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Series Preface

Carbon, the 6th element in the periodic table, is extraordinary. It forms a variety of
materials because of its ability to covalently bond with different orbital hybridiza-
tions. For millennia, there were only two known substances of pure carbon atoms:
graphite and diamond. In the mid-1980s, a soccer-ball shaped buckminsterfuller-
ene, namely a new carbon allotrope Cgo, was discovered. Together with later found
fullerene-structures (C;, Cg4), the nanocarbon researcher was spawned. In the
early 1990s, carbon nanotubes were discovered. They are direct descendants of
fullerenes and capped structures composed of 5- and 6-membered rings. This was
the next major advance in nanocarbon research. Due to their groundbreaking work
on these fullerene materials, Curl, Kroto and Smalley were awarded the 1996 Nobel
Prize in Chemistry. In the beginning of the 2000s, graphene was prepared using
Scotch tape. It is a single sheet of carbon atoms packed into a hexagonal lattice
with a bond distance of 0.142 nm. For their seminal work with this new nanocar-
bon material, Geim and Novoselov were awarded the 2010 Nobel Prize in Physics.
As new members, carbon nanoparticles, such as diamond nanoparticles, carbon
dots, and graphene (quantum) dots, have emerged in the family of nanocarbon
materials. Although all these materials only consist of the same carbon atoms, their
physical, chemical, and engineering features are different, which are fully depend-
ent on their structures.

The purpose of this series is to bring together up-to-date accounts of recent develop-
ments and new findings in the field of nanocarbon chemistry and interfaces, one of the
most important aspects of nanocarbon research. The carbon materials covered in this
series include diamond, diamond nanoparticles, graphene, graphene-oxide, graphene
(quantum) dots, carbon nanotubes, carbon fibers, fullerenes, carbon dots, carbon
composites, and their hybrids. The formation, structure, properties, and applications
of these carbon materials are summarized. Their relevant applications in the fields of
electroanalysis, biosensing, catalysis, electrosynthesis, energy storage and conversion,
environment sensing and protection, biology and medicine are highlighted in differ-
ent books.

I certainly want to express my sincere thanks to Miss Sarah Higginbotham from
Wiley’s Oxford office. Without her efficient help or her valuable suggestions during this
book project, the publication of this book series would not be possible.
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Last, but not least, I want to thank my family, especially my wife, Dr. Xiaoxia Wang
and my children Zimo and Chugian, for their constant and strong support as well as for
their patience in letting me finalize such a book series.

February 2017 Nianjun Yang
Siegen,
Germany



Preface

Recent developments in materials science and nanotechnology have propelled the
development of a plethora of materials with unique chemical and physical properties.
Carbon-based nanomaterials such as carbon nanotubes, carbon dots, carbon nanofib-
ers, fullerenes and, more recently graphene, reduced graphene oxide and graphene
quantum dots have gained a great deal of interest for different applications including
electroanalytical applications. Diamond nanostructures as well as silicon carbide and
carbon nitride nanostructures have to be added to the spectrum of carbon-based nano-
materials widely used nowadays for electrochemical sensing.

It is the objective of this book to present the most widely employed carbon-based
electrode materials and the numerous electroanalytical applications associated with
them. It seems that several elements underlie research in electroanalysis today. Advances
made in nanotechnology and nanosciences have made the fabrication of novel carbon-
based materials and their deposition onto electrical interfaces in the form of thin and
3D films possible. The different nanostructures of electrodes have led to a wealth of
electrical interfaces with improvements in terms of sensitivity, selectivity, long-term
stability and reproducibility together with the possibility for mass construction in good
quantities at low cost. Besides the exceptional physico-chemical features of these mate-
rials, the presence of abundant functional groups on their surface and good biocompat-
ibility make them highly suitable for electroanalysis. This has motivated a number of
researchers over the last decade to explore different chemical and physical routes to
obtain nanomaterials with superior electrochemical properties.

The first part of the book deals with the value of carbon nanomaterials in the form of
fibres, particles and thin films for electroanalysis. Chapter 1 (by Osama Niwa) explores
the properties of nanocarbon films for electroanalysis. Chapter 2 (by Tianyan You,
Dong Liu and Libo Li) reviews electroanalytical application of carbon nanofibers and
related composites. The state of the art of the fabrication of carbon nanofibers will be
provided followed by an overview their applications for the construction of non-enzy-
matic and enzyme-based biosensors as well as immunosensors. The value of carbon
nanomaterials for neuroanalytical chemistry is presented in Chapter 3 (by Chen Yang
and Jill Venton). The high electrocatalytic activity of neurotransmitters such as dopa-
mine on carbon surfaces allows for the development of highly sensitive direct neuro-
transmitter detection. The challenges towards implementing the electrodes routinely in
vivo will be discussed furthermore. This first part will be concluded by Chapter 4 (by
Junijie Zhu, Lingling Li and Ying Chen) on the use of carbon and graphene dots for
electrochemical analysis.

XV
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Preface

The second part of the book considers the value of graphene for electroanalytical appli-
cations. Chapter 5 (by Edward Randviir and Craig Banks) gives an excellent insight into
the use of graphene for electoanalysis. This chapter discusses the origins of graphene, the
types of graphene available and their potential electroanalytical properties of the many
types of graphene available to the researcher today. Chapter 6 (by Sabine Szunerits and
Rabah Boukherroub) demonstrates that loading of graphene nanosheets with gold nano-
particles generates a new class of functional materials with improved properties and thus
provides new opportunities of such hybrid materials for catalytic biosensing.

The use of the most recent applications of fullerene-C60 based electrochemical bio-
sensors is presented in Chapter 7 (by Sanaz Pilehavar and Karolien De Wael) Taking
into account the biocompatibility of fullerene-C60, different kind of biomolecules such
as microoganisms, organelle, and cells can be easily integrated in biosensor fabrication
making the interfaces of wide interest.

The third part of the book describes the value of diamond and other carbon-based
nanomaterials such as carbon nitride (C3Ny4) and silicon carbide (SiC). Chapter 8 (by
Christophe Nebel) is focused on the different aspects of diamond nanostructures for
electrochemical sensing. Chapter 9 (by Mandana Amiri) is focused on the interest of
carbon nitrides and silicon carbide nanoparticles for the fabrication of new electroana-
lytical sensing platforms.

It is hoped that this collection of papers provides an overview of a rapidly advancing field
and are resources for those whose research and interests enter into this field either from
sensing or material scientific perspectives. While many topics are presented here, there are
many that were not able to be included but are also of current interest or are emerging. All
of the contributors are thanked for their brilliant and valuable contributions.

June 2017 Sabine Szunerits
Villeneuve d’Ascq
France

Rabah Boukherroub
Villeneuve d’Ascq
France

Alison Downard
Christchurch
New Zealand

Jun-Jie Zhu
Nanjing
China



Electroanalysis with Carbon Film-based Electrodes

Shunsuke Shiba'*3, Tomoyuki Kamata®*, Dai Kato? and Osamu Niwa'*?

' Advanced Science and Research Laboratory, Saitama Institute of Technology, Japan
2 National Institute of Advanced Industrial Science and Technology, Ibaraki, Japan

3 Graduate School of Pure and Applied Sciences, University of Tsukuba, Ibaraki, Japan
4 Chiba Institute of Technology, Japan

1.1 Introduction

As electrode materials for analytical applications, carbon-based electrodes have been
widely employed as detectors for high performance liquid chromatography (HPLC),
capillary electrophoresis (CE) and various biosensors. Carbon materials usually shows
wider potential window compared with those of novel metals such as platinum and gold
electrode. These electrodes are chemically stable, highly conductive and low cost. A
recent review article has well described the electrochemistry of certain carbon-based
electrodes [1]. Glassy carbon (GC) and highly oriented pyrolytic graphite (HOPG) have
been traditionally utilized for various electroanalytical methods. Later, carbon paste
electrodes have been used mainly to develop enzymatic biosensors because carbon
paste is low cost and the electrode can be fabricated only by printing and various bio-
molecules can be modified only by mixing with carbon ink.

In the last 20 years, electrochemical measurements using boron-doped diamond
(BDD) electrodes have become more intensively studied by many groups [2—4]. A BDD
electrode shows extremely wider potential window due to its chemical stability and
lower background noise level than other electrode materials. Due to such unique per-
formances, BDD electrodes are advantageous in terms of detecting various species
including heavy metal ions (Pb**, Cd**) [5], chlorinated phenols [6], histamine and sero-
tonin [7, 8], and even nonmetal proteins [9]. The BDD electrodes have also been
employed to fabricate modified electrodes including As®* detection with iridium-
implanted BDD [10], DNA modified BDD [11] and cytochrome ¢ modified BDD [12].
In spite of excellent performance of BDD electrodes, high temperature between
400-700° C is needed for BDD fabrication, which limits the substrates only to inorganic
materials such as silicon wafer, metals and glass plate.

More recently, nanocarbon materials including carbon nanotubes (CNTs), carbon
nanofibers (CNFs) and graphene nanosheet have been more intensively studied with a
view to using them as electrode materials for fuel and biofuel cells [13—15]. For electro-
analytical application CNT and graphene have been employed to fabricate various

Nanocarbouns for Electroanalysis, First Edition.
Edited by Sabine Szunerits, Rabah Boukherroub, Alison Downard and Jun-Jie Zhu.
© 2017 John Wiley & Sons Ltd. Published 2017 by John Wiley & Sons Ltd.
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biosensors because nanocarbon electrodes have large surface area suitable to immobilize
large amount of enzymes and antibodies [16—20]. The surface area of such nanocarbon
film with immobilizing large amount of biomolecules can achieve sufficient sensitivity
and longer stability. More recently, the graphene was modified onto interdigitated array
electrode and applied for electrochemical immunoassay [21].

In spite of some works using nanocarbons as film electrode, the nanocarbon materi-
als have been mainly used by modifying them on the solid electrode and larger surface
area of nanocarbons also show large capacitive and background currents and reduce
signal to noise (S/N) ratio when detecting trace amount of analytes.

In contrast, carbon film electrodes have been used for direct measurement of electro-
active molecules such as neurotransmitters and nucleic acids. Various kinds of carbon
film materials have been developed using various fabrication processes including pyrol-
ysis of organic films, sputter deposition, chemical vapor deposition. However, carbon
film electrodes are needed to improve the electron transfer rate of analytes in order to
retain diffusion-limited electrochemical reactions because their smooth surface has
fewer active sites than the surfaces of nanocarbon materials. Therefore, it is required to
fabricate carbon films with better electroactivity. Another important advantage is that
carbon film can be patterned to any shape and size with high reproducibility for use as
platforms for chemical or biochemical sensors by utilizing conventional photolitho-
graphic process [22]. In this chapter, the fabrication processes of carbon film electrodes
are introduced. Then, we described structure and electrochemical properties of various
carbon film electrodes. Finally, we describe the application of carbon film electrodes for
electroanalysis of mainly biomolecules.

1.2 Fabrication of Carbon Film Electrodes

In order to fabricate carbon film electrodes, the pyrolysis of organic films including
various polymers and deposited aromatic compounds have been employed by many
groups as summarized in Table 1.1.

Kaplan et al. deposited 3, 4, 9, 10-perylenetetracarboxylic dianhydride (PTDA) films
on the substrate, pyrolyzed them above 700°C and obtained conducting carbon film
[23]. The conductivity was comparable to that of a GC electrode. Rojo et al. obtained
carbon film using a similar method to Kaplan et a/. and employed it for electrochemical
measurements of catechol and catecholamines [24]. Tabei and Niwa et al. employed
this process to microfabricate interdigitated array electrodes by lithographic tech-
nique [25].

The conducting polymers are also suitable to make highly conducting carbon film
because the film already has z—conjugated structure. Tabei et al. used poly(p-Phenylene
Vinylene):PPV coated on the substrate and prepared carbon film electrode by the pyrol-
ysis at 1100°C, then fabricated to microdisk array electrode [26]. The carbon films have
been fabricated by pyrolyzing conventional polymers. Positive photoresist, which
mainly consist of phenol resin was used as precursor polymer and pyrolyzed the film at
high temperature because positive photoresist can be easily spin-coated into uniform
films [27]. The resistivity was between 2x107* to 2x 10~ Q cm depending on the
pyrolysis temperature. The electrochemical performance of pyrolyzed photoresist films
(PPF) has been intensively studied by McCreery and Madou’s groups [28, 29]. PPF film
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Table 1.1 Fabrication of carbon film electrodes by pyrolysis process.

Carbon film Procedures and properties References
Pyrolysis of PTDAY PTDA is deposited in quartz tube and Kaplan et al. 1980 [23],
pyrolyzed at 850°C at 0.01 torr Rojo et al. 1986 [24]

Conductivity :250Scm™ (Kaplan et al.)
Pyrolyzed poly-(phenylene Microdisk electrode from pyrolyzed PPV Tabei et al., 1993 [26]

vinylene) film films around 1100°C

Pyrolysis of phenol- Spin-coat with phenolic resin solution on the Lyons et al. 1983 [27]

formaldehyde resin around substrate and pyrolysis at 800 or 1050° C.

1000°C Conductivity: from 2x 1072 to 2x 10 Qcm
Pyrolysis of photoresist AZ4330 from 600 to  Kim et al., 1998 [28]
1100° C. Ranganathan et al.
Near atomic flatness <0.5nm 2001 [29]

Pyrolysis of photoresist AZ4620 at 1100°C.  Brooksby et al. 2004 [30]
Conductivity comparable to GC
Pyrolysis of photoresist AZ4562 by rapid Campo et al. 2011 [31]
Thermal process (140°C min™" to 1000°C.

Pyrolyzed polyimide film  IDA electrode fabricated by pyrolysis of thick Morita et al. 2015 [32]

polyimide films and photolithography on
quartz substrates.

1) 3,4,9, 10-perylenetetracarboxylic dianhydride.

has a lower O/C ratio than a GC electrode and relatively larger peak separations were
observed from the voltammograms of Fe*** and DA. The carbon film obtained by
photoresist has very smooth surface. In fact, Ranganathan et al. observed that the aver-
age roughness is less than 0.5 nm by the atomic force microscopy (AFM) measurement
of PPF carbon film. The modification of PPF film by diazonium reduction was per-
formed by Brooksby et al. [30]. The modification of such carbon films is very important
to use them as platforms of various electrochemical biosensors. More recently, the
relationship between fabrication processes of PPF such as types of resists, and heating
programs, and their resistivity and surface roughness, were well summarized by
Compton’s group [31]. Morita et al. carbonized polyimide (PI) film and fabricated IDA
electrode [32]. The height of the electrode is ranging from 0.1 to 4.5 um since PI is suit-
able to obtain thicker film.

On the other hand, carbon film electrodes have been developed by using various
vacuum deposition techniques including magnetron or radio frequency (RF) or electron
cyclotron resonance sputtering deposition, electron beam evaporation, plasma-assisted
chemical vapor deposition (PACVD), radio-frequency plasma enhanced chemical
vapor deposition (RF-PECVD). Most well known carbon film is diamond like
carbon(DLC), which is very widely used for coating of drills and cutting tools because
DLC is extremely hard. Smooth and inert surface of DLC is also suitable to improve
biocompatibility and applied for the coating of medical devices. A Ternary phase dia-
gram of amorphous carbons including DLC was reported by Ferrari ez al. [33] .

3



4

Nanocarbons for Electroanalysis

As an electrode materials, DLC shows high S/N ratio and low capacitance [34].
Blackstock et al. reported ultraflat carbon film (~0.1nm) whose electrochemical
response is similar to that of GC [35]. Swains’ group has been studied nitrogen-containing
amorphous carbon films and their electrochemical performance as discussed in the
later section [36]. Hirono et al. developed a very smooth and hard carbon film using
electron cyclotron resonance (ECR) sputtering [37]. The film consists of sp* and sp°
hybrid bonds with a nanocrystalline structure and the sp” and sp® ratio can be easily
controlled by changing ion acceleration voltage from 20 to 85V. Figure 1.1 shows sur-
face image and line scan data of ECR sputtered carbon film obtained by AFM. The
average roughness (Ra) is 0.07 nm, indicating atomic level flatness [38]. The film
contains nanocrystalline graphite like structure different from amorphous carbon film,
which contributes to improve electrochemical performance as described later. In fact, a
parallel layered structure identified as a nano-order graphite crystalline structure can
be observed at a low ion acceleration voltage, but a curved and closed nanostructure is
dominant at a high ion acceleration voltage. More recently, Kamata et al. fabricated the
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Figure 1.1 AFM image of ECR sputtered carbon surface (a) and line profile (b). Reprinted with
permission from [38]. Copyright 2006 American Chemical Society.

(a) ﬁ
m

Without I
ion irradiation

onto the substrate :
d

Mo M

Conventional magnetron
sputtering

S o
os s e s oo e

XIJ I \° /!/cl)/;.it’i,rradiation

onto the substrate

NoOE

Unbalanced magnetron
(UBM) sputtering
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carbon film with similar structure and electrochemical properties to those of ECR
nanocarbon film by using unbalanced magnetron (UBM) sputtering [39]. Figure 1.1
shows schematic diagram of UBM sputtering equipment (Figure 1.2a) compared with
conventional magnetron sputtering (Figure 1.2b).

The plasma is only distributed near the target in case of conventional magnetron
sputtering. In contrast, the plasma is distributed near the substrate and the ion irradia-
tion occurs onto the substrate, which can widely control the structure of carbon film
including sp® and sp ratio.

1.3 Electrochemical Performance and Application
of Carbon Film Electrodes

When fabricating carbon film based electrode, other atoms such as nitrogen and oxy-
gen or even metal nanoparticles can be contained. For example, nitrogen doping can be
performed in the presence of small amount of N, during vacuum process. Surface ter-
mination with other atoms such as hydrogen and nitrogen can be easily performed
because the conducting carbon film contains certain amount of sp* bonds, which is
chemically reactive. Metal nanoparticles which usually show better electrocatalytic per-
formance for analytes have been developed by pyrolysis and vacuum technique. In this
section, the electrochemical performance and applications of pure, surface terminated
and hybrid carbon films are summarized.

1.3.1 Pure and Oxygen Containing Groups Terminated Carbon Film Electrodes

The carbon films prepared by pyrolyzing organic and polymer films usually contains
graphite layers. Figure 1.3a is Raman spectra of the carbon film prepared by Niwa et al.
[25] on the basis of the process reported by Rojo et al. [24].

The two relatively broad peaks were observed at 1590 and 1340 cm ™, and assigned to
disordered graphite structure. As an electrode material, Rojo et al. reported that the
electrochemical response of catechol is irreversible, but became ideal after electro-
chemical treatment at 1.8 V. Figure 1.3b compared voltammograms of 100 uM dopa-
mine (DA) at the carbon-based IDA electrode before (1) and after (2) electrochemical
treatment. Carbon film-based IDA was fabricated by photolithographic technique.
After electrochemical treatment, the current increases more rapidly compared with
that before treatment. The electrochemical pretreatment increases surface area caused
by etching the surface and introduces oxygen containing groups.

In contrast, carbon films prepared by vacuum process have wide variety of the struc-
ture as described above. Figure 1.4 shows relationship between potential window and
sp® [sp*/(sp*+sp”)] concentration of the UBM sputtered nanocarbon film. The width of
potential window increases with increasing sp® ratio [39]. However, the peak separa-
tions of Fe(CN)¢*™ and DA becomes larger when sp3 concentration is around 50%. The
wide potential window of UBM sputtered nanocarbon film electrode is advantageous to
measure biomolecules with high oxidation potential.

The flat surface of nanocarbon film also contributes to suppress the fouling of elec-
trode surface. With a conventional electrode such as a GC electrode, the relatively
rougher surface adsorbs the molecules. In contrast, the molecules easily desorbed from
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Figure 1.3 (a) Raman spectrum of carbon film deposited on an oxldlzed silicon wafer. (b)
Generation-collection voltammograms of 100 pM dopamine in pH 6 phosphate buffer at
carbon-based IDA electrodes with different pretreatment conditions: (i) neither electrode pretreated;
(ii) generator electrode pretreated; (iii) collector electrode pretreated; (iv) both electrodes pretreated.
The collector potential was held at -0.2V, and the generator potential was cycled at a scan rate of

50 mV s™'. The IDA bandwidth and gap are 3 and 2 um, respectively. Adapted with permission from
[25]. Copyright 1994 American Chemical Society.
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Figure 1.4 Relationship between potential window and sp> [sp*/(sp>+sp°)] concentration of the UBM
sputtered nanocarbon film.

the nanocarbon film electrode surface after electrochemical reaction because of its flat
and chemically stable surface. For example, we achieved much better reproducibility
and detection limit compared with GC when measuring 8-OHdG which is known as
oxidative stress marker [40]. The suppression of fouling can be enhanced at hydrophilic
surface. The electrochemical treatment simply introduces oxygen containing groups,
which can be confirmed by reduction of contact angle and XPS measurements [41].
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The electrochemical treatment of the carbon electrodes such as GC often make the
surface very rough, but nanocarbon film still maintain smooth surface after electrochemi-
cal treatment. The electrochemical response of serotonin and thiol was greatly improved
after electrochemical treatment at ECR nanocarbon film electrode. This performance is
particularly advantageous when measuring biomolecules with large molecular weight
since large biomolecules often strongly adsorb on the electrode surface and interfere with
the electron transfer between the analytes and electrode. Simple electrochemical DNA
analysis techniques such as DNA methylation [42] and single nucleotide polymorphism
(SNP) [43] detection have been reported based on the quantitative measurement of all the
bases by direct electrochemical oxidation. Figure 1.5 shows background-subtracted dif-
ferential pulse voltammograms (DPVs) of 3uM of oligonucleotides (1: 5’-CAG-CAG-
CAG-3,2:5- CAG-CAA-CAG-3/,3:5'- CAA-CAA-CAG-3',4:5- CAA-CAA-CAA-3,
the underline base represents a mismatch base) at the nanocarbon film electrode.

The peaks assigned by G oxidation decreases and A oxidation increases with increas-
ing number of A in the oligonucleotide. However, the oxidation of C cannot be observed
at GC electrode due to narrower potential window compared with those at ECR

(a) 1:5-CAG-CAG-CAG-3’
2: 5-CAG-CAA-CAG-3' A

4: 5-CAA-CAA-CAA-3’

A
] I1 uA cm=2
A/ pA cm=2 I:D c
I subtraction [2—1] G
2 pAcm2
(b) A
A
] I1 uA cm2
Al A o2 G . :> ‘__\/\
subtraction [2—-1]
12 HA cm— G

(©)

12 pAcm2 G :b C

c subtraction [2—1]

06 08 10 12 14 16 1.8 06 08 1.0 12 14 16 18
E/V vs. Ag/AgCl —— E/V vs. Ag/AgCl —
Figure 1.5 Background-subtracted differential pulse voltammograms (DPVs) of 3 mM of
oligonucleotides (1: 5'-CAG-CAG-CAG-3; 2: 5'- CAG-CAA-CAG -3; 3: 5'- CAA-CAA-CAG -3, 4: 5'- CAA-
CAA-CAA-3’) at the (a) ECR nanocarbon film, GC, and BDD electrodes in 50 mM pH5.0 acetate buffer.
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nanocarbon film and BDD electrodes. We also observed that oxidation current of
oligonucleotide reduced rapidly by continuous measurement at GC, but not at ECR
nanocarbon films due to their flat and hydrophilic surface. The response of each base is
sharper at ECR nanocarbon film compared with BDD, indicating relatively rapid
electron transfer. Furthermore, we also measured each base content of longer
oligonucleotides (60mers) that constitute a non-methylated and a methylated CpG
dinucleotide with some different methylation ratios [44].

1.3.2 Nitrogen Containing or Nitrogen Terminated Carbon Film Electrodes

It has been reported nitrogen containing carbon materials shows interesting electro-
catalytic performances, particularly oxygen reduction reaction(ORR). Ozakis’ group
developed carbon alloy which enhances oxygen reduction activity by simultaneous
doping of boron and nitrogen into carbon materials [45]. In particular, nitrogen doped
carbon materials have been studied by many groups to apply as electrodes for fuel cell.
In 2009, Dai et al. reported nitrogen-doped carbon nanotube arrays which show high
ORR activity and long time stability [46]. Their group also developed nitrogen-doped
graphene by thermally annealed with ammonia and realized n-type field-effect transis-
tor at room temperature [47]. More recently, Uchiyama et al. observed hydrogen oxida-
tion wave using glassy carbon electrode fabricated by stepwise electrolysis in ammonium
carbamate aqueous solution and hydrochloric acid [48]. At holding the electrode at 0V
(vs Ag/AgCl), the oxidation current increases by bubbling hydrogen gas and decreases
after stopping hydrogen gas supply.

Beside such bulk carbons and nanocarbon materials, nitrogen containing carbon film
electrodes have been studied by many groups because the films have a wide variety of
structure such as sp*/sp® ratio and show improved electrocatalytic activity. Yoo et al.
reported that nitrogen-incorporated tetrahedral amorphous carbon electrode shows
moreactive charge transfer properties on avariety of systems relative to the H-terminated
BDD and excellent stability [49]. Swain’s group reported the nitrogen-doped nanocrys-
talline diamond thin-film deposited by Gruen and co-workers using microwave-assisted
chemical vapor deposition (CVD) from Cgp/argon and methane/nitrogen gas mixtures
consisted of hemispherical features about 150nm in diameter with a height of 20nm
[50]. The film is active for redox species such as Fe(CN)s*>4~ and Ru(NH;)¢**/** without
any conventional pretreatment and shows semimetallic electronic properties between
0.5 and —1.5V (vs. Ag/AgCl). The same group also fabricated similar film electrode by
plasma-enhanced CVD, which also shows high electrochemical activity [51]. Tanaka et
al. fabricated nitrogen-doped hydrogenated carbon films also by plasma-enhanced
CVD and studied their structure by XPS and basic electrochemical properties [52]. In
contrast, Lagrini ef al. used radio-frequency (RF) magnetron sputtering to fabricate
amorphous carbon nitride electrode and studied their microstructure and electronic
properties such as conductivity [53]. They also studied about correlation between the
local microstructure and the electrochemical behavior by using XPS, FTIR, Raman
spectroscopy, and electrochemical measurements [54]. The potential windows and
voltammograms of Fe(CN)>~'*~ were changed by changing nitrogen partial pressure
during deposition. Hydrogen and oxygen evolution at nitrogen doped amorphous
carbon film electrodes formed with a filtered cathodic vacuum arc in a N, atmosphere
were also studied by Zeng et al. [55].
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Recently, Yang et al. [36] reported electrochemical responses of Ru(NHs)s>*?* and
Fe(CN)s>'*" at nitrogen-containing tetrahedral amorphous carbon thin-film electrodes
by changing N, flow rate during deposition. The peak separation of former species was
almost unchanged, but the latter shows lower peak separation when N, flow rate
increases. The resistivity also decreases with increasing incorporation of nitrogen.
Kamata et al. studied electrochemical properties of nitrogen-containing carbon film
electrodes by widely changing nitrogen concentration. The carbon films were fabri-
cated on boron doped silicon wafer by using ECR sputtering or UBM sputtering equip-
ment [56, 57]. The nitrogen concentration was changed from 0 to 30.4% characterized
with XPS, and the surface image was obtained with AFM. The surface average rough-
ness was almost unchanged when the nitrogen concentration was widely changed. The
sp® concentration was 20% for pure nanocarbon film and nanocrystalline layered struc-
tures can be observed by TEM as shown in Figure 1.6a. However, sp> concentration
increases with increasing nitrogen concentration and became 53.8% when nitrogen
concentration was 30.4%.

Circle and closed structures containing sp> bonds also increases with increasing
nitrogen concentration as shown in Figure 1.6b. The potential window of the film
becomes wider but the electrochemical activity for Fe(CN)63*/ 4~ decreases with increas-
ing nitrogen concentration from 9.0 to 30.4%, although the film containing 9.0% nitro-
gen shows smaller peak separation than that of pure nanocarbon film despite lower sp*
concentration. The ORR peak of nitrogen containing nanocarbon film (9.0%) is more
positive than that of pure nanocarbon film, suggesting improved electrocatalytic activ-
ity (Figure 1.7).

Nitrogen-containing carbon films have been applied for electroanalysis including
heavy metal ions and biomolecules. Table 1.2 summarizes examples of electroanalytical
applications with nitrogen-containing carbon film electrodes.

Zeng et al. applied for the analysis of heavy metal ions including Pb**, Cd**, Cu®* by
differential pulse anodic stripping voltammetry [58]. A linear dependence of lead con-
centration between 5x 107 to 2x107°M was obtained. Swains’ group mainly applied
their nitrogen-incorporated tetrahedral amorphous carbon thin film electrodes for

Circle and closed structure
sp? layer structure
T 2B o £

Figure 1.6 Plain views of (a) pure-ECR and (b) N-ECR (N=9.0 at. %) (b) observed by TEM. N, gas
contents during deposition are 0 for (a) and 2.5% for (b). Scale bar=5 nm. Reprinted with permission
from [56]. Copyright 1994 American Chemical Society.
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Figure 1.7 Voltammograms of pure-ECR and N-ECR (N=9.0 at. %) electrodes for oxygen reduction
reaction in O, saturated 0.5 M H,SO,. Dotted lines are background scans. Adapted with permission
from [56]. Copyright 2013 American Chemical Society.

Table 1.2 Electroanalytical application of nitrogen containing carbon film electrodes.

Carbon film

Analytes and procedure

References

Nitrogen-doped Diamond-like
carbon film by DC magnetron
sputter

Nitrogen containing nanocarbon

film by ECR sputtering

Nitrogen-incorporated tetrahedral

amorphous carbon thin film

Nitrogen containing nanocarbon
film by ECR and UBMsputtering

Differential pulse anodic
stripping voltammetry
(DPASV)

Square wave voltammetry of
guanosine and adenosine

Flow injection analysis of
norepinephrine

Flow injection analysis of
tryptophan and tyrosine

Propranole and
hydrochlorothiazide oxidation
in standard and synthetic
biological fluid.

Reductive Detection of
hydrogen peroxide

Zeng et al. 2002 [58]

Kamata et al. 2013 [56]
D’N. Hamblin et al. 2015 [59]
Jarosova et al. 2016 [60]

Lourencao et al. 2014 [61]

Kamata et al. 2013 [56]
2015 [57]

detecting small biomolecules. Norepinephrine [59] and tryptophan and tyrosine [60]
were detected with their film electrode using flow injection analysis. They also applied
to detect pharmaceuticals, propranolol (PROP) and hydrochlorothiazide (HTZ) by
square wave voltammetry in standard and synthetic biological fluids [61]. PROP is a
non-selective p-adrenergic antagonist drug (blocker) and HTZ is a diuretic drug
belonging to the thiazide class. Low detection limits of ~194ng/ml for PROP and
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Figure 1.8 Background-subtracted SWVs of 100 pM guanosine (dotted) and adenosine (solid) at
pure-ECR and N-ECR (N=9.0 at. %) electrodes measured in 50 mM acetate buffer (pH 5.0). Adapted
with permission from [56]. Copyright 2013 American Chemical Society.

~744ng/ml for HTZ were obtained. The oxidation peak potentials for guanosine and
adenosine were compared at pure ECR nanocarbon and nitrogen containing nanocar-
bon films by using square wave voltammetry [56]. Much sharper and larger oxidation
peaks of both analytes were observed at more negative potential with nitrogen contain-
ing nanocarbon film compared with those with pure nanocarbon films as shown in
Figure 1.8. In case of hydrogen peroxide detection, the larger reduction peaks can be
obtained at more positive potential by containing nitrogen due to improved electro-
catalytic activity.

1.3.3 Fluorine Terminated Carbon Film Electrode

Fluorination, one of the most attractive surface terminations, has been reported for
various carbon-based electrodes including graphite, GC, carbon nanotube, graphene,
and diamond [62—67]. These fluorinated carbon electrodes provide unique characteris-
tics, such as improved hydrophobicity and a different electron transfer rate compared
with the original carbon electrodes. However, some fluorinated carbon electrodes have
serious problems, including lower stability due to loss of fluorine atoms and/or damage
due to oxidation [41, 62, 65]. In contrast, fluorinated BDD electrodes exhibit better
long-term stability [64, 67], suggesting that a fluorinated surface containing sp> carbon
experiences less oxidization and damage during anodic polarization than GC.

To fabricate electrochemically stable fluorine-terminated nanocarbon (F-nanocarbon)
film electrodes, the surface of the nanocarbon films was shortly treated with CF, plasma
[65, 68-70]. The fluorinated surface is easily prepared without losing the surface con-
ductivity and surface flatness of the nanocarbon film electrode as summarized in
Table 1.3. After fluorination, the sp* content decreased from 58.1 to 45.0 %. At the same
time, the F/C ratio was 0.2 [65]. These results clearly indicate that the sp2 bond is
selectively fluorinated by the CF, plasma. The contact angle of the film surface increased
after surface fluorination (Table 1.3 and Figure 1.9¢).
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Table 1.3 Surface properties of the O-nanocarbon and F-nanocarbon films.

Original O-terminated F-terminated

C1s % sp* content 58.1 45.0 45.0

sp® content 41.9 55.0 55.0
F/C? — — 0.2
o/c? 0.06 0.10 0.02
R,nm™* 0.067 0.21 0.075
Contact angle® 72-75 14 93
C'uFem™ 11.1-12.3 20.1 3.32

a) The chemical components of C, F, and O were obtained and analyzed using XPS analysis.
b) The average roughness (Ra) were obtained by AFM measurements.

(b)

Figure 1.9 Contact angles of (a) the original, (b) O-nanocarbon, and (c) F-nanocarbon films.

The fluorinated electrodes exhibited a C° value of 3.32uFcm™2, which was only
one-quarter that of the original nanocarbon film electrode (11.1-12.3 pF'Cm'2) [65].
However, the GC electrode was treated with fluorination under the same conditions,
and exhibited a larger C° value of 9.79 pF cm™. Extremely low electrochemical double
layer capacity is highly advantageous in terms of the S/N ratio to rule measurement
limits.

The electron transfer rates at the F-nanocarbon film electrodes was investigated by
using some typical redox species such as Ru(NHs)s>*/** and Fe**'**. The responses of
outer-sphere Ru(NHs)s>*/?* was almost unchanged after fluorination owing to the high
electron transfer rate and its surface insensitivity [65]. On the other hand, the electron
transfer rate of Fe>*/** was greatly affected by surface fluorination. Figure 1.10a shows a
CV of Fe>*** at the F-nanocarbon film electrode.

It is well known that inner-sphere Fe**/** is generally very sensitive to the presence of
oxygen-containing functionalities on an sp® carbon electrode surface [65, 71]. The
F-nanocarbon film electrode provided much larger AE,, at the original nanocarbon film
electrode. The O/C ratio decreased after fluorination. These results clearly
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Figure 1.10 (a) Typical CVs of 1.0 mM Fe**3* at the original nanocarbon film (dotted lines) and the
F-nanocarbon film electrode (solid lines) electrodes, measured in 0.1 M HCIO,. at 0.1V s™". (b) CVs of a
mixed solution of 1 mM ascorbic acid and 1 mM a-tocopherol using the F-terminated nanocarbon film
electrodes at 0.1V s™. Source: Adapted from Terashima 2002 and Tabei 1993.

demonstrated that surface fluorination contributed to give very slow electron transfer
of Fe*>*/?* unlike that of surface oxygen functionalities.

The F-nanocarbon film electrode can be also used to selectively detect lipophilic anti-
oxidant a-tocopherol (vitamin E), which is one of typical major antioxidant components
in liquid foods such as olive oil, in combination with use of bicontinuous microemulsion
(BME) [69, 70]. Figure 1.10b shows typical CVs of ascorbic acid (vitamin C), and
a-tocopherol, and their mix solution using the F-nanocarbon film electrodes in the
BME solution. Irreversible oxidation peaks for lipophilic a-tocopherol was observed. In
contrast, electrochemical response for hydrophilic ascorbic acid was effectively sup-
pressed. The oxidation peak observed with the F-nanocarbon film electrodes was pro-
portional to the square root of the scan rate, but not to the scan rate, indicating the
simple diffusion control of these species in the BME [69]. Moreover, even in the mixed
solution, the peak current at the F-nanocarbon film electrode was in good agreement
with that for the a-tocopherol alone. These results indicate that there is no interference.
This is highly advantageous in terms of constructing a simple assay of antioxidant
because an extraction process is usually required prior to the conventional assay [70].
Indeed, the F-nanocarbon film electrode could provide direct qualitative and quantita-
tive electrochemical analysis of lipophilic antioxidants in some olive oil samples includ-
ing extra virgin olive oils (EVOOs) as a novel methodology without an extraction
process [71].

1.3.4 Metal Nanoparticles Containing Carbon Film Electrode

Although various kind of carbon films have been employed for electroanalysis, it is
difficult to realize high electrocatalytic activity similar to novel metal electrodes such as
Pt. Carbon-based electrodes (including carbon films) containing small amount of nitro-
gen atom have been reported to improve ORR or hydrogen peroxide reduction, but the
activity is still not as high as that of Pt. It is well known that metal nanoparticles (NPs)
such as Pt, Pd and Au have high electrocatalytic activity compared with metal bulk
electrodes. Since carbon films usually have low background noise current compared
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with metal electrodes, the metal NPs modified carbon electrodes realize not only high
electrocatalytic activity but also relatively low noise level compared with metal film
electrodes.

NPs are in general modified onto the carbon electrode by drop casting after their
chemical synthesis, or electrodeposition as summarized in Table 1.4. For example,
Compton’s group reported the GC electrode with AuNP for As(III) [72] and H,O, [73]
detection. They also reported more sensitive As(III) [74] and tinidazole [75] detection
by co-modificatin of AuNP and CN'T. Such sp? bond carbon materials has a problem of
low stability and reproducibility due to the passivation of the electrode surface [76],
which lead to nanoparticle desorption. BDD electrode has also been preferentially uti-
lized as a nanoparticle scaffold because of its excellent morphological and microstruc-
tural stability in addition to low and stable background current [77—81]. BDD thin film
electrode modified electrodeposited Au nanoparticles (AuNPs) have been reported by
Swain et al. [82] In detecting arsenic ion As(III), they co-electrodeposited not only Au
ion but also As(III) to form intermetallic Au-As nanoparticles, and then oxidized As(III)
component to obtain the reproducible and quantitative stripping peak currents. Similar
procedure was also reported by Compton et al. for Cd and Pd analysis [78, 79]. Einaga
et al. also reported AuNP modified BDD electrode. They modified AuNPs during pre-
concentration step of As(IIl) to improve preconcentration efficiency [83]. However,
since BDD surface is chemically inert, the adsorptive force between nanoparticle and
BDD thin film surface is weak. This could result in desorption of the NPs from the
electrode surface or their aggregation, in particular, in case of a hydrodynamic system.

In contrast, NPs embedded carbon film electrodes can be fabricated with much sim-
pler processes, also summarized in Table 1.4. In the 1990s, McCreery et al. reported the
small Pt cluster(~1nm) dispersed glassy carbon film electrodes prepared by pyrolysis of
both carbon and metal precursors at 600° C, and demonstrating high electrocatalytic
activity toward the hydrogen evolution reaction and ORR [84]. This method was applied
to fabricate carbon nanofiber electrodes containing various metal NPs and nanoalloys
in order to apply them for electroanalysis of sugars and ORR. Ion implantation of metals
into BDD was reported to fabricate iridium NPs containing BDD electrode [10]. This
method can suppress the detachment of NPs from BDD because the most of the NPs
were embedded and only part of NPs appeared on the electrode surface. However, ion
implantation system is very expensive as equipment of electrode fabrication.

You and Niwa et al. reported the metal NPs embedded carbon film electrodes by
using radio-frequency co-sputtering by placing metal pellets on the carbon target. Due
to poor immiscibility of metals and carbon, various metals such as Pt, Ni, Cu can be
employed to fabricate such hybrid film electrodes[85—87]. These electrodes have atomi-
cally flat surface, which was characterized by AFM. The carbon matrix composed of
disordered graphite-like carbon with partially exposing top body of the NPs, observed
by TEM. The NPs of average diameter of 2.5 nm was embedded in the carbon film when
Pt was used and that of 4nm was obtained by using palladium (Pd) as indicated in
Figure 1.11 [85, 88].

The former electrode shows high electrocatalytic performance for hydrogen peroxide
detection compared with bulk Pt electrode. Figure 1.12 shows amperometric response
of glucose at glucose oxidase (GOD) modified Pt-NPs embedded carbon film electrode
compared with that at GOD modified Pt bulk electrode. Due to low Pt amount
(1-7 at. %), the absolute current value at the GOD modified bulk Pt electrode is larger
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Table 1.4 Summarization of the metal nanoparticle modified carbon electrode for electroanalysis.

Carbon Electrode
Metal NP Supports NP size fabrication Analyte References
NP modification onto the electode
Au-NP GC 9-11 nm Electrodeposition As(III) Dai et al.
2004 [72]
GC-CNT 30-90 nm Electrodeposition tinidazole Shahrokhi
etal.
2012 [75]
GC-CNT ~10 nm Chemical As(III) Xiao et al.
reduction 2008 [74]
BDD thin ~22 nm Electrodeposition As(III) Song et al.
film 2007 [77]
Ag-NP GC ~100 nm Electrodeposition H,0, Welch et al.
and stripping 2005 [73]
Ni-NP BDD 38.5-321 nm Electrodeposition adenine and DNA  Harfield et al.
2011 [80]
Sb-NP BDD ~100 nm Electrodeposition Pd(II) and Cd(II) Toghill et al.
2009 [79]
Bi-NP BDD ~45 nm Electrodeposition Pd(II) and Cd(II) Toghill et al.
2008 [78]
NP-embedded carbon film
Ir-NP BDD Non- Ion implantation  As(III) Ivandini et al.
detectable 2006 [10]
size by SEM
Pt-NP GC ~1.5 nm Pyrolysis Hydrogen Hutton et al.
reduction and ORR 1993 [84]
(not analytical
application)
Pt-NP Graphite- ~2.5nm RF co-sputtering  HyO, You et al.
like carbon 2003 [85]
. 2
Pd-NP film (sp ~4 nm H,0, Niwa et al.
bond only) 2007 [88]
Ni-NP ~3 nm Sugar mixture You et al.
2003 [86]
Cu-NP 4-5nm Glucose You et al.
2002 [87]
Au-NP sp*/sp° 3-5nm UBM As(III) Kato et al.
hybrid co-sputtering 2016 [90]
Ni-Cu ?zlinocarbon ~3 nm D-mannitol Shiba et al.
nanoalloy tm 2016 [91]
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Pd NDC (7.8 %)

Figure 1.11 Plain view of the co-sputtered (a) Pt and (b) Pd nanoparticle embedded carbon film
electrode obtained by TEM. Adapted in part with permission from [88] and [87]. Copyright 2002
American Chemical Society and 2007 MYU KK, respectively.
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Figure 1.12 Amperometric response of glucose at GOD modified (A) Pt-NPs embedded carbon film
and (B) Pt bulk electrodes. Detection potential: 0.6 V vs. Ag/ AgCl; run buffer: 0.1 M PBS, pH 7; flow
rate: 10 uL/ min. Reprinted with permission from [85]. Copyright 2003 American Chemical Society.

than that at GOD modified Pt-NPs embedded carbon film electrode, but latter
electrode shows much flatter baseline current compared with that at bulk electrode,
indicating Pt-NPs embedded carbon film is extremely stable. The high electrocatalytic
activity for oxygen reduction and hydrogen evolution was also observed at Pt-NPs
embedded carbon film electrodes [89]. In contrast, non-noble Ni-NP and Cu-NP
embedded graphite-like carbon film are applied to sugar detection [86]. Figure 1.13
shows the hydrodynamic voltammograms of glucose at Ni-NP embedded graphite-like
carbon film compared with Ni bulk electrode. Electrocatalytic oxidation of glucose



Electroanalysis with Carbon Film-based Electrodes

700
600 B
500 -

400

Current/nA

300
200

100

0_
T T T T T T T T T T T T T
00 01 02 03 04 05 06 07
E/V (vs. Ag/AgCl)

Figure 1.13 Hydrodynamic voltammograms of glucose at (A) 0.8 at.% NiNP embedded carbon film and
(B) Ni bulk electrodes. Reprinted with permission from [86]. Copyright 2003 American Chemical Society.

begin at slightly negative potential (~0.15V) than that of Ni bulk electrode, and
exhibiting analytical performance such as high stability with relative standard devia-
tion (RSD) of 1.75 % (n =40) and low limit of detection (LOD) of 20~50 nM for glucose,
fructose, sucrose and lactose.

Recently, UBM co-sputtering with multiple targets, which can independently control
each target power of metal and carbon have been developed to widely control the metal
NPs concentration and carbon film structure. In fact, sp* and sp® ratio in the carbon film
can be widely controlled by changing acceleration voltage between target and substrate
[39]. Kato et al. recently reported Au-NP embedded carbon film electrode with a variety
of Au-NP concentrations (from 13 to 21 at. %) fabricated by UBM co-sputtering., [90]
This electrode was applied to As(III) detection, which demonstrates that Au-NP embed-
ded electrode at the optimized Au concentration (17 at. %) exhibit not only lower LOD
of 1ppb than Au bulk electrode, but also sufficient long-term stability with RSD of
11.7 % (n=15/5 days) as shown in Figure 1.14. This higher stability is ascribed to tightly
embedded Au-NPs in carbon matrix. In fact, As stripping current with the Au-NPs elec-
trodeposited on the sputtered carbon film is sharply decreased because of weak interac-
tions between Au-NPs and carbon surface, resulting in desorption of Au-NPs.

More recently, bimetallic nanoparticles (nanoalloy) embedded carbon film electrode
composed of small Ni-Cu nanoalloy (~3m) are also fabricated by Shiba et al.
(Figure 1.15) the composition of which can be dynamically changed without changing
nanoalloy size [91]. The electrocatalytic activity for D-mannitol is significantly affected
by Ni/Cu ratio (including monometallic Ni-NP and Cu-NP), resulting in getting maxi-
mum with Ni/Cu ratio of 64/36. Figure 1.16a and 1.16b show CVs comparing the
electrocatalytic activities of the Nig,Cuss nanoalloy embedded carbon film and the
NioCusp alloy (without a carbon film matrix) for D-mannitol, which is one of the intes-
tinal permeability indicators.
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Figure 1.14 Stability of As measurement at the Au-embedded UBM carbon film (circle, Au=17 at %)
and the Au-electrodeposited UBM carbon film (triangle) electrodes. The average peak current density
was obtained from repetitive As measurements (3 measurements per day). ASV parameters:
deposition at —0.8 V vs Ag/AgCl for 60 s, potential scan rate of 1.5V s™'. Adapted in part with
permission from [90]. Copyright 2003 American Chemical Society.
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Figure 1.15 Nanostructural observation and elemental mapping obtained by HAADF-STEM and
STEM-EDS measurements. (See color plate section for the color representation of this figure.)

At the NigCuss nanoalloy embedded carbon film, a smaller D-mannitol oxidation
current (red solid line) and background current (black solid line) were obtained because
of the smaller metal surface area. After correction with the surface metal concentra-
tion(15.6 at%, dotted line), a background-subtracted electrocatalytic current density
(S-B current) of 1529p A cm? at 0.6V for the NigCusg nanoalloy embedded carbon
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Figure 1.16 CVs obtained with (red line) or without (black line) 300 uM D-mannitol in 0.1 M NaOH
solution using (a) the Nig;Cuss nanoalloy embedded carbon film and (b) the Ni;oCusy alloy film before
(solid line) and after (dotted line) correction by metal concentration. (c) Electrocatalytic oxidation
currents after background subtraction with various compositions of nanoalloy embedded carbon
films for 500 pM D-mannitol at 0.6 V during an anodic scan (n=3). All the potential sweep
measurements are conducted at a scan rate of 0.1V s™' after a background scan at the same scan rate.
Adapted in part with permission from [91]. Copyright 2016 Royal Society of Chemistry.

film was obtained, which is 3.4 times larger than that of the NiyCuj alloy film
(443 uA cm™). These results clearly demonstrate that the nanoalloys exhibit higher
electrocatalytic activity due to the small size of the nanoalloys separated from each
other by the carbon matrix. Similar to the electrode mentioned above, most of the
nanoalloy body are embedded in carbon film demonstrated by AFM measurements,
where convection size of the surface is less than nanoalloy radius (<1.5nm, Ra of
0.21 nm). Therefore, the electrocatalytic activity and stability toward D-mannitol oxida-
tion are extremely high as shown in Figure 1.16¢ (RSD: 4.6 %, n=60), which is superior
to Ni-Cu alloy film electrode with a similar Ni/Cu composition (32.2 %, n=60) [91].
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Carbon Nanofibers for Electroanalysis
Tianyan You, Dong Liu and Libo Li

School of Agricultural Equipment Engineering, Institute of Agricultural Engineering, Jiangsu University, China

2.1 Introduction

Modern electrochemical techniques have significantly promoted the development of
electroanalysis, particularly electrochemical biosensors. It is of great importance to
achieve the higher sensitivity, selectivity and long-term stability in the field of electro-
chemical biosensors. For these objectives, numbers of researchers have paid extensively
attention to the synthesis of nanomaterials with superior electrochemical properties to
fabricate high-performance electrochemical biosensors. Generally, the discovery of
novel materials with excellent properties could result in the great advances in many
fields, and a famous example would be carbon nanotubes (CNTs) discovered in 1991
[1]. Since then, many carbon nanomaterials have been developed and investigated, such
as graphene [2] and carbon nanohorn [3], and most of them are found to be suitable
electrode materials for the electrochemical biosensors due to the high conductivity,
large surface-to-volume ratio and excellent biocompatibility. Up to date, lots of investi-
gations have demonstrated that carbon nanomaterials-based biosensors could display
enhanced analysis properties compared with that constructed by conventional materi-
als, such as higher sensitivities and better selectivity.

Carbon nanofibers (CNFs) exhibit many similarities with CN'Ts, for example, they
both have hollow structure and high electrical conductivity. Briefly, CNFs are composed
of a graphene layer, and exhibit a cylindrical nanostructure with a diameter of
100-1000 nm and a length of several micrometers [4]. According to the disposition of
graphene layers, there are three types of CNFs: ribbon-like CNFs, platelet CNFs and
herringbone CNFs [5]. The discovery of CNFs could be dated back to 1889 when CNFs
was observed after using the metallic crucible in a carbon-containing atmosphere [6].
Then, CNFs were considered as nuisance for a long time, and the applications of CNFs
start in the 1980s when CNFs were mainly employed as the supporting material for
catalysts and additives in polymers [7]. The development of CNFs has been significantly
promoted after the utilization of electrospinning technique for preparation with poly-
acrylonitrile as the principal precursor. Most of investigations on CNFs are focused on
catalyst support materials, applied in the fields of supercapacitors [8] and fuel cells [9],
etc. Noteworthy, CNFs and related composites with superior properties have efficiently
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enhanced the development of modern electroanalysis, serving as the high-performance
electrode materials for the fabrication of electrochemical biosensors. Except for the
large surface area, high conductivity and excellent biocompatibility, the most important
advantage of CNFs is that their whole surface area could be activated and functional-
ized which would facilitate the immobilization of nanoparticles and biomolecules [10].

This chapter offers an overview on the electroanalysis application of CNFs and related
composites. The first section provides a summary of techniques for the preparation of
CNFs and descriptions of several novel CNFs composites, including nitrogen-doped
CNFs and metal nanoparticles-loaded CNFs. Consequently, the frequently used elec-
trochemical technologies for electroanalysis are introduced. Then, main part of the
chapter is an overview of the applications of CNFs and related composites in the field of
electrochemical biosensors which are subdivided to non-enzymatic biosensors,
enzyme-based biosensors and immunosensors. Lastly, the future challenges of CNFs-
based electrochemical biosensors are discussed.

2.2 Techniques for the Preparation of CNFs

Many state-of-the-art techniques have been developed for the fabrication of CNFs,
such as hot filament-assisted sputtering [11], co-catalyst deoxidization method [12],
template-assisted method [8], chemical vapor deposition (CVD) [13] and electrospin-
ning methods [14, 15]. For example, Matsushima’s group has synthesized CNFs thin
films by utilizing a hot filament-assisted sputtering system [11]; Qian’s group has pro-
posed a novel co-catalyst deoxidization process to prepare CNFs [12]. Among these
methods, the CVD and electrospinning methods are the mostly used techniques for the
synthesis of CNFs, and they will be introduced in detail in the following sections.

Chemical Vapor Deposition: Generally, chemical vapor deposition mainly comprises
four steps, including adsorption, desorption, evolution and incorporation of vapor
species at the substrates [16]. The energy source for CVD could be thermal, photoexci-
tation and plasma, known as thermal CVD (TCVD), photoexcitation CVD and
plasma-enhanced CVD (PECVD), respectively.

Taking the fabrication of CNFs by catalytically controlled TCVD for example, the appa-
ratus is illustrated in Figure 2.1a. The precursor containing methane (CH,), ammonia
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Figure 2.1 (a) Apparatus illustration for the synthesis of CNFs by TCVD; (b) SEM image of CNFs
prepared by TCVD. Source: Tibbetts 2007 [17]. Reproduced with permission of Elsevier.
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(NHS3), air, iron pentacarbonyl (Fe(CO)s) and hydrogen sulfide (H,S) is inlet into the
furnace tube at a high temperature of 1100° C. During the reaction, iron particles derived
from the Fe(CO)s decomposition serve as the catalyst, while the presence of sulfur could
further increase their catalytic activity; then, CNFs grow on the surface of catalyst. The
SEM image of as-obtained CNFs is shown in Figure 2.1b [17]. These methods could be
employed for the production of high quality CNFs, however, the residual of metallic cata-
lysts as well as relatively high cost have limited their application in CNFs preparation.

Electrospinning Technique: Electrospinning has been utilized for the preparation of
polymer fibers with diameters ranging from several nanometers to micrometers. The
electrospinning method could produce continuous nanofibers with a relatively simple
and low-cost process. Furthermore, the structure and properties of fibers could be moni-
tored by differing the experimental conditions for electrospinning. As shown in Figure 2.2a,
typical electrospinning apparatus consists of high-voltage source, syringe and collector
[18]. During the electrospinning, the pendant drop of polymer solution at the tip of
syringe is highly electrified by the applied high voltage, and solution jet would be ejected
once the electric force surpasses the surface tension of the droplet. After solvent evapora-
tion, the jet transforms to nanofibers and deposits on the collector to form a nonwoven
mat [19]. Many parameters could affect the structures and properties of the resulting
nanofibers, such as the properties of polymer solution (viscosity, conductivity, etc.) [20],
intensity of electric field [21] and flow rate [22].

The development of electrospinning has efficiently facilitated the fabrication of CNFs.
Many polymers with carbon backbone have been utilized as precursors for the prepara-
tion of CNFs, such as polyvinyl alcohol [23], polyvinylidene fluoride [24], and lignin
[25]. Among these polymers, PAN is most frequently used as precursor for electrospun
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Figure 2.2 (a) lllustration of electrospinning process (Reprinted with permission from [18]).
Photographs of (b) PAN nanofiber web, (c) web after stabilization and (d) web after carbonization.
Source: Kim 2006 [27]. Reproduced with permission of John Wiley and Sons.
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CNFs. For PAN-based CNFs, the stabilization and carbonization processes are both
required to transform polymer nanofiber to CNFs, and the nanofiber diameter would
decrease significantly for the shrinkage and weight loss during the thermal treatments
[26]. As shown in Figure 2.2b—d, distinguishable color change could be observed during
the thermal treatment of PAN nanofibers that the nanofibers web shows dark-brown
and changes into black after the stabilization and carbonization [27]. Most of the elec-
trospun CNFs composites exhibit a unique self-supported structure, and the resulting
CNFs films could be directly used as electrodes free of any treatment, which could sim-
plify the preparation of electrode and help to maintain the attracting properties.

2.3 CNFs Composites

The investigation of CNFs has for a long time been concentrated on the supporting mate-
rials for catalysts, particularly the metal nanoparticles-loaded CNFs composites, which
take advantages of the large surface area and superior electrical conductivity of CNFs. In
recent years, the excellent properties of nitrogen-doped carbon materials attracted enor-
mous attention, and nitrogen-doped carbon nanofibers (NCNFs) have been produced for
catalysis and biosensing applications. The following section would offer a brief introduc-
tion on the NCNFs and metal nanoparticles-loaded CNFs composites.

2.3.1 NCNFs

Doping nitrogen atom into graphite matrix has been verified to be an efficient approach
to improve the properties of carbon nanomaterials, such as the catalytic activity toward
oxygen reduction. Generally, there are two methods to fabricate NCNFs, including direct
carbonization of nitrogen-rich precursor and thermal treatment of CNFs in a nitrogen-
containing atmosphere. Huang’s group has produced NCNFs with a high nitrogen
content of 13.93 wt.% by direct pyrolyzation of polypyrrole nanofibers, and the resultant
NCNFs showed large rate capability and superior ability as an anode material in sodium-
ion battery [28]. Except for polypyrrole, polyaniline [29], iron(II) phthalocyanine [30]
etc. could be directly employed for the preparation of NCNFs by carbonization.

Despite the high content of nitrogen in PAN, NCNFs with high catalytic activity could
not be prepared by the carbonization of PAN nanofibers via the common methods. In
respect of this challenge, You’s group has developed a novel method to prepare NCNFs
by carbonizing electrospun PAN nanofibers (Figure 2.3a). Differing from the conven-
tional method, the nitrogen-containing tail gas generated during the decomposition of
PAN was reused for surface etching and nitrogen doping by using a capsule shaped reac-
tor (Figure 2.3a). The resultant NCNFs displayed a rough surface and relatively small
diameter (Figure 2.3b), and the self-supported NCNFs film with high flexibility could be
directly cut to the required shapes for the modification of electrodes (Figure 2.3c) [31].

For the latter method, ammonia (NH3) is frequently used for the thermal treatment
of CNFs as nitrogen source. Yu's group employed cellulose as a precursor for CNFs, and
doped nitrogen atoms into CNFs by utilizing NHj as a carrier gas (Figure 2.4a). The
obtained NCNFs retained three-dimensional network of cellulose with high nitrogen
content of 5.8 at % and surface area of 916 m* g', resulting in superior oxygen reduction
activity (Figure 2.4b—d) [32].
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Figure 2.3 (a) Preparation of NCNFs in a capsule-shaped device; (b) TEM image of NCNFs; (c)
photograph of NCNFs films for electrode modification. Source: Liu 2013 [31]. Reproduced with
permission of the Royal Society of Chemistry.
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Figure 2.4 (a) The production process of NCNFs from cellulose; (b) SEM, (d) TEM and (d) HRTEM
images of NCNFs. Source: Liang 2015 [32]. Reproduced with permission of Elsevier. (See color plate
section for the color representation of this figure.)
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2.3.2 Metal nanoparticles-loaded CNFs

Due to large surface area and excellent conductivity, CNFs have been extensively inves-
tigated as supporting material for many important catalysts, particularly the noble
metal-based catalysts. For example, platinum nanoparticles-loaded CNFs (Pt/CNFs)
could be simply synthesized at room temperature by using formic acid as the reducing
agent, and the size and loading content of platinum could be simply controlled by vary-
ing the molar ratio in the precursor [33]. Loaiza et al. prepared CNFs-Pt nanoparticle
hybrids by microwave-assisted heating polyol reduction, and the resultant composites
could be used for the preparation of screen printed biosensors to detect lactate in wines
and ciders [34].

For the preparation of metal nanoparticles-loaded CNFs, most of the studies are
focused on the chemical reduction method; however, the relatively low reproducibility
may limit the large-scale production. To solve this problem, You’s group has achieved
the controllable preparation of PdAM (M: Ni, Co) nanoparticles-loaded CNFs by a one-
step approach. Taking the PdCo/CNFs for example, metal precursor-containing PAN
nanofibers (Co(acac),/Pd(acac),/PAN nanofibers) was firstly prepared by electrospin-
ning, and then PdCo/CNFs could be obtained after thermal treatment. The ratio of Pd
and Co in PdCo/CNFs could be controlled by changing the molar ratio of Co(acac),/
Pd(acac), in the precursor. PdCo nanoparticles of all the resultant PdCo/CNFs exhib-
ited uniform morphology with high dispersion on the surface of CNFs, and more
importantly, the PdCo nanoparticles were embedded in CNFs which may enhance the
stability compared with that obtained by chemical reduction [35].

2.4 Applications of CNFs for electroanalysis

2.4.1 Technologies for electroanalysis

Electrochemical related methods are efficient technologies for the micrometric analysis
due to the high sensitivity and selectivity. Here, the introduction is focused on the appli-
cations of voltammetric techniques, amperometric techniques and electrochemical
impedance spectroscopy in electrochemical analysis.

Voltammetric and amperometric techniques: Voltammetric and amperometric tech-
niques are performed by measuring the current at working electrodes with a setting
potential. For voltammetric techniques, the potential applied on electrodes is scanned
in the set range during the test, and the measured current is related to the concentration
of analyte. The critical advantage of voltammetric techniques is their wide dynamic
range, and the frequently used voltammetric methods for electroanalysis include cyclic
voltammetry (CV), linear sweep voltammetry (LSV), differential pulse voltammetry
(DPV) and square-wave voltammetry (SWV) [36]. Generally, voltammetric methods
could be applied for low-level quantitation. For amperometric techniques, a constant
potential is applied at the electrode during the test, which differs from that for voltam-
metry. Typically, the applied potential should be the characteristic potential of analyte
which results in a high selectivity [37]. During the testing, the current changes with the
process of electrochemical reaction occurring at the electrode, and its value relates with
the concentration of electroactive species in solution. Amperometric detection is fre-
quently utilized for electrochemical biosensors for the low detection limit.
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Electrochemical impedance spectroscopy: Electrochemical impedance spectroscopy
(EIS) is utilized for the evaluation of the resistive and capacitive properties of materials
by monitoring the current upon a voltage perturbation with small amplitude [38]. The
resistive and capacitive components of impedance could be estimated by the in-phase
and out-of-phase currents, respectively. EIS is commonly used to monitor the fabrica-
tion of biosensor as well as the recognition process at the biosensors.

2.4.2 Non-enzymatic biosensors

Non-enzymatic biosensors play a critical role in the field of electroanalysis because of
their simple fabrication, high sensitivity and good long-term stability. Due to the abun-
dant active sites and high conductivity, CNFs and related composites, mainly NCNFs
and metal nanoparticles-loaded CNFs, have been extensively utilized for the fabrication
of non-enzymatic electrochemical biosensors. CNFs-based non-enzymatic biosensors
toward the detection of dopamine, hydrogen peroxide and glucose are summarized in
Table 2.1.

Dopamine: As one of critical catecholamine neurotransmitters, dopamine (DA) is of
great importance in human central nervous, metabolism and renal system, and the
disorder of DA level may be related to many serious diseases, such as schizophrenia
[39]. Despite the simplicity of electrochemical methods, the electrochemical detection
of DA is always interfered by ascorbic acid (AA), uric acid (UA) and serotonin (5-HT)
which have the similar potentials with that of DA [40, 41].

In recent years, many investigations have demonstrated the superior analysis proper-
ties of CNFs-based biosensors for the determination of DA in the presence of high
concentration of AA, UA or 5-HT. Mesoporous carbon nanofibers (MCNFs) with an
average diameter of 90 nm were prepared using mesoporous silica as the starting tem-
plate. The MCNFs-based non-enzymatic biosensor showed high sensitivity and selec-
tivity for simultaneous detection of DA, AA and UA with detection limits of 0.02, 50
and 0.2 pM, respectively, which was ascribed to the abundant edge-plane-like defects as
well as large surface area of MCNFs [42]. Koehne’s group has fabricated a high-perfor-
mance biosensor for the simultaneous detection of DA and 5-HT using an array of
vertically aligned CNFs (VACNFs). The unique nanofiber structure and abundant active
sites allowed the VACNFs-based biosensor to efficiently distinguish DA, 5-HT and AA
in a mixture. The detection limits toward DA and 5-HT were 50 nM and 250 nM,
respectively [43].

To accurately control the electroactive surface area (ESAs) of the fabricated biosen-
sors, the continuous CNFs, which were firmly attached onto a conductive substrate free
of binders, were prepared by electrospinning PAN nanofibers on substrates followed by
carbonization (Figure 2.5a—c). The resultant CNFs with good mesh integrity and high
density of electronic states (DOS) could be directly utilized as the sensors, while the
ESAs were monitored by varying the electrospinning deposition time (Figure 2.5d—e).
The CNFs biosensor displayed high sensitivity as well as selectivity toward the determi-
nation of DA; more importantly, the dynamic range of the biosensor could be controlled
by changing the ESA of CNFs [44].

To achieve higher catalytic activity, heteroatom-doped CNFs and metal nanoparti-
cles-loaded CNFs have been constructed for electrochemical biosensing applications.
NCNF has been prepared by combining electrospinning and carbonization, using the
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Table 2.1 A summary of CNFs-based non-enzymatic biosensors toward dopamine, hydrogen

peroxide and glucose.

Analyte Biosensor Linear range LOD Ref.
Mesoporous CNFs-modified pyrolytic  0,05—-30 uM 0.02 uM 42
graphite electrode

1-10 uM
Array of vertically aligned CNFs 0.05 uM 43
0.1-0.5uM
Electrospun CNFs 02 .M-070 M 0.07 uM 44
1-10 pM
Dopamine Nitrogen-doped CNFs 0.50 uM 45
10-200 pM
Ag—Pt bimetallic nanoparticles loaded 10-500 pM 0.11 uM 46
nanoporous CNFs
Electrospun graphene/polyaniline/ 0.0001-100 uM 0.05 nM 47
polystyrene nanofiber
Coaxial carbon fiber/ZnO nanorod 5-70 uM 0.07 uM 48
fibers
Nitrogen-doped carbon nanoparticles- 5 UM —27mM 1.5 uM 50
embedded CNFs
10 UM -9.38 mM
CNFs decorated with platinum 1.9 uM 51
nanoparticles 9.38 — 74.38 mM

Hydrogen = CNFs decorated with platinum 10 uyM-15 mM 3.4 uM 52

peroxide nanoparticles
Pt nanoparticles/CNFs 5 uM-15 mM 1.7 uM 53

0.4-30 pM
PdCo nanoparticle—embedded CNFs 0.2 uM 54
30400 uM
Manganese dioxide nanoparticles 10 uM —-15 mM 1.1 uM 55
loaded CNFs
Nickel-doped carbon nanofibers 0.125-12.73 uM 0.05 uM 57
Pd-Ni alloy nanoparticle/carbon 0.1uM-54 mM 0.06 uM 60
nanofiber (Pd—Ni/CNF)
Cu-Co-Ni nanostructures 0.01 — 4.30 mM 3.05uM 61
electrodeposited on CNFs
Ccupric oxide nanoparticles/CNFs 0.5uM -11mM 0.2uM 62

Glucose CuO nanoneedle/graphene/CNFs 1-5.3 mM 0.1 uM 63

Nanorod-aggregated flower-like CuO/  0.27 uM —0.96 mM 0.27 uM 64

carbon fiber fabric

(Continued)
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Table 2.1 (Continued)

Analyte Biosensor Linear range LOD Ref.
CuO nanorods dispersed hollow 0.005 - 0.8 mM 0.1uM 65
carbon fibers 0.8 — 8.5 mM
Nickel(II) hydroxide nanoplates/CNFs  0.001 — 1.2 mM 0.76 uM 66
Carbon Nanofibers/Co(OH), 10uM-0.12 mM 5uM 67

mM, mmol/L; pM, pmol/L
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Figure 2.5 (a) The fabrication process of CNFs-based biosensor; SEM images of (b) PAN nanofibers and
(c) CNFs; Cross-sectional SEM images of biosensors fabricated for different deposition times: (d) 12 h,
(e) 68 h. Source: Mao 2014 [44]. Reproduced with permission of the American Chemical Society. (See
color plate section for the color representation of this figure.)

nitrogen-containing tail gas generated during the carbonization for surface etching to
introduce nitrogen atom. The NCNFs displayed superior catalytic activity toward the
oxidation of DA, AA and UA; a high selectivity toward the simultaneous detection of
DA, AA and UA was observed at NCNFs and large peak to peak potential separations
for AA-DA (0.277 V) and DA-UA (0.124 V) were achieved. The limit of detection (LOD)
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of NCNFs-based biosensor was 0.5, 50 and 1 pM for DA, AA and UA, respectively,
implying the superior sensitivity [45]. For metal nanoparticle-loaded CNFs, Liu’s group
has successfully prepared Ag-Pt bimetallic nanoparticles-loaded electrospun nanopo-
rous CNFs (Ag-Pt/pCNFs) for the fabrication of DA biosensor. Taking advantage of
synergistic effect at the interface of Ag-Pt binary structure, the Ag-Pt/pCNFs based
biosensor showed excellent sensitivity and selectivity for the detection of DA with a
linear concentration range of 10-500 pM and a LOD of 0.11 pM [46]. Furthermore,
many other composites with novel structures or ingredients were prepared and
employed for the determination of DA, such as electrospun graphene/polyaniline/poly-
styrene nanofiber [47].

Besides, a nanoelectrode array (NEA) formed by VACNFs has been extensively stud-
ied as a sensing element in many important devices. Marsh et al. have developed an
intriguing device for the simultaneous detection of DA and O, by combining the pat-
terned CNFs NEA with wireless instantaneous neurotransmitter concentration sensor.
Their results showed that CNFs nanoelectrode array could enhance the spatial resolu-
tion for neurochemical detection, which may be beneficial to elucidate the pathophysi-
ology of disorders of the nervous system and the mechanism of deep brain
stimulation [49].

Hydrogen peroxide: The detection of hydrogen peroxide (H,O,) plays a critical role in
various fields, such as pharmacy, food and environmental protection. In recent years,
H,0, biosensors based on CNFs composites mainly employed nitrogen-doped CNFs
(NCNFs) and metal nanoparticles-loaded CNFs (Pt/CNFs etc.).

You’s group has prepared nitrogen-doped carbon nanoparticles-embedded CNFs
(NCNPFs) by electrospinning/carbonization for the evaluation of H,O,. The polypyr-
role nanoparticles (PPy NPs) were embedded in the nanofibers by electrospinning as
the nitrogen source, and the characteristic of NCNPFs could be controlled by varying
the amount of PPy NPs. The as-obtained NCNPFs with self-supported structure and
high flexibility could be directly used as electrode free of any treatment. The optimum
NCNPFs based H,0, biosensor exhibited a high sensitivity of 383.9 pA pM ™ cm™ with
a superior selectivity and reproducibility (Figure 2.6) [50].

Metal nanoparticles-loaded CNFs, mostly Pt/CNFs with different structures and
morphologies have been fabricated for the determination of H,O, [51, 53]. Generally, Pt
nanoparticles could be directly anchored on the CNFs, or loaded on PAN nanofibers
followed by carbonization to obtain Pt/CNFs. For the later method, Pt nanoparticles-
loaded PAN nanofibers could be synthesized by electrospining Pt nanoparticles-con-
taining precursor, followed by carbonization to prepare Pt/CNFs [53]. Besides Pt/CNFs,
bimetal nanoparticles-loaded CNFs, such as PdCo/CNFs [54], and manganese dioxide
nanoparticles-loaded CNFs (MnO,/CNFs) were also prepared for the sensitive detec-
tion of H202 [55]

Glucose: The glucose biosensors have been extensively investigated in many fields,
such as food and clinical. Taking clinical for example, the detection of glucose is of great
importance in diagnosis of diabetes mellitus, which has been a worldwide health prob-
lem [56]. Various CNFs composites, mainly the metallic nanostructure and metallic
oxide nanostructure-loaded CNFs, have been employed for the fabrication of non-
enzymatic glucose sensors.

For metal nanostructure/CNFs composites, Ni nanoparticles-loaded CNFs (Ni/
CNFs) have attracted considerable attention for the construction of non-enzymatic
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Figure 2.6 (a) /-t curve of NCNPFs electrode in 0.1 M PBS (pH 7.4) with the successive addition of H,0.
Inset: the magnified /-t curve with low concentration of H,0,. (b) Calibration curve for the detection of
H,0, in Figure 2.6a. Source: Zhanga 2016 [50]. Reproduced with permission of Elsevier.

glucose sensors. Li et al. have prepared Ni/CNFs by carbonization of electrospun
Ni(NOj3),-loaded polyvinyl alcohol nanofibers. The resultant Ni/CNFs exhibited an
average diameter of 116 nm, and Ni nanoparticles with an average diameter of 64 nm
were observed on the surface as well as inside of the CNFs. Interestingly, Ni/CNFs
modified electrodes showed an electrochemical behavior as microelectrodes which was
ascribed to the continuous and long nanofibers. Taking advantages of large specific
surface area (286.12 m” g') and high electrochemical activity, Ni/CNFs displayed good
sensitivity toward the determination of glucose with a detection limit as low as
0.05 pM [57].

Bimetallic nanoparticles could show higher electrocatalytic activity, selectivity, and
stability in comparison with monometallic nanoparticles [58]. By the combination of
electrospinning and thermal treatment, CuCo, FeCo, NiCo and MnCo bimetallic
nanoparticles-loaded CNFs were prepared. In contrast to nanoparticles adsorbed on
CNFs, the bimetallic nanoparticles synthesized by electrospinning were anchored
and embedded into the CNFs according to the characterization results. The fabri-
cated biosensors showed different analysis performances toward the determination of
glucose, and the sensitivity decreases as following: CuCo/CNFs > FeCo/CNFs > NiCo/
CNFs > Co/CNFs > MnCo/CNFs. The CuCo/CNFs displayed the best analysis ability
(linear range: 0.02-11 mM; detection limit: 1.0 pM), which was attributed to the
unique 3D network films as well as the synergistic effect of the Co(III)/Co(IV) and
Cu(II)/Cu(Ill) redox couples [59]. Moreover, the bimetallic nanoparticles could not
only decrease the utilization of noble metal (Pt, Pd), but also enhance the electro-
chemical properties (Figure 2.7a). You’s group has prepared PdNi alloy nanoparticle/
carbon nanofibers (PdNi/CNFs) with different ratios of Pd and Ni by electrospinning
polyacrylonitrile/Pd(acac),/Ni(acac), nanofiber with corresponding ratios of metallic
precursors, followed by carbonization. The advantages of this approach are as fol-
lows: 1) The characteristic properties of nanoparticles (size, composition, and alloy
homogeneity) could be tailored simply by changing the composition of electrospin-
ning solution or carbonization process; 2) The obtained PdNi nanoparticles were
firmly embedded in CNF with uniform dispersion. The electrochemical test results
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Figure 2.7 (a) Nyquist plots of Ni/CNFs, Pd/CNFs and Pd3oNi;o/CNFs; (b) CVs of Pd3gNi;o/CNFs in the
presence (red) and absence (black) of glucose; (c) I-t curves of different electrodes with the addition
of glucose; (d) I-t curve of Pd3oNi;o/CNFs with the addition of varying concentrations of glucose.
Source: Guo 2014 [60]. Reproduced with permission of the American Chemical Society. (See color
plate section for the color representation of this figure.)

revealed that the electrocatalytic activity of these composites toward glucose increased
in the following order:

Ni—metal < PdgoNi20 /CNFs < Ni/CNFs < Pd50Ni5() / CNFs < szoNigo /
CNFs < Pd30N170 / CNFs.

The Pd3oNiz/CNFs-based glucose sensor showed a detection limit of ca. 60 nM with a
detection range from 0.1 uM to 5.4 mM (Figure 2.7b—d). When utilized inflow system,
liquid chromatography-electrochemical system and flow-injection analysis, Pd3oNizo/
CNFs electrode displayed high sensitivity to the sugar mixture (glucose, fructose, sucrose
and maltose). The detection limits of Pd3,Ni;o/CNFs for glucose, fructose, sucrose, and
maltose were 7, 9, 15, and 20 nM, respectively. The superior analysis properties of
Pd3oNio/CNFs were ascribed to the unique electronic structure, appropriate surface Ni
content in PdNi alloy and uniform dispersion of PdNi nanoparticles in CNFs [60].

In recent years, metal oxide materials, such as CuO and NiO have been investigated
for the fabrication of high-performance and low-cost nonenzymatic glucose biosensors.



Carbon Nanofibers for Electroanalysis

Glucose
Cu(OH)zx Gluconolactone

= CNF CuONP | Hzo OH-

Figure 2.8 The mechanism of CuO/CNFs-based glucose biosensor. Source: Zhang 2013 [62].
Reproduced with permission of Elsevier. (See color plate section for the color representation of
this figure.)

Zhang et al. fabricated a novel glucose biosensor based on the cupric oxide nanoparti-
cles-loaded carbon nanofibers (CuO/CNFs). The CuO/CNFs was prepared via a simple
precipitation procedure; during glucose biosensing, the glucose was oxidized to glucol-
actone by the Cu(IlI) derived from CuO which served as an electron transfer mediator
(Figure 2.8). The determination of glucose could be achieved through the analysis of the
change of redox current for Cu(III)/Cu(Il). The CuO/CNFs-based biosensors exhibited
high electrocatalytic activity for the oxidation of glucose with a detection limit of 0.2
MM [62]. For the enhanced analysis properties, CuO nanostructures with abundant
electroactive sites were synthesized to fabricate novel glucose biosensors. Xu et al. pre-
pared a novel nanorod-aggregated flower-like CuO loaded carbon fiber fabric (CFF) by
a hydrothermal approach and investigated its ability for the determination of glucose.
Taking the advantages of high surface area and abundant active sites of CFF, CuO
nanorod with an average diameter of 10 nm aggregated on the surface of CFF to form a
flower-like morphology. The as-obtained CuO/CFF exhibited high flexibility which
could facilitate the construction of biosensors. The electrochemical tests revealed the
satisfactory catalytic activity of CuO/CFF for glucose oxidation. The CuO/CFF-based
biosensor displayed a low detection limit of 0.27 pM with high reproducibility and long-
term stability [64].

Besides CuO, nickel(II) hydroxide (NiOOH) was also utilized for the fabrication of
high-performance nonenzymatic glucose biosensors. The plate Ni(OH),-loaded CNFs
(Ni(OH),/CNFs) has been synthesized through a hydrothermal route. For Ni(OH),/
CNFs, Ni(OH), nanoplates with the size of 200 nm aggregated on the surface of CNFs.
For the detection of glucose, NiO(OH) species generated under alkaline conditions
from Ni(OH), could oxidize the glucose to glucolactone. The fabricated glucose biosen-
sor based on Ni(OH),/CNFs showed high sensitivity and selectivity toward glucose
detection with a wide linear range (0.001 to 1.2 mM) and a detection limit of 0.76 pM [66].

Heavy Metal lons: CNFs composites have been utilized for the fabrication of sensors
toward the sensitive detection of heavy metal ions, such as Hg**, Pb** and Cd** [68-70)].

Zhao et al. has prepared a CNFs/Nafion-based sensor for the evaluation of Pb** and
Cd2+ via anodic stripping voltammetry (ASV). The results revealed that the introduc-
tion of CNFs could significantly enhance the sensitivity toward the determination of
Pb?* 8-fold, and the LOD of this sensor for the simultaneous detection of Pb** and Cd**
were 0.9 and 1.5 nM, respectively (Figure 2.9) [69]. As for Hg2+, Liao et al. constructed
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Figure 2.9 (a) Stripping voltammograms of CNF/Nafion/GCE, Nafion/GCE, and GCE in 0.1 M acetate
buffer containing 0.5 uM Pb?*; (b) stripping voltammograms of CNF/Nafion/GCE in 0.1 M acetate
buffer with different concentration of Pb?* and Cd**. Source: Zhao 2015 [69]. Reproduced with
permission of the American Chemical Society. (See color plate section for the color representation of
this figure.)

a Hg** sensor by using bis(indolyl)methane and mesoporous carbon nanofiber
(MCNFs). Noteworthy, the MCNFs capability for adsorbing Hg** improved the
sensitivity of the sensor. Using the ASV technique, the sensor allowed to quantitatively
determine Hg** with a detection range of 5-500 nM and a LOD of 0.3 nM [70].

Other Biosensors: Besides the applications mentioned above, many CNFs composites
were also investigated for the fabrication of non-enzymatic biosensors toward the
detection of environmental contaminants (catechol [71, 72], hydroquinone [73] and
ibuprofen [74] etc.), drug (insulin [75], nimodipine [76] and f-blockers [77] etc.)
and so on.

2.4.3 Enzyme-based biosensors

The utilization of enzyme-based biosensors has extensively been promoted in the last
decade due to the simple and inexpensive construction as well as rapid analysis and ease
of regeneration. The enzyme-based electrochemical biosensors could be prepared
by the modification of electrodes with biological enzymes. For enzyme-based biosen-
sors, the enzymes are of great importance due to the fact that the analytical properties
of these biosensors, particularly the sensitivity and selectivity, strongly depend on the
activity and stability of the immobilized enzymes [78]. However, the activity of immo-
bilized enzyme on the electrode could gradually decrease, leading to the poor lifespan
of the biosensor [79]. Thus, the supporting materials which help to retain the activity of
enzymes are highly desirable for the construction of enzyme-based biosensors.

CNFs shows many important properties, such as large functionalized surface area
and surface-active groups-to-volume ratio, which could benefit the anchor of enzymes
on the surface (Figure 2.10). The selective immobilization could be achieved by control-
ling the type of functional groups on CNFs [80]. On the other hand, the DOS of sup-
porting materials near the Fermi level could strongly influence the direct electron
transfer (DET) of enzymes. Hatton’s group has developed a novel approach to prepare
CNFs with various DOS which could modulate electron transfer kinetics and efficien-
cies for Cytochrome C and horseradish peroxidase [81]. Except for immobilization
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Figure 2.10 Immobilization of glucose oxidase on CNFs and single-walled CNTs. Source: Vamvakaki
2006 [10]. Reproduced with permission of the American Chemical Society. (See color plate section for
the color representation of this figure.)

matrixes, CNFs also serves as good transducers for electrochemical signal due to the
superior conductivity. Up to date, CNFs have been utilized to fabricate many biosensors
serving as the high-performance supporting matrix for enzymes (Table 2.2).

Among these investigations, glucose oxidase GOx-based biosensors have been most
frequently studied for the determination of glucose, which is of great importance in
glucose detection for diabetes control and biofuel cells [82]. Chaniotakis’s group has
employed three different types of CNFs and single-walled CNTs as the supporting
matrix for GOx to construct the glucose biosensors. The results demonstrated that the
CNFs-based biosensors showed higher sensitivity and long-term stability in compari-
son with those fabricated by single-walled CNTs. They ascribed the superior analytical
performance to the large functionalized surface area and abundant active sites of CNFs,
which could benefit the adsorption and retain the bioactivity of GOx [10].

The oxidation of glucose catalyzed by enzyme GOx could produce H,O,, and moni-
toring the amount of H,O, in this process could be utilized for the indirect detection of
glucose. Hou’s group has developed glucose biosensor by using Prussian blue (PB)
nanostructures/carboxylic group-functionalized carbon nanofiber nanocomposites
(PB/FCNFs) as supporting matrix for GOx. They employed the PB as the electron-
transfer mediator to decrease the reduction potential of H,O,. The PB/FCNFs were
prepared by controllable growth of PB nanostructures on the surface of FCNFs which
exhibited high sensitivity toward the detection of H,O,. Then, the glucose biosensor
was constructed by the immobilization of GOx on PB/FCNFs (GOx/PB/FCNFs). The
electrochemical tests revealed that the as-obtained GOx/PB/FCNFs exhibited high sen-
sitivity and stability for the determination of glucose with a detection limit of 0.5 pM
and a wide linear range from 0.02 to 12 mM [82].
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Table 2.2 A summary of enzyme-based biosensors fabricated by CNFs composites.

Biosensor Analyte Linear range LOD Ref.
GOx/prussian blue/ Glucose 0.02-12 mM 0.5 UM 82
functionalized CNFs

GOx//nitrogen-doped CNFs  Glucose 0.2-1.2mM 0.06 mM 84
GOx/nitrogen-doped carbon  Glucose 12-1000 uM 2uM 85
nanospheres@CNFs

GOx/palladium/helical CNFs ~ Glucose 0.06-6.0 mM 0.03 mM 86
Polydopamine-laccase-nickel ~ Catechol 1uM-9.1mM 0.69 UM 87
nanoparticle/CNFs

Laccase/graphene/CNFs Catechol 01uM-286mM  0.02uM 88
Laccase/ZnO/CNFs Hydroquinone 0.5-2.06 uM 9.50 nM 89
Lactate oxidase/Pt/ Lactate 0.1 uM -5.4 mM 0.06 UM 90
graphitized CNFs

Lactate oxidase/Pt/CNFs/ Hydrogen peroxide 0.125-12.73 uM 0.05 uM 91
diallyldimethylammonium)

chloride

Horseradish peroxidase/ Hydrogen peroxide 0.01-4.30 mM 0.18 uM 92
CNFs/polyaniline/Au

Hemoglobin/Au/helical CNFs Hydrogen peroxide 1-3157 uM 0.46 uM 93
Hemoglobin/ZnO/CNFs Hydrazine 19.8uM-171mM 0.1 uM 94

mM, mmol/L; pM, pmol/L

The introduction of nitrogen into the carbon nanomaterials has proven to be an effi-
cient method to enhance the properties of carbons, such as biocompatibility and cata-
lytic activity [83]. You’s group has developed a facile approach for the production of
free-standing nitrogen-doped carbon nanofibers film (NCNFs). Taking the advantage
of free-standing structure with high flexibility, the resultant NCNFs film could be cut to
the shapes required, which would efficiently simplify the biosensors fabrication. As the
supporting matrix for GOx, the NCNFs could benefit to immobilize and retain the
activity of GOX, resulting in the fast electron transfer between enzyme and electrode.
The as-fabricated GOx/NCNFs based glucose biosensor showed a linear range of
0.2-1.2 mM at —0.42 V with a detection limit of 0.06 mM. Moreover, these biosensors
demonstrated the superior selectivity and stability toward the detection of glucose [84].
Furthermore, the same group developed another glucose biosensor based on the direct
electron transfer between the enzyme GOx and nitrogen-doped carbon nanospheres@
carbon nanofibers (NCNSs@CNFs) composite film. The introduction of carbon nano-
spheres derived from polypyrrole nanospheres served as the nitrogen source during the
carbonization and increased the surface area of the obtained composites, leading to
high nitrogen contentand abundantactive sites for GOximmobilization. Electrochemical
experiments revealed that the NCNSs@CNFs could realize a fast direct electron
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transfer between the electrode and GOx in the biosensor. The as-fabricated biosensors
displayed high sensitivity, selectivity and long-term stability toward the electrochemical
determination of glucose, providing a low detection limit of 2 pM [85].

Besides, CNFs have also been employed as the supporting matrix for some other
enzymes to construct high-performance electrochemical biosensors, such as laccase
[87-89], lactate oxidase [89-91], horseradish peroxidase [92] and hemoglobin [93, 94].

Laccase (Lac) could catalyze the oxidation of phenolic compounds in the presence of
oxygen. Lac-based electrochemical biosensors are always fabricated for the detection of
phenolic species which are harmful for human body. Li et al. fabricated a novel phenolic
electrochemical biosensor based on nickel nanoparticles loaded CNFs (Ni/CNFs). The Lac
was anchored onto the surface of Ni/CNFs by polydopamine (PDA) during the process
of dopamine oxidation (Figure 2.11). Their experiments demonstrated the superior bio-
compatibility of Ni/CNFs which was beneficial for the anchor of Lac as well as the fast
electron transfer between Lac and electrode. The PDA/Lac/Ni/CNFs-based biosen-
sors displayed enhanced analysis properties toward the detection of catechol, achiev-
ing a detection limit of 0.69 pM. Moreover, the resultant biosensor could be employed
for the estimation of catechol in real samples [87]. To achieve higher conductivity and
surface area, graphene has been immobilized on the surface of CNFs for the enhance-
ment of graphitization and conductivity. The graphene loaded CNFs (G/CNFs) was
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Figure 2.11 Scheme illustration of the construction of PDA/Lac/Ni/CNFs-based biosensors. Source: Li
2014 [87]. Reproduced with permission of the Royal Society of Chemistry. (See color plate section for
the color representation of this figure.)

43



44

Nanocarbons for Electroanalysis

prepared by adsorption and chemical reduction of graphene oxide on CNFs. As the
supporting matrix for Lac, the G/CNFs composites could realize the direct electro-
chemistry of Lac between enzyme and electrode. For the detection of catechol, the
as-fabricated biosensor achieved a detection limit of 20 nM and over a linear range of
0.1 to 2.86 pM with good selectivity and stability [88].

The CNFs have also been investigated for the direct electrochemistry of LOx using
platinum nanoparticles decorated CNFs (Pt/CNF) as a supporting matrix. Combining
with screen-printed carbon electrodes, the fabricated biosensors could facilitate the esti-
mation of lactate for the practical applications. The linear range of the biosensor was from
25 to 1500 mM with a detection limit of 11 mM. Meanwhile, the selectivity and stability
of the biosensor were also satisfactory. Importantly, the as-fabricated biosensor was suc-
cessfully used for the detection of lactate in sweat and blood samples in a sport tests [91].

2.4.4 CNFs-based immunosensors

Immunosensors are affinity ligand-based biosensors, and their detection mechanism is
based on the molecular recognition between antigens and corresponding antibodies
[95]. Recent years, many studies have been focused on electrochemical immunosensors
because of their low cost, high sensitivity and simple fabrication. Among these investi-
gations, CNFs have been considered as a suitable platform to construct electrochemical
immunosensors due to the large surface area for antibody immobilization [96]. CNFs-
based electrochemical immunosensors mainly employed differential pulse voltamme-
try, linear sweep voltammogram as well as electrochemiluminescent techniques for the
detection of antigens. The immunosensors based on CNFs composites have been
summarized in Table 2.3.

Table 2.3 A summary of immunosensors based on CNFs composites.

Biosensor Analyte Linear range LOD Ref.

CNFs Recombinant bovine 1pg/mL-10ng/  1pg/mL 96
somatotropin mL

CNFs Microcystin-LR 0.0025-5ug/L  1.68 ng/L 97

CNFs Protein 1uM-9.1 mM 0.69uM 98

CNFs forests Plasmodium falciparum 0.025to 10ng/  0.025 ng/ 99
histidine rich protein-2 mL mL

CNFs nanoelectrode arrays Human cardiac troponin-I 0.25-1.0ng/mL 0.2ng/mL 100
(cTnl) 5.0-100 ng/mL

CNFs-based SPE miRNA-34a target RNA 25-100 ug/mL  10.98 ug/mL 103

CNTs functionalized ~ -Fetoprotein 0.1 pg/mL-160  0.09pg/mL 104

nanofibers ng/mL

CNFs-polyamidoamine IgG 0.06-6.0 mM 0.5 fg/mL 105

dendrimer

mM, mmol/L; pM, pmol/L
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CNFs have been explored for the construction of label-free immunosensors by DPV,
EIS and ECL. CNFs screen-printed electrode (CNFs SPE)-based electrochemical immu-
nosensor was fabricated by Lim and Ahmed for the sensitive detection of recombinant
bovinesomatotropin (rbST). In this work, CNFs SPE was employed as a substrate for
the immunosensor which could increase the current signal response compared with
CNTs; the immobilization of the antibody was achieved by binding boronic acid to an
oligosaccharide moiety on the antibody which could help to retain the biological activ-
ity of the antibody. The response signal was the decrease of DPV peak current of
Fe(CN)¢>* due to the formation of immunocomplex. The fabricated immunosensor
showed high analytical performance toward the determination of rbST with a linear
range of 1 pg mL™"-10 ng mL ™" and a detection limit of 1 pg mL™ [96].

Chen’s group fabricated a non-enzymatic immunosensor based on CNFs and gold
nanoparticles (Au NPs) to detect microcystin-LR (MC-LR). The MC-LR antigen was
immobilized on carboxylic group functionalized CNFs; then, by the addition of target
MC-LR and its antibody, MC-LR would compete with MC-LR antigen to generate anti-
body-antigen immune complex. Next, Au NPs labeled secondary antibodies bound
with the immune complex, and the signal for the detection of MC-LR was recorded by
the oxidation of Au NPs via DPV (Figure 2.12). The CNF-based immunosensor dis-
played a linear range of 0.0025-5 ug L ™" and a LOD of 1.68 ng L™". Detailed experiments
analysis revealed that the introduction of CNFs increased the conductivity as well as
accelerated the electron transfer, resulting in the high-performance immunosensor for
MC-LR detection [97].

Koehne’s group prepared a CNFs NEA-based label-free immunosensor to detect
human cardiac troponin-I (cTnl) via EIS technique. Anti-cTnl Ab was directly
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Figure 2.12 The fabrication of MC-LR immunosensor and its application to detect microcystin-LR.
Source: Zhang 2016 [97]. Reproduced with permission of Elsevier. (See color plate section for the color
representation of this figure.)
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immobilized on CNFs by covalent binding, and the modification and detection were
both monitored by EIS. The changes in electrical capacitance or resistance to charge
transfer derived from the formation of Ab-Ag were recorded for the evaluation of
human-cTnl. The immunosensor was able to sensitively detect human-cTnl with a
LOD of 0.2 ng mL ! [100]. Furthermore, CNFs NEA was utilized for the fabrication of a
biosensor to investigate the kinetics of phosphorylation and dephosphorylation of sur-
face-attached peptides by real-time electrochemical impedance spectroscopy technique
[101]. Besides, CNFs NEA was also used for the activity evaluation of proteases which
is related to many important cellular processes [102].

Noteworthy, electrochemiluminescence (ECL) has been extensively studied to fabri-
cate high-performance immunosensors. Dai et al. developed a novel immunosensor by
using carbon nanotube nanofibers (CNTs@PNFs) for the evaluation of the interaction
between antibody and antigen in vitro. For the immunosensor construction, CNTs@
PNFs were employed for the enhancement of ECL emission, whilst the a-Fetoprotein
(AFP) antibody serving as recognition biomolecule was anchored on CNTs@PNFs by
electrostatic interaction (Figure 2.13). The detection of AFP could be achieved through
the analysis of ECL change induced by the immunoreaction; a linear range of
0.1 pg mL™"-160 ng mL™" and a detection limit of 0.09 pg mL ™" were achieved [104].

Besides the label-free immunosensors, CNFs have also been used for the fabrication
of electrochemical immunosensors with labels. Taking Ma’s report as example, they
have constructed an electrochemical immunosensor with sandwich structure for

#‘CPCN- — "

//fcmmsan g

amplification

Figure 2.13 The fabrication process of ECL immunosensors based on CNTs@PNFs. Source: Dai 2014 [104].
Reproduced with permission of Elsevier. (See color plate section for the color representation of this figure.)
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immunoglobulin G (IgG) detection using Au@Ag nanorods (Au@Ag NRs) and CNFs.
For this sensor, antibodies were immobilized on CNFs-polyamidoamine dendrimer
(CNFs-PAMAM), and anti-human IgG was anchored on Au@Ag NRs as trace tag. Due
to the superior conductivity of CNFs, the introduction of CNFs-PAMAM in the system
could efficiently increase the peak current of Ag in A u@Ag NRs which was proportional
to IgG concentration. This immunosensor could be used for the detection of IgG with
high sensitivity (LOD: 0.5 fg mL™") and acceptable stability [105].

2.5 Conclusions

Electrochemical biosensors play an important role in many critical fields, such as
clinical detection and food-quality monitoring. Taking advantages of high conductiv-
ity, large surface area and superior catalytic activity, carbon nanofibers composites
have been extensively utilized to construct high-performance electrochemical bio-
sensors. The investigations of carbon nanofibers on electroanalysis have acquired
significant advances in recent years; however, there are still many challenges in this
field. Up to date, most of the investigations have been performed in a laboratory set-
ting, and more attentions are supposed to be paid on the practical applications, such
as carbon nanofiber-based electroanalysis devices (screen-printed electrode etc.).
Meanwhile, the applications of carbon nanofibers for electroanalysis could be
expanded in more emerging fields (single molecule analysis etc.), and the analysis
properties of carbon nanofibers based biosensor, particularly sensitivity and selectiv-
ity, would be enhanced for more accurate estimation of analyte in specific situations.
The continuous investigations on the carbon nanofibers may offer feasible strategies
to solve these issues.

References

-

S. lijima, Helical microtubules of graphitic carbon. Nature, 1991, 354, 56—58.

2 AK. Geim, K.S. Novoselov. The rise of grapheme. Nature Materials, 2007, 6, 183—191.

3 D. Kasuya, M. Yudasaka, K. Takahashi, et al. Selective production of single-wall carbon
nanohorn aggregates and their formation mechanism. Journal of Physical Chemistry B,
2002, 106, 4947-4951.

4 L.F. Zhang, A. Aboagye, A. Kelkar, et al. A review: carbon nanofibers from electrospun
polyacrylonitrile and their applications. Journal of Materials Science, 2014, 49, 463-480.

5 P. Serp, M. Corrias, P. Kalck. Applied Catalysis A: General, Carbon nanotubes and
nanofibers in catalysis 2003, 253, 337-358.

6 T.V. Hughes, C.R. Chambers. Manufacture of Carbon Filaments, U.S. Patent 1889,

405, 480.

7 K.P. Dejong, ].W. Geus. Carbon nanofibers: Catalytic synthesis and applications.
Catalysis Reviews, 2000, 42, 481-510.

8 W.Li, F. Zhang, Y.Q. Dou, Z.X. et al. A self-template strategy for the synthesis of

mesoporous carbon nanofibers as advanced supercapacitor electrodes. Advanced Energy

Materials, 2011, 1, 382-386.

47



48

Nanocarbons for Electroanalysis

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

J.S. Guo, G.Q. Sun, Q. Wang, et al. Carbon nanofibers supported Pt—Ru electrocatalysts
for direct methanol fuel cells. Carbon, 2006, 44, 152-157.

V. Vamvakaki, K. Tsagaraki, N. Chaniotakis. Carbon nanofiber-based glucose biosensor.
Analytical Chemistry, 2006, 78, 5538—-5542.

Y. Matsumoto, M.T. Oo, M. Nakao, et al. Preparation of carbon nanofibers by hot
filament-assisted sputtering. Materials Science and Engineering: B, 2000, 74,
218-221.

G.F. Zou, D.W. Zhang, C. Dong, et al. Carbon nanofibers: Synthesis, characterization,
and electrochemical properties. Carbon, 2006, 44, 828—832.

G.B. Zheng, K. Kouda, H. Sano, et al. A model for the structure and growth of carbon
nanofibers synthesized by the CVD method using nickel as a catalyst. Carbon, 2004, 42,
635-640.

Z.P. Zhou, C.L. Lai, L.F. Zhang, et al. Development of carbon nanofibers from aligned
electrospun polyacrylonitrile nanofiber bundles and characterization of their
microstructural, electrical, and mechanical properties. Polymer, 2009, 50, 2999-3006.
Y. Liu, H. Teng, H.Q. Hou, T.Y. You. Nonenzymatic glucose sensor based on renewable
electrospun Ni nanoparticle-loaded carbon nanofiber paste electrode. Biosensors and
Bioelectronics, 2009, 24, 3329-3334.

AV. Melechko, V.I. Merkulov, T.E. McKnight, et al. Vertically aligned carbon
nanofibers and related structures: controlled synthesis and directed assembly. Journal
of Applied Physics, 2005, 97, 041301.

G.G. Tibbetts, M.L. Lake, K.L. Strong, B.P. Ricec. A review of the fabrication and
properties of vapor-grown carbon nanofiber/polymer composites. Composites Science
and Technology, 2007, 67, 1709-1718.

D.H. Reneker, A.L. Yarin, H. Fong, S. Koombhongse. Bending instability of electrically
charged liquid jets of polymer solutions in electrospinning. Journal of Applied Physics,
2000, 87, 4531-4547.

J. Zeng, X.Y. Xu, X.S. Chen, et al. Biodegradable electrospun fibers for drug delivery.
Journal of Controlled Release, 2003, 92, 227-231.

S. Megelski, ].S. Stephens, D.B. Chase, ].F. Rabolt. Micro-and nanostructured surface
morphology on electrospun polymer fibers. Macromolecules, 2002, 35, 8456—8466.
J.M. Deitzel, J. Kleinmeyer, D. Harris, N.C. Tan. Controlled deposition of electrospun
poly(ethylene oxide) fibers. Polymer, 2001, 42, 261-272.

X.H. Zong, K. Kima, D.F. Fang, et al. Structure and process relationship of electrospun
bioabsorbable nanofiber membranes. Polymer, 2002, 43, 4403—4412.

L. Zou, L. Gan, R. Ly, et al. A film of porous carbon nanofibers that contain Sn/SnOy
nanoparticles in the pores and its electrochemical performance as an anode material
for lithium ion batteries. Carbon, 2011, 49, 89-95.

Y. Yang, A. Centrone, L. Chen, et al. Highly porous electrospun polyvinylidene fluoride
(PVDF)-based carbon fiber. Carbon, 2011, 49, 3395-3403.

R. Ruiz-Rosasa, . Bediaa, M. Lallaveb, et al. The production of submicron diameter
carbon fibers by the electrospinning of lignin. Carbon, 2010, 48, 696—705.

M. Inagaki, Y. Yang, EY. Kang. Carbon nanofibers prepared via electrospinning.
Advanced Materials, 2012, 24, 2547-2566.

C. Kim, K.S. Yang, M. Kojima, et al. Fabrication of electrospinning-derived carbon
nanofiber webs for the anode material of lithium-ion secondary batteries. Advanced
Functional Materials, 2006, 16, 2393—-2397.



28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Carbon Nanofibers for Electroanalysis

Z.H. Wang, L. Qie, L.X. Yuan, et al. Functionalized N-doped interconnected carbon
nanofibers as an anode material for sodium-ion storage with excellent performance.
Carbon, 2013, 55, 328—334.

N. Ly, C.L. Shao, X.H. Li, et al. CuO nanoparticles/nitrogen-doped carbon nanofibers
modified glassy carbon electrodes for non-enzymatic glucose sensors with improved
sensitivity, Ceramics International, 2016, 42, 11285-11293.

S. Maldonado, K.J. Stevenson. Direct preparation of carbon nanofiber electrodes via
pyrolysis of iron (II) phthalocyanine: electrocatalytic aspects for oxygen reduction. The
Journal of Physical Chemistry B, 2004, 108, 11375-11383.

D. Liu, X.P. Zhang, Z.C. Sun, T.Y. You. Free-standing nitrogen-doped carbon nanofiber
films as highly efficient electrocatalysts for oxygen reduction. Nanoscale, 2013, 5,
9528-9531.

H.W. Liang, Z.Y. Wu, L.F. et al. Bacterial cellulose derived nitrogen-doped carbon
nanofiber aerogel: An efficient metal-free oxygen reduction electrocatalyst for zinc-air
battery. Nano Energy, 2015, 11, 366—376.

D.W. Wang, Y. Liu, ].S. Huang, T.Y. You. In situ synthesis of Pt/carbon nanofiber
nanocomposites with enhanced electrocatalytic activity toward methanol oxidation.
Journal of Colloid and Interface Science, 2012, 367, 199-203.

O.A. Loaiza, PJ. Lamas-Ardisana, L. Afiorga, et al. Graphitized carbon nanofiber—Pt
nanoparticle hybrids as sensitive tool for preparation of screen printing biosensors.
Detection of lactate in wines and ciders. Bioelectrochemistry, 2015, 101, 58—65.

D. Liu, Q. H. Guo, H. Q. Hou, et al. Pd,Co, nanoparticle/carbon nanofiber composites
with enhanced electrocatalytic properties. ACS Catalysis, 2014, 4, 1825-1829.

PT. Kissinger, W.R. Heineman. Laboratory Techniques in Electroanalytical Chemistry
(eds). Marcel Dekker, New York, NY, USA, 1996.

B. R. Eggins, Chemical Sensors and Biosensors. John Wiley and Sons, West Sussex,
England, 2002.

LL Suni. TrAC, Impedance methods for electrochemical sensors using nanomaterials.
Trends in Analytical Chemistry, 2008, 27, 604.

S.E. Hou, M.L. Kasner, S.J. Su, et al. Highly sensitive and selective dopamine biosensor
fabricated with silanized graphene. Journal of Physical Chemistry C, 2010, 114,
14915-14921.

P. Ekabutr, P. Sangsanoh, P. Rattanarat, et al. Development of a disposable electrode
modified with carbonized, graphene-loaded nanofiber for the detection of dopamine in
human serum. Journal of Applied Polymer Science, 2014, 131, 40858.

H.S. Han, H.K. Lee, ].M. You, et al. Electrochemical biosensor for simultaneous
determination of dopamine and serotonin based on electrochemically reduced GO-
porphyrin. Sensors and Actuators B: Chemical, 2014, 190, 886—-895.

Y. Yue, G.Z. Hu, M.B. Zheng, et al. mesoporous carbon nanofiber-modified pyrolytic
graphite electrode used for the simultaneous determination of dopamine, uric acid, and
ascorbic acid. Carbon, 2012, 50, 107-114.

E. Rand, A. Periyakaruppan, Z. Tanaka, et al. A carbon nanofiber based biosensor for
simultaneous detection of dopamine and serotonin in the presence of ascorbic acid.
Biosensors and Bioelectronics, 2013, 42, 434—438.

X.W. Mao, X.Q. Yang, G.C. Rutledge, T. A. Hatton. Ultra-wide-range electrochemical
sensing using continuous electrospun carbon nanofibers with high densities of states.
ACS Applied Materials and Interfaces, 2014, 6, 3394—3405.

49



50

Nanocarbons for Electroanalysis

45

46

47

48

49

50

51

52

53

54

55

56
57

58

59

60

61

J.Y. Sun, L.B. Li, X.P. Zhang, et al. Simultaneous determination of ascorbic acid,
dopamine and uric acid at a nitrogen-doped carbon nanofiber modified electrode. RSC
Advances, 2015, 5, 11925-11932.

Y.P. Huang, Y.E, Miao, S.S. Ji, et al. Electrospun carbon nanofibers decorated with
Ag-Pt bimetallic nanoparticles for selective detection of dopamine. ACS Applied
Materials and Interfaces, 2014, 6, 12449-12456.

N. Rodthongkum, N. Ruecha, R. Rangkupan, et al. Graphene-loaded nanofiber-
modified electrodes for the ultrasensitive determination of dopamine. Analytica
Chimica Acta, 2013, 804, 84-91.

C. Yang, B.X. Gu, D. Zhang, et al. Coaxial carbon fiber/ZnO nanorods as electrodes for
the electrochemical determination of dopamine. Analytical Methods, 2016, 8, 650—655.
M.P. Marsh, J.E. Koehne, R. Carbon nanofiber multiplexed array and wireless
instantaneous neurotransmitter concentration sensor for simultaneous detection of
dissolved oxygen and dopamine. Biomedical Engineering Letters, 2012, 2, 271-277.
X.P. Zhanga, D. Liu, B. Yu, T.Y. You. A novel nonenzymatic hydrogen peroxide sensor
based on electrospun nitrogen-doped carbon nanoparticles-embedded carbon
nanofibers film. Sensors and Actuators B: Chemical, 2016, 224, 103—1009.

Y. Li, M.E. Zhang, X.P. Zhang, et al. Nanoporous carbon nanofibers decorated with
platinum nanoparticles for non-enzymatic electrochemical sensing of H,O,.
Nanomaterials, 2015, 5, 1891-1905.

Y. Yang, R.Z. Fu, H.Y. Wang, C. Wang. Carbon nanofibers decorated with platinum
nanoparticles: a novel three-dimensional platform for non-enzymatic sensing of
hydrogen peroxide. Microchimica Acta, 2013, 180, 1249-1255.

T.T. Yang, M.L. Du, H. Zhu, et al. Immobilization of Pt nanoparticles in carbon
nanofibers: bifunctional catalyst for hydrogen evolution and electrochemical sensor.
Electrochimica Acta, 2015, 167, 48—-54.

D. Liu, Q.-H. Guo, X.P. Zhang, et al. PdCo alloy nanoparticle—embedded carbon
nanofiber for ultrasensitive nonenzymatic detection of hydrogen peroxide and nitrite.
Journal of Colloid and Interface Science, 2015, 450, 168—173.

X.P. Xiao, Y.H. Song, H.Y. Liu, et al. Electrospun carbon nanofibers with manganese
dioxide nanoparticles for nonenzymatic hydrogen peroxide sensing. Journal of
Materials Science, 2013, 48, 4843—4850.

J. Wang. Electrochemical glucose biosensors. Chemical Reviews, 2008, 108, 814—825.
L.L. Li, T.T. Zhou, G.Y. Sun, et al. Ultrasensitive electrospun nickel-doped carbon
nanofibers electrode for sensing paracetamol and glucose. Electrochimica Acta, 2015,
152, 31-37.

Y. Shin, L.T. Bae, B.W. Arey, G.J. Exarhos. Facile stabilization of gold-silver alloy nanoparticles
on cellulose nanocrystal. Journal of Physical Chemistry C, 2008, 112, 4844—4848.

M. Li, L.B. Liu, Y.P. Xiong, et al. Bimetallic MCo (M= Cu, Fe, Ni, and Mn) nanoparticles
doped-carbon nanofibers synthetized by electrospinning for nonenzymatic glucose
detection. Sensors and Actuators B: Chemical, 2015, 207, 614—622.

Q.H. Guo, D. Liu, X.P. Zhang, et al. Pd—Ni alloy nanoparticle/carbon nanofiber
composites: preparation, structure, and superior electrocatalytic properties for sugar
analysis. Analytical Chemistry, 2014, 86, 5898-5905.

H.Y. Liu, X.P. Ly, D.J. Xiao, et al. Hierarchical Cu—Co—Ni nanostructures
electrodeposited on carbon nanofiber modified glassy carbon electrode: application to
glucose detection. Analytical Methods, 2013, 5, 6360-6367.



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

Carbon Nanofibers for Electroanalysis

J. Zhang, X.L. Zhu, H.E. Dong, et al. In situ growth cupric oxide nanoparticles on
carbon nanofibers for sensitive nonenzymatic sensing of glucose. Electrochimica Acta,
2013, 105, 433— 438.

D.Y. Ye, G.H. Liang, H.X. Li, et al. A novel nonenzymatic sensor based on CuO
nanoneedle/graphene/carbon nanofiber modified electrode for probing glucose in
saliva. Talanta, 2013, 116, 223-230.

W.N. Xu, S.G. Dai, X. Wang, et al. Nanorod-aggregated flower-like CuO grown on a
carbon fiber fabric for a super high sensitive non-enzymatic glucose sensor. Journal of
Materials Chemistry B, 2015, 3, 5777-5785.

M. Li, Z. Zhao, X.T. Liu, et al. Novel bamboo leaf shaped CuO nanorod@ hollow
carbon fibers derived from plant biomass for efficient and nonenzymatic glucose
detection. Analyst, 2015, 140, 6412-6420.

L. Zhang, S.M. Yuan, X.J. Lu. Amperometric nonenzymatic glucose sensor based on a
glassy carbon electrode modified with a nanocomposite made from nickel(II) hydroxide
nanoplates and carbon nanofibers. Microchimica Acta, 2014, 181, 365-372.

Q. Wang, Y. Ma, X. Jiang, et al. Electrophoretic deposition of carbon nanofibers/
Co(OH), nanocomposites: Application for non-enzymatic glucose sensing.
Electroanalysis 2016, 28, 119-125.

A. Cantalapiedra, M.J. Gismera, J.R. Procopio, M.T. Sevilla. Nanocomposites based on
polystyrene sulfonate as sensing platforms. comprehensive electrochemical study of
carbon nanopowders and carbon-nanofibers composite membranes. Electroanalysis,
2015, 27, 378 —387.

D.L. Zhao, T.T. Wang, D. Han, et al. Electrospun carbon nanofiber modified electrodes
for stripping voltammetry. Analytical Chemistry, 2015, 87, 9315-9321.

Y. Liao, Q. Li, N. Wang, S.J. Shao. Development of a new electrochemical sensor for
determination of Hg(II) based on Bis(indolyl)methane/Mesoporous carbon nanofiber/
Nafion/glassy carbon electrode. Sensors and Actuators B: Chemical, 2015, 215,
592-597.

J.P. Fu, H. Qiao, D.W. Li, et al. Laccase biosensor based on electrospun copper/carbon
composite nanofibers for catechol detection. Sensors 2014, 14, 3543-3556.

Q.H. Guo, ] S. Huang, P.Q. Chen, et al. Simultaneous determination of catechol and
hydroquinone using electrospun carbon nanofibers modified electrode. Sensors and
Actuators B: Chemical, 2012, 163, 179-185.

D.W. Li, PF. Lv, ].D. Zhu, et al. NiCu alloy nanoparticle-loaded carbon nanofibers for
phenolic biosensor applications. Sensors 2015, 15, 29419-29433.

F. Manea, S. Motoc, A. Pop, et al. Silver-functionalized carbon nanofiber composite
electrodes for ibuprofen detection. Nanoscale Research Letters, 2012, 7, 331.

L. Zhang, X.K. Chu, S.M. Yuan, G.C. Zhao. Ethylenediamine-assisted preparation of
carbon nanofiber supported nickel oxide electrocatalysts for sensitive and durable
detection of insulin. RSC Advances, 2015, 5, 41317-41323.

P. Salgado-Figueroa, C. Gutiérrez, J.A. Squella. Carbon nanofiber screen printed
electrode joined to a flow injection system for nimodipine sensing. Sensors and
Actuators B: Chemical, 2015, 220, 456—462.

L. Xu, Q.H. Guo, H. Yu, et al. Simultaneous determination of three -blockers at a
carbon nanofiber paste electrode by capillary electrophoresis coupled with
amperometric detection. Talanta, 2012, 97, 462—467.

51



52 | Nanocarbons for Electroanalysis

78 E.A. Songa, ].O. Okonkwo. Recent approaches to improving selectivity and sensitivity
of enzyme-based biosensors for organophosphorus pesticides: A review. Talanta, 2016,
155, 289-304-.

79 N.J. Ronkainen, H.B. Halsall, W.R. Heineman. Electrochemical biosensors, Chemical
Society Reviews, 2010, 39, 1747-1763.

80 ].S. Huang, Y. Liu, T.Y. You. Carbon nanofiber based electrochemical biosensors: A
review. Analytical Methods, 2010, 2, 202-211.

81 X..Mao, E. Simeon, G. . Rutledge, T. Hatton. Electrospun carbon nanofiber webs with
controlled density of states for sensor applications. Advanced Materials, 2013, 23,
1309-1314.

82 L. Wang, Y.J. Ye, H.Z. Zhu, et al. Controllable growth of Prussian blue nanostructures
on carboxylic group-functionalized carbon nanofibers and its application for glucose
biosensing. Nanotechnology, 2012, 23, 455502.

83 K.P. Gong, F. Du, Z.H. Xia, et al. ScienceNitrogen-doped carbon nanotube arrays with
high electrocatalytic activity for oxygen reduction. Science, 2009, 323, 760-764-

84 D. Liu, X.P. Zhang, T.Y. You. Electrochemical performance of electrospun free-standing
nitrogen-doped carbon nanofibers and their application for glucose biosensing. ACS
Applied Materials and Interfaces, 2014, 6, 6275-6280.

85 X.P. Zhang, D. Liu, L.B. Li, T'Y. You. Direct electrochemistry of glucose oxidase on
novel free-standing nitrogen-doped carbon nanospheres@carbon nanofibers composite
film Science Reports, 2015, 5, 09885.

86 X.E.Jia, G.Z. Hu, F. Nitze, et al. Synthesis of palladium/helical carbon nanofiber hybrid
nanostructures and their application for hydrogen peroxide and glucose detection. ACS
Applied Materials and Interfaces, 2013, 5, 12017-12022.

87 D.W. Li, L. Luo, Z.Y. Pang, et al. Novel phenolic biosensor based on a magnetic
polydopamine-laccase-nickel nanoparticle loaded carbon nanofiber composite. ACS
Applied Materials and Interfaces, 2014, 6, 5144-5151.

88 D.W. Li, G.H. Li, P.F. Ly, et al. Preparation of a graphene-loaded carbon nanofiber
composite with enhanced graphitization and conductivity for biosensing applications.
RSC Advances, 2015, 5, 30602—30609.

89 D.W. Li, J. Yang, ].B. Zhou, et al. Direct electrochemistry of laccase and a hydroquinone
biosensing application employing ZnO loaded carbon nanofibers. RSC Advances, 2014,
4, 61831-61840.

90 O.A. Loaiza, PJ. Lamas-Ardisana, L. Afiorga, et al. Graphitized carbon nanofiber—Pt
nanoparticle hybrids as sensitive tool for preparation of screen printing biosensors.
Detection of lactate in wines and ciders. Bioelectrochemistry, 2015, 101, 58—65.

91 PJ. Lamas-Ardisana, O.A. Loaiza, L. Afiorga, et al. Disposable amperometric biosensor
based on lactate oxidase immobilised on platinum nanoparticle-decorated carbon
nanofiber and poly(diallyldimethylammonium chloride) films. Biosensors and
Bioelectronics, 2014, 56, 345-351.

92 S.Y. Bao, M.L. Du, M. Zhang, et al. Fabrication of gold nanoparticles modified carbon
nanofibers/polyaniline electrode for H,O, determination. Journal of the
Electrochemical Society, 2014, 161, H816—H821.

93 M.M. Zhai, R.J. Cui, N. Gu, et al. Nanocomposite of Au nanoparticles/helical carbon
nanofibers and application in hydrogen peroxide biosensor. Journal of Nanoscience and
Nanotechnology, 2015, 15, 4682-4687.



94

95

96

97

98

29

100

101

102

103

104

105

Carbon Nanofibers for Electroanalysis

M. Wu, W. Ding, ].L. Meng, et al. Electrocatalytic behavior of hemoglobin oxidation of
hydrazine based on ZnO nano-rods with carbon nanofiber modified electrode.
Analytical Sciences, 2015, 31, 1027-1033.
P.B. Luppa, L.J. Sokoll, D.W. Chan. Immunosensors-principles and applications to
clinical chemistry. Clinica Chimica Acta, 2001, 314, 1-26.
S.A. Lim, M.U. Ahmed. A carbon nanofiber-based label free immunosensor for high
sensitive detection of recombinant bovine somatotropin. Biosensors and
Bioelectronics, 2015, 70, 48—53.
J. Zhang, Y.F. Sun, H.F. Dong, et al. An electrochemical non-enzymatic immunosensor
for ultrasensitive detection of microcystin-LR using carbon nanofibers as the matrix.
Sensors and Actuators B: Chemical, 2016, 233, 624—632.
S. Baj, T. Krawczyk, N. Pradel, et al. Carbon nanofiber-based luminol-biotin probe for
sensitive chemiluminescence detection of protein. Analytical Sciences, 2014, 30,
1051-1056.
E. Gikunoo, A. Abera, E. Woldesenbet. A novel carbon nanofibers grown on glass
microballoons immunosensor: a tool for early diagnosis of malaria. Sensors, 2014, 14,
14686-14699.
A. Periyakaruppan, R.P. Gandhiraman, M. Meyyappan, J.E. Koehn. Label-free
detection of cardiac troponin-I using carbon nanofiber based nanoelectrode arrays.
Analytical Chemistry, 2013, 85, 3858-3863.
Y.F. Li, L. Syed, ].W. Liu, et alLabel-free electrochemical impedance detection of
kinase and phosphatase activities using carbon nanofiber nanoelectrode arrays.
Analytica Acta, 2012, 744, 45-53.
L.Z. Swisher, L.U. Syed, A.M. Prior, et al. Electrochemical protease biosensor based on
enhanced AC voltammetry using carbon nanofiber nanoelectrode arrays. The Journal
of Physical Chemistry C, 2013, 117, 4268-4277.
A. Erdem, E. Eksin, G. Congur. Indicator-free electrochemical biosensor for
microRNA detection based on carbon nanofibers modified screen printed electrodes.
Journal of Electroanalytical Chemistry, 2015, 755, 167-173.
H. Dai, G.F. Xu, S.P. Zhang, et al. Carbon nanotubes functionalized electrospun
nanofibers formed 3D electrode enables highly strong ECL of peroxydisulfate and its
application in immunoassay. Biosensors and Bioelectronics, 2014, 61, 575-578.
L.N. Ma, D.L. Ning, H.F. Zhang, ].B. Zheng. Au@Ag nanorods based electrochemical
immunoassay for immunoglobulin G with signal enhancement using carbon
nanofibers-polyamidoamine dendrimer nanocomposite. Biosensors and
Bioelectronics, 2015, 68, 175-180.

53



3

Carbon Nanomaterials for Neuroanalytical Chemistry
Cheng Yang and B. Jill Venton

Department of Chemistry, University of Virginia, USA

3.1 Introduction

Brain neuronal communication occurs primarily through the exocytotic release of
neurotransmitters into synaptic junctions and the surrounding extracellular fluid.
Many debilitating disorders such as Parkinson’s disease, Alzheimer’s disease, depres-
sion, and drug addiction occur due to problems with neurotransmission [1, 2].
Real-time methods for neurotransmitter detection are necessary to understand how
the brain works and develop better treatments for these diseases. Extracellular neuro-
transmitter concentrations change rapidly and understanding the dynamics of
neurotransmission is important for clinical research [3]. Electrochemical sensors are
currently the gold standard for the rapid detection of neurotransmitters through their
redox reactions. The advantages of electrochemical neurotransmitter sensing include
a fast response time, high sensitivity and selectivity, as well as high temporal and spa-
tial resolution. For direct detection, target molecules need to be electroactive within
the potential window of the interstitial fluid and common targets include biogenic
amines and their metabolites, as well as uric acid and ascorbic acid. Using enzyme
modified electrodes, many other non-electroactive neurotransmitters can be detected
in vivo as well.

Carbon-based electrodes are commonly used for neurotransmitter detection because
of their low cost, good electron transfer kinetics, and biocompatibility. The high elec-
trocatalytic activity of neurotransmitters on the carbon surface improves the detection
sensitivity [4]. Moreover, the oxidation/reduction range at carbon electrodes in water
environments is wider than other electrode materials, such as platinum [5], due to a
high overvoltage for water oxidation. Ralph Adams and his colleagues realized the util-
ity of electrochemical methods for the study of easily oxidizable neurotransmitters [6].
They first used a carbon paste electrode implanted in the brain of an anesthetized rat,
demonstrating carbon-based electrodes could be applied successfully to biological tis-
sue for neurotransmitters detection [6]. In the late 1970s, Ponchon et al. introduced the
carbon-fiber microelectrode (CFME) [7], which is still routinely used for in vivo neuro-
transmitter detection today.
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Carbon nanomaterials (CNs) have been a hot research topic for the past two
decades, since the discovery of carbon nanotubes (CNTs), and CNs have been
incorporated into electrochemical sensors for neurotransmitter detection. The
feature size of the nanomaterials is 1-100nm and CN-modified electrodes are
advantageous because of their large surface-to-volume ratio and large specific
surface area. In addition, CNs have enhanced interfacial adsorption properties,
better electrocatalytic activity, and fast electron transfer kinetics compared to
many traditional electrode materials. In 1996, the first electrochemical application
of CN'Ts was carried out by Britto et al. to detect dopamine at multi-walled carbon
nanotube (MWCNT) paste electrodes [8]. There are many strategies for
incorporating CNs into electrochemical sensors for in vivo neurotransmitter meas-
urements. Dip coating and drop casting methods are widely used because of their
minimal cost and suitability for preparing electrodes with mixtures of CNs,
polymers, and/or metal nanoparticles (NPs). Direct growth of CNs and CNTs
fibers draws more attention for biosensing applications because of the homogene-
ous CN surface and the preferential exposure of the ends of the CNs which have
defect sites that can be functionalized with oxygen to provide abundant electroac-
tive sites for neurotransmitters [4]. The easy batch fabrication and high
reproducibility of the direct growth of CNs and CNT fiber (macrostructure of
CNTs fabricated by wet spinning or solid state process) microelectrodes makes
those methods ideal fabrication approaches for single microelectrodes. Carbon-
based nanoelectrodes arrays that contain multiple sensing elements allow detection
of neurotransmitters at network levels. This chapter covers the pros and cons of
different fabrication methods and electrode designs.

Several challenges still exist for neurotransmitter monitoring with CNs. First,
while many studies characterize the materials, few studies investigate the
correlation between the electrochemical performance and the surface properties.
Second, fouling on an electrode surface in tissue is often a serious problem encoun-
tered in the electrochemical analysis. While most of the CN-based sensors reported
have not been tested in tissue, new studies focusing on bio-fouling and strategies
to combat it show that CNs may be advantageous for in vivo testing. Third, novel
designs of CN-based electrodes with renewable surface are ongoing to enable
electrodes to be reused and improve the reproducibility of consecutive
measurements.

In this chapter, we cover the recent advances in CN-based sensors for direct
neurotransmitter detection, concentrating on sensors for direct electrochemical
detection of dopamine, which is a standard analytes to evaluate neurotransmitter
detection at electrodes. First, we provide a comparison of strategies to incorpo-
rate CNs into electrochemical sensors for neurotransmitter detection. Second, we
highlight several new applications and studies to address the remaining challenges
for implementation. Overall, CN-based electrodes are advantageous for neuro-
transmitter detection and advances in fundamental understanding of structure/
function relationships as well as progress towards in tissue use by minimizing
biofouling and making reusable sensors will result in better implementation
in vivo.
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3.2 Carbon Nanomaterial-based Microelectrodes
and Nanoelectrodes for Neurotransmitter Detection

3.2.1 Carbon Nanomaterial-based Electrodes Using Dip
Coating/Drop Casting Methods

Dip coating/drop casting fabrication methods are popular for early stage new CN
applications due to their low cost and the synergistic effects when combing CNs with
other composites such as conductive polymers and/or metal NPs. Polymers can
modify the physical and chemical properties of composites and facilitate CN deposi-
tion on the support surface [9]. The incorporation of CNs with polymers helps to
disperse CNTs and graphene in aqueous media via non-covalent interactions, such as
van der Waals forces, n- 7 interactions, or adsorption/wrapping of polymer [10].
Better suspensions of CNs have been reported using hemin-graphene oxide-pristine
CNTs complexes on glassy carbon electrode (GCE) [11], polyhistidine dispersed
MWCNT-modified GCE [12], and acid yellow 9 stabilized MWCNTs on both ITO
and GCE [13]. The lowest dopamine limit of detection (LOD) was found at the
MWCNT/Polyhistidine/GCE (15nM) [12]. Several polymers have been reported to
modify CNTs and graphene based electrodes such as polypyrrole (PPy) [14], poly
(3,4-ethylenedioxythiophene) (PEDOT) [15, 16], poly(vinylferrocene) (PVF)[17],
tryptophan [18], B-cyclodextrin (#-CD) [19], poly (3-methylthiophene) (PMT) [20],
polyaniline (PANI) [21-23], polyamide 6/poly(allylamine hydrochloride) (PA6/
PAH)[24], and chitosan [25-27]. The best DA sensitivity was found on the chitosan
grafted graphite on GCE, with an LOD of 4.5 nM because of the high conductivity and
bio-compatibility of chitosan [25]. The introduction of polymers with CNs facilitates
the dispersion of CNTs and graphene in aqueous media, but polymers have disadvan-
tages as well, such as restricted diffusion, slow temporal resolution, and a cumber-
some fabrication that is not always reproducible. Moreover, no work directly compares
the performance of different polymers.

Metal NPs associated with CNs have been applied to fields such as energy storage,
catalysis, and chemical sensors [28]. Metal NPs perform several functions including
increasing the surface area, facilitating heterogeneous electron transfer, enhancing
electrical contact between analyte and the CN surface, inhibiting aggregation of gra-
phene nanosheets, and acting as a spacer [29, 30]. CN-based electrodes incorporated
with PtNPs [31, 32], AuNPs [33, 34], CuNPs [35], PbNPs [36], as well as RhNPs, PdANPs,
and IrNPs [37] have been reported. Tsierkezos et al. recently compared different NPs
for the first time, examining the detection of dopamine, ascorbic acid, and uric acid on
films of nitrogen doped MWCNTs (N-MWCNTs) decorated with RhNPs, PdNPs,
IrNPs, PtNPs, and AuNPs [37]. The LODs for dopamine detection improved with the
metal NPs and the best LOD was on N-MWCNT/AuNP film (0.3 uM). This compari-
son work would be a good reference for future bio-applications based on metal NPs
incorporated with CNs. The main limitations of metal NPs application are biocompat-
ibility issues and the difficulty of construction.

Several works use dip coating/drop casting methods to test novel CNs such as
nitrogen doped carbon nanofibers [38], ordered mesoporous carbon [39] and
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nanodiamond-derived carbon nano-onions [40]. Ko et al. applied thermally oxygen-
ated cup-stacked carbon nanofibers (ox-CSCNFs) modified GCE for dopamine
detection [41]. Ox-CSCNFs provide highly ordered graphene edges and oxygen-
containing functional groups, which promote fast electron transfer kinetics. Acid
oxidized CSCNF-based screen printed electrodes (SPE) increased the sensitivity for
dopamine detection because of the mesoporous structure that increased the electro-
active surface area [42]. Another important feature of oxygenated CSCNFs is their
easy dispersion in water. However, the fabrication and modification process are
difficult.

Carbon nanohorns (CNHs) are horn-shaped aggregates of graphene sheets which
were first synthesized using laser ablation of pure graphite by Ijima [43]. CNHs
assemble dahlia-like aggregates with an average diameter around 80 nm and the
high purity of single walled CNHs (SWCNHs) (metal-free) offers a unique oppor-
tunity for sensing and in tissue application [44, 45]. Valentini et al. used oxidized
SWCNH-based SPE for the selective detection of epinephrine in the presence of
serotonin and dopamine with LOD of 0.1 pM [46]. The same group reported better
electrochemical performance for pristine SWCNHs compared to oxidized
SWCNHs for dopamine detection, due to the improved electrical conductivity,
electron transfer features, and surface charge of SWCNHs at different degree of
oxygen-containing functional groups [47]. However, the sensitivity (LODs of
0.1uM and 0.4 pM at pristine and oxidized SWCNHs, respectively,) needs to be
improved [9].

While most CN coating studies coat a GCE for convenience, this is not practical for
in vivo studies. Du et al. reported graphene flower-modified CFMEs to simultaneously
detect dopamine, ascorbic acid, and uric acid [48]. Graphene flowers were prepared via
electrochemical reduction of graphene oxide (GO) sprayed on electrode; these gra-
phene flowers homogeneously decorated the surface of the electrode. In comparison to
unmodified CFMEs, graphene flower-modified CFMEs exhibited high electrocatalytic
activity towards the oxidation of dopamine, ascorbic acid, and uric acid. In terms of the
possible future in vivo applications, the graphene-flower modified CFME is advanta-
geous due to its micrometer-scaled structure (7 pm in diameter), which would minimize
tissue damage caused during insertion.

Zhang’s group used a different strategy to coat acupuncture needles with CNs for
the detection of neurotransmitters [49, 50] Acupuncture needles are a unique micro-
electrode platform and are widely used in traditional Chinese medicine. They
reported a CNT/PEDOT modified acupuncture needle for in vivo detection of sero-
tonin, with LODs of 50 nM and 78 nM in solution and cell medium, respectively [50].
Although the acupucture needles is a promising platform, a systematic study is
required to corelate the application of different CNs with their electrochemical
performance.

The largest problem with dip coating and drop casting is a non-homogenous coat-
ing that can result in agglomerations, low reproducibility, and slow electron transfer
[4, 51]. Screen printing is easy for mass production, but the size and geometry limit
their application for deep brain measurement. Most of the dip coated/drop casted
CN-based electrodes are characterized by differential pulse voltammetry (DPV),
which has limited application for real-time in vivo measurement due to its slow
temporal resolution. However, the low cost of drop casting and dip coating makes it
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ideal method for early stage electrochemical study of CNs for neurotransmitter
detection.

3.2.2 Direct Growth of Carbon Nanomaterials on Electrode Substrates

Direct growth of CNs on electrode substrates is gaining popularity due to the reproduc-
ible mass fabrication and the ability to control the geometry and orientation of the CNs.
The ends of CNTs have more defect sites that can be functionalized with oxygen con-
taining groups, which are more likely to be the most electrochemically active sites
[3, 4, 9, 52]. The functional groups, such as carbonyls, phenols, lactones, and carboxylic
acids, selectively adsorb cationic dopamine and repel the anionic ascorbate and uric
acid at physiological pH [4]. Direct growth of CNs is beneficial due to its aligned CNs
and high density of edge plane sites, instead of randomly distributed CN films by dip
coating/drop casting methods [4, 51].

Vertically-aligned CNTs grown on a microelectrode substrate have high sensitivity
for detecting neurotransmitters due to the high density of edge plane sites [53]. One
strategy is to chemically self-assemble vertically-aligned CNTs (VACNTSs) on substrates
with a solution deposition method [54]. An alternative strategy is to directly grow CNTs
in an aligned manner through chemical vapor deposition (CVD). The Mao group grew
VACNTs on carbon fiber supports formed via pyrolysis of iron phthalocyanine as
microelectrodes for the detection of ascorbate, DOPAC (3, 4-dihydroxyphenylacetic
acid), dopamine, and oxygen in rat brain [55, 56]. Use of the VACNT-CFMEs avoids
manual electrode modification and allows easy fabrication of highly selective, repro-
ducible, and stable microelectrodes. Our group reported CNTs directly grown on metal
wires fabricated by CVD for sensitive and selective dopamine detection in vivo [57].
Instead of carbon fibers, metal wires were used as substrates because the wires lacked
electrochemical reactivity to dopamine (except gold and platinum) and had higher con-
ductivity than carbon fibers [4]. This was the first study to directly grow CNTs on small
diameter metal wires, instead of planar metal surfaces such as foils, which allows them
to be implanted in tissue with minimal damage and high spatial resolution [58]. CNTs
grown on niobium substrates were short and dense, and exhibited the best electro-
chemical response to dopamine using fast-scan cyclic voltammetry (FSCV), including
the detection of stimulated dopamine release in anesthetized rats. Since electrophysiol-
ogy studies often use arrays of metal wires, future experiments could investigate making
arrays of the CNTs on metal wires for multiplexed electrochemical experiments.

Carbon nanospikes (CNS) are a novel CN with tapered and spike-like features about
50-80nm in length [59]. Our group used plasma-enhanced CVD (PECVD) to directly
grow a thin layer of CNS on cylindrical metal substrates under a low-temperature
growth condition [60]. This is the first time that CNS have been grown on metals or on
cylindrical substrates. In comparison with the CNT growth, direct growth of CNS does
not need a catalyst or insulation layer for catalyst deposition, resulting in direct electri-
cal contact between the CNS and substrate. CNS-Ta microelectrodes (Figure 3.1a, b)
exhibited the fastest electron transfer kinetics and lowest LOD (8 + 2nM) to dopamine.
CNS-modified electrodes are a promising biosensing material with a similar sensitivity
to CNTs but easier growth at low-temperatures and without catalyst or buffer layers.

Diamond-like carbon (DLC) is a metastable form of amorphous carbon that contains
amixture of tetrahedral and trigonal carbon hybridizations fabricated using PECVD [61].
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Figure 3.1 Detection of dopamine using FSCV at carbon nanospike (CNS) grown metal
microelectrodes (a—b) and CNT yarn microelectrodes (C-E). (a) High magnification of CNS grown on Ta
wire. There is uniform coverage of aligned carbon spikes over the entire metal wire. (b) Detection of

1 uM dopamine with CNS-Ta microelectrodes. (c) SEM image of CNT yarn microelectrode surface,
shows the ends of individual 30—50 nm diameter CNTs bundled tightly together to form a
nanostructured surface. (d) Peak oxidation current at CNTYMEs (circles, n=10) and CFMEs (triangles,
n=4). Peak currents were normalized to the current at 10Hz, and error bars represent the standard
error of the mean. (e) High-frequency measurements of 1 pM dopamine at CNTYMEs, measured at
2000V/s and 500 Hz. Source: (a, b) Zestos 2015 [60]. Reproduced with permission of Royal Society of
Chemistry. (c—e) Jacobs 2014 [72]. Courtesy of ACS Publications.

Silva et al. reported the successful growth of DLC thin film on VACNTSs (Ti substrate)
and its application for dopamine and epinephrine detection, with LODs of 3.9 pM and
4.5 M, respectively [62]. The VACNT scaffolds create conductive pathways that trans-
port current rapidly to all parts of DLC film. However, the dimensions are on the mil-
limeter scale and the LODs are notyet sensitive enough for monitoring neurotransmitters
in vivo. Similarly, Sainio et al. successfully directly grew MWCNTs on the top of DLC
thin film electrodes (Si substrate) [63]. The porous structure of MWCNTs/DLC pro-
vides fast electron transfer, reduced double layer capacitance, a wide stable water
window (-1.5-2V), and high dopamine sensitivity (LOD of 1.26 +0.23nM). The same
group then directly grew carbon nanofibers (CNFs) on DLC thin film (Si substrate),
which also exhibited wide water window [64]. Notably, the CNFs/DLC electrodes could
detect glutamate without using any enzymes. However, the detection is not direct but
depends on the pH shift caused by different amounts of glutamate added into solution.
Since the local pH fluctuates [65], this strategy would not be feasible for glutamate
detection in vivo.

Compared to dip coating/drop casting methods, direct growth of CNs has the advantage
of homogeneous coating, large amounts of electroactive sites, and high reproducibility.
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The best dopamine detection sensitivity was obtained at the MWCNTs/DLC thin film
electrodes (1.26 +0.23nM) [63]. However, this electrode is not feasible for in vivo meas-
urement since the dimension of the Si wafer substrate would cause serious tissue damage.
In comparison, the application of metal wires (diameter 25 um) as the substrates in several
studies for CNs growth improves the overall conductivity and minimizes tissue damage
[55-57]. The direct growth of carbon nanospikes is advantageous due to its low-temper-
ature, catalyst-free, and homogenous growth [60]. Thus, directly growing CNs on elec-
trodes is a promising strategy for reproducibly producing electrodes that could be used
in vivo.

3.2.3 Carbon Nanotube Fiber Microelectrodes

CNT fibers are a macrostructured carbon material spun from a forest of CNTs [66,
67]. In comparison to randomly structured or tangled CNTs often produced by dip
coating or growing, well-aligned CN'T fibers have the advantages of a high electroac-
tivity, fast response, high chemical stability, controllable size, and high resistance to
dopamine fouling [68]. In particular, fabricating CNT fibers directly into electrodes in
a manner similar to CFMEs dramatically simplifies the electrode fabrication process
and improves the reproducibility [69]. The first electrochemical application of a CNT
fiber sensor was reported in 2003 [70] and CNT fiber microelectrodes have been
developed for dopamine detection using DPV [71], chronoamperometry [68], and
ESCV [72, 73]. Two distinct routes have been developed for manufacturing CNT fib-
ers: wet-spinning a suspension of CNTs into a bath or direct spinning a fiber from a
CNT forest. In solution based wet spinning, CNTs are either dissolved or dispersed in
a fluid, extruded out of a spinneret, and coagulated into a solid fiber by extracting the
dispersant [74, 75]. Neat CNT fibers can be spun into a polymer bath, such as poly(vinyl
alcohol) (PVA) [76] or poly(ethylene)imine (PEI) [77], in which the polymer molecules
act as coagulators for CNTs to enhance the intertube interactions. Our group has suc-
cessfully applied PEI/CNT fiber microelectrodes for in vivo monitoring of dopamine
and serotonin in brain slice [69]. Thin, uniform fibers were fabricated by wet spinning
CNTs into fibers using PEI as a coagulating polymer. In comparison to PVA/CNT fib-
ers, PEI/CNT fibers have better LODs of dopamine (4.7+0.2nM) and lower
overpotential.

An alternative fiber production route employs a solid state process where CNTs are
either directly spun as a fiber from the synthesis reaction zone [78] or from a CNT for-
est grown on a solid substrate [79]. Continuous CNT yarns, generated by drawing one
end of the VACNT arrays, are favorable because of the improved conductivity and CNT
alignment [80, 81]. Moreover, compared to CNT fibers which are produced with the
incorporation of polymers, CNT yarns are made of CNTs only, without impurities.
Schmidt et al. first used CNT yarn microelectrodes (CNTYMEs) for neurotransmitter
monitoring [73]. In this study, the yarns were customizable and tailored for sensitive
detection of neurotransmitters. Dopamine concentration fluctuations were successfully
detected in acute brain slices using FSCV. Our group utilized a commercially-available
CNT yarn fabricated microelectrodes for dopamine detection with LOD of 13+2nM
[72]. We also found the dopamine signal is independent to the repetition rate with
FSCV at CNT yarn microelectrodes, an advantage over conventionally used CFMEs
which lose sensitivity with increasing repetition rate (Figure 3.1d, e). The high
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sensitivity with rapid measurement at CNT yarn provides high temporal resolution for
neurotransmitters detection and the ability to monitor reaction intermediates and per-
form neurochemical redox reaction kinetic studies.

To further improve the sensitivity of CNT yarn microelectrodes, our group intro-
duced laser treatment as a simple, reproducible, and efficient surface modification
method. At rapid scan repetition frequencies using FSCV, the dopamine LOD was
13+2nM [82]. In this work, 15 pulses of a KrF 248 nm pulsed excimer laser was
applied, which increased the surface area and oxygen containing functional groups on
the CNT yarn surface. CNT yarn microelectrodes were applied for in vivo measure-
ment for the first time and maintained high dopamine sensitivity with rapid
measurements.

Because of the well aligned CNTs, abundant surface oxide groups, and promising
reproducibility, CNT fiber and yarn microelectrodes have already been used for both
in tissue and iz vivo measurements of neurotransmitters [73, 82, 83]. Although sev-
eral kinds of CNT fibers/yarns and surface modifications methods have been applied,
the fundamental understanding of the neurotransmitter reaction mechanism on the
surface and the effects of bio-fouling are still elusive and need further study.

3.2.4 Carbon Nanoelectrodes and Carbon Nanomaterial-based Electrode Array

Nanoscale carbon electrodes are useful for localized detection of neurotransmitters at
the level of single cells, single vesicles, as well as single synapses. Small animal models
such as Drosophila and zebrafish have attracted more attention recently due to their
homologous neurotransmitters with mammals and easy, fast genetic manipulations
[84—-86]. The small dimensions of the central nervous systems of Drosophila and
zebrafish requires better spatial resolution and a small, dagger-like electrode than can
penetrate through the tough glial sheath barrier with minimal tissue damage.
Nanoelectrodes can be used as single sensors or as an array of densely packed nanom-
eter scaled sensors.

Since the geometric surface area of nanoelectrodes is much smaller than microelec-
trodes, the application of CNs helps improve the sensitivity with a limited surface area.
Li et al. used carbon fiber nanometric electrodes for direct monitoring of exocytotic
flux from inside an individual synapse in real time [87]. The facile and robust nanoelec-
trodes were fabricated by flame-etching a glass-pulled microelectrode, which was sub-
sequently etched with a microforge to yield a fine conical tip with diameter less than
100 nm and controlled shaft length (500—2000 nm, Figure 3.2a, b). The real-time moni-
toring inside neuronal junctions and neuromuscular junctions using amperometry
(Figure 3.2c) demonstrated the versatility and importance of this new tool.

Our group reported a small, robust, carbon nanopipette electrode (CNPE) for dopa-
mine detection in Drosophila brain [85]. The CNPEs are fabricated by selectively
depositing a carbon layer on the inside of a pulled-quartz capillary that is chemically
etched to expose the carbon tip. The electrodes had an average diameter of 250 nm and
controllable exposed length of 5 to 175 um. The LOD of 25 + 5nM with FSCV is similar
to CFMEs but the size is one order of magnitude smaller in diameter than typical
CFEMEs. CNPEs were used to detect endogenous dopamine release in Drosophila larvae
using optogenetic stimulations, which verified the utility of CNPEs for in vivo neurosci-
ence studies. This is the first work to combine carbon nanoelectrodes and FSCV
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together, providing a promising solution for the measurements with both high spatial,
temporal resolution and high selectivity.

Neurotransmitter release varies not only within discrete substructures of the brain
but also across individual cells [88]. Multi-electrode arrays (MEAs) consolidate multiple
sensing elements onto a single device for spatially resolved profiling of neurochemical
dynamics as well as simultaneous detection of different analytes [84]. Suzuki ez al. used
planar CNTs-MEA chips for the measurements of dopamine release and electrophysi-
ological responses [89]. These CNT-based MEA chips were fabricated by electroplating
bamboo structured MWCNTs on a photolithography-produced indium tin oxide (ITO)
electrode (Figure 3.2d—f). The LOD for dopamine was 1nM using amperometry, and
the CNT-MEA chips were used to monitor synaptic dopamine release from mouse stri-
atal brain slices. Similarly, Clark et al. reported a functionalized CNT electrode array
for dopamine and ascorbic acid detection [90]. These CNT-MEA chips have 64 indi-
vidually addressable electrodes of oxygen-functionalized CN'Ts grown on Pt electrodes.
The reduced impedance led to improved signal-to-noise ratio. Diner et al. applied a
nanocrystalline boron doped diamond (BDD) nanoelectrodes array for dopamine
detection, combining the advantages of high spatial resolution nanoelectrode arrays
with the promising electrochemical properties of BDD [91]. The dopamine detection
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Figure 3.2 Nanoelectrode designs for neurotransmitter detection. (a—c) Carbon fiber nanotip
electrodes. (a) Schematic diagram showing main process for fabrication of conical CFNEs. (b)
Amplified picture of its tip; the scale bar is 1 um. (c) Bright-field photomicrographs showing the tip of
a sensor inside a synapse between a varicosity of a SCG neuron and the soma of another SCG neuron,
scale bars: 5 um. (d-f) Carbon nanotube-microelectrode arrays. (d) A sample CNT-MEA chip
containing 64 electrical recording sites. Scale bar: 1 cm. (e) Phase-contrast image of a CNT-MEA chip
showing the spatial configuration of electrodes. Each electrode is 50 um x 50 um. Scale bar: 100 um.
(f) SEM image of the CNT-MEA chip surface. Scale bar: 200 nm. Source: (a—c) Zhang 2014 [871].
Reproduced with permission of John Wiley and Sons. (d—f) Suzuki 2013 [89]. Reproduced with
permission of Elsevier.



64

Nanocarbons for Electroanalysis

sensitivity was 57.9nA uM ™' cm ™ and the selectivity for dopamine over ascorbic acid
was high due to the negative charge after oxygen-termination.

Carbon-based nanoelectrodes provide robust and sharp tips for neurotransmitter
detection at thelevel of single synapses, vesicles, and single cells in vivo. Nanoelectrodes
provide high spatial resolution, low background current from double layer charging,
and minimal tissue damage. The majority of carbon-based nanoelectrodes consist of
protruding carbon materials (e.g. carbon fiber) with the exposed length of several to
tens of micrometer; therefore the resolution is not nanometer sized in all dimen-
sions.[92]. Compared to single nanoelectrode systems, carbon-based nanoelectrodes
arrays allow detection of neurotransmitters at network levels. However, the stiff and
large silicon wafer and bulk metal substrates limit their in vivo applications. Van
Dersarl et al. fabricated a flexible implantable neural probe for electrochemical dopa-
mine sensing [93]. The electrode arrays were fabricated on silicon carrier wafers and
then released from the substrate by chemical/electrochemical dissolution, which
makes the electrodes array flexible and used for long-term neurotransmitter monitor-
ing in vivo. As the development of CNs and new electrodes continues, we expect more
attention will be focused on increasing the sensitivity and nanometer-scaled resolu-
tion in vivo, especially for measurements at single synapses and smaller model
organisms.

3.2.5 Conclusions

The dip coating/drop casting method is an ideal method for testing early stage elec-
trochemical performance of novel CNs or combining CNs with polymers and/or
metal NPs for neurotransmitter detection. However, disadvantages include the non-
homogeneous coating, low reproducibility, and complicated fabrication as well as
restricted diffusion and decreased conductivity which jeopardizes electrochemical
performance [3]. In comparison, direct growth of CNs on microelectrodes leads to
high conductivity, larger amounts of electroactive sites, higher reproducibility, and
easier batch fabrication. CNTs fiber/yarn microelectrodes are expected to be a poten-
tial alternative to CFMEs for in vivo neurotransmitter detection because the highly
aligned CNTs lead to controllable electrochemical properties. Moreover, the electro-
chemical properties of CNT yarn microelectrodes can be controlled by surface treat-
ments, which allows researchers to tune the material depending on the requirements
of sensitivity and selectivity to different analytes [82]. The development of flexible
electrodes is another future path since most electrodes/arrays are made from stiff sili-
con or metal substrates, which limit their in vivo application [94]. Overall, the best
LOD is achieved by the planar CNT-MEA chip with chronoamperometric measure-
ments of dopamine release (1nM) [89]. The best LOD for microelectrodes is
4.7 £0.2nM, achieved by PEI/CNT fiber microelectrodes [69]. While most of the cur-
rent experiments have concentrated on dopamine detection, future studies could
expand the analytes detected and strive for better sensitivity and selectivity at smaller
electrodes for a range of neurochemicals.

In this section, we covered the recent methods to fabricate CNs-based electrochemi-
cal sensors for direct neurotransmitter detection and compared strategies for incorpo-
rating CNs into sensors. In the next section, we focus on the applications of these CNs
based sensors to address remaining challenges for the fundamental understanding of
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neurotransmitter reaction mechanisms, reducing biofouling, as well as the application
of reusable electrode designs.

3.3. Challenges and Future Directions

3.3.1 Correlation Between Electrochemical Performance and Carbon
Nanomaterial Surface Properties

Dopamine is a catecholamine with heterogeneous electron transfer that is strongly
dependent on surface properties and electrocatalysis [4]. The electrostatic interactions
between negatively charged oxide groups on the carbon surface and positively charged
dopamine at physiological pH as well as the 7—x stacking between CNs and the catechol
significantly influence the redox reactions [95]. The redox processes of dopamine
depend on the existence of surface oxygen-containing functional groups, such as car-
bonyl or carboxylate, which can readily adsorb neurotransmitters and facilitate electron
transfer [4, 9]. While CNs can enhance the surface for dopamine redox reactions, cor-
relating the exact properties of the nanomaterials with electrochemistry is
challenging.

CNTs and graphene have abundant sp>-hybridized, edge plane carbons that can be
oxidized to provide functional groups compared to conventionally used glassy carbon
and carbon fiber [96]. The morphology of CNs and the density of edge plane sites sig-
nificantly influence the redox reactions. In order to study only the electrochemical
properties of CNTs, it is useful to have a substrate that is not sensitive to dopamine [97].
For example, the direct growth of aligned CNTs on metal wires (described in sec-
tion 3.2.2) was useful for characterizing the electrochemistry of the ends of CNTs [57].
The morphology of CNTs grown on Nb (forest-like) is denser and shorter than CNTs
grown on other substrates (spaghetti-like), and the ends of the tubes are likely to have
exposed defects sites for electron transfer. In comparison, the diffusion of dopamine
may be restricted between the longer CNTs in spaghetti-like CNT grown on other sub-
strates. The dopamine redox reaction is more reversible at CNT electrodes than at
carbon fibers, due to similar adsorption energies at the CNT surface, which gives bigger
reduction peaks compared to CEMEs. Similarly, Muguruma et al. reported an electro-
chemical study of the synthetic pathway of dopamine (DA), dopamine-o-quinone
(DAQ), leucodopaminechrome (LDAC), and dopaminechrome (DAC) at an electrode
made of long-length (hundred microns) CNTs dispersed in solution with surfactant
cellulose [98]. The electrically conducting networks of long-length CNTs had long
n-electron networks and were denser than those of normal-length CNT electrode
resulting in reduced activation potential for oxidation and efficient propagation of the
electron produced by LDAC = DAC reaction. The observation of predominant second
redox couple (LDAC = DAC) at long-length CNTs could be used as a quantitative and
selective detection of dopamine just as in the conventional strategy of direct oxidation
of dopamine (DA = DOQ). These two works show that CNT alignment, length, and
density affect both sensitivity and the dopamine redox reaction products.

Surface properties of CN based electrodes also influence their temporal resolution
with FSCV measurements. FSCV is the preferred in vivo electrochemical method
because the CV fingerprint aids in analyte identification and the typical 100ms
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temporal resolution allows neurotransmitter measurements on a subsecond time scale
[5, 99-101]. At traditional CFMEs, dopamine signal decreases with increasing scan
repetition frequency and the 10Hz repetition frequency is a compromise between
temporal resolution and sensitivity [102, 103]. While methods to improve temporal
resolution by raising the scan rate have been explored, the oxidation current still
decreases with increasing scan repetition frequency [104, 105]. Our group has recently
discovered that at CNTYMEs (described in section 3.2.3), the dopamine current does
not change significantly with increasing scan repetition frequency: at a scan rate of
2000V/s, dopamine can be detected, without any loss in sensitivity, with scan frequen-
cies up to 500Hz [72]. Thus, the temporal resolution is four times faster without a
decrease in signal. The cause of this increased temporal resolution is differences in
dopamine and DOQ adsorption and desorption kinetics; at CNTYMEs, the rates of
desorption for dopamine and DOQ are almost identical, while at CFMEs, the rate of
desorption for DOQ is over an order of magnitude higher than that for dopamine.
Therefore, CNT morphology and roughness affect the temporal resolution of measure-
ments and CNTYMEs enable high speed measurements with high sensitivity, since
there is no compromise in current with higher sampling rates.

Surface roughness is another important factor affecting the dopamine redox reaction.
In our recent work, laser-etched CNT yarn microelectrodes (described in section 3.2.3)
were used for the in vivo detection of dopamine [82]. The trend for frequency inde-
pendence at laser-etched CNTYMEs was better than unmodified CNTYMEs which
were much better than CFMEs. This matched the trend of surface roughness; the mean
surface roughness of the laser-etched CNT yarn is significantly larger than CFMEs, on
the same order of magnitude as the dopamine diffusion distance (Figure 3.3).

Thus, dopamine and DOQ are more likely to get trapped near the surface, leading to
better reversibility. Additionally, the main reason that the signal decreases with increas-
ing scan repetition frequency for CFMEs is that DOQ desorbs and diffuses away from
the electrode. At the rough, laser-etched CNTYME surface, the DOQ would remain
close to the surface if it desorbs and thus could more easily absorb again, and be reduced
back to dopamine. The response at the electrodes surface would be similar to that in a
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Figure 3.3 Representative three-dimensional laser confocal profile image of a laser treated CNT yarn
microelectrode and a CFME. Insets indicate the associated line plot from each sample. Note the scales
are different for the different panels. Source: Yang 2016 [82]. Reproduced with permission of the
American Chemical Society.
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thin layer cell, without influencing the temporal response remarkably. Similar results
were obtained at PEDOT/graphene oxide coated CFMEs, in which the surface rough-
ness modified by the coating significantly affected the dopamine redox reaction
reversibility [106]. Thus, as new surfaces are designed with CNs, crevices that are on the
order of the diffusion length can lead to enhanced temporal resolution due to thin layer
cell effects.

A better understanding of the correlation between surface properties CNs, including
alignment, length, edge plane sites, surface functionalization, and surface roughness,
and the electrochemical performance of neurotransmitters will allow researchers to
tailor the electrochemistry by applying different CNs or surface modifications. The bet-
ter aligned CNTs on electrode surface provide higher conductivity and more electroac-
tive sites for dopamine compared to non-oriented, spaghetti-like CNTs. Long-length
CNTs form denser conducting networks than the normal-length CNTs, facilitating
detection of the second dopamine redox couple, which would be used as a quantitative
and selective detection of dopamine. Surface roughness on the order of dopamine dif-
fusion length momentarily traps dopamine and allows higher temporal resolution
measurements than at conventional CFMEs. In addition, most sensor designs are based
on maximizing exposure of edge plane defects [107], but several recent studies demon-
strate there is also electrochemical activity on the side walls of CNTs [107-110].
Therefore, the extent to which CNT sidewalls are electrocatalytic for dopamine is still
not well understood and future studies are needed.

To date, almost all studies have focused on dopamine but future research is required
to understand the interaction between other electroactive neurotransmitters/neuro-
chemicals (e.g. adenosine, epinephrine, ascorbic acid) and CNs other than CNTs (e.g.
graphene, fullerenes, boron-doped diamond, diamond-like carbon). A better funda-
mental understanding of how CN properties lead to electrochemical response will
enable rational development of future electrodes.

3.3.2 Carbon Nanomaterial-based Anti-fouling Strategies for in vivo
Measurements of Neurotransmitters

Surface fouling can severely affect the sensitivity and reproducibility of electrochemical
sensing in vivo and CNs have been proposed as a technique to alleviate surface fouling.
Electrode fouling involves the surface passivation by a fouling agent that forms an
increasingly impermeable layer on the electrode, inhibiting the direct contact of the
analyte with the electrode surface for electron transfer [111]. Two main types of fouling
arise: (1) passive biological fouling by tissue species such as proteins and lipids and (2)
active fouling by byproducts of the analyte redox reaction that form the insulating layer.
The fouling agent can adhere to the electrode surface as a result of hydrophobic, hydro-
philic, or electrostatic interactions [4, 112]. For example, the products of serotonin
oxidation are very reactive and may form an insulating film on the electrode surface,
thus jeopardizing the long-term stability of the electrodes [113, 114]. Commonly used
antifouling strategies include the addition of a protective layer or barrier on the CNs
substrate (polymeric film [115, 116] or metal nanoparticles [117-119]), electrode sur-
face modifications [120, 121], and electrochemical activation [122, 123]. This section
examines recent efforts to study fouling resistance study at CN electrodes and develop
CN-based antifouling strategies.
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The hydrophilic surface of CN electrodes facilitates their antifouling properties
[111]. Electrodes with hydrophobic surfaces promote adsorption of hydrophobic
molecules, including aromatic compounds and proteins [111]. These hydrophobic
interactions are sufficiently favorable, especially in an aqueous condition, that they
are typically irreversible [4]. In contrast, fouling caused by hydrophilic interactions
tends to be more reversible [124]. Therefore, many strategies aimed at reducing foul-
ing by the application of CNs target reducing the hydrophobicity of the electrode
surface. Xiang et al. reported VACNTs grown on carbon-fiber electrodes (described
in section 3.2.2) exhibited good resistance against electrode fouling in high concen-
tration (0.5 mM) ascorbate solution, with only 2% signal decrease for 30 min continu-
ous amperometric measurements[55]. Our group found the PEI/CNT fiber
microelectrodes (described in section 3.2.3) have promising antifouling properties for
serotonin. Prevention of electrode fouling from the metabolite of serotonin, 5-hydrox-
yindoleacetic acid, is particularly important because its physiological concentration is
10 times higher than that of serotonin.[69]. At the PEI/CNT fiber microelectrode, the
peak oxidation current for serotonin remained constant upon incubation in 5-hydrox-
yindolacetic acid for 2h and serotonin was successfully measured in brain slices.
Similarly, Harreither et al. reported pristine PVA/CNT fiber microelectrodes exhib-
ited a high resistance to dopamine fouling [68]. While the electrode lost half of its
initial signal in 15min in a high concentration dopamine solution (1 mM), there was
no signal change in 100 pM dopamine for 2 h as the insulating patches grew slower on
the CNT fiber surfaces than on CFMEs. Since the basal levels of extracellular dopa-
mine are around 10-30nM and phasic release during fast burst of firing results in
release from 0.1 to 1 uM [3], lack of fouling at low concentrations could make them
advantageous in vivo. The antifouling properties of both the VACNT carbon fiber,
PVA/CNT and PEI/CNT fiber electrodes are likely due to the presence of large
amount of functionalized edge plane sites on CNTs which makes the surface
hydrophilic.

Boron-doped diamond exhibits a high chemical stability and high resistance to sur-
face fouling, usually at the expense of decreased reaction kinetics in comparison to
other CNs [125, 126]. Patel et al. compared several different carbon electrodes for
their antifouling properties for dopamine, including glassy carbon, oxygen-termi-
nated polycrystalline boron-doped diamond (pBDD), edge plane pyrolytic graphite
(EPPQG), basal plane pyrolytic graphite (BPPG), and the basal surface of highly ori-
ented pyrolytic graphite (HOPG) [127]. Although pBDD was found to be the least
susceptible to surface fouling even at relatively high dopamine concentration, the
reaction kinetics were relatively slow. In contrast, the reaction of 100 uM dopamine at
pristine basal plane HOPG had fast dopamine fouling kinetics and only minor suscep-
tibility toward surface fouling. The basal sp” hybridized carbons promote strong cou-
pling of dopamine, leading not only to fast electron transfer kinetics but also to
blocking of the electrode by products of the reaction. Meanwhile, the adsorption of
dopamine and its oxidation products at pBDD is much less extensive, which is con-
sistent with the slower electrochemical kinetics and the promising anti-passivation
property.

Fouling due to adsorption of biological macromolecules, such as proteins, is also
important to minimize for optimal sensor performance because adsorption affects
mass transport and electron transfer kinetics [128]. Soluble proteins are often
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Figure 3.4 Schematic illustration of amperometric response at the electrode/electrolyte interface in
different concentrations of protein. Source: Liu 2016 [130]. Reproduced with permission of American
Chemical Society.

hydrophilic on the surface to interact with the aqueous environment and hydrophobic
on the inside to maintain protein folding or the binding of hydrophobic materials
[111]. Thus, proteins can foul electrode through both hydrophilic and hydrophobic
interactions. Harreither et al. reported PVA/CNT fiber electrodes (described in sec-
tion 3.2.3) were more resistant to fouling than the traditional carbon-fiber electrodes
for dopamine detection in the presence of bovine serum albumin (BSA), which
accounts for about 50% of total plasma protein content [129]. The presence of albumin
reduces the impact of dopamine fouling because the sulfur on the BSA competed with
the amine moiety for the nucleophilic binding to the oxidized catechol (a critical step
initiating dopamine fouling) and therefore reduced the rate of dopamine polymeriza-
tion on the electrode surface. Similarly, Liu et al. recently reported a new, effective
solution for electrode calibration for in vivo measurements by pretreating MWCNTS/
CFMEs with BSA [130]. The ratio of the sensitivity obtained with the post-calibration
to that obtained with pre-calibration containing BSA was about 94%. Essentially, the
strategy is to pre-foul the electrodes before implantation, and thus they will not be
sensitive to BSA overadsorption or changes in their surface hydrophobicity upon
implantation (Figure 3.4).

The electrodes also exhibited a high selectivity for ascorbate against dopamine,
DOPAC, uric acid, and serotonin. Chen et al. evaluated the impact of the surface charges
and morphology of PEDOT modified gold electrodes on the detection of dopamine,
ascorbic acid, and uric acid in the presence of proteins, including BSA, lysozyme, and
fibrinogen [131]. The adsorption of positively charged lysozyme promoted sensitive
detection of ascorbic acid and uric acid, and all protein adsorption lowered the dopa-
mine sensitivity. Although a gold electrode was used in this study, it provides a good
reference for the future study focusing on the neurotransmitters detection at CN-based
electrodes in the presence of different proteins.

In summary, CNs are being used to change the surface chemistry and improve the
surface fouling resistance [132]. While polymer incorporated CN electrodes, such as
PEDOT:PSS [115], PEDOT:GO [106] and Nafion-CNT [133], have been proposed to
provide fouling resistance for in vivo, polymers can affect temporal response and not
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all are effective [116]. Thus, the future research will likely focus on the promising foul-
ing resistance at CNs such as BDD, HOPG, VACNTs, and CNT fibers. In particular,
hydrophilic CN surfaces tend to have better antifouling properties because of the
higher reversibility of hydrophilic interactions with the surface than the hydrophobic
interactions. Oxidation of the surface of CNs to introduce oxygen-containing func-
tional groups is the easiest method to make the surface more hydrophilic, and oxidized
CNss are preferred for in vivo neurotransmitters detection because they lead to both
fouling resistance and high sensitivity. The surface roughness is another important
factor contributing to the fouling resistance, contributing to the observed antifouling
properties of superhydrophobic electrodes [134, 135]. Promising methods for future
cleaning of adsorbed materials include including applying single anodic/cathodic
potentials [123, 136, 137] or a train of pulses to periodically clean the electrode surface
[138, 139]. The antifouling mechanism for anodic/cathodic potential relies on altering
the amount of oxygen functionalities, which affects surface hydrophilicity [111, 112].
Future studies should focus on how surface properties affect fouling and more studies
should work to make measurements in actual tissue, where fouling can truly be
evaluated.

3.3.3 Reusable Carbon Nanomaterial-based Electrodes

CN based electrode manufacturing methods are becoming less expensive, more repro-
ducibile, and faster for batch fabrication. However, most of the sensors with CNs are
non-reusable and the fouling of analytes/interferences is irreversible, which limits the
sensors sustainability and potentially increases the cost for each measurement. To fab-
ricate reusable CN electrodes, several strategies have been applied, including magnetic
entrapment, molecularly imprinted electrodes, and TiO, nanoparticle based surface
self-cleaning. The strategies are important for implantable sensors, but also for future
device such as microchip devices, that make continual measurements.

Magnetic entrapment is based on the strong, non-specific adsorption of CNTs to
protein—coated magnetic micro-particles (MPs) [132]. The MP/CNT assemblies can
then be magnetically captured on cheap and disposable SPEs. Mufioz’s group reported
carboxylated SWCNT-coated MP modified SPEs for the detection of dopamine
(Figure 3.5a), with the LOD of 0.71 uM [140].

The magnetic coentrapment approach allows the SPE modified electrodes to be
reused at least 15 consecutive times, but the LOD was not improved over other meth-
ods and the sensitivity lost with increasing times of consecutive measurements was not
reported. Recently, Herrasti et al. reported an improved MP-based biosensor for the
detection of uric acid [141]. More than ten consecutive cycles of electrode regeneration
and nanostructuration were performed without losing electrode performance. However,
the sensitivity (LOD of 0.86 pM) is still not high enough to measure physiological dopa-
mine levels in vivo. None of the magnetic entrapment based sensors have been applied
for neurotransmitter detection in any real biological samples, which is necessary to
investigate possible interferences.

Molecular imprinting has become a powerful tool for the preparation of polymeric
materials which can specifically bind a target molecule. Molecularly imprinted poly-
mers (MIPs) are tailor-made for a given target molecules, giving them high chemical
selectivity [142], and the complete removal of target neurotransmitters allow
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MIP-based electrode to be reused. CNs provide enhanced conductivity, increased sur-
face to volume ratio, and maximized porosity in the MIPs. CNs also enhance binding to
shorten the incubation and extraction time, improving the temporal resolution of
detection. Qian et al. reported an ultrasensitive dopamine sensor based on molecularly
imprinted oxygen containing polypyrrole (PPy) coated CNTs, in which a novel PPy is
produced via polymerization with the incorporation of oxygen-containing groups on
PPy backbone [143]. Dopamine was imprinted on PPy via n-n stacking between aro-
matic rings and hydrogen bonds between amino groups of DA and oxygen-containing
groups of PPy. The sensor exhibited a high sensitivity of 16 yA pM and a low detection
limit of 0.01 nM for dopamine. After 20 cycles of CV in 0.5 M KOH, the current response
was nearly zero, which demonstrates the complete removal of template molecules.
Although the concentration of dopamine in human serum and urine samples was deter-
mined in this work, the sensitivity for consecutive measurements were not tested. In
addition, an incubation time of two minutes is required for stable signal, which is
improved compared to previous work [144], but still would limit temporal resolution
for real-time measurements.

Photocatalysts such as TiO, and ZnO can decompose organic molecules by generat-
ing oxygen radicals after ultraviolet irradiation without altering the surface morphology
and structure [145, 146]. Photocatalytic cleaning methods have therefore been tested
for feasibility with CN-based sophisticated sensors, and TiO, NP-decorated CN-based
sensors could be cleaned simply by ultraviolet light irradiation and re-used indefinitely
[147]. Xu et al. used a sensor fabricated by controllable assembly of reduced graphene
oxide (RGO) and TiO, to form a sandwich structure, followed by deposition of Au NPs
onto the RGO shell. The encapsulated TiO, ensures an excellent photocatalytic clean-
ing property (Figure 3.5b) [148]. 5-HT was used as a model passivation molecule, which
caused a signal drop by accumulation of a non-electrochemically active oxidation prod-
uct on the electrode surface. Thirty minutes of UV light irradiation after passivation
recovers the sensitivity to 90% (Figure 3.5c). The application of this renewable micro-
sensor for sensitive detection of nitric oxide release from cells demonstrated the photo-
catalytic cleaning of absorbed polymers, proteins, and cell culture medium. Another
advantage of TiO, is the negative charge at physiological pH, which would repel other
negatively charged interferences such as uric acid and ascorbic acid, and enhance the
attraction of cationic neurochemicals (dopamine, adenosine, etc.) [149]. The combina-
tion of photocatalyst and CNs provides a versatile and efficient way for sensitive and
renewable sensors for neurotransmitters detection.

Research into reusable electrodes is just beginning and will lead to electrodes that
can be used either multiple times in vivo or as detectors for separations or in micro-
fluidic devices, where constant changing of the sensor is not possible. The magneti-
cally entrapped SWCNTs electrodes did not lose sensitivity with 15 consecutive
measurements in ferrocyanide solution but more testing is needed for other interfer-
ences and surface fouling agents [140, 141]. In comparison, the RGO and TiO, NP
electrodes lose some sensitivity over time, but the surface can be cleaned with UV
light treatment [148]. However, UV light treatment cannot be performed in the brain
so this would only clean electrodes between samples. For the neurotransmitter moni-
toring at molecularly imprinted electrodes, the measurement is not real time
(30s—10 min dopamine adsorption time was required), which limit the future applica-
tions. Overall, because of the large surface area, high conductivity of CNs, the
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self-cleaning property, TiO,/CNs electrodes is the most favorable strategy for making
reusable electrodes.

3.4 Conclusions

While CN electrode studies traditionally focused on CNTs, research has now been
extended into many types of materials such as graphene and its derivatives. Newer car-
bon materials are being used such as carbon nanospikes [60], carbon nanohorns [46, 47]
and CNT yarns [72, 73, 82]. Instead of a one-pot approach simply combining CNs with
polymers and metal NPs, newer methods that allow growth of CNs directly on the elec-
trode substrate [55-57, 62, 64] or fabrication of electrodes solely from CNs are useful
for understanding the electrochemical properties of sensors of the CNs [68, 71-73]. As
the number of materials grow, it is important for studies to compare different types of
CNs under the same conditions. While a few studies examined the differences between
CNs, most studies concentrate on a single electrode design, and it is difficult to evaluate
which nanomaterial is most effective for an application. In particular, future studies that
focus on identifying structural properties that underlie electrochemical performance
will be critical for more rational design of CN-based electrodes. Dopamine redox reac-
tions depend on the surface oxygen-containing functional groups, surface roughness,
and n—r stacking reversibility [9, 95, 122, 150—152]. The fundamental electrocatalytic
activity of CNs and the relationship between functional groups and defects on CNs are
not well understood as some scanning electrochemical microscopy experiments sug-
gest that the side walls of CNTs are also electrochemically active [107-110] while most
sensor designs are based on maximizing exposure of edge plane defects [107]. Thus,
there is a dichotomy between the practical and the fundamental science still needs to be
addressed. New methods to assemble CN-based electrochemical sensors will help elu-
cidate the extent to which electron transfer occurs at either edge plane sites or basal
plane sites.

Implementing CN-based electrodes routinely in vivo is another challenge. The goal
is to continuously monitor neurotransmitters iz vivo and a major issue is surface foul-
ing. Many electrode development studies still do not test CN based electrodes in real
samples, so the extent to which different materials affect surface fouling has not been
extensively studied. Future antifouling strategies should involve the advantages of
CNs, surface modifications, and electrochemical activation methods. Moreover, reus-
able CN electrodes, especially the combination of CNs and TiO; NPs which provide a
self-cleaning property, will draw more interest for applications with repeated meas-
urements. In particular, electrochemical sensors as detectors of separation methods
need to be robust and easily reusable. Researchers need to continue to test their CN
based electrodes in tissue as much as possible and to focus on the use with a wide
variety of neurotransmitters, some of which cause surface passivation. Advances in
fundamental knowledge of new nanomaterials, along with a focus on practical appli-
cations in real-world systems, will lead to breakthroughs in both understanding neu-
rotransmission and development of real-time sensing technology. We expect that CN
based electrodes will see more routine usage in direct neurotransmitter sensing in the
next five years, as their properties are better understood and tailored to in vivo
measurements.
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4.1 Introduction

In recent decades, carbon-based nanomaterials have gained enormous attention in
various fields for their low cost, simple synthesis techniques, abundant resources, envi-
ronmental protection, and numerous excellent physicochemical properties. To date,
carbon-based nanomaterials have developed into a prosperous family, including carbon
nanotubes, graphene, nanodiamond, fullerene, carbon onion, carbon nanohorn, carbon
dots (CDs) and graphene dots (GDs), in which carbon-based dots including CDs and
GDs become burgeoning focuses for their unique structures, photoluminescence prop-
erties, exceptional physicochemical properties, and biocompatibility. Generally speak-
ing, CDs and GDs are usually considered as two different kinds of carbon nanomaterials
due to their distinct morphologies and structures. CDs are classical zero-dimensional
(0D) materials with less than 10 nm diameter. They may be amorphous or nanocrystal-
line with sp* carbon clusters [1]. GDs resemble graphene nanosheets with less than
100nm lateral size. Unlike their cousins, GDs clearly possess a graphene structure
inside the dots and are generally of higher crystallinity, regardless of the dot size [1, 2].

Nowadays, CDs and GDs have achieved considerable success for their superior
potentials in chemical sensing, biosensing, optical sensing, solar cell, biomedicine,
catalysis, and imaging applications [2]. Among these applications, optical sensing and
imaging have been intensively studied due to their excellent fluorescent properties, but
electrochemical sensing is rapidly rising. CDs and GDs are recognized as optimal can-
didates for electroanalytical sensor materials, thanks to (1) their excellent electrochemi-
cal properties such as good electron mobility which facilitate charge transfer and
electrochemical activity, (2) abundant defects and chemical groups on their surface
providing the convenience and flexibility for various kinds of functionalisations,
(3) their highly tunable chemical and electrical properties, and (4) their great stability as
electrode materials [2]. In the present chapter, we will first summarize some recent
progress on CDs and GDs based electrochemical sensing from two aspects, one focuses
the roles of CDs and GDs acted in the whole sensing system, such as substrates, carriers
and signal probes in detail, another one focuses the detection targets with the CDs and
GDs based electrochemical sensing. Then we will simply introduce the branches of
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electrochemical sensing, that is, electrochemiluminescence (ECL) sensing and photo-
electrochemical (PEC) sensing, based on the CDs and GDs.

4.2 CDs and GDs for Electrochemical Sensors

4.2.1 Substrate Materials in Electrochemical Sensing

Owing to their large specific surface area, abundant edge sites, intrinsic catalytic activi-
ties, good electron mobility and chemical stability, CDs and GDs are recognized as
optimal candidates for electroanalytical sensor materials. Due to the electronic and
electrochemical properties, superior biocompatibility, and stable physical properties,
CDs and GDs are considered to be the ideal electrochemical substrates, which are sensi-
tive to minute perturbations, rendering them of great potential for sensitive sensing
applications. As the substrates, the surfaces of CDs and GDs can be decorated with
multifarious functional groups, such as -COOH and —OH groups, allowing a tethering
of the target molecule for sensing applications. As follow, some works based on CDs
and GDs as the substrate including as the electrocatalyst will be introduced in detail.

4.2.1.1 Immobilization and Modification Function

CDs are often employed as the substrate of the electrochemical sensor for its large spe-
cific surface area, unique physicochemical properties, and versatile functionalization
with various functional groups, as, generally, carboxyl, hydroxyl, amino and so on. With
these, varied molecules could be immobilized on the surface of CDs, such as organic
molecules, biomolecules (enzyme, antigen, antibody, protein, DNA, et al.), and modi-
fied inorganic materials. On the other hand, CDs own strong z—z conjugation and elec-
trostatic adsorption, contributing to immobilize organic conjugated molecules and
materials with charged groups.

Chen et al. prepared a CDs/nafion nanocomposite as the substrate of the electro-
chemical sensor [3]. CDs/nafion could generate an architecture layer to immobilize
antibodies (Abs) through generation of a nonconducting immunocomplex towards
antigen (Ag) by immunoreactions. The good conductivity of CDs could also promote
electron propagation on the electrode to improve the sensitivity and enhance electro-
chemical response. After capturing the target antigens (MT-3), the electrochemical
signal of biosensor showed a linear relationship with the logarithm concentrations of
MT-3 from 5 pg ml to 20 ng ml with a detection limit of 2.5 pg ml, much lower than most
of previously reports of label-free immunosensors. Similar work as Gao et al. reported
that a novel PAMAM-CDs/Au nanocrystal nanocomposite was synthesized, exhibiting
excellent conductivity, stability and biocompatibility, for immobilization of anti-alpha-
fetoprotein (anti-AFP) [4]. The immunosensor showed a linear detection range from
100fg ml to 100ng ml with a detection limit of 0.025pg ml. A novel electrochemical
sensor was developed for glucose determination [5]. Nitrogen-doped carbon dots (N-
doped CDs) as the substrate could enhance the electrocatalytic activity toward the
reduction of O,, and efficiently promote electron transfer between enzymes and elec-
trodes, and allow the detection at low potential. The as-expected biosensor showed a
response at the presence of glucose ranging from 1-12mm with a detection limit of
0.25mm.
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GDs are also a promising nanomaterial as the substrate of electrochemical biosensing.
Similar to CDs, GDs exhibit large specific surface area and outstanding physicochemi-
cal properties. Furthermore, GDs are more easily functional by diversified molecules or
nanomaterials, and show more powerful z—z conjugation, due to the unique thin-layer
structure. Ganesh reported a green color emitting GDs through an acid reflux reaction
of graphene oxide (GO) [6]. Such GDs exhibited stable and uniform structure, and pos-
sessed surface functional moieties with epoxide, hydroxyl and carboxyl groups. With
these, biomolecules could be easily immobilized onto the surface of GDs. In this work,
horseradish peroxidase (HRP) enzyme was bound to the GDs surface through amide
interaction. The biosensor with HRP as the enzyme probe and GDs as the substrate was
further used for hydrogen peroxide (H,O,) detection, revealing a well-defined redox
peak. A linear variation of H,O, concentration with reduction current of cyclic voltam-
metry (CV) method was observed from 100 um to 1 mm. Amperometric studies showed
the reduction current increased with the concentration of H,O, and the linear relation-
ship was divided into two parts, ranging from 10-0 um to 1.3 mm, and from 1.7-2.6 mm.
The detection limit are respectively considered to be 530.85nm and 2.16 pm. Dong
et al. reported a simple electrochemical sensor for the detection of non-electroactive
organophosphorus pesticides (OPs) [7]. GDs with abundant hydroxyl and carboxyl
groups were still introduced as the substrate for glassy carbon electrode (GCE) modifi-
cation. Pralidoxime (PAM) was attached on the GDs via electrostatic adsorption and
n—n stacking interaction. PAM is a common used antidotes for OPs, and a nucleophilic
substitution reaction could take place between the oxime group on PAM and OPs, lead-
ing to the reduction of oxidation current of PAM. The current change was proportional
to OPs concentration from 10 pm to 0.5 um, with a detection limit of 6.8 um.

4.2.1.2 Electrocatalysis Function

In addition to the inherent physical and chemical properties, CDs and GDs have two
significant performances, one is the photoluminescence (PL) property and another one
is the strong electrocatalytic performance as a mimic enzyme. In the past decade, CDs
and GDs have already considered to be promising nanomaterials in catalysis field, for
their quantum size, high surface area, supernormal z—z conjugation structure, abun-
dant functional moieties, excellent conductivity, and exposed marginal texture. In some
work, CDs and GDs were introduced as peroxidase-like enzyme for the redox reaction
of hydrogen peroxide (H,0O,), oxygen (O,), and hydroxyl ions (OH"), also considered as
mimic glucose oxidase. In addition, CDs and GDs can be used for the redox reaction of
organic molecules, amino acid, metal ions and related compounds.

1) Electrocatalyst for hydrogen peroxide reduction
H,0, is an important analyte which is excessively used in industry, chemistry and
biology fields. It also plays a crucial role in living cells, cancer and disease, metabo-
lism, cell proliferation and apoptosis, redox reaction in vivo. Thus H,O, determina-
tion and H,O, sensing is quite important. In present methods for H,O, sensing,
electrochemistry is one of the mainstream techniques for its convenience, rapidity,
good selectivity and sensitivity. Generally, related proteins or enzymes will be applied
in the electrochemical sensing for H,O, detection, such as hemoglobin, myoglobin
and horseradish peroxidase. However, both proteins and enzymes will produce some
problem as high cost, limited lifetime and rigorous detection conditions, to limit the
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development of H,O, sensing. Recently, some inorganic nanomaterials such as metal
materials, metal oxides, carbon nanomaterials, were designed as peroxidase-like
enzyme for the free-enzyme sensing of H,O,, replacing related proteins and enzymes.
In these, CDs and GDs are novel carbon-based nanomaterials with mimic enzyme
activity. Compared to traditional carbon-based nanomaterials, CDs and GDs are
more suitable as peroxidase-like enzyme for their quantum size, more exposed mar-
ginal texture, more excellent biocompatibility, and higher surface area, leading to
higher catalysis activity. More recently, CDs and GDs have already be introduced as
substrate and electrocatalyst in H,O, sensing.

Sadhukhan et al. reported a sensitive and selective non-enzymatic, metal-free
electrochemical H,O, sensor based on CDs as electrocatalytic probe in-situ gener-
ated on the surface of graphene sheets [8]. This sensor exhibited an excellent
response towards the electrochemical reduction and oxidation of H,O,, with a linear
relationship between current and H,O, concentration ranging from 10 pm to 1 mm,
with a detection limit of 300nm . Similar to CDs, Umrao et al. reported an enzyme-
free sensor for H,O, detection [9]. Green and blue luminescent GDs (g-GDs and
b-GDs) were introduced as the probes with tunable and switchable functionalities.
The b-GDs was the final product with pH-independent blue luminescence at 433 nm.
Both g-GDs and b-GDs showed exhibited a remarkable response towards the reduc-
tion of H,O,, in which b-GDs were better than g-GDs due to fewer oxygen groups on
the surface with a faster electron transfer rate. The b-GDs-embedded sensor showed
a linear increase of current with H,O, concentration from 1-10 mm with a detection
limit of 0.02 mm.

To further improve the enzymatic activity of CDs and GDs, various heterostruc-
ture nanocomposites were designed combining GDs and CDs with other nanomate-
rials to improve the mimic enzymatic activity. These materials include metal related
nanomaterials, carbon-based nanomaterials. Jahanbakhshi et al. reported a novel
CDs nanohybrid combined with silver nanoparticles (AgNPs/CDs) [10]. The CDs
was synthesized through hydrothermal treatment of salep and Ag NPs were embed-
ded on the CDs surface by ultra-violate (UV) irradiation. Both Ag NPs and CDs
could improve the mimic enzyme activity of the composites. The nanohybrid was
introduced in H,O, sensor as substrate and electrocatalyst, showing a superior per-
formance toward HyO, reduction with high stability and sensitivity. The linear range
of HyO, determination was from 0.2—-27.0 um with a limit detection of 80nm. The
H,0, detection in living cells was further successfully achieved with human breast
adenocarcinoma cell line MCEF-7. Yang et al. prepared a novel GDs/ZnO hybrid
nanofibers (NFs) by electrospun polymer templates [11]. This GDs/ZnO hybrid
nanofibers were introduced in a biosensor as the catalytic probes for the intracellular
H,0,; detection from cancer cells and normal cells after anticancer drugs treatment.
The rGO QDs/ZnO hybrid nanofibers were fabricated by electrospinning and
hydrothermal growth method. ZnO NFs with good electrochemical activity and bio-
compatibility make the sensors possess high sensitivities, low detection limits, and
fast electron transfer. The hybrid ZnO NFs are also endowed with catalytic perfor-
mance. GDs were decorated on the surface of ZnO NFs, leading to enhanced cata-
lytical activity, ascribed to the large surface area and the synergistic effect. The
as-expected hybrid nanofibers based electrochemical sensor exhibited high electro-
catalytic activity of H,O, from prostate cancer cells (PC-3) with (320 + 12) amol/cell
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and noncancerous cells (BPH-1) with (210 + 6) amol/cell. Bai et al. reported a novel
enzyme-free hydrogen peroxide sensor based on the CDs modified multi-walled
carbon nanotubes (MWCNTs) composites (CDs/MWCNTs). MWCNTs have
attached excellent physical and chemical properties due to the superior conductivity,
large surface area and high stability as the great electrode substrate and catalysts.
Pure MWCNTs show low catalytic activity, thus it is necessary to introduce CDs to
increase the catalytic sites with the increase of edge plane-like defective sites. CDs/
MWCNTs based electrode possessed a significant enhanced electrocatalytic activity
for H,O, determination compared to pure MWCNTs and pure CDs. The current
response was proportional to HyO, concentration ranging from 3.5 pym to 30 mm
with a detection limit of 0.25um. The sensor was further applied to monitor the
real-time tracking of H,O, released from human cervical cancer cells. In addition to
combination with other nanomaterials, the catalytic activity of CDs and GDs could
also be enhanced via doping with other elements. Ju et al. reported a nitrogen-doped
GDs (N-GDs) with enhanced catalytic activity for the reduction of H,O, [12]. They
believed that since carbon materials could serve as reducing agents for metal nano-
particles reduction. The chemically doped N atoms will introduce more active sites
and new electronic characteristics. Besides, N doping will also support more anchor-
ing sites for the nucleation and growth of metal NPs. Thus, in this work, N-GDs
modified with the in situ growth of Au NPs (Au NPs-N-GDs) were designed with
significant enhanced catalytic activity as the catalytic probes. The electrochemical
sensor based on the AuNPs/N-GDs composites exhibited sensitive and selective
detection of H,O, in human serum and live cells. The linear ranged from 0.25 um to
13.327 mm with a detection limit of 0.12 um.

Besides HyO,, the reaction of O, and OH™ was also investigated with enzyme free
electrochemical sensor based on CDs and GDs as the catalytic probes. A novel GDs
modified y-MnOOH nanotubes on the surface of three-dimensional (3D) graphene
aerogels (y-MnOOH@GA/GDs) were synthesized as a highly efficient electrocata-
lyst [13]. The composites were used for oxygen reduction reaction (ORR) on a cath-
ode. The common used ORR catalysts include platinum (Pt), ruthenium (Ru) and
their alloys with high cost and limited scarce resources. Instead of Pt and Ru, man-
ganese compounds are much cheaper and rich in resources, with advantages of low
toxicity and multiple valence states. Among the manganese compounds, the cata-
lytic activity of y-MnOOH for ORR is generally higher for its unique composition,
structure, and morphology. MnOOH possesses excellent catalytic activity due to the
disproportionation of the produced O," into O, and HO,", and then into O, and
OH" in an alkaline media. Introducing carbon materials into y-MnOOH could
increase the electronic conductivity and enhance the ORR catalytic activity. 3D gra-
phene aerogels are suitable as the substrate with unique structure, large surface area,
good conductivity, and enhanced electron and ion transfer to improve the catalytic
performance. GDs with abundant oxygen functional groups, strong quantum con-
finement and edge effects, could generate positive charged active sites for the
adsorption of O,. The edge structure of GDs will also promote the ORR reaction.
Thus, in this work, y-MnOOH@GA/GDs was introduced as the cathode substrate
for the reduction of O, with a significant performance. The intercalating property of
OH" was investigated by Doroodmand et al. through reversible conversion of GDs
into CDs by electrochemical techniques [14]. The research showed that OH™ could
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selectively intercalate the nanocarbons, leading to reversible conversion of GDs to
CDs, where OH™ acted as intercalating agent to make the GDs become aggregate
CDs. Through this phenomenon, OH™ could be separated by the electro-filtration
process, OH™ could also be exchanged with other anionic species, and the concen-
tration of OH™ could be detected by the GDs based electrochemical sensor with an
enhanced electrochemical response. The detection limit is up to 1.5m of OH".

2) Electrocatalysis of organic redox reaction

In many ways, organic molecules are distributed in numerous fields including indus-
trial manufacture, life movement, medicine, material life, and so on. Thus it is neces-
sary for the determination of these organic molecules, especially those with special
significance and value. Various techniques are designed for the determination of
organic molecules, including chromatography, fluorescence, mass spectrometry,
spectrophotometry and electrochemistry. Electrochemical technique has gained
much attention to the determination of organic molecules for its simple operation,
low cost and high sensitivity. The detection of organic molecules by electrochemical
sensing could be possible, due to the electrochemical activity of them with the inher-
ent redox reaction. In addition, to improve the performance of electrochemical sens-
ing, many materials are introduced for the detection with enhanced electrocatalytic
activity, including metal oxides, conducting polymers, carbon-based materials, etc.
Among these materials, CDs and GDs, as novel carbon-based nanomaterials devel-
oped in recent years, are also applied in the electrochemical sensing for their unique
properties. For example, dopamine (DA) is one member of catecholamine family
released from the brain to regulate the central nervous, hormonal, and cardiovascu-
lar systems of human beings, which could also be artificially produced. Nowadays,
DA is widely studied in the clinical fields for its potential relationship with various
diseases. Jiang et al. reported an electrochemical sensor based on N-doped carbon
quantum dots (NCDs) as the substrate and a mimic enzyme for the high sensitive
detection of DA [15]. NCDs could improve the electrocatalytic activity of the sensor
due to good conductivity, abundant functional groups, large surface area, and conju-
gation effect with organic molecules. The sensor showed an increase performance
with the DA concentration in a linear range from 0 to 1.0 mm with a detection limit
of 1.0nm . Li et al. report a sensitive DA sensor with GDs self-assembled monolayers
(GDs—NHCH,CH,NH) as the substrate and a mimic enzyme as shown in Figure 4.1
[16]. Similar to CDs, GDs exhibit a superior electrocatalytic activity for organic mol-
ecules due to the suitable conductivity, abundant functional groups, large surface
area, conjugation effect, quantum confinement and edge effects. The electrochemi-
cal sensor based on the GDs—NHCH,CH,NH layer showed a linear range to DA
from 1-150 um with a detection limit of 0.115 pm. There are also some other reports
for the determination of DA with the electrochemical sensing based on CDs, GDs,
and their related composites. Besides DA, some other small organic molecules were
investigated by the CDs and GDs electrochemical sensing, such as uric acid (UA),
ascorbic acid (AA), 2,4,6-trinitrotoluene (TNT), etc.

Glucose (Glu) is a polyhydroxy aldehyde, which is considered to be the most
important monosaccharide widely distributed in nature. Glu plays an important role
in the biology field, especially in the bodily functions of human beings. Glu is basic
unit of the energy storage in the blood, to supply the energy for the living cells and
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Figure 4.1 The schematic illustration of the reaction mechanism of DA on the GQDs-NHCH,CH,NH/
GCE. Source: Li 2016 [16]. Reproduced with permission of Elsevier. (See color plate section for the color
representation of this figure.)

various organs. Glu also takes part in the metabolism to regulate the balance of body
operation. In addition, Glu is also widely applied in the fields of photosynthesis, food
and medicine manufacturing. Thus, the sensitive determination of Glu is essential,
and electrochemical sensing is one of the detection techniques. Generally, in electro-
chemical sensing for the detection of Glu, glucose oxidase (GOx) is necessary, which
could catalyze the oxidation reaction of Glu. Akhtar et al. prepared dendritic NiO@
carbon—nitrogen dots (NiO@NCDs) as the substrate of an effective and sensitive
Glu sensor [17]. NiO has attracted great interest for the Glu oxidation with high
free-enzyme electrocatalytic performance due to the large surface area, high poros-
ity, and good hydrophilicity. The NCDs could enhance the electrocatalytic activity
for free-enzyme Glu determination since they gained large surface area, excessive
surface defects, abundant catalytic active sites and good electron transfer and con-
ductivity. The NiO@NCDs based sensor showed a wide linear range of Glu detec-
tion ranging from 5pm to 12mm with a detection limit of 0.01 um, with great
recyclability, high selectivity, and superior anti-interference.

3) Electrocatalyst for amino acids detection

Amino acids, a series of organic compounds containing alkaline amino and acidic
carboxyl, are the essential materials for the generation of various proteins. Amino
acids are crucial for health, proteins could only be adsorbed by the body after degra-
dation into amino acids, and the generation of proteins also need the presence of
relevant amino acids. The balance of nitrogen element in the body should be always
kept through the ingestion of proteins and the metabolism of amino acids. Some
amino acids will take part in the generation of the fat, enzymes, hormones, and par-
tial vitamins. Excessive or deficient amino acids will lead to the disorder of physio-
logical function, even serious diseases, in which some amino acids act as the markers
of cancers and diseases. Thus it is necessary to monitor the concentration of amino
acids by ultrasensitive sensing.

Mazloum-Ardakani and co-workers built sensitive electrochemical sensor with
glassy carbon electrode (GCE) as the substrate modified with GDs, Au NPs, and 4-
(((4-mercaptophenyl)imino)methyl)benzene-1,2-diol (MIB) by self-assembly
method [18]. After electrostatic adsorption of GDs on the GCE, Au NPs was
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immobilized on the modified electrode by electrodeposition. At last, MIB was
grafted on the electrode surface to improve electrocatalytic activity and charge injec-
tion. GDs showed various electronic and optoelectronic properties, large surface
area and high conductivity due to the quantum confinement and edge effects, which
could enhance the electrocatalytic activity of the whole sensor. Au NPs with good
biocompatibility, excellent conductivity, and catalytic properties also make them a
promising electrocatalyst. The sensor was then used for the simultaneous determi-
nation of glutathione (GSH), tryptophan (Trp) and uric acid (UA), showing a linear
range of GSH from 0.03-40.0 um and 40.0-1300.0 um with a detection limit of 9 nm.
Another GDs and chitosan (CS) composite (GDs-CS) was used as the substrate of
electrochemical sensor for the chiral recognition of tryptophan (Trp) enantiomers
[19]. Here, CS provides a chiral microenvironment, and GDs can enhance the elec-
trochemical response to improve the recognition efficiency as a mimic enzyme. In
addition to amino acids, the electrochemical sensor based on CDs and GDs can also
be used for the detection of nucleic acid. Wang et al. reported an electrochemical
sensor with Ag nanoparticles (Ag NPs) and GDs modification for detection of gua-
nine and adenine, which play a curial role in protein generation and genetic storage
[20]. The sensor showed a superior electrocatalytic activity for guanine and adenine
oxidation with rapid response and high sensitivity due to the excellent conductivity,
abundant electrocatalytic active sites, and good electron transfer in synergistic effect
of Ag NPs and GDs. The electrochemical response showed a good linear relationship
with guanine concentration ranging from 0.015-430um with a detection limit
of 0.01 um, and with adenine ranging from 0.015-390 um with a detection limit of
0.012 pm.

4) Electrocatalyst for heavy metal ions detection

The pollution of heavy metal elements is considered to be a serious problem in mod-
ern society, which can be accumulated in the organisms, leading to various diseases.
After accumulation in the body, heavy metals cannot be biodegraded or metabo-
lized, they can take intense interaction with proteins and enzymes to make them lose
activity, and lead to chronic poisoning. Generally, the limit safety of heavy metal in
water and food should be quite low to avoid potential health problem. Thus the sens-
ing of heavy metal ions and related compounds is necessary, providing rapid, sensi-
tive, and on-site detection. In heavy metal sensing techniques, the electrochemical
technique shows great performance due to its rapid response, high sensitivity and
selectivity. Carbon-based nanomaterials, including CDs and GDs, have been widely
used for the detection of heavy metal owing to high conductivity, large surface area,
high stability and biocompatibility. CDs and GDs as the substrate could result in
enhanced electrochemical response for the redox reaction of heavy metals, similar to
the enzyme catalysis amplification.

Ting et al. introduced GDs and Au NPs conjugation as the substrate of sensor for
the sensitive detection of Hg** and Cu®* [21]. As shown in Figure 4.2, Hg*" and Cu®*
could be pre-concentrated onto the electrode due to the negatively charged carboxyl
and hydroxyl groups of GDs in the form of R-COO-(Hg**)-OOC-R and COO-
(Cu**)-OOC-R. Then the absorbed Hg** and Cu** are subsequently oxidized with
enhanced response due to the synergistic integration between GDs and Au NPs. The
linear relationship with Hg** ranged from 0.02—1.5nm with a detection limit of
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Figure 4.2 Schematic illustration of Hg?* detection. Source: Ting 2015 [21]. Reproduced with
permission of Elsevier.

0.02nm, and that of Cu** from 500 pm to 1.5 nm with a detection limit of 50 pm. The
simultaneous determination of Hg** and Cu** could be successfully completed by
this sensor. Ou et al. reported another electrochemical sensing platform for the
simultaneous determination of Zn%**, Cd** and Pb** based on nanocomposites of
chitosan (CS) and GDs conjugation hybrids (CS-GDs), which were prepared via the
electrostatic attraction and H-bonding [22]. The CS-GDs could significantly enhance
electrochemical performance of the sensor for the detection of heavy metals. The
linear relationship ranged from 50-450 pg/l and the detection limit is 8.84-pg/I for
Zn**, 1.9 ug/1 for Cd*, 3.10 ug/1 for Pb**.

4.2.2 Carriers for Probe Fabrication

CDs and GDs are also often used as the carriers labelled with various probes for the
amplification of signal response. Similar as the substrate, CDs and GDs exhibit large
surface area-to-volume ratio, exceeding physicochemical properties, and easily-func-
tional property. In addition, CDs and GDs with quantum size are more suitable as the
carriers for their superior dispersibility, biocompatibility, and electrostatic properties,
which could high-effectively adsorb abundant probes such as organic molecules, pro-
teins, DNA, enzyme, and nanomaterials. A selective and sensitive electrochemical sen-
sor was developed with CDs as carriers for the determination of cerebral Cu®* in rat
brain micro-dialysates [23]. Methoxy functional (3-aminopropyl)trimethoxysilane
(APTMS) was modified on the surface of glassy carbon electrode (GCE) via carbon-
nitrogen linkage by electrochemical scanning method. Then CDs with carboxyl groups
were attached to APTMS through silanization interaction as carriers of the whole
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biosensor.  The  N-(2-aminoethyl)-N,N;N’-tris-(pyridine-2-yl-methyl)ethane-1,2-
diamine (AE-TPEA) was immobilized on the surface of CDs through amide interaction
to specific recognize Cu®*. Here, the large surface area and modification with carboxyl
and hydroxyl group on CDs successfully realized the modification of GCE and immobi-
lization of TPEA, turning into the central part of biosensor. Differential pulse anodic
stripping voltammetry (DPASV) was employed to detect the adsorbed Cu®* concentra-
tion, from 1-60 um as a linear range relationship, and the detection limit was calculated
to be ~100 nm. Figure 4.3 showed another electrochemical sensor with CDs as carriers
for the simultaneous detection of ascorbic acid (AA), uric acid (UA), dopamine (DA),
and acetaminophen (AC) [24]. CDs were introduced as the template to synthesize Au
NPs/carbon dots nanocomposite (Au/C NC), on which thiol functional ferrocene
derivative (Fc-SH) could be modified as the signal probes for the electrocatalysis of
redox reaction. Here, CDs exhibited superior physicochemical properties for the syn-
thesis of nanocomposites. What is more, signal probes could be immobilized on the
graphene sheets via interaction between CDs and graphene, and then immobilized on
the GCE. Au/C NC played a crucial bridge-effect between Fc-SH and graphene sheet.
This electrochemical sensor showed ultrasensitive response to AA, UA, DA, and AC
with excellent linear range, the detection limits were estimated to be 1.00, 0.12, 0.05 and
0.10mm. The sensor was applied for the simultaneous determination of four compo-
nents in serum and urine samples, with recovery of 94.0-104.0%.

In Hu’s report, a specific and sensitive electrochemical sensor was developed for
quantitative determination of miRNA [25]. Through the hybridization reaction among

Hydrolyze
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Figure 4.3 A quadruplet electrochemical platform for ultrasensitive and simultaneous detection of
ascorbic acid, dopamine, uric acid and acetaminophen based on a ferrocene derivative functional Au
NPs/carbon dots nanocomposite and graphene. Source: Yang 2016 [24]. Reproduced with permission
of Elsevier. (See color plate section for the color representation of this figure.)
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thiol-tethered probes (capture DNA), aminated indicator probe (NH,-DNA), and target
DNA (miRNA-155), the GDs modified with carboxyl and hydroxyl groups were cap-
tured as carriers on the surface of golden electrode via amide interaction. Since the large
surface area, strong z—z conjugation and electrostatic adsorption of GDs, horseradish
peroxidase (HRP) could be immobilized on the sensor by noncovalent assembly, pro-
moting an electrochemical enzyme sensor. An increased electrochemical current signal
was obtained after HRP catalyzed the hydrogen peroxide (H,O,)-mediated oxidation of
3,3',5,5'-tetramethylbenzidine (TMB), in direct proportion to the target DNA concen-
tration. The detection range of miRNA-155 was from 1fm to 100 pm, and the detection
limit was 1fm. GDs with good biocompatibility, large surface area, and remarkable con-
ductivity could effectively introduce abundant HRP, providing higher electrochemical
signals.

4.2.3 Signal Probes for Electrochemical Performance

Unique photo-physical properties make CDs and GDs significant distinction from
other carbon-based nanomaterials. Their strong photoluminescence (PL) properties
and up-converted PL behavior, making CDs and GDs estimated to be promising in
photovoltaic devices, biosening and imaging. Different from traditional organic fluo-
rescent materials and inorganic quantum dots, CDs and GDs exhibit low cost, low
toxicity, superior stability, multiple functionalization, and attractive biocompatibility,
showing a potential tendency to substitute traditional QDs or fluorescent dyes as PL
probes.

Electrochemiluminescence (ECL) technique, one branch of electrochemistry, has
already gained attention due to the low cost, high sensitivity, and low background noise.
One of the key parts of ECL sensing is the probe with strong and stable PL property,
which could be stimulated to light from electrochemically generated reagents.
Traditional ECL probes include organic dyes and quantum dots, which are high toxic
and unstable. Instead of these, CDs and GDs are successfully introduced as new envi-
ronmental-friendly ECL probes to develop high-performance ECL immunosensors.
The work of ECL sensing based on the CDs and GDs will be introduced later in the
second part subsequently.

In addition to the ECL sensor with CDs or GDs as signal probes based on their PL
properties, CDs and GDs could also be used as signal probes in other electrochemical
sensing. As shown in Figure 4.4, Liu et al. reported an electrochemical sensor for the
detection of DNA with peroxidase-like magnetic ZnFe,O4—GDs (ZnFe,O,/GDs) nano-
hybrid as a mimic enzymatic probe [26]. Capture probe ssDNA (S1) was first immobi-
lized on a graphene sheets (GS) and Pd nanowires (NWs) modified glassy carbon
electrode (GCE), then target ssDNA (S2) was captured by S1 through hybridization
reaction. S2 could further capture complementary ssDNA (S3) modified ZnFe,O4/GDs
signal probes by hybridization reaction. In this work, GDs exhibited intrinsic peroxi-
dase-like activities, as large surface area, distinct crystal sizes and aromatic structure,
periphery carboxylic groups. ZnFe;O./GDs composites provided highly-efficient
enhanced catalytic performance, due to conjugation with GDs, while pure ZnFe,O,
only possessed relatively low peroxidase-like catalytic activity as a mimic enzyme. This
sensor exhibited a wide linear relationship with target DNA ranging from 0.1fm to 5nm
with a detection limit of 0.062 fm.
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Figure 4.4 Graphene-palladium nanowires based electrochemical sensor using ZnFe,O4—graphene

quantum dots as an effective peroxidase mimic. Source: Liu 2014 [26]. Reproduced with permission of
Elsevier. (See color plate section for the color representation of this figure.)

4.2.4 Metal lons Sensing

Metal ion detection is an important and basic field in electrochemical sensing. Punrat
et al. reported an electrochemical sensor for Cr (VI) ion determination with stopped-
flow analysis coupled with voltammetric technique [27]. In this ion sensor, a polyani-
line/GDs modified screen-printed carbon electrode was used. The GDs were synthesized
from citric acid in a botton-up manner, and were mixed with aniline monomer in an
optimized ratio. This mixture was further injected into an electrochemical flow cell for
the electro-polymerization of the aniline monomer. The obtained polyaniline/GDs
modified screen-printed carbon electrode was then applied in the sensing of Cr(VI) ion
and could be used continuously with a high throughput of more than 90 samples per
hour. An ion sensor with ‘green’ electrochemical strategy synthesized GDs was reported
by Ananthanarayanan et al. [28]. They electrochemically exfoliated GDs from three-
dimensional graphene grown by chemical vapor deposition (CVD), and used this kind
of GDs for ferric ion (Fe**) detection. They attempted different protocols for electro-
chemical exfoliation and found that by applying a constant voltage of 5V for 100s they
could get high yield of GDs and preserve the 3D structure of graphene. Their GDs dis-
persion appeared blue fluorescence under UV (365nm), which could selectively
quenched by Fe3* ion with no obvious effect from Mg2+, Fe*, Zn?*, Co*, Ni%*, Cd**, and
K" ions. They used AFM measurements to confirm the aggregation of GDs induced by
Fe’* ion.
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4.2.5 Small Molecule Sensing

Certain small molecules are vital to biological systems. The determination of these
kinds of molecules are significant in bioanalysis areas. Blood glucose is one of the most
important indexes for human health. Many technologies are pursued to develop
advanced glucose sensors, electrochemical method is one of them. In most of the elec-
trochemical biosensors for glucose, enzyme immobilization is a tricky step. Razmi et al.
explored the enzyme absorption and electron transfer promotion ability of graphene
dots and fabricated a biosensor for glucose detection [29]. At the first stage, they simply
coated GDs, which were synthesized by hydrothermal method, on carbon ceramic elec-
trode (CCE) surface through by-the-drop casting method. Then they modified glucose
oxidase (GOx) onto GDs. Finally, they examined the performance of this GOx-GQD/
CCE based glucose biosensor. Electrochemical impedance spectroscopy (EIS) is a use-
ful electrochemical technique offering detailed information about the charge transfer
resistance (Rct) changes of the electrode interface. Their study of EIS on GDs showed
that in comparison with graphene, the conductivity of GDs was much lower. They
believed that the size tuneable properties of GDs like energy gap (Eg) which would
increase with the decrease of size, could be estimated from Rct, with an initial equation
EgxKeRct. After assembling GOx, the Rct of the electrode interface increased
dramatically. GDs as the substrate could effectively immobilize the GOx and adsorb the
Glu molecules, which could improve the electrocatalytic efficiency. The high surface
area, good biocompatibility, hydrophilic edges of GDs and the hydrophobic interactions
between GDs plane and GOx, led to strong absorption of enzyme on the surface of
GDs. Thus, they found graphene dots as excellent substrate for enzyme immobilization.
Furthermore, they investigated the performance of this glucose biosensor with electro-
chemistry method. The enhanced performance of the biosensor was attributed in the
remarkable conductivity, large surface area, and good biocompatibility of GDs. It is
worth mentioning that, GDs could enhance the electrocatalytic activity of GOx as a
mimic enzyme due to the synergistic effect with GOx. The results showed a very fast
electron transfer process and good sensitivity and accuracy in glucose determination.
Dopamine is another significant molecule for biological systems. It is a neurotrans-
mitter in the mammalian central and peripheral nervous systems regulating a series of
neuronal functions [30]. A GDs and nafion composites based electrochemical sensor
was built for the detection of dopamine by Pang et al. [31]. Their GDs were synthesized
by a hydrothermal approach from graphene sheets. The carboxyl groups and negative
charge of GDs provided good stability and enabled interaction with amine functional
groups of dopamine. The interaction and electron transfer between GDs and dopamine
could be further strengthened by z—z stacking force. This GDs-nafion based sensor
showed good responses in the range of 5nm to 100 pum. Other satisfactory dopamine
sensor based on GDs was further reported [16]. Huang and co-workers built a simple,
sensitive and reliable DA biosensor modified with the composites of CDs and chitosan
(CS) [32]. The CDs—CS composites modified GCE electrode exhibited an enhanced the
redox response of DA by differential pulse voltammetry (DPV) with a linear range from
0.1-30 pm. The detection limit was 11.2nm (S/N = 3). Jiang et al. prepared a type of N-
doped carbon dots (NCDs) from diethanolamine (DEA) via a simple microwave-assisted
technique [33]. NCDs could attract the electroactive DA due to abundant hydroxyl and
amino groups on the surface. The NCDs modified electrode exhibited a superior
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sensitive electrochemical response toward DA in a linear range from 50nm to 8 um
with a detection limit of 1.2 nm. The sensor has high sensitivity and selectivity.

L-cysteine, which is an amino acid in natural proteins, plays crucial roles such as
cancer indicator, free radical scavenger, antioxidant and antitoxin in biological systems
[34]. Wang and coworkers built a polypyrrole (PPy) and GDs/Prussian Blue (PB) nano-
composites based electrochemical sensor for the determination of L-cysteine [35]. They
grafted the PPy/GDs@PB nanocomposites on a graphite felt (GF) substrate (PPy/GDs@
PB/GF), wherein GDs played an important role in promoting the synthesis process of
PB. The PPy film was electro-polymerized to improve the electrochemical stability of
the nanocomposites modified electrode. GDs are considered as the excellent electron
donors and acceptor to be a promising electrode substrate. GDs functionalized with
abundant oxygen-containing groups can effectively enhance the hydrophilia and bio-
compatibility. PB is a classical mixed-valence transition hexacyano- metallorganics with
excellent electrochemical and electrocatalytic properties. There is evidence to prove
that carbon nanomaterials could promote the electrocatalytic activity of PB. PPy was
used to improve the stability of substrate. This PPy/GDs@PB/GF nanocomposites
modified electrode exhibited excellent activities in the electrocatalytic oxidation and
electrochemical detection of L-cysteine. In this work, the electrochemical sensor based
on GDs@PB showed an excellent activity for the electrocatalytic oxidation of L-cysteine,
simple, fast, and sensitive. The linear relationship ranged from 0.2-50pum and
50-1000 um, with detection limit of 0.15 um. In another report, a GDs-chitosan nano-
composite film was prepared by electrodeposition and successfully used in the electro-
chemical chiral recognition of tryptophan enantiomers, wherein GDs could improve
the recognition efficiency and amplify the electrochemical signals [19].

Hydrogen peroxide (H,O,) is one of the most common enzymatic product of many
kinds of biological processes. Thus, the detection of H;O, is of great importance for
biological analysis study. Li and co-workers reported a free-enzymatic electrochemical
sensor based on the composites of CDs and octahedral cuprous oxide (CuyO) as the
substrate and electrocatalyst for the determination of glucose and H,O, [36]. CDs acted
as a peroxidase-like catalyst of glucose and H;O,, and Cu,O with high-index facets
showed a high catalytic activity. Combined CDs and Cu,O could further enhance the
electrocatalytic performance of glucose oxidation and H,O, reduction with high sensi-
tivity and stability. The linear relationship to glucose ranged from 0.02—4.3 mm, with a
detection limit of 8.4um, and the linear relationship to H,O, ranged from 5um to
5.3 mm, with a detection limit of 2.8 um. Zhang et al. reported an electrochemical sen-
sor with covalently assembled GDs/Au electrode for living cell hydrogen peroxide
detection [37]. They first developed a simple route to prepare periphery carboxylic
groups enriched graphene quantum dots through a photo-Fenton reaction [38]. Their
synthetic method provided a more intact aromatic basal plane structure in GDs than
the micrometer-sized GO sheets. It has been reported that GO could show peroxidase
like activity that could catalyze the reaction of certain compounds such as hydroqui-
none, tetramethylbenzidine (TMB), and others in the presence of hydrogen peroxide
[39]. While, their research showed that GDs exhibited higher peroxidase activity than
the micrometer-sized GO. Upon this finding, they assembled the GDs with cysteamine
as cross-linker on Au electrode and demonstrated the properly preserved catalytic
property of the GDs. Their electrochemical sensor showed great performance and sta-
bility in H,O, detection with a wide linear detection range and a low detection limit. A
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H,0, sensor was fabricated based on electrochemical and fluorescent properties of
GDs [40]. They first fabricate a PVA/GQD nanofibrous membrane of GDs via electro-
spinning GDs with polyvinyl alcohol (PVA). This nanofibrous membrane had a three-
dimensional structure with a high specific surface area which was excellent for
electrolytes adsorption and reactants diffusion. Then with fluorescent and electro-
chemical sensing methods, this PVA/GQD nanofibrous membrane was applied in the
dual-purpose sensor for the determination of H;O, and glucose. Recently, an enzyme-
free H,O, sensor was built using a chitosan-GDs/silver nanocube nanocomposite
(Chit-GDs/AgNCs) modified electrode [41]. This Chit-GDs/AgNCs/GE displayed good
electrocatalytic activity toward H,O, reduction and gave a rapid response and wide
linear range during electrochemical sensing. According to certain studies, the structure
defects of GDs could be manipulated by doping heteroatoms into the 7 conjugated sys-
tem [42, 43]. For example, in the nitrogen-doped GDs (N-GDs) the chemically bonded
N atoms drastically changed the electronic characteristics of GDs and offered more
active sites in the structure, leading to certain unexpected properties [44].

Certain small molecules are highly toxic for environment and human species.
Etoposide (ETO) is a potential anticancer drug for the treatment of various disease such
as small-cell lung cancer and other solid tumours. It is necessary to monitor the ETO
concentration in the cancer therapy for its important effect of treatment. Nguyen et al.
demonstrated a CDs based electrochemical sensor for the detection of etoposide (ETO)
with enhanced electrochemical performance [45]. The response of the sensor exhibited
a good linear relationship with ETO concentration from 0.02—10 um with a detection
limit of 5nm . Then, the sensor was used for ETO investigation in real samples during
the treatment of prostate cancer cell line PC3. The result showed that Trinitrotoluene is
one of the most hazardous chemicals in our environment. Cai and coworkers reported
a N-GDs based electrochemical sensor for trinitrotoluene [46]. Their N-GDs were syn-
thesized by oxidative ultrasonication of graphene oxide at low temperature and then
reduced and nitrogen doped by hydrazine. This N-GDs could act as catalyst allowing
electrochemical detection of 2,4,6-trinitrotoluene. The linear scan voltammogram
(LSV) results showed a linear response range from 1-400 ppb with a detection limit of
0.2 ppb. Bisphenol A (BPA) is an important endocrine disrupter which can interfer the
endogenous gonadal steroid hormones and induce abnormal differentiation of repro-
ductive organs [47]. An electrochemical sensor with molecularly imprinted polypyr-
role/GDs (MIPPy/GDs) composite was designed for the detection of bisphenol A in
water samples [48]. The good electroconductibility, adsorbability and water solubility of
GDs make them excellent sensing materials in electrochemical platforms. The MIPPy/
GDs composite layer was prepared onto a glassy carbon electrode surface by the elec-
tropolymerization of pyrrole with BPA as a template. This composite layer could spe-
cifically recognize BPA with the imprinted sites and lead to the decrease of the diffusion
of K3[Fe(CN)g] at the MIPPy/GDs electrode surface and the decrease of peak currents
in cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements.
Other nanocomposites with GDs for the detection of small molecules keep being devel-
oped recently. A nanocomposite consisted of molybdenum disulphide (MoS,) and GDs
was used in an electrochemical laccase biosensor for the determination of total poly-
phenolic content [49]. This MoS,-GDs nanocomposite was proved to be suitable
support for laccase immobilisation and have interesting electrochemical properties.
The developed laccase biosensor showed efficiently response to caffeic acid in the range
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of 0.38-100pm and was successfully applied in the detection of total polyphenolic
content from red wine samples. Arvand and coworkers reported a nanocomposite con-
sisting of GDs, magnetic nanoparticles and carboxylated multiwalled carbon nanotubes
for the electrode surface modification in an electrochemical sensing platform for
L-DOPA determination in sunflower seed, sesame seed, pumpkin seed and fava bean
seed [50]. Zhou et al. developed a gold/proline-functionalized GDs nanostructure for
electrochemical detection of p-acetamidophenol. The GDs and gold nanoparticles
could achieve significant synergy to improve the sensing sensitivity [51]. Similar GDs
and gold nanoparticles nanocomposite was also reported in the electrochemical sens-
ing of quercetin in biological samples [52].

4.2.6 Protein Sensing

Sensitive and effective detection of specific biomolecules such as protein and DNA is
critical in clinical medical diagnosis. Avian leukosis viruses are one of the most common
kind of avian retroviruses associated with neoplastic diseases [53]. As shown in Figure 4.5,

(a) H, COOH
OH NH, OH
oy OH (3 - ammoniapropyl) (GQD) (@@@@@
triethoxysilane COOH & &
OH o Silanization NH; (1) EDC/NHS o= \gp ‘%
Amunofunctlonal Fe,O, Fe,0,@GQD

Fe,0,@GQD/Ab,--Cu-apoferritin/BSA Fe,O,@GQD/Ab,--Cu-apoferritin

(b)

Figure 4.5 Electrochemical immunosensor with graphene quantum dots and apoferritin-
encapsulated Cu nanoparticles double-assisted signal amplification for detection of avian leukosis
virus subgroup J. Source: Wang 2013 [54]. Reproduced with permission of Elsevier. (See color plate
section for the color representation of this figure.)
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Wang and coworkers developed a novel sandwich electrochemical immunoassay based
on GDs, Fe;O, nanospheres and apoferritin-encapsulated Cu (Cu-apoferritin) nano-
particles for ultrasensitive detection of avian leukosis virus subgroup J (ALVs-]) [54]. In
this immunoassay, GDs were used for the immobilization of both primary ALVs-] anti-
bodies (Abl) and secondary ALVs-] antibodies (Ab2). They first synthesized the Fe;0,@
GDs hybrid as a substrate to conjugate Ab2 and Cu-apoferritin nanoparticles which
worked as electroactive probes. Apoferritin is a kind of protein with a spherical protein
shell which is capable of accommodating around 4500 atoms [55]. Then taking into
consideration of the huge surface area and functional groups of GDs, they used GDs in
the immunosensor platform for capturing numerous Abl. Thus, the performance of
this immunosensor was greatly amplified by the two strategies, (1) the introduction of a
large amount of electroactive probes by the protein cage of apoferritin and (2) the
immobilization of high content of antibodies and Cu-apoferritin by GDs. After the
sandwich-type assembly, Cu was released and detected by differential pulse voltam-
metry (DPV). This electrochemical immunosensor displayed excellent analytical per-
formance in the detection of ALVs-], with a detection limit of 115 TCID50/ml (S/N =3).

4.2.7 DNA/RNA Sensing

Zhao et al. designed a graphene dots based electrochemical aptasensor platform to
detect target DNA or target protein [56]. In this system, GDs were readily modified
onto the surface of pyrolytic graphite (PG) electrode, and the probe single-stranded
DNA (ssDNA-1) could be easily immobilized basing on the strong z—z stacking interac-
tion between the nucleobases of ssDNA and graphene dots. Thanks to the excellent
conductivity of carbon materials, this platform showed very fine electrochemical
response. While, the probe ssDNA could inhibit the electron transfer between the elec-
trode and the electrochemical active species [Fe(CN)g]>*". In the presence of target
molecule, which in this case was ssDNA-2 or thrombin, the structure of the probe ssDNA
would be altered due to the interaction between the target molecules and probe ssDNA.
Thus, the immobilization of the probe ssDNA on the GDs modified electrode would be
removed and the electrochemical response would be consequently changed, leading to
the detection of target molecules. The sequence of the probe ssDNA could be designed
for different kinds of target molecules, showing great application potential in electro-
chemical biosensing fields. Another electrochemical biosensor for miRNA-155 detec-
tion mentioned before, GDs and horseradish peroxidase (HRP) enzyme catalytic
amplification were used to improve the sensing performance [25]. While, in the pres-
ence of target RNA, the double-stranded structure was constructed and the modified
HRP would effectively catalyze hydrogen peroxide mediated 3,3',5,5'-tetramethylben-
zidine (TMB) oxidation with an increased electrochemical current signal.

4.3 Electrochemiluminescence Sensors

Electrochemiluminescence (also called electrogenerated chemiluminescence, ECL) is a
powerful and convenient technique in electrochemical sensing fields. It has promising
application potential and has been developed rapidly. The remarkable advantages of
ECL technology such as excellent sensitivity and reproducibility, fast response speed,
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wide response range, simple operation procedures and low-cost devices make it highly
attractive for a variety of applications in sensing areas. In particular, ECL technology
allows relatively accurate control on the potential, position and time of the light-emit-
ting reactions, and has no requirement for external light source. ECL process is a kind
of chemiluminescence triggered by electrochemical approach, which involves light
emission from electrogenerated species undergoing highly energetic electron-transfer
and forming excited states [57]. A series of quantum dots have been reported to show
great ECL properties [58, 59]. The anodic and cathodic ECL behaviors of CDs and GDs
were also reported [60, 61]. CDs and GDs are successfully introduced as new environ-
mental-friendly ECL probes to develop high-performance ECL immunosensors.
Generally, there are two dominant pathways to produce ECL process, the annihilation
pathway and the coreactant pathway [62]. The ECL reactions of CDs and GDs mostly
follow the coreactant pathway, using hydrogen peroxide or peroxydisulfate as coreac-
tants [61, 63].

Based on the great ECL properities of GDs and CDs, different kinds of ECL sensors
were built for a variety of analytes detection applications. Li and co-workers first
observed the ECL emissions from their as-prepared GDs and designed a GDs based
ECL sensor for Cd?* ion [63]. Cd** ion is known as a kind of highly toxic metal ion and
a carcinogen for mammals, which can accumulate in many kinds of organs of mam-
mals like kidney, lung, liver and spleen. Using the specific quenching effect of Cd** ion
on the ECL emission of GDs, they built an ECL sensing platform to accurately deter-
minate Cd** ion. First, they prepared a kind of greenish-yellow luminescent GDs (g-
GDs and b-GDs) via cleaving graphene oxide under acid conditions with the assistance
of microwave irradiation. Their samples of analyte contained various metal ions
including Ni**, Pb**, Cu®*, Co*, Fe*" and Cd**, with almost 92% quenching of GDs
ECL from Cd** ion while no obvious quenching effect from other ions. Furthermore,
they found that after adding certain amount of ethylenediaminetetraacetic acid (EDTA)
which is a strong metal ion chelator, the quenched GDs ECL emission could be almost
completely recovered. They concluded that the functional groups such as hydroxyl and
carboxyl groups on GDs could act as coordination groups for certain metal ions and
induce the aggregation of GDs and the quenching of ECL. In the presence of Cd*" ion,
the CVs of GDs showed a new strong peak at about —1.5V, which might originate from
the Cd**-GDs complex. Furthermore, Dong et al. reported a GDs/L-cysteine coreactant
ECL system for sensing lead ions (Pb%*) [64]. This GDs/ L-cysteine system was found to
exhibit strong cathodic ECL signal which was mainly dependent on some key factors
including the reduction of GDs, the oxidation of L-cysteine and the presence of dis-
solved oxygen. They proposed that the possible ECL mechanism was related to the
unstable intermediates produced during the oxidation of L-cysteine, and dissolved
oxygen was an important factor to the formation of these intermediates. Experimental
results showed that this GDs/L-cysteine system emitted very weak ECL signal in the
absence of dissolved oxygen whereas gave a strong emission with the presence of dis-
solved oxygen. Then they applied this system for Pb** ion sensing basing on the
quenching effect of Pb** ion on the ECL signal. However, they found that Pb** ion had
nearly no quenching effect on the exited-state GDs, implying the quenching effect of
Pb** ion was most likely through inhibiting the formation of the unstable intermedi-
ates during L-cysteine oxidation.
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Figure 4.6 Aptamer-based electrochemiluminescent detection of MCF-7 cancer cells based on
carbon quantum dots coated mesoporous silica nanoparticles. Source: Su 2014 [65]. Reproduced with
permission of Elsevier. (See color plate section for the color representation of this figure.)

As shown in Figure 4.6, a novel ECL sensor based on CDs coated mesoporous silica
nanoparticles (MSNs) was developed for the detection of MCF-7 cancer cells [65].
Three-dimensional macroporousAuNPs@graphene complex (3D-GR/Au NPs) was
introduced as the substrate of the whole sensor, to immobilize concanavalin A (Con A),
which then adsorbed MCEF-7 cancer cells. CDs coated MSNs as ECL signal probes
exhibited low cytotoxicity and good biocompatibility, which could specifically bind
mucinl on cancer cells after conjugation with mucin 1 aptamer. This ECL sensor
showed a sensitive and stable performance for the determination of MCF-7 cancer cells
ranging from 500 to 2x 107 cells/ml. The detection limit is 230 cells/ml, much lower
than other immunoassays toward cancer cells. Another report by Deng showed a sensi-
tive ECL immunosensor for the detection of human carcinoembryonic antigen (CEA)
with CDs modified Pt/Fe nanoparticles (Pt/Fe@CDs) as signal probes [66]. Pt nanopar-
ticles dotted graphene—carbon nanotubes complex (Pt/GR-CNTs) was substrate used
for immobilized the primary anti-CEA antibodies (Ab1), which later captured CEA and
then captured target anti-CEA antibodies (Ab2) modified Pt/Fe@CDs probes through
sandwich immunoassay. The Pt/Fe@CDs probes exhibited a good linear response range
from 0.003-600ng/ml of CEA with a detection limit of 0.8 pg/ml, much lower than
other CEA electrochemical immunosensors. Yang et al. designed an ECL immunosen-
sor with GDs coated porous PtPd nanochains as labels for tumor marker detection in
Figure 4.7 [67]. In this sensing platform, gold-silver nanocomposite-functionalized
graphene was used for electrode modification, which could increase the capacity of
primary antibodies and improve the electronic transmission rate. Porous PtPd nano-
chains with good conductivity and large surface area were used to conjugate a large
number of GDs ECL labels and second antibodies. With the great ECL property of GDs
and the enhancement from gold-silver nanocomposite-functionalized graphene and
porous PtPd nanochains, this ECL immunosensor exhibited good performance in bio-
molecules sensing with carbohydrate antigen 199 as a model analyte. A label-free ECL
immunosensor based on aminated GDs and carboxyl GDs for prostate specific antigen



56000

ES
o
S
=]

2000

ECL Intensity (a.u

HAuCI,, AgNC)3 %
1 % NaBH, % NaBH,

S

Figure 4.7 Gold-silver nanocomposite-functionalized graphene based electrochemiluminescence immunosensor using graphene quantum dots coated
porous PtPd nanochains as labels. Source: Yang 2014 [67]. Reproduced with permission of Elsevier. (See color plate section for the color representation of this

0.8 0.9 10 11 12 13 14
Potential (V)

dup

L-cysteine
_—

figure.)



Carbon and Graphene Dots for Electrochemical Sensing

(PSA) detection was reported by Wu et al. [68]. In this system, the Au/Ag-rGO compos-
ites were used as electrode material for largely loading aminated GDs, carboxyl GDs
and antibodies of PSA. The GDs modified electrode showed high ECL intensity with
K,S,0g4 as coreactant. Under the optimal conditions, ECL signal of this immunosensor
decreased with the increase of PSA concentration in the range of 1 pg/ml to 10 ng/ml.

The ECL sensing based on CDs or GDs could be used for not only the detection of
metal ions, proteins, antigens and cancer cells, but also for the detection of organic
molecules and DNA. Liu reported an ultrasensitive ECL sensor for the detection of
pentachlorophenol (PCP) based on graphene quantum dots—CdS nanocrystals (GDs—
CdS NCs) as signal probes [69]. The presence of GDs improved the ECL intensity up to
5-folds than pure CdS NCs, because of the high fluorescent activity and outstanding
electric conductivity of GDs. By this ECL sensor, PCP, as an effective inhibition of ECL
response, could be detected with a linear range of 0.01-500ng/ml and a low detection
limit of 3pg/ml. The possible detection mechanism was shown in Figure 4.8. On the
electrode, CdS NCs could be reduced to generate CdS~, on the other hand, CdS NCs
also could get a hole from hydroxyl radical (OH") to form oxidized CdS*. The recombi-
nation of CdS™ and CdS" further generated excited states of CdS* with a light emission.
At the presence of PCP, PCP could be oxidized into TCQ, leading to energy transfer
process, which reduced the generation of CdS* and resulted in a decrease of ECL
response.

Lou and co-workers reported a novel ECL sensor for the detection of DNA based on
GDs with excellent ECL activity as the signal probes and site-specific cleavage of BamHI
endonuclease [70]. In their research, they found that the difference between photolumi-
nescence and ECL spectral peaks of GDs suggesting negligible defect existed on the
surface of GDs for ECL signal generation. As for the assembly of GDs probes, they used

Figure 4.8 lllustrative ECL detection mechanism for PCP based on GQDs-CdS NCs/GCE. Source: Liu
2014 [69]. Reproduced with permission of the Royal Society of Chemistry. (See color plate section for
the color representation of this figure.)

105



106

Nanocarbons for Electroanalysis

the bidentate chelation of the Dithiocarbamate DNA (DTC-DNA) which provided a
strong affinity between the ligands and the gold surface by bidentate anchoring
(S—Au-S bonds) as the capture probe. Then GDs were immobilized on the terminal of
DTC-DNA by amide interaction as the signal probes. Hepatitis C virus-1b genotype
complementary DNA (HCV-1b ¢cDNA) as the target DNA was captured on the DTC-
DNA by hybridization reaction. BamHI endonuclease could recognize and cleave the
duplex symmetrical sequence, leading to the formation of double-stranded DNA
(dsDNA) fragments and the release of GDs from the electrode surface. Thus, basing on
the changes of ECL intensity before and after the cleavage of DNA hybrid, this signal-off
ECL biosensor could be used for DNA detection with a linear range from 5fm to 100 pm
and a detection limit of 0.45 fM at signal-to-noise ratio of three. Another ECL biosensor
used boron doped GDs to detect oncogene microRNA-20a [71]. The boron doped GDs
(B-GDs) which had an atomic percentage of boron of 0.67-2.26% were synthesized by
electrolytic exfoliation of B doped graphene rods. This B-GDs were proved to possess
improved luminous performance and stability and decreased resistance. ECL sensing
results showed excellent analytical property toward the detection of miRNA-20a in a
linear range of 0.1-104 pm with high selectivity among similar bases strands.

ECL resonance energy transfer (ECL-RET) is an emerging technology which resembles
fluorescence (or Forster) resonance energy transfer (FRET) in many aspects. Resonance
energy transfer is a phenomenon in which energy is transferred from a luminescent donor
to a proximal acceptor via nonradiative dipole-dipole interactions [72]. Compared with
conventional FRET, the most important advantage of the ECL-RET method is that no
excitation light source is required, thus avoiding the problems of light scattering, high
background noise, auto-fluorescence and direct acceptor excitation [72, 73]. Another
advantage is that ECL-RET can happen at a relative long distance in comparison with
FRET [74]. Furthrmore, in comparison with bioluminescence resonance energy transfer
(BRET) [75-77] and chemiluminescence resonance energy transfer (CRET) [78-80], the
ECL-RET technique is much more versatile since it initiates the energy-transfer process
by electrochemical potential rather than chemical or biological stimulation [72]. Though
ECL-RET are attracting increasing attention in sensing applications, the field of ECL-RET
exploration is still in its infancy [81, 82]. Because perfect energy overlapped donor/accep-
tor pairs are crucial to optimal ECL-RET efficiency, while in early works concerning ECL-
RET, the donors or acceptors are mostly nonadjustable, which makes it difficult to find a
suitable donor/acceptor pair [58]. Under these circumstances, graphene dots with spectra
tunable property have become especially appealing potential donor and acceptor. Lu and
coworkers designed an ECL-RET biosensing platform for DNA damage detection with
GDs as ECL emitters and gold nanoparticles as accepters [83]. Their approach for the
preparation of GDs combined thermal reduction and cleaving in an oxidation procedure
with UV-light irradiation reduction, which greatly shortened the reaction time and
reduced the use of chemical reagents. And they firstly observed and reported the ECL-
RET effect between GDs and Au NPs. Upon this finding, they linked Au NPs with a probe
of single-stranded DNA (cp53 ssDNA) to get the probe Au NPs-ssDNA, then quenched
the ECL signal of GDs via non-covalent binding of this probe to GDs. After the Au NPs-
ssDNA probe hybridized with target p53 DNA, the non-covalent interaction between the
Au NPs and GDs was disturbed, leading to the recovery of the ECL signal. This novel
ECL-RET DNA biosensor showed a detection limit of 13nm towards the model target
p53 ssDNA, and could be used for DNA damage detection basing on the different
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bonding ability between damaged target DNA and normal DNA. Another example of
GDs based ECL-RET biosensor was reported by Wen et al. [84]. They developed a dou-
ble-quenching of GDs ECL strategy for protein kinase A (PKA) detection. In this system,
the ECL intensity of GDs was significantly quenched by the G-quadruplex—hemin
DNAzyme catalyzed coreactant consuming reaction and the ECL-RET between GDs and
Au NPs. G-quadruplex—hemin DNAzyme, composed of a single-stranded guanine-rich
nucleic acid and hemin, is an interesting DNAzyme with HRP-like activity to catalyze the
reduction of hydrogen peroxide which is one of the most common coreactant in ECL
systems [85]. They first assemblied the GDs functionalized substrate peptide onto the
electrode, forming a strong and stable ECL emission source in the presence of coreactant
hydrogen peroxide. After phosphorylating the substrate peptide by PKA using ATP as the
co-substrate, the phosphorylated linker DNA and G-quadruplex—hemin DNAzyme func-
tionalized Au NPs were attached onto the surface via Zr**-mediated reaction between the
phosphorylated linker DNA and the phosphorylated peptide. Then, the G-quadruplex—
hemin DNAzyme catalyzed the reduction of coreactant hydrogen peroxide and the proxi-
mal Au NPs quenched the ECL of GDs due to the ECL-RET effect. Thus, the ECL signal
decreased greatly with the double-quenching effect. This platform showed excellent ana-
lytical performance in the highly sensitive detection of PKA activity, indicating promising
potential in protein kinase-related biochemical research. Recently, Liang and coworkers
designed a graphene materials based ECL-RET biosensor with GDs as emitters and gra-
phene oxide as acceptors for monitoring and detecting casein kinase II (CK2) activity [86].
The biosensor was built by covalent modifying GDs onto chitosan film coated electrode
and further functionalized with peptides by amide reaction. In the presence of adenosine
5’-triphosphate and model protein CK2, the peptides would be phosphorylated and cap-
ture the anti-phosphoserine antibody conjugated graphene nanocomposites. Due to the
ECL-RET effect between GDs and graphene nanocomposites, ECL signal was quenched
positively correlated with CK2 activity. Thus, this platform could be used for sensitive
kinase activity detection and quantitative kinase inhibitor screening.

4.4 Photoelectrochemical Sensing

The process of photoelectrochemistry (abbreviated PEC) is just the reverse of ECL, it
refers to the photon-electricity conversion resulted from the charge transfer during the
oxidation-reduction reaction caused by photoactive species upon illumination [87].
Like ECL and other well developed analytical techniques, PEC is also an evolutionary
development of the electrochemical method. It has many same advantages as the ECL
technique such as high sensitivity, simple instrumentation and low cost. While, it also
has unique characteristics. For example, in a typical PEC detection, light is essential for
the excitation of the photoactive species and the detection readout is transduced elec-
trical signal. It has been reported that the size-dependent bandgap nature of carbon-
based materials including CDs and GDs was particularly interesting for
photoelectrochemical applications [88]. As superior electron receptors with abundant
photo-physical properties, CDs and GDs are gradually introduced into photoelectric
field instead of traditional semiconductor quantum dots (QDs), also for their environ-
mental and biological friendship, low-cost and low toxicity. CDs and GDs exhibit good
conductivity, effective photocarrier generation and separation combining with metal
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Figure 4.9 Proposed formation of dyadic structure with charge transfer-type orbital hybridizations at
the surface of TiO, and C-dots. Source: Ming 2012 [89]. Reproduced with permission of Royal Society of
Chemistry.

oxides, leading to charge transfer from photoactive layer to electron transport layer and
reduce of charge recombination rate. In this line, CDs and GDs have been considered as
potential photoelectic materials in photodetector photovoltaics, photocatalyst and
photoelectrochemical sensing fields. Based on the photoelectrochemical properties of
CDs and GDs, a series of PEC sensors were built.

Ming et al. presented a facile synthesis method of CDs with a high crystalline nature,
excellent dispersibility, and remarkable photoluminescence properties [89]. Then, CDs
were introduced to prepare TiO,/CDs nanohybrids. The as-obtained TiO,/CDs nano-
hybrids exhibited higher photoelectrical activities for the interaction between CDs and
TiO,. Figure 4.9 showed the possible photoelectric mechanism of the TiO,/CDs. The z
states of CDs and conduction band states of TiO, generated the electronic coupling,
broadening absorption band of TiO, to visible light, reducing the original band gap.
Since that, it is easier to stimulate electron transition to conduction band. The CDs with
up-conversion property could transfer long wavelength irradiation light into shorter
wavelength emission light, promoting the efficiency of photon utilization. The O,
absorbed on the surface of CDs, the generation of photoreactive species (e”, O, and
*OH), can accelerate the oxidation rate of methyl blue (MB). CDs also play a role of
electron trap to regulate electron—hole recombination probability. GDs onto metal
oxide electron transport layer is also full of prospects in photoelectric field.

Sudhagar reported a type of hybrid TiO,-GDs heterostructure nanowires, which
exhibited an enhanced photocurrent output and enhanced light harvesting efficiency,
as promising architectures for photoelectrochemical applications [90]. The charge
transfer mechanism in Figure 4.10 is similar as above. Under the light irradiation above
400nm wavelength, the electron was excited to conduction band, generating
electron—hole pairs. Photogenerated holes at the valence band of GDs were injected to
the solution and integrated with electron donors, and photogenerated electrons were
injected into TiO, and then the contact due to more negative conduction band of GDs
compared to that of TiO,. GDs sensitization may also contribute to light scattering,
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Figure 4.10 Photoexcitation charge carriers generated at GQDs/TiO, interfaces. Source: Sudhagar
2016 [90]. Reproduced with permission of Elsevier.

leading to the enhancement of photovoltaic performance. Shen and coworkers used 0D
graphene quantum dots instead of 2D graphene sheets in their research [91]. Their
results showed GDs exhibited new phenomenon because of quantum confinement and
edge effects. They also found that the surface-passivation agents on GDs had great
influence on the photoelectrochemical property of GDs. The photon-to-electron con-
version capability of GDs-PEG and GDs were very different.

Yan et al. reported another type of GDs—TiO, nanocomposites, gaining enhanced
photoelectrochemical signal under visible-light irradiation [92]. The mechanism of
enhancement is quite different from that of previous report, since GDs here are majorly
considered as excellent electrical conductivities, improving separation efficiency of
electron and hole pairs. The photocurrent could be further sensitized by dopamine
(DA), developing a novel photoelectrochemical sensor for sensitive determination of
DA. The enhanced photocurrent showed a linear relationship with DA concentration
from 0.02—105 pm with a detection limit of 6.7 nm. Liu et al. designed a label-free PEC
aptasensor for chloramphenicol (CAP) determination using nitrogen-doped graphene
quantum dots [93]. They synthesized the NGDs via a facile one-step hydrothermal
method and these NGDs showed highly efficient photon-to-electricity conversion upon
visible light irradiation. The UV-visible absorption spectra gave the evidence that
nitrogen doping could obviously enhance the absorption capacity of GDs in visible light
region, which promoted the PEC activity of GDs. On the other side, the n-conjugated
structure of NGDs improved the immobilization of aptamers by n—m stacking interac-
tion. With the presence of the CAP, it would be captured by aptamer and further reacted
with photogenerated holes of NGDs to get an enhanced photocurrent signal. This
aptamer/NGDs based photoelectrochemical sensor exhibited high sensitivity and
selectivity with a linear PEC response in the range of 10-250 nm. Another more recent
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example is an enhanced photoelectrochemical cytosensor for fibroblast-like synovio-
cyte cells (FLS cells) with visible light-activated GDs and g-C3N, sensitized TiO,
nanorods [94]. Preparing heterojunctions, which can energetically match conduction
bands and valence bands of different materials, is the most frequently used strategy to
improve the photocatalytic performance of photoactive materials [95, 96]. In this
cytosensor, they used GDs and carboxylated g-CsN, as the heterojunction sensitizers
for TiO, nanorods, leading to a wide band gap of 3.2 eV. Then the nanohybridization of
TiO, nanorods/carboxylated g-C3N./ NGDs worked as the photon-to-electron genera-
tor in this PEC cytosensor. After the immunoreaction between CD95 antibody and FLS
cells, a decrease in photocurrent intensity occured due to the steric hindrance and thus
the target cells could be determined. Similar synergistic effect of GDs and TiO, nano-
particles was also applied in a PEC sensor for dopamine determination [92]. In this
system, the GDs-TiO, nanocomposites were fabricated by a simple physical adsorption
method. This nanocomposites showed enhanced PEC signal upon visible-light irradia-
tion, with nearly 30-fold and 12-fold enhanced photocurrent than that of GDs and TiO»,
respectively. Moreover, the photocurrent of this nanocomposites was selectively sensi-
tized by dopamine, providing a strategy for the determination of dopamine. Other pho-
toelectrochemical active nanohybrids were also reported in the PEC sensors. Tian et aln
developed a GDs-silicon nanowires nanocomposites as signal transduction and bio-
compatible nano-scaffold for antibody immobilization in a PEC platform to detect
microcystin-LR (MC-LR) in water samples [97]. The results showed that GDs distinctly
improved the photoelectrochemical performance of silicon nanowires. The measure-
ment mechanism was based on the specific recognition of MC-LR caused photocurrent
decrease. This immunosensor possessed good sensitivity and was successfully applied
in real water samples.

4.5 Conclusions

This chapter has discussed recent progress in the development of electrochemical sens-
ing based on C-dots and G-dots and their typical applications. Though considerable
achievements have made in the past decade, this filed is still at the early stage. Growing
interest will be focused on the preparation of multifunctional C-dots and G-dots to
improve the sensitivity and widen the detection range, either via advanced synthetic
methods or composite materials with other functional nanomaterials.
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Electroanalytical Applications of Graphene
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5.1 Introduction

The field of electrochemistry is more active than ever before, owing to the shift in
social climate, where consumers are now demanding smaller, faster electronics,
longer battery lifetimes, renewable energy, point-of-care medicinal treatments, elec-
tric cars, environmentally friendly fuelled cars, and many other devices that require a
deep understanding of charge transfer reactions at interfaces. The fundamental
understanding of charge transfer reactions can relate to several things: the diffusion
characteristics of the active species in solution, the nature of the electrolyte, the
chemical reactions involved in the mechanism, the electrochemical reactions involved
in the mechanism, and perhaps most important of all, the surface that the charge
transfer reactions occur upon. The latter has seen a shift in the past two decades away
from traditional conductive, relatively chemically inert, and therefore expensive elec-
trode materials such as platinum and gold, and moved towards cheaper materials and
nanomaterials in an attempt to provide cheaper alternatives to traditionally expensive
problems.

Out of the many carbon materials used throughout the past ten years, there is a
current focus upon the properties of graphitic materials because they display some
fascinating properties in different spatial dimensions (see below). This shift towards
carbon nanomaterials has inspired this chapter, which will focus upon the electro-
analytical properties of graphene, a common member of the graphitic materials
family.

Graphene is an sp” hybridized hexagonal arrangement of carbon atoms, arranged in a
characteristic honeycomb lattice structure. Each carbon bonds to three other carbons;
two singly-bonded, and one doubly bonded (though resonant structures allow such
bonds to interchange), and bonded to no other atoms, save for any lattice defects that
are terminated by some form of oxygenated species, and the edges of graphene that are
the same. This chapter will discuss the origins of graphene, the types of graphene avail-
able and their potential uses, and the electroanalytical properties of the many types of
graphene available to the researcher today.
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5.2 The Birth of Graphene

Out of the many significant discoveries made within the past two decades, it could be
argued that graphene has captured the imagination of scientists and the public alike
more so than any other has. This can be reflected in the academic field by the number
of papers published with the keyword ‘graphene’ in its title since 2005 (Figure 5.1) [1].
The starting point for such a flurry of interest was undoubtedly when graphene was
initially discovered' in the research papers reported by Geim and Novoselov in 2004/05
[2, 3]. The initial reports were widely celebrated by many because of the relative simplicity
in the approach to graphene isolation, simply using sticky tape to peel it off a slab of
graphite, coupled with the plethora of physical properties of graphene that opened up a
seemingly endless number of potential research opportunities and societal benefits.
Following the conception of graphene was a more in-depth investigation into the physical
properties of the material, which yielded some surprising and potentially ground-break-
ing results. The electric field effect reported in graphene in 2005 [3] was quantified later
insome publications, with electron mobilities reported as high as 200 000 cm?V1120s7! [4],
theoretically providing graphene with a huge advantage in the high speed consumer
electronics industry. The high intrinsic strength and Young’s modulus reported for
grapheme [5] allowed the material to be flexible, and its electronic structure was found
to be arranged in such a way that prevented almost anything from permeating the mate-
rial [6]. Disseminating the full complement of properties is beyond the scope of this
chapter, but a list of selected properties are provided in Table 5.1 for interested readers.
One property that is not listed in Table 5.1 is the explicit electrical anisotropy exhibited
by graphene, something that has caused much debate in the field of electrochemistry,
and is something that may be seen as a hindrance for the progress of graphene research.
Electrical anisotropy is the property of having different electronic properties based
upon the directional vector probed; in other words, graphene conducts to different

Graphene publications
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Figure 5.1 The number of publications containing the keyword graphene since 2004.

1 ‘Discovered’ in this context alludes to the reporting of single layer graphene by Geim and Novoselov in 2005.
This may be contentious in an academic context but for the purposes of this book chapter we assume graphene
was discovered in 2005.
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Table 5.1 A selected non-exhaustive list of properties of graphene, the combination of which has
excited scientists across the globe.

Property Value Potential application Ref

Electron mobility 200000cm?Vts™ High speed microelectronics (4]

Young’s modulus 1TPa Flexible nanomaterials [5]

Intrinsic strength 130GPa Flexible nanomaterials [5]

Optical transparency 97.7% Visually transparent conductors [55]
[

Thermal conductivity 3800 — 5300 WmK™ High temperature electronics

levels in different directions. As detailed in Figure 5.2, graphene is a 2D material that
consists of two planes, termed the edge and basal plane.

If one considers graphene in three planes (x, y, z), the 2D sheet of graphene is an excel-
lent conductor in the x and y planes, or from edge plane to edge plane. In the z direction
graphene is actually a poor conductor, because like all electronic systems, current flows
along the path of least resistance, so in the case of graphene current can easily flow
between the sp” hybridized electronic orbitals of graphene in the x and y directions, but
in the z direction there are no such orbitals. This prevents the flow of current in the z
direction and therefore the charge transfer reactions on the basal plane are approxi-
mately three orders of magnitude slower than on the edge plane. This can be a signifi-
cant problem for graphene electroanalysis if graphene sheets orientate themselves with
the z direction facing the electrolyte.

One exception to this rule is the phenomenon observed when probing a graphene
basal plane with a micro-droplet cell. Latest reports suggest there is unequivocal evi-
dence that the basal plane of graphite is at least as active towards out-sphere redox
probes as noble metal electrodes [7]. However, this phenomenon is yet to be replicated
on a large scale. Indeed, the same group previously demonstrated that the basal plane is
largely inactive on a macro scale, and the majority of electrochemical activity happens
along step edges in mechanically exfoliated grapheme [8]. For the purposes of this chap-
ter, we therefore assume that the basal plane of graphene is effectively electrochemically

Basal plane

Figure 5.2 lllustration of the basal and edge planes of a single graphene sheet.
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inert on the macro scale, and the edge plane of graphene is electrochemically active on
the macro scale.

The wide-ranging properties that emerged from initial graphene research thus indi-
cated a material that was unparalleled in its versatility, and has become a focal point for
research ever since. However, before moving towards the electroanalytical applications
on graphene in detail, one must understand that there are many barriers for graphene
to becoming a success, the first of which is knowing the different types of graphene that
are required for each application.

5.3 Types of Graphene

Graphene is undoubtedly unique in several ways, as alluded to in the introduction, but it
also has many limitations that require researchers to exercise a level of control in order
to maximise the desired properties from graphene. For example, graphene has been
touted as a potential semiconductor for microelectronics, but its zero band gap [9] pre-
vents its use as a semiconductor without manipulating graphene in some way to behave
as a semiconductor. Therefore it is sometimes necessary to actually create ‘defective’
graphenes! Of course, the term ‘defective’ in this case doesn’t actually mean that the
material itself will be defective, but it implies that defects have to be introduced to pris-
tine graphene sheets (physically or chemically) in order for the material to be of any use.
However, creating a consistent ‘defective’ graphene is a significant challenge, and despite
the several methods of graphene production, there are few that provide a consistent
large-scale batch that is effective for its intended purpose. For interested readers there
are several examples of creating tunable graphenes for semiconductors (see for example
[10]). Despite this, one can roughly classify types of graphene from their synthetic
method, and there is a remarkable relationship between the synthetic method, the qual-
ity of the graphene, and the application of that particular graphene, as summarised in
Figure 5.3 [11].

For example, smart windows require optical transparency and the highest possible
conductivity, therefore a pristine graphene would be more applicable, and would likely
have to be fabricated through a Chemical Vapour Deposition method such as the
method reported by Bae et al. [12]. Conversely, a semiconductor requires tunable elec-
tronic properties, which is a something that can only be afforded by wrinkling [13, 14]
or doping [15] of graphene to create an energy gap between the conduction and valence
bands of graphene. While such graphenes have been attempted as electroanalytical
platforms, there have been some difficulties with them, as will be discussed later.

This leads onto solution-based graphenes that are specifically prepared for elec-
troanalysis; an area that has been highly controversial and almost impossible to keep
up to date with due to sheer volume of research papers reporting electrocatalytic
effects of graphene. Solution-based graphenes can be created by many wet synthesis
methods (Hummers [16], Staudenmaier [17], Hofmann [18] methods) that normally
use strong acids and powerful oxidising agents to exfoliate graphene from graphite
powders. This method carries advantages of being able to produce large volumes of
graphitic oxide that can be reduced chemically, thermally, or electrochemically [19]
into so-called graphene, and the material produced often reduces the thermody-
namic barriers for adiabatic reactions in electrochemistry, making it an attractive
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Figure 5.3 Comparison of the price of mass production compared to the quality of graphene.
Source: Novoselov 2012 [11]. Reproduced with permission of Nature Publishing Group.

nanomaterial for electroanalysis. However, it is contentious to term such materials
as graphene, because almost all solution-based methods firstly create graphite oxide
or graphene oxide, two materials that behave considerably different to graphene in
terms of electrochemistry [20]. Secondly, solution-based graphitic oxides contain a
large amount of defects that alter the electronic nature of the material, and thirdly
the material tends to flocculate in solution anyway so that the material is no longer
single layer, but multi-layer [21]. Fourth and finally, graphitic oxides often contain
metal ions such as manganese, and anions such as sulphate, both of which can affect
the electrochemical performance of the material considerably [22]. Resultantly, the
field of graphene electroanalysis can sometimes be a tricky field to navigate properly,
yet there are some tips that may be useful for researchers. Often graphene oxides
give many different properties because the methods used are not well understood,
leave electroactive residues in the resulting graphene oxide, are not temperature
controlled properly, or are not stored properly. Therefore, a useful check for the
researcher is as follows:

1) Understand the methods used in research papers: modified Hummers methods are
atisfactory, but the details need to be reported fully.

2) Identify the quality of chemicals used in the fabrication: reagent grade chemicals are
not good enough as they will leave residues behind.

3) Assess the procedures in detail: check for temperature control, atmosphere, chemical
and physical changes.

4) Scrutinise storage: are the samples concentrated enough to precipitate, what solvent
are the samples stored within.

5) How are stored samples checked for homogeneity: sonication of samples is often a
good way to ensure graphene oxides remain as graphene oxides in a solution.
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If such procedures are followed, it is likely that a reproducible graphene oxide can result,
and therefore the research from such graphene oxides can be trusted. If this is not the
case, one should proceed with upmost caution.

In addition to the graphene types described above, free-standing graphene foams and
graphene screen-printed electrodes (SPEs) have also been researched as electroanalyti-
cal platforms. Such graphenes are unique in their own right and give different proper-
ties, depending upon the needs of the researcher. The remainder of this chapter will
explore the research, general findings, and pertinent examples of four different gra-
phene types: chemical vapour deposition (CVD) graphene, free-standing 3D graphene
foam, graphene SPEs, and solution-based graphene.

5.4 Electroanalytical Properties of Graphene

The previous sections have detailed an introduction to the start of graphene research
and the developed methods for synthesizing graphene, the latter of which is an impor-
tant point with respect to the relative applications of graphene. With this in mind, this
section is split into four sections, each assessing the research conducted in the specific
area and detailing the challenges faced for using each graphene as an electroanalytical
platform. The chapter will conclude by offering an outlook on the future of graphene
electroanalysis using the dearth of knowledge available and our best possible predic-
tions based upon the challenges faced by each type of graphene.

5.4.1 Free-standing 3D Graphene Foam

The first of the four types of graphene discussed is free-standing 3D graphene foam
(GF), a relatively new material that is probably slightly moronic in its name, given that
graphene is meant to be a 2D material! However, such a material does indeed exist and
is used in applications such as supports for supercapacitors [23], electrodes for batteries
[24], and environmental clean-up [25], as well as electrochemical sensing [26].

The material was first reported in 2011 by Cao et al. who designed the fabrication
method for apparent supercapacitor-based applications [23]. The innovation was
required to explore the possibility of extracting the most from graphene’s surface area
in order for supercapacitors to undergo the required redox reactions that deliver
pseudo-capacitance and thus a material that could deliver higher current loads. In order
to design the 3D graphene network, researchers used an existing nickel foam structure
as a base substrate in a CVD rig, instead of a flat nickel surface that would normally
create single layer CVD grapheme [27]. The result was a foam structure coated in gra-
phene, and therefore the term ‘free-standing 3D graphene foam’ was realised.

The advantage of GF is that it allows the user to exploit the higher surface area for
electrochemical purposes if used as a working electrode. Such a property could
improve current collectors on fuel cells or supercapacitors, and amplify the currents
signals generated in voltammetric applications; therefore it could be a desirable mate-
rial for electroanalysis. On the other hand its highly hydrophobic nature poses a sig-
nificant problem for aqueous electrochemistry because the material requires liquid
penetration for its properties to be meaningful, and the stress imposed upon the mate-
rial by the hydrophobicity when in contact with water is often enough to damage the
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material. Therefore, it is necessary to decrease the surface tension of water using a
surfactant or latex particle, otherwise experiments are limited to organic solvents and
ionic liquids.

Table 5.1 lists several efforts by researchers to utilise GF as an electrode material in
electroanalytical applications [26, 28—35]. Inspection of the column labelled ‘Electrode’
tells the story of GF electroanalysis quite simply: as a standalone material it suffers as an
electrode; yet when decorated with another material such as CuO or Co30,, the electro-
chemistry suddenly come to life. One of the major contributing factors to this is indeed
the above-mentioned hydrophobicity of GF, as was pointed out in the research paper by
Brownson et al. [21]. Research actually demonstrated a contact angle between GF and
water of 120°, which is comparable with waterproof materials such as Teflon film. The
disadvantages of this phenomenon are described previously. Researchers therefore
choose to overcome this obstacle by decorating the GF with another material, often in
nanoparticle form, to promote a more favourable wetting of the 3D network. However,
it could also be argued that while graphene does exhibit excellent conductive properties
across its lattice, the ‘wire’ points of graphene lie at its edges. Therefore, because the
basal planes are more exposed in a GF than the edges, in reality a bare 3D graphene
network might not be useful for electroanalysis at all, as the thermodynamic boundaries
required to activate the electron transfer reactions are much higher along the basal
plane of graphene than on the edge.

One route towards improving the electrochemical response of GF that has not yet
been discussed is the process of manipulating the GF surface without introducing nano-
particles or other dopants. This has been the focus of some literature reports, however,
and the results have been interesting. One such report, reported by Brownson et al.
[28], details a procedure to introduce a pre-washing of the GF electrode with acetone, a
process that allows aqueous penetration of the GF, and therefore allows the research to
utilise the high surface area offered by the GF. Through careful manipulation of the GF,
their paper managed to obtain a reasonable electroanalytical performance of bare GF
towards uric acid, with a limit of detection (LoD) of 1 pM and a working linear range of
20-150pM [28]. The procedure is quick, simple, and the value of information derived
from it can be enormously beneficial. Perhaps the major drawbacks of such an approach
are inherent of GF itself, rather than of the method proposed (see Table 5.2).

The material is difficult to use in electroanalytical experiments due to the unknown
electrode area that has to be estimated using debateable calculations; and the connec-
tion of the GF electrode to the solution using crocodile clips, for example, is likely to be
a stumbling block for proper implementation of such graphene in electroanalysis. The
material requires a disposable GF electrode device to be designed with a consistent
surface area if it is to be taken seriously in the future for electroanalytical applications.
Otherwise its utility will likely be limited to electrodes for closed systems such as bat-
teries or fuel cells.

5.4.2 Chemical Vapour Deposition and Pristine Graphene

In the early days of graphene research it was often infeasible for research groups to
conduct effective graphene work using mechanical exfoliation, because while such
methods do create the highest purity graphene, it takes far too long to create enough to
conduct meaningful electrochemical studies upon. Resultantly, researchers sought
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Table 5.2 Table listing some selected works using GF as an electrode material in electroanalytical

applications.
Target species Electrode LoD /puM Sensitivity / tAmM™ cm™ Ref
Dopamine GF 0.025 620 [26]
3D N-doped graphene 0.0010 9870 [30]
GF/Co30, 0.025 3390 [29]
Glucose GF/Mn;0, 10 360 [31]
GF/Ni(OH), 0.34 2650 [33]
Ascorbic acid GF/CuO 0.43 2060 [34]
H,0, GF/thionine 0.080 170 [32]
GF/PtRu nanoparticles 0.040 1020 [35]
Uric acid GF 1.0 16300 [28]

methods to produce high quality graphene in larger quantities. CVD techniques there-
fore offered a different route towards highly pure, single-layered graphene that was suit-
able for fundamental electrochemistry investigations. Briefly, CVD graphene methods
are a bottom-up approach to graphene construction, where graphene is grown upon a
metal substrate (nickel or copper) using gases such as methane as the carbon source.
The graphenes produced are about as close to pristine graphene as is currently possible,
with some methods reporting the possibility of producing up to 30 square inches at a
time [12]. Another method of graphene synthesis is ultrasonic exfoliation of highly pure
graphite in ethanol [36]. In this method, pure pristine graphene flakes remain sus-
pended in ethanol and can be drop-casted upon an electrode surface to create a pristine
graphene electrode. Such a method allows for quicker experimentation, but the gra-
phene may suffer from the ‘coffee ring’ effect (discussed later), and restack to form
multilayers when dry. Nevertheless, electrochemical studies of this graphene type have
been conducted and demonstrated that pristine graphene does not offer beneficial elec-
tron transfer kinetics over materials such as graphite [36, 37].

The general pristine nature of CVD graphene, that is, long range order of graphene
sheets that are free from defects, impurities, and terminations, effectively means that
when the electrolyte in an electrochemical investigation moves into contact with the
graphene working electrodes, the majority of the surface area covered is the graphene
basal plane. The effect of this is that the charge transfer reactions remain relatively inef-
ficient, as opposed to if the graphene was oriented in a manner that its edge was exposed
to the electrolyte. This means that in terms of electroanalysis, CVD and pristine gra-
phenes have no quite lived up to their original hype.

Resultantly there are very few works to speak of in terms of electroanalysis of CVD or
pristine graphene, save for the works by Brownson et al. [38]. In their work, CVD gra-
phene was employed for the detection of NADH and uric acid, two common biologi-
cally relevant analytes that the field of electroanalysis focusses upon. The initial
fundamental study revealed that the CVD graphene behaved in a similar fashion to edge
plane pyrolytic graphite, with a good peak resolution and low oxidation potential. This
translated into a beneficial sensitivity of 260 pA cm>mM " for NADH and a limit of
detection of 7.21 uM, which is well within the required detection limits for this target
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species which appear in the blood at a maximum off 900 pM [39]. Similarly for uric acid,
a sensitivity of 480 pA cm >mM ™! was obtained with a limit of detection of 8.84 pM,
which is analytically useful given that the healthy range for adult females is as low as
14pM, and the highest healthy level for an adult male is 42 pM [40]. One thing that
cannot be understated, however, is the role of graphitic islands in CVD graphene, and
the possibility of metal ion mediated voltammetry due to the CVD graphene growth
substrate. Further work by Brownson et al. concluded that graphitic islands dominate
the electrochemical response of CVD graphene and warned researcher that nickel in
particular may give false voltammetric profiles [41].

This section has explored CVD and pristine graphene and shared insights into the
reasons why researcher prefer not to choose such substrates as choice electrode sub-
strates for electroanalytical charge transfer reactions. It is the opinion of the author that
pristine and CVD graphenes will prove to be far more beneficial for their conductivity
for small consumer electronics and smart devices, rather than for electrochemical sens-
ing platforms, resulting from the largely electrochemically inactive nature of the gra-
phene sheet. Thus the key to using graphene in an electroanalytical sense lies within
manipulating the graphene sheet to behave in a more favourable way.

5.4.3 Graphene Screen-printed Electrodes

One of the most favoured methods of electroanalysis is to implement Screen-Printed
Electrodes (SPEs) for the detection of biologically relevant analytes. SPEs are carbon-
based electrodes that use printed conductive carbon layers to facilitate charge transfer
reactions on a small, flexible substrate that is normally made from polyester. SPEs are
lightweight, disposable, mass-producible, reproducible, repeatable, and fundamentally,
they could allow the user to scale voltammetric measurements down into a point-of-
care device for environmental [42], forensic [43], and medicinal applications [44], pro-
vided the methodologies were rigorous. SPEs have been used by many institutions and
it is therefore no surprise that, given the hype surrounded graphene, that researchers
would attempt to design graphene screen-printed electrodes (GSPEs) in the hope that
they would open the door to some unique properties.

However, designing and fabricating GSPEs was not quite as simple as it may sound.
SPEs are generally constructed by pressing a carbon ink through a screen onto a polyes-
ter substrate (see Metters et al. for further information on SPE design [45]) and subse-
quently curing the substrate in an oven. This method leaves two options for graphene
inoculation: first, graphene can be mixed in with the ink before the ink is pressed
through the screen; or second, the graphene can be printed over the top of the working
electrode on the first print. The first option carries that advantage of printing the gra-
phene and ink at the same time, but the user has less control over the fate of the graphene
after it is printed, meaning that graphene may be allowed to restack, or even attach to
the carbon black particles in the carbon ink. This means that the working electrode
would essentially be a carbon black and graphene mix, and would not be entirely repre-
sentative of the fundamental graphene response. The second option carries the disad-
vantage of adding an extra printing step, so the electrodes take longer to make, however
they give the researcher an element of control over the graphene, as an extra printed
later would allow graphene to be completely in contact with the electrolyte during
experimentation.
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When approaching GSPE literature, one must be conscious of a differentiation
between GSPEs and graphene modified SPEs, two things that are completely different
in nature. GSPEs infer that the graphene is either incorporated into the ink, or printed
upon the working electrode separately. In many examples, graphene-based composite
materials are drop-casted upon the SPE and labelled as GSPEs, something that we
believe to be factually incorrect. The method described is simply the drop-casted
method of graphene electrode preparation, something that is covered in the final sec-
tion of this chapter. For the purposes of this chapter, we will focus only upon graphenes
that are printed. The most prominent GSPE research papers were reported indepen-
dently by Ping et al. [46], and Randviir et al. [47], while there have also been reports of
the use of commercially available GSPEs that will be discussed too [48].

Possibly the first report of a GSPE was the work by Ping et al., who presented their
GSPE as the first of its kind. Their work used graphene that was fabricated through a
Hummers method for graphitic oxide, which was then chemically reduced to graphene
using ammonia and hydrazine. The chemically reduced graphene was then incorporated
into the carbon ink used in the fabrication of the SPE [46]. While this method was the first
of its kind, there were several key parts identified that made the resulting electroanalysis
debateable. First, the SEM images presented in their work demonstrated the existence of
graphitic islands, meaning that either the graphene had restacked to form graphite, or the
surface of the SPE was simply a carbon black/graphene mix that was not truly representa-
tive of the fundamental properties of graphene. Indeed, the successful electroanalytical
performance of the GSPE was a clear indication that graphitic edges were dominating the
electrochemical responses. This is even before one accounts for the Hummers-type gra-
phene used, which is well known to create highly defective graphenes once reduced. The
most positive aspect of this work was that the resultant GSPE had the ability to differenti-
ate the electrochemical signals of ascorbic acid, uric acid, and dopamine under lab condi-
tions, in linear ranges from as low as 0.5 M up to 4.5mM. Even more encouraging, the
lab-based efforts took a step away from lab conditions and focussed upon real samples
such as urine, with a reasonable level of success, and good level of analytical reproducibil-
ity with measurements yielding under 4% for most experiments.

The above experiments were conducted at a time when there was a limited under-
standing of Hummers-type graphene, which most researchers in the field now know to
be careful when using. Of the few other examples of GSPEs, the report by Randviir et al.
is probably the most rigorous investigation of in-house GSPEs, which were fabricated
using two different methods [47]. The first method incorporates a graphene that is pro-
duced from a split plasma process, producing highly pure graphene with few basal plane
defects (GSPE1). In this ink, a small amount of carbon black is mixed in to improve the
conductivity of the ink. The second method uses an ink fabricated from a solution-
based method, and incorporates polymeric binders into the ink, which are known to
inhibit charge transfer reactions at the electrode/solution interface (GSPE2) [49]. The
two methods also display radically divergent electroanalytical properties as a result of
their construction. Raman spectroscopy of the GSPEs indicate that GSPEL1 yields a
more graphite-like SPE that one might expect to offer favourable electrochemical
responses. On the other hand, the Raman spectroscopy of GSPE2 shows a more gra-
phene-like characteristic fingerprint. This observation translates in electrochemical
terms to a faster rate of charge transfer for GSPE1 than GSPE2. Electroanalytical experi-
ments indeed demonstrated that GSPE1 allowed a sensitivity towards ascorbic acid of
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11.1pAcm > mM ™, while GSPE2 was ten times less (1.02pA cm™>mM ™. But this was
not the full story because the preparation method for graphene for GSPE2 incorporated
impurities into the structure, some of which had the ability to catalyse electrochemical
reactions at significantly high potentials. For example, the sensitivity of uric acid was
actually higher for GSPE2 than GSPE1, which exhibited 600 and 570 pAcm_ZmM_l,
respectively. Therefore, though two methods were suggested, they had to be chosen and
implemented very carefully for future use.

Commercially available GSPEs have also been implemented by researchers in the con-
text of medicinal technology research. One specific example of this was reported by
Teixeira et al., who used such GSPEs from DropSens (Spain) to determine the concentra-
tion of pregnancy markers in urine [48]. This example takes advantage of GSPEs that are
fabricated at the commercial end, who modify the working electrode with a graphene solu-
tion. Inspection of their product datasheet would suggest that the graphene they use is
either fabricated using a Hummers-type method or commercially obtained (containing
surfactants), both of which can give rise to false voltammetric signals that are often attrib-
uted to graphene structures. Nevertheless, we refer to this example because it is assumed
that the company provides a consistent electrode. The researchers modify their GSPE with
polyaniline (PANI), which is a common method for preserving the conductive element of
graphene, while avoiding the introduction of defects upon the surface. The electrode was
also hybridized with an antigen to the target species, allowing a selective recognition pro-
tocol, while using bovine serumalbumin to block non-specific bindingsites. Electrochemical
impedance spectroscopy is the most common electroanalytical technique to sue in such
scenarios because the antibody-antigen interaction is essentially a bio-recognition event
that blocks electrochemical reactions once the binding takes place. The resultant response
to pregnancy markers yields a linear response from 0.001-50 uM, which expands the linear
range of existing technologies by over two orders of magnitude.

The field of GSPEs has seen very limited activity for the field of electroanalysis, but
the procedures reported are ones that hold some promise for future point-of-care
devices in medicinal applications. The major stumbling blocks to GSPEs are under-
standing the true nature of the SPE once graphene has been incorporated, something
that has only really been attempted by Randviir et al. Without a true rigorous experi-
mentation with the electrode using standard redox probes, it is inevitable that false
positives may arise during experimentation; this was especially apparent for GSPE2 in
the work by Randyviir et al. [47]. Resultantly, the field requires a considerable amount of
work before any true GSPEs can have a real impact on point-of-care devices.

5.4.4 Solution-based Graphene

The final type of graphene discussed in this chapter is solution-based graphene.”
Solution-based graphenes are particularly useful for electroanalytical purposes because
they can be produced in large amounts, and therefore many experiments can be com-
pleted in a short period of time. Furthermore, the relative level of defects in solution-
based graphene can be beneficial for electroanalysis because the defects give rise to

2 The term ‘solution-based graphene) while factually inaccurate, is a typical description for this type of
material. In fact it might be termed as ‘graphene suspensions’ given that graphene doesn’t dissolve in any
common suspending solvent such as water, ethanol, methanol, or isopropanol.
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electrocatalytic effects in some cases. Solution-based graphenes are often prepared
using powerful oxidising agents as discussed previously, and are stored at known con-
centrations in the solution phase, before being applied to an electrode.

The main method of solution-based graphene electrode assembly is the drop-casting
method, whereby the user will pipette a known volume (and therefore, mass) of gra-
phene upon an inverted electrode surface, before leaving to evaporate in air. This
method requires careful transfer of the graphene solution, clean electrode substrates,
fast-evaporating solvents, and protection from the atmosphere. But even if these things
are controlled, it isn’t always easy to create a uniform graphene coverage across a sur-
face, due to the phenomenon known as the ‘coffee ring effect’ (Figure 5.4). Therefore, in
addition to the common poor quality graphene used in solution-based applications, the
method of electrode assembly is fundamental to allowing a restacking of the graphene
sheets, and therefore the responses often become akin to graphite, much like the gra-
phitic islands argument presented for CVD graphene [41, 50]. Nevertheless, if the
researcher takes such factors into consideration, there is still scope to create electroana-
lytical sensing platforms that are viable. Readers are referred to our list provided previ-
ously to identify plausibility of solution-based graphene research.

Resultantly, one of the major problems faced is identifying a solution-based graphene
production method that can be adequately controlled and reproduced. This is something
that is not as easy as it may seem, and despite several years of solution-based graphene
production, there are still discrepancies in electrode production methods that make it
difficult to identify the better works. One such method of electrode fabrication that
deserves attention is the work by Zhou et al., who report a unique method for the con-
trolled production of solution-based graphene electrodes. The graphenes produced are
typical Hummers type graphenes, however the method employed avoids the ‘coffee ring
effect’ described in Figure 5.4. The electrodes are fabricated using a spray-coating method
through a patterned template, on to an underlying substrate in a similar manner to a
screen printed electrode. The differences are that the resulting electrodes are thin film
electrodes rather than thick film electrodes, and the working electrode is far more homo-
geneous than in the case of screen printed electrodes. Further information on the method
is provided for interested readers in the paper by Zhou et al. [51]. This method does
require a high quality solution-based graphene for it to be effective, however, which is
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Figure 5.4 Schematic diagram of the ‘graphene coffee ring effect’ that is apparent when applying a
graphene suspension upon an electrode surface. Source: Randviir 2014, http://pubs.rsc.org/is/content/
articlehtml/2014/cp/c3cp55435j. Used under CC BY 3.0 https://creativecommons.org/licenses/by/3.0/.



something that is not so simple in solution-based graphenes. The method of choice in the
previous example (and perhaps the most promising method for cleaning solution-based
graphenes) is the method proposed by Gao et al., who utilise hydrazine and thermal treat-
ments to remove oxygen-containing functionalities from graphene sheets. [52]. The
method is described as a de-epoxidation, where bridging epoxy groups are targeted using
hydrazine, which then acts as a leaving group to reduce epoxides to allylic carbons.

Table 5.3 therefore lists some of the best electroanalytical applications of solution-
based graphene. One common theme of the listed methods is the chemical reduction of

Table 5.3 Table listing some selected works using solution-based graphene as an electrode material

in electroanalytical applications.

Electroanalytical Applications of Graphene

Sensitivity /
Target pAmm
species Electrode Graphene type LoD /pM cm™ Ref
Ascorbic N-doped graphene on Hummers — chemically 3.5 93.1 [57]
acid GC reduced with hydrazine 50 83.5! [58]
Graphene-chitosan Hummers — chemically
composite reduced with hydrazine
Uric acid N-doped graphene on Hummers — chemically 0.57 132 [57]
GC reduced with hydrazine 2.0 2030! [58]
Graphene-chitosan Hummers — chemically
composite reduced with hydrazine
Dopamine N-doped graphene on Hummers — chemically 0.25 205 [57]
GC reduced with hydrazine 1.0 3360! (58]
Graphene-chitosan Hummers — chemically
composite reduced with hydrazine
Glucose Graphene with gold Hummers — assembled on 180 99.5 [60]
nanoparticles and cationic substrate as per
chitosan Kovtyukhova et al. [59]
Lead Graphene and Nafion® Hummers — chemically 97.0x107° 4.59%x10°  [61]
reduced with hydrazine
Cadmium  Graphene and Nafion® Hummers — chemically 180x10° 10.1x1072  [61]
Graphene and Nafion® T educed with hydrazine 450%x107° Not [62]
Hummers — chemically reported
reduced with hydrazine
TNT Graphene and Hummers — uncleaned 0.50 ppb 1.75pA [63]
porphyrin ppb~! cm™
Glucose Sulfonated graphene, = Hummers — chemically 5.0 67.2" [64]
Nafion® and gold reduced with hydrazine 0.10 891 [65]

nanoparticles on
glassy carbon
Nickel nanoparticle
and graphene
composite on glassy
carbon

Hummers — uncleaned

1) Calculated from electrode diameter of 3mm and reading from the reported concentration versus current

graphs.
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graphene oxide using hydrazine and ammonia as described above, a method that report-
edly creates a purer solution-based graphene that is free from problematic metal ions
that may remain after preparation of Hummers-type graphene. Even so, care still has to
be taken due to hydrazine’s voltammetric activity. One example of the concerns sur-
rounding solution-based graphene can be highlighted in the well-referenced work by Cui
and Zhang, who employ a graphene/gold nanoparticle composite for the detection of
epinephrine [53]. The method reports a limit of detection as low as 0.007 pM, a linear
range panning two orders of magnitude, and a sensitivity of 25 500 uA mM ' cm™2!*

While the initial figures appear to be promising, they should be approached with
caution. For example, the graphene itself is likely to be fabricated using a Hummers
method without any cleaning, and therefore the graphene used is actually graphene
oxide. Secondly, the graphene is commercially obtained in a period where methods of
graphene production were poorly understood. During this time, surfactants were often
used in commercially available graphenes to exfoliate the graphene sheets from graph-
ite. Therefore, the electrochemical response observed may not be for epinephrine or
graphene, but be due to the surfactants inherent in the graphene. Indeed, inspection of
literature reports arguing this case demonstrate that the common surfactants used
allow very similar peak potentials to the case discussed [54].

Despite the drawbacks, there are still some very good electroanalytical methods that
can be employed for electroanalytical sensing applications. The field of graphene elec-
troanalysis requires a more robust graphene fabrication method for the design and
production of sensors that are repeatable and sustainable. Many methods in the litera-
ture report electrode designs that are extremely complex, particularly in the medical
diagnostic field. This creates a conceptual issue with graphene-based electroanalysis
because researchers pursue electrodes that are selective to certain targets, but the
problem is that they commonly employ in excess of five components, which limits the
commercial applicability of the sensors as they are fundamentally difficult to design
without construction by hand. It is therefore suggested that the future of solution-
based graphene electroanalysis requires some form of standardised method to be used
in order to create a level of confidence with graphene literature such that researchers
can study papers without the worries of inadequate production methods looming
over them.

5.5 Future Outlook for Graphene Electroanalysis

The future of graphene as an electroanalytical platform most likely lies not within its
charge transfer properties at an interface, but rather with its conducting capabilities and
its ability to act as a conduit between an electrode material and a charge transfer mediat-
ing material, such as polyaniline. There are numerous examples in the academic ether
that report graphene as an electronic linker, more like an molecular wire than as an
electron transfer mediator itself, and it has consequently taken a firm seat at the top table
of biosensor design. Many of such biosensors incorporate nanoparticles that are favoured
for their high surface area, charge transfer activity, and binding ability to the edge and
defect sites on a graphene sheet. However, as the material itself, graphene is often poorer
than many other materials, and the graphenes that are reportedly useful may be ham-
pered by inconsistent production methods and false positive electrochemistry.
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The major positive aspects of current graphene electroanalysis is that the field has

well and truly moved away from the idea that graphene itself is a charge transfer media-
tor, and also methods seem to have been developed for solution-based graphenes that
are allowing more plausible investigations. Consequently, with another few years of
research, several graphene-based electroanalytical platforms could start to emerge,
albeit using other materials such as nanoparticles as their sensing aspects. Finally, there
are several things that researchers need to consider with graphene research in future
experiments that are commonly missed in several literature reports:

1)
2)
3)

4)

5)

The effects changing the mass of graphene upon electrochemical signals;
The exploration of several underlying support materials instead of just glassy carbon;
Full physicochemical characterisation of graphenes and graphene modified elec-

trodes prior to electroanalytical investigation;

Proper control methods using graphite, other graphenes, and potential interferents

that may give rise to satellite peaks (eg MnO,, Ni**, sodium dodecyl sulphate, sodium
cholate hydrate);

The selection of graphene production method and a full assessment of its relative
advantages and disadvantages.
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6.1 Introduction

Different carbon materials are actually used in both analytical and industrial electro-
chemistry as they show wider potential window and are low cost materials in compari-
son to metal electrodes such as Au or Pt. Recently, graphene has captured great interest
among physicists, chemists and materials scientists alike. It is also considered an ideal
alternative material for the development of highly sensitive electrochemical based sens-
ing platforms [1-5]. Graphene-based electrodes exhibit next to a large potential win-
dow, large 2-D electrical conductivity and fast heterogeneous electron transfer kinetics
for various analytes; the involvement of additional ‘chemical amplification effects’ (e.g.
in the case of aromatic structures such a dopamine interacting strongly with rGO via
z—n stacking interactions) has made these electrodes well adapted for electrochemical
sensing (Figure 6.1).

These properties are not only offered by single-layer graphene, but also by multi-layer
graphene, often termed stacked graphene platelets. Most importantly is that electro-
chemistry of graphene sheets is driven by its edges where heterogeneous electron trans-
fer (HET) is fast. A defect-free basal plane is often electrochemically inert [6]. To
increase the electron transfer rate on basal planes, different approaches can be under-
taken. The incorporation of nanoparticles with graphene sheets to form
graphene-nanoparticle hybrids is one of the most promising ways to tune the electro-
chemical properties of graphene-based sensors (Figure 6.1). Gold nanoparticles modi-
fied graphene nanosheets (G/Au NPs) are probably the most widely used sensing
matrixes. The number of articles published since 2009 on the use of gold nanostructures
decorated graphene for electrochemical sensing is steadily increasing. Au NPs of differ-
ent shapes and sizes are readily accessible using solution-based techniques, have low
toxicity and can be functionalized with sensing ligands. They are, therefore, well-suited
for chemical and biological sensing applications. It has been argued that Au NSs could
be used in fact in almost any domain related to sensing, ranging from electrochemical
to optical, and fluorescence approaches. The exceptional optical properties of Au NSs,
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Figure 6.1 Synergetic effect of graphene and Au NPs.

including large optical field enhancements and their addressability via spectroscopic
techniques have made them of particular interest as labels and for biosensing. The opti-
cal properties of Au NSs are dominated by the excitation of collective oscillations of the
nanoparticles’ conduction band electrons, called localized surface plasmon resonances
(LSPR), by the incoming electromagnetic waves [7, 8]. As the position of the LSPR band
is influenced by the refractive index of the surrounding sensing medium, such struc-
tures have been intensively used to detect molecular-binding events in the nano-envi-
ronment of the particles [7, 9-11]. The other way to employ optical properties of Au
NPs for sensing is to use discrete particle aggregation in response to biological ele-
ments, which results in a measurable color change. These colorimetric sensing systems
exhibited relatively low detection limits with a high degree of sensitivity [12, 13]. The
use of colloidal Au NPs as staining agents has become a standard procedure in biologi-
cal microscopy and several reviews have discussed the use of Au NPs in a variety of
diagnostic and therapeutic applications [12, 14—-16].

For electronic- and electrochemical-based applications, the high electron mobility of
graphene combined with the electrocatalytic properties of Au NPs and the possibility
of reducing the sheet resistance of rGO-based devices have made G/Au NPs materials of
high interest. The integration of Au NPs into graphene nanosheets allows in certain
cases to efficiently improve the sensitivity and detection limit of the sensor due to
enhancement of the electron transfer or through its catalytic reaction with certain ana-
lytes. This is the principal driving force for the growing research interest in graphene-
metal nanohybrids. For the development of sensors, next to good electrical properties,
the role of nanocomposites made of graphene and Au NPs also encompassed high load-
ing and efficient immobilization of biorecognition elements with preservation of their
activity and affinity.

Giving the growing interest in G/Au NPs hybrid structures, this chapter will survey
the emerging applications of G/Au NPs scaffolds for electrochemical based sensing
applications. Emphasis will be first placed on the currently available procedures for the
embedding of Au NPs onto and into graphene-based nanosheets. In particular, we aim
to provide a comprehensive review that covers the latest and most significant
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developments in this field and offer insights into future perspective. It is thus hoped
that this chapter will inspire further interest from various disciplines interested in selec-
tive and sensitive electrochemical sensing platforms.

6.2 Interfacing Gold Nanoparticles with Graphene

There are currently various synthetic routes for the preparation of Au NPs decorated
graphene nanocomposites [17]. Based upon the structural morphology of the final
hybrid, these synthetic methods can be divided into two classes: Au NPs dispersed on
graphene sheets and Au NPs wrapped by graphene and its derivatives (Figure 6.2). The
main difference is the relative surface ratio between the Au NPs and the lateral dimen-
sions of graphene. When the size of the Au NPs is in the range of a few nanometers, the
particles are small and can be easily deposited onto the graphene nanosheets. When the
Au NPs size becomes comparable with that of the 2D graphene sheets, wrapping around
the particles occurs preferentially.

When it comes to electrochemical sensing applications, graphene wrapped Au NPs
are rarely considered until now [19]. One of the only reports is that of Kim et al., who
used a substrate composed of 3D GO-encapsulated Au NPs to distinguish the differen-
tiation stage of single neural stem cells using electrochemical and electrical techniques
[19]. Furthermore, while deposition of Au NPs on the inert surface of CVD graphene
can be performed using thermal evaporation, e-beam lithography or sputtering meth-
ods (Figure 6.3) [20—22], such approaches mostly result in higher costs for the fabrica-
tion of sensors and were not investigated until now as well.

However, a variety of in-situ and ex-situ approaches for the formation of Au NPs on
GO and rGO matrixes have been considered as interfaces for further sensing applica-
tions. In the in situ approach, simultaneous chemical reduction of GO and Au salt is
carried out in order to synthesize rGO/Au NPs composite materials while the ex situ
approach involves the synthesis of Au NPs of desired size and shape and their transfer
onto graphene, GO or rGO matrix.

k‘-\u NPs decorated graphemy \Graphene wrapped Au NP/

Figure 6.2 Two approaches for the integration of Au NPs with graphene: Au NPs formed in situ or ex
situ on graphene nanosheets and graphene wrapped gold nanostructures (TEM image of a gold
nanorod coated with a few layers of rGO). Source: Turcheniuk 2015 [18]. Reproduced with permission
of the Royal Society of Chemistry. (See color plate section for the color representation of this figure.)
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Figure 6.3 Decoration of CVD graphene with Au NPs: (a) Influence of the number of graphene layers
on the morphology of the deposited nanostructures after annealing at 1260°C in vacuum for 30s.
Source: Zhou 2010 [22]. Reproduced with permission of the American Chemical Society. (b) SEM
images of graphene decorated with Au NPs by e-beam lithography. The particles are 50 nm in height
and 80nm (i), 110 nm (i), and 140 nm (iii) in diameter [20]. (See color plate section for the color
representation of this figure.)

6.2.1 Ex-situ Au NPs Decoration of Graphene

In the ex-situ method, the Au NPs are synthesized separately from graphene nanosheets
and are immobilized onto the graphene sheet through Au-NH and Au-S chemical bond
formation with functional groups on graphene and its derivatives or by utilizing elec-
trostatic, 7—x and/or van der Waals interactions for binding. The ex-situ method offers
good control over size, shape and functionality of the Au NPs, being one of the main
advantages of this approach. One of the limitations is that this approach is rather time
consuming and involves several steps.

Toluidine Blue (TB) modified GO nanosheets were proposed by Peng et al. as an inter-
esting matrix for linking Au NPs [23]. TB not only acts as an electrochemical active
mediator due to its good electrochemical redox active properties, but also as a linker to
connect Au NPs to rGO sheets due to the interaction between the amine groups in TB
and Au NPs (Figure 6.4.a). Electrostatic interactions between positively charged
poly(dialkyldimethylammonium chloride (PDDA) capped Au NPs and negatively charged
rGO/MCNTs nanocomposites has been proposed by Yu et al. [24] (Figure 6.4.a). PDDA is
not only an electronic conducting polymer but also a positively charged ionic matrix, used
to cappe Au NPs. The positively charged Au NPs where then absorbed onto the negatively
charged rGO/MWCNTs nanocomposites. Further integration of glucose oxidase (GOD)
through electrostatic interaction with the Au NPs allowed to develop a glucose sensor.

The use of cysteine as linker molecule is in particular attractive as it contains both
thiol and amino groups, linking to the carboxylic acid groups of graphene via its NH,
group and to Au NRs via SH group, creating uniform distribution of Au NPs on the
graphene interfaces.
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Figure 6.4 Exsitu approaches for the integration of Au NSs onto graphene nanosheets: (a)
Electrostatic interactions: (i) Fabrication of a DNA sensor based on toluidine blue (TB) as molecular
linkage between rGO and Au NPs via electrostatic interactions of the positively charged TB with
negatively charged rGO. Source: Peng 2015 [23]. Reproduced with permission of Elsevier. (ii)
Integration of positively charged PDDA capped Au NPs onto negatively charged rGO. Further
integration of GODx resulted in the construcrtion of a glucose sensor. Source: Yu 2014 [24].
Reproduced with permission of Elsevier. (b) Covalent linkage between COOH groups of graphene and
NH,-functions on Au NPs. Source: Liu 2016 [26]. Reproduced with permission of Elsevier. (See color
plate section for the color representation of this figure.)

The use of diazonium salts (e.g. 4-nitrobenzenediazonium tetrafluoroborate; 4-car-
boxyphenyl tetrafluoroborate) as molecular linkers to either graphene or Au NPs is
another widely used strategy [25, 26]. For example, an electrochemical sensing interface
composed of monolayered Au NPs chemically bound to rGO sheets using as molecular
linker was proposed by Liu et al. lately [26]. Different diazonium salts were spontane-
ously anchored to Au NPs. Reduction of the 4-nitrobenzene groups attached to Au NPs
to NH; groups was then used to anchor the Au NPs covalenlty to rGO via its carboxylic
acid functions (Figure 6.4.b).

6.2.2 In-situ Au NPs Decoration of Graphene

While the ex-situ approach is well adapted to form controlled Au NSs loaded GO and
rGO, most work focused on in situ approaches. The advantages of the in situ reduction
is that generally there is no need for the use of capping agents or extra linker molecules,
which can have a negative influence on the charge transfer characteristics. It is cost-
effectuve and a one-pot synthesis. These advantages seem to override the limitation in
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Figure 6.5 In-situ strategies for the formation of Au NPs loaded rGO matrixes: (a) electrostatic
integration and reduction of GO/Au"; (b) One-pot reduction and synthesis of rGO/Au NPs using
citrate as reduction agent and capping agent of Au NPs. (See color plate section for the color
representation of this figure.)

controlling size and morphology of the embedded Au NPs in the resulting composites.
In general, a GO suspension is mixed with HAuCl, and the mixture is treated with a
reducing agent (e. g. sodium borohydride, sodium citrate, hydrazine hydrate, ascorbic
acid, glucose, etc.) resulting in the simultaneous reduction of Au®>* solution to Au® and
GO to rGO (Figure 6.5) [27, 28]. Although the mechanism of reduction is not clearly
established, involvements of three steps are hypothesized: the oxygen functionalities of
GO provide the reactive nucleation sites. After reduction of Au®* cations by the reduc-
ing agent such as citrate [29-31], sodium borohydride [32—-34], ascorbic acid [35-37],
tyrosine [38], poly(diallyldimethylammonium chloride) (PDDA) [39], sodium dodecyl
sulfate(SDS) [40], ionic liquid [41], as well as sonolysis [42, 43], the growth of Au par-
ticles is initiated with the nanoparticles remaining attached to the GO sheet. The
reduction agents simultaneously reduce GO to rGO, resulting in the formation of
rGO/Au NPs nanocomposites. While so far it is impossible to distinguish the role of
each oxygen containing group on the nucleation of Au NPs, oxygen-rich GO platforms
are reported to promote Au NPs integration [34]. As a proof, thermally reduced GO,
hydrazine reduced GO and conventional GO were used in a study to estimate the
influence of level of reduction on the nucleation-growth [27]. Scanning electron
microscopy (SEM) analysis of obtained graphene/Au NPs composites revealed the
absence of Au NPs in case of hydrazine reduced GO, a homogeneous distribution of
discrete Au NPs on the surface of GO and agglomerated Au NPs with a scarce distribu-
tion on the surface of thermally heated GO. Furthermore, Song et al. [44] reported that
GO surfaces enriched with carboxylic acid groups did not facilitate Au seeding, while
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thiol-functionalized GO [44, 45] possesses high affinity to gold allocating the seeds in
a highly ordered manner.

The use of sodium citrate as environmentally friendly reducing and stabilizing
agent has become a widely used approach for the synthesis of rGO/Au NPs compos-
ites [31]. In this one pot synthesis, citrate ions act as a capping and reducing agent
for the Au ions and GO. Au NPs of ~7 nm in size are uniformly distributed over the
rGO nanosheets. A green in situ approach for the synthesis of aqueous stable rGO/
Au NPs hybrids using PVP as a stabilizer and ascorbic acid as a reducing gent for
both GO and Au ions was proposed by Iliut et al., more recently [35]. The in situ
growth of Au NPs on the surface of poly(diallyldimethylammonium chloride)
(PDDA) modified GO using NaBH, as a reducing agent improved the dispersion of
the Au NPs [46].

Next to the formation of rGO/Au NPs nanocomposites during reduction processes in
mixed solution, the direct reduction of Au®>* on rGO was reported [47]. rGO thin films,
prepared by GO reduction with hydrazine, were deposited by vacuum filtering a solu-
tion of rGO suspension on quartz and immersed in an aqueous solution of HAuCl,.
During the immersion process, Au NPs were produced by spontaneous reduction of
Au** on the rGO sheets. The mechanism of reduction of Au** ions on rGO involves
galvanic displacement and redox reaction by relative potential difference. It is believed
that Au NPs deposition was promoted by electrons present on the negatively charged
rGO. This was further supported by the negative zeta potential value (-39 mV) meas-
ured for the rGO aqueous suspension at pH 7, and the reduction potential of +0.38 V
versus SHE estimated from ultraviolet photoelectron spectroscopy (UPS). This value is
much lower than +1.002V versus SHE corresponding to the reduction potential of
AuCly", suggesting a spontaneous reduction of Au®>* ions on rGO.

6.2.3 Electrochemical Reduction

Electrochemical deposition is an efficient and green technique for the synthesis of rGO/
Au NPs nanocomposites and has found to be rather appealing for the construction of
graphene/Au NPs sensors [48—55]. Several strategies have been employed. Au NPs can
be electrochemically deposited onto the surface of rGO under anodic scanning from
0.2V to 1V in 0.25mM HAuCl, at 50mV s™'. Electrochemical reduction of GO into
rGO following the suggested pH dependent mechanism:

GO +aH"* +be” = rGO + cH, [56—57]

followed by electrodeposition of Au NPs onto rGO is another possibility [52, 55].
Indeed, GO shows intrinsic electrochemical behavior as seen in Figure 6.6a, where the
reduction wave is strongly dependent on the GO used [58, 59].

Yang et al. used this approach for the coating of ITO interfaces with rGO and sweep-
ing the potential from 0.0V to —1.5V at a scan rate for 0.1 Vs for 100 cycles in deaer-
ated 0.05MPBS (pH 5) buffer [49]. Figure 6.6b displays a SEM image of the
electrochemically reduced GO showing overlapped, corrugated and crumpled rGO
nanosheets covereing the whole ITO interface. Au NPs could be formed on this rGO
films by applying a constant potential of —0.2'V for 100s in a HAuCl, (2.5 mM) solution
(Figure 6.6b).
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Figure 6.6 (a) Electrochemical activity of GO and chemically reduced GO determined by cyclic
voltammetry (50mM PBS, pH 7.4.) The bare glassy carbon (GC) electrode (dashed black line) is added
for comparison. Source: Chng 2011 [58]. Reproduced with permission of John Wiley and Sons. (b) SEM
images of electrochemically formed rGO on ITO and after electrodeposition of Au NPs. Source: Yang
2012 [49]. Reproduced with permission of the Royal Society of Chemistry. (See color plate section for
the color representation of this figure.)

6.3 Electrochemical Sensors Based on Graphene/Au NPs
Hybrids

Electrochemical sensors are by far the largest groups of sensors where G/Au NPs
hybrids have been employed. Up to now a large variety of different analytes have been
selectively sensed on graphene/Au NPs modified interfaces (Table 6.1) and the list is
constantly increasing. These electrodes, when modified with the ligand of interest, have
shown to be useful for the screening of DNA hybridization events, for the detection of
specific proteins and biomarkers often based on graphene/Au NPs immunosensors, as
well as for the sensing of small analytes such as dopamine, uric acid, glucose, serotonin,
cholesterol, or different pesticides. In addition, these interfaces have shown their
interest for the sensing of heavy metal ions. Sensing using graphene/Au NPs hybrids is
probably the electrical interface with the most widely and widespread interest. This is
based on the fact, that several analytes are more sensitively detected on these hybrid
interfaces. For example, compared to a bare glassy carbon electrode (GCE), electrodes
modified with poly(diallyldimethylammonium chloride) (PDDA) functional graphene/
Au NPs nanosheets, obtained by one-pot synthesis, provided both a 10* fold increase in
the magnitude of the electrochemical signal for the detection of uric acid (UA) and a
selectivity due to the excellent resolution of the DPV signals [60]. The reason was due
to the presence of polycationic polyelectrolyte PDDA in the nanocomposite, concen-
trating UA at electrode surface by electrostatic interactions, and thus increasing the
sensitivity and selectivity of detection. In the following, the sensing of different analytes
using graphene/Au NPs electrodes will be discussed in more depth.

6.3.1 Detection of Neurotransmitters: Dopamine, Serotonin

Dopamine, chemically known as 3, 4-dihydroxy-L-phenylalanine, is one of the crucial
catecholamine neurotransmitter widely distributed in mammalian brain tissues. It has
a great influence on the central nervous, cardiovascular and endocrine system.
Abnormal levels of dopamine can result in a variety of diseases such as Huntington’s
disease, Parkinson’s disease or Schizophrenia. High dopamine levels can in addition
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Table 6.1 Detection of several different organic and inorganic analytes.

Electrode Analyte Sensor characteristics Ref.
rGO/Au NPs Dopamine LOD: 0.02pM [69]
LR: 1.0-60 pM
G-PEI/AuNPs Dopamine LOD: 0.2pM [98]
LR: 2.0-48 pM
rGO/Au NPs Dopamine LOD: 0.06 uM [49]
Au NPs/p-cyclodextrin/ Dopamine LOD: 0.15pM [99]
graphene Ascorbic acid LR: 0.5-150 pM
Uric acid LOD: 10pM
LR: 0.03-2mM
LOD: 0.21pM
LR: 0.5-60 uM
rGO/Au NPs Butyl-hydroxyanisole, LOD: 41.9ngmL™ (55]
tert-butylhydroquine LR:0.1-10 ugmL ™
N-doped graphene aerogel/  Hydroquinone LOD: 15nM (HQ) [71]
Au NPs o-dihydrobenzene LOD: 3.3nM (DHB)
rGO/Au NPs Hydroquinone LOD: 5.2nM [54]
resorcinol LOD: 2.3resorcinol
rGO/Au NPs Ascorbic acid LOD: 100nM [100]
LR: 0.11-0.6 mM
rGO/Au NPs-enzyme Cholesterol LOD: 0.05pM [81]
LR: 0.05-0.35mM
S:3.14pA pM ' em™?
PDDA-rGO/ Ractopamine LOD: 0.5fM [101]
AuNPs- aptamer LR: 1fM-10pM
PDDA-rGO/AuNPs-enzyme Paraoxon LOD: 0.1pM [46]
LR: 0.1 pM-5nM
rGO/AuNPs-antibody 17-B-estradiol LOD: 0.1 fM [82]
LR: 1fM-1mM
Graphene/Au NPs Diethylstilboestrol LOD: 9.8nM [102]
LR: 12nM-12pM
Graphene/Au Ps Carbamazepine LOD: 3.03uM [103]
(antiepileptic drug) LR: 5pM-10mM
N-doped graphene/Au NPs  Chloramphenicol LOD: 0.59pM [83]
LR: 2puM-80uM
Graphene-DPB/ Aflatoxin B1 LOD: 1fM [104]
AuNPs-antibody LR: 3.2fM-0.32pM
Graphene/Au NPs-Anti-BPA  Bisphenol A LOD: 5nM [105]

LR: 0.01-10.0pM

(Continued)
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Table 6.1 (Continued)

Electrode Analyte Sensor characteristics Ref.
graphene nanofibers/Au NPs Bisphenol A LOD: 35nM [106]
LR: 80nM-0.25mM
carbon ionic liquid-rGO/Au  Folic acid LOD: 2.7nM [107]
NPS LR: 0.01-50 pM
rGO/Au NPs Toxicant Sudan I LOD: 1nM [108]
LR: 0.01-70 pM
rGO/Au NPs NADH LOD: 1.13nM [88]
LR: 50nM-500 pM
$=0.92pApM " em™
rGO/Au NPs NADH LOD: 3.5uM (89]
LR: 0.01-5mM
rGO/Au Glucose LOD: 180pM [28]
NPs-chitosan-GODx LR: 2-14mM
$:99.5pApM ™" em™
MWCNT-rGO/Au NPs Glucose LOD: 0.8 yM [24]
LR: 5-175 M
$:29.72pApM "t em™
GO-Ag/Au NPs- Glucose LOD: 0.33mM [109]
mercaptophenylboronic acid LR : 2-6 mM
GO-thionine-Au NPs Glucose LOD: 0.05pM [78]
LR: 0.2-22uM
0.2-13.4mM
Au NPs/nitrogen-doped Glucose LOD: 12pM [110]
graphene Dopamine LR: 0.04-16.1 mM
LOD: 0.01 pM
LR: 0.03-48 pM
Au NPs/polypyrrole/rGO Glucose LR:0.2-1.2mM [111]
S:123.8pAmM ™ cm™
Au NPs/GO nanoribbon/ Glucose LOD: 5uM (79]
carbon sheet LR: 0.005-10mM
N-doped graphene quantum Hydrogen peroxide LOD: 0.12pM [94]
dots/Au NPs
Au NPs/rGO Hydrogen peroxide LOD: 0.1pM [112]
LR: 0.02-10mM
Hemin-graphene Hydrogen peroxide LOD: 0.11pM [113]
nanosheets/Au NPs LR: 0.0003-1.8 mM
Au NPs/graphene-chitosan ~ Hydrogen peroxide LOD: 1.6pyM [114]

LR: 0.005-35mM
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Table 6.1 (Continued)

Electrode Analyte Sensor characteristics Ref.

rGO-Hemin-Au NPs Hydrogen peroxide LOD: 30nM [115]
LR: 0.1-40pM

hemoglobin/Au NPs/ZnO/  Hydrogen peroxide LOD: 0.8puM [116]

graphene LR: 6-1130uM

rGO/Au NPs/poly(toluidine  Hydrogen peroxide LOD: 0.2pM [93]

blue O) LR: 0.002-1.077 mM

graphene sheets@CeO,/Au  Hydrogen peroxide LOD: 0.26 uM [117]

NPs LR: 0.001-10mM

Au NPs/PDDA/rGO Hydrogen peroxide LOD: 0.44 pM [90]
LR: 0.5-500 uM

Au NPs/sulfonated graphene Hydrogen peroxide LOD: 0.25uM [118]

sheets LR:2.3-16 mM

rGO/Au NPs-aptamer TNT LOD: 3.6pgmL™! [86]
LR: 0.01-100ng mL™"

rGO/Au NPs (UV irradiated) TNT LR:5-11.5pug L [85]

Ionic liquid-rGO/Au NPs Hg** LR: 0.1-100nM [96]
LOD: 0.03nM

Au NPs/graphene Cu* LR: 5-100nM [119]
LOD: 0.028 nM

Chitosan-rGO-/Au Nitrite LOD: 0.01pM [120]

NPs- Hemoglobin LR: 0.05 — 1000 pM

SDS/BPG-graphene/Au Nitric oxide LOD: 12nM [121]

NPs-Hb LR: 0.72-7.92pM

Au NPs/rGO Nitric oxide LOD: 0.133uM [122]

LR: up to 3.38puyM

BPA =Bisphenol A; BPG =basal plane graphite; DHB = o-dihydrobenzene; DPB = 2-(3, 4-dihydroxy phenyl)
benzothiazole; GODx = glucose oxidase; Hb = Hemoglobin HQ = hydroquinone =; LR =linear range;
LOD = limit of detection; S =sensitivity; PDDA = poly (dimethyl diallyl ammonium chloride).

lead to high blood pressure, which can cause health problems. Use of dopamine in
animal feed has been banned in most countries and it is essential to prevent its illegal
use. Rapid and accurate detection of dopamine at low costs has thus become of demand
in clinical diagnostics as well as to control the safety of the meat food chain. The high
electrochemical activity of dopamine makes its electrochemical detection rather
appealing. Dopamine oxidizes in a two electron process with a transfer of two protons
(Figure 6.7a). However, uric acid (UA) and ascorbic acid (AA) are coexisting with dopa-
mine in the extracellular fluids of the central nervous system in mammals and can be
oxidized at a potential close to that of dopamine. The use of graphene based electrodes
has shown to enhance significantly the voltammetric selectivity towards dopamine
[61-64]. The significant enhancement in k° using dopamine as redox agent and the
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Figure 6.7 (a) Electrochemical (i) (ii) oxidation/reduction process of dopamine (DA); (i) DPV of
dopamine (0-1000 pM) on ITO-rGO/Au NPs electrode; (ii) Interference study on ITO-rGO/Au NPs sensor
for dopamine operated in amperometry mode at -0.3V. Source: Yang 2012 [49]. Reproduced with
permission of the Royal Society of Chemistry. (b) DPV profile of a mixture of AA, DA, UA, AC at
ferrocene thiolate stabilized Fe;0,@Au NPs integrated on chitosan-modified rGO. Source: Liu 2013

[70]. Reproduced with permission of Elsevier. (See color plate section for the color representation of this
figure.)

better electrochemical reversibility of dopamine on graphene based electrodes is due to
the involvement of an additional ‘chemical’ amplification effect [65—68]. The aromatic
structure of dopamine interacts strongly with rGO though z-x stacking interactions,
being responsible for enhanced sensitivity as well as selectivity in electrochemical
detection. Jiang and co-workers proposed a multilayer composed of layer-by-layer
assembly of polysodium-4-styrenesulfonte (PSS) functionalized rGO and polyami-
doamine dendrimer stabilized Au NPs as dopamine sensor with a detection limit of
0.02 pM and a learn rate from 1-60 uM [69]. Yang co-workers proposed ITO electrodes
coated by rGO/Au NPs for the amperometric sensing of dopamine where dopamine
can be detected with good selectivity over ascorbic acid and uric acid and a LOD of
60nM (Figure 6.7b) [49]. Liu et al. showed the interest of ferrocene thiolate stabilized
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Fe;0,@Au NPs integrated on chitosan-modified rGO for the sensing of dopamine next
to ascorbic acid (AA), uric acid (UA) and acetaminophen (AC) (Figure 6.7c) [70]. The
same principle was applied for the detection of hydroquinone or resorcinol, a benzene
diol derivative [54, 71].

H H

Ho NHz o410 O NH, . O N _oH*2e- HO N
—_— Ty —_—

HO o o HO

dopamine (DA) dopamine-o-quinone Dopaminechrome Leucodopaminechrome

Scheme 6.1 Electrochemical oxidation/reduction process of dopamine (DA)

What has to be kept in mind is that mixing GO under basic condition with dopamine,
results in the formation of poly(dopamine) capped rGO. Loading with Au NPs by elec-
trochemical deposition allowed the sensing of cysteine through the formation of Au-S
bonds and Michael addition products and a consequent decrease in redox current of
Ru(NH;)s>* [72].

Another important neurotransmitter is serotonin, also known under the name
5-hydroxytryptamine. Serotonin is widely dispersed throughout the central nervous
system, playing crucial roles in the regulation of mood, sleep and appetite. The analysis
of serotonin level is of great value in the diagnostics of several diseases. Like dopamine
it is electroactive and its presence can be analyzed by electrochemical methods.
However, some factors limited the electrochemical detection of serotonin under physi-
ological conditions. One is that the concentration of serotonin is too low to be detected
in human fluidics; the other is that the redox potential of ascorbic acid, uric acid and
dopamine overlap with that of serotonin. To resolve this problem, a rGO/polyaniline
interface further modified with a serotonin imprinted polymer with embedded Au NPs
was proposed as a sensing matrix. Differential pulse voltammetry in the presence of
serotonin showed that the sensor was sensitive to 0.2-10puM concentrations with a
LOD of 11.7nM [73].

6.3.2 Ractopamine

Ractopamine, 4-[3-[[2-Hydroxy-2-(4-hydroxyphenyl)ethyl]amino]butyl]phenol, is like
dopamine, a hydroxyphenyl derivative and is a f-agonist, previously used as additive in
animal feeds for decreasing deposition of fat and increasing protein accumulation in
animal meat. Due to its toxicity for human health, ractopamine was banned as additive
use in animal feed in many countries. A signal-off aptasensor for the p-agonist ractopa-
mine was developed by modifying GCEs first with PDDA modified rGO followed by
citrate-capped Au NPs [74]. Thiolated ractopamine aptamer was immobilized on the
electrode and ractopamine detection was accomplished by DPV, with [Fe(CN)g]* "% as
redox probe. The decrease in oxidation current intensity recorded by DPV correlated
with the concentration of ractopamine in the samples. The sensor design including the
Au NPs-PDDA modified rGO composite facilitated the achievement of significantly
better analytical characteristics compared to other sensors for ractopamine, i.e. a detec-
tion limit of 1.0x107?M and a wide linear range from 1.0x107"* to 1.0x10™®M. The
electrochemical aptasensor was used to determine ractopamine in spiked swine urine
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samples as well as in real contaminated samples. The results provided by the aptasensor
were in agreement to those obtained in parallel by standard UPLC-MS/MS method and
the recovery factors in spiked samples were 92.6-103.0% with an RSD of 3.7-5.5%
(n=6), proving the accuracy of the measurements performed with the aptasensor.

6.3.3 Glucose

Glucose sensing is another common application of G/Au NPs hybrids. The synergetic
effect of rGO matrix decorated with Au NPs on the electrochemical performance of a
glucose sensor was demonstrated by several authors [24, 28]. Shan showed that rGO-
Au NPs/chitosan composite electrodes modified with glucose oxidase exhibit ampero-
metic responses to glucose from 2-10mM at —0.2V with a LOD of 180pM [28]. The
glucose sensor proposed by Yu et al. is based on glucose oxidase (GODx) modified
rGO/MWCNTs, where PDDA-capped Au NPs were integrated. The new hierarchical
nanostructures exhibit a large surface area and a more favorable microenvironment for
electron transfer, resulting in a LOD for glucose of 4.8uM and a sensitivity of
29.72mA M cm™ [24]. GO modified with Au-Palladium (1:1) bimetallic nanoparticles
and further modification with glucose oxidase formed a biosensor for glucose with a
LOD of 6.9pM [50]. The electrocatalytic process is expressed according to:

GODx(FADH,) + O, — GODx(FAD) + H,0, (6.1)

glucose + GODx(FAD) — gluconolactone + GODx(FADH, ) (6.2)

In this EC catalytic process, the oxidized FAD is regenerated at the surface of the
electrode and enhances the reductive peak current of FAD in the presence of oxygen.
When glucose is added, the reduction peak decreases due to the consumption of GODx
(FAD). Detection of the variation of the reduction current allows determining the
glucose concentration (Figure 6.8).

In addition to glucose oxidase G/Au NPs composites, the excellent catalytic ability of
gold has made the composite also of importance for non-enzymatic glucose sensing.
Studies on the direct glucose oxidation mechanism on gold-based electrodes showed
that the formation of a hydroxyl adsorption (OH,gs) layer on the gold surface leads to
the dehydrogenation of glucose [75-77], as indicated in eqn (6.3) and (6.4). Kong et al.
took advantage of thionine functionalized GO with embedded Au nanoparticles (NPs)
for the enzyme-free detection of glucose with a low detection limit of 50nM [78]. Ismail
et al. investigated the enhanced catalytic of Au NPs by using graphene oxide nanorib-
bons (GO NRs) as supporting material for non-enzymatic glucose sensor. The Au NPs
decorated GO NRs was found significantly superior in catalytic ability towards glucose
oxidation than the unsupported bare gold electrode, with a greatly enhanced current
density (=200%) [79].

Au+[OH |4y — Au[OH].4 (6.3)

Au[OH]a 4 T glucose = Au+ gluconolactone (6.4)
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Figure 6.8 (a) CV of graphene/MWCNTs/Au NPs-GODx in air saturated PBS (trace a), air-saturated PBS
+ glucose (2mM) (trace b), and N,-saturated PBS (trace c) at a scan rate of 50mV s™'; (b) Amperometic
response at -0.45V upon successive addition of glucose in 0.1 MPBS. Source: Yu 2014 [24].
Reproduced with permission of Elsevier. (c) CVs of GO-thionine-Au NPs without (trace a) and with
(trace b) 5mM glucose in 0.1 MNaOH. Source: Kong 2012 [78]. Reproduced with permission of
Elsevier.

6.3.4 Detection of Steroids: Cholesterol, Estradiol

The estimation of cholesterol level in serum has become an important step for the early
diagnostic of many life-threatening diseases [80]. Tiwari and co-workers proposed a
sodium dodecylbenzenesulfonate modified graphene/Au NPs matrix further bioconju-
gated with cholesterol oxidase and cholesterol esterase enzymes for the sensitive sensing
of cholesterol. The anionic surfactant was used to disperse rGO and makes its surface
hydrophilic, enabling immobilization of enzymes with preservation of enzyme activity
and stable deposition of hydrophilic gold particles. The biosensor exhibited a linear
response to cholesterol from 0.05-0.35 mM with a sensitivity of 3.14pApM " cm 2 and a
LOD of 0.05pM [81].

An electrochemical immunosensor for estradiol was built by modifying indium tin
oxide (ITO) electrodes with a composite of rGO/Au NPs, followed by immobilization of
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anti-estradiol antibody [82]. Estradiol is the most important female sex hormone and is
involved in inducing breast cancer. Dharuman et al. [82]. accomplished detection of
estradiol with the above biosensor with a detection limit of 0.1 fmol, without to the need
of any signal amplification strategy. The authors attributed the excellent sensitivity of
their biosensor to the sensor design, including the formation of discrete structures of
vertical oriented rGO/Au NPs composite on the ITO, to which the antibody was also
efficiently affixed.

6.3.5 Detection of Antibacterial Agents

Chloramphenicol is a potent broad spectrum antibacterial agent that has been widely
used to treat food-producing animals. While relatively inexpensive, highly effective
with good pharmacokinetics properties, chloramphenicol is also associated with
numerous toxic, adverse and fatal side effects, especially bone marrow depression. The
EU imposes currently the maximum permissible amount of chloramphenicol in food
products to be below 0.3 pg/kg. Nitrogen-doped graphene loaded with Au NPs [83] and
Au NPs decorated rGO [84] have been proposed as sensing matrixes to achieve this
goal. The —NO, groups of chloramphenicol get catalytically reduced at —0.68V
to —-NHOH functions, which allowed the construction of an amperometric sensing
platform with a LOD of 0.25puM for chloramphenicol with a linear range up to
2.95uM [84].

6.3.6 Detection of Explosives Such as 2, 4, 6-trinitrotoluene (TNT)

TNT (2, 4, 6-trinitrotoluene) is one of the most widely used explosives in the world
commonly used for military and industrial purposes. Due to its contamination of the
environment and the risk to human health as well as growing homeland security con-
cerns, detection of TN'T has attracted increasing attention. Wang et al. investigated the
electrocatalytic activity of rGO-Au NPs nanocomposite electrodes for TNT and
reported a LOD of 11.5ngmL™" [85]. Electrochemiluminescence approach (ECL) is
considered as one of the most promising analytical approaches due to its high sensitiv-
ity and ease of automatization. To overcome some shortcomings of these sensors such
as complicated labeling and purification procedures, an anti-TNT aptamer based rGO/
Au NPs sensor was developed. The rGO was functionalized with a ruthenium(II) ligand.
Au NPs directly quench the ECL emission of the Ru(II) complex due to the energy
transfer from the luminophore to the Au NPs. In the presence of TNT, the aptamer-Au
NPs aggregate partly due to the aptamer-target interaction, reducing the quenching
effect and leading to ECL signal restoration and strong ECL signal in the range of
0.01-100ngmL™". A LOD of 3.6pgmL™" with high selectivity towards TNT was
achieved over other nitrobenzene and nitrotoluene derivatives [86].

6.3.7 Detection of NADH

Nicotinamide adenine dinucleotide (NAD"), as well as its reduced form NADH, is a
vital co-enzyme couple that plays a significant role in energy production and consump-
tion within the cells of living organisms in more than 300 enzymatic reactions catalyzed
by dehydrogenases. The direct oxidation of NADH at the surface of classical electrodes
requires high overpotentials and is often followed by poisoning the electrode surface



Graphene/gold Nanoparticles for Electrochemical Sensing

due to the accumulation of oxidation products that strongly adsorb onto the electrode
surface [87]. A rGO/Au NPs modified electrode formed through an in situ
electrochemical reduction of GO and Au’* allowed for NADH detection between
50nM-500pM with a LOD of 1.13nM [88]. Bala and co-workers reported a NADH
sensing platform based on glassy carbon electrodes modified with poly(allylamine
hydrochloride) stabilized, Au NPs decorated rGO [89]. The composite materials pro-
moted electron transfer between NADH and the electrode surface at 0.51V with high
sensitivity and detection limit of 3.5 pM for NADH in amperometric measurements.

6.3.8 Detection of Hydrogen Peroxide

The concept of using rGO/Au NPs for the catalysis of electrochemical reactions has
also been employed to detect hydrogen peroxide, HyO, (Figure 6.9). Fang et al. took
advantage of the cationic properties of poly(diallyldimethylammonium chloride)
(PDDA) functionalized graphene for the preparation of rGO/Au NPs heterostructure
with enhanced electrochemical catalytic ability towards hydrogen peroxide [94]. The
sensor exhibited a detection limit of 0.44 pM over a linear range from 0.5 uM to 0.5 mM.
We recently investigated the reducing properties of tyrosine for the in situ synthesis of
rGO/Au NPs hybrids from GO and Au ions [91]. The resulting nanocomposite showed
electrochemical activity for nonenzymatic detection of H,O, with a detection limit of
20uM over a wide linear range from 0.02-25mM. The layer-by-layer technique was
investigated for the fabrication of a 3D Au NPs-embedded porous graphene (AuEPG)
thin film for non-enzymatic HyO, detection [92]. The detection limit of the AUEPG
film-modified electrode was estimated to be 0.1 uM with a linear range from 0.5 pM to
4.9mM. Jiang and co-workers used Au NPs-graphene hybrid structures for the detec-
tion of HyO, in living cells. The results indicated that a higher efflux of H,O, is observed
in tumor cells versus normal cells [93]. Surfactant-free Au NPs on nitrogen-doped gra-
phene quantum dots were proposed by Ju and Chen for H,O, sensing with a LOD of
0.12pM and a sensitivity of 186.22pAmM 'cm™. Importantly, this biosensor has
shown great potential application for detection of H,O, level in human serum samples
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Figure 6.9 (a) Schematic illustration of the formation of rGO/Au NPs-Tyr nanocomposites together
with an SEM image; (b) Cyclic voltammograms of rGO/Au NPs/Tyr/GC in N,-saturated 0.1 MPBS
solution (pH 7.4) in the absence (black) and presence (blue) of 10mM H,05; scan rate: 50mVs™' [91].
(See color plate section for the color representation of this figure.)
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and that released from human cervical cancer cells [94]. A two-dimensional rGO/Au
NPs hybrid material where ultra small Au NPs (3nm) were immobilized onto periodic
mesoporous silica coated rGO was employed by Zhao et al. for the sensing of H,O, with
a LOD of 60nM and a sensitivity of 39.2uAmM " cm™2 The hybrid was found to be
nontoxic and the sensor was used to detect a trace amount of H,O5 at a nM level released
from living HeLa and HEpG2 cells [95].

6.3.9 Heavy Metal lons

Heavy metal ions such as Hg”" and Pb** impact the health of humans and the ecological
environment. In the case of Hg*" the safety value in drinking water is 1 ug/L defined by
the World Health Organization. Au NPs have been widely used for the electrochemical
detection of Hg*" due to the high affinity of Au towards Hg which can enhance the
effect of surface pre-concentrations. Ionic liquid functionalized rGO-Au NPs nano-
composites were proposed by Zhou for the accumulation of Hg** onto the electrode.
After anodic stripping voltammetry, differential pulse voltammetry was employed for
recording the signal of Hg** between 0.1-100nM with a LOD of 0.03 nM [96].

More lately, special thymine-thymine (T-T) mismatches have been reported to show
high selectivity for Hg?* due to the formation of a T-Hg?*-T complex [97]. Based on this
principle, various DNA-based biosensors for Hg** were developed, but showed limited
selectivity and lack of stability over time. To address these issues, Wang et al. proposed
recently an alternative strategy for the electrochemical detection of Hg** based on thy-
mine-1-acetic acid (T-COOH) modified rGO/Au NPs electrodes (Figure 6.10) [48]. The
formed sensor displayed a LOD of 1.5ng/L for Hg** and excellent selectivity.

6.3.10 Amino Acid and DNA Sensing

Amino acids are important fundamental units of proteins and vital participants in most
of processes in living organisms. Many of them are also closely related to the develop-
ment of diseases. The development of analytical approaches for these molecules has
consequently been strongly persued. Early diagnosis is of importance for improving the
changes of survival of a patient with cancer. One of the most common surfaces used to
study DNA interactions are gold and Au NPs. Thiolated DNA can interact with Au NPs
via the thiol groups and the DNA bases [123]. GO has emerged as a new material for
interfacing with DNA. DNA interaction with GO occurs via aromatic stacking and
hydrophobic interactions (Table 6.2). Mandler and co-workers showed that the surface
of graphene/Au NPs electrodes can be easily modified by thiolated DNA through strong
Au-S bonding [51]. When the target DNA completely hybridizes with the probe DNA,
the electron is transferred from the electrode surface to methylene blue to catalyze fer-
rocyanide reduction (Figure 6.10). AT the same time the intercalated MB underwent
electrochemical reduction generating leucomethylene blue (LB). MB can be regener-
ated trhough the chemical oxidation of LB by the solution-ophasee ferricyanide. A
Toluidine blue modified rGO/Au NPs matrix was used by Peng et al. for the construc-
tion of a DNA biosensor [23]. Differential pulse voltammetry was employed to monitor
the hybridization of DNA by measuring the changes in the peak current of Toluidine
blue. Under optimal conditions, the decreased currents were proportional to the
logarithm of the concentration of the target DNA in the range of 1x10™"-1x10°M
with a limit of detection of 2.95x107**M [23]. Ruiyi et al. demonstrated recently that
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Figure 6.10 (a) Formation of thymidine functionalized rGO/Au NPs electrodes for Hg** detection; (b)
DPV curves for dissolution of captured Hg?*; (c) Electrochemical response to different metal ions.
Source: Wang 2016 [48]. Reproduced with permission of Elsevier. (See color plate section for the color
representation of this figure.)

N-doped graphene aerogels with embedded gold nanostars allow for the detection of
double stranded DNA down to 3.9x10"**gmL™" [141]. The analytical sensor was suc-
cessfully applied for the electrochemical detection of circulating free DNA in human
serum, which represents a big step further for the application of graphene-based sensors
in molecular diagnostics.

L-Histidine is one of the naturally occurring amino acids and its determination in
bodily fluids is of great importance for biological studies. A sensitive aptasensor for the
detection of L-histidine based on the switching structures of the aptamer and rGO/Au
NPs composite electrodes was reported by Liang et al. with a LOD of 0.1 pM and a lin-
ear rate from 0.1 pM—-10pM [124].

6.3.11 Detection of Model Protein Biomarkers

One of the first graphene-Au NPs hybrid sensors for the detection of proteins is the
field-effect transistor (FET) proposed by Chen and co-workers in 2010 [125]. Thermally
reduced GO sheets were decorated with 20nm Au NPs, which were covalently conju-
gated to anti-immunoglobulin G (IgG) antibodies. By utilizing a method where the
antibodies were conjugated to the Au NPs first, and then added to the rGO sheets, no
direct modification to the rGO is needed, preserving the excellent electrical
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Table 6.2 Protein sensing.

Electrode Analyte Sensor characteristics Ref.

PDDA-rGO/Au NPs Angiogenin LOD: 0.064 pM [135]
LR: 0.1pM-5nM

rGO/Au NPs-antibody CEA! LOD: 0.01 ngmL™ [126]
LR: 0.05-350ng mL™"

poly L-arginine-rGO/Au CEA LOD: 0.03ng mL™ [136]

NPs- -antibody LR:0.5-200ngmL"!

Hemin-rGO/Au NPs-aptamer CEA LOD: :40fgmL™" [130]
LR: 0.0001-10ngmL™

PEDOT-rGO/Au NPs CEA LOD: 0.1 pgmL™ [129]
LR: 0.0004—40 ngmL™"

MWCNTs-rGO/Au NPs-CeO? CEA LOD: 0.02ngmL™ [131]
LR: 0.05-100ngmL ™"

rGO/Au NRs-antibody Transferrin LR: 0.0375-40 pgmL ™ [137]

cyclodextrin-rGO/Au NPs-aptamer Thrombin LOD: 5.2 zeptoM [133]
LR: 16 zeptoM-8aM

Orange II-rGO/Au NPs Insulin LOD: 6.0aM [138]
LR: 10aM-50nM

Chitosan-rGO/Au NPS- antibody ~ Prolactin LOD: 0.038 ng. mL™* [139]
LR: 0.1-50ng. mL™

rGO/Au NPs L-histidine LOD: 0.1pM [124]
LR: 10pM-10pM

rGO/Au NPs-enzyme L-lactate LOD: 0.13uyM [132]
LR: 10pM-5mM
S: 154 pAmM " cm?

Thionine-rGO/Au@Pd Carbohydrate antigen LOD: 006 UmL™ [128]

19-9 LR:0.015-150UmL™"

rGO/Au NPs-aptamer ATP LOD: 15nM [140]
LR: 10nM—-4mM

N-doped graphene aerogel/Au cfDNA LOD: 3.9x10*gmL™ [141]

nanostar

rGO/Au NPs DNA LOD: 100fM [51]

PAN-rGO/-Au NPs DNA LOD: 2.11pM [53]
LR: 10-1000 pM

rGO/Au NPs Chinese Herbs LOD: 11.7fM [142]
LR: 100fM-10nM

Toluidine blue-rGO/Au NPs DNA LOD: 2.95pM [23]
LR: 0.1pM-1nM

rGO/Au NPs cysteine LOD: 0.1nM [72]
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Table 6.2 (Continued)

Electrode Analyte Sensor characteristics Ref.
PDDA-modified rGO/Au NPs angiogenin LOD: 0.064pM [135]
LR: 0.1 pM-5nM
rGO/Au NPs-anti-CEA CEA LOD: 0.01 ng mL™ [126]
LR: 0.05-350ng mL ™"
Graphene/Au-Fe;0, prostate specific antigen LOD: 5ng mL™! [143]
LR: 0.01-10ngmL™"
rGO/Au NRs-antibody transferrin LR : 0.0375-40 pgmL™ [137]
rGO-Au NPs cells LOD: 5.2%x10%cellsmL™ [52]
LR:
1.6x10*-1.6x 10 cellsmL ™
rGO/Au NPs-antibodies E. coli O157:H7 LOD: 1.5%x10%cfumL™! [144]
LR: 1.5x10*~1.5x 10’
cfumL™
rGO/Au NPs M. tuberculosis LR:1aM™'nM [145]

1) CEA: carcinoembryonic antigen; LOD: limit of detection; LR: linear range; PEDOT:
Poly(3,4-ethylenedioxythiophene).

conductivity. The local geometric deformation upon binding of IgG to anti-IgG reduced
the mobility of holes in rGO and consequently the conductivity of the rGO sheets,
which resulted in a detection limit for IgG of 13 pM, with excellent selectivity when
exposed to other protein mismatches such as IgM.

At the same time, the first reports of electrochemical based protein sensors emerged
(Table 6.2). Zhong et al. designed a sandwhich-type immunosensor format to quantify
cacinoembryonic antigen (CEA), a model tumor marker using nanogold-enwrapped
graphene nanocomposites as labels [126]. The device consists of a glassy carbon elec-
trode coated with Prussian blue, onto which Au NPs were electrochemically deposited
and further modified with anti-CEA antibodies (Figure 6.11). After interaction with the
CEA analyte, horseradish peroxidase (HRP) conjugated anti-CEA was used as a second
antibody, which allowed the electrochemical conversion of hydrogen peroxide to water,
being proportional to the amount of CEA. Due to the signal amplification strategy, a
dynamic range of 0.05-350ngmL ™" and a LOD of 0.01 ngmL CEA were achieved [126].

Three-dimensional macroporous rGO/Au NPs composite was proposed by Sun et al.
for the sensitive detection of CEA in human serum [127]. In the proposed structures,
the Au NPs were distributed not just on the surface, but also on the inside of graphene,
which increased considerably the sensing area, resulting in capturing more primary
antibodies as well as improving the electronic transmission rate. Using a sandwich-type
immune assay, a detection range of CEA from 0.001-10ngmL™" with a low detection
limit of 0.35 pgmL ™" were obtained. To this was added more recently a porous rGO/Au
NPs nanocomposite platform with Au@Pd core/shell bimetallic functionalized rGO as
signal enhancer with a sensitivity to CEA 19-9 of 0.006 UmL™ [128]. A poly(3, 4-ethyl-
enedioxythiophene)-doped rGO/Au NPs was used by Gao et al. The immunosensor
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Fe{CN)s> Fe(CN)g*

Fe(CN)s*  Fe(CN)*

Mismatched DNA
EE—

Figure 6.11 Schematic illustration of an electrochemical DNA sensor based on rGO/Au NPs modified
glassy carbon electrode further modified by thiolated DNA ligands and using methylene blue (MB) to
catalyze ferrocyanide reduction forming leucomethylene blue (LB). Source: Wang 2012 [51].
Reproduced with permission of Royal Society of Chemistry. (See color plate section for the color
representation of this figure.)

displayed a LOD of 0.1 pgmL™ for CEA with a linear range from 0.0004—40ngmL ™
and could be used for the analysis of CEA in human samples [143]. Using hemin func-
tionalized rGO/Au NPs nanocomposite and assembling a CEA specific aptamer to the
matrix, a CEA sensor with a LOD of 40 fgmL ™" was recently reported [130].

Pang et al. proposed lately an immunoassay strategy for the detection of Human IgG
(HIgG) based on the decrease of electrochemiluminescence (ECL) of S,O¢*~ upon
immune reaction [131]. The rGO/Au NPs electrode was prepared by first reduction of
GO to rGO at the electrode surface followed by electrochemical reduction of HAuCl, to
form gold nanostructures on rGO. Modification with anti-IgG resulted in an electrode
interface with significantly increased ECL signal of S,05>", which could be suppressed
specifically upon immunoreaction with a linear response from 0.02—-100ngmL ™" IgG
and a detection limit of 1.3 pg (Figure 6.12b).

However, the examples are not limited to CEA. An amperometric biosensor for L-lac-
tate tumor biomarker (LOD =0.13pM) was proposed by Bala and co-workers using L-
lactate dehydrogenase (LDH) loaded rGO/Au NPs interfaces [132]. The LDH enzyme
acted as a catalyst of L-lactate transformation in pyruvate, simultaneously with the
reduction of the enzyme cofactor NAD"* to NADH. Quantitative determination of L-lac-
tate relied on the amperometric determination of NADH based on the direct correlation
between the consumed L-lactate and the NADH formed in the enzymatic reaction.
Inclusion of rGO-Au NPs nanocomposite in the biosensor enabled the achievement of
NADH detection at lower overpotentials with a higher sensitivity compared to bare or to
other modified electrodes.

Attomolar detection of thrombin could be achieved with an electrochemical aptasen-
sor which included a composite of thio-p-cyclodextrin-functionalized rGO/Au NPs
[133]. A thrombin aptamer labeled with the electroactive probe ferrocene was used for
both specific recognition of thrombin and electrochemical detection by DPV. The
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Figure 6.12 (a) Fabrication process of nanogold-wrapped graphene nanocomposite (i), its use as

a label for immunosensor (ii) (Zhong 2010 [126]). Reproduced with permission of Elsevier);

(b) (i) Schematic diagram of the electrochemiluminescent Immunosensor for the detection of
carcinoembryonic antigen based on MWCNTS-rGO/Ag NPs-CeO; electrodes, (ii) ECL response for the
sensor to different CEA concentrations together wirth calibration curve. Source: Pang 2015 [131].
Reproduced with permission of American Chemical Society.

aptamer was immobilized on electrode surface by host-guest affinity interaction
between ferrocene and cyclodextrin. Integration of Au NPs within the SH--CD-Gr/Au
NPs composite allowed improving the detection limit for thrombin by two orders of
magnitude, compared to the case when the electrode was modified only with thio-f-
cyclodextrin functionalized graphene. This dramatic improvement in analytical prop-
erties was credited to the good electrical properties of Au NPs, combined with their
high surface area allowing quantitative immobilization of cyclodextrin and resulting,
further on efficient immobilization of ferrocene-labeled aptamer by host-guest interac-
tions. The thio-p-cyclodextrin acted not only as a linker for the labeled aptamer, but
also as a dispersant for graphene and Au NPs; the SH-B-CD-Gr/Au NPs composite was
obtained by a one-pot strategy.

A highly sensitive sandwich-type electrochemiluminescence (ECL) immunosensor was
lately proposed for the quantitative determination of alpha fetoprotein (AFP) using gold
nanoparticles decorated carbon black intercalated reduced graphene oxide (Au-rGO@
CB) as sensing platform and nanoporous silver (NPS) loaded Ru(bpy)32+ as labels. Under
optimal conditions, the designed immunosensor exhibited wider linear range from
0.0001-30 ng mL " with a relative lower detection limit of 33 fg mL for AFP detection [134].

6.4 Conclusion
In this chapter it became clear, that graphene/Au NPs matrixes have witnessed tremen-

dous interest as interfaces for electrochemical sensing applications as these hybrid mate-
rials display extraordinary synergetic properties when combined rather than individually.
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Due to its unique basal plane structure graphene can be loaded with nanometer to
micrometer sized Au NPs, while the high surface area of graphene improves interfacial
contact. The low cost of fabrication, together with robustness, rapidity, sensitivity and
selectivity have made these electrodes of remarkable advantage over others. These com-
posite materials have, in some instances, overcome the limitations of the present electro-
analytical platforms such as limit of detection, specificity, catalytic properties... Some of
the work is of high quality and, in addition of showing interesting sensing properties, it
also contains detailed characterizations of the newly developed graphene-related nano-
materials. However, some articles lack such characterization, making it more difficult to
appreciate the reported sensing characteristics. The importance of a well characterized
sensing matrix cannot be underestimated. Most articles which use the term ‘graphene’
referred to a multi-layered structure prepared from graphite and thus to GO or rGO.
The morphology and the electrochemical performance of such multi-layer graphene
materials, prepared by top down approaches, differ significantly depending on their
method of preparation and a detailed characterization of the graphene precursor before
using it in electrochemistry is essential if results are to have any meaning.

The general interest of graphene based electrodes over other carbon materials such as
carbon nanotubes is that rGO can be fabricated from graphite (which is inexpensive),
while the opposite is true for CNTs, which are synthesized using NPs as templates from
carbon-containing gases. Graphene nanocomposites can provide more uniform and
greater electroactive site distribution and density in order to decrease overpotentials, com-
pared to graphite, and larger surface area (even larger than that of SWCN'Ts) for immobi-
lization of biomolecules, making it thus such a promising matrix for sensing. The possibility
of obtaining doped and porous graphene matrixes is another advantage as heteroatoms
such as nitrogen can provide electrocatalytic properties and enhance the stability of doped
graphene electrodes, while the porous structure further increases the active surface. A
bright future for graphene and graphene/Au NPs as a sensing material is thus expected.
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Recent Advances in Electrochemical Biosensors Based
on Fullerene-C60 Nano-structured Platforms
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7.1 Introduction

Bio-nanotechnology is an emerging new field of nanotechnology and combines knowl-
edge from engineering, physics, and molecular engineering with biology, chemistry,
and biotechnology aimed at the development of novel devices such as biosensors, nano-
medicines, and bio-photonics [1]. A biosensor is an analytical device that consists of a
biological recognition element in direct spatial contact with a transduction element
which ensures the rapid and accurate conversion of the biological events into a measur-
able signal [2]. However, the discovery of rich nanomaterials has opened up new oppor-
tunities in the field of biosensing research and offer significant advantages over
conventional biodiagnostic systems in terms of sensitivity and selectivity [2, 3]. Among
various nanostructured materials, carbon nanomaterials have been receiving great
attention owing to their exceptional electrical, thermal, chemical, and mechanical prop-
erties and have found application in different areas as composite materials, energy stor-
age and conversion, sensors, drug delivery, field emission devices, and nanoscale
electronic components [4—6]. Moreover, the possibility to customize their synthesis
with attached functional groups or to assemble them into three-dimensional arrays has
allowed researchers to design high surface area catalysts and materials with high photo-
chemical and electrochemical activity. Their exceptional electrochemical properties
lead to their wide application for designing catalysts for hydrogenation, biosensors, and
fuel cells [6]. The wide application of carbon nanomaterial for is construction of biosen-
sors partly motivated by their ability to improve electron-transfer kinetics, high surface-
to-volume ratios, and biocompatibility [6, 7]. In addition, the use of nanomaterials can
help to address some of the key challenges in the development of biosensors, such as
sensitive interaction of an analyte with biosensor surface, efficient transduction of the
biorecognition event, and reduced response times. Various kinds of zero-, one-, two-,
and three-dimensional carbon nanomaterials have been used. Examples of such materi-
als include carbon nanotubes, nanowires, nanoparticles, nanoclusters, graphene, etc.
[8]. Fullerene is a very promising member of carbon nanostructure family. The closed
cage, nearly-spherical C60 and related analogues have attracted great interest in recent
years. Multiple redox states, stability in many redox forms, easy functionalization,
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signal mediation, and light-induced switching are among their exceptional properties.
In different applications, fullerenes have been used for the development of supercon-
ductors, (bio)sensors, catalysts, optical and electronic devices [9, 10]. Their superior
electrochemical characteristics combined with unique physiochemical properties
enable the wide application of fullerenes in the design of novel biosensor systems [11].
It is the aim of this review to present the most recent and relevant contributions in the
development of biosensors based on fullerene-C60 and different biological compo-
nents. A brief introduction and history of fullerene-C60 is first presented in section 7.1.2.
Available methods for synthesis and functionalization of fullerene-C60 are mentioned
in section 7.1.3. Finally, we briefly outline the current status and future direction for
electrochemical biosensors based on fullerene-C60, especially, fullerene-C60 as an
immobilizing platform for DNA. Recently, Afreen et al. introduced a review on func-
tionalized fullerene-C60 as nanomediators for construction of glucose and urea biosen-
sors [12]. However, the present review covers all aspects of biosensors based on
fullerene-C60.

7.1.1 Basics and History of Fullerene (C60)

Fullerene is built up of fused pentagons and hexagons forming a curved structure. The
smallest stable, and the most abundant, fullerene obtained by the usual preparation
method is the Th-symmetrical buckminsterfullerene C60. The next stable homologue is
C70 followed by higher fullerenes C74, C76, C78, C80, C82, C84, and so on [13, 14].
Since the discovery of fullerenes, buckminsterfullerene (C60) has fascinated a large
number of researchers due to its remarkable stability and electrochemical properties.
The stability of the C60 molecules is due to the geodesic and electronic bonding present
in its structure (Figure 7.1). In 1966, Deadalus (also known as D.E.H. Jones) considered
the possibility of making a large hollow carbon cage (giant fullerene). Later on, in 1970,
Osawa first proposed the spherical Ih-symmetric football structure of the C60 molecule.
In 1984, it was observed that upon laser vaporization of graphite large carbon clusters
of Cn with n=30-190 can be produced. The breakthrough in the discovery of the fuller-
ene happened in 1985 when Kroto and Smalley proved the presence of C60 and C70,
which can be produced under specific clustering conditions. The second breakthrough
in fullerene research was achieved by Kratschmer and Huffman. They invented the
laboratory analogues of interstellar dust by vaporization of graphite rods in a helium

/‘.\

Figure 7.1 Schematic representation of C60. Source: Baghchi 2013[1]. Reproduced with permission of
John Wiley and Sons.
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atmosphere and observed that upon choosing the right helium pressure, the IR spectrum
shows four sharp strong absorption lines which were attributed to C60 [11, 15].

Each carbon in a fullerene-C60 atom is bonded to three others and is sp> hybridized.
The C60 molecule has two bond lengths, the (6,6) ring bonds can be considered as
double bonds and are shorter than the (6,5) bonds. C60 is not “superaromatic” as it
tends to avoid double bonds in the pentagonal rings, resulting in poor electron delocali-
zation. Therefore, C60 structure behaves like an electron-deficient alkene, and reacts
readily with electron-rich species. The estimated values of electron affinity (EA) (2.7 eV)
and ionization potential (IP) (7.8eV) of C60 indicate that it can easily contribute to the
electron transfer reaction and reveal very rich electrochemistry which makes them
attractive candidates for electroanalytical applications [7, 11, 16].

7.1.2 Synthesis of Fullerene

It was initially shown that the production of fullerene is achievable by means of an
irradiating laser beam on a graphite rod placed in a helium atmosphere [17]. However,
the overall yield rate of fullerene was insufficient for its potential applications in various
industrial fields. Therefore, different production methods have been developed for suf-
ficient production of fullerene [18—20]. The second proposed method is based on laser
ablation of graphite in a helium atmosphere. In the laser ablation method, materials are
removed from a solid surface by irradiating it with a laser beam. During the laser irra-
diation of graphite, materials are evaporated and their vapors are converted to plasma.
Upon cooling the gas, the vaporized atom tends to combine and form fullerene [17].
The arc discharge process is an alternative method, where the vaporization of the input
carbon source is achieved by the electric arc formed between two electrodes [17, 18].
They can also be produced by the non-equilibrium plasma method, where a
non-equilibrium gas phase in the glow discharge is induced by the non-equilibrium
plasma and fullerene is generated without the need for high temperatures [21].

7.1.3 Functionalization of Fullerene

Early studies on the C60 molecular structure showed that this carbon allotrope could
undergo electron deficient polyolefin reactions. The (6,6) bonds have greater double
bond character and are shorter than the (5,6) bonds and, thus, used to functionalize C60
by nucleophilic, radical additions, as well as cycloadditions [22]. Many reactions have
been developed for the functionalization of C60, which consists of cyclopropanation
(the Bingel reaction), (4+2) cycloaddition (the Diels—Alder reaction) and (3+2)
cycloaddition (the Patro reaction), (2 +2) cycloaddition. The Bingel reaction has been
frequently used to prepare C60 derivatives in which a halo ester or ketone is first depro-
tonated by a base and subsequently added to one of the double bonds in C60 resulting
in an anionic intermediate that reacts further into a cyclopropanated C60 derivative. In
addition, cyclopropanation reactions have shown to be an efficient method for the
preparation of fullerene derivatives with wide application in material science and bio-
logical applications (Scheme 7.1a) [23, 24]. Additionally, the double bonds exist in C60
can react with different dienes by Diels—Alder reaction (Scheme 1b). The main draw-
back of Diels—Alder reaction is low thermal stability of formed product [23, 25]. In
another reaction (the Prato reaction), an azomethine ylide, generated in situ by the
decarboxylation of iminium salts derived from the condensation of a-amino acids with
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aldehydes or ketones, react with fullerene to produce [3 + 2] cycloadduct (Scheme 7.1c)
[23]. A wide variety of functionalization of fullerene molecule is possible by means of
the Patro reaction. In another way, the addition of benzyne to C60 leads to the forma-
tion of [2 +2] cycloadducts (cycloaddition) (Scheme 7.1d) [26]. However, among avail-
able methods for functionalization of fullerene, cycloaddition reactions have emerged
as very useful and well-established methods for functionalization of one or several of
the fullerene double bonds.

7.2 Modification of Electrodes with Fullerenes

The idea of introducing C60 chemically modified electrode (CME) was first reported by
Compton and co-workers in 1992 [27]. They prepared C60-based CMEs by immobiliz-
ing C60 films by drop coating onto surfaces of the electrodes, which were then coated
with Nafion as protecting films. It was observed that the current signal improved com-
pared to those using C60 dissolved in solution. The electrochemical behavior of the
C60-CMEs, in non-aqueous and aqueous solutions, has been widely investigated, sug-
gesting the possibility of their electroanalytical applications [28]. Currently, fullerene-
based CMEs are prepared in several different ways. The most common method is drop
coating the electrode by using a fullerene solution of a volatile solvent [29-31].
Electrochemical deposition was also used for modification of the electrode surface by
fullerene film [32]. Moreover, fullerene-based CMEs can be prepared by electro-polym-
erization where the formed fullerene units are connected by polymer side chains or via
epoxide formation [33]. Alternative method for C60 films preparation is the self-assem-
bled monolayer (SAM) films using either thiols or silane derivatives of C60 on the elec-
trode surfaces [34].

Fullerene-C60 are widely used for construction of electrochemical biosensors.
Generally, electrochemical biosensors are analytical devices which consist of a biore-
ceptor, an electrochemical active interface, a transducer element to convert biological
reaction to an electrical signal, and a signal processor [35]. The principle of the electro-
chemical biosensors is based on the specific interaction between the analyte and



Recent Advances in Electrochemical Biosensors Based on Fullerene-C60 Nano-structured Platforms

LUMO

I

Figure 7.2 HOMO and LUMO gap in fullerene-C60.

18 eV

biorecognition element which is also associated with a better correlation between the
bioreceptor and the transducer surface [36-38]. Utilization of different kinds of
nanomaterials leads to the important improvements in these aspects. For this
reason, nanomaterials have been widely used in the construction of biosensors in order
to improve the sensing performance of the biosensors [2]. The ability of signal media-
tion, easy functionalization, and light-induced switching lead to the fact that fullerene
be considered as a new and attractive element in the fabrication of biosensors. Different
biomolecules or organic ligands can be immobilized to the shell of fullerene by adsorp-
tion or covalent attachment [39]. Fullerenes are not harmful to biological component,
they can locate the closest distance to the active site of biomolecules. In this way, they
can make close arrangements with biomolecules and easily accept or donate electrons
[9, 14]. Furthermore, they are small enough and provide ideal substrate for absorbing
energy, taking up electrons and releasing them with ease to a transducer. Their high
electron-accepting property is due to a low-lying, triply-degenerate, lowest unoccupied
molecular orbital (LUMO) which is around 1.8 eV above its five-fold degenerate highest
occupied molecular orbital (HOMO) (Figure 7.2) [40].

Carbon nanotubes (CNT) were also widely used to chemically functionalized elec-
trodes due to their remarkable electrical, chemical, mechanical, and structural proper-
ties. It was shown that the chemically modified CNT would make the electrodes more
sensitive and selective in detection applications. Furthermore, CNTs have advantages
over other carbon nanomaterials, as they exhibit superior electrocatalytic properties [28].

7.2.1 Fullerene (C60)-DNA Hybrid

In general, combining two or more different materials via interaction forces leads to the
appearance of novel hybrid materials with unique properties. In addition, the nanoscale
properties of biomolecules hold great promise, and their characteristic in nanoscale is
different from their bulk complements. Biomolecules offer great compatibility and suit-
ability to form bio-nano hybrid structures and significant efforts have been made to
form the nano-bio hybrid systems for various applications [41, 42]. There are various
approaches available to create hybrid materials consist of biomacromolecules and
nanomaterials. One approach is based on connecting the molecules through covalent
bonding and the other approach is adsorption (or wrapping) of a material onto the
surface of the other materials via supramolecular interactions, encapsulation or groove
of the other molecule [43—45].

Among the various biomolecules, DNA attracted a great attention due to its superior
properties such as structural regularity, biocompatibility, and unique double helix
structure, which leads a range of outstanding properties that are hard to find in other
biomolecules [46]. Furthermore, DNA is a potential material for combining with other
chemicals, especially with nanomaterials by different interactions. Taking into account
the advantages of DNA and carbon nanomaterials, the combination of DNA and carbon
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nanomaterials offers unique advantages for different application. Hence, the combination
of DNA with new carbon allotropes is a skillful and challenging area that can lead to the
development of novel nano-biomaterials with exceptional properties for a variety of
potential applications such as gas sensors and catalysts, as well as electronic and optical
devices, sensitive biosensors, and biochips [46, 47].

7.2.1.1 Interaction of DNA with Fullerene

The interaction between DNA and other species plays an important role in life science
since it is in direct contact with the transcription of DNA, mutation of genes, origins of
diseases, and molecular recognition studies [45]. Cassell et al. studied the interaction
between DNA and fullerene. For this purpose, N,N-dimethylpyrrolidinium iodide is
used as a complexing agent to form DNA/fullerene complexes through the phosphate
groups of the DNA backbone, which was imaged by TEM. It was shown that the com-
plexation of free fullerene with DNA is sterically permitted and surfactants can be used
in order to prevent the DNA/fullerene hybrids from aggregation [48]. Later on, Pang et
al. [49] studied the interaction of DNA with fullerene-C60 in depth. The method used
was based on the double-stranded DNA (dsDNA) modified gold electrodes (dsDNA/
Au) in combination with the electrochemical method for investigation of the interac-
tions between C60 derivatives and DNA. They have chosen [Co(phen)3]3+/ 2 a5 an
appropriate electroactive indicator, which can interact electrostatically and intercala-
tively with dsDNA, to characterize the interactions. In the presence of dsSDNA, the peak
currents related to [Co(phen)3]3+/ 2+ decreased due to its interaction with dsDNA and
then recovered significantly in the presence of H;oCso(NHCH;CH,OH)j.
Electrochemical studies with dsDNA-modified gold electrodes, shows that the C60
derivative could interact strongly with dsDNA, with binding sites of the major groove
and the phosphate backbone of dsDNA. The interaction between dsDNA and
H;10Cso(NHCH,CH,OH);( was attributed to the interaction between the delocalized =
electrons of HjgCeo(NHCH,CH,OH);g and DNA and the binding of
H1Cso(NHCH,CH,OH);, to the major grooves of the double helix. It is believed that
H;0Ceo(NHCH,CH,;0H),, in the protonated form, interacts electrostatically with the
negatively-charged phosphate backbone of the dsDNA. It can also access the major
groove of the double helix and interact with the delocalized 7 system of bases of dsDNA.
When fullerene is electrically neutral, the electrostatic interaction with the dsSDNA van-
ishes and the z—x interactions is present. In addition, it was shown that the binding and
dissociation of H;(Ceo(NHCH,CH,OH);g to the dsDNA is a reversible process [49]. So
far, it was believed that the water-soluble C60 molecules only bind to the major grooves
and the free ends of the dsDNA. However, extensive simulations indicated that the
association of hydrophobic C60 can also occur at the minor groove sites and no compl-
exation occurs at the major grooves. The free ends of the double-strand DNA fragment
are the hydrophobic regions which favor the diffusion of hydrophobic fullerenes toward
their docking sites [50]. In addition, calculation of the binding energy showed that the
hybrid C60-DNA complexes are energetically favorable compared to the unpaired mol-
ecules. The self-association of C60 molecules in the presence of DNA molecules
revealed that the self-association between C60 molecules occurs in the early stages of
simulation. However, after 5ns of simulation, one of the C60 molecule binds to one end
of the DNA. Visual observation of the obtained results from simulation showed that the
overall shape of the dsSDNA molecule is not affected by the association of C60. However,
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the association C60 has more impact on the DNA structure when more hydrophobic
contacting surfaces are exposed at the end of double-strand DNA. The binding between
the C60 and DNA molecules is attributed to the hydrophobic interaction between the
C60 and hydrophobic sites on the DNA [50]. In another study, it is reported that the
C60 molecule binds to the ssDNA molecule with a binding energy of about -1.6¢€V,
showing that fullerenes can strongly bind to nucleotides [51]. However, the mobility of
DNA and their interaction with water molecules which often present in real physical
systems were not taking into these calculations.

7.2.1.2 Fullerene for DNA Biosensing

The preparation of DNA hybridization sensors involves the attachment of oligonucleo-
tide probes on the surface of the electrode. DNA immobilization step has been consid-
ered as a fundamental step in the fabrication of DNA biosensing [52, 53]. Various
electrode materials, such as gold, carbon paste, glassy carbon, carbon fibers, and screen
printed electrodes, have been utilized to immobilize the DNA. Despite, carbon nano-
materials such as C60 are compounds that have attracted much interest as the materials
for DNA sensors and biosensors because of their unique properties. Shiraishi et al.
demonstrated a new procedure of immobilizing DNA onto a fullerene impregnated
screen printed electrode (FISPE) for detection of 16S rDNA, extracted from
Escherichia coli [54]. The integrated FISPE was a mixture of ink and fullerene solution,
which is modified with probe DNA in the next step. The efficiency of the developed
method was tested by detecting 46S rDNA of Escherichia coli by means of the modified
electrode with perfectly matched probes. It is shown that the reduction peak of
Co(phen);*™ (electroactive hybridization indicator) is enhanced only on the perfectly
matched probes modified electrode after hybridization due to the accumulation of indi-
cator into the hybrid between perfectly matched probe and rDNA of target. In addition,
it was observed that the electrochemical response of Co(phen)s;™ accumulated in the
hybrid was improved when using FISPE, which based on the author’s opinion shows
that the probe DNA was immobilized in a high concentration onto the air plasma acti-
vated FISPE surface.

Other carbon nanomaterials were also used for the development of new (bio)sensing
systems for applications in the food industry, environmental monitoring, and clinical
diagnostics. For example, recently CNT-modified arrays have been used to detect DNA
targets by combining the CN'T nanoelectrode array with Ru(bpy),**> mediated guanine
oxidation [55]. In another study, a MWCNT-COOH modified glassy carbon was used
in combination with an amino functionalized oligonucleotide probe and pulse voltam-
metric transduction method [56]. Recently, an indicator-free AC impedance measure-
ments of DNA hybridization based on DNA probe-doped polypyrrole film over a
MWCNT layer reported by Cai et al. [57] A five-fold sensitivity enhancement was
observed compared to analogous measurements without CN'T. However, most of the
cases suffer from the feasibility of scale-up conditions, due to the low yield and expen-
sive experimental procedures. The sample inhomogeneity in CNT samples due to the
different production procedures, further limits their application.

7.2.1.3 Fullerene as an Immobilization Platform
Nanosized materials can be used as potential building blocks to construct higher
ordered supramolecular architectures for designing the highly-sensitive biosensing
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platform. For example, the working electrode modified with partially reduced fullerene-
C60 show exceptional properties, such as high electroactive surface area, excellent elec-
tronic conductivity, and good biocompatibility [58, 59]. Zhang et al. have developed a
technique to disperse fullerene-C60 nanotubes (FNTs) homogeneously into aqueous
solution by forming a kind of complex with ssDNA [58]. The FNT/DNA was modified
onto the surface of the GCE by air-drying/adsorption, enabling the electrochemical
analysis of the modified electrode with voltammetric technique. The modified elec-
trode was employed for the electrochemical detection of dopamine (DA) in the pres-
ence of ascorbic acid. The interaction of FNT with DNA was studied by UV-Vis
measurements. The observed red shift attributed to the weak binding between the two,
and it was shown that 7—x stacking and hydrophobic interaction contribute in the for-
mation of FNT/DNA hybrid. It is believed that the strong physisorption of DNA onto
the FNTs via a wrapping mechanism prevent the FNT/DNA from precipitation upon
adding water or organic solvent. Obtained SEM images of the surface FNT/DNA modi-
fied electrode proved the formation of uniform films. In another study, Gugoasa et al.
investigated the influence of dsDNA which is physically immobilized on the multi-
walled carbon nanotubes (MWCNT), synthetic monocrystalline diamond (DP) and
fullerenes-C60 on the detection of three different neutransmitters such DA, epine-
nephrine and norepinephrine [60]. Optimized working condition for dsDNA biosen-
sors was found to be a value of 4.0 for pH and the 0.1 mol/L KNOs. It has been shown
that the highest improvement of the signal for the DA was recorded when dsDNA was
immobilized on DP. While the larger working concentration and the lowest LOD were
obtained when dsDNA has been immobilized on MWCNT, both LOD and LOQ
decreased when dsDNA was immobilized on fullerene-C60. This occurrence attributed
to the fact that the immobilization matrix has a very important contribution to the
biosensor performance.

Several studies show that not only the nature of the material, but also the geometry of
the substances at the molecular level has the effect on the behavior of the biosensors
[60]. However, the obtained fullerene-C60 by simply stirring or ultrasonication treat-
ments was not suitable for biomedical applications because of their aggregation proper-
ties. To solve these limitations, the covalent binding of nano-C60 to aminoacids,
hydroxyl groups, carboxyl groups etc., which can increase the nanoparticle’s ability to
interact with the biological environment can be performed [61-63]. On the other hand,
the synthesis of the functionalized C60 with non-covalent interaction based on supra-
molecular chemistry would preserve the original structure and electrochemical proper-
ties of C60. Supramolecular chemistry is the chemistry of the intermolecular bond,
aims at developing highly complex chemical system components in interacting by non-
covalent intermolecular forces [64]. A new supramolecular method is developed by
Han et al. for preparation of thiol and amino functionalized C60 nanoparticles with
better water solubility and larger active surface area [64]. For this purpose, the amino
functionalized 3,4,9,10-perylenetetracarboxylic dianhydride (PTC-NH2) was used as a
7 electron compound which can be bond to the surface of C60 via supramolecular inter-
action. Then, the prussian blue carried gold nanoparticles (Au@PBNPs) were interacted
with C60 nanoparticles (Au@PB/C60) and the detection aptamers for platelet-derived
growth factor B-chain (PDGF-BB) was labeled by Au@PB/C60 and the coupled with
alkaline phosphatase for electrochemical aptasensing (Scheme 7.2a). The combination
of fullerene-C60 and AuNPs have been used for immobilization of a large amount of
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Scheme 7.2 (a) Schematic illustration of the stepwise aptasensor fabrication process and the

dual signal amplification mechanism. Source: Han 2013 [64]. Reproduced with permission of
Elsevier. (b) schematic diagram of fabrication and detection of the ECL aptasensor. Source: Zhuo
2014 [65]. Reproduced with permission of Elsevier. and (c) results of molecular modeling related to
(a) groove binding of small molecules to the minor groove of dsDNA and (b) groove binding of
fullerene-C60 to the major groove of dsDNA. Source: Gholivand 2014 [66]. Reproduced with
permission of Elsevier.

capture aptamers on the surface of the electrode. The obtained SEM and TEM images
showed that the Au@PBNPs were adsorbed uniformly and tightly on the C60 nanopar-
ticles. The performance of developed aptasensor was investigated by detecting PBGF-BB
standard solutions (Table 7.1).

Electrochemiluminescence (ECL) is a powerful analytical tool for the detection of
clinical samples. A peroxydisulfate/oxygen (S,04>"/O,) system is widely used for ampli-
fication of ECL signals where the dissolved O, can serve as a co-reactant [67]. The
enzymatic reaction can catalyze in situ generation of the dissolved O, [63, 65]. Zhao
et al. [65] developed a sandwich-type aptasensor based on mimicking bi-enzyme cas-
cade catalysis to in situ generate the co-reactant of dissolved O, for signal amplification
to detect thrombin (TB). In this study, gold nanoparticles (AuNPs) were utilized as car-
riers to immobilize glucose oxidase nanoparticles (GOxNPs) and platinum nanoparti-
cles (PtNPs). GOxNPs could catalyze the glucose to generate HyO,, which could be
further catalyzed by hemin/G-quadruplex and PtNPs, in order to in situ generate dis-
solved O, with high concentration. The detection aptamer of thrombin (TBA2) was
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immobilized on the PtNPs/GOxNPs/AuNPs and hemin was intercalated into the TBA2
to obtain the hemin/G-quadruplex/PtNPs/GOxNPs/AuNPs nanocomplexes, which
was utilized as signal tags (Scheme 7.2b). The surface of glassy carbon is modified with
C60 and electrochemical deposited AuNPs for further immobilization of thiol-termi-
nated thrombin capture aptamer (TBA1). The TBA1, TB, and TBA2 make a sandwich-
type structure. The zero-dimensional nano-C60 was shown to enhance the
immobilization of nanoparticles but also amplified the ECL signal owing to its large
specific surface area. The developed aptasensor is characterized by the ECL measure-
ments. The bare GCE showed relatively low ECL intensity in the low concentration
level of dissolved O,. The ECL intensity of the bare GCE was enhanced in the presence
of dissolved O,. The ECL intensity was increased when using nano-C60 was coated
onto the electrode, due to the enrichment effect of nano-C60 on peroxydisulfate lumi-
nescence. Electrodepositing of AuNPs was further enhanced the ECL intensity since it
accelerate the electron transfer in ECL reaction. However, the ECL intensity decreased
successively when TBA1 were immobilized onto the electrode. The ECL signal dropped
again after the incubation of modified electrode with the target analyte of TB. The ECL
aptasensor also evaluated by CV in 0.1 M PBS. While the relatively low CV intensity was
obtained at bare GCE, the CV intensity reduced when the electrode was coated with
C60 due to its low electrical conductivity (Table 7.1). In another report, Gholivand et al.
studied the mechanism of the prevention of Parkinson’s disease by means of Carbiodopa
(CD) drug at a double-stranded DNA (dsDNA) and fullerene-C60-modified glassy car-
bon electrode (dAsDNA/FLR/GCE) by cyclic voltammetry [66]. They have used multi-
variate analysis to distinguish the complex system. Firstly, the effect of pH on the
electrochemical system has been studied which showed that a value of 4.0 for pH
resulted in higher sensitivity of the system. The cyclic voltammograms recorded at dif-
ferent electrodes showed that the electrocatalytic behavior toward oxidation of CD at
FLR/GCE is improved noticeably in comparison with the bare GCE. When dsDNA was
added to the CD solution both oxidation and reduction peaks decreased markedly and
shifted to less and more positive potentials, respectively, which indicate that CD inter-
acts with dsDNA. The electronic UV-Vis absorption spectroscopy was used to charac-
terize the interaction between dsDNA and small molecules. The absence of red shift in
the obtained spectra was attributed to the fact that the binding mode is not the interca-
lative binding and it could be groove binding [66]. By means of all these observations, it
has been suggested that small molecules, such as CD, interact with the minor groove,
while large molecules (fullerene-C60) tend to interact with the major groove binding
site of DNA. This phenomenon was earlier reported and further proved by molecular
modelling, which is performed in this study (Scheme 7.2c).

7.2.2 Fullerene(C60)-Antibody Hybrid

Conventional immunosensors suffer from drawbacks, such as intrinsic complexity and
the requirement for signal amplification, large sample size, and high cost. However, by
integrating nano-scale carbon materials, most of these limitations can be overcome
[68]. Especially, fullerene-C60 with conjugate & electrons are considered as electro-
philic molecules, and they can be attacked by electron-donating molecules, such as
amines, antibodies, and enzymes. A sensitive immobilized C60-antibody-coated pie-
zoelectric crystal sensor, based on C60-anti-human IgG and C60-anti-hemoglobin,
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Scheme 7.3 (a) Diagrams of the C60-anti-human IgG-coated quartz crystal electrode for IgG; (b) the
fabrication of the electrochemical immunosensor for Escherichia coli O157:H7. Source: Li 2013 [72] and
Pan 2004 [69]. Reproduced with permission of Elsevier.

were developed to detect IgG and hemoglobin in aqueous solutions (Scheme 7.3a)
[69]. For this purpose, a fullerene C60-coated piezoelectric quartz crystal has been
used to investigate the interaction between C60 and the antibody. The changes in the
resonant frequency of the crystal are recorded which is directly related to the depos-
ited mass [70]. The frequency changes, respond sensitively to the adsorption of anti-
IgG onto the C60 coated crystals. The interaction between C60 and anti-IgG is found
to be chemisorption with good reactivity. The effect of the C60 coating load on the
frequency response of the C60 coated PZ crystal for anti-IgG in water was investigated.
The PZ quartz crystal with more C60 coating exhibited a larger frequency shift, but the
frequency shift of the C60-coated PZ sensor tends to level off with larger amounts of
C60 coating. It was ascribed to the fact that C60 can only adsorp IgG on its surface to
some extent. The obtained results have been revealed that the concentration of anti-
body, temperature, and pH have an impact on the response of the biosensor. The
immobilized C60-anti-hemoglobin (C60-Hb)-coated piezoelectric quartz crystal
hemoglobin biosensor was also developed to detect hemoglobin in solutions. The par-
tially irreversible response of the C60-coated piezoelectric crystal for anti-hemoglobin
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was tested, suggesting the chemisorption and the good reactivity of anti-hemoglobin
on C60 coated crystal. The immobilized C60-Hb coated piezoelectric crystal sensor
exhibited linear response frequency to the concentration of hemoglobin with sensitiv-
ity of about 1.56x10*Hz (mgmL™) and detection limit of <10™*mgmL™ to hemo-
globin in solutions (Table 7.1) [71].

Recently, Li et al. reported development of a sensitive and efficient electrochemical
immunosensor for amperometric detection of Escherichia coli O157:H7 (E. coli
0157:H7) [72]. The immunosensing platform was first composed of fullerene, ferro-
cene, and thiolated chitosan composite nano-layer (C60/Fc/CHI-SH) and then AuNPs
coated SiO, nanocomposites were assembled on the thiolated layer. Next, the large
amount of avidin was coated on the Au-SiO, surface, which was used to immobilize
biotinylated capture antibodies of E. coli O157:H7 (bio-Ab1l). For signal amplification,
the glucose oxidase (GOD)-loaded platinum nanochains (PtNCs) were used as a tracing
tag to label signal antibodies (Ab2) (Scheme 7.3b). It has been shown that Au-SiO,
embedded C60/Fc/CHI-SH provide a biocompatible platform for increasing the sur-
face area to capture a large amount of SA/bio-Ab1 and Ab2 and GOD multi-function-
alized PtNCs nanocomposites for improved sensitivity.

7.2.3 Fullerene(C60)-Protein Hybrid

Direct electron transfer of biological redox proteins plays an important role in elucidat-
ing the intrinsic thermodynamic characteristics of biological systems and designing
new kinds of biosensors or biomedical devices [73]. Fullerenes-C60 are ideal nanoma-
terials for absorbing energy, taking up electrons and releasing them to the transducer.
They are small enough to locate at closest distance to the active site of the catalytic
enzyme, which makes the electron transfer easier. Moreover, they are not harmful to
biological material and proteins [74—76]. The interaction between the enzyme and the
nanomaterial surface can be accomplished by a covalent or non-covalent bond. The
improved stability, accessibility, and selectivity, as well as the reduced leaching, can be
achieved through covalent bonding because the location of the biomolecule can be con-
trolled [77]. Moreover, several types of immobilization methods have been developed
for biomolecules. These methods include entrapment, encapsulation, covalent binding,
cross-linking, and adsorption [78, 79].

7.2.3.1 Enzymes

Glucose oxidase: The determination of glucose is medically important for diagnosis of
diabetes since the low absorption of glucose can lead to diabetes. In general, glucose is
being detected by an electrochemical method with an immobilized glucose oxidase
(GOD) enzyme. Glucose oxidase (GOD) is a glycoprotein which catalyzes the electron
transfer from glucose to oxygen with the byproduct of gluconic acid and hydrogen per-
oxide [80-82]. The preparation of the immobilized GOD enzyme surface is a crucial
step in the development of electrochemical glucose sensors. In most cases, GOD
enzymes were immobilized by the entrapment of GOD in polymers or macromolecules,
e.g., polyvinyl alcohol, agar, collagen, cellulose triacetate, gelatin, and Nafion [83-85].
On the other hand, the covalently coupled enzymes results in the formation of highly
stable bonds between enzyme and matrix [86]. Electron-releasing molecules such as
amines can attack fullerene-C60 with 60 z electrons. Therefore, the NH group
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containing enzyme molecules is expected to bond chemically to the fullerene -C60
molecule, resulting in the formation of stable, immobilized C60-enzymes [82].

Chuang et al. reported fullerene-C60/GOD enzyme immobilized platform to catalyze
the oxidation of glucose and produce gluconic acid, which was detected by a C60-coated
PZ quartz crystal sensor for glucose [87]. The C60-GOD platform was characterized by
FT-IR spectroscopy, which showed absorption peaks at 1148cm™ and 1600cm™ of
GOD and 525-570cm ™" for fullerene-C60. The activity of the synthetic C60/GOD was
investigated by means of the oxygen electrode detector because GOD catalyze the oxi-
dation of glucose, which results in the consumption of oxygen. The effect of the amount
of the immobilized glucose oxidase on the oxidation rate was investigated. It was shown
that the consumption of oxygen is linearly proportional to the number of pieces of
immobilized enzyme. The obtained results showed that only C60 coated crystals with
immobilized enzyme responded sensitively to glucose. The studies on the effect of the
amount of C60 coating on the frequency response of the PZ glucose sensor with
the immobilized GOD enzyme shows that the thicker C60 coating exhibits a better
response but, with a larger amount of coating, it is leveled off. The pH and temperature
effect on the activity of the immobilized enzyme C60-glucose showed that an optimum
pH of 7 and 30° C for temperature is suitable for the glucose oxidase activity (Table 7.1).

In another report, direct electrochemistry of GOD was achieved with GOD-hydroxyl
fullerenes (HFs) modified glassy carbon electrode which protected with a chitosan
membrane [80]. The formed GOD-HFs nanoparticles in the chitosan membrane was
characterized by TEM images, which showed the average size of 20nm for GOD-HFs
nanoparticles. It has been shown that while no redox peak was observed at bare was
bare GCE, Chit/GOD/GCE and Chit/HFs/GCE, a pair of well-defined redox peaks was
appeared at the Chit/GOD-HFs/GCE. The CVs remained unchanged after successive
potential cycle, showing that the formed Chit/GOD-HFs film was stable on the GC
electrode. In addition, the obtained K,, value was lower than that of conventional val-
ues, showing a strong interaction and higher affinity of glucose for the modified
electrode.

Lin et al. developed a mixed-valence cluster of cobalt(II) hexacyanoferrate and fuller-
ene C60-enzyme-based electrochemical glucose sensor [82]. The C60-GOD was syn-
thesized and applied with mixed-valence cobalt (II) hexacyanoferrate for analysis of
glucose. Glucose in solution can be oxidized by C60-GOD-modified glassy carbon
electrode, which is followed by the oxidation of the reduced C60-GOD by oxygen in the
solution and the formation of HyO,. On the other hand, the cobalt(II) hexacyanoferrate
(Cos[Fe(CN)gl2)(red) can oxidize by means of produced HyO,. At the end, the oxidized
(Cos[Fe(CN)sla)(ox) Was reduced with an applied electrode voltage at 0.0mV and the
reduced current can be traced for the detection of glucose (Scheme 7. 4a).

It has been shown that the electrodes with immobilized enzymes (C60-GOD) shows
better responses than the electrode with free enzyme. In addition, it was demonstrated
that the electrode with a thicker cobalt (II) hexacyanoferrate coating produces a larger
current response for the H,O,. However, the current response apparently tends to level
off with larger amounts of cobalt (II) hexacyanoferrate coating. The C60-GOD/
cobalt(I) hexacyanoferrate-modified electrode in solutions at a higher stirring rate
exhibited a larger current response to the same concentration of glucose. However, the
current response apparently tends to level off at a higher stirring rate. Moreover, an
optimum current response is obtained around pH 6.2 and 30°C.
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Scheme 7.4 (a) Au-SAM/AuNPs-Linker/Fullerenols/TvL composite material assembly, adapted from
[88] and (b) proposed mechanism of cyt cimmobilization and electrochemical reduction by C60-Pd
polymer film modified electrode. Source: D'Souza 2005 [89]. Reproduced with permission of Elsevier.

Urease: Urea is one of the byproducts of protein metabolism. The precise detection
of urea is crucial in various biomedical applications, glomerular filtration rate determi-
nation, and renal function tests. The urease enzyme could be employed for urea deter-
mination, whereby the urease catalyzes the hydrolysis of urea to form alkaline reaction
products of NH** and CO3 % The detection is based on pH changes resulted from by
enzymatic reaction (7.1) [90]:

NH,CONH, + H,0—2=¢ s NH} + CO3~ (7.1)

Fullerenes have been also used in the fabrication of certain biosensors with different
enzymes such as lipase and urease. Integrating of the fullerene molecule for construc-
tion of urea biosensing devices may enhance the sensitivity of the analytical method
because it provides the high surface area-to-volume ratio for urease immobilization. A
new way to construct a urea potentiometric biosensor has been developed by Saeedfar
et al. [91]. The fullerene nanomaterial was functionalized with carboxyl groups by soni-
cation, heat, and ultraviolet radiation. N,N’-dicyclohexylcarbodiimide (DCC) or N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) was utilized to
immobilized urease enzyme onto carboxylic modified fullerenes (C60-COOH). It was
observed that the lower sensitivity of the urea biosensor was obtained using water-
insoluble DCC as a cross-linking agent instead of EDC. The immobilized urease cata-
lyzed the hydrolysis of urea in the sample, which resulted in the production of OH™ ions.
When the concentration of urea is low, the OH™ ion reacted with the buffer and the
concentration of the buffer became important. Therefore, the buffer capacity could not
maintain the pH and the sensitivity increased. When the concentration of buffer is high,
the sensitivity of the biosensor decreased because of the OH™ ion reacted with buffer.
The optimum pH range of the biosensor was obtained between pH 6.0 and 8.0. In
another study, a fullerene-C60-coated piezoelectric quartz crystal urea sensor based on
either solvated or immobilized urease was developed and applied to detect urea in
aqueous solutions. The immobilized urease enzymes on fullerene-C60 shows lower
sensitivity than that of the solvated urease detection (Table 7.1) [71].

Laccase: The high stability and bioactivity of the bio-electrochemical interfaces play
a crucial role in the performance of laccase-based biosensors. The immobilization of
enzymes on solid supports is one of the effective approaches to meet the requirement
for a highly sensitive and stable biosensor. There is extensive interest to construct
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laccase biosensors in combination with nanomaterials, due to their unique properties
[82]. The fullerene-C60 nanoparticles provide a suitable micro-environment for enzyme
immobilization, maintaining their bioactivity, and accelerating the electron transfer
between their redox active center and transducer surfaces [88]. An electrochemical
biosensing platform based on the coupling of two different nanostructured materials
(gold nanoparticles and fullerenols), has been developed and characterized by
Lanzellotto et al. [88]. The proposed methodology was based on a multilayer material
consisting in AuNPs, fullereneols, and Trametes versicolor laccase (TvL) assembled
layer by layer onto a gold electrode surface (Scheme 7.4b). A linear dependence has
been obtained between the voltammetric peak currents and the potential scan rate
which attributed to the immobilization of the redox protein. The calculated electron
transfer rate constant (ks) values show the higher amount of immobilized TvL on nano-
structures-modified electrodes compared to the gold electrode due to the increased
roughness of the electrode surface. It was believed that the presence of nanostructured
material increases the protein loading due to high surface-active and provide an ideal
microenvironment for proteins. Microscopic characterization of the electrode surface
before and after modification with TvL has been performed by scanning tunneling
microscopy. Before enzyme immobilization, several nanoparticles of 15 nm are observed
and, after modification with TvL, a huge increase of particles size is detected (35nm). In
addition, it was observed that Michaelis constant (Ky,pp) decreases after introducing
the AuNPs and fullerenol, suggesting an increased affinity of the enzymatic for the sub-
strate. It is ascribed to the fact that the fullerenes provide a suitable microenvironment
for the protein immobilization and induce the protein molecule mobility in order to
correctly orient its redox centers in order to achieve a proper electron transfer.

Carbon nanotubes (single-walled carbon nanotubes (SWCN) and multi-walled car-
bon nanotubes (MWCN)), with high surface area, high adsorption capacity, and rapid
desorbability are widely used for construction of enzyme electrodes. One of the most
recent example is reported by Barberis et al., where simultaneous amperometric detec-
tion of ascorbic acid (AA) and antioxidant capacity has been performed based on
fullerenes-C60/C70 or nanotubes-modified graphite sensor-biosensor systems, and
ascorbate oxidase. It was reported that the combination of fullerene and ascorbate oxi-
dase enzyme resulted in the complete AA shielding and in the highest selecting capacity
toward AA while nanotubes only increase sensitivity without ability to discriminate
between different compounds [92]. Authors hypothesized that fullerenes absorb more
enzyme during dips, so that they can oxidize more AA before it reaches the transducer
surface.

7.2.3.2 Redox Active Proteins

Direct electrochemistry of hemoglobin (Hb) immobilized on fullerene-nitrogen doped
carbon nanotubes (C60-NCNT)/Chitosan (CHIT) composite matrix is reported by
Sheng et al. [93]. The developed C60-NCNT/CHIT modified electrode was utilized for
the determination of H,O,. The obtained TEM image of NCNT shows that after immo-
bilization, some C60 amorphous nanoparticles with the size of ~4nm were found visible
inside NCNT. The recorded FTIR spectra showed that the relative shifts of the peaks
which are ascribable to the 7 electron interaction between C60 and NCN'T. The amide
I and II bands related to C60-NCNT/Hb have similar shapes to that of free Hb indicat-
ing that Hb is successfully immobilized on C60-NCNT. The electrochemical
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measurements show no redox peaks in the cyclic voltammograms of the bare GCE but
the background current increase at C60-NCNT/GC electrode. At Hb/NCNT/CHIT/
GC electrode, there is only one cathodic peak, which can be observed from the CV.
After immobilization of Hb on the C60—-NCNT/CHIT/GC electrode, a pair of well-
defined redox peaks related to the Hb and (Fe"'/Fe’) are observed.

Cytochrome c: Cytochrome c (cyt c) is a heme containing metalloprotein located in
the inter membrane space of mitochondria. It has a low molecular weight (M,, = 12400
D) with a single polypeptide chain of 104 amino acid residues covalently attached to the
heme moiety. It plays a key role in the biological respiratory chain, whose function is to
transfer electrons between cytochrome c¢ reductase (complex III) and cytochrome c
oxidase (complex IV) [94].

One example of the application of the fullerene film modified electrodes for immobi-
lizing a cyt c has been reported by d’Souza et al. [89]. Two types of fullerene film modi-
fied electrodes were utilized for immobilization of cyt c. One involves an
electrochemically-conditioned fullerene drop-coated film electrode and the other an
electro-polymerized fullerene, cross-linked with palladium acetate complex film elec-
trode. The immobilization of cyt c on the fullerene film modified electrode was exam-
ined by piezoelectric microgravimetry at a quartz crystal microbalance. It was shown
that upon addition of cyt c the frequency decreased to reach plateaus. In addition, the
blue shift and the broadness of the bands observed in UV-Vis spectra was attributed to
the cyt ¢ molecules which are tightly packed on the electrode surface. The proposed
mechanism of the cyt c immobilization is illustrated in Scheme 7.4c. It is claimed that
cyt ¢ is immobilized by one or more of following ways: (1) electrostatically binding of
the electron deficient C60 molecules with the cyt ¢ molecules; (2) negative charge on
the C60 film electrostatically bind with positively-charged parts of cyt c protein; and (3)
surface structure of C60 or C60-palladium may affect the immobilization of cyt c.

The CV behavior of cyt ¢ immobilized on the C60 drop-coated film GCE and the
C60-Pd polymer film modified electrode shows that upon addition of cyt c to the solu-
tion, a cathodic peak appeared at E;, .= -400mV versus Ag/AgCl. When the potential
scan reversed, an anodic peak at E, , =50 mV versus Ag/AgCl was also observed indicat-
ing the reversible and slow electron transfer process. When the equilibrium occurs at
C60-Pd polymer film-modified GCE in the cyt c buffer solution, the CV peaks were still
present showing the stable immobilization of cyt ¢ onto the C60-Pd polymer film-
modified electrode. The effect of the C60-Pd polymer film thickness on CV properties
of the immobilized cyt ¢ was examined which suggests that the amount of immobilized
cyt ¢ increased with the increase of the C60-Pd film thickness. Csisza’r et al. utilized
C60 fullerene film modified electrodes for the electrochemical reactions of cyt c [95].
They have investigated the electrochemical behavior of fullerene films in the neutral
state, which are porous intrinsic semiconductors. They can be reduced to form semi-
conductor or conducting salts. They assumed that partially reduced fullerene films have
a structure with a pole, or negatively-charged outside and an apolar inside. The porosity
of the films was estimated in two ways: firstly, by means of measuring the oxidation of
gold and the reduction of the oxide in phosphate buffer. The oxidation and reduction
waves can be suppressed by the presence of fullerene films. The other method is based
on chronocoulometry method which allows the calculation of the electrode surface
area. The partial reduction produces irreversibly small amounts of C60~, and/or C60*~
intermediates and the film becomes a cation exchanger. When partially-reduced
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fullerene films used, the electrochemical response of cyt ¢ became much better. In the
case of thin film, the half-wave potential of quasi-reversible reaction was 285 mV, which
is close to the standard redox potential of native cyt ¢ (260mV). It was also shown that
with thicker films, the catalytic activity of cyt c is lower. In addition, the presence of
partially reduced fullerene films stabilized the electrochemical reaction of cyt c. The
response on reduced and then oxidized films was also investigated. The oxidized film
was still apparently coherent and did not show any signal of cyt c. A better response was
observed if the films were porous and partially charged. Generally, the neutral fullerene
films lack the charge, and fully reduced or oxidized films lack the porous character. If
the fullerene film reduction was carried out in the presence of Na*, resulted in com-
pletely inactive electrode because it converts the films mainly to semiconducting
NagC60, which cannot participate in the reaction of cyt c. If the reduction of C60 film
was carried out in the presence of K', the electrodes showed short-lived transient
responses again, as on bare electrodes or with neutral fullerene films.

7.3 Conclusions and Future Prospects

Recently, nanostructured materials have been significantly used to create state-of-the-
art electrochemical biosensors with enhanced performance (Figure 7.3). They provide
the analytical devices with the ability of miniaturization and reduced response time, and
cost effectiveness for applications in clinical diagnosis. Among different nanomaterials,
carbon nanomaterials hold potential promise as a material for designing a new genera-
tion of biosensors due to their unique characteristics. Recently, fullerene-C60 contrib-
uted greatlyto the field of biosensingand bio-nanotechnology. The unique electrochemical
and physicochemical properties, together with biocompatibility characteristics of fuller-
ene, allow its wide use for designing the highly sensitive chemical/biosensors.

In this review, we presented the most recent applications of fullerene-C60 based elec-
trochemical biosensors which employed various kinds of biomolecules. Especially,
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electrochemical biosensors based on the interaction between fullerene-C60 and DNA
has been reviewed in depth. It has been shown that fullerene-C60 has been widely uti-
lized for improving the sensitivity of electrochemical biosensors. Not only they provide
a suitable immobilization platform for DNA and antibodies, but they also have the ability
to induce in redox-active proteins a proper orientation which leads to better electron
transfer properties. Therefore, fullerene-C60 can be easily extended to immobilize and
obtain direct electrochemistry of enzymes and proteins. However, the range of applica-
tions is still limited and further investigation is required. Easy functionalizations and
high surface area of fullerene can be utilized for designing more sensitive biosensing
devices with high stability. The recent developments of electrochemical biosensors based
on fullerene-C60 may bring many researchers to use other analogues of fullerene-C60 in
the construction of electrochemical biosensors. Furthermore, multiple functionaliza-
tions of these kinds of nanomaterials may lead to the improved performance of biosen-
sors. On the other hand, taking into account the biocompatibility of fullerene-C60,
different kind of biomolecules such as microoganisms, organelle, and cells can be easily
integrated in the biosensors fabrication. Moreover, fullerene-based biosensors could be
integrated within bio-chips with on-board electronics. This will lead to fabrication of
devices which are small, low-cost, and with simple operation procedure. Therefore, elec-
trochemical biosensors based on fullerene-C60 with their cost-effectiveness and suita-
bility for microfabrication can be expected to become increasingly popular in the near
future.
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8.1 Introduction

Synthetic diamond has been studied extensively during the last 30 years due to its
outstanding chemical/physical properties such as wide bandgap, high thermal con-
ductivity, and extreme hardness. Compared to bulk diamond, diamond materials
with micro- and nanostructured surfaces provide a facile way to fine tune diamond
properties such as field emission, hydrophilicity, and specific surface. In this chapter,
the fabrication and application of micro- and nanostructured diamond will be
discussed.

The fabrication method of diamond nanostructures can be divided into two catego-
ries: top-down etching and bottom-growth. The early work on 3D micro-structured
diamond dates back to mid-1990s, using chemical vapor infiltration (CVI) techniques.
In this technology, carbon or carbide fibers were typically used as the growth template.
Almost in parallel, reactive ion etching (RIE) was applied to achieve diamond surface
nanostructuring. After that the diamond surface nanostructures, typically vertically
aligned diamond nanowires (or nanorods) has been mainly fabricated using top-down
plasma etching techniques. In recent year, the templated diamond growth has gained
increasing attention due to the wide choice of template, mask-free production, and
unlimited surface enlargement. In this chapter, the development and main techniques
used in these two approaches will be elaborated. Nevertheless, other less common
methods, such as catalytic etching by metal particles, steam activation and selective
materials removal will also be discussed.

As indicated by the title, this chapter will mainly deal with the application of micro-
and nanostructured diamond in electrochemistry. In these applications, the advan-
tage of nanostructured diamond can be divided into three aspects: 1) providing
enlarged surface area for charge storage and catalyst deposition; 2) tip-enhanced
electrochemical reactions used in sensing applications; 3) diamond membranes with
micro- or nanopores can be applied in the electrochemistry separation and purifica-
tion applications. Examples and explanations on these applications will be given in
this chapter.

Nanocarbouns for Electroanalysis, First Edition.
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8.2 Fabrication Method of Diamond Nanostructures

8.2.1 Reactive lon Etching

Reactive ion etching is a dry etching technique using reactive plasma to remove mate-
rial from a surface. Schematic illustrations of such techniques are shown in Figure 8.1.
The plasma is ignited either capacitively (Figure 8.1a) or inductively (Figure 8.1b). In
both cases, a radio frequency (RF) voltage is added between the anode (the top and the
wall of the reaction chamber) and cathode (the sample platter) to accelerate the elec-
trons up and down; in the meantime, the massive ions are relatively unaffected. When
electrons hit the anode, they are fed out to the ground. However, because the sample
platter is (direct current) DC insulated, a negative potential will build up when electrons
touch the cathode. In the capacitively coupled plasma (CCP) etching, the energy of
plasma is coupled with the negative bias of the sample, i.e. when a high-density plasma
is built, a high bias is unavoidable. As a result, the freedom to adjust the etching param-
eters is very limited. In the latter case, however, the plasma energy is decoupled from
the sample bias. Therefore, high-density plasma is allowed without the danger to over-
charge the sample.

The RIE techniques on diamond were developed in late 1990s. In 1997 Shiomi
reported the diamond surface etch via CF4/O, plasma [1]. Using sputtered Al with a
thickness of 0.4 um as the etching shadow mask, diamond surface microstructures were
formed. In this research, it was found out that the ratio of CF, and O, in the etching
atmosphere plays an important role in the etching selectivity between diamond and Al.
however, an abnormal phenomenon was also reported: when pure O, plasma was used
to etch polycrystalline diamond (PCD), a high density of diamond nanowires will
appear. The explanation at that time was local surface phase transition induced by ion
bombardment introduced self-masking effect to the etching process. These mask-free
or self-masking phenomena were repeatedly used in the diamond nanowire formation
processes [2, 3]. However, more recent research has shown that these effects are likely
due to the oxide residues in the etching chamber acting as the etching mask, because
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Figure 8.1 Schematic illustration showing different RIE mechanisms: (a) capacitively coupled plasma
etching; (b) inductively coupled plasma (ICP) etching.
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high-resolution transmission electron microscopy (HRTEM) has revealed the existence
of a thin layer of amorphous oxide deposited all over these nanowires [4].

Metal nanoparticles deposited on diamond surface are often used as etching masks.
In 2008, Zou et al. reported the formation of gold nanoparticle on diamond surface via
a thermal dewetting method [5]. The diamond sample coated by 5nm Au layer was
heated up to 850°C in Ar/H; plasma. The Au nanoparticles were formed in situ via the
self-organization of the molten thin layer, and they were used as the shadow mask in the
later RIE etching. In this method, diamond nanopillars of a high density of ~10° cm™
were formed with diameters of ~30nm and heights of ~400nm. A higher density and
aspect ratio was later achieved by using more resistive etching masks and more aniso-
tropic etching techniques. In 2010, Smirnov et al., reported the high aspect ratio (~30)
and high density diamond nanowires fabricated using Ni nanoparticles as etching mask
and ICP etching techniques [6]. The method is shown in Figure 8.2 (a): a thin Ni film of
1nm was evaporated on the PCD surface, and the layer was later thermally melted to
form a dense layer of nickel particles (~10"%cm™2, Figure 8.2b). The diamond wires were
formed by using these particles as shadow mask in an ICP etching process (Figure 8.2¢).
Finally the mask residues were removed by wet-chemical cleaning. Dimensions of nano-
wires were: height (1200 +200) nm, width (35 +5) nm, density ~1010 cm™2

Electrochemical deposition provides another method to controllably deposition
metal nanoparticle as mask for etching processes. Gao et al. has shown that the density
and size of the Pt nanoparticles electrochemically deposited on diamond electrode sur-
face can be fine-tuned via surface pretreatment and deposition time [7]. The density is
tunable in the range of 3.3+0.5-12.7+1.5x10°cm™, and the size can be adjusted
between 18 + 5 and 46 + 9 nm. These particles can be used as etching masks for diamond
column fabrication [8].

Alternatively, mask can also be formed using self-organized colloid particles.
Periodically organized 2D structures of spherical particles can be obtained using capil-
lary force and water evaporation [9, 10]. Okuyama et al. reported the fabrication of

(a) Ni Deposition Annealing Etching Removal
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Figure 8.2 (a) Scheme showing the fabrication method of diamond nanowires; (b) an SEM image
showing nickel nanoparticles from the dewetting of a 1 nm thick nickel film on diamond; (c) an SEM
image showing the diamond nanowire after etching and nickel removal.
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well-ordered diamond micropillars using self-organized SiO, spheres [11]. In this
research, SiO, particles of 1 um diameter was coated on the flat nucleation side of the
PCD sample, forming a self-organized monolayer of a 2D hexagonal close-packing of
SiO; spheres. By consequential O, plasma etching, this structure is transferred onto the
underlying diamond substrate. Similarly, Yang et al. used self-organized diamond nano-
particles as etching masks [12]. In this case, surface dipole interactions between the
diamond seeds and the diamond substrate result in the attachment of seeds onto the
substrate [13]. The diamond seeds with a typical size of 8-10nm were dispersed in
water and treated with ultrasonication. The diamond to be etched was then immersed
in the suspension. The density of the particle attached to the diamond surface can be
adjusted by the immersing time and the concentration of the suspension. After nano-
particle attachment, the diamond surface was etched in oxygen-rich plasma. In this
process, diamond nanowires of 10nm length and an average separation of 11 nm were
obtained with an etching time of 10s.

Besides nanowires, nanoporous materials can also be fabricated using top-down
etching method. RIE with shadow mask is a pattern transferring technique in principal.
Therefore, more sophisticated nanoporous structures can be obtained if a nanoporous
mask is used. For example, porous anodic aluminum oxide (AAO) has been studied for
more than 50 years [14]. The pore size and distribution can be well-controlled by solu-
tion composition, applied potential and temperature [15]. It has been widely used as
shadow masks for metal deposition [16] and pattern transfer on Si [17]. In 2000, Masuda
et al. developed a fabrication method of diamond honeycomb electrode using porous
AAOQO as the etching mask [18]. In the later work, the same group also realized and
characterized porous diamond electrodes with a wide range of pore sizes and depths
using this method [19, 20]. By etching through the diamond layer, diamond membrane
was also fabricated [21].

8.2.2 Templated Growth

On the contrary to top-down etching method diamond surface can also be fabricated
via templated-growth. In the 1990s in order to enhance the nucleation density, people
used porous silicon as the growth substrate [22—25]. After that other porous materials,
such as porous titanium [26], Zeolite [27] and porous carbide [28] were also used in for
these reason. Normally, planar films were obtained. However, porous diamond films are
sometimes obtained [29-31]. In these methods, the porous substrates are used, no mat-
ter whether intentionally or not, as the growth template. The diamond film grown on
top of the porous substrate inherited the porous structures. A more typical templated-
growth method came in the mid-1990s. Chemical vapor infiltration (CVI) was used in
this method [32, 33]. In CVI, microwave plasma or a hot-filament will generate reactive
species above the porous substrate. Chemical vapor deposition (CVD) in porous struc-
tures is enhanced by the manipulated gas flow which send the carbon and hydrogen
radicals through the porous sample. Although there are successful reports on diamond
coating up to millimeter-depth into the porous template [34], there is no evidence
showing that this technique is able to coat nanoporous materials. A more ‘modern’
growth method came in 1999. Demkowicz et al. report the plasma CVD growth of
diamond on a SiC-whisker compact [35]. In this research, a diamond seeding procedure
was performed by adjusting the pH to 12.7. Diamond seeds with diameters of ~300nm
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were attached to SiC whiskers for further overgrowth. With a coating thickness of
~300 nm, the diamond coating was formed up to a depth of ~50 pum. In 2001, Baranauskas
et al. reported the templated diamond on natural pyrolized fibers [36]. In their research
they compared the result of overgrowth with and without nanodiamond seeding pro-
cess, and showed the necessity of the seeds for a complete coating.

Later developments of the 3D diamond coating follow the similar approach; the focus
is mainly on tests on a large variety of materials for the growth template. Si-based mate-
rials due to their high melting point, chemical inertness, stable interface with carbon, as
well as the suitable thermal expansions are widely applied as the growth template. In
2009, Luo et al. reported the growth of diamond on silicon nanowires using hot-filament
CVD method [37]. The wires are vertically aligned and the coating covers the entire
wires (~5pm). In the same year, Kondo et al, reported the diamond fiber growth on
quartz fiber filter [38]. Compared to the results of Luo et al., a more complex template
with interweaved SiO, fibers was used. The growth was carried out at a very low tem-
perature of 500°C. The filter paper used has a thickness of 450 um. However, the dia-
mond growth only penetrated the top 15-20um of the template. Also, the coating
shows a non-homogenous nature: the coating thickness at the surface can be one order
of magnitude higher than deep in the template.

Nanomaterials based on sp® carbon are also candidates for the templated growth.
Already in 2005, Terranova et al. reported nanodiamond coating on carbon nanotubes
(CNT) [39]. The meaning of this work is limited by the fact that they were using a spe-
cially designed CVD system with nanocarbon as the carbon source. After that there has
been no further report on diamond/CNT core-shell structures for more than five years.
The difficulty in coating CNT with diamond lies in two aspects. The first is the difficulty
for seeding. Hydrocarbons are known to be mostly hydrophobic. Therefore the water-
based diamond colloid cannot properly penetrate. The second problem is more funda-
mental. The typical diamond growth condition requires the hydrogen plasma etching of
the co-deposited graphitic carbon. Therefore, the CNT which acts as the growth tem-
plate can be etched during the growth as well [40]. In 2012, Zou et al. reported the dia-
mond/CNT teepee-like composite using optimized seeding and growth techniques [41].
In this study, the nanodiamond seeding was carried out using electrospray method. The
methanol suspension of 5nm nanodiamond was electrosprayed under 35kV bias on to
the grounded CNT substrate. After drying, the CNT array showed a teepee-like mor-
phology. The diamond was deposited using 1% CH, in H; and ~1200K.

Besides wire/fiber templates spherical compact from silica or opal lattice is also often
used as the growth template. In 2012, Kurdyukov et al. reported the fabrication of
porous diamond membranes using templated growth on synthetic opal film consists of
SiO, beads (diameter: 520+30nm) [42]. The template lattice was formed via
self-organization driven by the capillary force. To further enhance the stability of the
lattice, high temperature (1000-1050°C) annealing was applied. In this research, up to
15 layers of silicon dioxide spheres were coated. Similar work has been reported by Kato
et al. in the same year on boron-doped diamond foam for electrochemistry applications
[43]. The template was fabricated by simply drop-casting SiO, spheres on boron-doped
diamond substrate. The boron-doped diamond foam showed a strong Fano resonance
in the Raman spectrum, which indicated a metallic conductivity [44, 45]. Also, a redox
peak separation of ~59mV for Hexaammineruthenium chloride is recorded, which
shows that this material is suitable for electrochemistry.
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Currently, the nonuniformity of the diamond coating in a 3D template is one of the
most prominent problems for this growth technology. In order to obtain larger surface
area in one growth, the diamond coating needs to penetrate as deep as possible.
However, there is a contradiction in nature. If the radical chemistry in diamond growth
is considered, one would find the following formula [46]:

CpH+H < Cp+H, (8.1)

Formula (8.1) is the activation process of a surface C-H site, and the formula (8.2) is
the addition of a CH3 group on the diamond surface. For the normal growth conditions,
atomic hydrogen and methyl radicals need to be abundant. On a planar sample surface,
this is normally the case. In 3D templates, however, this requirement is hardly satisfied.
The reason is that when the radicals collide into the template, they lose the kinetic
energy which is necessary to trigger the above mentioned reactions. For this reason, the
diamond growth will decrease deeper into the template (Figure 8.3).

Concerning this problem, there is up to now no theoretical optimization about the
growth condition regarding plasma power, gas pressure, methane concentration as well
as the sample temperature. However, most recent works concentrated on lower tem-
perature (<600° C) lower pressure (<30 mbar) growth conditions. In these conditions,
the diamond growth is slow, and the mean-free-path for radicals is longer. Moreover, if
the diamond growth is slow, the upper pores of the template will be closed slower, so
that the growth on the lower parts will be less hindered. Also, by using low temperature
more choices of template materials are available. In 2015, Ruffinatto et al. reported the
coating of glass fiber filter paper up to a thickness of ~250 um [48]. This deep thickness
is possibly due to the optimized growth condition and the large (micrometer-sized)
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Figure 8.3 Schematic illustrations showing the difference between templated-growth of porous sp
carbon (a) and the templated-growth of diamond (b). Source: Gao 2015 [47]. Reproduced with
permission of the American Chemical Society.
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pores in the template. In the same year, Hébert et al. reported the coating of nanoporous
conductive polymers using nanocrystalline with an ultralow-temperature growth tech-
nique (<450°C) [49]. In this study the authors emphasized the importance of high seed-
ing density achieved by infiltration method. They claim that the seeds layer can prevent
the etching effect of the hydrogen plasma on the polymer. The electrochemistry meas-
urements showed that the background redox activities of the underlying porous
polypyrrole layer were completely quenched after the diamond coating, showing that
the coating is of pinhole-free quality.

Beside the optimization of the diamond growth parameters, another way to overcome
the penetration problem in the templated growth is the layer-by-layer growth method
[47]. Gao et al. reported an improve fabrication method of the diamond foam fabrica-
tion reported in reference [43]. Rather than depositing the template and diamond in
one deposition, they deposit the composite in a layer-by-layer manner (Figure 8.4). In
this method, the diffusion limitation shown in Figure 8.3 is relieved, and the thickness
of the diamond has no theoretical upper limit.

Finally, there is a kind of less typical templated growth technique which can be called
masked-growth. It resembles the templated growth in the way that a porous template is
needed; however, the diamond will not grow on the template but on the unmasked area.
Such methods are very similar to the metal deposition with shadow masks which has
been often applied to obtain highly ordered metal dot patterns using ordered particles
or porous AAO [16, 50]. In 2001, Matsuda et al. fabricated vertically aligned diamond
nanocylinders using this method [51]. In this research, porous AAO was used as the
mask for diamond cylinder growth. The bottom of the through-hole AAO film was
seeded with nanodiamond (size: 50nm). Afterwards, the AAO film was flipped over

@ SiO, sphere ® SiO, sphere
coated by BDD

Figure 8.4 Schematic illustration showing the layer-by-layer growth technique for diamond foam
electrodes showing: (a) boron-doped diamond (BDD) substrate growth on Si; (b) spin-coating of SiO,
spheres on the substrate; (c) CVD diamond coating on SiO, templates; (d) spin-coating of the second
SiO, layer, (e) the second CVD diamond coating on SiO, templates; (f) removal of SiO, templates.
Source: Gao 2016 [47]. Reproduced with permission of the American Chemical Society. (See color plate
section for the color representation of this figure.)
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and the CVD deposition was carried out from the front side. The result showed that
well-aligned polycrystalline diamond nanocylinders with a density of 4.6 x 10®cm™
were generated. The morphologies including the hexagonal close-packing and the
average diameter were both inherited from the AAO mask, showing the effect of masked
growth. By properly shaping the AAO masks, diamond cylinders with triangular and
square cross sections can also be synthesized [52].

8.2.3 Surface Anisotropic Etching by Metal Catalyst

Diamond can react with H, at high temperatures with the help of metal catalyst parti-
cles. The etching mechanism was reported as early as 1993 by Ralchenko et al. [53].
They reported on the diamond patterning using Iron group elements (Fe, Co and Ni).
The etching mechanism was explained in three steps: 1) carbon dissolution in metal, 2)
diffusional transport to the metal-gas interface and 3) carbon desorption in the form of
methane. They also showed that Fe has the strongest etching effect. This phenomenon
was later discovered in nanoscale by Konishi et al. in 2006 [54]. They found that the Co
nanoparticles generated by in-situ reduction from Co(NOs), in H, atmosphere could
catalytically etch diamond surface in the same atmosphere and leave nanosized etch-
pits on diamond surface. They also found that the geometry of the etch-pit is facet-
dependent: on (111) facets the etch-pits were triangular or hexagonal (Figure 8.5a); on
(100) facets, the etch-pits were rectangular (Figure 8.5b); on (110) facets, channels along
the {111} direction will be formed (Figure 8.5c). This nanopit formation phenomenon
was also reported later on other metal particles, including Ni [55], Fe [56, 57] and Pt
[58]. Au nanoparticles are reported to be unable to etch diamond surface under heating
and H, atmosphere [59].

In the fabrication of nanoporous structures using catalyzed etching, the density of the
etch-pits is dependent on the density of metal nanoparticles. Therefore, particle density
is an important parameter to control. Mehedi et al. have shown that if the particles are
formed by thermal dewetting of a thin Ni metal film, the density of particles is linearly
decreasing with the increasing thickness for films thinner than 5nm [60]. However, the
difference is within one order of magnitude (10'°cm™). For thickness more than 5nm,
the density drops heavily. Also, they found out that the etching stops at a depth of
400-500nm into the diamond surface, due to the lack of hydrogen inside the deep
pores [59].

A detailed study on the etching mechanism is published recently in reference [60]. In
this study, diamond substrates were etched by Ni nanoparticles during a H, annealing
process. The surface chemical composition was monitored via X-ray photoelectron
spectroscopy (XPS) and electron energy loss spectroscopy (EELS) throughout the
annealing process. No formation of nickel carbide was detected both before and after Ni
removal. Moreover, the gas composition in the reaction chamber is also analyzed. There
was a clear increase in the amount of methane in the gas mixture, and this increase is in
accordance with the carbon loss calculated from the average depth and diameter of the
nanopores. Therefore, the three-step etching mechanism is confirmed.

8.2.4 High Temperature Surface Etching

Even without metal catalyst diamond can react with Hj, water vapor and CO, at high
temperatures. This phenomenon is discovered when researchers tries to understand
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Figure 8.5 SEM images of observed pitting and channeling of (a): (100), (b): (110) and (c): (111)
directed and etched single-crystal diamonds. The inset is a modeled octahedron which reflects
symmetries of {111} oriented planes with indicated planes. Red circles indicate Ni. Source: Smirnov
2010 [55]. Reproduced with permission of AIP Publishing. (See color plate section for the color
representation of this figure.)

the surface etch-pits (trigons) on nature diamonds [61]. There have been positive and
negative etch-pits. Their formation and their relation with a variety of crystal defect
have been reported [62]. However, because these etch-pits are shallow and micrometers
in size, their effect on the local properties and the total surface area is small. Therefore,
we will not go into the details of these effects in this chapter.

A practical catalyst-free etching or surface roughening method of diamond came in
2011. Ohashi et al. reported the diamond surface nanotexturing via the steam-activa-
tion method which is normally applied to activated carbon [63]. Temperatures between
600 and 900° C were applied to the sample. Water vapor was used as etchant. The etch-
ing effect started at 700° C: some triangular shaped etch-pits appeared on (111) facets.
At higher temperatures rigorous corrosion of the BDD surface was observed. High
density of columnar structures was obtained on the diamond surface. From the analysis
of the outlet gas, CO and H, were confirmed to be the product. Therefore the etching
mechanism is presumably:

C+H,0 < CO+H, (8.3)
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An interesting consequence of the etching is the enhancement of the peak ratio
between the diamond peak and the graphitic peak, showing a decreasing amount of sp*
contentafter the process. Together with the observed fact that the (111) facet was more
prone to etching, a hypothesis about the etching mechanism was deduced: the activa-
tion process first state with the sp®-rich grain boundaries, and then the (111) facets
which are close to grain boundaries are also selectively etched following the reaction
(8.3). Some recent results published by the same group shows that boron-concentration
has also an effect on the surface enlargement of diamond [64]. It is believed that in
highly boron-doped samples, the proportion of (111) is larger than in lower boron-
doped samples. Therefore, the etching has a stronger effect of the surface.

Other gases such as CO, and O, have also shown similar effects. Zhang et al. have
reported that the activation process with CO, atmosphere at 800 and 900° C has a pref-
erential etching on the (100) facets [65], via:

C+CO, <> 2CO (8.4)

Because O, is a much stronger oxidant than H,O and CO,, direct annealing in O,
containing atmosphere will have an uncontrollable etching effect on the sample in a
relative short period. Therefore, special procedures are needed if O, is used for dia-
mond etching. Kondo et al. shows that if this process is split into two phases, i.e. a high
temperature (1000° C) graphitization process in Ar and a mild (425° C) oxidation in air,
controlled and selective etching will happen on both (111) and (100) facets on the dia-
mond surface [66].

8.2.5 Selective Material Removal

It has been shown for a long time that diamond is almost nondestructible wet- or elec-
trochemically [67]. Diamond films can be used in acidic fluoride [68], alkaline [69].
Electrochemically, diamond has been used in the mixture of 1.0 M HNOj3 and 2.0 M NaCl
at a current density of 0.5A cm™ for up to 12h with no evidence of damage [70]. In
H,SO, solutions diamond electrodes have shown stability in a current range of 1-10A
cm™? [71]. This information indicates the possibility to grow diamond together with
some other materials and selectively remove the co-deposited materials after deposi-
tion. In this way, a porous diamond backbone will be fabricated.

The most commonly deposited non-diamond material in diamond growth is graph-
ite. In the early research on diamond growth, it was known that graphitic carbon is co-
deposited with diamond in CVD process [46, 72]. Normally, this graphitic growth needs
to be minimized to enhance diamond quality. However, if a diamond sample is inten-
tionally deposited with a high sp®-content, and the non-diamond carbon is removed
afterwards via selective etching, a way towards porous diamond can be found. This is
shown by Kriele et al. in 2011 [73]. Using up to 20% methane in the gas mixture for
diamond growth, highly graphitic diamond is deposited. Raman spectroscopy shows a
very high G and D band showing the poor quality. By partially removing the sp* content
in air at ~550° C nanopores can be generated on the diamond film. In this work, 150 nm
thick diamond films were used. As a result, a nanoporous membrane was generated.
Similar work was reported by Feng et al. [74]. However, they reported the selective
removal from a thicker diamond film. The results showed that after etching away the
non-diamond carbon, a fibrous diamond skeleton was formed. TEM shows that these
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fibers consisted of fine diamond grains. While the outer shape of the micrometer-size
grains was kept, the diamond surface becomes highly porous.

The graphite removal can also happen in situ if etching gases are introduced in the
growth atmosphere. In this method, diamond growth took place at the edge of no-
growth region of C—H-O ternary diagram [75]. Diamond porous nanowire structures
were generated directly from the growth. The authors used very different gas mixtures
from a ‘typical’ diamond growth: very high methane concentration together with a high
percentage of CO, (CHy: COy: Hy=0.2: 0.8: 1). In this combination, the authors believed
that the sp” carbon deposited by the high methane concentration was etched in situ by
the excessive CO,. This process results in very porous surface structures.

Recently, a new approach was reported by scientist working in the SiC field. Rather
than depositing diamond and remove the by-product after the growth, they grow SiC
and keep the by-product, which is diamond. Zhuang et al. reported the fabrication of
free-standing diamond network by the selective removal of $-SiC in a SiC-diamond
composite via wet-chemical etching (Figure 8.6) [76]. They varied the gas phase ratio
between CH, and tetramethylsilane (TMS) to obtain different porosities in the net-
work. When TMS/CH, ratio varies between 0.8 and 2.2% the porosity shifted from ~15
to ~70% almost linearly. This method shows a powerful tool in the fabrication of dia-
mond porous membranes. From another view point, it is a kind of templated growth
where the template is grown in situ. Therefore, the problem shown in Figure 8.3 is
solved.

8.2.6 sp>-Carbon Assisted Growth of Diamond Nanostructures

In some occasions, diamond nanostructures can be co-deposited with sp? carbon in
some ‘unusual’ deposition conditions. For all these conditions, the sp® carbon grows

Figure 8.6 (a) lllustration of fabricating a diamond network from the composite film: the gray phase
(B-SiC) is removed, leaving a yellow porous phase (diamond). (b) An optical photo of a flexible
freestanding diamond network film. (c) SEM surface images of a nanocrystalline diamond/p-SiC
composite film deposited with TMS/CH4 ratio of 1.5%. (d) Diamond network fabricated by etching the
B-SiC phase from composite film shown in image c. (e) High-magnification SEM images of the surface
of the film shown in image (d). Source: Zhuang 2015 [76]. Reproduced with permission of the
American Chemical Society. (See color plate section for the color representation of this figure.)
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simultaneously with diamond, and the non-diamond carbon acts as the ‘template’ for
the diamond growth. In 2004, Sun et al. reported the growth of diamond nanorods
during the H, plasma post-treatment of CNT [77]. This discovery was based on their
earlier discovery of a high density nucleation on CNT during short time (<10h) H,
plasma treatment [78]. They found that if the treatment time was elongated to >20h,
diamond nanorods with diameters of 4—8 nm and length up to 200nm were synthe-
sized. Based on the observation that these nanorods are covered by a thin layer of amor-
phous carbon sheath, they deduced a possible growth mechanism (Figure 8.7): the
amorphous sp” carbon clusters were generated first in the plasma. By continuous inser-
tion of hydrogen, diamond nucleates were generated inside the clasters, which is
followed by further crystal growth. During the diamond growth, the competing deposi-
tion of amorphous carbon will continue and wrap the outer surface of the as-grown
diamond structures. In this mechanism, the amorphous carbon sheath plays a decisive
role in the 1D growth of the diamond wire by confining the lateral growth.

A similar but more controllable growth method came later in 2010. Hsu et al. reported
the diamond growth in atmospheric pressure CVD condition which is commonly used
for CNT growth [79]. Similar to the previous work, they discovered the growth of dia-
mond wires inside a CNT sheath. However, they wires are 60—90 nm in diameter and up
to tens of micrometers in length. In this research, the importance of atomic hydrogen is
also stressed. It is reported that the 12h cooling process (1.2°Cmin™) was indispensa-
ble for the diamond wire synthesis.

In a recent report by Zhang et al. the diamond has been ‘assembled’ in side double
wall CNT using diamantane dicarboxylic acid (DDA) as the building block [80]. The
assembly process was realized by pulling individual DDA molecules inside the CNTs by
a force resembling the capillary force, which is monitored and proved by high resolution
transmission electron microscopy (HRTEM). The carboxylic groups in DDA were later
removed by H; annealing at 600°C for 12 h. In this way, the diamantane part of DDA is
connected forming a diamond nanowire with a diameter of 0.78 nm.

Besides the CNT-related growth, a N, containing deposition gas mixture will also
generated wire-shaped morphology of the resulting diamond film. In 2007, Arenal et al.
carried out a thorough research on ultrananocrystalline diamond (UNCD) growth

I.  Clustering Diamond

Il. Crystallization

IIl. Growth and faceting Amorphous

IV. Nanowire growth carbon

.

Figure 8.7 The proposed model for the formation of nanodiamonds, and the growth of diamond
nanorods under hydrogen plasma irradiation of MWCNTs at high temperatures. Amorphous carbon
clusters are formed in step I. The crystallization of diamond begins in the core of the carbon clusters
(step 1), followed by the diamond growth and faceting stage (step Ill). After the diamond
nanocrystallites are faceted, diamond nano-rods begin to grow at the nanorod tips (step IV). Source :
Sun 2004 [77]. Reproduced with permission of John Wiley and Sons.
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under N, containing plasma [81]. They observed the formation of diamond nanowires
with high density and uniform distribution at temperatures >800°C and with N, pro-
portions >10% in the reaction gas mixture. HRTEM results showed that for the samples
grown at 10% N, 800°C, the nanowires formed are 80—-100nm long with a core-shell
structure. The diamond core is composed of 5nm wide, 6—-10nm long nanocrystalline
segments. This core is enveloped by sp* carbon, which is similar to the CNT-related
cases. Almost the same results were reported in the same year by Vlasov et al. during
the N-doped UNCD growth [82]. Also, similar to ref [77], these wires were elongated in
the (110) direction, showing similar growth mechanism. In fact, the (110) preferential
growth in C,-dimer-dominated UNCD growth is confirmed theoretically [83]. The
influence of N, concentration is likely to be the result of CN dimers which can prefer-
entially attach to certain diamond facets [84].

8.2.7 High Pressure High Temperature (HPHT) Methods

Typically, the above mentioned techniques for porous diamond fabrication are based on
CVD growth, or based on bulk diamond fabricated by CVD. Meanwhile, HPHT method
has also been used to fabricate porous diamond. There are two approaches reported: (1)
Starting from porous sp® carbon materials and using HPHT treatment to turn sp” into
sp> carbon; in 2011, Zhang et al. fabricated monolithic transparent porous diamond
crystals from mesoporous carbon CMK-8 via HPHT treatment (21 GPa, 1600°C) [85].
The aim of this research is to lower the sp®-sp® conversion temperature by using
mesoporous carbon. The diamond product inherited the porous structure, although
specific surface of the porous diamond obtained was 33m*g ™, much smaller than the
starting porous carbon (1250m?*g™"). (2) Using HPHT treatment to sinter diamond
powder into porous bulk ceramic. Due to the high melting point of diamond, the sinter-
ing of diamond particle takes place also at high temperatures. In 2009, Zang et al.
reported the fabrication of bulk BDD electrode using BDD particles [86]. Sintering was
carried out at 1450°C, 6 GPa, with 15 wt% Fe—Co-B alloy powders as sintering catalyst.
The BDD ceramic has 1-10 um pores associated with grain boundaries; the porosity is
measured to be 14%.

8.3 Application of Diamond Nanostructures
in Electrochemistry

8.3.1 Biosensors Based on Nanostructured Diamond

The Biosensors is an important application for diamond-based nanomaterials. The
appealing properties of diamond for biosensing include bio-compatibility [87-89], fac-
ile surface termination [90, 91] and functionalization [92-95], and easily cleaned and
restored surface [96]. This application starts in 2008 with the work from Yang et al.
using boron-doped diamond nanowires as a DNA sensing platform (Figure 8.8) [97].
Slightly earlier, they discovered that the electrochemical surface grafting of diamond
nanowires with nitrophenyl linkers took place preferentially at the top of the wires [12].
Therefore, they continued the research by attaching single strand DNA (SS-DNA) on
the top of the aminophenyl linker. The redox responses from ferro/ferricyanide are
highly sensitive to the surface condition of the diamond nanowires. The peak current
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Figure 8.8 (a) Typical AFM image of diamond nanostructured surface; b) Fourier transformed surface
properties of diamond nanostructured surface. From Fourier analysis, the average wire separation is
about 11 nm with a narrow variation; (c)—(f) Schematic pictures of the biofunctionalization of
vertically aligned diamond nanowires: (c) electrochemical grafting of nitrophenyl, (d) amination and
crosslinker attachment, (e) probe DNA attachment, (e) DNA hybridization.

shrinks gradually as the phenyl linker (Figure 8.8c), cross-linker (Figure 8.8d), SS-DNA
(Figure 8.8¢), and the complementary DNA (which forms double strand DNA with the
immobilized SS-DNA Figure 8.8f) were attached to the surface. With this technique,
the detection limit for DNA is lowered to ~2 pM with good reproducibility and anti-
interference properties against mismatching SS-DNA [98, 99].
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Besides DNA sensing, diamond nanostrutures are also used in the sensing of a wide
varieties of bio-organic chemicals. In 2009, Wei et al. reported the diamond grass elec-
trode had an improved sensitivity towards the detection of uric acid and dopamine [2].
The electroxidation current was recorded from the electrode. Compared to a flat BDD
electrode, the current as well as the reaction kinetics are both enhanced after surface
modification. It is believed that the nanowire formation enhance the number of reactive
site at the electrode surface (e.g. the tip of the wires), and thus a larger signal current.

In some cased, surface nanostructures do not only multiply the signal according to
the surface-enlargement but also enable the electrode to detect substances which are
otherwise not detectable. For glucose sensing, the flat BDD electrode is report to be
nonreactive, the electroxidation current appear only after nanostructuring [37, 100].
Luo et al. reported the amperometric glucose sensor using diamond-coated silicon
nanowires [37]; a sensitivity of 8.1 pA mM ™! em ™2 with a limit of detection 0of 0.2 + 0.01 pM
was achieved. In a later research, diamond nanowires electrode was also used to detect
tryptophan using differential pulse voltammetry [101]. The detection limit was
5x107'M was obtained on BDD nanowires, as compared to 1x10~°M recorded on
planar BDD electrodes [102].

It is worth noticing that voltammetric methods have seldom used in these detection.
The reason is probably because of the heavily increased background current after the
surface nanostructuring (we will come to this point again in the next section). In vol-
tammetry techniques, the signal is limited by diffusion. Therefore, a further increase of
the surface only increases the capacitive background proportional to the surface-
enlargement but not the signal. Therefore, even if voltammetric method has been used,
the background current need to be suppressed with pulse techniques [101]. This has
been pointed out in the very early days of porous diamond electrode research [20] and
repeatedly confirmed in later research [6, 43, 49, 103].

8.3.2 Energy Storage Based on Nanostructured Diamond

Due to the direct link between the electrical double layer capacitance and the surface
enlargement, it is reasonable to use surface enlarged electrodes for energy storage
devices. The idea is even more rationalized by the fact that the energy storage in double
layer capacitors is proportional to the square of potential window: [104]

E=Yicy? (8.5)
2
2
p=Y (8.6)
4R

where E, P, C, V and R; are the energy, maximum power, capacitance, potential window
and series resistance, respectively. As is pointed out, the diamond has so far the widest
reported potential window reported in the aqueous electrolytes. Therefore, the attempt
to use diamond as a potential supercapacitor material had already been made when the
first known boron-doped diamond porous electrode was fabricated: Honda et al.
reported the investigation of the diamond nanohoneycomb electrode for double layer
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capacitor applications in 2000 [105]. Using cyclic voltammetry and impedance methods
in a three-electrode setup, they estimated that the double layer capacitance is ~200
times higher than a flat BDD electrode. The gravimetric capacitance was calculated to
be 16 Fg™!, which is trivial, compared to sp* carbon based materials at that time [106].
Therefore, a generally negative conclusion was made on the idea of diamond-based
supercapacitors. After that, the research on this topic is almost blank for about ten years
until 2009. Kondo et al. made another attempt by using free standing boron-doped
hollow fiber film for as supercapacitor electrode [38]. This time, a gravimetric capaci-
tance of 13Fg ™" was measured. This value is still small compared to sp* carbon materi-
als [104]. Although the fabrication of the material is considerably easier than the
previous results, there was no improvement in terms of gravimetric capacitance.
Another prominent problem seen from this research is the large R;. No information
about the boron concentration in the diamond was given in the paper. However, the
impedance spectroscopy shows an R, in the order of 10* Q@ cm™, which shows the poor
conductivity of the material.

During the last four years (2012-2015), the topic of diamond-based supercapacitor
gained popularity due to a large variety of porous, surface-enlarged diamond electrode
has been fabricate, including diamond foam [43, 107], diamond hollow fibers [47, 48],
diamond-coated CNTs [103, 108] and diamond-coated conductive polymers [49].
These electrodes share some common properties like easy fabrication, applicable to
large scale fabrication (up to 6-inch), high boron concentration (confirmed by Raman
spectrum or electrochemical measurements). A summary on the fabrication of proper-
ties of these materials are shown in Table 8.1.

In 2015, the result published by Gao et al. shows the first diamond-based pouch-cell
supercapacitor device based on free standing diamond paper [47]. The structure of the
cell is shown in Figure 8.9a. Glass microfiber filters (GF/A, Whatman) was used as the
separator and 3 M NaClO, was used as the aqueous electrolyte. The image of the device
is shown in Figure 8.9b. Thanks to the two electrode device, many properties such as the
potential window, series resistance, power and energy can be measured and calculated
more reliably. The result shows a new understanding of the potential window of dia-
mond. Instead of saying generally that diamond has a large potential window in aqueous
solutions, the researchers find that it makes more sense to relate the potential window
to the columbic efficiency of the device which is given by:

Qdischarging

Efficiency = x100%. (8.7)

charging

where Qgarging and Qgischarging are the amount of charge during charging and discharging
processes, respectively. The result of the window opening test on the diamond device is
shown in Figure 8.9c. It is clearly seen that the water splitting starts around 1.3V.
However, the current is still small even at a high voltage of 2.5V due to the slow kinetics
of water-splitting at diamond surface. As a result, the columbic efficiency of the device
still exceeds 90% at 2.0V (Figure 8.9d). On the other hand, although slow, the water
splitting do consumes charges which are stored in the device. Therefore, when used in
a potential window larger than 1.3V, long-term energy storage is not possible. However,
impedance spectroscopy shows that the relaxation time, which shows the highest work-
ing frequency of the given device [110], reaches 31.7 ms. This small relaxation time is
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Figure 8.9 (a) Schematic illustration showing the laminated structure of a diamond-based pouch cell;
(b) a photo of a diamond pouch-cell supercapacitor; the logo of the institute is intentionally blurred
for copyright reasons. (c) window opening test for the diamond pouch cell in 3 M NaClO4 at 1V's™
with potential windows from 0.8-2.5 V; (d) plot of the device efficiency against the potential window.
Source: Yang 2014 [132]. Reproduced with permission of the Royal Society of Chemistry.

believed to be because of the high ion mobility in the aqueous electrolyte and the
macroporous nature of the diamond paper. Moreover, the stability of the diamond-based
device is proved i20 000 galvanostatic charge/discharging cycles. The capacitance drop
only ~8%. Therefore, the device is well suitable for high-voltage and high-frequency
application in aqueous solutions.

8.3.3 Catalyst Based on Nanostructured Diamond

Nanostructured catalyst is constantly of interest for material scientist due to the nano-
sized effect and large specific surface [111]. However, nanosized particles are thermal
dynamically unstable. Therefore, nanoparticles are often supported by other materials
with also large specific surface so that the total surface energy is reduced [112, 113].
Carbon materials, often activated carbon are used for this purpose in commercially
available product [114—117]. However, sp>-carbon-based materials suffer from the elec-
trochemical corrosion which is given by [118]:

C+2H,0 - CO, +4H" +4e™,E® =0.207 V vs SHE (8.8)

and



Micro- and Nano-structured Diamond in Electrochemistry: Fabrication and Application

C+H,0 — CO+2H"* +2e, E° =0.518 V vs SHE. (8.9)

On the other hand, diamond is resistive to electrochemical corrosion. Therefore, using
diamond as a substitute for traditional porous carbon is a plausible idea.

Research on this topic has been carried out during the last decade on planar dia-
mond electrodes [7, 119-123]. However, compared to sp2—carbon—based materials,
planar diamond electrode lacks the sufficient surface area which would make it a high-
performance performance for catalyst. As a result, surface-enlarged diamond elec-
trode should be used as a high-surface area support for catalyst. As early as 2001,
Honda et al. electrodeposited Pt nanoparticles on nanoporous diamond honeycomb
electrodes [124]. In their research, electrodes with surface roughness factors of 10.9
and 15.9 were used, and Pt surfaces equal to 3—4 times a planar Pt electrode were
obtained. Due to the low Pt coverage on the porous electrode, the large surface area
provided by the porous diamond is not fully used. Therefore, these results are compa-
rable to later researches in which Pt nanoparticles were deposited onto planar dia-
mond surfaces [7, 120].

In fact, the combination of porous diamond and catalytic nanoparticles has been
reported only in very limited cases. The above-mentioned difficulty in uniformly
depositing metal or other catalyst on the porous diamond electrode might have
caused this situation. According to current results on electrodeposition on diamond
electrodes, there are two main problems in achieving a uniform nanoparticle coating.
One is the low nucleation density of metal deposition on diamond. Due to the inert-
ness of a diamond surface, the nucleation can only happen on grain boundaries or
other local defects [125]. In the case of a planar diamond electrode, pre-deposition
treatment such as nanodiamond scratching [122], mechanical polishing [126] and
wet-chemical seeding [7], have been applied to enhance the nucleation density.
However, these methods are either difficult to implement on porous diamond or have
not been tested so far. The second reason is the diffusion limitation in electrochemi-
cal deposition processes. During the deposition, reactive ions are depleted inside the
porous matrix and the diffusing ions only arrive at the uppermost part of the porous
structure. As a result, only the top of the electrode is coated, which results in a low
coverage of deposits [12].

In 2015, Gao et al. partially solved this problem for vertically aligned structures
[127]. They applied physical instead of chemical deposition for the coating to
achieve high homogeneity on high-aspect ratio structures. In their research, DC
sputtering has been used to deposit thin (1-3nm) Pt layers on vertically aligned
diamond nanowires (Figure 8.10). TEM results showed that the thin layers self-
assemble into nanoparticles with diameters less than 10 nm due to the minimization
of the surface energy (Figure 8.10c—d). Characterization of the catalytic activities
shows the diamond-Pt composite showed a high specific area of 33m” g™! in terms
of Pt which is in the same magnitude with traditional Pt/C catalyst [117]. The elec-
trode also achieved 23 times enlargement of Pt activity compared to a planar Pt
electrode. The value is the highest reported on Pt-diamond system so far. However,
for other more complex diamond structures such as diamond foam and diamond
hollow fibers, to achieve a dense and uniform catalyst coating still remains as a
problem to solve.
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100 nm

Figure 8.10 (a) SEM images of diamond nanowires and (b) diamond nanowires coated by 20 nm
(nominal) Pt; (c) TEM images of diamond nanowires coated by Pt layers of nominal thicknesses of 20
nm, (d) 40 nm, and (e) 60 nm.

8.3.4 Diamond Porous Membranes for Chemical/Electrochemical Separation
Processes

In recent years, due to the high demanding in robust membranes for separation and
purification, researches on polymer including conductive polymers have attracted wide
attention [128-130]. Compared to polymers, diamond has numerous advantages
including the mechanical strength, chemical stability, wide potential window, as well as
high conductivity (if highly boron-doped). The substantial development on the dia-
mond nanostructuring during the last 15 years enables the fabrication of various porous
diamond membranes with variable porosities. Therefore, the authors believe that func-
tional diamond membranes will be an important topic in the diamond community for
the coming years.

The fabrication of electrically conductive diamond membranes dates back to around
the year 2000 when the through-hole diamond honeycomb electrode was fabricated
[21]. However, the application was not clear until 2011 when Honda et al. reported the
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study on an electrically-switchable diamond-like carbon (DLC) membrane [131]. The
membrane was fabricated via templated growth on a porous AAO substrate. The pore
size could be tuned between 14 and 105 nm. By applying a potential on the membrane,
the ion flux through the membrane can be selectively accelerated or hindered depend-
ing on the charge of the ions: ions with the same charge as the membrane will be
repulsed and vice versa. Although this research was carried out on DLC, the application
can be easily transferred to porous diamond membranes. Due to the better conductiv-
ity, chemical stability and wider potential window of diamond, the results may be fur-
ther improved.

Besides potential, the surface termination of the membrane is another parameter to
adjust in a diamond membrane. It has been shown that a diamond membrane can be
tuned between superhydrophobic to hydrophilic by changing the surface from H- to
O-termination. In 2014, Yang et al. reported the fabrication of diamond membrane by
coating CVD diamond on a microstructured copper mesh [132]. Due to the hydrogen
rich deposition gas mixture, as-grown membranes are H-terminated and thus superhy-
drophobic with a contact angle of >150° for water and other aqueous solutions. By put-
ting a droplet of water—oil mixture onto the membrane, the water will be retained by the
membrane while oil will go through it. In this way, the water is separated from oil
(Figure 8.11). The surface-wettability can easily turn hydrophilic by air-annealing at
500°C as the surface become O-terminated.

More functionality can be realized by further surface-modification via organic linker
molecules. The surface grafting of diamond can be realized by photochemistry [87],
electrochemistry [133] and wet-chemistry methods [134]. With appropriate linker
molecules, it is possible to terminated diamond surface by e.g. -NH,, ~-COOH, and -
HSOs, and different surface functionality can be realized. Ruffinatto et al. showed an
exemplary work on the functionalization of diamond fiber paper with aliphatic C,
linkers [48]. The functionalization was realized by butylamine in an aqueous solution

Water  (d) Olive oil (&) Mixture

CA=152° -

(a)

1
ks
Figure 8.11 Photograph of water droplets with pH =7 (a), acidic, pH = 1 (b) and basic, pH =12 (c)
dropped on diamond meshes showing a superhydrophobic wettability. The dynamic behaviors of a
sole oil (d) and mixed water-oil droplet (e) on diamond mesh showing a quickly permeation of oil
through the mesh and the separation of water-oil, respectively. (f) Photograph of a water—oil mixture
separation device designed by the diamond mesh, indicating the fully water—oil separation. Source:
Yang 2014 [132]. Reproduced with permission of the Royal Society of Chemistry.
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with a pH of 10. The mechanism is a nucleophilic substitution where the ammonium
moiety acts as the leaving group. The C, functionalized diamond membrane was used
in protein extraction applications. The filtering experiments showed that the function-
alized diamond membrane retains 20 times more protein than the one which is not
functionalized.

8.4 Summary and Outlook

In this chapter, the fabrication and application of a large variety of porous diamond and
diamond nanostructures are introduced. Diamond fabrication techniques, including
vertical structures via RIE etching and more complex 3D structures using templated-
growth, has been developed in great depth during the last two decades. However, there
is still room for improvements. Diamond etching method starts with thick bulk dia-
mond. Therefore, the phase purity (in terms of non-diamond carbon) is easier to con-
trol. However, the morphology is limited to vertical structures and to achieve high
aspect ratio (>30) is not yet reported. For templated-growth methods, the coatings are
normally NCD with a large proportion of grain boundaries. The quality of diamond is
difficult to guarantee. One solution is to achieve high density seeding so that the coales-
cence of nuclei happens earlier during the growth. Hopefully in this way, thinner films
with lower sp®-rich grain boundary proportions can be achieved. However, the sp? car-
bon growth in the deeper part cannot be easily inhibited. Direct growth of pure, large
aspect ratio diamond wires seems to be a good solution. However, it is not yet clear if it
is possible to dope these wires. Also, current reports on direct diamond nanowire
growth are mainly on the report of the phenomenon; the technology is not readily on
the application level.

On the other hand, the application of micro- and nanostructured diamond covers
almost every aspect of electrochemistry including sensor, energy storage/conversion
and separation/purification. However, challenges and chances remain on this topic.
The authors would like to particularly emphasize on the diamond membrane fabrica-
tion and modification. Nowadays, the fabrication of diamond membrane has already
been reported by several groups in the community with methods which are easy to
handle and reproduce. By appropriate surface termination, it is expected that diamond
membranes can be qualified for the tasks of other polymer membranes such as selec-
tive ion permeability and specific adsorption of chemicals. Due to the numerous
unique chemical and physical properties, diamond will be a promising material for a
new generation of membrane systems. Researches in this direction will lead to a broad
range of new applications. On the contrary, the research on sensors based on diamond
nanomaterials is less reported in recent years. As is pointed out in this chapter, the
diffusion limitation in electrochemistry is a principal problem for surface enlarged
electrode for sensing application. In addition, the diamond surface is inert, which
means specific adsorption/accumulation of analytes is rare. Therefore, the surface
enlargement cannot provide positive influence in the sensing. However, it is still pos-
sible that porous diamond can be used as porous substrate for gas sensing where diffu-
sion limitation is not an issue.
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Acronyms

AAO Anodized aluminun oxide

BDD Boron-doped diamond

CNT Carbon nanotube

CVD Chemical vapor deposition

CVI Chemical vapor infiltration

DC Direct current

DDA Diamantane dicarboxylic acid
DLC Diamond-like carbon

DNA Deoxyribonucleic acid

EELS Electron energy loss spectroscopy

HPHT High-pressure high-temperature
HRTEM High-refsolution transmission electron microscopy

ICP Inductively coupled plasma

NCD Nanocrystalline diamond

PCD Polycrystalline diamond

RF Radio frequency

RIE Reactive ion etching

SEM Scanning electron microscopy
SS-DNA  Single-strand DNA

TEM Transmission electron microscopy
TMS Tetramethylsilane

UNCD  Ultrananocrystalline diamond
XPS X-ray photoelectron spectroscopy
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9.1 Introduction to g-C3N,

Carbon nitrides, a group of polymeric materials that are constructed of carbon and
nitrogen atoms, have become important complementary structures next to carbon.
Berzelius and Liebig were the first who studied carbon nitride (C3Ny) in the 1830s,
when they made ‘melon, a polymeric derivative of carbon and nitrogen (linear polymers
of connected tri-s triazines via secondary nitrogen) [1]. There is still a high debate on
the real entity of a C3N, idealized composition graphitic material. Due to a lack of
experimental data, many theoretical studies were performed [2—4] until graphitic C3N,
(g-C3N,) was proven experimentally to be the most stable allotrope under ambient con-
ditions [5]. Graphite is taken as the primary structure and triazine (C3N3) (Scheme 9.1a)
had been nominated as the initial building block of g-CsN,. However, tri-s-triazine
(heptazine) rings, which resemble the hypothetical polymer melon are another possible
building block, and have recently shown to be energetically favorable over the triazine-
based structure (Scheme 9.1b) [6].

Although the microstructures of g-C3N, and graphite are similar, they differ largely in
their physicochemical properties. The basic physical difference one can find in their
colors, with g-C3N, being yellow while graphite being black. The electronic and optical
properties are totally different for both materials (Table 9.1). While graphite is an excel-
lent conductor, g-C3Ny is known to be a wide-band semiconductor [7]. g-C3N, is stable
under different physicochemical condition. Some of its physical-bio-chemical stability
includes: peculiar thermal stability, super hardness, low density, water resistivity, good
biocompatibility and fluorescence/persistent luminescence nature and special elec-
tronic structure incorporating a medium band gap (2.7 eV) which induces exceptional
photocatalytic, photoelectrochemical and optical properties [8, 9].

A number of studies have reported simple UV-Vis absorption and photolumines-
cence methods for investigating the special electronic properties of g-C3N, [11, 12].
Figure 9.1a shows a typical absorption spectrum of g-C3N,, showing a band gap at about
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420 nm, therefore making the material slightly yellow. The band gap energy (E,) of the
prepared samples can be estimated using Tauc’s equation:

ohv =B (hv — E )"
where

a =absorption coefficient
v=light frequency
B=proportionality constant

The value of # depends on the characteristics of the transition in the semiconductor. The
E, values were estimated by extrapolation of the linear part of the curves obtained by plot-
ting (ahv)? versus hv [13]. The photoluminescence (PL) spectrum of g-C3N, (Figure 9.1b)
reveals a broad peak at 1=455nm with an excitation wavelength of A =375nm.

Due to the presence of hydrogen and lone pair in the outer-electron shell of nitrogen,
g-C3Ny has rich surface properties that can be applied to catalysis, such as electron-rich
properties, H-bonding motifs, basic surface functionalities, etc. In addition, its stability
in acidic, basic and neutral solvents, protic and aprotic solvents (water, alcohols,
dimethylformamide, tetrahydrofuran, diethyl ether and toluene) together with high
thermal stability (up to 600°C in air) allows the material to function both in liquid or

1 . P
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)N\ " )N\ " j\ \N/“\N/)\\NJ\N/I%N)%NJ\N/
LIS L e I
LIS (A A A
N)\N N)\N
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Scheme 9.1 The structure of (a) s-triazine: C3N3 (b) tri-s-trazine (heptazin): C3N,.

Table 9.1 Comparison of properties of graphite and g-C3Nj.

Thermal
Elastic modulus Band gap stability
Color Conductivity (Gpa) Florescence (eV) (°C)
g-C3N;  Yellow No 320 [10] Yes ~2.7 600 [10]

Graphite Black Yes 8-15 No ~Z€ero 700
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Figure 9.1 (a) UV-visible spectrum. (b) photoluminescence spectrum of g-C3N,.

gaseous mixtures and at high temperatures, g-C3N, has thus attracted huge interest for
catalysis [9], photocatalysis [7, 14], energy conversion and storage [15], lithium-ion bat-
tery [16], electrogenerated chemiluminescence [17] electrochemical sensor [18], hydro-
genation reactions [19], NO decomposition [20] and fluorescent sensor [21].

9.2 Synthesis of g-C5N,

Generally, structures such as triazine and heptazine derivatives (e.g. cyanamide, dicy-
andiamide guanidine hydrochloride, urea, thiourea, and melamine,) which are oxygen-
free compounds and rich in reactive nitrogen and contain pre-bonded C-N core are the
most common precursors applied for the chemical synthesis of g-C3N, [9].

In case of melamine as precursor material [22], the reaction is initiated by a poly-
addition reaction followed by a poly-condensation step where the precursors are pri-
marily condensing towards melamine. In the second step ammonia is eliminated
through condensation. Melamine derivatives are essentially formed up to 350°C. At
around 520°C, condensation occurs, networks of the final polymeric C3N; (See
Scheme 9.2), with the rest of material becoming unstable slightly above 600°C are
formed. Overheating up to 700° C results in clean- up: the residue-free disappearance of
the material via generation of nitrogen and cyano fragments.

Electrochemistry has also shown to be of interest for the fast synthesis of ultrathin
g-C3Ny. In this method, melamine is electrolyzed in NaOH for 40 min (Figure 9.2). This
method has many advantages such as operation at room temperature, no need to use of
toxic and aggressive reagents, as well as being fast. Although the thickness of ultrathin
g-C3N, is about 2nm, it has excellent dispersion stability in water. As the applied volt-
ages exceed the electrochemical potential window of water, anodic oxidation of water
happens and hydroxyl and oxygen radicals are produced. These radicals oxidize mela-
mine molecule to melamine radical anions in basic media. Radical-radical attachment
leads to the formation of dimmers, like is the case of aniline polymerization. The dimers
are further oxidized and then matured to oligomers via coupling of melamine radicals
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Scheme 9.2 Reaction path for the formation of graphitic C3N, starting from melamine [14].
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Figure 9.2 Representation for electrochemical preparation of g-CsN4 from melamine. (See color plate
section for the color representation of this figure.)
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or other dimer radicals. The g-C3Ny is finally produced by further oxidation of the oli-
gomers and coupling of melamine radicals or other oligomer radicals [23].

The structural properties and morphology of g-C3N, can be studied via X-ray diffrac-
tion (XRD), scanning electron microscope (SEM), Fourier transform infrared spectros-
copy (FTIR), transmission electron microscopy (TEM), and diffuse reflectance
spectroscopy (DRS). According to XRD patterns (Figure 9.3a), the pristine g-C3Ny has
two strong diffraction peaks at about 13.1° and 27.3° characteristic to the inter-layer
structural packing and inter planar stacking, respectively. FTIR spectrum of pristine
g-C3Ny in Figure 9.3b depicts, the bands in the range of 1230-1650cm™" which are
related to the stretching vibrations of C—N and C=N in heterocycles. Moreover, the
band at 806 cm ™! is characteristic to the heptazine breathing mode. The broad absorp-
tion band at 3000-3300cm™ corresponds to the terminal NH, or NH groups at the
defect position of g-C3N, aromatic rings. The SEM image of the fresh sample depicts
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Figure 9.3 (a) XRD pattern of the g-C3N4 along with the standard pattern. (b) FTIR spectrum (c) SEM
(d) TEM images of g-C3Ny. (See color plate section for the color representation of this figure.)

relatively regular planner morphologies (Figure 9.3c). Furthermore, TEM technique
also confirmed the sheet-like morphology and the image is shown in Figure 9.3d [14].

9.3 Electrocatalytic Behavior of g-C3N4

The excellent catalytic activity of g-C3N, makes them promising noble metal-free catalyst
[9, 23]. However, the low electrical conductivity of g-C3N, makes it of limited use for
electrocatalytic processes [24]. Several strategies, including P-doped and protonation,
have been therefore proposed to enhance its electrical conductivity [25]. To date, carbon
incorporated g-C3N,4 composite such as g-C3Ny-carbon black mixtures [26] and graphene
composites have been regarded as the most promising materials as they show higher elec-
trical conductivity [27]. The rather low specific surface area of bulk g-C3N, is another
issue to be overcome for electrocatalytic applications. The use of porous silica tem-
plates [28] for g-C3N, or the use of polar solvents such as water and ethanol can increase
the specific surface area of g-C3Ny [29]. A hollow mesoporous carbon nitride
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Figure 9.4 Synthetic route to HMCN-G composite.

nanosphere (HMCN) prepared via etching from hollow mesoporous silica as a template
has been reported by Quin et al. (Figure 9.4). The final product has uniform spherical
particles with a diameter of ~300nm and a high specific surface area up to 439m’*g™".
Hollow mesoporous carbon nitride nanosphere/three-dimensional graphene composite
(HMCN-G) is subsequently fabricated through a hydrothermal treatment of HMCN with
graphene oxide. As an electrocatalyst for oxygen reduction reaction (ORR), the HMCN-G
shows significantly enhanced electrocatalytic activity compared to bulk graphitic carbon
nitride (g-C3N,) and HMCN in terms of the electron-transfer number, current density
and onset potential. The electrocatalytic performance of the HMCN-G composite has
been greatly improved in several aspects including; increased density of catalytically
active sites, enhanced accessibility to electrolyte by the hollow and mesoporous architec-
ture of HMCN, and high conductivity. Furthermore, HMCN-G exhibits superior metha-
nol tolerance compared to Pt/C catalyst. Therefore, it is a promising candidate as a
metal-free electrocatalyst for polymer electrolyte membrane fuel cell [25].

Dispersed solutions of ultrathin g-C3N, nanosheets and graphene oxide can be mixed
easily under ultrasonication [30].The final three-dimensional porous architecture
shows outstanding features including; high surface area, multilevel porous structure,
good electrical conductivity, efficient electron transport network, and fast charge trans-
fer kinetics. It facilitates the diffusion of O,, electrolyte, and electrons in the porous
frameworks during ORR. In the other hand, efficient electron tunneling through g-C3N,
barrier is in charge of rich electrode—electrolyte—gas three-phase boundaries in
ultrathin g-C3N, nanosheets. Accordingly, electron diffusion distance from reduced
graphene oxide to O is reduced [31].

g-C3Ny has also been introduced as an advanced supporting material for Pt nanopar-
ticles (NPs) due to its excellent stability and abundant Lewis acid sites for anchoring
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metal NPs. However, its electrochemical applications are still impeded by its non-con-
ductive nature and low surface areas. Herein, a z-7 stacking method is presented to
prepare graphene/ultrathin g-CsN, nanosheets composite as PtRu catalyst support.
The 2D layered structure can compensate the g-C3N, draw backs to a great extent. The
significantly enhanced performance of the novel PtRu catalyst are attributed to: the
homogeneous dispersion of PtRu NPs on g-C3N, nanosheets due to its abundant Lewis
acid sites for anchoring PtRu NPs; the magnificent mechanical stability in acidic and
oxidative environments; the increased electron conductivity of support by forming a
layered structure and the strong interaction between metal NPs and g-C3N, NS [32].

9.4 Electroanalysis with g-CsN4 Nanostructures

The material g-C3N, has also been used as an electrode material for electroanalytical
purposes (Table 9.2). Depending on the electrochemical detetion method used they can
be divided into:

1) Electrochemiluminescent sensors
2) Photo-electrochemical sensors
3) Voltammetric sensors.

9.4.1 Electrochemiluminescent Sensors

Electrochemiluminescence (ECL) is chemiluminescence triggered upon an electrical
bias. Owing to its versatility, simple instrumentation, good stability against photo-
bleaching, and low background signals, ECL detection has received considerable atten-
tion. ECL sensors are designed by a series of the common ECL emitters including Ru
complexes [33], luminol [34], metal oxide semiconductors [35] and quantum dots [36].
Recently, g-C3N, with a stacked 2D structure has shown to be added as efficient ECL
emitter. Compared to the traditional luminophores, g-C3N, presents many advantages,
such as easy preparation, metal-free, nontoxic, low cost, as well as excellent
biocompatibility.

Anodic ECL of g-C3N, nanosheets was first observed by Liu et. al. The ECL signal
was 40 times stronger than the bulk g-C3N4 ECL in the presence of triethylamine (Et;N)
used as co-reactant due to the large surface-to-volume ratio. At pH 7.0, the g-C5N,
nanosheets modified electrode prepared with 0.75mgmL™"g-C3N, nanosheets in
0.025% chitosan solution presents good stable and reproducible results in the presence
of 30mMEt;N. The ECL mechanism of g-C3N, /EtzN system was attributed to the
excited g-C3Ny, formed via electro-oxidized of C3N, in the presence of Et3N. A sensitive
and specific dopamine sensor was designed with a detection limit of 96 pM [18].

g-C3N,4 nanosheets, as a cathodic ECL emitters in the presence of dissolved oxygen,
were reported to produce HyO, on the electrode surface [37] The aforesaid report
applied the emission ability for an ECL sensitive DNA biosensor through the g-C3N,
affinity to single-stranded DNA (ssDNA). The presence of hemin-labeled ssDNA on
g-C3N, nanosheets leads to dissolved oxygen consumption, as the co-reactant producer
via hemin-mediated electrocatalytic reduction. Accordingly the ECL emission of
g-C3N, nanosheets is quenched. Once the double stranded target DNA interacts wih
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the platform, the hemin-labeled ssDNA detaches and the ECL emission signal recovers.
The sensitive sensing strategy provides a new pattern for the ultrasensitive detection
method designs. The Figure 9.5 demonstrates the overall interactions of the biosensor.

Chen et al. used molecular imprinted polypyrrole (MIP) modified 2D ultrathin g-C3Ny
nanosheets as a cathodic ECL emitter with $,04>" as co-reactant for the detection of
perfluorooctanoic acid. The prepared MIP functionalized g-C3N, nanosheets exhibited
a stable and significantly amplified ECL signal. Perfluorooctanoic acid is oxidized by the
electro-generated strong oxidants of SO4>~ more efficiently than well-established liquid
chromatography-tandem mass spectrometry (LC-MS/MS) [38].

In another research, a label-free ECL immunosensor based on g-C3Ny and gold nano-
particles (Au NPs) was developed by Han et al. for the detection of Nuclear Matrix
Protein 22 (NMP 22). Firstly, g-C3N4 combined with Au NPs, which promoted electron
transfer and enhanced the ECL intensity of g-C3N, to a great extent. Secondly, anti-
NMP 22 was immobilized on the electrode. The connection between Au NPs and anti-
body affected the Au NPs conductivity, leading to a ECL intensity decrease. Then,
bovine serum albumin (BSA) solution was dropped on the surface to block nonspecific
binding sites. Finally, after the specific immune-reaction between NMP 22 and anti-
NMP 22, the ECL intensity suppressed greatly, due to the protein blocking effect on the
electrode surface toward luminescent reagents and electrons diffusion to the electrode
surface. The proposed ECL immune-sensor provides a rapid, simple, and sensitive
immunoassay strategy for protein detection, with clinical application potentials [39].

9.4.2 Photo-electrochemical Detection Schemes

Photo-electrochemical (PEC) detection based on photon-to-electricity conversion has
attracted considerable interest due to its high sensitivity as well as simple and cheap
instrumentation. The selection of an appropriate photo-electric semiconductor mate-
rial and a highly sensitive and selective recognition system set up play important roles
in PEC sensor performance. A series of semiconductor materials to form the photo-
active layers are as follows; TiO, [40], Cd series quantum dots [41], ZnO [42], gold
nanoclusters [43], WO3 [44], and so on. The photoelectrochemical activity of bare
g-C3N, is limited due to the high recombination rate of photo-generated electron hole
pairs. Coupling g-C3N, with the other materials is an effective way to overcome the
above problem by improving the photo-electron chemical property of the g-C3N,.

A novel photo-electrochemical strategy for the detection of Cu** with AgX/g-CsN,
(X=Br, I) hybrid materials has been designed [45].When the hybrid material system was
irradiated with visible light, the g-C3N, and AgX nanoparticles in the composite materi-
als both absorb photons, as well as excite electron and hole pairs (Figure 9.6a). Based on
the band gap positions, the conduction band (CB) and valence band (VB) edge potentials
of g-C3N, were —1.12€eV and +1.57 €V, respectively The CB and VB edge potentials of
AgBr were at 0eV and +2.6 €V, respectively (conduction band of Agl: —0.15€V, valence
band: 2.95eV). The CB and VB potentials of g-C3N, were more negative than those of
AgBr and Agl. Therefore, the photo-generated electrons in the CB of g-C3Ny layer struc-
tures could be easily transferred to the surface of the AgBr or Agl nanoparticles, and the
holes generated in the VB of AgBr or Agl nanoparticles could migrate to the surface of
g-C3N,, which promoted the effective separation of photoexcited electron—hole pairs
and decreased the probability of electron and hole recombination. Then, the electron
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Figure 9.5 Schematic illustration of Carbon nitride nanosheets based ECL sensing platform for DNA detection.
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Figure 9.6 Schematic illustration of exciton trapping mechanism and photoelectrochemistry for
sensing of Cu?*. (a) Effect of different concentrations of Cu?* on the photocurrent intensity of the ITO/
(AgBr/g-C3N,) electrode (b) The linear calibration curves of the ITO/ (AgBr/g-C3N,4) electrode.

Source: Xu 2013 [45]. Reproduced with permission of Elsevier.

transferred to the ITO electrode and generated photocurrent because the energy level of
the conduction band of ITO was low. The effect of different copper concentrations on
the photo-current intensity of the ITO/(AgBr/g-C3N,) electrode and its calibration curve
exhibited in Figure 9.6b and 6c¢. Li et al. showed the interest of polythiophene modified
g-C3Ny nanosheets PT/g-C3N, [46].

A highly efficient PEC biosensor based on g-C3N, nanosheets modified with CdTe
quantum dots (QDs), was designed by Hao et al. Using dissolved oxygen as an electron
acceptor, the hybrid photocathode showed a sensitive photocurrent response at -0.2V
bias potential under 405nm illumination. The modified photocathode results in 100%
photocurrent increase compared to CdTe QDs modified electrode, owing to the
heterojunction formation through the two semiconductors contact. The sensitive PEC
sensor for Cu®* shows a good linear range from 20 nm to 100 uM and a detection limit of
3.3nM, and was successfully applied in the detection of Cu** in human hair samples [47].

Fang et al. proposed an effective PEC sensor for the determination of trace amounts
of chromium in water samples under visible-light irradiation. A unique nanostructured
graphitic carbon nitride with incorporated formate anions (F-g-C3N4) was integrated
with a Cr(VI) ion-imprinted polymer (IIP) as a photoactive electrode (denoted as
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[IP@F-g-C3Ny). The F-g-C3N, materials exhibits an enhanced charge separation with
substantially improved PEC responses versus g-C3N,. The low-cost and sensitive sensor
has been successfully applied for speciation determination of chromium in environ-
mental water samples [48].

Kang et al. developed lately a sensitive detection for ascorbic acid using g-C3N4/TiO,
nanotubes hybrid film via a double-channel photo-electrochemical detection set up.
The response is considered as the measuring and reference PEC cells signal difference.
This approach by its differentiating nature, takes the advantage of removing the excita-
tion source drift, leading to better signal-to-noise ratio and hence higher measurement
sensitivity, compared to the established single-channel PEC mode. Additionally, the
differential measurement scheme reduces the matrix interference. The as-prepared
PEC sensor shows signal-enhancement response to ascorbic acid ranging from 1nm
to10 uM with a detection limit of 0.3 nM. Tracking the activity of alkaline phosphatase
in serum samples resulted in a dynamic range of 0.3mU L™'~1UL™" with a detection
limit of 0.1 mU/L [49].

9.4.3 Voltammetric Determinations

Voltammetric techniques such as differential pulse voltammetry (DPV), square wave
voltammetry (SWV) and stripping methods have been used for trace analysis of many
important biological, pharmaceutical and environmental compounds. A g-C3N,
nanosheets-graphene oxide (CNNS-GO) composite was synthesized by Zhang et al. and
the electrochemical performance of the composite investigated. Due to the synergistic
effects of layer-by-layer structures, arising from z-7 stacking or charge-transfer interac-
tions, g-C3Ny nanosheets-graphene oxide composite has a great performance in terms of
conductivity, electrocatalytic and selective oxidation. A possible mechanism is shown in
Figure 9.7. GO acts as an electron trap and transporters, containing unoxidized aromatic

N
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HO OH products

CNNS

Figure 9.7 Schematic drawing of electrochemical oxidize AA, DA and UA on CNNS -GO / glassy
carbon electrode (GCE).
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rings with rich delocalized z electrons. GO with oxygen-containing groups interacts
with ascorbic acid (AA), uric acid (UA) and dopamine (DA) via hydrogen bonding.
This interaction catalyzes their oxidation. During the over-oxidization process, the
oxygen-containing groups such as C-O, C = O and OH-C = O are generated on the sur-
face of CNNS-GO, providing a selective interface via hydrogen bonding with the pro-
ton-donating group of AA, DA and UA. Finally, g-C3;N,4 nanosheets with a graphite-like
structure have strong covalent bonds between carbon and nitride atoms. Therefore,
nitrogen atoms incorporated in the carbon architecture enhance electrical properties.
GO acting as electronic conductive channels in CNNS -GO can efficiently transmits
electrons. Due to the synergistic effects of GO and CNNS, the modified electrode
displayed charming selectivity and catalytic activity toward AA, DA and UA determi-
nation [28].

A new electrochemical biosensor for organophosphorus pesticides (OPs) and huper-
zine-A (hupA) detection based on Pd wormlike nanochains/graphitic carbon nitride
(Pd WLNCs/g-C3N4) nanocomposites and acetylcholinesterase (AChE) was developed
by Wang et al. Enzymes were effectively immobilized on the Pd WLNCs/g-C3N, nano-
composites. Under the optimum condition, the dynamic range for the determination of
OPs and hupA were 1.00nm to 14.96 mM and 3.89m to 20.80 mM, respectively. Not
only, the biosensor owned good reproducibility and stability, but also it has potentials
for practical analysis, e.g. a promising method for pesticide analysis [19].

In another report, a three-dimensional g-C3N, nanosheets-carbon nanotube (CNNS-
CNT) composite was synthesized via hydrothermal reaction of 2D CNNS and 1D CNT-
COOH by 7z-z stacking and electrostatic interactions. The CNNS-CNT composite
offers excellent conductivity compared with the individual components e.g. CNNS and
CNT-COOH. The Rgt value of GCE was about 950 Q. When modified with CNNS, Rer
value increased to 104 €, due to the poor electrical conductivity of the semiconductor
CNNS. After electrode modification with CNT and CNT-COOH, the Rgr values
decreased to 160 and 135Q, respectively. Obviously, when the CNNS-CNT was modi-
fied on the electrode surface, the Rer value (125Q) was smaller than other modified
electrodes. This composite was applied for electrochemical simultaneous determina-
tion of catechol and hydroquinone with good sensitivity, wide linear range and low
detection limit [50].

Zhang et al. introduced a 2D ordered mesoporous C3N, (OMCN) using SBA-15
mesoporous silica and melamine as template and precursor respectively. The influence
of BET surface area and different amounts of N-bonding configurations formed at dif-
ferent pyrolysis temperatures of OMCN-x for the electrocatalysis towards hydrogen
peroxide, nitrobenzene, and nicotinamide adenine dinucleotide were investigated.
Results indicated that OMCN treated at 800° C with largest BET surface area and high-
est amounts of pyrindinic N showed improved electrocatalytic activity for H,O,,
nitrobenzene, and NADH in neutral solution [51].

Amiri et al. have demonstrated the modification of carbon paste electrode with
g-C3Ny/chitosan composite. The positively charged chitosan (CH) can be settled between
exfoliated sheets of g-C3Nj,. The g-C3N4/CH electrodes were prepared by casting method.
The mechanical and electrochemical properties of electrode improved in presence of
CH because it behaves as a binder and separating nanosheets. Experimental results show
the superb adsorptive properties of g-C3N,/chitosan composite through Hg(II). To prove
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the interaction between g-CsN, and Hg**, DRS and ATR spectroscopy have been
employed. Comparison between DRS spectra of g-C3N, and g-C3N,, with adsorbed Hg?*
exhibits a new broad peak appeared near 500nm in the presence of Hg** which can be
related to charge transfer from C3N, to Hg2+. ATR spectra for g-C3N, and g-C3N, with
adsorbed Hg*" have been shown two new peaks appear in 633 cm ™ and 478 cm™ which
is assigned to Hg-N bonds which can confirm the interaction between Hg** and g-C3N,.
Differential pulse voltammetry was applied for quantitative determinations [14].

9.5 Introduction to SiC

Silicon carbide (SiC) is one of the most important wide bandgap semiconductors and
has shown unique properties such as thermal shock resistance, low thermal expansion,
good thermal conductivity (3.6— 4.9Wcm ' K™), a high breakdown electric field of
typically larger than 2MVcm™, and chemical inertness [58, 59]. SiC is a covalently
bonded IV-IV compound, where each C (or Si) atom is surrounded by four Si (or C)
atoms (Figure 9.8) in tetrahedral sp>-hybridized bonds, causing the unique thermal and
chemical stability of the material. The SiC crystallographic structures exhibit a close-
packed stacking of double-layers of Si and C atoms. SiC can be formed in monocrystal-
line, polycrystalline and amorphous solid forms. Different stacking sequences of C-Si
double-layers can produce different crystallographic forms, called polytypes leads to a
tunable band gaps of 2.4—3.2 eV depending on its crystal structure [60].

Compared with bulk SiC, its nano-materials, with their large ratio of surface-to vol-
ume and possible quantum effects show exceptional mechanical, electrical, lumines-
cent, thermal, electrochemical and wetting properties to develop novel nano-devices
[61]. The first preparation of SiC nano-materials has been reported by Zhou et al. in
1994 by reaction carbon nanoclusters and SiO to fabricate SiC nanorods [62].

Recently, a significant interest on producing SiC nanostructures with various mor-
phologies has been developed due to their size-dependent mechanical, optical and elec-
trical properties [61]. There are various kinds of SiC nanostructure such as nanowires
[63] (Figure 9.9a), hollow nanospheres [64] (Figure 9.9b), nanotubes [65] (Figure 9.9¢),
nanocrystals [66] (Figure 9.9d), nanoflakes [67], nanowalls [68] and nanorods [69].

Figure 9.8 SiC crystals are formed via bi-layers of C and Si.
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Figure 9.9 (a) SiC nanowire, (b) SiC hallow nanosphere, (c) SiC nanotubes, (d) SiC nanocrystal

Besides the above SiC nanostructures, core-shell nanospheres that are composed of a
SiC core (inner material) and a shell (out layer material) have also been developed. The
fabrication of core-shell nanostructures is leading to advantages from the intrinsic prop-
erties of both components. Surface functionalization is an effective strategy to exhibit
multifunctionality of nano-materials and improve their performance. For instance, the
bio-functionalized SiC nanowires with DNA surface coverage has been introduced for
DNA sensor [70]. Figure 9.10 demonstrate the procedure to bio-functionalizing SiC sur-
face to produce and DNA sensor.

However, SiC nanomaterials have low electrical conductivity, surface-functionaliz-
ing SiC nanostructures with high-conductive materials like CNTs can be solving this
problem and causes superhydrophobicity [71]. It has been found that SiC nanowires
show the intrinsic n-type semiconductor behavior due to high-density donor states
under the construction band edge if they are not intentionally doped [72]. The electri-
cal properties of SiC nanowires can be changed substantially via surface functioniza-
tion. SiC crystal defects revealed better electronic properties because of its unique
crystal structure, the enhancement of average oxygen concentration and the accumu-
lation of oxygen [73].

SiC nanostructures were also used to fabricate superhydrophobic surface because
of their inherent surface roughness and excellent stability under harsh conditions.
Chen et al. reported the SiC nanowires with tunable hydrophobicity/hydrophilicity.
They demonstrated SiC nanowires switching from hydrophobic to hydrophilic due to
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Figure 9.10 Steps for functionalizing SiC nanowires with DNA.
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the surface-tethered hydrophilic layer as well as increasing interspace between
nanowires [74].

The distinct mechanical properties of SiC nanostructures are important for their
applications in electronic and optical devices. The Young modulus of SiC is higher
than that of Si, and its high breakdown field ~2 MV cm™ [75], is two times than that of
Si. The bulk SiC materials show, however, low luminescent efficiency due to their indi-
rect band gap, which limites their applications in optoelectronic devices. However, the
luminescent intensity can be significantly increased with decreasing of crystallite sizes
of SiC to several nanometers. This is due to the improved radiative recombination
rates and suppressed non-radiative recombination rates in confined clusters. With
reducing the sizes of SiC crystals, their bandgap increase and the emission is blue
shifted [76].

Scientists have made numerous efforts to investigate the unique properties of SiC
nanostructures for field emitters [77], field effect transistors [78], catalyst [79], gas sens-
ing [80], hydrogen production and storage [81], supercapacitors [82], and bio-imaging
probes [83]. Owing to their exceptional properties, SiC nano-materials have demon-
strated as good candidates as reinforcements in different composites such as polymer-
matrix composites [84], ceramic-matrix composites [82] and carbon composites [80] to
improve the mechanical, thermal and barrier properties of the pure matrix. However,
SiC materials have been proposed to be of interest due to their hardness, chemical
inertness, electrical conductivity, pore volume, surface area and roughness and high
thermal stability in an oxidative environment.

9.6 Synthesis of SiC Nanostructures

Nanosized SiC powders are commercially available and can be performed by various
methods with control over size, composition and crystallinity. Umar et al. synthesized
thin films of TiCx/SiC/a-C:H on Si substrates using a complex mix of high energy den-
sity plasmas [85]. A DC plasma reactor for SiC nanoparticle production has been
developed by Yu et al. SiC nanopowders were synthesized using this system and the
synthesized primary particles have nearly spherical structures, mostly $-SiC phase with
a particle size of 10-30nm [86]. Ni/SiC nanocomposite coatings were obtained by
electrochemical co-deposition of SiC nanoparticles with nickel, from an additive-free
Watts type bath [87]. Bastwros et al. has reported ultrasonic spray deposition of SiC
nanoparticles for laminate metal composite fabrication [88]. Continuous synthesis of
SiC nanoparticles by RF thermal plasma method has been demonstrated by Karoly ez al.
The resulted SiC nanoparticles were crystallized mainly in § phase with trace amount
of o [89]. SiC nanostructures can also be produced by other techniques including the
pulsed laser [90], the mechanical ball milling [91] microwave [92], chemical vapore
deposition (CVD) [93] and so on. Parkash summarized synthesis methods for SiC
nanostructure in a useful review [74].

Nanoscale SiC networks were prepared by using carbothermal reaction between silica
xerogels and carbon nanoparticles in an argon atmosphere on the silicon substrate.
Nickel has been used as catalyst for growth of SiC nanostructures. Figure 9.11a shows a
typical synthesis procedure. SEM image of as-prepared product are shown uniform
nanostructures with network-like morphology was densely stacked all over the
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Figure 9.11 (a) SEM image of as-prepared SiC nanowire networks. (b) XRD pattern of SiC crystals.
Source: Qi 2014 [94]. Reproduced with permission of Elsevier.

substrate. It is demonstrated typical junctions connected through two branches or more
during growth. Figure 9.11b is the XRD pattern of the as-prepared product. The diffrac-
tion peaks correspond to the (111), (200), (220), (311) and (222) planes of 3C-SiC
(JCPDS, no. 29-1129) [94].

9.7 Electrochemical Behavior of SiC

SiC was investigated more than 70 years ago as an electrode material by Hume and
Kolthoff [95]. They reported that a SiC electrode can be used as an oxidation-reduction
indicator electrode in potentiometric titrations of potassium iodide with permanganate
and with ceric sulfate of ferrous iron with permanganate, of titanous chloride with ferric
chloride, and of hydrochloric acid with sodium hydroxide. The electrodes were made
with single crystal SiC and their behavior was studied by measuring their potential
against a calomel electrode. The authors concluded that the SiC electrode behaved
similarly to an oxidation-reduction indicator material such as Au and Pt.

SiC as a promising electrode material, has attracted thus considerable industrial
interest in electronics and sensors due to its wide band gap and high electron mobility
[96]. Because of its high specific surface area, excellent electrochemical performance,
and compatibility with various electrolytes, SiC electrodes with different morphology
and structure exhibit high surface efficiency, rate capability and cycle lifetime [61].
Moreover, the SiC surface functionalization process predicts the possibility to be a
state-of-the-art electrode for biosensing applications owing to its high biocompatibility,
high chemical stability, non-toxicity and the robust semiconducting properties [61].
The electronic properties of SiC have made it a suitable material for sensing devices,
especially those that are based on a surface impedance change or are electrochemistry
related. Nanocrystalline cubic #-SiC exhibits much higher electron mobility than single
crystalline SiC because its average oxygen concentration is enhanced and the oxygen is
accumulated at crystal defects, resulting in a much better electronic conductivity [74].
For electrochemical applications, the dopants, doping level, surface termination and
choice of SiC polytype play an important role, since the background current and vol-
tammetric reactivity of SiC electrodes would be affected. When SiC is appropriately
doped, the conductivity of this material dramatically increases and exhibits electrical
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characteristics similar to carbon materials [97]. But in contrast to carbon, the close-
packed hexagonal or cubic-SiC structure should afford a well-defined surface for
electron transfer [98]. Meier et al. [94] used a CVD method using tetramethylsilicon
and a resistively heated carbon fiber to fabricate a concentric SiC conductor for voltam-
metric measurements. They found that the SiC electrode in 0.1 M H,SO, showed a wide
potential window, free from interference from +1.4V to -1.2V vs Ag/AgCl electrode.
These findings led to the construction of different SiC electrode applications.

Khare et al. [99] have studied electrochemical impedance spectroscopy (ESI) for char-
acterization of glassy carbon electrode (GCE) and SiC nanoparticles/glassy carbon
electrode (SiC NPs-GCE). The Nyquist plots for quinalphos were obtained for both
electrodes. It was observed that the diameter of the semicircle for SiC NPs-GCE
(Figure 9.12a) was smaller than that of bare GCE. This is an indication that SiC NPs-
GCE has less charge transfer resistance than that of bare GCE which is also an evidence
for surface modification. The charge transfer resistance (R.) for SiC NPs- GCE and
GCE were found to be 635.24Q and 1631.51Q, respectively. Therefore, it could be
inferred that charge transfer resistance of the electrode surface decreased and charge
transfer rate increased by employing SiC NPs- GCE, thus facilitating the QNP towards
the electrode surface.

Sarno et al. [100] prepared a supercapacitor electrodes made of exhausted activated
carbon- derived SiC nanoparticles coated by graphene by low pressure CVD method.
The results show a very high capacitance up to 114.7 Fg™" for SiC alone and three times
higher in the presence of graphene with an excellent cycle stability.

Figure 9.12b shows the cyclic voltammograms of the graphite paper supported SiC
nanowire film at various scan rates [101]. The SiC nanowire film exhibits stable elec-
trochemical performance at the potential window ranging from 0 to 0.5V vs Ag/AgCl
in 0.1 MH,SO,. At 10mV's™}, the CV is almost symmetrical, suggesting an ideal capaci-
tive behavior [102]. The obvious increase of current and persistence of the symmetric
CVs shape along with scan rates reveal good rate capability and low contact resistance
for the SiC nanowire film electrode [103]. The excellent electrochemical performance
of SiC is attributed to the unique 3D graphite paper-supported nanowire film elec-
trode. Nanowires are intertwisted together by van der Waals interaction to form
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Figure 9.12 (a) CVs of the graphite paper-supported SiC nanowire at the scanning rates 10, 20, 40, 60
and 100 mV™". (b) Nyquist plots for EIS measurements (3.38x10™> M) QNP at GCE (black), SICNP-GCE
(grey) Inset, equivalent circuit used for data fitting. Source: Chen 2014 [101]. Reproduced with
permission of Elsevier.
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interconnected porous structure, favoring easier pathway of the electrolyte and ions to
the active materials by providing large reaction surface and inner space, which
decreases charge transfer resistance and ion diffusion resistance, and is favorable for
the charge redistribution process. The large specific surface area of nanowires increases
the electrochemical reaction rate at the interfaces, facilitating the electrolytic ion
transport [104]. In addition, the interactions between electrolyte and SiC surface
increase because the SiO; layer improves hydrophilicity of nanowires, which provides
SiC film better accessibility for electrolytic ions. These mean that the nanowire film
electrode has fast reaction kinetics [105].

9.8 SiC Nanostructures in Electroanalysis

In addition to its outstanding electronic and mechanical properties, SiC nanostructures
are suitable for electrochemical and photo-electrochemical sensor applications
(Table 9.3). SiC NPS are however only recently recognized as candidate for biosensor
platforms. A superoxide dismutase (SOD) biosensor based on SiC nanoparticles has
been demonstrated by Rafiee-Pour et al. [106]. The analytical performance of the bio-
sensor was based on direct voltammetry and amperometry of immobilized SOD onto
the surface of a GCE electrode modified with silicon carbide nanoparticles. The
recorded cyclic voltammogram in Figure 9.13a indicating no redox peaks was observed
for GCE modified with SiC NPs at potential range 0.65 to —0.65V. However, for GCE
modified with SiC-SOD a pair of reduction-oxidation peaks with formal potential
-0.03V is clearly observed. Thus, SiC NPs must have a great effect on the kinetics of
electrode reaction and provide a suitable environment for the SOD to transfer electrons
with underlying GCE. Figure 9.13b shows the Nyquist plot of GCE , GCE/SiC NPs and
GCE modified with SiC-SOD in 0.1 M KCl solution containing 1 mM [Fe(CN)6]>74". As
sindicated in Figure 9.13b, the bare GCE shows an almost straight line that is character-
istic of diffusion limited electrochemical process. Furthermore, R is about 100Q for
GCE/SiCNPs. After the immobilization of SOD onto GCE/SiC NPs the value of R, is
significantly increased to about 1700 (curve c). The results suggest that SOD immo-
bilized onto electrode surface may inhibit the electrochemical contact between the
electrode transfer indicator increased value of R, obtained for GCE/SiC NPs-SOD
indicates hindrance to the electron transfer, confirming the successful adsorption of
SOD onto the SiC film. The authors reported that due to high electron transfer of
immobilized SOD and its excellent biocatalytic activity toward superoxide dismutation,
the proposed biosensor can be used for micromolar detection of superoxide.

Salimi et al. [107] used SiC NPs to modify a GCE for insulin dosing. The electrode
exhibited excellent electrocatalytic activity for insulin oxidation and minimizes surface
fouling effects of insulin and their oxidation products. The same research group also
reported an amperometric nitrite sensor based on a nanocomposite containing an
amine-terminated ionic liquid (1-(3-Aminopropyl)-3-methylimidazolium bromide)
and SiC NPs (NH,-IL/SiC NPs) [108].The peak potential shifted to lower potential and
the peak current increased significantly at the surface of NH,-IL/SiC NPs /GCE.

Yang et al. prepared a titanium dioxide—silicon carbide nanohybrid (TiO,-SiC) with
enhanced electrochemical performance through a facile generic in situ growth strat-
egy [109]. Monodispersed ultrafine palladium nanoparticles (Pd NPs) with a uniform
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Figure 9.13 (a) CVs of GCE/SICNPs (a) and GCE/SOD in pH 7 (b) at scan rate 200 mV s™". (b) impedance
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Source: Rafiee-Pour 2010 [106]. Reproduced with permission of John Wiley and Sons.

size of ~2.3nm were deposited on the TiO,-SiC surface using a chemical reduction
method (See Figure 9.14). Pd-loaded TiO,—SiC nanohybrid (Pd@TiO,-SiC) glassy car-
bon electrode has been applied for simultaneous electrochemical determination of
hydroquinone (HQ) and bisphenol (BPA) with significant improvement in peak cur-
rent. This improvement indicates that SiC significantly promotes electron transport
and communication between the solution and electrode. The excellent adsorptive
capacity of SiC can also lead to high current responses. The oxidation currents of HQ
and BPA on the Pd NPs-modified GCE improved by approximately 30% compared
with that on the bare GCE due to the excellent catalytic activities of the Pd NPs. On the
TiO,—-SiC/GCE, the HQ and BPA oxidation currents significantly increased compared
with those on the bare and SiC-modified GCEs, which indicates that the high surface
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Figure 9.14 The illustration of the Pd@TiO2-SiC nanohybrides for sensing HQ and BPA.
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area and adsorptive capacity of the TiO,—SiC composite increase the effective electrode
area and improve catalytic activity for HQ and BPA oxidation. In the case of Pd@TiO,/
GCE and Pd@SiC/GCE, the HQ and BPA oxidation currents remarkably increased
compared with those on the SiC, Pd, and TiO,-SiC-modified GCEs, which could be
ascribed to the synergistic effects between Pd NPs and TiO; or SiC. Oxidation currents
increased dramatically when the Pd@TiO,—SiC nanohybrid was immobilized onto the
GCE surface. This result may be attributed to the synergistic effect between the three
components. And the remarkable conductivities and electrocatalytic activities of
ultrafine-monodispersed Pd NPs may be the main contribution that can amplify the
electrochemical signals.

Yang et al. [110] presented the surface modification of nanocrystalline SiC with
diazonium salts via electrochemical methods for later DNA bonding with a nitrophenyl
film to the modified electrodes. They showed that the modified electrode demonstrated
a wider potential window and lower background current than GC electrodes. The
authors also presented successful DNA immobilization on the modified SiC surfaces
using Cy5 labeled cDNA with increased red fluorescence on the nitrophenyl SiC sur-
faces compared to the bare SiC which shows biocompatible property of SiC. Likewise,
the voltammogram of hybridized DNA indicated the presence of target DNA. The same
research group also developed dual -cyclodextrin functionalized Au@SiC nanohybrids
for the electrochemical determination of tadalafil in the presence of acetonitrile [111].
Uniform and monodispersed ~5.0nm Au NPs were anchored on the SiC-NH, surface
via a chemical reduction process by using poly-ethyleneglycol and sodium citrate as
dispersant and stabilizing agent. The tadalafil electrochemical signal was dramatically
amplified by introducing 40% of acetonitrile in buffer medium and further enhanced by
the host—guest molecular recognition capacity of f-cyclodextrin.

A glassy carbon electrode modified with SiC NPs has been presented for simultane-
ous determination of DNA bases by Ghavami et al. [112]. For unmodified GCE, the
voltammetric response for oxidation of guanine and adenine is negligible but SiC NPs-
GCE shows well-defined oxidation peaks for G and A. The detection limits of the SiC
NPs-GCE electrodes toward guanine, adenine, thymine and cytosine determinations
were 0.015, 0.015, 0.14, and 0.14: pM, respectively.

Godignon’s group [113] developed an impedimetric microsystem consisting of four
Pt electrodes on an isolated semi-insulating SiC substrate. A Pt serpentine conductor
acted as the temperature sensor with the aim of distinguishing impedance changes due
to either tissue or thermal effects. In their work, the authors also identified the advan-
tages and potential of using SiC for DNA polymerase chain reaction (PCR) electropho-
resis chips because of the high electric field strength and resistivity of semi-insulating
SiC, in addition to its high thermal conductivity.

In the similar way Fradetal et al. [114] have functionalized two kinds of SiC nanopillar
arrays (i) top-down SiC nanopillars with a wide pitch of 5mm and (ii) dense array (pitch:
200nm) of core@shell Si@SiC Nanowires by carburization of silicon nanowires.
Depending on both the pillar morphology and the pitch, different results in terms of
DNA surface coverage were obtained. Particularly, in the case of the wide pitch array, it
has been shown that the DNA molecules are located all along the nanopillars. It was
concluded that to achieve a DNA sensor based on a nanowire-field effect transistor, the
functionalization must be conducted on a single SiC nanowire or nanopillar that consti-
tutes the channel of the field effect transistor and further experimentally verified.
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The localization of the functionalization in a small area around the nanostructures
guarantees high performances to the sensor.

The determination of Candesartan cilexetil using SiC NPs /graphene nanosheets hybrid
mixed with ionic liquid (1-Butyl-3-methylimidazolium hexafluorophosphate ([bmim]
[PF4]) on a glassy carbon electrode has been determined [115]. Wu et al. [116] developed
a method to resolve the overlapping voltammetric responses of ascorbic acid, dopamine
and uric acid on a SiC-coated glassy carbon electrode, and the selective determination of
DA in the presence of AA and UA with a sensitivity of 169 AM ™ cm™ and a detection
limit of 0.05puM. Wright et al. [117], Yakimova et al. [118] and Oliveros et al. [61] have
reviewed the different kind of SiC materials for sensor applications. These results show
that SiC can be an interesting transducer material for applications in sensor applications.

9.9 Conclusion

In this chapter, the properties, synthesis methods and applications of g-C3N, and SiC
nanostructures and their use for electroanalytical applications have been reviewed.
Several articles have shown that the use of g-C3N, nanostructures in electroanalysis can
improve the sensing properties in several ways. The easy in the synthesis of g-C3N,
nanostructures and the presence of hydrogen and lone pair in the outer electron shell of
nitrogen makes g-C3N, rich with surface properties that can be used to preconcentrate
analytes to the surface of the electrode. The exceptional photoluminescence and photo-
electrochemical properties of g-C3Ny, can be further used in electrochemiluminesence
and photoelectrochemical assays. Next to g-C3N, nanostructures, SiC nanostructures
have shown their potential for electoanlaysis. SiC nanoparticles have been used in elec-
trocatalyst to enhancement peak currents which results in increased sensitivity and
lower detection limits. Owing to high biocompatibility, high adsorption ability and little
harm to the biological activity of biomolecules, SiC nanoparticles have been choose for
immobilizing biological compounds and fabricating new biosensors.
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Figure 1.15 Nanostructural observation and elemental mapping obtained by HAADF-STEM and
STEM-EDS measurements.
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Figure 2.4 (a) The production process of NCNFs from cellulose; (b) SEM, (d) TEM and (d) HRTEM
images of NCNFs. Source: Liang 2015 [32]. Reproduced with permission of Elsevier.
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Figure 2.5 (a) The fabrication process of CNFs-based biosensor; SEM images of (b) PAN nanofibers and
(c) CNFs; Cross-sectional SEM images of biosensors fabricated for different deposition times: (d) 12 h,
(e) 68 h. Source: Mao 2014 [44]. Reproduced with permission of the American Chemical Society.
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Figure 2.7 (a) Nyquist plots of Ni/CNFs, Pd/CNFs and Pd30Ni70/CNFs; (b) CVs of Pd30Ni70/CNFs in
the presence (red) and absence (black) of glucose; (c) I-t curves of different electrodes with the
addition of glucose; (d) /-t curve of Pd30Ni70/CNFs with the addition of varying concentrations of
glucose. Source: Guo 2014 [60]. Reproduced with permission of the American Chemical Society.
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Figure 2.8 The mechanism of CuO/CNFs-based glucose biosensor. Source: Zhang 2013 [62].
Reproduced with permission of Elsevier.
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Figure 2.9 (a) Stripping voltammograms of CNF/Nafion/GCE, Nafion/GCE, and GCE in 0.1 M acetate
buffer containing 0.5 uM Pb?*; (b) stripping voltammograms of CNF/Nafion/GCE in 0.1 M acetate
buffer with different concentration of Pb>* and Cd*". Source: Zhao 2015 [69]. Reproduced with
permission of the American Chemical Society.
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Figure 2.10 Immobilization of glucose oxidase on CNFs and single-walled CNTs. Source: Vamvakaki
2006 [10]. Reproduced with permission of the American Chemical Society.
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Figure 2.11 Scheme illustration of the construction of PDA/Lac/Ni/CNFs-based biosensors. Source: Li
2014 [87]. Reproduced with permission of the Royal Society of Chemistry.
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Figure 2.12 The fabrication of MC-LR immunosensor and its application to detect microcystin-LR.
Source: Zhang 2016 [97]. Reproduced with permission of Elsevier.
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Figure 2.13 The fabrication process of ECL immunosensors based on CNTs@PNFs. Source: Dai 2014
[104]. Reproduced with permission of Elsevier.
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Figure 4.1 The schematic illustration of the reaction mechanism of DA on the GQDs-NHCH,CH,NH/
GCE. Source: Li 2016 [16]. Reproduced with permission of Elsevier.
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Figure 4.3 A quadruplet electrochemical platform for ultrasensitive and simultaneous detection of
ascorbic acid, dopamine, uric acid and acetaminophen based on a ferrocene derivative functional Au
NPs/carbon dots nanocomposite and graphene. Source: Yang 2016 [24]. Reproduced with permission
of Elsevier.
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Figure 4.4 Graphene-palladium nanowires based electrochemical sensor using ZnFe,O,—graphene

quantum dots as an effective peroxidase mimic. Source: Liu 2014 [26]. Reproduced with permission of
Elsevier.
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Figure 4.5 Electrochemical immunosensor with graphene quantum dots and apoferritin-
encapsulated Cu nanoparticles double-assisted signal amplification for detection of avian leukosis
virus subgroup J. Source: Wang 2013 [54]. Reproduced with permission of Elsevier.
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Figure 4.6 Aptamer-based electrochemiluminescent detection of MCF-7 cancer cells based on
carbon quantum dots coated mesoporous silica nanoparticles. Source: Su 2014 [65]. Reproduced with
permission of Elsevier.
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porous PtPd nanochains as labels. Source: Yang 2014 [67]. Reproduced with permission of Elsevier.



Figure 4.8 lllustrative ECL detection mechanism for PCP based on GQDs-CdS NCs/GCE. Source: Liu
2014 [69]. Reproduced with permission of the Royal Society of Chemistry.

u-\u NPs decorated grapheny KGraphene wrapped Au NPJ

Figure 6.2 Two approaches for the integration of Au NPs with graphene: Au NPs formed in situ or ex
situ on graphene nanosheets and graphene wrapped gold nanostructures (TEM image of a gold
nanorod coated with a few layers of rGO). Source: Turcheniuk 2015 [18]. Reproduced with permission
of the Royal Society of Chemistry.
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Figure 6.3 Decoration of CVD graphene with Au NPs: (a) Influence of the number of graphene layers
on the morphology of the deposited nanostructures after annealing at 1260°C in vacuum for 30s.
Source: Zhou 2010 [22]. Reproduced with permission of the American Chemical Society. (b) SEM
images of graphene decorated with Au NPs by e-beam lithography. The particles are 50 nm in height
and 80nm (i), 110 nm (ii), and 140 nm (iii) in diameter [20].
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Figure 6.4 Ex situ approaches for the integration of Au NSs onto graphene nanosheets: (a)
Electrostatic interactions: (i) Fabrication of a DNA sensor based on toluidine blue (TB) as molecular
linkage between rGO and Au NPs via electrostatic interactions of the positively charged TB with
negatively charged rGO. Source: Peng 2015 [23]. Reproduced with permission of Elsevier. (ii)
Integration of positively charged PDDA capped Au NPs onto negatively charged rGO. Further
integration of GODx resulted in the construcrtion of a glucose sensor. Source: Yu 2014 [24].

Reproduced with permission of Elsevier. (b) Covalent linkage between COOH groups of graphene and

NH,-functions on Au NPs. Source: Liu 2016 [26]. Reproduced with permission of Elsevier.
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Figure 6.5 In-situ strategies for the formation of Au NPs loaded rGO matrixes: (a) electrostatic
integration and reduction of GO/Au®*; (b) One-pot reduction and synthesis of rGO/Au NPs using
citrate as reduction agent and capping agent of Au NPs.
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Figure 6.6 (a) Electrochemical activity of GO and chemically reduced GO determined by cyclic
voltammetry (50 mM PBS, pH 7.4.) The bare glassy carbon (GC) electrode (dashed black line) is added
for comparison. Source: Chng 2011 [58]. Reproduced with permission of John Wiley and Sons. (b) SEM
images of electrochemically formed rGO on ITO and after electrodeposition of Au NPs. Source: Yang
2012 [49]. Reproduced with permission of the Royal Society of Chemistry.
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Figure 6.7 (a) Electrochemical (i) (ii) oxidation/reduction process of dopamine (DA); (i) DPV of
dopamine (0-1000 pM) on ITO-rGO/Au NPs electrode; (ii) Interference study on ITO-rGO/Au NPs sensor
for dopamine operated in amperometry mode at -0.3V. Source: Yang 2012 [49]. Reproduced with
permission of the Royal Society of Chemistry. (b) DPV profile of a mixture of AA, DA, UA, AC at
ferrocene thiolate stabilized Fes0,@Au NPs integrated on chitosan-modified rGO. Source: Liu 2013
[70]. Reproduced with permission of Elsevier.
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Figure 6.9 (a) Schematic illustration of the formation of rGO/Au NPs-Tyr nanocomposites together
with an SEM image; (b) Cyclic voltammograms of rGO/Au NPs/Tyr/GC in N,-saturated 0.1 MPBS
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Figure 6.10 (a) Formation of thymidine functionalized rGO/Au NPs electrodes for Hg>* detection; (b)
DPV curves for dissolution of captured Hg?*; (c) Electrochemical response to different metal ions.
Source: Wang 2016 [48]. Reproduced with permission of Elsevier.
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Figure 6.11 Schematic illustration of an electrochemical DNA sensor based on rGO/Au NPs modified
glassy carbon electrode further modified by thiolated DNA ligands and using methylene blue (MB) to
catalyze ferrocyanide reduction forming leucomethylene blue (LB). Source: Wang 2012[51].
Reproduced with permission of Royal Society of Chemistry.
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Figure 8.4 Schematic illustration showing the layer-by-layer growth technique for diamond foam
electrodes showing: (a) boron-doped diamond (BDD) substrate growth on Si; (b) spin-coating of SiO,
spheres on the substrate; (c) CVD diamond coating on SiO, templates; (d) spin-coating of the second
SiO, layer, (e) the second CVD diamond coating on SiO, templates; (f) removal of SiO, templates.
Source: Gao 2016 [47]. Reproduced with permission of the American Chemical Society.



Figure 8.5 SEM images of observed
pitting and channeling of (a): (100), (b):
(110) and (c): (111) directed and etched
single-crystal diamonds. The inset is a
modeled octahedron which reflects
symmetries of {111} oriented planes
with indicated planes. Red circles
indicate Ni. Source: Smirnov 2010 [55].
Reproduced with permission of AIP
Publishing.

Figure 8.6 (a) lllustration of fabricating a diamond network from the composite film: the gray phase (B-SiC)
is removed, leaving a yellow porous phase (diamond). (b) An optical photo of a flexible freestanding
diamond network film. (c) SEM surface images of a nanocrystalline diamond/p-SiC composite film
deposited with TMS/CHA4 ratio of 1.5%. (d) Diamond network fabricated by etching the -SiC phase from
composite film shown in image c. () High-magnification SEM images of the surface of the film shown in
image (d). Source: Zhuang 2015 [76]. Reproduced with permission of the American Chemical Society.
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