
The Processing and Characterisation of Novel Self-
Assembled DNA Platinum Electrocatalysts for the 

Hydrogen Evolution Reaction (HER) 

 
 

 

 

 

 

 

 

 

 

 

 

By 

Ruba Hendi  

  
A thesis submitted to the 

University of Birmingham 

for the degree of 

DOCTOR OF PHILOSOPHY 

 

 
 School of Chemical Engineering 

College of Engineering and Physical Science  

University of Birmingham  

September 2020 



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 

UNIVERSITYDF 
BIRMINGHAM 



Abstract  
Fuel cell technology is a sustainable and green means of power generation and can help to tackle the 
global demands of energy and power. Fuel cells can have a wide range of applications, from use in 
small portable devices such as mobile phones or laptops to more energy demanding applications like 
electric vehicles or industrially for heat and power generation. However, their high expense has 
hindered their commercialization and widespread adoption. The major contribution to these high 
costs arises from the use of expensive raw materials, in particular platinum metal which is commonly 
used as a catalyst however is highly prone to poisoning from impurities in the fuel. 

With the aim of reducing platinum metal loadings further in catalytic materials associated with clean 
fuel and energy production, a novel synthetic biology approach to platinum nanostructure design 
involving the use of DNA as a scaffold for the accurate placement of metal atoms is suggested. The 
design of the material considers the spacing of the individual platinum metal atoms along the 
backbone of DNA, in order to reduce and control undesirable metal clustering and consequently 
expose more of the metal active sites, thereby raising the catalytic efficiency of the resultant material. 
The use of DNA as a versatile tool for self-assembly is emerging in the field of DNA nanotechnology 
and particularly methods such as DNA origami, where the fabrication of two-dimensional 
nanostructures is possible. These methods will be employed to achieve the catalyst nanostructure 
design of well distributed platinum metal on a DNA scaffold. The platinating agent in this study 
involves the use of the anticancer drug cisplatin (cisPt), [Pt (NH3)2Cl2], due to its extensively studied 
and well understood covalent interactions with the DNA nucleobases. The ability of this platinum 
metal complex to form such strong interactions with the DNA is pivotal in ensuring the formation of a 
robust catalyst precursor material. Lastly, through the combination of the well understood Watson-
Crick specific base pairings of the DNA and the interactions between cisPt and DNA nucleobases 
reported in the literature, the aim is to specifically control the assembly of the platinum on the DNA 
template to produce localised and highly distributed platinum active sites suited for catalysing fuel 
cell reactions like the hydrogen evolution reaction (HER). 

In this study, the novel DNA-cisPt based nano-material (synthesised in-house) is characterised to 
measure its electrochemical properties in order to assess its feasibility for its use as an electrocatalyst 
for fuel cell applications. The initial work, involving the complex formation between salmon milt DNA 
and cisPt, focuses on investigating the ideal and optimum platinum metal loading on the DNA scaffold 
for the HER in an acidic environment (pH 3). The studies reveal interesting trends in catalytic behaviour 
as a function of platinum loading for the HER and the influence of this on the resultant surface 
morphology of the material via STEM imaging characterisation. This includes increased electrocatalytic 
performance with increased metal loadings although simultaneously we observed increased 
clustering of the metal atoms and poorer distribution of it on the DNA support.  

However, the non-conductive nature of the DNA material greatly hindered the attainable 
electrocatalytic performance at all loadings of the platinum metal. Thus, an integral study focusing on 
different processing treatments of the DNA was carried out to improve the conductive and electronic 
properties of the DNA material as an electrocatalyst support, which would both improve the 
electrochemical activity and durability of the nanomaterial. The resulting effect of three different 
methods has been detailed throughout the thesis including the method of: functionalization of single 
walled carbon nanotubes (SWCNT’s) with the DNA-cisPt material, the graphitization of the DNA 
through the evacuation of the hydrogen and oxygen atoms upon high dose exposure to an electron 
beam, and finally carbonisation of the DNA via a low temperature pseudo pyrolysis process (255 °C, 
30 minutes).  



Experimental work presented in this thesis focuses on assessing the surface morphology of the 
nanomaterial using Scanning Transmission Electron Microscopy (STEM) and the electrocatalytic 
performance for the HER via electrochemical studies. X-ray Photoelectron Spectroscopy (XPS) is used 
to identify the chemical composition of the material, while Atomic Force Microscopy (AFM) is 
occasionally used to observe the surface topography of the DNA.  

The experimental results reveal that interesting trends in catalytic behaviour as a function of platinum 
loading in the DNA-cisPt nanomaterial can be attained for the HER reaction (pH 3). It is clear from the 
experimental findings that the functionalisation of the SWCNTs with cisPt gives rise to exceptional 
improvements in the electrocatalytic performance of the nanotubes towards the HER (pH 3), 
compared to the unmodified SWCNT’s. Insights into the mechanism of the HER reaction, as revealed 
by the Tafel slopes, show that the Volmer-Heyrovsky reaction mechanism dominates for the HER over 
the surface of the fabricated SWCNT-DNA-cisPt structures and that the cisPt loading correlates 
strongly with the calculated transfer coefficient (α) and the Tafel slope.  

On the other hand, the treatment process of the DNA via its projection to a flood electron beam (e-
beam) led to significant improvements in the electrochemical performance of the material for the 
electrocatalysis of the HER (pH 3) compared to the untreated counterpart. This supports the 
hypothesis made to suggest that the conductive properties of the DNA can be improved through this 
processing technique. The electrocatalytic performance of the e-beam treated DNA-cisPt material 
could be correlated with the platinum (Pt) loading. An optimum loading was found, which was 
intermediate of all the Pt loadings studied. Lastly, carbonisation of the DNA/glassy carbon (GC) and 
DNA-cisPt /GC modified electrode via a heat treatment process at the optimum experimental pseudo 
pyrolysis conditions found (255 °C for a duration of 30 minutes) was also proven to be successful in 
significantly improving the electrocatalytic performance of the material for the HER (pH 3), compared 
to the untreated counterpart. Carbonization of the virgin DNA via a pseudo pyrolysis process can 
significantly improve the electrochemical performance for the catalysis of the HER (pH 3) and the 
performance attained is equivalent to that measured in the presence of the platinum metal i.e. 
carbonised DNA-cisPt. It can be proposed that the carbonised DNA is best described as being 
equivalent to a nitrogen, phosphorus doped (N, P-doped) (graphitic) carbon, which justifies the 
improved electrocatalytic response measured.  

The experimental results have shown that cisPt is an effective source of platinum metal and its 
combination with DNA is ideal for establishing controlled placement of the platinum metal atoms on 
the scaffold, at an atomic precision level via covalent bonding. This enables improved distribution of 
the platinum metal on the DNA catalyst support, thus increasing the utilisation of the expensive metal 
and consequently reducing its costs.  

To achieve this distribution, self-assembled nanostructures such as triangular DNA origami structures 
and Holliday Junction (HJ) arrays have been employed in the final part of this work. The experimental 
results have shown that electrocatalysts of reduced platinum metal loadings can be fabricated without 
compromising the fuel cell performance as demonstrated through the electrochemical studies of the 
HER (pH 3). The surface morphological studies via STEM imaging have shown how highly distributed 
platinum metal atoms on the DNA nanostructures can be achieved as opposed to the non-assembled 
DNA scaffold i.e. salmon milt DNA. As a result of this, there is increased availability and exposure of 
the catalyst active sites. This is a stepping stone towards improving the utilisation of the ‘true’ 
available surface area, consequently leading to more effective and efficient use of the platinum metal 
and consequently reducing costs.  
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Chapter 1: Introduction 
1.1 Background  
The global energy demand reported its highest increase of 2.3 % in 2018, primarily due to the strong 
global economic growth (3.7 %) (1). As both global development and population continue to rise, an 
increased demand equating to a growth from 16 Terawatt (TW) (in 2010) to 23 and 30 TW is expected 
by the year 2030 and 2050 respectively (2). Currently these energy demands are being met primarily 
by conventional fossil fuel resources such as petroleum oil, natural gas and coal, which is highly 
undesirable given that they are non-renewable and greenhouse gas emitting. Meanwhile, as of 2017, 
renewable energy accounted for an estimated 18.1 % of total final energy consumption (TFEC), which 
includes renewable energy source such as hydropower, bio-power, wind and solar photovoltaics (1). 
This leads to a serious energy challenge which must address the balance between energy demand and 
supply, whilst considering sustainable development. This includes the production, transmission, 
distribution, and energy conversion of the fuel (3). In particular, renewable fuels are favourable energy 
sources for power generation, and there has been an increased demand for renewable electricity, of 
around 25 % between the years of 2013 and 2017 (1).  

An efficient means of power generation, addressing the issues of both sustainability and net zero 
carbon emissions is one based on fuel cell technology (4). Fuel cell technology converts the chemical 
energy in a fuel to electrical energy by reacting it with oxygen or air. A commonly used fuel is hydrogen 
which is a “green” means of power generation, since its combustion by-product is water (H2O) thus 
contributing favourably to the realization of low carbon-energy systems in Europe by 2030 (5). 
However, common methods for the generation of hydrogen have entailed inefficient production 
routes that use fossil fuels. Alternative methods, such as the electrolysis of water to form hydrogen 
via the hydrogen evolution reaction (HER) and oxygen via the oxygen evolution reaction (OER), is a 
more environmentally friendly and sustainable way of generating the chemical fuel (6). Through their 
recombination, chemical energy can then be converted into electricity, which is the fundamental 
operating principle behind the Polymer Electrolyte Membrane Fuel Cell (PEMFC) technology, involving 
the hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR). 

Fuel cells can have a wide range of applications, from use in small portable devices such as mobile 
phones or laptops to more energy demanding applications like electric vehicles or industrially for heat 
and power generation (4). In addition, the thermodynamic efficiencies of fuel cells is higher i.e. 40-60 
% compared to the 35 and 20 % efficiencies of conventional power plants and gasoline engines 
respectively (7). Fuel cell technology has an additional favourable advantage of high electrical 
efficiency, which is maintained even at the very small scale units with negligible emissions (7).  

However, this technology has had limited applications due to its high expense, which has hindered its 
global popularity and commercialization. The major contribution to these high costs arises from the 
use of expensive raw materials as catalysts, which are prone to poisoning from impurities in the fuel 
and so have wide-ranging stabilities (5). Other challenges faced with fuel cells is their short durability 
(useful lifetime of 5-6 years) compared to the lifetime of energy generated from coal and gas. 
Moreover, more popular challenges are associated with the production, transportation and storage 
of hydrogen which is more commonly referred to as an issue of infrastructure (7). Nevertheless despite 
these challenges, the interest in the development of fuel cell technology and specifically for use in 
portable devices received great attention as it is an efficient means of generating power. 
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In particular, to support the integration of fuel cell technology in a low-carbon economy by 2050, 
several targets have been set (7). This includes: 

 Reducing the production cost of fuel cell systems by a factor of 10. 
 Increasing the electrical efficiency of fuel cells for power production by 10 % from the current 

level (40-50 %) (7). 

1.1.1 Polymer Electrolyte Membrane Fuel Cells (PEMFC) 
Brief historical overview of fuel cells 
The origin behind the operating principles of fuel cell technology can be credited to the work of 
Christian Friedrich Schönbein (1799-1868), where in 1839 Schönbein was the first person to report the 
generation of current from the combination of hydrogen and oxygen i.e. hydrogen fuel cell. However, 
the invention of fuel cells and their development as an energy generating technology was accredited 
to Sir William Robert Grove (1811-1896), who demonstrated a means for producing electricity through 
the combination of hydrogen and oxygen in 1845 (8). Following these two remarkable scientific 
discoveries, other scientists began to explore the development of this technology as a means of 
generating power. In particular, in 1894, Friedrich Wilhelm Ostwald emphasised the great potential of 
storing and generating energy via an electrochemical process, encouraging mankind to replace the 
conventional heat engines with fuel cells which offered higher efficiencies. This has since been the 
ambition in the field of energy generation, with many research interests focusing on the development 
and commercialisation of fuel cell technology as a renewable and efficient means of power generation 
(8).  
A fuel cell can simply be described by its three components, including a fuel electrode (anode), an 
oxidant electrode (cathode) and an electrolyte medium (a proton conducting membrane). The 
catalytic oxidation of the fuel (at the anode) results in the generation of electrons and ions. The 
electrons are diverted to an external circuit, generating electricity, while the ions are transported 
through the electrolyte to the cathode. The ions recombine with the oxidant at the cathode electrode 
generating the reaction by-product i.e. exhaust as shown in figure 1.  

 

 

 

 

 

 

 

 

 

A range of fuel cells have been developed over the years based on this operating principle, and have 
been differentiated by the type of electrolyte medium used in the fuel cell e.g. alkaline fuel cells (AFC), 
solid oxide fuel cells (SOFC), phosphoric acid fuel cells (PAFC), molten carbonate fuel cells (MCFC), and 
proton-exchange (or polyelectrolyte) membrane fuel cells (PEMFCs). The latter class is the primary 

Figure 1- Schematic diagram of Polymer Electrolyte Membrane (PEM) fuel cell compartment. Adapted from (8). 
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focus of this research project and we focus our attention to the reactions that occur in this type of fuel 
cell.  

1.1.2 Electrochemical Reactions in a PEMFC 
The PEMFC is highly attractive as it operates at low temperatures, typically between 60 to 80 °C, which 
enables both quick warm-up and start-up times, and it also responds to load changes rapidly. 
Compared to other types of fuel cells, the PEMFC has a high efficiency which makes its application for 
transport and portable fuel cell-applications appropriate (9). However, like the majority of fuel cells, 
this technology uses a precious metal platinum catalyst which contributes to around 55 % of the total 
expense (3). Two common electrolyte media in the PEMFC operating in acidic environments include 
either: phosphoric acid (high temperatures) or NafionTM, a sulfonated tetrafluoroethylene-based 
membrane (low temperatures), both producing power densities greater than 500 mW cm-2 (5). The 
main redox reactions that occur simultaneously at the electrodes to generate electrical energy and 
water (by-product) are shown:  

𝐴𝑛𝑜𝑑𝑒: 𝑃𝑡 
1

2
𝐻ଶ (𝑔)  ⇌  𝐻ା(𝑎𝑞) + 𝑒ି(𝑚) 𝐸𝑞. (1) 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 𝑃𝑡 
1

2
𝑂ଶ + 2𝐻ା + 2𝑒ି ⇌ 𝐻ଶ𝑂 𝐸𝑞. (2) 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙: 
1

2
𝑂ଶ  + 𝐻ଶ →  𝐻ଶ𝑂  𝐸଴ = 1.23 𝑉 𝐸𝑞. (3) 

Where E0 is the standard potential of the reaction.  

Recently, more efficient membranes, electrodes, and catalyst materials have been explored to reduce 
the associated expenses and prolong durability (5). The commonly employed catalyst material at both 
electrodes is made up of platinum nanoparticles supported on a porous carbon structure. This enables 
sufficient electrical contact between the electrode and electrolyte and provides high surface areas to 
establish fast rates of electron transfer and consequently a desirable fuel cell performance (10). 
However, the hydrogen oxidation reaction (HOR) at the anode is extremely fast, requiring much lower 
Pt loadings (< 0.05 mg cm-2) compared to the sluggish reaction kinetics of the oxygen reduction 
reaction (ORR) at the cathode, requiring much higher Pt loadings (0.4 mg cm-2) (11).  

However, despite the scarcity of the platinum metal, it remains the optimum catalyst for both of these 
electrochemical reactions. As a result, research interests have focused on the reducing the fuel cell 
costs by developing platinum electrocatalysts of reduced metal loadings, without compromising the 
fuel cell performance. A rational approach in the development process of electrocatalysts has been to 
focus on controlling the platinum particle size, catalyst shape/dendritic morphology and the catalyst 
architectural structure (platinum skin, core-shell, or platinum monolayer) (2)&(3). In general, this has 
ranged from depositing platinum onto a carbon-based catalyst support to alloying of the platinum 
metal with other transition metals. However, each method gives rise to its own complications when 
used as the electrocatalyst material. For example, this can entail agglomeration and sintering issues 
of the platinum nanoparticles after some period of operation on the carbon-based support, or 
alternatively issues of instability and dissolution effects with time for platinum-metal based alloy 
material (2). Some methods have developed platinum alloys using noble metals like gold or palladium 
(9) to overcome the latter problem. Meanwhile, alternative supports to the commonly used furnace 
black and acetylene black carbon are being developed for supporting the platinum metal such as single 
walled carbon nanotubes for the HER (12).  
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1.2 Research aims and objectives  
With the aim of reducing platinum metal loadings further in catalytic materials associated with clean 
fuel and energy production, a novel synthetic biology approach to the platinum nanostructure design 
involving the use of DNA as a scaffold for the accurate placement of metal atoms is suggested. The 
design of the material considers the spacing of the individual platinum metal atoms along the 
backbone of DNA, in order to reduce and control undesirable metal clustering and consequently 
expose more of the metal active sites, thereby raising the catalytic efficiency of the resultant material. 
The use of DNA as a versatile tool for self-assembly is emerging in the field of DNA nanotechnology 
and particularly methods such as DNA origami, where the fabrication of two-dimensional 
nanostructures is possible. These methods will be employed to achieve the catalyst nanostructure 
design of well distributed platinum metal on a DNA scaffold. The platinating agent in this study 
involves the use of the anticancer drug cisplatin, [Pt (NH3)2Cl2], due to its extensively studied and well 
understood covalent interactions with the DNA nucleobases. The ability of this platinum metal 
complex to form such strong interactions with the DNA is pivotal in ensuring the formation of a robust 
catalyst precursor material. Lastly, through the combination of the well understood Watson-Crick 
specific base pairings of the DNA and reported cisPt DNA interactions in the literature, we can 
specifically control the assembly of the platinum on the DNA template to produce localised and highly 
distributed platinum active sites suited for catalysing fuel cell reactions like the HER. 

1.2.1 Thesis  
Experimental work will first investigate and characterise the complex formation between salmon milt 
DNA and cisplatin in water and the resultant STEM microscopy and electrochemical studies of the 
resulting dry films formed from these metal-DNA complexes. The studies reveal interesting trends in 
catalytic behaviour as a function of platinum loading in the HER reaction.  

In order to achieve improved conductive and electronic properties of the DNA material as a catalyst 
support, the non-conductive nature of the DNA molecule needs to be changed such that both 
improved electrochemical activity and durability is achieved. Chapters 4 to 6 focus on three different 
methods of addressing this, including: 

 Functionalization of single walled carbon nanotubes (SWCNT’s) with the DNA-cisplatin 
material;  

 Graphitization of the DNA through the evacuation of the hydrogen and oxygen atoms upon 
high dose exposure to an electron beam i.e. graphitization;  

 Carbonisation of the DNA via a low temperature pseudo pyrolysis process i.e. 255 °C. 
 

Finally, chapter 7 addresses the need to precisely control the metal placement on the DNA via self-
assembled nanostructures including DNA origami triangles and Holliday Junction arrays. The 
advantage of this approach is to achieve electrocatalysts of reduced platinum metal loadings without 
compromising the fuel cell performance as demonstrated through electrochemical testing for the HER 
and surface morphology studies, where highly distributed platinum atoms on the DNA nanostructures 
as opposed to the non-assembled DNA scaffold could be observed. Finally, carbonisation of the DNA 
in the Holliday junction arrays is achieved as means of overcoming the highly restive nature of the 
DNA, making the fabricated material more suited for fuel cell technology applications. 

In addition, besides the content of this thesis, preliminary research work, involving the study of the 
complex oxygen reduction reaction (ORR) have been made. Initially, this was explored at different 
electrode surfaces (platinum (Pt), pallidum (Pd), gold (Au) and glassy carbon (GC)) in dimethyl-
sulfoxide and aprotic solvents, resulting in publications (13) and (14) respectively. Although 
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experimental studies for the ORR at the surface of DNA/DNA-cisPt/DNA-cisPt-SWCNT modified glassy 
carbon electrodes have been made, due to the project capacity and the current situation imposed by 
Covid-19, data collection was limited and remarkable conclusions from the data collected could not 
be included in this thesis. However, suggestions for future work is made.  
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Chapter 2: Theory and Literature Survey 
2.1 Introduction  
In this chapter the key principles behind electrochemical processes are reviewed and the mechanism 
for the hydrogen evolution reaction (HER) is outlined. The aim is to support the understanding behind 
the experimental methods employed in this work, to assess the feasibility of the fabricated 
electrocatalyst material for its intended application in fuel cell technology. A thorough literature 
review is made to highlight the relevant and recent research around the synthesis of electrocatalyst 
materials for the HER. Furthermore, the emerging field of using DNA as a versatile tool for nano-
construction is discussed to reflect on how this can aid the synthesis of a self-assembled 
heterogeneous electrocatalyst material. Specifically, this is done by focusing on how DNA origami has 
been used to fabricate two-dimensional (2D) nanostructures using DNA templates. Subsequently, 
considerations on how the metal atoms can be incorporated into the DNA scaffold is made by outlining 
the common approaches taken in the literature. Finally, a literature survey is conducted to portray the 
feasibility of using the common anti-cancer drug, cisplatin (cisPt), as a platinating agent for the DNA. 
Particular attention is paid to experimental reports on the employment of DNA as a support for 
common electrocatalyst materials such as platinum, palladium, or nickel, for electrochemical reactions 
including the HER. 

2.1.1 Thermodynamics  
Electrochemistry is concerned with the generation of electrical energy from a chemical reaction when 
the transfer of electrons occurs during a series of reduction and oxidation (redox) processes.  

The transfer of electrons in a redox process is governed by three significant phenomena including 
thermodynamics, mass transport and kinetics. The transfer occurs at the surface interface of the 
electrode and molecule. The electrical potential difference between the electrode and the analyte 
only develops when an equilibrium is set-up between the metal (electrode) and the solution (analyte). 
Previously, we established that at dynamic equilibrium no charge transfer takes place across the 
interface. A typical electrochemical process is described by equation (1) and will form the basis for the 
considerations made for the phenomena discussed in the following section. 
 

𝐴 + 𝑒ି 
𝑘௖

⇌
𝑘௔

 𝐵 𝐸𝑞. (1) 

Where A and B refer to the oxidised and reduced species respectively. The cathodic and anodic rate 
constants (kc) and (ka) are a function of the applied potential. At dynamic equilibrium, this process is 
best described by a fundamental relationship known as the Nernst equation, shown below: 
 

𝐸 =  𝐸௙
଴ +  

𝑅𝑇

𝑛𝐹
𝑙𝑛 ቆ

[𝐴]௕௨௟௞

[𝐵]௕௨௟௞
ቇ  𝐸𝑞. (2) 

 
Where 𝐸 refers to the potential of the electrode versus a standard reference at which no current flow 
is observed. 𝐸௙

଴ is the formal reduction potential of the redox couple and [𝐴]௕௨௟௞/[𝐵]௕௨௟௞  are the bulk 
concentrations of the reduced and oxidised species. R is the universal gas constant (8.314 J K-1 mol-1), 
T is the absolute temperature (K), n is the number of electrons transferred and F is Faraday’s constant 
(96485 C mol-1). 

 



 

10 
 

2.1.2 Reaction rates 
The redox reactions that occur in electrochemical processes involve both a change in the Gibbs energy 
and a transfer of electrical charge. The reaction rate at which the electrochemical reactions occur at 
the surface are determined by an activation energy barrier that the charge must overcome to move 
the electrolyte to the electrode surface. This is dependent on the rate at which the electrons are 
released (or consumed) leading to the flow of electrical current.  

The current flow (I) can be measured as a function of charge transferred and consumption of reactant 
per unit area i.e. mass flux (J) as shown: 

𝐼 = 𝑛𝐹𝐴𝐽஺ 𝐸𝑞. (3𝑎)  

Where n is the number of electrons transferred, F is Faraday’s constant, A is the electrode area and JA 
is the mass flux of species A (mol cm-2 s-1). The ‘nF’ term is the charge transferred component (C mol-

1). A positive current value is indicative of oxidation whilst negative current implies reduction. This 
convention refers to anodic and cathodic current flow respectively (1). As a result, the reaction rate 
can be easily measured through a current measuring device (2), which is reflective of the net current 
of the reaction i.e. the difference in the anodic and cathodic currents on the electrode.  

For an electrochemical process such as that shown by equation (1), the net current is the resulting 
difference between the electrons released and those consumed in the redox reactions. Expression 
(3a) takes the following form for measuring the net current density output, (i, A cm-2), of the process: 

𝑖 = 𝑛𝐹[𝐽௔ − 𝐽௖] = 𝑛𝐹ൣ𝑘௖[𝐴] − 𝑘௔[𝐵]൧ 𝐸𝑞. (3𝑏)  

Where kc and ka are the cathodic and anodic reaction rate coefficients respectively (s-1) and [A] and [B] 
are the surface concentration of the reacting species (mol cm-2). 

Under equilibrium conditions, the net current is equal to zero, which means the forward reaction rate 
(reduction) is equal to the backward reaction rate (oxidation). The rate at which this occurs (i.e. at 
equilibrium) is known as the exchange current density [i0]. 

2.1.3 Exchange current density  
The exchange current density (i0) is a measure of the current output per unit of electrode geometrical 
area i.e. A cm-2. For an electrochemical process, i0 is equivalent to the rate constant in chemical 
reactions. However, i0 is a function of concentration as well as temperature. Furthermore, parameters 
such as electrode catalyst loading, catalyst specific surface area and surface roughness also influence 
the effective exchange current density. A high exchange current density is indicative of a highly active 
electrode surface and consequently a lower energy barrier for the electrical charge transfer to occur 
(2). 
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2.2 Electrode kinetics  
2.2.1 The Butler-Volmer (BV) equation 
The transfer of electrons from the electroactive species to the working electrode surface and vice 
versa, can be quantitatively described using phenomenological and theoretical principles. This is 
achieved using the Butler-Volmer (BV) formulation describing the kinetics at the electrode. The 
electrochemical rate constants based on the BV theory of electron transfer is given below by 
expressions (4) and (5) for an anodic and cathodic process respectively. 
 

𝑘௔ =  𝑘଴𝑒𝑥𝑝 ቈ
𝛽𝐹(𝐸 − 𝐸௙

଴)

𝑅𝑇
቉  𝐸𝑞. (4) 

𝑘௖ = 𝑘଴ 𝑒𝑥𝑝 ቈ
−𝛼𝐹(𝐸 −  𝐸௙

଴)

𝑅𝑇
቉  𝐸𝑞. (5) 

Where k0 is the standard heterogeneous electrochemical rate constant (cm s-1) at the formal potential, 
𝐸௙

଴of the (A/B) redox couple, 𝛼 is the charge transfer coefficient ( 𝛽= 1 - 𝛼) and E is the potential of 
the electrode (1). These equations are applicable under the following conditions: 

 The solution species are within a distance of less than 10-20 Å from the electrode surface. 
 The drop-in potential between the electrode and the bulk solution must also occur within a 

similar distance i.e. < 10-20 Å from electrode surface.  
These conditions have normally been acquired using an appropriate supporting electrolyte, for 
example for aqueous environments this would be potassium chloride ( KCl) or tetra-n-butylammonium 
salts (e.g. ClO4

-, BF4
-, PF6

-) in non-aqueous environments such as acetonitrile solutions (1). 
 
Overpotential 
The relative value of the half-cell potential at equilibrium is significant and can be used to predict the 
electrochemical behaviour of the cell. When the electrode is polarized to a potential greater than the 
equilibrium value (Ee), also known as the formal potential (𝐸௙

଴), the overpotential (η) is positive 
leading to oxidation. However at smaller polarization values, a negative overpotential is observed 
leading to a reduction process (3). The overpotential has been defined in the literature (4) as:  
 

𝜂 = 𝐸 − 𝐸௙
଴ 𝐸𝑞. (6) 

A different form of the BV formulation can be used to express current as a function of overpotential, 
thereby describing the charge transfer across an electrified interface for a range of electrochemical 
potentials. Therefore, the overpotential measured at a given current is reflective of the activation 
energy required to drive the heterogeneous process. By introducing equations (4-6) into equation 
(3b), the net current density (i) for an electrochemical process can be described by: 

𝑖 = 𝑖௙ − 𝑖௕  = −𝑛𝐹 ൜𝑘଴[𝐴] 𝑒𝑥𝑝 ൤
−𝛼𝐹𝜂

𝑅𝑇
൨ − 𝑘଴[𝐵]𝑒𝑥𝑝 ൤

𝛽𝐹𝜂

𝑅𝑇
൨ൠ  𝐸𝑞. (7) 

where if and ib are the forward and backward current densities respectively, 𝛼 is the transfer 
coefficient and 𝜂 is the overpotential (in V) (2).  
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At equilibrium , the net current density (i) is zero, therefore the current density becomes the exchange 
current density (i0) such that: 
 

𝑖଴ = 𝑛𝐹𝑘଴[𝐴] 𝑒𝑥𝑝 ൤
−𝛼𝐹𝜂

𝑅𝑇
൨ =  −𝑛𝐹𝑘଴[𝐵]𝑒𝑥𝑝 ൤

𝛽𝐹𝜂

𝑅𝑇
൨  𝐸𝑞. (8) 

 
Therefore by combining expressions (7) and (8), a theoretical relationship between the current density 
and potential can be derived, which also measures the net rate of reaction for a single electron 
transfer process. This is known as the ‘Butler-Volmer’ (BV) equation: 
 

𝑖 =  −𝑖଴ ൜𝑒𝑥𝑝 ൬
−𝛼𝜂𝐹

𝑅𝑇
൰ − 𝑒𝑥𝑝 ൬

(1 − 𝛼)𝜂𝐹

𝑅𝑇
൰ ൠ  𝐸𝑞. (9) 

 
This form of the BV expression is applicable for a one electron transfer process and reactions in which 
the electron transfer process is the rate determining step. This means mass transport limitations are 
negligible.  
 
The transfer coefficient 𝛼 is commonly between 0.3 - 0.7, and is a measure of the proportion of the 
applied overpotential exerted to the forward reaction. These expressions are valid for describing the 
electrode kinetics provided that mass transfer effects are negligible in the process. The exchange 
current density (i0) serves as a good indicator for assessing the feasibility of an electrochemical 
process. For example, when a small exchange current is measured, it implies the need for a high 
overpotential to achieve high current flow, meanwhile a large exchange current value implies that a 
low overpotential is required to establish current flow.  
 
However, this method becomes limited when the forward and backward reactions have different 
overpotential requirements, such as the reactions of the H2/O2 PEMFC. In this case, the exchange 
current density for the oxidation of hydrogen on the surface of platinum is around 5-6 times greater 
than that for the reduction of oxygen (5). This results in high voltage losses and low efficiency, which 
can be overcome by using a platinum electrocatalyst at the cathode side to increase the reaction 
kinetics (5).  

2.2.2 The Tafel Law  
For a simple process like that described by equation (1), the relationship between an arbitrary 
potential (E) imposed on the working electrode and the net flux is made up of the contribution due to 
the reduction current as a result of species A gaining an electron and the oxidation current due to the 
removal of an electron from species B. The net flux, J, (mol cm-2 s-1) i.e. current output is given by: 

𝑗 =  −𝑘଴𝑒𝑥𝑝 ቈ
−𝛼𝐹(𝐸 −  𝐸௙

଴)

𝑅𝑇
቉ [𝐴]଴ +  𝑘଴𝑒𝑥𝑝 ቈ

+𝛽𝐹൫𝐸 −  𝐸௙
଴൯

𝑅𝑇
቉ [𝐵]଴ 𝐸𝑞. (10) 

Where the symbols and constants have their usual meanings.  

The voltage difference at equilibrium drives the electrochemical reaction and is referred to as the 
activation polarization or overpotential (𝜂). This is normally associated with sluggish electrode kinetics 
and so the higher the exchange current density, the lower the activation polarization losses. These 
losses can be described by the Tafel equation, which takes the following form: 

𝜂 = 𝑎 + 𝑏 𝑙𝑜𝑔(𝑖) 𝐸𝑞. (11) 
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Where the coefficients ‘a’ and ‘b’ are defined by:  

𝑎 = −2.3
𝑅𝑇

𝛼𝐹
log(𝑖଴) 𝐸𝑞. (12)  𝑎𝑛𝑑 𝑏 = −2.3

𝑅𝑇

𝛼𝐹
 𝐸𝑞. (13)  

Where the symbols have their usual meanings. The logarithmic plot of the voltage and current 
relationship enables the derivation of three parameters i.e. the coefficients ‘a’ and ‘b’, and the 
exchange current density i0. This is known as the Tafel plot, from which we can follow and understand 
the reaction mechanism of the electrochemical process and consequently identify the rate 
determining step. However, it is the magnitude of the Tafel slope that reveals this information and is 
highly dependent on the value of the transfer coefficient, (α), see equation (13).  

2.2.3 Tafel Plots 
Under extreme potentials i.e. 𝐸 ≫ 𝐸௙

଴ or 𝐸 ≪ 𝐸௙
଴, expression (10) can be simplified down to one 

term or another, depending on whether we are studying the reduction or oxidation of the 
electroactive species. For example, considering a reductive electrochemical process, (see forward 
reaction of equation (1)), this becomes: 
 

𝑗 =  −𝑘଴𝑒𝑥𝑝 ቈ
−𝛼𝐹(𝐸 −  𝐸௙

଴)

𝑅𝑇
቉ [𝐴]଴ 𝐸𝑞. (14) 

 
Provided that the concentration terms i.e. [A] 0 and [B] 0 are constant over the range of potential values 
tested and that they are not substantially changed from their bulk values. The expressions for the 
reduction and oxidation currents take the following forms respectively: 
 

ln|𝐼௥௘ௗ| =  
−𝛼𝐹𝐸

𝑅𝑇
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝐸𝑞. (15) 

 

ln|𝐼௢௫| =  
𝛽𝐹𝐸

𝑅𝑇
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝐸𝑞. (16) 

 
Where Ired and Iox are the reduction and oxidation currents respectively. Through the plot of ln[Ired] 
against E (or ln[Iox] against E) , we construct the Tafel plot from which the value of the transfer 
coefficients, 𝛼 and 𝛽 can be obtained (1). Expressions (15) and (16) are restrictive forms of the Tafel 
analysis and are applicable for electrochemical systems where depletion of the reactants does not 
take place and hence mass transport limitations are negligible.  

However, if the current response is limited by mass transport, such as attaining a sigmoidal 
voltammetry response (common at reactions over the surface of microelectrodes or hydrodynamic 
electrodes), then instead, mass transport corrected forms of the Tafel law are used. This accounts for 
mass transport limitations as shown in the following expression: 
 

𝜂 =  
2.303𝑅𝑇

𝛼𝑛𝐹
𝑙𝑜𝑔𝑖଴ +

−2.303𝑅𝑇

𝛼𝑛𝐹
log ൤

𝑖ௗ𝑖

𝑖ௗ − 𝑖
൨  𝐸𝑞. (17) 

 
Where the overpotential ( 𝜂) equals 𝐸 − 𝐸௙

଴, R is the gas constant, T is the absolute temperature, 𝛼 
is the transfer coefficient, n is the number of electrons involved, i0 is the exchange current density, id 
is the limiting current density, and i is the current density (6). The second component in the expression 

i.e. ௜೏௜

௜೏ି௜
 refers to the measured component of the current, also known as ‘iK’. This expression is 
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fundamental in gaining a true perspective of the reaction mechanism, as reflected by the magnitude 
of the Tafel slope attained which can be compared and contrasted with literature reportings.  

2.3 Hydrogen Evolution Reaction (HER) 
In the former part of this report we mentioned the significance of using the Tafel law and Tafel plots 
to identity the reaction mechanism based on the electrode kinetics. We turn our attention to the use 
of Tafel plots for revealing the reaction mechanism for the hydrogen evolution reaction (HER). 

 

 

 

 

 

 

 

 

The HER commonly occurs on a platinum surface, at the cathode, see figure 1, and several mechanisms 
have been proposed to describe the resulting intermediate products. This entails an electrochemical 
hydrogen adsorption step (Volmer reaction), an electrochemical desorption step (Heyrovsky reaction) 
or a chemical desorption step (Tafel reaction).  

Under alkaline conditions, this reaction takes place via two of the three elementary steps proposed: 

𝐻ଶ𝑂 + 𝑒ି  ⇌  𝐻௔ௗ௦ +  𝑂𝐻ି  (𝑉𝑜𝑙𝑚𝑒𝑟) 𝐸𝑞. (18) 

 𝐻ଶ𝑂 + 𝐻௔ௗ௦ + 𝑒ି  ⇌  𝐻ଶ(𝑔) +  𝑂𝐻ି  (𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦) 𝐸𝑞. (19) 

 2𝐻௔ௗ௦  ⇌ 𝐻ଶ(𝑔) (𝑇𝑎𝑓𝑒𝑙) 𝐸𝑞. (20) 

This includes either a Volmer-Heyrovsky (V-H) or a Volmer-Tafel (V-T) route (7). On the other hand, in 
acidic conditions the proposed reaction mechanism can entail two of the three reaction steps:  

𝐻ା + 𝑒ି  ⇌  𝐻௔ௗ௦  (𝑉𝑜𝑙𝑚𝑒𝑟) 𝐸𝑞. (21) 

𝐻௔ௗ௦ +  𝐻ା +  𝑒ି ⇌ 𝐻ଶ (𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦) 𝐸𝑞. (22)  

2𝐻௔ௗ௦  ⇌ 𝐻ଶ (𝑇𝑎𝑓𝑒𝑙 ) 𝐸𝑞. (23) 

This also includes either a Volmer-Heyrovsky (V-H) mechanism or a Volmer-Tafel (V-T) route. The 
reaction mechanism can be revealed by the slope of the Tafel plots, as shown in figure 2.  

Figure 1- Hydrogen evolution reaction and oxygen evolution reaction of electrocatalytic water splitting adapted from Zhu et al. (19). 
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Therefore by comparing the experimental Tafel slopes to the reported theoretical limits for the 
Volmer, Heyrovsky and Tafel steps i.e. 120, 40 and 30 mV dec−1 respectively, the rate determining 
reactions can be identified. In the work of Zalitis et al. (8), a poor performance of platinum in alkaline 
environments was shown whilst they showed that platinum is an ideal catalyst for the hydrogen 
oxidation reaction (HOR) or the HER under acidic conditions (8). Commonly, platinum disks and high 
surface area catalysts have shown a Tafel limiting step (slope of -30 mV dec-1), where a more detailed 
analysis of this is discussed in the literature (9), (10) and (11).  

2.4 Voltammetry at a heterogonous electrocatalyst surface  
The main difficulty in modelling heterogeneous catalytic processes is the true representation of the 
texture of the porous catalyst material. The employed experimental methods for assessing the 
electrocatalytic performance of the fabricated material will inevitably result in film variation across 
the electrode surface, giving rise to different and random distributions of active and inactive regions. 
This means the electrochemical activity will vary across the electrode surface. In this section, we show 
how the diffusion profile of the electrode surface can be identified by drawing correlations between 
the experimental measures of the electrocatalysis compared with the theoretical predictions we 
expect. For example, by relating the timescale of the voltammetry process to the distance diffused by 
the electroactive species, we can understand the voltammetry attained using methods commonly 
employed in the literature (12). In the following section, the surface profile of the electrode-
electrolyte interface will firstly be reviewed to gain a better understanding of the concept of the 
diffusion layer thickness.  

 
 

 

Figure 2- Simulated behaviour of the Tafel relation for the hydrogen evolution reaction assuming (a) Volmer reaction, Equation 21 (or 18), (b) 
Heyrovsky reaction, Equation 22 (or 19) and (c) Tafel reaction , Equation 23 (or 20) as the rate-determining adapted from Shinagawa et al. (63). 
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2.4.1 Electrical double layer  
The fundamental principles behind electron transfer can be understood by firstly appreciating the 
variation in the distribution of charge at the electrode-electrolyte interface. The distribution can 
influence the kinetic rate of the electrochemical process and can be controlled by the addition of 
excess electrolyte. Various models of the electrical double layer have been developed. The Stern and 
Grahame model provide a good representation of the electrical double layer (EDL) at the electrode-
electrolyte interface, see figure 3. The electron transfer process begins with the electroactive species 
entering the electrical double layer, most commonly via diffusion. Once it is within a distance of 
approximately 10 Å, it reaches the plane of electron transfer (PET) where there is a reasonable 
probability of electron tunnelling. The molecule may need to undergo structural reorganisation, 
and/or reorientation to consequently give up (or take) electrons in the least activation energy 
requirements. This is best described by the Marcus Theory, where a parameter known as the 
reorganisation energy (𝜆) describes the energy needs for the reorganisation of the reactant bonds and 
surrounding solvents to match those found in the product (13).  

 

 

 

Figure 3 - Schematic diagram of the electrical double layer with distance from electrode surface adapted from Brownson et 
al. (14). 

The interface is made up of three key regions, including a metal layer (the electrode), a diffuse layer 
and an inner layer. The compact layer which is also known as the Inner Helmholtz Plane (IHP), 
describes the closest region in which the solvated ions can reside. In this layer, the change in potential 
is linear with distance from the electrode surface. On the other hand, in the diffuse layer the changes 
observed are exponential (14). The diffuse layer refers to the region that is between the bulk and 
Outer Helmholtz Plane (OHP) i.e. the closest plane of non-specifically adsorbed species see figure 3(B) 
(4).  

The diffusion layer thickness (𝛿) is a function of the diffusion coefficient of the electroactive species, 
as described by the Nernst diffusion layer model: 

𝛿 = √2𝐷𝑡 𝐸𝑞. (24)  

Normally the size of the diffusion layer is an order of magnitude larger than the diffuse layer. The 
Nernst diffusion layer (linear diffusion layer) is useful since from this thickness, we can infer the 
efficiency of the diffusion process taking place and extent of the region in the solution where the 

(A) (B) 
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concentration of electroactive species begins to change, as presented in the following section. 
Furthermore, from the diffusion layer thickness (𝛿), we can predict both the contribution of convective 
mass transport to the process and the diffusion profiles over the heterogeneous catalyst surface 
(15,16). In the following section, the correlations drawn between the diffusion layer thickness (𝛿) and 
the diffusion processes that occur over the different electrode surface morphologies are presented. 

2.5 Semi-infinite diffusion  
For uniformly accessible active sites on the electrode surface, e.g. (hemi)-spheres and cylinders, mass 
transport occurs predominantly by diffusion. The driving force for the transport process is 
concentration gradient, described by a single spatial co-ordinate reflective of the direction normal to 
the electrode surface (15). Near the electrode surface, there is a special region commonly referred to 
as the boundary layer (10-2 cm thick) in which the concentration of both the oxidised and reduced 
species is a function of their distance from the electrode surface (4). However, at distances further 
away from the electrode surface, natural convection can occur, which establishes a well-mixed region 
(14). 

The linear diffusion layer thickness (𝛿) is defined as the distance to the electrode surface where the 
linear concentration profile takes the bulk value cbulk, as shown in figure 4.  

  

 

 

 

 

 

 

 

The process of diffusion is best described mathematically by Fick’s first law of diffusion: 

𝐽஺ =  −𝐷஺ ቆ
𝑑[𝐴]

𝑑𝑥
ቇ  𝐸𝑞. (25) 

where JA is the molar flux of species A (mol cm-2 s-1) , DA is the diffusion coefficient of A (cm2 s-1) and 
ௗ[஺]

ௗ௫
 is the concentration gradient of A (1). Diffusion coefficients are a function of temperature and can 

be described in a similar form to Arrhenius equation using: 

𝐷 = 𝐷ஶ𝑒𝑥𝑝 ൬
−𝐸௔

𝑅𝑇
൰  𝐸𝑞. (26) 

Where Ea is the activation energy for diffusion and 𝐷ஶis the hypothetical diffusion coefficient at an 
infinite temperature. This thermo-sensitive dependence suggests the need for thermostatically 
controlled experiments in voltammetry. The activation energy can be determined from an Arrhenius 
plot of ln D vs T-1.  

Figure 4 - The concentration profile of the electroactive species with distance from the electrode surface adapted from 
Brownson et al. (14). 
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2.6 Diffusion in rough nano-porous surfaces 
The process of mass transport becomes more complex when we move from an electrochemical 
process involving a uniform electrode surface to that involving heterogeneous catalysts. This is 
because the diffusional processes that occur when heterogeneous catalyst surfaces are employed is a 
function of the surface morphology and topology of the catalyst material, thereby resulting in 
additional forms of mass transport. This entails the transition from semi-infinite diffusion to thin-layer 
diffusion or even the mixed combination of the two. In addition, the diffusion of molecules through 
the porous network, gives rise to collisions of the molecules with the pore walls as opposed to their 
intermolecular collision i.e. Brownian motion. As a result of these collisions, the molecules interact 
with the active sites on the wall resulting in a reaction (17). This is known as the Knudsen diffusion, a 
predominant mechanism of transport for the reactions of gases in mesoporous materials (2 - 50 nm). 
This means the surface roughness of the wall should be accounted for when modelling the reactions 
over heterogeneous surfaces as reported in the literature (17).  

2.6.1 Semi-infinite diffusion vs thin layer diffusion  
Understanding the transition from semi-infinite diffusion to thin-layer diffusion is important for 
understanding the charge transport processes that occur in porous media. In the context of 
electrochemical processes, it is important to distinguish between enhanced transport effects resulting 
from the nano-confinement of the catalyst material (thin layer diffusion) to that occurring from the 
diffusion of solute in bulk solution onto the porous layer on the electrode surface (Fickian diffusion) 
giving rise to thin-layer diffusion (18).  

To best describe the difference between semi-infinite and thin layer diffusion, we focus the discussion 
on a macro-electrode surface modified with a conductive porous layer such as carbon nanotubes 
(CNTs).  

 

 

 

 

 

In this case, the mass transport of solute to the conductive surface (the macro-electrode and CNTs) 
takes place by two components. Firstly, via semi-infinite diffusion from the bulk solution to the surface 
of the porous layer and secondly via thin layer diffusion due to diffusion transport within the porous 
layer, as illustrated in figure 5.  

Alternatively, provided that the packing density and thickness of the porous layer is high, the diffusion 
process can be modelled as ‘thin layer’ since the distance that needs to be diffused by the solute is 
shorter than that for semi-infinite diffusion conditions (15). 

 

 

 

Figure 5 - Schematic of the two types of diffusion that contribute to the current output at the surface of the carbon nanotube 
modified electrode reproduced from Batchelor-McAuley et al. (15). 
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Moreover, Batcheor-McAuley et al. demonstrated that the transition in the predominant diffusion 
process is reflected in the voltammetry response, as shown in figure 6 (14).  

 

 

 

 

 

 

 

 

Where for both diffusion models, the voltammetry response was modelled using the following 
parameters: a rate constant (k0) of 10-4 cm s-1, D of 10-5 cm2s-1, 𝜐 of 0.1 V s-1 and a concentration of 10-

6 molcm-3. At the electrode surface, for the semi-infinite diffusion model, an area of 1 cm2 was used 
while for the thin layer model an area of 30 cm2 and a layer thickness of 1 µm was assumed (15).  

It is evident from figure 6, that for the thin layer diffusion model, the peak-to-peak separation is lower 
than that in a semi-infinite process, due to the changes in mass transport. The shift in peak potential 
to a lower value in a thin layer model arises because of the reduced distances needed for the diffusion 
process. Eventually as the diffusion is reduced, the peak potential will tend to a limiting value 
equivalent to the formal potential of the redox couple in the electrochemical process. This explains 
why heterogeneous catalyst surfaces can result in overlapping voltammetry peaks i.e. changes in mass 
transport induce a change in the electron transfer kinetics (15).  

Lastly, in extreme cases, a mixed contribution of the two diffusion processes can be observed. This is 
reflected in the voltammetry with the appearance of two peaks in the electrochemical process (a 
single A/B redox couple), one attributed to a thin-layer process and the other to a semi-infinite 
diffusion (15). This mixed contribution of thin layer and semi-infinite diffusion in principle is useful in 
identifying the heterogeneous rate constants for quasi-reversible and irreversible electron transfer 
processes (17).  

2.7 Knudsen self-diffusion 
Self-diffusion refers to the translational mobility of individual molecules under conditions of 
thermodynamic equilibrium. The diffusion of an individual molecule can be described by Einstein’s 
equation , which shows that the squared displacement of the molecule from its original position will 
eventually increase in a linear fashion with time (17), as expressed below: 

𝑥 = √2𝐷𝑡  𝐸𝑞. (27) 

Where x is the distance diffused, D is the diffusion coefficient and t is time. This equation implies that 
the movement of a diffusing species is reduced greatly with the distance from its source i.e. region of 
high concentration, or electrode generating the species of interest in context of electrochemistry.  

Figure 6- Comparison of linear sweep voltammetry using a semi-infinite and thin layer planar diffusion models, adapted from Batchelor-
McAuley et al. (15). 
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As a result of the complexity that can arise from the different diffusional transport processes in 
heterogeneous catalysis, the shape and magnitude of the voltammetry response are dependent on a 
range of factors. This includes the size of the individual electrodes, the size of the diffusion zones (𝛿), 
and the size of the diffusion zones compared with the size of the insulating material which separates 
neighbouring active spots (the centre-to-centre separation, (d)) (12). For example , the voltammetry 
of a microelectrode array can be described by one (or a combination) of four cases, depending on the 
size of the individual microelectrode and diffusion zone (𝛿), as shown by Davies et al. (12) and detailed 
in chapter 4. 

2.8 Randles-Ševčík equation  
The important parameters of a cyclic voltammogram, (see figure 2, chapter 3), include the magnitudes 
of the cathodic and anodic peak currents (ip,c and ip,a respectively) and the potentials at which these 
currents are observed (Ep,c and Ep,a respectively). These electrochemical parameters can consequently 
be used to calculate the formal reduction potential (Ef

0), which is located half-way between Ep, a and 
Ep, c and the number of electrons (n) transferred in the charge transfer reaction. The ratio of the anodic 
and cathodic current should ideally be near unity for a reversible (fast) electrochemical process. The 
diffusion coefficient value (D) can be found from the peak current value (ip) (1). For a one-electron 
reversible process, the Randles-Ševčík equation is given by: 

𝑖௣ = 0.446𝐹𝐴 𝐶௕௨௟௞ඨ
𝐹𝐷𝜈

𝑅𝑇
 𝐸𝑞. (28 𝑎) 

Which can be simplified to 

𝑖௣ = (2.69 × 10ହ)𝐴𝐶஻௨௟௞𝐷
ଵ
ଶ𝜈

ଵ
ଶ 𝐸𝑞. (28 𝑏) 

where ip refers to the peak current, A is the electrode area (cm2), CBulk refers to the concentration of 
the analyte in the bulk, n is the number of electrons transferred, 𝜈 is the scan rate (V s-1) and D is the 
diffusion coefficient (cm-2 s-1). On the other hand for (one electron) irreversible processes, a different 
correlation applies, see equation (29).  

𝑖௣ = 0.496√𝛼𝐹𝐴 𝐶௕௨௟௞ඨ
𝐹𝐷𝜈

𝑅𝑇
 𝐸𝑞 (29 𝑎) 

𝑖௣ = (2.99 ×  10ହ)√𝛼𝐴𝐶஻௨௟௞𝐷
ଵ
ଶ𝜈

ଵ
ଶ 𝐸𝑞. (29 𝑏) 

Where 𝛼 is the transfer coefficient and can be found theoretically using an appropriate correlation. 
Under irreversible conditions, the transfer coefficient takes a value between 0 and 1, but is commonly 
reported to be 0.5 ± 0.2 for a one-electron process (15).  

The following section is a literature survey focusing on reviewing the recent literature reporting’s for 
the development of electrocatalyst material for the hydrogen evolution reaction (HER). 
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2.9 Literature review on HER catalyst materials  
Platinum-group metal (PGM)-based catalysts have been reported as the most favourable candidates 
as the electrode surface for the HER (19), (20). This is due to their high efficiency, resulting from 
optimum Gibbs energy for atomic hydrogen adsorption (ΔGH*) and low activation energies for H 
desorption from the surface (19), see figure 7. The Gibbs free energy (∆𝐺∘) of a reaction refers to the 
free energy available to do useful work. At equilibrium for an electrochemical cell reaction this is given 
by: 

∆𝐺∘ = −𝑛𝐹𝐸∘
௖௘௟௟  𝐸𝑞. (30) 

Where ∆𝐺∘ is measured in joules (J), n refers to the number of electrons transferred in the reaction, F 
is Faraday’s constant (96485 C mol-1) and 𝐸∘

௖௘௟௟ is the cell potential (V).  

An ideal HER electrocatalyst will have an intermediate hydrogen binding energy (HBE) therefore 
neither a weak nor strong affinity. If the HBE is weak, a low concentration of protons will be adsorbed 
onto the electrocatalyst surface. However, if the HBE is too strong, the active sites of catalysts will 
remain occupied by the adsorbed proton (H*) resulting in catalytic poisoning effects. A spontaneous 
reaction Alternatively, the Gibbs energy for the atomic hydrogen adsorption (ΔGH*) should ideally be 
zero (or infinitely close to zero) for an ideal HER electrocatalyst, since the standard hydrogen electrode 
potential is defined as zero (19). 

As a result platinum-based nanomaterials can enable high exchange current densities (i0) to be 
established close to the thermodynamic potential of a small Tafel slope, yielding ∼100 % Faradaic 
efficiency (19). Specifically, for the HER, Faradaic efficiency refers to the ratio of the experimental to 
theoretical amount of hydrogen generation (19).  

 

 

 

 

 

 

 

 

 

 

 

However, both the high cost and limited availability of the platinum (Pt) has initiated the search for 
alternative materials/ improved utilization of the noble Pt metal as an electrocatalyst for the HER. This 

Figure 7- (A) Relationship between j0 and ΔGH* under the assumption of a Langmuir adsorption model. Adapted from Zhu et al. (19) (B) 
dependence of j0 on ΔGH* for HER on the surface of various metals, alloy compounds, and non-metallic materials in acidic medium. 
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has ranged from reduced platinum metal loadings to metal-free electrocatalysts (21),(22) and (23), to 
compromise between catalytic activity, durability and costs.  

More recently, research aims to fabricate HER electrocatalysts have focused on the use of advanced 
nanomaterials. The catalytic activity of platinum at the nanoscale varies from that at higher scales 
given that the electronic properties and surface topography (both a function of particle size) are 
changed at the nanoscale (1). This enables increased utilisation efficiency of the platinum metal, given 
that an optimum particle size and improved distributions can be attained, working at the atomic level 
(19).  

Moreover, a popular approach has involved preparing highly stable single atoms of platinum onto an 
electrically conducting support. However, because of the high surface energy of single metal atoms, 
the catalyst is more likely to become unstable. To overcome this issue, metal oxide supports have 
been employed to immobilise single atoms of the Pt catalyst material (24). Alternatively, other 
methods have designed and prepared catalysts by combining noble and non-noble metals, as alloys 
or core-shell particles, with improved stabilities (24). However, the electronic interactions between 
the core materials and the outer layer influence the durability (24). To overcome issues of instability, 
research interests focusing on achieving good interactions of the Pt atoms with the carbon support 
have been explored, such as the use of SWCNT’s (24).  

Most research aims have focused on reducing the cost of the electrocatalyst material by reducing the 
platinum content. The catalyst performance is improved by modifying the crystalline and electronic 
structures. A popular approach for achieving increased mass activities entails dispersing the platinum 
metal on a high surface area support material such as carbon black, carbon nanofibers or single walled 
carbon nanotubes. Alternatively, alloying the platinum with other metals like Fe, V, Co or Ti can 
improve the catalysis since alloying results in a change to the Pt-Pt interatomic distance, which can 
improve chemisorption of the electroactive species. In addition, it causes lattice strain and 
consequently a downshift of the d-band centre i.e. the ligand effect (25).  

2.9.1 Properties of the Electrocatalyst 
The platinum particle size, shape, composition and spatial distribution of the active component are 
indicative measures of the catalytic performance of the material (26). To reduce the expenses 
associated with the platinum use, methods to control the size and shape of the platinum nanoparticles 
have been adopted to maximize its utilisation efficiency.  

The catalytic activities are dominated by the size of nanoparticles, for example for the HER , cluster 
and single-atom catalysts have received great interest since minimal Pt metal loadings can be 
employed, whilst simultaneously high activities and stabilities can be attained, thus increasing the 
utilization of surface catalytic atoms (19). Fabrication and control of the material down to an atomic 
level is attainable using nanotechnology, which will be discussed in more detail in the coming section. 
Alternatively, a more simple approach focuses on the use of a support material to establish the desired 
attributes of the catalyst, enabling improved electrocatalytic performance, as discussed below.  

2.9.2 Distribution of the active component on support 
The employment of a catalyst support material, is another method for achieving improved 
electrocatalytic performance for the HER. This is primarily due to the attainable distribution of the 
platinum metal on the support, whereby single-atom catalysts can be produced, increasing the 
utilisation efficiency (19).  
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In addition to reduced Pt metal loadings and improved particle size, the support material can enable 
increased durability of the catalyst, through its interactions with the active component of the catalyst 
which improve the electronic properties (27). 

Carbon materials are commonly used as the platinum catalyst support for PEMFC (28), providing 
desirable attributes including high electrical conductivity, high specific surface area, high porosity and 
also good interactions with the platinum (26). In addition, carbon support makes the recycling of used 
platinum electrocatalyst possible which supports the efficient use of the precious metal (26).  

Improved distributions of the platinum particles can lead to enhanced rates of reaction as the catalytic 
surface area is increased with the metal distribution. This was shown theoretically by Jacob and 
Goddard (29) using the Density Functional Theory (DFT) for the heterogeneous catalysis of water 
production on the surface of platinum. The model was conducted for the reactions of H2 and O2 over 
the catalyst surface (29).  

However although ‘carbon-based support’ materials have been the main material of choice for the 
platinum electrocatalyst there are several concerns with its use including the presence of micro/nano-
pores within material such as carbon black, which lead to the entrapment of platinum particles and 
consequently reduce the PEMFC performance (28). Alternatively, single-walled carbon nanotubes 
(SWCNTs) are also promising support materials for platinum metal electrocatalysts for the HER, where 
stable pseudo-atomic-scale metallic Pt ( i.e. individual atoms or sub-nanometer clusters) could be 
fabricated on the carbon network of pristine SWCNTs (30). Through DFT calculations, they suggest 
that SWCNTs have greater potential than graphene as a catalyst support for Pt atoms, enabling atomic 
dispersion. Furthermore, they were able to compare the HER activity of the SWCNTs functionalised 
with Pt atoms to suggest that it was similar to that of bulk Pt (30).  

 
 
 
 
 
 
 
 
 

2.10 Nanotechnology  
Nanotechnology can simply be defined as the ability to work at the molecular level, atom-by-atom, to 
create large structures with essentially a new molecular organization (31). Nanotechnology has had 
increased popularity over the years, due to the desirable characteristics that can be achieved at the 
nanoscale. In the context of catalysis, this evolves from the changes to the atomic and molecular levels 
with size reduction including increased surface activity and consequently increased kinetic rates.  

In order to fabricate structures at the nanoscale, nanolithography has been used for a range of sectors 
involving semiconductors, medicine and energy harvesting to synthesise material of at least one 
dimension smaller than 100 nm (32). There are a range of nanolithography methods, for example 
electron-beam lithography (EBL) (33), however each have had their own limitations, giving rise to 

Figure 8- Atomic distribution of platinum metal on SWCNT support material, copied from Tavakkoli et al. (30). 
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process complexity issues during the fabrication process (32). A new emerging field over the years has 
focused on the utilisation of DNA as a versatile tool for the nanofabrication of structures of defined 
arbitrary patterns and shapes (34) and (35). The success of this has primarily been attributed to the 
favourable programmability of the DNA molecule where DNA nano-construction has been more 
thoroughly reviewed in the literature (36).  

2.10.1 DNA Nanofabrication 
The nucleic acid (DNA) possesses highly desirable mechanical and chemical properties which makes 
its use favourable as a construction material in nanotechnology. In particular, its molecular recognition 
and its unique ability to self-assemble, are two key contributors behind the successful use of DNA in 
nanofabrication, see Table 1. The employment of DNA in nanotechnology is highly supported by the 
nanoscale dimensions of the polynucleotide including its double helix diameter of about 2 nm, helical 
pitch of around 3 to 3.5 nm and a 3.4 nm distance between the base pairs (34).  

Moreover, precision at the atomic scale can be attained using the DNA molecule, and its specific and 
well understood Watson–Crick base pairing, enabling programmability via self-assembly (36). This is 
discussed and reviewed in greater detail below.  

Table 1- How the DNA molecule features support its application for producing self-assembled structures (34). 

 
2.10.2 DNA structure  
The DNA molecule is a long polypeptide (polymer) chain normally found in a double helix form. The 
molecule is made up of three key units including a deoxyribose sugar, a phosphorous group and a 
nucleotide base. There are four main types of nucleotide bases classified into two categories namely 
purines (adenine (A) and guanine (G)) and pyrimidines (cytosine (C) and thymine (T)). The base pair 
interactions occur via Watson-Crick hydrogen bonds where A forms two hydrogen bonds with T and C 
forms three hydrogen bonds with G. Phosphodiester linkages connect the nucleotides within each 
strand forming a sugar phosphate backbone which acts as a structural support. This complementary 
base pairing leads to the distinctive double helix structure (37).  

DNA attribute Suitability for DNA Origami 

Rigid, well defined non-linear double helix form Folding of single strands with helpers or self-
interactions is possible at defined location targets 

Well defined molecular conformation Accurate predictions can be assumed about the 
molecule behaviour 

Rapid synthesis of oligo’s is possible (hours to days) Simpler processing methods and thus lower expenses 

Can incorporate enzymatic manipulations Reduces the costs associated with DNA synthesis 
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2.10.3 DNA origami  
DNA origami is the process of nanofabrication involving the folding of a single long strand of DNA to 
synthesise the desired nanostructure, with the support of smaller oligonucleotides or ‘staple’ strands 
in the folding. This method was first introduced by Paul Rothemund in 2006, where he reported the 
self-assembly of DNA as a method for establishing two dimensional (2D) nanostructures of high 
precision, (commonly attained using top-down fabrication methods) via a simple bottom-up approach 
(34). The usefulness of DNA origami templates became recognized and received greater interest in 
the field of nanotechnology since then.  

However, although the DNA origami is primarily based on the ability of the readily engineered 
molecule to undergo self-assembly to form the desired final complex structure, the ‘staple strands’ 
equally have a significant role in accomplishing this, given that these oligonucleotides enable the 
folding of the DNA into that final shape (38). A range of nanomaterials such as metal nanoparticles, 
quantum dots and carbon nanotubes could be organized into the desired shapes using DNA origami 
templates (39). In the interest of this work, 2D nanostructures based on a DNA Holliday Junction (HJ) 
array are highlighted as a potential scaffold and support material for the platinum metal 
electrocatalyst.  

 

 

 

 

 

Figure 9- Chemical Structure of DNA molecule copied from Kortaberria et al. (64). 
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2.10.4 DNA Holliday Junction arrays 
More ordered DNA nanostructures avoiding distortion have been achieved through assemblies based 
on a of four arm Holliday Junction array. For example, in the work of Tuberfield et.al (40), a three-
layer logpile (3LL) that is successfully synthesised from four double-stranded DNA arms. The arms 
consisted of sticky ends which included 6 unpaired bases, which enabled the formation of the 
extended array. This is of particular interest in this project, since the DNA can be assembled as a 2D 
scaffold whereby the platinum distribution can be controlled on the support. This is consequently 
predicted to result in an improved electrocatalyst performance and efficiency. The theoretical 
principles behind this controlled covalent interactions between the DNA and the cisplatin are 
discussed later in the thesis.  

 

 

 

 

 

 

 

Figure 10 – Three-layer logpile design showing the structural unit, arrangement of sticky ends and a schematic 
representation of the lattice, copied from Malo et.al (40). 

The self-assembled structures have had a range of applications from electronics, photonics to artificial 
enzymatic networks (41).  

2.10.5 DNA Metallisation 
The metallisation of DNA with metal nanoparticles gives rise to various interesting and useful 
applications ranging from photonics, therapeutics to electronics and sensing. This process is simple 
and can be achieved by several ways as reviewed by (42). The principles behind the modification of 
the DNA with the metal involves one of three methods: 

 The binding of the metal to the unmodified DNA 
 The attachment of the metal to ligand-modified DNA 
 Pre-synthesis of the metal complex and subsequent attachment to the DNA during or after 

DNA synthesis (43), as illustrated in figure 11.  
 
 
 
 
 
 
 

Figure 11- Methods to site-specifically incorporate metals onto DNA. (a) Metal binding to unmodified DNA. (b) Attachment of metal 
complexes to DNA (c) metal binding to ligand-modified DNA. Copied from Yang et al. (43). 
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The first method (figure 11 (a)) is straightforward, without the need for DNA modification, however 
results in a low specificity. Alternatively, the other two approaches allow for a more controlled 
placement of the metal onto the DNA template (43). The metal cations interact directly with the 
nitrogen atoms and phosphate oxygen atoms of the DNA bases through electrostatic or co-ordination 
(covalent) interactions. Specifically the main co-ordination sites include the N1 and N7 atoms of the 
Adenine base, N7 and O6 of the Guanine and the N3 of the Thymine and Cytosine bases (42). The 
precise positioning of the metal can be achieved by placing the reducing agents/groups at the specific 
target site of the DNA base(s) (42).  

The first reported work on metallised DNA template architectures was made by Yan et al. where gold 
nanoparticles were successfully synthesized into triangular DNA origami templates. The role of the 
DNA origami templates was to precisely arrange gold (Au) nanoparticles in a way to prepare linear 
chains with gap sizes of less than 10 nm (44). Similarly, the association of DNA origami structures with 
silver nanoparticles and carbon nanotubes (CNTs) has also been achieved. For example, Ding et al. (44) 
developed triangular structures of DNA origami assembled with silver nanoparticles. Alternatively, 
Maune et al. (45) proved the ability to arrange CNTs onto a DNA origami complex. These methods 
illustrate the versatility of the DNA origami technique as a tool for developing structures for a wide 
range of applications.  

Zero-dimensional (0D) metal nanomaterials can be synthesised from the deposition of the metal 
atoms on a scaffold of DNA by controlling the ratios of the metal ions to the bases, reaction kinetics 
or parameters, the DNA sequence or conformation (46). In this study, the metallisation of platinum 
on the DNA will be controlled through the synthesis of a specific base sequence, to precisely place the 
platinum along the DNA under controlled and desired ratios.  

2.11 The interactions of cisplatin with DNA 
Cisplatin (cisPt) or cis-diamminedichloro-platinum(II) has been widely used as an anticancer drug since 
its discovery and approval in 1979, to treat a range of tumours from small cell lung tumours to ovarian, 
head and neck tumours (47). The mode of action of the drug has been well studied and understood 
over the years, where it has been reported to work by inhibiting the cellular mechanisms of the DNA 
molecule by binding directly to the nucleobases.  

2.11.1 Reactions of cisPt with DNA 
Initially, an active electrophilic species of the cisPt drug is formed through the hydrolysis process of 
the drug (see figure 12(B)). The chloride ion (Cl-) co-ordinated to the Pt ion is labile whereas the 
ammonia group (NH3) is non-labile. Both chloride ions are therefore potential leaving groups and the 
electrophiles formed can therefore interact with the DNA molecule through the interaction of the Pt2+ 

ion with the G-G and G-A base pairs of DNA (48). This interaction is favoured due to the electrostatic 
force of attraction between the positive metal centres and the negative DNA molecule (49).  

 

 

 

 

 

 Figure 12- (A) Chemical structure of cisplatin copied from Lippard et.al (65) (B) scheme of the hydrolysis process of cisplatin reproduced from Baik et 
al. (47). 

(A) 

 

(B) 
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Specifically, the primary binding site of the cisPt is the N7 position of the guanine bases, followed by 
the N7 position of adenine (50). This point of attack first generates monofunctional adducts, which 
subsequently closes by coordination to the N7 position of an adjacent purine (guanine or adenine) to 
afford an intrastrand cross-link (51), as shown in figure 13. The co-ordination of platinum to the N7 
results from the high electron density and accessible sites on the N7 purines via an electrophilic 
mechanism. These sites are not involved in base-pair hydrogen-bonding and are found in the major 
groove of the double helix (48). 

 

 

 

 

 

 

 

 

 

Figure 13 - (a) Modes of binding of cisplatin to guanine (G) and adenine (A); (b) 1,2-intrastrand GpG (structure a), 1,2-
intrastrand ApG (structure b), 1,3-intrastrand GpNpG (structure c), and 1,2-interstrand GpG (structure d) copied from 

Sirajuddin et al. (37). 

In-vitro experiments conducted by Reedijk et al. found that for the identified DNA-Pt adducts, 
approximately 90 % of the total entailed a Pt linked to the N7 atoms of the nucleobases guanine and 
adenine. However, only about 50 % of the Pt were found in the cross-links on d(pGpG) (52). 

Similarly, Eastman (53) had also shown that the major adduct was a cross-link between two 
deoxyguanosines joined by a phosphodiester bond. The next major adduct was a cross-link between 
deoxyguanosine and deoxyadenosine, also joined by a phosphodiester linkage. The minor adduct was 
a cross-link between two deoxyguanosines but lacking any phosphate. The proportion of the formed 
adducts was expressed as a function of incubation time between the cisPt drug and the DNA and also 
as function of a ‘double stranded’ or ‘single stranded’ DNA (53). Furthermore, it was reported that 
upon interaction, the cisPt complex can bend the DNA molecule (by 35 - 40˚), which inhibits the long-
range electron transfer through DNA (54).  

2.11.2 DNA-cisPt adducts assessed for electrochemical applications 
In this work, cisplatin (cisPt) is employed as a platinating agent as opposed to the conventional 
reported methods that have organized the platinum metal nanoparticles directly onto the DNA 
template (50),(55), (55),(56) and (57). The DNA functionalization with cisPt was first reported by Ford 
et al. (48), demonstrating the feasibility of the use of platinum metal complexes to achieve 
metallisation of the DNA (48). In their work, two platinum metal complexes were used, cisPt and 
Pt(terpy)Cl2 ((dichloro(2,2’:6’,2”-terpyridine)platinum(II)) to generate a colloidal Pt/DNA composite 
through the chemical reduction of the platinated DNA enabling the fabrication of a nanometre-sized 
platinum particle of improved stability towards aggregation and particle growth by its interaction with 
the DNA (48). Several authors (58),(49),(59) and (60) have reported the use of electrochemical 
methods for studying the interactions in the formed platinum(II)-DNA adducts.  
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The interest in the electrochemical properties of the nucleic acid has received great attention due to 
its development for use in applications such as electrochemical biosensors. The oxidation and 
reduction of the nucleotide bases can be studied by cyclic voltammetry or stripping techniques. It 
must be emphasized that the type of electrode material employed can greatly influence the redox 
processes of the nucleic acid. For example, for oxidation processes, carbon electrodes are commonly 
employed (61). It is the observed changes in the oxidation signals of the purine bases (G and A) that 
are of particular interest since they are the primary binding targets of the platinum (II) ion (54). Upon 
binding, the guanine imidazole ring is chemically damaged resulting in the absence of the Gox peak 
(guanine oxidation) in the electrochemical response as shown by (54). The reported mechanisms of 
electron transfer of guanine and adenine in DNA undergoing an oxidation process involves the transfer 
of 4 and 6 electrons respectively (61). Furthermore, various process parameters such as the influence 
of the ratio of drug to DNA on the electrochemical behaviour of the adducts can be also be studied as 
Erdogan and Yaman (59) have demonstrated.  

2.12 Literature Review on the DNA based support templates for metal electrocatalysts 
The utilization of platinum electrocatalysts, based on a DNA template, has previously been reported 
in the literature, and is reviewed and detailed below.  

2.12.1 Pt Nanoparticle Anchored Molecular Self-Assemblies of DNA 

Anantharaj et al. (57) have demonstrated the efficiency of using platinum nanoparticles embedded 
onto self-assembled structures of DNA as an electrocatalyst for the hydrogen evolution reaction (HER). 
The authors report the successful development of a colloidal solution of platinum-DNA monolayer 
using Pt nanoparticles of an average size of 3.5 ± 0.3 nm. The electrochemical behaviour of the 
prepared colloidal solution was then assessed in a 0.5 M H2SO4 electrolyte solution using 5 μL of 
Pt@DNA colloidal solution which equates to a loading of 15 μg cm-2 of platinum (57). From their 
findings they report that the interactions between DNA and glassy carbon can provide an efficient and 
stable electrocatalyst material. It was found that a commercial Pt/C 10 wt.% catalyst with Nafion 
binder could not compete with the fabricated colloidal Pt on DNA, suggesting that the electrocatalyst-
loaded DNA molecular self-assemblies have great potential for the HER (57).  

 

 

 

 

 

 

 

 

 

Figure 14- Pt@DNA colloidal structure copied from Anantharaj et al. (57). 
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2.12.2 Stable platinum nanoclusters on genomic DNA–graphene oxide 
In the work of Tiwari et al. they demonstrated the success of depositing platinum clusters of a radius 
of approximately 1.4 nm onto genomic double stranded DNA-graphene oxide (GO) composites for 
achieving the catalysis of the oxygen reduction reaction (ORR). The reported experimental findings of 
(55) found that the prepared Pt/DNA–GO composite had an increased ORR onset potential, half-wave 
potential, mass activity and specific activity. The authors ascribed these results to changes in the active 
surface area of Pt and chemical interactions between Pt and GO where the electron density in the d-
orbitals of Pt is changed in favour of the ORR. Furthermore, the transfer of the reduced species is 
supported by the strong interaction between the DNA and GO. This gives rise to increased electronic 
conductivity and resistance to corrosion (55).  

 

 

 

 

 

 

 

Figure 15- Schematic diagram of the synthesis of the Pt/DNA-GO composites copied from Tiwari et al.  (55). 

 
2.12.3 Deoxyribonucleic acid-directed growth of well dispersed nickel palladium platinum 
nanoclusters on graphene  
The use of DNA templates for fabricating electrocatalysts from an alloy of metals was reported by Ma 
et al. (56). In particular they deposited nanoclusters of nickel-palladium and platinum alloys onto a 
DNA-Graphene Oxide (GO) composite. The prepared electrocatalysts of about 10 nm were then 
employed for the catalysis of the ethanol electro-oxidation reaction under alkaline conditions. This 
NiPdPt/DNA-GO material demonstrated both great electrocatalysis with an activity reaching a mass 
current density of 3.4 A mg-1

metal and stability (56).  

2.13 Conclusion 
The employment of the DNA template as a catalyst support, can enable the production of an 
electrocatalyst of an increased surface area, improved electrochemical performance and structural 
stability i.e. catalyst durability. However, the main drawback with its use for electronic based 
applications have been associated with its poor electrical conductivity, i.e. highly resistive nature of 
the DNA. There is therefore a need to increase the electrical conductivity of the polyanion, which is 
essential as far as this study is concerned for maximizing the attainable catalyst activity (62). In the 
long term, when the fabricated electrocatalyst is used in a fuel cell compartment, desirable 
characteristics of the DNA catalyst support material includes: high electrical conductivity, good 
reactant gas contact with the electrocatalyst , a high specific surface area, good water handling ability, 
and good resistance to corrosion. A known material which satisfies this criteria is graphene or carbon 
with a large graphitic composition. These materials can improve the durability of the electrocatalyst 
and can enhance electrochemical reactions (55). In this study, different processing techniques will be 
employed to achieve the conversion of the DNA material into a favourable conductive material, more 
suited for fuel cell technology applications.  
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Chapter 3- Materials, Experimental Methods and Techniques 
3.1 Introduction  
An overview of the key methods employed to characterize the fabricated DNA-cisPt nanostructures 
and assess the material feasibility for electrocatalytic applications is provided. The operating principles 
behind each characterisation technique is described and an experimental method where relevant is 
included. Table 1 summarises these methods.  

Table 1- The key methods for studying the properties, morphology and dispersion of the platinum metal on the DNA 
catalyst support material. 

Characterization Technique Relevance of this method to this work 
Scanning Transmission Electron Microscopy 

(STEM) and STEM-EDX (Energy Dispersive 
X-ray) spectroscopy studies 

For studying the morphology of the produced nanostructures and observing 
the dispersion of the platinum metal atoms on the DNA scaffold. The size of 
the platinum nanoclusters can be measured from these images using the 
tools provided in image processing programs such as ‘Image J’. STEM EDX 
imaging enables elemental mapping to be made.  

Atomic Force Microscopy (AFM) To gain an insight into the topographical features of the material and 
confirm that there is interaction between the DNA and the cisplatin under 
the incubation conditions employed. DNA is easily visible in AFM compared 
to STEM and is useful for characterizing DNA nanostructures like the DNA 
triangle origami assemblies in this work. 

X-ray Photoelectron Spectroscopy (XPS) This method determines the elemental composition and speciation of 
matter by studying the electronic structure of the atoms located at the 
surface of the sample under study. Information such as the chemical 
bonding and binding energies between the DNA and cisplatin can determine 
if covalent interaction has been successfully achieved. Moreover, XPS 
studies can reveal the sp2 and sp3 content of the material, enabling us to 
determine if the process treatment methods used i.e. electron beam 
irradiation and pseudo pyrolysis, have achieved the graphitization of the 
DNA.  

Electrochemical testing ( 3 working 
electrode cell) 

 

The electrocatalytic properties of the material are explored for the 
hydrogen evolution reaction (HER) in acidic conditions. This is the main 
intended application of the fabricated DNA-cisPt material i.e. electrocatalyst 
for a fundamental reaction in the polymer electrolyte fuel cell (PEMFC).  
 

 
3.2 Synthesis of the DNA-Platinum material 
All the materials employed in this project, were synthesised by Klaudia Englert, in the School of 
Chemistry, University of Birmingham. Confirmation of successful interaction of the synthesized adduct 
samples were made using spectroscopic means. In particular the use of UV-vis spectroscopy and 
Circular Dichroism (CD) has enabled the evaluation of the mode and strength of binding. This 
characterization and analysis was completed and presented by Klaudia Englert (1) as part of the 
collaborative project between the School of Chemistry and Chemical Engineering at the University of 
Birmingham. The findings show that successful interaction is achieved between the DNA and cisplatin 
adducts at the incubation reaction conditions of 37 °C for around 10-12 hours (1).  

3.3 Electrochemical methods  
Various voltammetry techniques are available for studying the electrochemical behaviour of a 
particular process and a detailed description of each method can be found in the literature (2). Cyclic 
voltammetry methods will be the main technique employed in this work, to gain a better 
understanding of the electrochemical behaviour of the DNA-cisplatin adducts for the electrocatalysis 
of the HER in acidic conditions.  
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The Electrochemical cell 
Most electrochemical cells are made up of three electrodes, namely a reference electrode (RE), a 
working electrode (WE) and a counter electrode (CE), forming a three working electrode cell, see 
figure 1(A). The electrochemical cell can operate in two different modes either a galvanostatic or 
potentiostatic mode. These operational modes are achieved by controlling either the current or 
voltage respectively and consequently measuring the response of the uncontrolled variable. These 
electrochemical measurements are achieved using an instrumental device known as a potentiostat, 
see figure 1(B).  
 

 

 

 

 

The set-up employed will be in the potentiostatic mode, where the potentiostat (an Autolab 
PGSTAT302, supplied by Metrohm-Autolab (Utrecht, NL) controls the potential of the CE against the 
WE. This ensures that the potential difference between the WE and RE is well defined and corresponds 
to the set value. The control amplifier (CA), which connects to the CE, forces the current to flow 
through the cell (3).  

The absolute measurement of single potentials at the working electrode cannot be achieved and 
alternatively measurements relative to a known standard are made. Different types of reference 
electrodes (RE) are available however they all have a common characteristic which includes stability 
and a well-defined reversible electrochemical behaviour. A stable electrode is non-polarizable, 
therefore upon the flow of a small current, the electrode potential remains unchanged. In this study, 
all the measured potentials are reported against a saturated calomel reference electrode (SCE).  

The calomel electrode is made up of mercury (Hg) immersed into a saturated potassium chloride 
solution (KCl) and has an electrode potential of 0.241 V vs. Standard Hydrogen electrode (SHE) at 298 
K. The behaviour of this electrochemical system is described by the following:  

1

2
𝐻𝑔ଶ𝐶𝑙ଶ(𝑠) + 𝑒ି ⇌  𝐻𝑔(௟) + 𝐶𝑙(௔௤)

ି  𝐸଴  =  +0.268 𝑉 𝐸𝑞. (1) 

The purpose of the counter electrode (CE) also known as the auxiliary electrode, is to complete the 
electrical circuit in the three working electrode cell. As the redox reaction of the electroactive species 
e.g. its oxidation (or its reduction) takes place over the WE surface, current begins to flow and is 
recorded as the electrons flowing between the CE and WE. The CE passes all the current needed to 
balance the current measured at the working electrode, permitting the potential of the working 

Figure 1 - (A) Schematic diagram of a three-working electrode electrochemical cell (B) Basic diagram of a potentiostat/galvanostat (figure 1(B) 
copied from Autolab (3)). 
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electrode to be measured against a known reference electrode, without compromising the stability of 
the RE, by passing a current over it. High surface areas are required by the CE i.e. greater than that of 
the WE, to ensure that the kinetics of the reactions at the CE do not supress those at WE. Other key 
requirements needed by a CE include: high electrical conductivity and electrochemical inertness to 
the electrochemical reaction being studied. In the experiments carried out in this work, a platinum 
mesh is used due to its inertness, stability, large surface area and high electrical conductivity. 

The electrochemical reactions take place at the surface of the working electrode. The applied potential 
to the WE is controlled by the potentiostat as a function of the reference electrode potential. The WE 
consists of an inert and catalytically active metal, such as platinum, gold or silver, or non-metals, such 
as glassy carbon. In this work, a glassy carbon (GC) electrode of a diameter equivalent to 3 or 5 mm 
(BASi) is used as the working surface. The reactive surface of the GC electrode was activated and 
polished on micro-cloth pads using motions of a figure of eight in a water alumina slurry in order of 
decreasing alumina slurry size (1.0, 0.3, 0.05 μm, Buehler Inc.). This was followed by cleaning for 60 
seconds in an ultrasonic bath and drying under a gentle flow of nitrogen. Once dry, the electrodes 
were modified by casting an aliquot of the DNA-cisPt (25 or 42 µL, for a 3 and 5 mm electrode area 
respectively) and drying under a lamp. The modified GC electrodes with the DNA-cisPt films were 
cycled at 50 mV s-1, with the exception to the Randles-Ševčík study, where a range of different scan 
rates were employed.  

3.3.1 Cyclic Voltammetry  
Cyclic voltammetry is a potential sweep technique used for the electrochemical analysis of a particular 
system of interest and the kinetics of the process of electron transfer. As highlighted above, a 
potentiostat can control the voltage at a set value between the WE and CE. The corresponding current 
is then measured and is an indication of the electron flow which is necessary for enabling the 
establishment of an active electrochemical process with rates equal to the applied potential. Different 
wave forms can be followed for the application of potential. In particular, cyclic voltammetry uses a 
triangular waveform and measures the corresponding current response (i) (4), see figure 2.  

 

 

 

 

 

 

 

Initially a potential, E1, is chosen and applied to ensure that the analyte would be electrochemically 
inactive at that value. The potential is then swept, at a chosen voltage scan rate (v), to a second 
potential, E2, where the species of interest is known to have electrochemical activity. The applied 
potential should be sufficient to initiate an electron transfer process and consequently lead to the 

Figure 2- (A) Triangular waveform for a cyclic voltammetry experiment (B) Cyclic voltammogram due to triangular wave-form. 
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depletion of reactant near the electrode surface. This prevents the electrode kinetics from being rate 
limiting and instead at this point we observe mass transport limitations. The potential sweep is then 
reversed and scanned to the initial value E1. The outcome is a voltammogram, see figure 2(B), from 
which two significant electrochemical parameters can be determined. That includes the ratio of the 
current peaks (Ip,a/Ip,c) and the separation peak potentials (Ep,a - Ep,c) (where subscript a and c refer to 
the anodic (+) and cathodic (-) parameters respectively, which can be found from figure 2(B).  

3.4 Scanning Transmission Electron Microscopy (STEM) 
Electron microscopy is a powerful tool enabling atomic-resolution imaging and nanoscale analysis. 
This provides detailed information on the surface morphology of the catalyst material fabricated in 
this work. It is the properties of the electrons that enable this imaging characterisation to be useful, 
as explained below.  

3.4.1 Properties of the electrons 
Electrons are charged particles with interesting characteristics since they possess both wave like and 
particle like properties. The wave like properties of the electrons enable image formation and 
diffraction patterns to be made, hence providing detail on the internal structure of the material. The 
wavelength of the electron beam can be quantified by the De Broglie expression below: 

𝜆 = ℎ
𝑝ൗ  𝐸𝑞. (2) 

Where  is the wavelength (m), h is Planck’s constant (kg m2 s-1) and p is momentum of the electrons 
(kg m s-1). The wavelength of the electron can be tuned using the magnitude of the acceleration 
voltage of the electron beam, (V). For example, at 200 kV, the wavelength is equivalent to 2.75 pm. 
On the other hand, the charged particle like properties of the electrons enable chemical analysis to be 
made since it is these properties that affect the interaction of the specimen with the electron beam.  

3.4.2 Principles of STEM 
Overview  
The operating principle behind STEM imaging characterization involves focusing a beam of electrons 
by electron optics to form a small illuminating probe that is rastered across a sample. Thin samples 
are used to ensure that the vast majority of electrons are transmitted and the scattered electrons 
are detected. Thin sample preparation is normally achieved by distributing the material of interest 
onto a commercial carbon support TEM grid. The highly focused beam of electrons can be scanned 
over the sample material whilst collecting desired signals from the electron scattering to form an 
image i.e. signal intensity as a function of probe position. This can be achieved at a high level of 
resolution. These images are a reflection of the morphology of the sample i.e. chemical composition 
and surface roughness. The opportunity of being able to use a range of detectors makes STEM 
instrumentation a versatile tool compared to other electron microscopy imaging methods such as TEM 
or SEM.  
 
Operating principles  
Similar to SEM, STEM also operates under high vacuum conditions, i.e. a vacuum pressure of around 
10-10 mbar, which is maintained by liquid nitrogen cooling. The source of electrons is a Field Emission 
Gun (FEG), either a cold field-emission gun (CFEG) or a Schottky thermally-assisted field-emission gun. 
The commonly used gun for generating electrons is the CFEG, which generates more monochromatic 
electrons upon the application of an intense electric field. On the other hand, the Schottky thermionic 
source combines both heating and field emission to generate electrons. The material normally used 
for the tip to generate electrons is tungsten (W) or lanthanum hexaboride (LaB6), which have a high 
melting point and a low work function. A high electric field at the apex of the tip is applied for electron 
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emission of around 106 Vcm-1 (5). This generates an intense beam of electrons that escapes into the 
vacuum. It is the accelerating voltage that determines the resolution of the image attained. 
Commonly, the electron gun is located at the bottom of the column, with the electrons traveling 
upwards as shown in figure 3. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The electrons are focused by a series of lenses, enabling the build-up of an image of the electron 
source at the specimen to be made. The electron spot, also called ‘probe’ is scanned across the sample 
in a ‘raster’ fashion by excited scanning deflection coils. Finally, the scattered electrons are detected 
and their intensity is measured as function of probe position, leading to the image formation.  

The objective lens focuses the beam to form the probe, while the condenser lenses are placed before 
the objective lens to control the degree of demagnification of the electron source that will form the 
probe. Probe sizes that are below the interatomic spacing’s in many materials are often possible, 
making STEM imaging a powerful analysis tool. However, the electron lenses can suffer from inherent 
aberrations, such as spherical and chromatic aberrations, thus can result in loss of spatial resolution. 
To overcome this issue, an objective aperture is used in the column. However, this can be problematic 
as it gives rise to a diffraction limit, limiting the smallest probe that can be formed and this diffraction 
limit may even be larger than the source image. The other issue is limitations in the current that can 
pass through the aperture and consequently a limited availability of current in the probe.  

Normally, a spherical corrector compensates for the fact that the lenses result in the loss of the focus 
of the rays, which pass through at different points. This improves the quality of the image by 
eliminating the Frensel fringes and delocalization effects, allowing for a more representative surface 
structure analysis of the material to be made. The STEM detectors are placed after the sample to 
detect the transmitted electrons, where each detector has its own unique properties. For example, a 

Figure 3- Schematic of the essential elements of a dedicated STEM instrument showing the most common detectors. 
Adapted from Nellist (7). 

 



 

41 
 

High Angle Annular Dark Field (HAADF) detector enables both elemental and structural information to 
be obtained whilst Secondary Electron (SE) detectors provide images of high resolution (6). 

3.4.3 STEM Energy Dispersive X-ray spectroscopy (EDX) 
STEM can use an energy-dispersive X-ray (EDX) spectrometer to enable STEM-EDX spectroscopy 
analysis of the sample to be made. This provides information on the chemical composition and analysis 
on the distribution of each element present in the sample via a process of elemental mapping (7). The 
principles behind STEM-EDX characterisation are simple and involve the excitation of a core electron 
in the sample by the fast-traversing electron in the sample. The ejected electron on the inner shell, 
creates a hole, which is refilled by an electron of a higher energy (in the outer shell). As a result of this, 
the excited system decays releasing energy in the form of an X-ray photon (or Auger electron). The 
analysis of the emitted X-ray photons is known as EDX analysis, since the energy of the particle 
released is a characteristic of the core electron energy level and is unique for each element therefore 
allowing elemental compositional analysis to be made (7).  

3.4.4 Nanoparticle size and lattice space measurements  
The STEM images produced can be combined with an appropriate image processing program to enable 
qualitative analysis to be made. This includes using the functions and tools to directly measure the 
particle size and lattice spacing. In this work, the image processing program called Image J is used. 
Specifically, in-built tools using the Fast Fourier Transform (FFT) function and d-plot tools are used for 
measuring the lattice spacing. To ensure the measurements were accurate, comparisons with 
literature reporting was made.  

3.5 X-ray Photoelectron Spectroscopy (XPS) 
In the field of heterogeneous catalysis, XPS can enable the determination of both chemical and 
physical changes in the catalyst upon exposures to different environmental conditions. Given the 
importance of the surface properties of a catalyst (where the adsorption of the reactant and reactions 
takes place) it is highly important to determine the properties of the catalyst material with accuracy. 
Both qualitative and quantitative information can be provided by XPS, including the elemental 
composition and binding energies (8).  

XPS characterization was conducted at Harwell XPS (UK) facilities to obtain the binding energies (BE) 
and survey spectra of the material synthesized in this work, using α-Kl as the X-ray source. The α-Kl 
has a characteristic energy of 1486.68 eV.  

Overview  
The operating principle behind XPS characterisation entails derivation of the surface chemical 
properties by directing an energetic photon beam (X-ray) at a sample, which consequently results in 
the emission of the core-level electrons. The measured energy of electrons is specific to the type of 
atoms/ ions in the element. In addition, the amount or ratios of the respective atoms/ions i.e. 
composition of the volume analysed and also the form of interactions that have occurred can be 
determined using XPS analysis.  
 
Operating principles  
The operating method involves radiating the specimen with an X-ray beam (commonly MgKα and 
AlKα) or UV photons under vacuum conditions. The energy of the radiated photon is transferred to 
the core electrons (k-shells or valent shells) and once sufficient energy is absorbed by the electrons, 
they are removed from the atoms through the surface region of the sample.  
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The photoelectrons emitted by the photons are unique since they are from the inner orbits thus their 
energy characteristics are reflective of the atoms they originate from. The excited electrons can leave 
the hole and travel to the surface from which they can escape out of the molecule into the vacuum. It 
is these electrons that are detected and a linear relationship exists between the photoelectron count 
and electron binding energy.  

In addition to the photoelectron emission, Auger and fluorescent electrons can also be emitted from 
the surface of the molecule into the vacuum. The dispersion of the ejected electrons takes place 
according to binding energy of the element, which is a function of the kinetic energy of the electron 
and the radiated photon energy source, which are related as shown by the following expression:  

𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − 𝜙 𝐸𝑞. (3) 

Where 𝜙 is the work function, KE refers to the kinetic energy, BE is the binding energy and ℎ𝜈 is the 
photon energy.  

XPS measures the kinetic energy (Eke) of the photoelectrons, whilst electrons contained within atoms 
are characterized by an internally referenced binding energy value (Ebe) determined by the chemical 
environment for an atom. An X-ray photoelectron spectrum is constructed from the measurement of 
the number of electrons of a given energy for a specific time interval emitted from the atoms in the 
surface material. This is quantified as ‘counts per second’ (CPS) and is a function of kinetic energy (eV).  

The surface properties attainable with this characterization technique includes surface composition 
and atomic percentage (%).The relative area of the peak occupied by each element is reflective of the 
elemental composition whilst the binding energy portrays information like the nature of the chemical 
environment of the element involved in the bond (6). 

3.6 Atomic Force Microscopy (AFM) 
Atomic force microscopy (AFM) is one of two forms of scanning probe microscopy (SPM) techniques 
which works by scanning a sharp probe tip in a raster fashion over the surface and measuring the 
interaction upon contact with the surface. This technique involves scanning the sample surface using 
a sharp tip attached to the end of a cantilever of a defined spring constant. The tip is pressed against 
the sample by the cantilever, allowing for its interaction and consequently accurate surface profiling 
to be made. The relative motion is performed to a sub-angstrom level of accuracy using a piezoelectric 
actuator (usually a tube/tripod).  

Figure 4- The photoemission process involved for XPS surface analysis, where the spheres represent electrons and the bars represent 
energy levels within the material being analysed. Adapted from XPS simplified (13). 
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The measured feedback signal at each scanning point on a 2D matrix, results in the build-up of a 3D 
image, which is a reconstruction of the surface topography of the sample. This is primarily formed 
from the cantilever deflections due to the attractive or repulsive forces between the tip and surface. 
The detection system that is employed uses a laser light to convert the cantilever deflection into an 
electrical signal. A split photo-detector amplifies the cantilever deflections.  

For most operating modes of the AFM, a feedback circuit, connected to the cantilever deflection 
sensor, maintains the tip and sample interaction at a fixed distance. This imaging method has enabled 
imaging of non-conducting samples and has received great interest for biological applications (9), see 
figure 5.  

Cantilever selection  
Several parameters can be chosen to optimize the imaging process. This includes the stiffness and 
type of cantilever used, the imaging phase and the operating mode employed. Key properties of the 
cantilever that can influence the imaging include: stiffness, size and shape. These can influence the 
applied force and disturbance to the surface and consequently the interaction of the tip and sample. 
The laser beam is focused onto the back of the cantilever thus any changes in the cantilever angle lead 
to a change in the laser spot position on the four-quadrant photodiode (PD). This highlights how the 
cantilever properties can affect the imaging process. The primary operating mode of AFM for 
biological material includes Tapping Mode (TM) (9).  
Unlike contact mode where the tip scans in close contact with the surface of the sample, TM involves 
excitation of the cantilever into oscillations near its resonance frequency of an amplitude of up to 100 
nm, resulting in the tapping of the cantilever along the surface which is maintained by a constant 
feedback loop as opposed to the pushing of the cantilever against the sample surface with a 
piezoelectric positioning element in contact mode. Finally, the TM image is constructed from the 
contact of the tip with the surface (10). 

3.7 Raman spectroscopy  
Raman is a light scattering technique, enabling the detection of structural patterns of the molecule 
based on the resulting interactions of the light source e.g. laser light with the chemical bonds in the 
molecule. Rayleigh scattering refers to scattered light at the same wavelength (or colour) as the laser 
source, see figure 6. On the other hand, Raman scattering is more useful for analysis since it refers to 
light that is scattered at a different wavelength to the laser light and is characteristic of the chemical 
bond in the molecule of the analyte.  

Figure 5- Schematic of an AFM coupled with an inverted optical microscope. Adapted from Alessandrini and Facci (9). 
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The Raman spectrum produced includes a number of peaks, reflective of the intensity and wavelength 
position of the Raman scattered light. More specifically, each peak is a fingerprint of a particular 
molecular bond vibration, including individual bonds such as C-C, C=C, N-O and/or C-H (11). The 
purpose of using this characterisation method for this work is to identify whether a graphene or 
graphitic based material is formed following the processing of the DNA via pseudo pyrolysis.  

3.8 Graphitization methods 
3.8.1 Flood gun electron beam tool for electron beam irradiation  
The graphitisation of the DNA in the fabricated catalyst material was achieved using electron beam 
irradiation. A flood gun electron source was used made up of a column, a chamber and an electron 
gun. The pump is initially started to set the vacuum conditions required from which then the beam of 
electrons can be generated from a tungsten tip and consequently accelerated at the set acceleration 
voltage.  

 

 

 

 

 

 

 

 
 
 
 
 
Inside the column (figure 7) beam blanking also takes place enabling the beam to be simply switched 
on and off. Typically, the samples are loaded into the chambers interferometric stage, which is 
controlled by an accurate positioning handled manually using X, Y and Z coordinates.  

3.8.2 Tubular Furnace for the pseudo pyrolysis process 
Carbonisation of the DNA in the fabricated catalyst material was achieved using a low temperature 
pseudo pyrolysis process. A tube furnace (Carbolite MTF 12/38/400) with a quartz tube (35 mm outer 
diameter x 32 mm inner diameter and a 600 mm long main body) was used for the heat processing 

Figure 6- Principle of Raman spectroscopy adapted from Horiba (11). 

Figure 7- Schematic diagram of the electron beam column in the flood electron beam tool. 
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treatment of the material, under an inert atmosphere. The furnace was purged with nitrogen before 
loading the sample and for the duration of the pseudo pyrolysis process. The furnace was controlled 
by a temperature program, based on a feedback controlled process, where built-in thermocouples 
were used to adjust the furnace temperature to the desired set-point. The mechanism of heat transfer 
to the sample is described. 

3.8.2.1 Brief background on mechanisms of heat transfer 
There are three mechanisms of heat transfer including conduction, convection, and radiation. These 
take place in solids, fluids (liquids and gases) and between any radiant energy emitting bodies (at a 
different temperature from its surroundings) respectively. The predominant forms of heat transfer in 
the pseudo pyrolysis reaction are convection and some radiation, given that outer wall of the furnace 
is insulated and there is no direct contact between the sample and the walls, thus conduction is 
negligible. Convection is governed by Newton's Law of Cooling: 

 q = hA(Tୱ − Tஶ) 𝐸𝑞. (4) 
Where q is heat flux (Wm-2), A is the area of heat transfer body (m2), h is the local heat transfer 
coefficient (Wm-2K-1), Tୱ is the temperature of the surface and Tஶ is the temperature of the bulk fluid 
(K).  

On the other hand, radiation is governed by the Stefan-Boltzmann law: 

q = εAσ൫Tୱ
ସ − Tୱ୳୰୰

ସ൯ 𝐸𝑞. (5) 

Where q is heat flux (Wm-2), A is the area of heat transfer body (m2), 𝜎 is Stefan-Boltzmann constant 
(5.67 x10-8 W (m2K4)-1), 𝜀 is the emissivity of the material, Tୱ is the temperature of the surface and 
𝑇௦௨௥௥  is the temperature of the surrounding (K).  

The same surface may transfer heat by convection and radiation simultaneously, thus a total 
contribution for each can be defined.  

3.8.2.2 Temperature profile in a tubular furnace  
The temperature profile in a tubular furnace reaches its peak point at the centre position of the tube, 
see figure 8. This means the sample would need to be placed centrally each time to ensure that the 
same temperature exposure is achieved for each sampling run.  

 

 

 

 

 

 

 

Figure 8- Temperature distribution for a single zone furnace adapted from Carbolite Gero (14). 
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3.9 Materials, experimental instrumentation and procedures  
3.9.1 Material Synthesis  
All the material detailed and used in this work was synthesized and provided by Klaudia Englert (1), 
School of Chemistry, University of Birmingham. Deoxyribonucleic Acid (DNA), sodium salt from salmon 
testes, cisplatin (99.99 % purity (based on trace metal analysis)) were purchased from Sigma Aldrich. 
DNA-cisPt adducts were synthesized by dissolving the salmon milt DNA (sm-DNA) in Milli-Q water 
(resistivity ≥ 18.2 MΩ.cm) and sonicating to prepare a stock solution. Cisplatin in aqueous form was 
mixed with the salmon-milt (sm)-DNA and incubated at 37 °C overnight for 10 hours. Confirmation of 
the adduct formation was achieved using spectrophotometric techniques using Shimadzu UV-1800 
spectrophotometer, Jasco J-810 spectropolarimeter and Cary 5000 UV-Vis-NIR Spectrophotometer by 
Klaudia Englert (1). The range of loadings prepared and tested in this work (chapters 4-7) are displayed 
in Table 2. A detailed method outlining the calculations of the concentration of the cisPt and the sm-
DNA in a 1000 µL solution is provided in appendix 1.  

Table 2- Ratio and concentrations of the contents of the DNA-cisPt samples synthesized and characterized. 

1 
 

 

 

 

Experimental work  
The material received was experimentally tested and characterized by the author of this thesis in the 
experimental methods described below.  

3.8.2 Electrochemical testing 
The samples prepared (see Table 2) were electrochemically tested using a 3 electrode cell, involving a 
glassy carbon electrode (GC, 3 or 5 mm, BASi) as the working, a saturated calomel reference (SCE, 
BASi) and a bright platinum mesh counter electrode. The cell was controlled by an Autolab 128N 
potentiostat running Nova 2.1 software (Metrohm-Autolab BV, Netherlands). All potentials are 
reported against SCE. All chemicals involved were used in their analytical grade and used without any 
purification. Perchloric acid (70 %, 99.99 % trace metals) (1 mM, pH 3) and sodium perchlorate (≥ 98 
%) as the supporting electrolyte (0.1 M) supplied by Sigma Aldrich. All electrolytes were made up with 
MilliQ water of a resistivity not less than 18.2 MΩ.cm (MilliQ, Millipore) and thoroughly degassed with 
dry nitrogen (oxygen-free, BOC Gases plc) prior to experimentation. 

3.8.3 Dry film preparation on Glassy Carbon (GC) stubs 
A series of glassy carbon (GC) stubs (d=5 mm) were polished on micro cloth pads with decreasing size 
alumina slurries (1.0, 0.3, 0.05 μm, Buehler Inc., IL, USA), followed by rinsing with ultrapure water and 
drying under a gentle flow of nitrogen. Once dry, the electrodes were modified by drop casting an 
aliquot of 42 µL of the prepared DNA-cisPt onto the 5 mm GC stub and drying under a lamp.  

                                                             
1 Synthesis by Klaudia Englert, School of Chemistry, University of Birmingham. 

Ratio of sm-DNA: cisPt Concentration of cisPt in 
a 1000 µL solution /µM 

Concentration of sm-DNA 
in a 1000 µL solution /mM 

1:0 0 1 
1:10-4 0.1 1 
1: 10-3 1 1 
1: 10-2 10 1 
1: 0.1 100 1 

1:1 1000 1 
cisPt  1000 0 
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Once the stubs were prepared they were loaded into the furnace to achieve carbonisation of the 
material. For the 3 mm GC electrodes, the same method was followed except a smaller aliquot of 25 
µL of the prepared DNA-cisPt was drop cast. 

3.9.4 Electron Microscopy 
The microscope is set up to a CESCOR aberration correction system and can operate in both TEM and 
STEM modes at an acceleration voltage of 200 keV. It is equipped with a number of detectors ranging 
from Gatan bright field and dark field detectors, Gatan TEM charge coupled device (CCD), electron 
energy loss spectrometer (EELS) to Bruker energy dispersive X-ray (EDX) detector. The Gatan DF 
detector is also used for high angle annular dark field (HAADF) STEM imaging. Both the Dark Field (DF) 
and Bright Field (BF) detectors are physically located above one another allowing for their 
simultaneous use.  
The surface morphology of the material in this work was attained using STEM imaging in both DF and 
BF imaging modes using a JEOL 2100F instrument. The samples were prepared for imaging by casting 
3 µL of the sample onto a 300 Cu mesh holey carbon TEM grid and drying under a lamp. The STEM was 
operated in Z-contrast mode using a HAADF detector at 200 keV acceleration voltage. STEM EDX 
imaging was employed to observe the distribution of the platinum atoms in the DNA-cisPt 
nanomaterial.  

3.9.5 Surface Topography  
AFM imaging was used to observe the morphology of the fabricated DNA origami triangles with 
evidence of platinum metal atoms on the nanostructure. This validates the success of the material 
fabrication under the reaction conditions employed. The surface topography was assessed via AFM 
imaging using a ‘Dimension 3100’ Atomic Force Microscope (AFM) (Veeco Digital Instruments, Bruker), 
equipped with a NanoScope IIIa controller. 5 µl of the DNA origami sample was dropped onto a cleaved 
mica surface (cleaved with cellotape) and was left to dry in air for 10 minutes before blowing away 
the remaining solution using a stream of nitrogen gas. The microscope was operated in tapping mode. 
Cantilevers provided by Apex Probes Ltd (Bracknell, UK) (length: 225 µm, frequency: 75 kHz and a 
force constant: 2.8 N m-1) (FM-10) in air were employed.  
An aliquot of 20 µL of the sm-DNA-cisPt sample was drop cast onto a Highly Ordered Pyrolytic 
Graphite (HOPG) surface and was left to dry in air followed by drying off the remaining solution using 
a stream of nitrogen gas. The microscope was operated in tapping mode.  

3.9.6 Surface chemical properties 
3.9.6.1 XPS 
XPS characterization was conducted at Harwell XPS, UK facilities to obtain the binding energies (BE) 
and survey spectra of the materials synthesized using α-Kl as the X-ray source (characteristic energy 
of 1486.68 eV). The BE is reflective of the oxidation states of the elements in the DNA-cisPt adducts 
including Pt, Cl, C, P, N and O. The surface chemical properties of the 1:10-4 DNA-cisPt loading and the 
1 mM virgin DNA films following pseudo pyrolysis and the 1:10-3 DNA-cisPt loading and the 1 mM virgin 
DNA films following electron beam irradiation of the material were explored to assess for any changes 
in the elemental composition following these processing treatments. Moreover, through XPS 
characterisation any graphitic content could be detected using this analysis.  

3.9.6.2 Raman characterization 
Raman was carried out with Renishaw system (RL633) with a 532 nm source and a laser power of 1 
mW. The integration time for each scan was set at 10 seconds and the instrumentation was controlled 
using a WIRE software. The surface chemical properties of the 1 mM unmodified DNA films following 



 

48 
 

pseudo pyrolysis of the material were explored to assess for any changes in the elemental composition 
following treatment and more importantly see if any graphitic content could be detected.  

3.9.7 Graphitization methods  
3.9.7.1 Electron beam irradiation 
In this work an aliquot of the desired DNA: cisPt sample was drop cast onto a GC electrode stub and 
dried under a lamp. The prepared electrode was loaded onto the sample chamber. The material was 
exposed using an electron beam of acceleration voltage of 5 kev for 24 minutes i.e. the optimum 
reaction time found (see chapter 6). The tool was set such that the electron beam elevation consisted 
of the following coordinates Z: 102 X: 60 and Y: 25, ideally central coordinates of where the beam falls. 

3.9.7.2 Low temperature pseudo pyrolysis process 
The quartz tubes for the furnace were supplied by MultiLab Ltd supplier (Newcastle upon Tyne, UK) 
and consisted of a furnace tube of a 35 mm outer diameter and a 32 mm inner diameter. The main 
body was 600 mm long. A furnace cap of an outer diameter of 8 mm was used.  

The sm-DNA-cisPt films prepared by casting onto a GC stub were loaded into a corundum boat which 
was then placed in a tubular furnace under an inert nitrogen atmosphere purging at 50 mL min-1. The 
optimum reaction temperature was investigated within a temperature range of 160-350 °C for a 
duration of 30 minutes (12). All the samples were carbonised at the optimised reaction conditions 
found of 255 °C for 30 minutes (see chapter 7).  
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Chapter 4: Electrochemical Testing and Characterization of (Salmon Milt) DNA-Cisplatin 
Adducts for the Electrocatalysis of the Hydrogen Evolution Reaction (HER) 

 

4.1 Introduction  
The electrolysis of water to form hydrogen via the Hydrogen Evolution Reaction (HER) and oxygen via 
the Oxygen Evolution Reaction (OER), is an environmentally friendly and sustainable way of generating 
chemical fuel (1). Through their recombination, chemical energy can then be converted into 
electricity, which is the fundamental operating principle behind Polymer Electrolyte Membrane Fuel 
Cell (PEMFC) technology, involving the hydrogen oxidation reaction (HOR) and oxygen reduction 
reaction (ORR) (2). These occur at the anodic and cathodic compartments respectively and are shown 
by equations (1, 2).  

𝐻ଶ → 2𝐻ା + 2𝑒ି 𝐸𝑞. (1) 

1

2
𝑂ଶ + 2𝐻ା + 2𝑒ି → 𝐻ଶ𝑂 𝐸𝑞. (2) 

Platinum metal outperforms many electrocatalysts for both the HER (in acidic conditions) and ORR. 
However, given the concerns involved over its cost and availability, there is ongoing research into how 
catalytic performance can be maintained with lower platinum loadings (3), (4) (5), since at least one 
study has found that lower loadings led to an improvement in the efficiency (6). This was explained by 
an increase in the platinum particle size, which is a function of increased loadings, having an adverse 
effect on electrocatalysis. In fact metal nanostructures and size are both important considerations in 
the catalyst design, as only certain metal sites on the surface of the catalyst are actually active, with 
the majority typically being inactive (7).  

With the aim of reducing platinum metal loadings further in catalytic materials associated with clean 
fuel and energy production, herein a synthetic biology approach is employed to create a nanostructure 
design that uses DNA as a scaffold for the accurate placement of the platinum metal atoms (see figure 
1). In the design the spacing of the individual platinum atoms along the backbone of DNA is considered 
and is a means of reducing undesirable clustering and instead exposing more of the metal atoms as 
‘active sites’, thereby raising the catalytic efficiency of the resultant material. In fact the use of DNA 
as a scaffold for metal complexes is not unprecedented, (8) and (9) , with it previously being used for 
attaching, or directing the growth of platinum nanoclusters as catalysts for either the HER or ORR (10), 
(11) and (12).  

 

 
 

 
 
 
 
 
 

 

 

Figure 1- Schematic representation of the fabrication process of the catalytic material used and assessed in this work, 
where M = Pt. 

However, in this approach, the anticancer drug cisplatin [Pt (NH3)2Cl2] is used as the source of platinum 
atoms. The binding mode of cisPt to DNA is well understood, with the major interaction being the 
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formation of two intrastrand Pt-N bonds that link adjacent guanine nucleobases at the N7 position, 
although interactions with other mono- and bi-dentate purine adducts is possible (13),(14),(15),(16). 
This is illustrated in figure 13 in chapter 2. The ability of cisPt to form strong monomeric complexes 
with DNA is an important factor in ensuring that robust catalyst precursor materials are formed, 
containing individually and regularly spaced platinum atoms.  

The electrochemical behaviour of DNA-cisPt material for the HER has been reported in the literature 
at a mercury electrode which shows that the presence of the platinum metal had an influence on the 
electrochemical peak signals commonly associated with the guanine and cytosine bases (17). It has 
also been reported that the catalytic evolution of hydrogen at the surface of hanging mercury drop 
electrodes by platinum contained in DNA-cisPt adducts can result in chemical conversions of the 
guanine base in the DNA into 7,8-dihydroguanine (18).  

However, in the interest of this work, it is the findings reported by (19), that are more remarkable, 
showing that decreasing the concentration of free cisPt by the addition of DNA led to a delay in the 
deposition of platinum at the working electrode surface which consequently reduced the appearance 
of the peak currents for the proton/hydrogen-system. This is explained simply by the suppression of 
the electroreduction of cisPt following the molecules interactions with DNA. The author (19) also 
reports this being due to steric hindrance hence the electrolytic current for proton reduction is 
decreased as the number of free cisPt is reduced and consequently there is a reduced loading of 
platinum deposited on the surface of the glassy carbon electrode (19).  

Similar observations to this have also been reported to support these findings i.e. the presence of DNA 
has an influence on electroreduction of cisPt and consequently catalysis of HER by the platinum 
nanoparticles as reported in the literature (20), (21) and (22).  

The aims of the work produced in this chapter are to assess the feasibility of the use of DNA-cisPt 
adducts for the catalysis of HER at different loadings of cisPt. The objectives include characterization 
of the material to assess the co-ordination of the platinum and DNA and the ideal loading of platinum 
as a catalyst for electrochemical reactions. This entails experimental techniques like Scanning 
Transmission Electron Microscopy (STEM) imaging, Atomic Force Microscopy (AFM) imaging, X-ray 
Photoelectron Spectroscopy (XPS) of the material and finally electrochemical testing of the resulting 
dry films for HER under acidic conditions. The results demonstrate interesting trends in catalytic 
behaviour as a function of platinum loading in the HER reaction. The work in this chapter focuses on 
finding the optimum reaction parameters for electrochemical testing of the material by firstly finding 
the electrochemical window for the HER in the electrolyte and solvent conditions employed at the 
working electrode, made up of a DNA-cisPt modified glassy carbon surface. In addition, the optimum 
loading of the volume of the DNA-cisPt adducts casted onto the glassy carbon surface is explored as a 
function of the change in the voltammetry response. The electrochemical behaviour for the HER can 
then be investigated and the effects observed with different loadings of the cisPt to the DNA.  
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4.2 Materials and Experiments  
4.2.1 Material Synthesis  
All the material detailed and used in this work was synthesized and provided by Klaudia Englert (23), 
School of Chemistry, University of Birmingham. 

Deoxyribonucleic Acid (DNA), sodium salt from salmon testes, cisplatin (99.99 % purity (based on trace 
metal analysis)) were purchased from Sigma Aldrich. DNA-cisPt adducts were synthesized by dissolving 
the salmon milt DNA (sm-DNA) in Milli-Q water (resistivity ≥ 18.2 MΩ.cm) and sonicating to prepare a 
stock solution. Cisplatin in aqueous form was mixed with the sm-DNA and incubated at 37 °C overnight 
for 10 hours. Confirmation of the adduct formation was achieved using spectrophotometric 
techniques using Shimadzu UV-1800 spectrophotometer, Jasco J-810 spectropolarimeter and Cary 
5000 UV-Vis-NIR Spectrophotometer. The platinum metal loadings employed in the initial work of this 
study were much higher than the initial targets of the project; going up to ratios with twice as much 
platinum metal as DNA , for example a ratio loading of 1:2 DNA-cisPt.  

The findings from the initial work (24) suggest that at higher metal loadings we start to re-aggregate 
the metal on the DNA, resulting in unfavourable changes to the surface morphology i.e. agglomeration 
of platinum nanoclusters instead of the localized platinum atoms that are better distributed on the 
DNA. This justifies the employment of much lower cisPt loadings in the material synthesized, 
processed and characterized in this thesis. The ultimate goal of this project is to synthesise a pre-
cursor catalyst material with optimum electrocatalytic activity at the lowest platinum (i.e. cisplatin) 
loading attainable. The range of loadings prepared and tested in this work are displayed in Table 1. 

Table 1- Ratio and concentrations of the DNA-cisPt samples synthesized and characterized. 

2 

Experimental work  
The material received was experimentally tested and characterized by the author of this thesis in the 
experimental methods described below.  

4.2.2 Electrochemical testing  
4.2.2.1 Film formation on a glassy carbon macroelectrode  
Glassy Carbon (GC) electrode surfaces modified with nucleic acids have been employed for a range of 
voltammetry techniques ranging from differential pulse voltammetry to linear sweep voltammetry. 
Pang et al. (25) reported the existence of strong adsorption on GC electrode provided the DNA was 
evaporated to dryness on the electrode surface. The interaction of DNA and GC is a combination of 
both hydrophobic and electrostatic forces, leading to the adsorption of the nucleic acids onto the 
surface. Observations have been made to show that the quantities of modification of double stranded 
DNA (dsDNA) were greater when the DNA was cast on a metal ( gold and platinum) compared to a GC 

                                                             
2 Synthesis by Klaudia Englert, School of Chemistry, University of Birmingham. 

Ratio of sm-DNA to cisPt Concentration of cisPt in a 1000 µL 
solution /µM 

Concentration of sm-DNA in a 
1000 µL solution /mM 

1:0 0 1 
1:10-4 0.1 1 
1: 10-3 1 1 
1: 10-2 10 1 
1: 0.1 100 1 

1:1 1000 1 
cisPt  1000 0 
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surface (25). This difference is likely from the differences in the surface structures of each of these 
materials, affecting the stability of the DNA. For example on platinum, DNA demonstrates no 
resistance to acids and bases while on glassy carbon and gold, DNA is unstable to bases.  

A 3 mm GC macroelectrode was polished on micro-cloth pads with decreasing size alumina slurries 
(1.0, 0.3, 0.05 μm, Buehler IL), followed by rinsing with de-ionised water (DIW) and drying under a 
gentle flow of nitrogen. Once dry, the electrodes were modified by drop casting an aliquot of the 
prepared DNA-cisPt sample (optimum volume of 25 μL onto the 3 mm GC electrode surface) and 
drying under a lamp.  

4.2.2.2 Method of electrochemical testing 
The samples prepared (see Table 1) were electrochemically tested using a 3 electrode cell, involving a 
glassy carbon electrode (GC, 3 mm, BASi) as the working, a saturated calomel (SCE) (BASi) reference 
and a bright platinum mesh counter electrode. The cell was controlled by an Autolab 128N 
potentiostat running Nova 2.1 software (Metrohm-Autolab BV, Netherlands). All potentials are 
reported against a SCE. All chemicals involved were used in their analytical grade and used without 
any purification. Perchloric acid (70 %, 99.99 % trace metals) (1 mM, pH 3) and sodium perchlorate (≥ 
98 %) as the supporting electrolyte (0.1 M) supplied by Sigma Aldrich. All electrolytes were made up 
with DIW of a resistivity ≤ 18.2 MΩ.cm (MilliQ, Millipore) and thoroughly degassed with dry nitrogen 
(oxygen-free, BOC Gases plc) prior to experimentation. 

4.2.2.3 Electron Microscopy 
The surface morphology of the material was attained using High Angle Annular Dark Field Scanning 
Transmission Electron Microscopy (HAADF-STEM) operated in both dark field and bright field imaging 
using a JEOL2100F instrument. The samples were prepared for imaging by casting 3 µL of the sample 
onto a 300 Cu mesh holey carbon TEM grid and drying under a lamp. The STEM was operated in Z-
contrast mode using a HAADF detector at 200 kV acceleration voltage.  

4.2.2.4 Surface Topography 
The change in the surface topography as a result of the interactions of the cisplatin with DNA were 
observed using ‘Dimension 3100’ Atomic Force Microscope (AFM) (Veeco Digital Instruments, Bruker), 
equipped with a NanoScope IIIa controller. 20 µL of the DNA-cisPt solution was drop cast onto a HOPG 
surface and was left to dry in air before using a stream of nitrogen gas to achieve complete drying. The 
microscope was operated in tapping mode.  

4.2.2.5 Surface chemical properties 
XPS characterization was conducted at Harwell XPS, UK facilities to obtain the binding energies (BE) 
and survey spectra of the samples synthesized, using α-Kl as the X-ray source (characteristic energy of 
1486.68 eV). The BE is reflective of the oxidation states of the elements in the DNA-cisplatin adducts 
including Pt, Cl, C, P, N and O. The changes in the BE confirms whether the covalent interaction of the 
platinum occurs on the expected oligonucleotide base site.  
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4.3 Results and Discussions  
4.3.1 Electrocatalysis of the hydrogen evolution reaction (HER) 
Electrochemical testing using the 1:1 DNA-cisPt were conducted to explore the limits of the electrical 
voltage applied, the volume of the DNA-cisPt material casted onto the GC surface and the influence 
of washing off unbound cisPt molecules from the casted films using water, prior to assessing the 
effects of platinum loading in the DNA-cisPt on the electrocatalytic performance.  
 
4.3.1.1 Electrochemical voltage window 
The limits of the electrical voltage window change with the solvent used and the working electrode 
surface employed (26). Therefore the electrochemical window was explored for the electrocatalysis 
of the HER by DNA-cisPt/GC in perchloric acid (HClO4) and sodium perchlorate (NaClO4) electrolyte 
solution, starting the scan by applying 0 V vs SCE and ceasing until solvent breakdown was observed 
i.e. point at which the applied voltage results in an infinite increase in the current density output.  

In addition, being aware of the electrochemical voltage window is important since in acidic 
environments, DNA can dissociate from the surface of the GC electrode and the electrochemical 
reductions of Adenine and Cytosine bases can subsequently take place in the aqueous solution. For 
example, this has been reported in the literature to occur at a half-wave potential (E1/2) of -1.33 V vs. 
SCE for Adenine and -1.44 V vs SCE for Cytosine at a pH of 4.2 (27). This can help to distinguish between 
the electrochemical peaks being associated with the electrochemical reactions of the electroactive 
species of interest i.e. proton reduction or instead with the electrochemical reactions of the DNA 
bases.  

4.3.1.2 Optimum volume 
Defining an optimum volume of the DNA-cisPt material to cast onto the GC surface is key since in 
principle, there will be a volume in which the loading of the catalyst will no longer be the limiting 
factor to the catalysis and the geometric surface area of the GC electrode will be insufficient for 
complete and effective coverage. This would result in uneven films of the material and poor 
adsorption to the surface.  

In this work, the optimum volume for the 1:1 DNA-cisPt and 1000 µM cisPt samples was explored by 
casting and drying volumes in the range of 5-35 µL of the material onto the GC electrode surface (d=3 
mm) and testing electrochemically in the aforementioned ways at 3 scan rates including 10, 25 and 50 
mV s-1 in 1 mM HClO4, 0.1 M NaClO4. The voltammetry response for the 50 mV s-1 is displayed in figure 
3(B) and repeats were found to obtain an average value for the measured peak potential (Ep) and peak 
current (IP) values.  
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We observe a significant shift in the wave peak potential as the drop cast volume is increased from 5 
to 20 µL where it reaches a constant value, as illustrated in figure 3(D). This is predominantly due to 
the resistive nature of the DNA. As the amount of Pt deposited increases, the resistance of the 
modifying layer decreases and the size and number of Pt clusters increase. In addition, there may be 
changes to the diffusion profiles as the thickness of the DNA-cisPt material is changed with drop-cast 
volume. 

4.3.2 Changes to the diffusion profile 
As the volume of the catalyst material increases, the platinum mass loading also increases and 
simultaneously the drop cast film thickness also increases as demonstrated in figure 3(A). This is based 
on the measurement of film thickness being modelled as a function of both the mass of DNA in the 
drop cast volume and the density of DNA films reported in the literature of 1.41 ± 0.03 g cm-3 (28). The 
modelling method has been detailed in appendix 1, see figure A1.1. Thus the model follows the 
theoretical expectations i.e. that as we increase the volume of the material drop cast, there is an 
increased thickness of the dry film, which would reduce the rate of diffusional transport, giving rise to 
changes in the diffusion profile.  

This also gives rise to changes to the thickness and number of porous layers, with the drop cast 
volume, whereby there will also be inaccessible pores which can change the diffusion profile, from 

Figure 3- (A) How the modelled film thickness varies with drop cast volume of 1 to 1 DNA-cisPt on 3 mm GC surface (B) The voltammetry response 
for the HER (1 mM HClO4, 0.1 M NaClO4) 50 mVs-1 at different volumes of 1:1 DNA-cisPt cast on GC (d= 3 mm) (C) The change in the peak current 

value with volume cast (D) The change in peak potential with volume cast (3rd cycle). Error bars are based on a calculated standard deviation. 
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bulk to thin layer diffusion. The presence of pores also implies an increased likelihood for Knudsen 
diffusion, see chapter 2. This highlights the under-lying issue of drop-cast techniques, where we 
observe electrocatalytic profiles due to a mixed diffusion regime i.e. Fickian vs Knudsen vs thin layer, 
leading to shifts in the half wave potential resulting from the heterogeneous surface, see chapter 2. 
Hence the shifts in both the Ep and Ip do not necessarily associate with electrocatalytic effects , but 
instead may be due to changes in the profile of thin-layer diffusion effects (29). Thus, changing the 
thickness of the DNA-cisPt layer, will change the CV response too. 

4.3.3 Electrocatalytic effect  
On the other hand, from an electrochemical standpoint, there is a threshold for the mass loading of 
platinum onto the surface of GC. For example literature reporting’s (30) found that beyond 28 µg cm-

2 of platinum, there tends to be aggregation of the platinum particles, thus hindering the performance 
of the catalysis for the Oxygen Reduction Reaction (ORR). They noted that the specific activity (SA) 
increased at reduced Pt loadings, whilst increased agglomeration in the active layer was observed for 
higher Pt loadings. This hypothesis could correlate with the experimental findings shown in figures 3 
(C &D), whereby beyond 25 µL, the magnitude of the peak current (Ip) declines and the peak potential 
(EP) does not significantly change. However, to further explore this statement for the HER, STEM 
imaging characterisation is used to study the changes in the platinum nanocluster size with cisPt 
loading on the DNA scaffold. This is discussed later in this chapter.  

4.3.4 Changing the scan rate  
The same testing and analysis was applied for the results attained at a scan rate of 10 and 25 mV s-1, 
see appendix 1, figures A1.3-A1.4. Anomalous results were omitted and it can be concluded that at a 
loading of 25 µL of 1:1 DNA-cisPt, we attained the lowest peak potential (EP) and maximum peak 
current (IP), for all the scan rates investigated, see appendix 1, figure A1.5.  

In summary, there will be a small shift in peak potential with the drop cast volume as the 
voltammogram changes from being down to electrocatalytic effects to instead, the changes resulting 
from mass transport and specifically thin-layer voltammetry (29). To further elaborate, this means by 
increasing the thickness of the DNA-cisPt deposit, the CV response will become more like a thin-layer 
response. However, after a volume deposit of 25 µL, the shift in Ep is insignificant suggesting that 
Fickian diffusion to the surface of the deposit dominates and that there are mass transport limitations. 
Meanwhile, below 25 µL, there is incomplete coverage of the electrode surface, in addition to few 
metal aggregates.  

The dependence of the peak current on the drop cast volume, figure 3(C), can be explained by a 
suppression to the interaction of the DNA with the GC surface as the volume drop cast is increased. 
Similar observations involving DNA-metal complexes have been reported in the literature (31), where 
it was demonstrated using their work on DNA-Cu2+ complexes that there would be a maximum 
concentration of copper that would be reached to achieve maximum current output, in their work 
involving the DNA-Cu2+ complex as a hydrogen peroxide sensor (31). Although their work involved a 
more controlled means of determining film thickness, they explained that the cation would start to 
prevent the electrostatic interaction between the DNA and the electrode, resulting in a reduced 
amount of electrodeposited material onto the glassy carbon surface. A similar hypothesis is made by 
Lin et al. who reported that during an electrodeposition process, the localisation of DNA onto the 
surface of GC was highly influenced by the electrostatic force of attraction between the negative 
phosphate backbone of the DNA chain and carbon substrate (32).  

To provide a comparison, analogous experiments were conducted on drop-cast cisPt only. In this case, 
the electrochemical behaviour is expected to greatly improve in the absence of DNA, since it can be 
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proposed that the unbound cisPt could form platinum nanoclusters and thus should demonstrate 
electrocatalytic response more equivalent to that of a bulk platinum metal. 

 

 

 

Figure 4- (A) The voltammetry response for the HER (1 mM HClO4, 0.1 M NaClO4) 50 mVs-1 at different volumes of 1 mM 
cisPt cast on GC (d= 3 mm) at 50 mVs-1 (B) The change in the peak potential with volume cast ( 1st cycle) and how it 

compares to the half wave potential (E1/2) of Pt UME. 

It is evident from figure 4, that beyond a loading of 10 µL, the shift in the peak potential towards that 
of Pt UME becomes insignificant. It was reported in the literature (30), that the specific activity is 
higher when the platinum loading is reduced. This is discussed by Chaiburi & Hacker (30) , where at 
higher platinum loadings, larger and more aggregated platinum particles are formed. This increases 
the surface roughness, leading to changes in the distribution of the active sites on the GC electrode.  

The criticism of the casting method employed to prepare the modified GC electrode is that it can lead 
to irreproducibility in the results obtained, since there is no means of controlling the film thickness 
upon drying. However despite this, we can conclude that the magnitude of the current density is 
improved and a maximum output is measured at the maximum drop cast volume employed i.e. 50 µL.  

4.3.5 Hydrogen Evolution vs. Platinum reduction reaction 
In order to be confident that the electrochemical reduction peak is due to the electroactive species 
i.e. H+, instead of the platinum contained in the cisPt film cast on the surface of the GC electrode, the 
Nernst equation (equation (3)) was applied. 

For the HER, the electrochemical reaction is summarised by equation (1) presented at the beginning 
of this chapter. This takes place at a formal potential of 0 V vs Normal Hydrogen Electrode (NHE), while 
the reduction of Pt2+ to Pt0 occurs at a formal potential of 1.18 V vs NHE (33).  

𝐸௙
଴

௘௙௙
(𝐻ା 𝐻ଶ⁄ ) =  𝐸௙

଴( 𝐻ା 𝐻ଶ⁄ ) − 0.059 𝑝𝐻 𝐸𝑞. (3) 

The effective formal potential vs. NHE can be converted to SCE by shifting the value (negatively) by 
0.244 V. Thus we find by using equation (3) that we expect the reduction of platinum to shift by 0.1772 
V vs NHE under a pH 3 condition (34). This is equivalent to an effective potential of 1.11 V vs. SCE. The 
proton (H+) reduction reaction is expected to occur at - 0.4187 V vs SCE. This value corresponds with 
the overpotential observed for the HER at the surface of the Pt UME for the reaction conditions 
employed in this work (1 mM HClO4, pH 3), see figure 4.  
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4.3.6 Purification of the DNA-cisPt 
The influence of purification of the prepared samples of DNA-cisPt adducts on the voltammetry 
response for the HER is explored since the prepared material is made up of a mixture of unbound cisPt 
and DNA strands in addition to the DNA-cisPt adducts. Since the DNA is likely to demonstrate little or 
no significant activity to the electrocatalysis of the HER, it is more important to remove unbound cisPt 
molecules from the cast film to ensure the observed behaviour is due to the platinum covalently 
bound to the DNA (i.e. on the DNA scaffold). Thus to remove free cisPt from the deposited film on the 
surface of GC, the modified electrode (DNA-cisPt/GC) was rinsed with water, since cisPt is soluble in 
water but DNA is insoluble. To explore the effect of rinsing, following casting and drying of the material 
onto the GC surface, the film is rinsed with deionised water prior to electrochemical testing. The 
results are displayed in figure 5. 

 

 

 

 

 

 

 

 

 

It is evident that by rinsing the unbound cisPt with water, the voltammetry response is improved. 
Several theories can be proposed to explain this observation. One evident explanation is that 
complexation of cisPt with DNA contributes to steric hindrance as previously observed in the work of 
Yoshimoto et al. (19). This implies that the steric hindrance influences the available platinum / surface 
area of the platinum active sites exposed to the electroactive species. By removing the unbound cisPt, 
the inhibition to the electrocatalysis is prevented. This is because steric hindrance arises from the non-
chemical interactions of the cisPt with the DNA-cisPt adducts which could slow down chemical 
reactions. Future work could investigate if cisPt adsorbs onto the GC working electrode surface by 
dispersing a bare GC electrode in a solution of cisPt and consequently immersing into a perchloric acid 
solution, followed by CV testing. This then enables comparisons to be made between the voltammetry 
of the casted DNA-cisPt films and that of the bare GC immersed in the cisPt solution to investigate 
whether the peak potential (Ep) of the platinum falls at the same voltage as the DNA-cisPt, under the 
same experimental conditions.  

4.3.7 Shift in Ep with the scan number 
It is clear from figure 5 that the peak potential is shifted from that measured at the first scan compared 
to at the third cycle. That is a shift from -1 V vs SCE (figure 5) to -0.65 V vs. SCE after the third scan 
(see figure 12) for 25 µL of the 1 to 1 DNA-cisPt film on GC at 50 mV s-1. The hypothesis is that as we 
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Figure 5- The influence of washing unbound cisPt from the drop cast film on GC electrode using water on the electrocatalysis of the HER                                
(1 mM HClO4, 0.1 M NaClO4) at 25 mV s-1 (1st cycle). 
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scan the surface of the drop-cast material, the size of the platinum nanoclusters is increased with 
cycling, shifting the voltammetry towards the response of bulk cisPt.  

This follows the observations reported in the literature for cisPt (19), where the Scanning Transmission 
Electron Microscopy (STEM) images revealed that the density of the nanoparticles was increased with 
the number of scans. This is explained as both the growth of the nanoparticles and reduction of cisPt 
simultaneously (19).  

4.3.8 Randles –Sěvcík plot at bare GC and diffusion coefficient  
The cyclic voltammetry experiments of the HER, at different scan rates were explored at a bare GC 
electrode surface to explore the effect of scan rate on the reduction peak current for proton reduction 
by cyclic voltammetry testing and consequently confirm that the electrocatalytic response of the drop 
cast films is due to mass transport in one dimensional form. This is important, since the drop cast 
method employed to prepare the working electrode, could lead to the production of thick layers with 
voids, which behaves as a “thin-layer diffusion” system and doesn’t vary with the square root of the 
scan rate applied, see chapter 2. Furthermore, the corresponding diffusion coefficient for H+ in 
aqueous environments can also be found from the R-S slope.  

 

 

 

 

 

 
 
 
 
 
 

 
The electrochemical reduction of protons (H+) at the surface of the electrode can be described using 
the Randles- Sěvcík equations for an irreversible process Eq.(4) or reversible process Eq.(5), displayed 
below: 

𝐼௣ = (2.99 × 10ହ)√αAC୆୳୪୩D
ଵ
ଶν

ଵ
ଶ 𝐸𝑞. (4) 

𝐼௣ = (2.69 ×  10ହ)𝐴𝐷
ଵ
ଶ𝐶஻௨௟௞𝜈

ଵ
ଶ 𝐸𝑞. (5) 

where Ip is the peak current ( A ), A is the electrode surface area (cm2), CBulk refers to the bulk 
concentration of the analyte, 𝜈 is the scan rate (V s-1),D is the diffusion coefficient (cm2 s-1) and 𝛼 is the 
transfer coefficient value (assumed to be 0.5) (35). The resulting plot is shown in figure 7 and indicates 
a one-dimensional diffusional process (as opposed to any adsorbed behaviour). 

Figure 6-CV’s for HER at GC (d=3 mm) in 1 mM HClO4, 0.1 M NaClO4 at different scan rates. 
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The diffusion coefficient can be found from the slope of the R-S plot, figure 7 and Eq. (4). Hence at a 
transfer coefficient (α) of 0.5, the diffusion coefficient can be calculated via Eq. (4) to be 9.78 × 10-5 
cm2 s-1. For comparison, using the reversible R-S equation i.e. Eq. (5), a diffusion coefficient output of 
1.58 x 10-4 cm2s-1 is calculated. This value is higher than the reported diffusion coefficients of protons 
(DH

+ ) in strong acids like sulphuric acid of 2.31 x 10-5 cm2 s-1 (36) , for a 1 mM acid concentration. The 
irreversible equation outputs a diffusion coefficient (9.78 x 10-5 cm2s-1) which is close to the value 
reported in the literature for protons in aqueous environments of 8.6 x 10-5 cm2 s-1 (36).  

4.3.9 DNA-cisPt modified GC surface 
Following drop-casting of the DNA-cisPt material, the assumption that the geometric area of the 
electrode is fully electroactive is validated by modelling the number of cisPt molecules and surface 
area occupied by one cisPt molecule , based on a square planar geometry, see figure 8. This is found 
to exceed the geometric surface area of the working electrode i.e. 49.26 cm2 vs. a geometric surface 
area of 0.0707 cm2, see appendix 2 for the detailed method and calculations.  

 

  

 

 

 

Based on the reports made on the interactions of DNA and cisPt at the atomic scale (37), the atomic 
spacing between the platinum atoms in the cisPt molecules can be modelled as illustrated in figure 
8(B), to follow that of a perfectly distributed material deposit based on a square planar geometry. This 
means the inter-spacing between the platinum atoms can be taken as 0.56 nm.  

Figure 8- cisPt molecule (A) distribution of atoms and molecular radii (B) Square planar geometry , perfectly distributed model of cisPt 
complexes on surface reproduced from (37). 
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Figure 7- Plot of Eq. (4) for the reductive current peak for the HER at GC (d=3 mm) in 1 mM HClO4, 0.1 M NaClO4, Gradient = -1.879 
x 10-4 / A (Vs-1)-0.5. R2=0.9378. 
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As the loading of platinum in the material is increased, the spacing between the Pt active centres is 
reduced, resulting in a cyclic voltammetry (CV) profile of that of a macroelectrode (38). This results 
from the changes to the diffusion profile, as the diffusion zones begin to overlap (38) as shown in 
figure 9, where we start to move towards profiles like those presented in category 3 and 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However to validate which category, the voltammetry response of the DNA-cisPt / cisPt / GC material 
falls into, an estimation of the diffusion layer thickness must be made. The diffusion layer thickness 
can be estimated using the following expression: 

𝛿 =  ඨ2𝐷
∆𝐸

𝜈
 𝐸𝑞. (6) 

where 𝛿 is the diffusion thickness, 𝜈 is the scan rate (V s-1), D is the diffusion coefficient (cm2 s-1) and 
∆𝐸 is the difference in the potential of the electrochemically active region of the scan (V), which can 
be found by taking a closer insight at the region of the electrochemical peak, as demonstrated in figure 
10.  

 

Figure 9 - Schematic diagram of the four categories a diffusion profile may belong to for an array of microelectrodes (38). 
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Thus we find that the electrochemical potential difference is 0.25 V vs SCE, according to figure 10. By 
using the diffusion coefficient found from before (9.78 x 10-5 cm2 s-1) and a ΔE of 0.25 V for a scan rate 
of 50 mV s-1, the diffusion layer thickness is expected to be 0.03919 cm. This implies that 𝛿 ≫ 𝑑 which 
suggests that we fall into category 4 (as shown in figure 9).  

One-dimensional diffusion profile in drop casted material  

The construction of the plot of log scan rate (ν) vs. log current (I) can be used as a tool to evaluate 
whether we have a diffusion or an adsorption controlled response. A gradient of 0.5 or 1 equates to a 
diffusion or adsorption controlled process respectively. This is explored for the range of drop-cast 
volumes employed in this study i.e. from 5 to 35 µL. To illustrate how the magnitude of the slope was 
found, figure 11(A) shows the data points measured at the drop cast volume of 35 µL. This analysis 
was applied to the other volumes employed, and the logarithmic plot of scan rate (υ) vs peak current 
(Ip) was constructed to find that the gradient varied from 0.48 to 0.54 (within experimental error) as 
the drop cast volume was increased. This is an indication of a purely diffusional (semi-infinite) 
electrode response. 

 

 

 

 

Figure 10- Finding the size of the electrochemical potential window (ΔE) for the voltammetry response of 25 µL of 1 mM cisPt cast on a 3 mm GC 
surface for the HER at 50 mV s-1 ( 1 mM HClO4, 0.1 M NaClO4). 
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4.3.10 Electrocatalysis of HER: Different loadings of cisPt 
The electrochemical behaviour of the different fabricated samples was then investigated for the HER 
in acidic environment (pH 3). Despite the largely resistive nature of polymeric DNA (39), additional 
redox-active centres retain their electrochemical activity (40),(41).DNA saturated with transition 
metal cations can be electrochemically reduced to metallic nanowires (9),(42) and (43). The activity of 
the DNA-cisPt adducts was assessed using cyclic voltammetry in 1 mM HClO4, 0.1 M NaClO4 at a voltage 
scan rate of 50 mV s-1. Initially a total of 25 µL of the DNA-cisPt solution was drop cast onto the GC 
electrode and dried under a lamp, before rinsing with water.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11- (A) Plot of Log 𝜈 vs Log Ip for 35 µL of 1:1 DNA-cisPt cast on GC ( d= 3 mm), y= 0.5412x – 3.6817 (R2= 0.9995) at 50 mVs-1 (B) How the 
magnitude of the slope of the plot of log scan rate (𝜈) vs. log current (I) changes with the drop cast volume of 1:1 DNA-cisPt on GC at 50 mVs-1 

for HER (1 mM HClO4, 0.1 M NaClO4). 
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Figure 12- Electrocatalysis of the HER In 1 mM HClO4, 0.1 M NaClO4 at 50 mVs-1 at different loadings of cisPt in DNA-cisPt material casted on a 
GC (d= 3 mm) ( 3rd Cycle). 
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The DNA-modified electrodes show a clear correlation between the nominal Pt content and 
voltammetry response and figure 12 shows that the electrocatalysis is improved with increased cisPt 
loading, since a higher current density output is measured and a shift in the peak potential towards a 
lower overpotential i.e. towards that of the bulk cisPt is observed. The current densities achieved for 
the DNA-cisPt/GC are lower than the cisPt/GC surface, which indicates that the interaction of the DNA 
with the cisPt does indeed suppress the electrocatalysis of the reduction of protons by the Pt, which 
has previously been reported in the literature (20).  

First, the highly resistive nature of the DNA-modified electrode will cause a considerable shift to more 
negative potentials. This prevents good electron transfer kinetics across the surface of the material, 
thus suppressing the attainable electrocatalytic activity.  

As Pt is added to the DNA, these atoms are not all in electrical contact with the substrate electrode 
and their contact resistances are not the same. As Pt loading is increased, the mean contact resistance 
might be expected to decrease, causing an ohmic shift in the wave towards lower overpotentials (24). 
Secondly, as the Pt loading increases, the spatial distance between Pt atoms/clusters decreases and 
the diffusional characteristics may change from Case 1 (at ultra-low loadings) via Cases 2 & 3 to Case 
4 at moderate loadings (38), see figure 9.  

This leads to a gradual change in the shape of the voltammetry from sigmoidal to peak-shaped. At the 
loadings used here, and based on the STEM imaging characterisation below, the diffusional behaviour 
is expected to be within Class 4, see figure 9. Similarly, this change in shape may also reflect the 
mechanistic changes occurring as Pt loading increases which is discussed in the next section of this 
chapter, see ‘mechanistic analysis: Tafel plots’.  

Optimum Faradaic current is achieved when the centre-centre separation between the arrays is large 
enough to avoid diffusion zone overlap, which would increase planar diffusion (44). Thus, good 
dispersion of the platinum atoms on the DNA is required. Previous observations reported in the 
literature (45) found that a cluster containing a minimum of 5 Pt metal atoms is required to electrolyse 
acidic solutions. Hence at lower loadings, only small clusters form, which is insufficient for the catalysis 
of the proton reduction (45). Furthermore, there is steric hindrance resulting from the DNA-cisPt 
interactions, leading to much lower current densities being observed for proton (H+) reduction, since 
the majority of the platinum is bound to the DNA purine bases i.e. mostly guanine and some to 
adenine, thus reducing the catalysis of the HER by bulk platinum (19).  

At these low loadings, nucleobase coordination dominates, thus the absence of the peak current 
density is explained by the DNA: cisPt films not reducing to form large enough clusters, due to the 
increased interparticle distance between the fewer platinum catalyst sites. Additionally, at the low 
metal loadings, the Pt atoms and few-atom clusters experience a high resistance, and the potential on 
these nanoclusters will be less negative than the potential on the underlying electrode. The resistivity 
of the DNA connection to the substrate electrode is therefore likely to be a significant controlling 
factor in the HER kinetics (24). 

However, as the cisPt loading is increased, the cisPt species coordinates to the DNA non-specifically 
(46), (47) & (48), therefore the metal sites would become both more numerous and more mobile than 
covalently bound moieties, bringing them in to a close enough proximity to form catalytic centres in 
irregular arrays of metallic particles. As the size and number of the Pt clusters increase, the electrical 
contact to the substrate electrode will be lower, thus the potential (ohmic) drop across it is reduced.  
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4.3.11 Mechanistic Analysis: Tafel Plots 
To further compare the electrocatalytic behaviour at the different DNA-cisPt loadings explored, Tafel 
analysis can be employed to reveal the reaction mechanism of the HER. It should be noted that a Tafel 
treatment of these modified electrodes is approximate due to the likelihood that the voltammetry is 
influenced by the kinetic, mass transport and ohmic (resistance) factors.  

The mechanism for the HER in acidic conditions has been well studied and reported in the literature 
(2), (49) ,(50) and (51), and entails 2 of 3 possible steps shown:  

 𝑉𝑜𝑙𝑚𝑒𝑟 𝐻ଷ𝑂ା + 𝑒ି + ∗⇌  𝐻∗ +  𝐻ଶO  𝐸𝑞. (7) 

𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦 𝐻∗ +  𝐻ଷ𝑂ା +  𝑒ି ⇌  𝐻ଶ +  𝐻ଶO  𝐸𝑞. (8)  

𝑇𝑎𝑓𝑒𝑙 2𝐻∗ ⇌  𝐻ଶ   𝐸𝑞. (9)  

Where * denotes a vacant active site on the surface of the catalyst and H* is a hydrogen atom 
adsorbed on an active site. 

 The first step involves the reduction of a proton on an active site of the catalyst surface Eq. (7), 
followed by a second proton/ electron transfer leading to the evolution of molecular H2, , Eq. (8 ), or 
consequently through the recombination of two adsorbed protons at the surface, Eq. (9). Other 
authors (2) have discussed the assignment of the Tafel slope with the mechanism of reaction in 
more detail.  

Tafel plots (see figure 13) were constructed from the electrochemical data obtained (figure 12) and 
the Tafel slope was consequently found from the gradient of the plot, for the different DNA-cisPt 
loadings employed. The ratio of the DNA-cisPt and the relevant concentrations (see Table 1) were 
used to calculate the mass loadings of the cisPt i.e. platinum metal and sm-DNA (unmodified) in each 
of the material cast on the GC electrode. This is summarized in Table 2. Detailed calculations of the 
mass loadings can be found in appendix 2.  

Table 2- Mass loadings of prepared DNA-cisPt samples in an aliquot of 25 µL. 

 

 

 

 

 

The Tafel slopes found were compared to the widely accepted and reported theoretical limits for the 
Volmer, Heyrovsky and Tafel steps of 120, 40 and 30 mV dec−1 respectively in being the rate 
determining reactions. Commonly platinum disks and high surface area catalysts have shown a Tafel 
limiting step (slope of around 30 mVdec-1), where detailed analysis of this is discussed in the literature 
by (2), (49) and (50). This observation holds for the experimental findings in this work, for the HER at 
the surface of a platinum ultra-micro electrode (UME) (grey line) in figure 13 (B).  

sm-DNA: cisPt loading Mass of cisPt in 25 µL/ g Mass of DNA in 25 µL/ g 
1:0 0 0.0319 

1:10-4 (0.1 µM) 7.50 10ିଵ଴ 0.0319 
1:10-3 (1 µM) 7.50  10ିଽ 0.0319 

1:10-2 (10 µM) 7.50  10ି଼ 0.0319 
1:10-1 (100 µM) 7.50  10ି଻ 0.0319 
1:1 (1000 µM) 7.50  10ି଺ 0.0319 
0:1 (1000 µM) 7.50  10ି଺ 0.0319 
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It is evident from figure 13(B) that as the cisPt loading is increased in the DNA-cisPt material, the Tafel 
slope is reduced as we move from the unmodified sm-DNA (425 mV per decade) to bulk cisPt (48 mV 
per decade). This change is thus reflective of the change in the mechanism of HER i.e. from the Volmer 
limit (DNA or DNA-cisPt/GC modified electrode) to the Heyrovsky limit (cisPt/GC modified electrode). 
The rate limiting step for proton reduction therefore changes from being Eq. (7) to Eq. (8).  

 

 

Figure 13- (A) Tafel plot constructs for HER in 1 mM HClO4 0.1 M NaClO4 at 50 mV s-1 for different DNA-cisPt loadings cast on GC (d=3 mm)                        
(B) Tafel slope variation with the logarithmic scale of the mass loading of cisPt in the material. 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

E
 v

s 
S

C
E

/ 
V

Log
10

J / mAcm-2 

 DNA
 cisPt
 1 to 1 DNA-cisPt
 1 to 10-4 DNA-cisPt
 1 to 10-3 DNA-cisPt
 1 to 10-2 DNA-cisPt
 1 to 10-1 DNA-cisPt
 GC

(A) 

(B) 

0.001 0.01 0.1 1 10
0

50

100

150

200

250

300

350

400

 DNA-cisPt material
 GC
 Pt UME
 Tafel
 Heyrovsky
 Volmer

T
af

el
 s

lo
pe

/ m
V

 p
er

 d
ec

ad
e 

Log
10

 cisPt mass loading/ g



 

68 
 

4.3.12 XPS Analysis 
Studying the interaction of DNA with cisPt using X-ray photoelectron spectroscopy (XPS) has previously 
been reported by (52) and (53). Both authors report the strength of XPS for gaining an insight into the 
specific binding that occurs between the N7,O6 and the Pt atom. This can be identified from the 
observable changes in the binding energies i.e. the chemical shift. The XPS results have revealed that 
the DNA-cisPt complexation results in a chemical shift not only to the atoms directly involved in the 
interaction, (nitrogen), but also to those surrounding them (oxygen and carbon).  

The XPS survey spectra for 1 to 10-4 and 1 to 10-3 DNA-cisPt loadings (see figure 14) show no observable 
Pt 4f and Cl 2p peaks. This implies that XPS is not feasible for detecting low concentrations of cisPt 
thus alternative methods like inductively coupled plasma mass spectrometry can be suggested for 
future work.  

At the very low platinum metal loadings in the material i.e. low ratios of 1:10-4 and 1:10-3 DNA-cisPt, 
the Pt 4f signal is difficult to detect by XPS. However as the metal loading is increased, the signal is 
improved, see figures 14 (C-D) & (F) and the binding energy of the Pt 4f peak can be found to be 
between 72 and 73 eV. This corresponds to the presence of a Pt (II) species as expected for the 
complexation of cisPt with DNA (54). The binding of the platinum with oxygen and nitrogen influences 
the binding energies of the surrounding atoms including carbon and phosphorus, see appendix 1, 
Table A1.3-A1.4 for raw binding energies data. Furthermore, Xiao et al.(54) reported that the stability 
of the chemical bond could be further increased with incubation time which can be explored as part 
of future work of this project.  
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Figure 14- XPS Survey Spectra of: (A) 1 to 10-4 DNA-cisPt (B) 1 to 10-3 DNA-cisPt (C) 1 to 10-1 DNA-cisPt (D) 1 to 10-2 DNA-cisPt (E) 1 to 0 DNA-cisPt 
and (F) 1 to 1 DNA-cisPt. 
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(E) (F) 
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The binding energy (BE) of each of the chemical elements found in the samples can be found from 
figure 15. To explore the effect of the cisPt complexation to the DNA, the change in the BE is defined 
according to the following expression: 

∆𝐵𝐸 =  𝐵𝐸ଵ:௫ ஽ே஺ି௖௜௦௉௧ − 𝐵𝐸ଵ:଴ ஽ே஺ି௖௜௦௉௧  𝐸𝑞. (8)  

Where 𝑥 denotes the ratio of cisPt in the sample.  

 

 

 

 

 

 

 

 

 

The effect of the complexation of DNA with cisPt is reflected by the increased energy values of the 
binding energy of the P 2p, O 1s and N 1s atoms, as illustrated in figure 15. However, the changes in 
all of these element is only detectable for the 1 to 1 DNA-cisPt loading, while no observable change at 
the lower cisPt loadings are noted with the exception to the C 1s element signal (see figure 15). 

The binding energy (BE) of the P 2p atom increases by 1 eV, suggesting that the chemical interactions 
of platinum with oxygen and nitrogen influences the phosphate backbone. In the work of Xiao et al. 
(54), similar finding were made with the exclusion of the platinum to backbone interactions. The BE 
of the O 1s and N 1s peaks also increases as a result of the interaction of the Pt2+ ion with the lone pair 
of electrons on the nitrogen and oxygen atoms. The chemical shift in the O 1s spectra implies that the 
neighbouring O6 and N7 sites are also involved in the binding, see figure 16. This observation was 
previously reported by (52) and (53) where they concluded that a specific chelate is formed through 
the interaction of platinum with the N7 (Gua).O6(Gua). The change in the O 1s spectra is the result of 
the platinum interaction with the carbonyl group near the N7 sites of guanine (54), as illustrated in 
figure 16 below. Following this interaction, the electronegative oxygen and nitrogen atoms withdraw 
electrons in the carbon bond, which increases the Dirac delta positive ( δା) on the carbon atom. This 
consequently reduces the binding energy of C 1s atom as illustrated in figure 15.  

 
 
 
 
 
 
 
 
 

Figure 15- Change in the binding energy values for low cisPt loadings following complexation with DNA. 
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Figure 16- Chemical interactions between oligonucleotide and cisPt molecule copied from Lippert &Sigel (59). 
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4.3.13 AFM Imaging 
Initially, AFM imaging was used to confirm that interactions between the DNA and cisPt molecules had 
been achieved under the incubation conditions employed. This is evident from the resulting changes 
to the surface topography of the material following complexation of the DNA and cisPt. This is 
reported in the literature by Liu et al. (55) as being the resulting change in the transition of the 
extended DNA chains to more compact globular structures following its binding to cisPt. This 
observation was reported for their work on the interactions of a 1134 base pair DNA molecule with 
cisPt on a mica surface. The resulting change is reflective of the coordination and electrostatic 
interaction of the drug with the purine bases of the DNA (55).  

The AFM imaging of the sm-DNA-cisPt, see figure 17, produced the same result as the literature 
reporting’s (55), where we see a change from the extended DNA chains in the unmodified sm-DNA 
material (figure 17(A) ) to more compact, globular structures in the presence of cisPt (figures 17(C-E)). 
This holds even when a lower loading of cisPt is employed i.e. 1 to 10-1 sm-DNA-cisPt, as shown in 
figure 17(E).  

The observable changes in the materials topographical features are attributed to the bending of the 
DNA chain upon complexation with cisPt. Experimental factors such as incubation time of the cisPt 
with the DNA can also influence the extent of bending towards the major groove as Liu et al. (55) 
demonstrated.  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 17- AFM Imaging (Tapping mode) of (A, B) 1000 µM DNA (C, D) 1 to 1 DNA-cisPt and (E) 1 to 10-3 DNA-cisPt on Highly Ordered Pyrolytic 
Graphite (HOPG). 
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In addition, the imaging surface employed can influence the true topographical features of the 
molecules been observed depending on the imaging conditions employed, such as in air or aqueous 
conditions and also the properties of the cantilever (56). It is reported by Klinov et al. that mica 
surfaces tend to flatten out the DNA molecules more than on a HOPG surface, as demonstrated in 
figure 18 (56).  

 

 

 

The main aim of this imaging technique was to observe the DNA chains in the material and confirm 
that complexation was achieved under the incubation conditions employed. For this research work, 
we are more interested in the surface morphology of the platinum metal on the DNA and being able 
to measure the platinum nanoparticle size. This can be achieved using high resolution imaging 
methods such as electron microscopy, as detailed below.  

4.3.14 STEM Imaging  
To study the morphology of the material and explore how the distribution of the platinum changes in 
the presence and absence of DNA, Scanning Transmission Electron Microscopy (STEM) imaging was 
employed to achieve high resolution imaging to an atomic scale. 

Initially, the stage alignment on the STEM instrument was achieved using gold nanoparticles on a 
copper (Cu) based holey carbon Transmission Electron Microscopy (TEM) grid. Once the ronchigram 
is attained images of high resolution can be recorded, as presented in figure 19.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18- The proposed scheme of DNA deposition on mica and HOPG. Cross-section of the molecules are shown. Dashed circles 
demonstrate natural size of the molecule in solution, copied from Klinov et al. (56). 

Figure 19- HAADF STEM imaging of Gold (Au) nanoparticles casted on 300 mesh Cu based holey carbon TEM grid at x10 million 
magnification.  
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The ultimate goal is to produce a hybrid material which consists of well dispersed and anchored 
platinum metal atoms on a DNA scaffold, to allow for increased efficiency and catalytic activity. Each 
sample was prepared separately for STEM imaging by casting 3 µL onto a holey carbon on a 300 mesh 
copper (Cu) TEM grid and drying under a lamp.  

 It must be highlighted that as evident from the STEM characterization, agglomerated platinum 
nanoclusters are observed when cisPt was deposited directly from solution (i.e. without reaction with 
DNA first) (see figures 20 (A & B)). This could be down to the nature of the material of being bulky, 
which is influenced by the storage time, the concentration of the cisPt and furthermore the casting 
methods employed. The clusters were found to have a diameter size of 1.81 ± 0.26 nm and 1.80 ± 0.27 
nm for the 1000 µM and 0.1 µM cisPt, based on a standard deviation error of 27 and 29 measurements 
respectively, see appendix 1,Table A1.7. This agrees with the measurements reported in the literature 
for cisPt of 1.84 nm (57). In the absence of cisPt, as expected, DNA appears as an amorphous carbon 
film (figure 20(C)), without the bright spots shown in figures 20 (A &B). Figure 20(C) shows that when 
virgin sm-DNA solution is casted on the holey carbon film, in addition to the complex extended 
structures of the DNA ( see figures 17 (A,B)), in some regions we observe ordered and amorphous 
films, which are only revealed by the electron microscopy imaging. This suggest that the films can 
provide large surface areas, supporting the materials use as a scaffold for the platinum catalyst.  

 

 

 

 

 

 

 

 

Figure 20- Scanning Transmission Electron Microscopy imaging of drop cast films from 1000 µM solutions of (A, B) cisPt 
solution at magnification x10 million (x20 million inset); (B): cisPt at magnification x8 million; (C): sm- DNA at magnification 

x8 million. All films cast from 3 µL solutions on holey carbon TEM grid. 
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Reacting the cisPt with DNA improves the distribution of platinum when the ratio of platinum is lower 
than DNA in the sample. This is reflected by the changes in the size of the platinum nanoclusters 
measured at a higher metal loading (1:1 DNA-cisPt) compared to that at a lower metal loading (1:0.1 
DNA-cisPt).  

This is evident given that in figures 21 (A & B), we observe bright spots reflective of smaller platinum 
atoms, as opposed to the agglomerated nanoclusters seen for an equivalent bulk cisPt concentration 
i.e. 100 µM, figure 21 (C). However, as the cisPt loading is increased in the DNA-cisPt sample i.e. 1:1 
loading, the effect is reversed and much larger nanoclusters are observed (3.83 ± 1.85 nm, see 
appendix 2, Table A2.9 ) compared to bulk cisPt of the same concentration, (figures 21 (D-F) vs. figures 
20 (A&B), at increasing magnifications). 

Furthermore, the platinum is more distributed at the lower metal loading compared to agglomerated 
nanoclusters at the higher metal ratios, (figures 21 (A & B) vs. figure 21(F)), which implies the presence 
of distributed individual platinum atoms as opposed to the agglomerated nanoclusters seen for cisPt 
deposited on its own at the same concentration. Whilst it is not clear why the nanocluster size is larger 
in the case of highly loaded Pt-DNA complexes, it is apparent that this occurs once the metal loading 
has exceeded the available nucleobase binding sites on the DNA, and non-specific binding to the DNA 

Figure 21- HAADF STEM images of drop cast films of (A) 1 : 0.1 sm-DNA : cisPt (equivalent to 100 µM cisPt) x 15 million; (B) 1 : 0.1 sm-
DNA : cisPt (equivalent to 100 µM cisPt) x 8 million; (C) cisPt (from 100 µM solution, no DNA), x 6 million and (D-F) 1 : 1 sm- DNA : cisPt 
(equivalent to 1000 µM cisPt) at magnifications of 200k, 400k and 600k respectively. All films cast from 3 µL solutions on holey carbon 

TEM grid. 
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backbone has occurred as indicated by the spectroscopic studies displayed in our group publication 
(24).  

4.3.15 Low loading of platinum DNA-cisPt containing material: 1 to 10-4 DNA-cisPt 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22- HAADF STEM imaging of (A-D) 1:10-4 DNA-cisPt (E, F) 0.1 µM cisPt, 3 µL cast on holey carbon TEM grid. 

The changes in the surface morphology of the DNA-cisPt material was explored for the material 
synthesised with the lowest loading of cisPt, equivalent to 0.75 ng, see Table 2. The observations made 
from figure 22 are similar to those made above for the 1:10-1 DNA-cisPt and the 1:1 DNA-cisPt material, 
which are that as the ratio of the cisPt to the DNA is reduced, there is a reduced clustering of the 
platinum, as reflected in the morphologies we observe in figures 22(B-D) compared with figures 21(D-
F).  

In addition, at the low loadings in some regions of the TEM grid, it was found that that the platinum is 
more distributed (see figure 22 (D)) than in the absence of DNA for the same concentration of cisPt 
(figure 22 (F)).  

It is evident that at the low metal loadings, on some regions of the TEM grid surface, we observe 
regions of bulky deposits of the material, see figure 22 (A). It could be proposed that these films are 
salt deposits from the sodium buffer that the DNA–cisPt aqueous solutions are contained in. However, 
this hypothesis would need confirmation and testing using STEM Energy Dispersive X-ray (EDX) 
mapping, thus could be suggested as part of future work.  
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4.3.15.1 STEM imaging limitations  
To conclude, it is evident that nano-clustering of the platinum atoms occurs, hence measuring the Pt-
Pt interatomic distance at this stage would be difficult given the nature of the sm-DNA i.e. large, but 
also the clumpy state of the bulk cisPt. In addition, the material being imaged consists of both DNA-
cisPt adducts and unbound cisPt, making the surface morphology more challenging to characterise 
accurately.  

In addition, the interactions of the material are not controlled, thus we have steric interactions in 
addition to covalent bindings to the DNA bases (guanine and adenine). Both of these issues are 
overcome using self-assembled DNA nanostructures with precise interactions of the platinum metal 
as presented in the work in chapter 8 of this thesis.  

Lastly, imaging with high resolution at increased ratios of DNA to cisPt becomes more challenging, 
most probably due to the higher ratio content of salt deposits ( sodium and phosphate from the buffer 
solution) being introduced onto the surface of the TEM grid, as noted above in figure 22(A). This is 
understandable from an electron microscopy point since both sodium and phosphate have a lower Z 
atomic number, thus have a lower imaging resolution because of the nature of their interactions with 
the irradiated electron beam. On the other hand, when a higher metal ratio is present in the material, 
the imaging resolution is improved due to the higher Z atomic number of the platinum metal leading 
to better interactions with the electron beam.  

4.3.16 Electrical conductivity of DNA 
Based on a number of charge transport studies of DNA, it was found that the resistance of DNA ranged 
from 1 to 107 MΩ (39). This wide range is primarily because of the sensitive nature of the charge 
transport process, which is particularly sensitive to the integrity of the base pair stack, the absence of 
damage within the duplex, and the electrical connections to the duplex (39). Despite the highly 
resistive nature of the DNA polymer (39), the redox-active centres demonstrate electrochemical 
activity (40),(41). Through the process of graphitisation the electrical resistance can be greatly reduced 
as reported for carbon nanofibers (58) where the resistivity dropped by a factor of 103 (58). Methods 
of reducing this resistivity and improving the electrical conductivity of the DNA are explored via a 
range of methods, as presented in the work in chapters 5-7 of this thesis.  
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4.4 Conclusion 
In conclusion, we have synthesised a novel DNA-cisPt catalytic nano-material, characterised and 
assessed its electrocatalytic behaviour to assess it feasibility for its use in fuel cell applications. From 
this, we found that DNA can act successfully as a scaffold to disperse the platinum atoms along its 
backbone.  
It was found through STEM imaging of the DNA-cisPt solutions that the surface morphology of the 
cisPt was changed with the addition of DNA as a function of platinum content. For example, at ultra-
low loadings, the clustering effects were reduced and distributed individual platinum atoms could be 
observed.  
However, for solutions of a higher platinum metal loading such as the 1 to 1 DNA-cisPt, the effect was 
reversed and agglomeration was increased. Larger nanoclusters were measured in the presence of 
DNA compared to its absence, which suggest that there is an optimum ratio of platinum metal loading 
to DNA for studying electrocatalysis. This new approach of using DNA as a scaffold shows promising 
results for fabricating fine-tuned loadings and distributions of individual platinum metal atoms, using 
a support other than the commercially available carbon.  
In the next set of chapters, we move towards having more control over the covalent interactions of 
the platinum with the DNA bases, in order to achieve more localized distributions of the platinum 
atoms on the DNA scaffold. This will reduce the loading of the platinum metal whilst maximizing its 
utilisation. In addition, we focus on how we can overcome the highly resistive nature of the DNA to 
improve the performance of the electrochemical response measured for the HER to that of the 
attainable response.  
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Chapter 5: Functionalisation of DNA-Cisplatin with Single Walled Carbon Nanotubes 
(SWCNT) 

5.1 Introduction  
The discovery of carbon nanotubes was first made in 1991 by Iijima , who reported the synthesis of a 
new type of finite carbon structure, made up of multi-walled carbon nanotubes (MWCNTs), 
synthesised using an arc-discharge evaporation method (1). Alternatives to MWCNTs are single walled 
carbon nanotubes (SWCNTs), where the CNTs form a one atom thick sheet cylindrical tube. They have 
a high aspect ratio (length to diameter) and are made up of a single layer of graphene (2). The size of 
the SWCNT can range from 0.5 to 1 nm (2). Although some report that the typical diameter range for 
SWCNTs can vary from 0.4 to 3 nm. SWCNTs with a diameter smaller than 0.4 nm are 
thermodynamically unstable due to the strain induced by the curvature onto the carbon to carbon 
bonds. There is attraction between the opposing ends of the graphene cylinder, thus increasing the 
cylinder diameter (to greater than 3 nm) and consequently overcoming the radial stiffness as the 
cylinder begins to flatten (3). On the other hand, MWCNTs are made up of two concentric cylindrical 
shells of graphene coaxially arranged around a central hollow core held by Van der Waals forces 
between the adjacent layers (4) as illustrated in figure 1.  

 

 

 

 

 

 

 

Figure 1- Schematic representation of single walled carbon nanotube (SWCNT) and multi walled carbon nanotubes 
(MWCNT) , copied from (4). 

The employment of carbon based support material for platinum nanoparticles has ranged from 
methods looking at increasing the number of active sites on bulk Pt to methods reducing the thickness 
of the active layer (≤ 25 µm) to developing smaller Pt nanoparticles (< 10 nm) on a carbon-support 
(5).  

Several methods have been employed in the literature to disperse platinum metal nanoparticles onto 
carbon nanotubes such as a polyol procedure (6) to a microwave assisted process (7). The employment 
of nano-carbon as a support material for Pt, has been claimed to enable both better utilisation of the 
Pt metal and relatively low Pt metal loadings to be used for the polymer electrolyte membrane fuel 
cell (PEMFC). The main drawbacks were however, the expense of using nano-carbons as a support 
material (5).  

In addition, the effectiveness of this depends on the method employed to load the metal onto the 
support (5). The advantages of the employment of carbon nanotubes as a catalyst support is reviewed 
in the literature (6), whereby their use as a support is justified by enabling reduced Pt loadings for the 
PEMFC. In addition, the review (6) also outlines how the use of SWCNTs enables improved stability 
and corrosion resistance of the catalyst material. The use of SWCNTs improves the performance of 
catalyst since platinum can be localized in both the inner and outer walls of SWCNTs, leading to good 
electrocatalytic properties (6).  
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A thorough review by Luo et al. (6) has shown the impact of carbon nanotubes (CNTs) as a support 
material for the dispersion of noble metal(s). Their work explored how the durability and stability of 
the electrocatalyst changes with the CNT diameter, and that the shape of the Pt nanoparticles 
influence their interaction with the support i.e. tetrahedral nanoparticles provide the greatest 
adhesion (6). 

The functionalization of SWCNT with platinum results in an improved electrocatalytic performance 
compared with a commercial Pt/C material when assessed in an ex-situ electrochemical cell (8). In 
their work, Tavokkali et al. (8) rely on an electrochemical deposition method to deposit Pt atoms from 
a Pt foil onto the SWCNTs. The developed pseudo-atomic scale structures showed a promising 
electrocatalytic performance for the hydrogen evolution reaction (HER) which is comparable to that 
of a commercial Pt/C electrocatalyst. In their work, the performance of the catalyst material was 
defined using a range of electrochemical parameters including onset potential, overpotential and 
current density (8). For example, the onset potential was found to be 0 V vs normal hydrogen 
electrode (NHE) for the 200 and 400 SWCNT/Pt samples, thus close to the thermodynamic potential 
of the HER (i.e. 0 V) and significantly lower than that of the pristine SWCNT (approximately -0.3 V), 
where 200 and 400 represent the number of times the material has been cycled.  

On the other hand, for the overpotential parameter, the 400-SWCNT/Pt electrode requires lower 
overpotentials of 27, 130, and 210 mV to achieve current densities of 10, 100, and 180 mA cm−2 
respectively, which is similar to those of a Pt/C material (8).  

In addition, Density Functional Theory (DFT) calculations showed that the SWCNT establishes higher 
performances as a catalyst support for platinum than graphene for the HER. This is because it enabled 
efficient dispersion of the metal atoms to be achieved and the performance of the single Pt atoms was 
equivalent to bulk Pt (8). This observation was also made by Sharma et al. (9) in their work involving 
the functionalization of SWCNT with hexachloroplatinic acid. In particular, the employment of SWCNT 
support for metal nanoparticles for the electrocatalysis of water splitting or HER was found to provide 
a large specific area and optimum overpotentials towards the HER. In addition, water reduction near 
the thermodynamic limit is achieved, despite the low mass loading of the catalytic material (10-2 mg 
cm-2) (10).  

Furthermore , metal catalysts including Pt, Ru, and Pt/Ru nanoparticles supported on CNTs show 
promising results in terms of activity and selectivity in a large variety of reactions when compared to 
classical supports (11). For example, it is reported that CNTs as a heterogeneous catalyst support for 
platinum can provide a higher voltage than the traditional carbon black support, where a CNT with 12 
wt.% Pt deposition can give 10 % higher voltages than carbon black with 29 wt.% Pt deposition in a 
PEMFC (12). The maximum power density attainable for a cathode catalyst is increased upon the 
dispersion of platinum onto MWCNTs (doped with nitrogen) to 0.78 mWcm-2 compared to a 
commercial carbon supported Pt catalyst (of 0.72 mW cm-2) (6). Similarly for SWCNT, the current 
densities achievable for the catalysis of HER in acidic environments can be enhanced by increasing the 
number of activation cycles, for example, after 200 and 400 activation cycles, the current density value 
,(j0), of 0.06 mA cm−2 for SWCNT is significantly improved to 1.15 and 1.94 mA cm−2 respectively, which 
means a reaction rate equivalent to and higher than that on Pt/C (1.22 mA cm−2) can be attained (8).  

5.2 DNA functionalized with SWCNTs 
The functionalization reaction between carbon nanotubes and DNA is favourable since there is a rich 
electron density available on the DNA bases (i.e. π electrons) and SWCNTs have delocalised electrons 
at their surface. The electrons can move via a hopping mechanism along the DNA (13). Computational 
studies demonstrate that non-covalent bonding can occur between the DNA and SWCNTs resulting in 
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stacking interactions. These non-covalent bonds refer to Van der Waals (VDW) and electrostatic forces 
of attraction. These also occur between the π-orbitals of the aromatic rings of a complementary base 
pair, which stabilizes the molecule. A conductive path is also enabled through these delocalized π 
electrons (13).  

The resulting composite of DNA-SWCNTs has poor mechanical properties, however it can form good 
conductive films, depending on what DNA nucleotide base is available for the interaction (13). Guanine 
is reported to have the highest surface area and can thus interact more strongly with the SWCNTs 
(13). The SWCNTs are electrochemically active since there is a rich electron conjugation and high 
surface area.  

The DNA nucleoside base is placed 3.3 Å away from the wall of the CNT and the N- and C-atoms in 
adenine are arranged in positions that maximize the VDW forces of attraction between the N, O, and 
C atoms of the nucleotide base and the C atom of SWCNT. The bases adsorb perpendicularly to the 
SWCNT tube axis or at a tilted angle. The interaction is primarily based on VDW forces and interactions 
arising from mutual polarization of molecules in close proximity to each other. Theoretically, it has 
been shown through Density Functional based Tight Binding (DFTB) calculations by (13) that the 
interaction involves a couple of mixed states that appear below the Fermi level in addition to VDW 
forces. The π orbital overlapping between the DNA and the CNT enables interactions that give rise to 
a high density of delocalized electrons (13).  

5.3 Electrochemical properties  
The employment of DNA functionalised with SWCNT structures is favourable for electrochemical 
applications due to their high surface to volume ratios, fast heterogeneous charge transfer rates, and 
electrochemical stability. 

The observable electrochemical properties are dependent on the ratio between the DNA and the 
SWCNTs. It was found that at 0.5 wt.% of DNA to SWCNT, the optimum current response is produced, 
where effective and efficient distribution of the DNA can be achieved on the SWCNT (13). In the work 
of Hu et al.(14), it was shown through the synthesis of DNA-SWCNTs, that the material has a wide 
potential window, well defined quasi-reversible voltammetry and quick electron transfer, for the 
tested electroactive species of Ferrocyanide (Fe(CN)6

4-/Fe(CN)6
3-) in their work, concluding that its use 

as an electrode for electrochemical analysis is appropriate.  

5.4 DNA-Platinum-SWCNT material for electrochemical applications  
The combination of platinum nanoparticles with carbon nanotubes (SWCNTs/MWCNTs) and DNA has 
previously been reported in the literature for electrochemical applications. This can range from the 
fabrication of a sensitivity-enhanced electrochemical DNA biosensor (15) to alternatively a method for 
non-covalent functionalization of DNA-wrapped single-walled carbon nanotubes (SWCNTs) using 
platinum-based DNA cross-linkers (16) to otherwise a more precise DNA-templated synthesis of Pt 
nanoparticles on SWCNTs (17). Modification of the CNTs with nitrogen can improve the catalytic 
activity and stability which has been reported to reduce the use of platinum (6). On the other hand, 
the employment of SWCNTs for supporting DNA-Pt adducts for fuel cell applications was explored by 
(17) where ssDNA was used for both dispersing the SWCNT bundles and also as a binding site for 
controlling the distribution of platinum along the individual nanotube surface.  

Alternatively the combination of a range of metals including Pt, Au and Pd with DNA/SWCNT hybrids 
has been achieved by Su et al. (2013) (18) for the fabrication of a nanostructured sensor array. This 
used an ink jet printing process to pattern the metal ion (e.g. Au, Pt, and Pd) chelated DNA/SWCNTs 
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onto pre-fabricated microelectrodes followed by electroless reduction to form metal nanoparticles 
(NPs). The DNA enables dispersion to be achieved and also acts a chelating agent (18). 

5.5 Materials and methodology 
5.5.1 Materials 
The DNA-cisPt and cisPt material detailed and used in this work was synthesized and provided by 
Klaudia Englert (19), School of Chemistry, University of Birmingham. The functionalized SWCNT-DNA-
cisPt material were fabricated and characterized by the author of this thesis in the methods detailed 
below. The material required and employed is outlined below.  

Commercial purified SWCNTs were supplied by Nano-C (Batch (PT1112-88WP), Nano-C PT, 33 
Southwest Park, Westwood, MA 02090) and were used as received, having been purified of the metal 
catalyst and residual amorphous carbon using an oxidative acid and/or sequences consisting of acid 
leaching and oxidation. All chemicals involved were of analytical grade and used without any 
purification. Sodium perchlorate (≥ 98 %), perchloric acid (70 %, 99.99 % trace metals), stock of salmon 
milt (sm)-DNA in a form of sodium salt, cisplatin (64.5 % min Pt content) were all purchased from 
Sigma Aldrich. Isopropanol (IPA, reagent grade > 99 %) was purchased from Fisher Scientific. All 
electrolytes were made up with de-ionised water (resistivity ≥ 18.2 MΩ.cm) (MilliQ, Millipore) and 
thoroughly degassed with dry nitrogen (oxygen-free, BOC Gases plc) prior to experimentation.  

DNA-cisPt 
DNA-cisPt adducts were synthesised in the same way described in chapter 4. In brief this involved 
dissolving salmon milt DNA (sm-DNA) in Milli-Q water (resistivity ≥ 18.2 MΩ.cm) followed by 
sonication to make a stock solution of the desired concentration. Then, cisPt in aqueous form, of a 
1000 µM, was mixed with the sm-DNA and incubated at 37 °C overnight for 10 hours. Confirmation of 
the adduct formation was achieved using spectrophotometry using a Shimadzu UV-1800 
spectrophotometer, Jasco J-810 spectropolarimeter and a Cary 5000 UV-Vis-NIR Spectrophotometer 
by Klaudia Englert, School of Chemistry, University of Birmingham (19). 

5.5.2 Fabrication of SWCNT-DNA-cisPt material  
The SWCNTs were prepared for the functionalisation reaction. Initially to disperse the SWCNTs prior 
to adsorption of the DNA-cisPt adducts, they were sonicated continuously for 90 minutes in a 50 % 
v/v IPA aqueous solution (DIW), to achieve full dispersion. A 1000 µM sample of CNTs was prepared 
and dispersed in a 50 % v/v IPA aqueous solution (DIW) via probe sonication using a 130 Watt 
ultrasonic processor, VCX 130 (Sonics). A Titanium alloy (Ti-6Al-4V) probe tip was used to break up the 
SWCNTs. The nanotubes were sonicated for 90 minutes until adequate dispersion was achieved (see 
figure 2) which is equivalent to an energy input of 702 KJ.  

 

 

 

 

 

To prepare the functionalised SWCNTs, a desired volume of the dispersed aqueous solution of the 
SWCNTs is sonicated with the prepared DNA-cisPt, DNA or cisPt aqueous solutions in an ice water bath 

Figure 2- The observable changes in the dispersion of the SWCNT’s with time of probe sonication (A-C). 

(A) (B) (C) 
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at around 9 -10 °C, of the desired mass loadings and ratios. The temperature was monitored using a 
standard laboratory thermometer and was kept constant with ice. 

5.5.3 Mass Loadings 
Mass loadings of cisPt 
Using the expression below, we can calculate the platinum mass loading in the samples based on the 
aliquot volume and the concentration of the prepared samples.  

𝐶 =
𝑛

𝑉
 𝐸𝑞. (1) 

∴ 𝑛 = 𝐶 × 𝑉 = (1000 × 10ି଺) 𝑚𝑜𝑙𝐿ିଵ  × (25 × 10ି଺) 𝐿 = 2.5 × 10ି଼ 𝑚𝑜𝑙 

Given the molecular weight of cisPt we can calculate the platinum loading as shown: 

𝑀𝑎𝑠𝑠 = 𝑛 × 𝑀௥  𝐸𝑞. (2) 

= 2.5 × 10ି଼ 𝑚𝑜𝑙 × 300.01 𝑔𝑚𝑜𝑙ିଵ = 7.5 𝜇𝑔 

Thus for the SWCNT-cisPt material, the mass loading of cisPt in a 25 µL aliquot would be equivalent to 
50 % v/v i.e. 12.5 µL is cisPt, which is equivalent to a mass loading of 3.75 μg.  

Mass loading of SWCNT 
For the prepared 1000 µM sample in 50 mL, we have 60 µg of SWCNT in this volume. Hence in an 
aliquot of 25 µL this equates to 0.3 µg. Hence taking into account the volume percent, we can estimate 
the mass loadings of the CNTs, as summarised in Table 1. 

Table 1- cisPt and SWCNTs mass loadings in an aliquot of 25 µL of prepared material based on volume ratios. 

 

 

 

 

 

 

 
5.5.4 Experimental work  
The fabricated material was then experimentally tested and characterized by the author of this thesis 
in the experimental methods described below.  

5.5.4.1 Electrochemical Testing 
Electrochemical experiments were conducted in a 3 electrode cell, using a glassy carbon electrode 
(GC) (d = 3mm, BASi) as the working, a saturated calomel (SCE, BASi) reference and a bright platinum 
mesh counter electrode. The cell was controlled by an Autolab 128N potentiostat running Nova 2.1 
software (Metrohm-Autolab BV, Netherlands). All potentials are reported against a SCE, and all 
supporting electrolytes were 0.1 M to ensure full support was provided. The GC electrodes were 
polished on micro-cloth pads of a decreasing size alumina slurries (1.0, 0.3, 0.05 μm, Buehler IL), 
followed by rinsing with ultrapure water and drying under a gentle flow of nitrogen. Once dry, the 

Material  
(Volume ratio ) 

Calculated mass loading of 
cisPt in 25 µL/ µg 

Calculated mass loading of 
SWCNT in 25 µL / µg 

SWCNT - 0.3 
cisPt 7.5 - 

4:1 SWCNT-DNA -cisPt 0.750 0.24 
2:1 SWCNT-DNA-cisPt 1.25 0.2 

0.5 : 1 SWCNT-DNA-cisPt 2.50 0.05 
1:1 SWCNT-DNA -cisPt 2.5 0.1 

SWCNT-DNA + cisPt 2.50 0.1 
1 to 1 DNA-cisPt 3.75 - 

SWCNT-cisPt 3.75 0.15 
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electrodes were modified by drop casting an aliquot of the prepared SWCNT-DNA-cisplatin (cisPt) 
sample (25 μL) and drying under a lamp.  

Characterization of the material 
The surface morphology of the material was imaged using Scanning Transmission Electron Microscopy 
(STEM) operated in both dark-field and bright-field imaging using a JEOL2100F instrument. The STEM 
was operated in Z-contrast mode using a high angle annular dark field (HAADF) detector. The sample 
was prepared by drop casting 3 µL of the prepared material onto a 300 mesh Cu TEM grid, which was 
dried under a lamp. STEM-EDX imaging was employed to assess the purity of the carbon nanotubes 
from metals prior to functionalization. XPS was used to assess the elemental composition and surface 
chemical properties of the SWCNTs and the DNA-cisplatin adducts. 

5.5.4.2 STEM imaging  
The implementation of STEM-HAADF imaging for SWCNT based material characterisation and 
specifically carbon nanotubes decorated with platinum has previously been reported in the literature 
(20) , (21). This method is useful given that the distinguishment between platinum nanoparticles and 
carbon nanotubes can easily be made, since STEM imaging is dependent on atomic number (Z). As the 
platinum and carbon have different atomic numbers i.e. for carbon Z=6 and for platinum Z= 8, a 
difference in the contrast upon imaging can be seen.  

The heavier Pt atoms in the electrocatalyst material appear as bright spots in dark field imaging, see 
figure 13(e), while in the bright field mode, they appear as black spots. The high Z-Pt atoms on the 
lower Cu holey carbon TEM grids are detectable at a high contrast. The Pt is densely dispersed on the 
tubes, mainly nanoclusters of cisPt, of a size around 2 nm, as illustrated in figures 13 (f) and (i). This is 
discussed in greater detail throughout this work and findings presented in this chapter.  

5.6 Results and Discussion  
5.6.1 XPS: Elemental Composition  
The elemental composition was explored through XPS testing and was further supported with STEM -
EDX mapping. Key and reassuring findings include the absence of any metallic impurities on the 
surface of the SWCNT and that the chemical composition is predominantly carbon. A detailed XPS 
characterization of the unmodified DNA-cisPt adducts has been explored in the previous chapter of 
this thesis, see chapter 4. The key information provided from these findings and of relevance to the 
experimental work in this chapter are provided in the Table 2.  

Table 2- Elemental composition of the synthesized DNA-cisPt (1000 µM) material and comparison of the binding energies 
compared to that reported in the literature by Millard (22). 

 

Name 
of 

element 

Binding energy (eV) Atomic composition (%) 

1 to 0 DNA-
cisPt 

1 to 0.82 DNA-
cisPt* 
(22) 

1 to 1 DNA-
cisPt 

1 to 1 DNA-cisPt 1 to 0 DNA-cisPt 

O 1s 532.58 531.7 533.1 27.6 26.2 
C 1s 286.08 - 285.1 12.5 38.2 
N 1 s 399.08 399.8 400.1 2.74 6.8 
Na 1s 1071.08 - 1071.1 1.93 3.6 
P 2p 133.08 133.08 134.1 5.04 4.6 
Si 2p 100.8 100.8 99.1 45.1 5.0 
Ca 2p  - 347.1 2.03  
Pt 4f 72.8 73.1 1.56 
Cl 2p 199.9 199.1 3.21 
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*The value of 0.82 corresponds to 41 % Guanine-Cytosine (G-C) planes in the DNA, this is complete 
saturation of the N7 (Guanine) sites. This is equivalent to the G-C content of the salmon milt DNA used 
in this work i.e. 41.2 % supplied by Sigma Aldrich.  

Those results are a confirmation of the successful synthesis of the DNA-cisPt adducts under the 
incubation conditions employed, as previously detailed in chapter 4.  

Surface chemical properties of SWCNT via XPS characterization  
The SWCNT samples were prepared and sent to Harwell XPS facilities, (UK) for XPS characterisation of 
both the unmodified form i.e. solid SWCNT and the dispersed SWCNT form dispersed in 50 % v/v IPA 
aqueous solution. All the sample preparation was achieved by experienced users at the Harwell XPS 
team, which involved the drying of the SWCNT in solution onto the sample holder. This was found to 
contain sodium and other impurities including copper, which is the metal that the sample holder is 
made from. It was found that the dispersed SWCNTs in 50 % v/v IPA aqueous solution was more likely 
to contain contaminants compared with the solid SWCNT sample. The XPS results are displayed: 
 

 

 

 

 

 

 

 

 

 

 

Table 3- Elemental Composition of 1000 µM SWCNT in both 50 % v/v IPA aqueous solution mixture and solid form 

 

Table 2- Elemental Composition of 1000 μM SWNT in a 50 % v/v IPA aqueous solution and in solid form. 

 

  

 

 

 

 

 

Element Percentage composition (%) 
Aqueous form Solid form 

O 1s 31.75 3.02 
C 1S 43.42 96.57 
Cl 2p 0 0.41 
Cu 2p 0.16  
Na 1s 12.37 
S 2p 8.46 
F 1s 3.40 

Figure 3- XPS Elemental spectrum of 1000 µM SWCNT (A) in as purchased solid form and (B) dispersed in 50 % v/v IPA aqueous solution. 

(A) 

0200400600800100012001400
0

200

400

600

800

C
ou

n
ts

 x
 1

0-3

Binding Energy (BE)/ eV

Na 1s

Cu 2p

F 1s

O 1s

N 1s

C 1s

S 2P

(B) 



 

91 
 

The two key findings from the XPS results include that there are no metallic impurities as initially 
suspected, such as iron (Fe) which is a commonly employed catalyst during the fabrication process of 
the SWCNTs. Secondly, that dispersion of the SWCNT in a IPA aqueous solution makes the SWCNT 
more prone to contamination with salt impurities such as sodium, sulphur and fluorine. Elemental 
mapping of the SWCNT was assessed via STEM-EDX. The usefulness of STEM in Energy Dispersive X-
ray mode (EDX) in elemental mapping is detailed in appendix 3. A region of the prepared TEM grid 
with SWCNTs drop cast onto the surface undergoes STEM-EDX mapping (figure 4(A)) to produce the 
spectrum in figure 4(B). It is evident that the suspected impurity of iron (Fe) can be ruled out, as shown 
by the absence of peak in the proposed regions (circled in figure 4(B)), thus further consolidating the 
findings of the XPS results. This enables the utilization of the SWCNT for the functionalization reaction 
with the DNA-cisPt material for the Hydrogen Evolution Reaction (HER) without the need for further 
purification treatments or concern that the observed electrocatalysis is due to metallic impurities 
residing on the surface of the SWCNT.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4- STEM EDX mapping of 1000 µm SWCNT on a 300 Cu mesh holey carbon TEM (A) Distribution of proposed elements/impurities 
shown (B) EDX Spectrum, where the red lines mark where the Fe peaks should appear indicating the absence of the metal impurity. 
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5.6.2 Optimization of the Process Parameters 
In order to achieve the best electrocatalyst material for the HER and to optimise the electrocatalytic 
performance of the functionalised CNTs material with the DNA and cisPt for the HER, several process 
parameters need to be defined. This includes the sonication time period for the functionalisation 
reaction between the DNA-cisPt and SWCNT and also the volume ratios of the loadings of the SWCNT 
to DNA-cisPt used. In order to measure the influence of each of these parameters on the 
electrocatalytic performance of the material, the resulting changes in the voltammetry response for 
the HER in 1 mM HClO4 and 0.1 M NaClO4 is assessed at 50 mVs-1 and it is taken as the basis of the 
measurement. In addition, STEM characterisation is undertaken to assess the resulting changes to the 
surface morphology.  

5.6.2.1 Sonication time 
Different sonication times were explored for the synthesis of the SWCNT functionalised material with 
DNA-cisPt. An optimum reaction time was sought, and was explored as a function of the distribution 
of the cisPt clusters across the nanotube network. This was investigated for the 2:1 SWCNT-DNA-cisPt 
material. The resulting effect on the surface morphology of the material is displayed in the figure: 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The diameter of the highlighted nanocluster groups of cisPt was measured from the STEM images, 
using Image J, see appendix 2. The average cluster size for the material prepared at 15 minutes was 
measured from figures 5(A-C) and was found to be around 50.1 ± 24.2 nm based on 11 measurements, 
see appendix 2. The large standard deviation error could be explained by the duration of 15 minutes 
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Figure 5- 2 to 1 SWCNT-DNA-cisPt preparation at different sonication times (A-C) 15 minutes (cisPt nanoclusters highlighted in red) (A) x 1000 k 
(B) x 600 k (C) x 600 k (D-F) 90 minutes (cisPt nanoclusters highlighted in yellow) (D) x 400 k (E) x 600 k (F) x 400 k. 
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being insufficient for achieving sufficient and uniform distribution of the nanoclusters across the entire 
surface of the material i.e. no resulting change in the dispersion of material from that at time equal to 
0 minutes in some regions. However, after 90 minutes of sonication, a much smaller cisPt nanocluster 
size is measured, see (figures 5 (D-F)) and is found to be much smaller than at 15 minutes i.e. 12.3 ± 
2.37 nm based on 44 measurements ,see appendix 2 , Tables A2.1- A2.2 for the raw data.  

This means that as the sonication time is increased, there is improved distribution of the cisPt material, 
creating structures with an irregular non-uniform array of the metal centres. However, eventually 
there will be an optimum reaction time in which the material produced will no longer result in 
significant changes to the distribution of the cisPt. This is discussed further in the coming sections of 
this chapter.  

5.6.2.1.1 Electrochemical performance for HER 
To explore whether the resulting changes in the cisPt nanocluster size found from the STEM 
characterisation affects the electrochemical behaviour of the material for the HER, the 2 to 1 SWCNT-
DNA-cisPt material was prepared at different sonication times of 15, 30, 45 and 90 minutes before 
casting onto GC stubs in the aforementioned ways (see chapter 4).The prepared working electrode 
was immersed into a 1 mM HClO4, 0.1 M NaClO4 electrolyte solution and cycled at 50 mVs-1. The 
resulting change to the voltammetry as a function of sonication time is displayed in figure 6.  

 

 

 

 

 

 

 

 

 

 

 

To compare between the resulting performances, the half-wave potential (E1/2) can be defined for 
each material from figure 6. Table 4, summarizes these findings, and it is found that beyond 45 minutes 
of sonication, the resulting changes to the E1/2 become insignificant.  

Table 4- Variation of half wave potential (E1/2) with reaction sonication time. 

 

 

 

Time/ min Half Wave Potential E1/2 / V vs SCE 
15 0.78 ± 0.015 
30 0.68 ± 0.010 
45 0.65 ± 0.012 
90 0.66 ± 0.013 

Figure 6- The change in electrocatalytic performance with sonication time for electrocatalysis of HER (1 mM HClO4 and 0.1 M NaClO4) at 50 mV s-1 
for the 2 to 1 SWCNT-DNA-cisPt/ GC surface. 
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Figure 5 displayed an overview of the distribution of the cisPt onto the surface of the SWCNTs. The 
influence of sonication time on the size of cisPt molecule at a higher magnification, down to the atomic 
scale is explored below, see figure 7, and the average diameter was found using tools in Image J.  

 

 

 

  
 

 

   

 

 

 

 

 

 

 

 

 

 

 

 
The resulting changes to the average diameter of the cisPt nanocluster ( measured as indicated with 
arrows in figure 7), was found to be a function of sonication time i.e. energy input, with more evident 
changes from 15 to 30 minutes than 45 to 90 minutes. Specifically for the experimental conditions in 
this work, the power input of the sonication probe was 130 W, thus for the sonication times tested 
(15 to 90 minutes) the energy supplied ranged from 117 KJ at 15 minutes to 702 KJ at 90 minutes of 
sonication. 
More specifically, the average nanocluster size changed in a similar manner to the measured half wave 
potential (E1/2), as displayed in figure 8. It is clear from figure 8, that both the E1/2 and the average size 
of the cisPt nanocluster i.e. platinum active centres correlate with one another. The size, shape and 
face of Pt nanoparticles are three key factors which determine the catalytic performance for the HER. 
It has been reported that the morphology of the nanoparticles can expose different crystal planes, 
leading to different atomic arrangements on the catalyst surface, of distinct electronic and geometric 
structures (23). In this work, we will focus on the size of the platinum nanoclusters and how this 
reflects in terms of the electrochemical performance. Platinum is an ideal catalyst for the HER in acidic 

Figure 7- 2 to 1 SWCNT-DNA-cisPt preparation at different sonication times (A,B) 15 minutes (A)( x 1000 k) (B) (x 3000 k) (C) 30 minutes ,( x 1000 k) 
(D) 45 minutes,( x 8000 k) (E) 90 minutes, (x 8000 k). 

(A) (B) (C) 

(D) (E) 
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environments and particularly those made up of edges or vertices i.e. nanoparticle or extended 
surface with a dispersion equivalent to that of a 2 nm diameter particle (24). A similar observation has 
previously been reported by (25),(26) , where it was shown in the work of Tan et al. (through their 
derived theoretical simulation model) that a nanoparticle size of 2.2 nm produced the maximum 
exchange current density output for the HER (26).  

 

 

 

 

 

 

 

 

 

 

 

However in terms of the ratio of edge to faces it was reported that in the 1-3 nm range a drop in 
catalytic performance for the HER is observed (23). The specific mass activity of the Pt nanoparticle 
decreases with the size in this range (23) and beyond 3 nm we start to observe a decay in the activity 
(25).  

From figure 8, it becomes apparent that the particle size is affecting the half wave potential (E1/2) of 
the HER. This is important given that the E1/2 provides a first approximation to the formal cell potential 
(Ef

o), which can be used to calculate the Gibbs free energy of the reaction (see equation 30, chapter 
2). For example, when E1/2 > 0, the Gibbs free energy is < 0, thus we have a spontaneous reaction. 
Therefore, from figure 8, we can propose that as the absolute cathodic (negatively charged) E1/2 
decreases, the Gibbs free energy becomes more favourable such that the reaction spontaneity 
increases.  

 Alternatively, previous observations made in the literature for the ORR (a more thoroughly studied 
PEMFC reaction) noted that as the experimental E1/2 increased, the calculated d-band centre of the Pd 
metal changed in a ‘volcano’ type manner (27). This suggests that E1/2 is a function of the d-band centre 
i.e. surface reactivity, and is reflective of the adsorption energies of the electroactive species and the 
departing reactants.  

The d-band has also been reported to influence the activation energy and bond breaking in the HER, 
where the position of the d-band changes from the point of proton absorption to bond breaking to 
product generation. A d-band centre close to the Fermi level is reflective of strong adsorption whilst 
the opposite holds for weak adsorption. This justifies why platinum sits on the apex of the volcano 
plot, ( see chapter 2, figure 7) since the intermediate M-H bond strength implies optimised adsorption 
and desorption for the HER, hence high catalytic efficiency (23).  

Figure 8- The changes in the average platinum nanocluster size with sonication time and absolute half wave potential (E1/2). 
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On the other hand, what can be proposed from the experimental results (figure 8) is that changing 
nanoparticle size can shift the band structure consequently changing the Fermi level. This can also 
explain the shifts we observe in the half wave potential and is in line with observations made before 
in the literature for the d-band structure of the platinum metal and the ORR (28),(29). However, 
although the results suggest there is a link between electronic and electrocatalytic properties, the 
limitations are that the relation between d-band centre and electrocatalytic activity is more 
complicated and a direct correlation cannot simply be deduced (23).  

In terms of the E1/2 and the average size of the cisPt nanocluster in this work, it is evident that beyond 
45 minutes less significant changes take place, see figure 8. After 15 minutes of sonication an average 
nanocluster size of 1.57 ± 0.64 nm was found. This was reduced at 30 minutes to 1.32 ± 0.52 nm, and 
at 45 minutes to 1.26 ± 0.57 nm. However at 90 minutes of sonication, the changes became less 
significant from those at 45 minutes i.e. a cisPt diameter size of 1.26 ± 0.37 nm was measured. For 
each of these sonication times an average size was calculated based on 86 measurements for 15 
minutes, 96 for 30 minutes, 30 for 45 minutes and 161 measurements for 90 minutes, see appendix 
2, Tables A2.3 –A2.6 for the raw data.  

It is important not to conduct the functionalisation reaction beyond this reaction time i.e. 45 minutes, 
otherwise we risk re-aggregation of nanoclusters following break up by sonication. This could result 
from nucleation of smaller nanoclusters with increased exposure time to the surface of the SWCNT 
under favourable reaction conditions, since it has been reported that CNTs particularly those with 
defects on the CNTs act as nucleation sites for the growth of Pt nanoparticles (21).  

In conclusion, we find that the optimum sonication reaction time of 45 minutes is sufficient for 
achieving improved distribution of the Pt active sites which consequently results in improved 
electrochemical performance for HER i.e. a smaller cathodic E1/2 vs SCE.  

5.6.2.2 Ratio of the SWCNT to DNA-cisPt  
The influence of the ratio of SWCNT to DNA-cisPt was explored under the same reaction conditions 
mentioned at the optimum sonication reaction time found of 45 minutes. The distribution of the cisPt 
i.e. platinum nanoclusters was explored as a function of SWCNT loading. This entailed preparing the 
material for functionalisation at three different volume ratios including 0.5 to 1, 1 to 1 and 2 to 1 
SWCNT: DNA-cisPt at the optimum reaction time found of 45 minutes. The surface morphology of the 
prepared material was then assessed using STEM imaging using the same methods described above. 
Figure 9 displays the STEM imaging results.  
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Similarly, by measuring the cisPt nanocluster size of the images in figure 9 using the tools in image J, 
we find that increasing the ratio of the SWCNTs to that of the DNA-cisPt reduces the clustering of the 
material, see Table 5. This is the hypothesis we would propose i.e. that at higher volume ratios of 
SWCNT, a larger surface area would be available to support the DNA-cisPt material, enabling improved 
distributions. All the measurements made are provided in appendix 2, Tables A2.7 –A2.9. 

 

 

 

Figure 9- STEM imaging characterization of the different ratios of SWCNT: DNA-cisPt explored (A,B) 0.5 to 1 (A) x 600 k (B) x 8 million (C-F) 1 
to 1 (C) x 1000 K (D) x 3 million (E)x 8 million (F) x 10 million ( G-H) 2 to 1 (G) x 400 k (H) x 8 million. 

(D) 

(E) 

(F) (G) 

(H) 

(C) (A) (B) 
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Table 5- The variation of the platinum nanocluster size with the ratio of SWCNT to DNA-cisPt. 

Ratio of SWCNT: DNA-cisPt Average Particle size/ nm Number of measurements the 
average is calculated from 

0.5: 1 1.51 ± 0.67 11 
1 :1 1.57 ± 0.55 51 
2 : 1 1.26 ± 0.57 30 

 
On the other hand, it could be argued that the resulting changes in the distribution of the DNA-cisPt 
on the SWCNT catalyst support are not influenced greatly by the volume ratio of SWCNT employed 
since the aggregation of the DNA-cisPt is primarily based on the initial incubation reaction conditions 
employed and the random and uncontrolled covalent interactions that take place. This can be 
highlighted as a limitation of the experimental findings made above.  

5.6.2.2.1 Electrochemical performance for HER 
To investigate the resulting effect of the volume ratio of the SWCNT to the DNA-cisPt employed on 
the electrochemical behaviour, the material synthesis via a functionalization reaction for the different 
volume ratios of 0.5:1, 1:1, 2:1 and 4:1 SWCNT-DNA-cisPt were prepared via sonication at 45 minutes. 
The prepared material was then tested electrochemically for the HER in the same ways mentioned 
before. The voltammetry response for the HER (1 mM HClO4, 0.1 M NaClO4) at 50 mV s-1 is displayed 
in figure 10.  

 

 

 

 

 

 

 

 

 

 

 

Figure 10- Voltammetry response of SWCNT-DNA-cisplatin at different ratios of SWCNTs in 1 mM HClO4 and 0.1 M NaClO4 
at 50 m Vs-1 ( 1st cycle) prepared at 45 minutes of sonication time. The current density (J) is based on the geometric surface 

area of the working electrode. 

From an electrochemical stand point, it is evident that as we increase the ratio of SWCNT to DNA-cisPt 
the electrocatalytic response for the HER is improved. This is explained by there being an improved 
distribution of the platinum atoms hence the exposure and availability of more catalyst active centres 
for the H+ electroactive species. This is in line with previous observations made in chapter 4 where 
literature reportings suggest that an average of 5 platinum atoms are required for the reduction of 
protons to molecular hydrogen in acidic environments (30).  
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The response in figure 10 can be translated in terms of electrochemical parameters i.e. half wave 
potential (E1/2) vs SCE and peak current value (Ip) which better reflect the influence of the volume ratio 
of the SWCNT to DNA-cisPt on the electrochemical behaviour. This is presented in Table 6, where we 
find that the changes in the half wave potential are not significantly affected with the ratio of the 
SWCNT to DNA-cisPt employed. On the other hand, the 1 to 1 SWCNT: DNA-cisPt ratio displayed a 
much higher current output compared to the other ratios employed. Likewise, the size of the 
measured cisPt nanoclusters was also higher at this ratio compared to the others. This enables the 
suggestion of their being a link between the optimum platinum nanocluster size and electrocatalytic 
activity to be made which is reflected by the measured current density output, resulting from the 
changes we see with the employed volume ratio of the SWCNT to DNA-cisPt.  

Table 6- Changes in half wave potential (E1/2) and Peak Current (Ip) with SWCNT loading. 

Ratio of SWCNT:DNA-cisPt Half-wave potential, E1/2 / V vs 
SCE 

± 0.01 V 

Peak Current Ip/µA 
± 1 µA 

0.5:1 -0.65 -33.0 
1:1 -0.68 -45.3 
2:1 -0.65 -33.9 
4:1 -0.63 -35.7 

 

The resulting changes in electrochemical behaviour is therefore not conclusive to the following 
statements: i.e. that the greater the surface area provided by the increased volume ratio of the 
catalyst support (SWCNT), the higher the distribution of the cisPt that can be attained (i.e. smaller 
nanocluster size) measured and consequently the higher the electrochemical activity (i.e. higher 
current density output) and the smaller the half wave potential. The relative loading of the metal to 
the catalyst support can therefore also affect the electrochemical performance and this has previously 
been reported in the literature where the metal loading was found to change not only the particle size 
and dispersion of the catalyst but simultaneously the selectivity and activity of the catalyst too (31).  

5.6.3 Electrochemical performance for HER: SWCNT functionalisation with virgin DNA vs. 
bulk cisPt 
The functionalisation of SWCNT with virgin sm-DNA and bulk cisPt was explored as a control measure 
for the DNA-cisPt adducts previously employed, at the optimum sonication reaction time of 45 
minutes. The material was characterised through STEM imaging and electrochemical testing using the 
same methods and conditions outlined before. The resulting electrochemical behaviour is displayed 
in figure 11.  
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Figure 11- Voltammetry response for the HER for SWCNT functionalised with virgin sm-DNA and bulk cisPt cast on GC (d=3 
mm) at 50 mV s-1 (1 mM HClO4, 0.1 M NaClO4, pH 3). 

The electrochemical performance of the non-conductive DNA for the HER (1 mM HClO4, 0.1 M NaClO4, 
pH 3) can be improved by functionalisation with SWCNT as shown in figure 11. Although, the absence 
of peak current remains following functionalisation of the DNA with SWCNT, the onset potential of 
the SWCNT-DNA exceeds that of both the DNA and bare GC response. There is no observable peak at 
the SWCNT-DNA as it was previously reported that the maximum current response is obtained when 
a 0.5 wt.% of DNA to CNT is employed (32) , since at this weight percent (wt.%) the best dispersion of 
CNT can be established (32).  

However, as we would expect, SWCNT-DNA does not outperform the electrocatalytic response of the 
SWCNT-cisPt. It was reported by (12) that the modification of carbon nanotubes with platinum 
nanoparticles provides 5d platinum electrons to valence band structure of the nanotubes. Which 
resulted from a higher density of electron states at the Fermi surface (12). In their work, it was also 
shown that as the loading of the platinum to the SWCNT increased, the number of sp3 and sp2 bonds 
in the carbon nanotubes did not change greatly (12), thus explaining why bulk cisPt outperforms 
SWCNT-cisPt, see figure 11.  

In the following section, we move towards exploring how the functionalization of the SWCNT with 
DNA followed by cisPt compares to the direct functionalisation of the DNA-cisPt adducts with the 
nanotubes. This will entail electrochemical testing of the material for the HER and also the STEM 
imaging characterization to explore whether the cisPt distribution is affected.  

5.6.4 Electrochemical response of the SWCNT-DNA + cisPt compared with SWCNT- DNA-
cisPt 
The incubation process involves the activation of the DNA molecules with Pt (II) complexes in the 
methods described before (see materials and experiments section). However in the presence of 
SWCNTs, if the SWCNTs have undergone oxidization with nitric acid, the platinum ions exhibit a higher 
cation adsorption capacity to the CNTs than on the DNA, resulting in complexation (33). In this work, 
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the SWCNTs used have undergone a purification treatment using an oxidative acid thus have involved 
acid leaching and oxidation, therefore an improved Pt adsorption capacity is highly likely .  

The fabrication of the SWCNT-DNA followed by functionalisation with cisPt enables the DNA to act as 
a non-covalent SWCNT dispersant (in aqueous solution) and to provide a binding site for Pt 
nanoparticles. The advantage of this approach is that the functionalization of the cisPt occurs through 
its covalent attachment to the encapsulating oligonucleotide and not through non-covalent 
interactions to the surface of the SWCNT. In this manner, the Pt binding is substantially stronger than 
simple physisorption, whilst simultaneously the SWCNT surface remains largely unperturbed hence 
preserving the inherent and desirable properties of the underlying nanotube.  

It was reported by (34) that the DNA also serves as a capping molecule for Pt growth, which yields high 
uniformity of the resulting Pt nanoparticles. The fabricated material (prepared by sonication reaction 
at 45 minutes under the same conditions mentioned above) were electrochemically tested for the 
HER. The resulting voltammetry response are shown in figure 12.  

 

 

 

 

  

 

 

 

 

 

 

Table 7- Changes in half wave potential (E1/2) and Peak Current (Ip) with order of cisPt functionalization with SWCNTs. 

Material Half-wave potential, E1/2 / V vs 
SCE 

± 0.01 V 

Peak current density, Jp /mAcm-2 
± 0.01 

SWCNT-DNA-cisPt -0.68 -0.64 
SWCNT-DNA +cisPt -0.73 -0.58 

 

The order of the functionalisation of the cisPt with the SWCNT gives rise to a small difference in the 
response of the voltammogram for the HER. It can be noted that the functionalisation of the SWCNTs 
with the DNA-cisPt adducts produced a higher electrochemical current density output of -0.64 mA cm-

2 compared with -0.58 mA cm-2 for the functionalisation of SWCNT-DNA with cisPt. The half wave 
potential is also shifted and a more favourable response i.e. towards that of Pt ultra-microelectrode 
(UME) behaviour is seen with the SWCNT-DNA-cisPt material.  

Figure 12 - Cyclic voltammetry (1 mM HClO4, 0.1 M NaClO4) at 50 mVs-1 SWCNT-DNA functionalized with cisPt compared with SWCNT 
functionalized with DNA-cisPt adducts. 
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5.6.5 Evident changes to the surface morphology of the fabricated material  
The resulting changes to the surface morphology of the SWCNT material after undergoing 
functionalisation with virgin DNA, bulk cisPt and DNA-cisPt adducts is investigated using STEM 
imaging. There is no controlled distribution of any of these materials along the tubes, however it is 
evident that the nanoclusters are smaller using the SWCNT as a catalyst support, compared to those 
observed in DNA-cisPt, see figure 13(H) compared to figure 13(J).  

Figure 13(B) shows the appearance of bright spots which could be attributed to the presence of 
impurities along the bare SWCNTs. This is most likely to be salt deposits as revealed by the XPS atomic 
compositions previously.  

On the other hand, comparing the morphology of the SWCNT-cisPt to the SWCNT-DNA-cisPt (figures 
13 (F) and (I)), it seems that there is less clustering without the DNA and improved distribution of the 
platinum. This is explained by the nature of the globular compactness that the extended DNA chain 
arranges into upon interaction with the cisPt (35). The STEM images obtained correspond well with 
the literature reports made for cisPt on SWCNTs, whereby the recorded size of platinum nanoparticles 
was made to be between 1-2 nm on tube bundles for the work involving the functionalisation of single-
walled carbon nanotubes as drug-delivery devices in the literature (36). 

The materials demonstrated stability upon exposures to the electron beam of a 200 keV energetic 
energy with no observable shift in the Pt atoms or sintering suggesting that the Pt is well immobilised 
onto the SWCNT. The material presented here is a means for decreasing the Pt loading by increasing 
the available surface active sites. This was similar to findings reported in the work of (8). 
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(A) SWCNT 

(B) SWCNT (C)SWCNT 

(F) SWCNT- cisplatin (D) Cisplatin 

(G) SWCNT- Cisplatin 

(E) Cisplatin 

(J) 1:1 DNA-Cisplatin 

 

(H) SWCNT- DNA-Cisplatin 

(M) SWCNT-DNA 
+cisplatin 

Figure 13- STEM images of the functionalized SWCNT material (A-C) SWCNT, ( x 100 k, x 1 million, x 8 million) (D, E) Cisplatin, ( x 8 million) (F, G) 
SWCNT-cisPt , ( x 3 million, x 1000 k ) (H, I) SWCNT-DNA-cisPt , ( x 10 million, x 800 k) (J, K) DNA-cisPt (x 8 million, x 800 k) (L, M) SWCNT-DNA + cisPt ,               

( x 20 million, x 800 K). 

(L) SWCNT-DNA+cisplatin 

(K) 1:1 DNA-Cisplatin (I) SWCNT- DNA-Cisplatin 
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5.6.6 Half wave potential and how it compares to bulk Pt 
The half wave potential attained at each of the catalytic material fabricated in this work, see table 1, 
can be expressed in terms of the calculated cisPt mass loading. This variation will reflect whether with 
increased cisPt loadings we can shift the performance of the material towards that of a bulk Pt ultra-
micro electrode (UME).  

 

 

 

 

It is evident from figure 14 that the half wave potential tends towards that of a Pt UME as we increase 
the cisPt content in the materials explored (see Table 1). At the maximum concentration of platinum 
employed i.e.1000 µM of bulk cisPt (equivalent to a mass loading of 7.5 µg), the half wave potential 
meets the Pt UME bulk line as shown in figure 14. The E1/2 is a first approximation of the formal 
potential of the electrode, thus at higher metal loadings, we expect to move away from the GC bulk 
line (the working surface in which the fabricated material is casted on), towards that of platinum.  

 

 

 

 

 

 

 

 

 

 

Figure 14 - The variation of half wave potential with cisPt loading compared to Pt UME half wave potential. 
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5.6.7 Electrochemical parameters as a measure of catalytic performance 
The HER is an archetypal simple electrocatalytic reaction to assess the electrochemical behaviour of 
the different fabricated materials in an acidic environment of pH 3. The potential (E) is the principal 
characteristic of electrocatalysis, however the rate of the reaction does not increase in the same way 
at for example potential E1 compared to E2. Hence for comparison purposes, an onset potential (σ) 
output is set as rational measure of performance of the electrocatalysis, defined at 0.1 mA cm-2. In 
addition, the peak current density (Jp) can be reflective of the maximum catalytic activity. The current 
densities measured and reported in this work are based on the geometric surface area of the working 
electrode. The third electrochemical parameter will be the peak potential (Ep), reflective of how much 
voltage input is required to achieve the electrochemical reactions being tested. Table 8 displays the 
results. 

Table 8- Comparison between the peak potential (Ep), current density (JP) and onset potential (σ 0.1mAcm-2) attained at the 
modified GC electrode surface with the different SWCNT/DNA/cisPt based material for the HER (1 mM HClO4, 0.1 M NaClO4) 

at 50 mV s-1. 

 *Current density based on a geometric surface area of the working electrode  

It is evident from Table 8 that as the volume ratio of the cisPt in the material is increased, (see Table 
1) the electrochemical parameters shift towards a more favourable response i.e. like that of bulk cisPt. 
The functionalization of DNA with SWCNT shifts the onset potential (σ 0.1mAcm

-2) more favourably than 
the response attained for the virgin DNA. However, for the SWCNT, the reverse holds, and the changes 
in the response become unfavourable prior to the nanotubes functionalization with DNA. This is 
attributed to the non-conductive nature of the DNA material which has been reported by (13) to 
inhibit redox processes when immobilised onto the working surface. On the other hand, the SWCNT 
modified GC surface, has a higher conductivity thus redox processes can occur, and it can be proposed 
that the sp3 and sp2 bonds in the CNTs are contributing favourably to the SWCNT-DNA /GC working 
surface as reflected by the lower onset potential (-1.11 V vs SCE) compared to that measured at the 
virgin DNA/GC surface. The properties of the CNTs themselves i.e. their electrical and structural 
properties can enhance the kinetics of the charge transfer reactions taking place (13) . 

Alternatively, as we have already mentioned, the functionalization of the SWCNT with cisPt improves 
the electrochemical response for the HER significantly compared to the untreated SWCNT, shifting the 
behaviour more closely towards that of bulk cisPt. The 1:1 volume ratio of the SWCNT-DNA-cisPt 
provides the highest current density output compared to the other volume ratios of the SWCNT-DNA-
cisPt explored, although in terms of the electrical potential (both the peak potential and onset 

Fabricated Material /GC 
modified Electrode Surface 

 

Peak Potential (Ep) / 
V vs SCE 
± 0.01 V 

Current density* 
(Jp) /mA cm-2 

± 0.01 
 

Onset Potential ( σ) / V 
vs SCE @ 0.1 mA cm-2 

± 0.01 V 

Bare GC -1.45 -0.67 -1.29 
DNA - - -1.42 

SWCNT-DNA - - -1.11 
SWCNT -1.01 -0.60 -0.81 

SWCNT-DNA + cisPt -0.91 -0.58 -0.61 
0.5 to 1 SWCNT-DNA-cisPt -0.84 -0.53 -0.63 
1 to 1 SWCNT-DNA-cisPt -0.83 -0.64 -0.59 
4 to 1 SWCNT-DNA-cisPt -0.82 -0.5 -0.52 

1 to 1 DNA-cisPt -0.80 -0.53 -0.61 
2 to 1 SWCNT-DNA-cisPt -0.79 -0.50 -0.57 

SWCNT-cisPt -0.69 -0.63 -0.55 
cisPt -0.47 -0.78 -0.39 
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potential), this volume ratio does not provide the best performance. This means the SWCNTs 
functionalized with the DNA-cisPt adducts fall intermediate between the electrochemical behaviour 
observed for the unmodified SWCNT and that of the SWCNT-cisPt, as we would expect. However, clear 
conclusive remarks are limited given the range of electrochemical parameters used. For simplicity, a 
single measure of electrocatalytic performance should be made to investigate the effect of the 
different ratios of the SWCNT-DNA-cisPt on the reaction kinetics such as the measure of the kinetic 
rate constant (k) as part of future work recommendations.  

One-dimensional diffusion profile in drop cast material  
Scan rate studies were conducted to explore whether the electrochemical reactions on the DNA-cisPt-
SWCNT /glassy carbon modified electrode were controlled by a diffusive process or an adsorptive 
process for the different material synthesised. The construction of the logarithmic plot of scan rate 
(ν) vs. current (I) can be used as a tool to evaluate whether we have a diffusive controlled response 
or an adsorptive response from the magnitude of the gradient. This is explored for the range of 
SWCNT/DNA-cisPt material employed in this study. If the slope is near the theoretical value for a 
diffusion controlled process i.e. 0.5 then it implies that the diffusion of the protons to the surface of 
the electrodes from the bulk solution is occurring (37). On the other hand, a slope with a magnitude 
≥ 1 implies that the voltammetry response is dependent on an adsorbed reactant layer.  

As an example, figure 15 illustrates the experimental data points attained for the SWCNT-DNA-
cisPt/GC modified surface and how the magnitude of the slope was found for all the materials 
employed. This analysis was applied to the other volumes investigated, and the logarithmic plot of 
scan rate (𝜐) vs. peak current (Ip) was constructed to find that the gradient varied from 0.40 to 0.52 
(within experimental error), thus indicating that we have a purely diffusional (semi-infinite) electrode 
response, in line with the observations previously made in chapter 4. The same plots were produced 
for the remaining materials fabricated in this work and are provided in appendix 2, figures A2.1-A2.7.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15- (A) Scan rate study for the HER at SWCNT-DNA-cisPt/GC modified working surface in 1 mM HClO4 and 0.1 M 
NaClO4 (B) Resulting plot of log scan rate vs log peak current ( y=0.409x – 3.864).  

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
-1.0x10-4

-8.0x10-5

-6.0x10-5

-4.0x10-5

-2.0x10-5

0.0

I /
 A

E / V vs SCE

 5 mvs-1
 10 mvs-1
 25 mvs-1
 50 mvs-1
 75 mVs-1
 100mvs-1
 200 mVs-1
 300 mVs-1

-2.4 -2.2 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4

-4.8

-4.7

-4.6

-4.5

-4.4

-4.3

-4.2

-4.1

-4.0

Lo
g 

I p 
/ 

A

Log () / Vs-1

(A) (B) 



 

107 
 

5.6.8 Mechanism of the hydrogen evolution reaction (HER) 
Tafel Plots at 50 mV s-1 
To further compare the electrocatalytic behaviour at the different SWCNT/DNA-cisPt materials 
explored in this work, Tafel plots were constructed to reveal the reaction mechanism of the HER at 
each working surface based on the theoretical information provided in the literature (38) , (39) and 
(40) and as has already been detailed in chapters 2 and 4 of this thesis. From the Tafel plots, the 
magnitude of the Tafel slope can be found and expressed as a function of cisPt loading as shown in 
figure 16. Table 9 presents the corresponding Tafel slope for each material tested.  

 

 

  

 

 

 

 

 

 

 

 

Table 9: Tafel slopes and alpha values at the different SWCNT/DNA-cisPt synthesized material for the HER. 

 

 

 

 

 

 

 

 

 

 

 

Electrocatalyst Material Tafel slope / mV dec-1 Alpha 
Pt UME mass transport corrected 22.7 - 

cisPt 49.7 0.52 
2 to 1 SWCNT to DNA-cisPt 185 0.14 
0.5 to 1 SWCNT-DNA-cisPt 203 0.13 

GC 180 0.14 
SWCNT-DNA 348 0.07 

SWCNT-DNA-cisPt 226 0.11 
DNA 407 0.06 

SWCNT 222 0.12 
1 to 1 DNA-cisPt 153 0.17 

4 to 1 SWCNT –DNA-cisPt 317 0.08 
SWCNT-cisPt 167 0.15 

Figure 16- The variation in the Tafel slope as a function of the calculated cisPt loading in the material compared with t the well reported 
slopes of the theoretical mechanisms proposed in the literature (8) , (38) , (39) and (40). 
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It is evident from figure 16 and Table 9 that as the cisPt loading is increased in the SWCNT/DNA-cisPt 
material, the Tafel slope is reduced as we move away from the GC bulk line such as at the surface of 
virgin DNA (407 mV per decade) towards that of bulk cisPt (49.7 mV per decade). This change is thus 
reflective of the change in the mechanism of HER i.e. from the Volmer limit (SWCNT, SWCNT-DNA, 
DNA and DNA-cisPt/GC modified electrode) to the Heyrovsky reaction (at the cisPt/GC modified 
electrode). The rate limiting step for proton reduction therefore changes from being Eq. (7) to Eq. (8) 
outlined in chapter 4, which corresponds with the observations previously noted for the behaviour of 
the sm-DNA-cisPt material in chapter 4.  

5.6.8.1 The Transfer coefficient, α 
The transfer coefficient can be a means of gaining an insight into the influence of the applied voltage 
on the kinetics of the reaction. This is better understood using a more generic form of the correlation 
given by equation (3), which show that the rate constant (k) is directly proportional to alpha(𝛼).  

𝑘 = 𝐴𝑒𝑥𝑝 ൤
−𝛼𝐹𝐸

𝑅𝑇
൨  𝐸𝑞. (3) 

Thus from Eq. (3) we are able to explore the effect of the applied potential on the kinetics from the 
transfer coefficient (). The change in alpha is calculated directly using the magnitude of the Tafel 
slopes found, see appendix 3. This can then be presented as a function of cisPt loading as displayed in 
figure 17. Table 9 presents the transfer coefficient value specifically for each of the materials explored.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The evident trend is that with increased loadings of cisPt, the Tafel slope decreases whilst the value 
of the transfer coefficient increases. It can be proposed therefore that the transfer coefficient, which 
is reflective of the transition state, is more reactant like i.e. closer to zero at lower cisPt loadings. 
Therefore changing the applied potential will not result in significant changes to the rate constant. 

Figure 17-The variation in Tafel slope and  as a function of cisPt loading. 
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This is in agreement with the experimental findings in this work, where for both the DNA and SWCNT-
DNA, no electrochemical peak signals were observed within the electrochemical potential window. 
However, as the platinum metal loading is increased we move towards a transition state that is more 
product like, such as with the response of the bulk cisPt/GC working surface, as we approach a transfer 
coefficient value of 0.5. The applied potential will significantly increase the rate constant i.e. kinetics 
of the reaction, driving the electrochemical response through an electrochemical peak signal (see 
figure 11).  

5.7 Conclusions and future work  
In this work, the optimum sonication time for the functionalisation reaction of the SWCNT with the 
DNA/DNA-cisPt and cisPt material was found to be 45 minutes. This was justified by the experimental 
findings which showed that beyond this reaction time no significant changes were observed in the 
platinum nanocluster size, hence 45 minutes was sufficient for achieving optimum dispersion of the 
platinum onto the surface of the SWCNT. The resulting changes in the platinum nanocluster size were 
less statistically significant with the volume ratio of the SWCNT to the DNA-cisPt employed compared 
to the reaction time and no conclusive remarks could confidently be made to recommend an optimum 
volume ratio. 

To conclude, it is clear from the data that the functionalisation of the SWCNTs with cisPt gives rise to 
exceptional improvements in the electrocatalytic performance towards the HER (pH 3). In addition the 
SWCNT functionalization with the DNA shifts the behaviour more favourably than the response of 
virgin DNA alone. However, less significant changes were noted in the voltammetry for the HER, upon 
the functionalization of the SWCNT with DNA-cisPt compared with the response of the DNA-cisPt 
adducts alone. However, the SWCNT-DNA-cisPt still outperforms the response of the unmodified 
SWCNTs. The electrochemical response of the SWCNT functionalized with the DNA-cisPt adducts fell 
intermediary between the electrochemical behaviour observed for the unmodified SWCNT and that 
of the SWCNT-cisPt for the HER (pH 3).  

Insights into the mechanism of the reaction, as revealed by the Tafel slopes show that the Volmer-
Heyrovsky mechanism dominates the kinetics of the HER over the surface of the fabricated structures 
and that the cisPt loading correlates strongly with the calculated transfer coefficient (α) and the Tafel 
slope.  

Suggestions for future work could involve processing of the SWCNT-DNA-cisPt material to improve the 
conductivity of the DNA following functionalization. It can be proposed that this will significantly 
improve the electrochemical response for the HER (pH 3), whilst simultaneously enabling reduced 
cisPt loadings to be employed. Alternatively, future work could employ much lower ratio loadings of 
the DNA-cisPt adducts in the fabrication process compared to those used in this work. This will can 
improve the platinum metal utilization and consequently reduce the costs of material production.  
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Chapter 6: Graphitization of the DNA-Cisplatin via electron beam irradiation for the 
electrocatalysis of the Hydrogen Evolution Reaction (HER) 

 
6.1 Introduction 
In order to achieve improved conductive and electronic properties of the DNA material as a catalyst 
support, the non-conductive nature of the DNA molecule needs to be changed such that both 
improved electrochemical activity and durability is achieved. In this work, the following methods have 
been explored as a means of achieving this including: 

 Functionalization of single walled carbon nanotubes (SWCNT’s) with DNA-cisplatin (chapter 
5). 

 Graphitization of the DNA through the evacuation of the hydrogen and oxygen atoms upon 
high dose exposure to an electron beam i.e. graphitization (chapter 6). 

 Carbonisation via a low temperature pseudo pyrolysis process at lower temperatures (255 °C) 
than the conventional temperatures used (chapter 7). 

The previous chapter discussed the experimental results of the functionalization of the single walled 
carbon nanotubes (SWCNT’s) with DNA-cisplatin. This chapter will focus on the conversion of the DNA 
scaffold into a graphitic material via electron beam (e-beam) irradiation. The processed material is 
consequently characterized and tested for the hydrogen evolution reaction (HER) (pH 3) using similar 
ways to the previous work presented. Figure 1 provides an overview of the steps involved in the e-
beam treatment process.  

 

 

 

 

 

 

The employment of DNA for nanostructure fabrication is a great means of achieving programmable 
and self-assembled material instead of the conventional top down nanofabrication methods 
employed. However, the issue with DNA in electrocatalytic applications arises from its resistive nature 
leading to poor electronic transfer across the polypeptide based material (as discussed in chapter 4 
and 5) compared to the conductive properties of the commonly employed materials for fuel cell 
technology applications.  

In addition, in terms of fuel cell applications under acidic conditions, the DNA material will most likely 
degrade following its prolonged exposures to the acid. This means the electrocatalytic response will 
eventually diminish consequently leading to poor durability of the assembled material. As a result, the 
work in this chapter will focus on the graphitization of the DNA scaffold in order to carbonize the 
amorphous hydrocarbon atoms in the DNA polymer consequently improving both the material 
electronic conductivity and durability.  

The advantage of the synthesis of a graphitic-based electrocatalyst material evolves from their high 
stability and controllability compared to a metal based material. This makes their use more 
appropriate in fuel cells, energy storage and conversion devices and for the electrolysis of water (1). 

Figure 1- Schematic representation of the fabrication process of the catalytic material used in this study. In this work, M = Pt 
and the process of electron beam (e-beam) irradiation. 
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It has been previously emphasized that both a nitrogen and phosphorous doped graphene (N-P-
graphene) provides a higher electrocatalytic performance than either a nitrogen doped or 
phosphorous doped graphene alone (N-graphene) or (P-graphene) respectively (1). This is discussed 
in more detail in the next chapter of this thesis i.e. chapter 7. The advantage therefore in the 
employment of DNA as the source of amorphous carbon is associated with the surface chemical 
moieties it contains including nitrogen, oxygen and phosphorous which contribute favourably to the 
catalytic performance of the material. This is important in terms of supporting the fabrication of a 
metal free electrocatalyst and ensuring that the electrochemical performance competes with that of 
a commercial Pt/C catalyst. Research work focusing on the effects of dopants on graphene material 
for catalysing fundamental electrochemical reactions occurring in the electrolysis process of water i.e. 
Hydrogen Evolution Reaction (HER) (2) and the Oxygen Reduction Reaction (ORR) have already been 
explored in the literature (3).  

6.2 Electron Beam Lithography (EBL)  
Lithography is a process of producing patterns on a substrate using different techniques for example 
electron beam lithography uses an electron beam whilst photolithography uses light to imprint 
patterns onto the surface of the substrate, see figure 2. The relevance of these methods to the aims 
of this project evolve from being able to achieve graphitisation through electron beam lithography 
(EBL) as an alternative to the commonly employed heat treatments (4). Instead, the reported methods 
utilize a direct electron beam writing technique, which is favoured over conventional EBL, as a 
processing technique with fewer stages. Using electrons for direct writing has been reported to 
provide high resolution and three-dimensional flexibility (5). This method has been used by several 
authors (5),(6) for developing graphene structures with metals deposited on the surface. In addition, 
it has been used for the treatment of non-metal based atoms such as carbon films as demonstrated 
in the work of (6) and (7). Alternatively, Aikawa et al. (7) demonstrated that it was possible to obtain 
catalytic graphitization by using a focused electron beam via a transmission electron microscope to 
graphitize an amorphous carbon film in the presence of sputtered nickel particles (7). This portrays 
the feasibility of using e-beam irradiation to achieve graphitic nanostructures from an amorphous 
carbon source.  

 

 

 

 

 

Figure 2- Overview of Electron Beam Lithography 1: Coating of the substrate (normally Si wafer), 2: Exposure at a selected 
acceleration voltage, 3: Development -Positive tone (left) - Negative tone (right). 

6.3 DNA nanolithography  
The shared characteristics between methods of lithography and DNA nanolithography for fabrication 
of nanomaterials lies in the ability to precisely assemble matter down to the atomic level. The unique 
programmability and folding properties of DNA enable its use as a scaffold for the construction of 
structures of a variety of shapes and sizes, see chapter 2. It can replace the conventional methods of 
lithography techniques such as electron beam lithography (EBL) since the DNA origami technique can 
be a means of achieving complex architectures at lower costs, higher throughput and higher 
resolutions (8). The DNA molecule can be used in both top-down and bottom-up approaches for 
nanofabrication. For example in top down techniques, the DNA structure is used as an etch mask for 



 

116 
 

transferring the desired structure/patterns onto an underlying substrate like silicon oxide and 
graphene (9), (10) and (11).  
Alternatively, since DNA acts as a building block for the formation of self-assembled nanostructures, 
Zhan et al. successfully fabricated 3D gold plasmonic nanostructures by coating the gold nanoparticles 
with DNA strands, such that DNA origami scaffolds placed the individual gold nanoparticles precisely 
into defined patterns within close proximity such that the gold nanoparticles behaved as nano-lenses 
(12).  

Similarly, Gallego et al. demonstrated that two-dimensional DNA origami templates can be used to 
transfer DNA with defined patterns (DNA ink) onto the gold surfaces (13). However, the limitation of 
DNA nanolithography is an issue of scalability, which can be overcome through its combination with 
other lithography methods such as electron beam lithography as reported in the literature (8),(14).  

However, the chemical and mechanical properties of the DNA must be changed to provide more 
desirable attributes for its use including stability and preservation of the nanostructure shape (8). This 
was explored by Jin et al. who achieved complex nano-patterning on a graphene substrate by using 
metallized DNA nanostructures as a lithographic mask. In their work, the DNA was incubated with 
glutaraldehyde to enable seeding of silver particles followed by coating with gold. The metallisation 
of the DNA template establishes a lithographic gold mask on the graphene which maintains the 
original template structure. Through the metallisation of the DNA, enhanced chemical stability was 
observed whereby the DNA template can undergo further etching steps and can function as a positive 
relief mask (15). 

Finally, other methods have demonstrated how the chemical stability of the DNA nanostructures can 
be achieved via a carbonisation process in a low pressure H2 atmosphere at 800 - 1000 °C (16). This is 
highly desirable given that carbon based materials have higher stability under extreme environments 
i.e. both high temperatures and pH conditions compared to DNA (16). Similar methods are reviewed 
and addressed in chapter 7.  

 

 

 

 

 

 

In the following section, the graphitization process specifically through electron beam irradiation is 
reviewed and the way in which the DNA nanostructure material responds upon its interaction with 
the electron beam is considered. Herein, e-beam irradiation is explored as a processing technique for 
improving the properties of the DNA material as an electrocatalyst for the HER.  

 

Figure 3– AFM topographic images of shape-conserved carbon triangles (right) from DNA triangles (left) taken from Zhou et al. (16) 
produced under a high H2 atmosphere at high temperatures (800 -1000 °C). 



 

117 
 

6.4 Literature review  
6.4.1 Electron beam irradiation of amorphous carbon and carbon nanostructures  
The successful nano-graphitization of amorphous carbon films has previously been achieved via 
electron beam irradiation by (17) & (18) which report the success of producing graphitic based 
structures from the low electron beam dose exposures of amorphous carbon. This is achieved 
following the interaction of the amorphous carbon with the beam from which a graphitic based inter-
columnar network is produced. However, it was reported that the irradiation effects of the electron 
beam vary depending on the nature of the carbon material and structure used (19).  

The chemical changes that the thin carbon film material undergoes following electron beam 
irradiation is explained by (20) as the resulting change of the carbon film from an sp3 to an sp2 carbon 
hybridization. The transitions made because of this graphitisation process are revealed by a range of 
characterisation techniques employed in their work including X-ray photoelectron spectroscopy (XPS) 
(20). Alternatively, more specific to the application interests of this project, the electron beam 
irradiation of carbon nanostructures for PEMFC technology are reported by (21) and is discussed 
further below.  

6.4.2 Platinum Group Material (PGM): Fullerene based ligands and platinum e-beam 
lithography  
An attempt to reduce the loadings of platinum group materials (PGM) in PEMFC electrocatalyst has 
been previously reported by (21). This is different to the approach used in this work, since the material 
used entails a platinum material bound to a fullerene molecule (21), see figure 4. Two kinds of ligands 
were used, both involved a fullerene molecule linked to a pyrrolidine and a platinum metal centre 
with a co-ordinating bipyridine ligand as displayed in figure 4. The assembled structures underwent 
treatment with an electron beam inside a scanning transmission microscope (SEM), resulting in the 
change to the compound with the C60 decomposing and the formation of glassy carbon impregnated 
with single platinum and also ruthenium atoms (21).  

 

 

 

 

 

 

These findings reflect the success of using e-beam treatment to achieve chemical conversion of the 
amorphous carbon based material in both the presence and absence of platinum metal. In the next 
section, we move towards reviewing literature reportings made on how the DNA material responds 
to e-beam irradiation.  

 

 

Figure 4- 4-methyl,4'-(2-(N(3,5-di-tert-butylphenlymethyl))fulleropyrrolidineo)-bipyridine, 2 - 4-methyl,4'-(2-(N- (3,5-di-tert-butylphenylmethyl)) 
fulleropyrrolidineo)-bipyridine platinum chloride copied from Courtney (21). 
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6.4.3 Electron beam exposure of DNA complex films as a resist material  
The exposure of DNA to an electron beam was previously studied by Jones et al. (22) & (23), focusing 
on the electron beam treatment of DNA-hexadecyltrimethylammonium chloride (DNA-CTMA) thin 
film complexes. In their initial study (22) they showed that upon exposure the e-beam can lead to 
either the combination or the dissociation of the DNA-CTMA complex. This entails the breaking of the 
double stranded (ds)-DNA into a single stranded (ss)-DNA or smaller segments, breaking off the alkyl 
chains on the DNA, and the breaking of the ionic bond between the DNA and surfactant or 
alternatively the electrons can directly charge the DNA: CTMA molecule. This led to changes in the 
hydrophobic character of the material (22).  

The initial study shows the feasibility of using electron beam energies for achieving nanoscale 
patterning of an inorganic complex through using DNA and CTMA (hexadecyltrimethylammonium 
chloride) complexes. The CTMA is cationic which resembles similar properties to the cisplatin (cisPt) 
complex that will be employed in this work. Upon interaction with the CTMA metal complex, the DNA 
molecule becomes insoluble in water however has a high solubility in organic solvents (22). Their 
findings imply that different types of resists can be obtained depending on the development solutions 
employed (see figure 2). In their work they achieved electron beam patterning of the DNA: CTMA thin 
films using a direct write electron beam lithography system. Prior to this, they had soft baked the thin 
films of the DNA:CTMA at 100 °C for 60 seconds (22).  

In their follow up work, they show that the DNA has dual mode resist characteristics which was evident 
from the changes in the solubility of the exposed DNA with beam dosage via spectrophotometric 
methods like UV absorption and circular dichroism (23). However, several issues can occur during the 
e-beam writing of the DNA-CTMA complex including: breaking of the bond between the DNA and 
CTMA due to the high energy of electrons which can disassociate the complex , denaturing of the DNA 
i.e. breaking of the double helix structure due to the high energy of electrons and lastly , charging of 
the DNA-complex which can change its hydrophobic nature and consequently change its solubility 
properties (22).  

These points could be proposed as potential issues upon electron beam irradiation of the DNA-cisPt 
material. However, the unique ability of DNA films to act as both a positive and negative resist 
supports its application for the fabrication of DNA-based devices (23).  

Herein, we report the processing of DNA-cisPt electrocatalytic material with electron beam irradiation 
and observe the resulting effects through comparing and contrasting the electrochemical response 
for the HER in acidic media before and following treatment. Through the implementation of e-beam 
irradiation it is hoped that the DNA-cisPt thin films become more suited for PEMFC applications, since 
we expect to see improved electrical and conductive properties of the DNA scaffold.  

6.5 Materials and Experiments  
6.5.1 Material Synthesis  
Deoxyribonucleic Acid (DNA), sodium salt from salmon testes, cisplatin (99.99 % purity (based on trace 
metal analysis)) were purchased from Sigma Aldrich. DNA-cisPt adducts were synthesized by dissolving 
the salmon milt DNA (sm-DNA) in Milli-Q water (resistivity ≥ 18.2 MΩ.cm) and sonicating to prepare a 
stock solution. Cisplatin in aqueous form was mixed with the sm-DNA and incubated at 37 °C overnight 
for 10 hours. Confirmation of the adduct formation was achieved using spectrophotometric 
techniques using Shimadzu UV-1800 spectrophotometer, Jasco J-810 spectropolarimeter and Cary 
5000 UV-Vis-NIR Spectrophotometer by Klaudia Englert, School of Chemistry ,University of 
Birmingham (24). 
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The ultimate goal of this project is to synthesise a pre-cursor catalyst material with optimum 
electrocatalytic activity at the lowest platinum (i.e. cisplatin) loading possible. The range of loadings 
prepared and tested in this work are displayed in Table 1. 

Table 1- Ratio and concentrations of the DNA-cisPt samples synthesized and characterized. 

3 

6.5.2 Electrochemical Testing Experimental Method 
6.5.2.1 Film formation on a glassy carbon (GC) macroelectrode  
A glassy carbon (GC) macroelectrode was polished on microcloth pads with decreasing size alumina 
slurries (1.0, 0.3, 0.05 μm, Buehler Inc., IL, USA), followed by rinsing with de-ionised water (DIW) and 
drying under a gentle flow of nitrogen. Once dry, the electrodes were modified by drop casting an 
aliquot of the prepared DNA-cisPt sample (42 μL onto a 5 mm GC electrode) and drying under a lamp.  

6.5.2.2 Electrochemical testing 
The samples prepared (see Table 1) were electrochemically tested using a 3 electrode cell, involving a 
glassy carbon electrode (GC, 5 mm, BASi) as the working, a saturated calomel (SCE, BASi) reference 
and a bright platinum mesh counter electrode. The cell was controlled by an Autolab 128N 
potentiostat running Nova 2.1 software (Metrohm-Autolab BV, Netherlands). All potentials are 
reported against a SCE. All chemicals involved were used in their analytical grade and used without 
any purification. Perchloric acid (70 %, 99.99 % trace metals) (1 mM, pH 3) and sodium perchlorate (≥ 
98 %) as the supporting electrolyte (0.1 M) supplied by Sigma Aldrich. All electrolytes were made up 
with deionised water (resistivity ≥ 18.2 MΩ.cm) (MilliQ, Millipore) and thoroughly degassed with dry 
nitrogen (oxygen-free, BOC Gases plc) prior to experimentation. 

6.5.2.3 Electron Microscopy 
The surface morphology of the material was attained using High Angle Annular Dark Field Scanning 
Transmission Electron Microscopy (HAADF-STEM) operated in both dark field and bright field imaging 
using a JEOL2100F instrument. The samples were prepared for imaging by casting 3 µL of the sample 
onto a 300 Cu mesh holey carbon TEM grid and drying under a lamp. The STEM was operated in Z-
contrast mode using a HAADF detector at 200 kV acceleration voltage.  

6.5.2.4 Surface chemical properties 
XPS characterization was conducted at Harwell XPS, (UK) facilities to obtain the binding energies (BE) 
and survey spectra of the samples synthesized, using α-Kl as the X-ray source (characteristic energy of 
1486.68 eV). The BE is reflective of the oxidation states of the elements in the DNA-cisPt adducts 
including Pt, Cl, C, P, N and O. The surface chemical properties of the 1:10-3 DNA-cisPt loading and the 
1000 µM DNA following e-beam irradiation of the material were explored to assess the elemental 

                                                             
3 All material synthesis was by Klaudia Englert, School of Chemistry, and University of Birmingham. 

Ratio of DNA to cisPt Concentration of cisPt /µM Concentration of sm-DNA /mM 
1:0 0 1 

1:10-4 0.1 1 
1: 10-3 1 1 
1: 10-2 10 1 
1: 0.1 100 1 

1:1 1000 1 
cisPt  1000 0 
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composition and investigate the graphitic content of the processed material i.e. sp2 and sp3 carbon 
content.  

6.5.3 Flood Electron Beam irradiation 
An aliquot of the desired DNA: cisPt sample was drop cast onto a GC electrode stub and dried under 
a lamp. The prepared electrode was loaded into the chamber of the converted scanning transmission 
microscope (SEM) tool operated under vacuum conditions, (see schematic diagram, figure 7 in chapter 
3). The material was exposed to an electron beam at an acceleration voltage of 5 keV for a duration 
of 24 minutes i.e. the optimum reaction time found (discussed in detail in the results and discussion 
section). The SEM like tool was set such that the electron beam elevation consisted of the following 
coordinates (60, 25,102) for a (x, y, z) system. At these points, the e-beam is ideally centred, to achieve 
uniform distribution. A tungsten filament (Agar scientific, UK) consisting of 0.5 mm diameter Wehnelt 
aperture is used to generate the electron beam in the gun. 

6.6 Results and Discussion  
6.6.1 Optimum reaction time of electron beam irradiation  
The initial step in the process of the e-beam treatment of the DNA-cisPt material was finding out the 
optimum time for the exposure of the material with the electron beam at an electron energy of 5 keV. 
As a starting point, an intermediate loading of the platinum metal i.e. 1:10-3 DNA-cisPt was selected to 
explore the effects of the irradiation duration (time) on the electrochemical response of the material 
for the HER (1 mM HClO4, 0.1 M NaClO4) at 50 mV s-1, as illustrated by figure 5.  

 

 

 

 

 

 

 

 

The voltammetry response for the HER (pH 3) is shown in figure 6(A) and the resulting changes in the 
peak potential (Ep) and the peak current density (JP) as a function of the duration of the e-beam 
irradiation is displayed in figures 6(B) &(C). 

 

 

 

 

 

 

 

E-beam irradiation 

Figure 5- Overview of the experimental methods involved in the preparation and electrochemical testing of the electron beam 
irradiated DNA-cisPt material. 
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It is evident that the shifts in the peak potential (EP) become less significant beyond 24 minutes of 
exposure. However in terms of the electrocatalytic activity i.e. peak current density (JP) , two optimum 
peaks are observed, one at 24 minutes and a second at 45 minutes corresponding to a Jp of 2 and 2.5 
mAcm-2 respectively. The measured EP at 32 minutes of exposure does not correlate with the trend of 
the other data points, so is a likely outlier and will be omitted from the analysis after this point.  

The electrochemical testing was repeated and the response with the number of cycle was compared 
and contrasted for the different exposure times employed. The optimum performance defined in 
terms of the electrochemical peak potential and the peak current density was found to display similar 
findings to those shown in figure 6 i.e. interchangeable between 24 minutes displaying optimum 
behaviour and 45 minutes, see appendix 3, figure A3.1 for the experimental data.  

The influence of e-beam irradiation on the different loadings of DNA-cisPt employed in this work (see 
Table 1) is explored in a similar method outlined above with the 1:10-3 DNA-cisPt sample. This will 
enable us to explore whether the cisPt loading i.e. platinum metal content influences the 
graphitization process as a function of the duration time of electron beam exposure. For simplicity, 
the electrocatalytic performance will be defined by the measured peak potential (Ep) value. The results 
are shown in figure 7.  

Figure 6- (A) Voltammetry response for HER (1 mM HClO4, 0.1 M NaClO4, 50 mV s-1), 42 µL of 1 to 10-3 DNA-cisPt drop-cast on a 5 mm GC at 
different exposure times of a 5 keV electron beam (B) Variation of peak potential (Ep) with duration of e-beam irradiation (C) Variation of peak 

current density (Jp) with duration of e-beam irradiation. Error bars are based on a standard deviation error. 
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Figure 7- Variation of the peak potential (Ep) measured for the HER (1 mM HClO4, 0.1 M NaClO4) at 50 mV s-1. 42 µL of the 
desired DNA-cisPt sample drop-cast onto a 5 mm GC and tested at different exposure times of a 5 keV electron beam. Error 

bars are based on a standard deviation error. 1 to 1 implies a ratio of 1 to 1 DNA-cisPt in the legend. 

Figure 7 shows that with increased platinum metal content in the material, a lower e-beam exposure 
time is required to achieve an improved response for the electrocatalysis of the HER. This observation 
is based on the more rapid establishment of a steady state i.e. quicker rate of levelling off of the Ep , 
for example after 5 minutes at the 1:1 DNA-cisPt loading compared to after 24 minutes for the 1:10-3 
DNA-cisPt loading. It can be proposed that at higher metal loadings an increased catalytic contribution 
to the graphitisation process is provided by the metal. This is supported by previous observations 
made in the literature where in the presence of metal atoms, specifically nickel, a favourable catalytic 
contribution to the carbonisation process of the amorphous carbon under an electron beam was 
observed (7).  

To further study, compare and contrast the influence of e-beam irradiation for the range of DNA-cisPt 
ratios employed in this work, the electrochemical response for the HER (pH 3) was tested in the same 
methods described above. Figure 8 displays the voltammetry response for the HER for each electron 
beam treated material.  

The presence of DNA results in improved electrochemical behaviour upon e-beam irradiation of the 
material compared to in its absence. This is down to their being a preference for a high carbon content 
for achieving more effective graphitization results. These observations are explained below where we 
see less of a significant effect of the e-beam irradiation on the bulk cisPt, figure (8A), compared to the 
improvements attained in electrocatalysis of the HER presented in figures 8(B-G).  

At a 1:1 DNA-cisPt loading, following e-beam irradiation, the voltammetry is shifted towards the 
response of that of bulk cisPt in terms of the peak potential (Ep ) i.e. 0.45 V vs SCE. It could be proposed 
that this occurs since at this loading we have much higher Pt loadings that can then form large 
nanoclusters to display bulk metal behaviour. Literature findings support this observation, since it was 
noted that electron beam irradiation of metal nanoparticles can result in dissipation of the metal 
nanoparticles, leading to structural changes, or alternatively at low electron beam intensities, 
diffusion is improved leading to coalescence of the metal nanoparticles (25). This is similar to the 
observations made by (26), whereby following e-beam irradiation, the platinum metal nanoparticles 
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in the exposed area had migrated and consequently came into contact with one another, resulting in 
agglomerated nanostructures (26). 
Furthermore, in the work of (27) involving focused-electron-beam-induced deposition (FEBID) of 
platinum metal onto the surface of carbon nanotubes (CNTs), they reported that upon gradual 
removal of amorphous carbon they observed increased platinum nanocluster growth resulting in 
coalescence. The dissociation of the amorphous carbon is the first step in the electron irradiation 
process, which is followed by the second phase that entails the graphitization process. This involves 
increased electron-carbon interactions enabling thin graphitic layers to form at the surface (27). 

Thus we can expect that in the absence of amorphous carbon, i.e. bulk cisPt, or higher metal loadings 
to amorphous carbon i.e. 1:1 DNA-cisPt, the electron beam irradiation process will result in increased 
coalescence of the platinum nanoclusters, with possible decomposition of the organoplatinum 
molecule. On the other hand, as the ratio of the DNA compared to the platinum nanoclusters is 
increased, we will reduce this clustering, since there will be more carbon decomposition taking place 
followed by graphitisation as opposed to a bulk cisPt material where the e-beam is more likely to 
directly interact with the platinum metal leading to its agglomeration.  

From Table 2, it becomes clear that following e-beam irradiation, the onset potential (σ) of the 1 to 1 
DNA-cisPt is also shifted towards that of bulk cisPt. However, in the absence of cisPt, i.e. virgin DNA, 
the voltammetry response is not significantly improved to result in the observance of an 
electrochemical peak with a measurable peak current density output and a sigmoidal response still 
holds, see figure 8(C). This therefore further supports the proposals made for the experimental 
findings in figure 7 i.e. that the presence of the platinum metal even at the lowest loading ratio (1:10-

4) is contributing favourably to the graphitization process.  

On the other hand, at the lower loadings employed, a peak potential (Ep) of around -1 V vs SCE is 
measured given that at these low metal loadings, only small nanoclusters can be formed, since the 
low metal loading limits the extent of coalescence. This hypothesis can be investigated through STEM 
imaging characterisation to assess the changes on the catalyst surface. It is evident that following e-
beam irradiation, increased aggregation of the platinum nanoclusters is observed compared to the 
untreated counterpart. This is discussed and analysed in more detail in ‘surface morphology following 
e-beam irradiation’ section of this chapter.  
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Figure 8- Voltammetry response (1st cycle) for the HER pH 3 (1 mM HClO4, 0.1 M NaClO4 50 mV s-1) before and after e-beam irradiation of the material         

(5 Kev, 24 minutes ) (A) 1000 µM bulk cisPt (B) 1 to 1 DNA- cisPt (C) 1000 µM virgin DNA (D) 1 to 10-1 DNA- cisPt (E) 1 to 10-2 DNA- cisPt (F) 1 to 10-3 DNA- 
cisPt (G) 1 to 10-4 DNA- cisPt. 
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Table 2- Comparison between the peak potential (Ep), peak current density (Jp) and the onset potential (σ) attained at the 
modified GC electrode surfaces with DNA-cisplatin material before and after electron beam irradiation at 5 keV, 24 minutes. 

 

From Table 2 it is clear that the onset potential (σ), defined at a current density output of 0.1 mA cm-

2, is significantly reduced following e-beam irradiation for all loadings tested, with the exception of 
bulk cisPt which is unchanged from -0.47 V vs SCE.  

For the low metal loadings of the DNA-cisPt material, the optimum performance is attained at the 1 
to 10-2 DNA-cisPt loading, whereby the lowest onset potential (σ 0.1 mAcm

-2) is measured (-0.68 V vs SCE) 
and the highest peak current density output of -2.24 mA cm-2 is produced.  

However in general, the electrochemical activity i.e. the peak current density output (JP) is found to 
be much higher for the lower platinum loadings of the e-beam treated material than the higher metal 
containing adducts i.e. 1 to 1 DNA-cisPt and bulk cisPt. This could be resulting from both the increased 
surface area and availability of the platinum active sites since the material has an increased inter-
particle distance with reduced cisPt loadings.  

This proposal is in line with the literature findings where for example for the ORR (a more thoroughly 
studied electrochemical fuel cell reaction) it was noted that that for the carbon-supported Pt 
nanoparticles, full catalytic activity was achieved when the inter-particle distance was higher than 20 
nm (28). As the loading is reduced the inter-particle distance is increased between the platinum 
nanoclusters and single localised platinum atoms are more likely to be observed with the preferred 
edge to face ratio for the HER (see discussion in chapter 5). On the other hand, increasing the metal 
loading can result in a reduced diffusion flux of the reactants to the internal parts of the catalytic 
surface (29). This experimental observation is also noted for the material synthesised via the pseudo 
pyrolysis of the DNA-cisPt, presented in the next chapter (chapter 7) of this thesis.  

On the other hand, insignificant changes are measured in terms of the peak potential (EP vs SCE) 
between the low loadings of the DNA-cisPt (i.e. material loadings ≤ 1:1 DNA-cisPt), where the Ep 
ranged from -1.00 to -1.07 ± 0.01 V vs SCE. However, for all of the DNA-cisPt containing material, the 
e-beam irradiation improves the electrochemical response of the HER.  

Alternatively, the improved electrocatalysis of the e-beam irradiated material may be resulting from 
the introduction of surface defects which can contribute favourably to the catalysis such oxygen 
vacancies. For example, similar to the concept of e-beam irradiation, literature reportings on 
microwave irradiation of lithium-manganese rich oxides (LMR-NMC) material has been shown to 
result in the formation of more oxygen vacancies (defects) resulting in a reduced particle size of the 

Ratio of DNA to cisPt 
modified on GC  

Peak 
Potential 
(Ep) / V vs 

SCE 
± 0.01 V 

Peak Current 
density* 

(Jp) /mA cm-2 

± 0.01 
 

Onset Potential 
(σ) / V vs SCE @ 

0.1 mA cm-2 

before e-beam 
irradiation 

Onset Potential (σ) / V vs 
SCE @ 0.1 mA cm-2 

following e-beam 
irradiation (Graphitisation) 

Bare GC -1.45 -0.67 -1.29 - 
1 to 1 -0.59 -0.51 -0.70 -0.48 

1 to 10-1 -1.07 -1.46 -0.82 -0.75 
1 to 10-2 -1.00 -2.24 -0.82 -0.68 
1 to 10-3 -1.00 -1.94 -1.39 -0.73 
1 to 10-4 -1.02 -0.83 -1.34 -0.73 

0 to 1 -0.59 -0.67 -0.47 -0.47 
1 to 0 -1.16 -0.58 -1.34 -0.77 
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metal (Mn), an enhanced electronic conductivity and improved charge transfer at the electrode or 
particle surface (30). This is because the oxygen vacancy can improve the physicochemical 
properties of the material (31) and act as active sites thus improving the electrocatalysis. To explore 
whether surface defects are responsible for the improved electrochemical response of the 
electrocatalysis material, XPS characterisation and Raman spectroscopy can be conducted to check 
the extent of defects and specifically for the O 1s spectra as part of future work recommendations.  
 
6.6.2 Technical challenges and issues  
There are limitations associated with the experimental data attained, resulting from technical issues 
with the e-beam tool. Specifically, this was concerned with the lack of monitoring and control over the 
electron beam current being produced during the exposures. This means a different current dose 
could have been delivered during the irradiation of the material as there was no means of measuring 
or controlling this parameter. This was because of the nature of the tool, which was an old converted 
SEM instrument, so a connecting port for an ammeter was not available, making the current readings 
impossible. An assumption is therefore proposed to suggest that insignificant variation in the current 
dosage occurs, to enable comparison to be made between the experimental data collected in this 
work.  

6.6.3 Mechanism of the hydrogen evolution reaction (HER) 
6.6.3.1 Tafel Plots at 50 mV s-1 

To further compare how the electrocatalytic behaviour is changed following electron beam irradiation 
of the material, we assess the mechanism of the reaction by considering the resulting changes to the 
magnitude of the Tafel slope. Initially, Tafel plots were constructed to reveal the reaction mechanism 
of the HER at each working electrode surface based on the theoretical information provided in the 
literature (32),(33) and (34), and as already discussed in detail in chapters 2 and 3. See appendix 4, 
figure A4.2 for the constructed Tafel plots.  

From the Tafel plots, the magnitude of the Tafel slope can be found and expressed as a function of 
cisPt loading in the material as shown in figure 9. This is then compared to the widely accepted and 
reported theoretical limits implying that the rate determining steps for the Volmer, Heyrovsky and 
Tafel reactions correspond to a Tafel slope of 120, 40 and 30 mV dec−1 respectively. Table 3 presents 
the corresponding Tafel slope for each material tested.  
 

Table 3- The changes in the Tafel slope found before and after e-beam irradiation with different DNA-cisplatin loadings. 

Ratio of DNA-cisPt /GC 
modified surface  

Tafel slope of untreated 
material / mVdec-1 

 Tafel slope of e-beam 
irradiated material / mVdec-1 

Bare GC 180 - 
DNA (1 mM) 425 331.1 

1:10-4 395 107.9 
1:10-3 381 114 
1:10-2 331 137.3 
1:10-1 327 133.7 

1:1 68.6 50.4 
cisPt (1 mM) 48.1 - 

Pt UME 27.3 - 
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Figure 9- The variation in the Tafel slope as a function of the calculated cisPt loading in the material before and after e-
beam irradiation (5 keV, 24 minutes) and how it compares against the well reported slopes of the theoretical mechanisms 

proposed in the literature. 

The most obvious correlation which has also been noted previously in chapter 4, is that with increased 
platinum metal loadings, there is a reduction in the magnitude of the Tafel slope as we move to the 
maximum platinum loading in the bulk cisPt. This reflects the change in the mechanism of the 
apparent rate limiting step for proton reduction i.e. from a Volmer (Eq.1) to a Heyrovsky (Eq.2) 
mechanism. The more interesting result is the significant reduction in the Tafel slope for the e-beam 
treated DNA-cisPt material for all loadings of the metal. The results in figure 9 further support the 
experimental observations previously made to suggest that the electrochemical response of the HER 
is improved following e-beam treatment, since this is also reflected in the change of mechanism of 
the HER. This entails the transition from a Volmer reaction to a Volmer-Heyrovsky step, thus moving 
towards the electrochemical proton (H+) reduction step. 

6.6.4 Surface Morphology following e-beam irradiation 
The changes to the platinum and DNA following e-beam irradiation of the material is best 
characterized using HAADF-STEM imaging. The material was prepared for electron microscopy 
imaging using the same method described above (see materials and experiments section). Following 
the preparation of the TEM grid, the drop cast material on the grid surface was loaded into the flood 
gun tool (onto the converted SEM tool sample holder) to undergo e-beam irradiation at a beam energy 
of 5 keV for a duration of 24 minutes.  

The surface morphology and STEM imaging characterization of the untreated bulk cisPt (1 mM) has 
been discussed more thoroughly in chapter 4. In this chapter, the focus will be on the STEM imaging 
characterization of the material following e-beam irradiation and the resulting changes to its surface 
morphology.  
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6.6.5 STEM imaging of DNA 
The imaging of unprocessed natural DNA material using electron microscopy has long been faced with 
challenges since this high angle scattering process, i.e. scanning/transmission electron microscopy, is 
highly dependent on the atomic number (Z) of the element projected under the electron beam by the 
relationship of Z1.5. Therefore, heavier nuclei can be definitively discriminated from light nuclei 
through this dependence. However the four different types of nucleotide bases of the DNA differ by 
only a few atoms and all of the differing atoms are light elements thus making the material 
indistinguishable via electron microscopy imaging (35). Various methods have been employed to 
improve the contrast of the DNA material under an electron beam in the literature, from negative 
staining of the DNA (36) to chemical modification of the single stranded DNA with clusters of heavy 
atoms as shown in figure 10 (35).  

 

 

 

 

 

 

 

 

Specifically, in the work of Bell et al.(35), the DNA bases Thymine/Uridine were modified with a single 
mercury atom, thus enabling improved STEM contrast to be established than in the unmodified DNA, 
which enabled successful STEM imaging of the DNA to be achieved.  

In this work, the projection of the flood electron beam of 5 keV for a duration of 24 minutes can result 
in various changes to the material, however studying the resulting mechanism of change closely is 
beyond the scope and research interests of this research work.  

Nevertheless, it can be proposed that the e-beam irradiation can result in the cross linking of the DNA 
chains, in line with the observations reported by Jones et al. (22) , where it was found that it led to the 
combination (or the dissociation) of the DNA-CTMA complex. This therefore gives rise to a higher Z 
number, consequently enabling successful STEM imaging of the DNA material, see figures 11 (C) and 
(E-H), which was not possible before, as shown in the STEM imaging characterisation results in chapter 
4.  

 
 
 
 
 
 
 

Figure 10- Heavy atom labels detected within DNA (A) How the placement of heavy nuclei on DNA can improve the scattering of the projected 
electron beam (B) Unlabelled DNA bases scatter fewer electrons than the heavy atom labelled bases distinguished by detector current . 

Reproduced from Bell et al. (35). 
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(E) 

Figure 11- HAADF STEM imaging of (A,B) 1 mM bulk cisPt (untreated) (C) 1 mM virgin DNA (D-G) 1 to 1 DNA-cisPt (H) 1 to 0.1 DNA-cisPt. Named 
material in figures 11 (C) & (E-H) have undergone e-beam irradiation at 5 keV , 24 minutes cast on a 3 mm holey carbon TEM grid. Figure 11(D) is 

untreated 1 to 1 DNA-cisPt material. 
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However, it can be observed from the surface morphology of the DNA presented in figure 11(C) 
compared with that shown in figures 11(D-G) that the presence of the platinum metal atoms along 
the nucleotide bases of the DNA is improving the contrast of the e-beam processed DNA polymer 
under the electron microscope. It could be proposed that the platinum metal is contributing to the 
electron scattering in similar ways to those suggested in figure 10 and reported in the literature (35). 
This could explain the observance of a higher resolution of the film deposits in the presence of 
platinum metal i.e. figure 11(F) compared to in its absence (figure 11(C)). Equally, the observations 
made before to suggest that the platinum metal catalysed the graphitization process of the DNA via 
the e-beam irradiation could be supported by this drastic difference in the morphology of the material 
in figure 11(F) compared to 11(C). This hypothesis is supported by the findings reported in the 
literature by Sokolov et al. (37), whereby it was possible for graphitization of the DNA templates to be 
achieved, resulting in the formation of nano-graphitic ribbons, although their work used a Chemical 
Vapour Deposition (CVD) process.  

However, there are limitations in drawing up any conclusive remarks and the nanoclusters shown in 
figure 11(C) cannot be confidently attributed to the DNA matter. This is because it can be suggested 
that what is being observed could be a mixture of matter from the buffer solution employed in the 
synthesis of the DNA-cisPt (including salts such as sodium, phosphor and chloride), detailed in the 
material synthesis procedure by (24). To further explore this, elemental mapping of the surface could 
be implemented in future work via STEM-EDX to match the surface morphology directly with chemical 
composition (as achieved in the work of chapter 7 of this thesis). However, this does not invalidate 
the observations and findings made for this work.  

6.6.6 Changes to the surface morphology of the platinum metal following e-beam 
irradiation  
It can be inferred from figures 11(D & E) that for the 1:1 DNA-cisPt loading, the e-beam irradiation 
results in aggregation of the Pt nanoclusters (circled in red) compared to the more distributed 
arrangement of the platinum nanoclusters before e-beam treatment (figure 11(D)). This supports the 
proposals and discussions made before which explained the resulting changes in the electrochemical 
response attained following e-beam treatment, where the response shifts towards that of bulk cisPt 
following e-beam irradiation of 1:1 DNA-cisPt.  

In addition, by comparing figures 11(E) and 11(H) it becomes evident that the higher platinum content 
in the material (1:1 DNA-cisPt) gives rise to platinum metal of an increased nanocluster size (larger 
bright spots highlighted in figure 11(E) as opposed to the absence of these nanoclusters on the surface 
of a material containing a lower platinum metal content i.e. 1:0.1 DNA-cisPt, see figure 11(H).  

This is further explained from the changes to the surface morphology seen in figure 12, where it can 
be noted from figures 12(A-C) that as the cisPt loading is reduced i.e. platinum metal loading, the 
distribution of the platinum is improved with less aggregation being observed on the DNA scaffold. 
This could be explained by there being an increased likelihood of the clustering of the platinum metal 
with loading since the inter-particle distance is reduced on the DNA scaffold. This is in-line with the 
observations previously made in chapter 4.  
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Surface chemical properties of the e-beam irradiated material  

In order to gain an insight into the chemical changes resulting from the electron beam irradiation of 
the DNA-cisPt material, XPS testing is carried out for the 1:10-3 DNA-cisPt and 1 mM virgin DNA films 
to explore whether the presence of platinum metal has an effect on the chemical composition of the 
material. The XPS characterization of the untreated DNA-cisPt material has been discussed in chapter 
4, where the samples in aqueous form were tested and analysed. However, in this work, the sample 
preparation differs and entails drop casting 42 µL of the material onto a polished GC stub (5 mm) and 
consequently drying under a lamp. For the electron beam exposure of the material, the prepared 
sample of the dry film on the GC substrate is consequently loaded into the chamber of the electron 
flood gun tool and a 5 keV electron beam was projected onto the sample for a duration of 4 and 24 
minutes, resulting in the preparation of four samples.  

The samples were consequently sent to Harwell XPS facilities (UK) where the XPS testing took place, 
with the aim of discovering whether or not following e-beam irradiation, the DNA was converted to 
chemically acquire graphitic like characteristics. In addition, the influence of the duration of the e-
beam irradiation on the graphitic content was also tested for. The results (provided by the Harwell 
XPS) are displayed below.  
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Figure 12 – HAADF STEM imaging of e-beam irradiated material (5 keV, 24 minutes) (A) 1 to 1 DNA-cisPt (B) 1 to 0.1 DNA-cisPt (C) 1 to 10-3 DNA-
cisPt. 

(C) (A) (B) 

(D) 



 

132 
 

 

 

 

 

  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

It has been reported that the material can be described as being graphitic if it consists of regions of 
sp2 and sp3 character (37). Sokolov et al. (37) states that that the area under the curve of the peak at 
284.5 eV can be assigned to the sp2 contribution /ratio in the material, while the area under the peak 
centred between 285.0 and 285.5 eV is assigned to the sp3 character.  

From figure 13(B), the XPS results show the appearance of two peaks for the 1 to 10-3 DNA-cisPt after 
24 minutes of e-beam irradiation at 287 eV and 284.5 eV, compared to the single peak observed at 
286 eV prior to e-beam treatment of the material. This implies that in the presence of platinum metal, 
the material acquires some sp2 character following e-beam treatment. Surprisingly, after 4 minutes of 
irradiation, a single shift of a higher count per second (CPS) at around 284.5 eV is observed suggesting 
the presence of a higher ratio of sp2 character compared to after 24 minutes of e-beam exposures. 
This is further supported by the measured graphitic content values of the material i.e. 1.15 % at 4 
minutes compared with 0.96 % at 24 minutes (see Table 4).  

The e-beam treatment of the DNA material after 4 minutes results in the occurrence of two peaks at 
287 eV and 284.5 eV ( see figure 13 (A) ) compared to the untreated DNA film where a broad C 1s 
signal is observed around 286 eV. The results presented for 24 minutes deviate from the correlations 
made of a peak signal at a higher eV (288 eV). It has been reported by (37) that a peak between 287.6–
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Figure 13- High-resolution XPS spectra of the C 1s regions for electron beam irradiated films (5 keV) of: (A) DNA (B) 1 to 10-3 DNA: cisPt for a 
duration of 4 and 24 minutes. (C,D) How the duration of the e-beam irradiation affects the spectra for the C 1s in the presence and absence of 

platinum metal. 
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288.1 eV in DNA material can be assigned to oxidized carbon atoms (C–O or C=O). However, charging 
issues were faced during the XPS testing thus the results for the 24 minutes cannot be used with 
confidence to make conclusive remarks during the analysis.  

Table 4- XPS Characterization of the material following e-beam irradiation (5 keV) and percentage composition (%) of the 
graphitic carbon content. 

Sample Duration time of e-beam irradiation / 
minutes  

Measured percentage composition 
of the graphitic content / % 

1 to 10-3 DNA-cisPt 4 1.15 
24 0.96 

DNA (1 mM) 4 1.64 
24  0.34 

 

The results in Table 4, imply that a very low content of graphitic carbon is detected in both materials 
tested. However, from figures 13 (C &D) for the XPS of the C 1s spectra, the presence of the peak at 
284.5 eV (sp2 character) is more noticeable for the 1 to 10-3 DNA-cisPt than in the absence of the 
platinum. This is supported by the findings reported in the literature (37), where they reported that a 
significant amount of sp2 carbon is formed only for metalized DNA. 

However, given the charging issues faced during the XPS testing, the results presented cannot solely 
be used to conclude with confidence that the e-beam irradiation of the DNA material is resulting in its 
graphitisation. Future work would be required, involving repeated testing of the material via XPS and 
investigating how the sampling methods can be modified to achieve improved and stronger signals.  

6.7 Conclusions  
In this chapter, we demonstrated the feasibility of electron beam (e-beam) irradiation of the DNA-
cisPt/ DNA films as a processing technique to improve the catalytic properties of the nanomaterial, 
making its use more suited for electrochemical applications. This was evident from the significant 
improvements noted in the electrochemical performance of the material for the electrocatalysis of 
the HER (pH 3) following its exposure to an e-beam as opposed to the untreated material. This proves 
the hypothesis made to suggest that the conductive properties of the DNA can be improved through 
this processing method to overcome the highly resistive nature of the polynucleotide.  

Furthermore, the e-beam irradiation of the material via a flood source enables successful STEM 
imaging of natural unmodified DNA. This is not commonly reported in the literature as a DNA sample 
preparation method for electron microscopy imaging. It is noted from the STEM imaging 
characterization that the presence of the platinum metal (even at the lowest loadings employed in 
this study i.e. 1:10-4 DNA-cisPt (equivalent to 0.75 ng) contributes favourably towards both the 
electrocatalysis of the HER following e-beam irradiation of the material and the resolution of the STEM 
imaging, when compared to the material absent of metal i.e. virgin DNA.  

In addition, in terms of the influence of the platinum metal loading in the e-beam treated DNA-cisPt 
material on the electrocatalytic performance , the experimental findings have shown that 
interestingly, much higher catalytic activities can be measured at lower platinum loadings (minimum 
of 0.75 ng) compared to much higher loadings i.e. bulk cisPt (7.5 µg). This was reflected in the 
measured peak current density values (Jp, mA cm-2), which were calculated using the geometric surface 
area of the working electrode. This finding was justified by comparison to reporting’s made in the 
literature, which noted improvements in the diffusion profile of the catalyst film when the inter-
particle distance reached a certain point. As the metal loading increased in the DNA-cisPt film, there 
was increased clustering of the platinum metal, which was shown through evident changes in the 
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surface morphology of the material (appearance and abundance of larger bright spots) and also in the 
electrochemical response, whereby the peak potential (Ep) shifted towards that of a bulk platinum 
metal response i.e. bulk cisPt.  

Suggestions for future work include focusing on detailed characterization of the chemical properties 
of the resulting material following e-beam irradiation of the DNA in the presence and absence of 
platinum metal. Although an attempt has been made to use XPS testing to explore the resulting 
changes to the material following the e-beam irradiation process, charging issues faced during the 
testing prevent conclusive remarks from being drawn with confidence on whether the graphitization 
of the DNA material was successful through e-beam irradiation. Thus, these tests need to be improved 
by exploring how the XPS sampling methods employed can be modified to achieve improved signals 
in future work. In addition, comparisons between the performances of the e-beam treated DNA-cisPt 
material at all the platinum loadings tested should be made with a commercial Pt/C catalyst for the 
HER, under the same experimental conditions to see if the DNA-cisPt material is competitive with this 
well-known rivalry catalyst.  
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Chapter 7: Carbonisation of the DNA-Cisplatin via a pseudo pyrolysis process for the 
electrocatalysis of the Hydrogen Evolution Reaction (HER) 

 
7.1 Introduction  
The electrochemical response of the DNA-cisPt material for the range of platinum loadings employed 
was hindered by the highly electrical resistive nature of the DNA, reducing the attainable 
electrocatalytic performance of the material (1). As previously discussed in chapters 4-6, in order to 
achieve improved conductive and electronic properties of the DNA for its appropriate use as an 
electrocatalyst support, the non-conductive nature of the DNA molecule needs to be overcome such 
that both improved electrochemical activity and durability can be measured.  

To do so, the work presented up till this point in the thesis has focused on functionalization of the 
single walled carbon nanotubes (SWCNTs) with DNA-cisplatin (chapter 5) and the graphitization of the 
DNA through the evacuation of the hydrogen and oxygen atoms upon high dose exposure to an 
electron beam (i.e. graphitization) (chapter 6). This chapter will focus on achieving the carbonisation 
of the DNA scaffold via a heat treatment process i.e. pseudo pyrolysis reaction at lower temperature 
conditions than the conventional i.e. 255 °C. The fabricated material is consequently characterized 
and tested for the Hydrogen Evolution Reaction (HER) under acidic conditions (pH 3). Figure 1 provides 
an overview of the material fabrication and steps towards its processing via pseudo pyrolysis.  

 

 

 

 

 

 

This processing method will introduce favourable characteristics to the DNA/DNA-cisPt electrocatalyst 
material, including improved conductivity of the DNA scaffold as reflected by the improved 
electrochemical response for the HER (detailed further in the chapter). In addition, the process of 
carbonisation will result in the formation of a material with attributes such as a large surface area, rich 
electronic state, thermal and chemical stability and good mechanical properties. These are favourable 
characteristics that are commonly associated with a graphitic based catalyst support (2), as previously 
discussed and detailed in chapter 6.  

In this chapter, the successful process treatment of DNA via a pseudo pyrolysis reaction is presented 
and characterization of the resulting carbonised DNA-cisPt material is achieved using similar methods 
to those employed and discussed in the previous chapters of this thesis for the range of platinum 
loadings in this work (see Table 1). In addition, an outline of how the optimum reaction conditions 
(255 °C, 30 minutes) for the pseudo pyrolysis process were found is made and justified within the 
interest and scope of this study. Finally, the characterisation results of the processed DNA/DNA-cisPt 
is discussed to investigate the resulting effects of pseudo pyrolysis on the properties of the material 
(including the chemical and physical changes) and how this effects its use for its intended application 
i.e. fuel cell technology. 

Figure 1- Schematic representation of the fabrication process of the DNA based catalytic material used in this study. In this work, 
M = Pt and the process of carbonisation via pseudo pyrolysis. 

Pseudo  
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7.2 Literature review  
7.2.1 DNA-cisPt electrocatalyst material for HER 
Research focusing on supporting the development of renewable energy and fuel cell technology has 
received great interest, particularly the Polymer Electrolyte Membrane Fuel Cell (PEMFC) and it begins 
with researchers focusing on improving the electrocatalyst material for one of its fundamental 
reactions like the hydrogen evolution reaction (HER). This has been reviewed and discussed more 
thoroughly in chapters 2 & 4. Generally, it is found that much of the research efforts have focused on 
the development of inexpensive catalyst materials that could replace platinum, the conventional and 
ideal electrocatalyst for the two fundamental reactions of PEMFCs i.e. the HER and Oxygen Reduction 
Reaction (ORR) in acidic conditions (3).  

A variety of research strategies have been adopted, ranging from lowered platinum loadings (4), (5) 
(6) &(7), to metal-free electrocatalysts (i.e. doped carbons) (8), (9), (10) &(11) or modified catalyst 
supports for example nitrogen-doped carbon material as catalyst support for platinum nanoparticles 
(12), (13) & (14). Hence the synthesis of a platinum-free electrocatalyst or a material of ultra-low 
platinum metal loadings is of great interest in supporting the commercialisation of fuel cells.  

In this work, DNA (made of the four nucleotide bases adenine, guanine, cytosine and thymine) is 
employed as a catalyst support for the platinum metal i.e. a naturally containing source of both 
nitrogen and phosphorous rich carbon support. The use of DNA as a scaffold for metal complexes is 
known (15) &(16) and has previously been employed for directly attaching or growing platinum 
nanoclusters for the catalysis of HER/ORR in the literature (17),(18) and (19).  

Therefore, the use of DNA as a template for the catalyst material and a source of a nitrogen-
phosphorous-doped carbon (NP-doped carbon), which will consequently be carbonised, is promising 
since literature work has shown that NP-doped carbons and graphene based material exhibit high 
electrocatalytic activities and durability for the ORR (2), which is a popular and commonly studied 
reaction. This reporting is promising for the HER explored in this study, since it has long been 
acknowledged that the value of the exchange current density in H2/O2 fuel cells for the reduction of 
oxygen on the surface of platinum is around 5-6 times lower than the value measured for the hydrogen 
oxidation reaction (20).  

7.2.2 Improving the electrical conductivity of DNA 
The process of graphitisation can greatly reduce the electrical resistance of the DNA (21), despite the 
highly resistive nature of the DNA polymer (22), as detailed in chapter 4. Commonly employed 
methods for the graphitisation of the DNA have involved high temperature treatments of the material 
(800 - 1000 °C) under a H2 atmosphere (23). However, the main issue with the conventional 
graphitization methods is associated with the thermal decomposition of bulk DNA upon its exposure 
to temperatures exceeding 250 °C (24). The use of soft materials including the use of DNA for 
nanofabrication has been reviewed by (24). Normally the drying process of DNA containing solutions 
can collapse or rupture the DNA structure and methods to improve its mechanical strength have been 
reported (25).The carbonisation of DNA based structures via thermal and non-thermal treatments 
have been reported by several authors (1),(26), (27), (28), & (29). For example, the growth of graphitic 
nanoribbons using copper ( Cu2+) DNA templates has been successfully reported by (30) via a Chemical 
Vapour Decomposition (CVD) process. The metallic Cu atoms have the catalytic role in the process of 
the graphitic synthesis. However conservation of the DNA template structure is not reported in their 
work. On the other hand, (31) report shape conservation between the initial DNA nanostructure and 
the final resulting carbonised DNA nanostructure by coating the DNA nanostructures with a thin film 
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of Al2O3 via an atomic layer deposition (ALD) process prior to carbonisation of the DNA (at 800−1000 
°C) under a low pressure H2 atmosphere. 

Normally the best candidates for carbonisation includes materials with aromatic rings in their 
structures (31). DNA is a polynucleotide polymer, made of a phosphate backbone, a sugar moiety and 
the four nucleotide bases (A, G, C and T). Upon thermal treatment, the sugar is converted into 
amorphous carbon and the nucleotide bases have structural resemblance to a large number of 
compounds such as polyimide that normally successfully undergo carbonisation (25). In this chapter, 
carbonisation of the DNA based electrocatalyst material is achieved through a pseudo pyrolysis 
process.  

7.2.3 Pyrolysis  
By definition, pyrolysis refers to the thermal decomposition of molecules under an inert atmosphere 
(32). Specifically in biotechnology, the exposure of the polymeric network or macromolecules to 
thermal energy results in the thermal degradation of the sample into volatile products (32). In 
addition, it has been reported by (32) that final pyrolysis temperatures usually occurs between 400 
and 900 °C, while thermal degradation resulting from temperatures below 300 °C is usually called 
thermal decomposition. The volatile products that evolve during the pyrolysis of the complex 
materials (through the removal of hydrogen/oxide groups) can be monitored via gas chromatography 
(Py-GC) or mass spectrometry (Py-MS). Since the 1970s and 80s, it has been reported that for DNA 
material, temperatures of between 200 and 300 °C were sufficient for achieving fractionation (32). 
Similarly, (33) reported that pyrolysis of calf thymus DNA was achievable at a temperature range of 
220 -250 °C. It was reported that up to 30 % by weight of the DNA material is collected as a sublimate 
and that the major volatile products from the pyrolysis of nucleic acids are based on a range of furanyl 
compounds (33).  

Temperature is a key process parameter in the pyrolysis process since different heating levels lead to 
different chemical compositions and consequently different properties of the final products. For 
example, this can range from reduced oxygen content to increased electrochemical capacitance (34). 
However, through the implementation of this heat treatment process, we are able to form a 
carbonised DNA material of increased stability, making its use more suited for nano-electronic based 
applications (35). To summarise, the above suggests that we can successfully achieve the pyrolysis of 
DNA in the temperature range of 220 to 250 °C with preservation of its moieties. 

7.3 Materials and experiments 
7.3.1 Material synthesis  
Deoxyribonucleic Acid (DNA), sodium salt from salmon testes, cisplatin (99.99 % purity (based on trace 
metal analysis)) were purchased from Sigma Aldrich. DNA-cisPt adducts were synthesized by dissolving 
the salmon milt DNA (sm-DNA) in Milli-Q water (resistivity ≥ 18.2 MΩ.cm) and sonicating to prepare a 
stock solution. Cisplatin in aqueous form was mixed with the sm-DNA and incubated at 37 °C overnight 
for 10 hours. Confirmation of the adduct formation was achieved using spectrophotometric 
techniques using Shimadzu UV-1800 spectrophotometer, Jasco J-810 spectropolarimeter and Cary 
5000 UV-Vis-NIR Spectrophotometer, by Klaudia Englert, School of Chemistry ,University of 
Birmingham (36). 

The ultimate goal of this project is to synthesise a pre-cursor catalyst material with optimum 
electrocatalytic activity at the lowest platinum (i.e. cisplatin) loading possible (37). The range of 
loadings prepared and tested in this work are displayed in Table 1. 
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Table 1- Ratio and concentrations of the DNA-cisPt samples synthesized and characterized. 

 
7.3.2 Electrochemical Testing Experimental Method 
7.3.2.1 Film formation on a glassy carbon (GC) macroelectrode  
A glassy carbon (GC) macroelectrode was polished on microcloth pads with decreasing size alumina 
slurries (1.0, 0.3, 0.05 μm, Buehler Inc., IL, USA), followed by rinsing with de-ionised water (DIW) and 
drying under a gentle flow of nitrogen. Once dry, the electrodes were modified by drop casting an 
aliquot of the prepared DNA-cisPt sample (42 μL onto a 5 mm GC electrode) and drying under a lamp.  

7.3.2.2 Electrochemical testing 
The samples prepared (see Table 1) were electrochemically tested using a 3 electrode cell, involving a 
glassy carbon electrode (GC, 5 mm, BASi) as the working, a saturated calomel (SCE, BASi) reference 
and a bright platinum mesh counter electrode. The cell was controlled by an Autolab 128N 
potentiostat running Nova 2.1 software (Metrohm-Autolab BV, Netherlands). All potentials are 
reported against a SCE. All chemicals involved were used in their analytical grade and used without 
any purification. Perchloric acid (70 %, 99.99 % trace metals) (1 mM, pH 3) and sodium perchlorate (≥ 
98 %) as the supporting electrolyte (0.1 M) supplied by Sigma Aldrich. All electrolytes were made up 
with Milli-Q water (resistivity ≥ 18.2 MΩ.cm) (MilliQ, Millipore) and thoroughly degassed with dry 
nitrogen (oxygen-free, BOC Gases plc) prior to experimentation. 

7.3.2.3 Electron Microscopy 
The surface morphology of the material was attained using High Angle Annular Dark Field Scanning 
Transmission Electron Microscopy (HAADF-STEM) operated in both dark field and bright field imaging 
using a JEOL2100F instrument. The samples were prepared for imaging by casting 3 µL of the sample 
onto a 300 Cu mesh holey carbon TEM grid and drying under a lamp. Once the TEM grids were 
prepared, they were loaded into the furnace to achieve carbonisation of the material prior to their 
STEM imaging characterisation. The STEM was operated in Z-contrast mode using a HAADF detector 
at 200 kV acceleration voltage. STEM-EDX imaging was employed to observe the distribution of the 
platinum atoms in the DNA-cisPt nanomaterial.  

7.3.2.4 Low temperature pseudo pyrolysis process 
The low temperature pseudo pyrolysis of DNA was achieved in quartz tube within a tubular Carbolite 
MTF 12/38/400. The DNA-cisPt films prepared on the GC stub were loaded into a corundum boat 
which was then placed into the tubular furnace operating under an inert nitrogen atmosphere, which 
was purged at a rate of 50 mL min-1. The optimum reaction temperature was investigated for in the 
temperature range of 160 - 350 °C for 30 minutes (1), which is equivalent to a heat flow rate range of 
91.5 - 158.7 kJs-1 ( see appendix 4, section titled ‘heat flow rate and heating rate calculations’ for 
detailed derivations of the calculations). Under these reaction conditions, the heating rate changes 
from 4.5 to 10.8 °C min-1 as the temperature is increased, detailed in appendix 4.  
All the samples were carbonised at the optimised reaction conditions found of 255 °C for 30 minutes. 
This is equivalent to a heat flow rate of 129.8 kJs-1 and a heating rate of 7.7 °C min-1. 

Ratio of DNA to cisPt Concentration of cisPt /µM Concentration of sm-DNA /mM 
1:0 0 1 

1:10-4 0.1 1 
1: 10-3 1 1 
1: 10-2 10 1 
1: 0.1 100 1 

1:1 1000 1 
cisPt  1000 0 
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7.3.3 Surface chemical properties 
7.3.3.1 XPS 
XPS characterization was conducted at Harwell XPS, UK facilities to obtain the binding energies (BE) 
and survey spectra of the samples synthesized using α-Kl as the X-ray source (characteristic energy of 
1486.68 eV). The BE is reflective of the oxidation states of the elements in the DNA-cisPt adducts 
including Pt, Cl, C, P, N and O. The surface chemical properties of the 1 to 10-4 DNA-cisPt loading and 
the 1 mM virgin DNA films following pseudo pyrolysis of the material were explored to assess for any 
resulting changes in the elemental composition following treatment and most importantly to 
investigate and test for any graphitic content in the material.  

7.3.3.2 Raman characterization 
Raman was carried out with Renishaw system (RL633) with a 532 nm source and a laser power of 1 
mW. The integration time for each scan was set at 10 seconds and the instrumentation was controlled 
using a WIRE software. The sample was prepared by drop casting an aliquot (42 μL) of the 1 to 10-4 
DNA-cisPt and the 1 mM virgin DNA onto a 5 mm GC stub and drying under a lamp.  

7.4 Results and Discussion 
7.4.1 Optimum reaction conditions for the pseudo pyrolysis process 
In order to achieve the successful carbonisation of the DNA based material, the optimum temperature 
and the time duration for the pseudo pyrolysis process first had to be found. We previously identified 
that pyrolysis of DNA in the temperature range of 220 -250 °C (33) was feasible. A more recent finding 
by Nakoa et al. (1) suggested that a temperature of 250 °C for a duration of 30 minutes was sufficient 
for achieving the pyrolysis of DNA (1). At these process conditions, they were able to make fluorescent 
carbon nanowires (CNW) by aligning DNA nanofibers on a surface (1).  

To investigate and find the ideal temperature for the pseudo pyrolysis of the sm-DNA material, firstly, 
differential scanning calorimetry (DSC)4 testing was performed. Through this testing, the exothermic 
peak and consequently combustion temperature of sm-DNA in both solid and aqueous form could be 
found.  

7.4.2 Differential Scanning Calorimetry (DSC) 
Initially, the sample was prepared for testing by pipetting 1 µL of the aqueous 1mM DNA solution into 
an aluminium pan and leaving it overnight to evaporate. On the other hand, the solid unmodified form 
of the sm-DNA sample (used as provided by the supplier i.e. Sigma Aldrich) was placed into an 
aluminium pan and loaded directly into the sample holder of the DSC instrumentation. This was 
purged with nitrogen gas at an interchangeable rate between 40 and 60 mL min-1. The exothermic 
peak(s) for the material can simply be found from the resulting DSC curves that are produced. Figure 
2 displays the results.  

 

 

 

 

 

                                                             
4 The DSC testing was carried out with the assistance of Greg O'Callaghan (School of Chemistry, University of 
Birmingham) 
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The DSC testing shows that for the solid sm-DNA sample, an exothermic peak around 235 °C is 
measured, while for the aqueous DNA solution a weak signal at around 242 °C can be observed as 
highlighted in figures 2(A) and (B). These exothermic temperatures along with the findings reported 
in the literature (1) provide us with guidance on the ideal temperature range that should be used to 
investigate for the optimum temperature conditions for the pseudo pyrolysis process of DNA. As a 
start, a temperature range between 160 - 350 °C and a process duration of 30 minutes is selected, and 
is supported by the literature reportings by (1). 

Figure 2- Direct Scanning Calorimetry results displaying the (A) Exothermic peak for the solid DNA sample (B) Exothermic peak for the evaporated 
aqueous DNA sample. 

(A) 

(B) 
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7.4.3 Changes in the electrochemical response for the HER with pseudo pyrolysis process 
temperature 
The choice of the DNA-cisplatin loading  
To begin with, an investigation to seek an optimum reaction temperature and time for the pseudo 
pyrolysis process is conducted. This was achieved using an intermediate platinum loading in the DNA-
cisPt material as a representative of all loadings employed in this study (see Table 1), to conduct the 
experimental testing with i.e. 1:10-3 DNA-cisPt. A volume of 42 µL was drop cast onto a 5 mm GC stub 
surface and dried under a lamp. The furnace was prepared for the reaction by purging with nitrogen 
and setting to the desired temperature via a temperature controller. The prepared sample was placed 
into a corundum boat and loaded into the furnace. The pseudo pyrolysis process was conducted under 
an inert N2 atmosphere for a duration of 30 minutes at the desired temperature (i.e. in the range of 
160 to 350 °C).  

As discussed throughout this thesis, the HER (pH 3) is an archetypal simple electrocatalytic reaction 
and is therefore used as a means of monitoring the resulting changes to the electrocatalyst material 
following pseudo pyrolysis and specifically the influence of the process temperature and time. 
Specifically, the resulting changes to the peak potential (EP / V vs SCE) and current density (J /mA cm-

2) will be measured to reflect the electrocatalytic performance of the resulting material under each of 
these conditions. The current density value produced is based on the geometric surface area of the 
working electrode.  

The electrochemical testing is conducted using cyclic voltammetry at a scan rate of 50 mV s-1 in an 
electrolyte solution of 1 mM HClO4, 0.1 M NaClO4. Figure 3(A) displays the electrochemical response 
(forward scan) of the prepared 1 to 10-3 DNA-cisPt for the range of pyrolysis temperatures 
investigated.  
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It is evident from figure 3(A) that the electrochemical response of the 1 to 10-3 DNA-cisPt is significantly 
improved following pseudo pyrolysis, which suggests that carbonisation has been achieved. The 
enhanced electrocatalytic activity is reflected by the appearance of a peak with a current density 
output of around 2 mA cm-2 compared with the sigmoidal response of the untreated material. The 
absence of the electrochemical peak in the untreated 1 to 10-3 DNA-cisPt reflects the materials highly 
resistive nature, which is overcome via pseudo pyrolysis as shown across all temperatures 
investigated. In addition, it is also indicative of the lack of electrical contact across some regions of the 
catalyst films, which has previously been explained in our previous work (37) and chapter 4 of this 
thesis.  

The absolute value of the peak potential (Ep) and peak current density (JP) are noted and plotted as a 
function of temperature, see figure 3 (B & C) respectively. Both of these electrochemical parameters 
provide favourable catalytic behaviours i.e. whereby as the reaction temperature is increased, the Ep 

Figure 3 - (A) The electrochemical response for the HER (1 mM HClO4, 0.1 M NaClO4) 50 mV s-1 following pseudo pyrolysis in the temperature range of 
160-350 °C, 30 minutes. The corresponding variation of (B) Peak Potential (EP) (C) Peak current density (Jp) with temperature, * error bars based on a 

standard deviation error. 

(A) 

175 225 275 325200 250 300 350

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

1.12

1.14

 E
p

 / 
V

 v
s 

S
C

E

Temperature / C 

(B) 

(C) 

175 225 275 325200 250 300 350
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

J p 
/ m

A
cm

-2

Temperature / C

-2.0 -1.5 -1.0 -0.5 0.0

-3

-1

-4

-2

0
J 

/ m
A

cm
-2

E / V vs SCE

 untreated
 160
 200
 240
 250
 260
 270
 320



 

147 
 

is reduced and the catalytic activity i.e. Jp, is increased reaching an optimum temperature at 250 °C. 
However at 320 °C, although the peak current density output (Jp) is similar to that achieved at 250 °C, 
the Ep is unfavourably higher (1.08 V vs SCE) compared to 0.98 V vs SCE at 250 °C.  

From these findings, (see figure 3(B & C)), we deduce that temperatures beyond 200 °C give rise to 
significant changes in electrochemical response i.e. Jp and Ep. On the other hand, beyond a 
temperature of 300 °C, in terms of Ep, the electrochemical response shifts unfavourably towards the 
response of the carbonised material prepared at the lower end of the temperature range studied (i.e. 
< 200 °C). Furthermore, to define an optimum temperature, ideally a compromise between both 
electrochemical parameters i.e. Ep and JP should be made. A single parameter which allows us to do 
so would be the kinetic rate constant value (k0) of the reaction, however modelling the data to attain 
this measurement is beyond the scope of this study.  

The findings from the results in figure 3 suggest that we can narrow the temperature range initially 
proposed (i.e. 160-350 °C) to seek the optimum temperature for the pseudo pyrolysis process in a 
much more definitive range of 250-260 °C. Additionally, the trends in the electrochemical response 
observed in figure 3 can be described and correlated with the surface morphology of the material via 
STEM imaging characterisation. This enables a fair selection of the optimum temperature conditions 
for the pseudo pyrolysis to be made, with considerations to the resulting effects of temperature on 
the platinum nanoparticles (in the carbonised DNA-cisPt material), as detailed in the following section.  

7.4.4 How the surface morphology changes with the temperature of the pseudo pyrolysis 
process  
The effects of reaction temperature on the surface morphology of the platinum nanoparticles in the 
carbonised DNA-cisPt material can be revealed by studying the material properties via STEM imaging 
characterisation. An aliquot of 3 µL of the 1 to 10-3 DNA-cisPt sample is drop cast onto a 3 mm holey 
carbon TEM grid and prepared for carbonisation by insertion into the furnace at the desired 
temperature conditions chosen (250, 260 and 350 °C). The STEM imaging of the prepared TEM grids 
is achieved to test the hypothesis proposed i.e. that as the pseudo pyrolysis temperature increases, 
larger platinum nanoclusters will be measured. Figure 4 displays the results in both dark field (DF) and 
bright field (BF) mode. The size of the nanocluster is measured using the analytical tools in Image J 
software, see appendix 4 for detailed method.  

 

 

 

 

 

 

 

 

Figure 4- HAADF STEM imaging of 1 to 10-3 DNA-cisPt carbonised via a pseudo pyrolysis process for a 30 minute duration at 
(A) 250 ° C (DF) (B) 260 ° C (BF) (C) 350 °C (BF) on a 300 mesh holey carbon TEM grid. 

 

(A) (B) (C) 
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It is evident by comparing figures 4(A) to 4(B &C) that much larger platinum nanoclusters are produced 
as the temperature is increased which is reflected in the quantitative measurements (Table 2). The 
carbonised material at 250 °C produces platinum nanoparticles of an average size of 2.53 ± 0.25 nm, 
as opposed to the near two fold increase in size, from just a 10 °C increase in temperature (i.e. 4.00 ± 
0.77 nm at 350 °C).  

Table 2- The changes in the size of the platinum nanoclusters with temperature for carbonisation of 1 to 10-3 DNA-cisPt for 
the pseudo pyrolysis process of a 30 minute duration. 

 

 

 

*error bars are based on a standard deviation error. 

It has been reported that the agglomeration of metallic nanoparticles depends on the temperature of 
the system, film thickness and process duration (38). Taking into consideration these factors, we can 
develop an understanding of the effect of temperature change on the platinum nanoparticles, such as 
how it leads to the activation and diffusion of the metal particles on the DNA surface.  

During the diffusion of the platinum, inter-collision between the atoms takes place, resulting in the 
nucleation of the tiny nanoclusters (38). Therefore the agglomeration continues and increases at 
higher thermal energy inputs, which explains why the platinum nanocluster size measured (4.69 ± 1.51 
nm) at 350 °C is higher than the other temperatures tested. The increase in the standard deviation 
error with temperature is reflective of the increased non-uniformity in the size of the catalyst material 
across the DNA surface, as we expose it to a higher thermal energy level. 

This therefore explains the trends that we see in figure 3 i.e. reduced electrochemical performance 
for the HER with increased temperatures, since the platinum nanocluster size increases with heat 
input, resulting in deviations from the ideal catalyst size of 2.2 nm reported in the literature (39) for 
the HER in an acidic environment. Furthermore, these observations consolidate with the previous 
suggestions made to state that the optimum reaction temperature lies somewhere between the 250-
260 °C range given that it is between these two temperatures that the nanocluster size is drastically 
changed.  

7.4.5 Optimum reaction temperature in the range of 250 - 260 °C  
 The pseudo pyrolysis process is tested at three temperatures (250, 255 and 260 °C), following the 
same methods outlined above. In addition to the 1 to 10-3 DNA-cisPt loading, the changes in the 
electrochemical response of the 1 to 10-4 DNA-cisPt loading is also tested at these temperatures. 
Measuring the electrochemical response under the same reaction conditions as those applied above 
i.e. the HER (pH 3), the resulting changes to the average peak potential (Ep) and peak current density 
(JP) can be found as a function of temperature, see figure 5. The current density is measured based on 
the geometric surface area of the working electrode.  
The average values were found from repeated measurements of the carbonised material in this 
temperature range, see appendix 4, figure A4.1 for the resulting electrochemical response. The 
variation in the results obtained is accounted for by taking an average value of the Ep and Jp and 
observing the correlation between these parameters and pyrolysis temperature.  

 

Temperature condition of the 
pseudo pyrolysis process / °C 

Platinum Nanocluster size* / nm 

250 2.53 ± 0.25 
260 4.00 ± 0.77 
350 4.69 ± 1.51 
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From figure 5, it is evident that across this smaller temperature range, the changes in the magnitude 
of these electrochemical parameters i.e. Ep and Jp is also smaller, with overlapping error bars. Thus 
drawing conclusive remarks with statistical confidence is challenging.  

However for both loadings of cisPt, an optimum Jp is measured around 2.3 and 2.35 mAcm-2 at 1 to 10-

3 and 1 to 10-4 DNA-cisPt/GC surfaces respectively when the pseudo pyrolysis is conducted at 255 °C. 
Although the measured Ep at 260 °C is lower than at 255 °C (for both DNA-cisPt loadings), the 
difference in the value is insignificant (< 5 mV). 

Thus from these findings we can conclude that a temperature of 255 °C provides a compromise 
between Jp and EP and is sufficient for achieving the best electrochemical performance for the 
electrocatalysis of the HER by the DNA-cisPt material. The next part of this study will focus on 
investigating whether the duration time of the pseudo pyrolysis process at 255 °C can be changed to 
improve the electrochemical performance further.  
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Figure 5- The effect of changing the pyrolysis process temperature (250 - 260 °C) on the average Peak Potential (Ep) and Peak current density (Jp) 
for (A, B) 1 to 10-3 DNA-cisPt/GC (C, D) 1 to 10-4 DNA-cisPt/GC response for the HER (1 mM HClO4 and 0.1 M NaClO4) at 50 mV s-1 *Error bars 

displayed are based on a standard deviation error. 
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7.4.5 Influence of duration time of the pseudo pyrolysis process 
The material was prepared using the same methods described above and an optimum time for the 
pseudo pyrolysis reaction at 255 °C is explored using the 1 to 10-4 DNA-cisPt material. The 
electrochemical testing involved the use of a new saturated calomel reference electrode (SCE) thus 
we account for possible deviations in the measurements of the peak potential (EP) presented here, 
compared to the previous measurements using a different SCE reference. To do so, a study of the 
stability of the saturated calomel reference electrode is made and detailed in appendix 6. The findings 
of this study reveal that insignificant deviations across the different SCEs tested is seen, suggesting 
that the potential measurements made against the two SCE references in this work can be compared 
without concern. The resulting changes to the Ep and JP with the duration time of the pseudo pyrolysis 
process is displayed in the figure below.  

 

 

 

 

From figure 6, it is evident that, like the other process parameter explored before in this work i.e. 
temperature, the selected reaction time for the pseudo pyrolysis process needs to compromise 
between the Ep and Jp. We find that for each of these electrochemical parameters, the shift is more 
favourable with duration time of the reaction i.e. a higher Jp and lower Ep. However, since the changes 
between 30 and 45 minutes are smaller than that observed between 15 and 30 minutes, it is sensible 
to decide on 30 minutes as being the optimum reaction time for the pseudo pyrolysis given that the 
energy costs associated with running the process for longer times are not justified with the outcome 
of the catalytic response at a lower energy level i.e. a small difference in the Ep and JP result at 45 
minutes compared with 30 minutes for the 1 to 10-4 DNA-cisPt loading. Similar observations are made 
for the electrochemical response of the 1 to 10-3 DNA-cisPt material, to conclude that 30 minutes 
offers the best compromise between the Ep and JP. The experimental results are provided in appendix 
4, figures A4.2 to A4.4.  

This therefore brings us onto making the following proposal of whether changing the pseudo pyrolysis 
temperature and process duration are interrelated factors, which we can combine to reduce the 
overall energy costs associated with the process. For example, whether we can achieve the 

Figure 6- The effect of changing the duration time of the pseudo pyrolysis process at 255 °C on the average (A) Peak Potential (Ep) and (B) Peak 
current density (Jp) for the 1 to 10-4 DNA-cisPt/GC response for the HER (1 mM HClO4 and 0.1 M NaClO4) at 50 mV s-1 *Error bars displayed are based 

on a standard deviation error. 
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carbonisation of the material at a higher temperature but lower reaction time. This is investigated and 
discussed below. 

7.4.6 How temperature and time are interrelated parameters for the pseudo pyrolysis 
reaction 
Up till this point, the resulting changes in the electrochemical response has been explored as a 
function of either the process temperature or reaction time individually. The experimental findings 
have shown that conducting the pseudo pyrolysis reaction at 255 °C for a duration of 30 minutes was 
sufficient for achieving the carbonisation of DNA. Herein, we investigate the hypothesis proposed to 
explore whether time and temperature are interrelated factors, with a combined effect, such that the 
same improved electrocatalytic behaviour can be attained at a higher temperature and lower reaction 
time and vice versa. This would be favourable in terms of reducing the energy production costs for 
future considerations. In this work, three pyrolysis reaction conditions are selected including: (1) 280 
°C, 10 minutes (2) 255 °C, 30 minutes and (3) 200 °C, 60 minutes for the carbonisation of 1 to 10-4 DNA-
cisPt material. Figure 7 displays the electrochemical response for the HER (pH 3) under the conditions 
specified.  
 
 

 

 

 

 

 

 

 

 

 

Based on the results in figure 7, it is clear that as we increase the pseudo pyrolysis reaction time, 
higher current density outputs can be measured. Meanwhile, conducting the pseudo pyrolysis process 
at a higher temperature results in a small shift in the Ep towards that of a bulk platinum response i.e. 
in the direction to the right of the voltammogram. 

 Table 3- How temperature and time are interrelated parameters for the pseudo pyrolysis process. 

 

Pseudo pyrolysis temperature (° C) , Duration time 
(min) 

Ep / V vs SCE Jp / mAcm-2 

200 , 60  -0.848 -2.20 
255 , 30  -0.841 -2.28 
280 , 10  -0.840 -1.71 

Figure 7- The electrochemical response for the HER (1 mM HClO4, 0.1 M NaClO4) at 50 mVs-1 at different temperature conditions and 
times for the pseudo pyrolysis process of 1 to 10-4 DNA-cisPt casted on 5 mm GC. 
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From Table 3 it can be seen that at condition (2) i.e. 255 °C, 30 minutes, optimum reaction conditions 
are provided for the pseudo pyrolysis while at a higher temperature but shorter exposure time, a 
significant reduction in the current density output is measured i.e. -1.71 mA cm-2 compared with -2.2 
vs. -2.28 mA cm-2 measured at conditions (1) and (2) respectively. Thus what we can conclude from 
these findings is that the temperature effect is greater than time as a process parameter for the 
pseudo pyrolysis reaction.  

This consolidates with our previous findings to suggest that 255 °C and 30 minutes are the optimum 
conditions for the pseudo pyrolysis process. The carbonisation of the DNA-cisPt material employed in 
this study can therefore be achieved and consequently, characterisation of the resulting material can 
be made using both electrochemical methods and STEM imaging characterisation under these 
conditions.  

7.4.7 Pseudo pyrolysis at the optimum reaction conditions for a range of DNA-cisPt loadings 
7.4.7.1 Electrochemical response  
Preliminary experiments involving the preparation of the samples using the same ways described 
above, were performed on both carbonised and untreated DNA-modified GC and cisPt modified GC, 
as the working electrode to determine how the absence and presence of platinum metal affects the 
electrochemical response for the HER at pH 3. All current densities (Jp) measured were based on a 
geometric surface area of the working electrode and the onset potential was defined at a current 
density output of 0.1 mA cm-2 (σ 0.1 mAcm

-2).  

The results displayed in figure 8(A) demonstrate the significant improvements that can be attained in 
the electrochemical response for the HER (pH 3) over the surface of DNA/GC modified electrode 
following carbonisation of the material. This is reflected in the increased current density output (JP) 
and smaller onset potential (σ 0.1 mAcm

-2) which shifts from -1.12 V to -0.69 V vs SCE. 

However, in the absence of DNA, the thermal treatment of bulk cisPt results in unfavourable changes 
to the electrochemical response of the electrocatalyst material compared with the untreated 
counterpart. It can be proposed that this due to the resulting changes in the size of platinum 
nanoclusters following exposure of the material to heat. This is explored further in the latter section 
of this chapter using STEM imaging characterization.  
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Figure 8- The influence of the pseudo pyrolysis temperature employed on the electrochemical response of 42 µL of (A) 1 mM 
DNA (B) 1 mM cisPt cast on GC (d = 5 mm) for the HER ( 1 mM HClO4, 0.1 M NaClO4) at 50 mVs-1 ( Carbonization at 255 °C, 

30 minutes). 

The electrochemical response of the heat treated cisPt changes with the cycle number of the 
voltammogram over the surface of the working electrode. This is evident from the disappearance of 
the first peak in the 3rd cycle, which was observed in the first scan at around -0.51 V vs SCE, and the 
higher current density output (Jp) at the second peak at -0.89 V vs SCE in the third scan compared to 
the smaller Jp at this potential in the 1st scan. Furthermore, the unfavourable changes resulting in the 
heat treated cisPt material are reflected by comparing the values of the onset potential (σ0.1 mAcm

-2) 
with those of the untreated cisPt, which is found to be much lower than the heat treated cisPt, see 
Table 4. However, the combination of DNA with cisPt at a range of low loadings of the platinum metal 
results in more favourable results in the electrochemical response for the HER (pH 3) following 
carbonisation of the material via pseudo pyrolysis compared to its absence, as shown in figure 9.  
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Figure 9- The resulting change in the voltammetry response for the electrocatalysis of the HER ( 1 mM HClO4, 0.1 M NaClO4) at 50 mVs-1 after undergoing 
pyrolysis at 255 °C for 30 minutes (A) 1 to 10-4 DNA-cisPt (B) 1 to 10-3 DNA-cisPt (C) 1 to 10-2 DNA-cisPt (D) 1 to 10-1 DNA-cisPt (E) 1 to 1 DNA-cisPt. 
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From figure 9, the electrochemical parameters, shown in Table 4, can be deduced to compare and 
contrast between the performances of the synthesized material for the range of platinum loadings 
employed. 

Table 4- Comparison between the peak potential, current density and onset potential (σ) attained at the modified GC 
electrode surfaces of the different ratios of the DNA-cisPt material before and after carbonisation via pseudo pyrolysis at 

255 °C, 30 minutes. 

 

 *Current density measurements are based on a geometric surface area of the working electrode  

From Table 4, it becomes clear that similar to the observations made for the DNA/GC working 
electrode, following carbonisation, the onset potential for the HER (pH 3) is significantly reduced for 
all the cisPt loadings employed in the DNA-cisPt films. Furthermore, the electrocatalytic activity i.e. Jp 

is much higher over the surface of the carbonised films compared to before its treatment, due to the 
highly resistive nature of the material prior to the pseudo pyrolysis process. To explore whether the 
mass loading of the platinum metal (i.e. cisPt loading) in the material is influencing the catalysis 
significantly, the electrochemical parameters defined in Table 4 are graphically constructed as a 
function of cisPt loading as shown in figure 10.  

Ratio of DNA:cisPt/GC 
modified Electrode 

Surface 
 

Peak 
potential 
(Ep) / V vs 

SCE 
± 0.01  

Peak current 
density* 

(Jp) /mA cm-2 

± 0.01 
 

Onset potential 
( σ) / V vs SCE 
@ 0.1 mA cm-2 

Untreated 

Onset potential ( σ) / 
V vs SCE @ 0.1 mA 

cm-2 

 Heat treated via 
pseudo pyrolysis 

Bare GC -0.88 -3.99 -0.61 - 
1:1 -0.92 -1.84 -0.71 -0.65 

1:10-1 -0.91 -1.47 -0.81 -0.67 
1:10-2 -0.91 -1.40 -0.77 -0.67 
1:10-3 -0.92 -1.87 -1.43 -0.69 
1 :10-4 -0.90 -1.38 -0.93 -0.67 

0:1 untreated -0.47 -11.0 -0.35 - 
0:1 (1st scan) -0.51, -

0.90 
-0.315, 
-1.07 

-0.35 -0.47 

0:1 (3rd scan) -0.98 -1.46 -0.35 -0.73 
1:0 -0.89 -1.49 -1.12 -0.69 
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From figure 10 (A) it is evident that for the range of cisPt loadings studied i.e. platinum metal loading 
ranging from 0.75 ng to 7.5 µg , the onset potential does not drastically change with metal content 
following carbonisation of the DNA-cisPt material (from -0.67 V to -0.65 V vs SCE), see Table 4. 
Similarly, we find that changes in the peak potential are statistically insignificant with cisPt loading, 
ranging from -0.9 to -0.92 ± 0.01 V vs SCE, as illustrated in figure 10(B). Alternatively, the 
electrocatalytic activity i.e. peak current density (Jp) increases with the cisPt loading (excluding the 
bulk cisPt response) from -1.38 to -1.84 mA cm-2 following carbonisation of the material as shown in 
figure 10(B).  
It can be proposed that this results because of the dependence of the catalysis of an electrochemical 
process on the inter-particle distance between the catalyst sites. For example, it has been reported by 
Chumillas et al. that for the catalysis of the oxidation reactions of formic acid and ethanol, full catalytic 
activity was observed when the inter-particle distance of the Pt nanoparticles on the carbon support 
was higher than 20 nm (40). Thus a similar idea is proposed here for the HER i.e. that as the loading of 
the cisPt is reduced, the inter-particle distance is increased between the platinum nanoclusters i.e. 
towards the ideal inter-particle spacing resulting in higher current density (JP) outputs.  

However, the heat treatment of the material in the absence of DNA i.e. bulk cisPt, produces a much 
lower current density output (JP). It can be proposed that this reduced electrocatalytic activity 
(compared to the catalytic response before the pseudo pyrolysis) can arise from the increased 
clustering of the platinum which reduces the diffusion flux of the reactants ( H+) to the internal parts 
of the catalyst surface (41) resulting in a reduced access to the active sites of the platinum. The 
continued diffusion and consequently increased agglomeration of the platinum metal result in further 
deviations from both the preferred geometry and ideal particle size for the catalysis of the HER. A 
more detailed discussion on this, specific to the HER in acidic conditions has already been made in 
chapters 4 and 5.  

To carry out a further in depth analysis and understanding of the changes in the electrochemical 
performance with cisPt loadings, correlations could be made with the resulting changes to the surface 
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Figure 10- The variation in (A) onset potential (σ0.1 mAcm-2) (B) peak current density (Jp) and peak potential (Ep) as a function of cisPt loading in 
the DNA–cisPt material following carbonisation (255 ° C, 30 minutes) compared to the untreated DNA-cisPt based material.  
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morphology of the material i.e. the size of the platinum nanoclusters following carbonisation via 
pseudo pyrolysis. This is detailed in the following section.  

7.4.7.2 How the changes in the surface morphology of carbonised DNA-cisPt changes with 
cisPt loading 
Initially, STEM imaging of a heat treated blank holey carbon TEM grid was made (blank experiment) 
to rule out any characteristics in the surface morphology of this substrate from being associated with 
the morphology we observe when testing the DNA-cisPt material that is casted on it, see figure 11 (F). 
Appendix 4, figure A4.5 illustrates the range of the surface characteristics resulting to the TEM grid as 
a result of its heat treatment. This enables us to effectively distinguish between the resulting changes 
to the carbon in the TEM grid substrate from the carbon in the drop cast films of our DNA-cisPt based 
material following heat treatment, see figures 11 (A-E).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The influence of the temperature conditions on the surface morphology of platinum has previously 
been studied by Guo et al. (42), for a wide temperature range (200 – 800 °C) (42). From their 
experimental work, they found that for ultra-thin layers of platinum films casted on a TiO2-terminated 
SrTiO3 (001) substrate, the morphology was changed from that of thin continuous films to much larger 
nanoclusters as the temperature was increased. This is similar to the findings we made previously in 
this chapter, and specifically the observations noted for the 1 to 10-3 DNA-cisPt material. However, 
focusing on the resulting changes to the platinum nanoparticle size following heat treatment in the 
absence of DNA, we find that despite the significant change in the voltammetry (unfavourable), 
surprisingly, the size of the observed platinum nanoclusters is not changed significantly following its 

(A) (B) (C) 

(D) (E) 

(A) 

(F) 

Figure 11- (A, B) untreated bulk cisPt solution (1 mM) (C) 1 mM cisPt carbonised at 255 °C, 30 minutes (D) 1 to 1 DNA-cisPt carbonised at 
255 °C, 30 minutes (E) 1 to 10-3 DNA-cisPt carbonised at 255 °C, 30 minutes drop cast on 300-Mesh Cu Holey Carbon TEM grid (F) blank 

300-Mesh Cu Carbon TEM grid carbonised at 255 °C, 30 minutes. 
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heat treatment, (comparing the morphology of the material in figures 11(A &B) to that in figure 11(C)). 
By measuring the size of the platinum nanoclusters in figures 11(A) & (C) using the tools in Image J, 
we find that an average size of 1.76 ± 0.27 nm is found for the platinum nanoclusters following heat 
treatment of the material (255 °C, 30 minutes) which is comparable to the average diameter of the 
untreated cisPt (1.81 ± 0.26 nm) of the same concentration found (see chapter 4), based on 27 
measurements and a standard deviation error. These values are within the range of the measurements 
reported in the literature for platinum nanoclusters in the cisPt molecule i.e. 1.84 nm (43). 

7.4.7.3 Changes in the platinum nanocluster size in the carbonised DNA-cisPt material 
In the presence of DNA, the carbonized material has platinum nanoclusters of a much larger size i.e. 
an average nanocluster diameter of 3.51 ± 0.04 nm (figure 11 (D)) compared to in its absence i.e. 
carbonised cisPt (figure 11(C)). Thus it becomes clear from these observations that the heat treatment 
results in changes to the surface morphology of the material and that the increased size of the 
platinum nanoclusters following heat treatment is much more significant in the presence of DNA 
(figure 11(C) vs. (D)).  

Furthermore, the morphology of the material is also influenced by the metal loading, whereby an 
average diameter of 2.46 ± 0.25 nm was measured for the platinum nanoclusters in the 1 to 10-3 DNA-
cisPt carbonised material as opposed to 3.51 ± 0.04 nm in the carbonised 1 to 1 DNA-cisPt material. 
In addition, at a lower platinum metal loading, we are more likely to observe localised individual 
platinum atoms (highlighted in figure 11(E)) compared to a higher platinum loading (figure 11(D)). 
These findings support the trends in figure 10, whereby despite the 1 to 1 DNA-cisPt having a much 
higher cisPt loading, the nanocluster size of the platinum catalyst at a lower metal ratio i.e. < 1:1 DNA-
cisPt, is closer to the ideal platinum catalyst size of 2.2 nm for the HER under acidic conditions (38) . 
From an electrochemical standpoint it has been estimated that a minimum of 5 atoms of Pt are 
required to electrolyse acidic solutions (44) which suggests that at lower platinum loadings, the DNA-
cisPt films may reduce to form large enough clusters sufficient for the HER. This phenomena has 
previously been explained in chapter 4.  

7.4.7.4 Surface morphology of carbonised DNA 
The more interesting result is in the small variation in the onset potential of carbonised DNA compared 
with the metal containing carbonised DNA-cisPt material. Specifically, the higher current density 
output measured at the surface of the carbonised DNA compared to ≤1:10-1 DNA-cisPt loadings is 
particularly interesting and requires further investigation. Additionally, a lower peak potential (Ep) is 
measured for the carbonised DNA compared to ≤ 1:1 carbonised DNA-cisPt films, suggesting great 
potential in the use of carbonised DNA as a metal free electrocatalyst.  

These findings can be further understood by investigating the resulting changes to the surface 
morphology of the DNA following its carbonisation. The lattice structures and rings observed in the 
surface morphology of the carbonised DNA (figures 11 (B) &(C)) compared with the amorphous carbon 
in the virgin untreated DNA film imply the development of a new material following this heat 
treatment process. A range of different surface morphologies are observed across the TEM grid 
surface via STEM imaging characterisation as shown in figures 12(B) &(C). See appendix 4 for the range 
of surface morphologies observed via STEM imaging of the carbonised DNA films.  
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Figure 12- STEM imaging in Bright Field (BF) mode of 3 µL films of (A) 1 mM virgin untreated DNA solution (B,C) carbonised 
1 mM virgin untreated DNA solution (255 °C, 30 minutes) drop cast on 300-Mesh Cu holey carbon TEM grid. 

7.4.8 Measurement of lattice spacing: FFT and D-spacing functions 
To characterize this material accurately, the lattice spacing’s measurements can be attributed to a 
spacing that it corresponds to in the literature. For the range of morphologies observed, a built in tool 
based on the Fast Fourier Transform (FFT) function in image J enables lattice spacing measurements 
to be made. By moving the cursor to the point on the plane that represents a lattice, the spacing can 
be found and is displayed in the status bar as illustrated in figure 13 (A) & (B).  
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(A) 

(B) 

Figure 13- STEM Imaging characterization of the lattice spacing of carbonised DNA (255 °C, 30 minutes) using Fast Fourier 
Transform in image J (A) Onion-carbon regions (B) Graphitic like region. 
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These measurements were further consolidated using another measuring tool in Image J known as 
the d-spacing tool, to support the measurement findings using the FFT function. An example of the 
produced d-plot from the line drawn across the area of interest on the STEM image is shown: 

 

 

 

 

 

 

 

 

 

 

The d-spacing i.e. distance per number of points is found from the graph displayed in figure 14 (B) and 
corresponds to a lattice spacing of 0.206 nm. This is in line with the measurements found using the 
FFT function (figure 13). These measurements are also made for the 1 to 10-3 DNA-cisPt, the 1 to 1 
DNA-cisPt and the 1000 µM cisPt, all carbonised at the optimum reaction conditions ( 255 °C, 30 
minutes). In addition, the lattice spacing of the untreated cisPt (1000 µM) using the FFT function and 
the d-plots was also found, and are presented in Table A4.1 in appendix 4.  

7.4.8 Literature reportings on lattice spacing  
The pseudo pyrolysis process of a complex polymer like DNA will inevitably lead to challenges being 
faced when trying to ascertain the resulting material being made purely from the morphology that the 
material develops following its heat treatment i.e. pseudo pyrolysis process. It has been reported in 
the literature (45) that heat treatment of carbonaceous materials such as aromatics, phenolic and 
polymeric hydrocarbons commonly results in the formation of carbon black. A more complex 
morphology is normally observed in polygonised carbon black prepared by pseudo pyrolysis. This is 
reported by (45) to be a complex three dimensional interweaving net of graphite-like layers. Therefore 
on some regions we may find that regions of carbon black found in the amorphous carbon film may 
contain poorly crystallized regions of the graphite-like structure (45) as shown below:  

Figure 14- STEM HAADF imaging in bright field (BF) mode of 3 µL of (A) 1 mM virgin untreated DNA solution carbonised ( 255 °C, 30 
minutes) (B) Corresponding d-plot for lattice spacing using the d-spacing tool in Image J. 
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The structure of the starting material influences how graphitic the final product made is. For example, 
thermal decomposition of aromatic rings are more likely to result in the growth of regions of a 
graphitic-like structure via a graphitization process since the hexagonal ring is preserved considerably 
during the decomposition process. Commonly, a lattice spacing of 0.34 nm is normally reported for 
graphite (45). These literature reportings suggest that the region on the TEM grid containing the 
carbonised DNA in figure 13 (B) has a lattice spacing of graphitized carbon.  

On the other hand, a lattice fringement spacing of an average of 0.21 nm corresponds to the lattice 
spacing commonly reported for nano-diamond (ND) particles (46). The arrangement of crystalline 
carbon with a lattice spacing of 0.21 nm in ND as reported in the literature (46) is shown in figure 16(A 
&B). This can be correlated well with the surface morphology of the virgin sm-DNA films ( see figure 
16 (C)) that are casted and subsequently heat treated ( 255 °C, 30 minutes) on the TEM grids, where 
a lattice spacing equivalent to 0.21 nm can also be measured using the FFT function as shown in figures 
16 (D &E).These lattice spacing measurements are consolidated with further measurements made 
using the d-plot function to equate to a 0.213 nm spacing, see figure A4.19, appendix 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15- HR-TEM image of a hollow shell made up four layers of graphite, which are surrounded by a layer of amorphous carbon. Markers 
indicate a scale of 20 Angstroms, copied from Iijima (45). 
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Figure 16 – (A) Literature reportings of a schematic diagram of Nano Diamond (ND) and (B) HR-TEM photomicrographs of the lattice spacing of the 
Nano Diamond (ND) copied from Choi & Kim (46). STEM imaging of 1000 µM virgin DNA solution used in this work cast on holey carbon TEM grid 
and subsequently heat treated at 255 °C, 30 minutes at a magnification of (C) 15 million (D) 20 million (E) 15 million and their corresponding FFT 

measurements. 
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Therefore, we can conclude that the carbonisation of the DNA polymer results in the fabrication of a 
carbon based material with a complex surface morphology consisting of regions of graphitic character. 
It can be proposed that based on the findings from the lattice space measurements, (figures 13(A) and 
14), we may have also fabricated regions of nano-diamond structures via this pseudo pyrolysis 
process. However, there is a need for further testing of the material, such as its chemical composition 
via X-ray Diffraction (XRD) and or X-ray Photoelectron Spectroscopy (XPS) to validate these 
observations being made.  

It can be proposed that depending on which component/region of the DNA is being exposed during 
the STEM imaging process, i.e. the phosphate backbone or the nucleotide bases, non-uniformity in 
the morphology is likely giving rise to the different lattice spacing measurements we obtain. In 
addition, the nature of the drop-casting techniques could result in a non-uniform film thickness across 
the carbon TEM grid which can affect the morphology observed. To discover the chemical nature of 
the material that is developed following carbonisation via a heat treatment process, Raman 
spectroscopy and X-ray Photoelectron Spectroscopy (XPS) analysis are employed to investigate the 
chemical composition of the material and consequently validate the findings of the lattice space 
measurements from the STEM imaging characterisation.  

7.4.9 Raman spectroscopy  
A volume of 42 µL of 1 mM virgin DNA solution was drop cast onto GC stubs of 5 mm diameter to 
prepare the sample for carbonisation. The material was consequently carbonised via a pseudo 
pyrolysis process at 255 °C for a duration of 30 minutes and consequently loaded into the chamber of 
the Raman spectroscopy instrumentation operating at the conditions specified above, see materials 
and experiments section. The following Raman spectrum was produced and is presented in figure 
17(B) below.  
 
 

 

 

  

 

 

 

 

 

 

 

 

It was reported by (47) that for graphene and graphite based materials, the appearance of the peaks 
on the spectra commonly occur at the regions shown in figure 17 (A). Comparing and contrasting 
between the appearance of the peaks and regions that they occur at, we find that there is close 
resemblance to the spectra of the carbonised DNA with the spectra reported for graphite in the 

Figure 17- Raman spectra of graphite, metallic and semi-conducting carbon nanotubes, low and high sp3 amorphous carbon, copied 
from Ferrari (47) (B) Raman Spectra of carbonised 1mM DNA drop cast on GC (d=5 mm) ( 255 °C, 30 minutes). 
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literature, as opposed to the other materials shown. The small peak around 2725 cm-1 and the two 
peaks around the 1500 cm-1 could be associated with a material of a graphitic character. However, 
although the results are promising conclusive remarks from these results cannot be made confidently, 
thus repeated testing is required to attain an improved signal with reduced noise in the spectra shown 
in figure 17(B). In addition, specific testing for surface defects is suggested as future work 
recommendations via Raman spectroscopy and XPS. This will detect whether the presence of defects 
such as oxygen vacancies or nitrogen are responsible for the improved electrocatalysis observed 
following heat treatment.  

7.4.10 XPS characterization  
In order to gain an insight into the chemical changes resulting from the carbonisation of the DNA-cisPt 
material via pseudo pyrolysis, XPS testing is carried out for the 1:10-4 DNA-cisPt and 1 mM virgin DNA 
films to explore whether the presence of platinum metal has an effect on the chemical composition 
resulting from heat treatment of the material. The XPS characterization of the untreated material has 
been discussed previously in chapter 3. The samples were prepared for XPS characterisation by drop 
casting 42 µL of the material onto a polished GC stub and consequently drying under a lamp. The 
prepared films were then carbonised by placing into a furnace operating under an inert nitrogen 
atmosphere set at 255 °C for a duration of 30 minutes. The samples were sent for characterisation by 
Harwell XPS facilities (UK), where the sample preparation and testing took place. The aim of XPS 
characterization is to discover whether following pseudo pyrolysis, the DNA is affected and changed 
to acquire more graphite-like characteristics. The results in figure 18 display the XPS results for the C 
1s spectra.  

 

 

 

 

 

 

 

 

 

 

 

 

 

From figure 18, it is evident that there is a large difference in the carbon spectra of the DNA compared 
with that of the DNA in the presence of platinum. A material can be described as being graphitic if it 
consists of regions of sp2 and sp3 character (27). It has been reported by Sokolov et al. (27) that the 

Figure 18- XPS C 1s spectra for carbonised material via heat treatment on drop cast films on GC (Blue) 1 to 10-4 DNA-cisPt and (Red) 1000 
µM sm-DNA (255 °C, 30 minutes). 
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area under the curve of the peak at 284.5 eV can assigned to the sp2 contribution /ratio in the material, 
while the area under the peak centred between 285.0 and 285.5 eV is assigned to the sp3 character. 
This has also been detailed before in chapter 6. The 1 to 10-4 DNA-cisPt reports a much higher sp3 
carbon content and around 14 % sp2 carbon, while the DNA material appears to be predominantly 
graphitic. Future work, focusing on repeating the XPS tests for the range of platinum loadings used in 
this study is recommended.  

7.4.11 Electrochemistry of the carbonised DNA compared with a nitrogen, phosphorus 
doped carbon  
The use of DNA has previously been reported as a precursor material for the synthesis of nitrogen 
doped carbons (48). Previous findings made on the pyrolysis of DNA have shown that as the pyrolysis 
temperature increased, the nitrogen content in the material increased and high amounts of pyridinic-
N and graphitic-N could be produced particularly at high temperatures (800 °C) (48).  

Pyridinic-N and graphitic-N are two types of nitrogen species that can be identified at the atomic level. 
Pyridinic-N refers to N bonded to two C nearest neighbours, while graphitic-N refers to N bonded to 
three C nearest neighbours (49). It has therefore been claimed that following carbonisation, different 
amounts of N-bonding configurations are formed leading to higher contents of pyridinic-N and 
graphitic-N and consequently improving the electrocatalytic performance for the oxygen reduction 
reaction (ORR) (48), which is a more commonly studied electrochemical reaction.  

Similarly for the HER, it has been reported that an improved performance of the phosphorous nitrogen 
doped graphene (PNG) can be attributed to the higher crystallinity and better distribution of a large 
number of catalytic active sites i.e. pyridinic-N on the material (50).  

It can therefore be proposed that DNA in this study acts as a precursor material for a nitrogen and 
phosphorous doped carbon, which following carbonisation is converted to acquire characteristics of a 
graphitic carbon. Following heat treatment, the resulting changes to the nitrogen configuration in the 
DNA gives rise to an improved electrochemical performance, which is equivalent to the performance 
attainable by a platinum metal containing DNA-cisPt material.  

In addition, Hung et al. (51) showed that a phosphorous-nitrogen doped graphene had a higher 
performance than individually doped nitrogen or phosphorous graphene due to the combination of 
higher crystallinity, the P-C bonds being in proximity to graphitic-N, and a higher fraction of pyridinic-
N which could create a synergistic effect (51). Therefore, we can suggest that in a DNA-cisPt material, 
the interactions of Pt with the nitrogen in the DNA suppress electronic contributions from being made 
by the nitrogen atoms such that the catalyst support becomes equivalent to a phosphorous doped 
graphene as opposed to a NP-doped carbon in the absence of cisPt. This is supported with the 
literature reportings (52) for the ORR where for the graphitized nitrogen-carbon nano-onion rings, the 
enhancement in the activity of the material is assigned to the improved electron transport and 
abundance of exposed catalytic sites, resulting from the mesoporosity and doping of the heteroatom.  

7.4.12 Mechanism of the Hydrogen Evolution Reaction (HER) 
7.4.12.1 Tafel Plots at 50 mV s-1 

To further compare how the electrocatalytic behaviour changes following carbonisation of the 
material, we assess the mechanism of the reaction by considering the changes in the magnitudes of 
the Tafel slopes. Tafel plots were constructed to reveal the reaction mechanism of the HER at each 
working surface based on the theoretical information provided in the literature (53),(54) and (55) and 
has already been discussed in detail in chapters 2-6. From the Tafel plots, the magnitude of the Tafel 
slope can be found and expressed as a function of cisPt loading as shown in figure 19, which compares 
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the magnitude of the slope to the widely accepted and reported theoretical limits. The rate 
determining reactions for the Volmer, Heyrovsky and Tafel steps correspond to a Tafel slope of 120, 
40 and 30 mV dec−1 respectively. Table 6 presents the corresponding Tafel slope for each material 
tested.  

Table 6-The changes in the Tafel slope found before and after heat treatment (255 ° C, 30 minutes) and before and after e-
beam irradiation (5 keV, 24 minutes) at the different DNA-cisPt loadings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The most obvious correlation that has also been noted in chapter 4, is that with increased platinum 
metal loadings, there is a reduction in the magnitude of the Tafel slope as we move to the maximum 
platinum loading i.e. bulk cisPt. This reflects the change in the mechanism of the apparent rate limiting 
step for proton reduction i.e. from a Volmer to a Heyrovsky mechanism, see Eq. (7) & (8) respectively 
in chapter 4. The more interesting result is the significant reduction in the Tafel slope for a given cisPt 
loading following carbonisation of the material via pseudo pyrolysis.  

This is also reflected in the change of reaction mechanism of the HER in figure 19(B). This entails the 
transition from a Volmer reaction to a Volmer-Heyrovsky reaction. This corresponds with the 

DNA-cisPt ratio/GC 
modified surface  

Tafel slope of Untreated 
material / mVdec-1 

Tafel slope of heat treated 
material / mVdec-1 

Tafel slope of e-beam 
irradiated material / 

mVdec-1 
Bare GC 149 - - 

DNA (1 mM) 425 138 331.1 
1:10-4 395 152 107.9 
1:10-3 381 - 114 
1:10-2 381 179 137.3 
1:10-1 331 170 133.7 

1:1 327 157 50.4 
cisPt (1 mM) 68.6 142 - 

Pt UME 27.3 - - 

Figure 19- (A) Tafel plots for HER (1 mM HClO4, 0.1 M NaClO4) 50 mVs-1 carbonised via a pseudo pyrolysis process at 255 °C, 30 minutes (B) The variation 
in the Tafel slope as a function of the calculated cisPt loading in the material before and after carbonisation (255 ° C, 30 minutes) and how it compares 

against the well reported slopes of the theoretical mechanisms proposed in the literature. 
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experimental observations made previously to suggest that the electrochemical response for the HER 
is improved following e-beam treatment of the DNA-cisPt material in a similar way to chapter 6 and 
as shown in the data presented in Table 6.  

It is evident that for both the heat treated and e-beam irradiated DNA-cisplatin material, a high Tafel 
slope is measured (> 120 mVdec-1) despite the improved electrocatalytic performance. From literature 
reportings, high Tafel slopes are commonly attributed to a (highly) porous electrode material such as 
carbonised porous conducting polymers , where a Tafel slope in the range of 150 - 205 mV dec−1 was 
measured for the HER (56). Similarly, for a 3D porous carbon material a Tafel slope of 154 mVdec-1 is 
reported for HER (in a 0.1 M potassium hydroxide supporting electrolyte (KOH)) (56).  

Despite these high Tafel slopes, high electrocatalytic activities can still be attained and have been 
explained as resulting from the high surface area from the porous and homogeneous morphology of 
the material for catalysing the HER (57). This is pivotal towards the development of more suited 
electrocatalyst materials for HER, whereby the porous structure at the nanoscale will provide a large 
and electrochemically accessible surface area to enable fast charge transfer reactions to take place 
(58). 

7.5 Conclusions  
In this work, we have shown that carbonisation of the DNA/GC and DNA-cisPt /GC modified electrode 
can significantly improve the electrochemical behaviour towards the catalysis of the HER in pH 3, 
compared to the untreated counterpart. The temperature conditions employed for the carbonisation 
process of the DNA-cisPt material has a positive correlation with the measured nanocluster size of the 
platinum metal and this is also reflected in the electrochemical response for the HER. The best 
electrocatalytic performance is measured at the optimum pseudo pyrolysis conditions of 255 °C for a 
duration of 30 minutes.  

In addition, we find that at reduced loadings of platinum in the presence of carbonised DNA, a smaller 
platinum nanocluster size is measured for example in the 1 to 10-3 DNA-cisPt material compared to 
the 1 to 1 DNA-cisPt loading.  

The carbonised DNA is compared with an N, P-doped graphene, which explains the improved 
electrocatalytic performance equivalent to that attained in the presence of the platinum metal in the 
DNA-cisPt films for the HER. The STEM imaging characterization of the resulting carbonised DNA 
material demonstrates the formation of graphitic features and nano-diamond structures, based on 
the measurements of lattice spacing’s. The XPS characterization reveals that in the absence of cisPt, a 
predominantly graphitic based material is formed following carbonisation compared to the higher sp3 
content reported in the DNA-cisPt material. From the Raman spectroscopy characterization, we can 
attribute our experimental findings to those reported in the literature with a Nitrogen Phosphorus 
doped graphene material.  

To conclude, the work presented in this chapter suggests that DNA is a feasible precursor material as 
a nitrogen/phosphorous doped carbon catalyst support, which can be converted to attain graphitic 
character following carbonisation. This can enable metal free electrocatalyst to be used for the HER, 
as we have shown in this work through the attainable electrochemical performance, which is 
equivalent to that of a platinum metal containing material.  
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Chapter 8: Cisplatin DNA nanostructures for the electrocatalysis of the Hydrogen Evolution 
Reaction (HER) 

 
8.1 Introduction  
Many research objectives have focused on ways in which the platinum metal can be used to enable 
improved utilisation of this precious metal and consequently reduce the operating costs of the fuel 
cell it is used in. The development of the Polymer Electrolyte Membrane Fuel Cell (PEMFC) has been 
explored by focusing on improving the utilisation of the available platinum catalyst material. This 
includes increasing the utilisation of the ‘true’ catalyst surface area on the electrode by: (1) increasing 
the catalyst layer (CL) thickness for a given Pt catalyst loading or (2) increasing the amount of Pt 
catalyst in the CL. Through this, increased performance of the electrodes can be established (1). 
However, they have limitations, for example increasing the CL thickness reduces the attainable rate 
of diffusion of the electroactive species to the platinum active sites. While increased loadings of the 
Pt metal in the CL results in an increased particle size of the catalyst hence reducing the attainable 
fuel cell efficiency (1).  
Alternatively, to improve Pt utilisation, other methods have focused on improving the distribution of 
the catalyst using a metal organic framework (MOF). MOFs are favourable for catalytic applications as 
they enable high surface areas and distributions of the active metal atoms to be achieved 
consequently improving the attainable current density (2). In particular, the usefulness of DNA 
templates and DNA nanofabrication has been emphasised throughout the thesis, and particularly in 
chapters 2 and 6. This mainly evolves from the ability to assemble complex frameworks via self-
assembly using DNA and achieve precise control of the structures down to atomic level. In particular, 
nanofabrication using DNA has enabled researchers to construct assemblies suited for a use as 
nanomaterials for redox reactions and for magnetic and catalytic applications (3).  

The properties of DNA including its small size and robust structure enable its successful use in 
nanotechnology. Its application becomes more interesting when fabrication of nanostructures in 
multiple dimensions is required, for example branched DNA. It has been reported that DNA 
nanostructures demonstrate great potential as molecular masks for the preparation of nanoscale 
patterns (4). The use of DNA for fabricating patterns of precise structures is highly desirable for 
applications such as nano-circuits, nano-sensors and nano-fluidics (4).  

In the previous work presented in chapter 4 of this thesis, DNA-cisPt adducts were successfully 
fabricated using random uncontrolled interactions of the cisPt with the salmon milt (sm)-DNA. 
Therefore precise placement and control of the metal atoms along the DNA could not be achieved. 
Alternatively, the work described in this chapter involves a bottom-up synthesis approach to fabricate 
cisPt DNA nanostructures with a more precise and controlled means of the platinum metal placement. 
This is achieved by using the well-established and reported chemistry studies on the interactions of 
the cisPt to the purine bases on the DNA (5,6). Therefore, in-house designed DNA strands of a specific 
base sequence can be synthesised for the controlled reaction of it with cisPt, to ensure the metal 
complex binds specifically at the desired site along the DNA, using common methods reported in the 
literature (7). In this work, this is achieved using two forms of DNA nanostructures, including DNA 
origami and DNA Holliday Junction (HJ) arrays. 

However, a limitation of MOFs is in their highly resistive nature and consequently limited charge 
transport properties (2). In this thesis, pseudo pyrolysis (i.e. heat treatment) of the DNA at the 
optimum reaction conditions (255 °C, 30 minutes) was shown to significantly improve the 
electrocatalytic performance for the hydrogen evolution reaction (HER), see chapter 6. Thus the same 
processing procedure will be employed for the fabricated DNA nanostructures presented in this 
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chapter. The distribution of platinum in the fabricated DNA nanostructures i.e. DNA origami triangles 
and DNA HJ arrays is compared and contrasted with the distribution attained on the sm-DNA scaffold 
using Scanning Transmission Electron Microscopy (STEM) imaging with Energy Dispersive X-ray 
Spectroscopy (EDX) mapping.  

8.1.1 Holliday Junction arrays (HJ arrays) 
Holliday junctions are important structural intermediates in recombination, viral integration, and DNA 
repair (8).The Holliday junction is made up of four DNA strands, bound together to form four double-
helical arms (9). These structures were originally proposed by Holliday and have been fabricated and 
used in the literature (8), (10), (11), (12) and (13). In addition, DNA structures can be used to precisely 
arrange metal atoms as demonstrated with gold (14). The ultimate goal of this work is to synthesise a 
precursor catalyst material with optimum electrocatalytic activity at the lowest platinum loading 
possible.  

The Holliday junction contains four DNA strands (where each member of a pair of aligned homologous 
chromosomes is composed of two DNA strands) bound together to form four double-helical arms 
flanking at a branch point. The idea is simple and involves using synthetic branched DNA molecules 
with programmed sticky ends which then self-assemble into the desired structure. This can be a closed 
object or a crystalline array (9). This has been explained in greater detail in appendix 5.  

8.1.2 DNA Origami  
The first report of the assembly of DNA into programmable nanostructures and in particular the DNA 
origami triangle was made by Rothemund (2006) (15). These DNA origami structures were explored 
further by (16), leading to the DNA origami being reported as a good template for bottom up 
fabrication at high resolution levels. These literature reports initiated our design idea for a platinum 
decorated DNA origami triangle material for use as an electrocatalyst for the HER, as shown in this 
work.  

8.2 Materials and experiments 
8.2.1 Material Synthesis  
All the material processed and characterised in this work was synthesised and provided by Klaudia 
Englert, School of Chemistry, University of Birmingham (17) . An overview of the experimental 
methods used by Englert (17) to achieve the material is provided in appendix 6.  

Experimental work  
The material received was experimentally tested and characterized by the author of this thesis in the 
experimental methods described below.  

8.2.2 Electrochemical testing 
The prepared samples were electrochemically tested using a 3 electrode cell, involving a glassy carbon 
electrode (GC, 5 mm, BASi) as the working, a saturated calomel (SCE, BASi) reference and a bright 
platinum mesh counter electrode. The cell was controlled by an Autolab 128N potentiostat running 
Nova 2.1 software (Metrohm-Autolab BV, Netherlands). All potentials are reported against a SCE. All 
chemicals involved were used in their analytical grade and used without any purification. Perchloric 
acid (70 %, 99.99 % trace metals) (1 mM, pH 3) and sodium perchlorate (≥ 98 %) as the supporting 
electrolyte (0.1 M) supplied by Sigma Aldrich. All electrolytes were made up with deionised water 
(DIW) (resistivity ≥ 18.2 MΩ.cm) (MilliQ, Millipore) and thoroughly degassed with dry nitrogen 
(oxygen-free, BOC Gases plc) prior to experimentation.  
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8.2.3 Dry film preparation on Glassy Carbon (GC) 
A series of glassy carbon (GC) stubs (d=5 mm) were polished on microcloth pads in order of decreasing 
size of alumina slurry (1.0, 0.3, 0.05 μm, Buehler Inc., IL, USA), followed by rinsing with ultrapure water 
and drying under a gentle flow of nitrogen. Once dry, the electrodes were modified by drop casting 
an aliquot of 20 µL of the prepared DNA-cisPt nanostructured material onto the 5 mm GC stub and 
drying under a lamp. Once the stubs were prepared, they were loaded into the furnace to achieve 
carbonisation of the material.  

8.2.4 Low temperature pseudo pyrolysis process  
The low temperature pseudo pyrolysis of DNA was achieved in quartz tube within a tubular Carbolite 
MTF 12/38/400. The DNA-cisPt nanostructure films prepared by casting the solutions onto the GC 
stubs, as detailed above and subsequently loaded into a corundum boat which was then placed in a 
tubular furnace, operating under an inert nitrogen atmosphere purged at 50 mL min-1. All the samples 
were carbonised at the optimised reaction conditions found of 255 °C for 30 minutes, see chapter 7.  
 
8.2.5 Electron Microscopy  
To study the morphology of the material and explore how the distribution of the platinum changes 
between the different DNA scaffold structures employed, Scanning Transmission Electron Microscopy 
(STEM) imaging was used to achieve resolution at an atomic scale. A JEOL2100F instrument was used, 
using both dark field (DF) and bright field (BF) mode operated in Z-contrast mode using a high angle 
annular dark field (HAADF) detector at a 200 keV acceleration voltage. All stage alignment was 
achieved using gold nanoparticles on a copper holey carbon TEM grid, as detailed before in chapter 4.  
Dry films of HJ, HJ-cisPt, DNA-cisPt origami and 1 to 10-3 sm-DNA-cisPt adducts were prepared 
individually by drop casting 3 µL of the solution onto a holey carbon 300 mesh copper TEM grid and 
drying under a lamp. To improve the contrast of the DNA in the imaging, the prepared TEM grids of 
the HJ, HJ-Pt and 1 to 10-3 sm-DNA-cisPt were further processed via a pseudo pyrolysis reaction (heat 
treatment at 255 °C for 30 minutes) in a furnace operating under an inert nitrogen atmosphere (50 
mL min-1). The DNA origami prepared TEM grid was left untreated. The ultimate goal is to produce a 
material that consists of localised and anchored single platinum atoms allowing for both increased 
utilisation efficiency and catalytic activity of the platinum. STEM Energy Dispersive X-ray Spectroscopy 
(STEM-EDX) imaging was employed to map the distribution of the platinum metal atoms on the DNA 
scaffold, for the range of DNA nanostructures used and presented in this work.  

8.2.6 Atomic Force Microscopy (AFM) 
AFM imaging was used to observe the topography of the fabricated DNA origami triangles and observe 
the platinum metal atoms on the nanostructure. This validates the success of the material fabrication 
under the reaction conditions employed. The surface topography was assessed via AFM imaging using 
a Dimension 3100 Atomic Force Microscope (AFM) (Veeco Digital Instruments, Bruker), equipped with 
a NanoScope IIIa controller. 5 µL of the DNA origami sample was drop cast onto a cleaved mica surface 
(cleaved with cellotape) and was left to dry in air for 10 minutes before carrying away the remaining 
solution using a stream of nitrogen gas. The microscope was operated in tapping mode. Cantilevers 
provided by Apex Probes Ltd (Bracknell, UK) of a length of 225 µm, frequency of 75 kHz and a force 
constant of 2.8 N m-1 (FM-10) were employed in air mode imaging.  
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8.3 Results and Discussion 
8.3.1 AFM imaging of DNA origami nanostructures with platinum metal atoms 
The DNA origami nanostructure was prepared for AFM imaging (in air) using the methods described 
above (see materials and experiments section). Tapping mode was applied between the material on 
the mica surface and cantilever tip. Figure 1 shows the resulting surface topography of the material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1(A) shows distorted triangular based DNA origami nanostructures (circled) on the mica 
surface. The bright white spots are attributed to the platinum atoms in cisPt molecule, as highlighted 
in figure 1(B). The results from the AFM imaging correspond with the expected size of the DNA origami 
structures of being approximately 200 nm as reported in the literature (16) for the Alexa 647 origami. 
However, the limitations of the AFM images obtained arises from the preparation techniques and 
imaging conditions employed, since it is evident that the DNA origami triangles undergo major 
distortion under the current imaging conditions used.  

It can be suggested that future work should focus on exploring the different ways of preparing the 
DNA origami sample for effective AFM imaging, such as using the reported and proven methods 
mentioned in the literature. For example, Zhou et al. reported successful AFM imaging of deposited 
DNA triangle origami nanostructure (which were also prepared from synthetic and M13mp18 DNA), 
by AFM imaging of the material on a silicon wafer. They prepared the DNA material for imaging by 
deposition using a hot Piranha solution ((7:3 (v/v) of concentrated H2SO4: 35 % H2O2)). Subsequently, 
the incubation of the DNA origami onto the substrate could occur prior to AFM imaging as detailed in 
their work (18). This preparation method could be tested for the AFM imaging of the cisPt DNA origami 
triangles in future work.  

 

Figure 1- (A) AFM imaging of DNA origami triangles with cisPt (B) DNA origami cisPt nanomaterial evident with bright spots attributed to 
cisPt (highlighted in white) and DNA origami triangles (highlighted in black) on a mica surface imaged in air. 

(A) (B) 
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8.3.2 STEM imaging characterization  
To observe the surface morphology of the fabricated DNA nanostructures i.e. cisPt DNA origami, HJ 
arrays and HJ-cisPt arrays and particularly that of the platinum metal at an atomic level, STEM imaging 
characterisation was used. The samples were prepared for the imaging in the ways described above 
(see materials and experiments section). For the HJ array and HJ-cisPt array nanomaterial, the 
prepared TEM grids were processed via a pseudo pyrolysis reaction, using the methods described in 
the materials and experiments section. This enables carbonisation of the DNA scaffold and 
simultaneously improves the contrast of DNA due to its improved interactions with the electron beam. 
A detailed discussion for each of the DNA nanostructures characterised is made based on the findings 
of figure 2. All quantitative measurements of the nanoclusters were achieved using the tools provided 
in Image J (see chapter 2).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cisPt DNA Origami  
The average particle size of the structures displayed in figure 2(B) is found to be 6.25 ± 2.5 nm. This is 
therefore much smaller than the expected size of the DNA origami structure (i.e.200 nm) and much 
larger than what we found for the size of platinum nanoclusters in bulk cisPt (i.e.1.8 nm) (19), see 
chapter 4. Therefore we can propose that the resulting structures are potentially agglomerated salt 

(A) (B) (C) 

(D) (E) (G) 

(F) 

 

Figure 2- HAADF STEM imaging of 3 µL of (A) x600 k (B) x2000 k cisPt DNA origami, Bright Field (BF) STEM imaging of (C) x2000 k (D) x3000 k carbonised 
HJ arrays (255 °C, 30 minutes) (E) 2500 k (F) 6000 k (G)x 8000 k carbonised HJ-cisPt arrays (255 °C, 30 minutes) , drop cast on holey carbon 300 mesh Cu 

TEM grid. 
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crystals from the buffer solution. In addition, from figures 2 (A, B) it is evident that STEM imaging of 
the unprocessed cisPt DNA origami nanostructure is more challenging, and obtaining images of a high 
resolution is difficult, thus a processing step such as electron beam irradiation (see chapter 6) would 
be recommended for future work to improve the contrast of the DNA under the electron beam. 
Alternatively, to improve the imaging resolution, carbonisation of the DNA origami material via a 
pseudo pyrolysis process can be achieved, (as presented and shown to be successful in chapter 7 of 
this thesis). In this work, the latter method is employed as a processing step prior to the STEM imaging 
of the HJ and HJ-cisPt arrays.  

HJ arrays  
The 3LL structure of the fabricated DNA HJ arrays is apparent from the STEM imaging characterization 
conducted, both in the absence and presence of the platinum metal atoms on the scaffold, see figures 
2(C-G). Moreover, we can compare and contrast the fabricated DNA nanostructures in this work to 
the observations made in the literature. For example, from figure 3 the resemblance in the surface 
morphology of the HJ-array with that reported by Malo et al.(20) is more apparent, both showing a 
3LL sample of a honeycomb appearance.  

 

 

 

 

 

 

 

 

 

Figure 3- (A) BF STEM image of carbonised HJ array (255 °C, 30 minutes) on holey carbon 300 mesh Cu TEM grids (B) TEM 
image of the 3LL lattice reported in the literature copied from Malo et al. (21). DNA is negatively stained so it appears light 

against a dark background. Scale bar: 50 nm. 

The image in our work is at a scale bar of 5 nm compared to 50 nm in the work of Malo et.al (21). 
However, both illustrate that the HJ arrays form extensive sheets of the order of micrometres squared 
(µm2) in size. In the work of (20), further TEM characterisation using reciprocal space imaging of the 
3LL was made to show that the structures have an approximately hexagonal lattice (20). Given the 
close resemblance in the surface morphology of the HJ arrays in our work with theirs, we can expect 
our material to also have a similar lattice structure.  

HJ-cisPt arrays 
The honeycomb structure can also be observed in the surface morphology of the platinated HJ arrays, 
as shown in figures 2(E) & (F). In addition to this, spaced nanoclusters of around 2 nm in size can be 
seen in the material, as highlighted in figure 2(G), which resemble the morphology of the platinum 
metal nanocluster previously observed in the STEM imaging characterization of bulk cisPt films 
prepared in the same way for STEM imaging (19), see chapter 4. The average diameter of the platinum 
metal nanocluster was measured to be around 1.8 nm which correlated well with the literature 
reports, as discussed in chapter 4.  

 

(A) (B) 



 

180 
 

However, to closely follow the platinum metal distribution on the different DNA scaffolds employed, 
STEM Energy dispersive X-ray (EDX) imaging was employed to achieve elemental mapping of the 
platinum metal and observe how its distribution changed on the different DNA scaffolds employed. 
This is detailed below.  

8.3.2.1 STEM EDX imaging characterization  
STEM Energy dispersive X-ray (EDX) analysis of the material was employed to gain an insight into the 
distribution of the platinum on the different types of DNA scaffolds employed i.e. DNA origami 
triangles, 3-layer log-pile (3LL) HJ arrays and the bulky salmon milt (sm)-DNA, as shown in figure 4. To 
confirm that the EDX mapping is valid, the appearance of the platinum peak on the EDX spectrum in 
the regions we expect is confirmed. The EDX spectrum is provided in appendix 6.  
 
The phosphorous is taken as the representative element of the DNA phosphate backbone, thus can 
be means of mapping the distribution of DNA in the nanomaterial. While the platinum metal 
represents the cisPt molecule and is of most interest in this study, since this forms the active site in 
the fabricated electrocatalyst nanomaterial.  

The effectiveness of using structured DNA templates is revealed by comparing and contrasting the 
platinum metal distribution shown in figure 4. For example, in comparison to the STEM-EDX analysis 
of the 1 to 10-3 sm-DNA-cisPt, the distribution of platinum is much more highly spaced in the fabricated 
DNA origami triangle nanostructures, as shown in figure 4(C) compared to figure 4(F).  

Firstly, this is attributed to the much lower platinum metal loading used in the synthesis of the DNA 
origami compared with the loadings employed in the fabrication of the sm-DNA-cisPt adducts. 
Secondly, the platinum interactions with the DNA base is controlled via a specific base pairings using 
the in-house designed base sequence, in both the HJ and DNA origami scaffolds, as opposed to the 
random interactions of the cisPt with the bulky sm-DNA bases in the 1 to 10-3 DNA-cisPt material. This 
is reflected by the close match between the mapped locations of the Pt metal and phosphorous (P) 
on both the HJ array and DNA origami scaffolds, as illustrated in figures 4(F-G) and figures 4(I- J). In 
contrast, a more apparent mismatch between Pt and P can be seen in figures 4(C- D) when sm-DNA is 
used as the scaffold. This portrays the effectiveness of using controlled assembly to an atomic level 
precision, whereby highly spaced distributions of platinum atoms can be achieved on the DNA, as 
evident from the comparison of figures 4(C) with figures 4(F) & (I). This is really important since it can 
greatly enhance the electrochemical performance of the material, improve the use of the ‘true’ 
available surface area and consequently increase the platinum metal utilization, reducing the overall 
costs. This is demonstrated for the electrocatalysis of the HER in acidic conditions, as presented in the 
following section.  
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Figure 4- (A,B) STEM image and (C,D) corresponding EDX-elemental mapping of carbonised 1 to 10-3 sm-DNA-cisPt*, showing Pt (blue) ,P (red) ( x 
2000 k) (E) STEM image and (F,G) corresponding EDX-elemental mapping of cisPt- DNA origami, showing Pt (red) ,P (green), x 2000 k. (H) STEM 

image and (I,J) corresponding EDX-elemental mapping of carbonised HJ-cisPt arrays*, showing Pt (Pink) P (orange) ( x 2000 k) drop cast on a 3 mm 
holey carbon 300 mesh copper TEM grid. * carbonised via a pseudo pyrolysis process (255 ° C, 30 minutes). 
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8.3.3 Electrochemical parameters as a measure of catalytic performance 
The HER is an archetypal simple electrocatalytic reaction to assess the electrochemical behaviour of 
the different fabricated samples in an acidic environment of pH 3. The potential (E) is the principal 
characteristic of electrocatalysis, however the rate of the reaction does not increase in the same way 
at for example potential E1 compared to E2. Hence for comparison purposes, a current density output 
is set as rational measure of performance of the electrocatalysis, measured at the peak potential. The 
onset potential (σ) is reported for a defined current density output of 0.1 mA cm-2 to enable 
comparison between the electrocatalytic responses of the materials.  

In addition, the current density can be reflective of the catalytic activity. The current densities 
measured and reported in this work are based on the geometric surface area of the working electrode. 
The third electrochemical parameter will be the peak potential (Ep) which is reflective of how much 
voltage input is required to achieve the electrochemical reactions of the electroactive species i.e. 
proton reduction in this study.  

8.3.3.1 Electrochemical behaviour of the HER  
To assess the electrochemical performance of the fabricated DNA based nanostructures with and 
without cisPt for the HER in acidic conditions (pH 3), an aliquot of the material was drop cast onto the 
surface of the GC to prepare the working electrode. For example, 5 µL of the cisPt DNA origami sample 
was drop cast onto a 3 mm GC macro-electrode, while 20 µL of the 1 to 10-3 DNA-cisPt, HJ and HJ-cisPt 
material was drop cast onto a 5 mm GC stub. The prepared working electrode surface was 
consequently immersed into the electrolyte solution (1 mM HClO4, 0.1 M NaClO4) to test the HER at 
50 mVs-1 using cyclic voltammetry. The resulting electrochemical response is shown: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5- The electrochemical response for the HER (1 mM HClO4, 0.1 M NaClO4) 50 mV s-1 for the named DNA nanostructure drop-cast 
on a GC working electrode. Current density (J) is measured based on the geometric surface area of the working electrode surface. 
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Table 1- Onset Potential (σ) defined at 0.1 mA cm-2 for the untreated material drop cast on GC. 

  

 

 

 

 

It can be seen from figure 5 and consequently the defined onset potential from the presented 
electrochemical response, that the probable onset potential (σ 0.1 mAcm

-2) for all of the DNA 
nanostructures fabricated i.e. cisPt DNA origami, HJ arrays and HJ-cisPt, is lower than that observed 
for the 1 to 10-3 sm-DNA-cisPt material, despite it having a higher platinum metal loading. It can be 
proposed that this arises because of the improved utilization of the ‘true’ available catalyst surface 
area, which is in agreement with the suggestions made in the literature where an improved 
electrocatalytic performance can be attained (1). Furthermore, in line with the observations made in 
the previous work (19) and that in chapter 6, there is an optimum platinum inter-particle distance that 
enables high electrocatalytic performance to be attained.  

 The assembly of the DNA scaffold into a defined structure provides increased surface areas, as shown 
in this work for the platinum metal DNA organic framework. The performance in terms of σ0.1 mAcm

-2 
for the drop cast films of the DNA nanostructure assemblies is even lower than that of the bare GC 
substrate (-1.1 V vs SCE compared to -1.26 V vs SCE) ± 0.01 V, with the exception of the sm-DNA-cisPt 
, see Table 1.  

However, the highly resistive nature of the DNA impedes the electrical conductivity of the material, 
which justifies the reasoning behind the absence of the electrochemical peak signal in figure 6 i.e. 
sigmoidal response. This has thoroughly been discussed throughout the thesis and particularly in 
chapters 7 and 6. To overcome this issue, carbonisation of the DNA via a low temperature pseudo 
pyrolysis process was shown to result in a significant improvement in the electrocatalytic 
performance, where higher catalytic activities could be measured following this process treatment (as 
detailed in chapter 7). In the following section, carbonisation of the HJ, HJ-cisPt arrays and the sm-
DNA-cisPt is achieved to compare and contrast the electrochemical response of the material for the 
HER (pH 3) at different DNA nanostructures as a catalyst support.  

8.3.3.2 Carbonisation of the DNA nanostructures via a pseudo pyrolysis process 
To achieve the pseudo pyrolysis of both the platinated and non-platinated Holliday Junction arrays 
(HJ-Pt) and (HJ) respectively, the working electrode (WE) was prepared by casting a volume of 20 µL 
onto a 5 mm GC stub and drying under a lamp. The prepared WE was then loaded into in the furnace 
tube, operating under an inert nitrogen atmosphere (purged at 50 mL min-1) to achieve the 
carbonisation of the DNA at 255 °C for a duration of 30 minutes. The prepared electrode was then 
immersed into an electrolyte solution (1 mM HClO4, 0.1 M NaClO4) to test for the HER at 50 mVs-1 
using cyclic voltammetry. The resulting electrochemical response is compared to that of the untreated 
material, as shown in the figure below.  
 

 

 

Material drop cast on GC  σ0.1 mAcm
-2 / V vs SCE ± 

0.01 V 
Bare GC -1.26 

HJ -1.10 
HJ-cisPt -1.20 

cisPt DNA origami -1.20 
sm-DNA-cisPt ( 1 to 10-3) -1.43 
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Figure 6- The influence of carbonisation via pseudo pyrolysis ( 255 °C, 30 minutes) on the electrochemical response of (A) 
the HJ array (B) HJ-Pt array (C) 1 to 10-3 sm-DNA-cisPt (D) Comparing different DNA nanostructure supports for HER , (1 mM 

HClO4, 0.1 M NaClO4 ) at 50 mV s-1. 
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Table 2- Comparison between the peak potential, current density and onset potential attained at the modified GC electrode 
surfaces of the different scaffold structures of the DNA-cisPt/ DNA based material before and after carbonisation via pseudo 

pyrolysis at 255 °C, 30 minutes for HER (1 mM HClO4, 0.1 M NaClO4) at 50 mVs-1. 

 

*Current density measurements are based on a geometric surface area of the working electrode  

From figure 6, it becomes clear that following carbonisation, the electrochemical performance for the 
HER (at pH 3) is significantly improved for all of the different DNA scaffold templates employed i.e. HJ 
arrays and bulky sm-DNA for the platinum metal catalyst. This improvement is evident both in the 
presence and absence of the platinum, as we see with the HJ arrays (figure 6(A)). The experimental 
results demonstrate that this heat treatment provides a means of overcoming the highly resistive 
nature of the DNA, consequently improving its electrical conductivity and enabling the proton (H+) 
reduction to occur in the acidic environment. This is reflected in the voltammetry, shifting the 
response from a sigmoidal to that of a transient response with the appearance of an electrochemical 
peak (EP).  

The Ep is not changed with the different scaffolds employed, which implies that the geometry of the 
DNA scaffold does not influence the thermodynamics and kinetics of the reaction process greatly, or 
in other words, cannot be driven beyond this electrical voltage i.e. thermodynamic limit. The onset 
potential (σ 0.1 mAcm

-2) is lower on the HJ array compared with that of a bulky sm-DNA, although the 
change is not that significant. However, a much higher electrocatalytic activity can be measured on 
the HJ arrays as opposed to the bulky sm-DNA, where a current density (JP) of -2.81 mA cm-2 and -2.86 
mA cm-2 in the absence and presence of platinum metal respectively is measured, see Table 2. It could 
be suggested that this occurs because more efficient use of the ‘real’ surface area and catalyst active 
sites is made when the nanomaterial is assembled into a defined geometry as opposed to the random 
interactions on the bulky sm-DNA material. Therefore, with an improved distribution and availability 
of the platinum active sites for the electroactive species i.e. H+, the catalyst efficiency is greatly 
improved (1).  

This is in agreement with the observations made for the resulting surface morphology of the material, 
whereby more highly distributed platinum (and phosphorous) can be observed on the DNA HJ arrays 
than on the sm-DNA support, see figure 2. Ideally, platinum made up of edges or vertices i.e. 
nanoparticles or extended surfaces with a dispersion equivalent to that of a 2 nm diameter particle 
serve as the best HER catalysts, for acidic environments (22).  

The insignificant change between the electrocatalytic response of the HJ arrays in the presence and 
absence of platinum metal can potentially arise from the carbonised DNA being compared with a 
nitrogen-phosphorous doped carbon material. This hypothesis is the same as that made in chapter 7, 
whereby previous literature reports on the pyrolysis of DNA have shown that with increased process 
temperatures, the nitrogen content in the material is increased, and high amounts of pyridinic-N and 
graphitic-N could be produced, particularly at higher temperatures (800 °C) (23). It has therefore been 
claimed that following carbonisation different amounts of N-bonding configurations are formed 
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Bare GC -1.45 -0.67 -1.29 - 
HJ -0.92 -2.82 -1.10 -0.634 

HJ-cisPt -0.92 -2.86 -1.20 -0.636 
sm-DNA-cisPt ( 1 to 10-3) -0.92 -1.87 -1.43 -0.69 
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leading to higher content of pyridinic-N and graphitic-N , consequently improving the electrocatalytic 
performance for the ORR (23) (a more thoroughly studied electrochemical reaction). Similarly for the 
HER, it has been reported that the improved performance of Phosphorous Nitrogen doped Graphene 
(PNG) was attributed to the higher crystallinity and good distribution of a large number of catalytic 
active sites i.e. pyridinic-N (24). It can therefore be proposed that DNA in this study is a precursor 
material for nitrogen and phosphorous (NP) doped carbon, which following carbonisation is converted 
to a graphitic like material. Following heat treatment, the resulting changes to the nitrogen 
configuration gives rise to improved electrochemical performances of DNA equivalent to the 
performance that was attainable by a platinum metal containing DNA-cisPt material. This has 
previously been discussed in chapter 7.  

In addition, Hung et al. (25) showed that a phosphorous-nitrogen doped graphene had a higher 
performance than individually doped nitrogen or phosphorous graphene due to the combination of 
higher crystallinity, the P-C bonds being in proximity to graphitic-N, and a higher fraction of pyridinic-
N which could create a synergistic effect (25). Therefore we can suggest that for the HJ-cisPt arrays, 
the interactions of Pt with the N in the DNA, reduces the available electron density on the N, and since 
electronic contributions are reduced, the catalyst support is described as being equivalent to a 
phosphorous doped graphene , whereas in the absence of cisPt, the DNA is equivalent to a NP-doped 
carbon. This is validated with the reporting’s made in the literature (26) where for graphitized 
nitrogen-carbon nano-onion rings, the enhancement in the activity of the material is assigned to the 
enhanced electron transport and abundance of exposed catalytic sites resulting from the 
mesoporosity and doping of the heteroatom for their study on the ORR (26). These observations have 
been previously noted for the carbonised DNA material in chapter 6.  

8.3.4 Mechanism of the hydrogen evolution reaction (HER) 
8.3.4.1 Tafel Plots at 50 mV s-1 

To further compare how the electrocatalytic behaviour changes following carbonisation of the 
different DNA nanostructures, we assess the mechanism of the reaction by considering the changes 
in the magnitudes of the Tafel slopes. Tafel plots were constructed to reveal the reaction mechanism 
of the HER at each working surface based on the theoretical information provided in the literature 
(27) , (28) and (29) and as has already been discussed in detailed in chapter 2 and 3.  

From the Tafel plots (figure 7), the magnitude of the Tafel slope can be found and expressed as a 
function of DNA nanostructure. This is then compared with the widely accepted and reported 
theoretical limits which reflect the rate determining reaction, such as the Volmer, Heyrovsky and Tafel 
steps depending on the corresponding Tafel slope of 120, 40 and 30 mV dec−1 respectively. Table 3 
presents the corresponding Tafel slope for each material tested.  
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Table 3-The changes in the Tafel slope found before and after carbonisation via a pseudo pyrolysis process (255 ° C, 30 
minutes) at different DNA nanostructures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Literature reportings have shown that for a nitrogen-doped ultra-thin carbon network, the N species 
in the nitrogen doped carbon nanosheets (NCNS) was pivotal for the catalysis of the HER. In particular, 
for the HER in an acidic environment, Tafel slopes of 31 mV dec-1, 81 mV dec-1, 101 mV dec-1, 124 mV 
dec-1, 127 mV dec-1 and 125 mV dec -1 were reported for the Pt/C, NCNS-(1000), NCNS-(1100), NCNS-
(900), NCNS-(800) and CNS-(1000) respectively, where the number of times the material has been 
cycled is displayed in the bracket. Thus, a Tafel slope of 81 mV dec-1 indicates that the NCNS-(1000) 
follows the Volmer–Heyrovsky reaction mechanism (30). This portrays the similarity between the 
magnitudes of the Tafel slope reported in the literature for a nitrogen doped carbon catalyst with the 
experimental findings measured in this work for the carbonised HJ arrays. This further supports the 
hypothesis made to suggest that the DNA material acts as a precursor material, equivalent to a N-
doped carbon catalyst support.  
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Figure 7- Tafel plots for HER 50 mVs-1 for different DNA material (A) carbonised via a pyrolysis process at 255 °C, 30 minutes (B) untreated 
material. 
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8.4 Conclusions  
In this work, we have shown that the synthesis of DNA nanostructures with controlled placement of 
the platinum metal atoms on the scaffold, at an atomic precision level, can enable improved 
distributions of the platinum metal to be achieved. This is evident with the HJ-cisPt arrays and the 
cisPt DNA origami nanostructures, where a close match between the mapped locations of the Pt metal 
with P on these templates can be made through the STEM EDX characterisation, as opposed to the 
more apparent mismatch observed for bulky sm-DNA template. This illustrates the effectiveness of 
controlled assembly to atomic precision, whereby highly spaced distributions of platinum atoms can 
be established and enhanced electrochemical performances of the material can be achieved. This is 
reflected by the higher electrocatalytic activity measured ( Jp, mAcm-2) for the HER at the HJ arrays 
and HJ-cisPt as opposed to the 1 to 10-3 sm-DNA-cisPt material of a higher metal loading. This is 
attributed to the higher surface area resulting from the assembly of the DNA into a specific geometry 
instead of a bulky catalyst material and consequently increased availability and exposure of the 
catalyst active site. This is a stepping stone towards improving the use of the ‘true’ available surface 
area and consequently improving the platinum metal utilization, providing reduced costs of the 
electrocatalyst material.  

In addition, carbonisation of the DNA via a pseudo pyrolysis process can significantly improve the 
electrochemical performance towards the catalysis of the HER (pH 3), compared to the untreated 
counterpart. The carbonised DNA scaffold is compared to a N-P-doped carbon, which explains the 
improved electrocatalytic performance, which is comparable with the performance attained in the 
presence of the platinum metal on the DNA (i.e. DNA-cisPt material) for the HER. The measured Tafel 
slopes for the HER, further consolidate this observation, given that similarities can be drawn with the 
literature reports for a nitrogen doped carbon catalyst (for the HER in acidic media). To conclude, the 
work presented in this chapter suggests that DNA is a feasible precursor material for the assembly of 
a metal organic framework to fabricate a highly efficient platinum electrocatalyst. In addition, the DNA 
not only serves as a building tool for these assemblies, it also acts a source of a nitrogen and or 
phosphorous doped carbon material, which can be converted to a graphitic character, following its 
carbonisation. This can enable a metal free electrocatalyst to be used for the HER as we have shown 
in this work, through the attainable electrochemical performance, which is found to be equivalent to 
that of a platinum metal containing material.  
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Chapter 9: Conclusions and Future Work 
 
In this study, a novel DNA-cisplatin (cisPt) based nano-material has been synthesised in-house and 
characterised to measure its electrochemical properties in order to assess the materials feasibility for 
its use as an electrocatalyst for fuel cell applications. The initial work, involving the complex formation 
between salmon milt DNA and cisPt focuses on investigating the ideal and optimum platinum metal 
loading on the DNA scaffold for the hydrogen evolution reaction (HER) in an acidic environment (pH 
3). The studies reveal interesting trends in catalytic behaviour as a function of platinum loading for 
the HER and the influence of this on the resultant surface morphology of the material via STEM 
imaging characterisation. This includes increased electrocatalytic performances with increased metal 
loadings although simultaneously we observed increased clustering of the metal atoms and poorer 
distribution of it on the DNA support.  
However, the highly resistive and non-conductive nature of the DNA material was greatly hindering 
the attainable electrocatalytic performance at all loadings of the platinum metal investigated. Thus, 
an integral study focusing on different processing treatments of the DNA is achieved to improve the 
conductive and electronic properties of the DNA material as an electrocatalyst support. This will 
improve both the electrochemical activity and durability of the nanomaterial. The resulting effect of 
three different methods have been detailed throughout the thesis including the method of: 
functionalization of single walled carbon nanotubes (SWCNT’s) with the DNA-cisPt material, the 
graphitization of the DNA through the evacuation of the hydrogen and oxygen atoms upon high dose 
exposure to an electron beam and finally carbonisation of the DNA via a low temperature pseudo 
pyrolysis process (255 °C, 30 minutes).  

It is clear from the experimental findings that the functionalisation of the SWCNTs with cisPt gives rise 
to exceptional improvements in the electrocatalytic performance towards the HER (pH 3) compared 
with the unmodified nanotubes. In addition, the SWCNT functionalization with the DNA shifts the 
behaviour more favourably than the response of the virgin DNA alone. However, less significant 
changes were noted upon the functionalization of the SWCNT with DNA-cisPt adducts compared to 
the response measured for the non-functionalised DNA-cisPt, although the SWCNT-DNA-cisPt 
outperforms the unmodified SWCNTs. The electrochemical response of the SWCNT functionalized 
with the DNA-cisPt adducts (SWCNT-DNA-cisPt) fell intermediary between the electrochemical 
behaviour observed for the unmodified SWCNT and that of the SWCNT-cisPt for the HER (pH 3), as we 
would expect.  

Insights into the mechanism of the HER reaction, as revealed by the Tafel slopes show that the Volmer-
Heyrovsky reaction mechanism dominates for the HER over the surface of the fabricated structures 
and that the cisPt loading on the SWCNTs correlates strongly with the calculated transfer coefficient 
(α) and the Tafel slope.  

Suggestions for future work can be made which involve process treatment of the SWCNT-DNA-cisPt 
material to achieve the carbonisation of the DNA, which will consequently improve the conductivity 
of the DNA following its functionalization with cisPt. It can be proposed that this will significantly 
improve the electrochemical response of the HER (pH 3), whilst simultaneously enabling reduced cisPt 
loadings to be employed. In this fabrication process, much lower loading ratios of the DNA-cisPt 
adducts can be used i.e. < 1 to 1 DNA-cisPt to improve the platinum metal distribution and utilization 
and consequently reduce costs.  

On the other hand, the process treatment of the DNA via its projection to a flood electron beam (e-
beam) led to significant improvements in the electrochemical performance of the material for the 
electrocatalysis of the HER (pH 3) compared to the untreated counterpart. This proves the hypothesis 
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made to suggest that the flood electron beam irradiation of the DNA can improve this polymers 
conductivity via this process treatment.  

Furthermore, the e-beam irradiation of the material via a flood electron source enables successful 
STEM imaging of the unmodified DNA, which is not commonly reported in the literature. It is noted 
from the STEM imaging characterization that the presence of the platinum metal, even at the lowest 
loadings employed in this study i.e. 0.75 ng, contributes favourably towards both the electrocatalysis 
of the HER and improved STEM imaging of the material as opposed to the untreated virgin DNA. 

In addition, in terms of the effect of changing the platinum metal loading in the e-beam treated DNA-
cisPt material , the experimental findings have shown that much higher catalytic activities can be 
observed at the lower platinum metal loadings (minimum loading of 0.75 ng) compared with the bulk 
cisPt (7.5 µg). This was reflected by the higher current density output (J, mA cm-2), calculated using 
the geometric surface area of the electrode. This finding was justified with similar reportings in the 
literature, whereby the diffusion profile in the catalyst film is improved when the inter-particle 
distance reaches a certain threshold. As the metal loading increased in the DNA-cisPt film, there was 
increased clustering of the platinum metal, which was evident from the resulting changes to the 
surface morphology of the material (i.e. appearance of larger bright spots) and also in the 
electrochemical response, whereby the peak potential (Ep) shifted towards that of a bulk platinum 
metal response i.e. bulk cisPt.  

Suggestions for future work include focusing on a detailed characterization and chemical analysis of 
the resulting material following e-beam irradiation of the DNA in the presence and absence of 
platinum metal. Although an attempt has been made to use XPS testing to explore the resulting 
changes to the material following the e-beam irradiation process, charging issues faced during the 
testing process prevented conclusive remarks from being drawn, such as whether or not the 
graphitization of the DNA material was successful through e-beam irradiation. Thus, these tests need 
to be improved by exploring how the sampling methods employed can be modified to achieve 
improved signals.  

Lastly, carbonisation of the DNA/glassy carbon (GC) and DNA-cisPt /GC modified electrode via a heat 
treatment process at the optimum experimental pseudo pyrolysis conditions found (255 °C for a 
duration of 30 minutes) was also proven to be successful in significantly improving the electrocatalytic 
performance of the material for the HER (pH 3) compared to the untreated counterpart.  

Carbonization of the virgin DNA via a pseudo pyrolysis process can significantly improve the 
electrochemical performance for the catalysis of the HER (pH 3) and the performance attained is 
equivalent to the performance of a platinum metal containing catalyst i.e. carbonised DNA-cisPt. The 
carbonised DNA can thus be described as being equivalent to a nitrogen, phosphorus-doped (N, P-
doped) carbon with graphitic like characteristics, which explains the improved electrocatalytic 
performance.  

The STEM imaging characterization of the resulting carbonised DNA material have shown the 
formation of a combination of both graphitic and nano-diamond structures, based on the lattice 
spacing’s measurements of the material. The XPS characterization reveals that in the absence of cisPt 
i.e. virgin carbonised DNA, a predominantly graphitic based material is formed following carbonisation 
compared to the higher sp3 content reported in the DNA-cisPt material ( 1:10-4 DNA-cisPt). From the 
Raman spectroscopy characterization, we can attribute our experimental findings to those reported 
in the literature with a nitrogen phosphorus doped graphite material. However, further repeated 
testing is required to improve the spectra response and reduce the noise associated with the signal.  
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To conclude, this work demonstrates that DNA is a feasible precursor material as a source of a nitrogen 
and phosphorous doped carbon catalyst support, which can be converted to attain graphitic character 
following its heat treatment via pseudo pyrolysis. This can enable metal free electrocatalysts to be 
used for the HER i.e. carbonised DNA, as we have shown in this work through the attainable 
electrochemical performance, which was found to be equivalent to that of a platinum metal 
containing material.  

In addition, the measured Tafel slopes for the HER further consolidates this observation, given that 
similarities can be drawn in the magnitude of the Tafel slope for the carbonised DNA with literature 
reporting’s for a nitrogen doped carbon catalyst material (for the HER in acidic media). To summarise, 
the work presented suggests that DNA is a feasible precursor material for the assembly of a metal 
organic framework to fabricate a highly efficient platinum electrocatalyst material; which not only 
serves as a building tool for these assemblies, but also acts a source of a nitrogen/phosphorous doped 
carbon which can be converted to attain graphitic like characteristics following carbonisation via 
pseudo pyrolysis. Future work should focus on studying thoroughly the chemical structure of the 
resulting carbonised material and investigating the properties of the nanomaterial more closely using 
XPS and Raman spectroscopy as a function of platinum metal loading on the DNA scaffold.  

The experimental results have shown that cisPt is an effective source of platinum metal and its 
combination with DNA is ideal for establishing controlled placement of the platinum metal atoms on 
the scaffold, at an atomic precision level via covalent bonding. This enables improved distribution of 
the platinum metal on the DNA catalyst support, thus increasing the utilisation of the expensive metal 
and consequently reducing costs. To achieve this distribution, self-assembled nanostructures such as 
triangular DNA origami structures and Holliday Junction (HJ) arrays have been fabricated in the final 
part of this work. The experimental results have shown that electrocatalysts of reduced platinum 
metal loadings can be made without compromising the fuel cell performance, as demonstrated 
through the electrochemical studies for the HER (pH 3). Finally, carbonisation of the DNA in the HJ 
arrays is achieved as means of overcoming the highly resistive nature of the DNA, making the 
fabricated material more suited for the HER.  

The atomic precision is demonstrated through STEM EDX characterisation, where for both the HJ-cisPt 
arrays and the cisPt DNA origami nanostructures, a close match between the mapped locations of the 
Pt metal with phosphorus (P) (which represents the DNA phosphate backbone) is made compared to 
the more apparent mismatch observed for the salmon milt DNA scaffold, where there is no controlled 
placement of the Pt. This illustrates the effectiveness of using a controlled assembly approach to 
establish highly spaced distributions of platinum atoms and thus enhanced electrochemical 
performances. This is reflected by the higher electrocatalytic activity measured for the HJ arrays and 
HJ-cisPt as opposed to the 1 to 10-3 salmon milt DNA-cisPt material, despite there being a much higher 
Pt metal loading on the salmon milt DNA. This is explained as resulting from the higher surface areas 
that can be attained by the assembly of the DNA into a specific nanostructure as opposed to the use 
of the bulky salmon milt DNA as a catalyst support. As a result of this, there is increased availability 
and access to the catalyst active sites. This is a stepping stone towards improving the utilisation of the 
‘true’ available surface area, consequently leading to more effective and efficient use of the platinum 
metal and most importantly reducing costs.  

In addition to the work presented in this thesis, preliminary studies have been made to test the 
electrochemical behaviour of the DNA-cisPt adducts and the functionalised DNA-cisPt SWCNTs for the 
oxygen reduction reaction (ORR). The experimental findings suggest promising performances of the 
DNA material for the ORR, however due to the capacity of the project, further experimental 
investigations could not be made. Therefore, as part of future work, it is recommended that we focus 
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our attention to the use of the DNA-cisPt material for the ORR and explore whether carbonisation of 
the DNA can improve the electrochemical response attained, in similar ways to those observed for the 
HER. In addition, another important parameter is the durability of the material, thus future work 
should assess the stability of the DNA-cisPt catalyst after prolonged use and exposure to the acidic 
environment. In addition, further in-depth investigations should be made focusing on the surface 
chemical properties of the DNA material following both heat treatment and e-beam irradiation. 
Specifically, this means assessing the impact of the presence of surface defects on the electrocatalytic 
performance of the material and whether the surface defects are responsible for the improved 
electrochemical response of the electrocatalyst using common methods such as XPS characterisation 
and Raman spectroscopy. These studies can detect the presence of any functional groups present at 
the material surface, such as oxygen vacancies via the O 1s spectra. This can reveal the extent of 
defects and whether more oxygen vacancies (defects) have been formed following process treatment 
of the DNA. 
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Appendix 1- Chapter 4: Electrochemical Testing and Characterization of salmon milt DNA-
cisplatin adducts for the electrocatalysis of the Hydrogen Evolution Reaction (HER) 

 

Synthesis of Salmon Milt DNA complexes: mass loadings and concentrations  
Salmon milt (sm)-DNA from salmon testes was obtained as a dry form of sodium salt. The material is 
transferred into a sterile tube and dissolved in MilliQ water by stirring vigorously overnight. This was 
followed by sonication which was applied for 9 minutes in a 10 seconds on, 20 seconds off fashion. 
Dilution to a concentration of around 16,000 μM was carried out which served as a stock solution for 
preparation of 1000 μM samples. Cisplatin (cisPt) was obtained from Sigma Aldrich and dissolved in 
MilliQ water to a concentration of 8300 μM to serve as a stock solution. 5 The table below outlines the 
volume quantities of the DNA and cisPt employed in each of the different ratios of materials 
synthesised. The molecular weight of salmon DNA and cisPt is expressed as 1.3 x 106 Daltons and 
300.01gmol-1 respectively. From a stock solution of 16,000 µM, to prepare a 1000 µL solution of a 
1000µM DNA concentration: 

𝐶ଵ𝑉ଵ =  𝐶ଶ𝑉ଶ 

∴ 𝑉ଵ =
( 1000 𝜇𝑀 × (1000 𝜇𝐿)

(16,000 𝜇𝑀)
= 60.7 𝜇𝐿 

 
Table A1.1- Volume loadings of prepared DNA-cisPt samples of 1000 µL. 

sm-DNA: cisPt 
loading 

Volume of cisPt / µL Volume of DNA/ µL Volume of Water/ µL 

1:0 0 60.7 from 16,000 μM 939.3 

1:10-4 (0.1 µM) 1 µL from 100 µM 60.7 from 16,000 μM 938.3 

1:10-3 (1 µM) 10 µL from 100 µM 60.7 from 16,000 μM 929.3 

1:10-2 (10 µM) 100 µL from 100 µM 60.7 from 16,000 μM 839.3 

1:10-1 (100 µM) 12 µL from 8300 µM 60.7 from 16,000 μM 327.3 

1:1 (1000 µM) 120.5 µL from 8300 µM 60.7 from 16,000 μM 818.8 

0:1 (1000 µM) 120.5 µL from 8300 µM 0 879.5 

 

 

 

 

 

 

 

                                                             
5 Preparation of the material was conducted by Klaudia Englert, school of Chemistry, University of Birmingham.  
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Mass loadings  

To determine the mass loading of the DNA and the cisPt in each solutions prepared, the following is 
employed as an example.  

1 to 0 DNA-cisPt 1000 µL solution  

Using the simple expression between moles (n), volume (V) and concentration (C):  

𝑛 = 𝐶 × 𝑉 = 60 .7 × 10ି଺ 𝐿 × 16,000 𝑀𝑜𝑙𝐿ିଵ = 9.71 × 10ି଻ 𝑚𝑜𝑙 

𝑀𝑎𝑠𝑠 = 𝑛 × 𝑀௪ =  9.71 × 10ି଻ 𝑚𝑜𝑙 × (1.3 × 10଺)𝑔𝑚𝑜𝑙ିଵ 

= 1.2625 𝑔 𝑖𝑛 𝑎 1000 𝜇𝐿 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  

Thus in a 25 𝜇𝐿 drop cast volume, it equates to 0.03156 g of DNA.  

cisPt loadings: 1 to 1 DNA-cisPt 

Using the simple expression between moles (n), volume (V) and concentration (C):  

𝑛 = 𝐶 × 𝑉 = 8300 𝜇𝑀 × 120.5 𝜇𝐿 = 1.00015 × 10ି଺ 𝑚𝑜𝑙 

𝑀𝑎𝑠𝑠 = 𝑛 × 𝑀௪ =  1.00015 × 10ି଺ 𝑚𝑜𝑙 × 300.01 𝑔𝑚𝑜𝑙ିଵ 

= 3.00 × 10ିସ 𝑔 𝑖𝑛 𝑎 1000 𝜇𝐿 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  

Thus in a 25 𝜇𝐿 drop cast volume, it equates to 7.5 x 10-6 g of cisPt. 

 

1 to 10-1 DNA-cisPt 

Using the simple expression between moles (n), volume (V) and concentration (C):  

𝑛 = 𝐶 × 𝑉 = 8300 𝜇𝑀 × 12 𝜇𝐿 = 9.96 × 10ି଼ 𝑚𝑜𝑙 

𝑀𝑎𝑠𝑠 = 𝑛 × 𝑀௪ =  9.96 × 10ି଼ 𝑚𝑜𝑙 × 300.01 𝑔𝑚𝑜𝑙ିଵ 

= 2.98809 × 10ିହ 𝑔 𝑖𝑛 𝑎 1000 𝜇𝐿 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  

Thus in a 25 𝜇𝐿 drop cast volume, it equates to 7.5 x 10-7 g of cisPt. 

1 to 10-4 DNA-cisPt 

Using the simple expression between moles (n), volume (V) and concentration (C):  

𝑛 = 𝐶 × 𝑉 = 100 𝜇𝑀 × 1 𝜇𝐿 = 1 × 10ିଵ଴ 𝑚𝑜𝑙 

𝑀𝑎𝑠𝑠 = 𝑛 × 𝑀௪ = 1 × 10ିଵ଴ 𝑚𝑜𝑙 × 300.01 𝑔𝑚𝑜𝑙ିଵ 

= 3.0001 × 10ି଼ 𝑔 𝑖𝑛 𝑎 1000 𝜇𝐿 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  

Thus in a 25 𝜇𝐿 drop cast volume, it equates to 7.5 x 10-10 g of cisPt. 
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Table A1.2- Mass loadings of prepared DNA-cisPt samples of 1000 µL. 

 

An estimation of the total number of molecules i.e. atoms of cisPt and DNA can be achieved by using 
the correlations between the Avogadro’s constant and number of moles.  

Table A1.3- Mass loadings of prepared DNA-cisPt samples of 1000 µL. 

 

Accessibility of all N7 atoms to a 2.2 Å radius sphere, which corresponds to the size of the cisplatin 
molecule (1).  

Validating fully electroactive geometric area assumption  
It was reported that the area occupied by one square planar cisPt molecule equates to 0.328 nm2. 
Thus given the number of molecules in an aliquot of 25 µL, it equates to 4.92 x 1015 nm2. Thus much 
larger than the geometric surface area of a 3 mm GC electrode (0.0707 cm2).  
 

 

  

sm-DNA: cisPt 
loading 

Mass of cisPt / g Mass of 
DNA/ g 

Mass of cisPt in 25 
µL / g 

Mass of DNA in 
25 µL / g 

1:0 0 1.276 0 0.0319 

1:10-4 (0.1 µM) 3.000 × 10ି଼ 1.276 7.50 x 10ିଵ଴ 0.0319 

1:10-3 (1 µM) 3.000 × 10ି଻ 1.276 7.50 x 10ିଽ 0.0319 

1:10-2 (10 µM) 3.000 × 10ି଺ 1.276 7.50 x 10ି଼ 0.0319 

1:10-1 (100 µM) 2.989 × 10ିହ 1.276 7.50 x 10ି଻ 0.0319 

1:1 (1000 µM) 3.00 × 10ିସ 1.276 7.50 x 10ି଺ 0.0319 

0:1 (1000 µM) 3.00 × 10ିସ 1.276 7.50 x 10ି଺ 0.0319 

Material Number of cisPt molecules 
/DNA in 1000 µL solution 

Number of cisPt molecules /DNA in 25 
µL solution 

Cisplatin (1000 µM) from 8300 µM stock 6.024 x 1017 1.506 x 1016 

1 to 1 DNA-cisPt 6.024 x 1017 1.506 x 1016 

1 to 10-4 DNA-cisPt 6.023 x 1013 1.506 x 1012 

1:10-3 DNA- cisPt 6.023 x 1014 1.506  x 1012 

1 to 10-2 DNA- cisPt 6.023 x 1015 1.506  x 1014 

1 to 10-1 DNA-cisPt from 8300 µM stock 5.998 x 1015 1.499  x 1015 

1 to 0 DNA-cisPt from 16 000 µM 5.850 x 1017 1.462  x 1016 
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How the thickness of the DNA-cisPt film changes with the volume of the material drop cast 

Theory  
The buoyant density of DNA is reported to be a function of the G-C content in the material. It was 
reported that the dehydrated density of E.coli DNA is 2 gcm-3, whereas the buoyant density varied as 
a function of G-C content (2) and is around 1.72 gcm-3  
 

 

 

 

 

 

 

 

 

 

 

However a more profound method has been reported in the literature, exploring density 
measurements of Calf thymus DNA films to be 1.41 ± 0.03 gcm-3 (3). Other authors have reported a 
density measurement of salmon DNA of 1.14 gcm-3 for their work involving a wet-templating approach 
of silver (Ag) onto DNA, however have not made the association of this density with that of dry film 
(4). If we assume that the difference in the density of salmon DNA and calf thymus DNA is insignificant 
then we find that we can estimate the film thickness of the material drop-cast onto the working 
electrode surface, as outlined below.  

𝑉𝑜𝑙𝑢𝑚𝑒 = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 × 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝐸𝑞. (1) 

𝜌஽ே஺ ௙௜௟௠ =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑁𝐴 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑖𝑙𝑚

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐷𝑁𝐴 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑖𝑙𝑚
 𝐸𝑞. (2) 

Hence using equations (1) and (2), we can model the thickness of the films with the volume of the 
material drop cast. The findings are shown in the figure, where the film thickness changes from 0.59 
to 4.19 µm.  

Ideally, if the total contents of the aliquot deposited is made up of the DNA, then for every 1 µL casted 
onto a 3 mm diameter electrode, the thickness goes up by: 

0.001 𝑐𝑚ଷ = 0.0707 𝑐𝑚ଶ  × 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

∴  Thickness =  0.014 c𝑚 

Therefore, as an example, for 25 µL, we should get a film thickness of 0.35 cm.  

However, the max solubility of the salmon milt DNA is reported to be 1 mg/mL by Sigma-Aldrich 
(supplier), therefore in a 1 Litre solution we have an equivalent mass of 1 g of DNA.  

Figure A1.1- Experimental curve showing the relationship between buoyant density in 7.7 M CsC of double-stranded DNA from various 
sources and base composition. (2). 
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For the reported density of 1.14 gcm-3 for DNA, the volume of DNA in the film of a 1000 cm-3 solution 
is therefore:  

𝑉 =
𝑚𝑎𝑠𝑠

𝜌
=

1

1.14
= 0.877 𝑐𝑚ଷ 

So 999.123 cm-3 is water in the solution. In other words, for the 1 µL aliquot, that would mean 0.999 
µL is water and 0.000877 µL is DNA.  

To account for solubility, this means, the actual thickness of the DNA film, for example in the 25 µL 
aliquot is smaller by a factor of 877 than the originally proposed film thickness of 0.35 cm. such that 
the DNA film thickness is 3.99 µm. using the same approach the DNA film thickness is found with drop 
casting volume.  
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How the voltammetry response changes with the drop-cast Volumes of 1 to 1 DNA-cisPt on Glassy 
Carbon (GC) for HER (1 mM HClO4, 0.1 M NaClO4) at different scan rates of: 10, 25 and 50 mV s-1 

 50 mV s-1  

 

 

 

 

 

 

 

 

 

 

Figure A1.2- The voltammetry response for the HER (1mM HClO4, 0.1M NaClO4) 50 mVs-1 at different volumes of 1-1 DNA-
cisPt cast on GC (d=3 mm). 
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25 mV s-1 

 

 

 

 

 

  

 

 

 

 

 

 

  

 

Figure A1.3- The voltammetry response for the HER (1mM HClO4, 0.1M NaClO4) 25 mVs-1 at different volumes of 1-1 DNA-
cisPt cast on GC (d=3 mm). 
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10 mV s-1 

 

 

 

 

 

 

 

Figure A1.4- The voltammetry response for the HER (1mM HClO4, 0.1M NaClO4) 10 mV s-1 at different volumes of 1-1 DNA-
cisPt cast on GC (d=3 mm). 

 

  

The error bars are based on a standard deviation error.  
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Figure A1.5 - (A) The change in the peak potential with drop-cast volume (B) The change in peak current with drop-cast volume cast for the voltammetry response of 
the HER (1 mM HClO4, 0.1 M NaClO4) at the defined scan rate for the 1-1 DNA-cisPt on GC (d=3mm) material. 
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XPS survey spectra results - Binding energies 

Table A1.3 -The variation of the binding energy with DNA-cisplatin loading. 

 

Table A1.4- Survey spectra results for Nitrogen. 

 
 

Table A1.5- Survey spectra results for Oxygen. 

Name of 
element 

Binding energy (eV) 

1 to 10-4 DNA-cisplatin 1 to 10-3 DNA-cisplatin 1 to 10-2 DNA-
cisplatin 

1 to 10-1 DNA-
cisplatin 

O 1S 532.08 533.08 533.08 533.08 

C 1S 286.08 285.08 286.08 285.08 

N 1 S 399.08 399.08 399.08 399.08 

Na 1S 1071.08 1071.08 1071.08 1071.08 

P 2P 133.08 133.08 133.08 133.08 

Si 2P 100.8 99.08 99.08 99.08 

Ca 2p 347.08 347.08 - 347.08 

Pt 4f - - 73.08 72.08 

Name of 
element 

Binding energy (eV) 

1 to 0 DNA-
cisplatin 

1 to 10-4 
DNA-

cisplatin 

1 to 10-3 DNA-
cisplatin 

1 to 10-2 

DNA-
cisplatin 

1 to 10-1 

DNA-
cisplatin 

1 to 1 
DNA-

cisplatin 

N 1 S 399.08 399.08 399.08 399.08 399.08 400.08 

Name of 
element 

Binding energy (eV) 

1 to 0 DNA- 
cisplatin 

1 to 10-4 DNA-
cisplatin 

1 to 10-3 DNA-
cisplatin 

1 to 10-2 DNA-
cisplatin 

1 to 10-1 

DNA-
cisplatin 

1 to 1 DNA-
cisplatin 

O 1 S 532.58 532.08 533.08 533.08 533.08 533.08 
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Table A1.6- Survey spectra results for Carbon. 

 

Diameter measurements of platinum nanoclusters using ‘Image J’ software tool 

 

 

 

 

 

 

Figure A1.5- Diameter measurements made in Image J of platinum nanoclusters observed in STEM of drop cast films of (A) 
1000 µM cisPt solution (B) 0.1 µM cisPt solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name of 
element 

Binding energy (eV) 

1 to 0 DNA-
cisplatin 

1 to 10-4 DNA-
cisplatin 

1 to 10-3 DNA 
– cisplatin  

1 to 10-2 DNA-
cisplatin 

1 to 10-1 

DNA-
cisplatin 

1 to 1 
DNA-

cisplatin 

C 1S 286.08 286.08 285.08 286.08 285.08 285.08 

(A) (B) 
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Table A1.7- Diameter Measurements of platinum nanoclusters in 0.1 µM Cisplatin in Image J processing program. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.1 µM Cisplatin 

Measurement 
number 

Diameter 
size/ nm 

Measurement 
number 

Diameter 
size/ nm 

1 2.093 16 1.853 

2 1.863 17 1.922 

4 1.762 18 2.01 

5 2.044 19 1.99 

6 2.373 20 1.276 

7 1.735 21 1.472 

8 2.106 22 1.817 

9 1.761 23 1.704 

10 1.508 24 1.264 

11 1.715 25 1.838 

12 1.78 26 2.246 

14 1.526 27 1.736 

15 1.789 29 1.578 

Average (3 
significant 
figures) 1.80 

STDEV ERROR 
( 3 significant 
figures) 0.27 
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Table A1.8- Diameter Measurements of platinum nanoclusters in 1000 µM cisplatin in Image J processing program. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1000 µM Cisplatin 

Measurement 
number 

Diameter 
size/ nm 

Measurement 
number 

Diameter 
size/ nm 

1 2.323 16 1.709 

2 1.641 17 1.489 

4 1.494 18 1.919 

5 1.813 19 1.758 

6 1.974 20 1.867 

7 1.514 21 1.624 

8 1.662 22 1.73 

9 1.456 23 2.435 

10 2.101 24 1.991 

11 2.104 25 1.757 

12 1.654   

14 1.77   

15 1.776   

Average (3 
significant 
figures) 1.81 

STDEV ERROR 
( 3 significant 
figures) 0.26 
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Table A1.9- Diameter Measurements of platinum nanoclusters in 1 to 1 DNA- cisPt solution in Image J processing program. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 to 1 DNA-cisPt solution  

Measurement 
number 

Diameter 
size/ nm 

Measurement 
number 

Diameter 
size/ nm 

1 3.79 11 7.98 

2 2.67 12 5.84 

4 4.92 14 3.62 

5 6.39 15 4.11 

6 6.65 16 2.01 

7 1.59 17 1.86 

8 1.89 18 3.00 

9 2.26 19 2.47 

10 2.83   

Average  

 (3 significant 
figures) 3.83 

STDEV ERROR  

( 3 significant 
figures) 1.85 
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Figure A1.9- Diameter Measurements of platinum of 1 to 1 DNA-cisPt solution casted on TEM grid and characterised via 
STEM imaging. 
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Appendix 2- Chapter 5: Functionalisation of DNA-cisplatin with Single Walled Carbon 
Nanotubes (SWCNT) 

 

Nanocluster size measurements with sonication time 

Table A2.1: Data measurements of the nanocluster size at 15 minutes sonication of the 2 to 1 SWCNTS –DNA-cisPt based on 
STEM Images in figures 5 (A) to (C). 

Measurement number Particle size / nm 
1 58.073 
2 48.646 
3 19.231 
4 61.059 
5 105.212 
6 73.517 
7 41.268 
8 45.395 
9 35.071 

10 45.973 
11 22.133 

Average ± Standard deviation error 50.1 ± 24.2 nm 
 

 

Table A2.2- Data measurements of the nanocluster size at 90 minutes sonication of the 2 to 1 SWCNTS –DNA-cisPt based on 
STEM Images in figures 5 (D) to (F). 

 

 

 

 

Measurement 
number 

Particle 
size / 
nm 

Measurement 
number 

Particle 
size / 
nm 

Measurement 
number 

Particle 
size / 
nm 

Measurement 
number 

Particle 
size / 
nm 

1 12.258 12 28.95 23 16.769 34 7.225 
2 19.549 13 7.471 24 8.078 35 9.501 
3 8.502 14 5.709 25 6.342 36 11.17 
4 17.394 15 17.246 26 5.381 37 8.716 
5 10.51 16 6.383 27 10.696 38 8.393 
6 10.452 17 15.172 28 8.675 39 9.642 
7 11.4 18 31.173 29 19.288 40 10.596 
8 11.13 19 7.895 30 11.936 41 10.218 
9 8.285 20 14.173 31 7.622 42 11.377 

10 12.52 21 16.706 32 10.086 43 7.225 
11 12.258 22 8.682 33 9.651 44 9.501 

Average ± 
Standard 

deviation error 

12.3 ± 2.73 nm 
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Nanocluster size measurements with sonication time at higher resolution 

Table A2.3- Data measurements of the nanocluster size at 45 minutes sonication of the 2 to 1 SWCNTS –DNA-cisPt from 
STEM images. 

 

 

 

 

 

 

Measurement number Particle size / nm Measurement number Particle size / nm 

1 1.639 16 0.827 
2 2.398 17 1.433 
3 2.213 18 1.123 
4 0.986 19 0.728 
5 1.56 20 0.852 
6 1.36 21 1.203 
7 1.886 22 0.771 
8 0.713 23 1.837 
9 1.07 24 1.521 

10 2.262 25 1.577 
11 2.103 26 2.166 
12 1.702 27 0.993 
13 0.775 28 0.82 
14 1.076 29 0.793 
15 1.036 30 1.705 

Average ± Standard 
deviation error 1.26 ± 0.57 nm 
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Table A2.4- Data measurements of the nanocluster size at 90 minutes sonication of the 2 to 1 SWCNTS –DNA-cisPt from 
STEM images. 

 

 

 

Measurement 
number 

Particle 
size / nm 

Measurement 
number 

Particle 
size / nm 

Measurement 
number 

Particle 
size / nm 

Measurement 
number 

Particle 
size / nm 

1 1.628 43 0.832 83 1.344 122 1.174 
2 1.601 44 2.366 84 1.058 123 1.193 
3 1.69 45 2.288 85 1.079 124 0.675 
4 1.508 46 1.765 86 1.404 125 1.068 
5 0.721 47 1.285 87 0.904 126 1.14 
6 1.039 48 1.183 88 1.706 127 1.767 
7 1.324 49 1.747 89 0.883 128 1.233 
8 0.849 50 1.196 90 1.026 129 1.603 
9 0.789 51 1.018 91 2.118 130 1.604 

10 2.164 52 0.656 92 0.774 131 1.628 
11 1.69 53 0.676 93 1.033 132 0.65 
12 1.198 54 0.765 94 0.962 133 1.179 
13 1.694 55 1.102 95 1.083 134 0.581 
14 1.426 56 1.422 96 1.854 135 0.757 
15 0.877 57 1.681 97 0.993 136 0.97 
16 0.592 58 2.029 98 1.646 137 1.273 
17 1.439 59 2.457 99 0.871 138 0.74 
18 0.594 60 2.288 100 0.599 139 1.217 
19 0.553 61 0.98 101 1.174 140 1.075 
20 0.704 62 0.973 102 1.455 141 0.839 
21 0.902 63 0.741 103 1.713 142 1.25 
22 0.864 64 1.468 104 1.217 143 1.32 
23 1.916 65 1.408 105 1.564 144 1.95 
24 1.973 66 1.267 106 1.291 145 1.205 
25 1.297 67 1.05 107 1.885 146 1.973 
26 1.577 68 0.978 108 1.922 147 1.36 
27 0.826 69 1.081 109 0.943 148 1.209 
28 0.951 70 0.86 110 1.586 149 1.465 
29 0.869 71 1.118 111 0.914 150 1.084 
30 0.888 72 0.99 112 0.774 151 0.999 
31 1.916 73 1.205 113 0.914 152 1.268 
32 1.403 74 1.548 114 1.034 153 1.034 
34 1.352 75 1.678 115 1.894 154 2.008 
35 0.761 76 1.478 116 1.104 155 1.36 
36 1.521 77 1.036 117 1.432 156 1.142 
37 1.118 78 1.935 118 1.199 157 1.061 
38 1.296 79 1.248 119 1.088 158 0.691 
39 0.758 80 1.763 120 1.147 159 1.046 
40 1 81 1.232 121 1.125 160 1.193 
41 1.016 82 2.1 122 1.174 161 1.316 

Average particle 
size ± standard 
deviation error 

1.26 ± 0.37 nm 
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Table A2.5- Data measurements of the nanocluster size at 30 minutes sonication of the 2 to 1 SWCNTS –DNA-
cisPt from STEM. 

 

 

 

 

 

 

 

 

Measurement 
number 

Particle size 
/ nm 

Measurement 
number 

Particle size 
/ nm 

Measurement 
number 

Particle size 
/ nm 

1 1.704 33 2.422 65 2.331 
2 2.826 34 1.994 66 1.207 
3 1.587 35 0.661 67 1.457 
4 1.481 36 1.871 68 1.43 
5 1.798 37 1.632 69 2.376 
6 1.761 38 1.781 70 0.935 
7 2.175 39 1.566 71 1.618 
8 0.915 40 1.107 72 1.112 
9 1.023 41 1.558 73 0.682 

10 0.675 42 1.628 74 0.969 
11 0.784 43 1.086 75 0.862 
12 1.019 44 1.168 76 0.915 
13 0.925 45 1.381 77 1.389 
14 0.791 46 1.329 78 0.685 
15 1.275 47 1.142 79 1.092 
16 1.832 48 1.617 80 0.755 
17 0.592 49 1.674 81 0.769 
18 0.921 50 1.282 82 0.955 
19 0.967 51 0.846 83 0.859 
20 0.755 52 1.813 84 0.652 
21 0.806 53 1.368 85 0.852 
22 2.015 54 1.258 86 0.643 
23 1.545 55 1.646 87 1.257 
24 2.04 56 1.836 88 1.119 
25 2.846 57 1.504 89 0.925 
26 0.638 58 1.708 90 0.61 
27 1.099 59 1.751 91 0.415 
28 0.754 60 1.225 92 1.073 
29 0.927 61 1.07 93 1.436 
30 2.36 62 1.804 94 1.047 
31 2.159 63 1.692 95 1.15 
32 1.808 64 1.012 96 1.232 

 Average particle size 
± standard deviation 

error 1.321 ± 0.52 nm 
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Table A2. 6- Data measurements of the nanocluster size at 15 minutes sonication of the 2 to 1 SWCNTS –DNA-
cisPt from STEM. 

 

 

 

 

 

 

 

 

Measurement 
number 

Particle size 
/ nm 

Measurement 
number 

Particle size 
/ nm 

Measurement 
number 

Particle size 
/ nm 

1 2.086 33 0.73 65 2.189 
2 2.181 34 0.801 66 2.55 
3 3.085 35 0.773 67 2.513 
4 3.085 36 0.733 68 1.586 
5 2.989 37 0.74 69 0.614 
6 2.506 38 1.043 70 2.189 
7 2.061 39 0.859 71 2.55 
8 1.814 40 0.816 72 1.888 
9 1.81 41 0.978 73 1.69 

10 2.367 42 0.952 74 1.27 
11 2.372 43 0.734 75 0.943 
12 1.807 44 1.024 76 1.439 
13 2.133 45 2.162 77 1.003 
14 1.853 46 1.573 78 1.018 
15 2.172 47 2.276 79 1.146 
16 1.172 48 3.034 80 0.59 
17 2.45 49 3.123 81 0.85 
18 1.755 50 2.584 82 0.788 
19 1.485 51 3.286 83 0.908 
20 1.541 52 2.752 84 0.792 
21 1.408 53 2.274 85 1.089 
22 1.332 54 2.551 86 1.092 
23 1.373 55 3.503   
24 1.396 56 1.831   
25 1.085 57 1.526   
26 0.884 58 2.202   
27 0.959 59 2.889   
28 0.916 60 1.942   
29 1.373 61 1.206   
30 0.819 62 0.957   
31 1.079 63 1.625   
32 0.734 64 1.878   

 Average particle size 
± standard deviation 

error 1.57 ± 0.64 nm 
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Nanocluster size measurements with ratio of the SWCNTS to DNA-cisPt  

Table A2.7: Platinum nanocluster size data of the measurements of the STEM images in figure 9 (A, B) at the 0.5:1                   
SWCNT –DNA-cisPt material. 

Measurement number Particle size / nm 
1 2.436 
2 2.395 
3 1.552 
4 2.03 
5 1.544 
6 2.065 
7 1.14 
8 1.207 
9 1.577 

10 1.604 
11 1.744 

Average ± Standard deviation error 1.51 ± 0.67 nm 
 

 

Table A2.8: Platinum nanocluster size data of the measurements of the STEM images in figure 9 (C-F) at the                                         
1:1 SWCNT –DNA-cisPt material. 

 

 

 

Measurement 
number 

Particle size 
/ nm 

Measurement 
number 

Particle size / 
nm 

Measurement 
number 

Particle size 
/ nm 

1 2.569 18 2.109 35 1.563 
2 1.906 19 2.215 36 2.221 
3 2.312 20 1.802 37 2.181 
4 1.075 21 1.875 38 2.161 
5 2.159 22 1.508 39 1.134 
6 1.856 23 1.768 40 1.369 
7 1.196 24 1.563 41 0.833 
8 2.597 25 2.221 42 1.006 
9 2.105 26 2.181 43 2.274 

10 2.063 27 2.161 44 1.515 
11 1.582 28 1.134 45 1.525 
12 1.309 29 1.369 46 1.164 
13 0.95 30 0.833 47 0.946 
14 1.301 31 1.006 48 1.245 
15 0.954 32 2.274 49 0.862 
16 0.596 33 1.515 50 0.839 
17 1.197 34 1.768 51 0.595 

Average ± 
Standard 

deviation error 

1.57 ± 0.55 nm 



 

217 
 

Table A2.9: Platinum nanocluster size data of the measurements of the STEM images in figure 9 (G-H) at the                                 
2:1 SWCNT –DNA-cisPt material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Measurement number Particle size / nm Measurement number Particle size / nm 

1 1.639 16 0.827 
2 2.398 17 1.433 
3 2.213 18 1.123 
4 0.986 19 0.728 
5 1.56 20 0.852 
6 1.36 21 1.203 
7 1.886 22 0.771 
8 0.713 23 1.837 
9 1.07 24 1.521 

10 2.262 25 1.577 
11 2.103 26 2.166 
12 1.702 27 0.993 
13 0.775 28 0.82 
14 1.076 29 0.793 
15 1.036 30 1.705 

Average ± Standard 
deviation error 1.26 ± 0.55 nm 
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Theoretical Area: Scan rate study and R-S plots 

2 to 1 SWCNT to DNA-Cisplatin 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.1- Voltammetry response for the HER at 2:1 SWCNT-DNA-cisPt/GC in 1.04 mM HClO4 and 0.1 M NaClO4 at 
different scan rates (B) log R-S plot.  
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1 to 1 SWCNT-DNA functionalized with cisplatin 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.2- Voltammetry response for the HER at 1:1 SWCNT-DNA functionalised with cisPt/GC in 1.04 mM HClO4 and 0.1 
M NaClO4 at different scan rates (B) log R-S plot. 
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Figure A2.3- Voltammetry response for the HER at bare GC (d= 3 mm) in 1.04 mM HClO4 and 0.1 M NaClO4 at different scan 
rates (B) log R-S plots. 
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1 to 1 DNA-cisPt 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A2.4- Voltammetry response for the HER at 1 to 1 DNA-cisPt/GC in 1.04 mM HClO4 and 0.1 M NaClO4 at 
different scan rates (B) log R-S plots. 

 

4 to 1 SWCNT-DNA-cisPt 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.5- Voltammetry response for the HER at 4 to 1 SWCNT-DNA-cisPt/GC in 1.04 mM HClO4 and 0.1 M NaClO4 at 
different scan rates (B) log R-S plots. 
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SWCNT’s-Cisplatin 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.6-: Voltammetry response for the HER at SWCNT- cisPt/GC in 1.04 mM HClO4 and 0.1 M NaClO4 at different scan 
rates (B) Log R-S plots. 
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Figure A2.7- Voltammetry response for the HER at 1000 µM SWCNT/GC in 1.04 mM HClO4 and 0.1 M NaClO4 at different 
scan rates (B) R-S plots. 
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The log scan rate0.5 vs log Peak current (IP) plot for all the casted materials explored, the slope of the 
logarithmic of Ip vs scan rate ranged from 0.40 to 0.52, which is reflective of that of a diffusion 
controlled process.  

Tafel slopes and alpha estimation 

Tafel Plots  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Alpha calculations  

Tafel slope for the HER at cisPt/GC is found to be 49.7 mVdec-1.  

𝛼 =  
𝑅𝑇

𝐹(𝑇𝑎𝑓𝑒𝑙 𝑠𝑙𝑜𝑝𝑒)
=  

(8.314 × 298)

ቆ96485 × ቀ
49.7
1000ቁቇ

= 0.516 = 0.52 

 

 
Figure A2.8 -Tafel plot for (A) DNA-Cisplatin functionalized material (B) DNA functionalized material (C) Pt UME mass transport corrected at 50 mVs-1 , 

linear fit of y= 0. 0227x -1.296. 
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Influence of Sonication time on Platinum cluster size measurements in image J 

15 minutes  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure A2.9- (A- C) Measurements of the influence of sonication time employed on the functionalisation of a ratio of 2 to 1 DNA-
cisPt with SWCNTs (A-C) 15 minutes in image J (D) 30 minutes (E) 45 minutes (F-I) 90 minutes in a 9-10 °C ice water bath. 

(A) (B) (C) 

(D) (E) (F) 

(G) (H) (I) 
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Appendix 3- Chapter 6: Graphitization of the DNA-cisPt via electron beam irradiation for 
the electrocatalysis of the hydrogen evolution reaction (HER) 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3.1- Voltammetry response for HER (1 mM HClO4 0.1 M NaClO4) 50 mV s-1, 41.7 µL of 1 to 10-3 DNA-cisPt drop-cast 
on 5 mm GC at different exposure times of a 5 Kev electron beam error bars based on a standard deviation error (A) (1st 

scan) first set of data (B) (1st scan) second set of data (C) 3rd scan (first set of data). 
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Figure A3.2- Tafel plots for the different DNA-cisPt loadings pre-irradiation (A) Different DNA-cisPt untreated (B) Different 
DNA-cisPt material following e-beam irradiation (5 keV, 24 min). 
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E-beam irradiated DNA vs DNA-cisplatin  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Average lattice spacing of 0.23 ± 0.015 nm* is found for 1 to 10-3 DNA-cisplatin, using the FFT 
function. * Based on a standard deviation error.  

Figure A3.4- FFT measurements for made for the selected region of the 1 to 10-3 DNA-cisPt. 

Figure A3.3- HAADFF STEM imaging of Electron beam exposed (5 Kev, 24 minutes) (A) 1 to 1 DNA-cisPt (HADFF DF imaging) (B) 1000 µM DNA 
(HADFF BF imaging) (C) corresponding FFT measurements of outlined area in figure A3.3 (B) (D) 1 to 10-3 DNA-cisPt 5keV, 24 minutes (HAADFF 

BF imaging) (E) corresponding FFT measurements of outlined area in figure A3.3 (D). 

(A) (B) (C)  

(D)  (E)  
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Based on the FFT images generated, average of 0.29 ± 0.0512nm* found for 1000 µM DNA. 

*based on a standard deviation error. Lattice measurement found reflective of carbon based material 
not platinum, given that for platinum 0.34 nm is reported for platinum metal lattice compared with 
0.26nm (pure DNA) and an average lattice spacing of 0.23 nm for 1 to 10-3 DNA-cisplatin, using the FFT 
function.  

Figure A3.5- FFT measurements for made for the selected region of the 1000 µM DNA. 
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Appendix 4- Chapter 7: Carbonisation of the DNA-cisplatin via a pseudo pyrolysis process 
for the electrocatalysis of the Hydrogen Evolution Reaction (HER) 

 
Heat flow rate and heating rate calculations  
The following expression can simply be used to attain the heat flow rate for the heat treatment 
process of the DNA-cisPt material, under an inert nitrogen atmosphere:  

𝑄 = 𝑚̇𝑐௣∆𝑇 𝐸𝑞. (1) 
Where Q is the heat flow rate (Js-1), 𝑚̇ is the mass flow rate (kgs-1), 𝑐௣ is the specific heat capacity                   
(Jkg-1K-1) and ∆𝑇 is the temperature difference in K. 
 
Given a volumetric flowrate of nitrogen gas of 50 Lmin-1, we can convert this to mass flowrate using: 

𝑚̇ = 𝜌𝑞 𝐸𝑞. (2) 
 
Where 𝑚̇ the mass flow rate (kgs-1), 𝜌 is the density (kgcm-3) and q is the volumetric flowrate (cm3s-1).  
 

Table A4.1: Physical properties of Nitrogen at the relevant temperature condition [1]. 

Temperature / °C Density of Nitrogen/ 
kgcm-3 

Specific heat capacity of 
Nitrogen/ kJkg-1K-1 

160 0.779 1.044 
255 0.638 1.0605 
350 0.542 1.0805 

 
At room temperature and pressure conditions, the density of nitrogen is 1.132 kgm-3. For the range of 
temperature conditions used for the heat treatment i.e. 160 to 350 °C, the density changes as 
presented in Table 1.  
 
A volumetric flowrate of 50 mLmin-1 is equivalent to 0.83 cm3s-1. Thus we can find the mass flowrate 
using equation (2) for the temperature range used in this work as shown:  
 

𝐴𝑡 160 °𝐶, 𝑚̇ = 0.779 𝐾𝑔𝑐𝑚ିଷ × 0.83 𝑐𝑚ଷ𝑠ିଵ = 0.649 𝑘𝑔𝑠ିଵ 𝐸𝑞. (2𝑎) 
𝐴𝑡 255 °𝐶, 𝑚̇ = 0.638 𝐾𝑔𝑐𝑚ିଷ × 0.83 𝑐𝑚ଷ𝑠ିଵ = 0.532 𝑘𝑔𝑠ିଵ 𝐸𝑞. (2𝑏) 
𝐴𝑡 350 °𝐶, 𝑚̇ = 0.542 𝐾𝑔𝑐𝑚ିଷ × 0.83 𝑐𝑚ଷ𝑠ିଵ = 0.452 𝑘𝑔𝑠ିଵ 𝐸𝑞. (2𝑐) 

 
Therefore we calculate the heat flowrate (Q) (Js-1) using equation (1) by substituting the relevant mass 
flowrate (equations 2(a-c)), temperature and the relevant specific heat capacity of nitrogen (see Table 
1), we can find the heat flowrate as shown: 
 
At 160 °C 

𝑄 = 0.649 𝑘𝑔𝑠ିଵ  × 1.044 𝑘𝐽𝑘𝑔ିଵ𝐾ିଵ  × (433 − 298) 𝐾 = 91.5 𝑘𝐽𝑠ିଵ 𝐸𝑞. (3) 
 
At 250 °C 

𝑄 = 0.532 𝑘𝑔𝑠ିଵ  × 1.0605 𝑘𝐽𝑘𝑔ିଵ𝐾ିଵ  × (528 − 298) 𝐾 = 129.8 𝑘𝐽𝑠ିଵ 𝐸𝑞. (4) 
 
At 350 °C 

𝑄 = 0.452 𝑘𝑔𝑠ିଵ  × 1.0805 𝑘𝐽𝑘𝑔ିଵ𝐾ିଵ  × (623 − 298) 𝐾 = 158.7 𝑘𝐽𝑠ିଵ 𝐸𝑞. (5) 
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The heating rate of the process can be deduced simply from the following expression: 
 

𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =
𝑇ଶ − 𝑇ଵ

𝑡ଶ − 𝑡ଵ
 𝐸𝑞. (6) 

 
Were T2, t2 are the outlet temperature and time respectively and T1, t1 are the inlet temperature and 
time conditions respectively. Therefore using expression (6) we can calculate the heating rate for the 
temperature range over a process duration of 30 minutes as shown: 
At 160 °C 

𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =
(160 − 25) °𝐶 

(30 − 0)𝑚𝑖𝑛
=  4.5 °𝐶 𝑚𝑖𝑛ିଵ 

At 255 °C 

𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =
(255 − 25) °𝐶 

(30 − 0)𝑚𝑖𝑛
=  7.7 °𝐶 𝑚𝑖𝑛ିଵ 

At 350 °C 
 

𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =
(350 − 25) °𝐶 

(30 − 0)𝑚𝑖𝑛
=  10.8 °𝐶 𝑚𝑖𝑛ିଵ 

 
References 

 [1] Engineering Toolbox, (2005). Nitrogen - Specific Heat. [Online] Available at: 
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Heat treatment studies of the 1 to 10-3 DNA-cisPt material 

Temperature effect  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The variation in the results obtained is accounted for by taking an average value of the Ep and Jp and 
observing the correlation between these parameters and pseudo pyrolysis temperature.  
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Figure A4.1- Repeated testing for the effect of pseudo pyrolysis temperature in the range of 250-260 °C on the electrochemical 
response of 1 to 10-3 DNA-cisPt for the HER, 1 mM HClO4 and 0. 1M NaClO4 at 50 mVs-1. 
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Time effect  

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure A4.2 Effect of ‘duration time’ of the pseudo pyrolysis process on the electrochemical response for the HER (1 mM 
HClO4, 0.1 M NaClO4 , 50 mVs-1) at (A) 255 °C and (B) 260°C on the electrochemical response of 1 to 10-3 DNA-cisPt/GC 

modified working electrode surface. 

 

Both figures A4.2 (A) & (B) suggest that 30 minutes is an ideal time for achieving pseudo pyrolysis of 
the material in terms of current density i.e. catalytic activity and peak potential.  
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Influence of duration time of the pseudo pyrolysis process at 255 °C on the electrochemical response 
for the Hydrogen evolution reaction (HER) at the surface of 1 to 10-4 DNA-cisPt 

The influence of the duration of pseudo pyrolysis was explored for the 1 to 10-4 DNA-cisplatin loading. 
A new saturated Glassy Carbon electrode is employed to the previous section, hence the variation in 
peak potential, Ep.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.3 Effect of ‘duration time’ of the pseudo pyrolysis process on the electrochemical response for the HER (1 mM 
HClO4, 0.1 M NaClO4, 50 mVs-1) at (A) 255 °C on the electrochemical response of 1 to 10-4 DNA-cisPt/GC modified working 

electrode surface. 
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Figure A4.4 Effect of ‘duration time’ of the pseudo pyrolysis process on the electrochemical response for the HER (1 mM 
HClO4, 0.1 M NaClO4, 50 mVs-1) at (A) 255 °C on the electrochemical response of 1 to 10-4 DNA-cisPt/GC modified working 

electrode surface. 
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STEM imaging characterisation of heat treated material  

In order to characterize the influence of pseudo pyrolysis on the surface morphology of the DNA-
Cisplatin well, imaging of a heat treated blank GC TEM substrate was conducted to enable effective 
distinguishes to be made between the support surface and the casted material of interest.  

Imaging of the substrate: Bare Cu holey carbon TEM grid 
A blank holey carbon TEM grid was inserted into the furnace purged with N2 set at 255 °C for 30 
minutes. The changes to the surface morphology of the grid as a result of this were explored.  
From figure A4.5, it is evident that the transfer process between the furnace and STEM instrument, 
there is accumulation of dirt deposit onto the surface of the TEM grid. However there are no significant 
features associated with the material morphology i.e. lattice fringes corresponding to that of the 
lattice plane. 

 
Influence of heat on a bare GC 
In order to more closely assess the effect of heat treatment on the DNA-Cisplatin material, a polished 
bare GC stub was placed at 280 °C for 10 minutes in a furnace purged with N2 gas. The GC surface was 
then polished using alumina slurry and immersed into the same Perchloric acid solution. From figure 
A4.6, it is evident that the polished GC surface produces a higher catalytic activity and a shift from -
0.89 V to -0.87 V vs SCE. This is very much likely due to the sensitive nature of the heterogeneous 
surface of glassy carbon, hence also the changes that rise from surface treatments.  

Figure A4.5 -HAADF-BF STEM imaging of Blank holey carbon Cu TEM grid heat treated in a furnace at 255 °C for 30 minutes, 200 keV 
acceleration voltage. 
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STEM imaging characterization of carbonised DNA and DNA-cisPt solutions 

Sample preparation  
An aliquot of 3 µL of fabricated samples e.g. 1000 µM virgin DNA solution was casted onto a 3mm 
Carbon film on a Cu TEM grid and dried under a lamp. This was then transferred into ceramic crucible 
which was placed in a tubular furnace set at 255 °C under a nitrogen atmosphere (50 mL/min) for 30 
minutes. The TEM grid was then removed and imaged using Scanning Transmission Electron 
Microscopy (STEM).  
 
STEM-HAADF  
The surface morphology of the material was attained using Scanning Transmission Electron 
Microscopy (STEM) operated in both Dark field and Bright field imaging using a JEOL2100F instrument. 
The STEM was operated in Z-contrast mode using a HAADF detector at 200 keV acceleration voltage.  

Figure A4.6 The influence of the heat exposure of a bare GC on the electrochemical response of a HER, (1 mM HClO4, 0.1 M NaClO4) at 
50 mV s-1. 
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Virgin DNA solution (1000 µM) 

 

  

Figure A4.7- 1000 µM virgin DNA solution on carbon TEM, heated at 255°C, 30 minutes at a magnification of (A-C) 5 million. 

(A) (B) (C) 

Figure A4.8- 1000 µM virgin DNA solution on carbon TEM , heated at 255°C, 30 minutes at a magnification of (A) 20 million                    
(B) 15 million (C) 8 million. 

(A) 
(B) 

(C) 
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(D) 

Figure A4.9- 1000 µM virgin DNA solution on carbon TEM , heated at 255°C, 30 minutes at different magnifications of (A) 8 million (B) 10 
million (C) 8 million. 

(A) (B) 

(C) 
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Lattice space measurements of carbonised DNA using the FFT function in image J 
Using the FFT function in image J, the lattice space measurement of the carbonised virgin DNA material 
can be achieved. This measurement appears, as circled in the first figure, and corresponds to the 
analysis of the section highlighted (yellow rectangle) in the STEM image. This is found to range 
between 0.2-0.22nm for the carbonised DNA. 
 

 

  

 

 

Figure A4.10 - 1000 µM virgin DNA solution on carbon TEM , heated at 255°C, 30 minutes at different magnifications of 
(A) 8 million (B) 15 million (C) 10 million. 

(A) (B) 

(C) 
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Figure A4.11- 1000 µM virgin DNA solution on carbon TEM , heated at 255°C, 30 minutes at different magnifications of                 
(A) 10 million (B) 8 million and their corresponding FFT measurements. 

The images displayed in Figure A4.11, show the appearance of more graphitic like material (nano 
rings) and this is reflected in the FFT measurements.  

 
 
 
 
 
 
 
 
 
 
 

(A) 

(B) 
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STEM characterization of carbonised DNA-cisPt (255 °C, 30 minutes) of different cisPt loadings 
The lattice measurement using the FFT function in image J is repeated for the carbonised DNA-cisPt 
adducts synthesized at different loadings of the platinum metal i.e. different ratio of cisPt. The findings 
are summarized in Table 1 and measurements are displayed below. 
 

Table A4.2- Lattice Space measurements found using FFT function in Image J. 
 
 

 

 

 

STEM characterization of carbonised DNA-cisPt (255 °C, 30 minutes) of different cisPt loadings  

1 to 10-3 DNA-cisPt 

 

 

 

 

 

 

 

 

 

 

Figure A4.12- 1 to 10-3 DNA-cisPt solution on carbon TEM, heated at 255°C, 30 and the corresponding FFT measurement. 

 

 

 

 

 

 

 

 

 

Sample Lattice spacing measurement using FFT function 
(image J) different regions on TEM grid /nm 

Carbonised 1 to 10-3 DNA-cisPt 0.21 
Carbonised 1 to 1 DNA-cisPt 0.225 , 0.24 
Carbonised CisPt (1000 µM) 0.24 , 0.25, 0.23, 0.14 
Untreated CisPt (1000 µM) 0.24 
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1 to 1 DNA-cisPt carbonised  
Inner and outer regions measure at 0.3 and 0.15 nm respectively. Thus an average spacing of 0.225 
nm is found.  

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure A4.13- 1 to 1 DNA-cisPt solution on carbon TEM, heated at 255 °C, 30 minutes and the corresponding FFT 
measurement. 
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A different region on the TEM grid for the carbonised 1 to 1 DNA-cisPt (255 °C, 30 minutes) is 
shown: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.14 - 1 to 1 DNA-cisPt solution on carbon TEM, heated at 255 °C, 30 and the corresponding FFT measurement. 
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STEM characterization of carbonised cisPt solution 1000 µM (255 °C, 30 minutes) vs untreated 
cisPt 

1000 µM CisPt carbonised (255 °C, 30 minutes) 

 

 

Figure A4.15 – 1000 µM cisPt solution on carbon TEM, heated at 255°C, 30 and the corresponding FFT measurement. 
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Figure A4.16 - 1000 µM -cisPt solution on carbon TEM, heated at 255°C, 30 minutes and the corresponding FFT 
measurement.  
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1000 µM untreated cisPt  

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.17 - 1000 µM cisPt solution on carbon TEM and the corresponding FFT measurement. 
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D-Plot function in image J for Lattice space measurement  

1 to 1 DNA-cisPt heat treated 

 

 

These measurements were confirmed using the d-spacing tool in Image J, to further consolidate the 
findings above. An example of the produced d-plot produced from the line drawn across the area of 
interest on the STEM image is shown above. The d spacing (distance/number of points) is found from 
figure A4.18, where figure A4.18 (B) corresponds to a lattice spacing of 0.206 nm. This is in line with 
the measurement found using the FFT function.  

Carbonised DNA  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure A4.18- STEM HAADF BF imaging of 3 µL of (A) 1 to 1 DNA –cisPt solution carbonised ( 255 °C, 30 minutes) (B) Corresponding 
D-plot for lattice spacing via d-spacing tool in Image J. 

(A) (B) 

Figure A4.19- STEM HAABF imaging of 3 µL of (A) 1 mM virgin untreated DNA solution carbonised ( 255 °C, 30 minutes)                     
( x 8 million) (B) Corresponding D-plot for lattice spacing via d-spacing tool in Image J. 

(A) (B) 
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The d spacing (distance/number of points) is found from figure A4.18, where figure A4.18 (B) 
corresponds to a lattice spacing of 0.248 nm. This is in line with the measurement found using the FFT 
function. 

 

 

 

 

 

 

 

 

 

 

Figure A4.20- STEM HAABF imaging of 3 µL of (A) 1 mM virgin untreated DNA solution carbonised ( 255 °C, 30 minutes)                    
( x 10 million) (B) Corresponding D-plot for lattice spacing via d-spacing tool in Image J. 

The d spacing (distance/number of points) is found from figure A4.20, where figure A4.20 (B) 
corresponds to a lattice spacing of 0.213 nm. This is in line with the measurement found using the FFT 
function.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The d spacing (distance/number of points) is found from figure A4.21, where figure A4.21 (B) 
corresponds to a lattice spacing of 0.1987 nm. This is in line with the measurement found using the 
FFT function.  

 

(A) (B) 

(A) (B) 

Figure A4.21- STEM HAABF imaging of 3 µL of (A) 1 mM virgin untreated DNA solution carbonised ( 255 °C, 30 minutes) ( x 10 
million) (B) Corresponding D-plot for lattice spacing via d-spacing tool in Image J. 
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Appendix 5- Chapter 8: Cisplatin DNA nanostructures for the electrocatalysis of the 
hydrogen evolution reaction (HER) 

Materials and experiments 
Material Synthesis  
All the material processed and characterised in this work was synthesised and provided by Klaudia 
Englert, School of Chemistry, University of Birmingham [1]. An overview of the experimental methods 
used by Englert [1] to achieve this is outlined.  

1 to 10-3 sm-DNA-cisPt 
Deoxyribonucleic Acid (DNA), sodium salt from salmon testes, cisplatin (99.99 % purity, based on trace 
metal analysis) were purchased from Sigma Aldrich. DNA-cisPt adducts were synthesized by dissolving 
the salmon milt DNA (sm-DNA) in Milli-Q water (resistivity ≥ 18.2 MΩ.cm) and sonicating to prepare a 
stock solution. Cisplatin in aqueous form was mixed with the sm-DNA and incubated at 37 °C overnight 
for 10 hours. Confirmation of the adduct formation was achieved using spectrophotometric 
techniques using Shimadzu UV-1800 spectrophotometer, Jasco J-810 spectropolarimeter and Cary 
5000 UV-Vis-NIR Spectrophotometer [1].  

For the 1 to 10-3 sm-DNA-cisPt, this involves incubation of a 1 mM DNA solution with a 1 µM cisPt 
solution. This is chosen as the representative material of the different DNA-cisPt loadings explored in 
the previous work (see chapter 4), since it uses an intermediate loading of the platinum metal.  

Holliday Junction arrays  
To maximize the structural order of the three-layer logpile (3LL) design, the assembly of discrete 
Holliday junction units is achieved to form an array by hybridization of ‘sticky ends’ (46). Each unit is 
composed of four DNA oligonucleotides which forms the assembly upon annealing. Each of the four 
oligonucleotides terminate in a sticky end made up of six unpaired bases, see Table 1. The DNA 
strands, each of a 5 µM concentration, are left to anneal in a buffer for 72 hours from 90 °C to 20 °C. 
The annealing buffer employed is a made up of a 10 mM MgCl2 , 5 mM Tris-HCl , 20 mM Tris acetate 
and 1 mM EDTA/ 2 % Triton X-100 of pH of 8.3. A more detailed procedure is provided by Englert [1]. 

Holliday Junction cisPt arrays (Platinated) 
The assembly of the cisPt Holliday Junction arrays, see figure 1, involves the reactions of a single strand 
of DNA, containing only two adjacent guanines, with an equimolar quantity of cisPt solution in Milli-Q 
water (resistivity ≥ 18.2 MΩ.cm). This ensures the cisPt binding occurs specifically at the two available 
guanine bases in the sequence, see Table 1. The cisPt compatible strands refer to the sequence 
containing the GG bases (marked in red in Table 1), the site where the Pt is expected to coordinate. 

The desired cisPt DNA adduct is then purified by high performance liquid chromatography (HPLC) 
(performed by Klaudia Englert) to remove the unreacted DNA. The cisPt modified Holliday Junction 
strand along with the three remaining unmodified Holliday Junction strands (Table A5.1) are then 
annealed following the same method described above for the HJ array fabrication. There is one cisPt 
molecule per HJ structure, which is equivalent to one cisPt per 79 DNA base pairs.  
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Table A5.1- Sequence of the Holliday Junction used to synthesize the Arrays with and without cisPt, Englert [1]. 

 

The four-armed junctions can be described as being two quasi continuous duplexes connected by the 
exchange of two strands where they meet. They are stacked upon each other and are bent at 60° 
relative to one another. The design of the helices is straight to avoid distortions that can reduce the 
crystalline order [1].  

cisPt DNA origami (40 nM of phage origami)  
Discrete DNA origami nanostructures, based on a triangular template were created from an M13mp18 
genomic DNA and assembled using 200 oligonucleotide staples. 15 out of the 200 staples have a polyA 
extension, which allows docking of a complementary polyT sequence in 15 positions of the DNA 
origami triangle. The polyT strand, having two additional guanine bases at its 3’ end, would allow cisPt 
adduct formation such that the DNA origami triangle would be loaded with platinum at specific 
locations, as demonstrated in figure 2(B) [1]. It is important to note that the cisPt containing docking 
strands do not take part in the DNA origami triangle formation, but are merely attached onto the 
origami via its staple extensions [1].  

 

 

 

 

 

 

Holliday junction with sticky ends Holliday junction cisPt compatible sequence  
5' CTA ACT ACA TGC CTT CTG GAC CGT TGT 

CTA C CTT AGC3' 
5'GTAGACAACGGTCCAGAAGGCATGCGGAACAGT

GAGCAATCCTCGTGGCTAAG 3' 
5' GCG ATG AGC AGG ATA GTT AG AGT ATC 3' 5' AGA GGA ACA TGC CTT CTG GAC CGT TGT CTA 

CCT TAG C 3' 
5' CAC GAG GAT TGC TCA CTG TTC CGT CCT 

GCT CAT CGC GAT ACT3' 
5' CAC GAG GAT TGC TCA CTG TTC CGG ACC AGA 

GAA GAG GAG AAG 3' 
5' GTA GAC AAC GGT CCA GAA GGC ATG CGG 

AAC AGT GAG CAA TCC TCG TG GCT AAG3' 
5' CTC TTC TCT GGT CTT CCT CTC TTC TC 3' 

Figure A5. 1- Schematic representation of the design of cisPt modified Holliday Junction (HJ) assembly (A) Platination of the oligonucleotide 
(B) Assembly of the platinated HJ array (C) cisPt HJ monomer with its sequences – Reproduced with permission of Englert [1]. 

(A) 

(B) 

(C) 
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Figure A5.2- Schematic representation of the design of cisPt modified DNA Origami Triangle: (A) cisPt DNA Origami 
Triangle, (B) hybridization of the polyA strand, anchored within the DNA origami via staples, with a cisPt modified polyT 

strand, copied from Englert [1]. 

 
Sharp triangle designs are favoured due to their structural rigidity and low tendency to aggregate. The 
material synthesis entailed the mixing of staple strands (100 nM) and scaffold strands (40 nM single 
stranded M13mp18) in 10 mM Tris base, 1 mM EDTA buffer and 12.5 mM MgCl2. The 2.5:1 staple: 
scaffold mixture was then incubated at 90 °C for 5 minutes and then cooled to 20 °C at a rate of 0.2 °C 
per minute using Bio-Rad Thermocycler [1]. The purification of the DNA origami triangle was 
accomplished by mixing the folded reaction mixture with PEG purification buffer [1]. The base 
sequences used for each strand is outlined in Table A5.2.  

Table A5.2- Sequence of the strands used for the synthesis of the DNA Origami triangle, Englert [1]. 

 
 

 

 

 

The DNA origami triangle consists of 15 cisPt molecules per 7500 DNA base pairs (including the staple 
extensions) (15 cisPt per DNA origami triangle). This is equivalent to one cisPt per 500 DNA base pairs 
compared to one cisPt per 79 DNA base pairs in the HJ arrays. A more detailed method for fabricating 
the DNA nanostructures is provided by Englert [1].  

 

 

 

 

 

 

 

Strand sequence for synthesis of the origami scaffold  
TCA TAT GTG TAA TCG TAA AAC TAG TCA TTT TC 

GGG TCA TAT GTG TAA TCG TAA AAC TAG TCA TTT TC 
TCG GGA GAT ATA CAG TAA CAG TAC AAA TAA TT 
CGG GGT TTC CTC AAG AGA AGG ATT TTG AAT TA 
TCA TAT GTG TAA TCG TAA AAC TAG TCA TTT TC 

(B) (A) 
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EDX elemental mapping 
In order to determine whether we have single platinum atoms or clusters on a DNA based scaffold 
and EDX mapping was produced to provide an insight into the distribution of the elements. The 
results are shown in the figure below:  
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Figure A5.3 - STEM EDX elemental mapping of 1 to 10-3 DNA-cisPt carbonised 255 °C for 30 minutes. 

Figure A5.4- EDX spectrum of STEM EDX mapping (figure A9.1) of carbonised 1 to 10-3 DNA-cisPt. 
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Appendix 6- Study of the stability of the Saturated Calomel Reference (SCE) electrode 
Ruthenium Hexamine (II) chloride, is the employed redox couple for assessing the stability of a range 
of reference electrodes. The Ru3+/Ru2+ redox couple is well known and reported in the literature 
(240,241) and (242). For this complex molecule, this can be summarised by equation (1).  

[𝑅𝑢(𝑁𝐻ଷ)଺]ଷା +  𝑒ି  ⇌  [𝑅𝑢(𝑁𝐻ଷ)଺]ଶା 𝐸𝑞. (1)  

Experimental  
Chemical reagents 
All reagents were used as provided by Sigma Aldrich. This includes Hexaamineruthenium (III) chloride 
and Potassium Chloride at amounts equivalent to 5 mM and 0.1 M concentrations respectively, using 
a 100 mL of water of a resistivity not less than 18.2 MΩ. cm (Millipore, UK).  
 
Equipment and Experimental set-up 
50 mL of the prepared solution of ruthenium hexamine in potassium chloride is transferred into a 
three electrode electrochemical cell. An autolab potentiostat is used to perform cyclic voltammetry 
across this cell for the assessment of the ruthenium hexamine chloride III/II redox couple. 
A 3 electrode cell was employed, using a glassy carbon electrode (GC, d=3mm, BASi) as the working 
electrode and a bright platinum mesh counter electrode. The reference electrode of interest was 
employed for the testing, ranging from Saturated Calomel Electrode, Ag/AgCl, Mercurous sulphate 
and leakless Ag/AgCl.  

 The cell was controlled by an Autolab 128N potentiostat running Nova 2.1 software (Metrohm-
Autolab BV, Netherlands). All potentials are reported against the reference electrode of interest, in a 
supporting electrolyte of 0.1 M. The GC electrodes were polished on microcloth pads with decreasing 
size alumina slurries (1.0, 0.3, 0.05 μm, Buehler IL), followed by rinsing with de-ionised water and 
drying under a gentle flow of nitrogen between each measurement. All experimental testing took 
place at room temperature conditions.  

Results  

Table A6.1- SCE electrode stability and drifting test results. 

Electrode 
number 

electrode type adjustment to 
NHE 

Peak 
(ox) 

Peak 
(red) 

E1/2 E1/2 

adjusted 
deviation Peak to 

peak 
Glassy Carbon Electrode 1 (d =3 mm) 

1 standard calomel 0.244 -0.14526 -0.23071 -0.187985 -0.431985 0.020504 -0.08545 
2 standard calomel 

 
0.244 -0.1426 -0.22995 -0.186275 -0.430275 0.022214 -0.08735 

3 standard calomel 0.244 -0.14526 -0.23315 -0.189205 -0.433205 0.019284 -0.08789 
Glassy Carbon Electrode 2 (d =3 mm) 

1 standard calomel 0.244 -0.14282 -0.23315 -0.18799 -0.43199 0.020504 -0.09033 
2 standard calomel 0.244 

  
0 -0.244 0.208489 0 

2 Standard calomel 0.244 -0.1445 -0.23483 -0.18967 -0.43367 
 

-0.09033 
3 standard calomel 0.244 -0.14282 -0.23315 -0.18799 -0.43199 0.020504 -0.09033 
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Appendix 7- Optical Microscopy imaging of the DNA-cisPt films 
 

 

 

 

 

 

 

 

 

  

 

 

  

 

 

 

 

 

 

 

 

Figure A7.2 - 42 µL of (A, B) DNA 5 keV, 24 minutes e-beam irradiated. (C) Untreated DNA (D, E) Hot plate 255 °C, 30 minutes. 

Figure A7.1- 42 µL of 1 to 10-4 DNA-cisPt hot plate 255 °C, 30 minutes. 
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Figure A7.4 - (A,B,C) 42 µL of DNA film pseudo pyrolysed, and cycled in acid on GC surface (D) 1 to 1 DNA-cisPt pseudo 
pyrolysed, and cycled in acid on GC surface.  

 

 

 

 

 

Figure A7.3- Bare GC 5 mm electrode surface. 




