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Abstract 

The outbreak of COVID-19 in Wuhan, China in December 2019, resulted in 

the evolution of a global pandemic which caused thousands of deaths worldwide. As 

little was known about this new coronavirus, many existing drugs were repurposed 

with the goal to effectively treat the infection. Two such candidates were 

dexamethasone (DEX) and N-acetyl-L-cysteine (NAC). Relatively few articles have 

been published relating to their electrochemical determination, and in this project the 

use of metal nanoparticles, microparticles and films alongside various carbon nano-

onions (CNOs) were explored as chemical modifiers in order to maximize their 

electrochemical responses. Bare, copper microparticle (CuMPs) and copper film 

(CuF) modified glassy carbon electrodes were exploited in Chapter 2 to examine the 

DEX electroreduction response, resulting in sensitivities of 2.00 × 102 µA cm-2 mM-1 

and 1.13 × 102 µA cm-2 mM-1 for the CuF and CuMP modified GCEs respectively. 

Pharmaceutical samples in the form of a cream and a solid-state dose, were analysed 

with recoveries 77.46 – 87.91 %, with 1.93 – 4.97 % variance. Various types of CNOs 

were electrochemically characterised of which, oxi-BN-doped-CNOs was selected 

and combined with gold nanoparticles (AuNPs), resulting in an AuNP/oxi-BN-doped 

CNO/GCE for NAC quantitation (sensitivity 476 µQ cm-2 mM-1 in acetate buffer). 

Following design and optimisation, a solid dose form of NAC was quantitatively 

analysed, resulting in 89 – 105 % ± 6.75 % recovery, thus validating the sensors. 
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1.0. Introduction 

 Electrochemistry refers to the study of chemical processes that cause electrons 

to move, resulting in the oxidation (loss of electrons) or reduction (gain of electrons) 

of an atom or molecule in question, resulting in the change of the oxidation state1. 

Electrochemistry is a broad and widely applicable branch of chemistry, with a wide 

array of applications such as in battery and capacitor development2, fuel cells3 and 

sensor design4. This project will focus on the latter with sensors designed to 

quantitatively analyse two therapeutic agents, dexamethasone (DEX) and N-acetyl-L-

cysteine (NAC), which have shown to be effective in the treatment of COVID-195-7. 

 Firstly, electrochemical sensors account for the largest group of sensors, 

representing approximately 55% in total. Other types of sensors include optical (24%), 

mass (12%) and thermal (6%) sensors. Electrochemical  sensors can be applied in both 

aqueous and non-aqueous systems, where they are categorised based on their 

transducer type. Electrochemical sensors can thus be categorised accordingly: 

potentiometric, amperometric and impedimetric electrochemical sensors4, which will 

be discussed in section 6.1. 

 Electrochemical sensors have been used in a wide array of applications. The 

enzymatic glucose sensor is an example of a well-known biosensor used for the 

determination of glucose levels in blood in diabetic patients8, 9. Electrochemical 

sensors are also applicable to the environment, where various sensors have been 

developed to detect chemicals and ions, such as pesticides10, trace levels of lead11 and 

uranium12 in contaminated water samples, while others have been used to evaluate and 

analyse drugs in pharmaceutical formulations13-15. With consideration for the 

applications of the various electrochemical sensors mentioned, the overarching goal 

of this project was to identify small molecule therapeutics relevant to the treatment of 

COVID-19 and develop electrochemical sensors specific for each drug with high 

sensitivities with the goal to accurately quantify each drug extracted from 

pharmaceutical samples. 
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1.2.0. COVID-19 

 In December 2019, an outbreak of an unknown form of pneumonia was 

reported in Wuhan, Hubei Province, China. These cases were linked to the Huanan 

Seafood Wholesale Market. This new disease was identified through inoculation of 

respiratory samples into human respiratory epithelial cells, where it was isolated and 

shown to be a novel form of coronavirus related to SARS-CoV, and thus this new 

virus was named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a 

form of betacoronavirus under the subgenus Sarbecovirus. The rapid global spread of 

this coronavirus caused coronavirus disease (COVID-19) and led to thousands of 

deaths worldwide, and thus on 12th March 2020, the World Health Organization 

(WHO) declared a global pandemic16. 

 At the beginning of the COVID-19 pandemic, very little was known about the 

SARS-CoV-2 however clear observations were made relating to how quickly the virus 

spread from person to person and on the range of symptoms relating to the virus ranged 

from mild to severe. To combat this, various strategies were implemented to avoid the 

spread of COVID-19. Measures taken involved handwashing, physical distancing of 

2 meters, the avoidance of mass gatherings and wearing facemasks. Lockdown and 

stay at home strategies were also implemented to help flatten the transmission curve, 

which involved the closure of schools, offices, and retail, where deemed “non-

essential”. Teaching and office work resumed shortly after the implementation of 

lockdowns, where classes and work were carried out remotely. Retail involving the 

wholesale sale of food, beverages and newspapers in non-specialised and specialised 

stores, consumer products necessary to maintain the safety and sanitation, pharmacies 

and chemists, fuel stations and heating fuel providers, the sale of essential items for 

the health and welfare of animals, including animal feed and medicines, animal food, 

pet food and animal supplies including bedding laundries and drycleaners, banks, post 

offices and credit unions, and the retail of safety supply stores were all deemed 

essential and could remain open17-19. 
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1.2.1. Mechanism and Transmission 

 SARS-CoV-2 is a single positive-strand RNA coronavirus that has been shown 

to cause severe respiratory syndrome in humans. Coronaviruses have been shown to 

cause potentially life-threatening respiratory, gastrointestinal and diseases of the 

central nervous system in both humans and animals. Coronaviruses have the capacity 

to mutate and adapt to new environments. Coronaviruses are also programmed to 

modify the host’s response to the virus, therefore making threats long-term and 

constant20. It has been shown by Liu et al that SARS-CoV-2 cell tropism (the type of 

cell when infection is established) was identified in cells from multiple organs, thus 

showing that COVID-19 infections are not limited to the respiratory system, but also 

appear in the kidneys, pancreas, small intestine and circulatory system21. 

 

Figure 1. Structure of the SARS-CoV-2 virus22. 

 Coronaviruses are composed of four structural proteins known as the 

nucleocapsid protein (N), spike protein (S), envelope protein (E), membrane protein 

(M) and small membrane (SM) glycoprotein, as shown in Figure 120, 22, 23. The N 

protein forms the helical capsid structure, which houses the RNA genome which runs 

in the 5’ – 3’ direction24. The nucleocapsid is encapsulated in a lipid envelope, which 

consists of the S, E and M proteins. The E, M and SM proteins are involved in virus 

assembly. The S proteins functions in virus entry and host cell recognition23, 25. The S 

proteins form large protrusions on the surface of the virus and are comprised of three 

sections: the large ectodomain, the transmembrane domain and the intracellular 

region. It is a clove-shaped trimer with three S1 heads and a trimeric S2 stalk. The S1 

protein binds to the host receptor human ACE2 (hACE2) through the receptor binding 

domain and is activated proteolytically by proteases, which causes viral invasion of 
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the host cells. This is done when S2 fuses the viral and host membranes, releasing the 

viral genome into the host cell23, 26.   

 During COVID-19 viral infections, the host proteases cleave the S protein into 

the receptor binding subunit S1 and the membrane fusion unit S2. The S1 subunit 

binds to sugar receptors and hACE2 on the surface of the host cell. The S2 subunit, 

the membrane binding portion, then undergoes conformational changes which results 

in a post-fusion state where the three pairs of repeating heptad regions in the trimeric 

S2 form a six-helix bundle. The now exposed hydrophobic fusion regions then insert 

into the host membrane and the viral and host membranes then become fused. The S 

proteins are primed by transmembrane protease 2 (TMPRSS2)n which is essential for 

entry of SARS-CoV-2 coronavirus. Wang et al. described the clathrin- and caveolae-

independent endocytic pathways for SARS-CoV viruses’ cellular entry29, which has 

been shown to also be used for cellular entry of SARS-CoV-2 viruses20, 26-29. Despite 

various reports examining the mechanism of entry of SARS-CoV-2 viruses into cells, 

other than injecting its viral genome into such cells, at the time of writing this thesis, 

very little is known about how this virus undergoes replication and assembly. 

 

Figure 2. (A) Schematic of the primary structure of the SARS-CoV-2 spike protein, 

where the single sequence (SS), N-terminal domain (NTD), the receptor binding 

domain (RBD), subdomain 1 (SD1), subdomain 2 (SD2), the S1/S2 protease 

cleavage site, S2’ protease cleavage site, the fusion peptide (FP), heptad repeat 1 

(HR1), central helix (CH), connector domain (CD), heptad repeat 2 (HR2), the 

transmembrane domain ™ and the cytoplasmic tail (CT) are indicated. (B) Cryo-EM 

structures of the spike protein in the closed state (left) and open state (right)30. 

 Intrinsically disordered proteins (IDPs) and intrinsically disordered regions 

(IDRs) play a considerable role in a wide variety of biological functions, such as 
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DNO/RNA binding, protein binding and in facilitating access to binding sites. RNA – 

protein recognition requires RNA and protein conformational changes which is 

facilitated by the disordered residues. These disordered regions are necessary for other 

important viral processes, such as in transcription, translation and in cellular 

signalling. Coronaviruses can be categorised and is useful for identifying the life cycle 

and pathogenicity of the pathogen31. There are three segments of IDRs in SARS-CoV-

2 nucleocapsid proteins, which connects the serene rich N-terminal domain (NTD) 

and C-terminal domain (CTD). The IDR that flanks the CTD plays a role in dimer 

association in SARS-CoV-2. In SARS-CoV-2, the spike protein is activated by host 

cell enzymes, such as trypsin, cathepsin L, furin and TMPRSS2, where a unique amino 

acid pattern (RARR) is present at the S1/S2 junction. This exposed disordered region 

flanking the CTD is cleaved by furin and is responsible for effective transmission. A 

number of missing residues in the monomeric structure have been observed, which 

obtain a stable conformation upon binding with the hACE2 receptor, termed as a 

disorder-to-order transition (DOT). These allow for a better shape complementary to 

the receptor and for spike protein and hACE2 affinity, thus is necessary to facilitating 

the binding of the spike protein to the hACE2 receptor20, 32. 

 SARS-CoV-2 can be transmitted in two ways: by direct means through droplet 

and human-to-human transmission, and indirect contact by contaminated objects and 

airborne contamination. The misuse of personal protective equipment (PPE) has been 

shown to be a source of airborne infections. The person-to-person spread of SARS-

CoV-2 occurs mainly through the dispersion of respiratory droplets, such as when a 

patient coughs, sneezes, talks or even sings. Typically, droplets do not spread farther 

than six feet and remain suspended in the air for a limited time33. SARS-CoV-2 

remains active and contagious in droplets for up to three hours. Van Doremalen et al 

has shown that SARS-CoV-2 can survive for up to 2 days on stainless steel and up to 

3 days on plastic34, 35. COVID-19 transmission can be avoided by taking various 

precautions. These involve the use of PPE, such as by wearing masks and gloves and 

the disposal of contaminated or used PPE after use, the appropriate use of disinfectants 

on surfaces and hands, and physical distancing of over 6 feet (2 meters) to remain out 

of range of the spread of contaminated droplets33-36. 
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1.2.2. Symptoms and Long-Term Effects 

Like other coronaviruses, SARS-CoV-2 affects the respiratory system, causing 

disease and affecting respiratory health. There are various symptoms associated with 

COVID-19 infections which include fever, cough and shortness of breath, which 

typically appear 4 – 7 days, with a maximum incubation period 14 days after exposure 

to the virus. The severity of infections can vary from mild to severe, with some people 

being asymptomatic. Most people present with mild flu-like symptoms, while ~20 % 

of patients develop severe infections, which include pneumonia, respiratory failure 

and in some cases, death. Various other symptoms have been reported, which include 

tiredness, a runny nose, sore throat, headache, diarrhoea, vomiting and the loss of 

sense taste and/or smell. It has been identified by Salian et al that COVID-19 can be 

spread through droplets ranging from 0.6 – 100 µm in diameter, and the number of 

droplets has a proportional increase with respect to coughing rate35. These droplets 

can also be generated in patients who are pre-symptomatic or asymptomatic through 

normal breathing and speech. A severe innate immune response and a sustained rise 

of systemic cytokine levels has been associated with COVID-19 infections, and as a 

result, the body’s immune response has been used to drive and predict patient mortality 

and severity of the disease. Interleukin-1β, interleukin-2, interleukin-2 receptor, 

interleukin-4, interleukin-10 interleukin-18, interferon-γ, C-reactive protein, 

granulocyte colony-stimulating factor, CXCL10, monocyte chemoattractant protein 1, 

macrophage inflammatory protein 1-α, and tumour necrosis factor-α have all been 

identified as mediators, when elevated, which can indicate the severity of COVID-19 

infections. Patients can also display T-cell exhaustion with lower lymphocyte counts. 

Systemic inflammation can result in cognitive decline and neurogenerative diseases, 

which raises concern that COVID-19 survivors may experience the development of 

neurodegenerative conditions in years to come 36-40. 

Long-term effects of COVID-19 infections have been reported to include a 

high risk for subsequent development of neurological disease, such as Alzheimer’s 

disease. The increased cytokine levels can be used to predict hippocampal atrophy in 

patients that suffer severe sepsis and considering this effect, acute respiratory distress 

syndrome (ARDS) is the most frequent severe clinical presentation. ARDS along with 

chronic ventilation can result in the cognitive decline and executive dysfunction can 

persist for weeks or months after discharge from hospital. Despite this, Helms et al did 
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not find the direct presence of SARS-CoV-2 in cerebrospinal fluid, however the long-

term effects of a cytokine storm may still contribute to neurodegenerative conditions 

developing in the future40, 41. 

1.2.3. Therapeutic Agents Effective in COVID-19 Treatment 

In terms of treatment, several drugs have been identified to have a significant 

impact on COVID-19 treatment. Within the first year Remdesivir, an antiviral drug, 

and monoclonal antibodies, such as bamlanivimab, and the combined use of 

casirivimab and imdevimab were approved for the treatment of the COVID-19 

disease42. However, although it has been shown to be a good antiviral agent, according 

to Ansems et al, Remdesivir has been shown to have no overall effect in alleviating 

symptoms during COVID-19 treatment43. The combination of the two monoclonal 

antibodies bamlanivimab and etesevimab, was shown by Dougan et al to be effective 

in the early treatment of COVID-19 infections, overall, drastically decreasing the 28-

day mortality rate44. Other monoclonal antibodies such as the combination of 

casirivimab and imdevimab were also shown to be effective therapeutics used in the 

treatment of COVID-19, but were shown by Ganesh et al. to be less effective than 

treatment with either bamlanivimab alone or with a combination of bamlanivimab and 

etesevimab45. Pandolfi et al showed that paracetamol (acetaminophen) was effective 

in reducing inflammation and fever in COVID-19 patients, however is not 

recommended for elderly patients as it can either increase or reduce the consumption 

of glutathione (GSH), which could potentially exacerbate symptoms, and thus increase 

risk factors associated with the infection46. Ibuprofen was also investigated in the 

treatment of COVID-19. A study by Rinott et al investigated this drug as a treatment 

for COVID-19 among a wide variety of patients and when the statistics were 

compared, it clearly was shown that ibuprofen was greatly beneficial in the treatment 

of COVID-1947. Age, gender, patients with underlying conditions, whether patients 

admitted to hospital, respiratory symptoms patients displayed and observed clinical 

outcomes, such as whether supplemental oxygen, mechanical ventilation, admission 

to the intensive care unit (ICU) and death, were used to compare and analyse results. 

Despite being very effective for the most part, the comparison of the clinical outcomes 

showed that the percentage of patients in each case who received and did not receive 

ibuprofen treatment were all within 1 % of each other, indicating that ibuprofen was 

ineffective in severe cases and most beneficial in less severe cases47. 
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Dexamethasone (DEX) has been shown in multiple studies to be a very 

effective treatment for COVID-19 infections due to its effectiveness in high-grade 

inflammatory disorders and glioblastoma, which contributes to its activity in COVID-

19 treatment. It is also a good candidate for COVID-19 treatment and the 

nanoformulation of DEX may help to sustain the anti-inflammatory and anti-oedema 

drug activity after patients have recovered from COVID-19 infections48-50. N-acetyl-

L-cysteine (NAC) has been used in clinical practice in the treatments of critically ill 

patients suffering from sepsis and in recent times, to both prevent infection and treat 

patients with COVID-197. It was selected as a treatment for this disease as it has 

antioxidant, anti-inflammatory and anti-immune-modulating effects which is 

beneficial in the treatment of SARS-CoV-2. It is also a glutathione (GSH) precursor, 

which is an important antioxidant produced in cells. In cells infected with SARS-CoV-

2, glutathione is used up faster than it can be recycled, so NAC is an important drug 

in the treatment of COVID-19 as it helps to replenish GSH levels in cells7, 51, 52. 

With consideration of the effectiveness and importance of DEX and NAC in 

the treatment of COVID-19, these therapeutic agents were selected for electroanalysis 

to further develop the very limited understanding of the electrochemical behaviour of 

these molecules and to develop novel sensors for these molecules with high 

sensitivities. 

1.3.0. Dexamethasone  

 Dexamethasone (DEX) (structure in Structure 1.) is a useful synthetic 

glucocorticosteroid that has many applications as a therapeutic agent, which includes 

the treatment of acute exacerbation of multiple sclerosis, allergies, cerebral oedema, 

inflammation, and shock. It has also been shown to alleviate the symptoms of atopic 

and contact dermatitis53. Paediatric asthma patients who were administered DEX also 

benefitted from this drug, with no patients experiencing a relapse in symptoms or 

nausea and vomiting54. DEX is also a good candidate for the treatment of bacterial 

meningitis according to de Gans et al, where 8 % of patients who received the drug 

had an unfavourable outcome compared to those with a placebo (11 %). Despite this 

article’s aim being focussed on the treatment of bacterial meningitis (Neisseria 

meningitidis), DEX treatment in other infections such as Streptococcus pneumoniae 

were also examined, showing that DEX was also very, if not more effective as a 

treatment for S. pneumoniae infections than bacterial meningitis55. Mohammed et al 
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also investigated DEX treatment for Varicella pneumonia, which causes chickenpox 

in children and pneumonia in adults. Their study demonstrated DEX’s effectiveness 

which was clearly observed in severe cases where the duration of time spent in hospital 

because of the infection decreased with DEX and acyclovir treatment when compared 

to a placebo group who were only administered acyclovir. The faster decline in the 

concentrations of C-reactive protein (CRP) and interleukin-6 (IL-6) was also 

observed, further demonstrating the potent anti-inflammatory and immunosuppressive 

properties of DEX56. 

 

Structure 1. Chemical structure of dexamethasone (DEX) 

1.3.1. Dexamethasone Treatment in COVID-19 Patients 

More recently, DEX has been shown to be beneficial in the treatment of 

patients with COVID-19 infections due to its anti-inflammatory properties50. DEX is 

effective as this compound mimics the actions of anti-inflammatory compounds 

produced by the body. In terms of the treatment of COVID-19 infections, DEX is 25 

times more potent than other glucocorticosteroids such as hydrocortisone and 

prednisone57, which is an important reason on why DEX has been shown to be 

effective in the treatment of COVID-19 patients. DEX is also stronger than 

nonsteroidal anti-inflammatory drugs (NSAIDs), such as aspirin and ibuprofen. DEX 

is a drug with anti-inflammatory and immunosuppressive properties, while the latter 

only block the vascular stage of inflammation50, 58.  

DEX has been shown to have  a significant effect in patients hospitalised with 

severe COVID-19 infections, where the 28-day mortality rate among patients 

receiving invasive mechanical ventilation or oxygen alone decreased in patents 

administered 6 mg DEX once daily, compared to those receiving usual treatment5, 

further highlighting DEX’s effectiveness in the treatment of SARS-CoV-2 infections. 
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1.3.2. Dexamethasone Mechanism of Action 

DEX works by inhibiting the pro-inflammatory gene which codes for 

chemokines, cytokines, cell adhesion molecules (CAMs). Several mechanisms of 

action have been demonstrated for DEX. These include the direct alteration of 

membrane fusion, alterations of membrane fluidity, induction of protein inhibitors of 

phospholipase A2 activity, alteration of membrane of polymorphonuclear (PMN), 

alteration of membrane lipids and direct inhibition of chemotactic peptide receptor 

number and function50, 59.  

In the body DEX acts in the body in several ways. DEX supresses the 

migration of neutrophils and decreases the proliferation of lymphocyte colonies. In 

doing so, the capillary membranes become less permeable accompanied by higher 

vitamin A concentrations in the serum. Prostaglandin and the cytokines IL-1, IL-12, 

IL-18, tumour necrosis factors (TNFs), interferon gamma (IF-γ) and granulocyte-

macrophage colony-stimulating factors become inhibited, thus reducing 

inflammation60. Since COVID-19 infections cause a hyperinflammatory state in the 

body and the broad anti-inflammatory activity of DEX indicates its effectiveness in 

treating hyperinflammation caused by COVID-1953. 

Addition of pharmacologic DEX doses to C2C12 murine myoblast cells has 

been shown to inhibit cell proliferation and protein synthase processes, which in turn, 

reduce myoblast differentiation and myotube fusion. At similar concentrations, DEX 

increases the production of the calcium binding transmembrane protein, dysferlin, 

which increases the production of myogenic differentiation, increasing myogenic 

fusion. Sustained administration of DEX has shown that the improved myogenic 

proliferation and differentiation, indicating that the forced production in skeletal 

muscle units (SMU) and blebbing was slower,  indicating cell death when in 

comparison to without DEX administration61. 
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1.3.3. Dexamethasone quantitation 

 DEX has been quantified using various methods. The first of which is high 

performance liquid chromatography (LC-MS) in dried blood samples62. Other 

methods have described the use of UV spectrophotometric methods, proteomics based 

on liquid chromatography-high resolution tandem mass spectrometry63-67. These 

studies explored DEX quantitation in a variety of systems, from blood samples to 

pharmaceutical formulations, to tissue samples, for DEX alone and in combination 

with other drugs such as Remdesivir, each with reasonable sensitivities and selectivity 

for DEX. A niche array of DEX electrochemical sensors have been developed, 

utilising various electrodes and modifiers, such as carbon nanomaterials (CNMs), 

metal nanoparticles and amalgam films to name a few, to optimize DEX 

electrochemical response. An in-depth insight into DEX electrochemical sensors will 

be expanded upon in the introduction to Chapter 2. 

1.4.0. N-acetyl-L-cysteine 

 N-acetyl-L-cysteine (NAC) (Structure 2.) is a safe and inexpensive 

therapeutic agent that has been commercially available for a long time68. NAC has 

been used to treat various diseases including cancer, cardiovascular diseases, human 

immunodeficiency virus (HIV) infections, acetaminophen-induced liver toxicity and 

metal toxicity69.  It is not found in natural sources, however it is a precursor to cysteine 

(Cys), which is found in many foods, such as chicken, turkey, garlic, yogurt and eggs. 

It is a well-tolerated mucolytic drug that moderates clinging mucous secretions and 

enhances glutathione transferase activity. Deacetylation of NAC occurs in the liver 

and small intestine during oral administration, resulting in the production of Cys, thus 

the bioavailability of NAC is decreased to between 4 – 10 %. The α-protected nitrogen 

contains an acetyl group. The acetyl group can be removed in most tissues by cleaving 

the acetyl group thus producing L-Cys70. It is a useful therapeutic as it promotes 

detoxification and acts directly as a scavenger for free radicals in cells and blood 

serum, thus showing that it is a powerful antioxidant70-72. 

 

Structure 2. Chemical structure of N-acetyl-L-cysteine (NAC) 
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The key to the antioxidant power of NAC is that it is a glutathione (GSH) 

precursor, a naturally occurring antioxidising agent73, 74. Upon deacetylation, the 

resulting L-Cys is used to promote glutathione biosynthesis, thus glutathione 

replenishment mediates all intracellular effects of NAC. Free L-Cys readily oxidises 

to the corresponding disulfide, cystine, thereby forming the cysteine/cystine redox 

couple75. Considering antioxidant defences, GSH is the principle intracellular non-

protein thiol that plays an important role in preserving the intracellular redox state, 

through its actions as a non-enzymatic reducing agent76. GSH is a tripeptide consisting 

of a glutamate, cysteine and glycine residues (Structure 3)76. In cells, two ATP-

dependant processes are exploited for the synthesis of GSH. Firstly, γ-

glutamylcysteine (γ-EC) is produced through the dimerisation of L-glutamate and L-

cysteine. This reaction is catalysed by γ-glutamylcysteine synthase (γ-ECS). The 

second reaction involves the addition of glycine to γ-EC at the C-terminal end, which 

is catalysed by glutathione synthase (GS)75, 77, 78. 

 

Structure 3. Chemical structure of glutathione (GSH), showing the position of its 

amino acid components. 

1.4.1. N-acetyl-L-cysteine Treatment in COVID-19 Patients 

NAC has been shown to be beneficial in the treatment of patients suffering 

from COVID-19 due being a precursor to GSH. As discussed, COVID-19 can cause 

severe inflammation, resulting in a cytokine storm and oxidative stress imbalance. The 

resulting oxidative stress imbalance results in a significant elevation in glutathione 

reductase (GR) in the blood serum, which leads to rapid depletion of GSH from cells. 

This effect was more prominently observed in severe COVID-19 cases and in ICU 

patients. With consideration to NAC being a GSH precursor, it was employed as a 

therapeutic to help restore and reduce the depletion of GSH in blood serum and in 

cells. NAC’s relatively low toxicity and wide safety margin led it to being a good 

candidate to treat COVID-19 infections, where all patients administered NAC showed 
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a significant decrease in the severity of symptoms, and on the whole, their conditions 

improved7, 79. 

1.4.2. N-acetyl-L-cysteine Mechanism of Action 

As discussed, NAC is used in cells as a precursor to GSH in cells7. In cells the 

acetyl group is cleaved, resulting in L-Cys70. This L-Cys produced, in the case of 

severe oxidative stress caused by COVID-19, is then used to restore GSH levels in 

cells. Although GSH is recycled in cells, upon infection with SARS-CoV-2 this 

process increases, however, in severe cases this cannot match the amount of GSH 

required by cells to combat the infection. Therefore, GSH synthesis is required and 

carried out through the polymerization of L-glutamate, L-cysteine and glycine, 

catalysed by γ-ECS and GS as described above75, 77, 78. 

 The mechanism of action of GSH has been proposed that H transfer from GCH 

to C radicals appears to be the mechanism of protection of GSH. It has also been 

postulated that the ·OH radical and GSH reaction occurs in addition to the sulphur-

centred radical formed by either electron transfer or H removal from GSH. Two 

mechanisms have been shown to accurately depict GSH activity in cells for the 

removal of free radicals and thus, the relief of oxidative stress. The first of these 

involves a single electron transfer reaction (SET), and the second involves a H transfer 

reaction (HT), as depicted below:80, 81 

 SET: 

GSH + ·R → GSH·+ + R- 

 HT: 

GSH + ·R → GSH(-H)· +HR 

It has been shown that these processes are important in the scavenging and elimination 

of free radicals in cells, thus helping to alleviate oxidative stress81-83. Oxidative stress 

in biological systems is caused by free radicals, such as the superoxide anion radical 

(O2
-·), hydroxyl radical (·OH) and reactive chlorine/bromine species, or nonradical 

species, such as hydrogen peroxide (H2O2), hypochlorite (OCl-) and nitrites (NO2
-), 

which can cause DNA and RNA mutations, metal ion interactions, alterations to 

protein processing, folding and trafficking and lipid oxidation to name a few84. GHS 

helps to combat oxidative stress through scavenging for thes reactive oxygen species 
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(ROS)85. The effect of hyperbaric oxygen therapy on oxidative stress has been studied 

previously, and despite GSH levels remaining relatively unchanged, an improvement 

in C-reactive protein levels was observed which led to an overall reduction in 

inflammation86. With consideration of the importance of GSH in the alleviation of 

oxidative stress in cells, it further confirms the effectiveness of NAC as a useful and 

effective therapeutic agent in the treatment of such diseases as COVID-19. 

Furthermore, it has been shown that upon cleavage of the acetyl group, L-Cys uptake 

by cells is much more efficient than that of GSH alone, for which little to no evidence 

has been shown for its uptake into cells, thus validating NAC as a useful therapeutic 

agent87, 88. 

1.4.3. N-acetyl-L-cysteine Quantitation 

 Few studies have been published regarding NAC quantitation, however, NAC 

has been quantified previously with high-performance liquid chromatography 

(HPLC)89, 90. However o-phthaldialdehyde/N-acetyl-l-cysteine reagent has been used 

to amplify the response of protamine in UV-vis quantitative studies91. Various 

electrochemical studies quantifying NAC have been published, using gold electrodes 

and gold modified electrodes, exploiting the gold-thiol interactions for the 

electrooxidation of NAC. These will be described in more detail in the introduction to 

Chapter 3. 

1.5.0. Nanomaterials of Interest 

 Nanomaterials refer to a material comprising of particles or constituents on the 

nanoscale, i.e., X × 10-9 units, for example 1 nanometre (nm) is equivalent to 1 × 10-9 

meters (m). Nanomaterials are usually considered if the material has at least one 

external dimension within 1 – 100 nm92. Nanomaterials have numerous applications 

ranging from the purification of water containing contaminants such as toxic metal 

ions (e.g., Pb), greenhouse gases, organic and inorganic solutes, bacteria, viruses, 

pollutant quantification and cleaner production93, to cancer imaging and therapy94, to 

energy storage and conversion95. More relevant to this project, carbon nanomaterials 

and metal nanoparticles have been exploited for their use in electrochemical sensors96. 

 Nanomaterials can be categorised in various ways. Firstly, they can be 

categorised by their dimensionality, referring to their overall shape and structure.  

Secondly, nanomaterials can be classified by their composition97. Nanomaterials can 
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vary greatly in shape and size, such as in carbon nanomaterials, where they can vary 

greatly in shape and dimensionality, such as carbon nanotubes, fullerenes (such as C60) 

and graphene nanofibers to name a few98. Alternatively, nanomaterials can also be 

categorised according to their composition, i.e., what they are made from, such as Pb, 

Pt, Au, and Cu, to name a few examples. These can also be differentiated further by 

dividing them into subcategories based off their morphology97. These will be 

discussed in more detail throughout this section. 

1.5.1. Carbon nanomaterials 

 Carbon nanomaterials (CNMs), as mentioned above, have a wide array of 

functions from sensing to imaging, to energy storage93, 95. CNMs have a very broad 

range of morphologies which includes graphene sheets, carbon dots, nanodiamonds, 

single walled carbon nanotubes (SWCNTs), multi-walled carbon nanotubes 

(MWCNTs), fullerenes (such as C60) and more recently carbon nano-onions (CNOs)99-

101, as shown in Figure 3. In terms of electrochemistry, CNMs have interesting 

properties, such as high capacitances which allows them to be used to effectively store 

energy in electrochemical batteries and capacitors102. CNMs, such as fullerenes have 

been used effectively in various electrochemical sensors for the detection of cancer 

relevant biomolecules103. Similarly, magnetic multi-walled carbon nanotubes 

(MMWCNTs) have been used in the development of a ciprofloxacin electrochemical 

sensor104. Investigations into sensors incorporating the use of CNOs has shown 

promising results due to the CNO’s excellent resistance against bio-fouling and 

electrode stability compared to graphite nanoflakes (GNFs) and glassy carbon 

electrodes (GCEs)105. CNOs are the newest carbon analogue and are particularly 

relevant to this research project and are discussed in greater detail below. 
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Figure 3. Chemical structures of various types of carbon nanomaterials106. 

1.5.2. Carbon Nano-onions 

 Carbon nano-onions (CNOs) are a new emerging class of carbon 

nanomaterials. They are concentric multi-layered fullerenes with typically a hollow 

core. Each concentric graphitic shell is composed of a network of localised sp2 

hybridised C atoms, which gives rise to interesting properties, such as their high 

capacitances102. CNOs are typically composed of 4 – 6 concentric quasi-spherical and 

polyhedral shaped graphitic shells approximately 0.335 nm apart, and measure 

between 4 – 6 nm in diameter107.  

 CNOs can be synthesised in numerous ways, such as through the combustion 

of white and thin cotton, through a methane cracking method and through the thermal 

annealing of nanodiamond powders, of which the latter was used for the CNOs used 

in this project, outlined in Figure 4100, 108-110. CNOs typically have high capacitance 

values. This has been reported to be attributed to the pore size of the carbon network, 

where the capacitance has been reported to be greater in nanomaterials with a smaller 

pore diameter. Due to the decreased surface area accessible to ions in solution the 

capacitance of the CNM increases111. Furthermore, during their synthesis, they can be 

doped with heteroatoms such as boron (B), sulphur (S)102, 112-114. Heteroatom doping 

can have a significant impact on their properties. S-doped-CNOs typically are less 

conductive than undoped-CNOs, hence increasing their super-capacitive properties. 

This can be attributed to defects in the graphitic shells caused by the S dopant, where 

defects and edges containing sp3 C atoms reduces the overall electrical conductivity, 

which, in the case of an electrochemical sensor, alters the device performance115. 

Similarly, N-doped-CNOs contain pseudocapacitive sites at pyrrolic and pyridinic 
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sites in the structure, however, quaternary-N  and nitrous oxide are responsible for the 

higher electrical conductivity of N-doped CNOs116-118. The N-active sites have been 

shown to have the ability to facilitate surface redox reactions. The positive charge on 

quaternary N and pyridinic N-oxide groups act as electron donors, thus attracting 

protons and/or compounds with positively charged functional groups, thus facilitating 

redox reactions involving nitrogen or neighbouring functional groups. This then has a 

beneficial impact on improving the electrochemical performance of N-doped-CNO 

supercapacitors119. Boron atoms contain three valence electrons which, along with 

their similar size to carbon atoms, allows them to be easily incorporated into a carbon 

matrix. B-doped CNOs have been shown to have an increase ability to catalyse oxygen 

reduction reactions (ORR)120. Little has been reported about the electrochemical 

behaviour of B-doped-CNOs, however, like with other CNOs, a high capacitance was 

also observed upon B doping113. An overall increase in the capacitance has been 

reported upon heteroatom doping. This has been attributed to the increased porosity 

of the CNO surface and the surface defects in the carbon network induced upon boron 

and/or nitrogen doping121, 122.  

 CNOs can also be modified through the covalent addition of functional groups, 

such as carboxylic acid groups, onto the CNO surface resulting in their oxidised forms 

(oxi-CNOs)123. These have been used previously as a linker for the attachment of 

polymers and other molecules, such as drugs where CNOs are exploited as a 

mechanism for drug delivery, onto the CNO surface100. The presence of carboxylic 

acid groups on the CNO surface has a significant impact on the capacitance. The 

capacitance significantly increases with the presence of these carboxylic acid groups 

due to the faradaic current that arises from these electroactive groups and enhanced 

surface areas through the opening and breakage of the graphitic layers of the CNOs124. 

With consideraton of this effect, the capacitance of oxidised heteroatom-doped CNOs, 

such as oxi-S-doped, oxi-N-doped, oxi-B doped and oxi-BN-doped CNOs, is expected 

to be greater than that of undoped oxi-CNOs, due to the combined effects of the 

heteroatom dopants and carboxylic acid functional groups altering the structure of the 

graphitic layers through the incorporated surface defects and through breakage and 

opening of the graphitic layers. A HR-TEM image of CNOs and a structural diagram, 

shown in Figure 5, shows the spherical and layered structure of CNOs121, 122, 124, 125. 
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Figure 4. p-CNO and BN-doped-CNO synthesis through the thermal annealing of 

detonation nanodiamonds, with acid treatment in 3 M nitric acid yielding , oxi-CNOs 

and oxi-BN-doped-CNOs. 

 

Figure 5. HR-TEM image of carbon nano-onions (left) with their structure (right) 

shown125. 

1.5.3. Metal Nanostructures 

Metal nanostructures are another category of nanomaterials which have a wide 

range of applications throughout chemistry. They can be categorised further based on 

their composition and morphology97. Their morphological categorisation includes the 

nanostructure’s size, shape and structure126. Metal nanostructures can exist in many 

forms, such as nanoparticles (NPs)127, microparticles (MPs)128, nano stars129, nano 

urchins130 and films131, to name a few. Common metals used in metal nanostructure 

fabrication include copper (Cu), gold (Au), platinum (Pt), nickel (Ni), silver (Ag), 

palladium (Pd), titanium (Ti) and iron (Fe) because of their non-toxic and catalytic 

activity132. They can be composed of these metals in their pure form or their oxides, 



36 
 

hydroxides, sulphides, phosphates, fluorides, and chlorides133. These metal 

nanostructures have various applications in chemistry, such as their use on electronic 

devices, catalysis reactions, sensing, in energy conversion and storage, near infrared 

photothermal therapy and in surface enhanced Raman scattering126. Metal 

nanostructures have also been used as electrode modifiers in electrochemical sensors 

for the detection and quantitation of pollutants, toxic chemicals and compounds, and 

for the analysis of drugs in biological samples, water samples or pharmaceutical 

formulations11, 12, 134. 

1.5.4. Metal Nanoparticles, Microparticles and Films 

 In this project, microparticles (MPs), metal films and nanoparticles (NPs) have 

been exploited for the electrochemical determination of dexamethasone (DEX) and 

N-acetyl-L-cysteine (NAC), with the aim to achieve sensors with high sensitivities for 

each drug, with electroanalysis of these drugs extracted from pharmaceutical samples. 

Silver nanoparticles (AgNPs), for example, are some of the most well developed and 

applicable nanoparticles, due to their relatively inexpensive cost. They have unique 

and useful chemical properties that make them useful candidates for catalytic, optical, 

and synthetic applications. They have been used in combination with other metals for 

the detection of Cd, Cr, Cu, Hg and Sb135. 

 Firstly, electrochemically synthesised copper microparticles (CuMPs) were 

exploited for the electrochemical determination of DEX. MPs refer to particles 

between 1 – 1000 µm in diameter, while nanoparticles are typically within 1 – 100 nm 

in diameter92, 128. Metal MPs and NPs have interesting electrochemical behaviour with 

excellent  electrical conductivity which can be exploited to increase the anodic and/or 

cathodic electrochemical redox processes associated with the corresponding 

analytes132. Typically, metal nanoparticles have low capacitances due to the high 

conductivity of the metallic components, however, when combined with 

semiconducting materials, such as with layers of sulphur atoms in a trigonal prismatic 

(or antiprismatic) lattice, the capacitance increases stepwise with increasing 

semiconductor layers. Immobilisation of metal NPs or MPs on such heterostructures 

has been shown to enhance the photoelectric properties for an improved optoelectronic 

application136. In terms of electroanalysis, metal NPs are attractive candidates as 

electrode modifiers because of their high electroactive surface areas, which can thus 

lead to a better electroanalytical performance11. Typically, when examined using 
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cyclic voltammetry, metal NP and MP modified electrodes display anodic and 

cathodic waves associated with the electrochemical oxidation and reduction reactions 

of the metal(s) which the particles are composed of. The magnitude of these signals 

has the potential to be exploited as the analytical focus of the electrochemical sensor 

when considering how an analyte of interest can depress the anodic or cathodic metal 

faradaic response in response to increasing analyte concentration. This has been 

carried out by Pino et al for the dual detection of phenolic compounds and pesticides10. 

These anodic and cathodic metal faradaic responses can be used to gain information 

on the electrochemical behaviour and surface coverages of the particles at the 

electrode surfaces137. An important consideration when using metal particle-based 

electrochemical sensors is their stability. While they are stable upon potential cycling, 

the use of an incompatible background electrolyte can be detrimental to metal particles 

at the electrode surface, as upon potential cycling, the chloride ions in solution interact 

with the positively charged metals allowing them to dissolve into solution, thus 

destroying the metal particles138. For example, the use of chlorinated solvents will 

degrade Cu and Au modified electrodes. Recently, the use of metal films has been 

explored for the detection of metals such as Cu, Ni, Co, Cr, and a wide array of heavy 

metals139-141. Metal film modified electrodes can be characterised and used in similar 

manners to how metal NPs and MPs can be used in electroanalysis, however, few 

studies have reported on the use of metal film modified electrodes used for the 

electroanalysis of organic compounds. This consideration will be applied to this 

project, where an electrodeposited Cu film will be explored to achieve a highly 

sensitive sensor for the detection of DEX. 

1.5.5. Metal Nanostructure Formation 

 Metal nanostructures can be made in numerous ways. These include the 

reduction of Au3+ with NaBH4 which is stabilised with thiols to ensure the production 

of highly stable particles with a well-controlled and narrow size distribution in the nm 

range. Au particles have also been synthesised through the spontaneous reduction of 

Ag+ ions in solution in the presence of hydroxyl groups in basic solution. The 

reduction of Ag+ can also be carried out in basic and air-saturated conditions of 2-

propanol, resulting in the formation of colloids142. Copper nanoparticles, for example 

have been synthesised previously using a variety of methods. Firstly, a reduction 

method can be used using a variety of reducing agents, such as hydrazine, ascorbic 
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acid, hypophosphite or sodium borohydride and polyol, which result in uniformly 

sized and morphological CuNPs. Other methods include a microemulsion method, 

where two immiscible liquids are used as a thermodynamically stable emulsion to 

produce CuNPs with a diameter between 3 – 13 nm. A photochemical method can also 

be used to rapidly produce CuNPs with the aid of a reducing agent. The thermal 

decomposition of copper salts can also be used to produce CuNPs, however the 

particle sizes can vary from 3.5 – 40 nm in diameter. Lastly, the electrochemical 

reduction of Cu can be carried out to electrodeposit CuNPs directly onto an electrode 

surface143, the process which was used in this project. Electrochemical methods 

involve the use of a copper salt, such as copper acetate or copper sulphate, in a 

background electrolyte that allows the copper to remain in solution. The case of the 

two copper salts mentioned, a sodium acetate buffer or 0.1 M H2SO4 would make 

suitable candidates for CuNP electrodeposition144. This is also a requirement for all 

metal NP electrosynthesis. Various methods have been investigated for the 

electrosynthesis of metal NPs which all involve the electrochemical reduction of Mn+ 

→ M0 at the electrode surface, where M is the metal undergoing electroreduction and 

n denotes the oxidation state of the metal ions in solution. The most common 

electrodeposition methods include electrodeposition via cyclic voltammetry145 and via 

potentiostatic methods144. Various potentiostatic electrodeposition methods have been 

explored, the first being a single pulse potentiostatic method for the electrodeposition 

of CuNPs from 50 mM CuSO4 in 0.1 M NaClO4, where one pulse was applied at -1.2 

V vs Ag/AgCl for 20 minutes146. A second method for the electrodeposition of metal 

nanoparticles involves the use of a triple pulse potentiostatic method. In this method, 

lead nanoparticles (PbNPs) were electrochemically synthesised by employing a 

perturbation pulse (E1) to remove adsorbed ions from the electrode surface, a seeding 

pulse (E2) to seed Pb nuclei at the electrode surface, and finally, a growth pulse was 

applied to grow PbNPs from the seeded nuclei, as electroreduction of Pb occurs more 

readily at the more conductive Pb nuclei147. Finally, a third method of metal 

nanoparticle synthesis involved a multi-potentiostatic pulse sequence, for the 

electrosynthesis of gold nanoparticles (AuNPs). A perturbation pulse (E1) was also 

utilised here followed by a seeding pulse (E2) to seed the Au nuclei. Alternating anodic 

and cathodic pulses were used to systematically grow the AuNPs at the electrode 

surface, resulting in a uniform distribution of uniformly sized AuNPs11. A variation of 

the single pulse method was used for the electrodeposition of a copper film at a glassy 
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carbon electrode (GCE) surface in Chapter 2 of this project, where a perturbation pulse 

was added to ensure the GCE was free from residual copper before film 

electrosynthesis. The triple pulse electrodeposition method for PbNPs was adapted for 

the purpose of CuMP synthesis in Chapter 2. Finally, the multi-potentiostatic pulse 

method for the electrosynthesis of AuNPs was applied in Chapter 3 for the AuNP 

electrodeposition at an oxi-BN-doped CNO modified GCE. Each of these methods 

will be discussed in more detail in their corresponding chapters. 

1.6.0. Electrochemical sensors 

Firstly, electrochemical sensors exploit the use of 2 – 3 electrode systems, as 

shown in Figure 6, with a working electrode and auxiliary electrode, and in the case 

of a 3 electrode system, a reference electrode148. The auxiliary (counter) electrode 

functions as an electron sink, where a pathway is provided for current to flow in the 

electrochemical cell without a significant current being passed through the reference 

electrode149. The auxiliary electrode material should be selected with consideration 

such that electrochemical products formed at the auxiliary electrode do not interfere 

with those formed at the working electrode. For this reason typically a Pt wire 

electrode is used due to its electrochemical inertness150. The role of the reference 

electrode is to involve a benchmark for measuring and controlling the potential of the 

working electrode by utilising a constant potential at low current densities. The 

reference electrode does not pass any current, thus does not interfere with 

measurements obtained at the working electrode151. Common reference electrodes 

employed in electrochemical devices include Ag/AgCl reference electrodes152, 

calomel reference electrodes153, hydrogen reference electrodes154, double junction 

reference electrodes155 and liquid junction reference electrodes156. Finally, the 

working electrode refers to the electrode used in an electrochemical system where the 

reaction of interest occurs. Typically, working electrodes are made from chemically 

stable materials that can facilitate electron transfer reactions and have a well-known 

morphology and surface area. Common working electrodes employed in 

electroanalytical devices include glassy carbon electrodes (GCEs), platinum 

electrodes (PtE) and gold electrodes (AuE), which can be macroelectrodes, 

microelectrodes or polished disc electrodes157. Other electrodes can be in the form of 

pastes (carbon paste electrodes158), inks in the form of screen printed electrodes159 or 

as an amalgam160, such as a silver paste amalgam electrode161. The potential of the 
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working electrode is monitored with respect to the reference electrode, where the 

current is passed between the working and auxiliary electrodes. Although, the current 

response is only monitored at the working electrode151.  

 

Figure 6. Schematic of two-electrode (left) and three-electrode (right) systems, 

indicating the positions of the working electrode (WE), auxiliary (counter) electrode 

(CE) and reference electrode (RE). 

1.6.1. Categories of Electrochemical Sensors 

Electrochemical sensors can be categorised based on the types of 

measurements carried out, including potentiometric, conductometric and 

amperometric/voltametric sensors. Electrochemical sensors produce digital signals 

that, upon analysis, can give information about the electrode used, analyte detected 

and to gain information about electron transfer processes occurring at the electrode 

surface162. 

Potentiometric ion sensors or ion selective sensors can be categorised by their 

small size, portability, and their low cost, which makes them desirable candidates for 

commercial and practical use. These sensors are based on membranes containing 

neutral or charged carriers and have been used for the determination of a wide variety 

of organic and inorganic compounds. Outputs from these sensors are measured with 

respect to changes of the membrane potential. The electric potential (EM) in classical 

models is represented as the sum of the boundary potential (EBP) at the sample/ion-

sensitive membrane boundary and by the diffusion potential inside the membrane 

(ED), while a constant (C) is added to account for the potential at the internal contact. 
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In the classical modelling of these sensors, two approaches can be considered when 

carrying out electrochemical measurements, the first approach accounts for the 

internal diffusion potential (the phase-boundary-potential model) while the other 

approach disregards it (the total-membrane-potential approach)163. 

Conductometric sensors on the other hand are involved in the measurement of 

conductivity at a series of applied frequencies. These sensors rely on the changes in 

conductivity of a film or the bulk material. These sensors, however, are relatively non-

selective, however, this platform has become a more viable method of electroanalysis 

through the modification of electrode surfaces and development of improved 

instrumentation. These sensors do not require reference electrodes, so their low cost 

and simplicity make them attractive electrode candidates164. 

Finally, amperometric sensors are named so due to the amperometric 

measurements made through recording the flow of electrical current in 

electrochemical cells at an applied potential. Voltammetric sensors, on the other hand, 

are made when the potential difference scanned across an electrochemical cell, from 

one pre-set potential to another. The cell current is then recorded as a function of the 

applied potential (Eapp). The instrumentation requires controlled-potential equipment, 

and the electrochemical cell consists of a 2 – 3 electrode system immersed in the 

electrolyte solution. A background electrolyte is required to decrease solution 

resistance, eliminate electro-migratory effects and maintain constant ionic strength. 

The working electrode utilised has a profound influence on the performance of the 

sensor, where metals and various forms of carbon have been exploited to better suit 

the application of the sensor. The development of sensors applied in voltammetric 

measurements is an ever-evolving front, with developments incorporating the use of 

microelectrodes and microelectrode arrays. Chemically modified sensors, such as 

biosensors, carbon nanostructure modified and metal nanoparticle modified 

electrodes, are constantly under development with the aim to improve the overall 

sensor’s performance, and their industrial and clinical applications are becoming of 

particular interest in recent years164. 

1.6.2. Electrochemical and Analytical Techniques Applied 

 Throughout this project various electrochemical and analytical techniques 

were employed for the electrochemical synthesis of Cu nanostructure and AuNPs at a 
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GCE surface for the accurate and reproductible quantitation of DEX and NAC. These 

techniques involved the use of cyclic voltammetry for DEX quantitation at bare and 

Cu modified electrodes, and for the electrochemical characterisation of p-CNOs, BN-

doped-CNOs, oxi-CNOS and oxi-BN-doped CNOs, chronoamperometry for the 

electrodeposition of CuMPs, CuFs and AuNPs at bare and oxi-BN-doped CNO 

modified GCEs, chronocoulometry for NAC quantitative studies and electrochemical 

impedance spectroscopy for a further electrochemical characterization of the CuMPs, 

CuF, AuNPs and AuNP@oxi-BN-doped CNO modified GCEs. Scanning electron 

microscopy was utilised to visualise and determine the size distributions and 

morphologies of the CuMP/GCE, CuF/GCE, AuNP/GCE and the AuNP@oxi-BN-

doped CNO/GCE. 

1.6.2.1. Cyclic Voltammetry 

 Firstly, cyclic voltammetry (CV) refers to the most versatile and applicable 

electrochemical technique, which involves the cycling of the electrode potential back 

and forth between two fixed points. The electrodes are immersed in an unstirred 

solution, where the resulting current is measured. The working electrode’s potential is 

controlled by measurement against a reference electrode, such as a saturated calomel 

electrode or a silver/silver chloride (Ag/AgCl) reference electrode. The controlled 

potential across the working and reference electrodes is considered an excitation 

signal. This is a linear potential scan with a triangular waveform, as shown in Figure 

7 (A), where the potential is swept between two values at either extreme of the CV, 

known as the switching potentials. As per Figure 7 (A) and (B), the voltammogram is 

firstly scanned in the negative direction from 0.6 V to -0.2 V vs Ag/AgCl, where the 

direction is reversed, causing the potential to scan back positively. This is carried out 

at a particular scan rate (volts per unit time), in this case the potential is scanned at a 

scan rate of 100 mV s -1, or 0.1 V s-1. This can be determined from the slope of the 

plot of time vs potential in Figure 7 (A). It is noteworthy that CV can be carried out 

over multiple cycles, as indicated by the red, purple, and blue double headed arrows 

in Figure 7 (A). A voltammogram is obtained when the current is measured during a 

potential scan in either direction at the working electrode. This current is the response 

signal to the potential excitation response. It displays current (I (A)) or current density 

(J (A cm-2)) (y-axis) against potential (x-axis). Figure 7 (B) shows the typical cyclic 

voltammogram of a 5 mM [Fe(CN)6]
3/4- redox probe in 0.1 M KCl at an unmodified 
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GCE. As shown in Figure 7 (A), the potential is initially scanned in the negative 

direction, and when the potential is sufficient to reduce [Fe(CN)6]
3- to [Fe(CN)6]

4-, a 

cathodic current signal is observed, in this case at 0.127 V. The same principle applies 

in the forward direction, where an anodic signal is observed at 0.283 V, where 

[Fe(CN)6]
4- is oxidised to [Fe(CN)6]

3-. When the potential is sufficiently strong to 

reduce a compound, the cathodic current rapidly rises until the concentration of 

[Fe(CN)6]
3- is diminished substantially, which causes the current to peak. A decay in 

the current is then observed as [Fe(CN)6]
3- ions in the solution surrounding the 

electrode become depleted due to its electroreduction to [Fe(CN)6]
4-. The scan 

direction is then switched to the positive direction at -0.2 V for the reverse scan. Here 

the potential is significantly negative for the reduction of [Fe(CN)6]
3- so the cathodic 

current continues despite being scanned in the positive direction. Similarly, when the 

potential is scanned in the positive direction, the potential becomes strong enough to 

cause the oxidation of [Fe(CN)6]
4- to [Fe(CN)6]

3-, resulting in the electrooxidation 

process, which causes anodic current. Similar to the electroreduction process, the 

concentration of [Fe(CN)6]
4- ions at the GCE surface become significantly diminished, 

causing the current to peak, followed by a decay in the current values. CV is a 

technique capable of the rapid generation of new oxidation states in the forward scan 

while proving its fate in the reverse direction, which is an important aspect when 

studying the voltammetry of coupled reactions165.  
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Figure 7. Plots of (A) time vs potential for cycle 1 – 3 (red, purple, and blue arrows) 

and (B) potential vs current density of the third cycle of the cyclic voltammogram of 

5 mM [Fe(CN)6]
3/4+ in 0.1 M KCl at the bare GCE from -0.2 – 0.6 V vs Ag/AgCl at 

100 mV s-1. 

1.6.2.2. Chronoamperometry and Chronocoulometry 

 Chronoamperometry (CA) refers to an electrochemical technique where a 

potential step is applied within a very short, ideally instantaneous, time to an electrode 

immersed or in contact with an electrolytic system containing a dissolved redox 

system, where measurements taken result in the flow of electrical current. This can be 

caused by a change in the composition of the electrolyte at the interface, which is 

particularly relevant to the concentration of species which make up the redox system. 

The current measured is initially very large due to being limited by the resistance of 

A 

B 
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the electrolyte. Part of the current is also used in recharging of the electrochemical 

double layer. The current then decreases rapidly as the mass transfer of ions from the 

bulk solution becomes the current limiting factor, where none of the consumed 

species’ flow at the electrode surface. The current is controlled by the concentration 

profile of the consumed species, where the current profile extends deeper into the 

electrolyte solution with time. As the profile extends deeper, the slope decreases as a 

function of time along with the current supported by diffusion flow, resulting in the 

mathematical relationship defined as the Cottrell equation:166 

𝑖 =
𝑛𝐹𝐴𝐶0√𝐷

√𝜋𝑡
…………………………………………………………………………(1) 

where i is current, n is the number of electrons transferred, F is Faraday’s constant, A 

is the electrode surface area, C0 is concentration, D is the diffusion coefficient, and t 

is time. 

 Similarly, in chronocoulometric (CC) experiments, the potential of a working 

electrode is fixed at a value where the electrochemical reaction is only limited by 

diffusion, which can also be described using the Cottrell equation: 

𝑄 =
2𝑛𝐹𝐴𝐶0√𝐷√𝑡

√𝜋
……………………………………………………………………(2) 

where Q is charge, n is the number of electrons transferred, F is Faraday’s constant, A 

is the electrode surface area, C0 is concentration, D is the diffusion coefficient, and t 

is time. In addition to the charge, the charge QDL is required to charge the 

electrochemical double layer from the value which corresponds to the initial electrode 

potential to the potential set by the step and charge required to convert species present 

on the electrode during the step, i.e., Q0, must be considered. Both QDL and Q0 are 

independent of time and thus can easily be obtained from the Cottrell equation (2) by 

considering t = 0 s. the resulting value is then subtracted. Considering equation 2, CC 

has a number of applications, such as in determining diffusion coefficients (D), the 

electrochemical surface area (A) of a particular electrode, and analyte concentrations. 

In this thesis, CC will be employed in chapter 3 to determine NAC sample 

concentrations. This method seems equivalent to CA, however important 

considerations must be taken into account during CC applications. This involves the 

consideration that charge increases during the experiment, so only charge values 

significantly far from the application of the potential step can be evaluated as these 
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values are unaffected by the behaviour of the transient setup, such as distortions. 

Integration of CC has a smoothing effect, where noise on the response is averaged. 

These considerations are advantageous over CA measurements as, in addition to the 

ability to determine the QDL and Q0, these effects are not applicable to CA166. 

1.6.2.3. Electrochemical Impedance Spectroscopy 

 Electrochemical impedance spectroscopy (EIS) refers to an electrochemical 

technique that can be used to gain access and information about the kinetic 

characteristics of electrochemical systems, such as rate constants, diffusion 

coefficients, capacitances and resistance in a single experiment. However, this 

technique is restricted to the description of the behaviour of a system which lies in the 

linear range of electrochemical excitation. These measurements can be contrasted with 

other methods with non-linear properties, such as CV. EIS measurements require 

linear behaviour with a potential excitation below 25 mV at room temperature, where 

the potential dependency of charge-transfer reactions can be approximated as linear. 

EIS involves a variable-load experimental method and the linear transformation of 

time-domain signals and responses to frequency domains, with the calculation of the 

relevant impedance values, described as a complex quotient divided by current, thus 

the impedance calculation involves results of time-domain excitation at fixed 

frequencies. Its behaviour over this fixed range of frequencies gives rise to the 

impedance spectrum, which leads to EIS.167 

 The simplest relationship between voltage and current is Ohm’s Law, where 

resistance is independent of both current and voltage. This can be found by applying 

constant current while measuring the voltage across a resistor, however energy 

dissipative and storage elements are present in the system. Dependence on I and V 

cannot directly be expressed using Ohm’s Law due to the dependence on time and the 

potential-current relationship requires a differential equation. Observing the system 

under variable voltage and current conditions allow the parameter values for the 

capacitance (C) and conductor length (L) to be determined, making the system more 

complex. An indirect method of applying Ohm’s Law can be used in time-dependant 

systems due to how all linear differential equations can be transformed into the 

Laplace-domain, where they are transformed into ordinary equations in terms of 

complex frequency variables, s = Re + I, where I = √-1, and ω is the circular 

frequency167. 
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 The expression, (ZR(s) = R, ZL(s) = sL, and ZC = 1/sC) can be used to derive 

the impedance of complex circuits, where the combination of impedances in a circuit 

follows the same set of rules that apply to combination resistors. Considering this, the 

equations can be defined directly in the Laplace domain, instead of forming a complex 

differential equation and then applying the Laplace transformation, thus, impedances 

add up, and in the case of parallel elements and admittances Y, which are defined as 

Y(s) = 1/Z(s), also add up167. 

1.6.2.4. Scanning Electron Microscopy 

 In general, microscopy can be categorised under two main headings: optical 

microscopy (OM) and scanning electron microscopy (SEM). OM has been used for 

the last two hundred years, where simple devices were employed with vary limited 

capabilities. There are numerous differences between OM and SEM which 

encompasses differences in their properties and features. Firstly, the main difference 

between OM and SEM is that light is used in OM to view samples directly, while SEM 

depends on electron emission to view samples. Simple OM uses one lens to view 

samples, while compound OM utilises two lenses. Typically, OM have the ability to 

view samples anywhere from 400 – 1000 × the original size of the sample. On the 

other hand, SEM can reach much higher magnifications of up to 300,000 × the original 

size, which greatly dwarfs the magnification of OM devices. Both living cells and 

solid materials can be examined via OM, but few small organic compounds are visible 

and must be in the solid state. Greyscale images are produced in far more detail via 

SEM. Images produced from OM however, show the true colours of the samples 

analysed168. 

SEM works at much higher magnifications up to 300,000 × the original size 

and can be used as an effective method to analyse organic and inorganic compounds 

on an nanometre (nm) to micrometre (µm) scale. Some modern SEM can view 

samples up to 1,000,000 × their original size. SEM works in accordance with Energy 

Dispersive X-ray-Spectroscopy (EDS) to provide qualitative and semi-quantitative 

results regarding the composition of the sample in question. Both SEM and EDS, when 

used in unison have the capability to obtain fundamental information on the 

composition and morphologies of scanned materials168. 
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Analysis is carried out on using SEM equipment, which consists of an electron 

gun, which is the source used to generate high energy electrons, a column to transport 

the electrons produced through two or more electromagnetic lenses, a deflection 

system, an electron detector and a chamber for the sample. A computer system with a 

screen is then used to display the scanned images. The electron beam is also controlled 

from the computer system. The device that houses samples contains a pressure system, 

which in turn allows wet or samples with minimal preparation be viewed. In some 

instruments, these samples can have a diameter of up to 200 mm and be up to 80 mm 

tall. As mentioned, SEM analysis is carried out through the application of a beam of 

high-energy electrons in the range of 100 – 30,000 eV, usually generated through a 

thermal source. Since the spot size generated from the electron gun is too large for the 

generation of a sharp image, the SEM is equipped with various lenses to compress the 

spot and focus the electron beam on the sample. Typically, the spot size is less than 

10 nm in diameter, where the focused electrons passed through the final lens interact 

with the specimen and have the ability to penetrate up to 1 µm deep. These generate 

signals, and thus, an image is produced. The image generated is formed in a point-by-

point manner, which is dependent on the movement of the scan coils which causes 

movement of the electron beam. The beam typically moves in straight lines to discrete 

locations until a rectangular pattern of parallel lines is produced at the specimen’s 

surface. This is dependent on the magnification required, i.e. if a higher magnification 

is required the beam is deflected over a smaller area on the sample. The distance of 

the final lens from the sample has a direct impact on the magnification. An electron 

detector is used to detect the high energy electrons emitted from the scanned sample, 

thus generating the SEM image. Secondary electrons (SE) and backscattered electrons 

(BSE) are also used in the production of such images, where both are collected in the 

case of when a positive voltage is applied to the collector screen. On the other hand, 

only BSE are collected in the case when a negative voltage is applied to the screen. A 

Scintillator detector is used to collect both SE and BSE168.  

SEM is a technique widely used in both physical chemistry and 

electrochemistry. In physical chemistry it has been used to investigate the morphology 

of various nanomaterials, such as carbon nanotubes169, carbon nano-onions113 and 

silica nanoparticles170 to name a few. Similarly, in electrochemistry SEM is used to 

investigate the morphology of an electrode surface and/or modifications applied to its 
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surface such as electrochemical film electrodes171, metal nanoparticle modified 

electodes172 and graphene network modified electrodes173 to name some examples. In 

this project high resolution scanning electron microscopy (HR-SEM) has been 

exploited to further characterise and analyse the surface morphology of the CuMP and 

CuF modified GCEs in Chapter 2, and AuNP and AuNP@oxi-BN-doped CNO 

modified GCEs in Chapter 3. 

From considering the effectiveness of DEX and NAC in the treatment of 

COVID-19 infections and the relatively few reports on their electrochemical 

quantitation, these drugs were selected for electroanalysis with the overarching aim to 

develop sensors that can be used to quantitatively analyse these drugs in 

pharmaceutical formulations. The sensors that will be developed will incorporate the 

use of various nanomaterials and will be investigated under a variety of conditions to 

gain a detailed understanding about their electrochemical behaviour, and their effects 

on their respective analytes. 
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2.1.0. Introdiction 

Dexamethasone (DEX) is a synthetic glucocorticosteroid which is known for 

its potent anti-inflammatory effects. It has been reported to be effective in the 

reduction of cerebral oedema and for the treatment of acute exacerbation of multiple 

sclerosis, allergies, inflammation, and shock. It has also been used as a preoperative 

drug in the prophylaxis of postoperative nausea and vomiting1, 2. Recently, amidst the 

COVID-19 pandemic, it has been shown that DEX is an effective steroidal candidate 

for the treatment of patients suffering from COVID-19 infections due to its anti-

inflammatory properties3. The effectiveness of DEX in the treatment of COVID-19 

was demonstrated in a study by the Recovery Collaborative Group, where the 28-day 

mortality rate was lowered in patients hospitalised with severe infections and among 

those receiving mechanical ventilation upon DEX administration4.  

From these studies focusing on DEX’s effectiveness in treating severe 

COVID-19 infections, this drug has been looked at with great interest, however, only 

limited quantitative studies on this drug have been published. UV/Vis and high-

performance chromatography, such as LC-MS, have been reported as standard 

methods for DEX quantitation5-8 and fewer reports on the electroanalysis of DEX have 

been published as a complementary approach. Previous work on the electrochemical 

quantitation of DEX have employed graphene modified GCEs in  PBS (pH 7.25)1, 

Fe3O4/PANI-CuII microsphere modified carbon ionic liquid electrodes in KH2PO4 (pH 

2.0)9, paper based analytical devices10, 11, and a hanging mercury drop electrode in 

Britton-Robinson buffer (pH 2.0)12, 13. 

The need for drugs associated with more than one active component in the 

same formulation presents a challenge in developing robust methodologies with short 

time to result12  and electrochemical sensors can rise to combat such challenges. The 

medication can also be misused as a sports doping agent9 and is of concern in relation 

to adulteration of medicines11 and as a suspected endocrine disruptor with associated 

environmental concerns13. 

Investigation of the redox properties of such drugs also enables an insight into 

their in vivo metabolic fates and pharmacological activity12. Oliveira et al reported the 

reduction of DEX using hanging mercury drop electrodes (HMDE) using cyclic 

voltammetry and square wave adsorptive voltammetry with two peaks associated with 
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the reduction of ketone groups at C3 and C20, which result in the dimerisation of two 

DEX molecules at C3 forming pinacol, a vicinal alcohol, while reduction at C20 

results in a compound with a hydroxyl group. The resulting reduction products formed 

favour the adsorption on the HMDE and when deployed in the analysis of raw natural 

waters12, 13. The electrochemical determination of DEX at different types of graphene  

modified electrodes has also been examined1 with the structural defects and edges 

resulting in the increase in catalytic activity and DEX response in high capacity buffer 

(phosphate buffered saline). The potential shifted linearly with respect to electrolyte 

pH over the range 3-8.5 with slope of 61 mV/pH suggesting equal numbers of protons 

and electrons involved in the reduction process. It was evident that at higher pH’s that 

the DEX response decreased, confirming that protons are required for the 

electroreduction process to occur. A sensor based on Fe3O4/polyaniline-Cu(II) 

modified carbon ionic liquid electrode was applied for the sensitive determination of 

DEX in real samples9 where the Fe3O4/PANI-Cu(II) microsphere accelerated electron 

transfer for oxidation of dexamethasone. In another report,  a graphene oxide/hematite 

composite electrode enabled examination of a DEX oxidation response over the range 

0.1-10 M with LOD 0.046 M10. An electrochemical paper based analytical device 

for dual steroid (dexamethasone and prednisolone) was designed11 for quantification 

of adulterated steroids in herbal medicines, where the sensor relied on separation (due 

to partition coefficient differences through the silica gel coated paper fluidic) and 

detection using differential pulse voltammetry in a 3D printed device over the range 

10 – 500 g ml-1 in Britton Robinson buffer pH 4 containing 1.0 M KCl with LOD 

3.59 g mL-1. 

Most studies with the exception of Fatahi et al9 exploited the DEX cathodic 

signal in terms of quantitation in acidic electrolyte solutions. Therefore, to expand 

upon the previous work carried out regarding the electrochemical quantitation of 

DEX, a dual evaluation of DEX is presented here which  exploits anodic and cathodic 

redox processes in both non-aqueous and aqueous media, respectively, with 

consideration for the increasing interest in this therapeutic agent. In order to achieve 

a highly sensitive sensor, the use of metal nanoparticles were explored due to their 

effectiveness in detecting compounds and metal pollutants14-16. Electrosynthesis is an 

efficient method for the preparation of metal particles on an electrode surface realising 

uniformity of shape and structure17, 18. Particle size dispersion of gold nanoparticles 
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has been reported via template free electrosynthesis19 with the hemispherical gold 

nanoparticles demonstrating excellent electrocatalytic activity in the absence of 

surface stabilising agent with a multiple potentiostatic pulse strategy leading to high 

density of particles on glassy carbon electrodes.  Control of particle size, crystal 

structure and shape of the metal nanoparticle are important and can be achieved by 

judicial choice of nucleation vs growth competition during formation18. Template free 

electrochemically synthesised copper particles were proposed in this work as a novel 

potential electrode modifier for the electroanalysis of DEX and both aqueous and non-

aqueous electrochemical quantitation was realised in pharmaceutical formulations at 

modified and unmodified electrodes respectively. The work represents, to the best of 

our knowledge, the first such report of non-aqueous electrochemical investigation of 

this corticosteroid being compatible with hydrophobic cream formulation extraction 

and quantitation. 

Copper and its oxides are attractive, due to their electrocatalytic properties and 

have the advantages of low production cost, high stability and good electrical 

properties20. Low cost copper particles have been explored as working surfaces for 

CO2 reduction (electrochemical reduction of CO2 to ECO2R) to value added 

commodity chemicals (methanol, ethanol, formic acid) exploiting high specific 

surface areas with access to substrates, while nanostructures can control product 

selectivity21, 22. 

The aim here was to exploit copper nano/micro clusters formed by a template 

free dual and triple pulse potentiostatic method to be used for DEX quantitation in an 

alkaline electrolytic system, where varying the electrodeposited nuclei and pulse 

parameters were employed to achieve the maximum DEX electrochemical response. 

Various morphologies, such as spheres, flowers and star-like microstructures were 

realised depending on the electrodeposition approach and electrode used. Subsequent 

DEX investigations  examined possible interactions between DEX functional groups 

and the Cu nanostructure modified GCE, relating to the adsorption of DEX to the 

nanostructures and reduction of the adsorbed reduction product, where the novel 

secondary signal was the analytical focus of these investigations. 
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2.2.0.  Experimental 

2.2.1. Materials and reagents 

Copper acetate monohydrate [Cu(CH3COO)2.H2O] (98 %) (Sigma-Aldrich), 

lithium perchlorate [LiClO4] (98 %) (Merck), sodium acetate [CH3COONa] (99 %) 

(Sigma-Aldrich), potassium chloride [KCl] (99 %) (Sigma-Aldrich), glacial acetic 

acid [CH3COOH] (99 %) (Sigma-Aldrich), sodium hydroxide [NaOH] (96 %) (Sigma-

Aldrich), dexamethasone [C22H29FO5] (98 %) (Sigma-Aldrich), ethanol absolute 

[C2H5OH] (99.8 %) (Sigma-Aldrich), methanol [CH3OH] (99.9 %) (Sigma-Aldrich), 

Cortopin 1% w/w hydrocortisone cream (Pinewood Healthcare), sucrose [C12H11O11] 

(99.5 %) (Sigma-Aldrich), magnesium stearate [[CH3(CH2)16CO2]2Mg] (Merck). 

2.2.2. Instrumentation 

Electrochemical investigations were carried out using a three-electrode cell, 

using a glassy carbon electrode (GCE) as the working electrode, a platinum wire as 

the auxiliary and Ag/AgCl (saturated KCl) was used as the reference electrode. 

Measurements were made using a Solartron SI2187 Electrochemical Interface and a 

CHI Instruments 600E Potentiostat/Galvanostat. Materials and reagents were weighed 

out using a Sartorius LA230S analytical balance, and a VWR ultrasonic cleaner model 

USC100T was used as required. Screen printed electrodes used were Metrohm 

DropSens (11L carbon e) (Aux.: C; Ref.: Ag/AgCl). The scanning electron 

microscopy was performed on a FEI (Thermo) Helios G4 CX Dual Beam SEM-FIB 

with Oxford Instruments EDS.  

2.2.3. Procedures 

2.2.3.1. Dexamethasone standards preparation 

A dexamethasone standard solution was prepared in 0.1 M LiClO4 in methanol 

(solubility 16.625 mg mL-1). Dexamethasone was also prepared in alkaline media 0.1 

M NaOH (pH 13) with methanol added at a ratio of 3:7. Solutions were stored in the 

refrigerator prior to use. 

2.2.3.2. Redox studies and electroanalysis of dexamethasone 

Electroanalysis was carried out via cyclic voltammetry at 100 mV s-1, examining the 

behaviour over the potential range 1.5 to -1.8 V. Prior to each experiment, high purity 

N2 gas was passed through the solution for 10 min to deaerate the supporting 
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electrolyte. In the case of the non-aqueous electrochemistry, anodic scans over the 

range -1.8 to 1.5 V vs Ag|Ag+ were performed while aqueous studies focused on the 

cathodic region from -0.05 to -1.8 V vs. Ag/AgCl at both bare and modified electrodes. 

All measurements were made in triplicate. Electrochemical Impedance Spectroscopy 

involved both faradaic and non-faradaic experiments with E = 0.2176 and -0.177 V 

respectively, amplitude 5 mV and frequency range 0.01-100,000 Hz in a 5 mM 

Fe2+/Fe3+ redox probe. 

2.2.3.3. Copper particle electrodeposition 

 Firstly, the GCE electrode surface was polished in a figure of eight pattern on 

a polishing pad with a 1-µm monocrystalline diamond suspension for 1 minute and 

was rinsed with a jet of deionised water (DI). The electrode was then sonicated for 30 

s in DI and dried under high purity N2 gas flow.  The electrode was modified with 

copper using two approaches. The precursor solution was 10 mM copper acetate in 

0.1 M sodium acetate buffer (pH 4.5) which comprised of a mixture of 0.1 M sodium 

acetate and 0.1 M acetic acid, and the pulse potentials were chosen from a 

voltammogram of this quiescent solution.   

(I) Potentiostatic dual-pulse Method I from 10 mM copper acetate in 0.1 M 

sodium acetate buffer (pH 4.5), where a perturbation pulse was applied 

initially at 0.7 V for 5 s to remove any adsorbed copper ions from the GCE 

surface followed by the growth pulse at -0.47 V for 60 s, which allowed 

for copper nucleation and growth. Following electrodeposition, the Cu 

surface was then examined in 0.1 M NaOH, resulting in two oxidation and 

two reduction metal processes reflecting Cu/Cu2O and 

Cu2O/CuO/Cu(OH2).  

(II) Potentiostatic triple pulse Method II from 10 mM copper acetate in 0.1 M 

sodium acetate buffer (pH 4.5), where optimised conditions included a 

perturbation pulse applied initially at 0.7 V for 5 s (this leads to a depletion 

region with removal of Cu2+ (aq) adsorbed ions) , followed by a seeding 

(nucleation) pulse at -0.47 V for 5 ms and lastly a growth pulse at -0.265 

V for 50 s (diffusion of Cu2+ (aq) ions from bulk solution towards the 

seeded nuclei). 
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2.2.3.4. Non-aqueous sample preparation from an anti-inflammatory cream 

 Four cream samples were prepared by spiking an anti-inflammatory 

commercially available cream (Cortopin 1 % w/w hydrocortisone cream) with 0.0 %, 

0.25 %, 0.35 % and 0.5 % w/w dexamethasone. Each sample was stirred vigorously 

in 5 mL of methanol for 2 hours before refrigeration overnight. Samples were then 

filtered via gravity filtration and the residue was rinsed with cold methanol. The 

sample was then concentrated into 2 mL methanol and was refrigerated overnight. A 

second gravity filtration was carried out where the samples were filtered into 10 mL 

volumetric flasks containing 0.106 g LiClO4 and made up to the mark with methanol 

resulting in 0.1 M LiClO4.  

2.2.3.5. Aqueous sample preparation from a solid dose form 

 Four 100 mg tablet samples containing 0.0, 2.0, 4.0, 6.0, 10.0 & 15.0 mg DEX 

were formulated and prepared in house. Each tablet contained 5 mg magnesium 

stearate and powdered sucrose was added until each tablet weighed 100 mg in total. 

The four mixtures were mixed thoroughly in a Mortar and Pestle such that all 

components were distributed homogeneously. The samples were transferred to a disc 

shaped mould (1.3 cm in diameter) and 10 tonnes of pressure was then applied to each 

tablet sample for 15 minutes using a hydraulic press, where the tablet mixtures were 

compressed into a solid disc. Following this process each tablet was ground to a 

powder and placed into a vial. Methanol was added and each mixture was stirred at a 

high speed for 1 hr to extract the DEX. The samples were then filtered and washed 3 

times with 1.0 mL methanol. The methanol was evaporated such that 1.0 mL of the 

sample remained. 1.0 mL methanol was added followed by 2.0 mL 0.1 M NaOH with 

subsequent mixing.  The sample was then filtered into a volumetric flask. The vial was 

firstly rinsed with 2.0 mL of 1:1 methanol: 0.1 M NaOH and finally with 1.0 mL 0.1 

M NaOH before the sample was made up to the graduation mark with 0.1 M NaOH. 

2.3.0. Results and Discussion 

2.3.1. Dexamethasone electrochemical investigations at an unmodified glassy carbon 

electrode 

Firstly, the voltametric behaviour of 1.0 mM dexamethasone (DEX) was 

examined in methanol with 0.1 M LiClO4 as supporting electrolyte. Electrochemical 

studies were initially carried out at the bare glassy carbon electrode (GCE) over the 
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potential range -1.8 – 1.5 V vs Ag/Ag+. Upon examining the voltammogram in Figure 

1, a weak reduction signal was observed at -1.3 V vs Ag/Ag+ (II) and a strong 

oxidation wave was present at 1.3 V vs Ag/Ag+ (I). The oxidation wave was the 

analytical focus in subsequent electrochemical investigations in methanol, where 

electrooxidation occurs at C11, depicted in Scheme 1. The cathodic wave at -1.5 V 

was attributed to the electrolyte/oxygen interference present in the background. The 

cyclic and acyclic ketone at C3 and C20 respectively are thought to be likely sites for 

DEX reduction12 with potential for dimerisation at the C3 position (see chemical 

structure as insert Figure 1).  

 

Figure 1. Voltammetry of a deaerated solution of 1 mM DEX in 0.1 M LiClO4 in 

MeOH (black) vs the electrolyte background (red) at a bare GCE from -1.8 V to 1.5 

V at 100 mV s-1. A clear oxidation peak can be seen at 1.3 V (I) with weak reduction 

at -1.3 V (II) vs. Ag/Ag+. 

 

 

Scheme 1. Depicting the electrooxidation of DEX occurring at the C11 alcohol group, 

resulting in the formation of a ketone group at this position. 

I 

II 
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A scan rate study of 1 mM DEX was then carried out at the bare GCE over a 

wider potential range, from -1.8 – 1.8 V vs Ag/AgCl, to examine the influence of scan 

rate on both current and peak potential (Figure 2 (A)). The anodic peak was monitored 

(Ep = 1.3 V vs. Ag/Ag+), and the peak current clearly increased as the scan rate was 

increased from 10 – 200 mV s-1, where a linear relationship was observed with respect 

to the square root of the scan rate (Figure 2 (B)), which demonstrated the diffusion 

controlled nature of electrochemically irreversible oxidation process, with equation 

Ip(a) = 3 × 10-3 1/2 –1.24x10-4 (r2=0.990). The anodic peak showed a dependence on 

scan rate and a cathodic shift was observed with scan rate increasing from 10 – 200 

mV s-1. A plot of log J (current density) vs log n was linear with slope 0.56 confirming 

the diffusion-controlled process (Figure 2 (C)).  

𝑖𝑝 = 2.99 × 105 × 𝑛 × √𝛼𝑛𝑎 × 𝐴 × 𝐶 × √𝐷 × √𝑣.................................................(1) 

𝐸𝑝 − 𝐸
𝑝 (

1

2
)

=
1.857×𝑅×𝑇

𝛼𝑛𝑎×𝐹 
.............................................................................................(2) 

where  is the transfer co-efficient, n is the number of electrons in the rate determining 

step, Do is the diffusion co-efficient,  is scan rate, Ep(1/2) is the potential where current 

is half the peak value. Taking Ep and Ep1/2 as 1.3 and 1.2 V respectively, na was 

estimated at 0.47. 

 

A 
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Figure 2(A) Overlaid voltammograms of 1 mM dexamethasone in 0.1 M LiClO4 in 

methanol at the bare GCE, from -1.8 V to 1.8 V at scan rate 10-200 mV s-1.  (B) Graph 

showing the square root of scan rate vs current density for the oxidation peak of 1 mM 

dexamethasone in (A). (C) Graph showing log J vs log n resulting in a linear plot with 

slope 0.567, confirming the process was diffusion controlled.  

A DEX calibration curve was then generated by cyclic voltammetry resulting 

in sensitivity of 5.42 × 102 ± 2.88 µA cm-2 mM-1 and over the range 0.83 – 3.07 mM 

with r2 = 0.998 (n=3) based on the oxidation process at 1.3 V vs Ag/Ag+ (I) in 

methanol/0.1 M LiClO4 (Figure 3 (A) and (B)). The peak at 0.5 V represented an 

unknown process evident in this solvent /electrolyte system and did not respond 

linearly to DEX additions. This process was only observed when the potential was 

swept to the lower cathodic limit, however the low cathodic limit was required in order 

to observe a strong anodic DEX response observed at 1.3 V. From examining DEX at 

B 

C 
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a higher cathodic limit, the signal at 1.3 V became far less defined, and thus was 

unsuitable to be used in DEX quantitation. 

 

Figure 3 (A) Voltammetry of DEX (0.45 -3.07 mM) in 0.1 M LiClO4 / MeOH with 

the background electrolyte (black) (degassed by bubbling with N2) at a bare GCE from 

-1.8 V to 1.5 V at 100 mV s-1. (B) Calibration curve showing linear relationship 

between dexamethasone concentration and anodic current density with sensitivity 5.42 

x 102 µA cm-2 mM-1 over the range examined. (n=3)  

Prior electroanalysis of DEX employed an acidic aqueous environment 

demonstrating the proton dependant nature of the reduction process at position C2012, 

13 (Scheme 2). Dexamethasone reduction was compared under acidic (0.1 M sodium 

acetate buffer at pH 4.45) and basic (0.1 M NaOH at pH 13) conditions in Figure 4 

(A) and (B), although the DEX reduction signal was found to be shifted more negative 

under basic conditions. Despite this cathodic shift, the peak observed in the alkaline 
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solution was visibly sharper in appearance and 1.44-fold larger than that observed in 

the 0.1 M sodium acetate buffer. Resonance effects at C3 may stabilise this site relative 

to C20, the latter of which may be responsible for this process, as verified by Oliviera 

et al using quantum chemical studies12 on reduction of the conjugated and 

unconjugated ketone groups. Figure 4 (A) shows the aqueous voltammetry of 1 mM 

DEX in alkaline conditions relative to background supporting electrolyte (0.1 M 

NaOH, pH 13) with peak current for the cathodic process at 1.3 x 10-4 A cm-2 (Ep = -

1.54 V) relative to 8.98 x 10-5 A cm-2 (Ep = -1.23 V) for 0.1 M sodium acetate buffer 

(30:70 methanol: buffer ratio) as shown in Figure 4 (B). Considering the cathodic 

DEX signals observed in both electrolyte solutions, electrochemical investigations 

were carried out in the alkaline electrolyte environment as this medium also favoured 

visualisation of the copper nanostructured oxide redox processes, thus presenting the 

optimum conditions. 
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Figure 4 (A) Voltammetry of 1 mM DEX in 0.1 M NaOH (red) supporting electrolyte 

(black) at 100 mV s-1. (B) Voltammetry of 1 mM dexamethasone (red) in 0.1 M 

sodium acetate buffer pH 4.45 (black) at 100 mVs-1. 

 

Scheme 2. Depicting the electroreduction of DEX at the C20 ketone group, resulting 

in the formation of an alcohol group. 

A 

B 
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A scan rate study followed (Figure 5) using 1 mM DEX in 0.1 M NaOH over 

the range 10 – 200 mV s-1, which indicated that the electrochemically irreversible 

reduction process demonstrated mixed diffusion-adsorption controlled behaviour over 

this range while Ep was constant with respect to scan rate. A calibration was then 

performed by CV (Figure 6) in 0.1 M NaOH resulting in a sensitivity of 276 ± 0.14 

µA cm-2 mM-1 over the range 0.0781 – 5.0 mM with r2 = 0.90 (n=3), with LOD = 342 

± 0.0017 µM and LOQ = 2,285 ± 0.012 µM. 

 

A 
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Figure 5 (A) Overlaid voltammograms for degassed 1 mM dexamethasone in 0.1 M 

NaOH (pH 13.0) from -0.05 V to 1.8 V over scan rates 10 – 200 mV s-1. (B) Graph 

showing the scan rate vs current density for the reduction of 1 mM dexamethasone 

with dependence up to 50 mV s-1. (C) Graph showing the square root of scan rate vs 

current density for the reduction of 1 mM dexamethasone. 

B 

C 
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Figure 6 (A) Calibration of DEX at GCE in 0.1 M NaOH pH 13 (deaerated), over the 

range 0.0781 – 5.0 mM DEX with potential range 0.05 – -1.8 V at 100 mV s-1. (B) 

Corresponding calibration curve resulting in a sensitivity of 2.76 × 10-5 A mM-1 (n=3). 

2.3.2. Electrosynthesis of copper particles via double and triple potentiostatic pulse 

method   

Copper was deposited using two approaches, each of which were examined 

with respect to their influence on the DEX analytical signal. In the first (Method I) a 

dual pulse potentiostatic method as described in section 2.3.2. was employed where 

potentials were selected based on the voltammetry of a 10 mM copper acetate in 0.1 

M sodium acetate buffer solution (pH 4.5), which resulted in the formation of a copper 

film formed at the GCE surface (CuF/GCE) (Figure 7 (A) and Figure 8 (b)). 

Application of perturbation pulse potential E1 removes adsorbed Cu2+ ions resulting 

A 

B 
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in a depletion region at the GCE surface. A subsequent nucleation pulse was used to 

seed the particles with subsequent growth of the copper nuclei via diffusion, with the 

aim to achieve controllable homogeneous Cu particle growth. Optimisation of the 

pulse duration was based on the constant potential amperometric trace of a solution of 

10 mM copper acetate as shown in Figure 7 (B) where the system changed from a 

potential where no reaction occurred to a steady-state reaction controlled by the rate 

of mass transfer of cupric ions to the electrode surface. The potential was stepped from 

the open circuit potential to set values from -0.06 – -0.47 V, with investigation of the 

time passed until appearance of the current maxima as the selected pulse potential was 

made more negative (Figure 7 (B)). From the series of potentiostatic current transients 

shown was observed that the features include the rapid decrease in current representing 

charging of the double layer, followed by a rising current due to new phase growth of 

nuclei on the surface which was followed by coalescing diffusion fields giving rise to 

a current maximum followed by planar diffusion decay23. From this series of 

experiments, the hemispherical diffusion regions were determined and selected for use 

in the electrosynthesis of the Cu particles in Method II as outlined below, while linear 

diffusion of Cu2+ to the GCE surface was exploited in Method I, which resulted in the 

formation of a Cu film. 
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Figure 7 (A) Voltammetry of  10 mM Cu(Ac)2 in 0.1 sodium acetate buffer (pH 4.5, 

deaerated) at the bare GCE from -1.2 V to 0.7 V at 20 mV s-1, with pulse potentials E1 

= 0.7 V, E2 = -0.47 V and E3 = -0.265 V labelled. (B) Chronoamperometry trace of 10 

mM Cu(Ac2) from -0.06 V to -0.47 V with current-time display to be used for the 

selection of the nucleation and growth pulses for Cu particle deposition in Methods I 

and II. 

Method I (dual pulse potentiostatic deposition of copper nanostructures)  

The first perturbation pulse (E1 = 0.7 V) removed adsorbed Cu2+ ions, was 

followed by a growth pulse (E2 = -0.47 V) for 50 s (Figure 8 (A)) allowing linear 

diffusion to the copper particles to occur. In this case a nucleation pulse was not 

employed (see Method II below). The region during the growth pulse following the 

red arrow to the green line (Figure 8 (B)) indicates where hemispherical diffusion 

occurs, resulting in the formation of copper nanoparticles. After this current maxima, 

E1 

E2 

E3 

A 

B 
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the hemispherical diffusion regions overlap which allows linear diffusion to occur 

(current decay with respect to t-1/2) resulting in the formation of branched copper 

structures with the redox features evident in Figure 8 (C) and detailed below. The E1/2 

for the more anodic Cu+ → Cu2+ process was -0.177 V, while the sharp reduction 

process at -0.664 V reflected reduction of Cu+ to Cu0 which matches those processes 

identified in the literature for similar deposition methodologies24-26. 

 

 

A 

B 
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Figure 8 (A) Potential-time input signal where the reduction potential was varied from 

-0.08 V to -0.55 V over the timescale 100 to 5 s with schematic showing the growth 

of the CuNPs through radial diffusion (B) Chronoamperometry of 10 mM Cu(Ac)2 

where the electrode was initially pre-treated, followed by the application of the growth 

pulse. (C) Voltammetry of the Cu modified GCE in 0.1 M NaOH from -0.9 – 0.05 V 

at 100 mV s-1.  

The Cu film realised using Method 1 electrosynthesis at a GCE was examined 

in 0.1 M NaOH from -1.8 –0.05 V at 100 mV s-1, where two oxidation and two 

reduction peaks were observed labelled I – IV. A scan rate study followed over the 

range 10 – 200 mV s-1 (Figure 9 (A)) which allowed the surface coverage value to be 

calculated as 3.492 – 2.065 × 10-9 mol cm-2. The Ep values were independent of scan 

rate in all cases. Table 1 assigns the redox processes and gives surface coverage values 

as estimated from the slope of the linear Ip vs n plots (Figure 9 (B)).  

Method I was evaluated with respect to influence on the DEX quantitative 

signal with Table 2. summarising the conditions examined resulting in method B1 

being optimum, justifying the conditions selected above (see corresponding data 

shown in Figure 8 (C)).   

 

I 

II 

IV 

III 

C 
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A 

B 



88 
 

 

Figure 9 (A) Voltammetry of the Cu film in 0.1 M NaOH from -1.0 – 0.05 V from 10 

– 200 mV s-1 (first (dashed) and last (red) curves shown). (B) Graph of current density 

vs scan rate for each peak I – IV (black, blue, red, green respectively), from which the 

surface coverage was calculated to lie within the range Γ = 1.480 – 3.492 × 10-9 mol 

cm-2. (C) DEX (1 mM) response for E1 and E2 pulse conditions outlined in Table 2. 

 

Table 1. Assignment of redox processes and surface coverage for copper 

electrochemistry. 

Peak 

no. 

Assigned redox process Ep (V) Surface coverage 

(Γ)  

(mol cm-2) 

I Cu/Cu2O 

Cu/Cu1+   

-0.402 

 

1.842 × 10
-9

 

II Cu2O →CuO and Cu(OH)2  

Cu1+/Cu 2+  

-0.182 

 

2.065 × 10
-9

 

III Reduction to Cu2O 

 CuO → Cu2O 

-0.342 

 

1.480 × 10
-9

 

IV Reduction of CuO/Cu2O surface oxides 

to Cu metal 

Cu1+ → Cu0 

Cu2+ → Cu0 

-0.773 
3.492 × 10

-9

 

 

 

C 
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Table 2. Method I dual pulse optimisation of copper deposition conditions with 

corresponding effect on DEX (1 mM) response for peak at -1.34 V (see Figure 8 (C)). 

 Step 1 (E1)  Step 2 (E2)  

 Potential (V) Time (s) Potential (V) Time (s) 

A1 0.7 5 -0.315 5 

B1 0.7 5 -0.47 50 

C1 0.7 5 -0.47 60 

 

Method II (triple pulse potentiostatic deposition of copper nanostructures)  

This method was adapted from Guin et al18 for Pb nanoparticle deposition onto 

Au surfaces. The first step forms metal adatoms (nucleation) followed by growth via 

subsequent phase formation. The energy of the Cu-carbon interaction is greater than 

that of Cu-Cu growth and the 2D copper nuclei led to a compact layer which was more 

positive than the bulk deposition potential, followed by 3D islands on the predeposited 

monolayer (verified by CV deposition data with the Ep value shifting from -0.63 V 

(cycle 1) to -0.42 V (subsequent cycles) – data not shown. The potential of the 

nucleation step (E2 = -0.47 V) was selected from the diffusion limiting region of the 

copper acetate voltammogram (Figure 7 (A)) in order to achieve a good rate of 

nucleation. The third pulse step (E3 = -0.265 V) maintained the homogeneous growth 

of Cu nuclei while simultaneously preventing the progressive nucleation at the carbon 

surface. The seeding pulse (E2) used was for a duration of 5 ms for rapid 

electrodeposition of Cu nuclei while the following growth pulse (E3) facilitated the 

slow growth of the Cu particles from the seeded Cu nuclei over a sufficient time period 

(50 s). Figure 10 (A) and (B) shows the current profile during the three-step process.  

Electrosynthesis of optimised CuNPs resulted in two oxidation processes at 

E(a) = -0.1 V and -0.4 V vs. Ag/AgCl and two reduction processes at E(c) = -0.35 V and 

-0.8 V vs. Ag/AgCl respectively. Figure 10 (C) gives the comparison of the 

voltammograms arising from Method I and II with the former resulting in higher 

current density due to the larger particles achieved. A scan rate study realised linear 

current density (J) vs.  plots, which resulting in surface coverage values in the range 

1.69 – 6.323 x 10-4 mol cm-2 (Figure 10 (D)). 
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Figure 10 (A) Optimised three step electrodeposition of copper nanoparticles 

(CuNPs) (E1 = 0.7 V for 5 s, E2 = -0.47 V for 5 ms and E3 = -0.265 for 50 s (B) 

Schematic illustrating CuMP electrodeposition onto a GCE surface via the triple pulse 

potentiostatic method (Method II). (C) Overlaid Voltammetry of the CuMPs formed 

from Method II (black curve) vs those formed from Method I (red curve)  in 0.1 M 

NaOH from 0.05 V to -1.8 V at 100 mV s-1, where peaks I – IV are associated with 

copper electrochemistry. (D) Scan rate study J vs n plots for the copper processes I – 

IV (black, blue, red, green respectively), using Method II.  

Table 3. and Figure 11 below show the optimisation of the triple pulse method 

II on the DEX response with the influence of the growth pulse duration being most 

significant with optimum time of 50 s at -0.265 V vs. Ag/AgCl. E1 was kept constant 

throughout the investigation. By varying E2 and E3, a wide variety of electrodeposition 

parameters were tested monitoring the 1 mM DEX response at -1.34 V (see Figure 

11). The effect of the nucleation pulse was first investigated with -0.47 V being found 

C 

D 

I 
II 

IV 
III 
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as the optimum potential followed by the effect of the growth pulse (E3). The E3 pulse 

potential selected was -0.265 V, and the pulse duration was investigated with the best 

response when the electrodeposition was allowed to run until the peak maximum was 

reached at 50 s (parameters in Table 3 below). 

Table 3. Various CuNP electrodeposition parameters which were screened with 1.0 

mM dexamethasone to identify the optimum method. The parameters that were 

changed are highlighted in red. 
 

Step 1 (E1) 
 

Step 2 (E2) 
 

Step 3 (E3) 
 

Deposition 

method 

Potential 

(V) 

Time (s) Potential 

(V) 

Time 

(s) 

Potential 

(V) 

Time 

(s) 

A 0.7 5 -0.47 0.005 -0.315 2 

B 0.7 5 -0.5 0.005 -0.315 2 

C 0.7 5 -0.55 0.005 -0.315 2 

D 0.7 5 -0.6 0.005 -0.315 2 

E 0.7 5 -0.65 0.005 -0.315 2 

F 0.7 5 -0.47 0.002 -0.315 2 

G 0.7 5 -0.47 0.005 -0.265 30 

H 0.7 5 -0.47 0.005 -0.265 5 

I 0.7 5 -0.47 0.005 -0.265 50 

J 0.7 5 -0.47 0.005 -0.265 10 
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Figure 11. Bar chart monitoring the DEX cathodic response at the bare and each 

CuMP modified GCE. 

2.3.4. Electrochemical Impedance Spectroscopy 

Firstly, an anionic redox probe which comprised of 5mM [Fe(CN)6]
3/4-

 redox 

probe in 0.1 M NaOH was used to further characterise the CuF/GCE and CuMP/GCE. 

The voltammogram of the redox probe in Figure 12 (B) displayed similar effects at 

each Cu modified GCEs, where the peak separation drastically decreased in the 

presence of Cu when compared to the voltammetry of the bare GCE, thus 

demonstrating that the electron transfer process was much easier at the Cu modified 

GCEs. The [Fe(CN)6]
3/4- anodic and cathodic peaks were also more prominent at the 

CuF/GCE and CuMP/GCE, further indicating that the presence of Cu on the electrode 

surface increased the accesibility of the surface. 

Electrochemical impedance spectroscopy (EIS) followed using both non-

faradaic and faradaic impedance (Figure 12). EIS was employed in order to examine 

nanoparticle modified surfaces to achieve a better understanding of electron transfer 

between electrolyte and the surface25. Non-faradaic experiments with an applied 

potential of -0.177 V resulted in a trend with respect to the higher frequency region 

representing charge transfer resistance in the following sequence: Bare GCE > CuF 

(I) > CuMP (II) (Figure 12 (A)) providing evidence that the smaller particles 

deposited using Method II increased charge transfer surface properties. Figure 12 (B) 

shows the redox probe Fe2+/3+ process at bare and modified copper surfaces with 
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dramatic change in peak-to-peak separation relative to the bare GCE. Nyquist and 

Bode plots for faradaic EIS (in equimolar [Fe(CN6)
4-/3-], 5 mM redox probe) are shown 

in Figure 12 (C) with corresponding data in Table 4. The corresponding capacitances 

of the GCE CuF/GCE and CuMP/GCE were calculated as 1.087 × 10-6, 1.746 × 10-6 

and 1.356 × 10-6, respectively, where the smaller capacitance of the CuMPs confirmed 

the smaller quantity of Cu at the GCE surface which was in line with the surface 

coverage calculated from the scan rate studies. 

In the case of the faradaic studies the Nyquist plots in Figure 12(C) show 

straight lines representing the diffusion limiting step in the low frequency region while 

a semicircle appears in the high frequencies domain indicating electron transfer 

limiting steps for the copper modified surface being lower than that at the bare GCE 

in the case of materials prepared using Method I and Method II (see Table 4 for 

corresponding simulation data). From examining the Bode plots of the bare GCE and 

CuMP/GCE (Figure 12), the stability of each electrode was demonstrated. The Gain 

Margin of the CuMP/GCE and CuF/GCE were calculated as 1.993 Db and1.811 Db 

respectively (2.961 Db for the bare GCE), thus the positive values demonstrate the 

electrochemical stability of both electrodes.  

The Gain Margin was calculated by: 

𝐺𝑀 = 0 −  𝐺 𝑑𝐵………………………………………………………………….(1) 

where GM is the Gain Margin and G is the gain. 

The Bode plots also gave useful information on confirming the resistance of 

each GCE analysed. From examining the Bode plot in Figure 12 (F), maximum phase 

was determined as -72.7º, and -5.3º and -11.2º for the bare GCE, CuF/GCE and 

CuMP/GCE, respectively. This give information on the behaviour of each electrode, 

where -90º is equivalent to an ideal capacitor and 45º is equivalent to a pseudo-

capacitor. Angles measured at 45º indicating a high ionic permeability, thus showing 

that it is a poor insulator27. With consideration for the phase angle, the results confirm 

that the presence of Cu at the GCE surface increases the ionic permeability of each 

modified electrode and show that the Cu modifications improves the conductivity of 

the GCE in comparison to the bare GCE. The curve for the bare GCE occurs at a larger 

phase angle at lower frequencies, which suggests lower ionic permeability and 

therefore greater insulating properties for each of the Cu modified GCEs, where the 
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curve occurs at a lower phase angle and at higher frequencies. The slope of the Bode 

magnitude plot (Figure 12 (E)) can give an indication on the resistance and 

capacitance of the electrode in question, where a slope close to -1 represents an ideal 

capacitor and a slope close to 0 at higher frequencies indicates resistive behaviour, 

which could occur at a capacitive material. The slope of the bare GCE was calculated 

as -0.83, and at higher frequencies it was calculated as 0.0414, thus demonstrating the 

capacitive behaviour of the bare GCE. For the CuF/GCE, the slope was calculated to 

be -0.147, and -0.419 at higher frequencies, demonstrating the low capacitance of the 

CuF/GCE. Similarly, the slope of the CuMP/GCE was calculated as -0.14 and -0.44 

at higher frequencies, also demonstrating the low capacitance of the CuF/GCE. These 

results support the highest capacitance of bare GCE followed by the CuF/GCE and 

CuMP/GCE. 

Table 4. Showing the ΔEp(V), E1/2(V) and Jp(a)/Jp(c) of the bare GCE, CuF/GCE and 

CuMP/GCE. 

 ΔEp(V) E1/2(V) Jp(a)/Jp(c) 

Bare GCE 0.659 0.2025 0.99 

Method I 0.086 0.217 0.99 

Method II 0.09 0.228 1.02 
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Figure 12. (A) Nyquist plots of the bare (black), Cu particles realised using Method I 

modified (red) and CuMPs formed using Method II (purple) GCEs in 0.1 M NaOH, 

with Eapp = -0.177 V and frequency range 0.01 – 100,000 Hz at an amplitude of 5 mV 

(average of n=2). (B) Voltammetry of [Fe(CN)6]
3/4- in 0.1 M NaOH at the bare (blue), 

Cu particle (Method I dual pulse method, red) modified and Cu particle (Method II –

triple pulse method, purple) modified GCEs from -0.2 – 0.6 V at 100 mV sec-1. (C) 

EIS of the bare GCE (black), Cu particle modified GCE (Method I, red) and the Cu 

particle modified GCE (Method II, blue) in 5 mM [Fe(CN)6]
-3/4 in 0.1 M NaOH with 

n from 0.01 – 100,000 Hz with an amplitude of 5 mV. E = 0.202 V, 0.217 V and 0.228 

V for the bare GCE, Cu particles Method I and Cu particles Method II, respectively, 

with (D) a zoomed in view of the hemispherical regions of the CuF/GCE and 

CuMP/GCE. Bode plots of (E) the gain and (F) the negative phase angle vs log10 of 

the frequency. 

 

 

E 

F 
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Table 5. Impedance data showing the RS, RCT, Cdl and Gain Margins (where 

applicable) for the bare, CuF/GCE and CuMP/GCE. 

Non-faradaic impedance 

 Bare GCE CuF/GCE CuMP/GCE 

 Exp Exp Exp 

Rs (Ω) 98.66 101 104 

RCT (Ω) 67369.2 3388.9 27773.9 

Cdl 1.087 × 10-6 1.746 × 10-6 1.356 × 10-6 

Faradaic impedance 

 Bare GCE CuF/GCE CuMP/GCE 

 Exp Sim Exp Sim Exp Sim 

Rs (Ω) 65.2 ± 0.09 70.7 ± 0.13 65.6 ± 0.17 66.2 ± 0.09 66.3 ± 0.62 67.5 ± 0.15 

Rct (Ω) 13053 ± 

186 

11240 ± 

144 

6.0 ± 0.406 7.4 ± 0.822 20.7 ± 

0.787 

25.4 ± 

3.348 

Cdl (F) 7.056 ± 

0.075 ×  

10-7 

1.072 ± 

0.144 ×  

10-6 

5.988 ± 

0.236 ×  

10-6 

6.261 ± 

0.357 ×  

10-6 

2.455 ± 

0.085 ×  

10-6 

3.024 ± 

0.346 ×  

10-6 

Gain 

Margin 

(Db) 

2.961 ± 

0.022 

2.950 ± 

0.041 

1.811 ± 

0.034 

1.818 ± 

0.024 

1.993 ± 

0.052 

1.974 ± 

0.032 

Phase 

Margin (º) 

55.9 ± 

0.121 

59.1 ± 0.32 0.2 ± 0.011 0.2 ± 0.009 -1.8 ± 

0.021 

-0.9 ± 

0.012 

(n=3) 

2.3.5. Surface characterisation of copper particles formed using both double and 

triple potentiostatic pulse method  

  

HRSEM and EDS images shown in Figure 13 below confirm the shape and 

distribution of the particles and EDS confirms the dominant surface copper content. 

The dual pulse deposition, shown in Figure 13 (A) resulted as expected in a uniformly 

heterogeneous copper surface where the conditions encouraged extensive particle 

growth. Figure 12 (B) shows the triple pulse sequence, which involved the more 

cathodic seed step allowed for nucleation with subsequent particle growth to 300 nm 
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and 600 nm (average n = 718) copper clusters (Figure 14) with some smaller particles, 

all of which appeared extremely well dispersed on the surface of the glassy carbon 

electrode.  

 

 

 

 

Method I dual pulse deposition A 
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 Method II triple pulse deposition B 
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Figure 13. SEM image of the (A) Cu deposition at GCE (dual pulse potentiostatic 

electrodeposition) with EDS (B) Cu nanoclusters at GCE (triple pulse potentiostatic 

electrodeposition) with EDS providing confirmation of copper. 

 

Figure 14. Particle size distribution of the CuMP modified GCE. 

2.3.6. Dexamethasone electroanalysis at the copper dispersed surface formed using 

the double potentiostatic pulse Method I 

In terms of electroanalysis, the electroactive surface area of the CuF/GCE and 

CuMP/GCE must be accounted for. This was done by firstly considering the area 

under the first Cu oxidation peak , i.e., peak I, giving the charge. This was then divided 

by the copper charge density factor for this peak, 352 µC cm-2. The area corresponding 

to the CuF/GCE and CuMP/GCE were calculated as 0.113 ± 0.002 cm-2 and 0.0896 ± 

0.002 cm2.  

Figure 15 shows the DEX voltammetry at the copper modified electrode vs 

background electrolyte and results in two DEX cathodic peaks at -1.44 V and -1.33 V. 
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A marginal increase in the DEX reduction response was observed accompanied with 

a 125 mV anodic shift in response to the presence of copper on the GCE surface. 

Interestingly, a second DEX reduction signal was observed on the return cycle at -1.35 

V at the copper modified GCE. This can be attributed to metal complexation with the 

first DEX reduction product. The adsorbed reduction product can then be reduced for 

a second time at C3, forming a DEX dimer in the form of a vicinal alcohol known as 

pinacol12. A calibration was performed for 0.0781 – 5.0 mM DEX where peaks I and 

II were monitored simultaneously.  

The DEX reduction signal (V) underwent a 150 mV anodic shift relative to the 

bare electrode (-1.37 V vs Ag/AgCl) at the copper modified surface with a second 

reduction signal (VI) observed at Ep = -1.33 V upon the return cycle – possibly due to 

surface copper interactions with the DEX reduction product, which is thought to 

involve the C3 ketone group as described previously by Oliveira et al28, 29, where upon 

undergoing electroreduction, results in the dimerisation of two DEX molecules at C3 

(Scheme 3)12. This peak (VI) (Figure 15 and 16 (A)) was responsive to DEX 

additions and not evident in the background scan nor in the absence of copper 

nanostructures. To interpret this process, we look to copper as being centre stage for 

the carbon dioxide reduction reaction as a means to reduce waste CO2 by converting 

to fuels and chemical feedstocks28, 29. GCE is commonly employed as a supporting 

electrode for nanoparticle catalysis and there may be overlapping Cu surface 

interactions in this instance with respect to the DEX carbonyl group at C20 (*, Scheme 

4) being analogous to the reduction of surface adsorbed CO (formed from 

electroreduction of CO2) to C2 products according to the ethylene pathway30. 

According to Garza et al reduction of CO to CHO is followed by reaction with CO to 

form COCHO which is tautomeric with the C-C bond formation being the rate 

determining step30. Such adsorbed species may help explain this new reduction 

process on the reverse sweep with a possible site of interaction and overlapping 

tentative adsorbed products shown in Scheme 4.  
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Scheme 3. Depicting the two step DEX reduction process observed at the Cu modified 

GCEs, where in the first step, DEX undergoes electroreduction at the C20 ketone, 

producing an alcohol group. In the second reduction step, the C3 keytone group is 

reduced, resulting in a dimerisation of two adjacent DEX molecules. 
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Scheme 4. Depicting possible surface interactions between DEX and the Cu 

nanostructure modified GCEs at C20. 
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Figure 15. (A) Voltammetry of 1 mM dexamethasone at the bare (black) and Method 

I Cu particle (red) GCEs from -1.8 V to 0.05 V at 100 mV s-1. (B) Voltammetry of 1 

mM DEX (red) in 0.1 M NaOH (black) at the Cu particle modified GCE from -1.8 – 

0.05 V at 100 mV s-1.   

From examining 1 mM DEX in 0.1 M NaOH at the CuF modified GCE at 20 

– 200 mV s-1 (Figure 16 (A)), a further insight into the electrochemical behaviour of 

DEX was obtained. From examining the plot of scan rate vs peak current in Figure 16 

(B), the electrochemical reduction process VI was linear with respect to increasing 

scan rate, indicating that this reduction process was surface controlled, while the 

reduction response associated with peak V was not linear in response to increasing 

scan rate. The plots of the peak current vs the square root of the scan rate for signals 

V and VI were both linear (Figure 16 (C)), thus determining the diffusion-controlled 

nature of the process V. These observations are in agreement with the proposed 

A 

B 
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electrochemical reduction process shown in Scheme 4. It was also observed that both 

electroreduction responses displayed a dependence on the scan rate, where a 0.059 V 

and 0.154 V cathodic shift was observed for responses V and VI respectively. 

 

A 

B 
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Figure 16 (A) Voltammetry of 1 mM DEX at the CuF modified GCE from -1.7 – 0.05 

V at 20 – 150 mV s-1 (20 and 150 mV s-1 shown as the black line and red dashed line 

respectively). Plots of the (B) peak current vs ν, (C) peak current vs ν1/2 and (D) peak 

potential vs ν, where the signal V cathodic response shown in black and the signal VI 

cathodic response shown in red. 

 

Due to the significant cathodic shift in this forward peak (peak V) (Figure 17 

(A) (B)), the reverse signal (peak VI) was utilised as quantitative response to DEX as 

there was no overall shift in peak potential with respect to increasing concentration 

(Figure 17 (C)). The calibration resulted in a sensitivity of 2.0 × 102 µA cm-2 mM-1 

(n = 3) for the CuF/GCE, with LOD = 28 ± 0.45 µM and LOQ = 95 ± 1.5 µM. The 

signals for the CuMP/GCE and bare GCE were quite lower than that of the CuF/GCE 

at 1.13 × 102 µA cm-2 mM-1 and 2.78 × 101 µA cm-2 mM-1 respectively (Table 6), thus 

C 

D 
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indicating the optimum electrode conditions for DEX quantitation. The LOD was 

calculated as 343 ± 1.7 µM and LOQ was 2,285 ± 11.5 µM for the bare GCE, 

indicating that the DEX could be detected at concentrations 12 times lower and 

quantified at concentrations 24 times lower at the CuF modified GCE than at the bare 

GCE.  

 

Cathodic scan reduction process 

A 

B 
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Figure 17 (A) CV of increasing dexamethasone 0.0781 – 5 mM in 0.1 M NaOH at the 

Method I modified GCE over the range 1.5 to -1.8 V in the forward direction 

monitoring peak V. (B) Corresponding plot of peak potential at -1.6 – -1.4 V vs 

concentration confirming the cathodic shift in the forward direction monitoring peak 

V with DEX additions. (C) CV of increasing dexamethasone 0.0781 – 5 mM in 0.1 M 

NaOH at the copper modified GCE over the range 1.5 to -1.8 V in the reverse direction 

monitoring peak VI with (D) Corresponding dexamethasone calibration curve with 

resulting sensitivities of 2.00 × 102 µA cm-2 mM-1 peak V (red) and 1.13 × 102 µA cm-

2 mM-1 for the CuF/GCE and CuMP/GCE respectively (calibration at the bare GCE 

shown in orange with sensitivity 2.76 × 101 µA cm-2 mM-1). (n = 3) 

 

 

 

 

Anodic scan reduction process 

D 

C 
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Table 6. Comparison of copper electrodeposited electrode response for Method I and 

II relative to the bare GCE response.  

Electrodeposition 

method 

Sensitivity @CuGCE 

(Reverse reduction 

wave at Ep = -1.33 V) 

Sensitivity @Bare GCE 

(Ep = -1.55 V)  

CuMP/GCE (Triple Pulse)  3.96 × 10-5 A cm-2 mM-1 

(n = 3) 

 

2.76 × 10-5 A mM-1 cm-2 

(1.4-fold increase) (n = 3) 

CuF/GCE (Dual Pulse) 9.61 × 10-5 A cm-2 mM-1 

(n = 3) 

 

2.76 × 10-5 A mM-1 cm-2 

(3.5-fold increase) (n = 3) 

 

2.3.5. Electroanalysis of dexamethasone extracted from pharmaceutical samples.  

In order to put the non-aqueous and aqueous DEX quantitation to the test the 

steroid was  recovered from (a) a commercial cream sample and (b) solid dose 

formulation prepared in house. Sample quantitation from spiked commercial 

hydrocortisone cream exploited the non-aqueous electroanalysis based on the anodic 

DEX wave at 1.3 V (see Figure 18 (A)) with the sample prepared according to the 

procedure in section 2.3.3. Corresponding recovery data is summarised in Table 7 (A) 

for triplicate replicates.  Figure 18 (B) shows the DEX recovery from a tablet 

formulation prepared according to section 2.3.4 with recovery data (n=3) in Table 7 

(B). 
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Figure 18 (A) Voltammetry of dexamethasone extracted from 1.0 g of 3 cream 

samples (0.0 % (black), 0.25 % (red), 0.35 % (purple) and 0.5 % (blue) w/w 

dexamethasone) in 0.1 M LiClO4 in MeOH zoomed in on the anodic response. (B) 

Voltammetry of DEX extracted from the tablet samples containing 0 (back) 6 (red), 

10 (purple) and 15 (blue) mg DEX (return sweep only shown). 

The average % recovery for the cream extraction (0.25 – 0.5% DEX) based on 

the non-aqueous calibration and anodic signal realised 101.77 ± 2.54 % (n=3) 

recovery. The aqueous sensor was unsuitable for the spiked cream sample as some 

paraffin dissolved into methanol during the extraction process and formed a waxy 

solid upon evaporation of the solvent prior to addition of the aqueous electrolyte. Some 

of this solid was carried over to the aqueous solution despite being filtered into the 

volumetric flask used to prepare the analytical sample, thus having a significant impact 

on the accuracy of the sample recovery. The non-aqueous extraction was the most 

B 

A 
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suitable and 93.46 – 107.99 % DEX was recovered with a 0.14 – 6.33 % variance 

between each sample. The solid dose form (prepared in house with excipients sucrose 

and lubricant magnesium stearate) resulted in 84.64 ± 3.50 % for n=3 using the reserve 

adsorption peak associated with the DEX-Cu interaction at -1.3 V vs. Ag/AgCl. The 

aqueous sensor was suitable for the tablet extraction as there was no issue with 

unwanted electroactive or insoluble compounds, in this case the magnesium stearate, 

being carried over during both the methanol and 1:1 methanol: 0.1 M NaOH filtration 

steps. Due to the higher sensitivity and lower LOD and LOQ values, the CuF/GCE 

was utilised as it was the optimum DEX electrochemical sensor. In total, 77.46 – 87.91 

% DEX was recovered with a 1.93 – 4.97 % variance between each sample. 
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Table 7 (A) Theoretical dexamethasone concentration extracted from 1.0 g of 

commercial hydrocortisone cream and reconstituted into 10 mL MeOH, the average 

sample concentrations measured and % recovery (n=3) (B) Displaying the theoretical 

concentration and signal, the average Ep and Ip values, variance, standard deviation, 

recovery, and percentage recovery for tablets containing 2 – 15 mg DEX. 

(A) Cream extraction data 

 

 

 

Cream (% w/w 

DEX) 

Theoretical 

concentration 

(mM) 

DEX recovered 

(mM) 

% 

Recovery 

% 

Variance 

0.25 % 0.637 0.685 ± 0.0434 107.46 6.321 

0.35 % 0.892 0.926 ± 0.00131 103.86 0.142 

0.5 % 1.217 1.197 ± 0.0141 93.99 1.178 

(B) Tablet extraction data 

 

 

 

 

Tablet (mg DEX) Theoretical 

concentration 

(mM) 

DEX recovered 

(mM) 

% 

Recovery 

% 

Variance 

6 1.529 1.25 ± 0.027  84.36 3.34 

10 2.548 1.97 ± 0.098  79.56 5.72 

15 3.822 3.36 ± 0.065 89.99 1.44 
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2.4.0. Conclusions 

In conclusion, this work has advanced understanding of the electrochemistry 

of the therapeutic dexamethasone in a wide variety of conditions. Firstly, DEX was 

quantified in a non-aqueous system, which comprised of 0.1 M LiClO4 in MeOH. A 

DEX oxidation response was observed at 1.3 V at the bare GCE and with the aid of a 

scan rate study, the diffusion-controlled nature of this oxidative process was 

demonstrated. The DEX oxidation was carried out over the range 0.83 – 3.07 mM, 

with sensitivity of 5.42 × 102 µA cm-2 mM-1 and R2 = 0.998. DEX was then studied at 

bare and Cu nanostructure modified GCEs under alkaline conditions (0.1 M NaOH). 

Dexamethasone quantitation was achieved over the range 0.0781 – 0.5 mM with 

sensitivity of 6.93 x 10-5 A cm-2 mM-1 at an unmodified electrode (reduction process 

monitored). Electrosynthesis of optimised CuF/GCE using a dual pulse potentiostatic 

approach was employed, which resulted in two oxidation processes at E(a) = -0.1 V 

and -0.4 V vs Ag/AgCl and two reduction processes at E(C) = -0.35 V and -0.8 V vs 

Ag/AgCl respectively, resulting in surface coverage values in the range 3.492 – 2.065 

× 10-9 mol cm-2. Electrosynthesis of optimised CuMP/GCE using a triple pulse 

potentiostatic approach was also employed, which resulted in two oxidation processes 

resulting in surface coverage values in the range 1.69 – 6.32 x 10-4 mol cm-2. The Cu 

nanostructure modified GCEs resulted in an anodic shift in the DEX cathodic process 

accompanied by a second reduction process on the return cycle which was exploited 

as the analytical signal. Quantitation was carried out by CV over the range 0.0781 – 5 

mM with sensitivities 2.00 × 102 µA cm-2 mM-1 and 1.13 × 102 µA cm-2 mM-1 for the 

CuF and CuMP modified GCEs respectively (2.78 × 101 µA cm-2 mM-1 for the bare 

GCE). Further work will extend the surface characterisation of the optimal 

electrodeposited CuMP followed by DPV and constant pulse methodologies with the 

view to examine co-analysis potential with respect to related and interfering 

molecules.  
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3.1.0. Introduction & Literature review: 

 N-acetyl-L-cysteine (NAC) is a safe and inexpensive medication, not found in 

nature. It is a drug that has various uses and functions in biological systems. It 

promotes glutathione synthesis and promotes detoxification. NAC is a useful 

treatment of diseases that generate oxygen free radicals as it acts as a scavenger for 

free radicals1. The key to the antioxidant power of NAC is that it is a glutathione 

precursor, a naturally occurring antioxidising agent2, 3. NAC is also a cysteine (Cys) 

precursor due to the α-protection of the nitrogen by an acetyl group. The acetyl group 

can be removed in most tissues by cleaving the acetyl group thus producing Cys4. This 

occurs when NAC penetrates cells. The resulting L-Cys can then be used to promote 

glutathione synthesis, thus all of NAC’s intracellular effects are mediated by 

glutathione replenishment. Although glutathione is recycled in cells, this process 

increases but cannot match the amount of glutathione required during COVID-19 

infections. Glutathione synthesis is then required, which increases enormously during 

infection. Oral administration of NAC is an effective way of increasing glutathione 

levels as it has better oral and topical bioavailability than glutathione. Therefore, NAC 

is a drug that is being examined in the  treatment to COVID-19 infections5. 

 NAC has been characterised previously with the use of various 

electrochemical sensors. These studies determined NAC at a bare gold electrode 

(AuE)6, with the use of catechol as an electrochemical indicator at a carbon paste 

electrode (CPE)7, copper nitroprusside adsorbed on 3-aminopyrosisica modified 

carbon paste electrode8, copper oxide nanostructures on an ITO substrate9, 

cyclodextrin-carbon nanotube modified glassy carbon electrode10, multi-walled 

carbon nano tube and Nafion modified GCE11, gold film modified carbon 

microelectrode12, and an acetaminophen ruthenium oxide nanoparticle modified 

GCE13. In each case electrochemical studies of NAC were carried out at a variety of 

pH’s (pH 3 – 8), where the highest NAC oxidative response was observed in acidic 

media at pH ~ 4.45. The use of a gold modified electrode, or an unmodified gold 

electrode was also shown to have the clearest response due to the interactions between 

the thiol group on NAC and the gold surface, where upon electrooxidation, the NAC 

becomes adsorbed to the gold surface through the sulphur atom. These sulphur atoms 

are in oxidation state I and then combine forming the dimer N,N’-diacetylcysteine 

(Scheme 1)6.  
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Scheme 1 Electrooxidation of N-acetyl-L-cysteine to disulfide N,N’diacetylcystine 

 Gold nanoparticles (AuNPs) have a wide variety of applications in both the 

biological and chemical fields. In biology AuNPs have a wide variety of applications, 

such as in labelling, where they are a very useful contrasting agent due to their ability 

to absorb and scatter light. Similarly, they are also of importance in single particle 

tracking, where molecules and structures on the cell surface are labelled with AuNPs 

and their movement and the movement of receptors are monitored using photothermal 

imaging. They have also been used as a platform for the delivery of molecules into 

cells, such as genes, where the molecules are adsorbed to the AuNP surface and taken 

into cells through the recognition of specific ligands on the AuNP surface by receptors 

on the cell surface14. In synthetic chemistry, AuNPs can be used to make 

hydrophobically stabilised clusters, such as PEG-S capped supra-spherical supra-

particle hosts which uptake and release hydrophobic organic guest molecules, such as 

bisphenol A. These structures can be used in the synthesis of polycarbonate plastics. 

The interstitial pores and voids between the hydrocarbon shells around the gold core 

result in a network of cavities that allow for the effective diffusion of guest molecules 

to the host domains used in polymer synthesis15. In electrochemistry, AuNPs have 

been used in a variety of sensors. These sensors have been used for the detection of 

uranyl sulphate, the determination of lead at ultra-trace levels and within biosensors 

incorporating enzymes such as glucose oxidase16-18. AuNPs can be synthesised using 

several methods, the first being through the reduction of gold hydrochlorate by citrate, 

the reduction of tetrachloroaurate using trisodium citrate and by the reduction of 

tetrachloroaurate using sodium borohydride19-21. Various electrochemical methods 

have also been employed to synthesise AuNPs directly onto an electrode surface. 

These methods involved galvanostatic modes, the electrolysis of AuCl in DMF using 

O2 at the reducing agent and finally through the template-free multiple-potentiostatic 

pulse method of chloroauric acid in 0.1 M HCl17, 22, 23. This multiple-potentiostatic 
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pulse method resulted in the highly controlled electrosynthesis of uniformly sized 

AuNPs, and therefore this method was exploited in this sensor design for NAC 

determination. To improve the NAC response further an underlying carbon 

nanomaterial (functionalised carbon nano onions (CNOs)) was examined. There have 

been various reports on the combination of CNOs with metallic nanomaterials such as 

platinum nanoparticles (24-2624-26￼ and here we propose the combination of AuNPs 

electrodeposited on electrodes modified with oxidized B and N doped CNOs, which 

has thus far not been reported to be the best of our knowledge. 

 CNOs are concentric multi-layered fullerenes which consist of several 

graphitic layers with the fullerene C60 or larger at its centre27. CNOs have localised π 

electrons in their spherical structure, caused by the peripheral defects in the spherical 

graphitic shells. They display interesting electrochemical behaviour, such as having a 

very high capacitance. This feature makes them a good material to be used in 

supercapacitors28. The pseudo-rectangular shape of CNO cyclic voltammograms 

(CVs) is indicative of their double layer capacitive behaviour29. CNOs have been used 

in various electrochemical sensors such as in the electrochemical determination of 

dopamine in the presence of uric and ascorbic acids, where CNOs were used in a 

composite with poly(diethylammonium chloride)30. 

 CNOs can have altered compositions and structures. The first of these involves 

heteroatom doping, such as with B and N. These dopants are incorporated into their 

spherical graphitic layers upon CNO synthesis. These dopants have been reported to 

enhance their oxygen reduction reaction (ORR) activity31. It has been reported that 

pyramidic N-atoms can improve the overall capacitance of the nanomaterial and that 

quaternary N-atoms can help to improve their overall conductivity, thus improving 

their super capacitive ability through the N active sites, facilitating redox reactions 

with a preference for electrochemical reduction processes32. Boron can also influence 

electrochemical redox reactions favouring electroreduction processes by acting as an 

electron acceptor. B also has an influence on the improvement of the capacitance over 

their undoped counterparts through the introduction of defects in the graphitic layers 

and through the decrease in pore size33, 34.  The addition of carboxylic acid groups to 

the CNO surface, resulting in their oxidized forms (oxi-CNOs) can also have an impact 

on their redox reaction processes, favouring the reduction processes. The introduction 
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of defects on the oxi-CNO surface is accompanied by a larger electroactive surface 

area, and these factors in turn have a profound impact on improving their 

capacitances29, 35. 

 In these investigations, the electrochemistry of NAC was investigated at GCEs 

and AuEs. Various CNOs (pristine CNOs (p-CNOs), BN-doped CNOs, oxidized 

CNOs (oxi-CNOs and oxi-BN doped CNOs) will be electrochemically characterised 

at a GCE surface using various electrochemical techniques. In this chapter, the 

electrochemical synthesis of uniformly sized AuNPs at GCE and oxi-BN-doped CNO 

modified surfaces was investigated as a potential electrode modifier to maximise the 

NAC electro-oxidative response. 

3.2.0. Experimental: 

3.2.1. Materials and reagents 

N-acetyl-L-cysteine [C5H9NO3S] (99 %) (Flurochem), sodium acetate 

[CH3COONa] (99 %) (Sigma-Aldrich), glacial acetic acid [CH3COOH] (Sigma-

Aldrich), extra pure sulfuric acid solution in water [H2SO4] (96 %) (Sigma-

Aldrich), potassium phosphate monobasic [KH2PO4] (99.5 %) (Sigma-Aldrich), 

potassium phosphate dibasic [K2HPO4] (99 %) (Sigma-Aldrich), sodium 

carbonate [Na2CO3] (99.5 %) (Sigma-Aldrich), 5 M hydrochloric acid solution 

in water [HCl] (Sigma-Aldrich), gold chloride [HAuCl4] (99.4 %) (Sigma-

Aldrich), pristine carbon nano-onions (p-CNOs), BN-doped carbon nano-onions 

(BN-doped CNOs), oxidized carbon nano-onions (oxi-CNOs), oxidized BN-

doped carbon nano-onions (oxi-BN-doped CNOs), absolute ethanol [C2H5OH] 

(99.8 %) (Sigma-Aldrich), potassium chloride [KCl] (100.5 %) (Sigma-

Aldrich), potassium ferricyanide [K3[Fe(CN)6]] (99 %) (Sigma-Aldrich), 

potassium hexacyanoferrate trihydrate [K4[Fe(CN)6].3H2O] (99.5%) (Merck), 

hexaammineruthenium(II) chloride [[Ru(NH3)6]Cl2] (99.9%) (Sigma-Aldrich), 

N-acetyl L-cysteine commercial sample (0.6 g per capsule) (Holland & Barratt). 

3.2.2. Instrumentation 

Electrochemical investigations were carried out using a three-electrode cell, 

with a glassy carbon electrode (GCE) and a gold electrode (AuE) as the working 

electrodes, a platinum wire as the auxiliary and an Ag/AgCl (saturated KCl) as 

the reference electrode. Measurements were made using a Solartron SI2187 
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Electrochemical Interface and a CHI Instruments 600E 

Potentiostat/Galvanostat. Materials and reagents were weighed out using a 

Sartorius LA230S analytical balance, and a VWR ultrasonic cleaner (model 

USC100T) was used for nanoparticle suspension and electrolyte/analyte 

dissolution. Screen printed electrodes used were Metrohm DropSens 11L screen 

printed carbon electrodes (Aux.: C; Ref.: Ag/AgCl). The scanning electron 

microscopy was performed by Dr. Vasily Lebedev on a FEI (Thermo) Helios 

G4 CX Dual Beam SEM-FIB with Oxford Instruments EDS.  

3.2.3. Procedures 

3.2.3.1. N-acetyl-L-cysteine preparation 

N-acetyl-L-cysteine (NAC) standards were prepared (solubility 100 mg mL-1 

in water) in a sodium acetate buffer (pH 4.45) which comprised of a mixture 

of 0.1 M sodium acetate and 0.1 M acetic acid, potassium phosphate buffer 

(pH 7.25) and sodium carbonate buffer (pH 10.35). 1 mM NAC standards were 

examined via cyclic voltammetry (CV) to identify the most appropriate 

working electrode and electrolyte for subsequent electroanalytical studies. 1 

mM NAC was also investigated in 0.1 M H2SO4 (pH 0.7) via CV. 

3.2.3.2. Preparation of the working electrodes 

Firstly, the electrode surface was polished in a figure of eight pattern on a 

polishing pad with a 1 µm monocrystalline diamond suspension for 1 minute 

and rinsed with a jet of deionised water. The electrode was then sonicated in 

deionised water for 30 seconds. This process was repeated with both the GCE 

and AuE working electrodes. 

3.2.3.3. Gold nanoparticle electrodeposition 

A freshly polished glassy carbon electrode was modified with electrodeposited 

gold nanoparticles (AuNPs) of uniform size using a multi-pulse potentiostatic 

sequence. The AuNPs were deposited from a 1 mM HauCl4 solution in 0.1 M 

HCl. As HauCl4 is hygroscopic, deionised water was added to the dry HauCl4 

crystals (1 g mL-1 solution of HauCl4) to ensure that the quantity of HauCl4 

was accurately known. Four potentials were selected from the cyclic 

voltammogram of 1 mM HauCl4 in 0.1 M HCl and the conditions (pulse 

duration and amplitude) were optimised resulting in the template-free 
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electrosynthesis of AuNPs. The procedure involved a perturbation pulse at E0 

= 0.92 V for 10 s to remove gold ions adsorbed to the GCE surface. This was 

then followed by a nucleation pulse, where E1 was selected at -0.13 V for 60 

ms. An anodic pulse was then applied at E2 = 0.92 V for 2.5 ms to remove 

excess gold at the GCE surface. Alternating growth (Em = 0.55 V for 1 s: m = 

3, 5, 7, …,1499) and anodic pulses (En = 0.92 V for 5 ms: n = 4, 6, 8, …, 1500) 

followed in order to grow uniformly sized AuNPs from the seeded nuclei (see 

potential waveform sequence Figure 1). Each of the potentials and their 

corresponding pulse lengths were optimised in order to achieve conditions 

which resulted in the maximum NAC anodic signal. 

3.2.3.4. Electrochemical characterisation of the gold nanoparticle modified 

glassy carbon electrode 

Following the electrodeposition process, the AuNP modified GCE was gently 

washed by dipping in deionised water. The electrodes were then examined 

using CV in 0.1 M sodium acetate buffer (pH 4.45) supporting electrolyte, 

which resulted in an anodic process at 1.2 V and a cathodic process at 0.9 V. 

The surface coverage was estimated by monitoring these processes over scan 

rates 10 – 200 mV s-1. A 5 mM [Fe(CN)6]
3/4- redox probe in 0.1 M NaOH was 

used to gain further insight into the electron transfer processes. 

Electrochemical impedance spectroscopy (EIS) was also carried out in the 

same system by application of an AC sinusoidal voltage of 0.005V over the 

frequency range 0.01 – 100,000 Hz with an amplitude of 0.005 V. High 

resolution SEM images and EDS spectra were also obtained of the optimised 

AuNPs surface and particle size distribution investigated 

 

 



129 
 

  

Figure 1. Schematic of the AuNP electrodeposition process with respect to pulse 

potential vs time. 

 

3.2.3.5. Preparation of carbon nano-onion modified electrodes 

A 1 mg mL-1 suspension of each of the carbon nano-onions (CNOs) (p-CNOs, 

oxi-CNOs, BN-doped CNOs and oxi-BN-doped CNOs) were prepared in 

absolute ethanol with vigorous sonication for 45 minutes to ensure well 

dispersed suspensions. The CNO suspensions were sonicated for a further 5 

minutes immediately prior to use. A GCE was polished as described above, 

rinsed in ethanol and allowed to dry. 10 µL of the CNO suspension was drop-

cast onto the GCE surface and the layer was dried using a heat lamp. The CNO 

modified GCE was examined by CV in 0.1 M KCl supporting electrolyte. Scan 

rate studies were carried out at each CNO modified GCE to allow capacitance 

and surface coverage estimations (faradaic responses were evident in the case 

of the oxi-CNOs and oxi-BN-doped CNOs). A 1 mM [Fe(CN)6]
3/4- anionic 

redox probe in 0.1 M KCl and a 1 mM hexaammineruthenium (II) chloride 

cationic redox probe were used to gain further insight into the electrochemical 

behaviour of each CNO modified surface. 

3.2.3.6. Electrodeposition of the optimised gold nanoparticles at the oxi-BN-

doped carbon nano-onions 

The AuNPs@oxi-BN-CNOs were prepared using the optimised AuNP 

electrodeposition process as described above for GC electrodes. In order to 

optimise the dilutions of the oxi-BN-doped CNOs, 1 mg mL-1, 0.1 mg mL-1, 



130 
 

0.05 mg mL-1 and 0.02 mg mL-1 suspensions were employed. Firstly, 10 µL of 

the oxi-BN-doped CNO suspension was drop cast onto a freshly polished and 

dried GCE surface and dried under a heat lamp. The AuNPs were then 

deposited electrochemically using the multi-pulse potentiostatic sequence. 

Following electrodeposition, the electrode surface was washed gently in 

deionised water and examined by running CVs of 1 and 10 mM NAC in 0.1 M 

H2SO4. This process was repeated for each dilution of the oxi-BN-doped 

CNOs. The optimum AuNPs@oxi-BN-doped CNO/GCE was then analysed 

by varying the scan rate and by performing electrochemical impedance 

spectroscopy together with SEM/EDS investigations.  

3.2.3.7. N-acetyl-L-cysteine electrochemical testing at the optimum gold 

nanoparticle modified carbon nano onion surface 

NAC standards were prepared in 0.1 M sodium acetate buffer (pH 4.45) and 

its electrochemical behaviour was examined at the AuNP@oxi-BN-doped 

CNO/GCE with scan rate studies and calibration using constant potential 

coulometry, where Eapp = 1.15 V vs. Ag/AgCl with charge recorded for 5 s. 

This measurement was recorded in triplicate in 5 mL of the background 

electrolyte with 5 s quiet time between each measurement. Additions of 10 µL 

of 0.1 M NAC was added to the 5 mL of the background electrolyte with 

sequential additions over the range 0.2 – 2.53 mM NAC. The charge was 

measured at 4.5 s from the third measurement of each experiment. These 

calibrations studies were carried out in both 0.1 M H2SO4 and in 0.1 M sodium 

acetate buffer (pH 4.45), ultimately opting to utilise the sodium acetate buffer 

(pH 4.45) in the electroanalysis of NAC from a commercial formulation. 

3.2.3.8. N-acetyl-L-cysteine recovery from a commercial formulation 

An NAC commercial solid dose tablet containing 80 % w/w NAC was 

obtained and samples containing 1 mM and 2 mM NAC prepared by weighing 

out the calculated amount of the sample powder. It was then dissolved in 5 mL 

of the sodium acetate buffer (pH 4.45) and filtered into a 25 mL volumetric 

flask to remove insoluble excipients. 5 mL of the prepared sample was then 

measured, and standard addition performed via coulometry over the range 

0.199 to 0.99 mM. The sample concentration and subsequent recovery was 

then estimated (n=3) by extrapolation using the linear data plots obtained.  
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3.3.0. Results and Discussion: 

3.3.1.  N-acetyl-L-cysteine electrochemical investigations at bare electrodes 

 

Firstly, NAC was investigated via CV in an acidic medium due to the proton-

dependant nature of the NAC electrooxidation process6, however, basic, and neutral 

pH’s were also screened. The voltammetry of 1 mM NAC in 0.1 M sodium acetate 

buffer (pH 4.45) was initially studied at both bare glassy carbon electrodes (GCE) and 

bare gold electrodes (AuE). The voltammetry of NAC at the bare GCE, shown in 

Figure 2 (A), clearly showed a strong oxidative response at 1.4 V vs Ag/AgCl. This 

signal was an ill-defined wave which took the shape of a shoulder with an unclear Jp 

max. However, in the case of the bare AuE (Figure 2 (B)), a clear NAC oxidative 

response was observed at 0.97 V vs Ag/AgCl. This response was clearly defined but 

overlapped with the Au response at 1.18 V vs Ag/AgCl. 

 

A 
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Figure 2. Voltammetry of 1 mM NAC (red curve) in 0.1 M sodium acetate buffer (pH 

4.45) at the bare GCE (A) and bare AuE (B) from 0.0 – 1.5 V at 100 mV s-1. Black 

curve represents background electrolyte voltammetry in each case.  

 

The voltammetry of 1 mM NAC in a 0.1 M potassium phosphate buffer (pH 

7.15) was then investigated at polished GCE and AuE (Figure 3 (A) & (B)). The 

resulting voltammograms were similar in general shape to the voltammograms of 1 

mM NAC in 0.1 M sodium acetate buffer (pH 4.45), however, the NAC peak intensity 

in the potassium phosphate buffer obtained at the bare GCE and bare AuE was 

significantly lower than that obtained in the sodium acetate buffer. 

 

B 
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Figure 3. Voltammetry of 1 mM NAC in 0.1 M phosphate buffer (pH 7.15) at the bare 

GCE (A) and bare AuE (B) from 0.0 – 1.5 V at 100 mV s-1. 

 

 Finally, the voltammetry of 1 mM NAC in a 0.1 M sodium carbonate buffer 

(pH 10.35) was then investigated at the bare GCE and AuE (Figure 4 (A) & (B)). This 

system resulted in the lowest NAC response at the bare AuE, where NAC was not 

detected. However, at the bare GCE, a small anodic shoulder was observed at 0.66 V 

vs Ag/AgCl (see insert).  

 

B 
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Figure 4. Voltammetry of 1 mM NAC in 0.1 M carbonate buffer (pH 10.35) at the 

bare GCE (A) and bare AuE (B) from 0.0 – 1.5 V at 100 mV s-1.  

 

In consideration of the three buffered electrolytes and pH range examined it 

was clearly observed that the acidic medium allowed the greatest NAC redox signal 

to be obtained, further supporting the proton-dependant nature of the electro-oxidation 

process, thus identifying the optimum conditions for NAC electroanalysis6. Once the 

optimum pH was identified, 1 mM NAC was studied by varying the scan rate. Firstly, 

this was carried out at the bare GCE (Figure 5 (A)), where the scan rate was varied 

from 20 – 200 mV s-1. The NAC electro-oxidation response was present only at the 

voltammograms of 10 and 20 mV s-1. This may have been due to the adsorptive nature 

of the NAC oxidation process12. 

 

B 
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Figure 5. Voltammetry of 1 mM NAC in 0.1 M sodium acetate buffer (pH 4.45) at 

the bare GCE from 20 – 200 mV s-1 over the range 0 – 1.7 V vs Ag/AgCl (20 mV s-1 

and 200 mV s-1 shown in red and black, respectively.  

 

 When the scan rate was varied from 10 – 200 mV s-1 at the bare AuE (Figure 

6 (A) & (B)), a distinct oxidative peak was observed at 0.9 V vs Ag/AgCl. This signal 

was also scan rate dependant and increased linearly with respect to the scan rate, 

indicating that the oxidation process was adsorption controlled. 
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Figure 6 (A) Voltammetry of 1 mM NAC in 0.1 M sodium acetate buffer (pH 4.45) 

at the bare AuE from 10 – 200 mV s-1 over 0 – 1.7 V vs Ag/AgCl. (B) Corresponding 

plot of the scan rate vs current density of the NAC oxidative response from 40 – 200 

mV s-1. 

 

3.3.2. Gold nanoparticle electrodeposition on glassy carbon electrodes using pulsed 

electrodeposition.  

 

Electrosynthesis of gold nanoparticles (AuNPs) on GCEs followed the 

procedure outlined in section 3.3.3 with potentials selected based on the voltammetry 

of 1 mM HauCl4 in 0.1 M HCl at the bare GCE. Figure 7 (A) shows the third cycle of 

the cyclic voltammogram of 1 mM HauCl4 in 0.1 M HCl at the bare GCE at the scan 

rate of 100 mV s-1. A single oxidation peak during the forward scan and reduction 

A 

B 
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peak during the reverse scan were observed at 1.074 V and 0.335 V respectively, 

which were attributed to the oxidation of Au0 to Au3+ and the reduction of Au3+  to 

Au0. From this CV, a set of potentials were selected to be used in the multi-pulse 

potentiostatic pulse sequence. The pulses used were a nucleation pulse (E1), an anodic 

pulse (E2) and alternating growth and anodic pulses (Em and En). The multi-pulse 

potentiostatic sequence was used, as the process allows for the formation of uniformly 

sized AuNPs. This was achieved through the sequential electrodeposition and 

dissolution of gold from an electrode surface through the use of anodic and cathodic 

pulses.  

Prior to the AuNP electrodeposition, a perturbation pulse was applied at 0.92 

V for 10 s to oxidize and remove any residual gold on the GCE surface. The first 

cathodic pulse applied was the nucleation pulse. This was selected at a negative 

potential much lower than the Au reduction response to ensure and exploit the fast 

diffusion of Au3+ to the GCE surface. The applied pulse was short and fell within the 

hemispherical diffusion region of the chronoamperogram (discussed further below) to 

ensure the deposition of Au nuclei on the GCE surface act as nucleation points for 

subsequent gold growth. A short anodic pulse was then applied to remove subcritical 

nuclei and to allow the even distribution of AuNPs on the GCE surface. 

Sequential growth (cathodic) and anodic pulses were applied to ensure the 

uniform growth of the AuNPs. A potential was selected at the Au reduction peak to 

facilitate the slow and controllable hemispherical diffusion of Au3+ ions to the GCE 

surface (Figure 8 (A) – (C)). A short anodic pulse was then applied to remove excess 

Au from the GCE surface and further nuclei seeded during these pulses. 
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Figure 7. Voltammetry of 1 mM HAuCl4 in 0.1 M HCl at the bare GCE from -0.4 – 

1.5 V at 100 mV s-1, with the electrodeposition pulse potentials indicated (red arrows). 
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Figure 8 (A) Chronoamperometry of 1 mM HAuCl4 at the bare GCE for Ei = 0.8 V, 

Ec = -0.13 V, tc = 0.01 s (B) Schematic of illustrating linear vs hemispherical diffusion 

of Au3+ ions towards an unmodified GCE surface, a microelectrode surface and 

nanoparticle modified GCE surface (C) Schematic illustrating the hemispherical 

diffusion of Au3+, ions to the GCE surface via hemispherical diffusion zones around 

seeded Au nuclei. 

C 
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Figure 9 (A) Chronoamperometry of 1 mM HAuCl4 at the bare GCE for 3 consecutive 

cycles where Ei = 0.8 V, Ea = 0.92 V, Ec = -0.13 V, tc = ta = 0.01 s. (B) Magnified 

image of the first cathodic transient of the first cycle. (C) Chronoamperometry of 1 

mM HAuCl4 at the bare GCE for 3 consecutive cycles where Ei = 0.8 V, Ea = 0.92 V, 

Ec = 0.55 V, tc = ta = 2 s. (D) Magnified image of the first cathodic transient of the first 

step. 

Firstly, in Figure 9 (B), chronoamperometry of 1 mM HAuCl4 in 0.1 M HCl 

was carried out at the bare GCE for six consecutive steps with alternating cathodic 

pulses of -0.13 V and anodic pulses of 0.92 V, with a pulse width of 0.01 s for each. 

The anodic transient observed in the first step reached a plateau after 9 ms with a 

current transient at 50.33 µs, however, this current transient rapidly decreased and 

disappeared in the third and fifth steps. Following transient from 0 – 9 ms in the first 

step until the plateau, the hemispherical diffusion region was identified which was 

C 

D 
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critical for the electrodeposition of uniformly sized AuNPs17. After this point the 

hemispherical diffusion zones overlapped and linear diffusion of Au3+ occurred 

resulting in the overlap of the electrodeposited Au particles on the GCE surface. 

Figure 9 (C) shows the chronoamperometry of 1 mM HAuCl4 in 0.1 M HCl 

at the bare GCE using alternating cathodic and anodic pulses over six steps. The 

cathodic pulses were applied at 0.55 V and the anodic pulses were applied at 0.92 V, 

with a pulse width of 2 s for each. From an examination of the first step, the first 

anodic pulse did not show a wave as observed in Chapter 2, Figure 7 (B) due to the 

slower diffusion of Au3+ ions to the GCE surface. The chronoamperogram of this 

experiment showed a rapid increase in current before reaching a plateau at 1.32 s at 

the current maximum, thus identifying the hemispherical diffusion zone between 0 

and 1.32 s. The cathodic current here increased due to the presence of electrodeposited 

gold at the electrode surface. After the anodic step was carried out, a tiny amount of 

residual gold metal remained on the GCE surface. This trace amount of gold provided 

nucleation points for gold deposition in the subsequent cathodic step as Au3+ 

electrodeposition occurs more easily onto Au than depositing directly onto a GCE36. 

Because of this, more gold is electrodeposited in each subsequent step, which in turn 

cause the stepwise current increase in the anodic steps.  

From carrying out these experiments, the potentials to be used in the 

nucleation, growth and anodic pulses were selected as well as their initial 

corresponding pulse widths.  

 

3.3.3. Optimisation of the electrosynthesis conditions for gold nanoparticle 

deposition 

 

The electrodeposited AuNPs were optimised by sequentially changing the 

pulse parameters. The resulting AuNPs were then tested with 1 mM NAC with the 

aim to maximise the NAC anodic response. E1, E2 and En were kept constant while Em 

was changed. The perturbation pulse (E0) was also kept constant at 0.92 V for 10 s. 

The pulse width t1 was kept constant throughout. Em was changed with the aim of 

achieving greater AuNP particle size, by decreasing Em, the rate of electrodeposition 

would increase, leading to larger nanoparticles. This however would lead to a less 
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controllable particle size and would be unfavourable. By investigating this, it was 

clearly observed that this did not increase the NAC oxidative response. By increasing 

the pulse width tm, the resulting particles would be expected to be larger in size, and 

conversely, decreasing tm would lead to smaller particles as less Au3+ would diffuse 

to the GCE surface. En was kept constant while tn was altered. By increasing tn the 

particle size would be expected to decrease as more Au would be re-oxidized and 

stripped from the electrode surface. Less Au was re-oxidized when tn was decreased 

which would lead to a larger particle size. These parameters were examined as per 

Table 1 and were tested by CV using 1 mM NAC in 0.1 M H2SO4 and compared to 

the bare GCE and AuE (macro electrodes). From comparing the NAC oxidative 

responses at each electrode, it was clearly determined that the AuNPs that resulted 

from method 2 gave the greatest NAC response, and thus these conditions were 

selected as the optimum AuNPs, as highlighted in Table 2. 

Table 1. Electrodeposition parameters used for the optimisation of the gold 

nanoparticle deposition for NAC quantitation. 

Method 

number 

Pulse 1 

(P1) 

t1 Pulse 2 

(P2) 

t2 Pulse m 

(Pm) 

tm (m 

= 3, 5, 

7 …, 

1499) 

Pulse n 

(Pn) 

tn (n = 4, 

,6, 8, …, 

1500) 

 
Potential 

(V) 

Time 

(s) 

Potential 

(V) 

Time 

(s) 

Potential 

(V) 

Time 

(s) 

Potential 

(V) 

Time (s) 

1 -0.13 0.06 0.92 0.005 0.55 1 0.92 0.005 

2 -0.13 0.06 0.92 0.005 0.55 1 0.92 0.0025 

3 -0.13 0.06 0.92 0.005 0.55 1.5 0.92 0.0025 

4 -0.13 0.065 0.92 0.005 0.55 1 0.92 0.0025 

5 -0.13 0.06 0.92 0.005 0.39 1 0.92 0.005 

6 -0.13 0.06 0.92 0.005 0.39 1 0.92 0.0025 

7 -0.13 0.06 0.92 0.005 0.39 1.5 0.92 0.0025 

8 -0.13 0.06 0.92 0.005 0.39 0.5 0.92 0.0025 
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Figure 10 (A) Bar chart monitoring the NAC oxidative response at the bare GCE, 

AuE and each AuNP/GCE for conditions 1-8 as per Table 1. The optimum AuNP 

electrodeposition parameters were P1 = -0.13 V for 60 ms, P2 = 0.92 V for 5 ms, Pm = 

0.55 V for 1 s and Pn = 0.92 V for 2.5 ms.  (B) Voltammetry of 1 mM NAC (red) in 

0.1 M H2SO4 (black) at the optimum AuNP/GCE from 0.4 – 1.5 V at 100 mV s-1. 

Figure 10 (A) shows the NAC oxidative response at each electrode used in 

cycles 1 through 3. The best NAC response was observed at the bare AuE, but this 

was followed by the AuNPs 2 (Figure 10 (B)). The lowest response was observed at 

the bare GCE.  

 

 

 

A 
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Table 2. Summary of the optimised AuNP electrodeposition process.  

Pulse Potential (V) Time (s) Pulse # 

Seed (Nucleation) 

pulse (P1) 

E1 = -0.13 V t1 = 0.06 1 

Anodic pulse (P2) E2 = 0.92 V t2 = 0.005 s 2 

Growth pulse (Pm) Em = 0.55 V tm = 1 s 3,5,7….1499 

Anodic pulse (Pn) En = 0.92 V tn = 0.0025 s 

 

4,6,8….1500 

Total number of 

pulses 

  1500 

 

3.3.4. Electrochemical characterisation of gold nanoparticles following optimisation 

based on N-acetyl-L-cysteine response 

 

The optimum AuNPs modified GCEs were then characterised using various 

electrochemical techniques. Firstly, a scan rate study was carried out over 0.4 – 1.5 V 

from 10 – 200 mV s-1. Upon examination of the plot in Figure 11 (B), it was clearly 

observed that both the oxidative and reductive processes were adsorption controlled, 

having a linear relationship with respect to scan rate. By monitoring the peak currents, 

the surface coverage values were estimated at Γ = 4.459 × 10-10 mol cm-2 for the anodic 

response and Γ= 4.923 × 10-10 mol cm-2 for the cathodic response. An anionic redox 

probe was then used to further characterise the AuNPs with the aid of  5 mM 

[Fe(CN)6]
3/4- in 0.1 M NaOH. This type of investigation is usually carried out in 0.1 

M KCl background electrolyte, however, the presence of Cl- ions in solution was 

found to degrade the gold surface due to the high formation constant of [Au(Cl4]
- 

which will in turn diffuse from the electrode surface and strip the Au from the 

electrode12, 37, 38. This was not observed in the alkaline electrolyte and thus, was 

suitable to further study the electrochemical behaviour of the AuNP/GCE.  

Based on the voltammogram in Figure 11 (A) it was clearly observed that the 

CV at the AuNP/GCE was vastly different from that at the bare GCE. At the bare GCE 

the ΔEp = was 0.666 V, while at the AuNP/GCE the ΔEp = 0.171 V (Table 3.). The 

substantial decrease in peak separation clearly shows that the barrier to electron 
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transfer has been significantly reduced and that the electron transfer process occurred 

quicker at that AuNP/GCE in comparison to the bare GCE37. 

 

 

Figure 11 (A) Voltammetry of the AuNP/GCE from 0.4 – 1.5 V in 0.1 M H2SO4 from 

10 – 200 mV s-1. (B) Plot of the scan rate vs current density of the AuNP/GCE. 

 

Electrochemical impedance spectroscopy (EIS) was also carried out in 5 mM 

[Fe(CN)6]
3/4- in 0.1 M NaOH over 10 – 100,000 Hz (see section 3.3.5 for procedure). 

From these data, information regarding the initial resistance (Rs) and the charge 

transfer resistance (Rct) can be obtained. The Rs was similar when comparing both 

electrodes, with the AuNP/GCE having the higher value, whereas the bare GCE had a 

significantly larger Rct value as expected (Table 4.).  

A 
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Figure 12 (A) Voltammetry of 5 mM [Fe(CN)6]
3/4- in 0.1 M NaOH at the bare GCE 

(black) and AuNP/GCE (red) from -0.2 – 0.6 V at 100 mV s-1. (B) Nyquist plot of the 

bare GCE (black) and the AuNP/GCE (red) in 5 mM [Fe(CN)6
]-3/4 in 0.1 M NaOH 

with n from 0.01 – 100,000 Hz with an amplitude of 5 mV. Simulated EIS data is 

shown by the dashed line. E = 0.221 V and 0.207 V for the bare and AuNP/GCEs, 

respectively. (C) Zoomed in image of the Nyquist plot highlighting the arc from the 

AuNP modified GCE with overlaid solid line representing simulation (Randles circuit 

data).  

 

From examining the Bode plots of the bare GCE and AuNP/GCE (Figure 13), 

the stability of each electrode was demonstrated. The Gain Margin of the AuNP/GCE 

was calculated as 2.65 Db (2.961 Db for the bare GCE), thus the positive values 

demonstrate the stability of both electrodes. The Gain Margin was calculated by: 

𝐺𝑀 = 0 −  𝐺 𝑑𝐵………………………………………………………………….(1) 

where GM is the Gain Margin and G is the gain. 

The Bode plots also gave useful information on confirming the resistance of 

each GCE analysed. From examining the Bode plot in Figure 12 (B), maximum phase 

was determined as -72.7º, and -38º for the bare GCE and AuNP/GCE, respectively. 

This gives information on the behaviour of each electrode, where -90º is equivalent to 

an ideal capacitor and 45º is equivalent to a pseudo-capacitor (Table 4.). Angles 

measured at 45º indicates a high ionic permeability, thus showing that it is a poor 

insulator39. With consideration for the phase angle, the results confirm that the 

presence of Au at the GCE surface increases the ionic permeability of each modified 

electrode and show that the Au modifications improves the conductivity of the GCE 

C 
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in comparison to the bare GCE. The high phase angle indicates that the AuNP/GCE 

displays some capacitive properties, however conductive properties are more 

prominent. The curve for the bare GCE occurs at a larger phase angle at lower 

frequencies, which suggests lower ionic permeability and therefore greater insulating 

properties for the each of the Au modified GCEs, where the curve occurs at a lower 

phase angle and at higher frequencies.  

The slope of the Bode magnitude plot (Figure 12 (A)) can give an indication 

on the resistance and capacitance of the electrode in question, where a slope close to -

1 represents an ideal capacitor and a slope close to 0 at higher frequencies indicates 

resistive behaviour, which could occur at a capacitive material. The slope of the bare 

GCE was calculated as -0.83, and at higher frequencies it was calculated as 0.0414, 

thus demonstrating the capacitive behaviour of the bare GCE. For the AuNP/GCE, the 

slope was calculated to be -0.5, and -0.33 at higher frequencies, demonstrating the low 

capacitance of the CuF/GCE (Table 4.). These results support the highest capacitance 

of bare GCE followed by the AuNP/GCE. 
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Figure 13. Corresponding experimental (solid lines) and simulated (dashed lines) 

Bode plots of the AuNP/GCE (red) and bare GCE (black) in 5 mM [Fe(CN)6]-3/4 in 

0.1 M NaOH with n from 0.01 – 100,000 Hz with an amplitude of 5 mV, where (A) 

shows the log of the frequency vs gain, and (B) shows the log of the frequency versus 

the phase angle. 

Table 3. Comparison of the peak heights and potentials of 5 mM [Fe(CN)6]
3/4- at the 

bare and AuNP/GCEs. 

 Jp(a)  

(A cm-2) 

Ep (a) 

 (V) 

Jp (c) 

 (A cm-2) 

Ep (c)  

(V) 

ΔEp  

(V) 

Ep ½  

(V) 

Jp(a)/Jp 

(c) 

Bare GCE 8.61 × 

10-4 

0.554 7.89 × 

10-4 

-0.112 0.666 0.221 1.09 

AuNP/GCE 1.32 × 

10-3 

0.292 1.17 × 

10-3 

0.121 0.171 0.207 1.13 

A 

B 



151 
 

 

Table 4. Comparison of the Rs, Rct, capacitances, Gain Margins and Phase Margins 

obtained from the EIS spectra for both simulated and experimental data obtained at 

the bare and AuNP/GCE. 

 Bare GCE AuNP modified GCE 

 Experimental Simulation Experimental Simulation 

Rs (Ohm) 69.30 ± 0.66 67.30 ± 0.77 76.35 ± 0.2 79.71 ± 0.39 

Rct (Ohm) 13560.70 ± 

389.8 

13662.64 ± 

391.97 

365.75 ± 15.04 305.28 ± 16.08 

Capacitance 

(F) 

7.56 ± 0.24 × 

10-7 

6.33 ± 0.25 × 

10-7 

1.55 ± 0.212 × 

10-6 

2.21 ± 0.212 × 

10-6 

Gain Margin 

(Db) 

2.96 ± 0.03 2.95 ± 0.04 2.65 ± 0.12 2.262 ± 0.21 

Phase Margin 

(º) 

55.9 ± 1.1 59.1 ± 1.5 26.6 ± 0.5 30.1 ± 0.7 

 

3.3.5. Surface analysis of the electrodeposited gold nanoparticles on glassy carbon 

electrodes 

 

High resolution scanning electron microscopy (HR-SEM) was used to further 

characterise the AuNPs electrodeposited on the GCE surface. Images were taken 

between 5,000 – 10,000 × magnification (Figure 14 (A) – (D)), where a high density 

of AuNPs were observed homogeneously distributed on the GCE surface. Upon 

examination of the AuNPs at higher magnification levels, the cluster-like particle 

shapes could be easily determined. The particle sizes were then estimated (sample size 

435 particles) by measuring the diameter horizontally, diagonally from left to right 

and diagonally from right to left. The average of these three measurements was then 

obtained and gave the estimated particle size (Figure 15). Upon examination particles 

with a diameter of 300 – 319 nm accounted for 33 % of all particles followed by 320 

– 339 nm (16.6 %) and 280 – 299 nm (7 %) indicating that the particle sizes were 

uniform across the GCE surface. Particles smaller than 279 nm were present and 

accounted for 12 % of the particle distribution while particles larger than 339 nm 

accounted for 30 % of the particle size distribution.  Many of the larger particles 
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appeared to be formed from the overlap and aggregation of adjacent particles resulting 

in longer linear chain-like structures. The corresponding EDS spectrum and layered 

image only confirmed the presence of carbon and gold as expected, confirming that 

AuNPs were successfully electrodeposited onto a GCE surface. 

  

 

A B 

C D 
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Figure 14. HR-SEM images of the electrodeposited AuNPs at the GCE surface at (A) 

5,000 × (B) 10,000 × (C) 25,000 × (D) 50,000 × magnifications with the 

corresponding EDS (E) spectrum and (F) layered image. 

 

 

 

 

 

 

 

E 
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Figure 15. AuNP particle size distribution where particles between 300 – 319 nm 

accounted for 33 % of all particles followed by 320 – 339 nm (16.6 %) and 280 – 299 

nm (7 %). 

 

3.3.6. Electrochemical characterisation of carbon nano-onions on glassy carbon 

electrodes 

 

The CNOs were applied to the freshly polished GCE by the drop-casting 

method as described in section 3, voltammetry of each CNO modified electrode was  

carried out in degassed 0.1 M KCl. Initially the CNOs were investigated over the 

potential range of -1.0 V to 1.0 V vs Ag/AgCl at 100 mV sec-1 (Figure  16 (A) – (D)). 

It was clearly observed that each CNO layer exhibited high double layer capacitance 

as expected40, and were stable after prolonged potential cycling (n = 50). The currents 

observed were in general  much larger than that of the bare electrode  reflecting the 

larger surface to volume ratio and active surface groups and features. These surface 

groups and features include the presence of carboxylic acid groups on the CNO 

surface, reulting in oxidized forms of CNOs (oxi-CNOs)35 and the doping of the CNO 

nanostructure with heteroatoms (in this case B and N)41. The p-CNO and BN-doped 

CNOs exhibited the expected capacitive features, but an anodic and cathodic Faradaic 
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response was present in the case of both the oxi-CNOs and oxi-BN-doped CNOs, 

reflecting some redox activity due to the surface carbonyl/acidic functional groups.  

 

 

Figure 16. Voltammetry of 0.1 M KCl at the bare GCE (black) and at the A) p-CNO, 

B) BN-doped CNO, C) oxi-CNO and D) oxi-BN-doped CNO modified GCE with a 

0.1416 mg cm-2 surface loading (all CNO modified GCEs are shown as the red line) 

from -1.0 V to 1.0 V at 100 mV s-1.  

 

The effect of scan rate was then investigated for each of the CNOs, and the 

slope of the graphs of capacitive currents against the scan rate allowed specific 

capacitances for each modified electrode to be estimated via Eq. 2 (Figure 17 (A) – 

(F) and Table 5), where the oxi-CNOs had the highest and p-CNOs had the lowest 

capacitances as expected. The p-CNOs was a benchmark for comparison as neither 

A B 

C D 
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heteroatoms were doped into the nanostructure and the material was unfunctionalised. 

The p-CNOs still displayed a high capacitance and the  pore size in a carbon network 

has a profound influence on the capacitance, where it has been reported that a smaller 

pore size in the carbon network of a nanomaterial will increase the capacitance due to 

the development of a surface area inaccessible to electrolytic ions in solution34. It was 

clearly observed that the CNO capacitance increased when doped with B and N atoms. 

This has been attributed to the increased porosity of the CNO surface and by surface 

defects caused by the B and N centres42, 43. The two oxidized CNOs (oxi-CNOs) on 

the other hand, were covalently modified with the introduction of carboxylic acid 

groups on their surface. These are interesting features as they can be used as a linker 

to attach polymers or other molecules to the CNO surface35. These groups also have a 

significant effect in increasing the capacitance of the oxi-CNOs which has been 

attributed to the generation of faradaic current from these electroactive groups and 

from the enhanced surface area through the opening and breakage of the graphitic 

layers of the CNO44. The capacitance of oxi-BN-doped CNOs, on the other hand, was 

expected to be greater than that of the oxi-CNOs due to the combined effect of the 

heteroams doped into the graphitic surface and the presence of the carboxylic acid 

groups, however the recorded value was lower than that of the oxi-CNOs. The 

capacitance was greater than that of the BN-doped CNOs indicating that the carboxylic 

acid groups had an effect but the functionalisation may have been carried out to a 

lesser degree due to the B and N doping, as this would decrease the number of possible 

functionalisation sites of the CNO surface. 
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Figure 17. CV overlay of 0.1M KCl at the (A) p-CNO, (B) BN-doped CNO, (C) oxi-

CNO and (D) oxi-BN-doped CNO modified GCE from -1.0V to 1.0V, vs Ag/AgCl 

over scan 10 – 100 mV sec-1.  
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𝐶𝑠 =  
𝐼

𝑣𝑚
…………………………………………………………………………… (2) 

where  = scan rate, m = mass of the CNOs (on the GCE surface in this case each 

GCE was loaded with 0.142 mg CNOs) and I is the current.

A 
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Figure 18 (A) Current density vs scan rate plots for the p-CNO (blue), BN-doped 

CNO (orange), oxi-CNO (green) and oxi-BN-doped CNO (red) modified GCEs 

(current measured at 0.5 V vs. Ag/AgCl), over a potential range of -1.0 – 1.0 V vs. 

Ag/AgCl from 10 – 200 mV s-1 in 0.1 M KCl resulting in 5.28 x 10-4 F cm-2. Specific 

capacitance measured as a function of scan rate with maximum at 10 mV s-1 for the 

(B) p-CNOs, (C) BN-doped-CNOs, (D) oxi-CNOs and (E) oxi-BN-doped CNOs. 

 

 

 

 

 

 

E D 

C B 
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Table 5. Comparison of capacitances, electroactive surface areas and surface 

coverages for each of the CNOs, with the oxi-CNOs having the highest capacitance, 

greatest electroactive surface area and surface coverage calculated for the faradaic 

waves associated with oxi- functional groups.   

 Capacitance 

 (F cm-2) 

Specific 

capacitance 

(taken at 0.1 

V) (F g-1) 

Electroactive 

surface area 

(cm2) 

Surface 

coverage 

 (mol cm-2) 

p-CNO/GCE 2.95 × 10-4 2.08 0.195 N/A 

BN-doped 

CNO/GCE 

4.59 × 10-4 3.24 0.190 N/A 

oxi-

CNO/GCE 

7.97 × 10-4 5.63 0.406 1.203 – 1.246 

× 10-10 

oxi-BN-

doped 

CNO/GCE 

5.28 × 10-4 3.73 0.174 3.885 – 5.674 

× 10-10 

 

Anionic and cationic redox probes were employed to examine the surface 

characteristics of each CNO modified electrode. Firstly, a 1 mM [Fe(CN)6)]
3/4- anionic 

redox probe was investigated (Figure 19 (A) – (D)). The oxi-CNOs showed the largest 

peak values for the oxidation process, while the oxi-BN-doped CNOs showed the 

largest value for the reduction process while the BN-doped CNOs showed the smallest 

oxidation and reduction peak values. The p-CNOs and BN-doped CNOs showed no 

preference for either oxidation or reduction but the oxi-CNOs and oxi-BN-doped 

CNOs favoured the cathodic process (involving [Fe(CN)6]
3-) over that of the anodic 

one due to the presence of the negatively charged carboxylic groups on the oxi-CNO 

and oxi-BN-doped CNO surfaces.  
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Figure 19. Cyclic Voltammetry at the (A) bare GCE, (B) p-CNO, (C) BN-doped 

CNO, (D) oxi-CNO and (E) oxi-BN-doped CNO modified GCEs relative to the 

background in 1 mM [Fe(CN)6]
3/4- (red curves) in 0.1 M KCl at 100 mV s-1 (black 

curves). 

 

Table 6. Comparison of the oxidation and reduction peak heights and potentials, ΔEp 

values Ep1/2 values and Jp ratios of 1 mM [Fe(CN)6]
3/4- at the bare and each of the 

CNO/GCEs. 

 Jp (a) (A 

cm-2) 

Ep (a) 

(V) 

Jp (c) (A 

cm-2) 

Ep (c) 

(V) 

ΔEp 

(V) 

Ep ½ 

(V) 

Jp (a)/Jp 

(c) 

Bare GCE 2.365 × 

10-4 

0.325 2.265 × 

10-4 

0.94 0.231 0.209 1.044 

p-

CNO/GCE 

1.938 × 

10-4 

0.275 1.976 × 

10-4 

0.112 0.163 0.193 0.981 

BN-doped 

CNO/GCE 

1.41 × 10-4 0.318 1.250 × 

10-4 

0.0411 0.287 0.18 1.128 

oxi-

CNO/GCE 

2.177 × 

10-4 

0.275 3.175 × 

10-4 

0.129 0.145 0.202 0.686 

oxi-BN-

doped 

CNO/GCE 

2.475× 10-

4 

0.291 2.403 × 

10-4 

0.122 0.169 0.207 0.956 

 

Voltametric examination in a 1 mM [Ru(NH3)6]
2+ cationic probe followed 

(Figure 20 (A) – (D)). Conversely to the anionic redox probe, the oxi-BN-doped 

E 
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CNOs showed the largest peak values for the oxidation process, while the oxi-CNOs 

showed the largest value for the reduction process. As per the anionic probe, the BN-

doped CNOs showed the smallest oxidation and reduction peak values. The oxi-CNO 

and oxi-BN-doped CNO modified GCEs showed the largest peak separation ΔEp, 

hindering electron transfer for the Ru2+/3+ process while favouring the cathodic process 

in each case due to anionic functional groups facilitating electron transfer of the higher 

oxidation state of Ru3+. 

  

  

A B 

C D 
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Figure 20. Cyclic Voltammetry at the (A) bare GCE, (B) p-CNO, (C) BN-doped 

CNO, (D) oxi-CNO and (E) oxi-BN-doped CNO modified GCEs (red curves) relative 

to the background (black curve) in presence of 1 mM [Ru(NH3)6]
2+ in 0.1 M KCl at 

100 mV s-1. 

 

Table 7. Comparison of the oxidation and reduction peak heights and potentials, ΔEp, 

Ep1/2 and Jp ratios of 1 mM [Ru(NH3)6]
2+ the bare and each of the CNO/GCEs. The 

bare GCE showed the largest peak oxidation value, whereas the oxi-BN-doped 

CNO/GCE gave the highest reduction signal. The oxi-CNO and oxi-BN-doped 

CNO/GCEs showed the largest peak separation. 

 

J
p (a)

 

(A/cm2) 

E
p (a)

 

(V) 

J
p (c)

 

(A/cm2) 

E
p (c)

 

(V) 

ΔE
p
 

(V) 

E
p 1/2 

 

J
p (a)

/J
p (c) 

 

Bare GCE 1.706×10-4 -0.149 1.660×10-4 -0.211 0.063 -0.180 1.028 

p-CNO/GCE 1.229×10-4 -0.135 1.728×10-4 -0.212 0.077 -0.173 0.711 

oxi-

CNO/GCE 1.295×10-4 -0.149 1.830×10-4 -0.260 0.112 -0.205 0.707 

BN-doped 

CNO/GCE 1.295×10-4 -0.148 1.877×10-4 -0.214 0.066 -0.181 0.687 

oxi-BN-

doped 

CNO/GCE 1.260×10-4 -0.149 1.977×10-4 -0.243 0.093 -0.196 0.638 

 

E 



165 
 

The electroactive surface area for the bare and each of the CNOs were obtained 

using chronoamperometry and were calculated using the Cottrell equation (3): 

𝑖 =
𝑛𝐹𝐴𝐶0√𝐷

√𝜋𝑡
…………………………………………………………………………(3) 

Where i is current, n is the number of electrons transferred, F is Faraday’s 

constant, A is the electrode surface area, C0 is concentration, D is the diffusion 

coefficient and t is time. This was carried out using 1 mM [Ru(NH3)6].Cl2, where the 

potential was held at –0.08 V vs. Ag/AgCl for 10 seconds. From these measurements, 

the currents were plotted against √1/t resulting in linear Cottrell plots (Figure 21 (A) 

– (H)). Using the slope from the Cottrell plots and the Cottrell equation, the 

electroactive surface area values were calculated to be 0.195 ± 0.01, 0.190 ± 0.01, 

0.406 ± 0.02 and 0.174 ± 0.01 cm2 for the p-CNO, BN-doped CNO, oxi-CNO and oxi-

BN-doped CNO modified GCEs, respectively (see Table 5). The wide variation in the 

electroactive surface area can be accounted for through the surface defects and 

modifications in the BN-doped and both oxidized forms of the CNOs. The p-

CNO/GCE have the lowest surface area as expected as the pristine surface consists of 

a network structure of pure carbon. Fewer surface defects are present due to the 

absence of doped heteroatoms and carboxylic acid groups. Although the electroactive 

surface area of the BN-doped CNO/GCE is lower than the p-CNO/GCE, the 

electroactive surface area of the BN-doped CNO/GCE was expected to be greater than 

that of the p-CNO/GCE due to surface defects present in the network through B and 

N doping. However, the capacitive effects of the B and N atoms present may have a 

significant contribution to the decrease of the electroactive surface area. The oxi-

CNO/GCE displayed the greatest electroactive surface area as expected due to the 

opening and breakage of the outer graphitic layer of the CNO surface. The 

electroactive carboxylic acid groups present on the oxi-CNO surface also contributes 

to the increased electroactive surface area. A combination of heteroatom doping and 

presence of carboxylic acid groups on the oxi-BN-doped CNO surface attributed to 

the increase in the electroactive surface area of the oxi-BN-doped CNO/GCE. The 

presence of the doped heteroatoms in the BN-doped CNO structure decreased the 

overall degree of CNO oxidation that they could undergo, resulting in fewer opening 

and breakage points on the outer shell, and thus, decreasing the number of carboxylic 

acid groups on the CNO surface attributing to the lower surface area than the oxi-

CNO/ GCE. The greater electroactive surface area of the two oxidized species may 
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also be influenced by the hydrophilicity of each oxidized CNO caused by the presence 

of the carboxylic acid groups on the CNO surface. 

A B 

C D 



167 
 

 

Figure 21. Chronoamperometry and corresponding Cottrell plots of the (A – B) p-

CNO, (C – D) BN-doped CNO, (E – F) oxi-CNO and (G – H) oxi-BN-doped 

CNO/GCEs. 

 

A practical issue arose regarding the 1 mg mL-1 suspensions employed 

whereby upon standing, precipitation of the materials occurred over time, being 

particularly evident with the p-CNOs and BN-doped CNOs. Both the oxi-CNOs and 

oxi-BN-doped CNOs were more stable in EtOH due to the more polar nature of the 

surface functional groups which aided dispersion.  In order to address this, various 

dilutions of the CNO of choice were made over 1/2, 1/5, 1/10 and 1/50 of the stock 1 

mg mL-1. Sonicating immediately prior to drop casting onto the electrode surface 

helped to maintain more controllable surface loadings.   

E F 

G H 
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The polar functional groups which were introduced upon acid treatment (oxi 

and oxi-BN-doped CNOs) made these materials promising candidates for 

electrodeposition of metal particles. Prior work investigated the deposition of 

nanoparticles onto p-CNOs for durable oxygen reduction, ultra-high energy 

supercapacitors and enhanced field emission behaviour24, 25. The CNOs used in 

previous studies were synthesised through the thermal annealing of nanodiamond 

powders, the combustion of white and thin cotton and through a methane cracking 

method24-26, 35. The Pt nanoparticles (PtNPs) were applied to the resulting CNOs using 

various methods. Firstly, the PtNPs were mixed well with rather than dispersed onto 

the CNOs as both particles were of similar size. The PtNPs were then surrounded by 

the CNOs, physically isolating them from other PtNPs, resulting in the Pt/CNOs24. 

Secondly, The CNOs were first activated with 2 M H2SO4 or 4 M HNO3 at 120 ºC 

followed by the treatment of the product with ethyleneglycol, deionized water and 

H2PtCl6 at 140 ºC, giving rise to Pt-CNOs25. The final Pt-CNO composites were 

prepared by initially activating the p-CNOs by refluxing overnight in HNO3. The 

resulting oxi-CNOs were then washed with deionised water and dried in an oven at 

120 ºC. The composite was prepared by the addition of 0.5 – 15 µL of 0.1 M H2PtCl6 

solution in H2O into 0.5 mL of a 0.2 mg mL-1 CNO suspension, ultrasonicated for 5 

min and then aged at room temperature for 24 hours26. From considering the prior 

work done using PtNPs on CNOs, a good foundation was laid down to apply the multi-

potentiostatic pulse method to an oxi-BN-doped CNO/GCE, resulting in an 

AuNP@oxi-BN-CNO/GCE, to be used for the determination of NAC. 

 

3.3.7.  Gold nanoparticle electrodeposition at the oxi-BN-doped carbon nano-onion 

modified electrode  

 

 The oxi-BN-doped CNOs were selected for AuNP deposition as firstly they 

represent the most novel material and secondly, they exhibited favourable electron 

transfer properties arising from the anionic/cationic probe studies. A dilution series 

was performed to optimise loading with resulting 0.1, 0.05 and 0.02 mg mL-1 

suspensions. 10 µL of each CNO suspension was drop-cast onto a freshly polished 

GCE and tested via cyclic voltammetry with 1 mM and 10 mM NAC. These NAC 

samples were also tested using a bare GCE, bare AuE and a bare PtE (Figure 22 (A) 
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– (F)). The NAC oxidation response was then compared (Figure 23 (A) – (B)), where 

the presence of the oxi-BN-doped CNOs did not increase the NAC oxidative response, 

but instead the NAC oxidative response decreased relative to the unmodified GCE. 

Interestingly, the signal decreased stepwise with decreasing oxi-BN-doped CNO 

concentration due to less active sites on the GCE surface provided by the CNOs. In 

order to investigate the influence of the AuNP on the modified GCE NAC signal, the 

pulse electrosynthesis method optimised above was employed with the aim to 

maximise the NAC response. 

   

 

A 

B 
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Figure 22. Voltammetry of 1 mM NAC (red) and 10 mM NAC (purple) in 0.1 M 

H2SO4 (black) at the bare (A) GCE, (B) bare AuE and GCEs modified with 10 µL of 

(C) 1 mg mL-1, (D) 0.1 mg mL-1, (E) 0.05 mg mL-1 and (F) 0.02 mg mL-1 oxi-BN-

doped CNOs from 0 – 1.4 V at 100 mV s-1. 

E 

F 
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Figure 23. Bar charts showing the oxidative response of (A) 1 mM and (B) 10 mM 

NAC at the bare GCE, bare PtE, bare AuE and GCEs modified with 10 µL of 1 mg 

mL-1, 0.1 mg mL-1, 0.05 mg mL-1 and 0.02 mg mL-1 oxi-BN-doped CNOs. The NAC 

response was recorded between 1.36 – 1.45 V at the bare and each oxi-BN-doped CNO 

modified GCE while the NAC peak was measured at 1.12 and 1.11 V for the bare PtE 

and bare AuE respectively. 

A 

B 
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The combination of AuNPs with oxi-BN-CNOs were investigated at GCEs 

modified with 10 µL of each oxi-BN-doped CNO samples (1 mg mL-1, 0.1 mg mL-1, 

0.05 mg mL-1 and 0.02 mg mL-1). This was carried out by firstly drop-casting the 

CNOs onto the fresh GCE surface. Once dried, the AuNPs were electrochemically 

deposited using the optimised multi-pulse potentiostatic method, as described in 

sections 4.2 and 4.3. Once the AuNPs were deposited onto each oxi-BN-doped 

CNO/GCE, the resulting AuNP@oxi-BN-CNO/GCE were tested with 1 mM and 10 

mM NAC samples in 0.1 M H2SO4 by cyclic voltammetry from 0 – 1.5 V at 100 mV 

s-1 (Figure 24 (A) – (D)). Both NAC concentrations were compared (Figure 25 (A) – 

(B)) with the greatest response observed with the AuNPs electrodeposited at the GCE 

modified with 10 µL of the 0.02 mg mL-1 of the oxi-BN-doped CNO suspension, thus 

identifying the optimum AuNP@oxi-BN-doped CNO. This may have been due to a 

large amount of CNOs at the surface of the GCE. At lower concentrations, the oxi-

BN-doped CNO solutions were more homogeneously suspended, which gave rise to 

more uniform loadings each time onto the GCE. This thinner layer may have been 

beneficial to the AuNP electrodeposition process as more active sites on the CNO 

surface would have been accessible to Au3+ ions in solution. At higher oxi-BN-doped 

CNO concentrations, the CNOs clumped together which resulted an ununiform CNO 

coating which would thus impact the electrodeposited AuNPs.  
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Figure 24. Voltammetry of 1 mM NAC (red) and 10 mM NAC (purple) in 0.1 M 

H2SO4 (black) GCEs modified with 10 µL of (A) 1 mg mL-1, (B) 0.1 mg mL-1, (C) 

0.05 mg mL-1 and (D) 0.02 mg mL-1 oxi-BN-doped CNOs and the optimised AuNPs 

from 0 – 1.5 V at 100 mV s-1. 

D 

C 
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Figure 25. Bar charts showing the oxidative response of (A) 1 mM and (B) 10 mM 

NAC at the bare GCE, bare AuE and AuNP@ 10 µL of 1 mg mL-1, 0.1 mg mL-1, 0.05 

mg mL-1 and 0.02 mg mL-1 oxi-BN-doped CNO/ GCEs. 
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Firstly, the AuNP@oxi-BN-doped CNO/GCE electroactive surface area was 

determined by estimating the charge passed during the Au reduction process and 

comparing to the  gold charge density factor (340 µC cm-2)45. The resulting 

electroactive surface area of the AuNP@oxi-BN-doped CNO/GCE was calculated as 

0.111 cm2 (relative to 0.0822 cm2 for the bare AuE). The AuNP@oxi-BN-doped 

CNO/GCE was then characterised electrochemically via scan rate studies, redox probe 

and subsequently EIS analyses. Firstly, a scan rate study was performed at the 

AuNP@oxi-BN-doped CNO/GCE. This was carried out from 0.4 – 1.5 V over 10 – 

200 mV s-1. In this study the anodic and cathodic faradaic processes were monitored 

with respect to increasing scan rate. The anodic and cathodic responses increased 

linearly with respect to increasing scan rate (Figure 26 (B)). Equation 4 was used to 

estimate the surface coverage (Γ) of the AuNP@oxi-BN-doped CNO/ GCE which was 

found to lie within 1.775 – 1.609 × 10-10 mol cm-2. 

𝐼𝑝 =
𝑛2𝐹2

4𝑅𝑇
𝐴𝑣𝛤…………………………………………………………………….(4) 

 where Ip is the peak current (A), n is the number of electrons exchanged, F is 

Faraday’s constant (96,485.33212 C mol-1), R is the universal gas constant (8.3145 J 

K-1 mol-1), T is temperature (K), A is the electrode surface area (cm2), v is the scan rate 

(V s-1) and Γ is the surface coverage value (mol cm-2). 

 An anionic redox probe which comprised of 5 mM [Fe(CN)6]
3/4- in 0.1 M 

NaOH was used to further characterise the AuNP@oxi-BN-doped CNOs. The 

voltammogram of the redox probe in Figure 27 (A) displayed similar effects to that  

at the AuNP/GCE in Figure 11 (A) where the peak separation drastically decreased 

in the presence of the AuNP@oxi-BN-doped CNOs, indicating that the electron 

transfer process was much easier at the modified GCE. The [Fe(CN)6]
3/4- anodic and 

cathodic peaks were also more prominent at the AuNP@oxi-BN-doped CNO/GCE 

than at the bare GCE, further indicating that the presence of Au on the electrode 

surface increased the accesibility of the surface. 

 EIS investigations followed using 5 mM [Fe(CN)6]
3/4- in 0.1 M NaOH over 0.01 – 

100,000 Hz with an amplitude of 5 mV. Information regarding the initial resistance 

(Rs) and the charge transfer resistance (Rct) of the AuNP@oxi-BN-doped CNO GCE 

were obtained, which were slightly lower than those obtained at the AuNP/GCE. The 

capacitances were also obtained at each electrode. In each case the capacitances of the 
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AuNP and the AuNP@oxi-BN-doped CNO/GCEs were higher than that of the bare 

GCE as expected (Table 5) possibly due to the capacitive nature of the oxi-BN-doped 

CNOs used in the AuNP@oxi-BN-CNO/GCE.  

 

Figure 26 (A) Voltammetry of the AuNP@oxi-BN-doped CNO/GCE in 0.1 M H2SO4 

from 0.4 – 1.5 V from 10 – 200 mV s-1. (B) Plot of scan rate vs current density 

monitoring the anodic and cathodic faradaic Au responses of the AuNP@oxi-BN-

doped CNO/GCE.  

A 
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Figure 27 (A) Voltammetry of 5 mM [Fe(CN)6]
3/4- in 0.1 M NaOH at the bare (black) 

and AuNP@oxi-BN-doped CNO/GCE (purple) from -0.2 – 0.6 V at 100 mV s-1. (B) 

Nyquist plot of the bare GCE (black) and the AuNP@oxi-BN-doped CNO/GCE 

(purple) in 5 mM [Fe(CN)6
]3/4- in 0.1 M NaOH with n from 0.01 – 100,000 Hz with 

an amplitude of 5 mV. Simulated EIS data is shown by the dashed line. E = 0.221 V 

and 0.209 V for the bare and AuNP@oxi-BN-doped CNO/GCEs, respectively. (C) 

Zoomed in image of the Nyquist plot highlighting the arc from the AuNP@oxi-BN-

doped CNO/GCE.  

 

From examining the Bode plots of the bare GCE and AuNP@oxi-BN-doped 

CNO/GCE (Figure 28), the stability of each electrode was demonstrated. Firstly, the 

Gain Margin of the AuNP@oxiBN-CNO-doped GCE was calculated as 2.19 Db 

(2.961 Db for the bare GCE), thus the positive values demonstrate the stability of both 

electrodes. 

 From examining the Bode plot in Figure 28 (B), maximum phase was 

determined as -72.7º, and -35.9º for the bare GCE and AuNP@oxi-BN-doped 

CNO/GCE, respectively. The high phase angle indicates that the AuNP@oxi-BN-

doped CNO/GCE displays some capacitive properties, however conductive properties 

are more prominent. This was also observed for the AuNP/GCE. The curve for the 

bare GCE occurs at a larger phase angle at lower frequencies, which suggests lower 

ionic permeability and therefore greater insulating properties of each of the Au 

modified GCEs, where the curve occurs at a lower phase angle and at higher 

frequencies.  

C 



181 
 

The slope of the Bode magnitude plot (Figure 28 (A)) gives an indication on 

the resistance and capacitance of the electrode in question. The slope of the bare GCE 

was calculated as -0.83, and at higher frequencies it was calculated as 0.0414 at higher 

frequencies, thus demonstrating the capacitive behaviour of the bare GCE. For the 

AuNP/GCE, the slope was calculated to be -0.47, and -0.41 at higher frequencies, 

demonstrating the low capacitance of the CuF/GCE. These results support the highest 

capacitance of bare GCE followed by the AuNP/GCE. 

  

 

Figure 28. Corresponding experimental (solid lines) and simulated (dashed lines) 

Bode plots of the AuNP@oxi-BN-doped CNO/GCE (purple) and bare GCE (black) in 

5 mM [Fe(CN)6]3/4- in 0.1 M NaOH with n from 0.01 – 100,000 Hz with an amplitude 

of 5 mV, where (A) shows the log of the frequency vs gain and (B) shows the log of 

the frequency vs the phase angle. 
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Table 8. Comparison of the peak heights and potentials of 5 mM [Fe(CN)6]
3/4- at the 

bare and AuNP@oxi-BN-doped CNO/GCEs. 

 Jp (a) (A cm-2) Ep (a) (V) Jp (a) (A cm-2) Ep (c) (V) Δ Ep (V) Ep 1/2 (V) Jp (a)/Jp (c) 

Bare GCE 8.61 × 10-4 0.554 7.89 × 10-4 -0.112 0.666 0.221 1.092 

AuNP@oxi-

BN-

doped/GCE 

1.17 × 10-3 0.28 1.07 × 10-3 0.137 0.143 0.209 1.094 

 

Table 9. Comparison of the Rs, Rct and capacitances obtained from the EIS spectra for 

both simulated and experimental data obtained at the bare and AuNP@oxi-BN-doped 

CNO/GCE. 

 Bare GCE AuNP@oxi-BN-doped 

CNO/GCE 

 Experimental Simulation Experimental Simulation 

Rs (Ohm) 69.30 ± 0.66 67.30 ± 0.77 70.72 ± 1.18 73.90 ± 0.89 

Rct (Ohm) 13560.70 ± 

389.86 

13662.64 ± 

391.97 

305.28 ± 17.22 304.10 ± 18.02 

Capacitance 

(F) 

7.56 ± 0.24 × 

10-7 

6.33 ± 0.25 × 

10-7 

1.31 ± × 10-6 1.74 ± × 10-6 

Gain Margin 

(Db) 

2.96 ± 0.03 2.95 ± 0.04 2.191 ± 0.03 2.226 ± 0.02 

Phase Margin 

(º) 

55.9 ± 1.1 59.1 ± 1.5 20 ± 1.3 22.8 ± 1.2 

 

3.3.8. Surface analysis of the electrodeposited gold nanoparticles on oxi-BN doped 

carbon nano-onion modified electrodes 

 

 From examining the HR-SEM images of the AuNP@oxi-BN-CNO/GCEs, 

clear Au structures were visible on the GCE surface (Figure 29 (A) – (D)). The 

structures were dendritic, irregularly shaped coral-like gold structures with gold 

protrusions radiating from a central point. Unlike the AuNP/GCE, the AuNP@oxi-

BN-CNOs appeared to be much larger in size and seemed to join up in chains and 

clusters, forming a network-like structure at the GCE surface. The larger size of the 

AuNP@oxi-BN-CNOs may have been due to more nucleation sites for AuNP seeding 
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to occur. The abundance of nucleation sites has increased for two main reasons: 1) the 

CNOs would allow for a larger electrode surface area, and so more Au could be 

electrodeposited onto this larger area; and 2) the oxi-BN-doped CNOs have negatively 

charged carboxylic acid functional groups on their surface, which would have an 

affinity for the positively charged Au3+ ions in solution, thus allowing for a larger 

quantity of Au to be electrodeposited resulting in the larger particle size. This also 

accounts for how the gold protrusions radiate from a central nucleation point, with an 

oxi-BN-doped CNO at its centre. The oxi-BN-CNOs that were initially drop-casted 

onto the GCE were not visible at the surface post AuNP electrodeposition due to the 

carboxylic acid functional groups having an affinity for the Au3+ ions, ensuring that 

all oxi-BN-doped-CNOs being covered in gold.  

  

  

Figure 29. HR-SEM images of the AuNP@oxi-BN-CNO/GCE at 5,000 × (A), 10,000 

× (B), 25,000 × (C) and 50,000 × (D) magnifications.  

   

3.3.9.  Electrochemical determination of N-acetyl-L-cysteine at the AuNP@oxi-BN-

doped CNO modified GCE 

 

 Firstly, 1 mM NAC was examined by CV at the optimum AuNP@oxi-BN-

doped CNO/GCE. A very clear NAC oxidative response was observed at 1.05 V vs 

A B 

C D 
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Ag/AgCl, as shown in Figure 30. It was also noteworthy that the Au reduction peak 

was suppressed in the presence of NAC. This was then studied over 10 – 200 mV s-1 

and from plotting the scan rate against the peak height, it was clearly deduced that the 

process was adsorption controlled. A clear dependence on scan rate was observed as 

there was a 144 mV anodic shift of the NAC oxidative process (Figure 31 (A) – (C)). 

The AuNP@oxi-BN-doped CNO/GCE was then cycled in 1 mM NAC (Figure 32 

(A)) and the response was monitored in Figure 32 (B), where the NAC oxidative 

signal decreased significantly during cycles 1 – 5. After this point the signal continued 

to decrease but to a much smaller degree. This may have been due to adsorption of 

NAC to the Au on the GCE surface, diminishing the amount of NAC that could access 

the electrode surface, thus lowering the NAC response. NAC was than calibrated using 

two supporting electrolytes, the first being in 0.1 M H2SO4 and secondly in 0.1 M 

sodium acetate buffer (pH 4.45). These calibration studies employed constant 

potential coulometry where Eapp = 1.15 V for 5 s.  

  

Figure 30. Voltammetry of 1 mM NAC (red) in 0.1 M H2SO4 (black) at the 

AuNP@oxi-BN-doped CNO/GCE from 0 – 1.5 V at 100 mV s-1.  
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Figure 31 (A) Voltammetry of 1 mM NAC in 0.1 M H2SO4 at the AuNP@oxi-BN-

doped CNO/GCE from 0.4 – 1.5 V at 100 mV s-1. (B) Plot of the scan rate vs current 

density. (C) plot of the scan rate vs peak potential. 

C 
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Figure 32 (A) Voltammetry of 1 mM NAC in 0.1 M H2SO4 at the AuNP@oxi-BN-

doped CNO/GCE from 0.4 – 1.5 V at 100 mV s-1 for 15 cycles, cycles 1 and 15 shown 

in black and red respectively. (B) Plot monitoring the NAC response over 15 cycles. 

 

Firstly, NAC calibration studies were performed in H2SO4 at three electrodes 

in triplicate: at the bare AuE, the oxi-BN-doped GCE and at the AuNP@oxi-BN-

doped CNO/GCE (Figure 33 (A) – (B)). The oxi-BN-doped CNO/GCE displayed the 

lowest sensitivity at 1.39 ± 0.43 × 10-4 Q cm-2 mM-1 (n = 3), followed by the bare AuE 

(6.25 ± 0.49 × 10-4 Q cm-2 mM-1) (n = 3) and the AuNP@oxi-BN-doped CNO/GCE 

(1.11 ± 0.95 × 10-3 Q cm-2 mM-1) (n = 3). Secondly, NAC calibration was performed 

at the oxi-BN-doped CNO and at the AuNP@oxi-BN-doped CNO/GCEs in 0.1 M 

sodium acetate buffer (pH 4.45) (Figure 34 (A) – (B)). The oxi-BN-doped CNO/GCE 

yielded a sensitivity of 8.18 ± 1.64 × 10-5 Q cm-2 mM-1 while the AuNP@oxi-BN-

A 

B 
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doped CNO/GCE resulted in sensitivity of 4.76 ± 0.126 × 10-4 Q cm-2 mM-1. There 

was an overall 6-fold increase in sensitivity at the AuNP@oxi-BN-doped CNO/GCE 

relative to the oxi-BN-doped CNO/GCE. 

In both cases the AuNP@oxi-BN-doped CNO/GCE yielded the highest 

sensitivity. Although the sensitivity was higher in the 0.1 M H2SO4, the sensor in the 

sodium acetate buffer solution was chosen as the background electrolyte in order to 

avoid the more acidic conditions. The limit of detection (LOD) and (LOQ) values were 

then calculated as follows: 

 

𝐿𝑂𝐷 =  
3 × 𝜎 (µ𝐶 𝑐𝑚−2 𝑚𝑀−1)

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 (µ𝐶 𝑐𝑚−2 𝑚𝑀−1)
..............................................................................(5)  

𝐿𝑂𝑄 =  
10 × 𝜎 (µ𝐶 𝑐𝑚−2 𝑚𝑀−1)

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 (µ𝐶 𝑐𝑚−2 𝑚𝑀−1)
..............................................................................(6)  

 This resulted in LOD of 50.5 ± 0.13 µM for the AuNP@oxi-BN-doped 

CNO/GCE while 774 ± 90.93 µM was estimated in the case of the the oxi-BN-doped 

CNO/GCE, indicating that the AuNP@oxi-BN-doped CNO/GCE can detect NAC at 

concentrations 15.33 times lower than the oxi-BN-doped CNO/GCE. The LOQ value 

was also significantly lower at the AuNP@oxi-BN-doped CNO/GCE at 168 ± 0.44 

µM (LOQ = 2,581 ± 303 µM for the the oxi-BN-doped CNO/GCE), indicating that 

NAC can be quantified 15.36 times lower than at the oxi-BN-doped CNO/GCE using 

this electroanalytical technique (comparison of sensitivities, LOD and LOQ values for 

the AuNP@oxi-BN-doped CNO/GCE and oxi-BN-doped CNO/GCE shown in Table 

10). 
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Figure 33 (A) Coulometry of 0.199 – 2.53 mM NAC in 0.1 M H2SO4 at the 

AuNP@oxi-BN-doped CNO/ GCE (B) Corresponding calibrations of 0.199 – 2.53 

mM NAC in 0.1 M H2SO4 at the oxi-BN-doped CNO (black) AuNP@oxi-BN-doped 

CNO (red) modified GCE and bare AuE (purple) with E = 1.15 V for 5 s. (n = 3)  

A 

A 
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Figure 34 (A) Coulometry of 0.199 – 2.53 mM NAC in 0.1 M sodium acetate buffer 

(pH 4.45) at the AuNP@oxi-BN-doped CNO/GCE (B) Corresponding calibrations of 

0.199 – 2.53 mM NAC in 0.1 M acetate buffer (pH 4.45) at the oxi-BN-doped CNO 

(black) and the AuNP@oxi-BN-doped CNO (red) modified GCE with E = 1.15 V for 

5 s. (n = 3) 

 

 

 

 

 

 

 

 

A 
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Table 10. Comparison of the sensitivities, LOD’s and LOQ’s of the oxi-BN-doped 

CNO modified GCE and the AuNP@oxi-BN-doped CNO/GCE in 0.1 M sodium 

acetate buffer (pH 4.45)  

Electrode Sensitivity (µC 

cm-2 mM-1) 

LOD (µM) LOQ (µM) 

oxi-BN-doped 

CNO/GCE 

81.8 ± 16.4 774.0 ± 90.93 2581.0 ± 303 

AuNP@oxi-BN-doped 

CNO/GCE 

476.0 ± 12.6 50.5 ± 0.13 168 ± 0.44 

 

 

3.3.1.0. N-acetyl-L-cysteine sample analysis 

 

 Tablets containing 600 mg NAC were analysed where NAC was extracted 

such that the resulting solutions contained 1 mM and 2 mM NAC. The samples were 

analysed using coulometry via standard addition of 0.1 M NAC (Figure 35 (A)). The 

resulting calibration curve was then plotted (Figure 35 (B)) and the NAC 

concentration was calculated by allowing y = 0. Each sample was carried out in 

triplicate under the same conditions. The resulting sample recoveries was between 

89.14 – 108.85 % with percentage variability between 2.66 – 10.07 %. 
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Figure 35 (A) Coulometry of an NAC sample (blue) with 5 subsequent additions of a 

0.1 M NAC standard in 0.1 M sodium acetate buffer (pH 4.45) at the AuNP@oxi-BN-

doped CNO/GCE (B) Corresponding plot showing the NAC concentration series, 

where the sample concentration was observed where y = 0. (n = 3) 

 

 

 

 

 

 

 

 

A 
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Table 11. NAC sample analysis showing the expected NAC concentration, the NAC 

recovered and the % recovery of samples 1 – 5. 

Sample 

number 

Expected NAC 

concentration (mM) 

NAC recovered 

(mM) 

% Recovery of 

NAC 

1 1.97 1.982 100.63 ± 9.66 

2 1.979 1.764 89.14 ± 10.07 

3 2.0248 2.0017 98.86 ± 2.66 

4 0.99 0.971 98.05 ± 3.89 

5 1.0125 1.071 105.85 ± 7.47 
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3.4.0. Conclusions 

 

In conclusion, NAC was initially investigated at a bare GCE and AuE, where 

the proton dependant irreversible electro-oxidation process was investigated. From 

these investigations, the AuE showed the greatest NAC oxidative response and thus, 

led to investigating the use of gold nanoparticles (AuNPs) in maximising this 

response. A multi-potentiostatic pulse technique using 1 mM HAuCl4 in 0.1 M HCl 

was used in AuNP electrosynthesis. These were optimised by testing the resulting 

AuNPs with a 1 mM NAC standard and altering the electrodeposition parameters. 

Once the optimum conditions were identified, the optimum AuNPs were characterised 

using various electrochemical methods and techniques such as by using scan rate 

studies, redox probe analysis and electrochemical impedance spectroscopy. The 

combination of the AuNPs with CNOs were then investigated. Four CNO types, p-

CNOs, BN-doped CNOs, oxi-CNOs and oxi-BN-doped CNOs, were firstly 

characterised with the aid of scan rate studies and redox probe analyses, where it was 

found that the cathodic response at each CNO was favoured. The electroactive surface 

areas were also analysed, where the oxi-CNOs were found to have the greatest 

electroactive surface area, while the BN-doped-CNOs had the lowest. Their 

capacitances were also estimated where the oxi-BN-doped CNOs displayed the 

highest capacitance and the p-CNOs had the lowest. The oxi-BN-doped CNOs were 

selected to be used with the AuNPs to give AuNP@oxi-BN-doped CNO/GCEs. While 

developing the sensor, different concentrations of CNOs were applied and the 

optimum sensor was identified by testing with NAC standards. The optimum 

AuNP@oxi-BN-doped CNO/GCE was then characterised with the aid of scan rate 

studies, redox probes, and electrochemical impedance spectroscopy. A NAC 

calibration was then obtained via coulometry in both 0.1 M H2SO4 and 0.1 M sodium 

acetate buffer (pH 4.45) with sensitivities 1.11 × 10-3 Q cm-2 mM-1 and 4.76 × 10-4 Q 

cm-2 mM-1, respectively. Although the signal was higher in the H2SO4, the calibration 

was more reproducible in the sodium acetate buffer and the standard deviation was 

much lower for each data point. NAC commercial samples were then analysed in 0.1 

M sodium acetate buffer with a recovery of 89 – 105 % and combined standard 

deviation of 6.75 %. 
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4.1.0. Conclusion 

 In conclusion, this project expanded on the limited studies on the 

electrochemical determination of dexamethasone (DEX) and N-acetyl-L-cysteine 

(NAC), and the electrochemical characterisation of four novel types of carbon nano-

onions (CNOs), which included p-CNOs, BN-doped-CNOs, oxi-CNOs and oxi-BN-

doped CNOs with applications as electrode modifiers. The electrochemical synthesis 

of various metal nanoparticles was also investigated for the purpose of generating a 

sufficiently sensitive sensor for either DEX or NAC. 

This work advanced the electrochemical understanding of DEX under a variety 

of conditions. Firstly, a non-aqueous system, which comprised of 0.1 M LiClO4 in 

MeOH, was applied to quantify DEX, where an oxidative response was observed at 

1.3 V vs Ag/Ag+. The diffusion-controlled nature of this electrochemical oxidation 

process was demonstrated with the aid of a scan rate study. This anodic process was 

monitored at a bare GCE over the range 0.83 – 3.07 mM, which resulted in a sensitivity 

of 5.42 × 102 µA cm-2 mM-1 and R2 = 0.998. DEX was then examined at an unmodified 

GCE under alkaline conditions (0.1 M NaOH), where a distinct reduction signal was 

observed at -1.54 V vs Ag/AgCl, where with the aid of a scan rate study, the diffusion-

adsorption controlled behaviour was demonstrated. DEX quantitation was achieved 

over the range 0.0781 – 5 mM with sensitivity of 2.78 × 101 µA cm-2 mM-1 at an 

unmodified electrode (reduction process monitored). Optimum electro-synthesised 

copper film modified GCE were formed through a dual pulse potentiostatic method, 

where two oxidation processes at E(a) = -0.1 V and -0.4 V vs. Ag/AgCl and two 

reduction processes at E(C) = -0.35 V and -0.8 V vs. Ag/AgCl were observed 

respectively, resulting in surface coverage values in the range 3.492 – 2.065 × 10-9 

mol cm-2. Electrosynthesis of optimised CuMP/GCE using a triple pulse potentiostatic 

approach was also investigated, which resulted in two oxidation and two reduction 

processes resulting in surface coverage values within the range 1.69 – 6.32 x 10-9 mol 

cm-2. The optimum CuMPs and CuF were then characterised using a variety of 

electrochemical methods, scan rate studies, redox probe analysis and electrochemical 

impedance spectroscopy (EIS). When investigating the electrochemical behaviour of 

DEX at each Cu nanostructure modified GCE, an anodic shift in the cathodic response 

was observed accompanied by a second reduction process on the return cycle, which 

has been attributed to the dimerisation of two adjacent DEX molecules adsorbed to 
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the Cu surface. A quantitative study was then carried out via CV over 0.0781 – 5 mM 

at both Cu nanostructure modified GCEs, which resulted in sensitivities of 2.00 × 102 

µA cm-2 mM-1 and 1.13 × 102 µA cm-2 mM-1 for the CuF and CuMP modified GCEs 

respectively. With the CuF/GCE identified as the optimum electrode, DEX was 

extracted from a tablet sample made in house, which resulted in a recovery of 77.46 – 

87.91 %, with a 1.93 – 4.97 % variance between each sample. 

 Secondly, electrochemical investigations into N-acetyl-L-cysteine (NAC) 

were carried out with the overarching goal to achieve a highly sensitive 

electrochemical sensor to be used in NAC quantitative applications. Initially, NAC 

was investigated via CV at an unmodified GCE and AuE, demonstrating the 

irreversible proton-dependant electro-oxidation process. This was carried out in 

various electrolyte solutions, where the acidic media was shown to be most favourable, 

and in each case the AuE produced the greatest NAC response. This led onto 

investigations where gold nanoparticles (AuNPs) would be exploited to maximise the 

NAC oxidative response. A multi-potentiostatic pulse technique using 1 mM HAuCl4 

in 0.1 M HCl was employed for the electrodeposition of uniformly sized AuNPs. 

Optimisation was carried out through alteration of the electrodeposition parameters 

followed by testing the resulting AuNPs with 1 mM NAC standard. The optimum 

AuNPs were then characterised using a variety of electrochemical methods, scan rate 

studies, redox probe analysis and electrochemical impedance spectroscopy (EIS). The 

AuNPs were then combined with the use of CNOs to help increase the NAC response 

further. Firstly, four CNO types, p-CNOs, BN-doped CNOs, oxi-CNOs and oxi-BN-

doped CNOs, were characterised using scan rate studies, chronoamperometry (CA) 

and redox probe analysis, where the cathodic response was favoured at each CNO. 

The electroactive areas were estimated via CA, and the oxi-CNOs were shown to have 

the greatest electroactive area, whereas the BN-doped-CNOs had the lowest. 

Estimation of their capacitances was also performed where the oxi-BN-doped CNOs 

displayed the highest capacitance and the p-CNOs had the lowest. The oxi-BN-doped 

CNOs were then selected to be used in combination with the AuNPs, resulting in 

AuNP@oxi-BN-doped CNO/GCEs. Different CNO concentrations were investigated 

in development of this sensor, and each resulting sensor was then tested with a 1 mM 

NAC standard. The optimum AuNP@oxi-BN-doped CNO/GCE was then 

characterised with the aid of scan rate studies, redox probes, and electrochemical 
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impedance spectroscopy. A NAC calibration was then carried out via coulometry in 

H2SO4 and 0.1 M sodium acetate buffer with sensitivities 1.11 × 10-3 Q cm-2 mM-1 and 

4.76 × 10-4 Q cm-2 mM-1, respectively. Despite the higher sensitivity obtained in the 

H2SO4, there was a large standard deviation between each point, whereas in the 

sodium acetate buffer, the standard deviation was much lower for each data point. The 

more reproducible calibration in the sodium acetate buffer was then used to analyse 

NAC commercial samples, where a sample recovery of 89 – 105 % ± 6.75 % was 

obtained. 
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4.2.0. Future Work 

Going forward, future work could extend to further surface characterisation of 

the optimal electrodeposited CuF and CuMPs. DEX electroanalysis could also be 

carried out using DPV and constant pulse methodologies with the view to examine co-

analysis potential with respect to related and interfering molecules. Cu modified GCEs 

could be extended to the electrochemical determination of other compounds, with the 

aim to develop highly sensitive sensors that can be applied to the analysis of alternative 

pharmaceutical and wastewater samples. Alternatively, the combination of CuMPs 

with other nanomaterials, such as CNOs, or CNTs, would potentially change the 

morphology of the resulting Cu materials. These resulting nanomaterials could then 

be used in the quantitation of other compounds. 

Similarly, the AuNPs and AuNP@oxi-BN-doped CNO/GCE could be 

characterised further and applied to the quantitation of other compounds that contain 

thiol groups, such as D-penicillamine. An investigation into the combination of 

electrodeposited AuNPs with other CNMs could also be investigated in terms of their 

morphology and effectiveness in the quantitation of NAC and other thiol-containing 

drugs. Finally, interference studies could be established AuNP@oxi-BN-doped 

CNO/GCE to assess the selectivity and overall performance of the sensor. 

Overall, there is huge potential for the development of high performance 

electrochemical sensors to quantitatively analyse therapeutic small molecules, 

biomarkers, drug samples, pollutants and contaminants in water, where samples can 

be analysed quickly and efficiently, where future work investigating their selectivity 

will ensure the reliability of such electrochemical sensors. 
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4.3.0. Poster Presentations and Conferences Attended 

• Attended European Cooperation in Science and Technology Action ASAP 10 

– 11th February 2021 

• “Electroanalysis of small molecule therapeutics relevant to COVID-19” 

ISE/RSC Electrochemistry Irish Meeting for Early Career Researchers, 27th 

May 2021 

• “Dexamethasone Electroanalysis at Copper Nanoparticle Modified Electrodes 

formed using a Potentiostatic Triple Pulse Sequence” 240th ECS meeting, 11th 

October 2021 

• “Dexamethasone Electroanalysis at Copper Particle Modified Electrodes 

formed using a Potentiostatic Dual-Pulse Sequence” SCI Electrochem 

Postgraduate Conference, Loughborough University, The United Kingdom, 

25th May 2022 

• “Dexamethasone Electroanalysis at Copper Particle Modified Electrodes 

formed using a Potentiostatic Dual-Pulse Sequence” 73rd Irish Universities 

Chemistry Colloquium, UCD, Ireland, 15 – 16th June 2022 

 

 

 

 

 

 

 

 

 

 

 

 



207 
 

4.4.0. Manuscripts at Draft Stage 

1. Dexamethasone Electroanalysis at Copper Particle Modified Electrodes with 

Pharmaceutical Sample Analysis, E. Murphy, S.K. Guin, E. Dempsey, in 

preparation for submission to Electroanalysis. 

2. Electrochemical Sensing of N-acetyl cysteine at Nanogold Modified 

Electrodes, E. Murphy, S.K. Guin, E. Dempsey, in preparation for submission 

to The Analyst. 
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4.5.0. Modules and Credits Gained 

Code Module Title Credits 

CH801 Core Skills and Research Techniques in Chemistry 5 

CH803 Teaching Skills in Chemistry 5 

FM808 Seminar Series 5 

GST1 Professional Development and Employability 5 

 Total Credits = 20  

 


