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ABSTRACT

In this MSc thesis, Co304 thin film was prepared by metal-organic decomposition on FTO
substrate and hydrothermal treatment in the presence of L-Arginine. The conditions for
hydrothermal treatment were optimized with respect to time, temperature, L-Arginine
concentration, and pH. The L-Arginine-treated Co3z04 thin film (L-Arginine/Cos04/FTO) was used
for the electrochemical detection of nitrite under neutral pH condition. Several physical (i.e., XRD,
XPS, SEM, and Raman spectroscopy) and electrochemical (i.e., CV, CA, and EIS) techniques
were used to elucidate the role and effect of L-Arginine on Co304 film as well as to determine the
sensor performance. It is demonstrated that the L-Arginine-treated electrode exhibited enhanced
electrochemical nitrite detection compared to pristine CosO4 electrode. The proposed nitrite
sensor also showed a combination of ultralow limit of detection (1.95 nM), fast response time (<
2 s), wide linear range (10 — 16 000 uM), high sensitivity (158 pM/mM.cm2) and selectivity

compared to the reported literature.

Key Words: Amino acid functionalisation; CosO4; Electrochemical sensor; L-Arginine; Nitrite
detection; Nitrogen doping.
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CHAPTER 1: INTRODUCTION

1.1. Project background

Nitrite is predominantly used as corrosion inhibitor (Wachter, 1945), bleaching agent (Hosoya,
1999), and food additive (Honikel, 2008). Recently, researchers have reported the environmental
risks (Kroupova, Machova and Svobodova, 2005) and health implications (Brender et al., 2004) of
human exposure to elevated concentrations of nitrite. The World Health Organization (WHO) has
set the maximum limit of nitrite in drinking water at 65 pM (Sayato, 1989). Quantitative analysis of
nitrite is therefore necessary for quality control using an adequate detection method. Various
techniques for the determination of nitrite, including chromatography (Li, Meininger and Wu, 2000),
catalytic-spectrophotometry (Mubarak et al., 2007), chemiluminescence (He et al., 2007), and so
forth have been implemented. These methods require expensive instrumentation and skilled
personnel to operate. Electrochemical techniques are cost-effective, simple, effective and favour

highly sensitive and selective detection of nitrite (Wang and Hu, 2009).

Owing to their small size (1 — 100 nm), conductivity, and chemical reactivity, nanomaterials have
been widely used in catalysis (Rossi et al., 2014) and sensors (Bochenkov and Sergeev, 2007).
Over the past two decades, scientists have developed a panel of electrochemical nitrite sensors
using carbon (Chen et al., 2008), enzymes (Astier et al., 2005), metals (Cui et al., 2007), metal
oxides (Ma et al., 2017), and polymers (Lamine et al., 2020) as modifiers. Among the metal oxide
modifiers, cobalt oxide (Cos0.) is of interest in this study because of its mixed valance state,
availability, chemical stability, high electrocatalytic activity, selectivity, and extensive application in
different areas of research and industry, such as catalysis (Gangarajula and Gopal, 2012), lithium
batteries (Xu et al., 2009), and sensors (Cao et al., 2006). Spinel Co304, written as Co?*[C03"],04*
, contains Co?* and Co®* ions located each in the tetrahedral and octahedral sites, respectively
(Roth, 1964). Tuning the ratio of Co®*/Co?* provides the means to tailor reactive properties of cobalt
oxide (Hou et al., 2019). Also, the synthetic approach of cobalt oxide materials has profound
influence on their performance (Zhu et al., 2013). Electrodeposition (Nakaoka, Nakayama and
Ogura, 2002), atomic layer deposition (Han et al., 2012), and plasma sputtering (Schumacher et
al.,, 1990) are among the numerous preparation methods for the direct growth of Co0304
nanomaterials on conductive substrates. However, the non-uniformity of the plated material in

electrodeposition, and high vacuum requirement in atomic layer deposition and plasma sputtering



have prompted the chemical solution deposition of CosO4 (Jeon et al., 2015) on substrates for
catalytic oxidation processes. Based on different film morphology requirements, three variants of
chemical solution deposition technique, i.e., sol-gel method, chelate process, and metal-organic
decomposition (MOD) can be distinguished (Biswas and Su, 2017). Of these three methods, MOD
is the simplest as no precise control over hydrolysis and condensation is needed during growth of
nanoparticles. The technique has been widely used for the synthesis of ferroelectric materials
(Schwartz, 1997). To improve their electronic conductivity and extend their application for sensors,
MOD-grown thin films of doped Cos;04 have been synthesized recently for the detection of
biomarkers, such as glucose (Chowdhury, Ossinga, et al., 2017), . However, the doping method
used in these studies was limited to the incorporation of cationic impurities into the cobalt oxide
precursor solution, and the possibility of altering the surface properties of MOD-synthesized C0304
thin films was not explored. Recently, Plasma assisted nitrogen doping of MOD-synthesized
CuO/Cu20 thin film has been achieved and the beneficial role of nitrogen doping in glucose sensing
was highlighted (Palmer et al., 2021). However, plasma-assisted surface treatment requires high

vacuum equipment, which increases capital cost.

Several efforts have been made to functionalize metal oxide surfaces by organic ligands to improve
their electrochemical performance for sensing applications (Hua, Swihart and Ruckenstein, 2005).
Yet, most of those organic ligands used for surface functionalization are toxic and possess only
one type of functional groups. Amino acids are eco-friendly, benign and have both amino and
carboxyl groups in their molecular structure. These desirable characteristics, among others, have
promoted research activities in amino acid-functionalized metal oxides (Patel, Chang and Lee,
2009). L-Arginine is an attractive surface modifier as it is green, non-toxic, water soluble, and its
side chain (guanidinium, pKa = 12.5) has a delocalized positive charge which remains protonated
over a wide pH range (Lewis et al., 2016). The delocalized positive charge on the guanidino group
of L-arginine enables the formation of multiple hydrogen bonds and has favoured the use of
guanidinium-bearing molecules as anion receptors (Houk, Tobey and Anslyn, 2005). The nitrogen
content in L-Arginine molecule is 32.1 % (w/w), which makes L-Arginine a nitrogen-rich source for
chemical doping (Kim et al., 2018). Recently, Li and co-authors (Li et al., 2020) confirmed the
electron doping of a MoS; monolayer (n-type semiconductor) using Arginine. In other words, the
amino acid induced n-type functionalization of the MoS, monolayer. The modified MoS> monolayer
showed good performance as field effect transistor (FET). Bora and co-authors (Bora et al., 2011)
have converted an undoped hematite film into faceted superstructures with excellent photocurrents

after hydrothermal treatment of the film in aqueous solution of FeCls-6H,O and L-Arginine.



However, Bora and co-authors, like others (Cao et al., 2008), only highlighted the role of L-Arginine
as a size and morphology director of nanostructures during the hydrothermal reaction. Moreover,
the possibility of L-Arginine dissociation during hydrothermal treatment and its effect on the

chemical and physical properties of the material were not analysed in depth.
1.2. Project novelty, aim, and objectives

In this study, we successfully (CHsNs*, NHs*)-functionalized and nitrogen-doped a pristine MOD-
derived C0304 thin film in one-pot hydrothermal treatment with L-Arginine. The aim was to improve
the electrochemical properties of the film via a new platform for post-deposition element doping
and surface functionalization of metal oxides. To the best of our knowledge, this is the first study
to show that: a) hydrothermal treatment of CosO4 thin film in the presence of L-Arginine can alter
the physico-electrochemical properties of the film by simultaneous surface functionalization and
nitrogen doping and b) the functionalized Cos04 thin film exhibits enhanced electrochemical
behaviour towards nitrite detection in neutral pH. The specific objectives were then to:

1. To synthesize Cos04 thin film with rich oxygen vacancies;

2. To study the effect of hydrothermal treatment with and without L-Arginine on the physico-
electrochemical properties of the Co304 thin film;
To determine the optimum treatment conditions of the film in the presence of L-Arginine;
To demonstrate the application of L-Arginine treated Co3O4 thin film for nitrite detection in

neutral pH.
1.3. Overview of thesis

Chapter 2 discusses the current techniques for nitrite detection, provides a brief review of
previously reported Coz04-based electrochemical nitrite sensors, and describes the various stages
involved in the deposition and post-deposition of a MOD-derived film. Chapter 3 encompasses
experimental details about the synthesis of Cos04 precursor, the deposition and post-deposition
annealing of Cos04 precursor on fluorine-doped tin oxide (FTO) substrate, the hydrothermal
treatment of pristine CosO4 thin film in the presence and absence of L-Arginine, and the
optimization of hydrothermal treatment conditions. The chapter finally closes with a concise
description of each characterization technique used in this study. Chapter 4 compiles the results
and discussion of all the performed experiments except for those of the optimization studies, which
have been relegated to APPENDIX A. Chapter 5 summarizes this thesis and suggests future

research directions.



CHAPTER 2: LITERATURE REVIEW

2.1. Nitrite detection methods

Current techniques for nitrite detection include spectrophotometry, chromatography, capillary

electrophoresis, spectrofluorometry, electrochemistry, and electro/chemiluminescence (Q. H.

Wang et al., 2017). A summary discussion of each technique is given in Table 2.1 below.

Table 2.1. Comparative study of current techniques for nitrite detection (Q. H. Wang et al., 2017),
(Yilong, Dean and Daoliang, 2015)

Detection methods

Detection principle

Advantages

Shortcomings

injected into a glass tube
containing an absorbent
through which each

component of the sample

moves at different speeds.

UV/VIS detectors are then
used to probe the various

band colors produced.

compared to
spectroscopic
methods, direct
sample analysis using
IEC, and
simultaneous
determination of two

or more analytes.

Spectrophotometry The absorbance of the Quick analysis ability, | Carcinogenicity of
reaction product and easy to use. some reagents,
(measured by UV/VIS derivitization
detectors) can be (samples cannot be
correlated with nitrite recovered), and
concentration. interferents (Cu?*,

Fe3*, S%, CI, and I).
Chromatography Here, the sample is Highly selective Sample derivitization

using GC, need for
skilled individuals
due to process
complexity, and high

cost of equipment.

Capillary electrophoresis

Detection occurs using
UV/VIS detectors after a
separation stage. The
separation process is
based on differences in

ionic mobility resulting

Higher separation
efficiency than
chromatography,
short run time, small
injection volumes of

samples, and

Confined diameter
of the capillary tube,
and high risk of
contamination to
proteinaceous

materials.




from an applied electric
field.

simultaneous analysis
of various chemical

species.

Spectrofluorometry

The fluorescence intensity
resulting from the reaction
between fluorescent
probes and nitrite is
related to the nitrite

concentration.

Selective detection of
nitrite is feasible
based on its chemical
specificity to undergo
nitrosation and

diazotization.

Carcinogenicity of
N-nitroso
derivatives, and
fluoerescence self-
quenching of probes

due to stokes shift.

Electrochemistry

Detection takes place by
relating the nitrite
concentration in the redox
reaction to current
(amperometry), potential
(potentiometry), or

impedance (impedimetry).

Low cost, simplicity,
effectiveness, and
portability of
electroanalytical
devices. Ease of
electrode
miniaturization and
availability of
research data using

amperometry.

Potential drift and
unfeasible electrode
miniaturization using
potentiometry. Lack
of extensive
research data and
complexity of data
interpretation using

impedimetry.

Chemiluminescence (CL)

The chemiluminescence
intensity is proportional to

the concentration of nitrite.

Simple, cost-effective,
and controllable CL

emission rate.

High temperature
requirement, tedious
procedure, and lack
of direct sample

analysis.

Electrochemiluminescence

detection of nitrite is based
on the quenching effect of
nitrite on the anodic ECL
intensity of semiconductor
quantum dots (QDs).

Simple

instrumentation.

Toxicity of QDs

Comparing all these techniques, electrochemical determination of nitrite is a convenient and cost-
effective option for developing efficient nitrite sensors as the technique provides electroanalytical
devices that are easily portable and suitable for field use. Of all three electrochemical methods

mentioned for detection of nitrite (i.e., amperometry, potentiometry, and impedimetry), the



amperometric method is the most relevant to this study because of feasible electrode

miniaturization and availability of research data.

2.2. Performance characteristics of amperometric nitrite sensors

The criteria for performance evaluation of amperometric nitrite sensors are shaped by:

e Sensitivity

Sensitivity can be understood as the ratio of output signal (faradaic current) to measured variable
(concentration of analyte). The slope of the analytical calibration curve (see Figure 1) is a measure
of the electrode sensitivity (Butler, Laqua and Strasheim, 1986). Sensitivity can be affected by the
pH of the solution (i.e., it can influence the formation of un/protonated species and promote certain
redox processes at the electrode surface) and temperature (i.e., it can speed up the kinetics and
thermodynamics of the reactions occurring at the electrode surface). A constant temperature of 25

°C is recommended for electrode characterization.

S=tga

¥

C

Figure 2.1. Analytical calibration curve (Najem, 2004)

e Linear concentration range

This can refer to the range of concentration of the analyte within which the electrode sensitivity is

measured and constant with a specific variation (usually £ 5%). Factors that influence the
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reproducibility of the linear range include stirring rate, solution composition, solution pH,
temperature, composition of the solution where the electrode was exposed before the

measurement, and the preconditioning of the amperometric electrode (Cosofref and Buck, 2018).

e Selectivity

Selectivity can be defined as the ability of the electrode to respond specifically to a group of
analytes or a single analyte. There are two types of interferences that affect amperometric
electrodes (Najem, 2004): electrode/electrochemical interferences point to substances of which

current responses are similar to that of the target analyte or electrolyte present at high
concentration level; chemical interferences refer to species that interact with the target analyte so
as to decrease its activity or apparent concentration or substances that interact with the electrode

surface.
e Limit of detection

The limit of detection (LOD) is defined by the American Chemical Society (ACS) and International
Union of Pure and Applied Chemistry (IUPAC) as the lowest quantity or concentration of the analyte
that can be reliably detected with a given analytical method (Butler, Laqua and Strasheim, 1986),
(McCormick and Karger, 1980). LOD can be influenced by sensitivity, background noise, and

interferences.

e Responsetime

The response time has to do with the length of time taken for the electrode to react or respond to
the injection of the target analyte into the electrochemical system during potentiostatic current-time
analysis. The following are true about the response time of amperometric electrodes (Najem,
2004):

a) It hinges on the kinetics of the reactions that take place at the electrode surface;
b) Itincreases with a decrease in concentration of the analyte of interest;

c) ltisinfluenced by the presence of other interfering species.

2.3.  Structure and properties of Coz04

Co0304 has a normal spinel structure written as Co?**[C0°*].04*> (space group Fd3m) and a close-
packed face-centred cubic (fcc) lattice formed by oxygen anions (see Figure 2.2). Co?* and Co®*

are situated in interstitial tetrahedral (8a) and octahedral (16d) sites, respectively. Both cobalt
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oxidation states have five degenerate atomic d orbitals split into eg and tg groups. Previous studies
have linked the ratio of Co?*/Co®* to the electro-catalytic activity of CosO4 (J. Wang et al., 2017),
which hinges on different preparation methods of the p-type semiconductor (Zhu et al., 2013).

Figure 2.2. Simplified picture of unit (on the left) and primitive (on the right) cells of C030a..
Co?, Co%, and O% are represented by light cyan, navy blue, and red balls, respectively (Chen, Wu
and Selloni, 2011)

Co?"and Co®*" possess d7 and d6 electronic configurations, respectively, as shown in Figure 2.3.

All the electrons in the d orbitals of Co®*" are paired (low spin) while those in the d orbitals of Co?*
contain 3 unpaired electrons (high spin). Co304 is a semiconductor with p-type conductivity and
band gap around 1.6 eV (Shinde et al., 2006). The p-type conductivity can be improved by

increasing the number of charge carriers (holes in this case) through element doping.

3+ 2+
Co d6 configuration Co d7 configuration

Figure 2.3. Atomic d orbitals of Co®* (on the left) and Co?* (on the right) (Chen, Wu and Selloni, 2011)



The valence band of p-type semiconductor oxides is populated with electrons from the fully
occupied 2p orbitals of oxygen ions (O?) whereas their empty conduction band is made of orbitals
of metal cations. When a cationic impurity (with less valence electrons) substitutes a metal cation
(with more valence electrons) of a p-type semiconductor oxide, it increases the number of holes
and therefore the conductivity of the p-type semiconductor oxide and introduces new electronic
states that fall into the band gap close to the conduction band edge (the band gap is reduced as a
result). Similarly, heteroatomic doping using, e.g., nitrogen will substitute oxygen in the anionic
sub-lattice of the p-type semiconductor oxide, thereby increasing the number of holes (nitrogen
has one valence electron less than oxygen), inserting new states not far from the valence band

edge, and reducing the band gap.

2.4. Co030s-based amperometric nitrite sensors

Up to date, the field of Co304-based amperometric nitrite sensors is still under-explored judging by
the insignificant number of existing reports, as summarized in Table 2.2 and discussed in the next

paragraphs of this section.

Haldorai and co-authors (Haldorai et al., 2016) hydrothermally prepared an enzyme-free composite
of Co3z04 nanospindles and reduced graphene oxide (rGO), of which a suspension was drop-casted
onto GCE (Co304/rGO/GCE). The sensor showed high sensitivity (2065 pA/mM) attributed to the
excellent electrocatalytic activity of Cos04 and large surface area of rGO.

Liu and co-authors (Liu et al., 2017) developed a nitrite biosensor using a suspension of
horseradish peroxidase (HRP) immobilized on porous and rGO-entrapped Cos04 hexagonal
nanosheets drop-casted onto GCE (Co030.-HRP/rGO/GCE). The porous Co030s4 hexagonal
nanosheets were synthesized via hydrothermal reaction followed by calcination. The biosensor
exhibited good performance, such as a wide linear range (1-5400 uM) due to high concentration

of HRP, porous Cos0., and high surface area of rGO.

Sudha and co-authors (Sudha, Mohanty and Thangamuthu, 2018) synthesized Cos0. disordered
circular sheet via precipitation followed by drop casting onto GCE and thermal drying (Cos04/GCE).

The proposed sensor was highly selective towards nitrite in the presence of twelve interfering ions.

Zhao and co-authors (Zhao et al., 2019) fabricated a nitrite sensor with Coz04 hanocrystals at its

core. The Coz04 nanocrystals were synthesized using precipitation and subsequent annealing.



The synergistic combination of CosO4 nanocrystals, rGO, and carbon nanotubes was dropped onto
GCE (C0304-rGO/CNTs/GCE) and resulted in a low limit of detection (0.016 uM).

Most recently, Qiu and co-authors (Qiu et al., 2019) prepared porous nanododecahedron of C0o3z04
and carbon composite via precipitation followed by pyrolysis. The nanocomposite was drop-casted
onto GCE to complete the electrode fabrication process (Coz;04/C/GCE). This electrode achieved
a nanomolar limit of detection (1.21 nM) and a wide detection range (0.002-8000 uM) owing to the

synergy of CosO4 and carbon.

Table 2.2. Summary of reported literature on Co3z0Os-based amperometric nitrite sensors

Modified Preparation Electrode C/uM S/pA mM1 LOD/uM Reference
Electrode methods of modification
Co304 technique
(Haldorai et
Co0304/rGO/GCE Hydrothermal Drop-cast 1-380 2065 0.14 al., 2016)
Co30s- (Liu et al.,
HRP/rGO/GCE Hydrothermal Drop-cast 1-5400 1.67 0.21 2017)
(Sudha,
Mohanty and
Thangamuthu,
Co0304/GCE Precipitation Drop-cast 6.6 - 3000 0.318 0.22 2018)

3000 - 13830 0.6

Co030s- (zZhao et al.,
rGO/CNTs/GCE Precipitation Drop-cast 0.1 - 8000 80 0.016 2019)

8000 - 56000 30

(Qiu et al.,
Co0304/C/GCE Precipitation Drop-cast 0.002 - 8000 7.35 1.21 x 103 2019)

In case of Cos04-HRP/rGO/GCE, the enzymatic modification promotes high selectivity though it is
often avoided due to instability and environment-sensitive bioactivity of enzymes. Also, most
enzymes used in nitrite biosensors catalyse nitrite electroreduction (Salimi, Hallaj, et al., 2008) of

which the current signal may suffer from interferences caused by NO3z™ and O..

The preparation methods of Coz0O4 nanomaterials for nitrite detection in all the cited studies are

limited to precipitation and hydrothermal synthesis with or without thermal post-treatment. These
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synthetic strategies allow the production of CozO4 nanostructures with various morphologies but

consume a lot of reagents.

The extensive use of glassy carbon as substrate can be associated with its large-scale production,
which is costly (Sharma, 2018). Drop casting is the only electrode modification technique used for
Co304-based electrode fabrication in the reported literature. However, this method lacks stability,
control over film thickness, reproducibility, and prevents homogeneous coating compared to the

direct growth technique for electrode modification (Lu et al., 2013).

2.5. Mechanism of nitrite electro-oxidation

For sensing applications, electrochemical oxidation of nitrite is usually preferred to avoid
interferences (nitrate and molecular oxygen) and complex reaction mechanism associated with the
cathodic detection of nitrite (Wang, Laborda and Compton, 2012).

According to the reported literature (Wang, Laborda and Compton, 2012), nitrite electro-oxidation
occurs via a second-order catalytic mechanism involving an electron transfer (E) followed by a

chemical reaction (C), as illustrated in Equation 2.1-2.2.

kOX
NO,- 2 NO2+e- (2.1)
kRed
KEc
2 NOs + Hb O —™ NO3 + NO> "+ 2 H* (22)

This type of mechanism is referred to as an EC mechanism. When only the electron-transfer step
is involved, it is known as an E mechanism (Figure 2.4a). If the rate constant of Equation 2.2 (kgc)
is very large (kgc > kgeq), the chemical step suppresses the reverse electron transfer as it
consumes NO; immediately after it is formed. In this case, the resulting cyclic voltammogram will

resemble Figure 2.4b.
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(b) A

0.2 0.1 0.1 =0.2
+i Voltnge

E mechanism (diffusion controlled) EC mechanism (high kgec)

Figure 2.4. Cyclic voltammograms of (a) E and (b) EC mechanisms (Fisher, 2010)

If, however, kg is low, CV will depend on the scan rate such that high scan rates (>10 mVs?) will

be needed to observe the reverse electron transfer, as seen in Figure 2.5.

Increasing k..
————

|-i

+1i

Figure 2.5. Cyclic voltammogram at various scan rates: case of low kec (Fisher, 2010)

Table 2.3 compiles the proposed mechanisms for nitrite electro-oxidation at CosOs-based
electrodes under various pH conditions. The pH influence is seen on the electrochemically oxidized
product of CozO..

At highly basic pH, Cos0. is first electro-oxidized to CoOOH, which then reacts with nitrite to

regenerate Co3z0O4 and vyield nitrate (Haldorai et al., 2016). In acidic conditions, however, C0o304
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oxidizes to Co®*" with the formation of water molecules. These reaction products then interact with
nitrite to regenerate Co3z04 and form NO2, which further undergoes disproportionation to finally
produce NOs~ (Qiu et al., 2019). The acidic pH threshold for this mechanism to hold true is 3.3, at
and below which nitrite exists predominantly as unstable HNO: (pKa = 3.3 at 25 °C) (Wang,
Laborda and Compton, 2012) leading to a different reaction pathway (Braida and Ong, 2000).

Furthermore, the reported reaction pathway in basic conditions follows an E mechanism whereas
that at acidic pH-value is in good agreement with the second-order catalytic mechanism. This
discrepancy results from different cobalt oxidation states between the electro-oxidized products of
Co304 in both pH conditions. The basic electro-oxidized product CoOOH may contain Co®** and
Co* oxidation states (Morishita et al., 2009). The latter is a more powerful oxidizing agent that can

convert nitrite directly into NO3™ rather than NO; as is the case with Co®* in acidic medium.

Table 2.3. Mechanism of nitrite electro-oxidation at Co304-modified electrodes under various
electrolyte pH

Electrolyte pH Mechanism Reference
Basic OH-+ H20 + C0304 — 3 CoOOH + e (Haldorai et al.,
6 CoOOH + NO2-— 2 C0304 + NO3~ + 3 H20 2016)
Near-neutral 2 C0304 + 2 NO2- > 2 [C0304(NO2)] (Sudha,
2 [C0304(NO2")] «> 2 Co304 + 2 NO2 + 2€- Mohanty and
2NO2 + H20 &> NO3-+ NO2- + 2 H* Thangamuthu,
NO2-+ H20 & NOz~ + 2 H* + 2e- 2018), (Zhao et
al., 2019)
Acidic C0304+8H*— 3Co% +4 H0 + e (Qiu et al., 2019)
3 Co% + 4 H20 + NO2" > C0304 + NO2 + 8 H*
2NO2 + H20 & NO3z-+ NO2- + 2 H*

In near-neutral pH environments, nitrite electro-oxidation at CozO4 modified electrode has been

reported previously to proceed by the formation of an adduct between Cosz04 and nitrite (Sudha,
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Mohanty and Thangamuthu, 2018), (Zhao et al., 2019). This reaction is followed by an inner-sphere
electron transfer as opposed to outer-sphere electron transfers (i.e., no complex formation occurs
for the electron-transfer reaction) in acidic and basic conditions. Yet, one aspect of the
complexation reaction remains unexplored, i.e., it is unclear whether nitrite bonds to Co?* or Co*"

oxidation state of Co304 for the formation of the adduct.

The amperometric detection of nitrite in neutral medium is of interest in this project for practical

application of the proposed sensor in drinking water.

2.6. Metal-organic decomposition (MOD)

MOD is a straightforward chemical solution deposition (CSD) technique for precursor synthesis via
the dispersion of long-chain metal carboxylates (LCMCs) such as metal neodecanoate and metal
oleate into inert solvents (e.g., xylene, toluene, and hexane). These LCMCs can be synthesized
through an ion-exchange reaction as previously reported (Park et al.,, 2004). The bulky and
nonpolar hydrocarbon chains of LCMCs cause steric hindrance and are responsible for their water-
insensitivity and very low reactivity. Hence, a LCMC-based solution is a simple and noninteracting
mixture (i.e., LCMCs do not undergo intermolecular interactions, chelation, hydrolysis, or
condensation) for which change in process chemistry is limited to variations in solvent and solution
concentration. MOD has been widely used for the synthesis of ferroelectric materials (Schwartz,
1997).

2.7. Coating techniques

A precursor solution can be transferred onto a substrate to produce a thin film (i.e., two-dimensional
layer with thickness range below 1 micron (Abegunde et al., 2019)) via three most widely used
coating techniques, precisely spin-coating, dip-coating, and spray-coating (Biswas and Su, 2017),
as illustrated in Figure 2.6. The following paragraphs will be discussing each of these coating

strategies.
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(a) (b) (c)

Figure 2.6. (a) Spin-coating, (b) Dip-coating, and (c) Spray-coating (Biswas and Su, 2017)

2.7.1. Spin-coating

Spin-coating is a simple and cost-effective process whereby a precursor solution is deposited onto
a flat substrate that is held in place by vacuum chuck and spun at desired rotation speed and
duration to produce a thin and uniform film after the excess liquid is evenly spread out from the
substrate by centrifugal force. The film thickness depends on the solution viscosity, rotation speed,
and spin time. The film thickness (t) varies proportionally with the reciprocal of the square root of

the spin speed (w) according the semi-empirical formula shown in Equation 2.3 (Willis, 2003).

1
tox— 2.3
Vo (23)
The spin-coating technique has relatively low throughput and lacks flexibility in the choice of the

substrate to be coated since it strictly requires smooth and planar surfaces.

2.7.2. Dip-coating

Contrastingly, one can choose various shaped substrates and needs no special equipment to
undertake dip-coating. Hence, dip-coating is a flexible and inexpensive technique based on the
immersion of a substrate into a precursor solution and its subsequent coating on both sides
simultaneously upon withdrawal from the solution. The dip-coated substrate may present a non-

uniform film thickness along the withdrawal direction due to the gravitational force acting on the
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entrained liquid film as the substrate is being removed from the coating fluid. The film thickness (t)

is influenced, according to the Landau-Levich equation (see Equation 2.4) (Brinker et al., 1991),

by solution viscosity () and density (p), withdrawal speed (U), surface tension (y), and gravity (g).
nu2/3

Although dip-coating offers higher throughput than spin-coating, it is not suitable for application in

cases where only one face of the substrate is required for thin-film deposition.

2.7.3. Spray-coating

Spray-coating involves the deposition of fine droplets of a coating solution on a substrate by an
atomizer nozzle. Both nozzle and substrate can be stationary or one moving and the other static.
The substrate can be at room temperature or above, and the atomization may be driven by an
electrostatic field or a pressurized gas (Beckel et al., 2007). The thickness and surface uniformity
of the deposited film hinge on several spray-coating parameters such as flow rate, deposition time,
nozzle-substrate distance, and substrate temperature. Spray-deposition enables uniform coating
on substrates of different morphologies, but the process can be expensive depending upon the

methods of atomization.

In the interest of depositing thin and uniform liquid film of Co304, spin-coating is a suitable and

cost-effective technique for implementation to achieve such purpose.

2.8. Post-deposition annealing of MOD-derived liquid film

Schmidt (Schmidt, 1981) described several phenomena that occur during heat treatment of thin
films prepared by the sol-gel process. Those phenomena include hydrolysis, drying, condensation,
gelation, and densification. Excluding hydrolysis and condensation, similar processes can be
deemed to occur during post-deposition annealing of MOD-grown thin films. One should recall that

MOD-related precursors are not susceptible to hydrolysis or condensation.

Two essential phase transformation processes take place during heat treatment of a MOD-derived

liquid film, as illustrated in Figure 2.7 (Biswas and Su, 2017). In the first phase transformation
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process, the MOD-derived liquid film is converted into an amorphous film with increasing
temperature via drying, pyrolysis or thermolysis of long-chain carboxylates, gelation, and patrtial
densification. The last phase transformation process involves the crystallization of the amorphous

film through nucleation and growth.

Amorphous film
after pyrolysis

Free energy

CSD derived
liquid film

Crystalline film

A 4

Temperature

Figure 2.7. Variation of thermodynamic driving force for phase transformation with temperature
(Biswas and Su, 2017)

2.8.1. Formation of amorphous thin film

Drying already starts by evaporation of the organic solvent during spin-coating of the MOD-derived
liquid film and continues with the heat treatment. The thermal decomposition of Co(ll) oleate has
already been reported (Herrera et al., 2013). The first oleate ligand starts to decompose by CO-
elimination at about 200 °C, leading to the formation of metastable nuclei and M-O-M network
(gelation). With rising temperatures (200-300 °C), more M-O-M linkages and partial densification

may occur in the amorphous phase. M refers here to the metal while O to the oxygen.
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2.8.2. Formation of crystalline thin film

The remaining oleate ligand decomposes at higher temperatures (>300 °C), which allows the
formation of more stable nuclei for the crystallization process. Nucleation is the initial stage of the
crystallization process and can be homogeneous or heterogeneous in nature. Homogeneous
nucleation happens in the absence of any surface such as impurity, substrate, and so forth.
Heterogeneous nucleation, on the other hand, occurs at nucleation sites on surfaces and is
applicable to this study. Those available sites on surfaces cause the activation energy for
heterogeneous nucleation to be lower than that for homogeneous nucleation. In case of
heterogeneous nucleation, the energy barrier (AGyetero ) t0 be overcome for the formation of stable

nucleus is given by (Biswas and Su, 2017) (Schwartz et al., 1997):

., lémo®
AGpetero = 3(AGy)2 f(0) (2.5)
Vv

Where AG, and o are Gibb’s free energies for a unit volume and surface, respectively. f(8) is a
factor that hinges on the contact angle (6) between the substrate surface and the crystal. f(0) is
given by:

2 — 3cos0 + cos30
4

f(0) = (2.6)

2.8.2.1. Effect of crystallization temperature on heterogeneous nucleation events

Crystallization occurs through nucleation at the substrate interface (AGy i, in Figure 2.8) and film
surface (AGq qurf in Figure 2.8) (Schwartz et al., 1997). At identical heating rates (T vs t in Figure
2.8), both nucleation events (i.e., at the substrate interface and surface of the film) are more likely
to occur for films with lower crystallization temperatures, and the resultant microstructure of the
film may exhibit small, interface-nucleated grains and large semispherical grains nucleated at the

surface.

18



Film 1, AGy; Film 2, AG,»

Tvst Tvst /

A
AGp gy
IR, T
/ \ AG‘1Tsurf T_
AG £ AG AG,";
Afh int <t
¥ ¥
0
t4 0 ta
|
" radius " radius

(@) (b)

Figure 2.8. Thermodynamic driving force for phase transformation: (a) film with lower
crystallization temperature and (b) film with higher crystallization temperature at identical heating
rates (Schwartz et al., 1997)

For higher crystallization temperatures (as is the case with long-chain metal carboxylate
precursors), nucleation at the interface occurs first, followed by columnar growth, and then surface
nucleation if the thermal input overcomes the energy barrier for this nucleation event. As a result,
the film microstructure may be composed of interface-nucleated columnar grains with very low
density of tiny surface-nucleated grains. A higher density of these grains can be obtained with

increasing number of deposited layers (Schwartz et al., 1997).

2.8.2.2. Temperature dependence of nucleation and growth rates

The variation of nucleation and growth rates with temperature is shown in Figure 2.9. As the
temperature increases, the nucleation rate rises to a maximum value as high energy is provided to
surmount the nucleation barrier. With further increase in temperature, the nucleation rate declines
since the driving force for crystallization decreases when the material approaches its melting
temperature (Biswas and Su, 2017). This results in a bell-shaped plot of nucleation rate versus

temperature. A similar trend can be observed for the variation of growth rate with temperature.
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Figure 2.9. Nucleation/growth rate vs temperature (Biswas and Su, 2017)

2.9. Organic surface modifiers: amino acids

Amino acids are attractive surface modifiers as they are green and environmentally benign. Amino
acids are building blocks of proteins. The basic structure of an amino acid includes an amino group
(—NH>), a hydrogen atom (—H), a carboxyl group (—COOH), and a side chain (—R) that are all
attached to one carbon atom, known as a-C-atom. Amino acids can be identified by their side
chains which often bear a functional group specific to different amino acids. The solution pH and
isoelectric point (IEP) of amino acids are two determining factors of their net electric charge. In
solution, an amino acid may be in cationic (pH < IEP), zwitterionic (pH = IEP), or anionic (pH > IEP)
form, as illustrated in Figure 2.10. The charge and pKa-value of each functional group of amino

acids strongly depends on its type (Kumar and Rai, 2010).
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Figure 2.10. Occurrence of cationic, zwitterionic, and anionic form of amino acids at various pH-
values (Kumar and Rai, 2010)

One example of amino acids is L-Arginine. This semi-essential amino acid (i.e., it is made by the
body and comes from food also) has a linear side chain with guanidine as a functional group

located in §-positon to the a-C-atom (see Figure 2.11).

0 MNH

NH JL NH;

HO
NH-=

Figure 2.11. Structure of L-Arginine

The highly basic guanidine group ensures that L-Arginine remains protonated at neutral pH-values,
which will greatly benefit its application as nitrite receptor in neutral medium. L-Arginine is a
precursor for nitric oxide (a signaling molecule for blood pressure regulation) and creatine

(muscle’s energy booster).
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2.9.1. Amino acid-surface interactions

Surface modification by amino acids can be achieved through physical and chemical methods.
Physical methods are non-specific and involve electrostatic interactions, hydrogen bonding, and
weak Van der Waals forces. Chemical methods, on the other hand, are specific and describe the
formation of a covalent or non-covalent chemical bond during amino acid-surface interaction.
Physical methods have poor thermal and solvolytic stability compared to chemical methods due to
weak forces. The madification process by amino acids may confer new surface properties, such
as stability (Morishita et al., 2009). The amino acid can either be added during synthesis of the
material to prevent particle agglomeration and control particle size and shape or introduced post

synthetically, which offers more versatility (An et al., 2009).

2.9.2. Post-deposition amino acid-assisted hydrothermal treatment

During 1980s to 1990s, the hydrothermal method emerged as an efficient route to synthesize fine
powdered metal oxides from metal-based precursors in the presence of high temperature and high
pressure aqueous solutions (Jiang et al., 2002). Hard templating and template-free hydrothermal
synthesis have been used to synthesize different cobalt oxide-based nanoarchitectures (Jiang et
al., 2002), (Rumplecker et al., 2007), (L. Sun et al., 2009), (Mansournia and Rakhshan, 2016),
(Eskalen, Kerli and Ozgan, 2017). However, controlling the size and morphology of nanomaterials
has always been a major challenge (Wu et al., 2009). Tuning the size and shape of nanoparticles
is of paramount importance to tailor their physical, optical, and electronic properties. The amino
acid-assisted hydrothermal synthesis allows control over the microstructure of nanoscale materials
(Wu et al., 2009). A variant of this method consists of preparing a seed layer then hydrothermally
treating it in the presence of an amino acid and metal salt precursor. This amino acid-assisted
hydrothermal technique has been applied to synthesize superstructures in highly basic conditions
(Bora et al.,, 2011). While many researchers have widely explored the aforementioned
hydrothermal routes, no attempt has been made to simultaneously functionalize and element-dope
a pristine Coz0a4 thin film in one-pot hydrothermal treatment with amino acid. The novelty in this
approach is evidenced by the rare application of post-deposition element doping and

functionalization of metal oxides under hydrothermal conditions.
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2.9.3. Summary of identified research gaps

e Up to date, post-deposition element doping and functionalization of CozO4 thin film in one-pot
hydrothermal treatment with amino acid have not been studied, nor has been the potential
practical application of the amino acid-treated CosO4 film for electrochemical nitrite detection.

e Lack of in-depth spectral evidence on how hydrothermal treatment can reduce oxygen vacancy
and how nitrogen atoms can compete for substitution into CoszO4 crystal lattice.

¢ No attempt has been made to provide a comprehensive explanation of the mechanism of nitrite
electro-oxidation at Coz04-modified electrodes in neutral pH environments.

e Current Cos304-based sensors for amperometric nitrite detection at neutral pH have LODs

restricted in the micromolar range between 0.016-0.22 uM, needing to be improved.

2.9.4. Objectives and hypothesis

It is hypothesized that post-deposition functionalization and nitrogen doping of CozO4 thin film in
the presence of L-Arginine under optimal hydrothermal conditions can improve the electrochemical
properties of the film towards nitrite detection. The specific objectives which drive this project are

those listed in Chapter 1 under section 1.2.
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CHAPTER 3: SAMPLE PREPARATION AND EXPERIMENTAL TECHNIQUE

3.1. Materials

All reagents were purchased from Sigma-Aldrich South Africa and used without further purification.
All chemicals were reagent grade. A phosphate buffer (PBS) with a concentration of 0.1 M and a
pH of 7.4 was used as electrolyte and wash buffer. Deionized (DI) water was used throughout the

experiment.
3.2.  Synthesis of Co304 precursor

In a typical synthesis, cobalt oleate was prepared by ion exchange reaction between cobalt (Il)
chloride hexahydrate and sodium oleate as illustrated in Equation 3.1 and previously reported
(Wang et al., 2016). For this reaction, 2.38 g of cobalt (ll) chloride hexahydrate and 6.09 g of
sodium oleate were dissolved into a solvent mixture of 40 mL of ethanol, 70 mL of hexane, and 30
mL of distilled water in a 200 mL beaker. This solution was then poured into a three-neck round-
bottom flask, sealed, and refluxed at 70 °C for 4 h. Thereafter, the reaction mixture was transferred
with utmost care into a separatory funnel. The supernatant organic layer of cobalt oleate was
washed three times with 15 mL of distilled water. While washing, the mixture was cautiously shaken
to evaporate hexane off. The oleate precursor was then drained out of the funnel into a petri dish
after the underlying inorganic liquid was discarded. The petri dish was placed in an oven at 60 °C
until dry waxy cobalt oleate was obtained.

CoCl,.6H20 + 2Na(C1sH3302) — Co(CigH3302)2 + 2NaCl + 6H,0 (3.1)
A

3.3. Co0304 Electrode fabrication

Co304 thin film was prepared by using methods reported in literature (Dupin, J. C. et al., 2000),
(Eby, D. M. et al., 2012). An amount of 0.126 g of cobalt oleate was dispersed into 0.7 mL of
toluene. The mixture was sonicated for 45 min in a 45 kHz ultrasonic bath for homogeneity. Three
pieces of FTO-coated glass were cut to size followed by ultrasonic cleaning for 15 min in ethanol
and DI water, respectively. The cleaned FTO substrates were oven dried at 60 °C and then allowed
to cool to room temperature. Subsequently, the three air-cooled FTO slides (geometric area = 1
cm?) were spin-coated each at 4000 rpm for 1 min with 50 pL of the homogeneous cobalt oleate

solution prior to calcination at 350 °C for 10 min. The spin coating and calcination of the slides were
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repeated alternately until four layers of deposition were reached. A univariate study was conducted
to determine the number of deposited layers for optimum response current of nitrite oxidation
(Figure A.1la in APPENDIX A). XRD data (Figure B.1 in APPENDIX B) and cross-sectional SEM
image (Figure B.2 in APPENDIX B) confirm the presence of CosO4 crystal structure without any
other phase presents and deposition of CozO4 thin film, respectively, as reported by our earlier
work (Gangarajula and Gopal, 2012), (Gota, Chowdhury and Ojumu, 2017).

3.4. Hydrothermal treatment of C0304

One of the three Cos04 modified FTO slides, labelled Cos04/FTO, was stored in pristine condition,
and the other two were hydrothermally treated each with a different reacting medium at 90 °C for
24 hin a Teflon-lined stainless-steel autoclave. Hydrothermal treatment time and temperature were
determined from the optimization study in Figure A.1c & d (APPENDIX A). HT-C0304/FTO and L-
Arginine/Co3;04/FTO were formed after treatment with 60 mL water and 60 mL of 0.15 M L-Arginine
solution (unadjusted pH of the solution = 11), respectively. Various concentrations and pH
conditions of L-Arginine were used; however, 0.15 M L-Arginine at pH 11 resulted in the best
performing electrode in terms of anodic peak current (Figure A.le in APPENDIX A). The
hydrothermally treated electrodes were washed repeatedly with PBS and dried at room
temperature overnight. The resulting slides, specifically, Co304/FTO, HT-Co304/FTO, and L-
Arginine/Co3;04/FTO were physically and electrochemically characterized thereafter. The complete

fabrication process is summarized in Scheme 3.1.

3.5. Treatment of Co304 under dipping and reflux conditions

Dipping and reflux experiments were performed using CozO4/FTO in the presence of L-Arginine.
Typically, a fresh Co304/FTO was dipped into a beaker containing 60 ml of 0.15 M L-Arginine
solution (unadjusted pH = 11) at room temperature for 24 h. The influence of dipping time and pH
on anodic peak current was studied and discussed (APPENDIX A). Another Co3z04/FTO was
refluxed under similar conditions (i.e., time, temperature, L-Arginine concentration, and pH) to
those for the optimized hydrothermal treatment. The dipped and refluxed Cosz04/FTOs were
compared with L-Arginine/Cos04/FTO based on their oxidation peak currents (Figure A.1b in
APPENDIX A). In this way, we were able to investigate the effect of different treatment processes
on anodic peak current and bring out the advantage of hydrothermal treatment over the dipping

and reflux processes.
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Scheme 3.1: Schematic illustration for the fabrication of L-Arginine modified CosOa4thin film for nitrite detection
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3.6. Physical characterization

3.6.1. Scanning electron microscopy (SEM)

SEM is a physical characterization technique which provides graphical information about the
surface morphology of a specimen. During SEM analysis, the specimen is bombarded with a
beam of electrons, and part of the incident beam energy is lost as heat, light, or other alternative
forms of energy. The resultant emission illuminates the specimen and allows viewing of its
microstructure. SEM micrographs of the surface texture of Co304/FTO, HT-Co304/FTO, and L-
Arginine/Cos04/FTO were obtained by using Tescan MIRA3 RISE SEM, a high-resolution Field

Emission SEM combining low kV imaging Nova NanoSEM.

3.6.2. Raman spectroscopy

Raman spectroscopy is an analytical technigque based on different light-scattering behaviors of
the chemical bonds within a material. During Raman analysis, a monochromatic light focused on
a specimen is dispersed in all directions, a small fraction of the dispersed light occurs at different
wavelengths (colors) due to molecular vibrations within the specimen. If the emitted light has a
longer wavelength (lower frequency) than the incident radiation, it is called Stokes scattering. If
on the other hand the dispersed radiation is of higher frequency, it is then named anti-Stokes
scattering. Two types of molecular vibrations of a molecule can take place, precisely stretching
and deformation (bending) vibrations. Stretching vibrations are symmetric and asymmetric while
deformation vibrations are scissoring (bending), twisting, wagging, and rocking vibrations, as
illustrated in Figure 3.1 (Kumar and Rai, 2010). Raman spectra for Coz04/FTO, HT-C0304/FTO,
and L-Arginine/Cos04/FTO were obtained using the Witec Confocal Raman Microscope
(alpha300).
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Figure 3.1. (a) Stretching vibrations and (b) deformation vibrations (Kumar and Rai, 2010)

3.6.3. X-ray photoelectron spectroscopy (XPS)

XPS is a technique for analyzing the composition, chemical and electronic states of the elements
on the surface of a material. The XPS analysis provides information about the surface chemistry
of the top 1-10 nm of the material being analyzed. When a high-energy beam of X-rays is focused
on a specimen, it ejects electrons from the atomic core levels of all surface elements, excluding
hydrogen as it has no core electrons. The ejected electrons are counted over a range of their
measured kinetic energies for identification and quantification of the surface elements. X-ray
photoelectrons from different chemical elements, energy levels, or oxidation states of an element
possess different kinetic energies. The XPS measurements were carried out on CozO4/FTO, HT-
Co0304/FTO, and L-Arginine/Co3z04/FTO with spatial resolution of < 3 um using KRATOS AXIS X-
ray photoelectron spectrometer at UNISA (Florida Science Campus), South Africa.

3.7. Electrochemical evaluation

All electrochemical measurements were carried out using Autolab PGSTAT302N potentiostat.
The conventional three-electrode setup was adopted in which Ag/AgCl (3 M KCI) acted as the
reference electrode, Pt wire as counter electrode, and the as prepared electrodes as working

electrode.
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3.7.1. Cyclic voltammetry (CV)

CV is a potential dynamic method whereby the current is recorded by cycling the potential of a
working electrode within an assigned range. CV analysis is useful to study the electrochemical
properties of redox reactions that may occur at the working electrode during the potential sweep.
CV experiments were performed in 0.1 M PBS solution (pH = 7.4) in the presence of 2 mM NOz"
at a scan rate of 10 mV/s. Scan rate and concentration studies were also conducted using the CV

method.

3.7.2. Electrochemical impedance spectroscopy (EIS)

EIS measures the impedance of an electrolytic cell at various frequencies of an applied alternating
current voltage. The recorded impedance spectrum may indicate the occurrence of resistance,
capacitance, diffusion, and inductance in the electrolytic cell. The electrochemical impedance
study was conducted at room temperature, at the ac voltage amplitude of 10 mV, and within the
frequency range of 0.01-10° Hz in 0.1 M KCI + 5 mM Ks[Fe(CN)g] solution. The Randles

equivalent circuits were obtained using EIS Spectrum Analyser in Newton algorithm mode.

3.7.3. Chronoamperometry (CA)

CA is a potentiostatic current-time technique that can be used to unlock information about the
sensor performance characteristics. CA experiments were carried in 0.1 M PBS solution (pH =
7.4) in the presence of varying NO,~ concentrations at a constant applied potential of 0.96 V.

Long-term stability and interference studies were also conducted using the CA technique.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1. Physical characterization

The as prepared electrodes, i.e., Co304/FTO, HT-C0304/FTO, and L-Arginine/Coz04/FTO were
characterized using SEM, Raman spectroscopy, and XPS. It can be seen from SEM images that
there is no change in the rough and compact surface of pristine CozO4/FTO (Figure 4.1a) after
hydrothermal treatment (HT-CosO4/FTO thin film in Figure 4.1b). However, the hydrothermal
treatment of pristine CozO4/FTO thin film in the presence of L-Arginine (Figures 4.1c & d) caused
a drastic modification of its surface texture. The difference in surface structure between HT-
Co304/FTO and L-Arginine/Cos04/FTO arises through chelation of cobalt oxide surface by the
amino acid in basic environment (pH = 11), causing the dissolution of some cobalt from the
electrode surface into adsorbate solution. This is consistent with the depleted cobalt content in L-
Arginine/Cos04/FTO, as per XPS analysis in Table C.1 (APPENDIX C). The porous nature of the
surface of L-Arginine/Co3z04/FTO can potentially allow easy access to active sites and improve

mass transport kinetics.
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Figure 4.1: SEM images of (a) Coz04/FTO, (b) HT-C0304/FTO, (c) L-Arginine/Co3z04/FTO thin films,
and (d) Magnified view of (c)

Figure 4.2a shows five Raman-active modes of Coz04/FTO thin film at 192(F2g), 470(Eg), 514(F2g),
605 (F2g), and 674(Ai) cm, which compare well with those of pure Cos04 (Diallo et al., 2015).
Hence, the Raman-active modes as detected confirm the presence of spinel CosO4 structure. The
Raman-active bands for HT-C03z04/FTO and L-Arginine/CosO4/FTO thin films are narrower and
appear at higher wavenumbers than those for Coz04/FTO, highlighting a decrease in oxygen
vacancies (De Rivas et al., 2011). However, the Ay line for L-Arginine/Coz04/FTO is significantly
blue shifted. Previous studies reported the unusual upshift of Aig mode as a sensitive indication
of heteroatomic doping (Ouyang, Wang and Wang, 2015). In this case, the formation of a Co-N
bond is plausible after hydrothermal treatment of Cos04/FTO in L-Arginine environment since the
amino acid is a potential nitrogen source. The additional upshifts of Fog+ Eg+ F2g + F2g modes for
L-Arginine/Cos04/FTO compared with those for HT-Cos04/FTO may be the result of nitrogen
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incorporation into Coz0y4 lattice. Because N (ionic radius of N* = 1.46 A) is bigger than O (ionic
radius of O% = 1.36 A), substitutional N doping can cause compressive forces to the lattice near
N* (i.e., Co-0), thereby reducing the mean bond length of Co-O bond and increasing its vibration
frequency. Thus, the more significant shift of Aig mode for L-Arginine/CozO4/FTO suggests that N
substituted O in octahedral coordination, since the site in the vicinity of N* experiences stronger
squeezing forces than that further away. No other phases were detected in the Raman spectra
for Co304/FTO, HT-Co304/FTO, and L-Arginine/Cos04/FTO, as shown in Figure 4.2a. The
enhancement in Raman emission for HT-Co304/FTO could be the result of hole doping after
exposure of Coz04/FTO to hole-donors, such as hydroxyl groups (-OH) in the hydrothermal
medium (Hao et al., 2013). The increased hole content in HT-Cos04/FTO can promote high field
emission properties. The hole doping effect is, however, less acute in the Raman spectrum for L-
Arginine/Co3;04/FTO certainly because of the amino groups introduced by the amino acid, which

can act as electron-donors.

In Figure 4.2b, the Raman peaks for Co3sO4/FTO, HT-C0304/FTO, and L-Arginine/Coz04/FTO at
1090, 1119/1126, 1220, 1345/1582 cm are ascribed to C-O(H), asymmetric aliphatic C=0, C-O-
C, and C-C bond, respectively [83], accounting for adventitious carbon during the preparation
procedure and carbon from the oleate precursor. The broad bands (one small and the other
strong) at 1753 cm™ and 2845 cm? are attributed, respectively, to the Raman stretching of
carboxylic C=0 and alcoholic or carboxylic -OH involved in hydrogen bonding interactions (Long,
2004), (Larkin, 2011). The weak broad band at 3586 cm™ can be assigned to the hydrogen
bonded hydroxyl group of water molecule (Kolesov, 2006). The peak around 1190 cm™ is
attributed to stretching vibration of CO group of the amino acid molecule (Kumar and Rai, 2010).
It is worth mentioning that this peak (1190 cm?) is less intense and occurs at lower frequencies
(by 2-3 cm?) than that in the cited literature. This could mean coordination of L-Arginine to Co3O4
surface. The Raman signals at 1167 cm™ and 1264 cm™ are also signatures, respectively, of NHz*
rocking (Freire et al., 2017) and Cd-twist (Zhu et al., 2011) in the amino acid.
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Figure 4.2: Raman spectra for Coz04/FTO, HT- Co3z04/FTO, and L-Arginine/Cos04/FTO thin films
within wavenumber ranges of (a) 100 — 1000 cm™ and (b) 1000 — 3750 cm™

All the XPS spectra (C 1s, O 1s, Co 2p, and N 1s) were referenced at 284.8 eV for adventitious
carbon and deconvoluted using OriginPro software. Figure 4.3a displays various levels of
contamination of Co304/FTO, HT-Co304/FTO, and L-Arginine/Coz04/FTO to carbon. The C 1s
spectrum for Co304/FTO in Figure 4.3b was deconvoluted into four Gaussian peaks (linear
baseline) centered each at 284.8 eV for C-C, 286.1 eV for C-O, 288.6 eV for C=0, and 292.5 eV
for mixed O-C=0, COs?%, and ester groups (Smirnova et al., 2019). A notable decrease in peak
intensities of C-O and C=0 can be detected in the C 1s spectra for HT-C0304/FTO and L-
Arginine/Co3;04/FTO compared with C 1s deconvolution for Coz04/FTO. This could be associated
with the generation of higher oxidation states of carbon observed in Figures 4.3c & d at 292.5 eV
(for mixed O-C=0, COs?, and ester groups) and 295.3 eV (for physisorbed CO. (Betancur et al.,
2018)). The negative shift of C=0 (by 0.5 eV) in Figures 4.3c & d, relative to its binding energy
position in Figure 4.3b, probably results from a decrease in the double-bond character of the
carbonyl group which is also in accordance with Raman. The C 1s spectral lines for HT-
Co0304/FTO and L-Arginine/Cos04/FTO show similar trends but differ with the appearance of a
small peak at 292.9 eV in Figure 4.3c, ascribed to the carbon in the protonated side chain of L-
Arginine (Xu et al., 2017).
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Figure 4.3: (a) C 1s XPS spectrum for Co3z04/FTO, HT-C0304/FTO, and L-Arginine/Co304/FTO thin
films; deconvolution of C 1s XPS spectra for (b) Co304/FTO, (c) L-Arginine/Co3z04/FTO, and (d) HT-
Co304/FTO

Figure 4.4a exhibits an obvious redshift (by 1 eV) in the binding energy of the O 1s XPS main
peak for HT-Co304/FTO and L-Arginine/Coz04/FTO relative to that for Coz04/FTO. Also, the
second prominent peak of the O 1s spectrum for CozO4/FTO in Figure 4.4a seems to be absent
in the spectrum for HT-CosO4/FTO and L-Arginine/Coz04/FTO. These changes are further
investigated with the decomposition of individual O 1s XPS spectral lines. In Figure 4.4b, the
Gaussian peaks (linear baseline) at 531.7, 533.1, and 530.3 eV are ascribed to lattice oxygen

(O%), adsorbed oxygen (O°), and loosely bound surface oxygen, respectively (Dupin et al.,
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2000),(Deng et al., 2018). The corresponding peaks emerge, respectively, at 530.7/8, 532.1, and

529.3/4 eV in Figures 4.4c & d. Adsorbed water molecules (or hydroxyl group) and physisorbed
CO. can be assigned the XPS bands at 533.3 eV (Halim et al., 2016) and 535.2/3 eV (Rao and
Nozoye, 2003), respectively. The spectral weight ratio of Opat/(OLattOads) for CosO4/FTO, L-
Arginine/Cos04/FTO, and HT-Co3z04/FTO was calculated to be 0.42, 0.69 and 0.72, respectively,

showing chemical state changes of lattice oxygen from non-stoichiometric to stoichiometric

amount. This is consistent with the binding energy peak position of the O 1s main band for
Co0304/FTO (531.7 eV), L-Arginine/Cos04/FTO (530.8 eV), and HT-Co304/FTO (530.7 eV).
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Figure 4.4: (a) O 1s XPS spectral lines for Co3z04/FTO, HT-C0304/FTO, and L-Arginine/Coz04/FTO
thin films; deconvoluted O 1s XPS peaks for (b) Cos04/FTO, (c) L-Arginine/Co304/FTO, and (d) HT-
C0304/FTO
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It is important to stress out that we only considered Co 2ps». (Figure 4.5a-d) for spectral
deconvolution as usually reported for Coz04 (Zheng et al., 2017). Co 2ps2> XPS main peak for
Co0304/FTO can be seen at 779.1 eV, with a spin orbit splitting (Co 2p1>—Co 2ps2) of 15.1 eV as
confirmation of mixed Co (Il and Il) in Co3O4 (Zhu et al., 2013). The XPS peak at 779.1 eV is
assigned to low coordinated octahedral Co®* whereas the peak at 780.1 eV is ascribed to low
coordinated tetrahedral Co?*. These two peaks appear at lower binding energies (by 0.4 eV) than
expected (Finkler et al., 2018) due to higher electron density resulting from oxygen vacancies .
The peak area ratio of octahedral Co*" to tetrahedral Co?" (Co*'/Co?") for CosO4/FTO was
calculated to be 2.27, which is in good agreement with recently published results (Zheng et al.,
2020). The XPS signals at 780.8/782.4 and 781.8 eV are attributed, respectively, to Co?* (X. Sun
et al., 2009) and Co*" (Zhan et al., 2020) at the surface or subsurface. The two satellite peaks at
784 eV and 788.3 eV are associated with paramagnetic Co?* (Amri et al., 2013). Notable XPS
spectral changes can be observed for HT-Co304/FTO in Figure 4.5d with respect to the spectrum
for Co304/FTO. In particular, the blueshift (by 0.2 eV) of Co 2ps2 main peak (779.3 eV),
consequently the lower spin-orbit spacing (14.9 eV) for HT-Cos04/FTO suggests an increase in
Co* content due to oxygen filling. To confirm this, we further calculated the Co®*/Co?" ratio (2.70)
and found it to be higher than that for Coz04/FTO. When oxygen fills the vacancy (forward
direction of Equation 3.1), it introduces patrtially filled 2p orbitals that drive out the two electrons
trapped in cationic sites (this is reflected by the upshift of Co 2p XPS main peak and increase in

Co®" concentration) then becomes completely filled (O%).

Co0?*-Vo-Co?" + Y2 Oy «» Co*"-0%- Co®* (3.1)

The higher Co**/Co?* ratio can also be linked to an increased amount of hole in HT-Co3zO4/FTO
since Co*" has one electron less than Co?* in its electronic configuration. The hole doping has an
enhancing effect on the photoemission of Co 2p XPS spectrum for HT-Co304/FTO. These
observations affirm the oxidation of Co?* to Co®" took place after oxygen filling of CozO4/FTO
during treatment with water. Based on Sensor and Electrochemical Characterizations (following
section), the performance of CosO4/FTO for nitrite detection at neutral pH seems to decrease with
an increase in Co® concentration, suggesting Co?* as the active site for nitrite electrooxidation in

neutral PBS solution.

In contrast, decomposition of Co2ps» XPS spectrum for L-Arginine/CozO4/FTO reveals the
presence of a metallic phase of cobalt (Cao°) at 778.8 eV as proof of Co-N bond formation (Pan

et al., 2019) which corroborates the Raman and O 1s XPS. The Co-N bond formation has been
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reported to promote metallic conductivities (Cho et al., 2018) and may be responsible for the
superior electrochemical activity of L-Arginine/CosO4/FTO towards nitrite oxidation compared with
C0304/FTO and HT- Cos04/FTO. The ratio of [(Co®+Co?%*)/Co?"] was found to be 2.14 which is
close to that of Co*/Co?" 2.27 for Cos04/FTO suggesting partial substitution of oxygen in
octahedral coordination by nitrogen. Co 2ps. XPS main band (779.5 eV) for L-
Arginine/Cos04/FTO, with a spin-orbit splitting of 14.6 eV, experiences a much larger blueshift
than that for HT-Co3O4/FTO. Also, a higher A/B ratio can be observed in Figure 4.5a for L-
Arginine/Coz04/FTO compared with that for HT-Co304/FTO and Co304/FTO. These spectral
behaviours assuredly stem from the presence of doping N atoms in L-Arginine treated Co304
lattice. Explicitly, similarly to oxygen filling, nitrogen filling of oxygen vacancies can unleash two
electrons from the 3d states of two Co(ll) cations, forming N. However, as opposed to 0%, N*
has one unfilled 2p orbital and can cause additional electron transfer from the 3d orbitals of most
likely Co(ll) (it is easier to eject an electron from Co(ll) than Co(lll)) to produce N* species, as

illustrated by Equation 4.1-4.2.
Co%*-Vo-Co? + % N, — Co**-N?-Co** (4.2)
Co®*-N?-Co%" + -Co?*- — C0**-N*-Co* + -Co*- 4.2)

While substitutional nitrogen doping of CozO4 will cause a redshift of Co 2ps2 XPS peak center
(Yu et al., 2017), nitrogen filling the oxygen vacancies will induce its blueshift (Xiao et al., 2017).
Therefore, the observed giant upshift of the Co 2ps2 XPS main line for L-Arginine/Cos04/FTO was
proposed to be the result of the synergistic effect of nitrogen and oxygen filling.
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Figure 4.5: (a) Co 2p XPS spectral peaks for Co304/FTO, HT- Co304/FTO, and L-Arginine/
Co0304/FTO thin films. Lorentzian and Gaussian Co 2p XPS peaks for (b) CosO04/FTO, (c) L-Arginine/
Co304/FTO, and (d) HT- Cos04/FTO

To further understand the role of L-Arginine, the N1s XPS spectrum for L-Arginine/Coz04/FTO
was evaluated to confirm the presence of L-Arginine on CosO. surface (Figures 4.6a & c). The
deconvoluted spectrum showed peaks at 398.6, 399.2, 399.7, 400.4, and 401.5 eV, as seen in
Figure 4.6¢c. The peak at 398.6 eV was ascribed to Co-N bond (Dou et al., 2016) while the peaks
at 399.2 and 401.5 eV were assigned to coordinated (or basic) a-amine group (Lynne and Kay,

1982) and protonated (or acidic) a-amine group (Eby et al., 2012), respectively. The high ratio of
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basic a-amine to acidic a-amine (N/N* = 4.1) confirmed the coordination of L-Arginine a-amine

group to Co304. Coupling Co 2p and N 1s XPS results with Raman spectroscopic study for L-
Arginine/Cos04/FTO, coordination of the amino acid to Co304 through carboxylate and a-amine
groups was established. We assigned the photoemission at 400.4 eV (which would appear at
400.6 eV if C 1s were referenced at 285 eV) to the guanidinium group of L-Arginine with
delocalized positive charge on the three nitrogen atoms (Santos, Blundell and Licence, 2015), but
the area ratio of unprotonated a-amine group to guanidinium group was calculated to be 1:2,
significantly lower than the stoichiometric value of 1:3. This led to the conclusion that some
molecules of L-Arginine were decomposed via their side chains, of which the decomposition
product was the nitrogen dopant. The protonated guanidinium on the surface of L-
Arginine/Cos04/FTO can increase its affinity for negatively charged species. The binding energy
peak at 399.7 eV was attributed to chemically adsorbed dinitrogen (N2) (Shi et al., 2012), which
can also be observed at 399.8 eV in Figure 4.6b. The presence of highly oxygenated nitrogen
species was also noticed near 409 eV in the N 1s XPS spectrum for L-Arginine/Coz04/FTO in

Figure 4.6a.
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Figure 4.6: (&) N 1s XPS spectral emissions for Co304/FTO, HT- Co304/FTO, and L-Arginine/

Co304/FTO thin films. Gaussian N 1s XPS peaks; (b) HT- Co3z04/FTO, and (c) L-Arginine/ Coz04/FTO

Hence, it can be postulated that the decomposition pathway of L-Arginine is similar to the
hydrolysis of methylguanidine, reported in (Lewis and Wolfenden, 2014). Hence, the nitrogen
doping mechanism was proposed in Scheme 4.1. A summary of the binding energy peak positions
for the Co 2p XPS analysis of each electrode and their respective peak assignments is presented
in Table C.2 (APPENDIX C). The spectral weight ratio results of O 1s and Co 2ps» XPS for the

three electrodes are presented in Table C.3 (APPENDIX C).
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Scheme 4.1: Possible nitrogen doping mechanism

4.2. Electrochemical behaviour of the as prepared electrodes

4.2.1. Cyclic Voltammetry studies of the as prepared electrodes

Cyclic voltammograms (CV) in Figure 4.7a show the electrochemical response of the various
electrodes to 2 mM NO;". The L-Arginine/Coz04/FTO electrode exhibited the best electrochemical
activity, i.e., the highest anodic peak current response centered at 0.989 V compared to other
electrodes studied. The enhanced CV response of L-Arginine/Coz04/FTO towards nitrite oxidation
is favoured by its metallic conductivity resulting from nitrogen doping after hydrothermal treatment
of Cos04/FTO with L-Arginine as was shown from XPS analysis. Also, the surface modification
with cationic functional groups can possibly induce preconcentration effect on nitrite followed by
a sharp increase of anodic peak current density (Zhao et al., 2007). These highlights the role of

L-Arginine as a nitrogen doping source and surface functionalizing agent.

A reversible redox reaction near the nitrite oxidation peak potential was observed on the L-
Arginine/Co304/FTO electrode in the absence of nitrite (Figure 4.7b). The reversible peak can be
attributed to the Co(ll)/Co(lll) redox couple, according to the following equation (Salimi,
Mamkhezri, et al., 2008):

C0304 + H,0 + OH — 3 COOOH + & (4.3)

No current response (Figure 4.7a) was observed for bare FTO and L-Arginine/FTO in nitrite

suggesting the absence of a redox-active species, i.e., C030a.
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Figure 4.7: (a) CV for the electrooxidation of 2 mM nitrite in 0.1 M PBS (pH = 7.4) at 10 mVs™ and
(b) CV of L-Arginine/Co3z04/FTO in the presence and absence of 2 mM nitrite

The various scan rate study was conducted to determine the nature of the electrode process at
L-Arginine/CosO4/FTO in the presence of nitrite. As presented in Figure 4.8a, the anodic and
cathodic (case of low kec in Figure 2.5) peak currents increased with increasing sweep rate in the
range of 10-200 mVs. Particularly, the oxidation peak current varied linearly with the square root
of scan rate (Figure 4.8b, as is the case with a diffusion-controlled process (Sudha, Mohanty and

Thangamuthu, 2018). Some nitrite adsorption on L-Arginine/CosO04/FTO surface was confirmed
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by Figure 4.8c showing the nearly linear relationship between anodic peak current density and
scan rate. It can be seen from Figure 4.8d that the peak potentials increases with scan rate (logv),

which suggests that nitrite electro-oxidation at L-Arginine/CosO4/FTO shows some degree of

irreversibility (Bard and Faulkner, 2001).
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Figure 4.8: (a) Cyclic voltammograms of L-Arginine/Coz04/FTO in 2 mM NO> and 0.1 M PBS (pH =
7.4) at various scan rates (10, 25, 50, 75, 100, 150, and 200 mVs™). Inset graph shows a logarithmic
plot of anodic peak current vs scan rate; (b) anodic peak current density vs square root of scan
rate; (c) anodic peak current density vs scan rate, and (d) anodic peak potential vs logarithm of
scan rate

The anodic transfer coefficient («,) can be derived from the equation given by (Bard and Faulkner,

2001):
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_ 2.303RT

Epa =1+ mlog(v) (44)

Where E, is the anodic peak potential (V), lis the E,-intercept (V), Ris the ideal gas constant
(8.314 J/mol.K), T is room temperature (298 K), v is the scan rate (mVs™), and n, is the number
of electrons involved in the rate-determining step, F is the Faraday constant (96500). After
mathematical treatment of Equation 4.4, a value of 0.31 was found for (a,)n,. Considering n, as
unity, the value of a, =0.31 (< 0.5) suggests that the activation barrier is on the reactant (reduced
species) side. Alternatively, in the absence of a plot of E,, against log(v), a, can be easily
estimated from a cyclic voltammogram using Matsuda’s equation (Matsuda and Ayabe, 1955).
Hence, in case of Co304/FTO (0.883) and HT-CosO4/FTO (0.619), a, was determined by
Matsuda:

0.0477

(aa)n,

E, —Ep = (4.5)
2

Where E;, and E,/, are the oxidation peak and half-peak potentials (V), respectively, obtained

from Figure 4.7a. a, for L-Arginine/Coz04/FTO, HT-C03z04/FTO, and Co3z04/FTO was used for the

calculation of the heterogeneous electron transfer rate constant (k°. The k° values for L-

Arginine/Coz04/FTO, HT-Cos04/FTO, and Cos04/FTO were calculated using Equation 4.6 as

given below (Islam et al., 2020):

P L L {0.78 + (E) log M]} (4.6)
(ay)n,F 2 (k9)2RT

Where, E” is the formal electrode potential (V), estimated here from the cyclic voltammograms in
Figure 4.7a using the procedure described in (Espinoza et al., 2019), and D is the diffusion
coefficient of nitrite (1.7 X 1075 cm?/s) (Chen et al., 2008). A faster electron transfer process,
corresponding to a 50 % increase, occurs at L-Arginine/Cos04/FTO electrode (k° = 0.00172 cm/s)
compared to pristine CozO4/FTO (k° = 0.00116 cm/s) and HT-Co304/FTO electrode (k° = 0.00113
cm/s). This highlights the superior electrochemical activity of the L-Arginine/CosO./FTO electrode

compared to other electrodes studied.
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The nitrite sensing capability of L-Arginine/Cos04/FTO was determined in the concentration range
from 2 to 19 mM NOz and is shown in Figure 4.9a. The oxidation peak current response of L-
Arginine/Coz04/FTO was linearly (R? = 0.99) proportional to the nitrite concentration in PBS
solution within the investigated range Figure 4.9b. Furthermore, progressive positive shifts of the
anodic peak potential with increasing analyte concentration were detected. This phenomenon
occurs due to analyte adsorption on the electrode surface as mentioned earlier. Each binding
event due the interaction between nitrite and L-Arginine/Cosz04/FTO, establishes a new activation

overpotential (Sandford et al., 2019).
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Figure 4.9: (a) Cyclic voltammograms for L-Arginine/Co3;04/FTO in the presence of 2 - 19 mM
nitrite in 0.1 M PBS (pH = 7.4) at 10 mVs™* and (b) Plot of oxidation peak current density vs nitrite
concentration

4.2.2. Electrochemical impedance spectroscopy study of the as prepared electrodes

Electrochemical impedance spectroscopy (EIS) was used to further evaluate the electron
transport kinetics of the L-Arginine/Cosz04/FTO, HT-Coz04/FTO, and Co3z04/FTO electrodes.
Corresponding Nyquist spectra are presented in Figure 4.10a. The Nyquist plot is fitted with
Randles equivalent circuits as shown in Figure 4.10c, where Rsis the solution resistance, Rcris
the charge transfer resistance, Cp. is the double layer capacitance, CPE is the constant phase
arising from surface inhomogeneity (Etesami et al., 2016), Rw is the Warburg diffusion resistance,

Zy is the semi-infinite Warburg impedance, and Zw.o is the finite-length Warburg impedance,
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represented here by the parallel arrangement of CPE and Rw (Nguyen and Breitkopf, 2018). The
diameter of the semicircle in the diffusion region for L-Arginine/CosO04/FTO (Rw = 129.2 Q) is less
than that for HT- CosO4/FTO (Rw = 329.5 Q), which potentially implies better mass transport
through L-Arginine/Co304/FTO owing to its porous surface. CPE exponent (n) for HT-Cos04/FTO,
Co0304/FTO, and L-Arginine/Co304/FTO was found to be 0.79, 0.62, and 0.59, respectively. This
decreasing trend can be related to an increase in electrode roughness, as per SEM images. It
can be seen from Figure 4.10b that the L-Arginine/Co304/FTO (Rcr= 32.4 Q) has a smaller charge
transfer resistance compared to that of Co304/FTO (Rcr=47.7 Q) and HT-C0304/FTO (Rcr=59.2
Q) electrodes. The smaller charge transfer resistance for L-Arginine/Cosz04/FTO compared with
Co0304/FTO and HT-Cos04/FTO is certainly promoted by positively charged functional groups
creating more ionic pathways. Moreover, the semicircles in Figure 4.10b show a decreasing trend
in the double layer capacitances (values retrieved from EIS data) of the three electrodes, from L-
Arginine/Co304/FTO (Cp.= 0.156 pF) through Co304/FTO (Cpi= 0.105 pF) to HT-Co304/FTO
(CoL= 0.091 uF). Normalizing the double layer capacitance by specific capacitance of a smooth
planar electrode (assumed Cs = 40 uF/cm?) gives the electrochemical active surface area (ECSA)
(Su et al.,, 2019). The ECSA were found to be 0.0039, 0.00263 and 0.00228 cm? for L-
Arginine/Coz04/FTO, Cos04/FTO, and HT-Cos04/FTO, respectively. The higher ECSA for L-
Arginine/Coz04/FTO resulted in enhanced electrocatalytic activity compared with the other

electrodes studied.
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Figure 4.10: (a) Nyquist plots for Co304/FTO, HT-C0304/FTO, and L-Arginine/Coz04FTO in 0.1 M
KCI + 5 mM K3[Fe(CN)g]; (b) The high frequency region of the Nyquist plots and (c) Randles
equivalent circuits

Tafel plot was further utilized to support the EIS results, as seen in Figure C.1 (APPENDIX C). It
was found that the Tafel slope for L-Arginine/Cosz04/FTO (110 mV) is smaller than that for
Co0304/FTO (116 mV) and HT-Coz04/FTO (235 mV) due to reduced charge transfer resistance.
Table 4.1 presents measured and calculated electrochemical parameters for the prepared
electrodes.
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Table 4.1. Measured and calculated electrochemical parameters for L-Arginine/CosO4/FTO,
C0304/FTO, and HT-Co304/FTO. Tafel slope, k° [Rct, CoL, Rw, and n], and ECSA were obtained from
(1) Tafel plot in Figure C.1, (2) Equation 4.6, (3) EIS data using Randles equivalent circuit, and (4)
the division of Cp. values by specific capacitance (Cs = 40 yF/cm?), respectively

Tafel Slope  k°x 103 Rcr Cox 10 ECSAx 103 Rw n

Electrode

(mV) (cmis) Q) (HF) (cm?) (Q) ()
L-Arginine/

110 1.72 32.4 1.56 3.90 129.2 0.59
Co304/ FTO
Co304/ FTO 116 1.16 47.7 1.05 2.63 - 0.62
HT-
Co304/FTO 235 1.13 59.2 0.91 2.28 329.5 0.79

4.2.3. Nitrite sensing mechanism

Based on physical and electrochemical characterisations, it is evident that the low oxidation states
of cobalt (Co® and Co?*) behave as redox-active sites for the electro-oxidation of nitrite in neutral
environment. The occurrence of nitrite oxidation at Co(ll) rather than Co(lll) in aqueous media
can be due to a stabilization effect of nitrite on Co(lll). Nitrite (N-bonded) as a strong field ligand
(Tsuchida, 1938) can stabilize Co(lll) (low spin), decreasing by that means the reducing tendency
and oxidizing power of Co(lll), and resulting into the preferential interaction of nitrite with Co(ll)
(Rizvi, 2015). The following reaction mechanism is proposed for the interaction of nitrite at L-
Arginine/Coz04/FTO:
a) The metallic phase of cobalt (Cao°) has additive effect on the amount of divalent cobalt
(Co?") in solution (Equation 4.7);
b) The reaction proceeds via the formation of an adduct between cobalt oxide and nitrite
through the divalent cobalt (Co?*) (Equation 4.8);
c) A slow, one-electron transfer process involving the simultaneous oxidation of Co?* and
NO, to Co*" and NO2, occurs (Equation 4.9). This is evidenced by the CV experiment in
Figure 4.7b for L-Arginine/Coz04/FTO;
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d) Finally, NO, undergoes disproportionation (Equation 4.10-4.11) and Co®" is reduced to
Co?" (Equation 4.12).

(Co°Co?*) (L-Arginine/Co304/FTO) + H,O — Co?*(L-Arginine/Coz04/FTO) + 2e" 4.7)
Co?*(L-Arginine/Co304/FTO) + NOz «» Co?*( NO2)(L-Arginine/Cos04/FTO) (4.8)
[Co?* (NO2)(L-Arginine/Co304/FTO)] «» Co®* (L-Arginine/Coz04/FTO) + NO- (4.9)
2 NO; + H,0 < 2 H* + NOs + NO;” (4.10)
NO; + H,0 — 2 H* + NOs + 2e - (4.11)
Co®*(L-Arginine/Co304/FTQO) — Co?*(L-Arginine/Coz04/FTO) + e ~ (4.12)

4.3. Chronoamperometric study of the as prepared electrode

Chronoamperometry measurements (Figure 4.11a) were conducted in the presence of
successive injection of nitrite under mild stirred condition and at a fixed potential of 0.96 V vs
Ag/AgCl. The sensor exhibited a sensitivity of 158 HJA/mM cm and linear range of up to 16 mM
(Figure 4.11b). An ultra-fast steady state response time of < 2 s was also observed. The limit of
detection (LOD) was calculated using the formula 30/S (Zhao et al., 2019), with o, being the
standard deviation of the response (estimated by the standard deviation of y-intercepts)
(Shrivastava and Gupta, 2011) and S, is the sensitivity. The calculated LOD (1.95 nM) is
significantly lower than the maximum allowable nitrite concentration in drinking water (65 pM) in
accordance with WHO. This qualifies the fabricated sensor for practical applications, including
nitrite detection in drinking water. The obtained sensor performance characteristics were
compared with literature, as reported in Table 4.2. Most of the sensor data presented in the
literature (Table 4.2) uses a glassy carbon as substrate. This approach is not commercially viable.
Moreover, the as prepared sensor reported in this study showed a combination of ultra-low limit
of detection, ultra-fast response time, high sensitivity & selectivity, and wide linear range. Such
electrochemical nitrite sensor performance characteristics combination is rare in the reported

literature. This makes the developed sensor a potential candidate for commercial application.

The selectivity of L-Arginine/Cos0.4/FTO towards nitrite oxidation was evaluated in the presence

of interfering species that may coalesce with nitrite during its detection. A five times higher
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concentration than that of nitrite was used in 0.1 M PBS solution for each of the following
interfering substances: Na.COs, (NH.).SO4, NaNOs, glucose, KCI, NaCl, urea, oxone, and
MgSOs. As prepared L-Arginine/Coz04/FTO sensor was only responsive to nitrite injection and
the presence of interferents did not reduce the sensor response, as seen in Figure 4.11c. It is
more likely that the interfering cations (Na*, NH4*, K*, and Mg?*) will experience charge repulsion
due to positively charged functional groups immobilized on L-Arginine/Cosz04/FTO. Also, the
enrichment of neutral organic compounds like glucose and urea on the surface of L-
Arginine/Cos04/FTO can be prevented because of the competition with anionic species. The
excellent selectivity of L-Arginine/Cos;04/FTO towards nitrite compared with the other anions
investigated agrees largely with the Hofmeister series (Zare et al., 2005), except for nitrate which
deviated from Hofmeister pattern. Another possible explanation for the good selectivity could be
the interfering anions (COs%, SO4%, HSOs, HSO4, NOgs,, and CI) as weak-field ligands interact
weakly with the divalent cobalt on L-Arginine/Co3;04/FTO in aqueous solution. Nitrite (N-bonded),
on the contrary, is a stronger field ligand and gives rise to bigger coordination forces.
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Figure 4.11: (a) Chronoamperometry data for L-Arginine/Cos04/FTO in 0.1 M PBS (pH = 7.4), (b)
Dose response curve of the as prepared electrode, and (c) Interference study of L-
Arginine/Co304/FTO for nitrite in 0.1 M PBS and in the presence of Na;COs, (NH4).SO4, NaNOs,
glucose, KCI, NaCl, urea, oxone, and MgSO4
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Table 4.2. Comparison of performance characteristics of the developed electrochemical nitrite sensors with the reported sensors in literature

Modified Electrode Technique Electrolyte  pH E/mV C/uM S/pA mM? LOD/uM Reference
(Santos et al.,
4(FeT4AMPyP + CoTSPc)/GCE Amperometry PBS 7 850 vs SCE 0.2-8.6 0.37 0.04 2006)
(Haldorai et al.,
°C0304/RGO/GCE Amperometry KOH 14 - 1-380 2065 0.14 2016)
(Agboola and
Nyokong,
¢CoTBMPc-Au CcVv PBS 7.4 750 vs Ag/AgCI 100 - 1000 7.3 x 103 - 2007)
(Agboola and
Nyokong,
dCoTDMPc-Au Ccv PBS 7.4 770 vs Ag/AgCI 100 - 1000 7.1x103 - 2007)
(Meng et al.,
€CoOx/CNT/GCE Amperometry PBS 6.76 750 vs SCE 0.5-249 5.619 x 102 0.3 2011)
Amperometry PBS 7 - 2.49 - 1700 0.027 0.45 (Islam et al.,
polyNiCo/GCE 2020)
CcVv PBS 7 850 vs Ag/AgCI 100 - 5000 0.042 10
(Sudha,
Mohanty and
9C0304-DCS/GCE Amperometry PBS 7 900 vs SCE 6.6 - 3000 0.318 0.22 Tha’;%alng)“th“’
3000 - 13830 0.6
"Pt/CoO/GCE Amperometry PBS 6 900 vs SCE 0.2-3670 0.9014 0.067 (Lu, 2019)
3670 - 23700 0.4085
(Lu, Yang and
'NC/GCE Amperometry PBS 7 900 vs SCE 5 - 4000 1.21 x 104 0.002 Nie, 2017)
(Cui et al.,
/(CoTsPc/PDDA-Gr) W/GCE Amperometry PBS 5 800 vs SCE 2-36 5.3 x 103 0.084 2013)
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(Adekunle,

Pillay and
Ozoemena,
KEPPGE-SWCNT-Co Ccv PBS 7.4 900 vs Ag/AgCI 0-189 0.2496 5.61 2010)
LCoPc/MWCNTs/GCE DPV PBS 7.4 972 vs Ag/AgCI 10 - 1050000 4 x10° 2.11 (Lu et al.,
2020)
MCoPcF-MWCNTSs/GCE Amperometry PBS 7 800 vs SCE 0.096 - 340 0.0299 0.062
(Li et al., 2013)
(zZhao et al.,
"C0304-rGO/CNTs/GCE Amperometry PBS 7 800 vs Ag/AgCl 0.1 - 8000 0.08 0.016 2019)
(Abdel
Hameed and
°Co@Pt/Gr Amperometry PBS 6 850 vs Ag/AgCl 1-2000 4.596 x 102 0.145 Medany, 2019)
2000 - 15000 9.771 x 1072
(Wang and
PCONS/GO/PPy/GCE Ccv PBS 8 800 vs SCE 1- 3167 0.5192 0.0147 Hui, 2017)
(Jilani et al.,
9CoTM-QOPCc/CNP/GCE cv PBS 7 790 vs Ag/AgCl 0.2-200 23 0.06 2020)
DPV PBS 7 740 vs Ag/AgCl 0.2-225 1.03 0.06
Amperometry PBS 7 740 vs Ag/AgCI 0.1-350 1.24 0.033
(Sudha et al.,
'CuO-NS/GCE DPV PBS 7 850 vs SCE 100-1400 6.17 x 103 13.6 2018)
(Sudha, Senthil
Kumar and
Thangamuthu,
(HOOC-MWCNT)/GCE DPV PBS 7 720 vs SCE 100-700 0.2099 0.565 2018)
'L-Arginine/Co304/FTO Amperometry PBS 7.4 960 vs Ag/AgCI 10 - 16000 158 0.00195 This work
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(FeT4AMPyP + CoTSPc)/GCE: glassy carbon electrode modified with alternated layers of iron(lll)
tetra-(N-methyl-4-pyridyl)-porphyrin and cobalt(ll) tetrasulfonated phthalocyanine.
°C0304/RGO/GCE: cobalt oxide nanospindles-decorated reduced graphene oxide composite on
GCE. °CoTBMPc-Au & “CoTDMPc-Au: Co(ll) tetrakis (benzylmercapto) and tetrakis
(dodecylmercapto) phthalocyanines electrodeposited onto a gold electrode. *CoO,/CNT/GCE:
cobalt oxide nanoparticles on multi-walled carbon nanotubes deposited on a conventional GCE.
"'polyNiCo/GCE: Ni(ll) and Co(ll)- bisterpyridine ligand based heterometallo SMP. 9C030s-
DCS/GCE: glassy carbon electrode modified with cobalt oxide disordered circular sheet.
"Pt/CoO/GCE: platinum nanoclusters doped CoO nanohybrid on GCE. 'NC/GCE: urchin-like
nickel-cobalt carbonate hollow spheres on GCE. /(CoTsPc/PDDA-Gr)./GCE: graphene/cobalt
phthalocyanine composite film on activated GCE. "EPPGE-SWCNT-Co: edge plane pyrolytic
graphite electrode (with cobalt nanoparticles integrated with single-walled carbon nanotubes.
“CoPc/MWCNTSs/GCE: GCE modififed with cobalt (II) phthalocyanine immobilized on multiwalled
carbon nanotubes. "CoPcF-MWCNTs/GCE: cobalt phthalocyanine functionalized multiwalled
carbon nanotubes on GCE. "C0304-rGO/CNTs/GCE: cobalt oxide decorated reduced graphene
oxide and carbon nanotubes on GCE. °Co@Pt/Gr: cobalt @ platinum nanoparticles-decorated
graphene. PCoNS/GO/PPy/GCE: cobalt nanostructures, graphene oxide-doped polypyrrole
modified GCE. 9CoTM-QOPc/CNP/GCE: cobalt (Il) tetra methyl-quinoline oxy bridged
phthalocyanine carbon nano particles modified glassy carbon electrode. 'CuO-NS/GCE: Copper
oxide nanosheet modified GCE. *(HOOC-MWCNT)/GCE: Acid-functionalized multi-walled carbon
nanotubes modified GCE. ‘L-Arginine/CozO4/FTO: L-Arginine modified cobalt oxide thin film on
FTO.
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4.4. Electrochemical stability and reproducibility study of the as prepared electrode

Cyclic voltammetry (CV) and chronoamperometry were used to study the stability and
reproducibility of the L-Arginine/Cos04/FTO sensor. The electrochemical stability test is shown
in Figure 4.12a. The absence of any additional peaks after 25" cycle highlights the
electrochemical stability of the as prepared sensor. For reproducibility, five independent
electrodes were tested using CV and individual current responses were compared as depicted
in the histogram presented in Figure 4.12b. A relative standard deviation (% RSD) of 1.52 %
was obtained. This highlights the excellent reproducibility of L-Arginine/CozO4/FTO electrode.
In addition, long-term chronoamperometric study (Figure 4.12c) revealed that oxidation

current response decreased only by 12 % over a period of 19 min.
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Figure 4.12: (a) Stability study of L-Arginine/Co304/FTO in the presence of 2 mM nitrite in 0.1 M
PBS at 10 mVs for 25 scans; (b) Reproducibility test of five different L-Arginine/Coz04/FTO
electrodes in the presence of 2 mM nitrite in 0.1 M PBS at 10 mVs™ and (c) Long-term
chronoamperometry of L-Arginine/Co304/FTO in the presence of 500 uM nitrite in in 0.1 M PBS
over 19 min
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4.5. Detection of nitrite in real sample

The real sample test was carried following the protocol described in (Shivakumar et al., 2017).
The recovery study in tap water sample was conducted to investigate the practical application
of L-Arginine/Co3z04/FTO electrode for nitrite detection. For this reason, tap water samples
were diluted with 0.1 M PBS solution (pH = 7.4) and tested for nitrite ions. The test results are
summarized in Table 4.3. It can be seen from Table 4.2 that the sensor shows good recovery
rates ranging from 96.8 % to 101.7 %, with an average value of 99.9 %.

Table 4.2. Recovery study of nitrite ions in tap water

Sample Spiked (mM) Found (mM) Recovery (%)
Tap water 0.60 0.61 101,7
1.40 1.41 100.7
1.50 1.54 102.7
1.70 1.66 97.6
2.50 242 96.8
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CHAPTER 5: CONCLUSIONS AND FUTURE RESEARCH

In summary, L-Arginine/CosO4/FTO exhibited enhanced electrochemical nitrite detection
compared to Cos04/FTO and HT-Co304/FTO. The proposed nitrite sensor showed a
combination of ultralow limit of detection (1.95 nM), fast response time (< 2 s), wide linear
range (10 — 16000 uM), high sensitivity (158 pA/mM.cm2) and selectivity compared to the
reported literature. The enhanced electrochemical performance originated from: 1) the faster
electron transport kinetics, which is a result of nitrogen doping and surface functional groups
(i.e., CHeNs* and NHs"), 2) the availability of higher ECSA (increased amount of Co® and Co?*
as active sites due to N doping), and 3) the easy access to active sites and better mass

transport kinetics promoted by the porous surface of L-Arginine/Coz04/FTO.

5.1. Conclusion

We have successfully improved the electrochemical properties of Coz04 thin film via (CHeNs™,
NHs*)-functionalization and nitrogen doping of the film in the presence of L-Arginine under
optimized hydrothermal conditions. Spectral evidence is presented on how hydrothermal
treatment can reduce oxygen vacancy and how nitrogen atoms can compete for substitution
into Cos04 crystal lattice. This technique can serve as a new platform for post-deposition

element doping and surface functionalization of metal oxides for various sensing applications.

5.2. Future scope and recommendations

e The soft chemical route presented in this study should be tested on a nanocomposite of
Co304 and carbon/rGO for enhanced electrochemical nitrite detection.

e The influence of pH on the peak current and potential of nitrite oxidation at L-
Arginine/Co3;04/FTO should be studied. However, L-Arginine side-chain has such high
pKa-value that it remains acidic over a wide pH range and may resist the pH change,
leading to stable anodic peak current.

e The electroanalysis for the oxygen evolution reaction at L-Arginine/CosO4/FTO is
suggested as the Co304 film is N-doped.

o HT-Co304/FTO electrode has high field emission properties and its application as field

emission device should be demonstrated.
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APPENDIX A: Optimization of experimental conditions

Layer study

This study was conducted to determine the number of deposited layers that would promote
excellent electro-catalytic activity of Cos04 thin film towards nitrite oxidation based on
response current. We discovered that as the number of deposited layers was varied from one
to six (i.e., increase in film thickness), the peak current increased to a maximum (0.45 mA)
then suddenly decreased. This trend was found to be very much similar to that observed on
the variation of the electrical resistivity of Mo-doped ZnO layer with film thickness (Kuo et al.,
2011). Thus, the parabolic trend in peak current was attributed to a corresponding change in
electrical resistivity of the deposited films. These observations were consistent even after

treatment of pristine Co304 thin film with water and L-Arginine.

Effect of dipping time and pH

Co304 thin film was dipped into L-Arginine solution under normal temperature and pressure
for various times. The outcome of the dipping test revealed that anodic peak current increased
with dipping time as more and more time was allowed for L-Arginine to interact with the film
surface and consequently improve its nitrite sensing properties. The effect of dipping pH on
anodic peak current was investigated; however, no change in peak current with pH was
observed. This was attributed to the repulsive interactions between CosO4 (IEP = 8 (Kittaka
and Morimoto, 1980)) and L-Arginine (IEP = 10.75 (Saranya et al., 2018)) as they have
isoelectric point (IEP) values that are close to each other (i.e., chances for efficient physical
adsorption of L-Arginine on Cos0. are slim). The outcome of the dipping pH study suggests
that L-Arginine will adsorb more strongly on the CosO4 film surface through chemical

interactions (chemisorption).

Effect of different treatment processes

Co0304 thin film was treated in the presence of L-Arginine under hydrothermal, dipping, and
reflux conditions to determine the treatment process which would promote excellent current
response of the film towards nitrite electro-oxidation. We found that the film treated under

hydrothermal conditions showed higher anodic peak current than those treated via the dipping
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and reflux processes due to more chemical interactions between L-Arginine and the film
surface, which resulted from the high-temperature and pressure treatment. The hydrothermal

treatment process was adopted for subsequent experiments.

Effect of hydrothermal treatment time

The influence of hydrothermal time on anodic peak current for L-Arginine/Coz04/FTO was then
investigated. The outcome of the study revealed that the peak current increased with
hydrothermal treatment time until it reached a plateau after 24-hour treatment. This was
expected as a longer treatment time entailed a higher probability for more L-Arginine
attachments onto Cos0O4 thin film, which would alter the electrode surface chemistry and raise
its affinity for nitrite ion, thereby increasing the current signal. The plateau obtained after 24-h
treatment was deemed to be the result of L-Arginine saturation at the film surface. 24 h was

therefore selected as the optimum hydrothermal treatment time.

Effect of hydrothermal treatment temperature

The peak current for L-Arginine/Co3;04/FTO was further optimized with respect to hydrothermal
treatment temperature. As the hydrothermal treatment temperature was raised from 20 to 60
°C, a gentle increase in anodic peak current was observed. The peak current continued to rise
more abruptly to a maximum within 60-90 °C before dropping to 0.36 mA at 120 °C. Itoh and
co-authors (Itoh et al., 1995) reported the temperature dependence of the adsorption of B-
Lactoglobulin onto the surface of stainless steel nanoparticles in aqueous solution. Within 25-
60 °C, they observed no significant change in the amount of adsorbed B-Lactoglobulin, which

increased with further increase in temperature to approximately 86 °C.

This sudden rise in the amount of B-Lactoglobulin adsorbed was ascribed to thermal
denaturation and aggregation of the protein. Similarly, the hydrophobicity of most amino acids
increases with temperature (Wolfenden et al., 2015). As the temperature of the hydrothermal
medium was elevated, L-Arginine molecules became more hydrophobic and possibly
aggregated in larger amount at the film surface. This facilitated more L-Arginine adsorption
and resulted in high nitrite affinity and therefore increased anodic current signal. Also, some
L-Arginine molecules slowly decomposed at 90 °C to produce ammonia (nitrogen doping

agent), as per Raman and XPS results. Thus, the maximum current at 90 °C was assigned to
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the synergistic effect of L-Arginine functionalization and nitrogen implantation into C0304
lattice. However, the decline in anodic peak current after 90 °C could be due to a great extent

of L-Arginine decomposition. 90 °C was the optimum value retained.

Effect of L-Arginine bulk concentration

The impact of L-Arginine concentration on the current response of L-Arginine/Coz04/FTO
towards nitrite electro-oxidation was confirmed. It was observed that the anodic peak current
increased with L-Arginine bulk concentration up to a point of saturation at 0.15 M, beyond
which no significant increase in peak current was detected. This was expected as an increase
in L-Arginine bulk concentration would lead to greater uptake of L-Arginine on Co304 thin film,

which in turn would maximize nitrite-sensing abilities of L-Arginine/Coz04/FTO.

Effect of hydrothermal pH

Adjusting the pH can give control over the type of amino acid-surface interaction (Jack et al.,
2007). The hydrothermal pH played a major role in the stability of CosO4 thin film and its
interaction with L-Arginine. It was found that treatment at pH 2.5 caused complete leaching of
Co0304 thin film from FTO substrate. Cation exchange possibly occurred between Co?* (or
Co®") on the film surface and L-Arginine cations (net charge = +2) or H* ions, detaching Cos04
film from the FTO glass. When the film was treated at pH 7.5, it leached to a much lesser
degree owing to a decrease in the number of H* ions and positive net charge of L-Arginine
(net charge = +1) with increasing pH. Hence, we were able to test this electrode for nitrite
oxidation and compare its response current with those of Co304 thin films treated at pH 11
and 13.9. It was found that anodic peak current parabolically increased with the medium pH
and attained its maximum value at pH 11. The zwitterionic form of L-Arginine (net charge = 0)
was dominant at that pH (11), hence cation exchange was unlikely. Complexation of cobalt
cations on the film surface by L-Arginine took place instead, which considerably minimized
leaching losses and enriched L-Arginine in the film. At pH 13.9, the increased concentration
of OH" ions more likely decreased the adsorption efficiency of L-Arginine anions (net charge
= -1) due to a competitive effect (Biswas et al., 2007). This is reflected by the drop in current

at pH 13.9. Hydrothermal pH 11 was used for further experimental studies.
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Figure A.1: Effect of (a) number of deposited layers varying from 1-6, (b) different treatment
processes, (c) dipping vs hydrothermal treatment times (8, 16, 24, and 48 h), (d) hydrothermal
treatment temperature (20, 60, 90, and 120 °C), (e) L-Arginine concentration under
hydrothermal conditions (0.01, 0.05, 0.15, and 0.5 M), and (f) hydrothermal pH (2.5, 7.5, 11, and
13.9) on anodic peak current
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APPENDIX B: XRD patterns and cross-sectional SEM image of CosOa4thin film
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Figure B.1: XRD patterns of the MOD-derived Co3s04Electrode
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Figure B.2: Cross-sectional SEM image of the MOD-derived Co304thin film
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APPENDIX C: Surface atomic compositions, summary of the binding energy
peak positions for Co 2p XPS analysis and their respective peak assignments,

Tafel plot, and spectral weight ratio results of Ols and Co 2ps;2 XPS.

Table C.1. Surface atomic compositions [%]

Electrode Cls Ols N1s Co 2p
Co304/FTO 76.2 21.2 1.72 0.80
HT-Co0304/FTO 77.6 19.1 1.98 1.31
L-Arginine/Co3z04/FTO 77.1 18.9 3.30 0.74
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Figure C.1: Tafel plots of the L-Arginine/Co304/FTO, HT-C030.4/FTO, and Co304/FTO electrodes
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Table C.2. Summary of binding energy peak positions for Co 2ps;z XPS deconvolution for Coz04/FTO, HT-Co304/FTO, and L-Arginine/Cos04/FTO

Electrode Co2psz  (Co 2piz—Co 2psz)  CO°'(On)* Co® Co?(Ta)* Co*(S)* Co?(S) Co*(ss)*
eV eV eV eV eV eV
eV

Co304/FTO 779.1 15.1 779.1 - 780.2 781.7 780.9/782.6 784.0 788.3
HT-Co304/ETO 779.3 14.9 779.3 - 780.4 781.6 - 784.1 788.9
L-Arginine/
Co304/FTO 779.3 14.6 779.5 778.8 780.2 781.6 780.8/782.4 785.9 790.0
Reference (Zhu et (Zhu et al., 2013) (Finkler et (Cho et (Finkler et (Zhan et al., (Cui et al., (Amri et (Amri et

al., 2013) al.,, 2018) al., 2018) al., 2018) 2020) 2018),(X. al.,, 2013) al., 2013)

Sun et al.,
2009)

*ss: paramagnetic satellite peaks. *S: surface Co?* and Co3*.
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Table C.3. O 1s and Co 2p3/2 XPS spectral weight ratios for Coz04/FTO, HT-C0304/FTO, and L-Arginine/Coz04/FTO

Electrode OLa/(OLar+Oads) Onds/OLart Co*/Co?* CoY%Co?* (Co%+Co3*)/Co?* (Co%+Co?*)/Co®*
Co304/FTO 0.42 1.37 2.27 - 2.27 0.44
HT-Cos04/FTO 0.72 0.38 2.70 - 2.70 0.37
L-Arginine/Cos04/FTO 0.69 0.44 1.20 0.94 2.14 1.62
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