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ABSTRACT 

Substance abuse is a serious problem worldwide. Among abused substances, 

tramadol and alcohol are one of many. There is an urgent need to use 

electrochemical method for their detection since electrochemistry methods are 

simple, low-cost, high sensitivity and can easily be miniaturised. This PhD work 

reports the first investigation on the application of nanodiamond-derived onion-like 

carbons (OLC) and conductive carbon black (CB) as (i) electrocatalysts for the 

detection of tramadol, and (ii) as support materials for nano-sized palladium 

electrocatalysts (Pd/OLC, Pd/CB, Pd-CeO2/OLC) for the detection of ethanol. The 

catalysts were characterised with X-ray diffraction (XRD), Raman, Brunauer–

Emmett–Teller (BET), Thermal gravimetric analysis (TGA), X-ray photoelectron 

spectroscopy (XPS), Scanning electron microscopy (SEM) and Transmission 

electron microscopy (TEM).  

For the detection of tramadol, OLC gave the best sensing performance compared to 

CB. Theoretical calculations (DFT simulations) predict that OLC is better because it 

allows for weaker interaction energy with tramadol (Ead = -26.656 eV) than CB (Ead = 

-40.174 eV). OLC-modified glassy carbon electrode (GCE-OLC) shows a wide linear 

calibration curve (55 – 392 M), high sensitivity (0.0315 A /M), low limit of 

detection (LoD) and quantification (LoQ) of 3.8 and 12.7 M, respectively. OLC-

modified screen-printed electrode (SPE-OLC) successfully detected tramadol in real 

tramadol drug and human serum. The OLC-based electrochemical sensor promises 

to be useful for sensitive and accurate detection of tramadol in clinics, quality control 

and routine quantification of tramadol in pharmaceutical formulations. 
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For the oxidation and detection of ethanol, Pd/CB, Pd/OLC and Pd-CeO2/OLC, were 

studied as catalysts. In comparison, adding ceria (CeO2) to Pd/OLC, the performance 

was enhanced significantly than in carbon-only support for palladium. GCE/Pd-

CeO2/OLC shows the best electrocatalytic performance (i.e., high current density, 

fast electron transport, etc). DFT calculation, supported by XPS and HRTEM data, 

predict that this high activity may be related to CeO2 modulating the electronic 

properties of the catalyst. GCE/Pd-CeO2/OLC gave wide linear range for ethanol 

sensing (38.5 – 286 mM), excellent sensitivity (0.00024 mA mM-1) and LoD of ~ 8.7 

mM. The GCE/Pd-CeO2/OLC shows excellent potential for application in real 

samples of commercial alcoholic beverages and human serum, with satisfactory 

recoveries (89 – 108 %).  
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CHAPTER 1 

INTRODUCTION 

The research problems, research aims and objectives, significance of the study 

and outline of the thesis are summarised in this chapter. 

1.1 Research Problems  

Drugs of abuse (DOA) are normally described as psychoactive substances 

used by individual or people for numerous reasons including (i) curiosity and 

peer influence amongst youth, (ii) prescribed drugs, that are initially deliberated 

for pain relief, are rather used for recreational activities and become addictive, 

(iii) religious belief (people use them for rituals), and (iv) an avenue to get 

creative inspiration. However, the DOA poses severe negative consequences 

on humans‟ health and the society at large. The consequences of the DOA on 

human body makes it to be classified into three categories: 

 Depressants: These substances may cause depression. 

 Stimulants: These substances stimulate the brain for alertness and 

accelerate activities like rapid heat rate, dilated pupils, increased 

blood pressure, nausea or vomiting and behavioral change (i.e., 

agitation, and impaired judgment). 

 Hallucinogens: These substances results in hallucinations and an 

“out of the world” feeling of dissociation from one‟s comportment, 

causing distorted sensory perception, delusion, paranoia and even 

depression.     
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Some of the DOA are tramadol, alcohol, cocaine, tobacco, marijuana, heroin, 

opioids etc. Tramadol and alcohol are amongst the most abused substances in 

the world that cause significant global risk factors, resulting in disability and 

premature loss of life [1]. The health implication of the tramadol and alcohol 

abuse leads to major economic cost such as health care and law enforcement 

expenditure, low productivity, and other unforeseen cost (i.e., harm to others) 

[2]. A study has shown that 1-15% of drivers on the highway drive in the 

influence of one or more DOA, thereby impairing their driving ability culpable of 

an accident [3]. Abusing of drugs and substances, particularly tramadol and 

alcohol is becoming a major challenge amongst our teeming youths in the 

society. Hence, there is need for law enforcement agents to be provided with 

devices that can detect the abused substances in individual or people on site, 

so that they could be easily prosecuted and perhaps may serve as deterrent to 

other youths and the elderly to desist from abusing these drugs. 

  

1.2 Rationale or Justifications 

The need for these drugs of abuse to be detected and controlled more 

effectively using less cumbersome, much simpler, faster and cost-effective 

techniques than the conventional techniques has become imperative. Different 

conventional methods such as Uv-visible spectroscopy, Raman spectroscopy, 

high-performance liquid chromatography, gas chromatography, 

spectrofluorometry and electrochemical technique have been proffered for 

detecting these abused substances, but there is limitation to the use of all the 

techniques for on-site detection of DOA, except the electrochemical techniques, 
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since the method consistently produce exceptional performance. Furthermore, 

the method is easy to carry out and can provide rapid detection and selectivity 

and sensitivity [4]. This finding informed our interest to design and fabricate the 

electrochemical-based devices for the detection of tramadol and alcohol, 

leading to the main crux of this study. This research holds a number of 

promises to the body of knowledge in that amongst other things it can 

potentially: 

 Provide us with faster and more sensitive techniques to determine drugs and 

substances of abuse like tramadol or alcohol in humans 

 Provide us with a more selective technique in the determination of tramadol 

and Alcohol. 

 Provide us with a less cumbersome, cost-effective and miniature facility to 

detect drugs and substances of abuse, e.g., tramadol, alcohol. 

This study can potentially add to the efforts in enhancing control of drug abuse 

(e.g., tramadol abuse,) and substances abuse (e.g., Alcohol abuse, and 

dangerous habits like driving under the influence of substances of abuse in 

society. The results obtained here can be extended to other drugs and 

substances of abuse. 

1.3 Research Aim and Objectives  

1.3.1 Aim of the study 

The aim of this study was to investigate the performance of nanocarbons- (i.e., 

onion-like carbon (OLC), carbon black Nanotubes and palladium-based (i.e., 

palladium on carbon (Pd/CB), palladium on carbon-ceria composite (Pd-CeO2/CB), 

palladium on OLC (Pd/OLC), palladium on OLC-ceria composite (Pd-CeO2/OLC) 
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electrode materials in the electrocatalytic detection of tramadol and alcohol, 

respectively. 

1.3.2 Objectives of Study 

The aim was achieved with the following:  

(i) To synthesize the nanocarbon-based materials (OLC, CB) and palladium-

based materials (Pd/C, Pd/C-CeO2, Pd/OLC and Pd/OLC-CeO2) using 

microwave-assisted methods. 

(ii) To characterize the nanocarbon-based materials (OLC, CB) and palladium-

based materials (Pd/C, Pd/C-CeO2, Pd/OLC and Pd/OLC-CeO2) using  

scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), energy-dispersive X-ray spectroscopy (EDX), ultraviolet-visible (UV-

vis) spectroscopy,  Fourier transform infra-red (FTIR), X-ray diffraction (XRD), 

Raman spectroscopy, X-ray photoelectron spectroscopy (XPS)  and 

Brunauer-Emmett Teller (BET), thermogravimetric analysis (TGA). 

(iii) Use of electrochemical technique such as cyclic voltammetry (CV), 

chronoamperometry (CA), square wave voltammetry (SWV), and 

electrochemical Impedance spectroscopy (EIS) to determine or measure the 

performances of the nanocarbon-based and palladium-based materials for the 

detection of tramadol and alcohol, respectively.  

1.4 Outline of the thesis  

Chapter 1 (Introduction): This is the introductory chapter of the thesis that explains 

the rationale, and objectives of this study, as well as illustrates the research 

problems, the research aims and objectives of the study.  
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Chapter 2 (Literature review): This chapter reviews recent literature that explains 

developmental trends for the detection of drugs and substances of abuse, 

particularly tramadol and alcohol, their mode of operations and application, electrode 

materials and their synthetic approaches, and description of electrochemical 

techniques employed in this study.  

Chapter 3 (Materials Characteristics Methods): This chapter explains, illustrates, 

and demonstrates all methodologies for the physical and electrochemical 

characterizations employed in this study.  

Chapter 4 (Electro-catalytic detection of tramadol): This chapter explains and 

discusses in detail the electro-catalytic detection of tramadol using the identified 

Nano-Carbons. 

Chapter 5 (Electro-catalytic detection of Ethanol):  This chapter explains and 

discusses in detail the electro-catalytic detection of ethanol using the identified 

Nano-Carbons. 

Chapter 6 (Conclusions and Recommendations): This chapter deals with the 

conclusions drawn from the study results and recommendations therefrom.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1  Rationale for the detection of tramadol and alcohol  

For some years detection of drugs and substances of abuse (notably, tramadol and 

alcohol which are the main focus of this PhD project) had been undertaken by health 

workers, providers, Doctors, Pharmacists, Nurses, researchers, and government 

departments to determine causes of some unpalatable symptoms experienced by 

some patients, and to ascertain the actual drugs or substances of abuse being used 

by such patients to effectively diagnose and prescribe accurately for the treatment of 

the symptoms.  

Sometimes public health units and departments undertake drug detections in areas 

where there are indications of environmental contamination sometimes from known 

drugs and substances of abuse (in their sources of water, in their soil, in the air etc) 

which by extension affects the health of the public to find interventions and 

mitigations in such occurrences. In recent times, societies have learnt to adopt 

preventive measures over and above curative interventions so, reasons or rationale 

for detecting drugs of abuse had extended beyond keeping the streams, ponds and 

sources of domestic water supply devoid of contaminants capable of causing danger 

to public health, the rationale for detecting drugs and substances of abuse has 

extended to over and above health professionals, police and other security agencies 

proactively and preventatively testing drivers, sportsmen and women, and citizens in 

general to identify illicit use of such drugs and substances on individuals which has 

critical undesirable effects not only on individuals but on society at large especially 
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as some of such drugs and their opioid and euphoric effects enable commission of 

social misdemeanours and violent crimes in the society.  

Drugs of abuse such as tramadol (Figure 2.1) and alcohol (Figure 2.2) are prevalent 

in many countries including Africa and Asian countries. Tramadol exhibits an effect in 

patients similar to that of opioid agonists, and tramadol abuse just like opioids as 

indicated seem to be a problem on the rise for a number of countries. Over and 

above other violent crimes associated with the abuse of tramadol, the relationship 

between tramadol and sexual function appears to be controversially linked to its 

increasing abuse. It is recorded that men with premature ejaculation may benefit 

from taking tramadol off label; however, these patients live “on a knife's edge” and 

are more likely to develop other sexual dysfunctions and dependencies. According to 

the work done by Hamid et al. [1] on tramadol abuse and sexual function, the 

problem of tramadol abuse is controversially driven by the pursuit of the supposed 

sexual benefits as against the potential risks of tramadol on different sexual functions 

including ejaculation, orgasm, erection, desire, and testosterone levels. 

Originally tramadol was never thought of being among abused substances and 

dependence potentials worldwide [1], however, recently in some African, Middle 

East, and West Asia countries it has become a serious issue. The 11 clinical trials 

conducted to evaluate tramadol benefit of premature ejaculation and were evaluated 

by 6 systematic reviews and 3 of which pooled data in a meta-analysis. Regarding 

abuse of tramadol for other sexual challenges such as low libido, erectile 

dysfunction, hypogonadism, and anorgasmia the evidence is inadequate. 

Tramadol may be effective substance in treating premature ejaculation. Early studies 

had challenges namely, selection, allocation, or assessment bias. Over the years, 

https://www.sciencedirect.com/topics/medicine-and-dentistry/opiate-agonist
https://www.sciencedirect.com/topics/medicine-and-dentistry/premature-ejaculation
https://www.sciencedirect.com/topics/medicine-and-dentistry/sexual-dysfunction
https://www.sciencedirect.com/topics/medicine-and-dentistry/testosterone
https://www.sciencedirect.com/topics/medicine-and-dentistry/meta-analysis
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fields to research drug abuse are emerging. Clinical research is one of the fields and 

studies are carried out on the negative effects, dose, and safety of drugs. The off-

label use of tramadol [2] which are in the increase costing the various countries 

heavily. 

On the part of ethanol, alcohol is the favorite beverage all over the world. Society 

consumes it to have fun or stress reliever. However, regular consumption may put 

health condition susceptible to chronic problems such as cardiovascular diseases, 

cancer, and digestive tract conditions [3-5]. Moreover, over consumption of alcohol 

at a short space of time may lead to violence and accidents [6]. Road accidents due 

to alcohol is a trend that occurs each an every year, especially in South Africa during 

festive season. Africa follow the global pattern. In 2004, young African males 

between the age of fifteen to twenty-four years experienced a disability-adjusted life 

years due to alcohol. The nexus between alcohol and infectious diseases are 

general not recognized and/or poorly addressed in Africa. Rehm et al.,[7] estimated 

that there was an increase in infectious diseases attributed to alcohol by 50% in 

Africa. Despite the increasing evidence, most cities and nations neglect importance 

of risk factor of alcohol on the epidemics burden of infectious diseases such as HIV 

and Tuberculosis. Studies conducted in 2004 and 2010 by Rehm et al., [7, 8] 

assessed alcohol-related diseases and injuries around the world and identified 

conditions of contributing factor. 

In closing, the negative impact of abuse of tramadol and ethanol (Figure 2.3) as 

indicated and its attributable injuries and disease burden in developing countries 

especially African nations is on the rise, hence confirming the relevance and 

importance of this study to develop more efficient, cost-effective methods of 

detection of these drugs. Various researchers such as [8,9], present the 
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epidemiological situation regarding alcohol as it relates to disease burden in Africa 

specifically giving details on alcohol exposure, and its impact on deaths and 

disability, using estimates from the World Health Organization (WHO) Global Health 

Estimates for outcome data and the WHO Global Status Report on Alcohol and 

Health (GSRAH) for risk relations. In addition, researchers present impact of ethanol 

abuse under different scenarios which include the impact of alcohol on HIV/AIDS 

incidence, economic costs of excessive alcohol consumption, alcohol abuse and 

dependence, excessive use of ethanol and impaired productivity, alcohol abuse and 

criminal justice system costs etc. [10] 

 

 

 

Figure 2.1: Isomeric structures of tramadol 
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Figure 2.2 Chemical Structure of Ethanol  

 

Figure 2.3 Pictures depicting faces of alcohol and drug abuse in the society 
(Courtesy: Bing images, assessed 15 March 2022) 
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2.2  Brief Overview of Current Detection Methods of Ethanol: Pros and Cons 

There are various detection methods already on record, and in literature to have 

been used to detect tramadol such as UV-visible spectroscopy, Spectrophotometry, 

High-performance Liquid Chromatography (HPLC), mass spectroscopy, 

Electrochemistry. etc.  

2.2.1 UV-Visible spectroscopy 

UV-visible spectroscopy “is a “form of Absorption spectroscopy. Absorption 

spectroscopy in the UV-Visible region is to be one of the oldest and most frequently 

employed technique in pharmaceutical analysis for qualitative, quantitative, and 

structural analysis of a substance in solution. UV-Vis spectroscopy is a widely used 

technique in many areas of science ranging from bacterial culturing, drug 

identification and nucleic acid purity checks and quantitation, to quality control in the 

beverage industry and chemical research [11]. This article will describe how UV-Vis 

spectroscopy works, how to analyze the output data, the technique's strengths and 

limitations and some of its applications.” 

Light has a certain amount of energy which is inversely proportional to its 

wavelength. Thus, “shorter wavelengths of light carry more energy and longer 

wavelengths carry less energy. A specific amount of energy is needed to promote 

electrons in a substance to a higher energy state which we can detect as absorption. 

Electrons in different bonding environments in a substance require a different 

specific amount of energy to promote the electrons to a higher energy state. This is 

why the absorption of light occurs for different wavelengths in different substances 

[12]. Humans are able to see a spectrum of visible light, from approximately 380 nm, 

which we see as violet, to 780 nm, which we see as red.1 UV light has wavelengths 

shorter than that of visible light to approximately 100 nm. Therefore, light can be 
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described by its wavelength, which can be useful in UV-Vis spectroscopy to analyze 

or identify different substances by locating the specific wavelengths corresponding to 

maximum absorbance (see the Applications of UV-Vis spectroscopy section) [12-

14].” 

 2.2.2.   Spectrophotometry    

Spectrophotometry “deals with measurement of the radiant energy transmitted or 

reflected by a body as a function of the wavelength. Here, the intensity of the energy 

transmitted is compared to that transmitted by some other system that serves as a 

standard [15,16]. It is a procedure often used for determining how much light is 

reflected by a chemical material by measuring the strength of light as a light beam 

travels through the sample solution.” 

 

2.2.3 Mass Spectroscopy 

Mass spectroscopy, also referred to as mass spectrometry, “is an analytic technique 

by which chemical substances are identified by the sorting of gaseous ions in electric 

and magnetic fields according to their mass-to-charge ratios. Simply put, mass 

spectroscopy separates the components of a sample by their mass and electrical 

charge [17,18]. The instruments used in such studies are called mass spectrometers 

and mass spectrographs.” 

 

2.2.4 High Performance liquid chromatography (HPLC) 

High Performance liquid Chromatography “was formerly referred to as High Pressure 

Liquid Chromatography. It is a technique in analytical chemistry used to separate, 

identify, and quantify each component in a mixture [19]. These existing techniques 
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employed for the detection of tramadol, alcohol and other drugs and substances of 

abuse have their advantages and disadvantages [20]. These techniques such as 

HPLC for instance used in the detection of tramadol exhibit the following:” 

  

(i) Sensitivity such that they can detect a very low concentration of tramadol.  

(ii) Selectivity, in that they can selectively detect tramadol in the presence of 

impurities and interferents.  

(iii) Re-usability such that they are stable enough to give the same results under 

similar conditions over time. 

However, they are fraught with some critical drawbacks in that some are 

(i) Cumbersome and not simple to use. 

(ii) Requires a well-skilled personnel and technical know-how to operate. 

(iii) Requires complicated set-up and does not allow on-site operation. 

Yet, electrochemical techniques have been reported to be more sensitive, more 

selective and more cost-effective.   

 

2.2.5 Electrochemical detection (Advantages & Disadvantages). 

Electrochemical detection is a powerful analytical method that can detect electric 

currents generated from oxidative or reductive reactions in test compounds. Its 

variants had been utilized in the detection of tramadol recorded in literature [22]. Its 

design can be simple and compact allowing construction of portable devices [23]. 

This electro-analytical technique can be divided into different types of 

conductometric, potentiometric, voltametric and amperometric methods etc. 

Electrochemical detection method has its advantages and disadvantages. The 
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advantages of electrochemical detection method relative to other detection methods 

include: 

 It has a low power requirement  

 Linear output and good resolution 

 High sensitivity and selectivity 

 Excellent repeatability 

 Wireless networking 

 Simple, compact and can be constructed into a portable device. 

The drawbacks of electrochemical detection methods include: 

 Short lifespan 

 Temperature fluctuation 

 Possible cross-sensibility 

 

2.2.6 Electrode materials   

2.2.6.1 Onion-Like Carbon (OLC)   

The Onion-Like Carbons (OLC) also referred to as Carbon Nano Onion (CNOs) or 

carbon onions are usually quasi-spherical nanoparticles made up of multi-layer 

concentric defective graphitic shells like multi-shell fullerene [33]. They are the latest 

discoveries of the carbon nanostructures which are currently very popular research 

in electrocatalytic analyses. They have properties different from other carbon 

nanostructures such as graphite [26, 34, 37, 41].  

The defective interconnects between the shells allow for the intercalation of small 

ions and molecules. They have a large surface area, small particle sizes and are 

porous with hectohedral and hexahedral structures which are synthesized by very 
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high temperatures (annealing) into small fine structures of about 5 -10µm [1, 23, 26]. 

This OLC is thermodynamically more stable than graphene because it is 

characterized by a curved structure which creates strong strains that causes a 

hybridization with partials sp3 character. 

The myriad properties enable the OLC to be utilized in areas such as: 

 Pharmaceutical drug delivery in the body. 

 Bioimaging. 

 Electrochemical sensing.  

 Electromagnetic shielding. 

 Electrical energy storage.  

 catalyst (and catalyst support),   

 cell imaging and selective sensing  

The Figure 2.4 below shows the  images of Onion Like Carbon. 

 

  

Figure 2.4 (A) HRTEM images of onion-like carbon (OLC) and (B) its structural 
representation. (Ugarte,1995).  
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2.2.6.2 Palladium Carbon on Carbon and Carbon-Ceria Supports as Catalysts  

Palladium based materials have recently been explored as excellent electrocatalysts 

for anion membrane fuel cells (AMFCs) [23,24]. The configurative architectural 

design of the AMFCs is advantageously mimic for the detection of ethanol in this 

study.  Platinum-based electrocatalysts have been exhaustively used and studied as 

catalysts for low temperature fuel cells, especially the direct ethanol fuel cell and in 

the preparation of sensors for detection of ethanol. However, the commercially 

available FC devices are too expensive and that could be traced to the use of bulk 

platinum (Pt) electrocatalysts to drive the reactions in acidic conditions.  

The reaction at the cathode is of major concern in fuel cell and ethanol detection 

devices, as it is extremely sluggish and necessitated the use of high loadings of Pt 

electrocatalysts [38] as opposed to the anodic reaction, which is about five times 

faster than the reaction at the cathode, with very little loading of Pt [39]. Moreover, 

the Pt electrocatalyst is rarely readily available due to scarcity. Nanotechnology is 

one strategy that has been employed to minimize the cost of the Pt electrocatalyst 

and MEA for the fabrication of fuel cell or ethanol detection devices through 

electrocatalysis [29–31]. Nanotechnology has brought about research ideas to 

reduce the loading of Pt electrocatalysts (ca. 20 %). The utilization of various carbon 

supports to achieve this end has been variously reported [32]. Another strategy that 

has been employed in these electrocatalytic technologies is a replacement of the 

acidic media of operation with alkaline media [26] as electrocatalysts have shown 

great performance in alkaline media due to the impressive characteristics of alkaline 

media. Consequently, it became the interest of this research work to explore Pd-

based carbon materials in alkaline conditions for the electrocatalytic detection of 

ethanol. 
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2.2.7 Tramadol and Ethanol    

2.2.7.1 Tramadol  

Tramadol is an opiate pain medication used in the treatment of moderate to 

moderately severe acute or chronic pain.  It is metabolized in the human body by 

Cytochrome P2D6 (CYP2D6) enzymes to produce its therapeutic effects through its 

active metabolites, O-desmethyltramadol [35,36]. Tramadol is formulated in different 

dosage forms including tablets, powders, injections etc. Tramadol acts in the central 

nervous system (CNS) by binding to the µ-opioid receptor neuron and is also a 

serotonin-norepinephrine reuptake inhibitor. It is these actions on the CNS that make 

tramadol cause dependency effect leading to addiction which poses a potential 

danger to consumers and the society at large. This gives rise to the need to detect 

tramadol in its traces and control the same amongst individuals and in society 

[35,36]. 

2.2.7.2 Ethanol 

Ethanol is an organic chemical compound. It is a simple alcohol with the chemical 

formula C₂H₆O. Its formula can be also written as CH ₃−CH ₂−OH or C ₂H ₅OH, and 

is often abbreviated as EtOH. Ethanol is a volatile, flammable, colorless liquid with a 

slight characteristic odour [37]. When ingested in large quantity causes drowsiness, 

blurred vision, impairs concentration and may lead to addiction in humans. The 

abuse of alcohol leads to health hazards and is often linked to criminal activities and 

public insecurity including traffic offences.  The Ethanol used in this work was 

absolute ethanol (ACS reagent, 99 % purity, and procured from MK Chemical). 
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2.2.8 Ferri-Ferrocyanide Solution.  

Ferrocyanide/Ferricyanide often referred to as Ferri/Ferro is a redox reaction couple 

commonly used in electrochemistry as a mediator for shuttling electrons between 

electro -active species dissolved in a solution and a working electrode [39,40]. The 

working electrodes (WE) used for this particular work are glass carbon electrode 

(GCE) and screen plated electrode (SPE) modified with carbon nano-materials with 

a Platinum wire (PI) counter electrode (CE) and the varying current or voltage is 

measured with respect to reference electrode, Ag/AgCl. 

2.2.9 Amstel Beer (4.0 % Alc) 

This is an alcoholic beverage whose brand originated from Amsterdam but currently 

manufactured and marketed locally in South Africa. This beer contains 4.0% alcohol 

and we utilized this to run a comparative ethanol sensing in this Project. 

2.2.10 Nederberg Wine (13.0 % Alc)  

Nederberg wines is one of South Africa's largest and most prominent lines of wines 

produced in the country. It is located beneath the Drakenstein Mountains in Paarl, 

Western Cape and produces a wide range of wines from across the Western Cape, 

from classic South African varieties. For this Project the wine utilized contains 13.0% 

alcohol. It is employed as one of proof of concepts of sensing ethanol in commercial 

products, discussed in the later section of this work.   

2.2.11 Interferents 

These are chemical substances that are found in real samples such as serum, blood, 

urine and utilized to ascertain the selectivity of sensor(s) in distinctly detecting the 

various sample materials in the presence of such materials. The examples of 
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interferents are uric acid, citric acid, ascorbic acid, Sodium Chloride Potassium 

Chloride, Urea, Ammonium Sulphate, Calcium etc, 
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CHAPTER 3  

MATERIALS AND METHODS 

 

INTRODUCTION 

The experimental and characterization techniques employed in this research are 

briefly summarised under this chapter. However, more information on the techniques 

and appropriate references are provided in chapters 4 and 5 that discuss in detail the 

results and discussion.  

3.1 Chemical Reagents  

The chemicals used in this work are listed in Table 3.1.  

 

Table 3.5 Chemical reagents used in this work 

Chemical Name Source 

Tramadol hydrochloride Sigma Aldrich / Merck 

Absolute Ethanol MK Chemical 

Potassium Hydroxide pellets Association of Chemical Entrepreneur 

(ACE) 

Detonated diamond particles NaBond Technologies / Gelon, China 

Carbon Black (Timical Super C45) Gelon (China) 

Human serum (Product #: H6914)  Sigma-Aldrich / Merck 

Austell Tramadol capsule 50 mg, 

tramadol HCl 50 mg, AUSTELL 

South Africa; Batch No.: MG 20567; 

Exp: 08/2023 

Local pharmacy 

KH2PO4 and K2HPO4 Sigma Aldrich / Merck 

K4Fe(CN)6 and K3Fe(CN)6 Sigma Aldrich / Merck 

Dimethyl Formamide (DMF) Sigma Aldrich / Merck 
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Nafion Sigma Aldrich / Merck 

Amstel Beer SAB MILLER 

Nederberg Wine Nederberg Wine 

Pure Nitrogen (N2) Afrox 

Alumina Powder Sigma Aldrich 

 

3.1 Material Characterization 

3.1.1 Powder X-ray Diffraction (PXRD) 

The powder XRD is a rapid non-destructive analytical technique with the operation of 

constructive interference of monochromatic X-ray, employed basically to determine 

phases and structures of crystalline samples, giving crystallographic information of 

the crystalline materials [1-3].  

3.1.2. Raman Spectroscopy 

Raman spectroscopy is a non-contacting, non-destructive technique employed to 

obtain both qualitative and quantitative molecular information from a sample. It is 

used to characterize a material by its unique vibrational and crystallographic 

information, which is derived from the material‟s electronic states and photon energy 

dispersion. A Raman spectrum is obtained by exciting a sample with a laser. The 

inelastic scattering of photons from the vibrations within the molecules is then 

measured at low wave number resolution. It is performed at room temperature and 

ambient pressure [4-10]. Raman spectroscopy is very useful in the characterization 

of carbon nanomaterials such as OLC, CB e.t.c. (their detailed structure and 

configurations). 
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3.1.3 Scanning electron microscopy (SEM)  

SEM was used to collect images of the samples. These images reveal information 

about the morphology and surface properties of each catalyst material [11]. It is a 

technique commonly used in the field of nanotechnology to visualize and examine 

nanoparticles and nanocomposites more closely. The procedure involves fixing a 

carbon tape to an SEM sample holder, and the sample (powdered) is sprinkled onto 

the carbon surface. A thin layer of platinum, gold, or carbon coating is then sputtered 

(≈100 Å) on the sample to ensure that the surface is conductive and not charging. 

This is a requirement for charging samples. The sample is then examined in a SEM 

chamber. Here, a fine beam of electrons is focused into a small probe which is used 

to scan over a sample. The interaction between the beam and the sample creates an 

emission of electrons and photons. The signals (back-scattered electrons, secondary 

electrons, transmitted electrons) emitted by the sample are observed on the 

detectors. The final product of the interaction of beams is the sample‟s image. A 

scanning electron microscope employs two image monitors. One monitor is used to 

observe the specimen and the other one is connected to a photo camera and is used 

to take images of the specimen.  

3.1.4 Energy-dispersive X-ray spectroscopy (EDX)  

EDX is employed for the identification of the elements in a given material sample. In 

other words, it is used for elemental analysis of the sample. The sample preparation 

for EDX is same as that of the SEM. It plays a complimentary role to the SEM 

analysis. (Page 29 highlighted) 

3.1.5 Transmission electron microscopy (TEM) analysis  

TEM is usually employed in the examination of the morphology of nanomaterials 

[12]. It helps to examine the microstructure of nanoparticles and nanocomposites. 
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TEM employs a nanometer-size electron probe with which it uniquely identifies and 

quantifies the structures of individual nanocrystals in a sample. TEM and SEM are 

similar, except that that the beam passes through the sample during TEM, while 

SEM studies the extrinsic structural morphology of the prepared Pd-based catalysts. 

Also, TEM can provide high-resolution images (up to 0.5 nm) of the samples from a 

high-powered beam of electrons accelerated at 120 kV to examine their intrinsic 

structural properties. In this research, a FEI Tecnai T12 TEM was used. 

3.1.6 Thermogravimetric analysis (TGA)  

The TGA is an analytical technique utilized with monitoring the weight changes of a 

material while the temperature is changed over time under a controlled temperature 

atmosphere [13]. This technique is used to analyze the thermal stability of a given 

sample. In this work, a Perkin Elmer Thermogravimetric analyzer (TGA)/Differential 

Thermogravimetric analysis (DTGA) 6000 was used for the TGA of the samples.  

3.1.7 Brunauer-Emmett-Teller (BET) surface area analysis  

Brunauer-Emmett-Teller (BET) analysis is employed to get this information about the 

specific surface area and porosity of materials. In this work, a Micromeritics TriStar II 

3000 was used. 

3.1.8 X-ray Photoelectron Spectroscopy (XPS)  

XPS is a surface-sensitive analytical technique that provides information on 

quantitative atomic composition and chemistry. It identifies elements in a sample, as 

well as their chemical states [14]. In this work, the XPS facility used was the Thermo 

brand of ESCAlab 250Xi (monochromatic Al kα (1486.7 eV, x-ray power of 300 W, 

and spot size of 900 µm, pass energy (survey) of 100 eV, pass energy  (hi-

Resolution) 20 eV, and pressure of <10-8 mBar).  
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3.2 Electrochemical Characterization Techniques 

3.2.1 Cyclic voltammetry 

This is a direct current (DC) electrochemical technique, which records the response 

in a current while a potential scan is applied to the working electrode at a constant 

scan rate in the forward and reversed directions, once or several times [15-17]. 

Cyclic Voltammetry (CV) is a standard technique used for determining the redox 

properties of a materials. It is the most popularly used electrochemical technique. In 

this technique, current signal is measured at a fixed potential range or window. It is 

used to acquire information about the properties and the characteristics of 

electrochemical process like the reversibility of a reaction, adsorption process, 

electron transfer kinetics, to determine the presence of intermediate in a redox 

reaction etc. The electrochemical equipment (potentiostat) is used to measure the 

current generated by the redox reaction, which is then plotted as current against 

applied potential, known as Voltammogram. In this process, the positive scan is the 

anodic (oxidation) process, while the backward scan is the cathodic (reduction) 

process. In general, the CV provides unique information about the redox properties 

of the material of interest such as reversibility or irreversibility, equilibrium potential, 

etc. This technique was used extensively in this PhD thesis (see Chapters 4 and 5 

for detail). 

3.2.2 Square wave voltammetry   

This technique is a form of linear potential sweep voltammetry that uses a combined 

square wave and staircase potential applied to a stationary electrode. It has found 

numerous applications in various fields, including medicinal and various sensing 

communities, hence useful in the characterization of materials used in the detection 

of tramadol.  
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3.2.3 Differential pulse voltammetry (DPV)  

Differential pulse voltammetry (DPV) (also differential pulse polarography, DPP) is 

a voltammetry method used to make electrochemical measurements and a 

derivative of linear sweep voltammetry or staircase voltammetry, with a series of 

regular voltage pulses superimposed on the potential linear sweep or stairsteps [15-

17].   

3.2.4 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a powerful analysis technique that 

helps to understand the electrode-electrolyte interfacial properties [16-18]. EIS helps 

to measure the electrical resistance during electrochemical reaction; measures the 

relationship between the imaginary part of the impedance (Z” or Zim) and the real 

part of the impedance (Z‟ or Zre). The plot of “Z” “versus Z‟ is called the Nyquist plot. 

The EIS parameters are usually obtained by fitting the experimental date with the 

electrical equivalent circuit, such as the Randles circuit shown below (Figure 3.3b). 

The Nquist plot (figure 3.3a) is a semi-circle at high frequency and a 45-degree rise 

at the low frequency region. From The Randles circuit (figure 3.3b), the Nyquist plot 

comprises resistance due to the electrolyte (Rs), resistance due to charge- or 

electron-transfer (Rct or Ret), double layer capacitance (Cdl) and the Warbug 

impedance (ZW) due to the diffusion of ions from the electrolyte to the electrode 

interface.” 

3.2.5 Chronoamperometry 

This “is an electrochemical technique in which the potential of the working electrode 

is stepped and the resulting current from faradaic processes occurring at the 

electrode (caused by the potential step) is monitored as a function of time. In this 
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work, chronoamperometric technique was used to measure current–time 

dependence of the concentrations of ethanol in electrolyte” solution (see Chapter 5). 

3.3 Evaluation of Electrochemical Sensor’s Figures of Merit. 

In this work, the electrochemical sensors of the glass carbon electrode (GCE), and 

screen-printed electrode (SPE) were modified with different nanomaterials and 

nanocomposites which were designed for the detection of tramadol and ethanol. The 

different modified electrodes were evaluated using the following criteria viz: 

sensitivity, limit of detection, limit of quantification, specificity studies, selectivity 

studies, and stability studies for possible application for use in real samples. These 

sensors showed good precision and accuracy as was recorded in the results section 

of this work. The different criteria used for the evaluation are discussed below: 

3.3.1 Sensitivity  

With sensitivity, “the extent to which the true positive will not be missed is tested 

using the modified electrodes to test different substrates in a solution and making 

sure that the true positive is not overlooked. The sensitivity in other words is the 

measure of the degree to which the sensor can dictate the concentration of the test 

materials. The sensitivity of the modified electrodes used was tested for the 

detection of tramadol and ethanol respectively and each result was recorded 

according to their performance in the results section. This parameter is determined 

as the gradient or slope of the plots of current response to concentration of the 

analytes (tramadol or alcohol).” 

3.3.2 Limit of detection  

Limit of detection (LoD) is an analytical expression used to determine the sensitivity 

of a given detection technique. LoD is the lowest analyte concentration likely to be 
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reliably detected by the sensor(s). It can also be defined as the lowest concentration 

of analyte that can be obtained which is statistically different from the blank sample 

at a given level of confidence. The (LoD) can be computed from the equation below:   

     
    

 
                                                                                                                                

where δ, m and LoD are the standard deviation of the plot, the slope of the fitted plot 

of current from voltammogram against the analyte concentrations and limit of 

detection, respectively. 

3.3.3 Limit of quantification  

The term means the analyte is detected at its lowest concentration with precise and 

accurate quantification. LoQ is given in equation below.  

     
   

 
          (3.2) 

where δ, m and LoQ are the standard deviation of the plot, the slope of the fitted plot 

of current from voltammogram against the analyte concentrations and limit of 

quantification, respectively. 

3.3.4 Specificity / Selectivity  

Specificity simply means the extent to which the electrochemical sensor can detect 

specific analyte irrespective of other interfering species.  

 

3.3.5 Repeatability / Stability   

The repeatability or stability of a sensor is its ability to be used repeatedly (over and 

over again) without a significant loss of activity or sensitivity.  
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CHAPTER 4 

Comparative Electrocatalytic Oxidation and Detection of Tramadol 

on Carbon-Based Materials 

Synopsis 

This Chapter discusses the first interrogation of the possible application of 

nanodiamond-derived onion-like carbons (OLC), in comparison with conductive 

carbon black (CB), as carbon electrocatalysts for the detection of tramadol (an 

important drug of abuse). It is clearly proven that OLC exhibits excellent 

electrocatalysis towards tramadol compared to the CB counterpart. The physico-

chemical properties of OLC and CB were determined using XRD, Raman, SEM, BET 

and TGA. The OLC exhibits, amongst others, higher surface area, more surface 

defects, and higher thermal stability than CB. Theoretical calculations (DFT 

simulations) predicts that the underlying science for the high performance of OLC is 

related to its weaker surface binding of tramadol (Ead = -26.656 eV) compared to the 

CB (Ead = -40.174 eV).  
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4.1 Introduction 

The abuse of addiction drugs is one of the major global health challenges with 

tramadol (TR) regarded as one of the most abused drugs [1, 2]. TR belongs to the 

phenanthrene opium alkaloids and, albeit being a weak opioid, it is a strong pain-

reliever and regularly used in the treatment of moderate to severe pain, especially in 

post-operative care [1, 3, 4]. TR hydrochloride is marketed as a racemic mixture of 

R- and S-stereoisomers, i.e., “(1RS,2RS)-2-[(dimethylamino)methyl]-1-(3-

methoxyphenyl)-cyclohexan-1-ol hydrochloride” (Figure 4.1) [5, 6] because the two 

isomers strongly complement the analgesic properties of each other. Unlike 

conventional opioid-based analgesics, its mechanism of easing pain is somewhat 

different: it inhibits the re-uptake of norepinephrine and serotonin thereby increasing 

their release [7]. TR is an addictive drug that has become a menace in most 

countries including African countries such as Nigeria, Ghana, etc leading to wide ban 

in African countries [8, 9]. TR is regarded as relatively safe when used at the 

prescribed dosage. However, tramadol overdose or intoxication leads to high levels 

of tramadol in the blood and serious consequences such as cardiac complications 

and death [10, 11]. In addition, TR is being implicated as an environmental risk [12-

14], especially in urban water pollution. High concentration of TR is required to 

achieve the therapeutic effect in patients. However, only 65 – 70% of the TR dosage 

is metabolized and absorbed by the body, while the remaining unmetabolized drugs 

(ca. 35%) is excreted in the urine which can find its way into the surface and 

underground water reserves [12-14]. 

Based on the above health and environmental challenges of TR, there have 

been consistent efforts amongst sensor researchers on developing simpler methods 

for rapid, sensitive and selective detection of TR in its pharmaceutical formulation 
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and human biological samples. The detection of opioids in patients‟ samples involves 

the use of standard techniques, notably the high-performance liquid chromatography 

(HPLC) [15], including the HPLC integrated with diode array detectors (HPLC-DAD) 

[4], or with mass spectrometer (HPLC-MS) [3, 16], solid-state 

electrochemiluminescence [17], and solid-phase extraction with UV-vis 

spectrophotometry [18]. These HPLC-based techniques are bulky and expensive 

techniques that require high-level expertise to perform. The need for fast and 

accurate detection of TR to curb the abuse has necessitated the intense exploration 

of the electrochemical techniques as viable alternatives [13, 19-33]. Electrochemical 

methods are associated with several advantages including low-cost, rapidity of 

detection, simplicity of operation with basic training skills, and ease of miniaturization 

for point-of-care usage. 

 

 

Figure 4.1 Isomeric structures of commercial tramadol hydrochloride 

 

To date, carbon-based electrodes remain the most famous sensors for the 

detection of TR, which includes multi-walled carbon nanotubes (MWCNTs) [24], 

graphene modified with metal oxide [21], graphene oxide (GO) integrated with 
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MWCNTs [28], and carbon nanoparticles (CNP) [33]. These carbon materials have 

been reported to exhibit different sensitivity for electrocatalytic detection of TR. 

However, we are not aware of any report that provides a basic understanding on the 

possible reasons for the differences in the sensitivities.  

In this work, we investigate the application of onion-like carbon (OLC) as 

electrocatalyst for tramadol and compare its performance with a well-known 

conductive carbon black (CB) (i.e., Super C45). In 2002, Keller and colleagues [34] 

were the first to publish the use of OLC as a catalyst for the synthesis of styrene. 

There are few reports on the use of OLC in electrochemistry, especially in the field of 

energy storage,[35-39] but its use in electrocatalysis has rarely been explored.[40-

43] This work show OLC is a viable carbon catalyst for tramadol detection compared 

to the CB counterpart. Preliminary theoretical insights (DFT calculations) predict that 

the possible reason for the high electrocatalytic performance of the OLC is because 

the adsorption energy of tramadol onto the surface of OLC is weaker than on the 

surface of CB. 

4.2 Experimental section 

4.2.1 Materials, reagents and methods 

Conductive carbon black (TIMICAL SUPER C45, 45 m2/g) “was obtained from 

Gelon, China, while OLC was synthesized from high purity (98–99%) nanodiamond 

powder (NaBond Technologies) by annealing in a muffle furnace at 1300 oC for 3 h 

in an argon atmosphere. All other reagents were of analytical grade and purchased 

from Sigma-Aldrich without further purification. Human serum (product number: 

H6914) was obtained from Sigma-Aldrich / Merck, while tramadol pharmaceutical 

formulation (Austell tramadol capsule 50 mg, tramadol HCl 50 mg, AUSTELL South 
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Africa; Batch No.: MG 20567; Exp: 08/2023) was donated from a local pharmacy 

store.”  

 

4.2.2 Physical property characterization 

The powder X-ray diffraction “(PXRD) for OLC and CB were characterized using 

Bruker D2 Phaser (Cu-Kα X-rays at =1.5406 Å)” to investigate the extent of 

crystallinity. Morphology of the samples were established by “Scanning electron 

microscopy (SEM). The specific surface areas of the samples were obtained with the 

Brunauer-Emmett-Teller (BET) method using the Micromeritics TriStar II 3000 area 

and porosity analyzer instrument. Raman spectroscopy (Bruker Senterra laser 

Raman spectrometer) was used to verify the extent of graphitization of the carbon. 

bond vibration. Thermal properties were investigated with the Perkin Elmer 

Thermogravimetric analyzer (TGA) / Differential Thermogravimetric analysis (DTGA) 

6000. In a standard run, 10 mg of the samples were placed into a high-temperature 

alumina sample cup that was supported on an analytical balance located in the 

furnace chamber of the analyzer and the sample was heated in the air (5 °C min-1) 

from 35 to 900 °C. Initially, the instrument uses nitrogen gas for purging (20 mL min-

1) while holding at 35 °C for 5 min.” 

4.2.3 Electrochemical detection procedure 

Electrochemical measurements were conducted with the “SP300 Bio-Logic 

Potentiostat (running on EC-Lab software). A three-electrode configuration was 

used: glassy carbon electrode (GCE, diameter 3.0 mm, 0.071 cm2) modified with 

either OLC or CB ink as the working electrode, a platinum wire as the counter 

electrode, and a Ag|AgCl, 3 M KCl electrode as the reference electrode. Ultrapure 
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water of resistivity 18.2 MΩ cm was obtained from a Milli-Q Water System (Millipore 

Corp., Bedford, MA, USA) and used throughout for the preparation of solutions. 

Analytical grade KH2PO4 and K2HPO4 were used for the preparation of the 

phosphate buffer solutions (PBS, pH 7.4). The GCE was cleaned by proper polishing 

on a pad using alumina (Al2O3; nanopowder Aldrich) slurry followed by ultrasonic 

stirring in ethanol and acetone. The carbon ink was prepared by dispersing the 

powder (1 mg) in ethanol (1 mL) and adding 100 µL of Nafion (5 wt%) to increase the 

adhesion of the catalyst material on the GCE. The mixture was sonicated for 30 min 

to obtain a homogeneous mixture. The catalyst ink (10 µL) was then deposited on 

the GCE in a dropwise fashion and allowed to dry (Figure 4.2).  Electrochemical 

impedance spectroscopy (EIS) experiments were carried out in the frequency range 

of 100 kHz and 10 mHz at an amplitude of 10 mV. Redox probe (3 mM 

K4Fe(CN)6/K3Fe(CN)6 (1:1 mol ratio) dissolved in 0.1 M KCl) was used to determine 

the charge-transfer kinetics of the GCE-immobilized carbon catalysts. The EIS was 

performed at an equilibrium potential (E1/2) of the redox probe (0.15 V vs Ag|AgCl, 

3 M KCl) as observed from prior cyclic voltammetry experiments. For real sample 

analysis (i.e., commercial tramadol capsules and in human serum), only OLC-

modified screen-printed carbon electrodes (SPCE, DropSens) were used. The DPV 

parameters were 50 mV (pulse amplitude), 0.05 s (pulse width) and 0.2 s (pulse 

period).” 
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Figure 4.2 Electrode modification for tramadol electrocatalytic oxidation and sensing. 
The images are modified from the photographs obtained from electrode suppliers: 
(A) courtesy of BASi, copyright 2022; and (B) courtesy of Metrohm Dropsens, 
copyright 2022). 

“The modified electrodes (of GCE and SPE) were used to conduct the 

electrocatalysis and detection of TR drug samples (pure raw TR and pharmaceutical 

formulation). Prior to measurements of the TR, blank electrolyte scans were run 

several times until a stable background current was achieved. The DPV scans in 

PBS buffer solution were measured for several concentrations of the tramadol 

hydrochloride by successively injecting into the cell with a micropipette from a stock 

solution (0.5 nM TR). For the human serum measurements, the serum was diluted 

as 1:100 in PBS, and TR was injected from the stock solution.” 

 

4.2.4 Density functional theory (DFT) calculations 

DFT “simulations were performed at the super-computational facilities at the Centre 

for High-Performance Computing (CHPC, Cape Town, South Africa) using the 

BIOVIA Material Studio Suites and employing adsorption locator tool module. TR 
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was used as the adsorbate on both CB and OLC models. Supercells of 3 x 3 were 

modelled for carbon electrocatalysts, followed by geometric relaxation calculations 

with threshold energy set at 10-6 eV for convergence to be achieved. The modelled 

TR was cleaned using Material Studio cleaning tool, prior to its‟ adsorption. The 

minimum adsorption distance was set at 5 Å. DMoI3, another module of the BIOVIA 

Materials Studio, was used to calculate the electronic properties. The same 

threshold energy as that used for adsorption was set for the calculations of electronic 

and energy properties. Condensed-phase Optimization Molecular Potential for 

Atomistic Simulation Studies (COMPASS), forcefield was used since it guarantees 

reliable theoretical results.”   

4.3 Results and discussion 

4.3.1 Materials characterization 

Figure 4.3 shows the SEM images of (A) CB and (B) OLC, and the HRTEM image of 

the OLC. The SEM images show that CB comprises impure carbonaceous materials 

while the OLC is of high purity. The HRTEM images of the OLC clearly confirms its 

characteristic graphic concentric rings [39].  

 

 

Figure 4.3 SEM images of (A) CB and (B) OLC, and (C) HRTEM image of OLC. 
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Figure 4.4 compares the XRD patterns (Figure 4.4A) and Raman spectra 

(Figure 4.4B) of the two carbon materials. The XRD patterns (Figure 2A) show 

broad diffraction peak centred at 2 = 25o and a small diffraction peak at 2 = 3.2o, 

both of which are related to the (002) and (101) diffraction patterns of disordered 

carbon structure [44].  Structural information of CB and OLC was obtained with 

Raman spectroscopy (Figure 4.4B).  

 

Figure 4.4 Comparing powder XRD (A), Raman spectra (B), BET adsorption 
desorption curve, and (inset) pore size distribution curves (C), and TGA and their 
corresponding derivative TGA (D) of OLC and CB. 

The D band observed around the wavelength of 1350 cm−1 is due to the vibrations 

arising from the defect/disorder/amorphous carbon atoms (sp2-hybridized) while the 

G band observed around 1580 cm−1 is ascribed to the ordered/crystalline graphitic 
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carbon atoms (sp3-hybridized). The G‟ band observed at around wavelength 2700 

cm−1 is due to the process of two-photon elastic scattering. The intensity ratio of the 

D and G bands (ID/IG) is used to determine the extent of defects or graphitization 

presents in the carbon materials; the higher the ratio, the higher the defects (lesser 

the graphitization). In addition, the higher the ratio of the IG‟/IG, the higher the purity 

of the carbon [45-47]. The ID/IG values were estimated as 1.06 and 1.04 for the OLC 

and CB, respectively, meaning that OLC is slightly more defective than CB. The 

IG‟/IG ratio for OLC was 0.76 while that of CB was zero, suggesting that OLC is of 

high purity while CB is mostly of poor quality. The porosity of CB and OLC were 

studied using N2 adsorption-desorption measurements (BET). Specific surface area, 

pore volume and pore size are critical parameters for electrocatalysts. 

Figure 4.4C compares the nitrogen adsorption-desorption isotherms and pore size 

distribution curves of CB and OLC. Both carbon materials exhibit type IV isotherms 

with type H3 hysteresis loops, indicating that they are essentially mesoporous 

materials (i.e., 2 – 50 nm). The BET surface areas (Table 4.1) of CB and OLC were 

determined as 35.6986 and 375.3579 m2/g, respectively. 

 

Table 4.1 Surface parameters CB and OLC materials. 

 



47 
 

The specific surface area of OLC is more than 10 times higher than that of CB, 

confirming that OLC comprises much smaller nanoparticles than CB. The Barrett-

Joyner-Halenda (BJH) approach was used to assess the pore size distribution of CB 

and OLC. A continuous pore size distribution within the range of 5–100 nm is 

observed, which is nearly in direct proportion to the pore diameter increase. The BJH 

method showed the pore diameter of CB and OLC ranging between 14.8 and 15.8 

nm (see insert of Figure 4.4C), consistent with the mesoporous characteristics. Pore 

sizes smaller than 4 nm are due to mass loss arising from carbonization, while larger 

pore sizes (> 20 nm) are associated with the cavities in the carbon materials. The 

high specific surface area is important for enhancing the electrocatalytic properties of 

materials, thus one expects that OLC should provide better catalytic properties than 

the CB counterpart. 

Figure 4.4D shows the thermal and derivative gravimetric analysis (TGA and 

DTGA) comparison of the CB and OLC. It is noted that the onset decomposition 

temperatures of CB and OLC were at 689 and 670 °C, respectively. The first order 

derivative peaks are centred at 793 and 756 °C for CB and OLC, respectively. Both 

CB and OLC are completely burnt with no weight retention, confirming the 

characteristic properties of carbon.  

4.3.2 Cyclic voltammetry: mass transport and charge-transfer kinetics 

Since this work has not been studied by anyone before, this work first sought to 

understand the cyclic voltammetric (CV) properties of the two carbon-based 

electrode in a solution of a redox probe. Figure 4.5A &B compare the CV evolutions 

of the bare GCE and GCE-modified with CB and OLC at 10 and 150 mV/s, 

respectively. Table 4.2 summarizes the CV parameters of the electrodes, at the 
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smallest (10 mV/s) and highest (150 mV/s) scan rates. The CV evolutions at different 

scan rates for GCE-OLC (Figure 4.5C) and GCE-CB (Figure 4.5E) and their 

respective plots of peak current against square root of the scan rates (Figures 4.5D 

& F).  

 

Figure 4.5 Cyclic voltammograms of the electrode at (A) 10 mV/s and (B) 150 mV/s; 
CV at different scan rates (10 – 150 mV/s) for the (C) OLC and (E) CB, and their 
corresponding plots of peak currents versus square root of scan rate (D) and (F), 
respectively. All data were collected in a redox probe ([Fe(CN)6]

4−/[Fe(CN)6]
3− in 0.1 

M KCl). 



49 
 

 

Table 4.6 CV parameters of the OLC- and CB-based electrodes obtained in a 
solution of redox probe. 

 

 

The current response at an electrode surface is the result of two inexorably 

intertwined processes: (i) the mass transport (i.e., the rate at which the analyte 

diffuses from the bulk electrolyte to the electrode surface), and (ii) charge-transfer 

kinetics (i.e., transport of electrons or ions across the electrode–electrolyte 

interface). The CV data reveal important electrochemical information with respect to 

mass transport and kinetics. First, the plot of peak current (for both anodic (Ipa / mA) 

and cathodic (Ipc / mA) versus the square root of scan rate (1/2 / (mV/s)1/2) show 
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linear curves (R2 > 0.99), which clearly confirms that the electrochemistry at these 

electrode platforms are diffusion-controlled processes in accordance with the 

conventional Randles-Sevcik theory. Note that slopes of the GCE-OLC is about 

twice that of the GCE-CB, meaning that diffusion is faster at the former than the 

latter. 

At this juncture, it may be necessary to remind us that the current response from the 

surface of any porous electrode material (such as OLC) is a dual diffusion process, 

i.e., semi-infinite planar diffusion (of the analyte molecules towards the macro-

electrode surface), and (ii) thin layer diffusion (i.e., small volume of analyte solution 

trapped in pockets within the porous structure)[48, 49]. Considering that both thin 

layer and adsorption effects also show linear dependence of log Ip vs log , it 

becomes somewhat difficult to distinguish between diffusion and adsorption 

phenomena, especially if the adsorption is rapidly reversible [48]. However, the value 

of the slope (b) of the “log Ip vs log ” plot provides some insights: when b = 0.5 (pure 

diffusion process), when b = 1.0 (pure adsorption process), and when b > 0.5 but 

less than 1.0, it depicts a mixture of diffusion and adsorption process 

es. In this work, the plot of “log Ip vs log ”  (for both anodic and cathodic) show 

linear curves (R2 > 0.99, and with slopes ~ 0.55 for GCE-OLC, and ~ 0.4 for GCE-

CB). These results show that the electrochemistry at the GCE-OLC is mostly 

diffusion-controlled while GCE-CB shows some resistive behaviour. Also, 

considering the high porosity of the of the OLC, thin layer diffusion cannot be ruled 

out. The inability to observe the adsorptive behaviour may be related to the weak or 

rapidity of adsorption of tramadol on the OLC surface (see discussion on DFT 

studies) compared to the CB.  
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Second, the ratio of the anodic-to-cathodic peak current (Ipa/Ipc) gives an insight into 

the electrochemical kinetics of the electrodes; if the ratio is unity, then the electrode 

is described as perfectly reversible. The two electrodes showed perfect reversibility 

(Ipa/Ipc ≈ 1).  

Third, the value of the peak-to-peak separation potential (ΔEp / V) describes the 

extent of the electron-transfer kinetics; the smaller the ΔEp value, the faster the rate 

of the electron-transfer, and vice-versa. From the CV data (Table 4.1), GCE-OLC 

exhibits much faster electron-transfer kinetics at small and high scan rates (ΔEp ≈ 75 

and 142 mV at 10 and 150 mV/s, respectively) compared to the GCE-CB counterpart 

(ΔEp ≈ 144 and 414 mV at 10 and 150 mV/s, respectively). Fourth, the GCE-OLC 

showed higher current response (mass transport) than the GCE-CB counterpart. For 

example, at the 150 mV/s the current response at the GCE-OLC was 0.159 mA 

compared to the 0.099 mA for the GCE-CB. The result is attributed to the high 

specific surface area and high porous volume of the OLC compared to the CB, which 

corroborate the BET data.  

Finally, the CV curves at different scan rates give further insight into the structural 

stability of the modified electrodes. It is observed that as the scan rate increased 

from 10 to 150 mV/s, both the anodic and cathodic peaks potentials of the GCE-CB 

shifted to the right by 136 mV “(i.e., from 0.301 to 0.437 V)” and left by 134 mV “(i.e., 

from 0.157 to 0.023 V),” respectively. On the other hand, the GCE-OLC only showed 

a very small shift (~ 32 mV) on the anodic peak potential “(i.e., from 0.260 to 0.292 

V)” and ~ 35 mV shift on the cathodic side “(i.e., from 0.185 to 0.150 V).” This results 

clearly showed that the GCE-OLC the best structural and faster charge transport 

than the GCE-CB. In other words, the CB electrode exhibits sluggish electron 

transfer kinetics.  
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4.3.3 Electrochemical Impedance Spectroscopy: Charge-Transfer Kinetics 

EIS is very important in understanding the redox properties of an electrocatalyst, 

which explains its wide application in various areas of electrochemistry. Figure 4.6 

compares the EIS data obtained in the redox probe using the two carbon-based 

electrodes.  

Figure 4.6 (A) Nyquist plots and (B-D) Bode plots of the GCE, GCE-OLC and GCE-
CB. Data points are experimental, while lines are fitted data using the electrical 
equivalent circuit (inset in Figure 6A). All data were collected in redox probe 
([Fe(CN)6]4−/[Fe(CN)6]3−) in 0.1 M KCl. 
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The electrodes were satisfactorily modelled with a coupled RC-Randles circuit (i.e., 

with ion-diffusion/Warburg region). The modelled parameters comprise the 

electrolyte resistance (Rs), the interfacial resistance (Rint) arising from the IR drop 

and the corresponding non-ideal capacitance of the interfacial layer or constant-

phase element (CPE1), the charge-transfer resistance (Rct), and its corresponding 

constant-phase element (CPE2) due to surface heterogeneity or irregularities of the 

electrode surface, and the Warburg diffusion impedance (Zw) due to resistance to 

ion-diffusion process. 

 

The impedance of the CPE (ZCPE) is defined as Equation 4.1 [44, 50-54]:    

𝑍    
 

      
         (4.1) 

where Q is a constant associated with the electrode/electrolyte interface, j = √−1, ω 

is the radial frequency, while the exponent n represents the slope of the plot of log Z 

against log F (i.e., Bode plot). The values of n range between -1 and + (i.e., −1 ≤ n ≤ 

1: when n = 0, the CPE is a perfect resistor; when n = 1, the CPE is a pure capacitor; 

when n = −1, the CPE is an inductor; and when n = 0.5, the CPE is equivalent to the 

Warburg impedance (Zw). From Table 4.3, the total series resistance (Rs + Rint + Rct) 

decreases as follows: GCE (15.076 k) > GCE-CB (12.924 k) > GCE-OLC (4.696 

k), meaning the electron transfer at the OLC-based electrode is more than 4 times 

faster than at the CB and GCE. This result corroborates the CV data (see Table 2 for 

the values of the Ep). The appearance of the CPE in the modelling indicates that 

the electrode surface is rough and porous. The “n” values (n1 and n2) of the CPE 

range between 0.77 and 0.88, implying that these electrocatalyst materials exhibit 

mixed mechanism of pseudocapacitance. Finally, the Zw value increased as follows: 
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GCE-OLC << GCE-CB < GCE, which indicates that the GCE-OLC allows for faster 

ionic diffusion than the GCE-CB, which perfectly agrees with the CV data of peak 

current vs square root of the scan rate.  

 

Table 4.7 EIS parameters for the GCE, GCE-CB and GCE-OLCs. 

 

 

EIS data throws more light on the reversibility of the redox processes, by 

calculating the exchange current (i0) and rate constant of the heterogeneous electron 

transfer (khet) using Equations 4.2 and 3 [55-57]: 
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         (4.2) 

     
  

   
        (4.3) 

where A is the geometric surface area of the electrode, R is the gas constant (8.314 

J K−1 mol−1, T is the Kelvin temperature (298 K), n is the number of electrons 

transferred, while F is the Faraday constant (96,485.33 C mol-1).  The higher the 

values of i0 and khet the better the electrocatalysis. Both the i0 and khet decreased as 

follows: GCE-OLC > GCE-CB > GCE, which clearly corroborates that the electron 

transport of GCE-OLC is about a magnitude faster than that of GCE-CB, with the 

bare GCE exhibiting sluggish electron transport.  

 

4.3.4 Electrocatalytic detection of tramadol 

Figure 4.7A compares the CV evolution of the three electrodes in the PBS (pH 7.4) 

containing 0.5 mM of TR, showing that the peak current responses decrease as 

GCE-OLC (0.157 mA) > GCE-CB (0.028 mA) > GCE (~ 0.0). This result means that 

the GCE-OLC depicts exceptional current response compared to the GCE-CB 

counterpart. Figure 4.7B then compares the current responses of the GCE-OLC in 

the absence and presence of TR, which clearly proves that the response observed in 

Figure 7A is indeed due to the oxidation of TR. Important electrocatalytic information 

can be obtained from CV at different scan rates. Figure 4.7C shows the effect of 

different scan rates (10 – 150 mV/s) on the current response at a given TR 

concentration (0.5 mM). Following the equation for a totally irreversible anodic 

diffusion-controlled process, a plot of peak potential vs log scan rate is obtained 

(Figure 4.7D). 
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Figure 4.7 (A) CV evolutions of the GCE, GCE-CB and GCE-OLC in PBS (pH 7.4) 
containing 0.5 mM tramadol at 20 mV/s, (B) Comparing the CVs of GCE-OLC in PBS 
alone and PBS containing 0.5 mM tramadol at 20mV/s, (C) CV evolution showing the 
effect of changing scan rates on the current responses, (D) plot of peak potential 
versus log scan rate. All data acquired in PBS containing 0.5 mM tramadol. (E) plot 
of the log oxidation peak current vs log scan rate 
 
 

The excellent linearity of the plot (correlation coefficient, R2 = 0.9951) (Equation 4.4) 

is indicative of diffusion-controlled process. 
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Ip / A = 0.0667 log (1/2 / Vs-1) - 0.0030     R2 = 0.9951  (4.4)  

From the CV evolutions (Figure 4.7C), the logarithmic plot of the oxidation peak 

current vs log scan rate (see Figure 4.7E and Equation 4.5) is linear, with slope of ~ 

0.63 indicating mixed diffusion- and adsorption-controlled processes. Also, it is 

observed that when scan rate increases the peak potential (Ep / V) shifts slightly to 

the positive direction. The plot of Ep / V against the log   (for scan rates of 50 – 150 

mVs-1) showed a linear behaviour according to Equation 4.6:  

log “(Ip / A) = 0.628” log ( / mVs-1) - 3.00     R2 = 0.9979  (4.5) 

Ep / V = 0.129 mV log ( / mVs-1) + 0.585     R2 = 0.9914  (4.6) 

This behaviour agrees with the conventional equation for an irreversible anodic 

process (Equations 4.7 and 4.8)[58-61]: 

    
 

 
                     (4.7) 

where, 

  
       

        
        (4.8) 

where b/2 equals the slope of the plot (while b = Tafel slope), α is the transfer 

coefficient, nα is the number of electrons involved in the rate-determining step (rds) 

of the electrode process, F is the Faraday constant, R is the gas constant and T is 

the absolute temperature. From the Tafel slope (i.e., b = 0.258 mV), (1 − )na value 

is ~ 0.23. Assuming the one-electron mechanism in the rds (i.e., nα = 1), the  is ~ 

0.77 indicating that the activation free energy curve for an irreversible oxidation 

process for tramadol is asymmetrical.  
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4.3.5 Predicting the High Electrocatalytic Activity of OLC Over CB Towards the 

Detection of Tramadol: DFT Calculations 

The excellent electrocatalytic performance of OLC towards the detection of TR 

raises an important question of “why is OLC better than CB?”. To answer this critical 

question, we adopted the use of DFT to assist in predicting the interaction of TR with 

OLC vs CB. This is an important development as many researchers have used 

different carbons to detect TR but, to our knowledge, there is no report as to the 

reason why some carbons are better than others. Thus, this work attempts to fill this 

knowledge gap.  

Figure 4.8 is the schematic representation of the carbon models used to 

predict the interaction of OLC and CB with the TR molecule. Using the Nanotube 

Modeler Software®, OLC was modelled as fullerene (spherical species) while the CB 

was modelled as flat molecules (i.e., multi-layers of graphene). From the isosurface 

potential, oxygen has higher negative potential (blue shades) compared to nitrogen 

(red shades), meaning that likely sites of tramadol interaction is dominated by 

oxygen. In the DFT calculation, the adsorption energy, Ead (eV), is defined as 

(Equation 4.9) [43, 62, 63]: 

Ead = (Esurface + adsorbate) − (Esurface + Eadsorbate)    (4.9) 

where Esurface + adsorbate represents the total energy of the interacting catalyst surface 

and the adsorbate, while Esurface + Eadsorbate are the energies of the bare catalyst 

surface and the free adsorbate in the gas phase. This equation shows that the more 

negative the Ead value, the stronger the adsorption. The best performing 

electrocatalyst should possess the weakest adsorption strength (Ead / eV) with the 

TR molecule. According to thermodynamics, the more negative the G value, the 

weaker the interaction of the adsorbate on the surface of the catalyst. 
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Figure 4.8 Adsorption sites of tramadol at the surfaces of CB and OLC. The dark 
blue dots (shades) show the possible site tramadol molecules are adsorbed. Inset is 
used to determine the isosurface potentials of tramadol @+/- 0.05181 isovalue(a.u.), 
for tramadol molecule. 

Table 8.4 Predicted energy values from the DFT calculations accompanying the 
interaction of tramadol with the surfaces of OLC and CB. 
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The DFT results (summarised in Table 4.1) show the Ead and G give the least 

negative values for the OLC-tramadol complex. Weak adsorption of adsorbate is 

most preferred in electrocatalysis, thus the weaker adsorption of TR onto OLC 

compared to CB predicts better electrocatalysis on OLC than on CB. 

It is well known that graphene (single layer of graphite) is far more conducting that 

the fullerene and even carbon nanotubes. Thus, the smaller energy band gap (high 

conductivity) of the conductive CB (0.008 and 0.002 eV) than the OLC (0.123 and 

0.121 eV) should be expected. The flat CB makes it easy for it to deform than the 

curved OLC, thus easy misalignment of p-orbitals of carbon atoms, meaning that the 

carbon atoms on the outside walls of the CB exhibit more sp3 nature than those 

carbons on the OLC (this is evident in the PDOS and Raman). Considering that the 

pi-pi interaction between the carbon atoms of TR and the adjacent carbon atoms of 

the OLC strengthens the deformation of the OLC, it simply means that a more stable 

deformation does not promote the overlap between the different pi-wave functions, 

thus the weakening the adsorption of TR molecule onto OLC. DFT predicts that CB 

exhibits properties inimical for electrocatalysis; a more metallic character (low Eg) 

and slower kinetics with tramadol than OLC.  

To understand the electronic properties of TR on the carbon materials, before and 

after the adsorption process, DFT calculations on the electronic band structures and 

the projected density of states (PDOS) were carried out (Figure 4.9). Prior to 

adsorption of the TR molecule onto each of the carbon materials, both the band 

structure and PDOS show lower number of states than when TR is adsorbed onto 

the carbon catalyst. In other words, more electrons are available on the CB-tramadol 

and OLC-tramadol complexes than on the bare CB or OLC. Unlike the OLC that 
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shows a change in the Fermi energy value upon interaction with TR, the CB did not 

show any change. Note that upon the interaction of the TR molecule with the OLC 

catalyst, there is a mismatch in Fermi levels (Ef) that leads to the charge-transfer. 

This charge-transfer process leads to a redistribution of partial charge, which 

enhance the reactivity of the OLC over its CB counterpart. 

 

 
 

Figure 4.9 Band structures and PDOS for tramadol adsorbed on (A,B) CB and  
(C,D) OLC electrodes. 

4.3.6 Analytical application of OLC-based electrochemical sensors 

4.3.6.1 Determination of raw tramadol in PBS (pH 7.40) 

Figure 4.10 shows typical concentration studies with SWV using both GCE-OLC 

(Figure 4.10A) and its corresponding linear calibration curve (Figure 4.10B). The 

near-vertical curve of the blank suggests some resistivity in the electrolyte under the 

experimental conditions, but this was somewhat suppressed in the presence of the 

tramadol drug. Expectedly, this explains one of the reasons why the linear curves 

could not start from the zero origin. Six replicate measurements were run for each 
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concentration. The anodic peak from the oxidation of tramadol appeared around 0.7 

V vs Ag|AgCl (3 M KCl). The linear equation is as shown below (Equation 4.10): 

Ipa (A) = 0.03150.0003 [tramadol, M] + 3.99400.040 (R2 = 0.9938)  (4.10) 

 

 

Figure 4.10 (A) Typical square wave voltammograms obtained in PBS (pH 7.4) 

containing different concentrations of tramadol (0 – 392 M), and (B) plot of peak 
current response versus concentration of tramadol. 

 
 

The electrode shows wide linear range (54.8 – 392 M), high sensitivity (m = 0.0313 

A M-1) and low limit of detection and quantification (LoD ~ 3.80 M, determined from 

LoD = 3 s/m, and LoQ = 10 s/m ~ 12.7 M, where s is the standard deviation of the 

intercept (in A), while m is the slope/sensitivity of the calibration plot (in A/M). 

Table 4.5 summarized values calculated using six electrode average. 

 

4.3.6.2 Determination of tramadol in pharmaceutical sample and human serum 

To validate that the OLC can be used for the determination of TR using „a point-of-
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care‟ type of electrode, a commercial screen-printed carbon electrode (SPCE, 

Dropsens®) was modified with OLC ink and used to determine TR in two different 

real sample solutions, i.e., “tramadol hydrochloride” capsule (50 mg tramadol) in (i) 

PBS (pH 7.40) (Figure 4.11A,B) and (ii) artificial human blood / serum diluted in 

PBS (pH 7.40) (Figure 4,11C,D). Human serum solution was first prepared by 

dissolving it in PBS (pH 7.40) at 1:100 v/v ratio. and tramadol dissolved. In all cases, 

the OLC-modified SPCE successfully detected TR, with the anodic peak current 

appearing at around the “0.70 V vs Ag|AgCl (Sat‟d KCl)” as was also seen for the 

pure tramadol samples in GCE-OLC electrode. Each of the four capsules was 

carefully opened, and contents accurately weighed to be ca. 82 mg (meaning that 

weight of excipients is ca. 39 % per capsule which, according to the description in 

the label, comprises colloidal silicon dioxide, magnesium stearate, microcrystalline 

cellulose, and sodium starch glycolate). A stock solution of each powder (3.75 mg in 

10 ml, i.e., ~ 2.29 mg „pure‟ tramadol chloride in 10 ml or 0.87 M tramadol chloride) 

was prepared in PBS (pH 7.40) as well as in human serum solution. Considering the 

importance of determining TR in the presence of real interfering materials in complex 

matrices such as human serum and excipient-rich tramadol capsule sample, no 

further treatment of the solution (such as filtering to obtain „pure‟ supernatant) was 

carried out.  

A standard addition method was used to conduct the concentrations studies 

(in the range of 20 nm to 0.45 uM) as shown in Figure 4.11. As should be expected, 

both DPV curves show broad peaks (Figure 4.11A&C) compared to the pure 

tramadol (shown in Figure 4.10A) due to the presence of several interfering species 

in the capsule and human serum. As should be expected, the resistivity introduced 

by these interferents and blank electrolyte would lead to the linear calibration curves 
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not starting from the origin, despite efforts to subtract the background current. 

However, interestingly, the tramadol peak was still around 0.7 “V (vs Ag|AgCl Sat‟d 

KCl)” as in pure tramadol analysis. 

 

 
 

Figure 4.11 Typical SWV curves (A, C) obtained in real sample analysis using 
screen-printed carbon electrode (SPCE) modified with OLC (SPCE-OLC) for 
tramadol in drug capsule (A) and in human serum solution (C); and the plot of 
background-subtracted peak current responses versus the concentrations of 
tramadol (B,D). 

 

The equations for the resulting calibration plots were as follows, Equations 4.11 and 

4.12: 

Tramadol capsule (pH 7.4): 
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Ipa (A) = 0.01920.0002 [tramadol, M] + 1.61540.015 (R2 = 0.9955)  

           (4.11) 

Tramadol in human serum (pH 7.4): 

Ipa (A) = 0.0188 0.0002 [tramadol, M] + 2.95180.0300  (R2 = 0.9953)  

           (4.12) 

The contents of TR hydrochloride in each capsule were calculated to be 49.78 “mg 

per tablet with a RSD of 3.2 % (n = 5),” which is close to the labelled amount of 50 

mg. The limit of detection (LoD) and limit of quantification (LoQ) for the drug (2.34 

and 7.81 M, respectively) and for the serum (4.70 and 15.9 M, respectively). 

Although the key focus of this investigation is on the fundamental science and 

electrochemistry, it is interesting however to see that the results obtained in this work 

are comparable with many literature, for example, with carbon nanoparticles [33] and 

dual-carbon paste electrode modified with phosphotungstic acid and silicomolybdic 

acid [32]. Importantly, despite that this work has not been optimized to improve 

detection limits, it should be noted that these observed detection limits are quite 

satisfactory, especially if one considers that the toxic effects of TR only occurs when 

the blood tramadol concentration is greater than 1 mg/L (i.e., 3.8 M) [4, 64] and, in 

most cases, when the blood tramadol concentrations are within the range of 1.6 – 

61.8 mg/L (i.e., 6.07 – 234.64 M) [65-68], which are several times greater than the 

normal therapeutic range of  0.1 - 0.3 mg/L (i.e., 0.38 – 1.14 M) [64]. Indeed, the 

results show the potential for the use of OLC as an electrocatalytic platform for 

sensitive detection of tramadol.  
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Table 4.9 Summary of results obtained in this work for electrochemical sensing of 
tramadol, using the DPV method. 

 

Sample Technique Electrolyte LCR / M LoD 

/M 

LoQ 

/M 

GCE-OLC DPV PBS (pH 7.4) 54.8 - 392 3.80 12.70 

SPE-OLC DPV PBS (pH 7.4) 27.9 - 345 17.5 58.14 

SPE-OLC DPV Drug, PBS (pH 7.4) 10.6 – 253 2.34 7.81 

SPE-OLC DPV Serum,PBS (pH 7.4) 10.6 – 253 4.70 15.90 

 
 
 

4.4 Conclusion 

This work has clearly shown that OLC is a better electrocatalyst than conventional 

CB for the detection of tramadol, including in pharmaceutical formulations. DFT 

simulations suggests that the high performance of the OLC is related to its spherical 

morphology and weak adsorption of tramadol on its surface.  
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CHAPTER 5 

Studies on the Electrocatalytic Oxidation and Detection of Ethanol 

on Palladium-Ceria-Onion-Like Carbon Electrocatalyst 

 

Synopsis 

The electrocatalytic oxidation of alcohol (EOR) in alkaline media is vital for the 

development of alkaline direct alcohol fuel cells (ADAFCs) as well as electrochemical 

sensors for alcohol in alkaline media. This Chapter describes the investigation of 

EOR in alkaline electrolyte (KOH), comparing the palladium catalysts supported on 

conductive “carbon (Pd/CB), onion-like carbon (Pd/OLC),” and ceria-OLC (Pd-

CeO2/OLC). Here, it is clearly proven that Pd-CeO2/OLC exhibits the best 

electrocatalytic performance of EOR and sensing of ethanol, fully supported by DFT 

calculations, HRTEM and XPS data, due to the modulation of the electronic 

properties of the Pd-OLC interface. 
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5.1 Introduction 

Ethanol oxidation reaction (EOR) is an industrially important process for the 

development of ethanol sensors and ethanol fuel cells for electricity generation 

(unique technology for the generation of clean and sustainable electricity from 

ethanol and air) [1]. Ethanol sensors are important for a plethora of applications, 

including in pharmaceutical industry, beverage industry, and mitigating the 

challenges of alcohol abuse and drunk driving in the society. Conventionally, ethanol 

is determined using a hydrometer, which is fraught with inaccuracy and human 

errors during reading. Other methods include the use of spectroscopy [2], and 

chromatography [3] which are bulky, expensive, and complex and difficult to 

miniaturize. Electrochemical techniques, on the other hand, are getting more 

attention [4-12] due to their simplicity, accuracy, low-cost, and ease of miniaturizing 

the sensor for use by non-skilled worker.  

Efficient EOR can find applications in the development of alkaline direct ethanol fuel 

cell (ADEFC) which represents one of the most preferrable electrochemical energy 

devices for the development of renewable and clean electricity. ADEFC has become 

important because of the impressive properties of ethanol including high theoretical 

energy density, affordability, easy transportation and storage and non-toxicity [1, 13, 

14]. Moreover, large quantities of ethanol can be produced from agricultural and 
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organic municipal wastes; 90 million liters of ethanol are produced globally from 

agricultural and organic domestic wastes every year [14].  

Palladium(Pd)-based electrocatalysts are the most important electrocatalysts for 

EOR due to the high compatibility of Pd with non-noble metals, and excellent activity 

in alkaline media, where the non-noble metals can also be stable and function 

sufficiently for electrochemical applications [15]. One of the Pd-based 

electrocatalysts that have captured the interests of researchers for EOR is the 

carbon-supported Pd-CeO2 electrocatalyst [16-19]. Like other auxiliary metal oxides 

(such as SnO2, Mn3O4, Co3O4 and NiO), CeO2 is thought to increase the 

concentration of the surface-adsorbed hydroxyl species (OHads) on the Pd catalyst, 

thereby facilitating the C-C bond cleavage and formation of the final oxidation 

products [20]. However, unlike other auxiliary metal oxides, the CeO2 has been 

found to endow unique properties towards Pd catalyst: aside from having superior 

storage capacity for oxygen, it exhibits the Ce4+/Ce3+ redox couple during the redox 

processes that lead to complex Pd−CeO2 interactions that yield different Pd species.  

A noble metal such as Pt or Pd interacts with CeO2, forming a highly dispersed 

noble metal ionic catalyst (NMIC) represented as Ce1−xMxO2− (where M = noble 

metal, creating oxygen vacancies) rather than existing as metal nanoparticles on 

CeO2 support. The Ce1−xMxO2− is found to be a better electrocatalyst than the same 

amount of M due to electronic interaction between M metal ions and CeO2 lattice 

[17]. The existence of the noble metal in CeO2 lattice creates the adsorption sites for 

the electrocatalytic activities. In other words, for example, the Pd ions act as the 

adsorption sites for the electron donating molecule, thereby increasing the rates of 

oxidation reaction. The synergistic interaction between the noble metal and Ce ions 

allows for increased electron exchange, resulting in enhanced electrocatalytic 



80 
 

activity. However, both Ce and Pd take part in the electrocatalytic process by the 

synergistic electron transport between them. For example, XPS data had provided 

some evidence of how Pd2+/Pd0 and Ce4+/Ce3+ redox couples interact to keep Pd in 

its ionic state and, at the same time, permitting the availability of the lattice oxygen 

for the oxidation reaction [21, 22]. 

In a recent work [16], we showed that Pd-CeO2/OLC is an efficient electrocatalyst for 

the development of durable anion-exchange membrane fuel cells (AEMFC) 

compared to the Pd alone (i.e., Pd-supported on carbon black (Pd/CB), or onion-like 

carbon (Pd/OLC)) and Pd-CeO2/CB. The superior performance of the OLC and the 

ability of the CeO2 to modulate the electronic properties of the Pd/OLC has 

prompted the present study of the Pd-CeO2/OLC for EOR in alkaline environment. 

We show that Pd-CeO2/OLC is a viable new electrocatalyst for EOR and ethanol 

sensing. The underlying reasons for the enhanced electrocatalysis has been 

explained from the DFT calculations that show weak adsorption of the intermediates 

CH3CO* and OH*, and the excellent conductivity (low band gap) arising from the 

highly effective charge of the defect-rich Ce1−x PdxO2- and OLC. Further insights 

were obtained from the valence band of the XPS data that show an increased lattice 

strain and the downshift of the d-band centre of the Pd-CeO2/OLC compared to the 

monometallic catalysts (Pd/CB and Pd/OLC). 

 

5.2 Experimental 

5.2.1 Materials and reagents 

“Acetylene carbon black (TIMICAL SUPER C45, 45 m2 g-1) was obtained from 

Gelon, China, while OLC was synthesized from high purity (98–99%) nanodiamond 
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powder (NaBond Technologies) by annealing in a muffle furnace at 1300 oC for 3 h 

in an argon atmosphere.[23] PdCl2 (≥99.9 %) and ethylene glycol (99.8 %), 

Ce(NO3)3.6H2O (99.999 %) and all other reagents were of analytical grade and 

purchased from Sigma-Aldrich without further purification. Platinum on graphitized 

carbon (40 wt%) was purchased from Sigma-Aldrich.” 

5.2.2 Synthesis procedures 

To “allow for comparison, the synthesis methods used are similar to a previous report 

[24], except those of the catalysts with OLC and OLC-CeO2.” 

5.2.2.1 Synthesis of Pd/carbon 

“A mixture of 0.25 g conductive carbon black (CB, Timcal Super C45) and ethylene 

glycol (EG, 50 mL) was contained in a three-neck round-bottomed flask (500 mL) and 

sonicated for 20 min. PdCl2 (0.04165 mg) was dispersed in a mixture of H2O (2.083 mL), 

EG (50 mL) and 0.25 mL HCl (37%). The solution was then added in a dropwise fashion 

under stirring in a stream of N2. After proper stirring, NaOH (5 g) was dissolved in H2O 

(10 mL) and EG (35 mL) to make an alkaline solution, which was added to the reactor. 

The resultant mixture was then heated under a N2 atmosphere for 3h at 125 °C, and then 

left to cool to room temperature. The mixture was then filtered leaving behind the desired 

product, which was then rinsed with distilled H2O until a neutral pH and then dried in a 

vacuum oven at 40 °C.”  

 

5.2.2.2 Synthesis of OLC-CeO2 support 

“A mixture of the OLC (2.0 g) and a solution of Ce(NO3)3.6H2O (5.05 g) in H2O (125  mL) 

was stirred for 60 min and sonicated for 30 min. The pH was then adjusted to 12 with 

KOH and stirred for 2 h. The mixture was then filtered leaving behind the desired 
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product, which was then rinsed with distilled H2O until a neutral pH and then dried in a 

vacuum oven at 65 °C, and thereafter heated under air in a tube furnace for 2 h at 250 

°C. The product was cooled to room temperature under a flow of Ar.”  

5.2.2.3 Synthesis of Pd-CeO2/OLC  

“A suspension of OLC-CeO2 (500 mg) in water (62.5 mL) was vigorously stirred for 30 

minutes and sonicated for 20 minutes. A solution of K2PdCl4 (172.5 mg) in water (7.5 mL) 

was then slowly added (approx. 1 hour) whilst stirring. This was followed by the addition 

of an aqueous solution of 2.5 M KOH (1.05 mL), after which ethanol (50 mL) was added. 

The resulting mixture was heated for 60 min at 80 °C, after which it was filtered, leaving 

behind the desired product (Pd-CeO2/OLC), which was then washed with distilled water 

until a neutral pH and dried under vacuum at 65°C.”  

 5.2.3 Physical property characterization 

The catalysts were characterized using powder “X-ray diffraction (PXRD) (Bruker D2 

Phaser X-ray diffractometer equipped with a monochromatic Cu-Kα X-rays at 

=1.5406 Å) to investigate the crystallite size and structural phases. Elemental 

analysis of the samples was conducted using the energy-dispersive X-ray 

spectroscopy (EDS) unit “FEI Nova Nanolab 600 SEM” connected to a scanning 

electron microscope. This technique also establishes the chemical composition and 

elemental distribution profiles at the electrocatalyst surfaces. High-resolution 

transmission electron micrograms (HRTEM) were acquired from HRTEM (JEOL 

2010F). Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) were used to obtain information on the structural properties of the samples 

and correlate it with Brunauer-Emmett-Teller (BET) results, while X-ray 

photoelectron spectroscopy (XPS) was employed to understand the chemical state 
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and binding energies to within the surface resolution of the samples. The specific 

surface areas of the samples were obtained with the single-point Brunauer-Emmett-

Teller (BET) method using the Micromeritics TriStar II 3000 area and porosity 

analyzer instrument. Raman spectroscopy (Bruker Senterra laser Raman spectrometer) 

was used to verify bond vibration in Pd/CB, Pd/OLC and Pd-CeO2/OLC. The thermal 

stability of each Pd-based sample was studied with the help of a Perkin Elmer 

Thermogravimetric analyzer (TGA)/Differential Thermogravimetric analysis (DTGA) 

6000. In a standard run, 10 mg of the samples were placed into a high-temperature 

alumina sample cup that was supported on an analytical balance located in the furnace 

chamber of the analyzer and the sample was heated in the air (5 °C min-1) from 35 °C to 

900 °C. Initially, the instrument uses nitrogen gas for purging (20 mL min-1) while holding 

at 35°C for 5 min.”  

5.2.4 Density functional theory (DFT) calculations 

DFT simulations were performed with the “supercomputational facilities at the Centre 

for High Performance Computing (CHPC, Cape Town, South Africa) using the 

BIOVIA Material Studio and employing adsorption locator tool module. Two 

adsorbates (CH3CO* and *OH) were chosen and adsorbed onto the modelled 

electrocatalyst surfaces (Pd/C, Pd/OLC, and Pd/CeO2/OLC).  Supercells of 3x3 were 

modelled for all the above electrocatalysts‟, followed by geometric relaxation 

calculations with a threshold energy set at 10-6 eV for convergence to be achieved. 

Material studio cleaning tool was used. The minimum adsorption distance was set at 

5 Å. DMoI3, another module of the BIOVIA Materials Studio, was used to calculate 

the electronic properties. The same threshold energy as that used for adsorption was 

set for the calculations of electronic and energy properties. Condensed-phase 
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Optimization Molecular Potential for Atomistic Simulation Studies (COMPASS), 

forcefield was used since it guarantees reliable theoretical results.”    

 

5.2.5 Electrochemical and physical characterization 

Electrochemical measurements were used to examine the electrochemical 

performance of the synthesized electrocatalysts. “The experiments were performed 

using the SP300 Bio-Logic Potentiostat (running on EC-Lab software).” A three-

electrode configuration” was used for half-cell tests, “comprising a glassy carbon 

electrode (GCE, dia. 5.0 mm, 0.196 cm2) modified with the electrocatalysts ink as 

the working electrode, a platinum wire as the counter electrode, and” a “Ag|AgCl 

electrode (3 M KCl) as the reference electrode. The EOR was performed using a 

three-electrode (half-cell) system comprising of a GCE (diameter = 3 mm) as the 

WE, platinum wire as the CE (to generate applied potentials at the working 

electrode), and Ag|AgCl electrode (3 M KCl) as the RE (to monitor the current 

generated at the” working electrode). “The GCE was cleaned by proper polishing on 

a pad using alumina (Al2O3; nanopowder Aldrich) slurry followed by ultrasonic 

stirring in ethanol and acetone. The catalyst ink was prepared by dispersing the 

powder (1 mg) in ethanol (1 mL) and adding 100 µL of Nafion (5 wt%) to increase the 

adhesion of the catalyst material on the GCE. The mixture was sonicated for 30 min 

to obtain a homogeneous mixture. The catalyst ink (12 µL) was then deposited on 

the GCE in a dropwise fashion and allowed to dry, producing an electrocatalyst 

loading of 0.0144 mg cm-2. Electrochemical impedance spectroscopy (EIS) was 

performed using the Bio-Logic Potentiostat.” Between “100 kHz and 0.01 Hz at an 

amplitude of 10 mV, in the electrolyte solution containing redox probe (3 mM 

K4Fe(CN)6/K3Fe(CN)6 (1:1 mol ratio) dissolved in 0.1 M KCl). The EIS was 
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conducted at an equilibrium potential (E1/2) of the redox probe (0.15 V vs Ag|AgCl, 

3 M KCl) observed from cyclic voltammetry experiments. Alcoholic drinks used for 

sensor testing were purchased from local suppliers.” 

5.3 Results and Discussion 

5.3.1 Materials characterization 

Figure 5.1 shows the thermal gravimetric analysis (TGA) comparison of the Pd/CB, 

Pd/OLC and Pd-CeO2/OLC. It is noted that the onset decomposition temperatures of 

CB and OLC were at 689 and 670 °C, respectively. Both Pd/CB and Pd/OLC showed 

weight retention of ca. 10%, confirming the presence of the 10% Pd used in the 

synthesis. The Pd-CeO2/OLC showed weight retention of about 38%, due to the 

presence of the Pd and Ce, and possibly their oxides.  

 

Figure 5.1 TGA of CB and OLC and their derivative TGA 

 

The Raman spectra of the Pd/CB (Figure 5.2A), PD/OLC (Figure 5.2B) and 

Pd-CeO2/OLC (Figure 5.2C) show the two characteristic peaks of carbons around 
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1000 cm-1 (D band, describing the degree of defect or disorder in carbon, i.e., sp3-

bonded carbon atoms) and ~ 2000 cm-1 (G band, describing the degree of 

graphitization in carbon, i.e., sp2-bonded carbon atoms) [25-27]. The intensity ratio 

of the bands (ID/IG) decreases as follows: Pd/CB (1.01) < Pd/OLC (1.26) and Pd-

CeO2/OLC (1.35), which means that the presence of the CeO2 in the Pd-CeO2/OLC 

resulted in creating the most defects in the OLC (~ 7% defects compared to the 

Pd/OLC alone). It is well known that defect-rich surfaces can modulate electron 

distribution than their defect-poor (perfect) counterparts, and thus can greatly 

enhance electrocatalysis[28-30]  

 

Figure 5.2 Raman spectra (A-C) and XRD patterns (D-F) of the electrocatalysts 

 

The Raman spectra of the Pd-CeO2/OLC (Figure 5.2C) show weak bands in the 600 

– 400 cm-1 region.  The band ca. 636 cm-1 is related to the doubly degenerate LO 

mode of CeO2 [31],[32] and is evident of oxygen vacancies (Ov) in the CeO2 lattice 

[33]. The weak bands suggest the presence high number of Ov (i.e., Pd-OLCx-Ce1-
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xO2-y). Indeed, the weak or broad band in the 636 and 450 cm-1 regions are clear 

indication of defects or disordering as well as increased Pd-O-Ce bond strength [34]. 

The absence of bands below 400 cm-1 is due to a decrease in the crystallite size 

[34]. In general, one can conclude that the Pd/CeO2-OLC is made up of small 

nanocrystal sizes.  

Figure 5.2D-F compares the powder XRD patterns of the Pd/C (Figure 5.2D), 

Pd/OLC (Figure 5.2E) and Pd-CeO2/OLC (Figure 5.2F), with the hexagonal carbon 

structure (002) appearing at 2θ ≈ 24.3° (for Pd/CB), 25.9° (for Pd/OLC), and weakly 

at 26.1° for the Pd-CeO2/OLC. The suppression of the carbon peak (002) in the Pd-

CeO2/OLC is due to the high intensity of the adjacent CeO2 peak. The palladium 

peaks observed at 2θ ≈ 40°, 47°, 68°, 82° and 86° are related to the FCC (face-

centred cubic) structure of the crystalline planes of Pd(111), Pd(200), Pd(220), 

Pd(311) and Pd(222), respectively, which agree with literature [35],[15]. The 

diffraction peaks of Pd-CeO2/OLC are broader than those of the Pd/CB and Pd/OLC, 

which suggests that the presence of CeO2 led to further nano-sizing of the Pd 

nanoparticles. It is seen that the Pd peak (111) of the Pd-CeO2/OLC shifted slightly 

to the higher angles (from 2θ ≈ 40 to 40.6o) because of the smaller Pd2+ (0.86 Å) has 

been substituted by the larger Ce4+(0.97 Å), contracting the unit cell and forming the 

Pd-O-Ce bond [36],[37].  

Figure 5.3 compares TEM images obtained at low-resolution (500 nm) and high (10 

nm) resolutions. the low-resolution TEM images of the four catalysts (500 nm), which 

show that the Pd/OLC and Pd-CeO2/OLC have smaller particle sizes and thus high 

specific surface areas (SSA) compared to the Pd/CB. This result was corroborated 

with the particle size distribution data (Figure 2G – I) where the average particle 

increases as: Pd-CeO2/OLC (6.2 nm) < Pd/OLC (7.5 nm) << Pd/C (52 nm). To 
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further corroborate the results, single-point BET data (Table 5.1) show that the SSA 

decreases as Pd-CeO2/OLC (373.53 m2 g-1) > Pd/OLC (357.73 m2 g-1) > Pd/CB 

(30.57 m2 g-1). Also, the pore sizes increase as follows: Pd/CB (138.65 nm) > 

Pd/OLC (2.53 nm) > Pd-CeO2/OLC (2.47 nm).  

 

 

 

Figure 5.3 Typical low-resolution HRTEM images of (A) Pd/C, (B) Pd/OLC and (C) 
Pd-CeO2/OLC, and typical HRTEM images of (D) Pd/CB; (E) Pd/OLC and (F) Pd-
CeO2/OLC. The particle size distribution of (G) PdCB, (H) Pd/OLC and (I) Pd-
CeO2/OLC. 

 

 

Table 5.1 BET surface areas and porosity of the electrocatalysts. 
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Figure 5.4 shows the XPS data for the of the three electrocatalysts Pd/OLC 

and Pd-CeO2/OLC. The wide surveys (Figure 5.4A-C) show the expected elements 

(Pd, Ce, O and C). The C 1s spectra of the Pd/CB (Figure 4D), Pd/OLC (Figure 

5.4E) show C-C (sp2), C-O, C=O, O-C=O and C-C (sp3) bonds at 284.1, 285.79, 

287.9, 288.80 and 285 eV, respectively, whereas those of the Pd-CeO2/OLC (Figure 

5.4DF) show C-C (sp2), C-O, C=O, O-C=O and C-C (sp3) bonds at 284.19, 285.79, 

288.04, 288.80 and 285 eV, respectively.  
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Figure 5.4 XPS data showing the wide spectra of (A) Pd/OLC and (B) Pd/CeO2-
OLC; C 1s scans of (C) Pd/OLC and (D) Pd-CeO2/OLC; O 1s scans of (E) Pd/OLC 
and (F) Pd-CeO2/OLC; Pd 3d scans of (G) Pd/OLC and (H) Pd-CeO2/OLC; and Ce 
3d scan of (I) of Pd-CeO2/OLC.   

The O 1s spectra of the Pd/CB (Figure 5.4G) and Pd/OLC (Figure 5.4H) appear at 

the expected energy levels (around 532 and 533 eV due to the “C-O and C=O” 

organic bonds, respectively). For the Pd-CeO2/OLC (Figure 5.4I), the O 1s peaks 

deconvolute into four peaks at binding energies of “529.6, 531.59, 533.19 and 534.8 

eV” associated with the metal oxide bonds, C-O organic, C=O organic bonds, and 

organic O, respectively.  

Figure 5.5 shows the core Pd 3d spectra of the Pd/CB (Figure 5.5A), Pd/OLC 

(Figure 5.5B), the “Pd(0) 3d5/2 and 3d3/2 appear at 335.0 and 340.0 eV, those of the 

Pd(II) 3d5/2 and 3d3/2 appear at 336.6 and 341.8 eV, while those of the PdO 3d5/2 and 

3d3/2” satellite peaks appear at 338 and 343.2 eV, respectively. The peaks denoted 
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as PdxCeyOz seen in Figure 5.5C around 337.8 and 342.8 eV relate to Pd(II) or PdO 

which clearly confirm the formation of a compound between Pd and CeO2 (in this 

case, Ce1−x PdxO2-), which is a similar observation by other workers [38]. The peaks 

at 335.2 and 340.4 eV are associated with the “Pd(0) 3d5/2 and 3d3/2,” respectively. 

The observed higher binding energy of Pd3d core levels is a clear indication of the 

presence of a highly effective charge and formation of a stable solid solution Ce1−x 

PdxO2- [17]. For the Ce 3d spectra in the Pd-CeO2/OLC (Figure 5.5D), the peaks 

due to “Ce4+ 3d3/2 and Ce4+ 3d5/2” are observed at “917, 898.6 and 903.4 eV,” 

respectively. The oxygen vacancies in CeO2 are expected to improve the dispersion 

of nanoparticles and favour the electrocatalysis [39]. The peaks due to the Ce3+ are 

located at 886, 882.4, 903.4 and 907.6. These results are consistent with literature 

[40-42].  
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Figure 5.5 XPS data for the core Pd 3d scans of (A) Pd/CB, (B) Pd/OLC, (H) Pd-
CeO2/OLC; and Ce 3d scan of (D) Pd-CeO2/OLC.   

5.3.2  Cyclic voltammetry and EIS: Charge-transfer kinetics 

Since this work has not been studied by anyone before, this work first sought to 

understand the cyclic voltammetric (CV) and EIS properties of the electrode 

materials in a solution of a redox probe. Figure 5.6 compares the CVs at 20 mVs-1 

(Figure 5.6A) and Nyquist plots obtained at “0.26 V (vs Ag|AgCl, sat‟d KCl)” (Figure 

5.6B). Table 5.2 summarizes the CV and EIS parameters of the electrodes. The EIS 

parameters: Rs = ohmic resistance, Rct = charge transfer resistance, CPE = 

constant phase element, a is the electrode surface roughness and Wd is the 

Warburg resistance. The electrodes showed perfect reversibility (Ipa/Ipc ≈ 1). The 

electron transfer kinetics as indicated by the value of the ΔEp and Rct decreases as 

Pd-CeO2/OLC > Pd/OLC > Pd/CB, indicating the high performance of Pd-

CeO2/OLC. The result is attributed to the high specific surface area and high porous 

volume of the OLC compared to the CB, which corroborate the BET data.  

 

 

Figure 5.6 Typical comparative (A) cyclic voltammograms at 20 mV s-1, and (B) 
Nyquist plots of the electrocatalysts immobilized onto GCE surface obtained at 0.22 
V (vs Ag|AgCl, 3 M KCl). All data were collected in a redox probe 
([Fe(CN)6]

4−/[Fe(CN)6]
3− in 0.1 M KCl). 
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Table 5.2 CV parameters of the OLC- and CB-based electrodes obtained in a 
solution of redox probe. 
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Figure 5.7 shows the CV evolutions at different scan rates and their 

respective plots of peak current against square root of the scan rates for OLC 

(Figure 5.7A & B), CB (Figure 5.7C & D) and Pd-CeO2/OLC (Figure 5.7E & F). The 

plot of peak current (for both anodic (Ipa / mA) and cathodic (Ipc / mA) versus the 

square root of scan rate (1/2 / (mV/s)1/2) show linear curves (R2 > 0.99), which 

clearly confirms diffusion-controlled processes in agreement with the Randles-Sevcik 

theory. The slopes of the plots decrease as Pd/CB > Pd/OLC > Pd-CeO2/OLC, which 

confirms the higher performance of the Pd-CeO2/OLC over the OLC and CB 

counterparts. 
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Figure 5.7 Cyclic voltammograms of the electrode at (A) 10 mV/s ansd (B) 150 
mV/s; CV at different scan rates (10 – 150 mV/s) for the (C) OLC and (E) CB, and 
their corresponding plots of peak currents versus square root of scan rate (D) and 
(F), respectively. All data were collected in a redox probe ([Fe(CN)6]

4−/[Fe(CN)6]
3− in 

0.1 M KCl). 
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5.3.3 Electrocatalytic Oxidation and Detection of Ethanol in Alkaline Medium 

The ethanol oxidation reaction was carried out in alkaline electrolyte (potassium 

hydroxide, KOH) utilizing the Pd-based electrocatalysts (Pd/CB, Pd/OLC and Pd-

CeO2/OLC). First, the Pd-based electrocatalysts‟ activities in the supporting electrolyte 

(1.0 M KOH).  

Figure 5.8A shows the cyclic voltammograms of the Pd-based electrocatalyst for ethanol 

oxidation reaction. Well-resolved voltammograms are displayed by all the 

electrocatalysts with characteristics of hydrogen adsorption / desorption peaks at around 

-0.6 to -1.0 V vs. Ag/AgCl(KCl)sat‟d, small broad Pd oxidation peak around 0.0 V vs. 

Ag/AgCl(KCl)sat‟d and PdO reduction peak at -0.35 V vs. Ag/AgCl(KCl)sat‟d. The 

electrochemical active surface area (ECSA) of the electrocatalysts is determined by 

integrating the PdO reduction peak, following established equation 5.1 below [43]. 

      
 

   
                                                                                                            (5.1) 

where Q is the coulombic charge (0.0427 mC, 0.0821 mC, and 0.1348 mC for Pd/CB, 

Pd/OLC, and Pd-CeO2/OLC, respectively), S is the coulombic constant for monolayer of 

Pd (0.424 mC cm−2), and I is the electrocatalytic loading (~ 1.0 μgPd). 

Figure 5.8 Cyclic voltammograms (A) 1.0 M KOH alone and (B) mixture of 1.0 M 
KOH and 1.0 M ethanol of the Pd-based electrocatalysts.  
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The ECSA of the Pd/CB, Pd/OLC and Pd-CeO2/OLC recorded are 100.7 cm2 mg-1, 

193.6 cm2 mg-1 and 317.9 cm2 mg-1, respectively. The Pd-CeO2/OLC equally has 

highest ECSA in alkaline supporting electrolyte among the other electrocatalysts, 

corroborating its activities in the Ferri/Ferrocyanide redox probe. Indeed, the CeO2 

modified the electronic property of the Pd catalyst in the Pd-CeO2/OLC for enhanced 

electrochemical performances. The performance for the electrocatalyst was then 

investigated towards oxidation of ethanol in the supporting alkaline electrolyte. 

Figure 5.8B shows the cyclic voltammograms of the electrocatalysts in the mixture of 

KOH and ethanol. Two distinct oxidation peaks (around - 0.75 V and - 0.3 V) were 

recorded which are the signature of the oxidation of the ethanol to carbonyl species 

(i.e., the forward or right peak) and further oxidation of the adsorbed carbonaceous 

species to carboxylic acid or carbon dioxide (i.e., reverse or left peak). The ratio of 

the current density value of the forward oxidation peak (jpf) to that of the backward 

oxidation peak (jpr) was utilized to determine the tolerance of these three 

electrocatalysts to accumulated carbonaceous intermediates generated during EOR 

on the electrode surface[44-53]. The higher the ratio (jpf / jpr), the greater the 

efficiency of the EOR during the forward scan and less accumulation of 

carbonaceous residues on the electrode surface. The tolerance order is as follows: 

Pd/CB (0.55) > Pd-CeO2/OLC (0.51) > Pd/OLC (0.48). The improved catalytic 

activity of the Pd-CeO2/OLC over the pure Pd/OL and Pd/CB may be ascribed to 

several factors. It is well known that the alloying component tends to leach out under 

electrochemical conditions and results in a surface rich in the active noble metal [53, 

54]. Thus, in this work, it is perhaps not impossible that CeO2 can leach under 

electrochemical conditions thereby exposing additional active surface compared to 

the pure monometallic Pd/OLC and Pd/CB. Also, alloying tends to change the 
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geometric ligand (e.g., diminishes the Pd-Pd bond distance) or electronic impact 

(e.g., increase in the Pd d-electron vacancies), so one of the components modifies 

the electronic properties of the other to yield a more active catalytic surface [55-57]. 

In our latest work[16], we showed that, indeed, CeO2 modulates the electronic state 

of the Pd-OLC, thereby enhancing the electrocatalysis.  

 

Figure 5.9 (A-C) Scan rate studies and (D) plots of the current against the square 
root of scan rates of the electrocatalysts toward ethanol oxidation reaction 
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As can be observed in Figure 5.9, the Pd-CeO2/OLC, Pd/OLC and Pd/CB have 

onset potential of -0.68 V, 0.57 V and -0.46 V vs. Ag/AgCl(KCl)sat‟d, respectively. 

Note that the onset potential (Eonset) is related to the breaking of C–H bonds and the 

consequent removal of intermediates such as COad by oxidation with adsorbed OH- 

(OH-
ad) provided by Pd–OH and/or Pt–OH sites [58, 59]. The more negative onset 

potential Pd/OLC-CeO2 compared to the other two electrocatalysts is an indication 

that it requires least energy for the oxidation of ethanol. Moreover, the 

electrocatalysts follow a trend Pd-CeO2/OLC > Pd/OLC > Pd/CB with respective 

forward current responses of 1.1875 mA, 0.4886 mA and 0.0773 mA. The increased 

current response of the Pd-CeO2/OLC shows that it has the best ethanol oxidation 

performance among the electrocatalysts studied.  

Scan rate studies of the electrocatalysts toward the oxidation ethanol were shown in 

Figure 5.9A-C, where the current response increased as the scan rates increased. 

Figure 5.9D show the plots of the peak forward current response to the square root 

of the scan rates, which gives straight line for all the electrocatalysts with regression 

close to unity, confirming that the interaction of the ethanol onto the electrodes‟ 

surfaces is diffusion-controlled. Also, the logarithmic plot of the forward peak current 

(log jpf) vs scan rate ( / mVs-1) increased linearly (Figure 5.9E) with slopes between 

0.31 and 0.53, further confirming that the electrocatalysis is essentially diffusion-

controlled processes. Note that the peak potential of the forward peak (Epf / V) shifts 

slightly to the positive direction as the scan rate increased, however, the backward 

peak current did not change with scan rate, which may suggest an improved 

tolerance to poisoning from carbonaceous intermediates. Tafel slope is a critical 

parameter that provides an insight into the rate-determining step of the EOR. The 
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Tafel slopes of the electrocatalysts decreased in the following order: Pd/CB (~191 

mV/dec) > Pd/OLC (~ 186 mV/dec) > Pd-CeO2/OLC (~145 mV/dec). Since the 

values are in the same magnitude, one may conclude the electrocatalysts have 

same reaction mechanism for the EOR, with the Pd-CeO2/OLC providing the fastest 

electron transfer kinetics compared to other electrocatalysts. 

5.3.4 Reasons for the high performance of the Pd-CeO2/OLC electrocatalyst 

towards ethanol oxidation reaction 

For the DFT calculation, the Pd (111) was chosen as the model catalyst surface 

considering that the (111) plane is known to give the highest EOR activity amongst the 

low-index surfaces. It is also the most prominent surface in the XRD patterns. Also, the 

choice of Ce (111) and OLC (002) stems from their prevalence in the XRD patterns.  The 

acetyl (CH3CO*) and hydroxyl (OH*) species were chosen as the adsorbates because it 

is well established, both by experiments [60, 61] and theory [62, 63], that the EOR 

follows the formation of acetic acid (CH3COOH) via the oxidation of the adsorbed 

CH3CO∗ by OH∗ species [64], Equation (5.2) 

 

CH3CO∗ + OH∗ → CH3COOH∗ + ∗     (5.2) 

 

Figure 5.10 exemplifies the adsorption of the CH3CO* on the electrocatalysts‟ 

surfaces. The adsorption energy window was set at 100 kcal mol-1 and minimum 

energy difference set at 0.0 kcal mol-1. In the DFT calculation, the adsorption energy, 

Ead (eV), is defined as (Equation 5.3) [16, 65, 66] 

Ead = (Esurface + adsorbate) − (Esurface + Eadsorbate)    (5.3) 

where Esurface + adsorbate represents the total energy of the interacting catalyst surface and 

the adsorbate, while Esurface + Eadsorbate are the energies of the bare catalyst surface and 
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the free adsorbate in the gas phase. This equation shows that the more negative the Ead 

value, the stronger the adsorption. The DFT results (summarised in Table 5.3) show that 

the strongest adsorption of CH3CO* is observed for the Pd/CB (-25.494 eV) compared to 

the Pd/OLC (-16-503 eV) and Pd-CeO2/OLC (-16.811 eV). The weaker adsorption of 

the CH3CO* on the Pd/OLC and Pd-CeO2/OLC predicts better electrocatalysis on the 

OLC-based electrodes. The Ead of Pd-CeO2/OLC is 1.87% higher than that of the 

Pd/OLC, but this seems to be compensated by the excellent conductivity of the Pd-

CeO2/OLC (i.e., reduced band gap of 0.176 eV vs 0.433 eV). Also, the Pd-CeO2/OLC 

shows the weakest adsorption for the OH* (-10.135 eV) compared to Pd/OLC (-10.448 

eV) and Pd/CB (-13.116 eV). 
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Figure 5.10 Acetyl group adsorption sites at the surfaces of (A) Pd/CB, (B) Pd/OLC 
and (C) Pd-CeO2/OLC. The dark blue dots (shades) show the possible site ethanol 
molecules are adsorbed. 
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Table 5.4 Predicted energy values from the DFT calculations accompanying the 
interaction of tramadol with the surfaces of Pd/CB, Pd/OLC and Pd-CeO2/OLC 

 

 

The weak adsorption energy between the OH* and Pd-CeO2/OLC confirms that CeO2 is 

an efficient oxygen storage promoter [67], which can speedily supply enough OH species 

as needed for the fast electrocatalytic kinetics of the EOR. In addition, the bulky nature of 

the CeO2 may create some steric hindrance to the Pd thereby mitigate the risk of 

poisoning the active Pd species.  

In addition to the DFT data, it can be observed in Figure 5.11 that both HRTEM 

and XPS data provide further insights into the reasons for the enhanced performance of 

the Pd-CeO2/OLC toward EOR. First, HRTEM shows intimate association of the Pd with 

the CeO2, confirming the interfacial interaction between the two species (see Figure 5.11 

A). Regarding XPS, it has been reported from XPS data how Pd2+/Pd0 and Ce4+/Ce3+ 
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redox couples interact to keep Pd in its ionic state and, at the same time, allowing the 

availability of the lattice oxygen for the oxidation reaction [21, 22]. In the solid solution of 

Ce1−xPdxO2−, it is either that the Ce4+ is reduced to Ce3+ or the Pd2+ is reduced to Pd0, or 

both. However, considering that the electronic configuration of Pd2+ (4d8 5s0) means that 

there is a vacancy in its valence band and, coupled with the fact that it lies below the 

Ce4+4f band, it simply means that it should be preferentially reduced to Pd(0) rather than 

the Ce4+ to Ce3+.  The formation of Pd(0) means that the Pd valence will cross the 

Ce4+level toward the Fermi level since the addition of electrons tends to move the 

electronic states much closer to the Fermi energy level [17]. From the XPS data obtained 

in this work, the Pd-CeO2/OLC shows slightly higher binding energy of the Pd 3d core 

energy (i.e., Pd(0) 3d5/2 at 335.2 eV and Pd(0) 3d3/2  at 340.4 eV) compared to the 

Pd/OLC (i.e., Pd(0) 3d5/2 at 335.0 eV and Pd(0) 3d3/2 at 340.0 eV), indicating a highly  

effective charge and formation of a stable Ce1−xPdxO2- for the Pd-CeO2/OLC [17]. 

Importantly, from the valence band spectra of the catalysts (Figure 5.11 B-D), the d-

band width increases as Pd/CB (1.04 eV) < Pd/OLC (3.26 eV) < Pd-CeO2/OLC (9.00 

eV). Similarly, the d-band center (εd) is shifted downward relative to the Fermi level, i.e., 

Pd/CB (3.2 eV) < Pd/OLC (3.6 eV) < Pd-CeO2/OLC (4.2 eV). The broadening of the d-

band is indicative of increased compressive strain on the Pd lattice, which leads to an 

increase in the overlap of the electronic states between the metal atoms (in this case the 

Pd and Ce). This phenomenon has been observed by other workers too [68, 69]. It is 

well established in various articles that the positive shift of the Pd 3d core-level and the 

downshift of the d-band center occur together because of electron loss [69-71]. In fact, 

the downshift of the d-band center is generally considered highly significant as it 

suggests a weaker adsorption strength of the adsorbing species on the catalyst‟s surface 

(as also predicted by the DFT for both the OLC-based catalysts, Table 5.4) which, of 
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course, is the result of a decreased electron back-donation from the metallic surface to 

the anti-bonding level of the adsorbed species [56, 68, 72, 73]..  

 

Figure 5.11 HRTEM showing the interfacial interaction between Pd and CeO2 in Pd-
CeO2/OLC, and the valence band spectra of the (B) Pd/CB (C) Pd-CeO2/CB and (D) 
Pd-CeO2/OLC catalysts. 

 

In summary, the modulation of the electronic states of the Pd-OLC by CeO2, 

evident by the enhanced interfacial interaction between the Pd and CeO2, the increased 

lattice strain and the downshift of the d-band centre, explain the enhanced 

electrocatalytic ethanol oxidation reaction. Therefore, the enhanced electrocatalysis of 

EOR by the Pd-CeO2/OLC is the results of the strong interfacial interaction of the Pd with 

the CeO2-containing OLC. Experiments and theory prove that, unlike the CB, OLC 
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exhibits strong positive impacts on the electronic states of the Pd-CeO2, enhancing the 

electrocatalytic performance of the Pd-CeO2/OLC 

 

5.3.5 Analytical application of Pd-CeO2/OLC-based electrochemical sensor 

5.3.5.1 Alcohol detection in alkaline medium  

Since the Pd/OLC-CeO2 has the best performance for ethanol oxidation reaction, 

additional experiments for the sensing of ethanol and its detection in commercial beer 

and wine, as well as interferent studies with serum which mimic the condition in humans.  

The sensing of alcohol on Pd/OLC-CeO2 electrocatalyst alone was studied using 

chronoamperometry (CA) technique. The study was done with a blank (i.e., alkaline 

electrolyte only without the alcohol) and very low concentrations of alcohol (38.5 mM – 

666.7 mM).  Figure 5.12A shows the sensing of alcohol at extremely low concentrations 

on the Pd/OLC-CeO2 electrocatalyst, which was run for 30 s. It was observed that the 

current response of the amperometry increase with increasing concentration of the 

alcohol. Thereafter, a plot of peak current (i, μA) at 2.5 s against the ethanol 

concentrations was made and shown in Figure 5.12B. The equations for the resulting 

calibration plots were as follows, Equations 5.4: 

 

Ipa (mA) = 0.00024±0.000 [Ethanol, mM] + 0.0144±0.001 (R2 = 0.9990)  (5.4) 

 

The electrode shows better linearity in the range of 38.5 – 286 mM, sensitivity (m = 

0.00024 mA mM-1) and limit of detection (LoD ~ 8.7 mM, determined from LoD = 3 

s/m, where s is the standard deviation of the blank or y-intercept. The values were 

calculated as the average of five electrodes. 
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Figure 2.12 (A) Typical chronoamperometric curves obtained in 1 M KOH containing 
different concentrations of ethanol (0 – 666.7 mM), and (B) plot of peak current 
response versus concentration of ethanol. 

 

5.3.5.2 Determination of ethanol in real alcoholic samples 

To demonstrate the possibility of the GCE/Pd-CeO2/OLC as a potential 

electrocatalyst for the detection of alcohol in real samples such as commercial beer 

(Amstel® beer), commercial wine (Nederberg® wine) and human serum were tested 

using the standard addition method. Each sample was tested five consecutive times 

and quantified using the standard linear plots. Relatively high recoveries (89 – 108 

%) were achieved as summarized in Table 3, confirming that the Pd-CeO2/OLC-

based electrocatalyst has the potential to be developed as a viable electrocatalytic 

sensing platform for a variety of alcohol samples. 
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Table 5.5 Summary of results obtained in this work for electrochemical sensing of 
tramadol, using the DPV method 

Sample Added 
(mM) 

Detected 
(mM) 

Recovery  
(%) 

RSD (%) 

Human Serum 167 180  107.8 6.3 

Commercial Beer (Amstel®) 91 81 89.0 7.2 

 Commercial Wine (Nederberg®) 193 184 95.3 5.4 

 

 

5.4 Conclusion 

This study has clearly proven that Pd-CeO2/OLC is the best performing 

electrocatalyst for EOR and ethanol detection in alkaline electrolyte. DFT 

calculations, which is supported by HRTEM and XPS data, predict that this high 

performance may be attributed to the modulation of the electronic properties of the 

Pd-OLC interface. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1   Electrocatalytic Sensing of Tramadol 

This work describes the first report on the use of OLC (vs conductive carbon black) 

as an electrode platform for the detection of tramadol, an important drug of abuse. 

OLC-modified glassy carbon electrode (GCE-OLC) shows wide linear concentration 

range for tramadol (ca. 55 – 392 M) with high sensitivity and low limit of detection 

and quantification. OLC-modified screen-printed electrode (SPE-OLC) was 

successfully deployed in the determination of tramadol in human serum samples and 

pharmaceutical formulation. The OLC-based electrochemical sensor promises to be 

useful for sensitive and accurate detection of tramadol in clinics, quality control and 

routine quantification of tramadol drugs in pharmaceutical formulations. Theoretical 

calculations (DFT) predicted that OLC (and possibly spherically shaped carbons) 

rather than conductive carbon black (and possibly other flat-shaped carbons such as 

graphene) are the most likely carbon electrodes for the sensitive electrocatalytic 

detection of tramadol.  

This work has opened doors for future research; thus the following 

recommendations should be considered: 

(i) Further work is needed to explore other carbon models or morphologies 

such as nanotubes, diamond-shaped, nanofibres, nanowires, fishbones, 

and many other morphologies for the sensitive detection of tramadol and 

related drugs.  

(ii) Given the high sensitivity of the OLC, future research on modification 

with low-cost transition metal oxides should be considered. 
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(iii) The sensitivity of the OLC-based electrodes for the sensing of tramadol 

and related drugs should be optimized and use a more sensitive 

electrochemical technique such as chronoamperometry. 

(iv) More drugs of abuse (such as cocaine, codeine, methamphetamine, etc) 

should be explored with OLC-based electrochemical sensors. 

(v) There is a need to fabricate electrochemical microsensor as a diagnostic 

device for tramadol and other drugs of abuse. 

 

6.2 Electrocatalytic Sensing of Alcohol 

This research studied the electrocatalytic properties of palladium catalysts supported 

on CB, OLC and CeO2/OLC (i.e., Pd/CB, Pd/OLC and Pd-CeO2/OLC) towards the 

oxidation of ethanol (EtOH) in alkaline medium. The presence of CeO2 significantly 

enhanced anodic performance of the two carbon supports. GCE/Pd-CeO2/OLC 

showed the best performance of ethanol oxidation reaction in terms of current 

densities (highest current density), smaller peak-to-peak separation (faster electron 

transport), higher jf/jb value (less poisoning from products of the intermediate 

reaction) and the lowest resistance to current flow as seen in the EIS results. DFT 

calculation, supported by XPS and HRTEM data, predicted that this high activity is 

due to the presence of CeO2 that modulated the electronic properties of the pristine 

Pd/OLC catalyst. Based on the above results, the GCE/Pd-CeO2/OLC catalyst was 

then employed for the detection of ethanol which gave wide linear range of 38.5 – 

286 mM, sensitivity (m = 0.00024 mA mM-1) and limit of detection (LoD) of ~ 8.7 

mM. The GCE/Pd-CeO2/OLC shows potential; for use in real samples of commercial 

alcoholic beverages and human serum, with satisfactory recoveries (89 – 108 %). 
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This work has opened doors for future research; thus the following 

recommendations should be considered: 

(i) Given the high sensitivity of the Pd-CeO2/OLC towards EOR and 

sensing of ethanol, future research on other lanthanides other than 

cerium could be explored. 

(ii) The sensitivity of the Pd-CeO2/OLC-based electrodes for the sensing of 

ethanol should be optimized and related drugs should be optimized by 

using a more sensitive electrochemical technique such as 

chronoamperometry. 

(iii) It would be interesting to explore and fabricate electrochemical 

microsensor as a diagnostic device for the detection ethanol gas in 

human breath as breathalyzer (for catching drunk drivers). 
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APPENDIX 

  

CALCULATION FOR CONCENTRATIONS OF ETHANOL 

 
HIGH CONCENTRATION  

1) Calculation of the concentrations of EtOH added from the stock solution (D; 1.0 M 

EtOH in 1.0 M KOH) to 25 mL of 1.0 M KOH electrolyte 

Add 1.0 mL of stock solution for 1st – 5th addition 

1st addition, Cinitial = 1.0 M; Vinitial = 1.0 mL = 0.001 mL; Vnew = (25.0 + 1.0) mL = 26.0 

mL = 0.026 L 

      
                  

    
  

               

       
                                

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.038462 M x 100 % x 

             

            = 0.2247 % 

 

2nd addition, Cinitial = 1.0 M; Vinitial = 2.0 mL = 0.002 mL; Vnew = (26.0 + 1.0) mL = 

27.0 mL = 0.0270 L 

      
                  

    
  

               

        
                                

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.074074 M x 100 % x 

             

            =          

 

3rd addition, Cinitial = 1.0 M; Vinitial = 3.0 mL = 0.003 mL; Vnew = (27.0 + 1.0) mL = 28.0 

mL = 0.0280 L 
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Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.107143 M x 100 % x 

             

            = 0.6260 % 

 

4th addition, Cinitial = 1.0 M; Vinitial = 4.0 mL = 0.004 mL; Vnew = (28.0 + 1.0) mL = 29.0 

mL = 0.0290 L 

      
                  

    
  

                

        
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.137931 M x 100 % x 

             

            = 0.8059 % 

 

5th addition, Cinitial = 1.0 M; Vinitial = 5.0 mL = 0.005 mL; Vnew = (29.0 + 1.0) mL = 30.0 

mL = 0.030 L 

      
                  

    
  

               

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.166667 M x 100 % x 

             

            = 0.9738 % 

 

 

Add 2.0 mL of stock solution for 6th – 10th addition 

6th addition, Cinitial = 1.0 M; Vinitial = 7.0 mL = 0.007 mL; Vnew = (30.0 + 2.0) mL = 32.0 

mL = 0.032 L 

      
                  

    
  

               

       
                                 

Note the formular for converting Molar to % 
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% EtOH = Cm x 100 % x 
          

       
= 0.218750 M x 100 % x 

             

           
 = 1.2781 % 

 

7th addition, Cinitial = 1.0 M; Vinitial = 9.0 mL = 0.009 mL; Vnew = (32.0 + 2.0) mL = 34.0 

mL = 0.034 L 

      
                  

    
  

               

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.264706 M x 100 % x 

             

            = 1.5466 % 

 

8th addition, Cinitial = 1.0 M; Vinitial = 11.0 mL = 0.011 mL; Vnew = (34.0 + 2.0) mL = 

36.0 mL = 0.0360 L 

      
                  

    
  

               

        
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.305556 M x 100 % x 

             

            = 1.7853 % 

 

9th addition, Cinitial = 1.0 M; Vinitial = 13.0 mL = 0.013 mL; Vnew = (36.0 + 2.0) mL = 

38.0 mL = 0.0380 L 

      
                  

    
  

               

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.342105 M x 100 % x 

             

            = 1.9988 % 

 

10th addition, Cinitial = 1.0 M; Vinitial = 15.0 mL = 0.015 mL; Vnew = (38.0 + 2.0) mL = 

40.0 mL = 0.040 L 
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Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.375000 M x 100 % x 

             

            = 2.1910 % 

 

Add 5.0 mL of stock solution for 11th – 20th addition 

11th addition, Cinitial = 1.0 M; Vinitial = 20.0 mL = 0.02 mL; Vnew = (40.0 + 5.0) mL = 

45.0 mL = 0.045 L 

      
                  

    
  

              

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.444444 M x 100 % x 

             

            = 2.5967 % 

 

12th addition, Cinitial = 1.0 M; Vinitial = 25.0 mL = 0.025 mL; Vnew = (45.0 + 5.0) mL = 

50.0 mL = 0.050 L 

      
                  

    
  

               

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.500000 M x 100 % x 

             

           
 = 2.9213 % 

 

13th addition, Cinitial = 1.0 M; Vinitial = 30.0 mL = 0.030 mL; Vnew = (50.0 + 5.0) mL = 

55.0 mL = 0.055 L 

      
                  

    
  

               

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.545455 M x 100 % x 

             

            = 3.1869 % 
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14th addition, Cinitial = 1.0 M; Vinitial = 35.0 mL = 0.035 mL; Vnew = (55.0 + 5.0) mL = 

60.0 mL = 0.060 L 

      
                  

    
  

               

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.583333 M x 100 % x 

             

           
 = 3.4082 % 

 

15th addition, Cinitial = 1.0 M; Vinitial = 40.0 mL = 0.04 mL; Vnew = (60.0 + 5.0) mL = 

65.0 mL = 0.065 L 

      
                  

    
  

              

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.615385 M x 100 % x 

             

            = 3.5955 % 

 

16th addition, Cinitial = 1.0 M; Vinitial = 45.0 mL = 0.045 mL; Vnew = (65.0 + 5.0) mL = 

70.0 mL = 0.070 L 

      
                  

    
  

                

      
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.642857 M x 100 % x 

             

           
 = 3.7560 % 

 

17th addition, Cinitial = 1.0 M; Vinitial = 50.0 mL = 0.05 mL; Vnew = (70.0 + 5.0) mL = 

75.0 mL = 0.075 L 
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Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.666667 M x 100 % x 

             

            = 3.8951 % 

 

18th addition, Cinitial = 1.0 M; Vinitial = 55.0 mL = 0.055 mL; Vnew = (57.0 + 5.0) mL = 

80.0 mL = 0.08 L 

      
                  

    
  

                

      
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.687500 M x 100 % x 

             

            = 4.0168 % 

 

19th addition, Cinitial = 1.0 M; Vinitial = 60.0 mL = 0.06 mL; Vnew = (80.0 + 5.0) mL = 

85.0 mL = 0.085 L 

      
                  

    
  

               

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.705882 M x 100 % x 

             

            = 4.1242 % 

 

20th addition, Cinitial = 1.0 M; Vinitial = 65.0 mL = 0.065 mL; Vnew = (85.0 + 5.0) mL = 

90.0 mL = 0.09 L 

      
                  

    
  

                

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.583333 M x 100 % x 

             

            = 3.4082 % 
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21st addition, Cinitial = 1.0 M; Vinitial = 70.0 mL = 0.07 mL; Vnew = (90.0 + 5.0) mL = 

95.0 mL = 0.095 L 

      
                  

    
  

               

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.736842 M x 100 % x 

             

            = 4.3051 % 

 

22nd addition, Cinitial = 1.0 M; Vinitial = 75.0 mL = 0.075 mL; Vnew = (95.0 + 5.0) mL = 

100.0 mL = 0.10 L 

      
                  

    
  

                

      
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.750000 M x 100 % x 

             

            = 4.3820 % 

 

23rd addition, Cinitial = 1.0 M; Vinitial = 80.0 mL = 0.08 mL; Vnew = (100.0 + 5.0) mL = 

105.0 mL = 0.105 L 

      
                  

    
  

               

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.761905 M x 100 % x 

             

            = 4.4515 % 

 

24th addition, Cinitial = 1.0 M; Vinitial = 85.0 mL = 0.085 mL; Vnew = (105.0 + 5.0) mL = 

110.0 mL = 0.110 L 
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Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.772727 M x 100 % x 

             

            = 4.5148 % 

 

25th addition, Cinitial = 1.0 M; Vinitial = 90.0 mL = 0.090 mL; Vnew = (110.0 + 5.0) mL = 

115.0 mL = 0.115 L 

      
                  

    
  

               

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.782609 M x 100 % x 

             

            = 4.5725 % 

 

26th addition, Cinitial = 1.0 M; Vinitial = 95.0 mL = 0.095 mL; Vnew = (115.0 + 5.0) mL = 

120.0 mL = 0.120 L 

      
                  

    
  

                

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.791667 M x 100 % x 

             

            = 4.6254 % 

 

27th addition, Cinitial = 1.0 M; Vinitial = 100.0 mL = 0.100 mL; Vnew = (120.0 + 5.0) mL = 

125.0 mL = 0.125 L 

      
                  

    
  

               

       
                                 

Note the formular for converting Molar to % 

% EtOH = Cm x 100 % x 
          

       
= 0.800000 M x 100 % x 

             

           
 = 4.6741 % 
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2) Calculation of mM of EtOH from its % in commercial brands of beer and 

wine 

This is the formula to convert % of EtOH in any brand of beer or wine to its 

concentration (mM) 

                        
       

                  

                       
           

                     
  

Assuming the % of EtOH in any beer or wine is 4 %; the concentration of EtOH in the 

beer or wine is: 

 

                     
           

                     
         

           

                        
 

                      

If 50.0 mL of the beer or wine (containing 4 % EtOH) is diluted with 50.0 mL of 0.1 M 

KOH making up stock solution (C); then stock solution = 342652 mM.  

If 10.0 mL of stock solution (C) is added to 25.0 mL of 0.1 M KOH, its new 

concentration is: 

CA is run when 10.0 mL of stock solution (C) is added to 25.0 mL of 0.1 M KOH. The 

unknown concentration of the stock solution is extrapolated from the calibration 

curve with its current response and compared with calculated [EtOH]. This is 

repeated 5 times to test the reproducibility of the catalyst toward EtOH detection by 

calculating the relative standard deviation (RSD).  

 

This procedure is repeated for other brands of beer and wine with different % of 

EtOH.  
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The recovery rate could be tested when the stock solution of beer and wine is diluted 

with Human blood and added to 1.0 M KOH electrolyte, CA is then run, where the 

current response is used to determine the equivalent [EtOH] and compared with 

calculated [EtOH] 

Ferric/ Ferro Calculation 

Molar mass of Ferric = 329.24g/mol (5 mmol/L )=0.005mol/L 

Molar mass of Ferro = 422.41g/mol (5 mmol/L) =0.005mol/L 

Molar mass KCL = 74.55g/mol (needed 0.1mol/L)  

Volume to be prepared = 50ml = 0.05L 

n = C X V =0.005mol/L X 0.05L= 0.00025mol (Ferric & Ferro) 

(m) mass = (Mr)molar mass x number of mole (n) 

 m = Mr x n = 329.24g /mol X 0.00025mol =0.0823g (Ferric) 

m = Mr x n = 422.41g/mol X 0.00025mol = 0.1056g (Ferro) 

n = C X V  = 0.1mol/L x 0.05L = 0,005mol KCL 

mass = molar mass x n = 74.55g/mol x 0,005mol = 0.37275g KCL 

Therefore, weigh out 0.37g KCL into 50ml (0,05L) PBS =0.1mol/L 

 

Serial dilution calculations 

3.75mg TRD in 10mL PBS which is diluted with 25mL PBS and detected 

Note 10mL=0.01L and 25mL = 0.025mL 

Molar mass of tramadol (TRD)=263.38g/ml, mass of tramadol (TRD)=3.75mg 

From m = CVM, C = m/VMr   = 0.00375g/0.01L (263.38g/mol) =1.4238e-3mol/L 

Therefore, using the dilution calculation method of C₁V₁= C₂V₂. C₂= C₁V₁/V₂ 

1ml C₂ =1.4238e-3(0.001L)/0.026 = 5.476e-5mol/L 

2ml C₂ =1.4238e-3(0.002L)/0.027 = 1.055e-4mol/L 
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3ml C₂ =1.4238e-3(0.003L)/0.028 = 1.525e-4mol/L 

4ml C₂ =1.4238e-3(0.004L)/0.029 = 1.96e-4mol/L 

5ml C₂ =1.4238e-3(0.005L)/0.030 = 2.373e-4mol/L 

6ml C₂ =1.4238e-3(0.006L)/0.031 = 2.756e-4mol/L 

7ml C₂ =1.4238e-3(0.007L)/0.032 = 3.114e-4mol/L 

8ml C₂ =1.4238e-3(0.008L)/0.033 = 3.452e-4mol/L 

9ml C₂ =1.4238e-3(0.009L)/0.034 = 3.77e-4mol/L 

9.5ml C₂ =1.4238e-3(0.0095L)/0.0345 = 3.92e-4mol/L 

 

Calculating the limit of detection and limit of quantification 

Limit of detection (LOD) 

Limit of quantification (LOQ)  

To calculate the LOD and LOQ 

LOD = 3 (SD of the intercept / slope) 

LOQ =10 (SD of the intercept / slope) 
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