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ii. Abstract 
Over the past few years there has been a shift towards sustainably producing chemicals. The valorization 

of biomass into value-added chemicals has been thoroughly investigated as a means of production for 

several carbon containing compounds. Through the use of lignocellulose waste materials, glucose can be 

obtained and electrochemically oxidized to gluconic acid. Oxidation is enhanced using graphene/gold 

nanoparticle (AuNPs) electrocatalyst. Electrocatalysts offer an advantage over the current industrial 

process of fermentation. The waste associated with fermentation requires proper disposal in order to be 

compliant with environmental safety. The use of an electrocatalyst also holds an advantage over chemical 

oxidation as it provides a less harsh chemical environment and can be ran under ambient conditions.   In 

order for the catalyst to be viable for industrial use it must have high activity, be selective towards the 

formation of gluconic acid and be stable. In this research, a stable water-based graphene dispersion 

fabricated by high shear exfoliation method was used as a support for AuNPs prepared by the 

pH- controlled addition of a hydrogen tetrachloroaurate (III) hydrate precursor and was spray-coated on 

a glassy carbon (GC) electrode and drop-casted onto a carbon felt (CF) electrode. Carbonous electrode 

materials were used in this work as they provide are a high surface area substrate. AuNPs were used over 

other noble metal catalysts as they have been shown in literature to selectively oxidize glucose at lower 

potentials than both copper and platinum catalysts.  The graphene/AuNPs composite and films were 

physico-chemically, electrochemically and microscopically characterized. Following the electrochemical 

impedance spectroscopy (EIS) and cyclic voltammetry (CV) experiments the graphene/AuNPs film on the 

GC electrode degraded. Thus, for the determination of the activity and stability of the graphene/AuNPs 

catalyst, a CF substrate was used. Electrolysis of glucose on the graphene/AuNPs CF electrode produced 

gluconic acid as confirmed by high performance liquid chromatography (HPLC). The stability of the 

electrode was analyzed over four, three-hour electrolysis by looking at the resulting chronoamperogram, 

the glucose conversion efficiency and the turnover frequency.   As the electrolysis was carried out using 

the same electrode the stability could be analyzed. The average glucose conversion efficiency of the four 

electrolysis was 18 % and the average TOF was 1.97 ·103 h-1. The graphene/AuNPs CF electrode was 

determined to be stable and a viable option for the electrochemical oxidation of glucose to gluconic acid. 
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1 Introduction 
As sustainability has emerged as a new focal point in industry, a shift towards the sustainable production 

of materials has been introduced. The valorization of biomass into value-added chemicals has been 

suggested as a sustainable means of production for several carbon containing compounds. The use of 

biomass as a material offers a unique advantage as it allows for the use of waste materials to obtain 

valuable starting materials. This is exemplified by the acquisition of such starting materials from 

lignocellulose waste materials. Lignocellulose is composed of three categories of compounds: cellulose, 

hemicellulose and lignin. It is through the derivation of hemicellulose that glucose can be obtained.1 

Glucose is a valuable starting material as it can be oxidized to gluconic acid – a multi-purpose high value 

chemical.  The use of lignocellulose waste from the forest and paper industries is a more sustainable 

practice than the use of biomass intended crops as it does not require the use of arable land.2 

The method of valorization examined in this study was the electrocatalytic oxidation of glucose using a 

graphene/AuNPs CF electrode. Catalysts are used in the electrochemical oxidation to lower the activation 

barrier of the reaction.3,4 By doing this it allows for the overall reaction conditions to be less harsh than in 

a electrochemical reaction ran without a catalyst.5 The electrocatalytic oxidation of glucose can be carried 

out using noble metal nanoparticle catalyst such as platinum or gold. The use of AuNPs allows for a higher 

overall catalytic activity and better selectivity.6,7 This is attractive for the scalability and implementation 

of electrocatalytic oxidation of glucose to gluconic acid in an industrial setting as the catalyst needs to be 

selective, active and stable.3,8 The AuNPs were supported on graphene flakes that were shear force 

exfoliated from graphite. Water based shear force exfoliation produces a stable graphene/sodium cholate 

(SC) dispersion in a mild chemical environment and thus is attractive for the scalability of graphene 

production. The use of SC kept the graphene sheets from amalgamation.9  The use of carbon felt allows 

for a strong adhesion of the graphene/AuNPs composite onto the electrode. Carbonous material as both 

a support and substrate offers high surface area and mechanical stability of the electrode.10,11 

The graphene/AuNPs composite was characterized using a multitude of techniques. The presence of 

graphene flakes was confirmed via SEM and TEM. TEM was also used to determine the average AuNP 

particle diameter. The surface area of the graphene/AuNPs carbon felt electrode was determined via 

nitrogen physisorption.  The gold content in the composite was analyzed via ICP-OES and SEM-EDS. The 

electrochemical properties were investigated using CV and EIS. The CV confirmed oxidation of glucose 
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occured solely on the electrode containing the AuNPs. Following the 3-hour electrolysis the amount of 

gluconic acid was determined via HPLC. This value was also used to analyze the stability and overall activity 

of the graphene/AuNPs CF electrode.  
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2 Theory  

2.1 Conversion of Biomass  
As the impact that the use of hydrocarbons in both the chemical and energy sectors has on the 

environment is being fully assessed - there has been an increase in interest of the sustainable production 

of said materials. Hydrocarbons are used in the energy sector due to their ability to  transmit and store 

energy.12  In May of 2022 the United States had a field production of hydrocarbon gas liquids of 187,173 

thousand barrels.13 Thus cementing the fact that hydrocarbons play an important role in the economy. 

The current production methods of obtaining hydrocarbons through the use of fossil fuels has led to both 

socioeconomic and environmental concerns.14 Obtaining biomass from lignocellulose materials and 

transforming it into value-added chemicals offers both a lower cost and lower environmental impact 

alternative.1 

While the conversion of biomass does provide an alternative route to the production of value-added 

chemicals, there are socioeconomic concerns that need to be discussed. One major concern is the use of 

arable land for the production of biomass crops.  As the acreage of land used to produce biomass crops 

increases the amount of land available for food crops decreases. This increases competition for available 

land and increases the overall price of food.2 As food security is a growing concern, it is paramount that 

the socioeconomic drawbacks of biomass crops be thoroughly investigated. One way to mitigate these 

concerns is to use lignocellulose waste. This can come from waste products arising from agricultural 

residues, grasses and forestry.1  Lignocellulose material consists of cellulose, hemicellulose and lignin, and 

can be converted into a variety of fuels and value-added chemicals. 14 Hemicellulose contains many 

monosaccharides including glucose which can then undergo further valorization. 15 

2.2 Valorization of Glucose into Gluconic Acid  
Glucose is the most abundant monosaccharide.16 Glucose can be valorized into the value-added weak acid 

gluconic acid (Figure 1).  Due to its ability to dissolve various oxides and carbonates, gluconic acid can be 
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used to remove rust, grease, paint and other substances without causing damage to the surface 

underneath.8 

 

Figure 1: Molecular structure of D-Gluconic Acid. 

The annual production capacity of gluconic acid is 60,000 tons. The main production mechanism is glucose 

oxidation.8 The oxidation of glucose was first discovered in 1870 and has since expanded to include various  

methods such as electrochemical, electrocatalytic and biotechnological.8 The biotechnological processes 

include fermentation, microbe-assisted oxidation and enzyme-assisted oxidation.8,17 The most common 

industrial production method for gluconic acid is the aerobic fermentation of glucose using Aspergillus 

niger.8,18,19 However, this technique includes environmental drawbacks such as those concerning the 

disposal of waste materials.20 Thus in order to improve the sustainability, other production methods have 

been investigated.  

 The chemical oxidation of glucose is not a preferred method of production as it tends to produce low 

yields with limited selectivity that result in undesirable by-products making the isolation of gluconic acid 

difficult.8 The chemical oxidation of glucose involves harsh reaction conditions such as the need for high 

temperatures and high pressure.6 Electrochemical methods mitigate the need for a harsh environment 

throughout the bulk of the solution.5 The difference in the bulk solution and the area surrounding the 

electrode can be explained by the Nernst Diffusion Layer.3 The Nernst Diffusion Layer is the region in the 

electrochemical cell where the species concentration differs between the bulk solution and near the 

electrode - thus resulting in a difference of reaction conditions. The thickness (δ) of this layer can be 
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represented graphically (Figure 2) as the intersection of the tangent lines of the bulk concentration (Cb) 

and the concentration near the electrode (Ce).21  

Figure 2: Graphical representation of the thickness of the Nernst Diffusion Layer as its related to the concentration difference near the 
electrode and bulk of the solution. 

Electrochemical methods can also increase the selectivity of the reaction.19 However, due to electrical 

costs associated with running electrochemical reactions under optimal conditions, these methods do not 

pose as an alternative route for the valorization of glucose into gluconic acid on an industrial scale.8 

Electrocatalysts offer a multitude of advantages such as enhanced selectivity towards a specific product 

and the availability to run the reaction at ambient conditions.5,6,22 Thus electrocatalytic methods provide 

a viable alternative to fermentation for the industrial production of gluconic acid.  

2.3 Electrocatalyst for the Oxidation of Glucose to Gluconic Acid  
Electrochemical reactions can be complex and have slow kinetics as a result of multi-step processes.3,5 

The reaction kinetics can be improved with the use of a catalyst. A catalyst works by providing an alternate 

pathway for the reaction to occur. This alternative pathway has a lower activation energy than the original 

one.3,4 An electrocatalyst can either be a single metal catalyst, a bifunctional catalyst or a transition metal 

catalyst and is generally located either in the electrolyte solution or on the electrode itself.3,23 Transition 

metals catalysts offer a unique opportunity, as the formation of the bonds with the adsorbate occurs 

among their d-orbitals.3 This is interesting as it allows for the high-density spin states to be localized 

around the Fermi level and thus further lowering the activation barrier.24In order for  the catalytic process 

to be applicable for industry it must be selective towards the target reagent, have a high catalytic activity, 

and be mechanically stable over a long period.3,8 
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The catalytic ability of both palladium (Pd) and platinum (Pt) towards the oxidation of glucose has been 

thoroughly investigated. Both metals result in the deactivation of the catalyst as well as produce 

unwanted by-products. One way to overcome these drawbacks is to add bismuth (Bi) to the catalyst. 

However, due to the toxicity of Bi if the end product is to be used in the food and drink industry, this is 

not a viable alternative.25 Thus leading to the investigation of the use of other noble metals as a catalyst 

such as copper and gold.6,7  The use of a copper catalyst results in the cleavage of carbon-carbon bonds 

and in the formation of low mass carboxylic acids.7 The oxidation potential required for glucose using a 

copper catalyst is at more positive potentials than both the platinum and gold catalyst.7  Thus, leading  to 

the investigation of a gold catalyst for the oxidation of glucose into gluconic acid.  

The oxidation of glucose into gluconic acid follows a similar reaction mechanism for both gold and 

platinum catalysts.6 However, the oxidation of glucose on a gold catalyst occurs at lower potentials and 

provides higher selectivity towards the production of gluconic acid.6,7  When the electrochemical reaction 

is carried out in an alkaline solution, both the currents and the activity of the gold electrocatalyst are 

greatly enhanced as compared to the platinum catalyst.7 One drawback to the use of gold as an 

electrocatalyst is the surface poisoning that occurs due to the adsorption of gluconic acid and its analogues 

onto the electrode surface.23,26 This tendency towards surface poisoning is greatly reduced through the 

use of gold nanoparticles (AuNPs).26  

Carbon-based materials are used as both electrodes and support material for AuNPs, as they offer high 

specific surface area, and good mechanical, chemical and thermal strength.10,11  Using an electrode with a 

high surface area is important as it increases the kinetics of the reaction.5 Glassy carbon (GC) is an 

interesting electrode material as it has high thermal stability, strong chemical inertness and is 

hydrophobic.27  However issues with the adhesion of films onto a GC electrode have been reported. This 

can be attributed to its smooth surface and hydrophobicity.17  Carbon felt (CF) is another carbon material 

that is used as an electrode due to its high surface area. Two allotropes of carbon are of particular interest 

for the use of supports for catalytic reactions: carbon nanotubes (CNTs) and graphene. CNTs offer the 

unique advantage of having a three-dimensional structure. This allows for a greater number of 

electroactive sites as compared to the graphene.28 However, graphene does not have metallic impurities 

a has greater availability. Thus increasing its usability over CNTs.29    
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2.4 Exfoliation of Graphite  
Graphite is an allotrope of carbon that consists of sheets of sp2 hybridized carbon rings. These sheets of 

carbon rings are graphene.30  The sheets of graphene are stacked together and held in place by van der 

Waals forces. While the carbon rings within the sheets are held together by covalent bonds.31 The force 

holding the carbon rings together is stronger than the force holding the graphene sheets together.  When 

the conductivity of the graphite is measured parallel to the graphene sheets there is an increase in 

conductivity versus when the conductivity is measured perpendicular to the sheets.  This increase in 

conductivity can be attributed to the fast movement of electrons among the pi molecular orbitals in the 

carbon rings.31 

 Graphene was first split from graphite in 2004 via micromechanical cleavage.32  Innovations in the 

production of graphene from graphite have led to an increase in the amount of techniques that can be 

employed; one technique that has been introduced is liquid phase exfoliation (LPE) which includes shear 

exfoliation, sonication and wet ball milling.33,34 Wet ball milling is an industrial technique used for the 

production of various nanoparticles – thus making it a viable option for the scalable exfoliation of graphite. 

It involves dispersing graphite in a solvent and milling it for an extended period of time. The solvent is 

then dissolved, and a graphene powder is left.34  The sonication of graphite is an exfoliation method that 

employs the use of soundwaves to extract the graphene.35 The graphite is dispersed and sonicated in a 

solvent with a small net energetic cost, either an organic solvent or water stabilized with a surfactant, and 

results in graphene.36,37 However, sonication is an not easily scalable due to it being energy intensive.33 

Another method that is scalable, can be employed in an industrial setting and shown to produce a high 

concentration of few layer graphene is shear exfoliation.33  Shear exfoliation employs the use of a rotor-

stator to induce the separation of the graphene sheets from graphite due to shear force. In this method, 

the graphene sheets are physically pulled apart from the graphite flakes via kinetic energy. One model 

that explains how this happens is the shear-induced interlay sliding model. This model employs a 

difference of velocity in the movement of the liquid at the top and the bottom of the graphite to remove 

the graphene layers.38 Shear exfoliation is dependent on a multitude of factors that involve the 

rotor- stator geometry.39 Graphene will reaggregate back to graphite if a surfactant, such as sodium 

cholate (SC),  is not added to the solution. The electrostatic properties of SC stabilizes graphene through 

repulsion. 9,40 However, SC can hinder the conductivity of the dispersions and thus caution should be taken 

to remove excess SC.41 
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2.5 Characterization Techniques  

2.5.1 Ultraviolet – Visible Spectroscopy   
UV-Vis spectroscopy is used to measure the amount of radiation that a solution absorbs within the 

ultraviolet (UV) and visible (vis) region. This region ranges in wavelength from 180 nm to 780 nm.42 The 

absorption of radiation is measured using a UV-Vis spectrometer. In this instrument a light source emits 

radiation within a given range. This radiation is then narrowed down to a single wavelength using either 

a filter or a monochromator – a filter requires more manual work as it needs to be changed depending on 

the needed wavelength whereas a monochromator uses an automated process. Once the light has been 

narrowed down to a given wavelength, the path it takes to the sample is dependent on whether the 

instrument is single beam or double beam. In a single-beam instrument the sample cells and reference 

cells must be moved in order to be irradiated by the light. As the intensity of the light can shift within a 

given moment, this can cause instrumental drift between the measurement of the reference cell and the 

sample cell. Thus, to obtain a more accurate measurement a double-beam instrument can be used. This 

instrumentation ensures that the same radiation is being used for both the sample cell and the reference 

cell.43 A diagram of a double beam instrument can be seen in Figure 3.  

Figure 3: A diagram of a double beam UV-Vis spectrometer. The yellow lines indicate the movement of radiation, P is the transmitted light and P0 
is the incident light. The black lines indicate the movement of electrical signal.  

Attenuation of the radiation may occur due to several factors – one of such being the scattering of  light.43 

In order to compensate for this the absorbance is recorded as a ratio of the incident light and the 

transmitted light – or the ratio of the light absorbed by the reference cell and the sample cell. The 

relationship can be explained through Beer-Lambert’s Law (Equation 1):  
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𝐴 =  − log(𝑇) = log
𝑃0

𝑃
= 𝜀𝑏𝑐  (1) 

This equation takes into account that the measured absorbance (A) is logarithmically related to the 

transmittance (T) or the ratio of the incident light (P0) over the transmitted light (P) which is all equal to 

the product of the extinction coefficient (ε), the path length of the cell (b) and the concentration of the 

analyte in the solution (c). The extinction coefficient is related to how strongly the analyte absorbs 

radiation – it is dependent on the wavelength used, concentration of the analyte and the analyte itself.44 

For graphene this value was determined to be 6590 mL · mg-1 · m-1.33 By convention the absorbance of a 

graphene solution is recorded at 660 nm. This is done to keep continuity and allow for accurate 

comparisons to be made across literature. This is slightly different than in a conventional UV-Vis where 

the measurement is recorded at the maximum of the absorbance spectra.  

2.5.2 Nitrogen Physisorption  
The pore size, pore distribution and specific surface area of a sample can be determined via nitrogen 

physisorption.45,46 In this technique, the change in relative pressure is correlated to the amount of nitrogen 

that was adsorbed onto the sample through the thermodynamically reversible process of physisorption.46 

The Brunauer-Emmitt-Teller (B.E.T.) theory allows for an approximation of the pore size and distribution 

as well as the overall specific surface area of a sample. The B.E.T. method is an approximation as it does 

not take into account the attractions of the lateral molecules onto the absorbate and makes several 

assumptions regarding the formation of the monolayer onto the surface of the sample.45 

2.5.3 Energy Dispersive X-Ray Spectroscopy  
Energy dispersive X-Ray Spectroscopy (EDS) is an elemental spectroscopy technique. In EDS, the sample 

is irradiated by an electron source. In the case of this experiment, EDS was coupled with a scanning 

electron microscope (SEM) and the sample was irradiated by the SEM’s electron beam. The irradiation 

causes an inner shell electron to be released. Leaving behind a hole which is filled with an electron from 

a higher energy shell. This shift in electrons releases energy in the form of a characteristic x-ray: thus 

allowing for the elemental composition of the sample to be determined.47 When EDS is coupled with SEM 

almost all of the x-ray photons are measurable.48  When a sample is irradiated with a high energy source, 

multiple interactions occur which release different types of energy; such as secondary electrons, Auger 

electrons, x-rays and sometimes light photons.49 In EDS the heavier the element the greater the chance 

that an x-ray photon will be released. Thus the accuracy of EDS improves as the atomic weight of the 

element increases.47 
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2.5.4 Inductively Coupled Plasma – Optical Emission Spectroscopy  
Inductively coupled plasma – optical emission spectroscopy (ICP-OES) is an elemental spectroscopy 

technique. In ICP-OES the sample is excited via plasma. The plasma is hot enough (7000 K) that it can 

excited almost all of the elements. The plasma is usually generated by argon gas that undergoes inductive 

coupling. Inductive coupling occurs due to the collision of the charged argon species with the neutral 

argon atoms occurs. It is based on the frequency applied to it by electromagnetic induction.50 Once the 

sample has been excited to a higher energetic state it relaxed back down. As it relaxes down it emits 

characteristic radiation.42 It is due to this that ICP-OES can be used to analyze samples with multiple 

analytes.51 ICP-OES is an extremely selective technique and can be used to investigate trace 

concentrations of analytes.51,52  

2.5.5 Transmission Electron Microscopy  
Transmission Electron Microscopy (TEM) is a microscopy techniques that can be used both qualitatively 

and quantitatively.53  In TEM a well-defined electron beam is focused onto a  sample that is usually less 

than 100 nm thick.54 When the electrons pass through the sample, they are then directed onto a 

fluorescent plate. An image is produced which correlated to the kinetic energy of the electrons hitting the 

plate. The kinetic energy is a direct correlation to the density of the sample.55 

2.5.6 Scanning Electron Microscopy  
Scanning electron microscopy (SEM) is a microscopy technique that investigates the morphography of a 

sample. In SEM an electron beam is focused onto a sample – the sample can range in size from being thin 

to a bulk sample.56 The beam penetrates about 1 µm and releases secondary electrons.49 As the beam is 

scanned across the sample, the amount of secondary electrons being released from the sample changes. 

The resulting image is formed based on the number of electrons that reach the detector.49 This is 

ultimately a result of the change in distance between the electron beam and the sample surface.57 

2.5.7 Atomic Force Microscopy  
Atomic force microscopy (AFM) is a microscopy technique that focuses on the difference of height to form 

a topological image of the surface of a sample58. The AFM tip is connected to a cantilever beam which is 

scanned across the sample. As the tip interacts with the sample it is deflected.59 A laser is focused on the 

cantilever and reflects the beam back to a photodiode; resulting in an image.58 An image is formed as the 

result of the difference in height of the sample. Convention has it that the lighter regions of the image are 

a result of the taller regions on the sample and the darker regions represent shorter regions. AFM can be 

used to  determine the thickness and roughness of thin films with high accuracy.54,56,58 
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2.5.8 4-Probe Conductivity Technique  
4-point probe conductivity (4PP) is used to determine the conductivity of a thin film via resistivity 

measurement.  In this form of conductivity measurement, 4 equally spaced probes are placed in a linear 

configuration and placed on the film. A known current is passed through the outer two probes while the 

resulting decrease in voltage is measured across the inner two probes as shown in figure 4.60  

Figure 4: A diagram of the 4PP instrumentation. 

The conductivity () of the films is calculated using equations 2 and 3:61 

𝜌 =  
𝜋

ln (2)
𝑡

𝑉

𝐼
𝑓2 

(2) 

 

𝜎 =
1

𝜌
 

 (3) 

 

The resistivity (ρ) of the films can be calculated using equation 3. In this study the film thickness (t)  was 

measured via AFM, voltage (V) was recorded from the instrument, the bias current (I) was 1 mA and the 

correction factor for finite width (f2) was found using the diagram provided by Smits.61 The conductivity 

was then calculated by taking the reciprocal of the resistivity.  

2.5.9 Electrochemical Impedance Spectroscopy  
Electrochemical Impedance Spectroscopy (EIS) is a technique that is used to measure the impedance of 

an electrochemical system. The impedance of a system represents the resistance it has towards a 

current.62 The impedance is measured using the phasor approach. In this approach a sinusoidal alternating 

current (AC) is applied to the system. The resulting currents (i) and voltages (V) can be represented as 

vectors using an Argand diagram (Figure 5).3 The current resulting from the sinusoidal AC will also be 

sinusoidal and have the same frequency (f) as the voltage. However, the current wave is usually out of 
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phase (φ) from the voltage wave and can have a different amplitude. By adding in components for the 

resistor and capacitor and showing the voltage across the two, the impedance (Z) of the cell can then be 

calculated. 3 

 

Figure 5 : Argand diagram of an applied AC potential and the current. 

By looking at the results from the EIS the capacitance (C) of the system can be measured using equation 4. 

This is done by using the impedance at the lowest frequency (f).  Most of the impedance at this frequency 

is a result of the capacitor.43  

 

𝐶 =
1

2𝜋𝑓(−𝑍′′)
   (4) 
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2.5.10 Cyclic Voltammetry  
Cyclic voltammetry (CV) is used to measure electrochemical process taking place in a solution at various 

potentials. A CV is recorded using a potentiostat. A potentiostat is used as it allows for control of the 

potential between the working and reference electrodes.3 The most common set up to be used with the 

potentiostat in the measurement of an electrochemical processes is a 3-electrode set up; consisting of a 

working electrode (WE), a counter electrode (CE) and a reference electrode (RE). A diagram of a 3-

electrode system can be seen in Figure 6. The electrochemical reaction of interest is usually carried out 

on the WE. The current is carried between it and the CE. It is important that the RE has a known potential 

and does not participate in the reaction. Through the RE that we can determine the potential of the WE.63  

Figure 6: A schematic of a common 3- electrode electrochemical cell setup. 

In a CV the scan starts at a given potential and moves to a second before returning back to the starting 

potential. This is done in an organized manner such that the scan follows a specific scan rate.43 The 

electrochemical measurements recorded are a direct result of the electron transfer processes happening 

at the electrode surface. As the potential is changed so too is the concentration of the species at the 

electrode surface. As more species is concentrated at the electrode surface there is a rise in a current, 

resulting in a peak on the voltammogram.3 The current measured can come from two different processes: 

capacitive current or Faradic current. Faradaic current is a current arising from an electron transfer 

process. Capacitive current is a result of the formation of an electrical double layer and not an  electron 

transfer process taking place. 63 

A CV can be used as a qualitative tool to determine the reaction mechanisms taking place within a given 

reaction cell. Mechanistically a CV can show different processes such as adsorption and deposition. These 
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are determined based on the resulting shape of the CV. The shape of the CV can also be used to determine 

if the electrochemical process is reversible or irreversible.3 There are two common conventions used for 

displaying the resulting CV – the American convention and the International Union of Pure & Applied 

Chemistry (IUPAC) convention. Using the American convention: the high potentials are on the left side of 

the CV; low potentials are on the right side; the oxidation peak is on the bottom of the graph; while the 

reduction peak is on the top of the graph.  Using the IUPAC convention: the low potentials are on the left 

side of the CV;  high potentials are on the right side; the oxidation peak is on the top of the graph; while 

the reduction peak is on the bottom of the graph.64  

An electrochemical system can be described as either reversible or irreversible. In a reversible system, 

Nernstian equilibrium is always observed, and the cathodic potential is not dependent on the sweep rate. 

However, in an irreversible system the observed potential is dependent on the sweep rate. This 

relationship is described by equation 5: 

𝐸𝑝
𝐶 = 𝐾 − 

2.3 𝑅 𝑇

2𝛼𝐶𝑛𝛼𝐹
log (𝜐)  (5) 

Where the cathodic potential (Ep
C) is equal to the rate constant (K) minus the quotient of the universal gas 

constant (R) and the temperature (T) over the cathodic transfer coefficient (αC) times the logarithmic 

function of the scan rate (ν).  

 

 

 

 

 

 

 

 



15 
 

3 Experimental 

3.1 Chemicals  
Three different types of graphite were used in the optimization of the graphene dispersion: one was from 

Sigma-Aldrich and had a flake size of more than 150 µm; the second was natural flake graphite from 

Haapamäki, Finland, with a flake size ranging from up to 1 mm; and one was commercial graphite from 

Alfa Aesar with a flake size of less than 45 µm. The graphite from Alfa Aesar was decided to be used 

throughout the rest of the work due to its availability in the lab. The sodium cholate (SC) powder was 

obtained from Acros Organics. Hydrogen tetrachloroaurate (III) hydrate from Alfa Aesar as supplied from 

ABCR GmbH was used in the loading of the AuNPs. Sodium hydroxide from Merck KGaA was used as 

electrolyte salt in the electrocatalytic oxidation experiments. D (+) – glucose anhydrous from Fluka was 

used for all solutions containing glucose.  D (-) – fructose from Sigma and sodium gluconate from Sigma-

Aldrich were used for the creation of calibration solutions for the quantification of analytes. Deionized 

MilliQ water with a resistivity of 18 MΩ·cm was used throughout this work.  

3.2 Preparation of Graphene Dispersions  

3.2.1 Preparation of Sodium Cholate and Graphene Dispersion for Preparation of Electrode  
A 5.00 mM SC solution was prepared by weighing 2.16 g of SC powder that had previously been dried 

overnight at 100 °C and dissolving it in water in a 1.00 L volumetric flask; 30.00 mL of the 5.00 mM SC 

solution was combined with 3.00 g of graphite in a 100 mL borosilicate glass bottle. The shear-exfoliation 

was carried out using a POLYTRON® immersion disperser with a PT 10-35 GT drive unit coupled with a PT-

DA 20 dispersing aggregate. The rotor head was positioned inside the 100 mL borosilicate glass bottle. 

The mixing time (t) was 3 h with a rotor speed (N) of 22000 RPM. To help with the foaming of the 

dispersion, the rotor speed was gradually increased until 22000 RPM and then held constant throughout 

the exfoliation. The exfoliation was kept at a constant temperature of 10.0 °C using a temperature 

regulation system with a MGW Lauda MT bath circulator and Hetofrig water bath cooler. The dispersion 

was centrifuged using a Hermle LaborTechnik Bedienungsanleitung für Tischkühlzentrifuge Z36HK for 

30 min at 221.21 RPM corresponding to a RCF of 270 G, the supernatant was transferred into a new 

centrifuge tube and centrifuged again for 30 min at the same rotation speed. Following centrifugation, a 

UV-Vis measurement was recorded. The dispersions were dialyzed for 2 h under magnetic stirring using 

Spectra/Por® 3 dialysis membranes with a molecular weight cutoff of 3500 Da to remove the excess SC. 

The volume ratio of the sample and the dialysate was 1:300.  A UV-Vis measurement was recorded 

following the dialysis to confirm the final graphene concentration.  
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3.2.2 Preparation of Cellulose Nanocrystals and Graphene Dispersions 
CNC was used as a stabilizer for the graphene sheets instead of SC. Prior to the exfoliation two different 

cellulose nanocrystal (CNC) dispersions were prepared in the Laboratory of Natural Materials Technology. 

Due to the availability of the CNC dispersion in the lab, two different CNC dispersions were used. One was 

hydrolyzed in sulfuric acid (64 %) for 1.5 h and the other for 2.0 h – by altering the hydrolysis time, the 

amount of anionic sulphate half-ester groups that were formed on the CNC was altered. It has been shown 

that the difference in the two hydrolysis times does not have an effect on the final graphene 

concentration.33 For the exfoliation where the CNC underwent 2 h hydrolysis: 3.00 g of graphite, 8.66 mL 

of the CNC solution and 21.34 mL of water was combined in a 100 mL borosilicate glass bottle.  For the 

exfoliation where the CNC underwent 1.5 h hydrolysis; 3.00 g of graphite, 8.94 mL of CNC solution and 

21.06 mL of water was combined in a 100 mL borosilicate glass bottle.  For all dispersions, the mixture 

was shear-exfoliated using the same mixer as for the graphene/SC dispersions. The rotor head was 

positioned inside a 100 mL borosilicate glass bottle.  The mixing time (t) was 3 h and the rotor speed (N) 

was 22000 RPM.  For the dispersion where the CNC underwent 2 h hydrolysis the temperature (T) was 

15.0 °C and for the dispersion where the CNC underwent 1.5 h hydrolysis the temperature (T) was kept at 

18.0 °C. The change in temperature had no effect in the final graphene concentration33; but did reduce 

the overall energy consumption of the exfoliation. To decrease foaming during the exfoliations, the rotor 

speed was gradually increased until the final speed was reached and then held constant for the duration 

of the exfoliation.  A constant temperature was kept throughout the exfoliation process using the same 

temperature regulation system as with exfoliation of graphite in SC. Following exfoliation, the dispersions 

were transferred to centrifuge tubes where they were allowed to settle overnight. After the settling 

period, the dispersions were centrifuged using the same centrifuge as in the graphene/SC dispersions 

(section 3.2.1) for 30 min at 221.21 RPM which corresponds to a RCF of 270 G. The supernatant was then 

transferred into a new centrifuge tube and centrifuged again for 30 min at 221.21 PRM. All the transfers 

were done in a manner that did not disturb the sediment at the bottom of the centrifuge tubes.  Following 

centrifugation, a UV-Vis spectrum was recorded to determine the resulting graphene concentration. 

3.2.3  Loading of AuNPs onto Graphene Dispersion  
A Hydrogen tetrachloroaurate (III) hydrate (49 % Au) precursor was added dropwise to the graphene 

dispersion so that there would be 1% wt Au loading. Concentrated NH4OH (32 %) was added dropwise to 

the graphene/precursor composite to raise the pH to 10.5. The pH was measured using a InLab® Expert 

NTC 30 pH probe and an inoLab pH7310 pH meter. This solution was then stirred for 25 h under ambient 

conditions65.The composite used for the making of the electrodes (section 3.2.1) was then dialyzed for 2 h 
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under magnetic stirring using the same membranes as previously mentioned. The volume ratio of the 

sample and the dialysate was 1:300.  

3.3 Preparation of Electrodes 

3.3.1 Spray-Coating Graphene/AuNPs composite onto Substrates  
The graphene/AuNPs composite were manually spray coated onto glass substrates and Sigradur G glassy 

carbon substrates from HTW Hochtemperatur-Werkstoffe GmbH using a standard airbrush pen. This was 

done on a hot plate set to around 350 °C. The high temperature aided in the evaporation of water from 

the composite and lead to a more even spray coating. The substrates were taped to aluminum foil using 

a heat resistant tape in order to achieve a film with straight edges with an average electrode area of 

5.98 cm2.   

3.3.2 Drop-Casting Graphene/AuNPs composite onto Carbon Felt Substrate 
A 1.50 cm by 2.00 cm piece of 3.18 mm thick, 99.0 % CF from Alfa Aesar was sonicated in ethanol for 5 

min and then sonicated in water for 5 min. The felt was then dried in an oven for 5 min at 85 °C. A carbon 

rod (99.999 %) from Stream Chemicals, INC. was cut to 10 cm and glued onto the CF using Electrodag PF-

407C carbon glue from Acheson. This was allowed to sit overnight to dry in ambient conditions. The 

following morning the electrode was turned, and 0.5 mL of the composite was drop-cast onto the CF and 

again allowed to dry overnight in ambient conditions. Three different CF electrodes were prepared: one 

was just pristine carbon felt; the second was with the graphene/SC dispersion and the third was with the 

graphene/AuNPs composite. The following day, the carbon rod was wrapped with Teflon tape so that the 

geometric surface area of the electrode was 3 cm2.    

3.4  Characterization Methods  

3.4.1 UV-Vis Analysis  
UV-Vis measurements were recorded to determine the concentration of pure graphene in the dispersions. 

The samples were diluted 251 times to ensure that the absorbance was within the linear range of the 

instrument. The measurements were recorded using a Shimadzu UV-2501PC spectrophotometer. The 

spectrum was recorded from 900 nm to 190 nm. The sampling interval was set to 0.5 nm using a fast scan 

speed with a slit width of 0.5 nm. The graphene concentration (c) was calculated using Beer-Lambert’s 

law. The absorbance (A) was recorded at 660 nm to comply with the standard methods found in literature; 

a cuvette with a path length (b) of 1 cm was used. The extinction coefficient (𝜀) was determined by Lund 

et al.33 to be 6590 mL·mg-1·m-1.  
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3.4.2 Nitrogen Physisorption Analysis 
The specific surface area and pore volume of the graphene/SC CF electrode and the graphene/AuNPs CF 

electrode were measured using nitrogen physisorption. The instrument used was MicroActive 3FlexTM 

3500 (Micromeritics). The electrodes were cut into thin strips and degassed for 4 h at 180 o C prior to the 

analysis. The B.E.T. equation was used to calculate the surface area, whereas the DFT method was used 

to calculate the pore volume. 

3.4.3 ICP-OES Analysis 
The gold content of the graphene composite used for the preparation of the electrode and the gold 

content of the post-electrolysis solution were both analyzed using a Varian Liberty 110 ICP Emission 

Spectrometer. Argon plasma was used to excite the gold atoms. Prior to the ICP-OES analysis, the 

graphene composite underwent microwave digestion in sulfuric acid. 

3.4.4 TEM Analysis 
Microphotographs of the dispersions were obtained using a JEOL JEM 1400 Plus Transmission Electron 

Microscope operated at 120 kV accelerated voltage and 0.38 nm resolution. The AuNPs particle sizes were 

analyzed using the ImageJ software. A sample size of 186 particles was used for the graphene composite 

that was dialyzed before the loading of AuNPs, a sample size of 980 particles was used for the graphene 

composite that was dialyzed after the loading of the AuNPs and a sample size of 600 particles was used 

for the graphene composite used in the preparation of electrodes.  

3.4.5 SEM and EDS Analysis 
The surface morphology of the graphene/AuNPs composite spray coated onto a glass substrate was 

analyzed using a Leo Gemini 1530 scanning electron microscope with a Thermo Scientific Ultra Dry Silicon 

Drift Detector. The gold content of the graphene/AuNPs composite that was spray coated onto the glass 

substrate was analyzed using a Thermo Scientific Apreo S. scanning electron microscope and an Oxford 

Instruments Ultim Max 100 energy dispersive x-ray spectrometer.  

3.4.6 AFM Film Thickness Analysis  
The film thickness of the graphene/SC and graphene/AuNPs films applied to a glass substrate were 

recorded using a NTEGRA PRIMA AFM instrument from NT-MDT, Moscow, Russia. Three different images 

were recorded for each film. The resulting images were 100 μm by 100 μm (256 pixels by 256 pixels). The 

measurements were conducted under ambient conditions (RH% = 54.7 and T = 21 ° C) using tapping mode. 

A HQ:NSC14/AI BS pyramidal silicon cantilever tip with an 8 nm tip radius was used. The resulting images 

were analyzed using the SPIPTM image analysis software from Image Metrology in Lyngby, Denmark.  
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3.4.7 4-Probe Conductivity Analysis 
The conductivity of the films was measured using a four-probe technique in a linear configuration with a 

tip spacing of 1.82 mm. A bias current of 1 mA was applied using a Keithley 2400 Sourcemeter. The 

measurements were taken under ambient conditions (RH% = 45.9 and T = 22.0 °C). 

3.4.8 EIS Analysis 
The Electrochemical Impedance Spectroscopy (EIS) was measured using a 3-electrode system. Two 

different WEs were used during this measurement: a GC substrate spray coated with a graphene/SC 

dispersion and a GC substrate spray coated with a graphene/AuNPs composite. The RE was the same as 

in the CV experiments.  The CE was a carbon rod. Both the WE and CE were physically cleaned by polishing 

the electrodes with alumina powder (0.3 µm) followed by sonication for 5 min. The measurements were 

carried out in 0.1 M sodium sulphate solution that had been purged for 15 minutes with N2 gas. The 

applied DC potential was 0 V versus the open circuit potential. The AC voltage amplitude used was 10 mV 

and the frequency ranged from 100 kHz to 0.01 Hz.  The measurements were recorded using a Gamry 

Reference 620 Potentiostat/Galvanostat/ZRA and were recorded using the Gamry Framework version 

7.9.0 program. The measurements were analyzed using the Gamry analyst version 7.9.0 program.    

3.4.9 CV Analysis 
The CV measurements were carried out in an H-Cell from Latech Scientific Supply Pte. Ltd. using a 

3- electrode system as shown in (Figure 7). The WE and the RE were on one side of the cell while the CE 

was on the other.  The two cells were separated using a Nafion 117 membrane. The membrane was pre-

treated by boiling it in 3% (by volume) H2O2 solution for 1 h, rinsed with water and then boiled in 2 M 

sulfuric acid for 1 h.  The WE was either pure carbon felt, graphene/SC dispersion on CF or 

graphene/AuNPs composite on carbon felt. The RE was Ag/AgCl in a 3.0 M KCl solution. The CE was carbon 

cloth wrapped around a carbon rod. For all measurements, a 0.1 M NaOH electrolyte solution was used. 

The glucose concentration used throughout the analysis was either 0.1 M or 5 mM. The solutions were 

purged with N2 gas for 15 min prior to starting the measurements. The CV measurements were carried 

out in an unstirred solution. A potential range of from -0.8 V to 0.8 with a scan rate of 5 mV · s-1 was used. 

All measurements were recorded using an Autolab Frequency Response Analyzer System with the 

General-Purpose Electrochemical System (GPES) version 4.9.006 software.   
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Figure 7: Image of the H-Cell set up used for the CV and chronoamperometric measurements. 

3.4.10 Chronoamperometry  
The chronoamperometric measurements were conducted using the same H-cell setup and potentiostat 

as in the CV experiments. The cathode solution was 0.1 M NaOH. The anode solution was 0.1 M glucose 

in 0.1 M NaOH. The solutions were purged with N2 gas for 15 min prior to the start of the measurement. 

A potential scan from -0.8 V to 0.8 V with a scan rate of 5 mV · s-1 was taken in order to find the potential 

on the reverse scan where the gold oxide was reduced back to gold and where the oxidation of glucose 

started. This was found to be at around 0.4 V on the reverse scan and thus a second CV was ran and 

stopped at around this potential– this was not done on the first chronoamperometric measurement but 

was carried out for the subsequent measurements.  The chronoamperometric measurements were then 

carried out at 0.159 V for 3 h. Following the electrolysis, an aliquot of the glucose solution was neutralized 

using 0.5 M H2SO4 to ensure that no further reactions would occur in the solution. Throughout the 

measurements the pH was regularly checked using Whatman indicator paper pH 1.0 – 14.0 full range to 

check the progress of the reaction.  

3.4.11 HPLC Analysis 
A 1.0 mL aliquot of the sample collected following the electrolysis and 1.0 mL of water were washed 

through a 3 mL Supelclean LC-SCXTM SPE tube from Supelco ® and then filtered using a CLARIFY-PVDF 

13 mm Syringe Filter in order to remove the sodium ions. The run on 10 µL of the filtered sample was 

analyzed via HPLC with a refractive index detector. The HPLC column used was an Aminex HPX-87C. The 

column was held to a constant temperature of 50 °C. The mobile phase used was a 1.2 mM CaSO4 solution 
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and had a flow rate of 0.3 mL · min-1.  A 0.1 M glucose, 0.05 M fructose and 0.02 M gluconic acid solution 

in 0.1 M NaOH stock solution was prepared for calibration purposes. The solution was then diluted 2 and 

5 times in order to construct a calibration curve that were used to analyze the analyte concentration. The 

stock solution followed the same sample preparation method as the sample.  
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4 Results and Discussion  

4.1 Graphite Exfoliation 

4.1.1 Optimization of Graphite/SC Exfoliation and Dialysis Time  
The conditions for the graphite/SC exfoliations were first optimized using a 10 mL graphite/SC solution. A 

thorough examination of how the type of graphite, the rotor speed, the length of the exfoliation, the 

duration of the dialysis and the number of water changes made throughout the dialysis affected the 

resulting graphene concentration was conducted. The results of which can be seen in appendix Table A1. 

From the optimization trials it was determined that the Finnish graphite produced the highest pre-dialysis 

graphene concentration at 2.91 mg·mL-1. However, the Finnish graphite was not chosen for further 

experimentation as a commercially available product was used. The graphite from Sigma-Aldrich 

produced the lowest pre-dialysis graphene concentration at 0.92 mg·mL-1 which can be attributed to the 

low rotor speed.  The decision to move forward with the Alfa-Aesar graphite over the Sigma-Aldrich 

graphite was due to its availability in the lab. 

A drastic decrease in graphene concentration occurred during dialysis. To determine when the drop in 

concentration occurred, the graphene concentration of the Alfa-Aesar trial with an exfoliation time of 

2.5 h was measured 2 h into the 19 h dialysis via UV-Vis and determined to be 2.36 mg·mL-1. The graphene 

concentration 2 h into the 19 h dialysis is lower than the graphene concentration before dialysis 

(2.78 mg mL-1) but relatively higher than the graphene concentration after the dialysis (0.45 mg mL-1). 

Thus, it was determined that a 2 h dialysis was sufficient.  

4.1.2 Exfoliation of Graphite/CNC  
The optimization of the parameters for the exfoliation of graphite using SC as stabilizer was previously 

examined and discussed in the appendix (Section 7) of this work. During the electrochemical 

characterization of the graphene/SC dispersion, degradation of the films occurred on both the GC 

substrate and the glass substrate. Thus, due to poor adhesion of the graphene/SC dispersion, graphite 

was exfoliated using CNC as the stabilizer.  The exfoliation of graphite to graphene was attempted using 

two different CNC solutions – one that underwent hydrolysis in sulfuric acid for 1.5 h and one that 

underwent hydrolysis in sulfuric acid for 2 h. The exfoliation parameters were based on the work by 

Lund et al.66 The length of the hydrolysis in sulfuric acid of the CNC solution, the rotor speed (N) in RPM, 
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the length of exfoliation (t) in h and the final graphene concentration of the dispersion in mg·mL-1 is shown 

in Table 1.   

Table 1 : Optimization parameters of graphite/CNC. Parameters include the length the CNC underwent hydrolysis by sulfuric acid, rotor speed 
(N) , length of exfoliation (t)  and the graphene concentration after the dialysis.  

 

Length of 
sulfuric 

acid 
hydrolysis 

(h) 

Rotor 
speed; 

N 
(RPM) 

Length of 
exfoliation; 

t (h) 

Graphene 
concentration 

(mg · mL-1) 

2.0 22000 3.0 0.26 

1.5 22000 3.0 0.011 

 

The graphene dispersion prepared using the CNC that underwent a 2 h sulfuric acid hydrolysis had a final 

graphene concentration of 0.26 mg·mL-1. The graphene dispersion prepared using the CNC that 

underwent a 1.5 h sulfuric acid hydrolysis had a final graphene concentration of 0.011 mg·mL-1. The final 

graphene concentration for both exfoliations using CNC was considerably lower than the graphene 

concentrations prepared using SC as the stabilizer (2.83 mg·mL-1). It was determined that a higher 

graphene concentration was of high importance.  Thus, rather than changing the graphite exfoliation 

parameters a different carbon substrate was used. CF as a carbon substrate was investigated as a means 

to obtain better adhesion of the dispersion.  

4.2 Effect of AuNPs Loading Time  
The effect of the dialysis on the AuNPs was investigated by loading the AuNPs onto graphene before and 

after the dialysis of the composite. This was tested using the graphene/AuNPs composite that were 

exfoliated using 10 mL of the graphite/SC solution. The presence of graphene sheets in the dispersion was 

first confirmed using TEM (Figure A.1). TEM images were used to qualitatively assess the AuNPs particle 

distribution in the graphene/AuNPs composites.  It was found that the composite containing the AuNPs 

that were loaded after the dialysis (Figure A.2.a) had more dispersed and smaller AuNPs than the 

composite where the AuNPs were loaded prior to the dialysis (Figure A.2.b).  The latter composite also 

showed hollowed structures (Figure A.3.a) which in some cases were impregnated with AuNPs (Figure 

A.3.b) a characteristic not seen in the composites where the AuNPs were loaded after dialysis.  

The AuNPs in the graphene/AuNPs composites were then quantitatively analyzed using ImageJ software. 

In the composite where the AuNPs were loaded after the dialysis the median particle size was 12 nm and 
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the mean particle size was 13 nm. The composite where the AuNPs were loaded before the dialysis the 

median particle size was 24 nm and the mean particle size was 26 nm. The particle size distribution for 

the AuNPs loaded after dialysis is shown in Figure A.4.a and the particle size distribution for the AuNPs 

loaded before dialysis is shown in Figure A.4.b. 

4.3 Physico-Chemical Characterization of Graphene and Graphene/AuNPs 

Composite 
The remainder of the characterizations were carried out using graphene dispersion that was exfoliated 

using a 30 mL graphite/SC solution maintaining the same ratio of graphite to the volume of solution (1 g 

per 10 ml solution) as with the smaller volume.   

4.3.1 SEM Characterization  
The morphology of the films spray coated onto glass substrates was assessed via SEM imaging. By viewing 

the films from the top, both the graphene/SC dispersion (Figure 8.a) and graphene/AuNPs composite 

(Figure 8.b) show individual bubbles with dark edges. This is indicative of using a heating pad to aid in the 

spray coating process. An aerosol of the dispersion is formed through the spray-painting gun and once the 

droplets meet the heated substrate the droplets dry. The outer edge of the droplets has a tendency to 

dry more quickly. Thus resulting in a darker color around the edges. By viewing the films from the side 

both the graphene/SC dispersion(Figure 9.a) and graphene/AuNPs composite (Figure 9.b) show individual 

sheets of graphene.  

Figure8: SEM image of top view of the (a) graphene/SC carbon on a glass substrate and the (b) graphene/AuNPs on a glass substrate. 
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Figure 9: SEM image of side view of the (a) graphene/SC on a glass substrate and the (b) graphene/AuNPs on a glass substrate. 

4.3.2 Nitrogen Physisorption  
The surface area of the graphene/SC CF electrode and the graphene/AuNPs CF electrode were analyzed 

via nitrogen physisorption. The BET surface area of the graphene CF electrode was 0.1458 m2·g-1 and the 

BET surface area of the graphene/AuNPs CF electrode was 0.1588 m2·g-1. These results are expected. The 

addition of the AuNPs would increase the overall surface area of the electrode without diminishing the 

graphene.  

4.3.3 Au Content Determination by EDS and ICP-OES  
The gold content of the graphene/AuNPs composite was analyzed via ICP-OES and determined to be 

0.028 ± 0.001 mg·L-1 which is shown in Table 2. This was determined to be 0.92 % (w/w) of the 

graphene/AuNPs composite which was close to our target loading of 1 %.  The gold content of the 

graphene/AuNPs film spray coated onto the GC electrode was analyzed via SEM-EDS and determined to 

be 0.19 ± 0.04 % (w/w). The lower content measured by EDS on the spray coated film could be indicative 

to either one of two things: the first is that some gold was lost during the adhesion to the substrate or the 

second that gold is intercalating between the graphene sheets and not all the gold was characterized. 

These are both plausible explanations as the gold content in the film is less than the gold content in the 

composite. However, the first one assumes that the EDS was able to penetrate the entire depth of the 

film and is a direct representation of the bulk sample. It is more probable that the difference in gold 

content between the film and the composite is a combination of both.  
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Table 2: The gold content of the graphene/AuNPs composite as determined by ICP-OES and the gold content of the graphene/AuNPs film spray 
coated on a glassy carbon electrode as determined by SEM-EDS.  

 Analysis method Gold Content  

Graphene/AuNPs composite  ICP-OES 0.028 ± 0.001 mg · mL-1 

Graphene/AuNPs on Glassy Carbon Electrode EDS 0.19 ± 0.04 % (w/w) 

 

4.3.4 TEM Characterization 
As a dispersion with a higher initial volume of graphite/SC solution was used, TEM images were again 

recorded to confirm the presence of graphene sheets. As seen in Figure 10, the exfoliation of graphite did 

lead to graphene as there are distinct graphene sheets throughout the image.  

Figure 10: TEM image of graphene/SC dispersion that was used for AuNPs loading. 

TEM images were used to quantify the particle sizes of the AuNPs as well as qualitatively assess the particle 

distribution of the graphene/AuNPs composite. The AuNPs particle size in the graphene/AuNPs composite 

was analyzed using ImageJ software. The image (Figure 11) shows both the AuNPs and the sodium ions 

resulting from the surfactant. The sodium ions are referenced by the pink arrow in Figure 11 and were not 

counted towards the AuNPs particle size distribution (Figure 12). Based on the images from Figure 11, it 

can be concluded that the AuNPs were well dispersed throughout the graphene/AuNPs composite and 

had both a mean and medium diameter of 13 nm; thus corroborating with the average particle size 

resulting from the optimization trials in section 4.2.  
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Figure 11: TEM image of graphene/AuNPs composite that was used for drop-casting onto carbon felt electrode. 

Figure 12: Density distribution of AuNPs loaded onto graphene composite used for drop-casting onto carbon felt. 

4.4 Electrochemical Characterization  

4.4.1 Conductivity of Films  
The conductivity of the graphene/SC and the graphene/AuNPs films on a glassy substrate were calculated 

using the 4PP and determined to be 6.3 · 102 S·m-1 and 1.3 · 103 S·m-1 respectively. The conductivity of the 

graphene/SC (2.83 mg·mL-1) is considerably lower than that in literature which was recorded to be              

1.7 · 104 S·m-1 when the resulting graphene/SC concentration was 3 mg·mL-1. 33 The lower conductivity in 

this work could be attributed to the difference in dialysis procedures. The composite in this work was 

dialyzed twice and the one in literature was dialyzed once.  Table 3 shows the film type, the volume of the 

dispersion used per film (mL), the average film thickness as determined by AFM (μm), the film area (cm2) 

and the resulting conductivity (S·m-1).  
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Table 3: The film type, the volume of the dispersion per film, the average film thickness, the area of the film and the resulting conductivity.  

Film  
Vol. Of 

Dispersion 
(mL)  

Average 
Film 

Thickness 
(μm) 

 Film 
Area 
(cm2)  

Conductivity 
(S·m-1) 

Graphene/SC 2.5 1.9 ± 0.46 5.6 6.3 · 102 

Graphene/AuNPs 2.5 0.92 ± 0.27 5.4 1.3 · 103 
 

The average height of the graphene/AuNPs film as determined by AFM was 0.92 ± 0.27 µm while the 

average height of the graphene/SC film as determined by AFM was 1.9 ± 0.46 µm.  These numbers slightly 

differ from the SEM thickness which were determined to be 0.63 µm and 2.2 µm respectively. While the 

films were prepared in the same manner, the difference in film thickness could be attributed to the fact 

that the measurements were not taken on the same film and the slight difference in the spray coating 

process among different films.  The thickness of the film as determined by AFM provides a more accurate 

representation of the films as with AFM multiple measurements were taken over three different areas 

and then averaged. Whereas the SEM thickness values are only recorded at one specific region.   

4.4.2 EIS of Graphene/AuNPs on GC Electrode  
EIS of a pristine GC electrode and a GC electrode spray coated with 5 mL of the graphene/AuNPs 

composite was carried out in a 0.1 M sodium sulphate solution with a frequency range from 100 kHz to 

0.01 Hz.  The use of the GC electrode in the electrochemical methods allowed for minimal electrode 

preparations prior to the start of the analysis. Figure 13 shows the impedance spectrum of both the 

pristine GC electrode (orange) and the GC electrode spray coated with the graphene/AuNPs composite 

(blue). The pristine GC electrode has a higher resistance as indicated by the higher imaginary impendence 

value.  The low frequency capacitance for the pristine GC electrode is 2.70 µF and for the GC electrode 

that was spray coated with the graphene/AuNPs the low frequency capacitance is 7.30 µF. Thus, indicating 

that the composite increased the overall capacitance of the electrode. This is expected as the composite 

would increase the overall surface area of the electrode and as surface area increases so to does the 

capacitance. 
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 Figure 13 : EIS spectra of pristine glassy carbon electrode (orange) and graphene/AuNPs composite spray coated on glassy carbon electrode 
(blue) in 0.1 M sodium sulphate solution. 

4.4.3 Cyclic Voltammetry of electrodes  

4.4.3.1 Glassy Carbon Substrate 

The cyclic voltammetry (CV) experiments that used GC as the substrate were carried out in two different 

cell configurations: an H-Cell (shown in section 3.4.8) and a small-cell configuration (Figure 14). The small-

cell configuration was examined as a way to mitigate the degradation of the graphene/AuNPs film on the 

GC electrode. It was hypothesized that with the small-cell setup there would be a smaller volume of 

solution interacting with the film which would minimize the degradation. However, degradation of the 

film occurred over the entire area that was covered by the solution. The degradation of the films on the 

GC substrate could be attribute to the surface characteristics of the support as it is both smooth and 

hydrophobic.17 
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Figure 14: The small-scale configuration used to conduct the CV on the glassy carbon electrodes. 

The cyclic voltammograms shown in Figure 15 were recorded using the H-cell configuration in 0.1 M NaOH 

with a scan rate of 10 mV·s-1 using a pristine GC electrode (Figure 15.a) and a GC electrode spray coated 

with the graphene/AuNPs composite (Figure 15.b). In the CV of the pristine GC electrode there are no 

clear indications of an electrochemical process taking place.17 It can also be seen that the current of the 

pristine GC electrode is much smaller than that with the graphene/AuNPs composite – the GC electrode’s 

max current is around 0.7 mA whereas the max current for the electrode with  graphene/AuNPs electrode 

is around 7.0 mA. In Figure 15.b a shoulder appears in the anodic scan at ~0.5 V. This shoulder is indicative 

to the oxidation of gold at the electrode surface28, which is absent in the pristine GC electrode. This peak 

is drastically decreased between the first (pink) and tenth scan (black). This decrease could be attributed 

to the degradation of the film.  

Figure 15 : CV of the 1st scan (pink) and 10th scan (black) of the (a) pristine GC electrode and the (b) GC electrode spray coated with the 
graphene/AuNPs composite. Both were recorded in a 0.1 M NaOH solution with a scan rate of 10 mV · s-1 with a potential range of -0.8 V to 0.8 V.  
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The CV shown in Figure 16 was recorded using the small-cell configuration with a scan rate of 10 mV·s -1 

with a GC electrode spray coated with the graphene/AuNPs composite in a 0.1 M glucose in 0.1 M NaOH 

solution. The electrochemical reactions associated with glucose were confirmed (Figure 16) by the sharp 

peak at ~ 0.2 V in the reverse scan which indicate the oxidation of glucose. 17,28 

Figure 16 : CV of the GC electrode spray coated with the graphene/AuNPs composite in a 0.1 M glucose in 0.1 M NaOH solution recorded in 0.1 
M NaOH solution with a scan rate of 10 mV · s-1 with a potential range of -0.8 V to 0.8 V in the small-scale configuration.  

However, degradation of the film still occurred at the solution interface. It was determined that the film 

degradation was not dependent on the cell configuration but was due in part to the adhesion of the 

composite to the carbon substrate. Moving forward, glucose ECO on graphene/AuNPs was carried out 

using a carbon felt (CF) substrate in an H-cell configuration.  

4.4.3.2 Carbon felt Substrate 

The CV of the graphene/AuNPs CF electrode in a 5 mM glucose in 0.1 M NaOH solution with a scan rate 

of 1 mV·s-1 is shown in Figure 17. A lower glucose concentration was used to control the maximum 

current – as a larger glucose concentration would result in a higher peak and complicate the evaluation 

of the peak. A lower scan rate was used in order to minimize the effects of the capacitive current and 

ensure that the CV was a result of the Faradaic current.67  

In the forward (anodic) scan, the peaks at both ~0.15 V and ~0.30 V can be attributed to the oxidation of 

glucose.  According to literature, the peak at ~0.15 V is due to the dehydrogenation of the anomeric 

carbon on glucose molecule.6,68 The glucose molecule is further oxidized to gluconolactone.68 The peak at 

~0.30 V is due to the oxidative production of gluconate. The peak at ~ 0.5 V is due to oxidation of the 

AuNPs on the electrode.17,28 During the reverse (cathodic) scan, the oxidized gold species are reduced. 
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This generates fresh gold surfaces allowing for the oxidation of glucose to occur at ~0.16 V.6,17,68 The peak 

at ~ -0.39 V could be attributed to the desorption of the adsorbed species from the electrode surface.  

Figure 17: The cyclic voltammogram of the graphene/AuNPs electrode in a 5 mM glucose in 0.1 M NaOH solution with a scan rate of 1 mV · s-1. 

The CV (Figure 18) of a 5 mM glucose solution in 0.1 M NaOH with a scan rate of 5 mV·s-1 was carried out 

using a pristine CF electrode (black), a CF electrode drop casted with a graphene/SC dispersion (purple) 

and a CF electrode drop casted with a graphene/AuNPs composite (pink). It was determined that the 

glucose oxidation occurred at 0.16 V in the reverse scan using the graphene/AuNPs CF electrode. This 

peak was absent for the scans using both the pristine CF electrode and the graphene/SC CF electrode and 

corresponds to those found in literature28. Thus, confirming that the glucose oxidation occurs in the 

presence of the AuNPs which act as a catalyst for the glucose electrocatalytic oxidation (ECO). 

Figure 18: The cyclic voltammogram of the pristine carbon felt electrode (black), graphene/SC electrode (purple) and graphene/AuNPs 
electrode (pink) in a 5 mM glucose in 0.1 M NaOH solution with a scan rate of 5 mV · s-1. 
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As the peak formed at ~0.16 V in the reverse scan corresponds to glucose oxidation, the relationship 

between its peak intensity and the scan rate was investigated. A linear relationship between the scan rate 

and the current intensity is indicative of a surface reaction process while a linear relationship between 

the square root of the scan rate and current intensity is indicative of a diffusion-controlled process.69  The 

glucose oxidation peak at ~0.16 V shows no linearity to either the scan rate (Figure 19.a)  nor the square 

root of the scan rate (Figure 19.b). This indicates that there is both a surface reaction process and a 

diffusion-controlled process taking place at the electrode. 69 

Figure 19: The relationship between the a) scan rate (V · s-1) and the current and the b) square root of the scan rate and the current of the 
glucose oxidation peak on the graphene/AuNPs electrode. 

4.5 Electrocatalytic Oxidation of Glucose on Graphene/AuNPs Catalyst  

4.5.1 Chronoamperometric Measurements  
The electrolysis of glucose to gluconic acid was conducted using chronoamperometry at an applied 

potential of 0.16 V in an H-cell configuration with a 0.1 M glucose in 0.1 M NaOH solution that was under 

magnetic stirring. The applied potential was determined by CV in section 3.4.3 as the point in which 

glucose oxidation occurs. The chronoamperometric measurements in Figure 20 show a higher current 

density for the graphene/AuNPs electrode versus the pristine CF and graphene/SC CF electrode. This 

suggests that the electrolysis of glucose to gluonic acid occurs only on the graphene/AuNPs electrode. The 

decrease in current density of the graphene/AuNPs electrode can be attributed to the surface poisoning 

of the electrode by the adsorption of gluconic acid and/or its analogues.6,23,26 
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Figure 20: Chronoamperogram of the electrolysis of glucose into gluconic acid using a graphene/AuNPs carbon felt electrode (pink), a graphene/SC 
carbon felt electrode (purple) and a pristine carbon felt electrode (black) ran in 0.1 M glucose in 0.1 M NaOH solution for 3 hours with an applied 
potential of 0.159 V. 

Following 3 h of electrolysis, 17.57 mM of gluconic acid was produced using the graphene/AuNPs 

electrode. No gluconic acid was produced using the graphene/SC CF electrode nor the pristine CF 

electrode. Confirming the production of gluconic acid can be attributed to the presence of the AuNPs 

which act as the catalyst for the glucose ECO. 

4.5.2 Activity and Stability of Electrode  
To evaluate the glucose ECO activity and stability, repeated electrolysis experiments were carried out over 

multiple days using the same graphene/AuNPs electrode. Figure 21 shows the chronoamperogram 

obtained for the electrolysis of glucose to gluconic acid that was ran on different days. The data shows 

that the obtained current density decreased after each electrolysis experiment, indicating the 

deactivation of the catalyst.  

Figure 21: Chronoamperogram of the electrolysis of glucose into gluconic acid using a graphene/AuNPs carbon felt electrode for the first time 
(pink), on the second day (orange), on the third day (grey) and the fourth day (yellow) ran in 0.1 M glucose in 0.1 M NaOH solution for 3 h with 
an applied potential of 0.159 V. 
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Graphene/AuNPs were observed to be very active towards glucose ECO. The average TOF after 3 h for the 

four electrolysis was 1.97 · 103 h-1 which corresponds to an average glucose conversion of 18 % (Table 4). 

The gold content in the electrolysis solution taken at the end of the 3 h experiment was analysis by ICP-

OES and determined to be below the limit of detection for the instrument. Concluding that the gold metal 

did not leach into the solution.  

Table 4: a comparison of the concentration of gluconic acid (mM), the glucose conversion (%), the TOF (h-1) of the electrolysis of glucose to 
gluconic acid ran in a 0.1 M glucose in 0.1 M NaOH solution for 3 hours with an applied potential of 0.159 V over multiple days.  

 

 
Concentration 

of Gluconic Acid 
(mM) 

Glucose 
Conversion (%) 

TOF (h-1) 

First Electrolysis 17.57 19 2.06·103 

Second Electrolysis  17.08 19 2.00·103 

Third Electrolysis 16.72 18 1.96·103 

Fourth Electrolysis  15.93 17 1.87·103 
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5 Conclusions  
The aim of this study was to prepare and characterize a graphene/AuNPs composite to be used as an 

electrocatalyst for the conversion of glucose into gluconic acid and to assess the stability and activity of 

the catalyst. The graphene dispersion was shear force exfoliated from graphite and the optimal mixing 

time, rotor speed and dialysis length were determined. The AuNPs were then loaded onto the graphene 

at a target loading of 1 % wt. and an actual loading of 0.92 % -as determined by ICP-OES.  

This composite was then applied to two different carbonous substrate materials, GC and CF. The adhesion 

of the graphene/AuNPs onto the GC substrate proved to be difficult and resulted in the degradation of 

the films. The adhesion of the graphene/AuNPs onto the CF proved to be successful. This was determined 

by the fact that the gold content at the end of the extended electrolysis was below the limit of detection 

for the ICP-OES instrument.  

The physical characteristics of the composites were determined via TEM, SEM and AFM. From these 

microscopy techniques, it was determined that the graphite exfoliations did produce graphene sheets and 

that the average particle size of the AuNPs was 13 nm. The electrochemical characterizations proved the 

oxidation of glucose occurred only on the AuNPs as well as the capacitive behaviour of the 

graphene/AuNPs composite. The conversion of glucose to gluconic acid following a 3 h electrolysis was 

confirmed via HPLC.  

The activity of the AuNPs catalyst was determined by its TOF. The TOF was determined to be                         

2.06·103 h-1 which indicated strong activity. By analyzing the change in the TOF, the resulting 

chronoamperogram and the final gluconic acid production after four 3 h electrolysis; the electrode and 

catalyst was determined to be stable.  

Further perspectives in to this field could include the determination of the reaction mechanism at the gold 

surface. An investigation of the degradation of the films on GC and the use of different substrate materials. 

Further optimization of the AuNPs loading process to reach a higher amount and an optimal AuNPs size 

could also be investigated as a way to increase the overall production of gluconic acid. 
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7 Appendix  
Table A. 1 : Optimization parameters of graphite/SC exfoliation trials. Parameters include the graphite 
type, rotor speed (N), length of exfoliation (t), duration of dialysis, number of water changes, the graphene 
concentration before the dialysis and the graphene concentration after the dialysis. 

Graphite 
type 

Rotor 
speed; N 

(RPM) 

Length of 
exfoliation; 

t (h)  

Duration 
of dialysis 

(h) 

Number 
of 

water 
changes  

Pre-dialysis 
concentration 

(mg · mL-1)  

Post-dialysis 
concentration 

(mg · mL-1)  

Sigma-
Aldrich  

9.90 · 103 2.00 19 1 0.92 0.78 

Finnish  16.5· 103 2.00 22 2 2.91 0.66 

Alfa-Aesar 13.0 · 103 2.00 22 2 2.48 0.19 

Alfa-Aesar 13.0· 103 2.00 20 1 2.17 0.42 

Alfa-Aesar  13.0 · 103 2.50 19 0 2.78 0.45 

 

 

Figure A.1: TEM image of the pure graphene/SC dispersion. 
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Figure A. 2: TEM images of graphene/AuNPs composite with a) AuNPs loaded after dialysis and b) AuNPs 
loaded before dialysis.      

     

Figure A. 3:  TEM images of hollowed structures throughout the graphene/ AuNPs where the AuNPs were 
loaded before the dialysis a) throughout the composite and b) impregnated with the AuNPs. 

 

 

Figure A. 4: Particle size distribution (particle diameter in nm) of the AuNPs loaded a) after the dialysis 
and b) before the dialysis. 

 

 

 


