 
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Figure 4.15: Nyquist plots (a), bode plots (b) and (c) plot of log f vs. log Z for 

rGONS, 5a, 6, 5a-rGONS and CoPc-rGONS in 1 mM K3[Fe(CN)6]/K4[Fe(CN)6] solution. 

The Bode plots of phase angle versus log (f/Hz) 1 mM K3[Fe(CN)6]/K4[Fe(CN)6] 

solution are shown in Fig. 4.15 (b). The Bode plot for complex 5a shows a 

complicated behaviour with two decoupled phenomena having two different 

relaxation periods suggesting different relaxation behaviour. This behaviour has 

been observed before and related many factors including film thickness [155], which 

could result in different diffusion processes within the film. This was also observed 

for 1b in Fig. 4.8. All phase angles obtained for probes developed in this study are 

less than 90˚ and more than 45˚ therefore, the results suggest that these electrodes 

(C) 
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do not work like an ideal capacitor and permits the diffusion of [Fe(CN)6]3−/4−  redox 

probe [151]. The slopes in Fig.4.15 (c) of Bode plots (log Z vs. log f) are all less than 

- 1.0 for a pure capacitor behaviour at mid frequency, this suggests that all modified 

platforms possess pseudo-capacitive behaviour which is agreement with the results 

obtained in Fig. 4.15 (b).  

 

4.8. Conclusions  
 

The modified electrodes were electrochemically analysed and found to have higher 

effective electrode area. This implies an increase in the surface area on which the 

electrocatalysis reactions are to occur. Generally, the conjugates showed improved 

electron transfer abilities than individual materials.
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5. Electrocatalysis 
 

This focuses on the examination of the different catalytic platforms towards 

electrocatalysis of hydrazine, 2-mercaptoethanol, hydrogen peroxide and oxygen 

reduction reaction. 

5.1. Hydrazine detection  
 

5.1.1. Clicked Pcs without nanomaterials  
 

Complexes 1a, 3 and 4 were employed 

 

5.1.1.1. Cyclic voltammetry  
 

Hydrazine was chosen as a test analyte as it has been reported in the literature that 

CoPc derivatives readily oxidises this analyte [156-158]. Fig. 5.1(a) shows a 

comparative CVs of the bare GCE, grafted, 1a-clicked and 1a-adsorbed in a potential 

window of 0 to 0.75 V vs Ag/AgCl reference electrode and Fig. 5.1(b) for complexes 

3-clicked and 4-clicked. 
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Figure 5.1: Cyclic voltammetry of bare, grafted, 1a-clicked, 3-clicked, 4-clicked 

and 1a-adsorbed in 4 mM hydrazine in 0.2 M NaOH. Scan rate 100 mVs-1. 

 

The results showed that the bare and the grafted electrodes were not able to sense 

hydrazine. In contrast, the 1a-clicked showed a defined oxidation peak at 0.54 V 

(Table 5.1), with an onset potential of 0.3 V. On the other hand, 1a-adsorbed showed 

slightly higher oxidation potential (0.58 V) and lower peak currents. Higher currents 

were observed for clicked hence, clicking increases the sensitivity of the electrode. 

The oxidation potentials obtained are more negative than for the reported for 

clicked CoPc (hexynyl in Table 5.1) at 0.72 V [35] in which an aliphatic substituent 

was used for clicking, meaning the aromatic substituent used in this work eased 

oxidation of hydrazine due to the electron donating nature of the substituent 

resulting in low oxidation potentials [159]. Complex-4-clicked showed a less positive 

potential (0.21 V) than complex-3-clicked (0.26 V), Table 5.1. However, the latter 

had more defined peak, showing the importance of the presence of the benzene ring 

before the alkynyl. The oxidation on both the forward and reverse scans in Fig. 5.1 

(b) is attributed to regeneration of the active catalyst responsible for the oxidation 

of hydrazine [160]. The obtained oxidation potentials for 3 and 4 are less positive 
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than the reported ones in the literature at 0.72 V for symmetrical alkynyl substituted 

CoPc derivatives [35] Table 5.1.  

The proposed mechanism for electroxidation of hydrazine on CoPc as reported in the 

literature [161, 162] is via Eqns. 5.1 to 5.4.  

[𝐶𝑜(𝐼)𝑃𝑐]௦௨௥௙௔௖௘
ି  ⇄  [𝐶𝑜(𝐼𝐼)𝑃𝑐]௦௨௥௙௔௖௘ +  𝑒ି     5. 1 

[𝐶𝑜(𝐼𝐼)𝑃𝑐]௦௨௥௙௔௖௘ + 𝑁ଶ𝐻ସ + 𝑂𝐻ି  
௥ௗ௦
ሱሮ  [𝐶𝑜(𝐼)𝑃𝑐 … 𝑁ଶ𝐻ଷ]௦௨௥௙௔௖௘

ି +  𝐻ଶ𝑂  5. 2 

[𝐶𝑜(𝐼)𝑃𝑐 … 𝑁ଶ𝐻ଷ]௦௨௥௙௔௖௘
ି  →  [𝐶𝑜(𝐼)𝑃𝑐]௦௨௥௙௔௖௘

ି + ∗ 𝑁ଶ𝐻ଷ    5. 3 

∗ 𝑁ଶ𝐻ଷ + 3𝑂𝐻ି  
௙௔௦௧
ሱ⎯ሮ  𝑁ଶ + 3𝑒ି + 3𝐻ଶ𝑂      5. 4 

 

In a reaction involving only one step with one electron (like mechanism shown 

above), the Tafel slope will be determined by the symmetry, which is usually 0.5 

(corresponding to a Tafel slope of 120 mV). 

As stated in literature [161,162], for most CoPc complexes, oxidation of hydrazine 

starts at potential more positive than that of the Co (II)/(I) redox couple, so the 

assumption the catalytic species is the Co(II)Pc. 

The onset potential is a potential at which the sharp increase in reduction current 

is observed. The onset potential is measured by linearly extrapolating the fast rising 

current wave (or peak) to the linear extrapolation of the baseline (background) 

current, and the intercept potential. 
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Table 5.1: Electrochemical results in hydrazine  

Electrode E/V Background 
corrected 
current / µA 

Tafel slope 
/mVdec-1  

k/M-1s-1 LoD/ µM  Reference 

       

1a-clicked 0.54 123 56 8.45 × 103 3.28 This work 

1a-adsorbed 0.58 56 73 6.23× 103 10.2 This work 

ZnONPs 0.92 56 54 4.14× 104 12.84 This work 

2  0.86 74 102 5.71× 104 8.62 This work 

2-ZnONPs 0.81 92 94 7.26× 104 4.35 This work 

3 0.26 113 118 5.6× 106 0.94 This work 

4 0.21 183 152 2.1× 106 1.54 This work 

5a 0.62 6.45 95 5.09× 104 5.04 This work 

5a-rGONS(seq) 0.72 12.71 118 1.08× 106 1.67 This work 

AgNPs 0.78 100.21 85 8.15× 104 4.66 This work 

5b 0.83 100.21 76 2.48× 102 5.68 This work 

5b-AgNPs 0.71 118.30 115 1.90× 105 2.43 This work 

6 0.63 22.31 98 8.05× 104 4.31 This work 

6-rGONS(seq) 0.70 101 78 1.37× 106 0.82 This work 

CoPc(hexynyl) 0.72 399 212 7.84 × 102 6.09 [35] 

MnPc(hexynyl) 0.34 - - 4.10 × 103 15.4 [33] 

CoPc(phenyl) 0.2 - - 2.98 × 103 4.3 [156] 

FePc(hexynyl) 0.10 - 65.8 8.84 × 102 1.09 [34] 

    seq = sequential.  
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5.1.1.2. Stability test 
 

For practical application of any electrochemical sensor, the stability is essential. 

The stability test for 1a-clicked and 1a-adsorbed were done by running 10 

consecutive scans in the 0.2 M NaOH supporting electrolyte solution containing 4 mM 

hydrazine (Fig.5.2).   
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Figure 5.2: Cyclic voltammograms of continuous repetitive scans (10) with (a) 1a-

clicked, (b) 1a-adsorbed, (c) 3-clicked and (d) 4-clicked in 4 mM hydrazine with 0.2 

M NaOH. 

 

For 1a-clicked Fig. 5.2(a) the current decreased for the first four scans and from 5th 

scan the peak current and potential became stable. On the other hand, the 1a-

adsorbed Fig. 5.2(b) showed a decrease in current without becoming stable for all 

10 scans. Therefore, the clicked electrode is more stable than when MPcs are 

adsorbed, this makes a clicked electrode more appropriate for use in sensing. 

Complex-3-clicked Fig. 5.2(c) and complex-4-clicked Fig. 5.2(d) showed similar 

stability behaviour however, the current decreased faster after the first scan for 

complex-3-clicked, while complex-4-clicked showed a steady decrease in current 
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which stabilized after the 20th scan, hence complex-4-clicked is slightly more stable 

than complex-3-clicked.  

5.1.1.3. Kinetic studies of hydrazine detection 
 

Fig. 5.3(a) shows the CVs for detection of hydrazine at different scan rates (using 

complex-4-clicked-GCE as an example). The shift in the peak potential with the 

increase in scan rates is an indication that hydrazine electro-oxidation on the 

surfaces of the modified electrodes is an irreversible process. The linear increase in 

the current signal when plotted against the square root of scan rate (Fig. 5.3(c)) is 

an evidence that the electro-oxidation of hydrazine is diffusion controlled [98].  
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Figure 5.3: Cyclic voltammograms for the detection of hydrazine (in 0.2 M NaOH) at 

different scan rates (a), plot of oxidation peak potential vs. log 𝑣 (b) and (c) plot of 

peak current vs. square root of scan rate. Electrode = complex-4-clicked (for 

example). 

For reversible or irreversible systems without kinetic complications, Ip varies linearly 

with V1/2, intercepting the origin. Although the plots of Ip vs. V1/2 presented in Fig. 

5.3 (c) are linear (R2 = 0.9985 and 0.99964), they do not cross the origin of the axes. 

This is a characteristic for the electronic process preceded by electro-chemical 

reaction and followed by a homogenous chemical reaction.  

The relationship between peak potential and scan rate for an irreversible diffusion-

controlled process is given by Eqn. 5.5 [163]. 

𝐸p=
௕ 

ଶ
log 𝑣 + 𝐾                       5.5 
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where 𝐸p is the peak potential, 𝑣 is the scan rate, K is a constant, and b indicates 

the Tafel slope. From Fig. 5.3 (b) plot of Ep versus log 𝑣, Tafel slopes of 118 and 152 

mV decade-1 for complex-3-clicked and complex-4-clicked respectively were 

obtained and for complex-3-clicked the value is within the standard range of 60-120 

mV decade-1. Tafel slopes outside this range have no kinetic meaning and are usually 

indicative of an electrode surface passivation [164]. The Tafel slope for 1a-clicked 

is lower than that of the corresponding 1a-adsorbed, Table 5.1. A Tafel slope of near 

60 mV/decade (as is the case in this work for 1a-clicked) is obtained when α=1, and 

one electron is transferred during the rate-determining step [165].  

 

5.1.1.4. Chronoamperometry studies 
 

After determining the catalytic rate constants, the limit of detections (LoD) were 

calculated using chronoamperograms at different hydrazine concentration (linear 

plot shown as insert in Fig. 5.4 (a)) at t= 0.246 s.  
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Figure 5.4: (a) Chronoamperograms for different concentration of hydrazine (in 0.2 
M NaOH) recorded using 1a-clicked. Insert: current-concentration plot for hydrazine 
(at t= 0.246). (b) Plot of (Icat / Ibla) versus t1/2 and plot (c) the square of the slope-
concentration of hydrazine. 

The 1a-clicked was employed for chronoamperometric studies as an example. 

The obtained LoDs were 3.28 µM, 0.94 µM and 1.54 µM for 1a-clicked, 3-clicked and 

4-clicked respectively, according to the 3δ/slope ratio, where δ is the standard 

deviation of the blank (electrodes in the supporting electrolyte, 0.2 M NaOH). The 

obtained LoD were lower than the reported for symmetrical CoPc at 6.09 µM [35] 

and 4.3 µM [156], Table 5.1. The lower LoD for 3-clicked compared to 4-clicked 

shows the importance of have the benzene ring before the alkynyl group rather than 

only aliphatic chains. 

For 1a-adsorbed, the LoD is 10.2 M and sensitivity is 5.45 µA mM-1, hence clicking 

performs better than adsorption. The higher LoD than the one tabled for FePc 

containing hexynyl substituent maybe due to the difference in central metal as FePc 
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are reported to have low LoDs [34]. The catalytic rate constants (k) for the 

electrocatalysis of hydrazine on were determined according to the method described 

in the literature [166] and the Eqn. 5.6. 

 

ூ೎ೌ೟   

ூ್೗ೌ
= 𝑦

భ

మ
  𝛱ଵ/ଶ = 𝛱ଵ/ଶ(𝑘𝐶଴𝑡)ଵ/ଶ      5.6                                                                                 

where,  𝐼௖௔௧  and 𝐼௕௟௔ are currents in the presence and in the absence of hydrazine, t 

= elapsed time in seconds (s) and k = catalytic rate constant (M-1s-1). Fig. 5.4(b) 

shows linear plots of  (
𝐼௖௔௧ 

𝐼௕௟௔
ൗ  ) vs. t1/2 for different concentrations of hydrazine 

obtained from the chronoamperomogram in Fig. 5.4(a). The slopes of these plots 

were plotted against the concentration of hydrazine to give linear relationship shown 

in Fig. 5.4(c) and is represented by Eqn. 5.7. 

1a-clicked 

y= 26.5 [hydrazine] ቀ
௦షభ

௠ெ
ቁ − 4.28𝑠ିଵ ,   𝑅ଶ =  0.9701              5.7A 

3-clicked 

y= 6547.2 [hydrazine] ቀ
௦షభ

௠ெ
ቁ − 1379.7𝑠ିଵ ,   𝑅ଶ =  0.9697        5.7B 

4-clicked 

y= 1759.9 [hydrazine] ቀ
௦షభ

௠ெ
ቁ − 1526.7𝑠ିଵ ,   𝑅ଶ =  0.9789        5.7B 

 The slope of Fig. 5.4(c) is equal to k, and this gives a k value of 8.45 × 103 M-1s-1 

for 1a-clicked and 5.6 × 106 M-1s-1, 2.1 × 106 M-1s-1 for 3-clicked and 4-clicked 

respectively, Table 5.1.  The k value for 1a-adsorbed of 6.23 × 103 M-1s-1 is less than 

that of the 1a-clicked electrode showing the importance of clicking. Asymmetric 
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complex 3-clicked gave better performance than symmetrical 1a-clicked.   The 

values of k are larger (for 3-clicked and 4-clicked) than those obtained for hydrazine 

oxidation on symmetric tetrakis hexynyl CoPc clicked onto a GCE at 7.84 × 102 M-1s-

1 [35] and tetrakis ethylbenzyl CoPc (1a-clicked) at 8.45 × 103 M-1s-1, Table 5.1. This 

indicates a faster rate of oxidation at the surface of modified electrode used in this 

work, thereby making low symmetry phthalocyanines suitable candidates for the 

fabrication of a sensor for fast detection of hydrazine. The high catalytic constant 

and low LoD of the 1a-clicked-CGE sensor compared to clicked complexes CoPc 

(hexynyl) [35] is attributed to the aromatic group that is present in the substituent 

in complex 1a. Hence the presence of the aromatic ring improves the performance 

of the sensor 

5.1.1.5. Interference studies 
 

Ammine compounds such as aniline and ammonia have a potential to interfere with 

the signal of hydrazine in real life application. Hence, the selectivity of the 

electrode towards hydrazine in the presence of amines was studied (Fig. 5.5) using 

1a-clicked as an example. The square wave voltammograms in the presence of 

interferences are similar (Fig. 5.5 (d), (e), (f)), except for the small shift towards 

the positive potentials. The peak current of hydrazine in the presence of studied 

interferences remained high enough to determine selectivity of hydrazine as the 

interferences produced negligible oxidation currents and no extra peak. The relative 

standard deviation (RSD) of the peak heights in Fig. 5.5 (c), (d), (e) and (f) was 

4.30%, close RSD for hydrazine only at the 1a-clicked electrode (4.70%). Therefore, 

the study confirmed that the developed sensor possesses good sensitivity towards 

hydrazine.  
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Figure 5.5: Square wave voltammograms of 1a-clicked in (a) 100 µM ammonia, (b) 
100 µM aniline, (c) 25 µM hydrazine, (d) 25 µM hydrazine + 100 µM ammonia, (e) 25 
µM hydrazine + 100 µM aniline, (f) 25 µM hydrazine +100 µM aniline + 100 µM 
ammonia. 

 

5.1.2.  Adsorbed   conjugates 
 

Complex 2 was used with ZnONPS as an example 

 

5.1.2.1. Cyclic voltammetry  
 

Cyclic voltammetry of the probes in supporting electrolyte only Fig. 5.6(a) do not 

show defined peaks, but the enhancement in current could be attributed to redox 

process based on 2. However, after addition of 1 mM hydrazine Fig. 5.6 (b) azide 

ZnONPs, 2 and 2-ZnONPs showed peaks at 0.92 V, 0.86 V and 0.81 V, respectively 

(Table 5.1). It is noteworthy that the 2-ZnONPs based electrode shows less positive 

potential, this could be due to incorporation of ZnONPs which enhances electron 

transfer properties of 2 due to synergistic behaviour as ZnONPs nanoparticles were 

also able to detect hydrazine. There was generally small difference in oxidation 

potentials however, there is lager differences in background corrected oxidation 

currents (Table 5.1), which were the highest for 2-ZnONPs suggesting improvement 

in detection using the conjugates. 
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Figure 5.6: Cyclic voltammetry of bare, azide ZnONPs, 2, and 2-ZnONPs in (a) 0.20 

M NaOH and (b) 1 mM hydrazine in 0.20 M NaOH. Scan rate 100 mVs-1. 

 

5.1.2.2. Kinetic studies  
 

Cyclic voltammetry experiments were carried out at different scan rates (50-350 mV 

s-1) and at constant hydrazine concentration (1 mM).  Fig. 5.7(b) shows that peak 

currents were directly proportional to square root of the scan rate (v1/2) which is 

indicative of a diffusion-controlled reaction. For reversible or irreversible systems 

without kinetic complications, Ip varies linearly with V1/2, intercepting the origin. 

Although the plot of Ip vs. V1/2 presented in Fig. 5.3 (b) are linear (R2 = 0.99593), it 

does not cross the origin of the axes. This is a characteristic for the electronic 

process preceded by electro-chemical reaction and followed by a homogenous 

chemical reaction.  
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The steeper the gradient of the plot the faster the reaction on the modified 

electrode. The obtained gradients (in µA/ (mV-1)1/2) are in the order ZnONPs (2.497) 

< 2 (2.632) < 2-ZnONPs (3.119), thus the reaction is faster on the conjugate. The 

slope of log I versus log v in Fig. 5.7(c) is 0.48. The slope of such a plot can inform 

on whether a reaction is diffusion controlled or is dominated by adsorption. For 

adsorption dominated reactions the slope is 1 and 0.5 for diffusion-controlled 

reactions [167]. The value of 0.48 is close to 0.5, hence confirming diffusion 

controlled. 
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Figure 5.7: Cyclic voltammograms (2-ZnONPs) for the detection of 1 mM hydrazine 

(in 0.20 M NaOH) at different scan rates (a), plot of peak current vs. square root of 

scan rate (b), plot of log I vs. log v (c) and plot of oxidation peak potential vs. log 𝑣 

(d). 

 

The plot of Ep vs 𝑙𝑜𝑔𝑣 (Fig. 5.7 (d)) gave a linear relationship and the Tafel slope was 

found to be 94 mV dec-1 for 2-ZnONPs. The calculated Tafel slopes for ZnONPs, 2 

and 2-ZnONPs are within the range 60-120 mV decade-1.  
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5.1.2.3. Chronoamperometry studies 
 

The chronoamperometry data was used to obtain calibration graph from which limits 

of detection and catalytic rate constants, were determined, Fig. 5.8. The rate 

constants for the detection of hydrazine using Eqn 5.6 above, 

 Plots for the Icat/ Ibuf vs. t1/2 for different hydrazine concentrations (figure not 

shown), were obtained from chronoamperomograms in Fig. 5.8(a) in a same way as 

in Fig. 5.4(b). The plots of the slopes of these plots vs hydrazine concentrations were 

linear Fig. 5.8(b) (and represented by Eqns. 5.8)  

2-ZnONPs    

𝑦 = 2.2 ×  10ଶ [𝐻𝑦𝑑𝑟𝑎𝑧𝑖𝑛𝑒] ቀ
௦షభ

௠ெ
ቁ − 0.00401 𝑠ିଵ, 𝑅ଶ = 0.98278      5.8A 

 2 

𝑦 = 1.8 ×  10ଶ [𝐻𝑦𝑑𝑟𝑎𝑧𝑖𝑛𝑒] ቀ
௦షభ

௠ெ
ቁ − 0.02012 𝑠ିଵ, 𝑅ଶ = 0.99321      5.8B 

Azide ZnONPs  

𝑦 = 1.3 ×  10ଶ [𝐻𝑦𝑑𝑟𝑎𝑧𝑖𝑛𝑒] ቀ
௦షభ

௠ெ
ቁ − 0.02336 𝑠ିଵ, 𝑅ଶ = 0.98278      5.8C 

The k value of 7.26 χ104 M-1s-1 for 2-ZnONPs, Table 5.1. It is found out that the 

catalytic rate constant is higher for conjugate than for 2 and ZnONPs (4.14× 104 M-1s-

1 and 5.71× 104 M-1s-1 respectively) which could be due to synergistic effect. The 

obtained value of k is larger than that of the reported value for hydrazine 

electrocatalysis on tetrakis hexynyl CoPc [35]. This indicates a faster rate of 

hydrazine electrocatalysis at the modified electrode surfaces developed in this 

work. 
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Figure 5.8: (a) Chronoamperograms for 2-ZnONPs at different concentrations of 

hydrazine. (Insert) corresponding calibration curves at (t= 0.125s) and (b) plot of 

hydrazine concentrations versus square of slopes. 

 

The limit of detections (LoDs) were determined as explained above, using Fig. 5.8(a) 

(insert) and were found to be 12.84 µM for azide ZnONPs, 8.62 µM for 2 and 4.35 µM 

for 2-ZnONPs. 2-ZnONPs shows the better LoD value than those for ZnONPs and 2. 

This improvement in the LoD value for 2-ZnONPs is due to the synergistic effect of 

ZnONPs as discussed above.  
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5.1.3. Sequential addition  
 

Complexes 5a and 6 were used to modify without forming bonds with nanomaterials 

 

5.1.3.1. Cyclic voltammetry  
 

Fig. 5.9 shows CVs of rGONS, 5a, 6, 5a-rGONS (seq) and 6-rGONS (seq) 1 mM 

hydrazine in 0.2 M NaOH as a supporting electrolyte at a scan rate of 100 mVs-1. 
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Figure 5.9: Cyclic voltammetry of rGONS, 5a, 6, 5a-rGONS (seq) and 6-rGONS 

(seq) in 0.20 M NaOH Scan rate: 100 mVs-1. 

 

rGONS could not detect hydrazine hence no oxidation peaks were observed 

indicating that there is no direct electron transfer between rGONS and hydrazine as 

stated above. However, upon modification with 5a, 6, 5a-rGONS (seq) and 6-rGONS 

(seq) the peaks appear, with 6-rGONS (seq) showing highest corrected background 

current (101 µA), Table 5.1. However, oxidation potential for 6-rGONS (seq)  was 
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not low as expected for a good electrocatalyst but the high current is more important 

is it responsible for giving better limits of detection (LoD). 

5.1.3.2. Kinetic studies of hydrazine detection  
 

Fig. 5.10(a) shows CVs of 5a in 1 mM hydrazine in 0.20 M NaOH supporting electrolyte 

at different scan rates. As scan rate increases, the peak current increases and peak 

potential slightly shifted to the more positive potential a characteristic of a diffusion 

controlled reaction [98] which resulted in a linear relationship between plot of peak 

current vs. square root of scan rate Fig. 5.10(b), indicative of diffusion control. 

The plot of Ep vs log 𝑣 (Fig. 10 (c)) (Eqn. 5.5) gave a linear relationship and its Tafel 

slope was found to be 95 mV dec-1 for 5a which is close to 98 mV dec-1 for 6. All 

calculated Tafel slopes are within the range 60-120 mV decade-1.  
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Figure 5.10: Cyclic voltammograms (5a) for the detection of 1 mM hydrazine (in 

0.20 M NaOH) at different scan rates (a), plot of peak current vs. square root of scan 

rate (b) and plot of oxidation peak potential vs. log 𝑣 (c). 

 

5.1.3.3. Chronoamperometry studies  
 

Chronoamperometry was used for the determination of limit of detection (LoD) and 

catalytic rate constants. Fig. 5.11 (a) shows the chronoamperograms obtained using 

6 as an example, in the absence and presence of hydrazine. At low times (t) the 

catalytic current (Icat) is dominated by the rate of oxidation of hydrazine therefore, 

t= 0.48 s was used for calculations in this study. Catalytic rate constants were 

determined as stated above. 
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 Linear plots for the Icat/ Ibuf vs. t1/2 (Fig. 5.11 (b)) for different hydrazine 

concentration were obtained from chronoamperomograms in Fig. 5.11(a). The slopes 

of these plots were plotted against the concentration of hydrazine to give another 

linear relationship shown in Fig. 5.11(c), and given by Eqns. 5.9.  

5a 

𝑦 = 1.6 ×  10ଶ [𝐻𝑦𝑑𝑟𝑎𝑧𝑖𝑛𝑒] ቀ
௦షభ

௠ெ
ቁ + 0.08090 𝑠ିଵ, 𝑅ଶ = 0.99103      5.9A 

6 

𝑦 = 2.5 ×  10ଶ [𝐻𝑦𝑑𝑟𝑎𝑧𝑖𝑛𝑒] ቀ
௦షభ

௠ெ
ቁ + 0.33210 𝑠ିଵ, 𝑅ଶ = 0.97167      5.9B 

5a-rGONS (seq)    

𝑦 = 3.4 ×  10ଷ [𝐻𝑦𝑑𝑟𝑎𝑧𝑖𝑛𝑒] ቀ
௦షభ

௠ெ
ቁ + 0.29846 𝑠ିଵ, 𝑅ଶ = 0.99897      5.9C 

6-rGONS (seq)    

𝑦 = 4.3 ×  10ଷ [𝐻𝑦𝑑𝑟𝑎𝑧𝑖𝑛𝑒] ቀ
௦షభ

௠ெ
ቁ + 0.18986 𝑠ିଵ, 𝑅ଶ = 0.99965      5.9D 

The catalytic rate constant k was determined from the slope of Fig. 5.11(c). The k 

for 5a and 6 were found to be 5.09  104 M-1s-1 and 8.05  104 M-1s-1 respectively 

(shown in Table 5.1), the higher catalytic activity of a low symmetry phthalocyanine 

6 could be due to the presence of electron donating group. After combining with 

phthalocyanines and rGONS, k increased to 1.08 χ 106 M-1s-1 and 1.37 χ 106 M-1s-1 for 

5a-rGONS (seq) and 6-rGONS (seq) respectively, this could be attributed to rGONS 

which has high --conjugated system.  The better catalytic activity of 6-rGONS 

(seq) compared to 5a-rGONS (seq) could be due to presence of electron donating 

moiety in 6 and low symmetry. The highest catalytic constant reported here is higher 
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than the values reported in literature 8.84  102 M-1s-1 [34], 7.84  103 M-1s-1 [35] and 

2.98  103 M-1s-1 [156], Table 5.1. 
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Figure 5.11: (a) Chronoamperogramms for 6 at different concentrations of 

hydrazine. (Insert) corresponding calibration curves, (b) plots of (Icat/Ibuf) versus 

square root of time and (c) plot of hydrazine concentrations versus square of slopes. 

 

The limit of detection (LoD) was calculated using 3σ notation as stated above. The 

LoDs were found to be 0.82 µM for 6-rGONS (seq), 1.67 µM for 5a-rGONS (seq), 4.31 

µM for 6 and 5.04 µM for 5a. Using phthalocyanines together with rGONS resulted in 

an improvement of LoD which could be due to better electron transfer as rGONS 

have highly - conjugated system. Furthermore, 6 gave better LoD relative to 5a 

because of presence of electron donating and withdrawing substituents (push-pull 

effect). The 6-rGONS (seq) probe developed in this work produced similar LoD as the 

probes reported in the literature [156], Table 5.1. 
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5.1.4. Electrodeposition 
 

Complex 5b was used as an example 

 

5.1.4.1. Cyclic voltammetry  
 

Fig. 5.12 presents the comparative cyclic voltammograms of the electrodes in 2 mM 

hydrazine. The obtained hydrazine oxidation potentials are in the order 0.71 V < 

0.78 V < 0.83 V for 5b-AgNPs, AgNPs and 5b respectively, Table 5.1.  It was observed 

AgNPs, 5b and 5b-AgNPs showed electrocatalytic activity since there was no 

hydrazine oxidation peak on bare GCE.  AgNPs on their own show electrocatalytic 

activity. For 5b-AgNPs (Fig. 5.12) the catalytic activity was much higher (in terms of 

background corrected current, Table 5.1) than for 5b and AgNPs as a result of the 

synergistic effect. 5b-AgNPs electrode gave higher peak oxidation current and less 

positive oxidation potential (Table 5.1) hence displayed better electrocatalytic 

activity. The peaks near 1.0 V for 5b-AgNPs (more clear) and 5b (weaker) are due 

to Pc ring based processes in 5b, Fig. 5.12, as also observed in Fig. 3.5 (process IV). 
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Figure 5.12: Cyclic voltammetry of bare, AgNPs, 5b, and 5b-AgNPs in (a) 0.20 M 

NaOH and (b) 2 mM hydrazine in 0.2 M NaOH. Scan rate: 100 mVs-1. 

 

5.1.4.2. Kinetics  
 

Cyclic voltammetry experiments were carried out to study the influence of different 

scan rates (50 - 250 mVs-1) at constant hydrazine concentration of 2 mM (Fig. 

5.13(a)). The following important information were obtained: first, anodic peak 

current is directly proportional to square root of the scan rate (Fig. 5.13(b)) 

indicative of a diffusion-controlled reaction. Second, a plot of Ip/V1/2 against V (Fig. 

5.13(c)) gave the characteristic shape that is typical for a catalytic process. Lastly, 

the increase in the scan rate is accompanied by a shift in peak potential (Fig. 

5.13(a)), which suggests an irreversible reaction during oxidation of hydrazine on 

the modified electrode surface.  

The plot of Ep vs log 𝑣 (Fig. 5.13(d)) (5b) gave a linear relationship and its Tafel slope 

was found to be 76 mV dec-1. And all other probes AgNPs and 5b-AgNPs gave Tafel 

slopes in with 60-120 mV dec-1 (Table 5.1).   
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Figure 5.13: Cyclic voltammograms (5b) for the detection of 2 mM hydrazine (in 

0.20 M NaOH) at different scan rates (a), plot of peak current vs. square root of scan 

rate (b), Ip/V1/2  vs. v (c) and plot of oxidation peak potential vs. log 𝑣 (d). 

 

5.1.4.3. Chronoamperometry studies  
 

Chronoamperometry was used to determine the rate constants and detection limits 

of the developed nanocomposite. On average, within 5 s the catalytic current is 

dominated by electrooxidation of hydrazine in this work (Fig. 5.14(a)). The catalytic 

constants of the probes were determined using Eqn. 5.6. 

Linear plots for the Icat/ Ibuf vs. t1/2 (figure not shown, similar to Fig. 5.4(b)) for 

different hydrazine concentration were obtained from chronoamperomograms in 

Fig. 5.14(a). The slopes of these plots were plotted against the concentration of 

hydrazine to give another linear relationship shown in Fig. 5.14(b), and given by 

Eqns. 5.10.  

5b 

𝑦 = 1.8 ×  10ଶ [𝐻𝑦𝑑𝑟𝑎𝑧𝑖𝑛𝑒] ቀ
௦షభ

௠ெ
ቁ + 0.2852 𝑠ିଵ, 𝑅ଶ = 0.97769      5.10A 
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 AgNPs 

𝑦 = 2.5 ×  10ଶ [𝐻𝑦𝑑𝑟𝑎𝑧𝑖𝑛𝑒] ቀ
௦షభ

௠ெ
ቁ + 0.0123 𝑠ିଵ, 𝑅ଶ = 0.98456      5.10B 

5b-AgNPs    

𝑦 = 2.8 ×  10ଶ [𝐻𝑦𝑑𝑟𝑎𝑧𝑖𝑛𝑒] ቀ
௦షభ

௠ெ
ቁ + 0.1986 𝑠ିଵ, 𝑅ଶ = 0.99987      5.10C 

The slope of Fig. 5.14(b) is equal to πk. A k value of 2.48 χ 102 M-1s-1 was obtained 

for 5b alone (Table 5.1). A higher catalytic rate constant for 5b-AgNPs (1.90 χ 105 

M-1s-1) than for 5b (2.48 χ 102 M-1s-1) and AgNPs (8.15 χ 104 M-1s-1) which could be due 

to synergistic effect. The obtained value of k is larger than that of the reported 

value for hydrazine electrocatalysis on Mn tetrakis(5-hexyn-oxy) phthalocyanine 

clicked on GCE at 4.1 x 103 M-1s-1 [33]. This indicates a faster rate of hydrazine 

electrocatalysis at the modified electrode surface in this work. Furthermore, the 

obtained sensitivities of the electrodes are 26.34, 45.10 and 61.56 µA mM−1 for AgNPs, 

5b and 5b-AgNPs respectively which confirms that the conjugate gives better 

performance.  

0 5 10 15 20 25 30

0

20

40

60

80

100

120  0 mM

 0.1 mM

 0.2 mM

 0.3 mM

 0.4 mM

 0.5 mM

 0.6 mM

 0.7 mM

 0.8 mM

 0.9 mM

 1 mM

0.0 0.2 0.4 0.6 0.8 1.0

0

10

20

30

40

50

60

70

I 
/ 

A

[Hydrazine] /mM

y = 61.557x - 5.476

R
2

 = 0.9923

I 
/ 
 A

t /s

(a)

 



Chapter FIVE                                                                                Electrocatalysis                                       
 

143 
 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

S
lo

p
e2

[Hydrazine] / mM

y= 178.021x + 0.2852

R
2
 = 0.97769

(b)

 

Figure 5.14: (a) Chronoamperogramms for 5b at different concentrations of 

hydrazine. (Insert) corresponding calibration curves and (b) plot of hydrazine 

concentrations versus square of slopes 

 

The limit of detection (LoD) was calculated as explained above using Fig. 5.14(a) 

(insert) and were found to be 2.43 µM for 5b-AgNPs, 4.66 µM for AgNPs and 5.68 µM 

for 5b. 5b-AgNPs shows the better LoD value than those for 5b and AgNPs. The 

improvement in the LoD value for 5b-AgNPs could be due to the synergistic effect 

of AgNPs as discussed above. Thus, 5b-AgNPs has lower LoD and higher than some 

reported literature values [33], but worse than for asymmetrical complexes 3 and 

4, Table 5.1. 

5.1.4.4. Electrochemical impedance spectroscopy (EIS) 
 

The EIS was employed (done for 5b as an example) to determine the charge transfer 

resistance (Rct) which gives information on the charge transfer kinetics in the 

presence of hydrazine. The Nyquist plot in Fig. 5.15(a) is a plot of –Z’’ vs. Z’, where 

Z’ = real component and Z’’ = imaginary component. The comparative Rct values 

obtained from Nyquist plot are given in Table 5.2. The lower the Rct value the better 

the charge transfer kinetics. 5b-AgNPs showed the least Rct which implies 
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incorporating 5b with AgNPs results in an improved electron transfer. The apparent 

charge transfer rate constants (kapp) is inversely proportional to Rct, Eqn. 4.3 [146].  

5b-AgNPs gave the largest kapp value again showing that incorporating 5b with AgNPs 

results in an improved charge transfer rate, Table 5.2. 

A plot of phase-shift vs. log frequency (Fig. 5.15(b)) provides a complementary 

information on frequency which cannot be obtained from the Nyquist plot. The phase 

angle values for all modified electrode surface studied in this work are less than the 

ideal 90˚ for an ideal capacitor [151]. The surfaces with the phase angle shifted to 

lower frequencies in the Bode plot indicate better catalytic efficiency therefore, 

5b-AgNPs is further confirmed to give better catalytic activity for hydrazine 

oxidation compared to 5b and AgNPs which further confirms a synergistic effect. As 

expected, the solution resistance was approximately equal because the same 

solution was used thorough out the experiment furthermore, the percentage errors 

were less than 5% rendering the data reliable.   
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Figure 5.15: The Nyquist (a) and bode (b) plots obtained using the modified 

electrodes in 0.20 M NaOH containing 2 mM hydrazine (c) is Randles model used for 

fitting where C = capacitance and Q= Constant phase element. 

 

Table 5.2: A summary of EIS data for AgNPs, 5b and 5b-AgNPs and in 0.2 M NaOH 
containing 2 mM hydrazine. 

Electrode  Rs (k cm-2)    Rct (k cm-2)    kapp (cms-1) Error (%) 

     

AgNPs 5.49 40.60 0.78 3.23 

5b 5.04 56.35 0.53 4.62 

5b-AgNPs  6.39 32.27 1.06 3.75 

 

Q 

Cdl 
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5.2. Hydrogen peroxide detection   
 

Complexes 1a-adsorbed, 1b, 1c and conjugates with QDs were employed 

 

5.2.1. Cyclic voltammetry 
 

The electrocatalysis of hydrogen peroxide is an interesting study as it shows both 

the oxidation and reduction peaks. However, the reduction peak suffers from oxygen 

reduction interferences therefore oxidation peaks were used in the following 

studies. The electrodes modified with MPcs and conjugates showed oxidation peaks 

in the range of 0.55 - 0.69 V, Fig. 5.16 (Fig. A6 (a)) Table 5.3. The obtained values 

are comparable to the reported ones 0.62 V for tetra-carboxylic acid phthalocyanine 

[168]. The incorporation of QDs improved the catalytic activity of 1b, since a peak 

was observed only in the presence of the former. For both 1a and 1c, there was a 

slight increase in potential but a huge increase in catalytic currents following 

conjugation, Table 5.3. Therefore, the conjugates showed better electrocatalytic 

activity as judged by the higher currents obtained. The highest currents were 

observed for 1a-QDs.  
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Figure 5.16: Cyclic voltammograms of a selection of modified electrodes in 1mM 

hydrogen peroxide. Scan rate 100 mVs-1 
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5.2.2. Kinetic studies 
 

Cyclic voltammetry (Fig. 5.17(a)) was used to investigate the effect of varying scan 

rate during the oxidation of 1 mM hydrogen peroxide in pH 7 buffer solution using 

the 1a-QDs electrode (as an example and also because it showed the highest 

catalytic currents as described above).  
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Figure 5.17: (a) cyclic voltammograms of 1a-QDs electrode in 1 mM H2O2 in pH 7 
buffer, at different scan rates (50, 75, 100,150 and 200 mVs-1, inner to outer). (b) 
Plot of peak oxidation current against the scan rate and (c) Plot of peak potential 
(Ep) against the logarithm of scan rate (log v). 
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The oxidation potentials shifted to more positive values with the increase of the 

scan rate, which is a characteristic of an irreversible diffusion controlled process 

and it is governed by the equation 5.5. 

A linear plot of Ip vs scan rate was observed for oxidation of hydrogen peroxide on 

1a-QDs, Fig. 5.17(b), confirming adsorption. For molecules that adsorb on the 

electrode surface, current depends on the scan rate as observed in Fig. 5.17(b). 

The plot of Ep vs log v (Fig. 5.17 (c)) gave a linear relationship and its Tafel slope 

was found to be 242 mV dec-1 for 1a-QDs, Table 5.3. As stated above, Tafel slopes 

higher than the normal 60-120 mV decade-1 have no kinetic meaning and are usually 

indicative of an electrode surface passivation [164]. For 1a and 1b-QDs, Tafel slopes 

are within the 60-120 mV decade-1. Tafel slopes increased in the presence of QDs, 

Table 5.3. 

Since the Tafel slope values in some cases were more than 60 – 120 mV/decade in 

the presence of QDs also Fig. 5.17(b) shows adsorption, hence the adsorptive 

properties of hydrogen peroxide were probed using linear sweep voltammetry to 

monitor the interaction of the solutes and the GCE, Fig. 5.18. 
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Figure 5.18: (a) linear sweep voltammograms (b) Langmuir adsorption isotherm plot 

for 1a-QDs in 1mM hydrogen peroxide in pH 7 buffer. 

 

The voltammograms were analysed using the Langmuir adsorption isotherm theory 

[169] Eqn. 5.11. The plot [H2O2]/Icat Vs. [H2O2] showed a linear relationship which is 

evidence that there is adsorption at the electrode.  

[ுమைమ]

ூ೎ೌ೟
=  

ଵ

ఉூ೘ೌೣ
+  

[ுమைమ]

ூ೘ೌೣ
               5.11 

where β is adsorption equilibrium constant, Icat is catalytic peak current (obtained 

from Fig 5.18(a) for different concentrations at the peak potential of 0.69 V vs 

Ag/AgCl) and Imax is maximum current (which is obtained from  the slope of 

[H2O2]/Icat Vs. [H2O2]). The adsorption equilibrium constant β is related to 

electrochemical Gibbs free energy change (∆𝐺଴ ) by equation 5.12:  

∆𝐺଴ = −𝑅𝑇𝑙𝑛𝛽                        5.12 

where R and T are gas constant and temperature respectively. From the slope and 

the intercept in Fig. 5.18 (b), the adsorption equilibrium constant β was determined 

to be 1.21×103 M-1. The Gibbs free energy change (∆𝐺଴ ) was calculated from Eqn. 
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5.12 using adsorption equilibrium constant β, and ∆𝐺଴  was found to be -17.60 kJ mol-

1. The negative ∆𝐺଴  shows that the adsorption of hydrogen peroxide on 1a-QDs is a 

spontaneous process and the high value means there is strong adsorption at the 

electrode surface, which further consolidates high Tafel slope obtained.  The ∆𝐺଴  

value is comparable to those reported elsewhere in the literature (-25.40 kJ mol-1) 

[169]. 

 

Table 5.3 A summary of CV data for the different surfaces in hydrogen peroxide (pH 
7). Oxygen reduction reaction (ORR) studies in 0.1 M NaOH saturated with oxygen. 

 

 

 

 

 

Electrode 

E/ V 
(H2O2) 
oxidation 

pH 7 

Tafel 
slopes 
(mV/dec) 

(H2O2) 

Background 
corrected 
oxidation 
current 
(A) 

(H2O2) 

Catalytic 
rate 
constant/ 
M-1s-1 

(H2O2) 

k 

Onset 
potential 
(V) 
(ORR) 

 

Tafel 

Slopes 

(mV/dec) 

(ORR) 

Background 
corrected 
Currents 
(µA) (ORR) 

Bare GCE - - -     

QDs - - -  -  - 

1a-
adsorbed 

0.56 74 18.49 3.7 × 104 -0.24 97 18.35 

1b - - - 4.3 × 104 -0.19 88 21.13 

1c 0.55 123 15.32 1.5 × 104 -0.23 105 11.10 

1a-QDs 0.69 242 33.61 8.9 × 104 -0.12 79 19.27 

1b-QDs 0.60 117 20.55 9.3 × 104 -0.15 63 18.33 

1c-QDs 0.61 138 25.92 6.7 × 105 -0.10 118 17.84 
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5.2.3. Chronoamperometry studies 
 

1a-QDs was employed in chronoamperometry (Fig. 5.19) because it showed superior 

catalytic activity in terms of current as discussed above. The chronoamperometry 

data was used to obtain calibration graph from which limits of detection for the 

oxidation of hydrogen peroxide were determined.  
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Figure 5.19: (a) Chronoamperograms (insert calibration graph at t = 5s) for 1a-QDs 

electrode for 1mM hydrogen peroxide in pH 7 buffer. Potential of 0.69 V (vs Ag/AgCl) 

applied, (b) plot of t1/2 Vs (Icat / Ibuf) and (c) plot of concentration Vs slope2. 

 

The catalytic rate constants for the detection of hydrogen peroxide were 

determined using Eqn. 5.6. 

Fig. 5.19(b) shows linear plots for the Icat/ Ibuf vs. t1/2 for different hydrogen peroxide 

concentrations, obtained from chronoamperomograms in Fig. 5.19(a). The slopes of 

these plots were plotted against the concentration of hydrogen peroxide to give 

another linear relationship shown in Fig. 5.19(c) and represented by Eqns. 5.13.  
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Oxidation: 1b-QDs    

  9324.0,8902.510 × 2.9 21
1

22
5 








 



Rs
mM

s
OHy       5.13B 

Oxidation: 1c-QDs    

  9013.0,3351.810 × 2.1 21
1

22
6 








 



Rs
mM

s
OHy        5.13C 

The obtained values of k range from 1.5 × 104 to 6.7 × 105 M-1 s-1. These values increase 

for Pcs in the presence of QDs and they are larger than those reported for hydrogen 

peroxide electrocatalysis [170]. This indicates a faster rate of hydrogen peroxide 

electrocatalysis at the surface of the modified electrodes in the presence of QDs. 

The limits of detection (LoD) were calculated using 3δ/s as stated above (Fig. 5.19(a, 

insert), and were found to be 0.023 µM for 1a-QDs, 1.40 µM for 1b-QDs and 0.18 µM 

for 1c-QDs, Table 5.4, showing the 1a-QDs to have the best value. The values for 

1b-QDs, 1c-QDs, and 1a-QDs are in the range (or smaller) of the best performing 

electrodes based on Pcs in literature, Table 5.4 [171-173]. From Table 5.4 it can be 

generally be seen that linking MPcs to the QDs results in the improvement of LoDs 

of the Pcs. 

Comparing the three phthalocyanines when linked to QDs for catalytic oxidation of 

hydrogen peroxide, shows that 1a-QDs showed better catalytic activity in terms of 

current and LoD. The phthalocyanines used in this work were the same what differed 

was Co, Fe and Mn central metals resulting in deferent behaviour due to the fact 

that each metal has its specific redox potential [174].  
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Table 5.4. Comparative electrocatalytic properties of hydrogen peroxide using 

different catalysts. 

Electrode Reaction pH LoD/ 
µM 

Ref 

1a Oxidation 7    4.99 This work 

1b Oxidation 7    9.32 This work 

1c Oxidation 7    6.67 This work 

1a-QDs Oxidation  7    0.023 This work 

1b-QDs Oxidation  7    1.40 This work 

1c-QDs Oxidation  7    0.18 This work 

FeTSPc Oxidation  7  0.13 [171] 

CoPc-CSPE Oxidation  7.5    0.71 [172] 

CoPcNP-
rPNDGNS 

Oxidation  7    0.0048 [173] 

 FeTSPc = iron tetrasulfonatophthalocyanine, CSPE = Carbon Screen Printed 
Electrode, rPNDGNS = reduced Phosphorus and Nitrogen Doped Graphene Nanosheets 

 

5.3. Oxygen reduction reaction (ORR)  
 

Complexes 1a, 1b, 1c and conjugates with QDs were employed for oxygen reduction 

reaction. 

5.3.1. Cyclic voltammetry (CV) 
 

Fig. 5.20(b) (and Fig. A6(b)) show comparative CVs of different electrodes in 0.1 M 

NaOH saturated with oxygen. The ORR activity was clearly observed for all 

electrodes. There is a shift in the onset potential of the Pcs to less negative values 

in the presence of QDs with 1c-QDs showing better performance in terms of onset 

potential hence 1c-QDs is employed for further studies on ORR.  The onset potential 
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values for all conjugates are comparable to reported values [175-177]. There was 

generally an improvement in currents (except for 1b, where there is improvement 

in potential and not currents) after conjugation of metallophthalocyanines to QDs, 

this may be attributed to an increase in electron transfer kinetics consequently 

better ORR electrocatalytic performance. It is important to note that for MPcs alone, 

there is a clear difference in currents for ORR. But the difference is only small in 

the presence of QDs.  Generally, the O2 transport of ORR involves diffusion directly 

from electrolyte solution to the reactive sites, it is possible that in the presence of 

QDs, the diffusion is limited hence affecting the current. However as stated above, 

the currents are higher in the presence of QDs for 1c-QDs and 1a-QDs.  
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Figure 5.20: Cyclic voltammograms of a selection of modified electrodes in (0.1 M 

NaOH saturated with oxygen. Scan rate 100 mVs-1 

 

5.3.2. Kinetics  
 

Cyclic voltammetry (Fig. A7(a)) was used to investigate the effect of varying scan 

rate on the response of 1c-QDs electrode in the reduction of oxygen in 0.1 M NaOH 

oxygen saturated solution. The onset reduction potentials shifted to more negative 

potentials with the increase of the scan rate, which is a characteristic of an 
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irreversible process and it is governed by the Eqn. 5.6. The plots of Ep vs log 𝑣 (Fig. 

A7 (b)) gave linear relationships with Tafel slopes within 60-120 mV decade-1, Table 

5.3.  A linear plot of Ip vs square root of scan rate was observed, Fig. A7(c) 

confirming diffusion control. 

5.3.3. Chronocoulometry 
 

Fig. 5.21 (a) shows the chronocoulometry plots of 1c-QDs-GCE in both argon 

saturated and oxygen saturated 0.1 M NaOH solutions. There is higher charge on the 

oxygen-saturated electrolyte than in the presence of argon, indicating that the 

electrode is electroactive to towards reduction of oxygen. The charge   on the argon 

saturated electrode may be due to background current, hence it was subtracted 

from oxygen saturated electrode to plot charge (Q) against the square root of time 

(t1/2) Fig. 5.21 (b).The plot gave a linear response which is a characteristic of a 

diffusion-controlled process. 
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Figure 5.21: (a) Chronocoulometry curves of 1c-QDs-GCE in 0.1 M NaOH saturated 

with argon (black line) and with oxygen (red line). (b) Plot of charge (Q) against 

square root of time (t1/2). Applied potential = -0.18 V. 

 

The number electrons (n) involved in the reduction of oxygen can be estimated from 

the slope of Q vs t1/2 plot (Fig. 5.21(b) with a slope of 30.3 µCs1/2) according Cottrell 

Eqn. 5.14 [178]: 

 

𝑄 =
2𝑛𝐹𝐴𝐶𝐷ଵ/ଶ𝑡ଵ/ଶ

Пଵ/ଶ
                          5.14 

 

where F is Farraday constant, A is the electroactive surface area (~0.12 cm2 for 1c-

QDs-GCE, calculated using Randles Sevcik and using [Fe(CN)6]3-/4- in 0.1 M KCl), C is 

the concentration of oxygen in oxygen saturated 0.1 M NaOH (0.25 × 10-6 mol cm-3) 

[179], t is time in seconds and D is the diffusion coefficient of oxygen in an aqueous 

solution (1.9 × 10-5 cm2s-1) [179]. 
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The number of electrons involved in the reduction of oxygen was estimated to be ~ 

4. As stated above ORR can either go via a path involving the transfer of two 

electrons to produce H2O2 and the other one involve a direct four electron pathway 

to produce H2O. The 4 electron pathway is preferred since the two electron pathway 

produces H2O2 which degrades the membrane and this can lead to cross over of 

methanol from the anode to cathode, reducing the overall efficiency of the fuel cell 

[63]. 

5.3.4. Rotating disk electrode (RDE) studies 
 

The kinetics of ORR on the 1c-QDs were further probed using RDE hydrodynamics 

(Fig.5.22). As the rotation rate increases there is an enhancement of the limiting 

current. Linear correlations using Koutecky- Levich plots, Eqn. 5.15 [180] were 

obtained indicating diffusion-controlled mass transport. 

𝑖௅ =  0.62𝑛𝐹𝐴𝐷ଶ/ଷ 𝜔ଵ/ଶ 𝑣ିଵ/଺𝐶              5.15 

where, n, v, D, C and ω are number of electrons transferred in the reaction, 

kinematic viscosity, diffusion coefficient, concentration and rotation speed and all 

other parameters retain their usual scientific meaning. 
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Figure 5.22: Linear sweep voltammograms for ORR in oxygen saturated 0.5 M NaOH 

on a 1c-QDs-GCE rotating disk electrode at different rotations. Scan rate: 10 mV/s. 

 

The Koutecky- Levich plots (i-1 vs. ω1/2, Fig. A8) were obtained from the experiment 

data shown in Fig. 5.22. The number of electrons transferred were found to be 3.7, 

3.5 and 3.9 (at -0.30, -0.25 and -0.35 V respectively) which is close to 4, typical for 

direct oxygen reduction pathway. 

 

5.4. 2-Mercaptoethanol (2-ME) detection  
 

Complexes 1a-adsorbed, CoPc, 2 and conjugates with rGONS were employed as 

examples. 

5.4.1. Cyclic voltammetry  
 

Fig. 5.23 shows the behaviour of the different electrodes towards 2-ME oxidation 

when the electrodes are immersed in 2 mM 2-ME in 0.5 M NaOH solution.  
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The following conclusions can be reached from the potential data for the oxidation 

of 2-ME in Table 5.5. 

 For the Pcs alone (in the absence of rGONS), there is not much difference in 

potential showing no effect of the substituent.  

 The oxidation potentials improve (become less positive) when rGONS are 

linked to complexes 2 and 1a compared to the corresponding Pcs alone. The 

higher electrocatalytic performance of CoPc conjugates with rGONS 

compared to Pcs alone could be as a result of electron donation to the 

phthalocyanine from graphene. It has been reported before that rGONS 

enhance electrocatalytic behaviour of phthalocyanines [181].  

 The oxidation potentials improve (are less positive) when rGONS are linked as 

opposed to sequentially added for complexes 2 and 1a, hence showing the 

importance of linking Pcs to rGONS. 

 The potentials reported are an improvement when compared to other 

reported values (0.91 V and 0.95 for nickel tetra-aminophthalocyanine and 

nickel tetraamminophthalocyanines-single walled carbon nanotube conjugate   

respectively) in the literature [182], when a Pc is linked to other 

nanomaterials.  
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Figure 5.23: Cyclic voltammograms of the modified electrodes in 0.5 M NaOH 

containing 2 mM 2-ME- solution. Scan rate = 100 mV/s. 

 

In terms of background corrected current, the following conclusions can be 

reached from Table 5.5. 

 Sequentially modified electrodes gave low currents when compared to 

linked conjugates. This shows the importance of linking rGONS to Pcs rather 

than sequentially adding them to modify the electrode. 

 Sequentially modified electrodes gave higher currents when compared to 

Pcs alone showing advantage of incorporating rGONS to Pcs. 

5.4.2. Kinetic studies of 2-mercaptoethanol (2-ME) detection  
 

The extent of reversibility of the oxidation reaction taking place at the surface of 

the modified electrode was studied by varying the scan rate in the presence of 2-ME 

(2 mM in 0.5 M NaOH). It was found out that increasing scan rate resulted in an 

increase in peak potential, a characteristic of an irreversible reaction, Fig. 5.24(a). 

The linear relationship between the square root of scan rate and current, Fig. 
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5.24(b) indicates diffusion control. This is further confirmed by the slope of the plot 

of log Ip vs. log v in Fig. 5.24 (c). The slope of that plot can give an information on 

whether a reaction is diffusion controlled or dominated by adsorption reactions as 

discussed above. The slope is 1 for adsorption dominated reactions and 0.5 for 

diffusion controlled reactions [167]. The obtained value of 0.47 is close to 0.5, 

therefore confirming a diffusion controlled reaction in the potential range of the 

examined scan rates.  
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Figure 5.24: Cyclic voltammograms at different scan rates (a) and corresponding 

plots of (b) peak currents vs. v1/2, (c) log current vs. log v and (d) EP vs log v for 1a-

rGONS in 2 mM 2-ME in 0.5 M NaOH solution. Scan rates: 50-200 mV/s. 

 

The irreversible diffusion controlled reaction electrochemical reactions are 

governed by Eqn 5.5. 

The plot of Ep Vs. log v in Fig. 5.24 (d) gave a linear relationship with Tafel ranging 

from 76 mV/decade to 254 mV/decade Table 5.6. With the exception of GCE-2-

rGONS (linked), all Tafel slopes were within the 60-120 mV/dec range.  
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Table 5.5: Electrochemical parameters, 2-ME oxidation (in 0.5 NaOH) potentials 
and currents. 

Electrode E/ V (2-ME) Background corrected 
current (µA)  

 Bare GCE - - 

rGONS - - 

1a-adsorbed -0.14 38.69 

1a-rGONS (linked) -0.22 83.60 

1a-rGONS (seq) -0.071 72.66 

2  -0.13 40.24 

2-rGONS (linked) -0.19 70.24 

2-rGONS (seq) -0.036 61.38 

CoPc -0.13 26.44 

CoPc-rGONS (seq) -0.003 59.82 

    seq = sequential.  

 

5.4.3. Stability study  
 

The stability of the electrodes were studied by 20 repetitive cyclic voltammetry 

scans in 2 mM of 2-ME Fig. 5.25 (using 2-rGONS as an example). The probes were 

tested to determine their ability to resist fouling during 2-ME oxidation, 2-rGONS 

electrode shows a decrease in current from the first scan which stabilizes after 20 

scans which shows that the probes were electrochemically stable. The electrode was 

left at room temperature for four weeks and was found to show stability. 
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Figure 5.25:  Repetitive cyclic voltammograms (20 scans) of bare, 2-rGONS (linked) 

in 2-ME (2 mM in 0.5 NaOH). 

 

5.4.4. Chronoamperometry studies  
 

Chronoamperometry was used to determine the limit of detection and catalytic rate 

constant of the probes (values in Table 5.6). Chronoamperometric experiment was 

conducted by using the peak potential of the analyte. Chronoamperograms (Fig. 5.26 

(a)) were obtained by adding different aliquots of the 2-ME solution. 
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Figure 5.26: (a) Chronoamperograms (insert calibration graph), (b) plots of Icat/Ibuf 

vs. t1/2 and (c) slope2 vs. concentration of 2-ME for 2-rGONS electrode for 2-ME in 

0.5 M NaOH. 

The sensitivity (Table 5.6) of the probes was the highest for 1a-rGONS (linked) and 

2-rGONS (linked), which is in agreement with background corrected currents listed 

in Table 5.5. The rate constant can be evaluated using Eqn. 5.6. 

The slopes of the plots of (Icat/Ibuf) versus t1/2 were plotted against the concentration 

of 2-Me (Fig. 5.26(b)), and the slopes of Fig. 5.26(c) (shown also in Eqn. 5.16) were 

used calculate the rate constant according to Eqn. 5.6.  

𝑦 =   31.5 × 10ଷ [2 − 𝑀𝐸] ቆ
𝑠ିଵ

𝑚𝑀
ቇ − 82.43201 𝑠ିଵ, 𝑅ଶ = 0.96241             (5.16𝐴) 
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𝑦 =   89.8 × 10ସ [2 − 𝑀𝐸] ቆ
𝑠ିଵ

𝑚𝑀
ቇ − 103.64822 𝑠ିଵ, 𝑅ଶ = 0.98343             (5.16𝐵) 

𝑦 =   10.2 × 10ସ [2 − 𝑀𝐸] ቆ
𝑠ିଵ

𝑚𝑀
ቇ − 64.75645 𝑠ିଵ, 𝑅ଶ = 0.99652             (5.16𝐶) 

𝑦 =   13.6 × 10ସ [2 − 𝑀𝐸] ቆ
𝑠ିଵ

𝑚𝑀
ቇ − 57.87653 𝑠ିଵ, 𝑅ଶ = 0.99973             (5.16𝐷) 

𝑦 =   31.5 × 10ଷ [2 − 𝑀𝐸] ቆ
𝑠ିଵ

𝑚𝑀
ቇ − 73.50987 𝑠ିଵ, 𝑅ଶ = 0.97032             (5.16𝐸) 

𝑦 =   19.2 × 10ସ [2 − 𝑀𝐸] ቆ
𝑠ିଵ

𝑚𝑀
ቇ − 95.38764 𝑠ିଵ, 𝑅ଶ = 0.98894             (5.16𝐹) 

𝑦 =  47.8 × 10ସ [2 − 𝑀𝐸] ቆ
𝑠ିଵ

𝑚𝑀
ቇ − 84.76543 𝑠ିଵ, 𝑅ଶ = 0.98765             (5.16𝐺) 

The rate constants were highest for 2-rGONS(linked) and 1a-rGONS(linked).  The 

sequentially modified electrodes gave lower rate constants when compared to linked 

counterparts, showing the importance of linking.  With the exception of 

unsubstituted CoPc, sequentially modified electrodes performed better than Pcs 

alone. 

The rate constant for the electro oxidation of 2-ME reported in the literature [182] 

was lower than reported in this work with or without GONS, Table 5.6. The obtained 

values were comparable with reported values for other analytes such as amitrole 

[183], nitrile [154] and asulam [184]. The LoDs were calculated using 3σ/k (as stated 

above). The best detection limit was obtained for 1a-rGONS (linked), with the 

general observation being that including rGONS improved the LoDs of the MPcs and 

linked rGONS gave better LoDs than sequential modifications. 
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Table 5.6: Electrochemical parameters, 2-ME oxidation potentials and currents. 

Electrode Tafel slope 
(mV/decade) 

LoD 

(µM) 

Sensitivity      
(μA mM−1)  

Catalytic rate 
constant k  

(M-1s-1) 

Reference  

      

1a-adsorbed 84 3.05 4.78 4.32 × 104 This work 

1a-rGONS(linked) 98 0.08 12.05 1.52 × 105 This work 

1a-rGONS(seq) 119 1.27 8.93 4.99 × 104 This work 

2 125 3.42 4.52 3.26 × 104 This work 

2-rGONS(linked) 254 0.14 11.21 6.10 × 104 This work 

2-rGONS(seq) 79  1.34 8.72 3.97 × 104 This work 

CoPc 76 5.20 1.56 2.8 × 104 This work 

CoPc-rGONS(seq) 109 2.63 6.34 2.73 × 104 This work 

NiTAPc-SWCNTa 86 0.15 2.53 2.95 × 103  [182] 

aNiTAPC-SWCNT = nickel tetra-amino phthalocyanine liked to single-walled carbon nanotubes. 

 

 

5.5. Conclusions  
 

The developed probes were capable of effective electro oxidation of 2-ME, hydrazine 

and hydrogen peroxide and electro reduction of oxygen and hydrogen peroxide. The 

clicked nanomaterials resulted in improvements in detection currents. Conjugates 

resulted in the lowering of over potentials when compared to individual materials. 

Electrode modification via grafting and click chemistry improved stability than 

adsorption method.   Complex 1a gave lowest limit of detection for 2-ME (3.05 µM) 

detection relative to hydrogen peroxide (4.99 µM) and hydrazine detection (3.28 µM) 

hence it performs best for 2-ME sensing.  
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6. Nonlinear optics  
 

Complex 2 and ZnONPs used as an example 

 

6.1. Nonlinear optical (NLO) studies  
 

The nonlinear absorption behaviour was measured using the open aperture Z-scan 

technique at a wavelength of 532 nm with 10 ns laser pulse in THF and the optical 

parameters were evaluated as reported by M. Sheik-Bahae et al [114].  

 

 

 

 

Figure 6.1: Open aperture Z-scan spectra of 2 and 2-ZnONPs. 

 

Upon analysis along the z-axis of the Z-scan under resonate conditions, it was found 

out that 2 possessed reverse saturable absorption (RSA) which is characterised by 

the reduction of TNorm at focus (z=0) (Fig. 6.1). The higher the drop in normalised 

transmittance (TNorm) at on-focus intensity, the better the material as an optical 
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limiter. The attenuation of about 61% of the input fluence was recorded for 2 and a 

higher attenuation of 74% for 2-ZnONPs, Fig. 6.1. 

Upon conjugation, both ௘௙௙,  (esu) and Im[(3)]  increased for 2-ZnONPs compared 

to 2 alone, Table 6.1.  The data for azide ZnONPs alone could not be provided due 

to solubility problems.  An increase in these values  is an indication that 

incorporating ZnONPs nanoparticles to 2 results in enhancement of nonlinear optical 

properties. Although the nonlinear optical properties of phthalocyanines can be 

enhanced by the heavy atom effect [84], the paramagnetic nature of Co in 2 is 

expected to result in short lived triplet state [185]. As such, the mechanism is 

proposed to be the excited state absorption (ESA) involving singlet states only as was 

reported for a GdPc [186] which is paramagnetic, whereby the triplet state is 

ignored. The reported literature limits range from 10-9 to 10-15 esu for 𝐼𝑚ൣ𝑋(ଷ)൧ [187] 

and the obtained values were within the upper limit of this range. The alkynyl 

phthalocyanines have been reported to give good nonlinear properties [188] with 

the 𝐼𝑚ൣ𝑋(ଷ)൧ values of 3 to 11 × 10-12, while in this work the obtained values are on 

the × 10-10 range, so even better.                                        

Table 6.1: Nonlinear optical properties and fluorescence lifetimes of complex 2 
and 2-ZnONPs. 

 

Complex Im[𝑋(3)] (esu) Ilim (J.cm-2) 
௘௙௙

(cmW-1) (esu) 

2 2.68 x10-10 0.99 1.51 x10-9 1.47x10-28 

2-ZnONPs 5.70 x10-10 0.27 7.10 x10-8 6.92 x10-27 
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The incident intensity threshold (Ilim) limiting is an important parameter for an 

efficient optical limiter and it is defined as the input fluence at which the 

transmittance is 50% of the linear transmittance [189]. The value of Ilim can be 

determined by using the plot of transmission vs input fluence (Fig. 6.2). The low 

value of 2-ZnONPs (0.27 J.cm-2) relative to 2 (0.99 J.cm-2) (Table 6.1) provides 

another indication that 2-ZnONPs is potentially suitable for optical limiting 

applications. The superior NLO properties of 2-ZnONPs may be due to ZnONPs 

nanoparticles because ZnONPs are reported to have optical properties [190, 191]. 

The Ilim values reported in this work are comparable with those obtained when semi-

conductor quantum dots are linked to Pcs (0.28 J.cm-2) [192].  

 
Figure 6.2: Plot of normalized transmission against pulse density of 2 and 2-

ZnONPs. 
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6.2. Conclusions  
 

Conjugate 2-ZnONPs showed relatively better optical limiting properties compared 

to complex 2 alone. The same conjugate showed improved LoD and electrocatalytic 

behaviour when compared to complex 2. These makes it a promising nonlinear 

optical material and platform for low concentration detection of hydrazine. 
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7. 1. Conclusions  
 

Azide functionalised glassy carbon electrodes were successful modified with 

complexes 1a, 3 and 4 vial click chemistry and used for the detection of hydrazine 

as a test analyte. Electrodes modified by click chemistry were generally found to 

give better results compared to electrodeposition and adsorption methods. Complex 

3 was found to be better sensor for hydrazine than other probes in terms of detection 

currents and limits of detection due to its electron-donating ability.  Complexes 1a 

and 2 were compared when alone and when clicked to rGONS and sequentially added 

to GCE. The clicked conjugates showed better performance than adsorbed probes 

and it was observed that clicking results in the resistance to passivation. Generally, 

the phthalocyanine with benzyl ring resulted in the improvement of the properties 

of the phthalocyanine with regard to electron transfers and subsequently reduction 

in over potentials. 

This work also demonstrates the advantage of combining MPcs with nanomaterials, 

rGONS, AgNPs and quantum dots for electrode modification for 2-ME, hydrazine, 

hydrogen peroxide electrocatalysis and oxygen reduction reaction, this is as a result 

of synergistic effect. Nanomaterials resulted in enhancement detection of currents 

of MPcs and resulted in low limits of detection. 

Complex 2 and 2-ZnONPs were explored for both nonlinear optical response and 

electrocatalytical behaviour. Conjugating complex 2 to ZnONPs resulted in the 

improvement of both nonlinear optical and electrocatalytic response. 

In summary, the presence of nanomaterials resulted in enhanced electrocatalytic 

properties of the MPcs. 
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7.2. Future Perspectives  
 

After observing that electrografting and click chemistry electrode modification 

result in stable phthalocyanine based platform, and incorporation of nanomatarials 

to phthalocyanines result in improved electrocatalytic properties, it would be 

interesting to investigate how electrografting and clicking phthalocyanine on the 

electrode prior modified by nanomaterials would affect the electrocatalysis. While 

semiconductor based, metallic and carbon based nanomaterials used in this work 

demonstrates the ability to lower the overpotential of conjugates of Pcs, it will good 

to try different types of carbon based nanomaterials since they are relatively 

economically accessible and poses lesser negative environmental effect. 

 

Since 2 employed in this work has aliphatic substituent it will be interesting to try 

Pcs with aromatic substituents or benzene containing substituent to see how nature 

of substituents affect nonlinear optical properties. Furthermore, since ZnONPs used 

in this study should solubility problem, other optically active non-metals should be 

explored. 
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Figure A1: XPS deconvoluted N 1s spectrum for complex 4 alone (a), Co 2p spectra 
of (b) complex 4 and (c) 4-clicked 
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Figure A2: (a) Nyquist plot, (b) bode plots (-phase angle vs log (f/Hz)) and (c) Log 
(Z/  cm2) vs log (f/Hz) in 0.1 M KCl containing 1 mM [Fe(CN)6]3-/4- solution. 
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Figure A3:  SEM image of bare GCE  

 

 

Figure A4. (a) SEM image of 5b and the corresponding (b) EDX spectrum.  

(a) 
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Figure  A5: (a) SEM image of AgNPs and the corresponding (b) EDX spectrum. 
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Figure A6: Cyclic voltammograms of a selection of modified electrodes in (a) 1mM 
hydrogen peroxide (purged with argon) and (b) in 0.1 M NaOH saturated with 
oxygen, for 1c, 1c-QDs and QDs.  Scan rate 100 mVs-1 
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Figure A7: (a) cyclic voltammograms of 1c-QDs electrode at different scan rates 
(25, 50, 100,150, 200 and 250 mVs-1, inner to outer), (b) plot of peak potential (Ep) 
against the logarithm of scan rate (log v), and (c) plot of current versus the square 
root of scan rate. All in the presence of 0.1 M NaOH saturated with oxygen. 
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Figure A8. The Koutecky- Levich plots (I vs. ω1/2) 

 

 


