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Abstract

Cuprous oxide has been used as a nhon-enzymatic glucose sensor for decades. As such, there
are a multitude of reports which focus on its electro-catalytic properties towards glucose
oxidation though few make use of its intrinsic photocatalytic attribute. In this work, a visible
light activated CuO porous film was developed using a three-step synthesis process.
Optimization of each synthesis stage was achieved by comparing the sensors anodic peak
currents in the dark to those captured under illumination from an LED light source. The physical
characterization performed on selected samples included XRD, XPS, SEM, Hall Effect, Raman
and UV-Vis to elucidate the morphology, bonding, optical and charge transfer properties. The
electro-catalytic and photocatalytic oxidation of glucose was investigated by means of Cyclic
Voltammetry, Electrochemical Impedance Spectroscopy and Chronoamperometric

measurements under both the light and dark scenarios.

Optimization of the synthesis parameters showed the greatest difference between light and
dark current density using a combination of 4 V for 2 min electrodeposition accompanied by
450 °C calcination for 1 h and an etching time of 2 min in concentrated NH3 solution. XPS
indicated two Cu 2p core levels peaks at 933.4 eV and 953.2 eV which confirms the presence
of the Cu?* species and hence, CuO. SEM images revealed trapezoidal crystal shapes on the
FTO surface with increased porosity following etching. The optimized sensor presented a
monoclinic structure following calcination and etching which suggests only the exposed facets
were affected by NHs. Analysis of the UV-Vis data found that the band gap (E,) decreased
from 2.07 eV to 1.88 eV following etching. Hall measurements indicate high charge carrier

densities following n-type semiconductor behavior.

The CV results demonstrated that with the addition of light, the current density in 1 mM glucose
solution increases by as much as 0.382 mA/cm? with all else equal. The electrochemical
oxidation of glucose was found to be an irreversible electron transfer process controlled by
diffusion in both the light and dark with regression coefficients R? of 0.993 and 0.999
respectively. EIS confirmed that the charge transfer resistance in the light decreases by
several order of magnitude. Periodic illumination revealed persistent photoconductivity that’s
presence is as a result of deep-trap levels between the valence and conduction bands. Good
amperometric performance was obtained for the CuO film with a 4 second response time with
negligible interference from other species present in human blood. The sensor produced three
linear ranges spanning over a 0.0-2.77 mM, 2.77-9.95 mM and 9.95-29.12 mM respectively.
The linear range was unaffected by the incorporation of light however the sensitivity increased
by 33.5% at a lower LOD.
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Chapter 1: Introduction

CHAPTER 1
INTRODUCTION

1.1. Introduction

This research investigates the photo-electrochemical properties of thin film copper oxide for
the purpose of glucose detection. Section 1.2 provides a background investigation to the
problem with current glucose sensors. Section 1.3 defines the problem statement in context.
Section 1.4 outlines the aims and objectives for this work while Section 1.5 describes the

scope. The structure of the work is presented in Section 1.6.

1.2. Background

Diabetes has been affecting the human population for over three millennia. The earliest cases
of the disease were mentioned by Egyptian physicians in 1552 BC (Karamanou, 2016). This
disease is characterized by irregular glucose levels in the blood. The human body detects this
irregularity and subsequently releases a hormone known as insulin from the pancreas. The
inadequate or inability to make effective use of the insulin produced to regulate glucose levels
is known as diabetes (Hwang et al., 2018). Insulin removes glucose from the bloodstream by
stimulating liver cells subsequently resulting in the liver converting the glucose to glycogen,
thus regulating sugar levels present in the body. Along with the fact that this disease is life
threatening, the American Diabetes Association (ADA) reported that co-morbidities such as
obesity, hypertension, fatty liver disease, cancer and often related to bone fracturing
(Association, 2019). Two common forms of the disease exist, type 1 which is hereditary and

type 2 which is as a result the body’s ineffective use of insulin.

Several studies have revealed that glucose level monitoring and controlling, both increased
the life expectancy of patients living with the disease as well as reduced the co-morbidities
associated with it (Barrett et al., 2016; Hwang et al., 2018). It is with this that glucose detecting
devices have become popular in this disease’s management. Traditionally, self-detection and
monitoring devices employ enzymes to provide glucose level data in point form (Oliver et al.,
2009). More recently however, non-enzymatic glucose detection methods are being
investigated, with one company, Gluco Chaser, producing prototype sensors with its
proprietary technology. Other novel technologies are also being pursued such as continuous
monitoring devices which analyze real time data from patients through means of a sensor
implanted subcutaneously (Hwang et al., 2018). Enzymatic sensors have evolved from being
mere photometric sensors to the market dominating enzymatic electrochemical sensors. The

phasing out of first-generation photometric detectors is partly due to the operational limitations
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of the technology, for instance, the exclusion requirement of bio-material in the test sample
(Park, Boo and Chung, 2006). Furthermore, these detectors have a strong dependence on
free oxygen to facilitate the catalytic activation/regeneration as well as a limited detection
range. Second generation enzymatic sensors were introduced to overcome the oxygen
dependence which resulted in the development of synthetic catalyst mediators. This resulted
in much higher reaction rates but facilitated the accumulation of peroxide hindering detection
(Toghill and Compton, 2010). The sensitivity of enzymatic glucose sensors is highly dependent
on the immobilized enzyme’s activity which complicates its ability to reproduce results. This
generates uncertainty in the synthetic enzyme and raises concerns regarding legitimacy. Third
generation sensors utilize electron transfer between the mesoporous electrodes and enzymes
directly. Although in its infancy, stability of the sensors over a range of storage conditions
remains problematic. Also, enzymatic sensors are single use thus require new test strips for

every test.

Non-enzymatic sensors have promised to surpass previous generation developments in
glucose detection and monitoring technology through simplicity. In contrast to tending to the
highly complex requirements of enzymes, this technology hopes to oxidize glucose directly via
non-enzymatic electrodes (Hwang et al., 2018). This approach will allow a patient to test
glucose levels using the same electrode which vastly reduces costs associated with glucose
management. Although research has been carried out for decades regarding non-enzymatic
oxidizing electrodes, the technology is still plagued with disadvantages thus limiting their
practical application. The most critical aspect of a glucose sensor would be its monitoring ability
over a range of concentrations in a given sample. These non-enzymatic sensors are limited
by slow oxidation kinetics, electrode fouling and selectivity issues. In addition, the detection
range is far smaller than enzymatic sensors and detectability is dependent on surface structure

and the type of catalyst used (Toghill and Compton, 2010).

Transition and precious metals have showed great promise toward glucose detection however
their high cost have hindered their application for a real world solution (Sehit and Altintas,
2020). A more cost effective solution steered research toward development of metal oxides
(MQO’s) such as Co0304, TiO2, CuO, Cu20, ZnO and NiO. All of the aforementioned MO’s share
a common trait in that they are also semiconductors. Comparatively, tenorite (CuO) enjoys the
most narrow band gap thus requires less photon energy incident on its surface to produce a
photocurrent. The abundance of copper in the earth’s crust coupled with the fact that the
largest deposits of the element are found in Sothern Africa makes it an excellent candidate for
this research (Institute, 2018). Furthermore, CuO is more thermodynamically stable than Cu,O

at ambient temperatures.
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MO semiconductors such as CuO are mostly used in conjunction with a conductive support
material which shuttle electrons to promote conductivity. Facilitation for the attachment to these
substrates often requires costly or time consuming techniques such as vapor deposition,
hydrothermal synthesis or spin coating. Alternatively, electrodeposition is a highly scalable
technique that allows for rapid synthesis of nanomaterials while displaying high porosity and
increased surface area (Thenmozhi et al., 2017). In addition, this technigue allows for a highly
reproducible nanostructure further aiding in up-scaled production. A post electrodeposition
treatment such as etching has in the past been found to enhance the electronic characteristics
of copper oxides and even reshape their surfaces (Wang, Han and Tao, 2007; Zhu and Panzer,
2016). Development of a non-enzymatic sensor which is both cost and time effective is
necessary to phase out the single use enzyme based sensors. Such a sensor is required to
display enhanced performance toward glucose oxidation in terms of extended linear range,
low LOD, high sensitivity, rapid response time and should remain unaffected by interfering
species. Functionalizing the built-in semiconductor properties of CuO via the inclusion of light

during glucose detection is scarcely reported on.

1.3. Problem Statement

Development of a non-enzymatic glucose sensor which does not suffer from a low linear range
and sensitivity remains a challenge. Research pertaining to the synthesis of CuO nanofilms
with enhanced photo-activity toward glucose detection are scarce despite a favorable band

gap correlating to the visible spectrum.

1.4. Aim & Objectives

This research aims to form a stable, photo-electrochemical CuO thin-film via electrodeposition

and to use its photocatalytic ability to enhanced glucose detection as a non-enzymatic sensor.

The research objectives are:

- To successfully optimize the synthesis stages (electrodeposition, calcination and
etching) to maximize the difference in current density between the light and dark
condition.

- Investigate the photoelectrochemical properties of the sensor to ascertain the key
differences between glucose detection in the light and dark through cyclic voltammetry,
electrochemical impedance spectroscopy and chronoamperometry.

- Elucidate parallels between the physical properties as determined via SEM, Hall Effect,
UV-Vis and Raman spectroscopy to the photoelectrochemical performance toward

glucose oxidation.
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- ldentify a possible mechanism which could be responsible for the detection

enhancement.

1.5. Scope & Delineations

The scope of this work is limited to investigation of the photoelectrochemical and physical
properties of CuO towards glucose detection. This excludes the temperature effects outside of
room temperature during electrodeposition and testing. Only a standard strike solution is
considered for electrodeposition experiments. Testing of human serum samples will also be

omitted.

1.6. Organization

Chapter 1: Background
Provides the background to the research and contextualizes the need for improvement from

current glucose management techniques.

Chapter 2: Literature Review

The relevant theory associated with semiconductor photocatalysis is discussed along with the
currently accepted theories describing glucose oxidation. This also includes the
electrochemical and photoelectrochemical theory and discusses in detail the relevant testing

literature which aligns with the research objectives.

Chapter 3: Experimental Procedure and Physical Characterization

The experimental procedure provides an overview of the materials required and experimental
steps taken to synthesize an n-type CuO semiconductor. This chapter also discusses the
relevant physical characterization techniques employed to elucidate differences between

samples.

Chapter 4: Results and Discussion
An attempt is made to draw meaningful conclusions for data acquired through experimental
work is established. The data was interpreted and analyzed using relevant models and

compared to other works to ensure validity.

Chapter 5: Conclusions and Recommendations
The most significant findings are reported along with further research focuses identified
through this research. Further recommendations are made to solidify the findings presented

with the significance thereof.
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CHAPTER 2

LITERATURE REVIEW

2. Introduction

The following chapter provides a review into the literature and terminology regarding
photocatalysts in Section 2.1, electronic band structure in Section 2.2, current developments
regarding non-enzymatic glucose sensors in Section 2.3 which includes synthesis methods,
CuO structure and photocatalytic glucose detection. Section 2.4 covers agueous chemistry of
cyanide while in Section 2.5, the various electrochemical analysis techniques are discussed.
This chapter provides insight into how photocatalyst function, provides insight into testing
techniques and relevant theory.

2.1. Photocatalysts

A process developed in the early 70’s by Fujishima and Honda showed how water could be
split into its constituent components over a TiO; catalyst under UV light bombardment, paved
the way for modern day photocatalytic research (Fujishima and Honda, 1972). Since its
discovery, research has been focused on enhancing the photocatalytic activity. Enhancement
in this regard will benefit a multitude of research fields including waste water treatment,

catalytic sensors, fuel cells and various environmental remediation practices.

Semiconductors that are activated upon the light irradiation from a part of or the full light
spectrum are dubbed, photocatalysts. A photocatalytic reaction is highly dependent on the
energy available which can be described by the wavelength of light and the specific catalyst
being employed (Rajeshwar et al., 2008). Although photoelectric cells (PEC) are the primary
research field for harvesting light energy, very little is known about a photocatalytic approach
toward enhanced glucose sensing. An ideal photocatalytic semiconductor exhibits the
following traits: a narrow band gap to promote wide range light absorption, cheap to synthesize
and availability of source materials, stability and non-toxic, enhanced charge carrier separation
(Opoku et al., 2017). In addition, the performance related criteria by which sensors are

characterized are summarized in Table 2.1.
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Table 2.1: Performance criteria of typical sensors

Trait Description
- The range set forth in an analyte concentration to which the response
Linear Range is predictable i.e. Linear
- Characterized by an R? value.
- Depicted by the slope of the calibration curve. Steeper slope
Sensitivity represents increased sensitivity.
- Represents the response per unit of analyte.
- The response for no concentration which is shifted by 3 standard
deviations.
- Allows for the distinction between background noise and response
signal.
- The amount of time taken from introduction of an analyte to reach
90% of the final response signal at steady state.
- Shelf life of the sensor as measured by the response decay over
time.

Detection Limit

Response Time

Stability

A number of materials have been previously used as semiconductors such as those
summarized in Figure 2.1. It can be seen that CuO has favorable band positions for catalytic
water splitting as compared to other commonly used semiconductors. A materials band gap is
a crucial property that is reflective of the materials ability to be activated via light.
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Figure 2.1: Band edge positions for common semiconductors relative to NHE at pH =0

A material’s band gap is given by the energy difference between valence and conduction band.
When the VB peak occurs at the same electron momentum as that of the CB, a direct band
energy gap (DBG) is present (University of Cambridge, 2020). Alternatively, when these bands
do not peak at the same electron momentum, an indirect band gap (IBG) is formed. The
fundamental difference between a DBG and IBG is that the amount of energy (E,) that is
required for an electron-hole pair to be produced upon light irradiation. An IBG semiconductor
requires far more photon energy than its DBG counterpart. This principle also applies to the

recombination of electron-hole pairs. Semiconductor based photocatalysts are unique in the
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sense that they exhibit a vacant conduction band (CB) coupled with a full valence band (VB)
(Han et al., 2014). Charge carriers can be generated via illumination of a semiconductors
surface. The photon energy brings electrons from a level of low energy to one of higher energy.
When the energy is equal to or greater than the semiconductors band gap, electrons will move
from the valence band into the conduction band leaving behind a hole as depicted in Figure

2.2. This is known as the generation of an electron-hole pair.

\\ y, \ .// ;// //
/,,.ﬂ,\ ) 2N =) PN P
/ \\ , / "n\ / \\. / \

Figure 2.2: Electron and hole transfer via light irradiation

Electrons and holes are charged species and their transport is often complex. The movements
of these charges are the cause of the photocurrent responses seen in semiconductors under
light bombardment. Both charge carriers are readily affected by an electric field following an
applied potential. This mechanism of charge transport is known as carrier drift. In addition,
carriers migrate from regions of high charge density to those offering lower charge densities.
This carrier concentration gradient gives rise to an alternative mechanism being carrier
diffusion. The overall current in a semiconductor is a combination of both drift and diffusion
current (Zeghbroeck, 2011b).

Photocatalyst + hv > h* + e~

The positively charged holes and negatively charged electrons may be trapped in site defects
on the surface of the semiconductor causing undesirable recombination along with the release

of energy as in the equation below (Opoku et al., 2017):

h* + e~ - energy

In a recombination process, oppositely charge electron-hole pairs cease to exist. These
processes are classified based on the change in an electron’s energy from its initial to final
state. In a typical photoconductor, the recombination processes are mediated by inter band
states. A lower recombination rate is expected with IBG semiconductors as electrons must first
undergo momentum changes (University of Cambridge, 2020). Three types of recombination
processes exist and are band to band, trap assisted and Auger which are illustrated in Figure
2.3.
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Figure 2.3: Diagram showing three types of recombination

Band to band recombination occurs when an electron from the conduction band directly
combines with a positively charged hole in the valence band through the loss of energy and
results in the release of a photon. The energy associated with this process is radiative. Trap
assisted recombination occurs in two steps with the first being a reduction in the electron’s
energy to a trap state level within the band gap of a semiconductor. Thereafter, the electron
moves back into the valence band fulfilling Shockley-Read-Hall recombination. Auger
recombination occurs when a hole and an electron recombine in a band to band process,
however the resultant energy is transferred to other carriers (Zeghbroeck, 2011c). Overall,
recombination processes decrease the photocatalytic performance of a semiconductor.
Electron scavengers or sacrificial reagents are used to mitigate the recombination of said
electrons thus promoting the photocatalytic effect of the semiconductor (Opoku et al., 2017).
Successful charge carrier separation will result in electrons migrating to the surface which can
be used to perform useful reactions such as those depicted in Figure 2.4. The electrons and
holes migrate toward facets of high energy so as to decrease the surface energy contained
within the crystal structure. The selectivity of the reactions that ensue are dependent on the
flow of these charges toward the facets along with several other factors such as light intensity,

pH, dye-water concentration as well as surface area (Pirsaheb et al., 2020).

Photocatalyst + hv - h* + e~

A T

Direct: Superoxide's:
h* + Pollutants — [Pollutants]* e"+ 0,05 ¢ H;0; + hv — 2[0H +]
or

h* + H,0 » OH™ + H*
h* + OH™ - OH »
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Figure 2.4: Possible dye degradation pathways using a photocatalyst

As per Figure 2.4, the holes generated via photon bombardment on a semiconductor, can

oxidize pollutants directly in some cases if the conditions favor this. Alternatively, the photon-
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induced charges can undergo redox reactions to form super-oxide or hydroxyl radicals via the
branched mechanisms. Also, the excited electrons in the CB of the semiconductor facilitate a
redox reaction by reacting with dissolved oxygen to generate superoxide anions (Ansari et al.,
2013). When the newly formed superoxide reacts with a proton, an unstable hydro-peroxyl
radical is formed which is an intermediate that quickly decomposes to yield H,0O- followed by
the regeneration of H.O (Costa et al., 2020). The rate of the reduction mechanism has however
been reported to decrease with a decrease in the concentration of electron vacancies in the
VB (Wen et al., 2012). The successive excitement of the electrons into the CB coupled with
the formation of the electron deficient VB provides the means to both oxidize and reduce
species adsorbed onto the active sites of a photocatalyst (Rajeshwar et al., 2008).
Alternatively, hydroxyl radicals are produced via one of two mechanisms in Figure 3. The
hydrogen peroxide formed by the superoxide radicals would decompose under photon
bombardment and yields two hydroxyl radicals. The other mechanism involves much simpler
kinetics whereby hydroxyl radicals are produced via oxidation of surface water or hydroxide

ions in the VB of the semiconductor by the positively charged holes (Ansari et al., 2013).

It is understood that the aforementioned reaction mechanisms all work in the same manner to
degrade organic compounds. In the case of glucose sensors, the oxidation mechanism follows
the hydroxyl assisted pathway with the inclusion of a metal oxide redox couple. Though in the
light, the semiconductive behavior assists the oxidation process to essentially boost the
electrochemical response. It is this additional current density that is of great interest as it is
rarely reported on and could offer improved sensing performance by simply making use of its

built-in physical property.

2.2. Electronic Band Structure

As previously established a semiconductors band gap is of great importance as this will
determine the amount of energy that is required to excite an electron from the VB into the CB.
In addition, it also determines which part of the electromagnetic spectrum will be absorbed by
the material. Semiconductors with Eq > 9 eV are classed as insulators while no band gaps
means they are conductors. Between 0 eV and 4.5 eV are most common band gaps for
semiconductors in use today. Similarly, as important, the fermi energy level is an energy level
which the likelihood of encountering an electron is 50 %. The fermi energy level for an intrinsic
semiconductor lies between the CB and VB as presented in Figure 2.5. It is known that
incorporation of dopants causes a shift in the fermi-level and results in band bending. A
semiconductor can be classed as n or p-type based on the electron concentrations in the CB.
When excess holes are present in the CB, the material is designated to be a p-type material

whereas if the opposite were true the n-type designation would be made. Accordingly, the




Chapter 2: Literature Review
fermi-level in an n-type material exists closer to the CB. This band structure determines the

optical properties and directly results in direct or indirect band transitions.
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Figure 2.5: Electronic band diagram indicating the fermi level position with respect to the conduction

and valence band as well as the charge carrier concentrations

2.3. Current Developments

Glucose Oxidase (GOx) sensors are enzymatic-based glucose sensors that are among the
most widely used biosensors on the market. These sensors retain a high surface area which
allows for enhanced electron transfer kinetics and high accuracy with good selectivity.
Enzymes are however extremely susceptible to temperature swings and humidity levels
making these electrocatalysts intrinsically unstable. In-vitro glucose monitoring via GOx suffer
greatly from high manufacturing costs given their single use application. It is for these reasons
that a great deal of research has focused on the development of a non-enzymatic alternative
of which is low cost, stable and can be used multiple times to drive down the costs to
consumers suffering from diabetes. Zhu et al., (2016) described non-enzymatic amperometric
sensors to offer all the aforementioned characteristics with the inclusion of a low limit of

detection as well as a rapid response time (Zhu et al., 2016).

Since conception of the need for non-enzymatic sensors to overcome the shortcomings of the
current GOx glucose sensors, a vast amount of materials have been synthesized such as
metals, metal oxides, alloys, composites, metal-complexes and carbon based structures. The
functionality and performance of each of these sensors are highly dependent on the transition
metal center (Toghill and Compton, 2010). The electrocatalysis of glucose and other organic
compounds are believed to occur over the surface of the electrodes in processes which involve
d-shell electron transfer (Juska and Pemble, 2020). Metallic electrodes have extensively been
studied though the most promising metals appear to be precious metals such as gold and

platinum which on their own are extremely expensive as raw materials (Sehit and Altintas,

10
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2020). Furthermore, materials such as Pt have been reported to degrade in environments
which contain amino, uric and ascorbic acids, all of which coexist in physiological solutions. A
more cost effective solution steered research toward development of metal oxides (MO’s) such
as Co304, TiO2, CuO, Cuz0, ZnO and NiO (Tian, Prestgard and Tiwari, 2014; Tian et al., 2018).
All of the aforementioned MQO’s share a common trait in that they are also semiconductors,
though very few researchers make use of this inherent property especially toward glucose

detection. This will be addressed in more detail in the following sections.

2.3.1. Synthesis Methods

Currently, a wide range of techniques are being employed to synthesize nanomaterials. These
methods are characterized by two approaches (Figure 2.6) namely Bottom-up (BU) and Top-
down (TD) (Ruffino and Grimaldi, 2019). With both methods yielding successful synthesis of
nanoparticles, the desired approach is selected based order of merit.

Top-Down Bottom-Up
@
(P :}o 0 9o
—)p mmm) |Nanostructures | 4 4 O
- 55 G005 P
Bulk Fragments Clusters Atoms

Figure 2.6: Distinction between TD and BU methods

The BU method involves material growth at an atomic scale based on the physical and
chemical interaction between the atoms and fields. An external force can be applied during
growth so as to direct or favor the attraction of atoms in the formation of desired morphologies
or to expose desired facets (Khan, Saeed and Khan, 2019). Alternatively, the TD approach
uses bulk materials often on the micro-scale and systematically reduces their size to fit the
required scale. Both these approaches have their own advantages and disadvantages which

are compared in Table 2.2.

The BU approach is often favored due to the distinct advantages it bares over is counterpart
not to mention its limited disadvantages. The synthesis of functional nanomaterials using this
approach has been conducted using various methods which are represented in Figure 2.7
(Dhand et al., 2015).

11
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Table 2.2: Advantages and disadvantages of TD and BU techniques (Khan, Saeed and Khan, 2019).

Top-Down Bottom-Up
@ - Various morphologies
2 - Easily scalable - Deposition parameters are controlled
§ - No purification required - Particle size distribution is narrow
2 - More economical method
2 - Large particle size distribution
2 - No set morphology . .
= N - Difficult to scale production
© - Deposition parameters are uncontrolled ) ) )
> N ) - High purity precursors are required
g - Impurities lead to defect sites
n
a - Uneconomic

Synthesis Methods ]

|

* Microorganisms
* Plants

Figure 2.7: Synthesis methods utilizing the BU approach

2.3.2. Electrodeposition

The film synthesis method employed in this research focuses on electrochemical deposition
which requires a conductive substrate (Florine doped tin oxide) onto which a metallic coating
will form. This occurs when metal ions are electrochemically reduced from an electrolyte to
form crystalline layers. For this process to occur, the electrolyte solution (liquid) must contain
both positive and negative ions. Typically, the working electrode (cathode) and counter
electrode (anode) are submersed in a vessel (cell) containing the electrolyte solution. The
electrical circuit is completed by connecting the anode and cathode to their respective
terminals on a battery or power source. With an adequate voltage, metal ions will reduce to
metal atoms which nucleate onto the substrate surface. The anode is connected to the positive
terminal whereas the cathode is connected to the negative terminal such that a metal layer via
the following equation is deposited.

12
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M™ (aq) + ne” - M(s)

Where, M represents a metal and n denotes the number of electrons. Typically, the circuit is
arranged as depicted in Figure 2.8. Here, electrons are driven by the power supply into the
solution through the cathode. Current is carried across the electrolyte by the cations toward
the cathode where a reduction reaction occurs. Nucleation occurs to form a thin layer on the
substrates surface of which the thickness is highly dependent on the deposition time,

temperature and analyte concentration.

Figure 2.8: Schematic showcasing a typical electrodeposition system

Currently, a great deal of interest has been expressed for electrodeposition as a method to
synthesize nanomaterials. The advantages of this method are extensive and include but are
not limited to morphological control by using templates, precise nanomaterial size control over
timescales as small as 1 nanosecond at predetermined voltages. In addition, considering that
this process is very well established and is currently being used in many industrial applications

such as copper plating, the transition from pilot to full scale fabrication is seamless.

2.3.3. Cuprous Oxide Structure

The most common stable forms of copper oxide come in the form of Cu,O and CuO. The phase
differentiation is crucial as their physical properties as well as catalytic properties differ
drastically. Visually, CuO presents with a dull black surface whilst Cu-O is dull brown with both
lacking luster. Their band gaps differ vastly with CuO enjoying a much more favorable 1.2-1.9
eV in its monoclinic form as oppose to Cu,O with a band gap between 2.0-2.2 eV. Other
structural differences include a monoclinic crystal structure as oppose to a cubic structure
which results in the preferential exposure of particular facets which may or may not benefit

light absorption. The CuO unit cell consists of single Cu?* atoms coordinated by four O% ions

13
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in its crystal structure as presented in Figure 2.9. CuO also known as tenorite exhibits a

monoclinic structure in a with C2/c space group symmetry.

Figure 2.9: Monoclinic CuO unit cell configuration

(Materials Project, 2021)

2.3.4. Photo-electrocatalytic Glucose Detection

A number of synthesis techniques have been investigated over the last decade to produce a
non-enzymatic glucose sensor that meets the requirements set out by the international
organization of standardization (ISO) (Toghill and Compton, 2010). Though current non-
enzymatic glucose sensors display enhanced sensing characteristics, the detection range is
limited with only few just attaining double digit milli-molar (mM) detections. A typical glucose
response displays a linear and non-linear range. In the former, the glucose concentration can
be deduced directly via the current response whereas the concentration is unpredictable within
the non-linear range. Beyond this point, a saturation level is reached and the current no longer
increases with concentration. It is for this reason that the linear range is of great importance.
Many researchers have attempted to uncover the root cause for low linear ranges plaguing
non-enzymatic glucose sensor. At first, the surface volume was believed to be responsible for
the low linear ranges. This was investigated using a Cu-Graphene heterojunction and found to
be a contributing factor though only a minor increase in linear range was attained to an upper
limit of 4.5 mM (Luo et al., 2012). Later, an investigation by Annalakshmi et al proposed that
the linear range was limited by applied potential to the working electrode (Annalakshmi et al.,
2019). It was determined however that even upon lowering the oxidation potential of glucose
on their electrode, the linear range changed only by an unappreciable amount. In an effort to
further enhance the linear range, Yang et al determined that the hydroxyl concentration was
the limiting factor (Yang et al., 2020). They were successful in increasing the linear range of a
Ni(OH)2/Nisheet from 4 mM to 40 mM by increasing the NaOH concentration from 0.1 mM to
1000 mM respectively. They summarized that glucose could react with hydroxyl ions at high
concentration which produce enediol intermediates that act to decrease the energy barrier for
the electrooxidation reaction. It was also noted that an increased sensitivity was also resulted

from the higher OH- concentration.
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In a study by Ashrafi et al. (2016), a rGO/CdS composite was hydrothermally prepared and
decorated via electro-deposition with CoOx nanostructures (Ashrafi, Salimi and Arabzadeh,
2016). The overall nano-composite rGO/CdS/CoOx was utilized as a glucose sensor in the
dark and under visible light irradiation. They found that in the presence of light, the limit of
detection decreased from 0.87 to 0.40 uM while the sensitivity increased from 0.12 to 0.22
uA/uM. Upon amperometric determination, the linear range was revealed to be 0.001-0.6 mM
at 0.4V vs Ag/AgCl though remained unchanged with the inclusion of light. Similarly, Wang, et
al. developed a BiVO, photocatalytic glucose sensor via a simple electrochemical deposition
(Wang et al., 2019). They found that this sensor displayed an increased oxidation current
(+1.45 mA/cm?) while under illumination and a wide linear range (0.0 - 5.0 mM). In both cases,
the enhanced performance was attributed to an increase in the steady state oxidation current
stemming from the generation of electrons and holes with successful charge carrier separation.
In another study, the influence of the applied potential on the glucose sensing performance
was investigated by Feng et al (Feng et al., 2014). It was found that with the inclusion of light,
between 0.2-0.6 V vs Ag/AgCl, the sensitivity’s obtained remained similar though above this
potential, the sensitivity decreased drastically. Jafari, Salimi and Navaee explained that
photoelectrochemical glucose sensors are more sensitive than electrochemical glucose
sensors (Jafari, Salimi and Navaee, 2014). Liu et al, optimized the electrodeposition process
of a thin BiVOu film specifically for enhanced sensitivity via an improved photocurrent (Liu, Yu
and Zhang, 2017). They reported that the film thickness greatly influenced the sensitivity. Thick

films hindered light absorption thus limited the transfer of charge carriers.

The thermal oxidation parameters of deposited CuO films were investigated by Panah et al.
(Masudy-Panah et al., 2016). It was found that rapidly annealing these films at a temperature
of 550 °C produced highly crystalline films with increased grain sizes which significantly
enhanced the photocurrent generation. The effects ammonia etching on electrodeposited
Cu20 films was investigated by Zhu and Panzer (Zhu and Panzer, 2016). They discovered that
upon exposure to concentrated NHs, the surface film became highly textured with regular
morphology. The ammonia attacked (100) and (111) facets by controlling only the etching time.
After only 1 min, the samples presented with decreased interface states thus lowering the

amount of recombination centers and enhancing the photovoltaic performance.

2.4. Agueous Chemistry of Cyanide

A very well-known plating solution consists of a cyanide bath which is often utilized because
of certain advantages even though cyanides are extremely toxic. Cyanides behave as ligands

during electroplating processes and the toxicity thereof is outweighed by the fact that the metal
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oxidation states are lower in these baths compared to cuprous salts on an electrochemical
equivalent standard (Chu and Fedkiw, 1993). Also, the deposition from cyanides is fine-grained
and uniform which translates to excellent throwing power (Hong, Park and Lee, 2014).
Furthermore, these baths allow for the formation of cyanide complexes which possess the
ability to shift deposition potentials to more negative values and so prevent the displacement
of copper in the presence of less noble metals. These characteristics in electrochemical
deposition processes are extremely sought after and cyanide baths offer such benefits
effectively justifying their use. The electrodeposition processes of copper from cyanide-based
solutions are plentiful (Fujiwara and Enomoto, 2000; Cho et al., 2007; Kim et al., 2012, 2013).
The process has been used in the metal finishing industry since 1840 because of its macro-

throwing power which allows plating onto any shape (Passal, 2006).

The strike baths presented in Table 2.3 are extensively used to produce thin copper coatings
that act as a seed layer or nucleation sites. The typical thickness of these layers range between
0.5 and 1um depending on the striking time. Aqueous chemistry shows that CuCN can be
dissolved in solutions containing excess cyanide (NaCN or KCN) to form cyanocuprate ions
such as Cu(CN)3; ,Cu(CN)5~ and Cu(CN)3;~ (Lu, Dreisinger and Cooper, 2002). Between
sodium and potassium cyanide, NaCN was chosen because of the high cost of KCN. The
dissociation chemistry of copper cyanide is highly dependent on the concentration ratio
between [CN~]:[Cu] as well as the temperature, solution pH and ionic strength (Kyle and
Hefter, 2015).

Table 2.3: Typical cyanide plating baths

Bath Type Strike Rochelle Salt High Efficiency
[CuCN], g/l 11 15-30 -
[NaCN], g/l 22 4-9 -
[Na=CO3], g/l 75 15-60 -
Voltage, V 6 6 0.75-4
Curfeart]?,oglzmz 1.0-3.2 1.6-6.5 1.0-11
Source (Hong, F;grlk4§1nd Lee, (Lowenheim, 1974) (Lowenheim, 1974)

The dissociation of CUCN in excess free CN~ will occur in such a way that the aforementioned

cyanocuprate complexes appear in dynamic equilibrium.

CuCN(s) & Cu* +CN~
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Detection of the di-cyanocuprate complex is extremely difficult as it exists in very low

concentrations and rapidly breaks down under most experimental conditions.

CuCN + CN & Cu(CN);
Cu®t +2CN~ & Cu(CN)3

Predominant formation of the tri-cyanocuprate ion is highly dependent on the presence of

excess 3CN ~ ion relative to a Cu™ ion which typically yields solutions with a pH > 5.

Cu(CN)3 + CN~ & Cu(CN)Z™

Tetra-cyanocuprate is commonly formed at a pH>10.

Cu(CN)2™ + CN~ & Cu(CN)3~

The Cu(CN)5~ ion is predominantly formed according to Hong, Park and Lee in their
investigation into the optimal plating conditions (Hong, Park and Lee, 2014). As such, this

species is formed and dissociates to into Cu* as follows:

CuCN + NaCN — NaCu(CN),
NaCu(CN), + NaCN - Na,Cu(CN)3
Na,Cu(CN); - 2Na* + Cu(CN)5~
Cut +3CN~ & Cu(CN)5~

According to Le Chatelier’s principle, excess CN~ ions will shift the equilibrium position to the
right which results in the suppression of Cu* ions forming. Also, when NaCN is in great excess,
the high coordination a number complex ion form whilst in deficit Na,Cu(CN) will break down.
This is an effective way to limit the formation of Cu™ ions thus allowing for even coatings.
Na,Cu(CN)3 + NaCN = Naz;Cu(CN),
Na,Cu(CN)3; - NaCu(CN), + NaCN

This shows the importance of using the correct molar ratios to develop an adequate strike
solution. Depending on the cyanocuprate species present, electrodeposition reaction
mechanisms will vary depending on reaction conditions previously mentioned. Direct

deposition from the scarce Cu(CN); complex is as follows (Lowenheim, 1977):

Cu(CN)3(aq) + e~ = Cu(s) + 2CN~
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Similarly, the Cu(CN)3;~ species has been proposed to also undergo direct deposition by
accepting an electron, however these reports are not common. Alternatively, a two-step

deposition from this species is most often considered.

Cu(CN)3 (aq) + e~ - Cu(s) + 4CN~
Or
Cu(CN)3 (aq) + e~ - Cut + 4CN~
Cut(aq) + e~ = Cu(s)

The predominantly formed Cu(CN)5~ complex undergoes a two-step electrodeposition
process.
Cu(CN)3~(aq) + e~ = CuCN + 2CN~
CuCN + e~ - Cu(s) +CN~

Hwang et al. investigated the oxidation of cyanide complexes under various concentrations
and found that it was possible to deposit CuO from high alkalinity cyanide baths (Hwang, Wang

and Wan, 1987). The mechanism proposed by them is as follows where n = 2, 3 or 4:

Cu(CNY™™ V™ 4+ 2()0H™ - Cut + (M)CNO~ + (M)H,0 + 2(n)e”
2Cu* + 20H™ - Cu,0 + H,0
Cu,0 + 20H™ - Cu0 + 2H,0 + 2e~

CuO is known to be an effective catalyst toward anodic CN- oxidation at low cell potentials
(E° = —0.97V vs SHE) and in a sequence of reactions yields CO%* and N, (Szpyrkowicz et al.,
1998).
CN™+20H™ - CNO™ + H,0 + 2e~
2CNO~ + 80H™ - 2C0% + N, + 4H,0 + 6e”~

The photocatalytic oxidation of glucose via electrodeposited CuO from cyanide solutions has

to the best of our knowledge gone unreported.

2.5. Electrochemical Analysis

The 18" century marked the birth of electrochemistry which since inception has undergone
major advancements both in terms of understanding and technology. In the modern day,
electrochemistry can be described as the study of chemical processes resulting from/in

movement of electrons. A chemical species undergoing a charge transfer (ion or electron)
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process is called an electrochemical redox-reaction if there is a change in the species’
oxidation state. In nature, this can occur due to chemical energy or artificially by applying an
external potential. A redox reaction encompasses two processes oxidation and reduction

which require a loss/gain of electron(s).

Oxidation: Reductant — Prod + ne~™

Reduction: Oxidant + ne~ - Prod

For a reaction that occurs between species that exist in the same phase, it is said to be
homogeneous (liquid-liquid) whereas a heterogeneous (liquid-solid) reaction occurs between
species is alternate phases. The latter would occur at the interface separating the two phases.
Electrochemistry as an analytical tool has become the norm to define and characterize
systems involving electrochemical changes. Electroanalytical methods such as potentiometry,
voltammetry, cyclic voltammetry (CV) and chronoamperometry relate analyte concentration(s)
to measured potentials, currents, and resistances. This becomes particularly advantageous
when investigating reaction kinetics and characteristics of said reactions. In this section, the
electroanalytical methods are described along with the conclusions one can draw from them.

During voltammetric techniques, a potential is applied through an electrochemical cell to an
electrode while simultaneously measuring resultant current response. Voltammetry is a broad
term that encompasses sweeping (CV) and step (chronoamperometry) potential methods. The
former provides insight into the relationship between faradaic and capacitive currents as

measured in the cell whereas the latter deals with faradic currents (Harris et al., 2019).

2.5.1. Cyclic Voltammetry

Cyclic voltammetry (CV) is an analytical potential sweep method that employs triangular
waveforms (Figure 2.10A) to reveal important characteristics such as transfer
kinetics/properties. In practice it is performed by linearly increasing an applied potential to a
set value and then decreasing the potential back to its origin with respect to time. The rate at
which the voltage is increased is referred to as the scan rate. A molecular species (in solution)
will undergo a redox reaction at sufficient potentials which results in the generation of an
electrical current. The observed current is a combination of faradaic and capacitive currents
which occur during a potential sweep. Not all species react at the same potentials nor do they
occur with similar intensities, thus this method can be used to identify multiple species and
also provide an indication of their concentrations. In addition, this method offers quantitative

data regarding heterogeneous redox thermodynamics, electron transfer and identification of
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diffusional or kinetic processes (Bard and Faulkner, 2000). A cyclic voltammogram is

constructed (Figure 2.10B) featuring the applied potential vs current response.

E E Forward N

F] 5 —— N

o o Merse
Potential Potential

Figure 2.10: A) Triangular waveform, B) Standard CV for reversible system

In a typical heterogeneous redox-reaction, oxidation (forward scan) will begin at an onset
potential which is characterized by the formation of a rising anodic current. As the potential
rises through the forward sweep, so does current until a peak potential is reached. It is at this
point where diffusion limits a further increase in current and in fact decreases with a classical
tail shape forming the oxidation peak (Sandford et al., 2019). The reversed scan becomes
interesting as there are several possible scenarios. It is important to distinguish between
chemical and electrochemical reversibility. If a net charge transfer exists at equilibrium in a
system, it is said to be an electrochemical system whereas a chemical system will result in no
resultant charge transfer (Chem LibreTexts, 2020). To distinguish between these
electrochemical mechanisms, an “E” and “C” system is used where E is an electron transfer

reaction and C is a chemical reaction.

2.5.2. Chemical Reversibility

The extent of chemical reversibility relies on the stability of the electrochemically generated

species toward further reaction after electron transfer.

k
Oxidant + ne~ = Reductant - Prod

Here, the chemical rate constant k. dictates the extent of conversion between reductant and
product. For small k. values, the system is considered to be chemically reversible whereas at
large k. values, the formation of product is too fast resulting in chemical irreversibility. At more
intermediate k. values, the system has limited chemical reversibility. Thus, if one of the redox
pair undergoes a reaction then it is said to be chemically irreversible. An electrochemical
system is sensitive to change in species surface concentration and electrode potential. These

changes easily are predicted by the Nernst equation.
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_ ro 4 RT [oxidant]
E=E"+ nF In [reductant]
Where the cell potential E, is related to the standard potential E° and the ratio between the
oxidized and reduced species for a system at equilibrium. Also, in the Nernst equation, R
denotes the universal molar gas constant (8.314 Jmol*K?), T is the temperature (K), n depicts
the number of moles of electrons and F is faradays constant (96500 C mol?). It is clear that
potential shifts will impact the concentration of the redox species involved (Elgrishi et al., 2018).
The redox species surface concentration at time stamps labelled on the CV curve time stamps
indicated on the CV curve in Figure 2.11 serve to illustrate how an applied voltage shifts

equilibrium.
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Figure 2.11: Concentration profiles of a chemically reversible electron transfer process

(Depauw, 2020)
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The CV illustrated in Figure 2.12 was conducted using a single scan rate. The voltage ramp or
scan rate v (V/s) is another important factor in characterizing a system. By varying the scan
rate in a electrochemical process a relationship between the peak current and voltage ramp is
established. This relationship can indicate whether a reaction is reversible or irreversible as

presented in Figure 2.12:
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Figure 2.12: Variation in scan rate for a) Reversible and b) irreversible reactions
(Graham, 2018)

A chemically reversible system where the reacting species are at with the bulk solution is

presented below:

kfkr
Oxidant + ne~ < Reductant

In this unique case, the forward (ks) and reverse (k,) rate constants are at equilibrium resulting
in the standard rate constant (k°) which is simply a measure of the redox kinetics. This occurs
when the applied potential (E) is equal to the standard potential E°. When a large k° is
observed, the system will tend to equilibrium rapidly whilst a small k° indicates slower kinetics
(Bard and Faulkner, 2000). At a potential other than the standard potential, the forward and

reverse rate constants are related to the standard rate constant according to the expressions:

—anF (E—E°) (1—a)nF(E-E°)
ke =k°e RT and k, =ke RT

Where, a is the transfer coefficient which describes the symmetry between the forward and
reverse reaction. Typically, the value of a is found to be between 0.3 and 0.7 (Bard and
Faulkner, 2000).

2.5.3. Diffusion

As previously mentioned, the rise in faradaic current on the forward scan of a CV eventually
gives way to a capacitive current alluding to a mass transport phenomenon. The rate of an
electrochemical reaction can be limited by diffusion through the flux J(x, t) of species to the

electrode surface. This is expressed as follows:
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i
J(x,t) = ~AF

In the equation, the current is i (A), the number of electrons n, the electrode area is A (cm?)
and F represents faradays constant is F (96500 C mol). For heterogeneous electrochemical
processes, diffusion occurs when there is a concentration gradient between the surface of an
electrode and the bulk solution. An electrical double layer is formed between the electrodes
surface and the bulk solution (Dunwell, Yan and Xu, 2018). The double layer consists is split
into an inner/outer Helmholtz layer and a diffusion layer as depicted in Figure 2.13. The latter
can be described as a region containing cations and anions whose net charge is zero (Double
et al., 1990).

*J
Bulk4{ . E
Y Y
Y
Y
H b Diffuse Layer
Electrical | a
Double Layer
=3y= & " &)= Outer Helmholtz Plane
o A == === [nner Helmholtz Piane
Electrode { """""

Figure 2.13: Electrical double layer representation

(Dunwell, Yan and Xu, 2018)

The bulk region constitutes the solution surrounding the electrode that is not in the diffusion
layer and thus not effected by potentials applied to the electrode. The Outer Helmholtz Plane
(OHP) is regarded as being the average radius of solvated ions attracted by an electrostatic
force (Lee et al., 2016). Finally, the Inner Helmholtz plane (IHP) is where species are adsorbed
are can react. The three modes of mass transfer (migration, diffusion and convection)
contribute to the flux of a species approaching an electrode and can be expressed by the

Nernst-Planck equation as follows (Bard and Faulkner, 2000):

J(x,t) = — — +

The terms in blue represent the diffusion part of the Nernst-Planck equation, the green
accounts for migration and the orange is due to convection. To simplify this expression, the
migration term can be negated by employing an inert electrolyte. Similarly, the convection term

removed when there is no stirring involved in the process (Bard and Faulkner, 2000). Under
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these conditions the rate of diffusion of a species through the diffusion layer is governed by

Fick’s law which simply relates the diffusive flux to a concentration gradient as follows:

dC,y(x, t)

](x:t) =-D, dx

Where, D, is the diffusion coefficient, and the concentration gradient %. The resultant current

arising from an oxidative process can then be expressed as a combination of Fick’s Law and
diffusion limit flux:
dCb(x,t)__ i

dx nAF

](x, t) = _DO

A CV analysis conveniently allows for categorization of processes that involve electron transfer
into (i) reversible, (ii) quasi-reversible and (iii) irreversible. Also by varying the scan rates, the
diffusion layer thickness is altered i.e. slow scan rates will result in a thick diffusion layer with
a smaller concentration gradient and fast scan rates lead to thin diffusion layers (Aristov and
Habekost, 2015).

i Reversible e~ Transfer

As previously mentioned, an electrochemical reaction is reversible when the Nernst equation
is satisfied for both species ie. and applied voltage results in a change in the both species
surface concentration. Assuming a linear diffusion layer, the CV curve will result in anodic and
cathodic peaks for a reaction that displays reversible electron transfer. The ratio between these
peaks will be |ip,(anode) / ip,(cathodeﬂ = 1. The peak currents can be found by applying Randles-
Sevcik equation;

i = 105
In this equation, i, (A) is the peak current, n is the number of electrons, A (cm?) is the surface
area, C, (mol.cm) is the concentration, D,(cm?.s!) denotes the diffusion coefficient and v (V.s-
1) is the scan rate. Accordingly, a direct relationship exists between peak current and
concentration. In this case it can be seen that the peak current varies with the square root of
scan rate and so a plot of these should reveal a straight line. This relationship between scan
rate and peak current is indicative of reaction which is diffusion limited (Cambiaso et al., 1995).
In reversible processes, the current is controlled by mass transport. The slope of i, vs v %5 will

be equal the parts in blue for the peak current equation and thus can be used to estimate the

diffusion coefficient granted that the number of electrons involved in the process is known.
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Deviation for linearity would be due to the possible involvement of a chemical reaction. The
peak to peak separation for a reversible one electron process is 59 mV /n. A typical reversible
is presented in Figure 2.14. From this, the peak potential (E, ) is related to the half wave

potential (E;,,) and are expressed as follows:

E,r=E 1.109 all
pvf - 1/2 ' nF

Oxidation

Reverse

anisel

Forward

i (A)

E (V)

Figure 2.14: CV of a chemically reversible electron transfer process

(Robson, Reinhardt and Bracher, 2021)

The terms in this expression are the same as those previously stated. In the case where the

peak appears to be broad, it is useful to use the half peak potential E,/,, which is simply the

potential where the current half its maximum value i,,/2. The equation then becomes:

RT
Ep/z = E1/2 - 1.09n_F

In combining the latter, and expression relating the peak and half peak potential is acquired as

follows:

RT
|Ep = Ep2| = 2.20—

Finally, the half wave potential (E;,,) occurs between the forward (E, ) and reverse (E,,)

potentials and can be is:

E,s+E
Eyjp = v.f . pr
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From the work of Matsuda and Ayabe in conjunction with Nicholson and Shain, the
dimensionless parameter A was introduced (Nicholson and Shain, 1964). This parameter is a
means of relating the standard heterogeneous rate constant to mass transport related process
which allows for the convenient determination of the transition phases between reversible and

irreversible reactions.

k° k°
A — m = 0.5
trans (nnF DOU)
RT

ii.  Quasi-Reversible e~ transfer

In this type of system, the current is not only controlled by mass transport processes but also
charge transfer kinetics. The CV’s present with large peak to peak separation whereby in a
one electron process, the AE, ~ 60mV /n at low scan rates (v) but increase with increasing
scan rate (Bard and Faulkner, 2000). The peak current is not proportional to the square root
of the scan rate. Theoretical modeling of a quasi-reversible system is highly complex though
with the works from Matsuda and Ayabe along with Nicholson and Shain, it is possible to
estimate the k, rate constant by assessing the difference in AE,, (Aristov and Habekost, 2015).
The change in peak potential corresponds to a dimensionless parameter A though is limited to
a AE, < 200 mV. Upon finding the AE,, Table 2.4 can be used to determine the A parameter
and depending on the A range the reversibility is assessed. A quasi-reversible reaction will

retain a Nicholson parameter 10 < A < 1072,

Table 2.4: Works from Matsuda and Ayabe along with Nicholson and Shain correlating AE, with a
dimensionless A parameter

AE,, mV 60 64 66 68 70 90
A 19 5.1 3.63 2.81 2.26 0.77
AE,, mV 100 110 120 130 160 200
A 0.57 0.44 0.36 0.295 0.19 0.1

iil. Irreversible e~ Transfer

When electron transfer rates are slow, a system undergoes irreversible electron transfer. In
these processes, high potentials are required to drive electron transfer and produce a current.
Generally, only a forward or reverse peak is observed on a CV due to this requirement of high
potentials which likely occurs outside the potential window. If one was to extend the potential
window enough to observe both peaks, the resultant CV (Figure 2.15) would have wide peak

separation. Alternatively, high scan rates could unveil the missing peak but often does not lead
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to more information about the system. For an irreversible process, the Nernst equation does
not apply as the electron transfer processes are too slow which leads to a disequilibrium of the

surface species.

I|:|—\,I

Forward
] =1

Reverse

i(A)

Ep.r Ep.f
E (V)

Figure 2.15: CV response to an irreversible electron transfer process

(Robson, Reinhardt and Bracher, 2021)

Processes that exhibit irreversible electron transfer are characterized by a shift in the peak
potential with scan rate according to:

P Py L ST ("“FU)O'S
pf = nafF | "\ ko )T URT

Where a is the transfer coefficient and all other terms being previously defined along with their

units. The relationship between peak potential (E;,) and half-peak potential (Ey ;) is:

RT
|Eps — Epj2| = 1857 —

The for an irreversible heterogeneous electron transfer process, the peak current in written in
terms of a numerical solution to an integral equation is expressed as (Bard and Faulkner,

2000):
0.5

aF
= rac,09505 (45 w0y )

Where y(bt) is a function that varies at any point with v%> and C,. Current functions reveal that

a peak will occur at 7%°y(bt) = 0.4958 which is a numerical solution to an integral equation,

thus the peak current is found via (Mcauley and Compton, 2012):

ip = (2.99 X 10%)AC, D5 v n(n’ + alg;
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Here, n refers to the total number of electrons transferred whereas n’ denotes the number of
electrons transferred before the rate determining step and a,4 is the transfer coefficient for
the rate determining step. Also, in combining the numerical solution for peak current with the

peak potential equation, one arrives at the equation (Bard and Faulkner, 2000):
ip = (0.227)FAC,kOel=%f (Eps=E°)]

This expression includes the kinetic rate constant k°which can be determined through a plot
of In(i,) vs E, ; — E° at different scan rates. If E° is attainable, this plot will have a slope of

—af and an intercept of k°. It has been reported that E° can be estimated through digital
simulation via curve fitting (Raziq et al., 2017). Table 2.5 summarizes the overall parameters

for system classification.

Table 2.5: Cyclic voltammetric requirements for characterization of electrochemical systems

Parameter Reversible Irreversible Quasi-Reversible
R . . . . . 30
E, s, forward span No chang_ehln peak potential  E,, » will shift to h|gher an(?dlc levels by - E, , shifts with scan rate v.
peak potential Ep,y with scan rate v. for a 10-fold increase in scan rate.
60
AE, =E,, —E,, AR = 5_9 NA AE, approaches - at small v and
Pp increases at large v.
E, — E 22 1857 L an_ BT
p ~ Ep/2 .y OF dna) F
Dimensionless —2(1+a) —2(1+a)
parameter A A>15 A<10 10 <AZL15
Heterogeneous
kinetic rate k° = 03005 ko <2 x 107505 2%x10750%% < k° < 0.30%5
constant k°
Ratio between i i . i
iy 2L =1 Independent from v. 2L > 1 in the case of reverse scan. When a = 0.5 then 2£ =1
peak currents o e ipr ipr
p.r
ipcrev)K(A, @) where,
Peak current (2.69 x 105)n3/2AC, D955 (2.99 x 105)AC,DO50°5n(n’ + a%3 3\°°
equation ip o”o oo rds. 0.4463 <ﬁ> n3/2ACOD3'5UO'5
2.5.4. Electrochemical Performance Validation
i) Chronoamperometry

Contrary to cyclic voltammetry (where potential is linearly increased), chronoamperometry is
an electrochemical technique that utilizes a potential step and is thus a pulsed potential
method. The kinetics of chemical reactions as well as diffusion and adsorption process can be
investigated through chronoamperometry. In this method, the potential is stepped from E;
where there is no oxidation or reduction occurring to E, where these reactions are allowed to

occur as depicted in Figure 2.16.
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At E; there is no current flow, upon increasing the potential above the formal potential E° of
the redox couple to E, the current that is produced is as a result of the double layer capacitance

and electron transfer.

" Step Time

E2 ________________________
®
E T O
]
(=

El ________________________

Time

Figure 2.16: Potential step applied over time

It is this current (i) is which is recorded with respect to time (t) following a potential change
E; = E,. The resultant current is thus dependent on the final potential applied and is the reason
why the applied potential needs to be carefully selected. Typically, the applied potential E, is
obtained from CV measurements and is the potential at which the current peak is formed.
Chronoamperometric measurements are conducted under constant stirring and applied
potential for a set time interval but can be employed using alternative protocols. The current-
time response will reflect a change in concentration gradient around the surface of the working
electrode. The capacitive current which decays time according to (i.,,  1/t) can be negated
by only considering the final 90% of the i-t data for each step (Gamry, 2021a). This leaves only
the faradaic current caused by electron transfer reactions and is related to time via the Cottrell
equation (Myland and Oldham, 2004).

nFADY>C,
i(t) = 705705

Where, n represents the number of electrons, F is faradays constant (96500 C mol?), the
electrodes area (cm?) is A, the diffusion coefficient D, (cm?/s), the analyte concentration is C,
in (mol/cm?) and ¢t is the time. It is important to note that the Cottrell equation applies to
situations where the current is diffusion limited along a planar electrode. The fundamental
requirements for comparison between working electrodes is the response time, limit of
detection, linear range, sensitivity and selectivity. These can easily be deduced by means of
amperometric analysis. The time taken to reach 90% of the final current response represents
the response time. Figure 2.17 is a representation of chronoamperometric measurements

conducted using a single applied potential and dosing the system with successive addition of
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an analyte. These peak currents can be collected and plotted against glucose concentration
in a calibration curve to determine the linear range. If a linear range is visible, the
corresponding glucose concentrations for those currents represent the linear glucose detection
range. The sensitivity is proportional to the slope of the straight line over the linear range. The
standard deviation (oy y) for the blank solution and the corresponding peak currents can be

used in determining the detection limit of that sensor.
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Figure 2.17: Typical staircase chronoamperometric measurement for successive analyte additions

i) Electronic Impedance Spectroscopy

Unlike voltammetric analysis (CV, Chrono) which drive an electrochemical system beyond its
equilibrium conditions, Electrochemical Impendence Spectroscopy (EIS) is a sensitive yet non-
destructive characterization technique by employing small perturbations to the system. This
method was predominantly used in characterizing the aforementioned electrical double layer
and has since increased in popularity finding its application in characterization of electrode
interface processes. It is also extensively used in corrosion analysis, battery and fuel cell
research. EIS measurements make use of small amplitude sinusoidal perturbations in a
system and measure the response (current, voltage or other desired signals). These
measurements are made using the same three cell system previously described with the
inclusion of a frequency response analyzer. EIS experiments are often carried out via the
synthesis of a working electrode which is then placed in a system by which the target analyte
is attracted to the electrode surface that affects the systems conductivity. By employing a
single perturbation over a large range of frequencies, EIS makes it possible to investigate
process exhibiting fast kinetics or slow transport. Here, an AC potential is applied over a
electrochemical cell, the electrochemical impedance is measured as a response in terms of

an AC current. In organic systems, the molecules are easily denatured upon application of
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large voltages whereas inorganic systems offer more leniencies in this regard. A small voltage

perturbation introduced to a system in the form of voltage V is represented as follows:

V(t) = Vysin(wt)

Where V,, represents the voltage amplitude (Volts), w = 2nf which is the angular frequency in
(rad.st), f is the frequency in (Hz) and t is the time. The current response associated by such
a perturbation will result in a current response (I) at time (t) along with a phase shift equal to

(o)
1(t) = Iysin(wt + @)

Here I, represents the current amplitude and the other variables assigned meanings before.
With aid from a phasor diagram, the magnitude and phase relationship between current and
voltage can be established. A typical phasor diagram involves plotting current or voltage as a

vector rotating anti-clockwise about the origin to produce Figure 2.18:

w

I(t) = Ipsin(wt + ¢) V(t) = Vysin(wt)

JC;.E 2—--.._\
I gL v
/ ‘
f'f 4 \\'\
{ \ T/w 2mfw
0 | be o | ---{0 0 —t
\Miﬂ/ mpo b
\\ /.-'
- ~— -V
-2

Figure 2.18: Phasor diagram illustrating the relationship between current and voltage in an AC system

According to ohms law, voltage is directly proportional to the current and the resistance as V =
IR. The resistance in (1) as measured by ohms law applies to direct-current (DC) systems
which are independent of frequency. In the case of AC systems, the analog of ohms law holds
true which as oppose to the resistance term (R), impedance (Z) is used and is also measured
in ohms (Q). Accordingly, impedance can then be described as the opposition to the flow of
current. The overall impedance is then simply the ratio between the amplitude of the voltage
and that of the current. Impedance is usually a complex number but can contain real elements

and so a generalized equation for it can be given as:

V(@)  Vesin(wt) sin(wt)

Z = = =
I(t) Ipsin(wt + @) % sin(wt + ¢)

Where Z,, is the magnitude of impedance and all other variables being previously defined. As
a complex number, impedance can be expressed in the complex plane using polar coordinates

with length Z and an angle ¢. The latter in conjunction with calculations, the impedance can
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be separated into its real (Z') from the imaginary (Z'') parts. To graphically present impedance
data, a Nyquist plot is most commonly used. This is a plot of (Z"as the y-axis) and (Z' as the
x-axis) as presented in Figure 2.19A. From this plot, the charge transfer kinetics as well as
diffusion characteristics can be analyzed. The Nyquist plot for a simple charge transfer reaction
is characterized by a semicircle in the high frequency region and a straight line increasing into
the low frequency region at 45°. This line in the low frequency region represents Warburg
impedance and is the region which is dominated by fast kinetics leaving diffusion as the rate
limiting process. Conversely, the high frequency region is limited by slow kinetics and so a
semicircle is formed. The diameter of the semi-circle represents the charge transfer resistance
Rcr In (Q). The solution resistance R, is found on the real axis and is independent of frequency.
In the kinetically controlled region, the R.; is related to the exchange current (i,) and

subsequently the heterogeneous charge transfer coefficient (k°) by:

R = RT
cr = nFi,
i, = nFAC,k°

This method assumes that the concentration of the bulk is the same as that at the reaction

site.
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Figure 2.19: Simple charge transfer reaction a) Nyquist plot and b) Bode plot

As illustrated, all frequency information is lost on a Nyquist plot and so to retain this information
an accompanying Bode plot is made. Here, frequency is plotted against either the magnitude
of impedance |Z| or phase angle ¢ as per Figure 2.19B. To determine |Z| and ¢, the following

equations can be used:

1Z] =V (Z")? + (Z2")?

ZII
@ =tan™! <7>

Although the difference between actual resistance and impedance has been established, it's
convenient to represent EIS data in terms of equivalent circuits. These circuits consist of

electrical elements including capacitors, resistors, inductors and ad-hoc elements such as
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constant phase elements and Warburg elements. By combing these elements into an
equivalent circuit, it is possible to model EIS data to define the system. Each element can be
expressed as a complex mathematical function which represents its impedance contribution.

The impedance for circuit elements is summarized in Table 2.6:

Table 2.6: Circuitry elements present in common equivalent circuits

Impedance Type Symbol Equation
Resistor Zgp Zp =R
1
Capacitor Z Ze =—
p ¢ €7 jwC
Inductor Z Z, =jwlL
Constant Phase Element ZcpE

Zepp = ———
CPE yo(llw)n

Warburg Element A Zy = -
v Yo [jw

The impedance for a resistive element is the only element that does not include an imaginary
part whereas capacitors, inductors, CPE’s and Warburg elements only include the imaginary
part. This makes it possible to identify the resistance very easily by just interpreting the Nyquist
plot. For the aforementioned imaginary parts, the unreal number j = V-1 and w is the angular
frequency in (Hz.s?). In a capacitive element, C represents the capacitance (F). For an
inductor, L is the inductance in (H.s). A constant phase element (CPE) is the imperfect
equivalent of a capacitor and from its equation it can be seen that when the exponent n = 1,
the CPE equation will be the same as that of the capacitor. The y, term for the capacitor thus
represents the capacitance for a CPE. On the contrary, for a Warburg element the y, term
contains information related to the diffusion coefficient. As in Figure 2.20, when elements are
in series, their impedance’s can simply be added together however when in parallel, the total
impedance (Z;,) is found by inverting the sum impedance and finding the common

d inator.
enominator A) B) m

(%}
Lz,
T Z,+Z,

1 1
Ztr:.lt = Z]. +Z2. Ztot = (z—+z—)
1 2

Figure 2.20: Circuits depicting a) series configuration and b) parallel configuration

iii) Transient Photoconductivity

It is well known that a semiconductor becomes more electrically conductive when it absorbs

electromagnetic radiation with sufficient energy in the form of visible light, ultraviolet light and
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gamma radiation. This phenomenon is known as photoconductivity and has played a
significant role in functional material research. A materials ability to conduct electricity
increases when exited electrons jump from the valence band into the conduction band leaving
behind a hole in the valence band. The free electron hole pairs generated give rise to increased
photoconductivity which is highly dependent on carrier densities and the process of carrier
formation, trapping and recombination. In addition, photoconductivity is temperature
dependent however is also strongly influenced by light intensity, and applied field in the form
of a potential bias. By studying the photoconductive behavior of materials under various
conditions such as light intensity, temperature, frequency, time and concentration, the charge

carrier generation, transport and recombination characteristics are uncovered.

In a three-electrode setup, when light is incident on the working electrode surface,
photogenerated charge results in a current which is measured against time. Transients arise
from perturbations imposed on a system via an interrupted supply of light (light on, light off).
The response time to and from the old and new system equilibrium position in a light on light
off disturbance can be used to define transport parameters. Also, the relationship light intensity
shares with the measured photocurrent with associated rise and decay times allows for a better
understanding about the traps involved in a given system. In cases where the free carrier
concentration deviates even after the light source is removed, Persistent photoconductivity
(PPC) is the cause. This phenomenon is known to occur in many semiconductors though the
reasons for its occurrence vary. Most often the existence of PPC is attributed to bi-stable
defects between the deep and shallow energy state (Guillén and Herrero, 2018). Transients
arise from the perturbations imposed on the system and the photogenerated charge results in
a current which is measured against time. As previously described, the time difference
between the old and new system equilibrium states can be used to define the transport
parameters. The photogenerated transients were modeled using the triphasic stretched

exponential function as depicted by.
-t -t -t
I=1i,+ 4, (efl) + 4, (eTZ) + Az (efs)

Here, A represents a dimensionless weighting parameter associated with the amplitude of the
photoinduced response, t denotes the time, i, represents and t is the decay time constant for
each exponential term as per previous works (Li et al., 2011, 2014). It is understood that e~ /h*
pairs which are generated in the bulk crystallites will recombine according to radiative or
Shockley-Read-Hall mechanisms. Free electrons which are not able to recombine with holes
result in holes being captured in deep trap states. Once illumination is cut off, holes emerge

from these traps and recombine with electrons thus causing a decrease in the current density.
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CHAPTER 3
EXPERIMENTAL PROCEDURES AND ANALYSIS TECHNIQUES

3. Introduction

The following chapter provides detailed descriptions of the various physical as well as how the
electrochemical analysis techniques were employed in this work. Section 3.1 focuses on the
synthesis procedure along with the materials used in the synthesis process. Section 3.2
describes the electrochemical testing apparatus while Section 3.3 covers the relevant theory

associated with the physical characterization methods.

3.1. CuO Thin-Film Synthesis

The synthesis process commenced as per the following procedure using the below materials.

3.1.1. Materials

Copper Cyanide (CuCN), Sodium Cyanide (NaCN), Sodium Carbonate (Na.COs), d-(+)-
Glucose, Ascorbic Acid (AA), Sodium Hydroxide (NaOH), Fructose, Sucrose, Sodium Chloride
(NacCl), Uric Acid (UA), Citric Acid (CA), Acetaminophen and Fluorine doped Tin Oxide (FTO)
glass were purchased from Sigma Aldrich South Africa and used without any further

purification.

3.1.2. Synthesis procedure

The CuO photocatalyst synthesis involved the optimization of three separate processes
Electrodeposition, Calcination and Etching. The FTO glass sheet was cut into slides with
dimensions (4 x 1.5 cm). These slides along with all glassware and stirring beads were
ultrasonically cleaned first with degreaser for 15 min, then a mixture of ethanol and acetone
for another 15 min and finally sonicated in deionized water. The glassware and slides were
then dried in a convection oven operating at 60 °C for 4 hours. Electrodeposition of a CuO layer
from a known cyanide strike solution containing 0.036 M CuCN, 0.067 M NaCN and 0.014 M
Na>COs was carried out at 4 V for 2 min. The anode and cathode used were both cleaned FTO
glass slides submerged 2 cm into the solution and separated by a constant distance of 4 cm.
The FTO slides with the electrodeposited were annealed in a furnace for 1 hour at 450 °C thus
creating a thin CuO layer. After allowing the samples to cool to room temperature, they were

placed into vials containing enough NHs at 25% (V/V) to cover the metal oxide layer for 2 min.
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The slide were rinsed with deionized water and allowed to dry in the air before being placed
into a clean vial prior to testing. An overview of the synthesis procedure is presented in Figure
3.1.

ELECTRODEPOSITION CALCINATION ETCHING

! ¥ N |
{ ]
FRr 9
Y]
a A “ 250, NH —
2min | -l 2:min
Etching
— Cu0 + 4NH; + Hy0 - Cu(NH3)3* + 20H~
¢ [— |
7. m
v | - oy s -
NaCN N 4s0°c 2 min .
+ Cu/Cu0/Cu,0 ~~
Na,CO,
e Cu/Cu0/Cu,0  CuO :

Figure 3.1: Overall synthesis procedure prior to testing

3.2. Electro-analytical Experiment Apparatus

An electro-analytical system has many configurations and is comprised of a number of
individual components to produce qualitative results. For the purposes of this thesis, only a
three-electrode cell is considered. The hardware includes a potentiostat to run and control the
experiments. A cell which is comprised of a working electrode (WE), a counter electrode (CE)
and a reference electrode (RE) which are immersed in a electrolyte solution with or without
other species. The working electrode is the most important component in an electrochemical
cell as it is at this interface (electrode-analyte) where reactions occur via facilitation of electron
transfer. In this case, FTO glass with electrodeposited CuO acts as the working electrode. The
reference electrode is used to measure the potential at the working electrode without allowing
a current to pass. It is highly stable and consists of a redox system (Ag/AgCl) with a well-
defined electrode potential (Gamry, 2021b). Finally, the counter electrode (Pt-wire) completes
the circuit by balancing the current produced at the working electrode. The three-electrode
system is connected to a potentiostat that's operation is governed by user defined inputs via a

computer program (Nova 2.0). The overall system configuration is illustrated in Figure 3.2.
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Figure 3.2: Overall electrochemical analysis system

3.3. Physical Characterization

The relevant physical characterization techniques and their associated theory is presented in
this section.

3.3.1. Hall Effect

Hall Effect offers an experimental approach to investigate the motion of charge carriers. Hall
Effect measurements on a semiconductor provides information regarding charge carrier
densities as well as the type of conductivity it exhibits (n or p type). In this method, the behavior

of free charge carriers is assessed by monitoring the Lorentz force by applying an electric or
magnetic field.

B
S E= 1 - S
— (e
/
d

Y V' = Vhau

Figure 3.3: Depiction of the Lorentz force induced when charge flows
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In n-type semiconductors, the majority charge carriers are due to electrons (e~) whereas p-
types exhibit a predominantly hole (h*) rich carrier concentration. As depicted in Figure 3.3,
current i will flow in a straight line along the x-axis in the absence of a magnetic field. When a
magnetic field B is introduced, electrons move perpendicular to the applied field. Electrons are
subject to a Lorentz force which causes the electrons to drift from their straight-line path across
the width w in the negative y-axis direction. Electron drift leads to the charge accumulation on

the planar sides. The Lorentz force F is calculated by:

F =q(E +vB)

Where the elementary charge is q (1.602 x 1071%), E is the electric field and v represents the
velocity. A potential drop or Hall voltage (V) across the planers width can be measured as a
result of the flow of charge. A positive Hall voltage indicates predominant hole carriers whereas

majority electron carriers exhibit a negative potential (Zeghbroeck, 2011a).

— 0

e
Figure 3.4: lllustration of the Van der Pauw configuration

To determine charge carrier mobility (1) and sheet carrier density (n), the Van der Pauw
technique is applied which combines resistivity and Hall measurements (National Institute of
Standards and Technology, 2019). In this technique, two characteristic resistances (R; and
R,) form the overall sheet resistance R; and are calculated as per Figure 3.4. A current is
passed between points (A-B) while simultaneously measuring the potential difference across
points (D-C). Following this measurement, current is then allowed to flow between points (B-
C) with a voltage measurement between (A-D). Alternatively, Van der Pauw’s iterative equation

can be applied:

—TTRy —TR,
l1=e R +e Bs

The mobility is then:
Wl 1
H=IR.B ™ qn.R,
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The sheet resistance is related to bulk resistivity (p) by the expression p = Rgd. According to
Figure 3.5, the potential difference across (B-D) represents the hall voltage. The sheet carrier
density can be experientially determined via a multiple hall voltage measurement in both

directions to all points under a constant magnetic and electric field.

Figure 3.5: Four-point connector hall voltage experimental set-up

The hall voltage (V) can be calculated by applying:

L _ B
" gng

Where i is the applied current in the magnetic field B and g is (1.602 x 10~1°). The sheet carrier

density (ny) is related to the bulk carrier density (n) by n = % where d is the thickness. The

VeptVactVpetVca

overall hall voltage is then, Vy, = 5

3.3.2. SEM

Scanning Electron Microscopy (SEM) is an indispensable physical characterization technique
which enables surface morphology and topographical studies of nanosized materials. In this
method, high energy beam of electrons are fired at a samples surface in a raster configuration
under high vacuum. These electrons penetrate the surface of the material and in doing so,
interact with the atoms. Depending on the interaction of the electrons with the atoms, signals

are recorded in the form of secondary electrons, backscattered electrons, X-rays or light.

Backscattered electron signals are recorded during SEM scans when the incident beam of
high energy electrons forms inelastic collisions with the nuclei of atoms at the surface. Under
these conditions the electrons scatter from the surface and those which experience low energy
loss during this process are backscattered electrons. The amount of back scattered electrons
is highly dependent on the atomic weight of the atoms involved in the interaction. SEM image

resolutions will thus decrease with increasing atomic number. In the case of secondary
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electrons, the incident electron beam interacts with the valence electrons of the atoms
inelastically which subsequently liberates electrons with low energy following migration to the
samples surface (Bijoor, 2006). Due to the energy differences between back scattered and
secondary electrons, different detectors are used to develop a SEM image. Both back
scattered and secondary electrons together form the basis of a high resolution SEM images

and are detected via a photomultiplier and light guide.

In some cases, scanning electron microscopes can be fitted with an energy dispersive X-ray
spectroscope (EDS). The electron beam excites the atoms on the surface of a sample which
emit X-rays of specific wavelength which are characteristic of its atomic structure. Thus EDS
is the standard method employed to both identify and quantify elemental compositions of a
sample (Ebnesajjad, 2014). The detector converts X-rays into proportional voltages which are
processed and analyzed using software which correspond energy peaks to particular
elements. Also, visible light can be reflected from a samples surface when cathode ray tubes
are used to illuminate a sample. Cathodoluminescence detectors harvest the reflected light to

produce color images of the elements in the sample.

3.3.3. Raman

Raman spectroscopy is spectral analysis technique that utilizes inelastic scattering of incident
radiation on molecules. A laser of particular wavelength illuminates a sample which causes
molecules to vibrate and scatter light at specific frequencies. The scattering is measured
perpendicular to the incident monochromatic light. Most of the scattered light has a similar
frequency to that of the incident laser beam (I, = V;) which represents Rayleigh scattering.
Raman scattering occurs when the frequency of an incident beam is different to the scattered
radiation. In cases where the scattered beam displays a lower frequency (V; < V;), anti-stokes
lines are evident on a Raman spectrum whereas Stokes lines appear in cases of higher
frequency (V; > V;) as electrons absorb energy as presented in Figure 3.6. The transition from
lower to higher vibration energy in Stokes shifted bands reveal sharp characteristic peaks
(Parsin, 1976). Anti-Stokes shifted bands are particularly useful in florescence studies however
the standard approach to measuring Raman spectra make use of Stokes bands. The
magnitudes of the peaks are independent of the incident beams wavelength though the
scattering is (Settle, 1997). The peak positions offer a means of identification of the molecule

present in a sample and so can be used for characterization purposes.
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Figure 3.6: Raman scattering energy diagram and Raman spectra

3.3.4. X-ray Diffraction

X-ray diffraction (XRD) is an analytical technique which offers phase identification as well as
provides information regarding crystallinity, lattice parameters, crystal structure and size of the
sample. This method utilizes constructive interference caused by monochromatic X-rays which
scatter at specific angles. Bragg’s law describes the inter-atomic interaction between the atoms
and X-rays as follows: nA = 2dsinf8. Where n represents the order of reflection, 1 is the X-ray

wavelength, d is the interplanar spacing and 6 is the angle of incidence as presented in Figure

3.7.

Incoming X-ray Diffracted X-ray

Figure 3.7: Double beam diffraction from two atoms in crystal plane

The diffracted X-rays are detected and counted over a range of 20 angles to include all
diffraction angles as determined by the unit cell. The intensity is dependent on the distribution

of electrons within said unit cell and so in electron dense regions, high intensities are recorded.
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3.3.5. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique that is widely used in
surface chemistry to assess the surface composition and charges associated with them. A
beam of X-rays with known power irradiates a samples surface under high vacuum while the
kinetic energy of the escaping electrons are recorded as depicted in Figure 3.8. The energy of

the electrons is then converted to binding energy by applying the following equation:

Binding Energy, (eV) = EPhoton - CDEkinetic

Where Eppoton represents the energy of the X-rays, @ represents the work function which is
particular to the spectrometer being used and Ey;,,.tic IS the energy associated with the leaving
electrons from the samples surface. These binding energies correlate with specific elements
and can also be attributed to specific valence shells from which the photoelectrons were

ejected to provide information regarding the valency.

e Detector

Figure 3.8: Depiction of XPS measurement process

3.3.6. UV-Vis

Diffuse reflectance is commonly used in UV-vis regions to provide information regarding the
molecular structure of a given sample. The reflectance spectrum is obtained by recording the
reflection of electromagnetic radiation with respect to frequency or wavelength. The
interactions between UV light and a catalysts surface is complex as light is both absorbed and
scattered simultaneously. The band gap of a semiconductor is the amount of energy required
to excite and electron from the valence band into the conduction band. The optical band gap
of semiconductors can be evaluated using the theory from Kubelka and Munk (Makuta, Pacia
and Macyk, 2018). Because the Tauc method assumes the absorption coefficient (K) is energy
dependent, it may be replaced with a ratio of (K) and the scattering coefficient (S). From the

reflectance spectra, the ratio (K/S) was determined by applying the following relationship.
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K (1 —-Ry)?
FRo) =5 ="3R,

Where R, = (:S“ﬂ) represents the reflectance of a sample with infinite thickness, K
Stardard

denotes the absorption coefficient whilst S is the scattering coefficient. Upon substitution of

this ratio into the Tauc relation, the following equation is obtained.

n

(g (hv)) = B(hv — E,)

Here, h is planks constant, v is the photon energy, B is a constant and E; is the band gap. The
n power is especially important as this defines the nature of the electron transition which is
associated with direct or indirect bands. When n = 2, a “direct allowed” band structure is
present and if n = 0.5, and “indirect allowed” band structure prevails. However, n can also be

2/3 in which case the transition is “direct forbidden” and also 1/3 for “indirect forbidden”.
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CHAPTER 4
RESULTS AND DISCUSSION

4. Introduction

This chapter accounts for the interpretation and reporting of experimental data. Section 4.1
covers the synthesis optimization for the fabrication stages in order of which they were
experimentally determined. Section 4.2 discusses the physical characterization (XRD, XPS,
SEM, Hall Effect, UV-Vis) of selected samples. The electrochemical study (CV and EIS)
findings are presented in Section 4.3 while Section 4.4 covers the charge transfer
characteristics. The sensor performance is analyzed in under section 4.5 and the transient
photocurrent is analyzed in Section 4.6.

4.1. Synthesis Optimization:

The synthesis process of this unigque photocatalytic CuO film was carried out via the

optimization of three simple process electrodeposition, calcination and etching.

4.1.1. Electrodeposition Time/Voltage Study

The overall synthesis process of the CuO photocatalyst involved the optimization of three
separate process (Electrodeposition, Calcination and Etching). Electrodeposition of a thin CuO
layer from a known cyanide strike solution containing 0.036 M CuCN, 0.067 M NaCN and
0.014 M Na»CO3 was carried out. The sequence of reactions to deposit a thin CuO film onto

the FTO substrate is believed to proceed is as follows:

Cu(CNY™™ V™ 4+ 2()0H™ - Cut + (M)CNO™ + (M)H,0 + 2(n)e™
2Cu* + 20H™ - Cu,0 + H,0
Cu,0 + 20H™ - CuO + 2H,0 + 2e~

As previously reported in other electrochemical deposition works, the deposition voltage and
time play a critical role in the overall peak current density of a given sample. The deposition
voltages investigated were 2 V, 3 V, 4 V and 5 V over a time (min) of 0.5, 1, 2 and 4
respectively. All these samples were calcined at 350°C for 2 hours as a preliminary temperature
and time. Cyclic voltammetry (CV) experiments were conducted to determine the optimum
deposition voltage and corresponding time. These studies were conducted in a alkaline

medium (0.1 M NaOH) both in the presence and absence of glucose (1 mM) with and without
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illumination. As previously mentioned, NaOH was incorporated to negate the effects of the
migration term in the diffusion equation. In addition, glucose is non-conductive as it dissolves
in water but does not dissociate. In an effort to counter this, NaOH bridges the gap and allows
for a conductive solution. Human blood also slightly basic with a pH of approximately 7.4, thus
incorporation of NaOH during testing is a commonly accepted practice (Weatherspoon, 2019).
The CV’s conducted in the dark were performed in an optical glass box housed in cardboard
to block illumination of the sample from ambient light. The same cardboard housing was used
for samples undergoing illumination though a cut out in the box. Evaluation of the optimum
electrodeposition voltage and time was done by comparing the difference in anodic peak

currents between the light and dark conditions at various scan rates.
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Figure 4.1: Difference between light and dark anodic currents in 1 mM glucose for various
electrodeposition voltages and times at A) 25 mV/s, B) 50 mV/s, C), 100 mV/s and D) 200 mV/s

In the absence of 1 mM glucose, there are no observable oxidation or reduction peaks in CV

measurements. The relationship between electrodeposition parameters is portrayed in Figure
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4.1 relative to the respective difference in anodic current density in the light and dark. It can
be seen that an electrodeposition voltage of 4-5 V produces the greatest difference in current
density between the light and dark in all scan rates. Although a 5 V deposition voltage shows
an increased difference in current density at 25 mV/s scan rate, the films produced at this
voltage are inconsistent. Also peeling of the films occurred at this condition at longer deposition
times signaling adherence problems. This may be as a result of the high-speed nucleation

oxygen gas bubbles forming on the surface which both hinder binding to the FTO substrate.

The films deposited at lower voltages (2-3 V) appeared thin with good adhesion which was
tested via a simple scratch test. When comparing the electrodeposition time to the deposition
voltage it can be seen that the combination of 4 V at 2 min consistently produces a higher
difference in current density irrespective of scan rate. As a result, this combination was
selected as the optimized electrodeposition parameters and all further samples are

synthesized according to these findings.

4.1.2. Calcination Time/Temperature Study

In a study by Chandrappa and Venkatesha regarding the characterization of CuO
nanopatrticles, they found that CuO crystals began to nucleate at calcination temperatures
above 350°C though complete crystal formation occurred at 660°C (Chandrappa and
Venkatesha, 2013). At lower temperatures, a mixed Cu phase would persist. This mixed phase
has been known to produce impressive photocurrents and so by expanding the thermal
oxidation temperature range of investigation, it is possible to compare the difference between
the light and dark current produced for the various synthesis conditions. The optimum
calcination temperature and time was found by comparing the difference between the light and
dark peak current density over 100, 250, 350, 450, 550 and 650 °C for 1, 2, 3 and 4 hours
respectively. The CV measurement was carried out under the same conditions as previously

established.

The calcination temperature ranges as well as times were chosen because of their prevalence
in literature with studies regarding CuO. In all cases with the exception of the 200 mV/s scan
in Figure 4.2, the shorter calcination times produced the best difference in peak anodic
currents. Low temperature calcination consistently yielded smaller peak differences for
example in the following order (100 °C < 250 °C < 350 °C) at 50 mV/s and 1 hour. A 650 °C
calcination produced mediocre photocurrents and, in some cases, very similar to the low
temperature calcinations. The two most impressive temperatures were 450 °C and 550 °C
respectively. Of these, 450 °C for 1 hour feature the highest difference in photocurrents over

the full range of scan rates. It is possible that thermal oxidation at this temperature exposes
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particular facets which offer enhanced photocatalytic glucose degradation. Also, it is known
that the crystallite size increases with increasing calcination temperature (Chandrappa and
Venkatesha, 2013). The fact that increasing the temperature above 450 °C results in similar or
even decreased performance is an indication that the crystallite size is an important factor to
consider. With these findings, a calcination temperature of 450 °C and time of 1 hour was
selected and used as the optimum conditions for this step. These parameters were unchanged

during further studies.
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Figure 4.2: Calcination temperature/time optimization using the difference in anodic peak current
between dark and light in 1 mM Glucose at A) 25 mV/s, B) 50 mV/s, C) 100 mV/s and D) 200 mV/s

4.1.3. Etching Time Study

Wet chemical etching is a process whereby a materials surface layer is removed via a liquid
(etchant). In this process, multiple chemical reactions occur to remove the reactants the
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surface layer which forms new species. The mechanism involved can be described by three
stages (1) Diffusion of etchant to the materials surface, (2) chemical redox reaction which
oxidizes the top layer and (3) Diffusion of the redox products away from the surface. The
morphology of the crystalline material being etched greatly impacts the etching rate. Also, the
etching process is known to further improve the electrochemical properties of CuO
nanomaterials (Wang, Han and Tao, 2007; Zhu and Panzer, 2016). In particular, NH3 as an
etchant is abundantly researched because of its limited etching rate towards copper-based
oxides. Thus, experiments were conducted to determine (if any) the increase in current density
after subjecting calcined samples to NH3; etchant of a single concentration 25% (V/V) over
various times 1, 2, 4 min respectively. According to the Pourbaix diagram (Figure 4.3) for a
Cu-H,0 system at low Cu concentration, the solubility is very low and so to promote solubility
an oxidizing environment is required. As a noble metal, copper metal is not directly etched by
ammonia but rather reacts with copper oxides such as CuO and Cuz0. The dissolution of CuO

in NH3 occurs according to the following equation:

CuO + 4NH; + H,0 - Cu(NHs)2* + 20H

Cu283(s)
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Figure 4.3: Pourbaix diagram for a Cu-H20 system

(Materials Project, 2021)

This however in not representative of the true dissociation as liquid ammonia is in equilibrium
with the ammonium ion:
NHs(aq) + H,0(l) © NH{ (aq) + OH™ (aq)
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In addition, with dissolved oxygen in solution, the dissociation of CuO in ammonia solution

forms a cupric-ammine species (Figure 4.4) as follows:
CuO(s) + 4NH} (aq) - Cu(NH3)3* (aq) + H,0(D) + 2H* (aq)
Following desorption from the CuO surface, the Cu(NH;3)4" is in the aqueous phase meaning

some amounts of copper has been effectively removed from the surface of the material. This

finding is also shown in SEM images with a decrease in layer thickness post etching.
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Figure 4.4: Pourbaix diagram for a Cu-NH3-H20 system at NH3 = [10M]

(en-academic, 2021)

Accordingly, a set volume (5 mL) of concentrated NH; solution was added to a vial containing
the calcined slides and the timer started. It was found that by exposing the calcined CuO
photoelectrode to NH; for 2 min improved the current density by 0.43 mA/cm? as presented in
Figure 4.5. Though this increase in performance is not revolutionary, the decrease in band gap
(shown in chapter 4) is of great importance along with other distinct enhanced features. This
is covered in more detail in the following section. All further tests were conducted using these

optimized values unless stated otherwise.
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Figure 4.5: Optimization of the NHs etching stage

4.2. Physical Characterization

4.2.1. X-ray Diffraction

Phase identification was done using X-ray diffraction (XRD). The “etched” samples were
characterized using a Cu-Ka radiation source at an operational tube voltage of 45 kV and a
current of 40 mA. The diffraction patterns were collected at increments of 0.02 via a continuous
scan. An analysis of Figure 4.6 revealed the “calcined” sample was comprised of structural
features indicative of a monoclinic structure indexed from PDF-01-070-6831 (van Oversteeg
et al., 2020). From these findings it is confirmed that a CuO film was synthesized as no peaks
were recorded for other Cu species. No evidence of any peak broadening nor peak shifts were
found between the “calcinated” and “etched” samples. In fact, no new peaks appeared at all
which suggests the crystallographic structure remained monoclinic even after NHz etching.
Interestingly, major amplitude decreases were recorded for most FTO peaks. Similarly, the
intensity of the CuO peaks remained mostly unchanged up to a scan angle of 26 = 50.
Extending the scan angle past this point revealed that the (20-2), (11-3), (22-1), (31-2), (13-2)
and (20-4) facet’s intensity decreased by approximately a third though no shift or peak
broadening was observed. This decrease in intensity may be associated with thinning of the

CuO layer as would be expected via etching and will be further analyzed using SEM.

50



Chapter 4: Results & Discussion

1,500 | - | -
Calcined | J
Etched
1,200 * F10 .
3
& 900
=
—
B
@
£ 600
300

20, (degree)

Figure 4.6: XRD patterns for calcined and Etched CuO photoelectrode

4.2.2. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy experiments were conducted by bombarding selected
samples with X-rays of known energy while recording the kinetic energy of the released
photoelectrons. From this the binding energy is calculated and used to identify the elements
from which the electrons were extracted. All XPS measurements were conducted using a
Thermo-ESCAIlab 250Xi with a monochromatic Al-Ka source (1486.7 eV) and a power of 300
W at an operational pressure of 108 mBar. Figure 4.7 presents the core Cu 2p, O 1s, C 1s and
Sn 3d peaks. The Cu 2p core level's XPS spectra for the “etched” sample featured two peaks
corresponding to Cu 2ps2 and Cu 2p12 which occurred at 933.4 eV and 953.2 eV respectively.
The former binding energy is assigned to Cu?* ions which are characteristic of the CuO phase
while the latter further confirms the presence of CuO by matching with the standard XPS
spectra for CuO (Li et al., 2015). At least three satellite peaks are recorded at higher binding
energy’s relative to their main peaks at 940.8 eV, 943.4 eV and 962.0 eV which are assigned
to the Cu 3d° configuration. The position of the Cu 2ps» peak with respect to its satellite
indicates the existence of two CuO configurations which are the Cu 3d° and the Cu 3d°
(ground state) (Parmigiani et al., 1992). This further confirms the existence of CuO. The

binding energies associated with the O 1s XPS spectra revealed a strong peak at 529.2 eV
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which is associated with a metal-oxygen bond in the lattice. A peak at 529.4 eV confirms the
M-O bond is in fact a (Cu-O) bond however some impurities were detected in the form of (C-
O) bond at 531.0 eV and a (C=0) bond at 532.8 eV. The detection of these impurities is
common in samples which have been stored in air as opposed to an evacuated vial. XPS did
not detect any form of (-OH) species on the samples surface though the carbon-based
impurities were further investigated in the C 1s core level scan. A strong sp? (C-C) peak was
detected at 284.2 eV along with a secondary confirmation of the contaminant (C-O) and (C=0)
species at 285.8 eV and 287.6 eV respectively. Finally, it was confirmed that the FTO glass

substrate remained un-altered after etching in NH; as Sn** was detected.
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Figure 4.7: XPS spectrographs for the “etched” sample focused on A) Cu 2p-peaks, B) O 1s-peaks, C)
C 1s-peaks and D) Sn 3d-peaks

The full XPS survey scan is presented in Figure 4.8 and indicates the presence of other
impurities such as Na 1s and N 1s. The presence of these species is as a result of the synthesis
processes via the use of Na-compounds in electrodeposition as well as NH3 during etching. A
peak list with the associated binding energy’s and calculated FWHM values is presented in
Table 4.1.
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Figure 4.8: Spectrograph showing the full XPS range for the “etched” sample.

Table 4.1: Peak investigation of XPS data for the “etched” sample

Name Peak BE, eV FWHM, eV Area, CPS.eV Atomic %
O 1s 529.8 3.5 1395763.78 449
Cu2p 933.5 3.9 6283549.76 29.9
Cls 284.4 3.2 278813.67 22.8
Sn 3d 486.1 2.8 787099.27 1.9
N 1s 399.2 2.6 10536.05 0.5

4.2.3. Scanning Electron Microscopy

A Zeiss Auriga field emission scanning electron microscope was employed to evaluate the
morphological changes throughout the synthesis process to determine the layer thickness at
each stage. All images were compiled using an in-lens electron detector with a beam
accelerated to an EHT of 5 kV. SEM images presented in Figure 4.9 show interesting
transitions between the different stages of synthesis. The “As deposited” layer (A1-2), featured
a random distribution of particles across the substrates surface. Post calcination (B1-2), the
particles seem to fuse together in trapezoidal shapes with much more regular grain sizes and
crystallinity. By etching the surface of the calcined thin films (C1-2), the trapezoidal
nanostructures were reduced in size with seemingly increased porosity. This decrease in film
thickness confirms the removal of a small layer of CuO from the surface of the electrode and

confirms the reason for the decrease in peak intensity presented on the XRD data. The film
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was at its thickest (= 225 nm) after calcination and reduced by a 12 % (= 200 nm) following
etching. The increase in film thickness after calcination may be as a result of Oswald ripening

whereby a diffusion process of smaller particles fuse to form bigger ones at elevated

temperatures.
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Figure 4.9: Cross sectional and surface SEM images respectively for As-deposited (A1-2), Calcined
(B1-2) and Etched (C1-2)

4.2.4. Raman

Raman spectroscopy was employed as a characterization method to identify molecules
present in selected samples. Raman spectroscopy revealed three individual peaks which
occurred for each sample during the synthesis stages. This alludes to the possibility that the
samples in question are composed of the same materials which are unchanged since
electrochemical deposition. The peaks presented in Figure 4.10 occur at 280.6, 323.3 and
613.4 cm! respectively. The primitive cell of CuO contains two molecules such that there exists

nine optical zone-centered modes which are A, + 44, + 2B, + 5B, (Debbichi et al., 2012). Of
these, only three modes are Raman active (4, + 2B;). Upon comparison with other works, the
280.6 cm™* peak can be assigned to the A, whilst the 323.3 cm™ and 613.4 cm™ are B, modes

(Nagajyothi, 2015).
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Figure 4.10: Raman spectra for the various stages of synthesis including tested samples.

The intensity of the peaks have been normalized however, it can be noted that the intensity of
the “as deposited” sample after 50-cycles is much sharper as compared to the others. It has
been reported that intensity is related to grain size and that Raman peaks are observed to shift
with grain size variations (Joya, Barba-Ortega and Raba, 2019). This along with SEM images
showing what appeared to be increased porosity; the small deviations noted among the wave
numbers are attributed to the grain size differences. Raman can also be used to identify the
presence of unintended species such as CuxO or even Cu(OH). (Tran and Nguyen, 2014).
Glucose has been reported to reduce copper hydroxides to form cuprous oxide according to
the equation below (Su, 2018), however the Raman data obtained for samples following

glucose testing shows no Cu,0 in any of the films.
Cu(OH), + C4Hy,06 = Cu,0 + H,0

New minor peaks appear following etching at 450.1 cm* and 444.5 cm! respectively. Following
thermal oxidation, the 323.3 cm peak undergoes a blue shift to 320.5 cm* which may be as
a result of the increased presence of oxygen in the crystal structure as seen in the XPS data.
Then after etching the 613.4 peak shifts to 610.6 cm™ and is ascribed to the decrease in

crystallinity in the A; mode.

4.2.5. Hall Effect

To better understand the electronic transport nature of the deposited semiconductor, Hall

Effect measurements were carried out to identify the type of charge carrier, the carrier
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concentration, Hall mobility as well as conductivity of the samples. The Hall measurements
were conducted at 300K, 500 pA and 0.55 T using an Ecopia HMS-3000 measuring system.
These parameters are displayed in Table 4.2 for the “As-deposited”, “Calcined” and “Etched”
samples including tests conducted after 50 CV cycles. The thickness of the films was obtained

from SEM images in the previous section and reported alongside the hall measurements.

Table 4.2: Characteristic values determined through Hall Effect measurements

) As deposited ] Etched 50
Parameter As Deposited Calcined Etched
50 Cycles cycles
Layer
Thickness 0.200 0.200 0.225 0.200 0.200
(nm)
Bulk
Concentration -1.34E+22 -2.36E+22 -1.27E+21 -8.85E+20 -1.15E+21
(/lcm®)
Sheet
Concentration -4.05E+17 -4, 71E+17 -2.60E+16 -2.67E+16 -2.90E+16
(/lcm?)
Mobility
7.91 7.36 2.54E+1 1.23E+1 2.68E+1
(cm?/Vs)
Resistivity
5.89E-5 3.60E-5 1.94E-4 5.73E-4 2.03E-4
(©cm)
Conductivity
1.70E+4 2.78E+4 5.15E+3 1.75E+3 4.94E+3
(2/Q2 cm)
Average Hall
Coefficient -4.70E-4 -2.65E-4 -4.92E-3 -7.05E-3 -5.43E+3
(m?/C)
Transfer Type n-type n-type n-type n-type n-type

Typically, metal-oxide based sensors will follow one of two different sensing mechanisms
depending on the majority charge carriers present. Sensors which display p-type
characteristics will adsorb oxygen to form acceptor levels near the valence band which results
in upward band bending. As a result, an accumulation layer of holes is formed near the surface
which has been reported to enhance hole transport (Barsan et al., 2010). From the hall
coefficients it can be deduced that throughout the synthesis and testing process, the CuO film
is classified as an n-type semiconductor. This is due to the negative values of the hall
coefficients which decrease through the stages of fabrication. In addition, this finding reveals
that the majority charge carriers are electrons. This means that although no doping occurred

in these samples, there exists a donor state close to the conduction band which can accept
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free electrons within the band gap. The electron-hole generation and trapping in this n-type
semiconductor are further discussed in the transient photocurrent section. The Van der Pauw
method was applied in an iterative process to determine the charge carrier mobility and sheet
concentration. The carrier mobility tripled (7.91 - 25.4 cm?/Vs) following the calcination step
which is as a result of the increased crystallinity and uniform morphology along with the
increase in layer thickness seen in the SEM images. Additionally, the grain sizes were larger
in the calcined sample and are inclination free which could result in a more direct flow path. A
decrease in mobility was found following the etching stage as a result of the decreased particle
sizes, uniformity and layer thickness. The etched samples mobility (12.3 cm?/Vs) however is
still almost double that of the original as deposited sample (7.91 cm?/Vs).

It was found that a three-fold increase in resistivity (5.89E-5-1.94E-4 Qcm) yielded an
approximately equivalent threefold increase in carrier mobility. Wu et al. noted that high
resistivity’s (better insulators) are associated with low carrier mobility’s but are greatly
influenced by temperature which could be the cause of the deviations seen in this data (Wu et
al., 2014). The calculated resistivities in this work are very low and more comparable with bulk
Cu. Nevertheless, there are reports where the resistivity’s of CuO-based nanomaterials fall
between 2.0E-5 to 1.0E+6 Qcm (Li et al., 2010; Yabuki and Arriffin, 2010; Grigore et al., 2016).
During electrodeposition, the formation of electrically active vacancies could be replaced by
neutral CuO sites which could lead to decreased resistivity’s and so upon calcination are
increased by the generation of carriers in the crystalline structure (De Los Santos Valladares
et al., 2012). Low range resistivities especially for semiconductors are highly sought after as

it shows better conductivity which translates to increased mobility.

With the characteristic resistances across the sheet the overall sheet resistance was found for
each sample. Interestingly, the bulk carrier concentration (-8.85E+20 cm) was the largest in
the etched sample which could explain why relatively high mobility’s were recorded for this
sample. Other authors have noted carrier concentrations of 4.0E+18, 9.0E+19 and 6E+20 cm-
3, of which some are several orders of magnitude smaller than in those reported in this work
(Lietal., 2010; Wu et al., 2014; Morasch et al., 2016). Such high charge carrier concentrations
could be an indication of low valence band maximums which cause fermi-level pinning (Parenr
et al., 1980). Li et al. investigated the relationship between carrier concentration and mobility
while comparing the effects to sensing performance. They found that decreased carrier

concentrations and increased carrier mobility’s resulted in higher sensitivity (Li et al., 2019).
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4.2.6. UV-Vis Spectra
The UV-Vis diffuse reflectance spectra of the “As-deposited”, “Calcined” and “etched” CuO
samples were assessed to determine the light absorption properties of these films. The spectra
was run from a wavelength of 200 nm to 2500 nm while recording the reflectance R (%). The
optical band gap of semiconductors can be evaluated using the theory from Kubelka and Munk
(Kubelka, 1954). Because the Tauc method assumes the absorption coefficient (K) is energy
dependent, it may be replaced with a ratio of (K) and the scattering coefficient (S). Figure 4.11-
A shows the reflectance spectra for the three samples and while Figure 4.11-B reveals the
absorption (K) and scattering coefficients (S) in relation to the photon energy. From the

reflectance spectra, the ratio (K/S) was determined by applying the following relationship.

K (1—Ry)?
FlRe) =g =—2p—

Where R, = (:S“ﬂ) represents the reflectance of a sample with infinite thickness, K
Stardard

denotes the absorption coefficient whilst S is the scattering coefficient. Upon substitution of

this ratio into the Tauc relation, the following equation is obtained.

n

(g (hv)) = B(hv — E,)

Here, h is planks constant, v is the photon energy, B is a constant and Ej is the band gap. The
n power is especially important as this defines the nature of the electron transition which is
associated with direct or indirect bands. When n = 2, a “direct allowed” band structure is
present and if n = 0.5, and “indirect allowed” band structure prevails. However, n can also be

2/3 in which case the transition is “direct forbidden” and also 1/3 for “indirect forbidden”.
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Figure 4.11: UV-Vis diffuse reflectance spectra for As-deposited, Calcined and etched samples with A)
Reflectance R (%) and B) Absorption/Scattering (K/S) coefficients as determined through reflectance
spectra

The band gaps for the samples were determined using the x-axis “hv” intercepts of the plots
in Figure 4.12. It was found that as the synthesis process proceeded, the optical band gap
decreased accordingly; As-Deposited > Calcined > Etched. An E, of 1.88 eV was found for the
etched sample, 2.07 eV for the calcined sample and two band gaps were discovered for the
As-Deposited sample at 2.01 eV and 2.18 eV. The band gap for CuO have been reported to
fall over a range between 1.2 eV and 2.1 eV which is in good agreement for all samples tested.
It is apparent that the morphology and layer thickness greatly impact the optical properties and
by extension the band gap. Interestingly, upon thermal oxidation the band transitions from a
“direct allowed” to a “direct forbidden”. Direct band structures are indicative of crystalline

semiconductor materials.
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Figure 4.12: Band gap determination of A) “As-deposited” at n=2 and B) “Calcined and Etched” at

n=2/3
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4.3. Photo-Electrochemical Characterization

4.3.1. Cyclic Voltammetry

The electrochemical characterization of the deposited CuO film was evaluated using cyclic
voltammetry (CV) in an alkaline medium (0.1 M NaOH) both in the presence and absence of
glucose. The electrochemical activity towards the oxidation of glucose was measured in a 1
mM solution of Glucose. A total of 10 stabilization cycles were performed before the data was
recorded to ensure stability. The CV’s conducted in the dark were performed in an optical glass
box housed in cardboard to block illumination of the sample from ambient light. The same
cardboard housing was used for samples undergoing illumination via a cool white LED (6 W,
540 lumen) through a cut out in the box.

a) Optimized Synthesis Parameters Electrochemical Behavior

Using the optimized synthesis parameters (4 V for 2 min electro-deposition, 450 °C calcination
for 1 h and 2 min of NH3 etching) the resultant current densities are represented in Figure 4.13.
It can be seen that the current density of the as-deposited CuO film is the greatest at 1.87
mA/cm? in the dark. In the light however a very small increase of 0.175 mA/cm? is noticed. The
optimization process focused on the maximization of photocurrent and so as this sample
produces the smallest difference between dark and light, its photoactivity is inferior as
compared to the calcined and etched samples. This may be as a result of the increased band
gap (2.01-2.18 eV) found for the as deposited sample. Nevertheless, current density produced
by this sample in the presence of 1 mM glucose is impressive as it enjoys higher current
densities in both light and dark scenarios. As seen from the SEM images this sample is also
the most porous of all the samples which might explain the aforementioned phenomena. The
increase in current density for the calcined samples was found to be 0.261 mA/cm? whilst the
greatest difference was recorded for the etched sample with an increase of 0.328 mA/cm? from
dark to light. A possible reason for this increase in photocurrent could again be attributed to
the decrease in band gap from calcined (2.07 eV) to etched sample (1.9 eV). A smaller band
gap in a semiconductor translates to less energy being required to promote an electron from

the valence band into the conduction band.
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Figure 4.13: Peak current densities recorded for the As-Deposited, Calcined and Etched samples at
100 mV/s in 1 mM Glucose.

b) Electrochemical behavior via CV

The oxidation of carbohydrate species on Cu-based electrodes occurs over a similar potential
range to that of the Cu(lll) species formation. The redox couple between Cu(ll)/Cu(lll) is
reported to occur at potentials 0.58 and 0.61 V vs Ag/AgCl in 0.1 M NaOH (Pap and Szyrwiel,
2017). Non-enzymatic glucose electrooxidation is believed to be mediated by this redox couple
as CV measurements indicate oxidation over this wide potential range. The formation of the
Cu203 species has also been reported, however under the same alkaline conditions (0.1 M
NaOH) its formation occurs at higher potentials than oxygen evolution (Xia et al., 2015).
Similarly, the formation of highly reactive hydroxide radicals has been proposed to act as the
mediators in glucose oxidation. The standard potential for this redox pair (E > 1.33 V) is
however well outside the potential window tested (Xie and Huber, 2001). It is for this reason
that the glucose oxidation mechanism most often considered by other researchers involves
the formation of highly oxidative Cu3* species. This demands the formation of individual or a
combination of Cu®*, CuO_, Cu,03, CUOOH, Cu(OH);z or Cu(OH)4 species for the process to
proceed (Xia et al., 2015; Inyang et al., 2020). The reactions associated with Cu(Il)/Cu(lll)
redox pair are summarized in Equations 2-4 and glucose is oxidized as per Equation 5 to form

gluconic acid after hydrolysis of gluconolactone:

CuO + OH™ + H,0 — Cu(OH); + e~ Eq 2

CuO + 20H™ + H,0 - Cu(OH); + e~ Eq3
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CuO+ OH™ - CuOOH + e~ Eq 4

Cu3* + Glucose » Cu?* + Gluconolactone EQ5

Jose’ et al determined that while the CuOOH species is most commonly used to describe the
glucose oxidation mechanism via Cu®*, no equilibrium potential nor CV peaks are obtained for
its reaction (Barragan et al., 2018). Although it is well known that CuO exhibits semiconductive
behavior, few works make use of this property and so information regarding the photo-
electrochemical oxidation of glucose is scarce. These photoelectro-oxidative properties of CuO
were investigated under cool white LED illumination (6 W, 540 lumen) in a blank 0.1 M solution
of NaOH and 1 mM glucose solution. As per the CV’s in Figure 4.14-A, in the absence of
glucose at 100 mVs! scan rate, there are no observable redox peaks for both bare FTO nor
for the etched CuO electrode. A prominent current plateau is evident in both cases with an
exponential anodic current increase at potentials greater than 0.65 V for this CuO electrode.
This rapid current rise can be attributed to the formation of oxygen on the surface of the
electrodes following the oxidation of OH ions (Lide, 2005; Wang et al., 2010; Barragan et al.,
2018).
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Figure 4.14: Electrochemical behavior at 100 mVs™* scan rate for the fabricated CuO electrode in a
blank NaOH and 1 mM glucose solution under A) Dark and B) Light conditions

The separation observed between the forward and reverse scan of the etched sample in 0.1M
NaOH could be attributed to the chemical reaction Eq. 1.1-1.2 (Felix et al., 2017).

Cu(OH), + OH™ —» CuOOH + H,0 + e~ Eqg. 1.1
Cu0 +0OH™ - CuOOH™ + e~ Eq. 1.2
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The shape of the CV curve presented in Figure 4.14 changes dramatically with clear oxidation-
reduction peaks evident in the presence of glucose in the dark and light. This isolates the
electrocatalytic activity toward glucose as being solely due to the copper species deposited on
the substrate and not the FTO. Figure 4.14-A features an oxidation peak at 0.56 V vs Ag/AgCl
accompanied by an anodic current density of 1.41 mA/cm? with a reduction peak occurring at
0.67 V vs Ag/AgCl and 0.69 mA/cm?. These peaks occur well above the current plateau

observed in the blank solution.

Figure 4.14-B shows CV-curves which illustrate just how much light enhances the oxidation
process by simply making use of its built-in semiconductive properties. The etched CuO
electrode presents anodic photocurrents in the presence of glucose in the dark and light
scenario at onset potentials of 0.27 V and 0.15 V respectively. A decrease in onset potential
has previously been reported, however, it is very unique for Cu based electrodes (Billy and
Co, 2018). A peak current density of 1.795 mA/cm? was observed while illuminated, which,
equates to an increase of 0.382 mA/cm?, far greater than in the dark. Although the general CV
shape appears consistent, upon closer examination is was found that under illumination, the
oxidation potential increased by 0.014 V thus requiring an applied potential 0.576 V. This small
potential change is attested to a shift in the equilibrium position of the system to less andic
values. Due to the semiconductive nature of CuO and the subsequent increase in current
density as seen in the CV’s in the light, it is required to investigate alternate mechanisms which
could be the reason for this increase. An overall depiction of the possible reaction pathways
for the oxidation of glucose in both the light and dark is represented in Figure 4.15. Both
reaction pathways 1 and 2 have been well documented for group (ll1) M-O for glucose oxidation
in the dark (Barragan et al., 2018; Billy and Co, 2018; Mensah et al., 2018; Gizinski et al.,
2020).
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Figure 4.15: Glucose oxidation pathways
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The etched CuO film was excited by the light incident on its surface resulting in the generation
of e~ and h* which undergo charge separation as depicted in pathway 3. The CB energy level
for FTO is lower than that of CuO which results in electron transfer from CuO to FTO as this is
the more energetically favorable process (Hirst et al., 2019). Good contact between the FTO
and CuO as a result of the high calcination temperature provided the ideal electron transport
system which translated into high light sensitivity and aided in reducing electron hole pair
recombination. The Cu0(h*) left behind in the VB pair with OH- ions which are oxidized to form
hydroxyl radicals under the assumption that charge transfer occurs efficiently (Barragan et al.,
2018). These radicals desorb from the CuO surface and so leave behind an active site for
more hydroxyl ions to adsorb to (Ahn and Bard, 2016). Glucose molecules are then attacked
by the radicals as depicted in Figure 4.16. The radicals react with D-Glucose by means of
hydrogen abstraction that forms an intermediate glucose species with a carbon centered
radical. This is followed by oxygenation of the subsequent intermediate by releasing a carbonyl
group which forms gluconolactone (Travaini et al., 2015). Hydration of the gluconolactone

species results in the reversible gluconic-acid/gluconolactone system.
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Figure 4.16: Glucose oxidation via hydroxyl radical attack ultimately forming of gluconic acid.

The glucose sensing mechanism proposed to take place in light via pathway 3 aligns well with
other reports of carbohydrate oxidation through hydroxyl radical attacks (Travaini et al., 2015;
Barragan et al., 2018). Herein lies a problem as sensors making use of this mechanism could
suffer from low selectivity. This issue of selectivity will be further addressed in the

chronoamperometric analysis.
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The formation of hydroxyl radicals via surface adsorbed OH~ have been extensively studied
(Shibata et al., 1998; Liao and Reitberger, 2013; Nosaka and Nosaka, 2016). The reduction
potential of surface bound OH radicals is far less than the OH~/- OH redox couple thus
providing additional evidence for the mechanism proposed in Figure 4.16. In both the light and
dark conditions, the shape of the CV curves remained the same though the peak currents
differed. It is then entirely plausible that with the inclusion of light, there is additional generation
of oxidative - OH species over and above the oxidation occurring via the Cu(Il)/Cu(lll) couple.
This would explain the increase in current density seen in the light as more electrons would be
excited into the conduction band of the CuO photoelectrode thus increasing the conductivity
as depicted in Figure 4.17.

Figure 4.17: Energy diagram illustrating the coupling between CuO and the FTO substrate

c¢) Electrochemical Kinetics

The kinetic interactions occurring at the electrode’s interface offer a clearer view to draw
meaningful conclusions regarding the glucose oxidation process. In the interest of
conciseness, the photoelectrochemical results for the as-deposited and calcined sample have
been omitted from this section and included in the appendix. The kinetic interactions were
investigated using CV measurements over a range of scan rates (25, 30, 40, 50, 70, 100, 150,
175, 200 and 300 mV/s) in a solution containing 1 mM glucose and 0.1 M NaOH. Figure 4.18

reveals how the oxidation potential and ultimately peak current varies with scan rate.
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Figure 4.19: CV cycles in 1 mM Glucose in the light over a range of scan rates with peak anodic
currents against scan rate and square root of scan rate and their linearity’s

A shift in potential to more positive oxidative levels is observed with increasing scan rate
suggesting that the glucose oxidation process is irreversible whilst the Cu(ll)/Cu(lll) redox
couple is electrochemically reversible. A plot (Figure 4.20) of peak potential vs log(v) revealed
a slope of 57.5 mV/decade further supporting the theory that an irreversible electron transfer
process is the reason for the oxidation peaks during the anodic scan. Also, no reduction peaks
are formed at potentials lower than the oxidation potential (0.6 V vs. Ag/AgCl) solidifying the
irreversible nature. A strong linear dependence exists between i, and Vv with a regression

coefficient of R2=0.999 in the dark (Figure 4.18).
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Figure 4.20: Peak potential vs. log(v) in the A) Dark and B) light

Similarly, a strong linear relationship was found between i, and Vv which retains a regression
coefficient of R2=0.993 in the light (Figure 4.19). A slope of 61.4mV/decade was found in the
light for the etched CuO sample as depicted in Figure 4.20. These dependencies in both the
light and dark indicate that the oxidation of glucose at this CuO electrode is a mass transfer
process within the double layer controlled by diffusion of glucose to the active redox sites.
Also, these findings rule out the possibility of a quasi-reversible system as in such processes,
linearity between i, and Vv is not found. Anodic shifts were also noted to increased potentials
with increasing scan rate in the light. The difference however is the magnitude of anodic current
which is far greater than in the dark with all others equal. Interestingly, the cathodic scan also
reveals little change in peak potentials however these were more easily distinguishable. This
may be due to a difference in the kinetic rate constant. The electrochemical rate constants (k,)
for this system could not be assessed via CV experiments due to the fact that the formal
potential (E°) for this glucose/CuO system is not obtainable (Bard and Faulkner, 2000).

Alternatively, the rate constants can be predicted by making use of EIS data which is further
discussed in the EIS-section.

Interestingly upon increasing the scan rate, there was little to no change in the cathodic
sweeps. In-fact at lower scan rates (not shown) these cathodic scans were indistinguishable.
Here, the rate constant for electron transfer is so fast that diffusion is the only limiting factor
towards overall peak potential. For each of the scan rates in the light and dark conditions, the
peak oxidation potentials (E,) were assessed along with the half peak potentials (E,,,) and
are recorded in Table 4.3 and 4.4. For an irreversible mass transport-controlled system the
diffusion coefficient was assessed using the following equations where the electrochemical
transfer coefficient must first be calculated.
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Table 4.3: Important electrochemical parameters deduced at various scan rates in the dark

Scan Rate, v in

lp,iInMA  E, inV  E,;,inV a D,

mV/s

25 1.086 0.554 0.396 0.301 7.02E-05
30 1.108 0.542 0.398 0.331 4.60E-05
40 1.146 0.579 0.400 0.268 3.43E-05
50 1.201 0.552 0.403 0.320 2.01E-05
70 1.303 0.559 0.410 0.320 1.21E-05
100 1.413 0.562 0.415 0.326 6.86E-06
125 1.489 0.569 0.420 0.320  4.96E-06
150 1571 0.579 0.425 0.310 3.95E-06
175 1.636 0.586 0.430 0.305 3.20E-06
200 1.696 0.583 0.432 0.315 2.55E-06
300 1.885 0.601 0.442 0.301 1.47E-06

Table 4.4: Important electrochemical parameters deduced at various scan rates in the Light

Scan Rate, v in

lp,iInmA  E,,inV  E,, inV a D,

mV/s

25 1.367 0.601 0.403 0.241  1.39E-04
30 1.383 0.579 0.400 0.268  8.88E-05
40 1.399 0.559 0.398 0.296  4.62E-05
50 1.469 0.549 0.403 0.326  2.97E-05
70 1.644 0.576 0.410 0.287  2.15E-05
100 1.795 0.576 0.420 0.305 1.18E-05
125 1.946 0.583 0.427 0.305 8.88E-06
150 2.008 0.598 0.432 0.287  6.98E-06
175 2.151 0.598 0.437 0.296 5.71E-06
200 2.228 0.601 0.442 0.301  4.62E-06
300 2.439 0.601 0.449 0.315 2.35E-06

From the CV’s conducted at various scan rates the mean diffusion coefficients in the light and
dark were 1.8 x 10~° cm?/s and 3.3 X 10> cm?/s respectively. These values are in good
agreement with literature (Sattarahmady and Heli, 2012; Haynes, 2016; Raziq et al., 2017).
An increase in the mean diffusion coefficient was noted in transitioning from the dark to light

condition. This is ascribed to the presence of additional charge carriers (e~ /h*) present at the
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electrodes surface which assist in the glucose oxidation process. In both the light and dark,
the diffusion coefficient decreased exponentially with increasing scan rate as depicted in

Figure 4.21. This decrease is as a result of the depletion of the diffusion layer at higher scan

rates.
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Figure 4.21: Exponential decrease of the diffusion coefficient with increasing scan rate

4.3.2. Concentration Dependence on CV response

Figure 4.22 shows cyclic voltammograms of the “etched” CuO photoelectrode in the presence
of various concentrations of glucose in the dark and light at a 100 mV/s scan rate. A typical
electrochemical response was recorded under both conditions. Interestingly, upon increasing
the glucose concentration, the anodic peaks shift toward higher oxidative potentials. Similarly,
the positive sweep peak currents increased with glucose concentration. The onset potential
remained mostly unchanged regardless of glucose concentration. Also, the semiconductive
properties of the “etched” CuO film is showcased with vastly greater oxidation peak current in
the light as oppose to the dark under the same conditions. Under illumination, the 5mM glucose
response lost its characteristic oxidation peak and appeared to be saturated. In contrast, the
dark CV presented clearly visible oxidation peak however, above 5 mM glucose, the CV

responses were completely saturated showing no clear oxidation peaks.
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Figure 4.22: Cyclic Voltammograms at various glucose concentrations (0.05, 0.1, 0.5, 1.0, 2.5and 5
mM) respectively, at 100mV/s scan rate under the A) Dark and B) light condition

4.3.3. A proof of concept

An increase of 0.08mA/cm? was recorded when illuminating the “etched” CuO photoelectrode
with a standard iPhone 6S LED (= 7 W) over its dark counterpart as shown in Figure 4.23.
Though this is a minuscule performance increase, it goes to show that making use of the built-
in semiconductive properties can result in increased performance. According to StatsSA
(2021), at current, there are approximately 24.5 million smartphone users in south Africa
compared to the 9.7 million users in 2014. This illustrates the dramatic increase in access and
use of smartphone devices in 7 years alone. Smartphones inherently have LED lights built-in
and with further performance enhancement could give these users access to a reusable non-

enzymatic glucose sensor on the go.
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Figure 4.23: Cyclic voltammograms for the “etched” CuO photoelectrode in the dark and under
illumination from an iPhone and AutoLab cool white LED in 5 mM Glucose and 100 mV/s Scan Rate
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4.3.4. Reproducibility, Shelf-Life and Repeatability

The reproducibility of the etched CuO thin film was electrochemically tested using CV in a
solution of 0.1 M NaOH and 1 mM Glucose. Samples were first stabilized at a scan rate of 100
mV/s for ten cycles and the data was recorded at 50 mV/s. Anodic peak current densities of
the five prepared samples were recorded at 0.54 V vs Ag/AgCI. The reproducibility of the
etched CuO films is represented in Figure 4.24. This shows excellent electrode reproducibility
in both the light (RSD = 4.85%) and dark (RSD = 1.86%) scenarios.
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Figure 4.24: Electrode reproducibility test for five samples in light and dark conditions

Similarly, the shelf life of the CuO electrode was validated under the aforementioned
conditions. An etched sample was selected and repeatedly tested over a period of one month
(1-day, 2-days, 4-days, 7-days, 14-days, 21-days, and 28-days). The results depicted in Figure
4.25 reveal that in the dark the deterioration was subtle with the largest photocurrent decrease
(0.026 mA/cm?) occurring between 2 and 4 days. In the light however, clear evidence of photo-
corrosion is seen with much larger deterioration over the same time frame. The RSD’s for the
dark and light condition were found to be 2.40% and 4.56% respectively. This emphasizes how

much more the sensors response deteriorates over the testing period.
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Figure 4.25: Etched CuO photoelectrode Shelf-life assessment
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Under these same conditions, one electrode was subjected to repeated CV cycles to assess
the repeatability of the anodic peaks obtained. As per Figure 4.26, it was found that the
oxidation peaks for this sample were very repeatable over 10 Cycles for both the dark and light
with RSD’s of 1.98% and 1.75% respectively.
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Figure 4.26: Peak anodic currents for a series of 10 CV cycles on the same etched CuO sample
illustrating repeatability

4.4. Charge Carrier Transport

The electrochemical impedance characterization of selected samples was carried out in a
solution of 0.1 M NaOH with various glucose concentrations both in the dark and under
illumination. The impedance studies were carried out over a frequency range of 100 kHz to
0.01 Hz using an AC perturbation with a magnitude of 5 mV at room temperature without
stirring. A Nyquist plot alludes to the charge transfer kinetics as well as diffusion characteristics
of a given sample. The Nyquist plot for a simple charge transfer reaction is characterized by a
semicircle in the high frequency region and a straight line increasing into the low frequency
region at 45°. This line in the low frequency region represents Warburg impedance and is the
region which is dominated by fast kinetics leaving diffusion as the rate limiting process.
Conversely, the high frequency region is limited by slow kinetics and so a semicircle is formed.
The diameter of the semi-circle represents the charge transfer resistance Rgp in (Q). The
solution resistance R, is found on the real axis and is independent of frequency. The
impedance measurements were used to construct Nyquist plots over a range of glucose
concentrations as presented in Figure 4.27. From the EIS data represented in Figure 4.27, it
can be seen that the shape of Nyquist plots varies drastically between the light and dark
condition. In the dark, the Nyquist plots displayed flattened and incomplete capacitive arcs
which decrease in size with increasing glucose concentration. Typically, this feature is
associated with the formation of a passive film over the surface of the electrode. In the light
this is only true at low concentrations where at concentrations above 1 mM, the diameter of

the Nyquist plot increases. This due to the fact that the charge transfer mechanism is much
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more complex in the light. Under illumination, higher glucose concentrations produce a larger
barrier to interfacial charge transfer which may be as a result of decreased OH- ion

concentration near the surface of the electrode.

The formation of such a film was visually confirmed using SEM imaging following EIS testing
over the entire frequency range and are displayed in Figure 4.28. Interestingly, electrochemical
testing of the samples revealed the formation of small crystals all across the samples surface.
In an alkaline environment, Cu forms a passive layer over its surface which in effect retards
further corrosion (Rios, Calderon and Nogueira, 2011). In both the light and dark scenarios,
the absence of glucose resulted in the formation of the largest arcs. Figure S7 included in the

supplementary depicts the 1 mM Glucose fits over the whole frequency range.
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Figure 4.27: Nyquist plots in the dark (A1 and A2) and under illumination (B1 and B2) over a range of

glucose concentrations
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Figure 4.28: Top scan SEM images for samples following EIS testing A) As Deposited 50-cycles and
B) Etched 50-Cycles

Under illumination, a clear depressed semi-circle is visible both in the presence and absence
of glucose. The semi-circle peak in the medium frequency range increases with glucose
concentration suggesting higher charge transfer resistances between the solid and electrolyte
interface (Rcr). The analysis of Nyquist plots in the high and medium frequency region is
especially complex and to accurately interpret charge carrier transport, an appropriate
equivalent circuit must be used to fit the EIS data. Previously, Yang et al., Meng and Liu made
use of a modified Randel’s circuit with a double parallel arrangement to depict EIS data in an
equivalent circuit for two-time constants (Yang et al., 2018; Meng and Liu, 2019). Due to the
grain-like morphology and nature of the coating, the circuit presented in Figure 4.29 will be
used to further interpret the EIS data as the diffusion paths are similar.
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Figure 4.29: Modified Randel’s circuit in a double parallel configuration for two-time constants used in

this work as the equivalent circuit

From the electrical equivalent circuit, R, represents the solution resistance, R, and C, denote
the coating resistance and capacitance respectively whereas C; is the double layer
capacitance and Ry is the charge transfer resistance. The capacitive elements were replaced
with constant phase elements (CPE) to account for the scattering effect as a result of surface
heterogeneity (Zhang et al., 2004). Enzymatic sensors require CPE’s to describe the
impedimetric responses due to adsorption however; CuO is non-enzymatic and so does not

rely on a mediator to facilitate a chemical reaction. It is therefore common practice to make
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use of CPE’s as the electrochemical responses are believed to be purely capacitive in nature.
The aforementioned circuit was used to fit both the light and dark scenarios with great success.
The equation derived from this circuit including CPE components is complex and required
many term designations so as to not confuse the inside parallel with the outside one. The

inside parallel is designated as follows:

1 .
= W let —n = m, and Y, = ; thus, Zcpg = YZ(]W)mZ

Where, j = Cos (*22) + jsin (*22)

2 —
2 2

And 50, Cgy = CPE;; = Y,w™Cos

™2) and CPEy; = Y,w™=Sin (22)
Y,, represents the magnitude of the CPE, w is the angular frequency in rad/s, j is an imaginary

number and m, is the inverse of the exponent related to surface heterogeneity. The inside RC

parallel's equation is:

Rcr(CPE1+jCPE3;)
(CPEZl+RCT)+jCPE22

Zinsize = Rc +

After some work, separating the real from the imaginary parts of the equation

reveals Xgeq; and Ximqg:

¥ — R+ Rcr(CPE;)? + CPEy(Rer)? + Rep (CPES,)?
Real © 7 (CPE1)? + 2RcrCPEyy + (Rer)? + (CPE,,)?
¥, _ CPE,;(Rer)?
M9 (CPE31)? + 2R;rCPEyy + (Rer)? + (CPE,)?

The equation for the outside parallel was established in a similar manor though is more tedious

with the additional real and imaginary parts:

mm . mm
Cc = CPEy, = Y;w™Cos ("22) and CPEy, = Y;w™Sin (32)
(CPE11+jCPE1)(XReal +JXimag )
(CPE11+XRea)+j(CPE12+Ximag )

And so, Z,,tsige = Rs +

Finally, the overall equation used to fit all the EIS curves is a combination of the inside and

outside X designations:

(CPE11XReat = CPE13Ximag ) +J(CPE12X et + CPE11Ximag )

Zeircuit = Rs + .
(CPE11+ Xpeat) +j (CPE13 + Ximag )
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Using the overall circuit equation upon separating the real from the imaginary, the fitting
parameters were found using Microsoft excel and Excel’s Solver add-in. The results are
tabulated (Table 4.5: Dark, Table 4.6: Light) for both the light and dark conditions under various
glucose concentrations. The difference in charge transfer resistance between the light and
dark condition is staggering with the light condition enjoying (R.r) which are several orders of
magnitude smaller. In the dark, the charge transfer resistance (R.r) fluctuates slightly at low
glucose concentrations (0.0025 mM to 0.025 mM) and then peaks at 0.1 mM. This indicates
that between a blank solution up to 0.1 mM, the charge transfer process is most difficult at this
concentration. By increasing the glucose concentration (0.1 mM to 20 mM) the charge transfer
resistance decreases to levels below that of the blank solution indicating a more favorable
charge transfer process. In the light however, the R.; decreases from 1634 Q/cm? in a blank
solution until a minimum is reached at 1377 Q/cm? for 0.005mM glucose. The R then
increases steadily to 2146 Q/cm? in 15 mM glucose before decreasing again. The surface
heterogeneity  factor in both the light and dark are close to

n =1 indicating good surface exposure to the electrolyte.

Table 4.5: Parameters used to fit dark EIS data through Microsoft excel using two-time constants

Dark
Fitting Parameter
Concentration

Rg, Q Rc, Q Rer, Q C. nc, Ca Ne,,

Blank 3.36E-07 46.14 3.41E+07 1.03E-06 0.833 3.59E-05 0.937
0.0025mM 1.08E-04 42.43 1.72E+08  6.89E-07 0.792 4.42E-05 0.911
0.005mM 6.35E-04 40.90 3.98E+08  5.90E-07 0.804 4.91E-05 0.913
0.01mM 1.44E-03 39.63 2.10E+08  4.76E-07 0.821 5.28E-05 0.912
0.025mM 5.73E-06 41.47 2.76E+08  1.03E-06 0.763 5.63E-05 0.907
0.05mM 1.07E-06 39.41 4.04E+06  4.99E-07 0.819 6.07E-05 0.904
0.1mM 3.05E-03 39.03 4.11E+10  3.45E-07 0.848 6.67E-05 0.894
0.25mM 7.36E-07 39.61 5.89E+08  3.64E-08 0.944 6.35E-05 0.914
0.5mM 1.10E-04 38.74 5.29E+07  3.49E-07 0.848 7.68E-05 0.887
1mM 5.92E-07 40.93 1.28E+06  3.43E-07 0.847 8.08E-05 0.908
2.5mM 9.71E-07 39.65 1.54E+08  3.38E-07 0.849 851E-05 0.871
5mM 9.59E-07 39.01 4.99E+05 2.56E-07 0.871 8.84E-05 0.869
10mM 3.81E-06 39.50 1.53E+05 2.57E-07 0.869 9.01E-05 0.863
15mM 5.12E-06 41.74 1.97E+06  3.68E-07 0.841 8.84E-05 0.856
20mM 1.55E-05 41.76 1.30E+05  3.80E-07 0.839 8.89E-05 0.851
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Table 4.6: Parameters used to fit light EIS data through Microsoft excel using two-time constants

Light
Fitting Parameter
Concentration

Rs, Q Rq, Q Rer, Q C,. nc, Ca Ney,

Blank 5.90E-07 42.10 1634 4.32E-07 0.826 7.03E-05 0.819
0.0025mM 5.57E-07 39.53 1400 2.71E-07 0.864 8.17E-05 0.816
0.005mM 1.46E-03 38.43 1377 2.31E-07 0.877 8.44E-05 0.828
0.01mM 1.91E-06 37.45 1380 1.93E-07 0.892 8.85E-05 0.830
0.025mM 1.91E-07 38.74 1537 2.88E-07 0.862 8.91E-05 0.833
0.05mM 1.08E-05 37.19 1406 1.76E-07 0.900 9.64E-05 0.829
0.1mM 7.21E-07 37.32 1441 1.75E-07 0.901 9.99E-05 0.829
0.25mM 7.46E-08 37.69 1517 1.72E-07 0.903 1.07E-04 0.821
0.5mM 4.12E-06 36.92 1545 1.58E-07 0.910 1.12E-04 0.821
1ImM 1.55E-06 38.44 1684 1.84E-07 0.898 1.15E-04 0.818
2.5mM 6.60E-07 39.82 1763 1.28E-06 0.749 1.12E-04 0.826
5mM 2.79E-03 37.32 1998 1.47E-07 0.915 1.18E-04 0.818
10mM 1.39E-04 38.23 2120 1.65E-07 0.905 1.14E-04 0.823
15mM 7.55E-08 40.79 2146 3.96E-07 0.838 1.13E-04 0.818
20mM 2.02E-07 40.24 2025 2.03E-07 0.888 1.14E-04 0.814

Upon closer inspection of both the light and dark conditions in a 1 mM glucose testing solution,
a smaller depressed semicircle is observed as a tail in the high frequency region as per Figure
4.30. This high frequency region semi-circle is attributed to the resistance of the surface
passivating layer (Xiang et al., 2011). The Bode-modulus plot reveals constant phase behavior
in the middle and high frequency region in the dark. Conversely, in the light, this constant
phase behavior is only very slightly noticed in the lower end of the high frequency range.
According to the Bode-phase plot, one-time constant is observed in the high frequency region
and another in the mid frequency region. The latter corresponds to the charge transfer reaction
whereas the former represents the properties of the passive film form on the surface during
testing (Yang et al., 2018). In both dark and light, the solution resistance (R;) is seen to
fluctuate. These deviations can be attributed to inhomogeneous mixing following the addition
of glucose to the testing solution. It was expected the solution resistance would increases with
increased glucose concentration as glucose does not dissociate into its ions making it a poor
conductor in solution. This however is not the case as the concentrations used are so limited
it has little effect on the solution resistance. Finally, the relationship between glucose
concentration and charge transfer resistance was found to not be strong enough to accurately

detect glucose concentrations.
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Figure 4.30: Zoomed in view of fitted high frequency Nyquist and Bode plots using the modified
Randel’s circuit in A) Dark and B) Light for 1 mM glucose

An investigation into the determination of k° via EIS as oppose to CV was conducted by
Edward P. Randviir who found that both approaches are comparable (Randviir, 2018). Due to
the irreversible nature of the reaction between glucose and CuO, an accurate determination of
the standard reduction potential is not possible and hence should rather be examined via EIS.
As such, the R,y is related to the exchange current (i,) and subsequently the heterogeneous

electron transfer rate (k°) by the expressions:

RT

nFi,

RCT = and iO = nFACOkO

Where R is the universal gas constant, T is the temperature, n is the number of electrons (can
be considered as = 1) and F which is faradays number. By applying these equations, the mean
electron kinetic transfer rate over a glucose concentration range of 0.1 mM to 20 mM, was
found to be 9.7E-08 cm/s and 3.46E-04 cm/s in the dark and light respectively. These k° values
align well with other reports using CV measurements as oppose to EIS thus further confirming
the findings by Randviir (Torto, Ruzgas and Gorton, 1999; Sattarahmady and Heli, 2012;
Randviir, 2018).
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4.5. Chronoamperometric Measurements

The chronoamperometric detection of glucose was carried out to determine the current
response of the CuO photoelectrode samples to successive glucose injections. From the CV’s,
the Ep occurred between 0.55 V and 0.60 V which were subsequently used as the applied
potentials for the analysis in the dark and light. An interval time of 50 s between each
successive glucose addition was used under constant stirring in 0.1 M NaOH solution. Though
this interval time is long, the time taken to reach a steady state current was rapid. Table 4.7

shows the injection time and total glucose concentration present within the system.

Table 4.7: Successive glucose injections with respect to time and the decrease in NaOH concentration
as a result of glucose additions

Injection Time (s) Glucose Concentration (mM) NaOH Concentration (mM)
0 0.00 100.00
50 0.02 99.99

100 0.06 99.98
150 0.17 99.93
200 0.41 99.84
250 0.89 99.65
300 1.68 99.33
350 2.77 98.89
400 4.15 98.34
450 5.81 97.67
500 7.75 96.90
550 9.95 96.02
600 12.39 95.05
650 15.05 93.98
700 17.93 92.83
750 21.26 91.50
800 25.00 90.00
850 29.12 88.35

The chronoamperometric data presented in Figure 4.31 for the “As-Deposited” sample shows
a very inconsistent staircase type structure in both the light and dark. This can be attributed to
the lack of crystallinity in the as deposited sample. At low concentrations this classical step
increase is very pronounced though upon increasing the glucose concentration, the readings
become less stable. Both the calcined and etched samples however retain this staircase
structure throughout testing and steady state is reached rapidly upon glucose injection.
Following calcination, the CuO layer is much more crystalline than its as-deposited
counterpart. The large decrease in current density at higher glucose concentrations could be
as a result of the decrease in porosity of the CuO layer. This is confirmed as post etching; the
porosity is greatly increased and yields a higher current density in both light and dark
conditions. Also, in each case, the dark current density is lower than that in the light further

showcasing the benefits of making use of the built-in semiconductive properties of CuO.
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Figure 4.31: Current response of selected samples during each stage of synthesis (As-deposited, Post

Calcination and Post Etching)

45.1. Different voltages etched

With the CV measurements having been conducted in 1mM glucose, the associated peak
potential is mostly constant. Upon altering the glucose concentration, the peak potential as
well as peak current would shift slightly. As a result, independent chronoamperometric studies
were conducted under 0.55 V, 0.57 V and 0.6 V bias to obtain a clearer view of the impact the
applied potential has over a range of concentrations. Upon finetuning the applied voltage, the
largest difference between light and dark current density is achieved at 0.55 V as presented in
Figure 4.32. Over the range of applied potentials, the iconic staircase rise in current is evident
in the dark and light. It is evident that as the applied voltage is increased, the difference
between light and dark current decreases. This suggests the possibility of a maximum current
difference between the dark and light scenario as seen in the CV measurements. The
chronoamperometric data in Figure 4.32 shows that glucose detection in concentration levels
below 0.41 mM show no significant difference between the dark and illuminated samples.
Above this concentration, the semiconductive behavior of the CuO photoelectrode becomes
apparent with higher current responses to the same glucose concentration. The divergence
between the recorded current and the glucose concentration measured in the dark and light

continues to grow even after an addition of 20 mM glucose.
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Figure 4.32: Chronoamperometric measurements completed under dark and light conditions with
0.55V, 0.57V and 0.60V bias

A closer inspection of the 0.60 V “etched” sample’s chronoamperometric response (Figure
4.33) confirms that the difference between light and dark only becomes apparent following the
addition of 0.41 mM of glucose. After this critical point, the difference continues to grow even
after the highest glucose concentration injection. Impressively fast response times of 4 s were
recorded for both the dark and light tests indicating that light had no influence on the time taken

to respond to glucose additions.
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Figure 4.33: Zoomed view of chronoamperometric detection data at 0.6 V vs Ag/AgCl showing the first
300 seconds in the light and dark
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The peak currents following each successive glucose injection were determined and plotted
against the respective glucose concentrations to develop a calibration curve. Figure 4.34
shows this calibration curve for the “etched” CuO sensor in the light and dark. A total of 3 linear
ranges (LR-1, LR-2 and LR-3) are clearly identified under both scenarios with strong
correlation coefficients. LR-1 covers a 0-2.77mM glucose range, LR-2 spans across 2.77-9.95
mM and LR-3 covers the largest range between 9.95 mM to 29.12 mM glucose. Interestingly,
these linear ranges were not altered by the inclusion of light in the system however the
correlation coefficients of LR-1 are seen to increase from dark to light and decrease for the
LR-2 range. The increased oxidation current of the optimized CuO thin film also had no effect
on the linear ranges. With smaller formations on the surface of the etched electrode, the
surface area is increased. This increase in surface area has been reported to cause small
increases in linear range though coupled with good adhesion to the FTO substrate, the linear
range is further enhanced. The major contribution to the increased linear range is believed to
be as a result of the enhanced electronic properties and more specifically charge carrier
mobility and conductivity. With such high conductivities, charge carrier separation is easily
attainable. Studies by other authors show that an increased LR results in a lower sensitivity.
The sensitivity and limit of detection however were greatly influenced by illumination. The
sensitivity in the dark was found to be 197 uA/mMcm? whereas in the light it increased to
263 uA/mMcm?. The low sensitivity could be attributed to the aforementioned high charge
carrier concentration. This is supported by numerous reports concerning semiconductors
having decreased sensitivity as a result of increased charge carrier density (Torto, Ruzgas and
Gorton, 1999; van den Heever and Perold, 2013; Chen et al., 2018). Additionally, the LOD at
(S/N) of 3 decreased from 0.079 to 0.059 mM showing enhanced lower detection limits under

illumination.
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Figure 4.34: Calibration curve for the “Etched” CuO thin film depicting 3 linear ranges in the A) Dark
and B) light
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The detection properties for this sensor are highly comparable with many works as presented in Table 4.8. From this, it can be seen that the sensor

developed in this work displays wide linear ranges as well as enhanced sensitivities as compared to other works with far less power output.

Table 4.8: Comparison drawn between this work and other similar CuO glucose sensors

. Light . Linear Range . LOD Sensitivity Response
Material Source & Power, Synthesis Method ' Potential, (V) (S/IN)=3, 5 - References
(mM) (uA/mMcm?) Time, (s)
(W) (uM)
. Anodization & lon NR, Not (Chen et
Pt/TIO2/NTA Mercury Lamp, NR Exchange 0.50-4.50 0.4 0.2 10 Reported al., 2017)
(Majumdar
T Mercury Lamp, Vapor Phase ) NR, Not and
PANI-TIO2 125.0 Polymer-ization 0.02-0.140 0.5 533 163 Reported Mahanta,
2020)
- N LR-1: 0-0.12 (Syrek et
Anodic TiO2 Xenon, 150.0 Anodization LR-2: 0.38-0.67 0.5 7.3 136 3.0 al., 2019)
GCE/GO/CAS/CoOXx Dark Solvothermal & 0.001-0.6 0.40 0.87 120 3.0 (Ashrafi,
electro-deposition Salimi and
GCENGO/CAS/CoOx ~ Blue LED, 1.0 Solvothermal & 0.001-0.6 0.40 0.40 224 3.0 Arabzadeh,
electro-deposition 2016)
(Ertek,
ZnS/CdS/PGE Halogen Bulb, 250.0 Electro-deposition 0.2-8.0 0.80 90.0 39 NR, Not Akg'ulland
Reported Dilgin,
2016)
. . . NR, Not NR, Not (Cao et al.,
PBS/SiO2/AuNPs Blue LED, NR Dip-Coating 0.001-1 0.20 0.46 Reported Reported 2019)
Electro-deposited LR-1: 0-2.77
CuO/FTO Dark thin film and NHs LR-2: 2.77-9.95 0.60 79.9 197 4.0 This Work
Etched LR-3:9.95-29.12
Electro-deposited LR-1: 0-2.77
CuO/FTO Cool White LED, 6.0 thin film and NH3 LR-2: 2.77-9.95 0.60 59.5 263 4.0 This Work

Etched

LR-3: 9.95-29.12
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4.5.2. Interference Study

An interference study was conducted to verify this sensors performance in terms of selectivity
toward glucose in the presence of other interfering constituents present in human blood. At
normal levels, these species include fructose (0.1 mM), sucrose (0.1 mM), NaCl (145 mM),
uric acid (0.1 mM), citric acid (0.1 mM), ascorbic acid (0.1 mM) and acetaminophen (0.1 mM).
As such, to mimic the constituents found in human blood the aforementioned interfering
species were added to a testing solution containing 0.1 M NaOH. Figure 4.35 shows the

current/time characteristics associated with the addition of these interfering species.

Table 4.9: Indication time and concentration of the species injected into the testing chamber

Injected Species Concentration in mM Injection Time
NaOH 0.1 0

D-Glucose 1.0 100
D-Fructose 0.1 200
D-Sucrose 0.1 300
NaCl 145 400
Uric Acid 0.1 500
Citric Acid 0.1 600
Ascorbic Acid 0.1 700
Acetaminophen 0.1 800
D-Glucose 1.0 900

The results from the interference study showed that even closely related monosaccharides
such as fructose (isomeric to glucose) and sucrose did not result in any significant response
at levels similar to those present in human blood. An addition of 0.1 mM uric acid produced
the greatest interference with the CuO thin film with a decrease of almost 0.1 mA/cm2. This
interference is ascribed to the anionic nature of the UA which causes a decrease in current
density. The addition of light caused no changes in the sensor’s response toward interfering
species. A common cause for interference and catalyst poisoning comes in the form of ClI,
however, in this work it can be seen that no poisoning occurred even at very high NacCl levels.
Overall the response to glucose was significant before and after the introduction of interfering

species which makes this “etched” CuO thing film a promising non-enzymatic biosensor.
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Figure 4.35: Chronoamperometric response to common interfering species on the “etched” CuO
electrode in the dark and light

4.6. Persistent Photoconductivity

The recombination characteristics of charge carriers for the glucose sensor were evaluated
under chopped light conditions. A three-electrode system was used in an optical glass box
containing a range of glucose concentrations and 0.1 M NaOH. The Nova-2 software was set
to turn the LED on and off at regular intervals during the testing phase at an applied voltage of
0.54 V vs Ag/AgCI. A depiction of the experimental setup is presented in Figure 4.36.
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Figure 4.36: Light chopping experimental set-up
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Figure 4.37 shows the intermittent illumination of the “etched” CuO photoelectrode which
revealed a sharp increase in current the moment the semiconductor was exposed to light. At
low glucose concentrations, a characteristic hump was formed during the first 5 seconds of
illumination followed by a much slower current increase to its respective steady state. This
initial spike can be attributed to the generation of electrons and holes which act in tandem with
the Cu(lll) species to rapidly oxidize glucose. Transients arise from the perturbations imposed
on the system and the photo-generated charge results in a current which is measured against
time. As previously described, the time difference between the old and new system equilibrium
states can be used to define the transport parameters. The photo-generated transients were

modeled using the triphasic stretched exponential function as follows.
-t -t -t
I=i,+A4A; (efl) + A, (eTZ) + A (efs)

Here, A represents a dimensionless weighting parameter associated with the amplitude of the
photoinduced response, t denotes the time, i, represents the dark current and t is the RC time
constants for each exponential term in agreeance with previous works (Li et al., 2011, 2014;
Bhatt et al., 2019). The triphasic nature of the chopped light response indicates the presence
of non-interacting charge carriers which act to shift the fermi energy level via their unique decay
pathway. Furthermore, the rise and decay profiles reveal that the CuO photoelectrode is

controlled via multiple processes which together result in its overall PPC behavior.

Figure 4.37 shows the tri-exponentially fitted rise and decay in photocurrent for this glucose
sensor. A fast response in either the rise or decay when the light is on or turned off is indicative
of a process which undergoes speedy charge carrier transfer. A fast response time is
associated with band bending while a slow response is ascribed to charge carrier trapping in
the presence of deep level traps that results in PPC behavior (Bhatt et al., 2019). The
concentration of glucose altered both the shape and intensity of the current rise and decay
curves. At low concentrations up to 1 mM, the electron-hole recombination appeared prevalent
though upon increasing the amount of glucose in the system, the charge carrier elimination
effects became less obvious. The parameters during the rise 4; and 7, in the above equation
arise as a result of this initial spike which is attributed to the electron-hole pair recombination.
A slower increase in photocurrent following this spike is as a result of the adsorption of OH- to
the surface active CuO sites. This gradual rise follows PPC behavior that lasts much longer
than the initial spike. The diminishing rise of current until the light cut-off point confirms that
A,r/Asr and 1,5 /735 are associated with the adsorption processes. Following the termination
of the light source the current slowly dissipates though never attains its starting current even

after 130s post illumination. This decay is attributed to a combination of desorbing species as
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well as oxidation products leaving the surface vicinity. This slow dissipation after illumination
is highly characteristic for systems which experience persistent photocurrent as a result of
limited interaction at deep trap states with re-adsorbed species (Park, Lee and Chang, 2016).
The previously excited electrons energy is decreased to levels before illumination causing
them to rejoin the VB and fulfilling Shockley-Read-Hall recombination. Interestingly, it can be
noted that the rising time constant 7, with glucose concentration is much faster than for the
decay time constant. Conversely, the decay time constants 7, and 15, are faster for the decay
region than in the rise for increasing concentrations. It is this comparably fast adsorption
process which results in the drastic increase in glucose oxidation when light is incident on the

CuO photoelectrode.

Table 4.10: Fitting parameters for light chopping rise region

[Glucose], mM A, Tir A, Tog A; T3R
0.0 1.50E-03 7.93E-02 1.30E-06 3.97E-01 -1.50E-03 7.93E-02
0.1 1.54E-03 9.55E-02 1.84E-05 4.02E-01 -1.54E-03 9.84E-02
0.3 1.56E-03 1.03E-01 5.48E-05 4.65E-01 -155E-03 1.13E-01
0.5 1.61E-03 1.12E-01 1.06E-04 4.73E-01 -159E-03 1.34E-01
1.0 1.78E-03 8.23E-02 1.91E-04 2.92E-01 -1.75E-03 1.07E-01
2.5 5.07E-03 1.10E-01 4.54E-04  4.25E-01 -4.96E-03 1.39E-01
5.0 5.21E-03 1.28E-01 8.38E-04 5.05E-01 -5.05E-03 1.88E-01
10.0 6.36E-03 1.30E-01 1.30E-03 2.96E-01 -6.83E-03 1.63E-01
15.0 1.11E-02 7.18E-02 2.72E-04 2.14E-01 -1.08E-02  7.25E-02
20.0 9.85E-03 7.18E-02 2.12E-04 2.69E-01 -9.62E-03  7.22E-02

Table 4.11: Fitting parameters for light chopping decay region

[Glucose], mM A4 T1p A, Tap Az T3p
0.0 -1.50E-03  5.84E-01 -1.30E-06 1.37E-02 1.50E-03 5.84E-01
0.1 -1.54E-03  6.14E-01 -1.84E-05 1.27E-02 1.54E-03 6.14E-01
0.3 -1.56E-03 6.34E-01 -5.48E-05 1.52E-02 1.55E-03 6.34E-01
0.5 -1.61E-03 6.29E-01 -1.06E-04 1.69E-02 1.59E-03 6.27E-01
1.0 -1.78E-03 5.43E-01 -1.91E-04 1.86E-02 1.75E-03 5.36E-01
25 -5.07E-03  9.43E-01  -4.54E-04 2.11E-02 4.96E-03 9.42E-01
5.0 -5.21E-03  9.59E-01 -8.38E-04 2.03E-02 5.05E-03 9.61E-01
10.0 -6.36E-03  1.25E-01 -1.30E-03 3.77E-02 6.83E-03  1.13E-01
15.0 -1.11E-02  2.47E-01 -2.72E-04 1.21E-02 1.08E-02 2.47E-01
20.0 -9.85E-03  2.61E-01 -2.12E-04 1.66E-02 9.62E-03 2.61E-01
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Figure 4.37: Light chopping at a 0.54V hias for A) Low concentrations (NaOH, 0.1, 0.25, 0.5, 1.0 mM
Glucose) and B) High Concentrations (2.5, 5.0, 10.0, 15.0, 20.0 mM Glucose)
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CHAPTER 5
CONCLUSIONS & RECOMMENDATIONS

5. Conclusion

A non-enzymatic CuO glucose sensor was successfully electrodeposited onto FTO. Film
synthesis optimization included the identification of the optimal electrodeposition voltage and
respective time. It was found that low voltages resulted in poor photocatalytic abilities whereas
high voltage cause peeling between the CuO layer and FTO. The thin film was then subject to
thermal oxidation for which the temperature and time effects were studied. At low
temperatures, the films changed color from greyish-brown to yellow during testing which is an
indication that the surface has irreversibly been changed. At high temperatures the
photocatalytic current was found to be less than in the mid-temperature annealing. Finally,
wet-chemical etching with NHz resulted in miniscule enhancements to the photocatalytic ability;
however it was found that the band gap decreased significantly. Enhanced detection properties
were exhibited at the optimized synthesis conditions for the CuO photocatalyst (4 V and 2 min

electrodeposition, calcination at 450 °C for 1 hour and NHs etched for 2 min).

At the optimal synthesis conditions, it was determined that the CuO film had a monoclinic
structure. During glucose oxidation, the shape of the CV curves in the dark and light remained
unchanged. Under illumination, the oxidation peak current was greatly enhanced as compared
to in dark. Both systems were determined to follow irreversible electron transfer kinetics and
that the oxidation of glucose at the electrodes surface is diffusion controlled. The enhanced
photo-electrochemical response under illumination required an investigation into reaction
mechanisms. The mechanism identified to occur in the light followed similar oxidation
pathways as in the dark however, it was a combination of Cu(ll)/Cu(lll) and hydroxyl radicals
produced following charge separation that is believed to be responsible for the increase current
density. A higher kinetic rate constant and diffusion coefficient were obtained for the illuminated
samples. In addition, lower charge transfer resistances were found in the light than in the dark.
Also, under transient illumination, it was determined that deep trap states resulted in the
formation of persistent photoconductivity. Chronoamperometric measurements revealed that
the linear range of detection was unaffected by the increased current density in the light though
the sensitivity and LOD were enhanced. In both light and dark, the selectivity toward glucose

was acceptable with minimal interference from a wide range of interfering substances.
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Recommendations:

Cyanide leaching is a well-known and industrially accepted process used in the recovery of
gold. When gold ores that contain copper oxide or sulfides (Cuz0, CusFeS., Cu(OH),, CuS
and Cu.S) undergo cyanidation, the cyanide degrades which allows copper to become soluble
in the form of cuprous cyanide complexes. In typical operations, these copper cyanide
complexes are not recovered which not only increases the economic penalties against the
operation but also the loss of valuable copper during effluent treatment. Though a number of
pre and post cyanidation processes have been developed to address these complications,
further research could expand to investigate the possibility of recovering copper from leach

solutions to synthesize non-enzymatic sensors such as those present in this work.

Alternatively, the persistent photoconductivity (PPC) seen to occur over large time frames
could be further investigated as a self-cleaning mechanism for glucose sensors. After removing
the light source, the oxidation current slowly decreases over time. By pre-treating
photocatalysts with light knowing that they retain PPC behavior, it is logical to think that the
degradation of an electrode over time will be diminished and prolong the suitable use period

of a given electrode.
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Appendix

S-1.1 Physical Characterization:

X-ray photoelectron spectroscopy experiments were conducted by bombarding selected
samples with X-rays of known energy while recording the kinetic energy of the released
photoelectrons. From this the binding energy is calculated and used to identify the elements
from which the electrons were extracted. Figure S1 presents the core Cu 2p, O 1s, C 1s and
Na peaks. The Cu 2p core level's XPS spectra for the “calcined” sample featured two peaks
corresponding to Cu 2psz and Cu 2p12 which occurred at 933.2 eV and 953.4 eV respectively.
The former binding energy is assigned to Cu?* ions which is characteristic of the CuO phase
while the latter further confirms the presence of CuO by matching with the standard XPS
spectra for CuO (Li et al., 2015). At least three satellite peaks are recorded at higher binding
energy relative to their main peaks at 935.0 eV, 943.4 eV and 953.4 eV which are assigned to
the Cu 3d° configuration. The position of the Cu 2ps. peak with respect to its satellite indicates
the existence of two CuO configurations which are the Cu 3d*° and the Cu 3d®° (ground state)
(Parmigiani et al., 1992). This further confirms the existence of CuO. The binding energies
associated with the O 1s XPS spectra revealed a strong peak at 529.3 eV which is associated
with a metal-oxygen bond in the lattice. A peak at 529.2 eV confirms the M-O bond is in fact a
(Cu-0O) bond however some impurities were detected in the form of (C-O) bond at 531.1 eV
and a (C=0) bond at 532.7 eV. The detection of these impurities is common in samples which
have been stored in air as opposed to an evacuated vial. XPS did not detect any form of (-OH)
species on the samples surface though the carbon-based impurities were further investigated
in the C 1s core level scan. A strong sp? (C-C) peak was detected at 284.2 eV along with a
secondary confirmation of the contaminant (C-O) and (C=0) species at 285.8 eV and 287.6
eV respectively. Interestingly, residual Na was detected even post calcination with a peak

1071.7 eV. The spectrograph spanning over the entire testing range is seen in Figure S2.
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S-1.2 Electrochemical characterization of “As Deposited” and “Calcined” samples:

The electrochemical characterization of the “As Deposited and Calcined” films were evaluated
using cyclic voltammetry (CV) in an alkaline medium both in the presence and absence of
glucose with and without light. A total of 10 stabilization cycles were performed before the data
was recorded to ensure stability. The CV’s conducted in the dark were performed in an optical
glass box housed in cardboard to block illumination of the sample from ambient light. The same
cardboard housing was used for samples undergoing illumination via and LED (6W, 540lumen)
though a cut out in the box. The kinetic interactions occurring at the electrode’s interface offer
a clearer view to draw meaningful conclusions regarding the glucose oxidation process. The
kinetic interactions were investigated using CV measurements over a range of scan rates (25,
30, 40, 50, 70, 100, 150, 175, 200 and 300mV/s) in a solution containing 1mM glucose and
0.1 M NaOH. Figures S3 and S4 reveals how the oxidation potential and ultimately peak
current varies with scan rate for the “As Deposited” samples. Figures S5 and S6 show the

same though for the “Calcined” samples.
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A shift in potential to more positive oxidative levels is observed in both “As Deposited” and
“Calcined” samples with increasing scan rate suggesting that the glucose oxidation process is
irreversible. Again, no reduction peaks are formed at potentials lower than the oxidation
potential (0.6V vs. Ag/AgCI) solidifying the irreversible nature. A strong linear dependence
exists between i, and v with a regression coefficient of R? = 0.995 in the dark for the “As
Deposited” sample. In the light, the regression coefficient decreases slightly to R> = 0.984 with
respect to i, and v suggesting that the glucose oxidation mechanism for this sample is in fact
kinetically controlled. Post calcination however, the dependencies in both the light and dark
indicate that the oxidation of glucose at this CuO electrode is a mass transfer process within
the double layer controlled by diffusion of glucose to the active redox sites as was the case
with the “Etched” samples. The linearity of the regression lines were found to be R?=0.996 in
both the dark and light scenarios for the “Calcined” samples with respect to i), and v/v. Anodic

shifts were also noted to increased potentials with increasing scan rate in the light.
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Figure S7: Nyquist and Bode plots using the modified Randel’s circuit in A) Dark and B) Light for 1mM

glucose
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