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HEXACYANOFERRATE-BASED NANOCOMPOSITES FOR THE
ELECTROCHEMICAL SENSING OF
HYDROGEN PREROXIDE AND NICOTINE
ABSTRACT
Metal hexacyanoferrate (MeHCF) is a unique material that not only acquired immense
research interest in electrochemical sensing field but also possesses potential as energy
storage material. As such, the present thesis sought to investigate the facile method to
synthesis MeHCF-based nanocomposites and explore its possible applications. First,
comparative research on the synthesis of Prussian blue-polypyrrole (PB-PPy)
nanocomposite by novel self-assembly (SA) method and conventional electrodeposition
technique was performed. PB-PPy nanocomposites were prepared by the novel self-
assembly method and via the electrodeposition approach. The nanocomposites were
compared in term of surface morphology and its electrochemical and electrocatalytic
characteristics. The results indicated that the SA PB-PPy with 10 deposition cycles
demonstrated good sensing behaviour towards hydrogen peroxide (H20:) with a
sensitivity of 384.7 mA M cm? whereas capacitive property was observed when the
deposition cycles were increased to 20. The SA approach offers easy preparation of
electrodes, which allows control of its electrochemical behaviour and sensitivity towards
H>0>. The second part of this work emphasised on the facile synthesis of PB analogue:
copper hexacyanoferrate (CuHCF) towards nicotine. Reduced graphene oxide (rGO) was
used as a substrate to enhance operational stability. The linear range of this fabricated
electrochemical sensor was between 0.03 to 5 mM, which is the highest among the
reported works, with a compatible sensitivity of 211.5 mA M cm™. In addition, this
sensor was applied for the detection of nicotine in vape (e-cigarette) sample from the
market. For the last section of this work, the capacitive behaviour of SA PB-PPy by 20

deposition cycles was investigated as capacitor material. The areal capacitance of PB-
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PPy was at least ten-fold of pristine PB. This revealed PB-PPy can be a promising

candidate for energy storage purpose.

Keywords: Metal hexacyanoferrate; nanocomposites; electrochemical sensing;

electrochemical capacitor
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KOMPOSIT NANO BERASASKAN HEKSASIONOFERAT UNTUK
PENDERIA ELEKTROKIMIA HIDROGEN PEROKSIDA DAN NIKOTIN
ABSTRAK
Logam heksasionoferat (MeHCF) merupakan bahan unik yang bukan sahaja menarik
perhatian dalam bidang penyelidikan penderia elektrokimia, malahan ianya adalah bahan
yang berpotensi untuk penyimpanan tenaga. Oleh itu, tesis ini adalah untuk menyiasat
kaedah mudah untuk sintesis komposit nano berasaskan MeHCF dan meneroka potensi

aplikasinya.

Pertama, penyelidikan komparitif terhadap biru Prusia -polipirola (PB-PPy) dengan
kaedah pemasangan sendiri (SA) dan teknik elektropemendapan konvensional telah
dilakukan. Komposit nano PB-PPy yang disediakan menggunakan kaedah baru dan
pendekatan elektropemendapan telah dibandingkan dari segi morfologi permukaan serta
sifat elektrokimia dan elektrokatalitiknya. Keputusan menunjukkan SA PB-PPy dengan
10 kitaran pemendapan menunjukkan tingkah laku penderiaan yang baik terhadap
hidrogen peroksida (H>O>) dengan kepekaan 384.7 mA M™! cm™ manakala sifat kapasitif
diperhatikan apabila kitaran pemendapan meningkat kepada 20. Pendekatan ini
menawarkan penyediaan elektrod yang mudah dan membolehkan kawalan tingkah laku
elektrokimia dan kepekaan terhadap H>O». Bahagian kedua tesis ini menekankan sinteis
mudah untuk analog PB: heksasianoferat tembaga (CuHCF) ke arah pengesanan nikotin.
Grafin oksida terturun (rGO) digunakan sebagai substrat untuk meningkatkan kestabilan
operasi. Julat linear bagi penderia yang telah dibangunkan ini adalah antara 0.03 dan 5
mM, merupakan yang tertinggi di antara laporan terdahulu, dengan kepekaan sebanding
211.5 mA M' cm™ . Tambahan pula, penderia ini digunakan untuk pengesanan nikotin
dalam sampel rokok elektronik (e-rokok). Di samping itu, tingkah laku kapasitif SA PB-

PPy tersebut telah disiasat selanjutnya. Dalam sesi terakhir laporan ini, kapasiti PB-PPy



adalah sekurang-kurangnya sepuluh kali ganda dari PB. Keputusan ini mendedahkan PB-

PPy sebagai calon yang berpotensi untuk tujuan penyimpanan tenaga.

Kata kunci: Logam heksasionoferat; komposit nano; penderia elektrokimia; bahan

penyimpanan tenaga
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CHAPTER 1: INTRODUCTION
1.1 Preface
Transition metal hexacyanoferrate (MeHCF) denotes a vital class of synthetic
coordination compounds, of which Prussian blue (PB) represents the classical prototype
(Griffith, 1962). These group of compounds, including other structures analogues, have
gained research interest, particularly in electrochemical sensing owing to their excellent

electrocatalytic and electrochemical behaviour (Kong, Selomulya, Zheng, & Zhao, 2015).

To enhance the performance of pristine MeHCF component and to create novel
properties, intense research works have been carried out to synthesis MeHCF-based
nanocomposites. Nanocomposites are of special significance due to their distinctive
characteristics are not solely come from the intrinsic properties but also from the
synergistic effect of each component (Kao, Thorkelsson, Bai, Rancatore, & Xu, 2013).
Hence, researchers are devoted to developing a new or improved fabrication method to
engineer the MeHCF based nanocomposites in recent years. In general, materials that
have been employed to form nanocomposite with MeHCF including conducting polymer

(CP), carbon nanomaterials and noble metals.

In this work, hydrogen peroxide (H20>) is first selected as the analyte of interest as it
is one of the most common electroactive analytes which has been used to verify the
electrochemical sensing performance of the modified electrodes. Moreover, H>O> is a
catalytic sub-product of various enzymes and extensively used in the chemical and food
industries (W. Chen, Cai, Ren, Wen, & Zhao, 2012). The next investigated analyte in this
work is nicotine. The sensing of nicotine is significant for medicine, toxicology and the
tobacco industry. The detection of nicotine is a crucial analysis in the tobacco industry as
the quality of cigarette products can be determined by its level of nicotine (Zuo et al.,

2004). Nicotine can bring potential health problem, especially cardiovascular and
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respiratory-related condition which is associated with lung cancer (Hall et al., 2014).
Besides that, studies have been performed to understand its potential medical value
towards diseases such as Alzheimer’s (Winzer-Serhan, 2017) and Parkinson’s disease

(Quik, O’Leary, & Tanner, 2008).

In this present research, a facile technique to synthesise MeHCF-PPy nanocomposites
is expected to be established in this study, Firstly, a comparative study on synthesis
method of selected MeHCF-CP nanocomposite by a novel self-assembly approach and
conventional electrochemical approach was conducted. Polypyrrole (PPy) is an
appropriate CP to form nanocomposite with selected MeHCF as it can be easily oxidised
by the precursor of MeHCF to form MeHCF-PPy nanocomposite film effortlessly. These
fabricated MeHCF-CP nanocomposites were modified for electrochemical sensing of
H>0: and nicotine, respectively. It is worth to mention that reduced graphene oxide was
used as a basal substrate for the sensing of nicotine to provide mechanical support of the
active molecules as well as increasing the operational stability. In addition, it was found
that the developed facile self-assembly technique allows the control of electrochemical
behaviour, by behaving as an electrochemical sensor to an electrochemical capacitor
material. Thus, the intercalation pseudocapacitive behaviour which exhibited by the as

synthesised nanocomposites was discussed in the later part of this report.

1.2 Thesis outline

The work demonstrated in this thesis addresses the promising application of the facile
synthesised MeHCF-PPy nanocomposites towards electrochemical sensors for hydrogen
peroxide and nicotine. In addition, MeHCF-based nanocomposites as potential

supercapacitive material for energy storage purpose was discussed.

Chapter 1 presents the general introduction on research background regarding metal

hexacyanoferrate, conducting polymer, nanocomposites and their applications in

22



electrochemical sensors and materials for energy storage purpose, together with the scope

and objectives of this thesis.

Chapter 2 describes the literature review on materials of interest- Metal
hexacyanoferrates, MeHCF-based nanocomposites, its applications as electrochemical
sensors, energy storage materials (batteries and supercapacitors) and other applications
of MeHCF and its nanocomposites, as well as methods development for synthesising

MeHCF-based nanocomposite.

Chapter 3 shows the chemicals, materials and techniques used to modify the surface

of the electrode and the characterisation of the fabricated nanocomposites.

Chapter 4 presents the study of comparative synthesis method of self-assembly and
one-pot pulse electrodeposition technique of PB-PPy nanocomposite. The optimisation
and the sensing application toward H>O; detection were demonstrated in this chapter
(This work has been published in Electrochimica Acta, June 2017, Issues 246, pp. 841-
852). Secondly, the alteration of PB composition in the nanocomposite to its analogues,
copper hexacyanoferrate, and optimisation of the electrode as the electrochemical sensor
for nicotine detection was discussed (This work has been published in Journal of
Electroanalytical Chemistry, Feb 2019, Issue 246 pp. 67-75). Thirdly, the interesting
intercalation pseudocapacitive behaviour of PB-PPy nanocomposite was illustrated in this
section (This work has been published in Journal of Applied Electrochemistry, June 2019,

Volume 49, Issue 6, pp. 631-638).

Chapter S draws the thesis summary and preliminary result of future works.
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1.3

ii.

iii.

Objectives of the research

To develop a facile procedure based on MeHCF nanocomposite for electrode
modification.

To compare the developed of electrode modification with the conventional

method.

To demonstrate the synthesised nanocomposite as the electrochemical sensor.
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CHAPTER 2: LITERATURE REVIEW

This chapter describes the introduction metal hexacyanoferrates (MeHCF) and its
nanocomposite. The materials employed to form nanocomposites with MeHCEF,
particularly conducting polymers (CP), carbon nanomaterials, noble metals, as well as
ternary nanocomposites were highlighted. Besides that, the advantages of forming
MeHCF-based nanocomposite in electrochemical applications, especially as
electrochemical sensors and energy storage materials were explained. In addition, the
chapter explained other applications of MeHCF-based nanocomposites and synthesis

approach to form MeHCF-based nanocomposites.

2.1 Metal hexacyanoferrate

Transition metal hexacyanoferrates (MeHCF) is an important group of mixed-valence
compounds with the general formula of AxMk[Fe(CN)s]i.mH20 (h, k, 1, m= stoichiometric
number, M= transition metal ion). The unit cell length is 10.2 A. MeHCF have a face-
centred cubic framework with octahedral coordination of the M and Fe ions links by N=C
and C=N ligands, respectively (Ferlay, Mallah, Ouahes, Veillet, & Verdaguer, 1995). The
alkali metal cations, A are situated in the tetrahedral position which responsible for charge
compensation. In some circumstances, coordinated water molecules and anions could

present in this assembly.

Prussian blue (PB) is considered as the oldest synthetic coordination compound and
has a long history. PB was first synthesised by artist Diesbach in 1704 in Berlin by
coincidence (Kraft, 2008). Nonetheless, the novel research of PB on its electrochemical
behaviours was only revealed in 1978. Subsequently, abundant studies were carried out
on its electrochemical, electrochromic, magnetic, electro and photo-catalytic behaviours.
Owing to their excellent electrochemical and photochemical behaviours, PB has been

used for various applications. For instance, as electrochemical sensors, self-rechargeable
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batteries, supercapacitors, electrochromic displays, fuel cells, sodium and potassium ion

batteries, and signal-enhancing nanodevices.

The assembly of PB is a three-dimensional (3D) network comprising of alternating
ferrous and ferric ions on cubic framework position in each framework of PB, ferric
ferrocyanide with an iron(III) atom is linked to nitrogen atom and iron(II) atom is linked
to the carbon atom, which permitting for high-spin and low-spin electron alignment,
respectively (Kong et al., 2014; Pasta et al., 2014). Also, the counter-cations and other

small molecules can intercalate in the interstitial site and vacancies of PB.

A distinctive cyclic voltammogram (CV) of PB interfaces comprises of two sets of
peaks, results from two reversible reduction/oxidation reactions: (i) the conversion of PB
into its reduced form, Prussian white (PW); (ii) the oxidation of PB to a mixture of
Prussian yellow (PY) and Berlin green (BG). This is due to a combination of BG and PY

is often formed instead of pure BG (Itaya, Ataka, & Toshima, 1982).

The redox couple at a more negative potential (0.2 V vs. Ag/AgCl) resembles to the
redox of high-spin system (Prussian blue/Berlin green, Fe**/Fe®"), whereas the other
peaks at a more positive potential (1.0 V vs. Ag/AgCl) are due to redox reaction of low

spin Fe(CN)s>"* (Prussian blue-Berlin green).
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2.2 MeHCF and its nanocomposite

In the field of material science, an interesting research topic relies on the synthesis of
composite material. Composites not only possess the excellent characteristics of the
individual material but the synergistic materials demonstrated the fine qualities of both
organic and inorganic individual based materials (Kao et al., 2013). This will enhance the
performance of MeHCF, or even creates multifunctional materials with novel outstanding
behaviour if the combination is in the nanometre scale. Typically, the materials employed

to form nanocomposites with MeHCF are elaborated as follow:

221 Nanocomposite of MeHCF with conducting polymer

It is common that conducting polymer (CP) arises as a natural component to form a
composite or hybrid material, owing to its excellent physical, chemical properties and
simple synthesis. Moreover, CP has the advantages of high conductivity, high charge

storage ability, facile preparation and cheap in costing.

CP is a polymer with the p-conjugated chain backbone structure, consisting of a series
of alternating single and double bonds (Balint, Cassidy, & Cartmell, 2014). This
characteristic attributed to delocalisation of p-electrons along the whole polymer chain,
resulting in their unique conducting properties (Y. W. Park, 2010). The common CP used
to form nanocomposites with MeHCF in the field includes polypyrrole (PPy), polyaniline

(PANI) and poly (3.4-ethylenedioxythiopene) (PEDOT).

2.2.2 Nanocomposite of MeHCF with carbon nanomaterial

Carbon nanomaterials which were employed to form nanocomposites with MeHCF
are generally including carbon nanotube (CNT), graphene, reduced graphene oxide (rGO)
and graphene quantum dot (GQD). CNT is further categorised into multiwalled CNT
(MWCNT) and single-walled CNT (SWCNT). All these carbon nanomaterials possess

high conductivity and are able to facilitate the electron transfer of PB, as well as employed
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as a support layer for the deposition of MeHCF (Borisova, Karyakina, Costlier, &

Karyakin, 2009).

2.2.3  Nanocomposite of MeHCF with noble metal

Noble metals such as gold (Au), platinum and silver (Ag) were extensively used to
form nanocomposite with MeHCF due to the distinctive features of noble metal. It is well
known that noble metal nanoparticles can enhance the conductivity and the electron

transfer rate of the MeHCF. Noble metals also act as a catalyst for the growth of MeHCEF.

2.2.4 Ternary MeHCF nanocomposite
Researches were dedicated to design ternary nanocomposites as it offers insight of
creating novel composites besides the fascinating synergistic augmentation of three

components in the ternary nanocomposites (Pan, Gu, & Dong, 2016).

23 Application of MeHCF and its nanocomposite
2.3.1 Electrochemical sensor

An electrochemical sensor converts the interaction of analyte between the analyte and
electrode into a viable electrochemical signal. Electrochemical sensing is a relatively
significant field in analytical chemistry and is employed to detect countless analytes.
Electrochemical sensors are especially remarkably useful for electro-active compounds
detection due to its inherent nature to the analytes (Leake, 2006), thus it can offer a simple,
rapid, sensitive and cost-effective detection and most importantly, enable real-time

detection (J.Wang, 2006b).

Prussian blue (PB) and its analogues such as nickel hexacyanoferrate (NiHCF) and
copper hexacyanoferrate (CuHCF) (Oliveira et al, 2018) have been studied extensively
for the development of electrochemical sensor due to its outstanding electrochemical and

electrocatalytic behaviour. MeHCF is most renowned as hydrogen peroxide (H20,)
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sensor where PB is described as an artificial peroxidase that corresponds to the biological
family of peroxidase enzyme for H>O» (Karyakin, 2001; Karyakin, Karyakina, & Gorton,
2000). MeHCEF has also been reported as a sensor for other analytes such as nicotine (C.
Y. Yang, Chang, Chen, & Devadas, 2016), L-cysteine (N. Song, Zhu, Ma, Wang, & Lu,
2018) and hydrazine (C. Wang et al., 2010) at respective potential and can even serve as
a biosensor, provided the enzyme or antibody cast on top of the MeHCF modified
electrode (Karyakin, Gitelmacher, & Karyakina, 1994; X. Z. Zhang, Zhou, Zhang, Zhang,

& Gu, 2016).

Hydrogen peroxide (H20>) is a simple yet very vital molecule. H,O» is a catalytic by-
product of numerous oxidases including; glucose oxidase, cholesterol oxidase and a
substrate for the horseradish peroxidase enzyme. It is also widely used in the chemical
and food industries (Tsiafoulis, Trikalitis, & Prodromidis, 2005). H»O, was chosen as
one of the analytes of interest in this research due to its importance and the most common
analyte for non-enzymatic electrochemical sensors. Hence, it is usual for a novel modified
electrode to employ H>O» as their respective analyte to verify the electrochemical sensing

performance of the electrode.

Nicotine is a significant analyte of interest in the tobacco industry, medical and
toxicology field. Firstly, regulation of nicotine content is important in tobacco industry
(cigarettes and e-cigarettes) for consumers’ safety (Lisko et al., 2015). Furthermore,
nicotine is carcinogenic and able to increase the blood pressure, hence can bring some
potential health problems, especially cardiovascular and respiratory-related condition like
lung cancer (Smits, Temme, & Thien, 1993). Besides that, studies have been performed
to understand its medical value towards diseases such as Alzheimer’s (Winzer-Serhan,
2017) and Parkinson’s disease (Quik et al., 2008). Up until today, there are still a quite a

limited number of reports on nicotine detection especially using electrochemical sensor
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and no specific material yet to be used in its electrochemical sensing. Nonetheless, a
composite of palladium hexacyanoferrate with graphene oxide was reported as the highly
sensitive amperometric nicotine sensor (G. Yang, Chang, Chen, & Devadas, 2016). This

study indicated that MeHCF might be able to employ as the electrode for nicotine sensing.

Other analytes such as L-cysteine is vital in the physiologic and clinical analysis as it
is the indicator for hepatic cystinuria and used in the treatment of alopecia (Clemente,
Reig Garcia-Galbis, & Martinez-Espinosa, 2018; Sumorok & Goldfarb, 2013). Previous
report also employed PB-graphite quantum dots modified graphite felt to detect L-
cysteine (L. Wang et al., 2016). Hydrazine which is a carcinogenic and hepatotoxic
chemical, as well as possessing varied functions in industry and agriculture (Reilly &
Aust, 1997). It has been detected using PB/carbon nanopolyhedra/PPy composite (J. Zhao

etal., 2017).

Nonetheless, MeHCF materials typically demonstrated low conductivity (Z. Wang et
al., 2014) and poor stability (R. Z. Zhang et al., 2015), especially in a neutral or alkaline
solution. The OH ions which were produced from the electrochemical reduction of H>O>
can easily react with Fe** to form Fe(OH)s, which leads to Me-CN-Fe bond cleavage in
MeHCF film (Karyakin, Karyakina, & Gorton, 1999). Using the study of H>O>
electrochemical sensor as an example, pristine MeHCF (PB, CuHCF and NiHCF)
exhibited a sensitivity range from 0.14 to 188 mA M cm™ (Fiorito, Brett, & Cérdoba De
Torresi, 2006; Karyakin et al., 2004), while the MeHCF (PB) in nanoscale may only
demonstrate sensitivity up to 200 mA M cm? towards the detection of H2O> (Puganova
& Karyakin, 2005). Therefore, the improvement of these MeHCF based electrochemical

sensors 1s the focus of the current research.

One of the strategies to enhance the electrochemical sensing performance is by

forming nanocomposite with other conducting materials to utilise the synergistic effect
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between the binary components. Additionally, the forming of MeHCF nanocomposites is
expected to improve their sensing performance in terms of sensitivity, stability as well as

selectivity, which are the important criteria in the electrochemical sensor.

2.3.1.1 Sensitivity
Sensitivity is defined as the slope of the calibration curve, and the calibration curve is
plotted as a steady-state response against analytes concentration (Thévenot, Toth, Durst,

& Wilson, 2001). The sensitivity can be enhanced by the following factors:

(a) Conductivity

Conducting materials such as CP, carbon nanomaterials and noble metal increase the
electronic conductivity and facilitate the electron transfer between MeHCF and the
electrode, thus consequently contributes to the degree of sensitivity of synthesised
nanocomposites towards electrochemical sensing of analytes. For instance, CuHCF-PPy
demonstrated a sensitivity of 726 mA M cm™ towards H>O; sensing, which was 5000
times higher than pristine CuHCF (0.14 mA M cm™) due to the conductivity possessed
by PPy which works as a molecular wire connecting the CuHCF catalytic size (Fiorito et

al., 2006).

According to Table 2.1, the performance of ternary nanocomposites sensors often has
a higher sensitivity if compared to pristine MeHCF or nanocomposites which formed
from two conductive components. A ternary PB/PANI/MWCNT nanocomposite
exhibited the higher sensitivity as compared to PB/PANI electrode based sensor towards
H>0; sensing (Z. Wang et al., 2012). The outstanding sensitivity can be attributed to
synergistic effects from three components, which two of them were the highly conducting
PANI and CNT. Although the CP used in the reported work is different, the sensitivity of

NiHCF/PANI/CNT electrode exhibited far higher sensitivity than NiHCF/PPy.
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Table 2.1: MeHCF-based nanocomposite modified electrode and its sensing
performance (effect of conductivity)

Target Type of Linear Sensitivity Detection Ref.
analyte electrode range | (mA M'cm?) | limit (uM)
H»,O, | CuHCF-PPy | Upto 0.5 726 13 Fiorito et
mM al. (2006)
NiHCF/PA | 1 uM-3 2288 12.4 Z. Wang et
NI/CNT mM al. (2012)
NiHCF/PPy | 0.1 mM- 88.33 1 Fiorito et
0.9 mM al. (2006)
PB/PANI/M | 8 nM-2 526.43 0.005 Zou, Sun,
WCNT uM & Xu,
(2007b)
PANI/PB/C | 80 nM-5 508.18 0.01 Zou, Sun,
NT mM & Xu,
(2007a)
PANI-PB 10 uM- 485 NA Amarnath
0.5 mM & Sawant,
(2019)

NA= not applicable

(b) MeHCF nanoparticle
Recent studies demonstrated that monomers, carbon nanomaterials and noble metal
can works as reducing agents in the formation of MeHCF nanoparticles. Nanoparticles

provide more surface area for analyte and hence increase the sensitivity.

Using the first discovered MeHCF-PB as an example, PB was conventionally
synthesised via two different chemical routes (Ding, Hu, Gu, & Xia, 2009) as shown in

Eq. 2.1.

Fe?* + [Fe(IIN(CN)g)3~or Fe3*t + [Fe(ID(CN)g]*™ -

Fe(II),[Fe(IN(CN)gls + e~ Eq. 2.1

These reducing agents elongate the reaction of the synthesis mechanism and make it
easier to control the size of the PB nanoparticles formed (Qiu, Peng, Liang, Li, & Xia,

2007) as shown in Eq. 2.2 and Eq. 2.3. With the aid of additional reducing agents, Fe>"
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will reduce to Fe? and subsequently these Fe** ions will react with Fe (CN)¢> to form

PB.

Fe3* + e~ (Reducing agents) —» Fe?* Eq.2.2

4Fe®* + 3[Fe(IIN(CN)4]3~ » Fe(lI),[Fe(IN(CN)¢ls + e~ Eq.2.3

E. Jin, Bian, Lu, & Wang (2012) synthesised MWCNT/PPy/PB nanocomposites via
direct mixing of Fe**and [Fe(CN)s]*" in the presence PPy-MWCNT as a reducing agent.
The PB nanoparticles with size between 12-24 nm were successfully formed on top of
PPy-MWCNT. In the report, PPy was used to reduce Fe*" to Fe** and then Fe** was
reacted with [Fe(CN)s]*" to form PB nanoparticle. The sensitivity of this sensor towards
the detection of H»O» was recorded as 345 mA M' c¢cm? Similar to PPy,
ethylenedioxythiophene (EDOT) can act as reductant for Fe™-Fe (CN)¢* complex
(PB precursor) to form PB nanoparticles (Yang et al., 2017). As a result, PB-PEDOT
core-shell structure was formed with an average diameter of about 52.6-16.7 nM. The

morphology showed a 3D hierarchical porous structure.

Also, PB analogues can be formed by the same means of redox synthesis with CP.
This is due to monomers such as pyrrole that could be easily oxidised by a variety of
transition metals which forms metallic salt, for instance, FeClz, Fe(NO3), to K3[Fe(CN)3]
and CuCl, (Prasanth, Shankar, Gupta, Rana, & Ahn, 2015). All of which are regular
oxidants for the synthesis of conducting PPy. Wong, Zhang, Yang, Chen, & Ying (2015)
have reported the formation of lithium hexacyanoferrate-CP hybrid using LizFe(III)(CN)s
as the PB precursor and pyrrole as the reducing agent. Also, a cylinder-like PPy was
observed when K3[Fe(CN)s] was used as the oxidant in the polymerisation reaction of
pyrrole (Tuo et al., 2016). Hence, the PB analogues such as CuHCF, NiHCF and CoHCF

can be prepared by two suggested routes as follows: (i) by adding respective metal salt to
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the PPy doped- [Fe(CN);]* complex or (ii) the redox process between pyrrole and Me™*-

Fe™(CN)s*" complex.

Besides that, carbon nanomaterials such as MWCNT was mixed with the PB
precursors to form PB-MWCNT hybrid (J. Zhai, Zhai, Wen, & Dong, 2009). The
formation of PB can be attributed to the lower Fermi level of MWCNT if compared to
the redox potential of Fe**/Fe**. MWCNT is ca +0.5 V (vs. SHE) whereas the redox
potential of Fe**/Fe?" is ca +0.783 V (vs. SHE). Hence, it is predicted that MWCNT can
reduce Fe’* to Fe?" as a result of relative potential levels, followed by a spontaneous
reaction of Fe*" with Fe(CN)s> to yield PB. The size of randomly deposited PB
nanoparticles on MWCNT surfaces was around 40 nM with a narrow size distribution.
Another mechanism route was also proposed in the formation of PB-SWCNT
nanocomposites. The Fe™-Fe™ (CN)¢* complex has the redox potential of +1.20 V vs.
SHE whereas SWCNT also has the similar Fermi level with MWCNT and hence the
electrons transfer occurred from SWCNT to Fe™-Fe™ (CN)¢* (Choi et al., 2002). The
size of PB nanoparticles formed with this mechanism was reported as 30 nm on top of

SWCNT (W. Zhang, Wang, Zhang, Wang, & Fang, 2009).

Other examples of MeHCF-carbon nanocomposite included graphene quantum dots
(GQD) (L. Wang et al., 2016), graphene (E. Jin, Lu, Cui, Chao, & Wang, 2010) and PB
nanocubes on rGO (Cao, Liu, Zhang, & Lu, 2010), GO sheet-PB nanocomposites (X. W.
Liu, Yao, Wang, & Wei, 2010). These nanocomposites were employed as hydrogen
peroxide and hydrazine sensors. Unlike conducting polymer, PB analogues-carbon
nanocomposites were unable to synthesise using this redox approach. This is presumably
owing to the less oxidising strength of these MeHCF precursor salts. Hence, the formation
of PB analogues such as yttrium hexacyanoferrate (YHCF) or cobalt hexacyanoferrate

(CoHCF) on top of carbon layer is usually performed under electrodeposition technique
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(Devadas, Yeh, Chen, & Piraman, 2014) or in situ chemical precipitation onto the carbon

layer (Deng, Li, Qiu, Zhou, & Hou, 2015).

Furthermore, noble metal was able to effectively induce the formation of MeHCF
nanoparticles similar to carbon nanomaterials or CP (Ni et al., 2013). The noble metal is
able to catalytically reduce Fe*" to Fe?" and hence drives the formation of PB
nanoparticles. Ni and co-workers (2013) electrodeposited Au nanoparticles (AuNPs) on
GCE to catalyse the chemical deposition of PB to form PB@Au nanocomposite. Similar
to that, J. Zhao and co-workers (2015) have electrodeposited Ag nanoparticles on graphite
felt and PBNP (30-40 nm) was catalytically formed on the AgNP surface from an aqueous
solution of K3[Fe(CN)¢], FeCls, KCl and HCI. Also, PBNPs formed around 30 to 60 nm
with AuNP acted as the reducing agent for PB precursor as reported in the study of Qiu
and co-workers (2007).

Table 2.2: MeHCF-based nanocomposite modified electrode and its sensing
performance (effect of nanoparticles).

Target Type of Linear Sensitivity Detection Ref.
analyte electrode range | (mA M'cm?) | limit (uM)
|$610)) MWCNT/PPy/P | 4 nM- 345 0.08 E.Jinet
B 0.517 al.
nM (2012)
PB/MWCNT 0.01- 1.54 0.567 J. Zhai et
hybrid 0.04 mM al.
(2009)
Nafion®/PB/gra | 0.02-0.2 196.6 1.9 E.Jinet
phene nanosheet mM al.
(2010)
PB-rGO 0.05 uM- - 0.045 Cao et al.
0.12 mM (2010)
GO sheet-PB | 0.05-140 NA NA X. W.
nanocomposites mM Liu et al.
(2010)
PB/AuNPs 2 uM- 562 0.1 Nietal.,
8.56 mM (2013)




PB/SWCNT 0.5-27.5 NA 0.001 W.Zhang
mM et al.,
(2009)
Hydrazine PBwAg NA 26.06 (A M) 0.049 J. Zhao
et al.
(2015)
L-cysteine | PPy/GQD@PB/ | 0.2-50 0.41;0.15 0.15 L. Wang
GF uM; 50 et al.
uM-1 (2016)
mM

*NA= not applicable

(c) Special morphology
The controlled formations of unique structures such as nanotubes, nanofibers or hollow
structures are very vital in material science, as it is important to provide a higher specific

surface area and hence increase the sensitivity of the sensors.

Inspired by the facile redox reaction of PB precursors and pyrrole, PPy has been
employed as a template to form various morphologies of PB-PPy nanocomposites. Owing
to the shape of PPy, it can be tailored by using certain chemicals such as dye molecules
methyl orange (MO) and ferric salt. Yang, Zheng, & Zheng (2016) reported an
encapsulation of PB into hollow PPy, using FesOs spheres as a template and the Fe*
source for the formation of PB. Core-shell Fe;O4@PPy was formed by chemical
polymerisation of pyrrole with FeCls in the presence of sodium dodecyl sulfate. The PB
nanocubes were subsequently formed on the surface of hollow PPy via the reaction
between Ki[Fe(CN)s] solution and Fe’" was released from FesOs in the acidic
environment. This PB-H-PPy nanocomposite can reduce the diffusion resistance of
analyte as well by offering a large surface area for H.O> molecules adsorption and
reaction due to its hollow structure. As a result, a H>O2 sensor with a comparable lower
LoD of 1.6 uM and relatively high sensitivity of 484.4 mA M cm™ for a linear range
between 5 uM to 2.775 mM was fabricated. Moreover, a three-dimensional (3D) PB-PPy

aerogel was fabricated by Tuo and co-workers (2016), with the characteristics of high
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porosity and large specific surface area, which are able to improve the contacts between
electroactive materials in the aerogels modified electrodes and electrolytes. This PB-PPy
aerogel was produced via freeze-drying of the self-standing PPy doped Fe(CN)e*-
hydrogel when formed via MO and K3[Fe(CN)s] as template and oxidants. PB was
formed on the aerogel surface by reacting with FeCl;. Hence, the PB-PPy aerogel

demonstrated as a promising electrocatalyst towards the reduction of H,O».

For the cases of template-assisted synthesis between MeHCF-carbon materials,
nanocomposites following the original shape of the carbon materials such as carbon
nanofiber (CNF) can be formed. However, the shape of the carbon material cannot be
tailored to spheres or other morphology like CP because of its inherent morphology. L.
Wang and co-workers (2012) produced PB on COOH-functionalised CNF by similar
redox reaction. A nanofiber with PB coated on the CNF surface was obtained. This PB-
CNF nanocomposite was then used for glucose biosensing, demonstrating a sensitivity of
35.95 pA?mM! from 0.02-12 mM after glucose oxidase (GO) was drop-casting onto the
modified electrode.

Table 2.3: MeHCF-based nanocomposite modified electrode and its sensing
performance (effect of morphology).

Target Type of Linear Sensitivity Detection Ref.
analyte electrode range (mA M'cm?) | limit (uM)
H>0» PB/Hollow- 5.0 uM- 484.4 1.6 Yang et
PPy 2.775 mM al.
(2016)
PPy-PB 0.99 uM- 35.2 0.23 Miao &
8.26 mM Liu,
(2009)
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(d) Hydrophilicity

Hydrophilicity contributes to sensitivity by allowing penetration of hydrophilic
analytes through the electrode. The hydrophilicity of PB can be manipulated with
incorporating with hydrophilic poly-(5-amino-1-naphthol) CP as shown in the work
reported by (Limachi, Gongales, Cintra, & Cordoba De Torresi, 2013). A hydrophilic PB-
poly-(5-amino-1-naphthol) nanocomposite was prepared, allowing permeation of H>O»
through both outer and bulk active site of the electrode and therefore presented a high
sensitivity of 400 mA M cm™ towards H>O».

Table 2.4: MeHCF-based nanocomposite modified electrode and its sensing
performance (effect of hydrophilicity).

Target Type of Linear Sensitivity Detection Ref.
analyte electrode range | (mA M'cm?) | limit (uM)
H2O» PB/poly(5- Upto 0.7 400 8 Limachi
NH»)1-NAP mM et al.,
(2013)

2.3.1.2 Stability

Stability can be divided into operational stability and storage stability. For the
operational stability assessment, parameters such as analyte concentration, pH, and the
continuous or sequential contact of the electrochemical sensor with the analyte solution,
as well as buffer composition should be taken into consideration (Thévenot et al., 2001).
For the storage stability determination, the important parameter is the state of storage (dry
or wet) (Thévenot et al., 2001). The stability (operational and storage stability) of MeHCF
could be increased by incorporating CP support or employing carbon or noble metal as a

substrate.

In the case of MeHCF-CP nanocomposite, the adhesion of CP towards the electrode
surface is robust enough to retain the electrode electrochemical activity. Tao and co-

workers in 2013 revealed that the usage of poly (m-phenylenediamine) (PMPD) in a
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hybrid film of PB-PMPD on a GCE surface increases the adhesion of nanocomposites to
the electrode surface, consequently improving the operational stability of PB in neutral
or weak alkaline solutions. This was evidenced by a higher degree peak current intensity
in cyclic voltammogram (CV) of PB-PMPD if compared to pristine PB in pH 7.5.
Moreover, the peak shape of PB-PMPD is still maintained even at pH 9.5 whereas the
CV redox peak of pristine PB has already diminished. In another study, PPy was
deposited onto PB/carbon nanopolyhedra (CNP) composite in order to enhance the
stability of PB/CNP (J. Zhao et al., 2017). Although PB/CNP/PPy composite is in
micrometre scale, it is worth mentioning that PPy can be a better option for covering the
electrode surface than insulating Nafion® or PVP (polyvinylpyrrolidone) to protect
electrodes from leaking. This is evidenced by the CV peak current of PB/CNP/PPy did
not change significantly if compared to PB/CNP electrode. Moreover, this PB/CNP/PPy
composite which still demonstrated the highest sensitivity (0.22 A M from 0.75uM to
1.65 mM) among all other hydrazine electrochemical sensors as tabulated in their report.
On the other hand, the PB-PANI coated carbon nanotube (CNT) electrode covered by
insulating PVP displayed a relatively low sensitivity (0.91 mA M cm?) towards H.O»
(Sheng, Zhang, Wu, Zheng, & Tang, 2015) as compared to other nanocomposites which

are tabulated in Table 2.5.

In the case of MeHCF-carbon nanocomposite, carbon nanomaterials are employed as
support layer for the deposition of MeHCF, considering the ferric ions in the MeHCF
structure exhibits high affinity towards carbon surfaces (Borisova et al., 2009). Husmann
and co-workers (2014) have electrodeposited PB on CNT electrode surface to improve
the operational stability of the PB towards H>O: sensing. This stability effect was due to
the n-to-m interaction between CNTs and PB, in which PB acts as the electron acceptor
whereas CNT acts as the electron donor. Also, ionic interactions between Fe group of PB

and functional groups at the surface of CNT contributed to a good interaction among these
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materials (X. Zhai, Wei, Zeng, Liu, & Gong, 2006). On the other hand, the enhanced
stability with graphene can be assigned to a high affinity between graphene with a 2D

dimensional thin layer characteristic and the MeHCF nanoparticles (E. Jin et al., 2010).

For the MeHCF-noble metal nanocomposite, the affinity between nitrile group (-CN)
of MeHCF and Au was able to enhance the stability of MeHCF via hybridisation of
AuNPs and PB (Bai & Shiu, 2015). Z. Song and co-workers (2010) combined beneficial
roles of AuNPs where the robust binding between gold nanoparticles and nitrile group of
PB ensured the stable deposition of PB; electrodeposited AuNPs on surface of PB-
MWCNT-AuNPs nanocomposite acted as immobilisation platform for antibodies and a

protection layer to prevent leakage of PBNP.

As far as storage stability is concerned, the NtHCF/PANI/CNT electrode was stored in
PBS buffer solution and the response current of the nanocomposite was only reduced by
11.3% after 40 days (Z. Wang et al., 2012). This is due to the support from PANI and
CNT.

Table 2.5: MeHCF-based nanocomposites modified electrode and its affect to
stability.

Target Type of Linear Sensitivity Detection Ref.
analyte electrode range (mA M1 cm?) | limit (uM)
H202 PMPD-PB 5 uM- 134 0.6 Tao et al.
I mM (2013)
PVP protected NA 0.91 NA. Sheng et
PB/PANI coated al.
CNT (2015)
PB/CNT paste NA 314 0.00479 | Husman
electrode netal.,
(2014)
Hydrazine PB/CNP/PPy | 0.75 uM 220 NA J. Zhao
- 1.65 et al.,
mM (2017)
Glucose PB/CNT 4 uM- 2 0.6 2.5 X.Zhai et
mM al.
(2006)

NA =not applicable
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2.3.1.3 Selectivity

Selectivity is defined as the signal output with the analyte alone versus to that with the

interference alone, at a similar concentration as that of the analyte (Thévenot et al., 2001).

Noble metals, especially Ag possess the peroxidase mimicking behaviour like MeHCF
materials (Jiang, Chen, Cao, & Huang, 2012). Hence, noble metal-MeHCF
nanocomposites may be a promising candidate to replace enzyme peroxidase as shown in
the work. For example, Pandey, Singh, & Pandey (2015) synthesised Ag-PB and Ag-Au
PB nanocomposite for the electrocatalyst of H>O; and the kinetic parameters was at least

three-fold as compared to horseradish peroxidase.

In addition, the high affinity of Au towards thiols (-SH group) and amino groups may
improve the selectivity of the amino-based detection such as L-cysteine sensor. For
instance, Pandey, Pandey, & Chauhan (2012) synthesised a PB-AuNP-palladium (Pd)
nanocomposite for electrochemical detection of L-cysteine and this electrochemical
sensor demonstrated the lowest detection limit at 0.18 uM from a range of 0.3-400 uM.

Table 2.6: MeHCF-based nanocomposites modified electrode and its effect towards
selectivity.

Target Type of electrode | Linear Sensitivity Detection Ref.

analyte range | (mA M'cm?) | limit (uM)
L-cysteine PB-Au-Pd 0.3uM- 0.18 21.3 Pandey
0.4 mM et al.,

(2012)
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2.3.1.4 Other criteria
Other performance criteria that are not really can be enhanced by the formation of

nanocomposites includes:

e Reproducibility: measure of the variation in a series of observations or results
performed over a period (Thévenot et al., 2001).

e Limits of detection (LoD): lowest analyte concentration at which detection is
feasible; may well reside at some concentration below the linear range of an assay,
where the calibration curve is no longer valid (Thévenot et al., 2001).

e Linear concentration range: The maximum and the minimum concentration values

that the sensor can response to (Thévenot et al., 2001).

2.3.2 Energy storage material

The most common energy storage devices comprise of batteries and supercapacitors
(SC). Batteries produce electrical energy by the transformation of chemical energy via
redox reactions at the anode and cathode, whereas supercapacitor (also known as
electrochemical capacitor or ultracapacitor) is a novel energy storage tool that bridges the
conventional capacitor and rechargeable battery. This device combines the benefits of
both traditional capacitor and rechargeable batteries, which are high power density and
high energy density. The supercapacitor is employed as a complement for rechargeable
batteries to deliver the extra power needed in various applications. For instance, SC
shielded rechargeable batteries from the high-frequency fast discharge/charge process in

electrical vehicles (EVs) (F. Wang et al., 2017).

In recent times, MeHCF has gained a rising interest as the electrode material for
supercapacitor and battery (rechargeable battery). Iron hexacyanoferrate (PB) and its
derivatives are recently gaining its second life as a potential material in the energy storage

field after extensively being employed in painting, photography and later in
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electrochemical sensing field (Paolella et al., 2017). This is mainly because of their
tuneable open channels that allow insertion of both molecular and ionic species into the
electrochemically active sites for faradaic redox reaction and hence no phase change
occurs upon the charge/discharge of MeHCF. The theoretical specific capacity of PB can
be as high as 170 mAh g!. Other advantages of MeHCF includes easy preparation, being
non-toxic, economical, leading the investigation of PB and its analogues as promising

energy storage materials.

2.3.2.1 Supercapacitor

Supercapacitors generally can be categorised into two types based on their energy
storage mechanism: (i) electrical double layer capacitors (EDLC) that stored charges at
the electrode-electrolyte interface (Eaq) through electrostatic interaction and (ii)
pseudocapacitors that rely on Faradaic reaction (Winter & Brodd, 2004). The electrode is
an important factor that affects the performance of supercapacitors. The commonly-used
EDLC materials are carbonaceous materials, such as CNT and graphene whereas
transition metal oxides and conducting polymer are widely used as electrode materials for

pseudocapacitor.

More recently, the idea of intercalation pseudocapacitance was proposed. This
phenomenon was due to the presence of pseudocapacitance contribution in some
electrode materials for metal ion batteries via the physical manipulation of electrode
materials (F. Wang et al., 2017). The most studied electrode materials for intercalation
pseudocapacitor comprised of nanostructured TiO> (Augustyn et al., 2013), Nb>Os (Weit,
Wei, Ichihara, & Zhou, 2008) and MoOs; (Brezesinski, Wang, Tolbert, & Dunn, 2010).
Nonetheless, MeHCF might be able to group into this sub-category as it is a battery-like

material that can be used as the material in supercapacitor (Li et al., 2013; Safavi,
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Kazemi, & Kazemi, 2011; H. Wang et al., 2014) Some of the important criteria of

supercapacitor that can be improved by forming nanocomposites are stated as below:

(a) Specific capacitance

Specific capacitance, Csp 1s a significant parameter in determining the performance of
a supercapacitor. In general, Csp of MeHCF can be improved by forming nanocomposite
with carbonaceous material and CP. Carbonaceous such as carbon nanofiber (CNF) and
MWCNT are able to increase the conductivity and hence contributed to Csp whereas CP
possesses characteristics of high capacitance and high electrical conductivity. X. Zhang
and co-workers (2018) have prepared a CoHCF/MWCNTSs nanocomposite and this
nanocomposite exhibited Csp 109% higher than of pure CoHCF. In another report, the
PPy/NiCoHF nanocomposite showed an enhancement in Csp (380 F g!) as compared to

pristine PPy (258 F g™).

As mentioned earlier, the ternary composite demonstrated improved electrochemical
performance than their pristine forms or even their binary composites, attributed to the
synergistic effect from all three constituents. Hence, have reported a ternary PPy-PB-GO
nanocomposite, which exhibited better performance as compared to the binary materials
(PPy-PB and PPy-GO nanocomposite), in term of Cs, and cycling stability (will be
discussed in section (b)). PPy-PB-GO nanocomposite demonstrated the highest Cs,
among PPy and PPy-GO. All the parameters of MeHCF based materials as supercapacitor

are tabulated in Table 2.2.

(b) Cycling stability
MeHCEF has low cycling stability due to gradual dissolution during potential cycling
(Martinez-Garcia et al., 2006). To solve this main disadvantage, carbon nanomaterials

were employed to form nanocomposite with MeHCF due to carbonaceous materials are
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EDLCs with excellent cyclic life (>10,000 cycles). Also, it is very often that MeHCF-
carbon nanocomposites possess higher Csp. For instance, Luo and co-workers (2015) have
prepared the PB/rGO nanocomposite and 92 % of recorded Csp was persisted after 1000

cycles whereas Csp retention of PB was only 58 %.

Table 2.7: MeHCF-based nanocomposite as supercapacitors.

Electrode material Current density Specific Ref.
(Agh capacitance (F g'!)
PB-PANI 1.5 774 Amarnath &
Sawant (2019)
PPy/NiCoHCF 10 529 (aqueous) Ensafi, Ahmadi, &
668 (non-aqueous) Rezaei (2015)
PB-PPy-GO 5 5254 Zou et al. (2016)
CoHCF/CNF/PPy 0.5 512 Rawool, Punde,

Rajpurohit, Karna,
& Srivastava
(2018)

Interlocked PB-rGO 0.25 428.83 M.Zhang, Hou,
Halder, Ulstrup, &
Chi (2017)
CoHCF/rGO 1 340 J. G. Wang, Zhang,
Liu, & Wei (2017)

CoHCF 1.4 318 J. G. Wang et al.
(2017)
Meso-CoHCF 1 314 Yue et al. (2015)

2.3.2.2 Batteries

PB and its derivatives are promising materials for batteries due to their high
electrochemical reversibility, as well as low cost. Also, these materials have been
investigated as both cathode and anode materials of batteries. The usage of MeHCF based
nanocomposites batteries is far lesser than the electrochemical sensor and supercapacitor.
However, the formation of nanocomposite enables the increase of discharge capacity,
cyclic stability and Columbic efficiency of PB. Wong and-co-workers (2015) have
synthesised the LiHCF-PPy- polystrenesulfonate polymer hybrid as the lithium battery
cathode. This reported material preserved 70 % of the capacity after 200 cycles in which

presumably due to the presence of CP that enhanced the cycle stability and discharge

45



performances. You and co-workers (2016) also reported a PB/CNT composite material

which can operate in low temperature (-25 °C).

2.3.3 Dual electrochemical applications

By adjusting the composition or designing suitable MeHCF composite,
nanocomposites with multifunctional electrochemical functions could be achieved.
Amarnath & Sawant (2019) have reported a PB-PANI composite for both sensing of H>O»
and supercapacitor purposes. Although these mentioned PB-PANI composites were not
in nanometre scales, the PB cube on top of the PANI rod (200 nm in size) was 75 nm.
The PANI- PB composite with core-shell arrangements (PANI shell and PB core) offered
the highest Csp, owing to the pseudocapacitance properties of both PANI and PB which
can be accessed easily. On the contrary, the co-synthesised PANI-PB displayed a high
sensitivity of 485 mM™! cm? from 0.01-0.5 mM towards H>O>. Also, M. Zhang and co-
workers (2017) have reported a hybrid composite of PB-graphene which is capable of
both electrochemical sensing and acts as an electrochemical capacitor. The PB nanocubes
are enfolded by rGO nanosheets to obtain a highly stable interlocked structure, which
exhibited a specific capacitance of 429 F g and a decent sensitivity of 250 mM™! cm™

towards H20: from 2.5-475 uM with a LoD of 2 uM.

Up to date, these were the only two reports demonstrated the possibility of MeHCF-
based nanocomposite used for dual electrochemical applications. Therefore, this is a great
research potential and prospect to develop MeHCF-based nanocomposite for

electrochemical sensor and supercapacitor.
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2.3.4 Other application
2.3.4.1 Cesium decontamination

Cesium (*’Cs) is the main component of radioactive waste generated from nuclear
plants. These radionuclides are generally treated by various approaches such as co-
precipitation, adsorption/ion exchange, evaporation/concentration and chromatography
methods. MeHCF has been used in Cs removal due to its open zeolite-like structure,
which is promising for ion exchange for Cs”. The Cs removal with MeHCF based
materials was reported using the adsorption or ion exchange method, as well as
electrically switched ion exchange technique (ESIX). S.C. Jang and co-workers (2015)
reported a PB/ rGO foam composite for decontamination of Cs from polluted water based
on adsorption mechanism. This composite demonstrated a 99.5% removal efficiency with
the maximum adsorption capacitive (Qmax) of 18.67 mg g'!, owing to the high surface area
of 3D porous rGO foam and decent ion-exchange behaviours of the PB nanoparticles.
Other examples of MeHCF based materials used for adsorbent for Cs removal includes
CuHCF/SWCNT (Draouil et al., 2017), PB nanoparticles (S.-C. Jang et al., 2014) and
CuHCEF nanofilms. On the other hand, CUHCF/MWCNT nanocomposite was reported as
ESIX material, in which CuHCF acted as ion exchange component and MWCNT
facilitated the electron transfer and conductivity. The CuHCF deposited on dendritic
morphology was available for Cs" exchange. This reported electrochemical adsorption
system for CUHCF/MWCNT hybrid showed outstanding Qmax (310 mg g!) (Zheng et al.,
2017). In contrast, the traditional adsorption system only demonstrated Qmax with a value

of 230 mg g\

2.3.4.2 Electrochromism
Electrochromism, a colour change stimulated by electrochemical reactions, has been
drawing immense interest due to its potential application to various devices, especially as

smart windows and rear-view mirrors in the vehicle (Rosseinsky & Mortimer, 2001). A
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smart window is an electrically switchable glass or glazing to regulate light transmission,
which is appealing for energy-saving in building and automobiles (Granqvist, Avendatfio,

& Azens, 2003).

PB which features a deep blue colour has been used in the field of electrochromism.
Colour change from blue to white occurs during the reversible transition from PB to PW,
which corresponds to the potential between +0.6 and -0.4 V vs. SCE (Hara et al., 2007).
In addition, PANI-PB multi-coloured electrochromic electrode was reported by
DeLongchamp & Hammond (2004). The conducting PANI increased the switching speed
of the transition of colour from green to blue at the potential range from -0.2 to -0.6 V

(vs. SCE).

2.3.4.3 Photocatalyst

MeHCEF also has been used as photocatalyst such as photo-oxidation of water. PB
catalysed the photo-oxidation of water in the presence of tris (2,2’ bipyridine ruthenium
(IT) complex) (Christensen, Harriman, Neta, & Richoux, 1985). Besides that, CuHCF has
been reported as catalyst for sacrificial photo-reduction and photo-oxidation of water with

visible light (Tennakone, Wickramanayake, & Fernando, 1987).

24 Method development for preparation of MeHCF nanocomposite

In the past decades, researchers have extensively investigated the preparation of
MeHCF composites by various methods. The preparation strategies are of great
significance due to these synthetic methods imposed upon the resulting products in terms
of the morphology, thickness as well as arrangement or composition of each material in
the nanocomposite and hence their performance or the applications. Each approach has
its respective perks or to suit different material and purpose. The methods used for

synthesising MeHCF nanocomposites are named as:
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1) Electrodeposition

i) Chemical approach

1i1) Photochemical synthesis

1v) Layer-by-layer assembly

V) Combination of electrodeposition and chemical methods

The schematic diagram below illustrates the arrangements of nanocomposites formed by

different methods.

Figure 2.1: Schematic diagram of various nanocomposite structure: (i) bi-layered
MeHCF-CP/carbon/noble metal; (ii) single layer MeHCF-CP/carbon/noble metal
(irregular or regular shape); (iiij MeHCF-CP/carbon/noble metal core-shell
structure.

Electrochemical deposition (ED) or electropolymerisation is the common method for
preparing MeHCF nanocomposites, owing to its high stability, long term life and good
reproducibility (Rapecki, Donten, & Stojek, 2010). Also, conducting materials can be
deposited on the electrode surface easily by this approach. Furthermore, the size and

shape of the conducting nanoparticles can be regulated facilely by changing the

parameters of ED.
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2.4.1.1 Two-steps electrodeposition

A two-steps electrochemical procedure is often employed in the electrodeposition of
MeHCF nanocomposites with two layers, especially for MeHCF-CP nanocomposite. The
schematic diagram of bilayer MeHCF nanocomposite is shown in Figure 2.2 (i). Using
MeHCF-CP composite as an example, CP was first deposited onto an electrode by
electropolymerisation of the monomer, followed by the electrochemical reduction of
metal hexacyanoferrates in a second electrolyte solution containing the metal (ferric or
copper(Il)) and ferricyanide ions. The CP can be synthesised by electropolymerisation
with constant applied potential strategy or galvanostatic polymerisation whereas MeHCF
were electrodeposited on the CP, commonly by potential cycling deposition strategy or
applied potential strategy (Somani & Radhakrishnan, 2002; H. Zhao, Yuan, Adeloju, &
Wallace, 2002) Alternately, the process can also be reversed, in which MeHCF was
electrodeposited first on the substrate (Derwinska et al., 2003). These two steps method
will form CP/MeHCF or MeHCF/CP nanocomposites with two different layers. CP can
be replaced by other materials such as carbon-based material or noble metal. However,
metal is usually deposited with constant potential whereas carbon material is normally
drop-casted on electrodes followed by ED of MeHCF on carbon material surfaces (Y.

Zhang, Sun, Zhu, Shen, & Jia, 2011).

In order to merge a MeHCF electrocatalyst onto the CP, another type of two-steps
electrodeposition approach is used to form ferricyanide ions-CPs composites by potential
cycling in electrolytes containing monomers and metal or ferricyanide ions (Fiorito et al.,
2006; Gonales, Matsubara, Rosolen, & Cordoba De Torresi, 2011). It was then followed
with the second step of potential cycling in an electrolyte consisting of the target metal
ions to form MeHCF-CP. By this mean, a layer of MeHCF-CP nanocomposite will be
fabricated (as shown in Figure 2.2 (ii)). Nevertheless, this type of electrodeposition

method was only used for the formation of MeHCF-CP nanocomposite.
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2.4.1.2 One-pot electrodeposition

One step electrosynthesis can be conducted via CV or the constant potential method
to synthesis MeHCF based nanocomposites. Z. Wang and co-workers (2012) reported
that the PANI/NiHCF was electrodeposited by CV approach due to the intrinsic
characteristic of PANI and NiHCF . The PANI formed was first doped with Fe(CN)¢™>,
and then, Ni*" was doped onto the reductive state of PANI, where ferricyanide was also
reduced to ferrocyanide in the CV potential range from -0.2 V to +0.85 V vs. saturated
calomel electrode (SCE). The polymer PANI and the inorganic polynuclear NiHCF
compound in the cubic hybrid microstructure should interact electrostatically with each
other since the partially oxidised PANI was positively charged while NiHCF was in
anionic state. Furthermore, a cubic of PANI-NIHCF as shown in Figure 2.2 (ii) will be
formed on a CNT modified electrode. On the other hand, the constant potential method
(+0.4 V vs. SCE) was employed to form PB-MWCNT on Au surface (C. Zhai, Sun, Zhao,
Gong, & Wang, 2013). However, there is no study up to date to synthesise noble metal

and Au in one-pot ED solution.

In the case of forming nanocomposite with CP that was not electroactive/conducting
at the region where MeHCF redox species are electroactive, such as PPy, one-pot pulse
ED method was employed (Kulesza et al., 2001). The initial approach was reported in
such a way that the nanocomposite film, PB-PPy was deposited on the electrode surface
by a one-stage procedure which comprised of multi CV in a solution containing Fe(III),
Fe(II)[CN]s] and pyrrole. The potential employed was in the region of the monomer
oxidation and the MeHCF salt reduction, which results in the formation of PPy and PB,
respectively. However, it is hard to form both PB and PPy in the same potential range,
owing to only small amounts of PPy was formed if the positive potential employed was
lower than -0.7 V vs. Ag/AgCl (1 M KCI). On the other hand, the PB activity will be

diminished if the upper switching potential is higher than 0.8 V vs. Ag/AgCl (1 M KCl)
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(Karyakin & Chaplin, 1994). Hence, one-pot pulse ED was proposed by the researchers
to form a composite film (Zolotukhina, Bezverkhyy, & Vorotyntsev, 2014). In the
approach, periodical order comprised of the anodic pulse which was able to electro-
oxidise the polymer on the electrode surface whereas cathodic pulse electro-reduces the
precursor into inorganic MeHCF constituents of the composite. The effect of contrast
potential towards both polymer and MeHCF components can be minimised by this mean.
Moreover, the pattern, thickness and composition of the deposited composite can be

manipulated by deposition potential (Ozkale et al., 2014).

2.4.1.3 Sonoelectrodeposition

Sonoelectrodeposition is a relatively new electrodeposition technique to form MeHCF
composite which performed under ultrasonic radiation. The size and dispersity can be
controlled by altering the amplitude of the radiation. For example, Hostert, Alvarenga,
Marchesi, Soares, & Vidotti (2016) presented a multiple sequence of the constant
potential method ED of PPy and PB nanostructure under ultrasonic radiation. This report
revealed that the film morphology varies from large aggregates into tiny particles which

deposited uniformly on the electrode surface via changing the amplitude of radiation.

242  Chemical approach

The advantages of chemical approach are that this route can be used without any
external devices such as potentiostat, it is rapid and is able to increase the stability of the
composites via a chemical redox reaction. Due to the relative potential between additional
materials and PB, this method is very popular in preparing MeHCF nanocomposite
electrode as mentioned in the previous part. For example, Zou and co-workers (2016)
have utilised one-pot chemical approaches to synthesis a ternary composite of PPy-PB-
GO in which PPy works as the reducing agent and iron(III) ions as an oxidising agent for

pyrrole monomer. This one-pot technique is also employed in the template-assisted
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chemical approach. As mentioned earlier, special morphology (aerogel) PPy-PB was
synthesised with the aid of methyl orange (MO) and ferricyanide ions (Tuo et al., 2016).
A core-shell structure or single layer MeHCF based nanocomposites as demonstrated in

Figure 2.22 (iii) will usually be fabricated by this type of chemical approach.

2.4.3  Photochemical synthesis

The photochemical method offers benefits including mild synthesis condition, and is
capable to alter conditions in a stepwise means, specific rate control and morphology
control. For instance, rGO-PB nanocomposite has been prepared via this means (Santos,
Katic, Toledo, & Bonacin, 2018). A quartz cuvette containing the precursor solution was
irradiated with UV light (400 nm) for 24 hours. The photochemical approach is a rather

new approach used to prepare MeHCF based nanocomposite.

Nonetheless, the disadvantage of nanocomposite formed via all these chemical
approaches (including photochemical synthesis) is the in-situ modification of electrodes
could not be achieved. The nanocomposite was typically produced in advance and
deposited on electrodes by the drop-casting method. Therefore, by exploiting the similar
redox reaction between PB and PPy, PB-PPy nanocomposite was synthesised with the
layer-by-layer assembly method in our previous study to accomplish in-situ electrode
modification. This as synthesised nanocomposite particles size was in the nanometre

scale. The synthesis details will be explained further in the following part.

2.4.4  Layer-by-layer assembly

The layer-by-layer (LBL) assembly was introduced to archive in-situ modification of
electrodes. This self-assembly (SA) or LBL was first established in 2001 (Millward et al.,
2001). Briefly, this approach is established on the sequential deposition of the oppositely
charged particles. LBL assembly is a facile and effective method to create polymer

nanocomposites and it can be employed for almost all materials. This method is

53



constantly forming novel materials and various applications. The other benefits include
its ability to synthesise nanocomposites with adjustable composition and structures, as

well as controlled thickness in nanoscale precision.

The novel self-assembly (SA) strategy which based on multiple sequential absorptions
was inspired by these layer-by-layer assembly works reported before. For instance, Y.
Liu, Chu, & Jin (2009) reported a self-assembled PB film on platinum foil formed by
multiple sequential adsorptions of ferric ions and hexacyanoferrate ions. Platinum foil
was successively immersed in two solutions containing ferric and ferrocyanide ions
respectively. In addition, Y. Zhang, Chu, Shi, & Jin (2011) presented a self-assembled
PB NPs based on multiple sequential absorptions produced of PB NPs on the surface of

a positively charged PDDA polymer layer.

This method possesses advantages such as simplicity and great controllability for the
formation of the nanostructure. Consequently, the weakness is time-consuming as a
certain amount of deposition cycles are needed to synthesize an integrated film (Chu, Liu,

& Jin, 2017).

2.4.4.1 Combination of electrodeposition and chemical approach

The combination scheme of electrodeposition and chemical methods have been used
in some studies. This method basically starts with the deposition of CP by means of
electropolymerisation or drop casting, subsequently by electrodeposition or SA of
MeHCF onto the CP film. The previous reports included the ED of poly(o-
phenylenediamine) (PoPD) using cyclic voltammetry, subsequently by the SA of PB on
the pre-deposited PoPD films (Ojani, Hamidi, & Raoof, 2016), alternate SA and ED
procedures were performed to form MWCNT-PET-Au/PB composites film (Y. Zhang,
Chen, Gao, Chen, & Lin, 2012) and ED of PB on drop-casted PANI-HNT film (Sheng et

al., 2015). Thus, to enhance the electrochemical stability of the composite, the CP layer
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will sometimes be electrodeposited on top of the MeHCEF layer. For instance, PPy was
electrodeposited on the surface of the SA PB/GQD (graphene quantum dot) layer in order

to increase the stability (L. Wang et al., 2016).
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CHAPTER 3: METHODOLOGY

This chapter focuses on the materials, techniques and experimental methods that were
employed in this research to prepare and characterise the electrochemical sensors and
electrochemical capacitor. The characterisation techniques mainly divided into surface
and electrochemical characterisations. The surface characterisations employed include
Fourier transform infrared spectroscopy (FTIR), field-emission scanning microscope
(FESEM) and energy dispersive X-ray spectroscopy (EDX) whereas the electrochemical
methods include cyclic voltammetry, amperometry, electrochemical impedance
spectroscopy (EIS) and galvanostatic charge-discharge test (GDC). Other method for

analysis in this research was high performance liquid chromatography (HPLC).

3.1 Material

All chemicals were of analytical grade and used as received. Potassium ferricyanide,
potassium ferrocyanide, iron (III) nitrate nonahydrate were purchased from Friendemann
Schmidt. Copper (II) chloride and pyrrole (99.5%) was purchased from Sigma-Aldrich
whereas nitric acid (63%) was purchased from R&M chemicals. Deionised (DI) water

was used for all experiments.

3.2 Method of preparation for MeHCF-PPy nanocomposite
3.2.1 Pre-treatment of glassy carbon electrode

Glassy carbon electrode (GCE) was used as the base electrode. The clean GCE was
polished with alumina (1, 0.1, 0.05 mm diameter) slurries until a mirror surface was
observed. The polished GCE was subsequently washed by DI water and ultrasonicated in

DI water and ethanol, respectively, for one minute and dried in air.
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3.2.2  Self-assembly MeHCF-PPy nanocomposite
3.2.2.1 PB-PPy

For the self-assembly (SA) of PB-PPy film, two solutions were prepared. Solution A:
0.01 M Kj3[Fe(CN)s] + 0.01 M Fe(NO)3.9H20 + 0.10 M KNO3 + 0.10 M HNO; and
Solution B: 0.10 M pyrrole solution + 0.10 M KNO3 + 0.10 M HNO:s. Firstly, the pre-
cleaned glassy carbon electrode (GCE) was successively dipped into solution A, followed
by being immersed in deionised (DI) water and absolute ethanol, respectively. The
electrode was then dipped into the solution B followed by consequent immersing in DI
water and absolute ethanol, again. The dipping time in solutions A and B was 1 minute.
respectively. These above-mentioned steps are denoted as one deposition cycle. The SA
PB-PPy was prepared using 10, 20, 30 and 35 number of deposition cycles (NDC), which
were then named as SA PB-PPy (10), SA PB-PPy (20), SA-PPy (30) and SA PB-PPy

(35), respectively.

3.2.2.2 CuHCF-PPy

CuHCF-PPy was self-assembled on rGO electrodeposited GCE. For the preparation of
rGO, rGO was electrodeposited on GCE with potential cycling from 0 to 1.5 V wvs.
Ag/AgCl (sat. KCI) with a scan rate 5 mV s'. 1 mg mL"' of GO with 0.1 M KClI as
supporting electrolyte solution was used. Graphene oxide (GO) was prepared by the

Hummers method (Siong et al., 2018).

In this part, the Fe(NO3)3-K3[Fe(CN)s] solution was replaced with CuCl>-K3[Fe(CN)s|
to form CuHCF instead of PB. Briefly, two solutions containing K3[Fe(CN)s]-CuClz
(Solution 1) and pyrrole (Solution 2) were prepared individually. The pre-treated GCE
was sequentially immersed into the Solution 1, DI water, ethanol, Solution 2, DI water
and ethanol. These mentioned steps are stand for one deposition cycle. CuHCF-PPy was

synthesised using 5, 10 and 15 NDC.
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3.2.2.3 PB

The pure PB was also self-assembled on the GCE as control by using the previously
reported method with slight modification (Liu, Xu, & Chen, 2002). The composition of
solution I and solution IT were as follows, Solution I: 0.01 M K4[Fe(CN)g] +0.10 M KNO3
+ 0.10 M HNO:s. Solution II: 0.01 M Fe(NO)3.9H,0 + 0.10 M KNO3 + 0.10 M HNOs.
The SA PB was also synthesised using 10 and 20 deposition cycles, which were then
named as SA PB (10) and SA PB (20). Briefly, the pre-treated GCE was first dipped in
Solution I and Solution II. The GCE was then washed with DI water and absolute ethanol

after dipping in each solution, respectively.

3.2.2.4 CuHCF

The pure CuHCF was prepared on the GCE surface as control in this experiment. The
precursors used were selected according to earlier reports (Makowski, Stroka, Kulesza,
Malik, & Galus, 2002) . The Solution II was replaced by CuCls solution. The procedure

was similar to the formation of PB in Section 3.2.2.3.

3.2.3  Electrosynthesis method of PB-PPy
3.2.3.1 Electrochemical experimental set-up

All the electrochemical measurement including cyclic voltammetry, electrochemical
impedance spectroscopy (EIS) and chronoamperometry were performed using a
potentiostat/ galvanostat Metrohm Autolab model PGSTAT-302N. A conventional three-
electrodes system was used as shown in Figure 3.1, which was composed of glassy
carbon electrode (GCE) with a geometrical area of 0.07 cm? or a modified GCE as
working electrode, saturated KCl Ag/AgCl reference electrode (standard electrode
potential E® against standard hydrogen electrode (SHE) is 0.230V+10mV) and platinum

rod as counter electrode, respectively.
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Figure 3.1: Three electrodes electrochemical system.

3.2.3.2 One-pot pulse electrodeposition of PB-PPy

The electrosynthesis method of PB-PPy film was adapted from the previous works
(Ozkale et al., 2014; Zolotukhina et al., 2014). For this purpose, the electrolytes with the
same chemical compositions as SA, but with a lower concentration were used for one-pot
pulse ED. The concentration of the salt and monomers was adjusted to sufficiently low to
avoid the spontaneous redox reaction between PB and PPy. Hence, the mixture of
electrolyte used in this experiment was supposed to be the highest concentration, in which
the Fe salt does not form a blue colloidal solution with pyrrole monomer within the course
of the ED. A solution of 0.50 mM Kj3[Fe(CN)¢] + 0.50 mM Fe(NO)3.9H>0 + 1.00 mM
pyrrole monomer + 0.10 M KNOs + 0.10 M HNO3 was employed as the ED electrolyte.
Firstly, one thin layer of polypyrrole was grown at +0.80 V (vs. Ag/AgCl) with a total
deposition time of 15s. Subsequently, the intermediate sandwich PB-PPy layer was
electrodeposited by the pulse ED. The polymer (PPy) was grown using an anodic phase
(+0.80 V, one second) while metallic PB was grown at the cathodic phase (5.8 sec.) at a

more negative potential +0.40 V. During the ED, a rest phase of 45 sec. was employed
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between the deposition of PB and PPy. The ED PB-PPy was prepared using 10, and 20
electrodeposition repetitions, which were then named as ED PB-PPy (10) and ED PB-

PPy (20).

For all the PB-based electrodes, they were preconditioned by cyclic voltammetry from
-0.1 Vto 0.5 V vs. Ag/AgCl (sat. KCl) in 0.1 M KNO3/HNO3 as supporting electrolyte

until a stable voltammogram was obtained (Pellitero et al., 2017).

33 Characterisation of modified electrode
Various techniques were used to characterise the modified electrode. This section is

devoted to explain the basic principles of the involved techniques.

3.3.1  Surface characterisation
3.3.1.1 Fourier transform infrared spectroscopy

Fourier Transform Infrared spectroscopy (FTIR) is an analytical technique used to
analyse molecular configuration, functional group and bonding situation for organic and
inorganic materials. It measures the absorption of infrared light (IR) wavelengths by the
sample based on the vibration of the atoms within a molecule (Amand & Tullin, 1999).
This absorption spectrum corresponds to the structure and bonding of the molecules. A
Perkin Elmer Spectrum 400 FT-IR/FT-FIR spectrometer was used in this study. A total
of 12 scans were collected for each spectrum at a resolution of 2 cm™! in the spectral range
of 4000 to 500 cm™'. However, only the spectrum from 4000 to 1000 cm™ was plotted as

no significant peaks in the range from 1000 to 500 cm™.
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3.3.1.2 Field emission scanning electron microscopy

Field emission Scanning Electron Microscopy (FESEM) is a technique used to acquire
surface morphology. Briefly, secondary electrons are released from sample spot after
bombards by the primary electrons which deflected by electronic lenses (Geert-Jan
Janssen, 2005). The digital images were produced by a detector of the secondary electron.
The surface images of modified electrode were acquired by a Field-emission Scanning

Electron Microscope (FESEM) (Hitachi SU8200).

3.3.1.3 Energy dispersion X-ray spectroscopy

Energy dispersion X-ray spectroscopy (EDX) was a chemical microanalysis technique
performed in combination in SEM. The elemental composition of the sample was
obtained by perceiving the x-ray emitted from the sample during bombardment by an
electron beam (Abd Mutalib, Rahman, Othman, Ismail, & Jaafar, 2017) . The EDX data

was also obtained by Hitachi SU8200.

3.3.2  Electrochemical characterisation
3.3.2.1 Cyclic voltammetry

Cyclic voltammetry is the most widely used technique for acquiring qualitative
information about electrochemical reactions. It is often the first experiment performed in
an electroanalytical study. Cyclic voltammogram is the resulting plot of current versus
potential. It offers a rapid location of redox potentials of the electroactive species and
convenient evaluation of the effect of media upon the redox process. It also can provide
other information such as the electrochemical kinetics of electrochemical sensor (surface-
controlled or diffusion control), the surface coverage of the modified electrode and

number of electrons involved in the reaction (Bard & Faulkner, 2002; J. Wang, 2006a).
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3.3.2.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful technique conducted to
investigate the electrical properties of materials and the electrochemical process occurs
at the interfaces of the electrodes. In this project, the potential in the electrochemical
systems was conducted with respect to Ag/AgCl (sat. KCI) reference electrode and hence
three-electrode cell set-up was used in this project. In general, EIS is measured by
applying small-amplitude AC perturbation to the EC system and the variation of the

impedance with frequency is recorded.

The parameters below were calculated for each frequency applied:

Impedance modulus: |Z| (€2)

Phase (°)

Real impedance, Z../Z’

Imaginary impedance. -Zin/Z”

The graphs generated include Nyquist plot (-Zim vs. Zr) and bode plot ( | Z | vs.

frequency and phase vs. frequency) (Lvovich, 2012a;0razem & Tribollet, 2014)

3.3.2.3 Chronoamperometry

Chronoamperometry, which also known as amperometry involves stepping the
potential of working electrode from a value at which no faradaic reactions occur to a
potential at which the surface concentration of the electroactive species is effectively zero

(J. Wang, 2006a).

In this research, chronoamperometry is mainly used for analytical purpose, the current
measurements of the sensor were under constant potential/polarisation at a fixed time

interval, while changing the analyte concentration. Additional transient background
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contributions (associated with surface redox reactions) are common to solid-electrode

chronoamperometric experiments.

3.3.2.4 Galvanostatic charge-discharge test

The galvanostatic charge-discharge (GCD) test is an important technique to investigate
the electrochemical capacitance of materials under controlled current conditions. GCD
can be considered as cyclic chronopotentiometry method (Bard & Faulkner, 2002). In this
study, the GCD test was performed using a conventional three-electrode system. The
materials of interest (PB-PPy) were deposited by the SA method on the working
electrode. This method was widely used in the field of supercapacitor field to evaluate

cycling stability and specific capacitance/areal capacitance.

The specific capacitance, Csp (F g') is calculated from the following equation

(Y. Wang & Chen, 2014):

= It Eqg.3.1
P mAV -2

Where i is current (A), ¢ is the discharge time (s), m is the mass of the active material

and AV is the voltage window (V).

The areal capacitance (F cm™) is calculated from the following equation (Huang

etal., 2013):

_Jt
C=< Eq.3.2

Where J is current density (A cm™), ¢ is the discharge time (s), and AV is the voltage

window (V).
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3.3.3 Real-sample analysis
3.3.3.1 Pre-treatment of real sample
The vape solution purchased from the market was filtered with CHROMAFIL®Xtra

PTFE syringe filter (0.20 um) and diluted with DI water for analysis.

3.3.3.2 High performance liquid chromatography analysis
High performance liquid chromatography (HPLC) relies on interaction of analytes
with the stationary phase and the mobile phase which resulted a separation of the
compounds inside the analytes. In this study, the HPLC is coupled with a UV detector.
Shimadzu HPLC Pump LC 20-AT and Shimadzu DAD SPD-M20A were used for
HPLC analysis of nicotine. The column used was Chromolith® HR RP-C18, which was
purchased from Merck. The mobile phase was 70% of 0.1% formic acid: 30% acetonitrile

with flow rate of 0.5 ml min™'. The UV wavelength employed was 260 nm.
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CHAPTER 4: RESULTS AND DISCUSSION

This chapter reports the novel fabrication methods of metal hexacyanoferrate
(MeHCF)-based nanocomposites and their respective electrochemical applications. The
first section begins with the comparative synthesis (self-assembly vs. one pot pulse
electrodeposition) of Prussian blue (PB)-polypyrrole (PPy) nanocomposites and its
application towards electrochemical sensing of the H>O». The second part focuses on the
facile synthesis of another structure analogous to PB, copper hexacyanoferrate (CuHCF)-
PPy nanocomposites and its electrochemical sensing of nicotine. Last part of this chapter
reported on the potential of these MeHCF-polymer nanocomposites as supercapacitor and

energy storage material.

4.1 Comparative synthesis methods for the preparation of Prussian blue-
polypyrrole nanocomposite

The conventional method for the synthesis of PB film is based on the electrodeposition
by using a solution comprised of ferric and ferricyanide ions with its supporting
electrolyte (W. Zhao, Xu, Shi, & Chen, 2005). However, self-assembled PB thin film has
been of significant interest, owing to its rapidity, simplicity and versatility in surface
modification (Kong et al., 2015). To boost the performance of PB and to create novel
properties based on the synergistic effect of PB composites (W. Jin et al., 2003), a lot of
research works have been carried out to create PB composite. However, these reported
PB-PPy nanocomposites were either prepared by the chemical method first, followed by

drop-cast on the electrode or by electrodeposition approach.

To my best knowledge, no studies have been reported on PB-PPy nanocomposites
synthesised using self-assembly (SA) method based on multiple sequential adsorptions
of FeCl3-K;3[Fe(CN)g] and pyrrole. The objective of this work is to develop a very simple

(facile) procedure, which will be efficient for the modification of glassy carbon electrode

65



(GCE) by PB and PPy-based nanocomposites, towards electrochemical applications. The
electrocatalytic reduction of HoO> was designated for its applications to investigate the

applicable of this novel SA method as electrochemical sensor.

This alternate self-assembly attempt simplifies the extensive preparation of the PB-
PPy nanocomposites (chemical method) or the requirement of an external voltage for the
preparation (electrodeposition). Furthermore, this approach permits the control of
electrochemical behaviour and its sensitivity towards H2O2 by simply tuning the number
of deposition cycle. In the present SA procedure, the redox reactions of FeCls-
K3[Fe(CN)s] in acidic solution and pyrrole occurred spontaneously. The FeClz-
K3[Fe(CN)s] acted not only as a precursor for PB but also as strong oxidants for pyrrole
(Itaya et al., 1982) while pyrrole played the reducing role in this reaction (E. Jin et al.,
2012) . Also, the entire method for PB-PPy nanocomposites preparation was performed

in an aqueous media without any additional chemical reagents.

To compare the present SA method with the conventional electrodeposition approach,
PB-PPy was also fabricated by electrodeposition method. For this purpose, PB-PPy was
synthesised by one-pot pulse electrodeposition (ED) method with slight modification
from the previous report (Ozkale et al., 2014; Zolotukhina et al., 2014), in order to mimic
the multiple absorptions by SA procedure as close as possible. In this section, PB- PPy
nanocomposite was prepared by two different approaches, namely one pot ED and novel
SA based on multiple sequential adsorptions of FeCl3-K3[Fe(CN)g] and pyrrole. A
comparative study in terms of morphology and its electrochemical, as well as

electrocatalytic behaviours, was presented.

66



4.1.1 Mechanism of formation of PB-PPy

Firstly, PB-PPy was self-assembled on the glassy carbon surface with a very simple
procedure. The proposed route for the preparation of PB-PPy film can be described as
follows and illustrated in Figure. 4.1. Firstly, FeCl3-K3[Fe(CN)g] was absorbed on the
GCE surface due to the hydrophilic carbon surface which has a high affinity to ferric ions
(Borisova et al., 2009). Pyrrole was then polymerised by FeCl3-K3[Fe(CN)s] in acidic
solution which is a strong oxidant for pyrrole. At the same time, Fe’" was reduced to Fe?*
by pyrrole (Eq. 4.1) and reacted with [Fe(CN)s]*” ions to form PB particles (Eq. 4.2) which
led to the formation of one layer of dark blue PB-PPy thin film. Repetitive cycling of the
PB/PPy self-assembled process grew a thicker film. The mechanism of the formation of

PB is as follows:

P
Fe3* 3 Fe?* +ppy (Eq.4.1)

4Fe?* + 3[Fe(II(CN)g]3~ » Fe(II),[Fe(IN(CN)g]s + €~ (Eq.4.2)

Figure 4.1: Schematic diagram of the preparation process of PB-PPy film.

For the one-pot pulse electrodeposition, the PB-PPy nanocomposite layer was
electrodeposited by the pulse ED. The polymer (PPy) was grown using an anodic phase

while metallic PB was grown at the cathodic phase.
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4.1.2 Comparison of surface characterisation for PB-PPy film
4.1.2.1 Field emission scanning microscopy
Figure 4.2 shows field emission scanning electron microscopy (FESEM) images of

PB-PPy electrode prepared with two different methods, ED and SA, respectively.

Figure 4.2: FESEM images of (A) ED PB-PPy (10), (B) ED PB-PPy (20) and (C) SA
PB-PPy (10) and (D) SA PB-PPy (20). Inset: Cross-sectional of FESEM images.

According to Figure 4.2 (A), ED procedure with 10 repetitions led to the formation of
tiny cubic PB and irregular seeds PB-PPy which yet to be fully developed into cubic form.
When the repetitions increased till 20, the nanocube of PB started to appear on top of the
PPy film as shown in Figure 4.2 (B). The type of PB deposited was the typical PB as it
had a cubic lattice organization (Y. Zhang, Chu, et al., 2011) On the other hand, PB-PPy
fabricated by the SA method had a very distinctive morphology. From Figure 4.2 (C),

the SA PB-PPy (10) film displayed an irregular globular morphology, which was in close
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agreement with previous reports (Hostert et al., 2016; Tao et al., 2013). This
morphological variation might be attributed to the complete growth of PB particles into
cubic framework hindered by space limitation. These polymers acted as the host to the
PB particles (Hostert et al., 2016) and provided the nucleation side for it (Y. Zhang, Chu,
et al., 2011). According to Figure 4.2 (D), it was clear that the particles with rougher
surface and thicker PB-PPy film were formed on the SA PB-PPy (20) electrode. The PPy
was overlapped with each other and the linkage between these polymers was clearly
shown in Figure 4.2 (D). The cross-sectional images of the modified electrodes are also
shown in the insets of Figure 4.2 which indicated uneven surfaces. Some part of surfaces
has thick agglomeration with the estimated range of particle sizes from 3 to 16 pum.
However, the thickness of the highlighted area from all the inset of Figure 4.2 can be

estimated to be less than 1 um.

The average particle size and its distribution of PB-PPy synthesized by ED and SA
methods were almost similar, as shown in Figure 4.3 (A) and (B), correspondingly. The
particles size of ED and SA PB-PPy was in the range of 51.1-63.2 nm, respectively. On
the contrary, the PB particles which were electrodeposited on GCE without the co-
deposition of polymer were 200 nm in sizes according to the previously reported work
(Tao et al., 2013). The small size, large surface-to-volume ratio and the increase of the
surface activity of nanoparticles when compared to those of bulk materials, qualify their

use in catalysis and sensing.
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Figure 4.3: Particles size distribution of (A) ED PB-PPy (20) and (B) SA PB-PPy

(10).
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4.1.2.2 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDX) analysis was employed to verify the
elemental composition of PB-PPy film formed on the surface of the electrode. Figure 4.4
presents the EDX spectra of PB-PPy. Element Fe was detected on all spectra, supporting
that the PB was successfully deposited on the electrode. Moreover, the elements C, N and

O were found in all spectra, showing PPy was successfully polymerised on the electrode.

(A} -E: W speciram 2

B specivam L

Figure 4.4: EDX spectra of (A) ED PB-PPy (10), (B) ED PB-PPy (20), (C) SA PB-
PPy (10) and (D) SA PB-PPy (20).
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4.1.2.3 Fourier transform infrared spectroscopy

The Fourier transform infrared spectroscopy (FTIR) transmission spectra of ED and
SA PB-PPy composites are illustrated in Figure. 4.5 (A) and (B), respectively. These
results further confirmed that PB and PPy were successfully deposited on all modified
electrodes. The absorption peaks observed at 3300 and 2904 cm’! are attributed to the N-
H stretching vibration in the PPy rings. The C-N stretching vibration and C-H in plane
ring deformation and bending modes appeared at 1353 and 1614 cm™! (Sahoo, Jung, So,
& Cho, 2007). A strong absorption peak at 2080 cm™! was corresponded to CN stretching
absorption band of CN group in Fe**-CN-Fe** of PB (Planche, Thiéblemont, Mazars, &
Bidan, 1994; Ke Wang et al., 2015). There was no peak observed at 2168 cm™!, which is
attributed to Fe*"-CN-Fe** of Berlin green (Pajerowski, Watanabe, Yamamoto, & Einaga,
2011), revealing that PB instead of Berlin green was formed on the surface of the
electrode. These results showed that the PPy-PB composite was successfully deposited

on the surface of the electrode.
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Figure 4.5: (A) FTIR spectra of (a) ED PB-PPy (10) and (b) ED PB-PPy (20). (B)
FTIR spectra of (a) SA PB-PPy (10) and (b) SA PB-PPy (20).
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4.1.3 Electrochemical behaviour of modified electrode
4.1.3.1 Cyclic voltammogram

It is well-known that PB is not stable in alkali solution due to the high affinity of OH"
ions react with Fe** ions which lead to the formation of Fe(OH); (Karyakin et al., 1999).
To compare all of the modified electrodes even PB-PPy nanocomposites with the least
PPy amount, as well as pristine PB, a slightly acidic electrolyte is selected. The acidity of
the electrolyte should be not too low to ensure the practical electrochemical sensing
application. Moreover, the CV current response of SA PB-PPy (10) increased

dramatically from pH 3 to pH 4 and decreased in solution pH 5 as shown in Figure 4.6.
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Figure 4.6: Current density response of SA PB-PPy (10) electrode vs. pH.

Besides that, there was almost the same in peak current after 50 cycles in pH 4
electrolyte (Figure 4.7). Hence, the electrolyte used was a 0.05 M citrate buffer solution
(pH 4.00) with 0.10 M KNOs as the supporting electrolyte. This pH 4.00 electrolyte

selected agrees with a previous study (Ojani et al., 2016).
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Figure 4.7: CV of 1t and 50™ cycles of SA PB-PPy (10) in 0.05 M pH 4.00 citrate
buffer with 0.10 M KNOs. The scan rate is 50 mV s,

Figure 4.8 illustrates the CV of PB-PPy self-assembled on the GCE surface with
increasing number deposition cycle (NDC). As can be seen in Figure 4.8, there were two
distinctive redox peaks in the CV curve, which are due to the conversion of PB into its
reduced form, Prussian white (PW) and PW is re-oxidised to PB, respectively (Kong et
al., 2015). On the other hand, there was no obvious redox peak corresponding to
polypyrrole as its redox current was too low to be seen on bare carbon electrode (J. Wang,
Xu, Yan, Zhu, & Wang, 2011) as compared with the high current of the nanostructured
electrode material. As the NDC increased, the peak current increased, which can be
related to the significantly higher amount of PB obtained under the presence of pyrrole
which underwent oxidation and reduction of Fe (III) and thus the peak current was in
proportional to the PB-PPy loading (Bellezza, Cipiciani, Costantino, & Elena Negozio,

2002).
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Figure 4.8: CV of SA PB-PPy with (a) 10 (b) 20 and (c) 30 NDC. The scan rate is 50
mV sl. The electrolyte used was 0.05 M pH 4.00 citrate buffer with 0.10 M KNOs.

Besides that, an increase of peak-to-peak separation (AE,) was observed as a result of
additional NDC of PB-PPy from curve a to ¢. As the two distinctive redox peaks
corresponded to the redox process of Fe (II/II) of PB, the large peak separation was
indicated the fact that the overpotential of the redox process of Fe (II/III) at SA PB-PPy
electrode was greater and the electron transfer rate of Fe (II/IIl) was slower (Luo et al.,
2015). This is presumably due to the increase in the amount of PPy, covering or forming
a composite with PB and thus the rate of electron transfer between PB/electrolyte reduced.
According to curve b of Figure 4.8, a voltammogram with much-improved current was
observed when the NDC increases to 20 if compared to 10. Nevertheless, the PB-PW
redox couple started to distort at 30 NDC as seen in curve ¢ in Figure 4.8. This indicated
that the thick film formed may inhibit the electron transfer of Fe (II/IIT) on the surface of

the electrode (Y. Zhang et al., 2012).
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Curve a and b in Figure 4.9 show the CV of SA PB (10) and (20) which self-assembled
on the electrode. The result proved that a very low amount of PB can be deposited on the
electrode without the presence of the polymer albeit the same NDC was employed. The
peak current of PB-PPy modified electrode was significantly higher than PB modified
electrode, which was due to the synergistic effect of metal-polymer composite and the
higher amount of PB formed in the presence of PPy was contributed by the oxidation of

pyrrole and the reduction of Fe**.

Figure 4.9: CV of (a) SA PB (10) and (b) SA PB (20). The scan rate is 50 mV s!. The
electrolyte used was 0.05 M pH 4.00 citrate buffer with 0.10 M KNOa.

For comparison purpose, PB-PPy film was fabricated using a one-pot ED method from
a single bath solution containing both monomer and the metal salt as displayed in Figure
4.10. The pulse deposition step was set to 10 (curve a) and 20 steps (curve b) in
correspondence to the respective NDC in SA methods. As shown in Figure 4.10, the peak
current increased with the number of deposition cycles. This revealed that the particle

density grows with the number of deposition repetitions in pulse ED method. On the other
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hand, PB-PPy electrodes were modified by the ED method seem to have two reduction
peaks as shown in the CV in Figure 4.10. This special phenomenon will be explained

further in the following part.

Figure 4.10: CV of electrodeposited PB-PPy electrodes with (a) 10 and (b) 20
repetitions. The scan rate is 50 mV s’1. The electrolyte used was 0.05 M pH 4.00
citrate buffer with 0.10 M KNOs.

Figure 4.11 shows the CV of PB-PPy fabricated by SA (curve a) and ED (curve b)
techniques. The PB-PPy electrode which showed the similar intensity of the redox peaks,
prepared by SA and ED, respectively were chosen for the comparison study. Still, the
peak currents of ED PB-PPy was slightly lower than SA PB-PPy and even the repetitions
of ED were set to 20 while the NDC of SA PB-PPy was only 10 cycles. This may
presumably due to some of the PPy and PB re-dissolved into the bath solution during the
electrodeposition process as different potential were employed (Ozkale et al., 2014). This
phenomenon suggested that it was easier to prepare PB-PPy composites via self-assembly
approach. Besides that, the redox couple peaks’ width of electrode fabricated by one-pot

ED was wider than the electrode modified by the SA method as displayed in Figure 4.11.
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This was due to the facts that different electrochemical behaviours were exhibited by the

PB-PPy synthesised by SA and ED techniques.

Figure 4.11: (a) CV of SA PB-PPy (10) (b) ED PB-PPy (20) in 0.05 M pH 4.00 citrate
buffer with 0.01 M KNOs3 as supporting electrolyte at applied potential 0.50 to -0.10
V at 50 mV s! scan rate.

According to the literature, common PB modified electrode usually had only one
couple of voltammetric peaks at about 0.20 V vs. Ag/AgCl (sat. KCI) (Koncki, 2002).
However, ED PB-PPy electrodes exhibited unconventional voltammetric behaviour as
peaks splitting as seen in Figure 4.11 and 4.12. According to Figure 4.12, the intensities
of these oxidation and reduction peaks varied with the increase of scan rate. Figure 4.12
(A) shows that the oxidation peak a’ was higher than the oxidation peak b’ when the scan
rate was 1 mV s™'. However, the order was reversed when the scan rates increased to 5
mV s as seen in Figure 4.12 (B). The same phenomenon was observed for reduction
peaks a and b as displayed in Figure 4.12 (C) and (D). This indicated that the current
peak b was directly proportional to the scan rate, suggesting that the electrochemical

property of peak b was a surface-controlled process (Y. Zhang et al., 2012). Hence, peak
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b could be attributed to the redox reaction of the surface atoms whereas, peak a could be
ascribed to the redox reaction of the inner atoms of the nanoparticles (S. Q. Liu et al.,
2002). These trends validated that the electrochemical behaviour of the PB nanoparticles
synthesised by ED was different from PB prepared by the SA method. This was also
depicted by the distinct morphologies observed in FESEM images of PB synthesised by

ED and SA methods, respectively.

A ! B b
ap K '
a
0.1
0.00
0.0
g b
g
5 0.1_
~ oos
02
a
0.1 00 0.1 02 03 0.4 05 0.1 0.0 0.1 0.2 03 04 05
03
0.2 C D
AR [N 1]
E 0.0
T
£
0.2
1 b 05
-4 d b
0.1 0.0 *1 0.2 0.3 0.4 05 b1 0.0 0.1 0.2 0.3 0.4 0.5
Evs. (Ag/AsChIV Evs. (Ag/AgCIWV

Figure 4.12: CV of ED PB-PPy (20) in 0.05 M pH 4.00 citrate buffer with 0.10 M
KNOs3 as supporting electrolyte in different scan rate; (A) 1 (B) 5 (C) 10
(D) 20 mV s\,

As shown in Figure 4.13, the cathodic and anodic peak currents of SA PB-PPy (10)
and ED PB-PPy (20) have been plotted against their respective scan rates, in order to
understand the charge transport characteristics within reaction layer. The redox couple
observed in Figure 4.13 was due to the redox behaviour in which PB is reduced to

Prussian white (PW) and is re-oxidised to PB.
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Figure 4.13: (A) CV of the SA PB-PPy (10) in 0.05 M pH 4.00 citrate buffer with
0.10 M KNOs as supporting electrolyte at various scan rate (from inner to outer
curve); 10, 20, 40, 60, 80 and 100 mV s’.. (i) Plot of peak current vs. scan rate for SA
PB-PPy (10). (B) CV of the ED PB-PPy (20) in 0.05 M pH 4.00 citrate buffer with
0.10 M KNO3 as supporting electrolyte at various scan rate (from inner to outer
curve); 10, 20, 40, 60, 80 and 100 mV s\, (ii) Plot of peak current vs. scan rate for
ED PB-PPy (20).

The linear relationship as observed in Figure 4.13 (i) and (ii) (from 10 mV s to 100
mV s) validated the electrochemical behaviour of the PB in PB-PPy composite film as
a reversible and surface-confined process (Bai & Shiu, 2015). The peak-to-peak
separation of redox couple of PB to PW was approximately 10 mV at the scan rate of 10
mV s!. Hence, ideal Nernstian behaviour is approached for a relatively slow scan rate in
this study, which is a normal phenomenon in practice, demonstrating the reversibility of

the redox reaction on the electron surface (J. Wang, 2006a).
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4.1.3.2 Surface coverage and estimated thickness of PB-PPy film
From a reversible surface reaction, the peak current is related to the surface

concentration of the electroactive mediator (I'), by the following equation;

I = n2F2YAT (Eq.4.3)

p 4RT

where n is number of electron, F is the Faraday constant (96,485 C mol™), 9 is the
potential sweep rate, A is the surface geometrical electrode (0.07 cm?), I' (mol cm™) is
the surface coverage and R is the gas constant (8.314 J K' mol™!) and T is the temperature

at 298 K (J. Wang, 2006a).

By using the slope Ipc vs. scan rate, since the reduction of H>O» depends on the
reduction peak, the surface coverage (quantitative amount) of PB-PPy was calculated
(Table 4.1). PB is known to exist in both soluble and insoluble forms, according to the

following reactions;

KFe(IID[Fe(IN(CN)4] + K* + e~ & K,Fe(ID[Fe(IN(CN)¢] (Eq.4.4)

Fe(II),[Fe(ID(CN)gls + 4K* + 4e~ o K, Fe,(ID[Fe(IN(CN)¢]s  (Eq.4.5)

The reduction procedure has been reported to lead to the incorporation of cations into
the electrode regardless of whether the soluble (Eq. 4.4) or insoluble PB (Eq. 4.5) forms
are involved (Kong et al., 2015). The Eq. 4.4 was selected in this case as the value of
calculated surface coverage and the thickness was more reasonable. The polypyrrole was

assumed to form a hybrid/composite with PB and in correspondence to the amount of PB.
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In addition, the thickness of the studied layers was estimated from the following

equations,

r= % (Eq.4.6)

where Q is the quantity of charge consumed during the reduction of the adsorbed layer

(J. Wang, 2006a),

m=2= (Eq.4.7)

Fn
where M is the molar mass of Prussian blue (Iftikhar et al., 2011), and

p=" (Eq.4.8)
where D is the density and L is thickness (Iftikhar et al., 2011).

Table 4.1: The calculated surface coverage and thickness of PB-PPy.

Modified electrode Surface coverage (mol cm™) Thickness (um)
ED PB-PPy (10) 5.75E-09 9.76E-03
ED PB-PPy (20) 2.49E-08 4.25E-02
SA PB-PPy (10) 2.58E-08 4.39E-02
SA PB-PPy (20) 4.47E-08 7.47E-02

The calculated thickness was in an agreement with the estimated thickness from the
highlighted cross-sectional FESEM images in Figure 4.2, which both values were less

than 1 pm.
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4.1.3.3 Electrochemical impedance spectroscopy

The electrochemical properties of the modified electrodes were further investigated by
electrochemical impedance spectroscopy (EIS) measurements. EIS measurements were
conducted in a frequency range of 10 Hz to 0.1 kHz with an AC voltage amplitude of 5
mV at the open circuit potential (OCP). A 0.05 M citrate buffer solution (pH 4.00) with

0.10 M KNOs3 was used as supporting electrolyte.

Figure 4.14 shows the Nyquist plot of PB-PPy electrode modified by pulse ED and
SA methods. These Nyquist plots were interpreted by fitting the experimental data with
an equivalent circuit using NOVA 1.11 software. The corresponding data is tabulated in
Table 4.2. The simplest Randles equivalent circuit model as shown in the inset (A) of
Figure 4.14 was used in the fitting of all electrodes, except for SA PB-PPy (20), from the
experiment data of the curves a, b and ¢ in Figure 4.14, the Randles model R{[Q(R¢.. W)]
consists of ohmic resistance of the solution (Rs), constant phase element (Q) and charge
transfer resistance (R¢t) which is the resistance of layer, indicating the electron transfer
kinetics of the redox probe at the electrode interface and consequently, showing
conductivity of the sample. For the fitting of SA PB-PPy (20), the Warburg element, W,
and hyperbolic tangent, T, were added in the equivalent circuit in order to describe the
semi-infinite diffusion and finite diffusion, respectively, at low frequency (Azman, Lim,
& Sulaiman, 2016). These elements selection were due to a straight line at an angle of
almost 45° (Warburg resistance) and another straight line which was almost parallel to
the imaginary axis/y-axis (hyperbolic tangent) of the Nyquist plot that were observed in
the low frequency region (Oraon, De Adhikari, Tiwari, Bhattacharyya, & Chandra Nayak,
2016), as shown in curve d of Figure 4.14. Term B is associated with hyperbolic tangent,
T in NOVA 1.11, which is the factor related to thickness of the diffusion layer. Its

equivalent circuit is demonstrated in the inset (B) of Figure 4.14.
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Figure 4.14: Nyquist plot of ED PB-PPy (10), ED PB- PPy (20), SA PB-PPy (10) and
SA PB-PPy (20). Inset: Equivalent circuit. The electrolyte used was 0.05 M pH 4.00
citrate buffer with 0.10 M KNO3 as supporting electrolyte.

To achieve an acceptable correlation between the experimental and simulated data, a
pure capacitor (C) was replaced by a constant phase element (CPE) in the fitting

procedure. The impedance of CPE is defined as

1
QUjw)"

ZcpE = (Eq.4.9)

where o is the pulsation, Q is the combination of the surface and the electroactive
properties of species which is independent of frequency and n are achieved from the Bode

plot (slope of log |Z| vs. log /). The relation of Q can be written as

n

Q= —a (Eq.4.10)

Rs(l—n)
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As can be seen from Figure 4.14, at the higher frequencies, modified electrodes
showed resistance behaviour. For SA PB-PPy (20), at lower frequencies, due to capacitive
behaviour, there was a sharp increase in the imaginary part of the impedance and the
curve shows a vertical line (Oraon et al., 2016; W. Wang & Wu, 2017) in the curve d,
Figure 4.14. This condition can be predicted as transition-metal hexacyanoferrates (PB)
with the combination of conducting polymers (PPy) which has been widely used for the

construction of supercapacitor (Ghasemi, Hosseini, & Asen, 2015; Luo et al., 2015)

Figure 4.15 represents the evolution of (C’) (the real part of the capacitance) vs.
frequency for all modified electrodes. For SA PB-PPy (20), by decreasing the frequency,
C’ has sharply increased, showing less frequency dependent which the electrode structure
and the electrode/electrolyte interface characteristic is. On the other hand, at higher

values, the capacitance is strongly depending on the frequency.

Figure 4.15: Evolution of the real part vs. frequency of ED PB-PPy (10), ED PB- PPy
(20), SA PB-PPy (10) and SA PB-PPy (20). Electrolyte used was 0.05 M pH 4.00
citrate buffer with 0.10 M KNOs as supporting electrolyte.
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For all spectra, some characteristic frequencies are given in Figure 4.16 which depicts
the change of C” (the imaginary part of the capacitance) vs. frequency. The plot for SA
PB-PPy (20) shows its maximum at a frequency fo, defining a time constant as To=
1/f0=1.25 s, which is related to dielectric relaxation time, as the characteristic of the whole
system, where the transition between resistive and capacitive conduction occurs from
high frequency to low frequency (Lvovich, 2012). The obtained relaxation time is in good
agreement with the supercapacitor characteristic described in the literature (Taberna,

Simon, & Fauvarque, 2003)

Figure 4.16: Evolution of imaginary capacitance vs. frequency of ED PB-PPy (10),
ED PB-PPy (20), SA PB-PPy (10) and SA PB-PPy (20). Electrolyte used was 0.05 M
pH 4.00 citrate buffer with 0.10 M KNO3 as supporting electrolyte.

From Table 4.2, the R of the electrode was arranged in the following orders: (Ret):

ED PB-PPy (10)> ED PB-PPy (20)> SA PB-PPy (10)> SA PB-PPy (20). The Re: of ED

PB-PPy electrode decreased by increasing the number of electrodeposition cycle.
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Table 4.2: Electrochemical parameters obtained by fitting of EIS results.

Ry(Q) | R (kQ) [QuMho) | N [ W(mMho) | T (mMho)| B

ED PB-PPy | 173 448 262 | 0.939 - - -
(10)

ED PB-PPy | 153 312 439 [0.939 - - -
(20)

SAPB-PPy | 138 | 912 155 | 0.978 - - -
(10)

SAPB-PPy | 113 | 005 239 |0.633] 7.69 3.05 | 0316
(20)

The SA PB-PPy (20) electrode has the lowest R¢ value, which can be associated to a
remarkably high CV current of this modified electrode as mentioned in Section 4.1.3.1
and thus revealing the high conductivity and low internal resistance of the SA PB-PPy
(20) electrode. This is presumably due to the increasing amount of the deposited
conducting polymers on the electrode as only nuclei of polypyrrole was deposited on the
surface of the electrode for SA PB-PPy (10). The finding agrees with the FESEM images
obtained above, where the amount of PB-PPy loaded is increased with the
electrodeposition repetitions which attributed to the overlapping of polypyrrole together
with the formation of new polymer nuclei, thus increasing the linkages network of these

PPy.

Figure 4.17 shows that the phase plot agrees with the results obtained from the Nyquist
plot. The phase angle would be near 80° at high frequencies if the resistance of the surface
increases (Y. W. Park, 2010). Thus, the modified electrode with highest R¢ is ED PB-
PPy (10), followed by ED PB-PPy (20), SA PB-PPy (10), which also supports the Rt

obtained from the equivalent circuit.

87



AAAAMALL = ED PBPPY (10)
80 — ..‘..-—_ )
ﬂ: l"l'"“'.'"- e ED PBPPY (20)
* '..-. A SA PBPPY (10)
n PY
. . . * SA PBPPY (20)
60 - X %o n
| * "
g x e
S 40 4 * Y e
S
e
A
20 -
0 T L] |||||D| T T lllllll T T lllilll T Ll ||||||| T T LB LA
0.1 1 10 100 1000 10000

Log f/Hz

Figure 4.17: Bode phase of ED PB-PPy (10), ED PB-PPy (20), SA PB-PPy (10) and
SA PB-PPy (20). Electrolyte used is 0.05 M pH 4.00 citrate buffer with 0.10 M KNO3
as supporting electrolyte.

The nucleation of the polymer can be divided into a few stages (Hwang, Santhanam,
& Lin, 2001). Firstly, nuclei of the polypyrrole were formed on a bare surface substrate
once pyrrole was oxidized. Following from there, the nuclei grew on its former position
until it overlapping with/or additional formation of new nuclei due to more polypyrrole
was deposited on the substrate. Finally, the surface was fully covered by a layer of
polypyrrole film. Hence, the first stage can be related to SA PB-PPy (10), where only the
nuclei of polypyrrole was formed on the surface as shown in FESEM image of SA PB-
PPy (10) (Figure 4.2(C)). Next, multiple polypyrrole nuclei grew on its former position,
overlapped with each other together with the new nuclei formed when the deposition
cycle increase to 20. This overlapping/linkage of the polymer was clearly shown in the

FESEM image of SA PB-PPy 20 (Figure 4.2 (D)).
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To further support the findings, EIS experiment for SA PB-PPy (30) was performed,

which indicates the surface was covered by a layer of thicker polypyrrole film. The EIS

data of SA PB-PPy (30) revealed that the surface was covered by an increasing amount

of polypyrrole film. This is due to the effect of conducting polymer was more noticeable

in SA PB-PPy (30) as a typical impedance response of electroactive polymer in solution-

polymer metal systems as shown in Figure 4.18 (Lvovich, 2012). This EIS spectra of SA

PB-PPy (30) can be explained as follows:

A high impedance response to charges carriers in bulk polymer denoted by a
parallel combination film of film resistance Ryui and capacitance (Qpuik) in series
with uncompensated solution resistance Rsol.
Another parallel combination of charge-transfer resistance R and double layer
i. capacitive Qq features at medium frequency representing the electrode-
polymer
1. interface (electron transfer) and polymer-solution interface (counter-ion
transfer)
The original supercapacitive -90° line observed in SA PB-PPy (20) was gradually
substituted by a partially capacitive resistive transmission-line model, with slopes
different from an ideal -90 °in that case with the deactivation of the metal film
(SA PB-PPy (30)).
This transmission line at low frequency indicating pseudocapacitive charging of

the film.
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Figure 4.18: Nyquist plot of SA PB-PPy (30). Inset: Equivalent circuit. Electrolyte
used was 0.05 M pH 4.00 citrate buffer with 0.10 M KNOs3 as supporting electrolyte.

The bode phase of SA-PB-PPy as shown in Figure 4.19 supported the equivalent
circuit selected (inset of Figure 4.18) due to two semicircle features were observed in the

bode phase. The value of parameters fitted was as shown in Table 4.3.
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Figure 4.19: Bode phase of SA PB-PPy (30). Electrolyte used is 0.05 M pH 4.00
citrate buffer with 0.10 M KNOs3 as supporting electrolyte.

Table 4.3: Electrochemical parameters of SA PB-PPy (30) obtained by fitting of EIS

results.

Element Value

Rs (Q) 123

Rouik (2) 184

Qouik (UMhO) 12.6
N 0.655

Rt (Q) 87

Qa(uMhO) 380
N 0.726

QL(mMHO) 430
N 0.788

Hence, SA PB-PPy electrode had a

demonstrating an enhanced electroactivity.

lower R than ED PB-PPy electrode,
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4.14 Electrochemical sensing of H20>

Figure 4.20 presents the CV of SA and ED PB-PPy electrodes toward the
electrocatalytic reduction of H>O> in 0.05 M citrate buffer (pH 4.00) with 0.10 M KNO3
as the supporting electrolyte. Similar to PB, the voltammetric peak for H>O> reduction at
prepared PB-PPy nanocomposites started at the potential where the reduction of PB
occurs (Derwinska et al., 2003). The CV reduction current enhanced in the presence of
H>O: (curve b), which is, in contrast, to curve a in the absence of H>O». As indicated in
Figure 4.20 (A), the peak-to-peak separation of ED PB-PPy electrode increased, as
compared to the SA PB-PPy (10) electrode as shown in Figure 4.21 (B), which
demonstrated the decreases of electron-transfer rate. Moreover, the oxidation peak of ED
PB-PPy decreased to a greater extent than SA PB-PPy electrode during the sensing of

H>0:, indicated that it was not as stable as PB-PPy which was prepared by the SA method.
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Figure 4.20: CV of (A) ED PB-PPy (20), (B) SA PB-PPy (10) and (C) SA PB-PPy
(20) modified electrode in the absence (a) and the presence of 1 mM H20: (b) in 0.05
M pH 4.00 citrate buffer with 0.10 M KNOs as supporting electrolyte.
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On the other hand, for SA PB-PPy electrode, 20 NDC was too thick for the SA PB-
PPy electrode, thus it induced a decrease in sensitivity towards H>O; according to Figure
4.20 (C). The phenomenon which could be attributed to the electron transfer of Fe (II/III)
was impeded and the diffusion of H>O> was blocked with the increasing film deposition
cycles. Thus, SA PB-PPy (10) displayed an enhanced electrocatalytic reduction towards

H>0:.

As can be seen in Figure 4.21 (A), the cathodic peak current of SA PB-PPy (10)
electrode is increased and the anodic current is decreased, whereas the cathodic peak
current is proportional to the H>O> concentration. This obviously pointed out its
electrocatalytic reduction behaviour (Razmi, Mohammad-Rezaei, & Heidari, 2009).
Therefore, the PB-PPy electrode prepared by the SA method was a better potential
electrode for the sensing of H»O» if compared to the electrode synthesised via the ED
method, owing to its simplicity and advanced electrocatalytic effect. The detection of
H20: was repeated for three times and the RSD for each measurement did not exceed 5%
as shown in Figure 4.21 (B). The linear equation was J (mA cm™) = -0.3847 (mA mM"

'em™2) -1.374 and the R2=0.991.

93



G B)
154
g £-2.0
: E
=- = ]
-1.5
-2.5 5
2.0 4
2.5 :
-3.0 1
— T T T T T B s o o e L B
-0.1 00 01 02 03 04 05 0005 1.0 1520253035
E vs. (Ag/AgCl)/V Concentration/mM

Figure 4.21: (A) CV of the SA PB-PPy (10) in 0.05 M pH 4.00 citrate buffer with
0.10 M KNOs as supporting electrolyte at various concentration of H20: (1-8): 0,
0.5, 1, 1.5, 2, 2.5, 3 and 3.5 mM, potential scan rate: 50 mV s-'. (B) The plot of
catalytic peak current vs. H202 concentration.
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4.1.4.1 Interference study

To study the anti-interference ability on the optimum PB-PPy modified electrode-SA
PB-PPy (10), the influence of some common electrochemical interfering species (glucose,
fructose, ascorbic acid and uric acid) to the current response of 1 mM H»O, was
investigated. The current responses were generated due to the fact that these interfering

species were negligible, indicating high selectivity of the sensor as seen in Figure 4.22.
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Figure 4.22: SA PB-PPy (10) electrode response to H202 (1 mM) and glucose,
fructose, ascorbic acid and uric acid as interfering compounds (1 mM) in 0.05 M pH
4 citrate buffer with 0.10 M KNO3 as supporting electrolyte Applied potential: 0.10
V vs. (Ag/AgCl)/V.
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4.1.4.2 Comparison with other work

A comparison of the electrochemical performance of the SA PB-PPy electrode with

previous reported PB-modified sensors is listed in Table 4.4. The sensitivity of SA PB-

PPy modified electrode is considerably higher compared to other PB based H->O»

electrochemical sensors.

Table 4.4: Comparison of several PB-based H20: electrochemical sensors.

Modified electrode Analysis Sensitivity Ref.
method (mA M cm?)
Chemical deposition PB on Amperometry 188 Ricci,
glassy carbon paste Amine,
Moscone,
&
Palleschi,
(2003)
PPy/PB nano electrodeposited Cyclic 54 Hostert et
under ultrasound conditions voltammetry al. (2016)
PB electroless self-assembled on Cyclic 232 Razmi et
carbon ceramic electrode voltammetry al. (2009)
GCE modified by graphene/PB Amperometry 2.2 Roig,
composite nanosheets by casting Navarro,
the active material with Nafion ® Garcia, &
solution Vicente,
(1994)
Electrodeposition of PB NPs on | Amperometry 0.98 Sheng et
Polyaniline coated halloysite al. (2015)
nanotube
Self-assembled PB-PPy on GCE Cyclic 384.7 This work
voltammetry
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4.2 Self-assembly of PB analogue-CuHCF-PPy nanocomposite as nicotine
electrochemical sensor

SA approach can precisely control the thickness of the nanocomposites and

consequently its sensitivity towards analyte and its electrochemical behaviours, as well

as can achieve in-situ modification of the electrode. Taking the account of the low-cost,

simplicity and the ability to simultaneously formation of two components, the direct SA

technique has become one of the most promising technique to produce MeHCF films

(Chu et al., 2017).

Apart of PB, its analogues such as copper (Gonales et al., 2011; Gongales et al., 2013;
Oliveira et al., 2018), cobalt (Damiri, Oskoei, & Fouladgar, 2016) and nickel
hexacyanoferrate (Z.Wang et al., 2012), have been extensively evaluated in the
development of electrochemical sensors for various analytes. It is expected that the same
synthesis method to prepare PB can be used to produce PB analogues due to the similar
reaction between the metal cation and metal cyanide anion for synthesis. Hence, it is
interesting to investigate whether other PB analogues-conducting PPy nanocomposites
can be formed by a similar method for sensing usage. Among the metal substituted
analogues of Prussian blue, copper hexacyanoferrate (CuHCF) is considered here for the
following reasons: CuHCF, an open framework material with the Prussian blue crystal
structure was selected for this purpose as it is negatively charged and water-dispersible,
hence, compatible with the layer-by-layer (LBL) SA approach (Nystrom et al., 2015).
Besides that, the potential of the redox couple of CuHCF located at approximately +0.7
V vs. Ag/AgCl (sat. KCl), which is close to the palladium hexacyanoferrate (PdHCF)
composites that previously employed for nicotine sensing (C. Y. Yang et al., 2016).
Hence, CuHCF can be a cheaper alternative for electrochemical detection of nicotine. In
addition, rGO was used as a support layer for CuHCF-PPy, permitting the preparation of

nanocomposites with high stability for the development of electrochemical sensors.
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4.2.1 Electrodeposition of rGO as substrate

In this current work, CuHCF-PPy film was deposited on the reduced graphene oxide
(rGO) surface via electrochemical reduction by scanning repetitively the GCE in GO
solution. The easiest, a fastest and most environmentally friendly method to reduce GO
is via this method (Golsheikh, Huang, Lim, Zakaria, & Yin, 2013). To examine the charge
transfer properties of the rGO electrode, the redox probe Fe(CN)¢*”* was used as it is
sensitive to surface chemistry of carbon-based electrodes (P. Chen, Fryling, & McCreery,
1995). The increased current response of GO/GCE in redox probe solution demonstrating
the enhanced electrochemical active sites by ED surface alteration. Overall there is no
saturation of peak current for the ED cycles from 1 to 15, but initially, the peak-to-peak
separation (AE,) was decreased at first 10 scanning cycles, and when the cycles increased
from 10 to 15, the separation becomes slightly higher as shown in Figure 4.23. The value

of AE, was tabulated in Table 4.5.

Figure 4.23: rGO/GCE with different deposition cycle (from 1 to 15 cycles) in S mM
Fe(CN)g*# with 0.1 M KCI as supporting electrolyte. Scan rate: 50 mV s\
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Table 4.5: Peak-to-peak separation (AEp) of [Fe(CN)g] 3/ for different layers of
rGO.

Layers of rGO electrodeposited AE, (mV)
1 157.69
3 117.19
5 109.87
10 97.65
15 104.98

This increase in the AE, is caused by delay in electron transfer rate. Thus, the optimal

electrodeposition cycles were selected as 10 cycles as AE, become wider after that.

4.2.2 Mechanism of formation of CuHCF-PPy nanocomposite

In the formation of CuHCF-PPy nanocomposites, the Cu®>* was reacted with the
Fe(CN)s® ~ to produce Cu'-N=Fe'" solution instantaneously prior to film deposition as
described in Eq. 4.11. Firstly, the Cu"-N=Fe'! were adsorbed to the rGO surface when
the electrode immersed in Cu''-N=Fe'"! solution. This is attributed to ferric ions which
possess a high affinity to adsorb on hydrophilic carbon surface (Borisova et al., 2009).
After that, the copper Cu'-N=Fe! was reduced to Cu'-N=Fe'' by pyrrole as in Eq. 4.11.
Simultaneously, the pyrrole was polymerised by the Cu'-N=Fe" which acted as an
oxidant. Similarly to ferric ions, pyrrole monomer was deposited on the carbon surface to
form PPy layer, attributed to its sp?> bond nature which is having similar behaviour to the
bonds of carbon (Ye, Luo, Ding, Chen, & Liu, 2011). As aresult, a layer of CuHCF-PPy
nanocomposite was deposited on the surface of the electrode. Repetitive self-assembly

deposition cycle produced a denser film.
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The mechanism of preparation of CuHCF-PPy is as below:

P
2[Fe (CN)g]s = + 3Cu?*Cus" [Fe (CN)4], + PPy (Eq.4.11)

Cus"'[Fe'™(CN)¢]l, + 2e™ + 2K+ (From KsFe(CN)g)

- K,Cus"'[Fe' (CN)¢], (Eq.4.12)

The suggested formation mechanism of CuHCF-PPy is shown in the schematic

diagram in Figure 4.24.

Figure 4.24: Schematic diagram of the self-assembly process of CuHCF-PPy film.

4.2.3 Surface characterisation of CuHCF-PPy film
4.2.3.1 Field-emission scanning microscopy

Figure 4.25 shows FESEM of (A) rGO/CuHCF-PPy in low magnification (6,000 x)
and (A)(i),(ii) rGO/CuHCF-PPy, (B) rGO/CuHCF, (C) CuHCF-PPy and (D) CuHCF in
high magnification (50,000 x). As seen in the FESEM images of CuHCF-PPy
nanocomposite, the films portrayed a mixture of cubic CuHCF with PPy globules on the
wrinkled surface of rGO (A) or GCE (C). The particles size (measured using the software
“Image J”) of nanocomposites CuHCF formed with PPy was found to be approximately
80 nm, attributed to the full growth of CuHCF that enhanced with the addition of PPy as

the host to the metal particles (Hostert et al., 2016). Alternatively, the CuHCF formed in
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the absence of PPy was irregular and in mesh form, as shown in Figure 4.25 (B) and (C).
Besides that, the CuHCF nanoparticles existed in a smaller size (approximately 20 nm).
This formation of smaller nanoparticles was due to the increase of copper concentration
at the electrode surface as a pyrrole solution was not used in the SA process of CuHCF.
The variation of concentration was able to promote the nucleation step which thus
contributed to the small particles (Oliveira et al., 2018). Albeit smaller particles formed
favours the catalytic effect due to the high surface/inner atom ratio, overlapping between
diffusion layers of these nanoparticles will lead to a reduction of signal in CV response

when more and more nanoparticles exist at the electrode surface (Campbell & Compton,

2010).
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Figure 4.25: FESEM images of (A) rGO/CuHCF-PPy at low magnification (6,000
x) (i) and (ii) of rGO/CuHCF-PPy, (B) rGO/CuHCF and (C) CuHCF-PPy and (D)
CuHCEF at high magnification (50,000 x).
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4.2.3.2 Energy dispersive X-ray spectroscopy

Figure 4.26 portrays the EDX spectra of CuHCF-PPy, rGO/CuHCF and rGO/CuHCF-
PPy. Element Cu and Fe were found in the spectrum, indicating that CuHCF was formed
on the electrode surface. In addition, the elements C, N and O were observed, suggesting
that PPy was successfully polymerised on the electrode. The recorded high percentage of
C value was attributed to the nanocomposites were deposited on a glassy carbon plate for

screening.
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Figure 4.26: EDX spectrum for (A) CuHCF, (B) rGO/CuHCF and (C) rGO/CuHCF-
PPy.
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4.2.3.3 Fourier transform infrared spectroscopy

The FTIR spectrum of GO is presented in Figure 4.27 (a). The characteristic peaks
for GO are located at 3430 (O-H hydroxyl group), 1723 (C=0O carboxyl or carbonyl
stretching vibration, 1224 (C-OH stretching vibration) and 1060 cm™ (C-O stretching
vibration in C-O-C in epoxide) (Wu et al., 2012), whereas the peak at 1621 cm™ might be
related to some oxygen-containing groups. For instance, ester, absorbed H,O or the un-
oxidised graphitic domains (Mei & Ouyang, 2011). As displayed in FTIR spectra of
rGO/CuHCF and rGO/CuHCF-PPy in Figure 4.27 (b) and (c), respectively, most of the
peaks of oxygen functional groups in rGO disappeared or decreased after the
electrochemical reduction of GO, suggesting the successful reduction by electrochemical
ways. Besides that, the most representative band of CuHCF which can be observed in all
three electrodes was located at 2090 cm™'. This peak was associated with CN stretching
absorption band of CN group in Fe?"-CN-Fe’" of CuHCF (Planche et al., 1994). For
CuHCF-PPy nanocomposite, there were other peaks related to the N-H stretching
vibration in PPy rings, which positioned at 3300 and 2904 cm™'. Additionally, the peaks
at 1353 cm™! (Jang & Oh, 2005) and 1079 cm™! were related to the C-N stretching vibration
and C-H in plane ring bending of PPy, respectively. These peaks evidenced the formation

of CuHCF-PPy nanocomposite on rGO.
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Figure 4.27: FTIR spectrum of (a) GO, (b) rGO/CuHCF and (¢) rGO/CuHCF-PPy
and (d) CaHCF-PPy. Insets: Magnification of GO spectrum.

4.2.4 Electrochemical behaviour of modified electrode
4.2.4.1 Cyclic voltammogram

Figure 4.28 shows the CV of CuHCF, CuHCF-PPy, rGO, rGO/CuHCF and
rGO/CuHCF-PPy. A unique redox couple in the CV presented in Figure 4.28 at
approximately +0.7 V was observed once the CuHCF was self-assembled rGO surface.
This redox pairs are owing to the redox reaction of [Cu(Il)-CN-Fe(III)]/[Cu(IT)-CN-

Fe(IT)] (S.-M. Chen, Li, & Thiagarajan, 2007).

The overall equation for the redox process of CuHCF can be written as follows (Malik

& Kulesza, 1996):

K,Cus[Fe''(CN)g]l, & Cug[Fe'"(CN)g], + 2K* + 2e~ (4.13)
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Figure 4.28: CV of (a) CuHCF and (b) CuHCF-PPy (¢) rGO/CuHCF, (d)
rGO/CuHCF-PPy. The scan rate is 50 mV s-.. The electrolyte used was 0.1 M KCl.

The curve ¢ in Figure 4.28 displays a significant enhancement of CV current response
when the conducting PPy formed nanocomposites with CuHCF. This current response of
CuHCF was lower than CuHCF/PPy, verifies that the presence of the high number of
nanoparticles leads to decrease in CV response as presented in FESEM images above.
Nevertheless, the vital factor that contributed to the increase of current response was the
existence of conducting PPy which able to improve the conductivity of the whole system.
Also, this observation can be attributed to the synergistic effect presents between metal-

polymer composite (Nia, Woi, Lorestani, Mahmoudian, & Alias, 2015).

As shown in Figure 4.29, there was an enhancement of both anodic and cathodic
current when rGO was electrodeposited on the GCE. This finding reveals rGO improved

the conductivity of the bare electrode.
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Figure 4.29: CV of (i) Bare GCE and (ii) rGO. The scan rate is 50 mV s’'. The
electrolyte used was 0.1 M KCI.

4.2.4.2 Electrochemical impedance spectroscopy

Subsequently, the EIS technique was employed to further study the electrochemical
behaviours of the electrodes. The EIS measurements were conducted via the amplitude
of a sine wave of 5 mV applied in a frequency range of 10 kHz to 0.1 Hz at open circuit
potential (OCP) in 5 mM Fe(CN)s*"* redox probe with 0.1 M KCI as supporting
electrolyte. NOVA 1.11 software was used to fit the experimental data with an equivalent

circuit by analysing the Nyquist plot and Bode plot.

As shown in Figure 4.30, Nyquist plot of impedance spectra for modified electrodes
of CuHCF, CuHCF-PPy and rGO, comprised of semicircle portion at higher frequencies,
which correlated to the electron transfer limited process, and its diameter is equivalent to
the charge-transfer resistance (R¢¢) (Nia, Woi, & Alias, 2015). On the other hands, a linear
portion (45°) at lower frequencies is correlated to the diffusion process by the transport
of ions, which can be represented by a Warburg element (W) (Nia, Woi, & Alias, 2017).

Hence, the Randles equivalent circuit was used in the fitting of these modified electrodes.
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The Randles model contains ohmic resistance of the solution (Rs), constant phase element
(Q), charge transfer resistance (R¢) which occurs across the electrode-electrolyte
interface and a Warburg element. This mentioned Randles circuit was presented in the
inset of Figure 4.30. A pure capacitor (C) was substituted by a constant phase element
(CPE) in the fitting procedure with the aim to obtain a satisfactory relationship between

the experimental and fitting data (Petovar, Xhanari, & Finsgar, 2017).

Figure 4.30: Nyquist plot (a) rGO, (b) rGO/CuHCF, (¢) rGO/CuHCF-PPy, (d)
CuHCF (20). Inset: Equivalent circuit (i) for rGO, CuHCF, CuHCF-PPy and (ii)
rGO/CuHCF and rGO/CuHCF-PPy. Electrolyte used is 0.1 M KCI solution
containing 5 mM Fe(CN)s*"* (1:1).

The diameter of the semicircle decreases significantly when rGO was used as the base
material as shown in curve a, b and ¢ in Figure 4.30. The results revealed that the
modification of GCE by rGO reduced the resistance of the electrodes tremendously due

to the fact that the rGO has a small band gap (P. Chen et al., 1995).
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On the other hand, two semicircle features can be observed from the high and medium
frequencies of rGO/CuHCF and rGO/CuHCF-PPy based on the Nyquist plot in Figure
4.30. From the Nyquist plot, a smaller semicircle appeared at higher frequencies, follows
by second larger semicircle at medium frequencies and lastly, Warburg diffusion was
observed in low frequencies. This phenomenon is expected due to the presence of two
layers of materials comprising of rGO and metal layer (CuHCF) or metal-polymer layer

(CuHCF-PPy) on the electrodes. In addition, two phase angles were observed in the Bode

plot in Figure 4.31.
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Figure 4.31: Bode phase of (a) rGO/ CuHCF and (b) rGO/CuHCF-PPy.

The phase angle in the high (f1) frequency regions is attributed to the R¢t which happens
across the electrode-electrolyte interface (CuHCF or CuHCF-PPy/solution) whereas the
second phase angle (f2) is due to CuHCF or CuHCF-PPy/rGO interface. Hence, two
R|CPE combinations were used to fit the corresponding data and demonstrated in the inset
(i1) of Figure 4.30. The results show that both R are lower with the presence of

conducting PPy.
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From Table 4.6, the R can be organised in such order: CuHCF> CuHCF-PPy> rGO>
rGO/CuHCF> rGO-CuHCF-PPy. The result obtained from the fitting was in good
agreement with the Bode plot, in which f> intensity of rGO/CuHCF was considerably
higher than rGO/CuHCF-PPy. This indicates that the surface resistance decreases
significant from rGO/CuHCF to rGO/CuHCF-PPy (Y. W. Park, 2010). Also, these

findings confirmed sequences of current intensity demonstrated in the above CV.

In addition, the CuHCF-PPy/rGO has a higher Warburg impedance value than
CuHCF/rGO, indicated a higher diffusion of electrolytic ions (Maitra et al., 2017).
Henceforth, conducting PPy increases the conductivity of the nanocomposites as well as
enhances the diffusion of electrolytic ion transportation at the electrode-electrolyte

interface (G. Yang, Cui, Yang, & Wang, 2014) .

Table 4.6: Electrochemical parameters obtained by fitting EIS results.

Types of Rs Reti Qi N Rer2 Q2 N W
electrode Q) | (k@) | (uMho) (Q) | (uMho) (mMho)
CuHCF 261 | 5.28 1.17 0914 - - - 1.46
CuHCF-PPy | 284 | 0.80 1.33 0.870 - - - 1.64
GO 156 | 0.42 1.83 0.675 1.83

rGO/CuHCF | 102 | 0.12 297 0.449 | 1.46 111 0.82 1.60

rGO/CuHCF- | 98 0.05 33.6 0.707 | 0.26 240 | 0.68 1.84
PPy

4.2.5 Electrochemical sensing towards nicotine

The following study investigated the quantitative detection and electrocatalytic
behaviour of rGO/CuHCF-PPy film towards nicotine. As seen in a and b Figure 4.32, a
small increase of current was observed on the unmodified GCE and rGO with a potential
0of 0.9 V in the presence of nicotine. On the other hand, curve ¢ showed the rise of anodic

peak current and decreasing of cathodic peak current, indicating the electrocatalytic

109




oxidation of CuHCF towards nicotine (S.-M. Chen, Li, & Thiagarajan, 2007; Razmi et
al., 2009). In addition, the oxidation potential of nicotine was able to lower down from
+0.9 V to +0.72 V, suggesting that CuHCF modifier is necessary for the electrocatalytic
oxidation of NIC (Jing, Yuan, et al., 2016). Also, the current response of rGO/CuHCF-

PPy increases in proportional to the concentration of nicotine.
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Figure 4.32: CV of (a) GCE and (b) rGO in the absence (solid) and presence (dotted
line) of 1 mM nicotine; ¢) rGO/CuHCF-PPy in the absence (solid) and presence
(dotted line) of 1 to 3 mM nicotine with 0.1 M KCI as supporting electrolyte.

The mechanism of nicotine oxidation can be expressed as in Figure 4.33 (Li et al.,

2017). Prior to amperometric testing, the optimum working potential was investigated.
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Figure 4.33: Mechanism of nicotine oxidation.

Figure 4.34 shows the applied potential effects towards the oxidation current response
of 1 mM nicotine in the range from +0.75 V to +0.9 V. This potential range was selected
due to the current increment was more obvious at the higher potential (after the Eyalocated
at approximately +0.72 V) as presented in Figure 4.32). More importantly, the
conversion of CuHCF to its oxidised species was more favourable at higher potential and
hence able to promote the electrocatalytic reaction between the oxidised CuHCF and
nicotine. Also, this explained the reason that the amperometric current response towards
nicotine was in proportional to the applied potential from +0.75 V to +0.90 V. The steady-
state current increased drastically when the potential used was set as +0.85 V. Thus, the
applied potential +0.85 V was chosen as the working potential in this study, instead of
+0.90 V. This is due to the first potential that leads to the significant increase in current
response towards 1 mM nicotine should be chosen as working potential to avoid

interference effect at high potential (Lorestani, Nia, Alias, & Manan, 2015).
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Figure 4.34: Oxidation current response of 1 mM nicotine vs. applied potential.

The influence of the NDC layer of CuHCF-PPy in the electrochemical detection of

nicotine was investigated. The amperometric response recorded in Figure 4.35 on

concentration ranges from 1 to 5 mM of nicotine. It was noticed that the current intensity

was increased from 5 to 10 layers, but then reduced back when NDC was 15. This

phenomenon could be owing to the electron transfer was obstructed due to the film

thickness. These results show the sensitivity of the modified electrode towards nicotine

sensing can be controlled just by adjusting NDC during the SA preparation process.

Therefore, the rtGO/CuHCF-PPy (10) was used for the nicotine determination.
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Figure 4.35: Amperometric curve of rGO/CuHCF-PPy with 5 to 15 NDC towards 1
mM to 5 mM nicotine.

Also, it is in common practise where researchers will choose average pH 5 to 10 for
the detection of nicotine (Cinkovd, Dianova, Vojs, Marton, & Svore, 2015; Fekry, Azab,
Shehata, & Ameer, 2015; Goodarzi et al., 2015; Levent, Yardim, & Senturk, 2009; Li et
al.,2017) as nicotine exists prevalently in the deprotonated state in acidic pH (pH 2.0-2.7)
which presumably difficult for the oxidation of nicotine. On the other hand, the
monoprotonated form of nicotine presents in the range of pH 4.5-7 and un-protonated free

base forms in pH> 9 ( Li et al., 2017).

In addition, CV response of CuHCF-PPy in alkaline condition was not stable as its
redox peak diminished right after the first half of CV scan, which is attributed to the

hydrolysis reaction as follows (Gholivand, Khodadadian, & Omidi, 2013):

Fe(CNy)* +20H™ > Fe(OH),+6CN- (Eq.4.14)

113



2Fe(OH); + H,0 + 1/,0, - 2Fe(0H); (Eq.4.15)

Furthermore, it is worth to mention that the measured pH of the e-cigarettes sample
which purchased from the market was also closed to pH 5.5. Thus, 0.1 M KCI (pH

measured as 5.5) was used as supporting analyte in further studies.

Besides that, it can be clearly seen that the analytical performance of CuHCF was
drastically enhanced with the presence of conducting PPy. The amperometric curve of
pristine CuHCF towards nicotine was sluggish and not stable as demonstrated in the
Figure 4.36 curve (a). However, PPy alone will not demonstrate any analytical response
towards nicotine as shown in the inset of Figure 4.36. The stability and sensitivity for
the amperometric response of CuHCF-PPy are further improved when it self-assembled
on wrinkle rGO surface as compared to on bare GCE surface. This can be credited to the
high surface area provided by rGO for the attachment of CuHCF-PPy. Thus, the best
nanocomposite towards the nicotine detection was rGO/CuHCF-PPy due to the presence
of conducting polymer and support layer of rGO that provided a larger surface area, thus

better performance in term of sensitivity and stability.
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Figure 4.36: Amperometric testing curve of various modified electrodes: (a)
CuHCF, (b) CuHCF-PPy, (¢) rGO/CuHCF and (d) rGO/CuHCF-PPy; Insets:
Amperometric curve of PPy towards 1 to 5 mM nicotine.

Moreover, the good linearity between the Ipa and the scan rate (R?>= 0.996) presented
in Figure 4.37 (A) reveals that the nicotine oxidation process on rGO/CuHCF-PPy
modified electrode is an adsorption controlled process (B.Yang, Bin, Zhang, Du, &
Majima, 2018). According to Laviron’s equation, the charge transfer coefficient (o) and
electron transfer rate constant (ks) can be calculated from the slope of peak potential (E;)
versus the logarithm of scan rates for an adsorption-controlled process. Nevertheless, this
term is only applied for the condition where the AE,/n> 200 mV. Hence, a= 0.5 is used
for this case whereas the relative error on ks is at maximum 6% (Laviron, 1979). The
same o value was also applied in the previous report mentioned (M. Wang et al., 2018).

The ks was evaluated via the following Laviron’s equation:
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logks = alog(l—a)+ (1 —a)loga— logrr —a (1 —

nFv

o)nF=2 RT (Eq.4.16)

Where v is the scan rate, n is the number of transferred electrons, R is gas constant and

T is temperature.

Besides that, the n value can be calculated using the slope of Epa vs. logarithm of scan
rate as displayed in Figure 4.37 (A). The graph E;. vs. logarithm scan rate as shown in
Figure 4.37 (B) displayed a linear relationship between 20 to 100 mV s™!. The slope for
the linear equation corresponding to Epa is equal to 2.3 RT/ (1- a) nF (given o= 0.5)
(Anuar, Basirun, Ladan, Shalauddin, & Mehmood, 2018). Here, the n obtained was 1.95=
2, where 2 of the electrons were involved in the electrochemical oxidation of nicotine.
The result obtained further confirmed the hypothesis of the same number of electrons
involved in nicotine oxidation by Suffredini and co-workers 2005. Based on this

information, the ks value calculated from Eq. 4.16 is 1.83 s

Figure 4.37: (A) Plot Ipa vs. scan rate and (B) Plot of Epa vs. log v.
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Hence, the mechanism of the electrocatalytic reaction of CuHCF towards nicotine can

be written as follows:

K,Cus[Fe''(CN)¢], © Cus[Fe(CN)¢]l, + 2Kt + 2e” (Eq.4.17)
Cus[Fe'"(CN)¢], + NIC + 2K+ — K,Cug[Fe"(CN)g], + NIC,, (Eq.4.18)

During the electrocatalytic process, [Cu(Il)-CN-Fe(I)] is regenerated by a chemical

reaction between nicotine and [Cu(II)-CN-Fe(III)].
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4.2.6 Application as nicotine sensor

Amperometry method under stirred conditions was used to quantify the amount of
nicotine to calculate the limit of quantification (LoQ) and limit of detection (LoD). Figure
4.38 shows the typical amperometric response upon successive addition of nicotine under
stirred condition from 0.03 mM to 5 mM at rGO/CuHCF-PPy electrode at working
potential of +0.85 V. The linear equation can be expressed as: J (mA cm?)=0.2115 (mA
cm?mM™) + 0.211 (R?>=0.995). The calculated LoQ and LoD is at 7.76 nM and 0.0258

UM (S/N= 3), respectively.

Figure 4.38: Amperometric response of rGO/CuHCF-PPy electrode upon
successive addition of nicotine from 0.2 to 5 mM. Operating potential: +0.85 V.
Insets: Calibration curve.
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4.2.6.1 Interference test, stability and reproducibility

Figure 4.39 shows a typical amperometric curve of some interference species
including glycerin, propylene glycol (PG), glucose, sucrose, H>O», and uric acid (UA).
The targeted real sample in our study—vape solution, normally only contains glycerin,
PG and various concentration of nicotine (range from 0 mg mL™! to 24 mg mL™"). Albeit
the H>O: interfered the sensor response, HoO> was generated from the auto-oxidation of
polyphenolic species in the formation of cigarette smoke (Hu, Zhang, & Yang, 2007) and
its response was lower than nicotine. Moreover, the interference test for the nicotine
sensor was relatively insignificant, attributed to the low concentration of other minor
alkaloids (0.2-0.5 %). Furthermore, cotinine (COT), which is the main metabolites of
nicotine, is electrochemical inactive and to our best knowledge, no direct electrochemical
detection of COT have been published up to date (Svorc, Stankovié, & Kalcher, 2014).
Nevertheless, the interference test for tobacco products, especially cigarettes still remains
as a major challenge as there are around 4000 chemical compounds found in cigarettes

(Smith & Hansch, 2000).

0.30 j M‘WM-, 'M"

0.25 -
,j 1mM
o 0.204 C
: ] domM 1mM
T 0154 NC  imMpG e
s otV

_ Glucose 1mMUA )
0.10 4 l l l l |
0.05 -
L L mL EL .
0.00 -
C—l\cm'm Fructcse Suc;rose Hﬁ'z

. | :
200 400 600 800 I(]OU 1200 1400

time /s

Figure 4.39: Amperometric current response of CuHCF-PPy to the addition of 0.5
mM nicotine (NIC), 1 mM glycerin, propylene glycol (PG), fructose, glucose,
sucrose, uric acid (UA), H202, 1 mM nicotine (NIC) and 2 mM nicotine (NIC) at
operating potential +0.85 V.
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To evaluate the reproducibility of the proposed nicotine sensor, five electrodes were
used to detect 1 mM nicotine. The relative standard deviation (RSD) obtained was 5%,
demonstrating satisfactory reproducibility for electrode modified by self-assembly
method. The long-term stability was investigated by testing the modified electrode every
week for three weeks consecutively. The current response of the modified electrode was
remained at 98.6 % of their original activity as present in Figure 4.40. Thus, the proposed

modified electrode has excellent stability.
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Figure 4.40: Stability of modified electrode in three weeks.
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4.2.6.2 Real sample application

The real application of rGO/CuHCF-PPy was tested by two means: 1) spiked sample
analysis and 1ii) detecting nicotine concentration in e-cigarette solution containing
nicotine. Standard addition method was employed for these testings. The pre-treatment
of the sample was stated in the methodology part above. The results obtained for the vape
sample by the proposed method and the comparison with an established HPLC method
(Vlase, Filip, Mindrutau, & Leucuta, 2005) are stated in Table 4.8. The retention time of
nicotine was approximately 3.25 min (with * label) as shown in Figure 4.41. The standard
deviation of the calibration curve was plotted but the value was too small to be noticed as

presented in Figure 4.42.
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Figure 4.41: (A) HPLC response of standard nicotine solution from 0 to 20 mM. (B)
HPLC response of e-cigarettes (vape) solution.
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Figure 4.42: HPLC calibration curve for nicotine standard solution.

Table 4.7: The recovery of nicotine spiked in vape product (0 mg mL™! nicotine) and
detection of nicotine in vape sample.

Sample Added (mM) Detected (mM) Recovery RSD
(%) (o)
1 0.1 0.095 95 5
2 0.5 0.5 100 4
Sample HPLC-UV Determined Detected (mM) | Recovery (%) | RSD
(mM) (%)
A 7.6 0.72* 97.4 2.77

*The sample was diluted 10 times with 0.1M KCIl.

4.2.6.3 Comparison with other work

The performance of nanocomposites obtained is compatible with those reported in the

previous study as listed in Table 4.7 albeit relative facile procedure and cheaper material

were employed.

In addition, the present rGO/CuHCF-PPy modified electrode can

complement a higher concentration range of nicotine detection (from 0.03 to 5 mM) as

compared to the earlier literature. The highest concentration detected in the previous
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report was only up to 1 mM (Sims, Rees, Dickinson, & Compton, 2010). Furthermore,

most of the preceding work focused on detecting nicotine in the uM range, due to different

targeted sample and limitation of the proposed sensor. As the concentration of nicotine in

vape (e-cigarettes) solution can be up to 24 mg mL™! (148 mM) (Palazzolo, 2013), the

sensor proposed in our work will be relatively practical for detection of tobacco products

as compared to other modified electrode, especially dealing with this kind of vape sample

which are now widely available in market nowadays.

Table 4.8: Comparison of nicotine amperometric sensors.

Modified Analy | E (vs. | Sensitivity | LoD Linear Ref.
electrode Sis Ag/Ag | (mAcm? | (uM) range
metho | Cl)/V mM ) (mM)
d
Palladium Amp. | +0.75 1.208 0.8 0.008-0.24 | C.Y.
hexacyanoferrate Yang et
incorporated al.
graphene oxide (2016)
rGO-supported | Amp. | +0.93 NA 0.015 0.0005 - Jing,
gold NPs 0.05 Lin, et
al.
(2016)
Screen-printed Amp. | +0.85 0.627 0.047 | Upto0.02 | Lietal.
carbon electrode (2017)
modified with
nitrogen-doped
graphene sheets
MWCNT- Amp. +0.7 NA 1.42 0.005-0.2 (S.J.
alumina coated Wang
silica et al.,
nanocomposites 2009)
Self-assembled | Amp. | +0.85 0.21 0.026 0.03-5 This
CuHCF-PPy on work
GCE

NA=not applicable
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

5.1 Summary

This research project was conducted to investigate a facile novel approach to
synthesise MeHCF-based nanocomposites and the influence of the different fabrication
methods towards the characteristics of the nanocomposites formed. Also, this study has
sought to explore the applications of these MeHCF-based nanocomposites as
electrochemical sensors, as well as the other possible electrochemical applications. It was
later discovered that one of the MeHCF-based nanocomposites-PB-PPy nanocomposites
can be used to form energy storage material. Coincidentally, there were few pieces of
recent literatures which revealed the MeHCF-based nanocomposites as both
electrochemical sensors and as electrochemical capacitors, proposes an open opportunity
for exploration of dual-functional materials. Hence, a summarised of the findings was

tabulated based on the objectives as presented in the following paragraph:

i To synthesise and fabricate MeHCF-based nanocomposites by a novel

facile method.

The PB-PPy nanocomposite was deposited directly on a glassy carbon electrode
(GCE) by novel self-assembly (SA) method based on multiple sequential adsorptions
of FeCl3-Ki3[Fe(CN)s] and pyrrole. It was the first time a MeHCF based
nanocomposite adsorbed on GCE surface without any linkers (in-situ synthesis).
Previously, the in-situ synthesis of PB or its nanocomposite was often achieved by
electrodeposition whereas chemical reaction approach usually forms PB

nanocomposites before adhering onto an electrode.
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ii. To compare the new method of electrode modification with the

conventional method.

The PB-PPy nanocomposite was also prepared by existing one-pot
electrodeposition (ED) method for comparison. It is worth to mention the adapted ED
method (Ozkale et al., 2014; Zolotukhina et al., 2014) was designated based on the

consideration of imitating the SA method to the greatest extent.

The research findings revealed the PB-PPy synthesised with SA and ED methods
possess respective distinguish characteristics. The FESEM images demonstrated that
morphology of SA PB-PPy nanocomposites was in random spherical shape in which
PB and PPy overlapped/combined with each other, whereas electrodeposited PB-PPy

was in nanocubic framework under the presence of PPy layer.

It is well known that morphology affects the electrochemical performances of the
modified electrode in term of conductivity, stability and its applications. ED PB-PPy
exhibited unusual peaks splitting as observed in CV due to its nanocubic morphology.
In addition, the electrocatalytic reduction towards H>O> was not as stable as SA PB-
PPy. This is due to some of the PB or PPy were re-dissolved in bath solution in the
phase of opposite applied potential. This phenomenon reducing the adhesion of PB-
PPy towards the electrode, suggesting it will be easier to prepare in-situ PB-PPy
nanocomposites (one-layer with a combination of MeHCF and polymer) by the SA

method.
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iii. To demonstrate the synthesised nanocomposite as the electrochemical

sensor.

The SA PB-PPy nanocomposites were demonstrated as H>O> electrochemical
sensors with the sensitivity of 384.7 mA M cm? whereas a SA CuHCF-PPy
nanocomposite was prepared for this sensing of nicotine. Additionally, rGO was
deposited on the GCE first to increase the stability of CuHCF-PPy in sensing of
nicotine. The sensing performance of CuHCF-PPy without the support of rGO
demonstrated a sluggish amperometric curve towards nicotine. This proposed sensor
nicotine detection in a high concentration range up to 5 mM with compatible
sensitivity of 211.5 mA M cm, which significantly ousted the previously reported
nicotine detection range and feasible for real application. For its real sample

application, e-cigarettes solution was used as the target sample.

iv. To investigate the potential of the synthesised nanocomposite as energy

storage materials

The supercapacitor characteristic shown by SA PB-PPy (20) in the previous
section was further investigated in preliminary result for further study. The result
indicated that the direct SA method can synthesise MeHCF-PPy nanocomposites as
an electrochemical sensor, as well as act as an energy storage material, which makes
this nanocomposite multifunctional, suggested that the proposed SA method is
capable to tune the electrochemical properties of the material. The synthesised PB-
PPy nanocomposite demonstrated intercalation pseudocapacitive behaviour, which is

an intermediate between pseudocapacitor behaviour and battery behaviour.
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5.2 Preliminary result for MeHCF-PPy nanocomposite as potential energy
storage material

Previously, the synthesis of PB-PPy nanocomposite via direct self-assembly (SA)
approach without any linking agents on the glassy carbon electrode (GCE) was reported
for the first time and its application as hydrogen peroxide electrochemical sensor was
investigated in the Section 4.1. It was later found that PB-PPy nanocomposite which
formed by 20 deposition cycles exhibited the pseudocapacitor behaviour, which indicated
that the nanocomposites with different electrochemical behaviour can be tuned and
fabricated, simply by adjusting its deposition cycles. The observed phenomenon leads to
further investigation on the performance of this SA PB-PPy nanocomposite as the
pseudocapacitive material. Hence, here in this part, the focus was the applications of PB-
PPy as the energy storage material where the PB itself was prepared with the same SA
approach on glassy carbon electrode (GCE), acting as a control, and PB-PPy

nanocomposites were prepared based on the method developed in Section 4.1.

5.2.1 Surface characterisation of PB and PB-PPy
5.2.1.1 Field emission scanning microscopy

Figure 5.1 portrays the FESEM of PB and PB-PPy electrode. As shown in Figures
(A) and (B) it can be clearly seen that there was only nanocubic PB formed. However,
most of the PB crystals showed the incomplete characteristic of nanocube. The size of the
PB particles was approximately 40 nm (measured by software Image J). On the other
hand, the PPy was connected to the PB particles and they were overlapping with each

other due to the fact that the conducting polymer acts as the host to the PB particles.
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Figure 5.1: FESEM images of (A) PB and (B) PB-PPy in 50,000 x magnification.

5.2.1.2 Fourier transform infrared spectroscopy

Figures 5.2 (A) and (B) illustrate the FTIR spectrum of PB and PB-PPy, respectively.

For the PB FTIR, the wavenumber, 2090 cm! was corresponding to CN stretching

absorption band of the CN group in Fe?"-CN-Fe’* of PB, whereas the wavenumber, 2181

cm’! can be attributed to the v(CN) band for PB. The FTIR for PB-PPy was similar to the

FTIR spectra in Section 4.1.2.3.
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Figure 5.2: FT-IR spectrum of (A) PB and (B) PB—PPy on glassy carbon electrode.
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5.2.2 Electrochemical behaviour of modified electrode

Two well-defined redox pairs as shown in Figure 5.3 were attributed to the conversion
of Prussian white (PW) to Prussian blue (PB), and PB to Berlin green (BG) (Ojani et al.,
2016), respectively. The first couple of redox peaks (= 0.2 V) were attributed to the redox
reaction of the high-spin system Fe*"/Fe?", which was the reversible redox reaction of PB
to PW. On the other hand, the redox pairs were at a more positive potential (= 1.0 V) that

34 which was the reversible

corresponded to the redox reaction of the low spin Fe(CN)s
reaction of PB to BG. The Berlin green was generated when the applied potential
increased (Kong et al., 2015). The equations will be expressed in the following section.
The CV peak current of PB-PPy rose significantly, as compared to pristine PB which
could be attributed to the synergistic effect of metal-polymer composite and the higher
amount of PB which can be deposited on the electrode under the presence of PPy. This
phenomenon is presumably due to the adhesion features of PPy itself towards the
electrode, which acts as the host for PB nanoparticles to form on it at the surface of the

electrode (Hostert et al., 2016). The mechanism of formation of PB-PPy was explained

in details in Section 4.1.1.
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Figure 5.3: Cyclic voltammograms of PB-PPy and PB in 1.0 M KNOs as electrolyte.

Insets: CV of PPy. The potential range was from -0.2 V to 1.2 V with scan rate 50
mV s,

As shown in Figure 5.3, two redox couples were displayed in the full potential range
from -0.2 V to 1.2 V. The overall intercalation of oxidation and reduction of K* ions

reaction into PB-PPy can be expressed as (Koncki, 2002):

KFe(IID[Fe(IN(CN)¢] + K* + e~ o K,Fe(ID[Fe(I(CN)¢]  (Eq.4.19)

PB PW
KFe(IID[Fe(I)(CN)¢] < Fe(lIDFe(IIN(CN)s+K* + e~ (Eq.4.20)
PB BG
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In general, there are two types of supercapacitors: electrical double-layer
supercapacitors (EDLC) and pseudocapacitors in which the pseudocapacitor has been
considered as a transition from EDLC to a battery behaviour. Lately, a new
electrochemical behaviour which connects the gap between pseudocapacitive behaviour
and the battery behaviour known as intercalation pseudocapacitive behaviour has been
introduced (Zukalova, Kalba¢, Kavan, Exnar, & Graetzel, 2005). One of the
characteristics of intercalation pseudocapacitive is that the system possesses distinct
redox peaks in cyclic voltammograms and hence, its electrochemical profile is identical
to the battery. The redox reaction is associated with the intercalation of cations in the
crystalline structure of the electrode material. However, the kinetics of the redox reaction
(b-value = 1) and the reversibility is higher than the battery which is similar to those
classic pseudocapacitors of RuO; or MnO; (Y. Wang, Song, & Xia, 2016). Therefore, PPy
was not discussed here as it did not demonstrate any redox peaks as shown in the inset of
Figure 5.3. Moreover, the PPy here was prepared by electrodeposition method as SA

method is unable to form pristine PPy.

Therefore, the pseudocapacitive performances of PB and PB-PPy were studied by a
log (1) - log (v) plot as shown in Figure 5.4. In general, the relationship of current, i and
scan rate, v can be summarised as  (Augustyn et al., 2013; Y.Wang et al., 2016; Yue et

al., 2015). :

i= av’ (Eq.4.21)

The b-value that is equal/approximately to 1 1is proof that intercalation
pseudocapacitive behaviour occurs in the electrode materials (Yue et al., 2015). The b-
value of the battery materials is normally at 0.5. A b-value of 0.5 would show that the
current is controlled by a semi-infinite linear diffusion whereas a value of 1 indicates that

the current is surface-controlled. From Figure 5.4 (A), the b-value obtained for PB is 1,
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indicating a main feature of intercalation pseudocapacitance characteristic. For PB-PPy,
the b-value of PB-PPy is between 0.7 and 0.8 from 1 to 20 mV s! as shown in Figure 5.4
(B). The same b-value had also been reported previously (Augustyn et al., 2013; Yue et
al., 2015). The b-value for the scan rate ranging from 1 to 20 mV s™! is approximately to
1 due to the fact that the kinetics were surface-controlled and hence, indicating it to be

rapid (Augustyn et al., 2013).

It can be observed that there are changes in the slope of the anodic and cathodic peaks
of PB-PPy in which the b-value reduced when the scan rate increased as indicated in
Figure 5.4 (B). This is attributed to several factors, including an increase of ohmic
contribution (active material resistance, solid-electrolyte interphase resistance) and/or

diffusion limitation (M. Park, Zhang, Chung, Less, & Sastry, 2010).

132



4.0 - B Anodic
® Cathodic o =
-4.2 S u
°
|
4.4 -
. n
< 46-
j=1)]
°
-4.8 1 : -1
10mV-100mVs
5.0 - Anodic: 1;Cathodic: 1
°
-5.2 1 ]
I ¥ | ! | ! I ! I J I
-2.0 -1.8 -1.6 -14 -1.2 -1.0
log (V/(V/s))
1B )
-3.4 | ®  anodic o]
364 ® cathodic ' « Y
: . °
- ‘ .
3.8- o
- °
-4.0 5 .
Z o A0mV-100mVvs ]
:».3 | e Anodic: 0.7;Cathodic: 0.3
2 4.4
4.6 - '
i ImV-20mVs
-4.8 Anodic: 0.8;Cathodic: 0.8
T ™
504 L
-5.2 T T T T T T .| T T
-3.0 2.5 -2.0 -1.5 -1.0

log (L/(V/s))

Figure 5.4: Log (i)- log (v) (A) PB and (B) PB-PPy. Determination of b-value from
the peak anodic and cathodic current.
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5.2.2.1 Galvanostatic charge/discharge test

Furthermore, the performance of the pseudocapacitive materials was also investigated
by the GDC at various current densities between 0 to 1.0 V vs. Ag/AgCl as shown in
Figure 5.5. The potential range of 0 to 1.0 V was selected in order to avoid the gas
evolution (Zhong et al., 2015) which might possibly trigger the rupture of the
electrochemical supercapacitor cell. It is well known that hydrogen evaluation occurs at
a negative electrode potential at approximately 0.197 V vs. Ag/AgCl, and oxygen
evolution occurs at the positive electrode potential at around 1.033 V (Conway, 1999).
From Figure 5.5, the voltage-time profile is not the classic triangle shape of an EDLC
but similar to those pseudocapacitor which has been reported previously (Jadhav, Pawar,
Jadhav, Thorat, & Seo, 2016; Y.Wang et al., 2017; Yue et al., 2015; M.Zhang et al.,
2017). This noticeable charge/discharge plateaus were resulted from the non-linear redox
reactions that happened at the modified electrode during the charging and discharging
which contributed to the pseudocapacitive behaviour (Lei, Markoulidis, Wilson, &
Lekakou, 2016; J. H. Park et al., 2002). The plateaus reduced in size at a high current
density due to the dominance of an electrical double layer capacitance instead of the
contribution of redox reaction towards the pseudocapacitive feature (Xu et al., 2018). The
obtained data was reproducible as the relative standard deviation of discharging time in

GDC from three different PB-PPy modified electrodes was only 5%.

It can also be seen that the charge and discharge time of PB were significantly lower

than PB-PPy as shown in Figure 5.5 (B).

The areal capacitance (F cm™) is calculated from the following equation (Huang et al.,

2013):

C==+ (Eq.4.22)
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Where ] is current density (A cm™), t is the discharge time (s), and AV is the voltage

window (V).

Table 5.1: Areal capacitance of PB and PB-PPy calculated from GDC.

Current density

Areal capacitance of PB

Areal capacitance of PB-PPy

(mA cm™) (mF cm™) (mF cm?)
0.2 23 40.8
0.5 2.1 49.7

1 2.2 36.1
2 23 21.4

The capacitance calculated is as shown in Table 5.1. The discharge areal capacitance

is more than 10 times of the capacitance of the electrode based on pristine PB. This

showed that the capacitance was greatly enhanced when PPy was introduced into the

nanocomposites.
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Figure 5.5: Galvanostatic charge/discharge curve (GDC) of (A) PB-PPy at current
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The cyclic stability was analysed by galvanostatic charge/discharge at the same
condition over 100 cycles. As shown in Figure 5.6, capacitance losses were observed,
probably due to the fast cation migration that gradually destroyed the crystal structure of

Prussian blue (Yue et al., 2015).
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Charge/discharge plot at 1, 100 and 200 cycles, respectively.
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5.2.2.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was employed to investigate the
characteristic of the modified and bare electrode surface. The frequency ranging from 10
kHz to 0.1 Hz and the amplitude of a sine wave of 5 mV in 0.1 M KNOj3 electrolyte
containing 5.0 mM Fe(CN)s*"* was used. Open circuit potential (OCP) was applied in
this EIS testing. As shown in the Nyquist plot in Figure 5.7 (A), the semicircle of PB-
PPy is the smallest, followed by PB and the bare GCE. It is well-known that the diameter
of the semicircle indicates the R of the respective electrode. The proposed equivalent

circuits are also portrayed in Figure 5.7 (C).

There were three different types of equivalent circuits used to fit the EIS data. Bare
GCE was fitted with the simplest Randles circuit due to a semicircle at a high frequency
and a straight line at an angle of 45° at a low frequency as seen in its Nyquist plot.
However, there were two peaks/ semicircles feature distinguished in the Bode phase of
PB and PB-PPy as displayed in Figure 5.7 (B). Hence, their equivalent circuits contain
two-time constants (RQ). Rs, Ret and Reoating/Gee are the resistance connotations for
solution, charge transfer resistances and coating/GCE, respectively. The high frequency
solution for resistance R 1s followed by a small semicircle that corresponds to the charge
transfer resistor (R¢¢) which happens across the electrode-electrolyte interface. The second
Reoating/film 18 due to passage of K* ions through the passivation film of PB-PPy which

covered on electrode surface (Lvovich, 2012).

For the fitting of PB, a Warburg diffusion (W) element was added in the equivalent
circuit due to a straight line at an approximate 45° which was seen in the Nyquist plot at
the low frequency area. This element is used to explain the movement of ions to the
electrode surface. On the other hand, a hyperbolic tangent, T, was used in equivalent

circuit of PB-PPy as a straight line at approximately 90° in the low frequency region of
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Nyquist plot. In addition, knee frequency is only observed in the Nyquist plot of PB-PPy
as shown in Figure 5.7 (A). Knee frequency is defined as the point that divides the high-
frequency component from the low-frequency component (Taberna et al., 2003). This

indicates that the whole capacitance is archived at 398 mHz. The fitted data is shown in

Table 5.2.
Table 5.2: EIS parameters acquired by equivalent fitting.
RSOI RCI Yo N Rcoating Y() N W/T(l’nhO) B
() | (kQ) | (uMho) (kQ) | (uMho)
Bare | 240 - - - 2.15 1.79 0.82 1.41 -
8
PB 100 | 0.23 0.63 0.62 | 1.14 256 0.93 1.75 -
PB- | 230 | 0.02 0.15 1 1.4 18.1 0.27 10.3 1.3
PPy 3 3

From the EIS results, it can be concluded the Ret of PB-PPy is the lowest which is
presumably an attribution to higher conductivity with the presence of conducting

polymers, PPy.
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Figure 5.7: (A) Nyquist plot of bare GCE, PB and PB—PPy. Inset: Magnification of
Nyquist plot of PB—PPy. (B) Bode plot of PB and PB—PPy (C) Equivalent circuit for
(i) bare GCE, (ii) PB and (iii) PB-PPy-modified electrode.

140



53 Limitation of the study

In the nicotine electrochemical sensor studies, the high overpotential for nicotine
detection leads to interference of other molecules: The operating potential for CuHCF-
PPy nanocomposite for nicotine sensing was +0.85 V vs. Ag/AgCl (sat. KCI). Although
this potential is within the range (+0.70 V to +0.93 V vs. Ag/AgCl (sat. KCI)) of other
reported electrochemical nicotine sensor, there was interference from other molecules
such as H»O>. Therefore, the applicable of CuHCF-PPy nanocomposites as
electrochemical sensors in real applications which involved more complex sample

remains to be further explored.

At the quest to venture into energy storage materials via the SA method, the mass
loading on the electrode surface was too low for practical energy storage materials
(electrochemical capacitor or battery) application. The current mass loading of PB-PPy
nanocomposite was 0.001 mg cm™ based on estimated calculation. High mass loading
(>1 mg cm™) is more suitable at the device level as the higher the percentage for active
material, the more energy the device can store. In short, the high performance of
electrochemical capacitors at device level relies on the total mass. In this study, the
capacitance of self-assembled PB-PPy nanocomposite was expressed in areal capacitance
(F cm™) due the mass loading is too low. It is worth to mention that there were some
studies reported in areal capacitance form (Huang et al., 2013; K. Wang, Wu, Meng,
Zhang, & Wei, 2012). Nonetheless, the capacitance of all similar MeHCF-based materials

was expressed in specific capacitance, Csp (F g™!) form.
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