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Preface

I happen to have discovered a direct relation between magnetism and light, also electricity
and light, and the field it opens is so large and I think rich.

— Michael Faraday

The discovery of electricity and electromagnetism opened unexplored research
fields that led to many inventions of tremendous benefits for human life. The vision
of Michael Faraday has highly inspired Allan Bard, the father of modern electro-
chemistry. Bard explained the concept of using electrochemistry to gather energy
from nature in this way:

“You know, it’s easy to take electricity and make light — we do that all the time. What you
really want to think about is using light to make electricity using solar energy.”

The vision of Bard is actually taking place in the fourth industrial revolution,
where there is a high demand for sustainable energy. Here, recently developed
nanomaterials are unique in terms of physical, chemical, electrical, and optical
properties. This book reviews inorganic nanomaterials used in electrochemical
applications for sustainable energy, environmental and biomedical. The chapters
focus on batteries, fuel cells, supercapacitors, environmental monitoring, and bio-
sensor applications.

In Chap. 1, Sanjay Nagarajan et al. discuss the potential of an advanced oxidation
process such as photocatalysis (Fig. 1) for cellulose pre-treatment and conversion.
Neethu et al. disclose the potential applications of lithium iron phosphate, a revolu-
tionary material that will transform battery research, in Chap. 2. Chapter 3 by David
et al. reviews the different types of hybrid supercapacitors. Precious and
non-precious metals as catalysts for proton exchange membrane fuel cells and,
alternatively, metal sulfides and metal oxides for composite proton membranes are
presented by Hasan Ay et al. in Chap. 4. The contribution by Ananthi et al. in
Chap. 5 provides a broad discussion about TiO, nanostructures and its hybrids for
solar cell application.
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Fig. 1 Schematic representation of the typical photocatalytic mechanism for its application
towards (a) environmental remediation and (b) water splitting. (From Nagarajan et al. in Chap. 1)

Miyazaki et al. present designs of metal oxide and sulfide structures and the
reaction mechanisms of glucose biosensing in Chap. 6. This chapter also reviews the
role of hierarchical nanostructures to enable high sensitivity, rapid response, and
detection of multicomponent elements, following an electronic tongue concept.
Chapter 7 by Thiruppathi et al. describes electrochemical sensing and biosensing
applications using metals, metal oxides, and metal sulfides. Chapter 8 by
Chandrasekar et al. focuses on DNA biosensors and their applications for the
detection of various biomolecules and clinical diagnosis. Recent developments in
metal oxide and sulfide-based electrochemical sensors applied in differential pulse
voltammetry, amperometry, and impidimetry are outlined by Suresh et al. in
Chap. 9. In Chap. 10, Selvaraj Devi et al. present the fabrication methods of metal
oxide—based optical waveguide sensors, optofluidic biosensors, electrochemical
sensors, and their applications.

The main credit for this book is devoid to the contributing authors working in
broad field of research related making materials related batteries, fuel cells, solar
cells, photocatalysis and health sensors applications, this book would not have been
possible without their generous participation.

Arica, Chile Saravanan Rajendran
Chengdu, China Hassan Karimi-Maleh
Bangkok, Thailand Jiagian Qin

Aix-en-Provence, France Eric Lichtfouse
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Abstract Renewable energy, especially biofuels, has the potential to supplement a
part of the existing fossil-based transportation fuels. Biofuels such as bioethanol can
be produced from established glucose fermentation processes; however, cheap and
efficient glucose production is a hindering factor. Cellulose, the world’s most
abundant organic material, is a polymer of glucose and is locked within the ligno-
cellulosic framework of plants. Pre-treatment is required to facilitate effective
cellulose saccharification. Semiconductor photocatalysis, an advanced oxidation
process, is a potential method for cellulose breakdown and the focus of this chapter
will be on harnessing photocatalysis for cellulose-based renewable energy
production.

We reviewed over 100 publications along the lines of structural properties of
cellulose polymorphs, current pre-treatment strategies, conversion methods from
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2 S. Nagarajan et al.

native cellulose I to an easily degradable polymorph cellulose II, and how semicon-
ductor photocatalysis, an advanced oxidation process, can facilitate cellulose break-
down for saccharification and energy generation. Early reports in the 1980s utilized
cellulose as sacrificial electron donor for the photocatalytic H, production over TiO,
and noble metal co-catalysts; however, recently visible light activated photocatalysts
have been used. An often-overlooked area with photocatalysis is cellulose sacchar-
ification. Only a handful of reports talk about saccharification over P25 TiO,, which
is predominantly due to the lack of control over process conditions leading to
undesired products. Addressing the recalcitrance of cellulose, by converting native
cellulose I to cellulose II using a simple dissolution and regeneration technique, can
be advantageous for enhancing valorization via semiconductor photocatalysis. For
example, ~1.5-fold increase in photocatalytic cellulose saccharification was
observed with cellulose II compared to cellulose I over P25 TiO,. A similar increase
in photocatalytic H, production rate by over twofolds was also observed when
cellulose II was used in suspension with Pt/TiO,. With advances in the development
of semiconductor photocatalytic materials, especially in visible light activated mate-
rials such as CdS, reactor design, light emitting diode technology, and a novel
“simple to produce” feedstock such as cellulose II, vast possibilities have opened
up in this novel area of photocatalytic cellulose saccharification and H, production.
Overall, the chapter aims to instil interest in the readers that combining cellulose II
and semiconductor photocatalysis can be a feasible way forward to contribute
toward renewable energy production.

Keywords Cellulose II - Renewable energy - Cellulose photocatalysis

1.1 Introduction

Anthropogenic activities combined with increased exploitation of fossil fuel stock
has led to an increase in greenhouse gas emissions. Moreover, global politics also
influences the movement of fossil fuel stocks and determines the fluctuating price of
fuels. Assessments reported during the late 1990s highlighted that the seriousness of
fossil fuel depletion will be experienced by the start of 2030 (Wigley et al. 1996).
Furthermore, the International Energy Agency’s (IEA’s) World Energy Outlook
Report from 2018 estimated that by 2040, 40% of the global power generation
will be contributed by renewables, which is ~1.5 times higher than the current share
(International Energy Agency). Consequently, there is a rise in global investments to
boost the renewable-energy-based power generation (van der Hoeven 2013). There-
fore, to increase the possibility of alternative energy production and to achieve the
energy targets set nationally and internationally, sustainable renewable energy
production is crucial. Brundtland’s commission defines sustainable development
as “meeting the needs of the present without compromising the needs for the future”
(Brundtland 1987). Although a variety of renewable energy alternatives in the form
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Fig. 1.1 Structure of cellulose I with the intermolecular and intramolecular hydrogen bonds and
B(1-4)-glycosidic bond between glucose monomers. (Reprinted with permission from Nagarajan
et al. (2017a), Copyright (2017) Elsevier)

of solar, wind, geothermal, and tidal energies are available, sustainable renewable
energy production is achievable via the utilization of waste biomass.

The primary component of waste biomass or lignocellulosic biomass in general is
cellulose, which is the world’s most abundant organic material (Lavoine et al. 2012).
Cellulose is an amphiphilic homopolysaccharide compound (Lindman et al. 2010).
B-D-glucose monomer units bonded by (1-4)-glycosidic bond as well as
intermolecular and intramolecular hydrogen bonds present in the polymer leads to
a rigid polymeric cellulose structure (Silverstein 2005). Highly ordered crystalline
regions and disordered amorphous regions are found along the chain of cellulose
(Sjostrom 1993). Figure 1.1 represents the structure of cellulose with chair confir-
mation and equatorial orientation of the glucose molecules. Intramolecular and
intermolecular hydrogen bonds are represented by the green dotted lines.

In higher plants, native cellulose naturally exists in the cellulose If form, whereas
microbes produce native cellulose Ia. The only similarity between cellulose o and
IB is the occurrence of parallel strands, whereas the lattice arrangement is different
with Ia exhibiting triclinic arrangement and If having a monoclinic structure. In
addition to the native polymorphs, due to a variety of physico-chemical treatments,
various cellulose polymorphs can be produced (O’Sullivan 1997) as shown in
Fig. 1.2. Cellulose II is the most commonly produced man-made polymorph from
both cellulose Ia and If via alkali treatment known as mercerization or solubilizing
and recrystallizing or regeneration, respectively, and has been extensively charac-
terized (Sjostrom 1993; Silverstein 2005; O’Sullivan 1997; Klemm et al. 1998).
Naturally occurring cellulose II has also been isolated from bacterial cultures in a
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Fig. 1.2 Production of
various cellulose / Regeneration/ \
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cellulose I, cellulose II, Cellulose la or Ip Cellulose Il
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Heat Heat
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\_ /

few cases (O’Sullivan 1997; Shibazaki et al. 1998; Kuga et al. 1993). Cellulose 11
has an antiparallel strand arrangement and monoclinic lattice arrangement and
therefore differs from cellulose 1. Other polymorphs, namely cellulose III; and Iy,
can be reversibly produced from cellulose I and II via ammonia treatment, respec-
tively. Cellulose III polymorphs exhibit parallel strand arrangement and monoclinic
crystal structure (Wada et al. 2004). Cellulose III; and III;; materials, when further
heat treated, give rise to cellulose IV} and IVy. A detailed understanding of the
polymorphs’ properties is necessary for determining end use.

Among the characteristics possessed by cellulose, intermolecular and intramo-
lecular hydrogen bonding plays a central role in determining the supramolecular
structure of polymorphs. The hydrogen bonding networks for cellulose I and II are
shown along the a-c axis in Fig. 1.3, where the irreversible transformation of
cellulose I to cellulose II leads to the formation of antiparallel chains affecting the
hydrogen bonding patterns. In addition to the differences observed in hydrogen
bonding, cellulose II has a higher surface area and porous volume compared to
cellulose I, increased interplanar spacing or d-spacing, decreased crystallinity,
increased hydrophilicity, and weak hydrophobic van der Waals interactions that
make cellulose II a superior polymorph for use in renewable energy production
(Boissou et al. 2014; Dadi et al. 2006; Yamane et al. 2006; Wada et al. 2010;
Sakurada and Hutino 1936; Medronho and Lindman 2014, 2015; Lindman et al.
2010; Alves et al. 2015; Behrens et al. 2016).

The chapter so far has emphasized on the ever-growing need for renewable
energy production and also highlighted that cellulose in waste biomass must be
utilized to fulfil the needs. In addition to mentioning about the characteristics of
native cellulose, the possibility of a superior cellulose polymorph being a better
starting material based on the structure and molecular arrangement was highlighted.
With the feedstock now being established, effective utilization must follow. The first
step in the effective utilization of any feedstock for renewable energy production is
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cellulose | cellulose Il

Fig. 1.3 Intermolecular and intramolecular hydrogen bonding in cellulose I and II polymorphs.
(Reprinted with permission from Klemm et al. (1998), Copyright (1998) Wiley-VCH Verlag
GmbH)

pre-treatment. The following sections discuss the factors to consider when choosing
a pre-treatment method and also briefly discuss the existing cellulose pre-treatment
methods. The potential of heterogeneous photocatalysis as a novel pre-treatment
alternative to produce fermentable sugars from cellulose as well as produce H,
directly by using cellulose as the sacrificial electron donor (SED) based on the
limited reported literature is also discussed. Comprehensive discussion on the
production of superior cellulose II polymorph for biofuel production is also provided
and the potential of combining cellulose II and heterogeneous photocatalysis as a
way forward is also emphasized.
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1.2 Cellulose Breakdown: Role of Potential of Advanced
Oxidation Processes

Effective and complete utilization of cellulose is hindered usually due to its amphi-
philic and water insoluble properties. To ensure effective cellulose exploitation, an
appropriate pre-treatment method should be in place to enhance utilization. To
classify a method as a suitable pre-treatment technique, majority of the following
requirements must be met, namely (Silverstein 2005):

(1) Enable fermentable sugar release
(i) Minimal loss of fermentable sugars
(iii) Minimal or no undesirable product formation
@iv) Cost-effectiveness
(v) Feasible scalability
(vi) Energy efficiency

Considering the above-mentioned criteria, a variety of methods can be used for
pre-treatment. Among available methods, steam explosion with dilute acid is com-
monly used. During steam explosion, biomass is treated with high-temperature and
high-pressure steam followed by rapid depressurization to physico-chemically
pre-treat biomass. Although preferable, inevitable loss of fermentable sugars due
to degradation and formation of undesirable inhibitory by-products is a limitation
(Sun and Cheng 2002). An overview of conventional pre-treatment processes
highlighting the advantages and disadvantages of each of the processes can be
found in Table 1.1. Numerous review articles are also available in the area of
biomass pre-treatment, so that the reader can refer to those if interested (Silveira
et al. 2015; Kumar and Sharma 2017; Alvira et al. 2010; Chen et al. 2017; Sun and
Cheng 2002).

Although numerous established pre-treatment methods are available, contempo-
rary processes still continue to emerge. An example would be the emergence of
advanced oxidation processes (AOPs) as pre-treatment methods. AOPs are methods
that generate highly oxidizing hydroxyl radicals in-situ and are often deployed in
wastewater treatment applications to oxidize and completely mineralize pollutants
(Oturan and Aaron 2014). The target for AOPs in cellulose pre-treatment would be
to however reduce the crystallinity index and facilitate efficient saccharification to
mediate subsequent fermentation. The in-situ non-specific OH radicals produced by
AOPs may lead to saccharification of cellulose without affecting the crystallinity,
and further microbial inhibitors such as acetic acid or 5-hydroxymethylfufural may
be formed in the highly oxidizing environment. Therefore, controlled AOPs are
required for effective pre-treatment. The hypothesis behind AOPs as cellulose
pre-treatment techniques has a firm base and therefore a range of AOPs have been
identified to suit the purpose, namely degradation under ionizing radiation (von
Sonntag and Schuchmann 2001; Ershov 1998), electrochemical saccharification
(Meng et al. 2011; Wang et al. 2011), cavitation (Kojima et al. 2019; Zhang et al.
2016b), Fenton-based reactions (Hastrup et al. 2010, Arantes and Milagres 2006),
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Table 1.1 Advantages and disadvantage of conventional biomass pre-treatment methods

Pre-
treatment
category Method Advantages Disadvantages References
Physical Mechanical | Ease of handling | High energy Fan et al. (1981),
grinding the raw materials | requirement Miao et al. (2011)
Pyrolysis Rapid High temperature and Hideno et al.
decomposition requirement (2009)
Physico- Steam Less energy Decomposition of Sassner et al. (2008),
chemical | explosion requirement when | monosaccharides Kumar and Wyman
along with | compared to (2009), Chen et al.
dilute acids | mechanical grind- (2011), da Costa
ing; cost-effective Sousa et al. (2016),
Ammonia Relatively higher | Cost involved in Lietal. (2015), Gao
fiber yield of monosac- | ammonia recovery to | et al. (2010) and
explosion charides than make the process Alinia et al. (2010)
steam explosion environmentally
friendly
CO, Cost-effective Low yield of mono-
explosion saccharides when
compared to steam or
ammonia explosion
Ozonolysis | Environmentally Large quantities of
friendly; room ozone required
temperature and
pressure reactions
Chemical | Acid Higher yield of Toxic and corrosive; Saha et al. (2005),
hydrolysis monosaccharides | cost involved in acid Scordia et al. (2011),
recovery to make the Yang et al. (2012a)
process environmen- and Wu et al. (2011)
tally friendly; down-
stream pH adjustment
is required
Alkaline Works well to Salt formation and
hydrolysis remove lignin and | downstream pH
hemicellulose adjustment is required
Biological | White-rot Low energy Slow rate of hydrolysis | Ray et al. (2010),
and brown- | requirements Sindhu et al. (2016),
rot fungi Sahaet al. (2016) and
Enzymatic | Cellulases | High specificity Large quantities of Wan and Li (2012)
for cellulose enzyme required;
expensive

and photocatalysis (Kawai and Sakata 1980; Zhang et al. 2016a). Among the
mentioned AOPs, heterogenous photocatalysis is least explored for cellulose
pre-treatment due to the complexity involved. The limited literature available on
photocatalytic cellulose conversion has predominantly focused on using cellulose as
a sacrificial electron donor for H, production, which is understandable due to the
non-specificity of the radicals. Recent articles have also started exploring the
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possibilities of saccharification alternatively. A detailed discussion on the
photocatalytic cellulose breakdown for fermentable sugar and H, production can
be found in later sections of the chapter. Owing to the complexities surrounding
scale-up of photocatalytic processes, heterogeneity of cellulose photocatalytic sys-
tems, and effective separation technique of sugars, photocatalysis is often least
explored. A recent thesis submitted by Nagarajan in 2017 has, however, attempted
to overcome these complexities by coupling effective reactor design with the use of
cellulose II polymorph as feedstock and dialysis membranes to separate fermentable
sugars (Nagarajan 2017). The nature of the feedstock, namely cellulose itself, being
a key parameter is discussed in the next section. Especially, routes of cellulose II
production, current use of cellulose II in biofuel production and how cellulose
polymorphs can be used in conjunction with photocatalysis for effective valorization
are discussed.

1.3 Cellulose II for Energy Generation

Bioethanol is an attractive biofuel that has the potential to contribute toward
transportation fuel requirements. The precursor for bioethanol production is glucose,
whose polymer cellulose is abundantly available and locked within lignocellulosic
biomass in a highly crystalline cellulose I form. As mentioned in the previous
sections, cellulose I is recalcitrant to hydrolysis; however, converting cellulose I to
cellulose II—a more easily accessible polymorph of cellulose—can help in
exploiting the substrate fully. The following subsection will give an overview of
cellulose II production; however, a detailed discussion on the importance of cellu-
lose II as an alternative feedstock to cellulose I for bioethanol has been reviewed and
reported by Nagarajan et al. (2017a).

1.3.1 Routes for Cellulose II Production

The two oldest-known cellulose II production processes are the viscose process and
mercerization (Guenet 2008; Mercer 1850; Klemm et al. 2005; Cross et al. 1893a, b).
Aqueous NaOH is used in both these techniques to dissolve cellulose I and precip-
itate cellulose II. Many variants of these processes have also been reported since,
including dissolution of cellulose I in cold alkali (Wang and Deng 2009; Mittal et al.
2011; Dinand et al. 2002; Sharma et al. 2015; Halonen et al. 2012; Revol et al. 1987;
Yuetal. 2014; Jin et al. 2016). An overview of other routes of cellulose II production
is shown in Fig. 1.4 and briefed in Table 1.2, while the limits of cellulose I solubility
in various solvents for cellulose II production are shown in Fig. 1.5.

Although aqueous alkali has the capability to dissolve cellulose I, complete
molecular dissolution is not possible (Alves et al. 2015). To achieve a molecular
dissolution, either anhydrous ionic liquids or aqueous onium hydroxides have to be
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Cellulose 1l
production
Serneems Al Anhydrgus lonic Aqugous onium Acid Supercritical
liquid; IL hydroxide treatment water
treatment Treatment Tha
treatment at room temperature solubilisation
IL treatment at Tetrabutyl . .
’ ] Trifluoroacetic
Viscose process temperatures ammonium acid
lower than 100 °C hydroxide
IL treatment at Tertabutyl
Mercerisation temperatures phosphonium Phosphoric acid
higher than 100 °C hydroxide
Cold aqueous Tetraeth_yl
: phosphonium
alkali treatment .
hydroxide

Tri-n-butylmethyl
phosphonium
hydroxide

Tetra-n-hexyl
ammonium
hydroxide

Fig. 1.4 Various routes for cellulose II production from native cellulose or biomass. Note that ionic
liquid or onium hydroxide treatments can achieve molecular dissolution and complete conversion to
cellulose II and might be beneficial over other methods. (Figure based on Nagarajan et al. (2017a))

used (Abe et al. 2015). Salts with melting temperatures lower than 100 °C are known
as ionic liquids. These are green solvents with negligible volatility and high flexi-
bility. Due to the versatility possessed by ionic liquids, a range of cation—anion
combinations could be made to effectively dissolve cellulose I. Swatloski et al. first
reported a breakthrough research where methylimidazolium-based ionic liquid was
used for the irreversible production of cellulose II from native cellulose (Swatloski
et al. 2002). To date, methylimidazolium cations in combination with a variety of
anions have been frequently reported as ionic liquids for cellulose dissolution (Dutta
et al. 2012; Hou et al. 2012; Xiao et al. 2014; Park et al. 2012; Fu and Mazza 2011;
Bokinsky et al. 2011; Cheng et al. 2011; Samayam et al. 2011; Dadi et al. 2006,
2007, Shafiei et al. 2013; Liu et al. 2015).

The nature of the constituting anion—cation mix determines the solubility of
cellulose. Dissolution of cellulose II proceeds via the OH groups of Cg and C;
cellulose chains forming an electron acceptor—donor complex with the ionic liquids
(Pinkert et al. 2009). Upon dissolution, water or alcohol can be used to precipitate
cellulose II from the solution. Owing to high viscosity and anhydrous nature, the
cellulose-dissolving capability of ionic liquids is limited. To overcome the limitation
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Aqueous alkali metal hydroxide solution Aqueous onium hydroxide solution
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Anhydrous ionic liquids lonic liquids with water
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Fig. 1.5 Representative solubilities of different cellulose I loading in various solvents such as
alkali metal hydroxide aqueous solution in the blue-shaded region, ionic liquids with water in the
orange-shaded region, anhydrous ionic liquids in the gray-shaded region, and aqueous onium
hydroxide solution in the yellow-shaded region for cellulose II production. (Modified from Abe
et al. (2015))

posed by the viscosity of ionic liquids, aqueous onium hydroxides can be used.
Aqueous onium hydroxides are deep eutectic solvents and possess similar properties
to ionic liquids and complement the amphiphilic property of cellulose thereby
serving the purpose. Being an aqueous solution, onium hydroxides have a lower
viscosity and higher cellulose-dissolving capability. The most commonly used
onium hydroxides for cellulose II production are tetrabutylammonium hydroxide
(TBAH) and tetrabutylphosphonium hydroxide (TBPH; Alves et al. 2015; Wei et al.
2015; Abe et al. 2012, 2015; Chang et al. 2019).

1.3.2 Cellulose II as Feedstock for Biofuel Production

There has been a lot of work lately on the use of cellulose II as feedstock for
fermentable sugar and biofuel production. An overview of some of the reported
work is shown in Table 1.3. As can be seen, when cellulose II was utilized as the
feedstock, an enhanced yield of fermentable sugars or bioethanol was reported in all
the cases. These reports established the importance of cellulose II as a renewable
energy feedstock. Further sections in the chapter discuss the use of least-explored
heterogeneous photocatalysis for fermentable sugar or H, production from cellulose
polymorphs.
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Table 1.3 Use of cellulose II for fermentable sugar and biofuel production

Solvent used for
cellulose 1T
End use Feedstock production Key takeaway References
Fermentable Avicel PH-101, | 16.5 wt% aqueous Enzymatic hydro- | Mittal
sugar production | a-cellulose, cot- | NaOH at 25 °C lysis rate of cellu- | et al.
using Genencor | ton linters, and under a nitrogen lose II was twice (2011)
GC220 cellulase | cellulose atmosphere higher than cellu-
enzyme extracted from lose 1
preparation corn stover
Fermentable Corn stalk Pyrrolidonium- Higher fermentable | Ma et al.
sugar production based ionic liquids sugar yield with (2016)
using commercial at 90 °C cellulose 11
Aspergillus niger
cellulase
Fermentable Spruce wood Methylimidazolium- | Significantly Shafiei
sugar production | chips or powder | based ionic liquids higher fermentable | et al.
using mixture of and N- sugar and (2013)
cellulase and methylmorpholine- | bioethanol yield
p-glucosidase N-oxide at 120 °C from cellulose 11
enzymes and produced from
bioethanol pro- ionic liquids com-
duction using pared to other
Saccharomyces feedstocks
cerevisiae
CCUG53310
Fermentable Triticale straw Anhydrous and Increase in fer- Fu and
sugar production aqueous 1-ethyl-3- mentable sugar Mazza
using enzymatic methylimidazolium | yield with decrease | (2011)
hydrolysis acetate with varying | in water content in
amounts of water the aqueous ionic
liquid mixture
Fermentable Microcrystalline | Aqueous TBPH and | Increasing rate of | Pena et al.
sugar production | cellulose dimethyl sulfoxide hydrolysis and fer- | (2019)
using a mixture (DMSO) mixture mentable sugar
of cellulase and yield with decreas-
p-glucosidase ing crystallinity
index of cellulose
I
Fermentable Guinea grass 1-ethyl-3- Improved ferment- | Odorico
sugar and methylimidazolium | able sugar and et al.
bioethanol acetate bioethanol yield (2018)
production with cellulose 11

1.4 Cellulose Photocatalysis and Renewable Energy

Photocatalysis and photocatalytic technology has developed significantly since the
initial publications in the 1970s (Lyashenko and Gorokhovat-skii 1975; Inoue et al.
1979; Fujishima and Honda 1972) and, as a result, has now been deployed for a
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range of applications (Daghrir et al. 2013; Matsuoka et al. 2007; Van Gerven et al.
2007; Zhao and Yang 2003). The most commonly reported applications are in
environmental remediation, reactor design, chemical and materials synthesis, and
energy production. In particular, photocatalytic water and air treatments have devel-
oped rapidly over the past four decades and now represent the most commercial and
industrial application in the field. In contrast, photocatalytic energy production is yet
to achieve the same level of development; however, it remains as one of the most
desirable applications, which is primarily due to two key reasons. Firstly, one of the
initial publications on photocatalysis was by Fujishima and Honda in 1972, which
demonstrated water splitting over an irradiated TiO, electrode (Fujishima and Honda
1972). In addition, achieving photocatalytic energy production could have signifi-
cant impact on the global objective of increasing renewable fuel generation. As a
result, photocatalytic research into energy conversion, renewable energy, and more
recently bioenergy energy production has become extensive with the majority of
publications focused on H, generation (Matsuoka et al. 2007; Bahruji et al. 2010;
Col6n 2016; Liu et al. 2019a).

Regardless of the application, photocatalysis efficiency is dictated by the absorp-
tion of light at a suitable wavelength and subsequent generation of electron—hole
pairs. In an aerobic-water system, typically, hydroxyl and superoxide radicals are
formed, which drive the efficiency of environmental remediation applications such
as water and air treatments (Fig. 1.6a). Photocatalytic H, formation, however, is
faced with several additional challenges in order to achieve the same level of
efficiency. The primary challenges associated with a H, evolving system include
the selectivity of the process, electron—hole pair recombination and competition
between the back-reactions of H, and O,. To discuss these further and to show
how the field has evolved, photocatalytic H, systems can be broadly divided into
either water splitting (Fig. 1.6b) or sacrificial electron donor (SED) systems
(Fig. 1.6¢). In addition, Fig. 1.6d shows the equations that summarize the typical
reactions taking place in photocatalytic systems for both environmental remediation
and energy producing systems.

In water splitting, the key objective is for simultaneous photo-oxidation and
reduction reactions to take place, generating H, and O, under ambient conditions.
These systems, however, are often limited by both the rate of recombination and the
back-reaction of H, and O, to form H,O. In an attempt to suppress these limitations,
researchers will often operate in an inert atmosphere and deploy a photocatalyst
loaded with a metal co-catalyst, for example, Pt, Pd, Au, or Ni, to act as an electron
trap (Skillen et al. 2015). Even under these conditions, however, the unfavorable
thermodynamics of water splitting, due to a large change in the Gibbs free energy
with AG, = —238 kJ mol ', restricts the overall efficiency of the process. In an
attempt to overcome the stringent requirements associated with water splitting, SED
systems are often used. In a photocatalytic system, an SED can undergo an irrevers-
ible oxidation reaction that prevents recombination from occurring while also
supplying electrons and protons for the subsequent reduction reaction. While a
range of SEDs have been shown to be suitable, for example, alcohols and acids
(Chen et al. 2018; Skillen et al. 2016), the development of the field has seen a shift in
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Fig. 1.6 Typical photocatalytic mechanism that takes place in (a) environmental remediation, (b)
water splitting, and (c) sacrificial electron donor (SED); SED-based systems along with (d) the
equations that summarize the reactions. Processes shown include (i) formation of hydroxyl radicals
(OHpe) for both (a) pollutant and (¢) SED oxidation, (ii) formation of superoxide radicals (0,™), (iii)
O, formation from water splitting, and (iv) proton reduction to from H,. VB denotes valence band
and CB denotes conduction band

focus toward using more sustainable and green compounds. As a result, an increase
in papers reporting glycerol reforming to H, has occurred (Luo et al. 2008; Slamet
et al. 2017; Maurino et al. 2008; Bowker et al. 2008) and along with it, the use of
biomass or biomass-derived substrates such as cellulose (Caravaca et al. 2016;
Zhang et al. 2016a), lignin (Machado et al. 2000), and lignocellulose (Liu et al.
2019a; Kasap et al. 2018; Wakerley et al. 2017) has also increased. Recently, an
extensive review was published by Liu et al., which highlighted the growth of
photocatalytic conversion of lignocellulosic to H, and value-added products (Liu
etal. 2019a). Discussed in the subsequent sections are, what the authors feel, some of
the key publications within the field in relation to H, formation and biofuel gener-
ation. In addition, a more comprehensive overview of H, formation from cellulose,
lignocellulose, and raw biomass photocatalytic conversion has been tabulated in
Table 1.4.
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1.4.1 Photocatalysis of Cellulose I and Lignocellulosic
Biomass

While often described as an emerging topic, photocatalytic reforming of biomass to
H, was reported along with some of the earliest publications in the field (Lyashenko
and Gorokhovat-skii 1975; Inoue et al. 1979; Fujishima and Honda 1972). In 1980,
Kawai and Sakata demonstrated for the first time the evolution of H, from sugar,
starch, and cellulose using a RuO,/TiO,/Pt photocatalyst in a suspension of water
(Kawai and Sakata 1980). Interestingly, rather than producing a system that mim-
icked natural photosynthesis, as is often done with photocatalysis, the authors
developed one aimed at operating alongside it. The photocatalytic conversion of
sugar, starch, and cellulose to H, represented utilizing the carbohydrates produced
during photosynthesis via CO, fixation for the generation of a fuel. Furthermore, the
authors also suggested any CO, photocatalytically produced could be fed back into
plants or alternatively captured by NaOH to form Na,CO3; or NaHCOj3. The authors
referred to the process as photoinduced fermentation, which was considered an
alternative to traditional methods of fermenting sugar. Under optimum conditions
of 6 M NaOH and 4 = 380 nm with a 500 W Xe lamp, quantum yields of 1.5%,
1.3%, and 1.0% were obtained for the photocatalytic conversion of sugar, starch, and
cellulose to H,, respectively. Moreover, a quantum yield of 0.02% was obtained
when the photocatalyst was suspended in only water, to support that the formation of
H, was primarily occurring from the carbohydrates. Kawai and Sakata suggested
that the carbon chains of the carbohydrates were oxidized at the valence band leading
to H" and CO, formation, with H* then being reduced by electrons to form H, at the
conduction band. While the operating conditions could be considered to be unfa-
vorable with respect to the use of harsh chemicals and poor energy efficiency, the
paper did highlight the potential of photocatalysis for biomass conversion.

Despite the early report by Kawai and Sakata on photocatalytic reforming of
poly- and monosaccharides, it was a number of years before additional papers on
biomass reforming were published. Even though a lack of photocatalytic cellulose
reforming/degradation based papers in the literature were not seen, there was
significant interest in photocatalytic glucose conversion (Kim et al. 2015; Zhou
et al. 2017; Colmenares et al. 2011; Iervolino et al. 2018; Jin et al. 2017; Fu et al.
2008; Chong et al. 2014; Da Via et al. 2017; Iervolino et al. 2016). The majority of
these papers focused on photocatalysts in combination with typical metals such as
Pt, Au, Ni, and Ru (Zhou et al. 2017; Iervolino et al. 2018; Da Via et al. 2017) to
monitor H, formation, often as a comparison study to other SEDs. Given the
structure of cellulose, there is obvious merit in investigating the photo-reforming
of glucose as a model compound. Interestingly, however, very few of these papers
looked at either the mechanism that may have occurred or a comparison between
glucose, cellulose, and lignin. In this regard, Caravaca et al. (2016) looked at the
formation of H, via photocatalytic reforming of cellulose, glucose, and raw biomass.
Using a 0.2% Pt-TiO, catalyst, the paper demonstrated that the evolution of H, was
occurring by initial in-situ hydrolysis via glucose. In a comparison study, the
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Fig. 1.7 Proposed photocatalytic oxidation mechanism for cellulose conversion where (a) shows
products such as glucose, cellobiose, and formic acid detected by Zhang et al. (2016a), (b) shows
5-hydroxymethylfuran from glucose as observed by Speltini et al. (2014), and (c) shows other
typical oxidized products detected during glucose oxidation based on the literature (Kim et al. 2015;
Zhou et al. 2017; Colmenares et al. 2011; Jin et al. 2017; Fu et al. 2008; Da Via et al. 2017; Chong
et al. 2014)

reaction orders for both glucose and cellulose were derived to be 0.24 and 0.2,
respectively, which suggested that the initial stage of photocatalytic cellulose
reforming was hydrolysis to glucose, which was followed by the reforming of
glucose to eventually H, and a range of oxidation products. Similar findings were
also reported by Zhang et al. (2016a) and Speltini et al. (2014) in 2015 and 2014,
respectively, who performed a systematic study of H, evolution from cellulose.
Speltini and colleagues confirmed that the initial stage in the conversion process was
a TiO,-mediated hydrolysis step followed by glucose reforming, which identified
5-hydroxymethylfurfural (5-HMF) as an intermediate in the mechanism. Figure 1.7
shows a potential mechanism and illustration for photocatalytic cellulose reforming
based on the results obtained from literature.

Photocatalytic H, production has often been coupled with attempts to utilize solar
irradiation as a means to drive the process and achieve a sustainable method of clean
energy production. While challenging, a number of papers have reported solar-
driven photocatalysis across a range of applications including water disinfection
(Malato et al. 2009), air treatment (Giménez et al. 1999), CO, reduction (Varghese
et al. 2009), and H, production (Skillen et al. 2016). Achieving solar photocatalytic
reforming of biomass-based materials, however, represents an extremely favorable
approach to renewable energy production. Despite papers on photocatalytic biomass
conversion to H, being limited, many have already shown the potential to use solar
light activated photocatalysts (Wakerley et al. 2017; Speltini et al. 2014; Zhang et al.
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Fig. 1.8 Simplified structure of lignocellulosic biomass with a cellulose core and subsequent layers
of hemicellulose and lignin along with the representative chemical structure of each component

2016a). Work by Speltini et al. and Zhang et al. demonstrated the evolution of H,
from cellulose using Pt-TiO, under natural sunlight in Pavia, Italy (45°11'N,
9°09’E), and St Andrews, Scotland (56°20’N, 2°48'W), respectively. Both investi-
gations exposed reaction solutions containing cellulose and a catalyst to natural
unconcentrated light to achieve ~16 pmole H, formation over 6 h (Zhang et al.
2016a) and 33 pmole H, formation over 4 h (Speltini et al. 2014).

While solar-driven conversion of cellulose to H, is a significant advancement,
there is an argument to be made that using pure cellulose, that is, a-cellulose for
photocatalysis, is not a true representation of typical biomass composition. Ligno-
cellulose composed of lignin, hemicellulose, and cellulose (Fig. 1.8) is the most
abundant form of biomass and as such represents a compound that, if valorized,
could significantly contribute toward renewable energy production. Therefore, there
are now papers that have focused on the conversion of lignocellulosic material to H,
using typical visible light catalysts such as C3N, with a Ni co-catalyst (Kasap et al.
2018) and CdS (Wakerley et al. 2017). Wakerley et al. reported the conversion of
lignocellulose to H; using Cds/CdOy, which promoted both visible photon absorp-
tion via CdS and proton reduction and lignocellulose oxidation via CdO, (Wakerley
et al. 2017). Prior to Wakerley et al.’s publication, the majority of photocatalytic
cellulose reforming work focused on the use of TiO, and standard cellulose sub-
strates such as a-cellulose or microcrystalline cellulose, with only a few publications
using alternative biomass substrates such as grass (Caravaca et al. 2016) and rice
husks (Speltini et al. 2014; Lu et al. 2014). Alternatively, Wakerley and colleagues
deployed CdS that was coated with CdOx as a photocatalyst along with a-cellulose,
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Table 1.5 Tabulated results obtained by Wakerley et al. (2017) in their study on the photocatalytic
reforming of lignocellulosic material

Substrate Hydrogen (mmol
Substrate Material concentration gmt’l hh
Standard a-Cellulose 50 mg mL™" ~2.25
feedstocks Hemicellulose—xylan from 25 mg mL™! ~2.1
beech wood
Lignin 0.25 mg mL ™" ~0.25
Biomass Printer paper 50 mg mL~" ~1.1
feedstocks Cardboard ~0.75
Newspaper ~0.3
Wooden branch ~5.2
Bagasse ~0.3
Grass ~ 1.0
Sawdust ~0.75

All reactions were performed using 0.5 pM Cds/CdO, in 2 mL 10 M KOH at 25 °C in an anaerobic
atmosphere and were irradiated for 24 h using a 100 mW cm ™2 solar light simulator

hemicellulose, and lignin as standard starting materials and also a range of biomass
substrates such as a printer paper, a wooden branch, and sawdust. The H, yields from
each substrate have been summarized and are tabulated in Table 1.5, which shows
activity under simulated solar light. While relatively low yields of H, were achieved,
the impressive study did, for the first time, achieve photocatalytic conversion of raw
biomass substrates under solar irradiation.

The use of CdS as the photocatalyst by Wakerley et al. was an interesting material
choice. In the first instance, CdS is a favorable compound with a natural bandgap,
E,g, of 2.4 eV suitable for visible light activation, and has been proven to be active
for H, production (Yang et al. 2012b) and is relatively inexpensive. Moreover, as
lignin absorbs strongly in the UV region, typically around 300-400 nm, therefore
lignin is unlikely to “block”™ visible photons from reaching CdS. In contrast, TiO,,
which also absorbs strongly in the UV region, may have reduced activity due to
competitive photon absorption. Incidentally, this is a limitation that has rarely been
reported in the literature as to date there are limited examples of TiO, being used for
photocatalytic lignin conversion. One of the few other examples, which used lignin
as a feedstock, did so using a ZnO catalyst doped with C, N, and S to improve the
visible light absorption properties of the material (Kadam et al. 2014). Kadam et al.’s
study found that lignin degradation mildly enhanced the photocatalytic water split-
ting process. Despite the advantages of CdS, however, limitations associated with
the stability and photo-corrosion of the compound have been well documented
(Li et al. 2011; Fu et al. 2013). In addition, the valence band position of CdS ,
typically +1.9 V versus normal hydrogen electrode (NHE), does not support the
formation of OHe. For OHe to be formed, the position of the valence band has to be
more positive than +2.38 V versus NHE. OHe are important reactive oxygen species
that have been suggested as the primary radicals responsible for cellulose oxidation.
To overcome the limitations of CdS corrosion and valence band potentials,
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Fig. 1.9 Mechanism suggested to be taking place in the work by Wakerley et al., which used
CdS/CdOy to convert lignocellulose to both H, and oxidized product (Wakerley et al. 2017).
(Ilustration is based solely on information from the publication and is not a reprint)

Wakerley and colleagues performed reactions in a strong alkaline solution with 10 M
KOH, which promoted the formation of Cd(OH),/CdO, referred to as CdOy, on the
CdS surface. The formation of Cd(OH),/CdO structure suppressed photo-corrosion
with the catalyst displaying activity for over 6 days of irradiation. Interestingly,
however, the authors also suggested that in the absence of OHe production, the CdO,
structure was responsible for the oxidation of lignocellulose material. An OHe probe
molecule, namely terephthalic acid, was used to confirm that no OH radical forma-
tion occurred at pH 14 when CdS/CdO, was formed. Alternatively, direct hole
oxidation at the surface of the catalyst was suggested as the dominant oxidation
process. The presence of CdO, on the surface of CdS was suggested to promote
effective binding between lignin and the catalyst via a Cd-O-R ligand, which would
mirror the typical Ti-O-R bonds often reported during TiO, photocatalysis (Zhang
et al. 2014, 2016a). Detection of products such as CO;>~ and HCO, ", which were
expected to form from the continued oxidation of alcohol and aldehydes, released
from lignocellulose confirmed the hypothesis. An illustrative representation of the
proposed mechanism is shown in Fig. 1.9.

In H; evolving photocatalytic SED systems, the role of the donor molecule is to
undergo an irreversible oxidation, which subsequently supplies electrons/protons for
the reduction reaction while suppressing the rate of recombination. In the case of
cellulose, however, platform chemicals and biofuel feedstocks can potentially be
produced from the oxidation pathway. To date, the work by Zhang et al., which
demonstrated cellulose conversion under natural light, is one of the few publications
to report H, production coupled with liquid phase product formation (Zhang et al.
2016a). Following irradiation in an anaerobic environment, high-performance liquid
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Fig. 1.10 (i) Cellulose-TiO, composite material developed by Zhang et al. along with (ii) trans-
mission electron microscopy (TEM) images showing a layer of cellulose around TiO, patrticles (a—
¢) and (d) bare Pt-TiO,. (Reprinted with permission from Zhang et al. (2016a), copyright (2016),
The Royal Society of Chemistry)

chromatography (HPLC) analysis of the liquid phase showed the presence of
glucose, cellobiose, and formic acid within the concentration range of 0.25 to
~1.2 pmol. Furthermore, over seven experimental cycles, glucose was detected in
each, while cellobiose was only present in cycles 1-3 and formic acid only present in
cycles 4-7. The presence of liquid phase compounds could be attributed to the
method of deployment of cellulose in the study by Zhang and colleagues. In contrast
to previous work, which typically used a cellulose—catalyst suspension in water
(Speltini et al. 2014; Caravaca et al. 2016), Zhang et al.’s study developed a
composite material, which consisted of a thin layer of cellulose grafted to the surface
of TiO, particles (Fig. 1.10). The authors described the immobilization process as a
two-step procedure involving condensation of surface hydroxyl groups and forma-
tion of intramolecular H-bonds between cellulose strands and TiO,. The approach of
anchoring compounds to TiO, has been well documented and is ascribed to the
formation of a “Ti-ligand” between the catalyst surface and compounds that have
multiple hydroxyl groups (Zhang et al. 2014). The simultaneous production of H,
and oxidation products by Zhang et al. was a significant achievement and demon-
strated for the first time that photocatalytic cellulose reforming had a dual purpose—
for renewable energy generation and as a pre-treatment method to release feedstocks
for biofuel generation.

1.4.2  Photocatalysis of Cellulose 11

In a recent piece of work by Nagarajan, (via internal communication), cellulose II
was produced from microcrystalline cellulose by dissolution in TBAH and precip-
itation with distilled water. Heterogeneous photocatalysis with suspended TiO, P25
photocatalyst and both cellulose I and II as feedstock was performed as a batch
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Fig. 1.11 The stacked frame photocatalytic reactor used for fermentable sugar production from
cellulose polymorphs

experiment in a beaker. In such a system, approximately fivefold increase in
fermentable sugar production was observed upon photocatalysis of cellulose II
when compared to cellulose I. With periodic separation of products using dialysis
membrane bags, the cellulose II system produced 1.7 times higher fermentable
sugars than the cellulose I system. Nagarajan’s work was the first ever system to
have observed and quantified fermentable sugars from cellulose II photocatalysis
(Nagarajan 2017). The cellulose II production method used in the above process was
similar to the one recently reported by Chang et al. (2019).

To further enhance the fermentable sugar yield, a stacked frame photocatalytic
reactor (SFPR) was designed and used for the purpose. The design of the reactor has
been reported by Nagarajan et al. (2017b). A schematic of the SFPR is shown in
Fig. 1.11. With minor changes to the reported design, a separation chamber, sepa-
rated by a dialysis membrane, was also included that aided in periodical removal of
the produced fermentable sugars upon heterogeneous photocatalysis. The yield of
fermentable sugars from cellulose II, upon photocatalysis, increased by ~3.5 times
when compared to the aforementioned beaker system using the same feedstock.
Similarly, when the SFPR was operated with cellulose I as the feedstock, approxi-
mately four times improvement in yield was observed when compared to the beaker
system. Comparing sugar yields from cellulose I and I in SFPR, fermentable sugar
yields with the former was found to be ~1.5 times higher than that observed with
cellulose I feedstock. These results clearly indicate that cellulose II could be used as
a superior feedstock for fermentable sugar production and thereby bioethanol
production.

In the recent work by Chang et al., cellulose I and II were used as SEDs for
photocatalytic H, production (Chang et al. 2019). Pt loaded TiO, was used as the
photocatalyst and the reactions were performed in a novel propeller fluidized photo
reactor (PFPR) irradiated with low power light emitting diodes (LEDs). The effect of
type and concentration of starting cellulose polymorph, washed cellulose, and the
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respective filtrate on the rates and yields of H, production was determined. The rate
of photocatalytic H, production from cellulose II was 0.13 mmol min~' and was
over twofolds higher than that achieved with cellulose I at 0.05 mmol min~'. The H,
production with both the cases followed zero-order production kinetics. Lower
crystallinity, particle size, and wettability possessed by cellulose II were established
as reasons for higher H, yields. In addition to the previously mentioned study by
Nagarajan in 2017, the study by Chang et al. has also shown that a novel process
combining cellulose II and heterogeneous photocatalysis for fermentable sugars/
energy production is possible. With further work focusing on photocatalytic reactor
design and effective sugar separation, more exciting results could be achieved as
well as new potentials could be unlocked to tweak the process toward sugar
production or H, generation selectively.

1.5 Conclusion

While research on the utilization of cellulose as a feedstock for renewable fuel
generation via photocatalysis has yielded some exciting and promising results,
there are still some significant technical challenges that need to be overcome prior
to the process being upscaled and commercially viable. While there has been much
research on photoactive materials for photocatalysis for solar fuel generation, there
has been significantly less activity on development of reactor technology for
upscaling the process. Two of the key issues are the technical scalability and then
the economic viability of the upscaled process.

To date, the photocatalytic yields of both H, and other fuel precursors have been
low, at best in the pM range. For the first step in demonstrating a potentially viable
process, a demonstrator unit capable of generating a minimum of between 1 and
5 m’h~! would need to be achieved. In designing a process that is both technically
and economically viable, the following key factors are deemed important:

¢ Mode of photocatalyst deployment

* Photocatalyst distribution within the reactor

 Irradiation sources to activate the photocatalyst and light distribution character-
istics within the reactor

* Mass transfer of cellulose within the photocatalytic reactor

* Reaction kinetics of the photocatalytic cellulose breakdown process

* Separation of the “fuel” precursors

The issue about cellulose solubility is a particular problem as the effective
interaction of cellulose with the surface of the photocatalyst prior to reaction is
greatly hindered. As detailed above, approaches such as ball milling prior to reaction
have enhanced reaction yields but these are still relatively small. Other solvent
systems will need to be investigated in detail; however, organic solvents also have
problems as the photocatalyst may start preferentially reacting with the solvent rather
than the cellulose. Effective visible light activated photocatalysts would probably be
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a requirement for being economically viable. Over the past 25 years, there has been
extensive research on visible light activated materials; however, to date the perfor-
mance of visible light photocatalysts still falls short of UV-activated materials such
as Evonik P25 TiO,. If UV materials are to be utilized, significant advances
happening in UV LED technology over the past decade have to be exploited,
which of course would require less power. Once the technical challenges of produc-
ing a large-scale reactor have been overcome, there are still issues that need to be
addressed to demonstrate that the process is also economically viable. Energy
balance needs to be established to demonstrate that there is more energy being
generated from the process than is being put in to generate the fuel. In addition,
demonstration of the cost per kWh of the fuel produced must be competitive with
alternative systems. Finally, a practical life cycle analysis (LCA) model will have to
be established for the photocatalytic process to provide an effective understanding of
the economic and environmental impacts of the complete process for photocatalytic
valorization cellulose. This is also not an inconsiderable challenge as there are
currently a lack of LCA models for photocatalytic renewable energy production.

Systems for generating fuels based on semiconductor photocatalysis for renew-
able energy generation not utilizing cellulose also face these challenges despite
being extensively researched for over the past 40 years for the reduction of water
to H,. To date there are still no larger-scale commercial systems. One example of a
larger-scale system that is being developed is the ARPChem project that involves
Professor Domen’s group at the University of Tokyo and a number of industrial
partners including Mitsubishi Chemical, Mitsui Chemical, Sumitomo Chemical, Fuji
Films, Inpex, and TOTO, which started in 2012 (Yamada and Domen 2018). The
aim of the ARPChem project is to establish an artificial photosynthetic plant by
2030. Some further interesting examples of larger-scale applications of solar H,
generation have been considered in a recent review by Liu and Xu (Liu et al. 2019b).

Overall, the chapter has emphasized on the growing interest within the research
community on the utilization of cellulose and lignocellulosic materials as feedstock
for photocatalytic fermentable sugar and H, generation. Furthermore, the authors
believe that cellulose II utilization could provide a favorable way forward in
combination with photocatalysis. The goal of the chapter is to instigate interest
among the readers on the potential of heterogenous photocatalysis as a cellulose
breakdown method. With huge gaps in the polymorph pre-processing, reactor
design, challenges in light distribution, and product separation, there is scope for
improvement in each of these areas with additional future research.
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Abstract As long as the energy consumption is intended to be more economical and
more environment friendly, electrochemical energy production is under serious
consideration as an alternative energy/power source. Among different energy/
power storage devices, lithium-ion batteries (LIBs) are currently the best commer-
cially available devices. However, there are safety issues to be investigated even
when it is operating at room temperature since there have been various incidents
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reported. From that point of view, effective research has been going on to develop
LIBs that are viable to operate safely at higher temperatures. In the search for better
cathode materials for LIBs, researchers have been investigating a new class of iron-
based compounds called polyanions such as (SO4)27, (PO4)3,7 or (AsO4)37. Ortho-
rhombic LiFePO, (LFP), which has an ordered olivine structure, has attracted partic-
ular interest due to its high-power capability, non-toxicity, and thermal stability. This
material has relatively high theoretical capacity of 170 mAhg ' when compared with
other cathode materials. The major drawbacks of the lithium iron phosphate (LFP)
cathode include its relatively low average potential, weak electronic conductivity,
poor rate capability, low Li*-ion diffusion coefficient, and low volumetric specific
capacity. Hence, this chapter clearly emphasizes the role and progress of LFP as
efficient cathode material for LIBs and their ways to overcome the existing drawbacks
which include the optimization of their synthesis methods, controlling the diffusion
rate, and modification strategies. The use of conventional electrolytes with LFP caused
iron dissolution on the cathode surface, which catalyzed the electrolyte decomposi-
tion, which then contributed to the formation of thick obstructive solid electrolyte
interphase (SEI) films. Use of electrolyte additives is one of the most effective
methods to protect against LiFePO, dissolution. The thermal stability of these mate-
rials can be accounted by the high Li* ion diffusion rate and the electron transfer
activity. Even at elevated temperatures up to 340 °C, charged LFP and electrolyte
didn’t show any kind of chemical reactions, which makes this material thermally more
feasible than other cathode materials like LiCoO,, LiNiO,, and LiMn,Oy.

Keywords Lithium ion batteries - Lithium iron phosphate - Carbon nanotube -
Graphene - Cathode materials - Charge—discharge - Cycling stability

List of Symbols and Formulas

(AsO,)* arsenate ion

(PO4)3_ phosphate ion

(S04~ sulfate ion

AlL,O3 aluminum oxide

C,H, acetylene

CH;COOLi lithium acetate

CuO copper oxide

Fe,P iron phosphide
Fe(CH3;COO,), iron acetate

FeC,0, ferrous oxalate

FeOCl iron oxychloride
FeOOH ferric oxyhydroxide
FePO,4 iron phosphate
FePO4(H,0), iron phosphate hydrate
FePS; iron phosphorus sulfide
HCI hydrogen chloride

Li,CO;

lithium carbonate
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Li4Tis0q» lithium titanium oxide

LiCoO, lithium cobalt oxide

LiF lithium fluoride

LiFePO, lithium iron phosphate

LiMn,O4 lithium manganese oxide
LiNipsMngsO,  lithium nickel manganese oxide
LiNiMnCoO, lithium nickel manganese cobalt oxide
LiOH lithium hydroxide

MgO magnesium oxide

NH4H,PO, ammonium dihydrogen phosphate
SiO, silicon oxide

71O, zirconium oxide
Abbreviations

1-D one-dimensional
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CNS carbon nanospheres
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Cuo copper oxide

CVD chemical vapor deposition
EG ethylene glycol
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HEV hybrid electric vehicle

LCO lithium cobalt oxide

LFP lithium iron phosphate

LIB lithium ion batteries

LTO lithium titanium oxide
MWCNT  multi-walled carbon nanotubes
PAN poly (acrylonitrile)

PEG polyethylene glycol

Ppy polyvinyl pyrrolidone

PVA polyvinyl alcohol

PVDF polyvinylidene difluoride
rGO reduced graphene oxide

SEI solid/electrolyte interphase
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SWCNT  single walled carbon nanotubes
TEM tunneling electron microscope
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List of Units

Ag! Ampere per gram

C C- rate

cm?s™! Centimeter square per second
°C Degree Celsius

eV Electron volt

gmol™'  Gram per mole

h Hours

kW kg~'  Kilo watt per kilogram

m’g Meter square gram

mAh g~'  Milli ampere hour per gram
mA g! Milli ampere per gram

nm Nanometer

Q Ohm

Scm™! Semen per centimeter

v Volt
Whkg™'  Watt hour per kilogram

2.1 Introduction

Today’s world is at a turning point where there is a decline in resources that leads to a
new scenario in energy consumption. It is essential to find a suitable substitute that
can ensure the surveillance of our wealth and development on long-term basis in
order to face the run out of fossil fuel energy sources. In spite of careful consider-
ation given to renewable energy over the non-renewable energy, their production
and efficiency cannot be guaranteed, so effective storage of energy from these
sources is important. Fuel cells, supercapacitors, and batteries are some of the
important energy storage systems under research. Among them, batteries attract
greater interest due to their efficiency and portability. So, batteries have an indis-
pensable role in our daily life. They can be connected in series to get high voltage
and parallel to get high current, and that is the wonder behind the battery technology.

The range of current batteries extends from non-rechargeable alkaline batteries to
rechargeable lithium ion batteries (LIBs) and among these LIB technology currently
attracts great interest owing to the electric vehicle revolution, because compared to
other energy storage devices Li*-ion technology could serve as most effective power
source for the automotive vehicle that can replace most of the gasoline technology
(Ruska and Kiviluoma 2011; Cano et al. 2018). LIBs have an excellent combination
of power as well as energy density. The lowest reduction potential of Li*-ions that
authorizes highest cell potential, gravimetric and volumetric capacity as well as
power density are the direct results by of the light weight and smallest ionic radii.
Apart from this, the low self-discharge and lack of memory effect make it promising



2 Lithium Iron Phosphate (LiFePO,) as High-Performance Cathode Material. . . 39

Electrolyte Current collectors

Fig. 2.1 Schematic representation and operating principles of Li-ion batteries including the
movement of ions between electrodes during charge and discharge states

candidate over other battery technologies such as lithium cadmium batteries (Li-Cd),
nickel metal hydride battery (Ni-MH) (May et al. 2018). Also for these systems
priming is not required. Low maintenance, low self-discharge (<5% for a month),
and availability in varieties of shapes and sizes make LIBs superior over any other
types of battery systems (Lu et al. 2013; Blomgren 2017).

An efficient and safer LIB was developed and commercialized after the successful
safety test in 1985 by Akira Yoshino. At that time, he used lithium as the anode and
vapor phase grown carbon fiber as the cathode material (Goodenough 2018). The
typical schematic representation of lithium ion battery is given in Fig. 2.1. For
efficient battery storage, an ideal cathode and anode are still remaining as a desire
for the researchers. The first intercalation material discovered was titanium disulfide
(TiS,) by Wittingham in 1975 (Whittingham 2012). But severe issues were related to
cathode materials that produce lithium dendrite along with the metallic lithium
anode and the titanium disulfide, which was expensive as well as forms hydrogen
sulfide on exposure to air, which creates environmental issues (Whittingham and
Gamble 1975). After that there comes the desire for an intercalation cathode material
with higher intercalation potential of about >3 V.

The discovery of lithium cobalt oxide (LiCoO, simply LCO), the layered material
as the cathode, by John Goodenough and Koichi Mizushima made a leap and it is
known as the heart of LIBs. An intercalation compound is a type of material that is
able to accommodate the guest Li*-ions in its layers and it can easily release the Li*-
ions when needed. LCO was the most successful layered transition metal oxide
cathode commercialized by SONY in 1991 and still it is used in many commercial
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LIBs (Mizushima et al. 1981; Goodenough 2018). LCO exhibits high specific
capacity (272 mAhg~") and high theoretical volumetric capacity (1363 mAhcm ).
The high cost of cobalt made LCO expensive and as a toxic material it poses
environmental issues. Low thermal stability and fast capacity fade are another issues
associated with LCO. The major issue associated with the LIB is the thermal runway
during their application that is evident from the issue that led to the grounding of
Boeing 787 airplanes in 2013, and explosion of electronic gadgets such as Samsung
Note 7 (2017) and Samsung edge (2018) (Naoki et al. 2015). Several reports on
electric vehicle explosion were reported worldwide. Chevrolet Volt was blasted
while subjected to crash test in 2011. In 2013, Tesla Model S caught fire at
Washington highway which was reported to be the worst case of explosion since
the fire was inextinguishable with water. Later it was examined that dry fire
extinguishers were found effective in putting out fire. In subsequent months, several
incidents on explosion of Tesla model S were reported in Europe. This was also a
reason for exploring new and efficient materials as cathodes. Lithium nickel oxide
(LiNiO, simply LNO) was considered as an alternative with similar structure of
LCO, low cost but not efficient, because it has the tendency to replace Li*-ion sites
and thereby blocks the lithium diffusion. Continuous efforts led to the development
of a new cathode material, lithium manganese oxide (LiMn,O,4, Li,MnO;5 simply
LMO) in 1983, but still the tendency of the material to change structure from
intercalation type to spinel during lithium extraction was a serious issue. This
Jahn-Teller deformation reduces the capacity irreversibly on repeated cycling
(Padhi 1997). After that, different intercalation type cathodes were developed,
such as lithium nickel manganese oxide (LiNigsMngs0O, simply NMO), lithium
nickel cobalt manganese oxide (LiNiMnCoO,, simply NMC), lithium titanate/lith-
ium titanium oxide (Li4TisO;, simply LTO), that satisfactorily performed compared
to the former.

2.1.1 Emergence of Lithium Iron Phosphate

The limitations of reported intercalation cathodes motivated the investigation for
new type of cathode materials, out of which iron-based compounds were widely
accepted owing to their properties. Initially studied compounds were iron phospho-
rus sulfide (FePS3), iron oxychloride (FeOCl), and ferric oxyhydroxide (FeOOH),
which exhibited low discharge voltage, and they were found to be inadequate as
cathode materials. The research was then focused on compounds containing
polyanions such as (S04~ (PO4)*~, or (AsO,)*~ (Padhi 1997; Takahashi et al.
2002). The use of lithium iron phosphate (LiFePO, simply LFP) as cathode material
in LIBs was first proposed by Akshaya Padhi, John Goodenough and his co-workers
in 1996 (Padhi 1997; Rao 2015). It was the first ever reported cathode material with
lower cost and abundance compared to LCO. It is olivine structured material with
combination of plenty of Fe and covalent (PO4)*~ units with fixed number of oxygen
(Nishimura et al. 2010).
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The major reason for the market acceptance of LFP is its superior properties such
as thermal stability, safety, and specific capacity; however, it possesses certain
drawbacks such as poor electronic conductivity and capacity retention under con-
tinuous charge—discharge cycling, especially at higher C-rate. While considering the
safety aspects of LIBs, compared to small portable devices, the chances of catching
fire is severe in electric vehicles (EVs), but the phosphate containing cathodes
provide good thermal stability, so that it is able to withstand high temperatures
and primarily stable during overcharged and short-circuiting conditions. Charging of
LIB is also crucial above 4.7 V, since the formation of oxidative products or lithium
deposition at high potential. So the choice of phosphate containing cathodes, such as
olivine structured LFP, is completely safer even at high potential that it produces
ferric oxide as the oxidative product, which is much more stable (Saw et al. 2014).
Apart from this, LFP is the cathode material that provides low toxicity, flat potential
during charge—discharge cycling process, and it provides high specific capacity.
Also, LFP exhibits theoretical energy density of about 550 WhKg™". It exhibits a
theoretical specific capacity of 170 mAhg™~"'. So, the choice of LFP as the cathode
material is even more satisfactory while considering the electrochemical perfor-
mance as well as safety aspects of LIBs (Yang et al. 2002). Hence recent studies
of cathode materials are mainly focused on LFP containing polyanions such as
(S04)*™, (PO4)*~, or (AsO,)*~ (Padhi 1997). However, deterioration in capacity
with cycle life and intolerance in high current is a problem with this material, so
different studies are ongoing in order to meet excellent electrochemical properties
and to reach extreme temperature performance (Dhindsa et al. 2013a; Lung-Hao Hu
et al. 2013).

2.2 Synthesis of Lithium Iron Phosphate

Synthesis methods of LFP can be divided broadly into two types, mainly solid-state
methods and solution phase methods. Solid state methods include solid phase
synthesis, mechano-chemical activation, carbothermal reduction, and microwave
heating, that usually results the formation of powder state LFP. Solid state synthesis
is the conventional method for the synthesis of LFP. LiF, Li,CO;, LiOH-2H,0,
CH;COOLi, etc. are used as lithium sources, FeC,04-2H,0, Fe(CH5COO,),, and
FePO4(H,0), are used as the iron sources, and NH,;H,PO, and (NH4)2HPO, are
used as the phosphorus sources. The process takes place at extreme condition that
results in the formation of non-crystalline particle in non-crystalline form. Islam
et al. (2015) synthesized LFP by solid state method using low cost material. In
mechano-chemical activation method (Bagc1 and Akyildiz 2018), as its name indi-
cates, mechanical activation is done in order to enhance the chemical reaction and it
results in the formation of smaller particles with high activation energy. In compar-
ison with solid state methods, carbothermal reduction method produces fine LFP
particles with uniform particle morphology and high capacity. Microwave heating
(Park et al. 2003) includes heating of the material by making use of microwave
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energy, hence it is more productive and less energy consuming process. Solution-
based techniques get much attention compared to solid state method, because it
results in small particle size, more uniform particle size distribution, higher purity,
and better electrochemical performance. Hydrothermal synthesis, sol-gel synthesis,
spray pyrolysis, and co-precipitation are the widely used solution techniques for the
production of LFP.

During the hydrothermal synthesis of LFP (Qin et al. 2010), pure platelets are
formed. It is the simple, clean, and low-cost method widely used, which involves the
boiling of a solution of precursors above the boiling point of water, typically 150 °C.
It is the synthesis method that enables more control over the particle size and particle
size distribution. Normally hydrothermal synthesis is a high energy consuming
process. Benedek et al. (2017) introduced a low temperature hydrothermal process
with the use of high concentration of precursors. They produced LFP platelets with
(010) dimension and practical capacity of 150 mAhg~'. For the preparation of nano
LFP, a hydrothermal synthesis via solution stirring is employed, that results in
cathodes with good capacity retention (Gariépy et al. 2012).

Sol-gel synthesis involves the formation of a sol, which get converted in to gel
that consists of interconnected rigid skeleton with pores, made of colloidal particles.
It is a low-cost process that doesn’t require any high temperature conditions. It
results in phase pure LFP with uniform morphology and good control over the
particle size as well as it is possible to induce in situ carbon coating using suitable
precursor or solvents (Yang and Xu 2004). LFP synthesized using a natural iron
stone precursor along with Li,CO3 powder and NH,H,PO, powder with dilute HCI
as solvent exhibit an electronic conductivity of about 4.56 x 10~ Sem™', which is
six times greater than that of pure LFP (Angela et al. 2017).

Ultrasonic spray pyrolysis is the effective method that results in the formation of
ultra-fine particles with narrow size distribution. It involves the formation of con-
tinuous droplets from a solution containing precursor colloids. The process starts
with spraying of solution of mixed precursor in the form of droplets to the pyrolysis
furnace followed by calcination at high temperature (Yang et al. 2006). LFP/C
composite that is prepared by the same method exhibits a first discharge capacity
of 140 mAh g~ ' at 0.1 C, and excellent cyclic performance (Konarova and
Taniguchi 2008). Effect of carbon precursors on LFP/C composites shows that
sucrose is one of the best carbon precursors for LFP in ultrasonic spray pyrolysis
(Kashi et al. 2018).

Co-precipitation method forms LFP well-crystallized powders by mixing lithium
and phosphate compounds in a mixed precursor solution. Co-precipitated slurries are
then filtered, washed, and dried (Huang et al. 2013). Depending on the precursors
and other processing conditions, the size of LFP can be varied from nano to micro
size (Li et al. 2009; Ding et al. 2010). An environmentally benign co-precipitation
method was introduced by Swider et al. (2014) by synthesizing technical grade
reagent in ethylene glycol (EG) medium at an anhydrous environment that results in
pure fine nano powder of LFP. But using ethylene glycol in aqueous solution for one
step co-precipitation method results in the formation of LFP with excellent electro-
chemical properties (Wang et al. 2013).
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2.3 Approaches for Property Enhancement

The major target of the research on LFP cathode was to improve the electronic
conductivity of this active material. For achieving the required level of electronic
conductivity several methods were chosen for modification of the structure and
morphology of the LFP. Carbon coatings, doping with metallic impurities,
constructing 3-D network frames with conducting materials such as carbon
nanotubes, and graphene and particles size reduction or increase in the available
active surface area for the electrochemical reaction are the important methods
reported to improve the properties of LFP. The major refinements reported are
discussed in detail. The enhancement of property is observed due to the formation
of a conducting surface film, incorporation of the metallic impurities, addition of
some metal dopants, formation of 3-D conducting channels, etc. But the problems
with some of the dopants are that due to low solubility of dopant that they get located
over the lithium site and they block the diffusion of Li*-ion (Fig. 2.2).

2.3.1 Carbon Coating

Carbon coating is considered as one of the simplest and powerful method to improve
the electronic conductivity of LFP. The carbon coating was first proposed by
Armand and his co- workers (Li and Zhou 2012). During the carbon coating,
pyrolysis of an organic substance over the LFP occurs, which creates a reducing
atmosphere that may result

in the formation of secondary phase, which enhances the electronic conductivity
and enables to achieve a practical capacity value of 170 mAhg_1 (Saroha and
Panwar 2017). Carbon coating helps to inhibit the aggregation of nano particles
and thereby provide the passage for Li*-ions, as well as the inter and intra particle

FeO; octahedron

) Li*ions

@ Dopingion

PO, tetrahedron

Fig. 2.2 The schematic representation on diffusion of Li by obstruction of the channels, which
degrades the electrochemical performance. (Modified after Julien 2017)
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electronic conductivity. A thin layer of carbon was coated on nanosized LFP by
pre-calcination and vacuum deposition process, which results into uniform particle
size distribution, prevention of particle agglomeration, and inhibit the grain growth
(Huang et al. 2017). In industrial scale, a high-performance carbon coating in
achieved by coating 90 nm thick particle covering with 3 nm thick carbon coating.
Carbon derived from different sources was used for coating process. Orange peel
was introduced during the modified mechanical activation process. This carbon-
coated LFP exhibits a high discharge capacity of about 147.3 mAhg ™", which is 87%
of the theoretical capacity at 0.5 C-rate (Kim et al. 2019).

A soft and hard carbon coating on LFP was prepared by using asphalt derived and
glucose derived carbon and the electrochemical performances were evaluated. The
variation study shows that the electrochemical property of soft carbon-coated LFP is
greater than hard carbon-coated LFP. Asphalt is a good carbon precursor that could
form uniform and denser carbon layer and thereby improve the Li* diffusivity across
the electrode—electrolyte interface as well as improve the electronic conductivity
(Jiang et al. 2017). Acetylene gas is another precursor which is employed to
introduce carbon coating on LFP via in situ pyrolysis. The C,H, treatment on LFP
for 10 min shows excellent capacity at all C-rate studied (0.1-10 C) as well as
superior rate performance (Saroha and Panwar 2017).

Among the different processes employed for the synthesis of carbon-coated LFP,
an effective method for carbon coating was proposed by Wang et al. (2011). They
produced nanosized LFP with carbon coating using FePO, as the iron source and
polyvinyl alcohol (PVA) gel as the carbon source. The best film forming property of
PV A makes a uniform film coating over the LFP particle after it gets mixed with the
FePO, in ball mill, and during calcination it perfectly gets transferred into the
uniform carbon coating. Electrospinning was also proposed as an effective method
to grow LFP/C nanofibers. Poly (acrylonitrile) (PAN) is one of the carbon sources
that provides the carbon coating during electrospinning. It offers a large surface area
to volume ratio and provides a capacity value of 162 mAhg ' at 0.1 C-rate. It is a
better performance compared to other LFP/C nanofibers and the carbon content in
the coating is found to be about 10 wt.% (Shao et al. 2013; Lin et al. 2014; Qiu et al.
2014a). The morphology of LiFePO4/C composite synthesized at different mole
ratio is depicted in Fig. 2.3. The variation in molar concentration was achieved by
changing the precursor concentration in LiH,PO4/FeCgHsO; of mole ratio 1.0-1.3
with regular increment of 0.1, out of which 1.3 mole ratio showed superior perfor-
mance. Apart from this, the composite exhibits superior electrochemical perfor-
mance than commercial LFP (Fig. 2.4) (Qiu et al. 2014b).

Hydrothermally synthesized LFP nano rods that are coated using sucrose precur-
sor exhibit a capacity value of about 173 mAhg " at 0.1 C, which is greater than the
theoretical value. This excellent improved property is due to the reduction of the
lithium path along the (010) direction which is most favorable for Li* diffusion (Bao
et al. 2017). Solution deposition followed annealing is also employed for the
formation of carbon-coated LFP nanostructures, which showed that annealing over
700 °C results in the reduction of LiFePO, to FePO,. The reduction from LiFePO, to
FePQ, is favorable for the enhanced electronic conduction (Zhu et al. 2014). Apart
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Fig. 2.3 TEM images of LiFePO,/C composite nanofibers prepared using LiH,PO4/FeCcHs0,
ratio of 1.3 with different magnifications. (Reprinted with permission of Elsevier from Qiu et al.
2014b)

from the effect of carbon layer formed on the active material (LFP) during carbon
coating, the role of interface conductivity between carbon-coated LFP particle and
carbon-coated current collector were studied. In this study, LFP prepared by sol-gel
method and a nanosized thin layer of carbon was coated on the active materials and
the electrode was fabricated on carbon-coated aluminum which produces highly
distorted carbon at the interface. The sample containing more sp> hybridized carbon
exhibits superior electrochemical properties over sp> hybridized carbon. This is due
to the large polarization effect during the charge—discharge cycle (Swain et al.
2015).

2.3.2 Metal-Metal Oxide Coating

Among the different approaches introduced for the enhancement of rate capability
and power density of LIBs, particle size reduction and carbon coating get much
attention by the battery technologists; however, carbon coating cannot ensure a
complete uniform coating on the active surface of LFP particles. When there is a
barrier for the movement of electrons, the intercalated Li*-ions remain as such and it
will create polarity in the electrode. For different active cathodic materials such as
LCO and LTO. different metal coatings like MgO, ZrO,, Al,O3, and SiO, were
effectively employed in order to improve the electronic conductivity (Zhao et al.
2017).
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Fig. 2.4 (a) Charge/discharge curves of LiFePO,/C composite nanofiber samples prepared using
different mole ratio of LiH,PO,/FeC¢Hs07: (p) 1.0; (q) 1.1; (r) 1.2; (s) 1.3. (b) Capacity of
commercial LiFePO, and LiFePO,/C composite nanofibers at different discharge rate of 0.1, 0.5,
and 1 C. (Cell configuration: LiFePO,/C composite nanofibers/Li cells). (Reprinted with permission

of Elsevier from Qiu et al. 2014b)
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a

LiFePi,

Fig. 2.5 Schematic representation of LiFePO, particles: (a) partially coated with carbon, (b)
designed ideal structure of LiFePO, particles coated with an integrate nanolayer, (¢) HRTEM
images of the CuO/C-LFP. (Reprinted with permission of Elsevier from Cui et al. 2010)

In LFP, nanosized CuO and carbon are together employed for coating, and this
nano CuO cover up the incomplete carbon layer network and forms a metallic nano
layer over the surface of LFP (Fig. 2.5). CuO coating was carried out with chemical
vapor deposition and it results in the formation of an integrated and continuous
conducting metallic layer on the active material. Compared to carbon-coated LFP,
this system exhibits improved discharge capacity, 125 mAhg ™' (Cui et al. 2010).
Another study of LTO modified carbon-coated LFP shows that compared to simply
carbon-coated LFP, modified carbon-coated LFP exhibits high cyclic stability even
when the cell was operating at a higher temperature like 55 °C. A solid-state method
is employed in order to synthesize LFP/C powder and 1-5% LTO was applied by
using the spray drying process. Compared to LTO coated LFP, pristine LFP shows a
decline in cycling stability and about 3 wt.% LTO was optimized for the best
electrochemical properties of LFP (Yang et al. 2015).

In the carbon-coated LFP, a spherical phase growth is observed which completely
differs from that of pure matrix phase and this growth was reported to be owing to
the formation of a conducting Fe,P phase which was first reported by Herle et al.
(2004). The report also examined the influence of carbon coating for the formation of
Fe,P phase and the layer formed is controlled by the size, temperature, and annealing
atmosphere of LFP (Liu et al. 2018).

Formation of a uniform carbon layer over LFP increases the Li" diffusion and
electronic conductivity. SiO, is a non-metallic oxide that improves the structural
stability of the LFP/C by insulating the LFP surface effectively from the electrolyte.
An improved structural stability and reduced interfacial resistance increase the Li*
diffusivity (Li et al. 2011). Similarly zinc oxide (ZnQO) coating is also employed
which greatly helps to attain the high reversible capacity (about 90% of that of
theoretical capacity of the active material), when cycled between 2.5 and 4.2 V. ZnO
coating by freeze drying method also showed an enhanced electrochemical perfor-
mance of LFP, which is assigned to the semiconducting nature of ZnO.
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2.3.3 Composite Electrodes

The fabrication of composite electrodes was another major modification approach
carried out in LFP in order to enhance the conductivity and efficiency of the
electrode in LIBs. It can be done by coating of the surface of LFP via chemical or
physical route.

Lithium Iron Phosphate-Carbon Nanotube Composite Cathode

Discoveries of very stable nanometer size sp> carbon bonded materials such as
fullerenes, nanodiamonds, carbon nanotube (CNT), and graphene are enhanced the
research in nanocomposites. A new era in carbon materials begins with the discovery
of Buckminster Fullerene’s family (Bucky Balls) (Kroto et al. 1985) at Rice Uni-
versity, United States in the mid of 1980s, followed by the discovery of Fullerene
nanotubes (Bucky tubes by Sumio [ijima and Ajayan Pulickal) (Iijima et al. 1992),
and large scale synthesis of carbon nanotubes by Ajayan and Ebbesen (1992). CNTs,
the allotrope of carbon, having a seamless tubular structure, are dimensionally and
structurally different from other allotrope of carbon like graphite, diamond, fuller-
ene, and graphene. These are one-dimensional (1-D) materials having very high
aspect ratio (length to diameter ratio) of up to 132,000,000:1, significantly larger
than for any other nanostructured materials. They can be thought of as one atom
thick flexible sheets of carbon called graphene, rolled up at specific and discrete
(chiral) angles into a long and hollow structures basically categorized into two:
(1) single walled carbon nanotubes (SWCNTs)—this can be visualized as cylinder
composed of a rolled up graphene nanosheets around a central hollow core;
(i) multi-walled carbon nanotubes (MWCNTS). It consists of more than one
graphene layers, that is held together by Van der Waals forces between adjacent
layers and folded as hollow cylinders (Salem et al. 2003). The combination of rolling
angle and radius decides the properties of CNTs, for instance, whether the individual
nanotube shell is metallic, semiconducting, or insulating in nature (Fig. 2.6.).

The way graphene nanosheets are rolled can be described by a pair of indices (n,
m), where n and m represent number of unit vectors along the two directions of
hexagonal crystal lattice of graphene. The chirality of CNTs is defined by chiral
vector, C;, = na; + ma, when m = 0, CNTs have zig-zag structure for n = m arm
chair structure, and if both conditions are not satisfied, it is classified as chiral
(Thostenson et al. 2001). The electronic property of CNTs greatly depends on the
chirality. For a given pair of indices (n,m), if (2n + m) is a multiple of 3, then the
CNTs are metallic in nature, otherwise semiconductor. Figure 2.6 depicts
(a) SWCNT, (b) MWCNT, and (c) their unit vectors. The (n,m) nanotube naming
scheme can be thought as a vector (C;,) in an infinite graphene sheet that describes
how to “roll up” the graphene sheet to make the nanotube. T denotes the tube axis, a;
and a, are the unit vectors of graphene in real space.
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(n,) armchair

Fig. 2.6 Schematic illustration of (a) SWCNT, (b) MWCNT, and (c) its unit vectors. The (n,m)
nanotube naming scheme can be thought of as a vector (C;) in an infinite graphene sheet that
describes how to “roll up” the graphene sheet to make the nanotube. T denotes the tube axis, and a,
and a, are the unit vectors of graphene in real space. (Modified after Jabeen et al. 2015)

The characteristic electronic and electrochemical properties of CNTs are being
identified as an ideal material for energy storage devices such as batteries,
supercapacitors, and fuel cells. Among these devices, considerable number of efforts
are being reported to make composite electrodes with lithium transition metal oxides
such as LCO and LFP. for the development of high-performance LIBs. Due to the
p-orbital overlap in metallic CNT chiralities, easy conduction of electrons can occur
via barristic transport (i.e., the electrons can transport with mean free path on the
order of microns along the length of nanotube unless scattered by a defect). This type
of property exceptionally improves the specific capacities, C-rate performance, and
cyclic stability when used as an additive with active materials, particularly in
conjunction with the poor transport inherent to cathode materials like LFP.

The large specific surface area, good transport properties, and cage like more
accessible structure of CNTs for Li insertion are useful for the development of high
performance and flexible electrodes for LIBs. Recent literature shows the ability to
maintain about 10% improvement in reversible capacity at low rates up to 3 C-rate
for LCO and 5 C-rate for LFP (Landi et al. 2009). For any cathode material,
intercalation of ion and electron transport properties are very critical for high
performance. Carbon nanotubes exhibit very high electrical conductivity in axial
direction, and due to their particular structure, free electrons are distributed in the
surface of CNTs, which help them displace randomly (Jin et al. 2008). A novel
network made from LFP particles mixed with CNTs is being studied for high rate
capabilities. The networks consisting of CNTs interconnect the LFP particles, which
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Fig. 2.7 Electrochemical impedance spectra of cathodes: (a) Non- modified LiFePOy, (b) Non
modified LiFePO,, (¢) CNTs-modified LiFePO,, (d) CNTs-modified LiFePO,. (Reprinted with
permission of Elsevier from Chen et al. 2010)

effectively enhance the electron transfer between the active material and current
collector. The impedance slope of LFP/CNT composite studied by using electro-
chemical impedance microscope is very high, indicating enhanced electrochemical
activity of LFP due to CNT network (Fig. 2.7). When comparing the non-modified
LFP and CNTs-modified LFP, the resistance of charge transfers at high frequency
drops sharply in all states. This shows that the state of charge has null effect on
charge transfer resistance. From this, it can be concluded that CNTs have immense
role in accelerating the charge transfer. There is a spontaneous increase in the charge
transfer resistance from the state of charge to discharge. A substantial divergence is
being perceived in the state of discharge. With this process of discharge, the
resistance of charge transfer dwindles. This will be the reason for the enhancement
of electronic conductivity and increase in contact efficiency between the particles of
CNTs-modified LFP cathode that lessen the charge transfer resistance. The fall of
resistance helps the improvement in performance, thus giving the major contribution
for the excellent electrochemical performance of CNTs-modified LFP at high rate
(Chen et al. 2010).

CNT-modified LiFePO, evince exceptional performance in terms of both specific
capacity and cycle life. The increase in electronic conductivity adversely increases
the specific capacity and cyclic life of LFP. Both SWCNTs and MWCNTs are
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effectively used in order to enhance the electrochemical performance of LFP. The
modification of LFP with MWCNT evinces the electronic conductivity of LFP due
to the formation of 3D network wiring. The addition of MWCNTs to LFP results in
high capacity with fast rate and high efficiency. MWCNTSs prepared by hydrogen arc
discharge method in normal atmosphere and room temperature when incorporated
with LFP showcased better charge-discharge cycling behaviors than LFP with
acetylene black at the same amount of content respectively. The specific area of
acetylene ack is 92 m?g, which is very much larger than that of MWCNTs, which
have a surface area of 71 mg. The acetylene black has many oxo-functional groups
and micropores on the surface that affect the electrochemical performance of LFP,
which is being tackled by the introduction of CNTs- to LFPs (Li et al. 2007).

There are many methods of synthesis of CNT-modified LFP, like hydrothermal
process, sol-gel synthesis, solid-state reactions, spray drying method, two step
solution method, polyol process, electrospinning, and chemical vapor decomposi-
tion. In hydrothermal process, the CNTs are being coated with the help of high
temperature in aqueous solution with high vapor pressure. Usually the construction
of 3-D network of LFP/CNT, in which CNTs coat and connect the LFP nano-
particles, synthesized by hydrothermal process is being assisted by ethylene glycol.
The presence of EG can limit the growth of LFP particles and help in the develop-
ment of homogeneous structure. Very high initial discharge capacity, capacity
retention, and rate capability are exhibited. The particle size of LFP, synthesized
by hydrothermal method with the assistance of EG, is very small and thus improve
the electronic conductivity performance of battery (Feng et al. 2017). This method of
synthesis on large scale can enhance the manufacturing of batteries with higher rated
capacity, which is useful for automotive industry for electric vehicles (Thanh et al.
2018). An attractive application of CNT-modified LFP proposed by adding a low
fraction of graphene displays substantial increase in current density and Li* diffusion
(Chen et al. 2018). Another study revealed that mesoporous 3-D CNT-modified LFP
microsphere (Fig. 2.8) embedded homogeneously not only increase electronic con-
ductivity, but also facilitate the penetration of electrolyte into the microstructure
which was synthesized by polyethylene glycol (PEG)-assisted method using differ-
ent molecular weight of PEG (400, 1500, and 20,000 gmol'). The morphology of
samples are displayed in Fig. 2.9 (Tan et al. 2014) Among the different samples the
composite microsphere fabricated with 400 molg™' PEG showed enhanced electro-
chemical performance with a capacity retention of 95.7% even at 5 C after 100 cycles
(Fig. 2.10).

Another method of synthesis for CNT composite is chemical vapor decomposi-
tion, where the CNTs-modified LFP synthesized by this method significantly
enhances the electrochemical performance. By this method, CNT is coated uni-
formly on LFP grains and this improves the quality of the cathode (Tian et al. 2015).
CNTs-modified LFP nanoplates composite cathode with graphene sheets (GS) by
one-step polyol process under low temperature has been studied and found that
CNTs are evenly distributed among LFP particles. Also the cross-linked CNTs
penetrate through or embed into the LFP particles. In addition, the CNTs and GS
inter-weaving tightly with each other thus form a 3-D network throughout the
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Fig. 2.8 Schematic illustration of the formation process of the porous LFP/CNTs microsphere.
(Reprinted with permission of Elsevier from Tan et al. 2014)

composite materials. This distinctively conductive network were successfully incor-
porated, which supply more paths and accelerate the speed of electron transfer and
Li*-ion diffusion in the composite. The electrochemical studies showed that the
addition of CNTs led to the increase in specific capacity of LFP. The CNT-modified
LFP synthesized by polyol process exhibit cycling profiles smoother than that of
pristine LFP, indicating better cycling stability and superior reversibility of Li*-ion
insertion/extraction reactions of the composite (Wu et al. 2013a). CNT decorated
with LFP and carbon has been reported by Wu et al. (2013b) in which they have
obtained a low temperature performance at —25 °C and high temperature perfor-
mance at 120 °C. The morphological studies reveal that the carbon-coated LFP/CNT
composite exhibits a single crystalline nature (Fig. 2.11) and show higher capacity
retention at higher C-rate and cycling stability in both low and high temperatures
(Fig. 2.12).

Carbon nanospheres (CNS)-modified LFP composite prepared by sol-gel route
produced desirable structure of olivine composite. Compared to CNT; CNS exhibit
novel characteristics such as greater diameter, high surface area, and electronic
conductivity. During the sol-gel synthesis rather than a uniform coating, an agglom-
eration of CNS particles is formed over the LFP surface. This reveals that the simple
mixing of CNS and LFP cannot ensure the formation of network. Similar is the case
for CNTs (Liu et al. 2010). An innovative and environment friendly CNT-modified
LFP composite cathode was synthesized by sonication of Na-carboxymethyl cellu-
lose in aqueous medium, which not only delivers high electrochemical performance,
excellent charge storage capability, and cycling stability but also creates sufficient
space between CNT particles that facilitate the faster electrolyte permeability, thus
easy to wet the electrode leads to early stabilization of the cell. This in turn decreases
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Fig. 2.9 (a) SEM image, (b) TEM image of crushed M-LFP/CNTs-400 microsphere. (Reprinted
with permission of Elsevier from Tan et al. 2014)

the concentration polarization when cathode is being subjected to high current loads.
Besides the remarkable performance of battery, the great advantage of this is its
environment friendly nature (Varzi et al. 2014). A hierarchical porous carbon-coated
CNT-modified LFP microsphere composite is being experimented to enhance the
properties of positive electrode. This method not only enhanced the electronic
conductivity but also aimed to optimize the desired microstructure for accelerating
mass transfer and enhance the tap density simultaneously. It has been found that the
Li* transport in electrolyte toward the active site may also be limiting factor at high
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Fig. 2.10 (a) Rate capabilities and (b) cycling performances of the M-LFP/CNTs-x composites.
(Reprinted with permission of Elsevier from Tan et al. 2014)

rates, and tap density directly influence the volumetric energy densities in LIBs,
which is an essential feature for electric vehicles (EVs) and hybrid electric vehicles
(HEVs) (Wang et al. 2016).

The electrochemical performance of carbon-coated LFP/MWCNT composite
cathode having micron size of LFP (100-200 nm) (Qin et al. 2014b) and nanosized
LFP (40-90 nm) (Zou et al. 2013) were reported. LFP have a carbon coating of
thickness of 1-3 nm using poly(acrylonitrile) (PAN) (Qin et al. 2014a) or sucrose
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LFP-NPs

Fig. 2.11 (a, ¢) HRTEM images of the prepared LFP@C/CNT nanocomposite; (b) schematic
illustration of the prepared LFP@C/CNT nanocomposite; (d) the corresponding FFT pattern of the
HRTEM in (c) (Reprinted with permission of John Wiley and Sons from Wu et al. 2013b)

(Wu et al. 2013c; Wang et al. 2016) as a carbon source. The electrical conductivity
shown by C-LFP/MWCNT is 2.3 x 1072 Sem™' (micron-sized LFP) and
7.7 x 107% Sem™' (nanosized LFP), which is much higher than the C-LFP or
pristine LFP indicating that CNTs and amorphous carbon are the cause for the
enhancement of electronic properties. The charge—discharge capacity of C-LFP/
CNT is ~170 mAhg ™" at a current density of 0.5 C and ~ 142 mAhg ™' at 20 C
with good capacity retention even at high C-rate (Qin et al. 2014a, b). The carbon-
coated CNT-modified LFP exhibits superior electrochemical properties in terms of
an ultra-high rate capability. For LIBs in electric vehicles, charging time is very
important. It has been observed that the C-LFP/CNT cathode only took 142 s (20 C)
for charging 76% of full charge capacity (Wang et al. 2016).

Qiao et al. (2017) reported LFP/CNT composite cathode exhibiting a high
discharge capacity of 123 mAhg'. The LFP based composite cathode also evinced
long cycling stability, which is prepared by using CNTs coated with
polyvinylpyrrolidone (PVP). The composite cathodes obtained contain 3 wt. %
CNT showed a high discharge capacity of 123 mAhg~'. The cathode also exhibited
a very low capacity fade of 1.6 and 20% up to 1000 and 3400 cycles respectively at a
current density of 10 C. The loss in capacity in this study is four to eight times lower
than that of previously reported LFP/CNT and LFP/graphene composite cathodes
(Qiao et al. 2017). This superior rate capability and ultra-high cycling stability is
accredited to the combined effect of the large Li*-ion diffusion coefficient achieved
in LFP nanoparticles by mixing with CNTs and the highly conductive 3-D frame-
work of monodispersed CNTs, which is free from breaking and entangling effects
(Qiao et al. 2017).

Electrospinning is an easy and versatile method of preparation of binder-free
electrodes with fibrous morphology and controlled properties. The Fig. 2.13 shows
schematic representation of an electrospinning set up for the preparation of metal
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oxide nanofibers. Toprakci et al. (2012) reported of the synthesis of LFP/CNT/C
composite nanofibers by electrospinning and sol-gel method using CNT as func-
tional filler and PAN as the medium for electrospinning and carbon source. The
hybrid fibrous electrode evinces an initial reversible capacity of 150, 162, and
169 mAhg " for pristine LFP powder LFP/C and LFP/CNT/C composite nanofibers
respectively. The unique fibrous structure of LFP/CNT/C, high surface-volume ratio,
complex porous structure, and shorter Li*-ion diffusion pathway, enhance the
electrode reaction kinetics and reduces the polarization, which in turn gives a good
cycling stability, high reversible capacity, and high rate capabilities (Toprakci et al.
2012).

CNTs-modified LFP coated with carbonaceous materials (C/CNT-LFP) also
received great attention as cathode materials in LIBs owing to their enhanced
conductivity. C/CNT decorated LFP have been synthesized by polyol-based synthe-
sis, which showed specific capacitance of 160 mAhg~'. The samples also showed
enhanced performance even at low temperature of —25 °C (Wu et al. 2013c). A 3D,



2 Lithium Iron Phosphate (LiFePO,) as High-Performance Cathode Material. . . 57

Fig. 2.13 Schematic of ]
typical electrospinning
set up

Collection target

|||N

porous, hierarchically modified C/LFP/MWCNT composite electrode was fabricated
via in situ sol-gel method, showed enhanced electrochemical properties compared to
the LFP and LFP/CNT electrodes. Modified C/LFP/MWCNT composite electrode
delivers a power density of 16.8 k Wkg ™' whereas for pristine LFP is 12 kWkg '
and that of CNT/LFP is 14 kWk g~ '. Similarly, energy density of C/LFP/MWCNT
composite electrode is much higher (84 Whkg ") compared to that of pristine LFP
and CNT/LFP (60 and 70 WhKg™"). The rate performance of C/LFP/MWCNT
composite electrode was obtained about 142 mAhg ™' at 20 C-rate. At low C-rate
C/10, it showed a capacitance of 169.6 mAhg ', which was almost equal to the
theoretical capacity of LFP (170 mAhg ") (Qin et al. 2014a). The morphological
studies (Fig. 2.14) showed a uniform carbon coating is formed over the porous LFP,
which greatly contributes to the electrochemical properties (Fig. 2.15) and electronic
conductivity of the composite material.

The electrodes in LIBs contain a large amount of inactive materials, which limit
the specific capacity of LFP to 120 mAhg ' from 170 mAhg~'. There have been
many attempts to eliminate these inactive components from LFP cathode by intro-
ducing a freestanding flexible cathode with super P and polyvinylidene difluoride
(PVDF) binder and without super P or PVDF binder (Susantyoko et al. 2017). The
freestanding electrode with 90 wt.% LFP at the current rate of 170 mAg ™" delivers a
specific capacity of ~134 mAhg ' (Susantyoko et al. 2018), which is much higher
than the specific capacity of ~79 mAhg ™" at a current rate of 127 mAg~" (about
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0.75 C-rate) reported in earlier study (Susantyoko et al. 2017). The difference in
capacity is due to the different grade of MWCNT used in different studies.

LiFePO4/Graphene Composite Electrode

The 2D sheets of carbon composed of sp> hybridized carbon atoms forming one
atom thick planar sheet are known as graphene. It exhibits extraordinary properties
such as high conductivity, mechanical stability, thermal stability and flexibility (Mao
et al. 2012). It is the most strongest material which has been ever discovered
(Papageorgiou et al. 2017). Incorporation of graphene with the metal oxides sub-
stantially enhances its electrochemical properties. The synergistic mechanism
offered by this nanocomposite helps to deliver the properties of both graphene as
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Fig. 2.16 Schematic of the preparation of graphene/metal oxide composites with synergistic
effects between graphene and metal oxides. (Modified after Wu et al. 2012)

well as the metal oxides (Fig. 2.16). This effect can be made use to enhance
electrochemical properties of LFP, hence LFP/graphene composite electrode will
substantially enhance the conductivity compared with pristine LFP electrode.

In recent past, a composite cathode of LFP with graphene and its nanostructures
had been given much importance for its ability to enhance the electrochemical
performance of LFP-based cathodes. The active material for use of cathode material
is processed by the methods like, sol-gel, hydrothermal, or solid state reactions
(Xu et al. 2007; Xiang et al. 2010). Until today, LFP/graphene composites are
prepared by the simple methods such as sol-gel method (Yang et al. 2012), the
solid state reactions (Wang et al. 2015b), the hydrothermal method (Wang et al.
2010; Zhang et al. 2012; Bo Wang et al. 2015a), co-precipitation method (Ding et al.
2010), and simple physical mixing. Ding et al. (2010) first reported a LFP/graphene
composite having a specific capacity of 160 mAhg ' as compared to 113 mAhg "
for commercial LFP. Su et al. (2010) brought graphene into LFP as a planar
conductive additive to give a flexible graphene based conductive network. These
past studies conclude that even with a lower fraction of graphene additive (compared
to commercial carbon-based additives such as CNT and CNF), the charge/discharge
performance of the nanocomposite is superior to the pristine LFP. A conducting
LFP/graphene composite was prepared using a facile hydrothermal method followed
by heat treatment by Wang et al. (2010). and found that LFP particles attached to the
surface of graphene or embedded in graphene nanosheets showed higher electronic
conductivity and Li*-ion diffusion due to the formation of uniformly interconnected
3D conducting network of graphene nanosheets (Wang et al. 2010). Similar charge—
discharge and cycling properties were reported for LFP/graphene nanocomposite
synthesized in the ratio of 92:8. The LFP/graphene nanocomposite exhibited a
discharge capacity of 160.3 mAhg ™' at 0.1 C and 81.5 mAhg ™' at 10 C (Wang
et al. 2010). For further improvement, Y. Wang et al. (2012) prepared LFP/graphene
nanocomposite by solid-state synthesis, 3-D porous LFP/graphene composite via
sol-gel process (Yang et al. 2012), and simple mechanical mixing methods (Tang
et al. 2012). The specific capacity of 161 mAhg ™" at 0.1 C and 70 mAhg " at 50 C
(Wang et al. 2012) were reported for composite prepared by solid-state synthesis,
whereas porous LFP/graphene composites evinced a capacity values of 45-60 and
75-109 mAhg "' without and with graphene respectively for a high rate of 10 C
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Fig. 2.17 Schematic representation of formation of 3-D porous networks: (a) LFP/graphene and
(b) LFP. (Reprinted with permission of Elsevier from Ma et al. 2013)

(Yang et al. 2012). The sol-gel method exhibited superior performance even at
higher rates compared to other methods by mechanical mixing (Tang et al. 2012)
and solid-state synthesis (Wang et al. 2012). Dhindsa et al. (2013b) used sol-gel
method to prepare LFP/graphene nanocomposite to increase the electronic conduc-
tivity of LFP. Graphene oxide (GO) was mixed with LFP precursors for this study.
The resulting composite improved the electron conductivity by six orders of mag-
nitude compared to the pristine LFP (Dhindsa et al. 2013b). The uniformly sized
LFP particles are covered by graphene nanosheet and form an interconnected 3-D
conducting channel, which is responsible for high electronic conductivity. Addition-
ally, a high specific capacity of 160 mAhg ' was recorded, which is near to
theoretical value limit, and excellent cycling stability was achieved. In order to
reduce the distance of Li* diffusion, three-dimensional nanoporous spheres within
micron size regime are considered to be the optimal structure for LFP, capable of
achieving high power capability without altering the packing density and facilitating
the quick and efficient transport of ion and charge (Magasinski et al. 2010).
LFP/graphene porous composites synthesized by a facile template-free sol-gel
method (Yang et al. 2012) (Fig. 2.17) and facile precipitation method (Ma et al.
2013) were employed for two different studies. The reversible capacity of
LFP/graphene (146 mAhg~'_at 17 mAg™") obtained is 1.4 times greater than that
of porous LFP (104 mAhg '), demonstrating the incorporated graphene substan-
tially enhances the specific capacity throughout the charge—discharge cycling pro-
cess. It has also been noted that the porous LFP/graphene composite also shows a
considerable tolerance to differing charge/discharge current densities. However, it is
observed that the oversized holes fail to achieve the advantage of high tap density of
porous structure, and no significant improvement on electrochemical performance is
observed by the non-uniform distribution of graphene. Ma et al. (2013) prepared a
GO/Li;PO,4 composite by precipitation process which was employed as a sacrificial
template for the hydrothermal synthesis of porous graphene LFP composite. The
LFP microspheres exhibited a uniform morphology, which are being wrapped by
graphene nanosheets. The LFP/graphene cathodes deliver discharge capacities of
141, 130.9 and 101.8 mAhg " at current rates of 0.1, 1 and 10 C respectively due to
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the formation of effective 3-D conducting network, formed by bridging of graphene
nanosheets and the porous structure, which could absorb electrolyte to the interior of
the LFP particles that help the easy diffusion of Li ions. The electrochemical studies
showed that LFP/graphene nanocomposite material exhibits good rate capability,
and displayed about 72% of the initial capacity at 10 C. The increase in performance
is accredited to the porous LFP microsphere which exhibited a hierarchical structure
assembled by nanoparticles, higher electronic conductivity, and chemical stability of
graphene network in composite and porous structure in approval of Li ion diffusion
(Ma et al. 2013).

By co-precipitation method of preparation of nanostructured LFP/graphene,
composites in de-ionized water at room temperature was reported by Ding et al.
(2010). In LFP/graphene composites, graphene nanosheets were used as scaffolds.
There is a decrease in discharge capacity with higher C-rate, which is being
accredited interfacial impedance offered to the Li*-ion diffusion at LFP and FePO,
interface. The cycling stability and rate capability of LFP/graphene has been assured
to the fact that nanosized particle with large surface area and improved electrical
conductivity through the graphene nanosheets to increase the electronic conductivity
and lowers the contact resistance between LFP and GNS (Ding et al. 2010; Chen
et al. 2013). Yang et al. (2013) reported comparative study of electrochemical
properties of folded and unfolded LFP/graphene nanocomposites. It is found that
the composite electrode delivers good discharge capacity which is about 98% to the
theoretical capacity (170 mAhg ") and showcased a stable cycling behavior for
100 cycles. The composite electrode prepared with unfolded graphene was able to
achieve high capacity due to efficient dispersion and restriction of size in nanoscale
of LFP. The LFP particle easily attach with unfolded graphene and set a good
interface between graphene nanosheets and LFP particles, thus increases the elec-
tronic conductivity (Yang et al. 2013). The LFP cathode with a specific capacity
higher than theoretical value using carbon-coated LFP surface modified with 2 wt.%
of electrochemically exfoliated graphene layer was reported by Hu et al. (Lung-Hao
Hu et al. 2013). The composite cathode delivers a specific capacity of 208 mAhg ™'
without causing unfavorable voltage polarization. The composite cathode delivers a
specific capacity of 208 mAhg ' without causing unfavorable voltage polarization.
The enhanced conductivity exhibited by exfoliated graphene flakes wrapping around
C-coated LFP helps fast electron transfer during the charge/discharge cycles, which
in turn gives 100% Coulombic efficiency without fading at different current rates.
The energy density is 686 Whkg ', which is very much higher than the typical
500 Whkg ' of LFP. The graphene flakes which cover over the C-coated LFP
exhibit high conductivity, diminishing the irreversible capacity at first cycle and
thus giving ~100% Coulombic efficiency (Lung-Hao Hu et al. 2013). 3% graphene
incorporated LEP composite cathode shows an initial discharge of 164 mAhg ' only
owing to the grasping of Li*-ions by the multi-layer graphene films of LFP
nanocomposite during the charge/discharge process (Wang et al. 2018). The syn-
thesis of LFP/graphene composite was always found to be time consuming process.
The motive behind this has always been to design an easy-to-use method and
produced easily at low cost. Studies revealed that the best method for processing
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LFP/graphene composite in terms of energy capacity is hydrothermal method with
an efficiency of 97% of the theoretical value (Lei et al. 2014). The temperature in this
method was being maintained at 180 °C for 10 h, the solution is cooled at room
temperature, precipitated, centrifuged, washed in deionized water three times, dried
under vacuum for 4 h, and finally sintered at 600 °C for 2 h under hydrogen/argon
(5:95, v/v). This method also provided an easy pathway for electron transfer and Li*
diffusion. Spray-drying is also an effective method for the preparation of
LFP/graphene composite. Zhou et al. (Chem et al. 2011) studied the facile procedure
by physical mixing of LFP and reduced graphene oxide (rGO) suspension when
spray dried at 200 °C to be a solid LFP/graphene composite and annealed to form the
LFP/graphene composite cathode. These LFP primary nanoparticles embedded in
micron-sized spherical secondary nanoparticles were wrapped homogenously and
loosely with rGO sheets, thus forming a 3-D graphene network bridging between
LFP. This structure is beneficial for fast electron transfer throughout the secondary
particles, while the presence of ample voids between LFP nanoparticles and
graphene sheets help for Li ion diffusion. This composite cathode exhibited high
specific capacity and charging/discharging, cycling stability, and rate capability. The
synergetic effect offered by the combination of nanosizing with organized
conducting templates to provide an excellent electron transport for high power
applications was being demonstrated by Sun et al. (Ha and Lee 2015). The study
reported on a size-constrained in situ polymerization method to process core-shell
C-coated LFP nanoparticles hybridized with rGO as a cathode for high-power LIBs.
In order to prevent the spontaneous aggregation of hydrophobic graphene in a
aqueous solution, hydrophilic graphene oxide was used as precursor during the
formation of LFP/graphene composite via in situ polymerization of pyrrole. The
fabrication of C-coated LFP/rGO hybrid cathode material is been accredited to three
factors: (i) in situ polymerization of polypyrrole (Ppy) for constrained nanoparticle
preparation of LFP, (ii) increase in dispersion of conducting 2-D networks endowed
by colloidal stability of GO, and (iii) intimate film contact between the LFP and rGO
nanosheets. The study evinced the importance of conducting template dispersion by
different LFP/C-rGO composites in which an agglomerated rGO solution has been
used as the starting template. The hybrid C-coated LFP/rGO cathodes exhibited
superior rate capability and discharge capacity close to that of the theoretical
capacity, thus increasing the electrochemical performance which is again accredited
to the fast electron and Li*-ion transport through nanosized active materials (Ha and
Lee 2015). Bi et al. (2013a) studied three methods to synthesize graphene by
chemical vapor deposition (CVD), Wurtz-type reaction and chemical exfoliation
(Bi et al. 2013a). The study claimed that the presence of graphene reduced the
contact resistance between LFP particles, which enhanced the electronic conductiv-
ity of LFP. It also reported that LFP/graphene nanocomposite prepared with
graphene by CVD is more efficient in terms of electronic conductivity, contact
resistance, and electrochemical performance.
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LFP/Sulphur Cathodes

The performance of LFP can be enhanced by appropriate doping in the site of
oxygen leading to anion doping (Liu et al. 2008). Sulfur being a same group element
of oxygen with similar properties but with larger size makes the element suitable for
anion doping in LFP to enhance the performance (Okada et al. 2018). The increase in
size of the anion will enhance the rate de-intercalation owing to the lower dissoci-
ation energy of Li-S bond. Sulfur-lithium iron phosphate composites were synthe-
sized by various processes such as solvothermal method (Okada et al. 2018), sol-gel
method (Xu et al. 2016), mechano-fusion process (Seo et al. 2015), and solid state
method (Yu et al. 2016). Apart from these common methods of synthesis, sulfur
coated LiFePO, can be obtained by exposing the precursor with sulfur vapor at
400 °C followed by annealing at 400 °C in vacuum (Park et al. 2012). In 2012,
Goodenough et al. (Park et al. 2012) proved the enhancement in the charge transfer
ability of LFP cathode on nitrogen and sulfur substitution on the surface of anion.
According to the theoretical studies reported, the non-coordinated ferrous and ferric
ions on the surface of the LFP inhibit the charge transfer causing a decrease in the
electrochemical performance of the electrode. On sulfur substitution, the sulfur
stabilizes the antibonding 3-D states forming Fe-S bond. During intercalation Li*-
ion binds on the LFP with a binding energy of 0.18 eV (Park et al. 2012). The sulfur
substitution is capable to influence the surface energy levels and the charge transfer
kinetics. Later in 2015, experimental studies on the effect of sulfur substitution was
proved by enhancement in the capacity retention and electrochemical properties (Seo
et al. 2015). In 2016, Guan et al. (Yu et al. 2016) studied sulfur substituted LFP/C
cathode to obtain a specific capacitance of 114 mAhg ™' at current density of 0.2
Ag~!'. Sulfur doped carbon decorated LFP was reported by Xu et al. (2016)
obtaining a capacitance of 163.6 mAhg™' at a current rate of 0.1 Ag~' with a
retention ratio of 99.6% after 20 cycles. Sulfur doping on to LFP in the ratio of Li:
Fe: P: S is 2.7: 1: 1: 0.22 gave an optimum result with an enhancement of
131 mAhg ' at current density of 0.5 Ag™~', whereas undoped LFP was reported
to have 120.6 mAhg ' (Okada et al. 2018). The electrochemical comparison of
sulfur doped LFP and undoped LFP is depicted in Fig. 2.18.

2.3.4 Doping

Lattice substitution or doping is an alternative method to improve the electronic
conductivity of the LFP. Lattice substitution can be done either in lithium site or in
iron site. Doping at the lithium (Li) and iron (Fe) site leads to a reduction in the band
gap that enhances the electronic conductivity, but the doping process is highly
temperature dependent.

Fe site substitution can be done with Mn, Ni, or Co like species that results in the
formation of LiMnPO,, LiNiPO,, LiCoPO, as well as partially substituted
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Fig. 2.18 (a) Charge-discharge curves of LFP and LFP-S- »; at 5C, (b) rate performance of LFP
and LFP-S-( »,. (Reprinted with permission of Royal Society of Chemistry from Okada et al. 2018)

compound can also be formed. But due to the energy barrier for the movement of
these compounds, the results show a poor property than LiFePO,. The partial
substitution of iron ion site is found to be effective in order to improve the bulk
conductivity of the olivine compound. Doping with multi-valent cations such as
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AP**, Zr**, and Nb* provides an improvement in conductivity compared to that of
the former. Compared to mono-valent dopant such as Na* at the Li*-ion site and M>*
doping at the Fe?* site results in a low favorable energy for Li*-ion diffusion. At the
same time substitution with the multi-valent cation at both the sites produce an
improved conducting property (Fisher et al. 2008). It is found that the improved
conductivity of doped olivine structures is not because of the bulk metallic property
but due to the formation of a metallic iron phosphide at the surface. During its
formation, reduction of LFP to iron phosphide (Fe,P) occurs, which induces a
metallic conductivity over the LFP grains. Different methods are employed in
order to form the dopant olivine structure; based on the synthesis method and
temperature condition the effective property of the resultant olivine structure will
get varied. Solid state reaction method and one step solid state methods are few of
them (Fisher et al. 2008). Solid state reaction method is used for the preparation of
Nb>* doped LFP and it shows that the ion dopant doesn’t depend upon the structural
property of LFP (Delacourt et al. 2006; Ban et al. 2012; Molenda et al. 2013).
Substitution of both lithium and iron sites depends strongly on variation in
temperature since the solubility of doping decreases with increase in the temperature.
Any of the divalent cations can be substituted for either Fe or Li-sites, however,
according to the theoretical data multi-valent cations such as Al, Ga, Zr, Ti, Nb, Ta
can’t be substituted for either Li-site or Fe-site. But later studies show that multi-
valent cations are capable to substitute both the Fe site and Li-site (Whittingham
2014). Croce et al. (2002) synthesized LFP with improved property by doping
metals like silver and copper only about 1 wt.%. The doped metals improve the
kinetics in terms of capacity and cycle life without affecting the structure of LFP.

2.3.5 Size and Morphology

Grain size and morphology of an electrode material is an important factor that
determines its electrochemical performance. The morphology and particle size of
LFP particles highly depend on the synthetic parameters such as volume ratio of
solvent, reaction temperature, concentration, and feeding rate (Su et al. 2010). The
nanosized cathode materials get more attention because of its better electrolyte
contact and shorter transport length for both electrons and Li*-ions. Nanosized
LFP crystals are found in different morphology as nano spindles, nano rods, urchins,
nano particles, nano cuboids, and nano flowers (Fig. 2.19).

LFP nano flowers and nano rods reported exhibit superior electrochemical per-
formance and specific capacity. LFP nano rods exhibit predominantly in (010) plane
which provide short range pathway for Li*-ion transmission. In the case of nano
flowers like morphology, diameter of each building block is less than 50 nm. So, the
length of the pathway for Li*- ion transmission is different for different nano shapes
(Nan et al. 2013). Different morphology helps to enhance the electrode—electrolyte
interface which not only enhance the charge—discharge rate, but also improve the
cycling performance (Bi et al. 2013b).
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Fig. 2.19 SEM (left), HRTEM (top-right), and FFT (bottom-right) images of; (a) LiFePO,
nanospindles, (b) LiFePO, nanorods, (¢) LiFePO, urchins; TEM (left), HRTEM (top-right), and
FFT (bottom-right) images of (d) LiFePO, nanoparticles, (e) LiFePO, nanocuboids, and (f)
LiFePO,4 nanoflowers. (Reprinted with permission of Springer Nature from Nan et al. 2013)

2.4 Conclusion and Future Outlook

LIBs are the systems that are potentially capable of changing the world. The
revolutionary natures of LIBs lead to a huge transformation in battery world.
However, some shortcomings make it a questionable technology for the future.
The requirement of future batteries that are capable of working in extreme temper-
atures is important while considering military and space applications. Different
research studies are carried out in order to enhance the extreme temperature prop-
erties. Being the best cathode, LFP can efficiently be used in variable temperatures
with proper modification of the material. Performance of normal batteries appeared
to be degrading below 0 °C, but for LFP the electrochemical performance is
observed to be efficient. For LFP, the insertion compounds such as LiVOPO, exhibit
extremely high temperature performance. While considering the low temperature
performance, certain CNT-modified LFP exhibit improved low temperature proper-
ties. So, lithium iron phosphate batteries are going to be the future of energy storage
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systems that are able to deliver high performance if it can be modified and can be
efficiently used even at low and high temperatures.
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Abstract Research on electrochemical storage systems are persistently on the rise
especially in the fields of supercapacitors and batteries. Several modifications are
made continuously in supercapacitors with an intention to retain its excellent power
density and to improve the inherently poor energy density. Initially, changes were
made to these systems by introducing new electrodes, then new materials such as
pseudocapacitors were launched and recently the formation of ‘hybrid’ systems.
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Three predominant supercapacitor hybrid systems are reported so far viz. symmetric,
asymmetric, and supercapacitor-battery hybrid (SBH) systems. Each amendment in
the hybrid systems revolutionized the electrochemical storage systems; however, the
SBH systems dominated all the forms of hybrid devices. Several battery electrodes
are introduced in hybrid cell along with a supercapacitor electrode and they exhibit
excellent energy densities at high power densities. This chapter briefly reviews all
forms of hybrid supercapacitors.

Keywords Hybrid supercapacitor - Symmetric electrodes - Asymmetric electrodes -
Supercapattery - EDLC - Pseudocapacitance

3.1 Introduction

One of the greatest concerns for the global society is materials for high performance
energy storage in unique devices. Several energy storage materials are well known to
the scientific and the commercial community. Some have excellent energy densities
viz., nickel-metal hydride batteries, nickel-cadmium batteries and lithium-ion batte-
ries (LIBs). On the other hand, some have superior power densities, such as
supercapacitors. Interestingly, both forms of energy storage systems are novel,
eco-friendly, economic, and exhibit greater performance. Also, they have the ability
to meet the need of the ever-increasing global demand. The comparison of the
energy densities and power densities of both batteries and capacitors are given in
Table 3.1. In spite of all the grand and impending abilities of these materials, they are
yet incompetent and fall short of their expectations, when they are used as batteries
and supercapacitors individually, with the possibility of non-monotonic consump-
tion of energy occurring as a result of frequent modifications during the battery
discharging processes (Kouchachvili et al. 2018). With these hitches, several mod-
ifications in the energy components have been tried to make the balance right, that is,
to improve both the densities (energy and power) without compromising each other.

Major work is going on in the sectors of batteries and supercapacitors. Especially,
in the supercapacitor sector the scientists are looking forward to harness its power
density along with improvement in the energy density. For this purpose, several
electrode materials have been tested such as having electrical double layer capaci-
tance (EDLC) electrodes and pseudocapacitance with improved energy density with
innate power density. But the progress was stalled after a certain limit without the
possibility of moving any further. Therefore, the researchers have implemented the

Table 3.1 Comparison of lithium-ion batteries and supercapacitors

Parameters
Devices Energy density (Wh kg™") Power density (kW kg™") Cycles
Supercapacitor 5-10 10 >1 x 10°
Li-ion battery 150-200 1 <1000




3 Recent Advances in Hybrid Supercapacitors 77

Types of Supercapacitors |

Activated Carbon Glassy Carbon Graphene Metal Conducting
Carbon Black Carbon Nanotubes Structures Oxides Polymers
‘mw-cnTs| [ Fullerene | 2d ]| 'fG|
Symmetric Electrodes Asymmetric Electrodes
Hybrid Hybrid
Supercapattery
Hybrid

Fig. 3.1 Classifications of the supercapacitors. Electric double layer capacitance (EDLC),
multiwall carbon nanotubes (MW-CNTs), two dimensional (2d), few layer graphene (FLG)

idea of combining two different electrodes to fabricate a supercapacitor with
enhanced energy density. The classification of supercapacitors is given in Fig. 3.1.

The combination of two distinct electrodes in a single unit has led to the
formation of hybrid supercapacitors. Hybrid supercapacitors are systems with
enhanced energy density along with improved power density. Three different
types of hybrid supercapacitors are now reported viz.: (a) symmetric hybrid
supercapacitors, (b) asymmetric hybrid supercapacitors, and (c) supercapacitor-
battery hybrid (SBH). A simple definition of a hybrid capacitor is that it may be
two different electrodes (asymmetric) or same electrodes made with hybrid compos-
ites (symmetric) or a combination of a supercapacitor electrode and a battery
electrode (Chen et al. 2010). The electrodes can be exhibiting electric double layer
capacitance (EDLC) or pseudocapacitance behavior or can also be a battery elec-
trode. In other words, one half is constituted of EDLC and the other half with
pseudocapacitance electrode or one of these supercapacitor electrodes on one side
and the battery electrode on the other (Muzaffar et al. 2019). The combined
properties are said to have a positive effect on the assembled hybrid supercapacitor.
For example, in a EDLC and pseudocapacitance hybrid, the former electrode
displays intrinsic charge storage based on double layer formation depending on
the atomic charge partition length and the later is based on repetitive redox reactions
(Lu et al. 2011). The amalgamation of these electrodes as anodes and cathodes
constitutes a hybrid capacitor.

The energy storage ability of hybrid supercapacitors is better as identified in the
Ragone plot (power density [W kg~ '] vs. energy density [Wh kg™~']) when com-
pared with other such similar devices such fuel cells, batteries, non-hybrid
supercapacitors such as EDLC and pseudocapacitor and conventional capacitors
(Fig. 3.2). The hybrid supercapacitors have an edge over other energy storage



78 T. M. David and T. Mathews

Fig. 3.2 Ragone plot for Rago ne Plot
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systems. The plot also gives information that all the types of supercapacitors have
better power density over the present rechargeable batteries. This phenomenon of
large power density is largely possible because only the outer surface of the
supercapacitors is used whereas in batteries, processes like intercalation and
de-intercalation takes place (Lee et al. 2011). On the other hand, hybrid
supercapacitors exhibit large storage ability with superior power rates. This capa-
bility of hybrid supercapacitors makes them a suitable choice to replace portable
batteries used in mobile phones where both high energy and power densities could
be utilized along with improvement in the net cell voltage (Jorio et al. 2001; Plitz
et al. 2006). This unique combination of higher power density along with higher
specific energy defines the possibility of using the hybrid supercapacitor as a
complement to most of the other power sources (Pandolfo and Hollenkamp 2006).

The credentials of hybrid supercapacitors are found to be superior. A good
understanding in every aspect of this is required and this chapter reviews the basic
construction of a supercapacitor cell, type of electrical energy storage in
supercapacitors, hybrid supercapacitors and their various forms.

3.2 Construction of a Supercapacitor Cell

The supercapacitor assembly is very much similar to that of a conventional battery
system where both the electrodes are inserted into an electrolyte. The major differ-
ence of supercapacitors from that of batteries is that both the electrodes are separated
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by an ion-permeable membrane, meaning that the electrodes are separated by a
membrane. However, the electrodes of a battery are not separated by an
ion-permeable membrane. For better understating the electrode/electrolyte interface
is considered to be one capacitor. Therefore, when a supercapacitor cell is
constructed, it means that two capacitors (each electrode) in series separated by an
electrolyte resistance. The general equivalent electrical circuit for a symmetrical
capacitor cell is given as,

where, the Cyj,) and Cg, are double layer capacitance of anode and cathode,
respectively, and Rj is the electrolyte resistance exerted.

The capacitance of the supercapacitor cell (C.) is given as (Winter and Brodd
2004),

1/Ceenn = 1/Caia) + 1/Cae) (3.1)

If Caiay = Caic), then eq. (3.1) could be written as
Ceet = Ca(a)/2 (32)

Then, the double layer capacitor is given to be as,
Ca = €A/4nd (3.3)

where ¢ is the dielectric constant of the electrical double layer formed, A denotes the
surface area, and d is thickness of the double layer (Qu and Shi 1998). Higher
capacitance can be achieved based on the formulae, when the charge separation is
thin and surface area is large. The information helps in deriving the energy and
power densities of the capacitor,

E=CV?/20rQV/2 (3.4)
P = V?/4R (3.5)

where E is energy, C is capacitance, V is applied voltage, Q is charge, P is power
density, and R is resistance (Conway 2013).

Apart from the formulae, two other factors are involved in deciding the efficacy of
a supercapacitor material viz. (a) the pore-size distribution and (b) operating voltage.
The pore-size distribution plays a pivotal role in directing the ion movement in the
electrode within the pores since ions cannot travel in solids as in liquids. The ionic
movement is largely hindered if the pore-size is extremely small and, therefore, can
never contribute to the capacitance. If the size of pores is very less, then the
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capacitance achieved and the specific surface area will not match (Sharma and Bhatti
2010). Moreover, another important factor determining the capacitance is the size of
the ions. Smaller the ions in the electrolyte greater the capacitance. Also, a pivotal
role is played by the operating voltage that is determined by the electrolyte. It is a
deciding factor for the specific energy and power density of the supercapacitors.
Usually aqueous electrolytes such as acidic or basic solutions H,SO, or KOH,
respectively, have a poor decomposition voltage of around ~1.23 V (Ferndndez
et al. 2008). Non-aqueous electrolytes or organic electrolytes such as acetonitrile and
propylene carbonate improve the operating voltage up to 2.5 V (Du et al. 2013).

3.3 Electrical Energy Storage in Different Types
of Supercapacitors

Generally, the supercapacitors involve two different types of energy storage mech-
anisms. They are electrical double layer capacitance (EDLC) and the
pseudocapacitance involving redox reactions. The EDLC type does not have elec-
trochemically active electrodes and, therefore, no transfer of electrons take place at
the electrode—electrolyte interface. The charges are stored in EDLC electrostatically
and this type is also known as non-Faradaic charge storage. An example for EDLC
type charge storage electrode is Carbon. On the other hand, electrode materials with
electrochemically active (transferring  electrons)  property  display
pseudocapacitance. In this type, the electrons are transferred across the interface
and this process is known as Faradaic charge storage. For better understanding all
the major classification of supercapacitors is described here viz. EDLC,
pseudocapacitance, and hybrid supercapacitor.

3.3.1 Electric Double Layer Capacitor

As a charged material such as carbon electrode is dipped into an electrolyte, electric
double layer capacitance (EDLC) arises. When the electrode is dipped a swift
arrangement of a double layer takes place. The accumulation of charges is like
electrons or holes in the electrode and the respective counter-ions in the electrolyte.
In other words, there is adsorption of ion on the surface of the electrode. The EDLC
type charge storage is very common and several theories have been put forward to
explain the double layer formation as shown in Fig. 3.3. The very simple model is
called the Helmholtz model (Fig. 3.3a), where the charges are accumulated contin-
uously along the electrode. Here the theory considers the formation of rigid layer,
which counterbalances the charges formed in the solid (Endo et al. 2001). This is
also called approximation modeling. Thereafter, Gouy-Chapman (Fig. 3.3b) came
up with another theory with the introduction of diffuse layer. This theory states that
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Fig. 3.3 Electrical double layer capacitance (EDLC) models (a) Helmholtz model, (b) Gouy-
Chapman model and (c¢) Stern model. (Reprinted with permission of Elsevier from Gonzalez et al.
2016). The terms IHP and OHP in the image indicates inner Helmholtz layer and outer Helmholtz
layer, respectively

the ions in the solution tend to diffuse into the liquid phase until a counter potential is
set. In addition, the kinetics of movement of the ions will also determine the
diffusion of the ions (Gonzalez et al. 2016). The theory could not explain much as
the diffusion layer was thicker than the theoretically devised one. Finally, Stern
devised another theory (Fig. 3.3c) with two adjacent layers in one diffusion layer.
That is, one of the layers is compact and it is closer to the electrode known as inner
Helmholtz layer. The layer away from the electrode is known as outer Helmholtz
layer [or Gouy-Chapman layer] (Zhang and Zhao 2009). This theory clarified the
formation of EDLC in supercapacitors.

In this type of supercapacitors, when a cell is constructed, both the electrodes
contribute individually to the formation of electric double layer capacitance (EDLC).
One of the electrodes will have an excess of electrons and other will have a
deficiency of electrons (Fig. 3.4). The applied potential between the anode and
cathode strictly direct the accumulation and withdrawal of electrons over electrodes.
The arrangement takes place in such a manner that the status of the electrode is
maintained at electroneutrality at the interface. Therefore, this process involved only
the surface of the electrode for charge storage, and hence it is called as physical
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Fig. 3.4 Electric double layer capacitance (EDLC) based supercapacitor is denoted in this image.
At the anode the positive charges in the electrode and the hydrated anions in the electrolyte align as
a double layer at the electrode—electrolyte interface. On the other hand, the electrons in the cathode
and the hydrated cations align as double layer at the electrode—electrolyte interface

charge storage. The double layer thickness at the interface is around 5-10 A, which
strongly depends on the size of the ions being accumulated and the electric field at
interface is anticipated to be as high as 10° V. cm™' (Faraji and Ani 2015). For
effective operation of the EDLC supercapacitor the following 5 points have to be
satisfied: (a) large surface area (b) better electrical conduction, (c) superior pore size
distribution, (d) interconnecting pores, and (e) high wettability (Pandolfo and
Hollenkamp 2006).

3.3.2 Pseudocapacitor

Pseudocapacitance is exhibited usually by all non-carbonaceous substances such as
conducting polymers and metal oxides. Unlike electric double layer capacitance
(EDLC), these materials undergo Faradaic charge-transfer processes resulting in
redox reactions (Fig. 3.5). The capacitance in this type is by the swift redox reactions
that occur ‘near the surface’ of the electrode. However, the electrical response of this
type of materials is similar to that of EDLC (Pandolfo and Hollenkamp 2006).
Pseudocapacitance involves different mechanisms in charge storage such as transi-
tion metal oxide based redox reactions, underpotential deposition of ‘H’ adatoms,
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Fig. 3.5 Schematic representation of pseudocapacitance based supercapacitor. Charge crossover at
the electrode-electrolyte boundaries occurs through a few layers in the respective electrodes

intercalation reactions in porous materials and doping/de-doping in conducting
polymers (Conway and Pell 2003). Comparing the performance based on power
burst it is evident that the EDLC type materials have higher power densities
compared with that of pseudocapacitance type materials and this is due to the
involvement of rate-determining step in Faradaic processes. Moreover, the electrode
stability of pseudocapacitance type capacitors are slightly less stable owing to the
expansion and contraction of electrode phases during the cycling process and it also
leads to poor mechanical stability and retarded cycle life. These types of capacitors
display capacitance about 10 to 100 times more than that of EDLC (Chuang et al.
2010).

3.3.3 Hybrid Supercapacitor

The term hybrid supercapacitor was first coined by Amatucci et al. (Amatucci et al.
2001). This group first formed an asymmetric hybrid supercapacitor with activated
carbon capacitor electrode as cathode and Li,TisO;, as anode in an organic electro-
Iyte. The idea of forming a hybrid supercapacitor formulated when researchers
across the globe looked forward to improve the energy density in a supercapacitor.
It is well known that the energy density of supercapacitors range between Sand
10 Wh kg~ '. But as the result of hybridization the energy density elevated up to
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Fig. 3.6 Supercapacitor battery hybrid (SBH) is illustrated in this diagram, battery electrode at the
anode has a complete crossover of charge across the electrode—electrolyte interface and the
supercapacitor electrode at the cathode has an electrical double layer formation

20 Wh kg~ ' (Amatucci et al. 2001). Hybrid supercapacitors can be of two major
types’ viz. external hybrid and internal hybrid. External hybrid is manual connection
of readily available supercapacitor to a battery. If they are connected in series, the
hybrid would be called external series hybrid or if connected in parallel mode, then
the hybrid would be called external parallel hybrid (Cericola and Kotz 2012). If the
hybridization of electrodes is made at electrode level it is then called internal hybrid
supercapacitor. Even in this case the hybrids could be connected in series or in
parallel mode. The scope of this chapter is to deal only with the ‘internal hybrid
supercapacitor’ systems.

The hybrid supercapacitors could also be formed by coupling electric double
layer capacitance (EDLC) and pseudocapacitance material in one electrode. This
combination provides higher working potential and as a result the capacitance is
reported to enhance by two to three times (Wang et al. 2016e). The hybrid capacitors
can be either symmetric or asymmetric based on the electrode assembly. Symmetric
supercapacitors are assembled through the same type of combined electrodes on both
the ends. For instance, combining EDLC and pseudocapacitive components as one
hybrid material to be used as both ends of supercapacitor. On the other hand,
asymmetric supercapacitors are made of two different electrodes in the following
combination, either EDLC and pseudocapacitance electrodes or EDLC and battery
type electrodes as shown in Fig. 3.6 (Cericola and Kotz 2012). Hybrid
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Table 3.2 Comparison of symmetric, asymmetric and supercapattery hybrid Systems
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Symmetric Hybrid Asymmetric hybrid Supercapacitor battery
Parameter supercapacitor supercapacitor hybrid (SBH)
Electrode Same materials Dissimilar materials Supercapcitor and Bat-
tery type electrode
Energy Den- |1.13-3.74 5-30 > 30
sity
(Whkg™")
Power Den- 10-20 0.1-5 > 20
sity
(W kg™
Operational Individual characteristics | Restricts individual Restricts individual
Voltage of an electrode are characteristics of the characteristics of the
observed electrode electrode
Example Co-AI-MWCNTs// Co-Al- | AC//MnO, AC//LiCoO,
MWCNTs
Charge Either Non-Faradaic or Both Faradaic and Both Faradaic and
Storages Faradaic system Non-Faradaic Non-Faradaic

MWCNTs multi-walled carbon nanotubes, AC activated carbon

supercapacitors can be either symmetric or asymmetric depending on the exhibition
of their supercapacitor behavior. It is to be noted that the symmetric hybrid
supercapacitors display better supercapacitive properties than conventional faradaic
(pseudocapacitive) or non-faradaic (EDLC) supercapacitors. However, asymmetric
supercapacitor-battery hybrids are remarkably efficient than all the other forms of
supercapacitors. The comparison on symmetric, asymmetric and a supercapacitor-
battery hybrid system are given in Table 3.2. The chapter will briefly discuss each
type of the hybrid supercapacitors.

3.3.4 Electrochemical Characteristics of Capacitor, Battery,
and Hybrid Systems

The electrochemical characteristics for capacitor, battery, and hybrid systems vary,
though the basic construction of all these devices is similar (Conway 2013). The
change in the characteristic behavior is graphically represented in Fig. 3.7.

Cyclic voltammetry: The ideal voltammogram of each system has a unique
pattern viz. for in a battery, both the electrodes positive and negative, the redox
peaks are clearly seen (Fig. 3.7a and b), for in a supercapacitor, it is like a rectangle
(Fig. 3.7d and e) and in a hybrid, the voltammogram corresponding to one electrode
has redox peaks (Fig. 3.7f) and the other has a rectangle (Fig. 3.7g). In a
supercapacitor, the voltage is independent of the current and for a battery the
phase changes of a redox reaction are visible. Charge-discharge (CD) curves: the
ideal charge-discharge profile for supercapacitor is linear with respect to time
(Fig. 3.7f). However, in a battery charge-discharge profile a plateau is observed in
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Fig. 3.7 Electrochemical characteristics of a, b and c¢) battery, d, e and f) supercapacitor and
g, h and i) supercapattery systems. Reprinted with permission of Taylor and Francis from (Chen
2017). Upax (maximum voltage), U, (minimum voltage), Ug;s (discharge voltage)

both charging and discharging trend owing to the phase transformation in the redox
reactions (Fig. 3.7c). In a hybrid system, the charge-discharge profile is linear with a
small curvature in the linearity (Fig. 3.7i). Thus, indicating the incorporation of both
the characteristics (Chen 2017).

3.4 Symmetric Hybrid Supercapacitors

In this class of hybrid supercapacitors, both the electrodes are identical in terms of
material and composition. However, each electrode is a hybrid in itself. In an
investigation, multiwalled carbon nanotubes (MWCNT) were mixed with Co-Al
double hydroxides to make it into a composite of active material. Thereafter, the
composite material was constructed into two individual electrodes and was assem-
bled as a symmetric hybrid capacitor. Since the process of making a hybrid is related
to individual electrodes it is also termed as self-hybrid. The electrolyte used in the
process is 1 M KOH. The composite hybridization process largely improved the
energy density and power density when compared with normal symmetric
supercapacitors with 13.2 Wh kg~' and 6400 W kg ™', respectively (Su et al.
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2008). Likewise, all-solid-state symmetric supercapacitors were prepared by Dubal
et al. In this work, reduced graphene oxide was coupled with phosphomolybdate
(rGO-PMoy,). A polymer gel electrolyte was used to assemble the system. The
energy density displayed by the device was 1.7 mWh cm > and a maximum power
density of 188 mW cm > was exhibited (Dubal et al. 2015b). In another work, fern-
like BiVO,4 was made composite with reduced grapheme oxide (rGO) to design the
supercapacitor electrode with 6 M KOH as the electrolyte. The system is reported to
exhibit volumetric energy density of 1.6 mWh cm ™2 at 391 mW cm  (Patil et al.
2016). Purushothaman et al. prepared an active composite of CuO/rGO in a simple
low-cost hydrothermal method. This combination is reported to address the issue of
poor electrode kinetics with a strategy of combining a transition metal oxide with a
carbon-based material. This symmetric hybrid capacitor exhibited energy density of
65.7 Wh kg~ " at a power density of 302 W kg~ (Purushothaman et al. 2014). The
electrochemical features of the symmetric capacitors are given in Table 3.3.

3.5 Asymmetric Hybrid Supercapacitors

Asymmetric hybrid systems have two different electrodes at both the ends. They
may be electric double layer capacitance (EDLC)//pseudocapacitance (vice versa) or
pseudocapacitance//pseudocapacitance combinations. But the negative electrode
material is different from that of the positive electrode material. These combinations
are made to improve the energy and the power density of the system. The
pseudocapacitive materials combined with EDLC type materials are expected to
contribute with the following features, viz. a) effective faradaic capacitance at the
electrode surface providing superior capacitance (surface redox reaction) and b) high
power density (above 10° W kg~ ') along with fast charge-discharge process.
Though intercalation may take place at the surface level, they do not behave as
batteries (Zuo et al. 2017). They majorly have a CV plot as pseudo-rectangular
similar to that of EDLC type materials. Therefore, the combinatorial effect of EDLC
and pseudocapacitive materials leaves no big difference in the voltammogram of the
hybrid. The combinations of pseudocapacitance//pseudocapacitance also displays
voltammogram exhibiting the capacitive behavior.

The prime aim is to improve the energy density of a supercapacitor when an
asymmetric supercapacitor is built. However, most of the asymmetric supercapacitor
hybrid use carbon type capacitive electrodes as these have electrostatic origin along
with high power density, high surface area, superior cycle life and could be used in
both aqueous and non-aqueous media (Laforgue et al. 2003). An asymmetric hybrid
supercapacitor was assembled with mixed metal Ni, Co hydroxide over reduced
grapheme oxide (rGO) as the positive electrode (Ni, Co-OH/rGO) and hierarchical
porous carbon as the negative electrode. The system exhibited 37.5 Wh kg~ ' at
7120 W kg~ ' with a capacitance retention of about 80% for 17,000 cycles (Ma et al.
2016). In another report, graphene foam and carbon nanotubes (CNTs) were made
into composite hybrid film (grapheme foam/CNTs) with high flexibility and perfect
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robustness as ideal supporters of holding large quantity of electrochemically active
materials. To this support material MnO, and polypyrrole (PPy) was individually
mixed to form grapheme foam/CNT/MnO, and grapheme foam/CNT/PPy, respec-
tively, and were correspondingly made as positive and negative electrodes in an
aqueous electrolyte. The system had an output voltage of 1.6 V delivering a
10.3 kW kg~ ' at 10.9 Wh kg~' (Liu et al. 2014). Capacitance of mixed metal
oxide (Co and Ni) nanostructured arrays interconnected with 3D carbon (C/CoNi;Oy4
NA) over stainless steel to be made as positive electrode for the asymmetric system.
The negative electrode of the system was activated carbon. The asymmetric hybrid
capacitor exhibited cycling at a high potential of 1.8 V and was efficient upto
19.2 Wh kg ™' at a power density of 13 kW kg~ ' (Zhu et al. 2014).

An asymmetric hybrid supercapacitor was fabricated with NiSe@MoSe,
nanoarrays and nitrogen-doped pamelo mesocarps based carbon nanosheet as pos-
itive and negative electrodes, respectively. The interconnection in the sheets of
nanoarrays and carbon cause the system to exhibit high specific capacity
(128 mAh g~ ') and capacitance (223 F g~ '). This asymmetric assembly operated
at high voltage of 1.6 V displaying an energy density of 0.55 mWh cm > at
1391 mW cm > (Peng et al. 2017). Multidimensional poly
(3,4-ethylenedioxythiophene) nanotubes (mPNTs) were prepared by J.E. Lee et al.
to investigated the contribution of the morphological features to the electrochemical
characteristics of the system. The group built an asymmetric hybrid supercapacitor
with MnO, loaded mPNTs as the positive electrode and rGO-carbon nanofibers as
the negative electrode in an optimized weight ratio of 1:1 leading to superior specific
capacitance. The report, however, did not include the energy and power densities
(Lee et al. 2014). Yang et al. fabricated a flexible solid-state asymmetric hybrid
supercapacitor with a-MnO, nanowires and Fe,O3 nanotubes grown individually on
flexible carbon fabric with a gel electrolyte. The system showed extended response
up to 1.6 V and displayed energy density of about 0.55 mWh cm > at
139.1 mW cm > (Yang et al. 2014). The electrochemical features of the asymmetric
capacitors are given in Table 3.4.

3.6 Supercapacitor—Battery Hybrid (Supercapattery)

Thereafter, the researchers came up with a unique design configuration consisting of
a battery electrode and a supercapacitor electrode, termed as supercapacitor—battery
hybrid (SBH) or supercapattery hybrid (Fig. 3.6). This is also an asymmetric hybrid
system. However, in the previous section, the asymmetric system contained two
different electrodes, yet ultimately both the electrodes exhibited supercapacitive
behavior only. In the present case of SBH, one electrode exhibits supercapacitive
behavior and the other battery type behavior. Notably, though the electrochemical
characteristics of both battery and supercapacitor are completely different, the
striking similarity between the both is their configurations. Since, both the systems
have electrodes such as anode and cathode, electrolyte and a separator. These
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features make the combination or hybridization of two different systems highly
feasible. Interesting attribute of this combination is that the direct link between the
energy and power components of the system (Zuo et al. 2017). In addition, the
system offers ecofriendly trait and safety.

From the previous section we are aware that electric double layer capacitance
(EDLC) and pseudocapacitive materials can form a hybrid. Likewise, in this section
EDLC (or pseudocapacitive) electrode and battery electrode can form a hybrid.
Pseudocapacitive material might be mistakenly understood as a battery material
since it also involves ‘surface redox reaction’. But the major change is that the
battery electrode involves the ‘bulk redox reaction’. Here in this hybrid system, the
charge separation takes place in a battery electrode, and the electrons flow through
the external circuit. The charge separation leads to the movement of anions and
cations in the electrolyte. The advantage of this combination over other hybrid
systems like symmetric and asymmetric supercapacitive system is that battery
component largely improves the energy density and the supercapacitor component
largely enhances power density. Notably, each component compensates the other in
which the other component is lacking and the final outcome is effectively positive.
That is the combinatorial effect is improved in two factors: (i) capacity and
(i1) operational voltage (Choi and Park 2014; Khomenko et al. 2008). The capaci-
tance of the SBH is largely improved by about twofold and the operational voltage
improves by 1 or 2 V. The battery electrodes involved in the SBHs are Li-ion, Na-ion
electrodes, and other ion-based electrodes.

The supercapacitor electrodes utilized could exhibit EDLC or pseudocapacitance
properties. So based on these two combinations the following can be derived: a)
EDLC—battery hybrids and b) pseudocapacitance—battery hybrid. The battery-
supercapacitor system is believed to link two different types of storage mechanisms,
the physical and chemical type charge storage. Also, the combinatorial effect of
SBHs is expected to be useful in two different ways: a) to possess the excellent
features of both a battery and a supercapacitor and b) this combination has the
potential to reduce the non-monotonic energy consumption in the batteries
(Kouchachvili et al. 2018).

3.6.1 Li-Ion Capacitor

The first ever supercapacitor-battery hybrid (SBH) system was made with Li-ion as
the battery component (Amatucci et al. 2001). The combination is also known as
Li-ion capacitor or Li-ion hybrid capacitor. Among the materials used for electro-
chemical storage, it is understood that Li-ion is widely used, in the form of Li-ion
batteries and it is extensively employed in portable devices. These capacitors
combine the energy storage mechanism of both batteries and supercapacitors. That
is, in one of the electrodes, the anions (or cations) adsorb or desorb forming double
layer charge storage mechanism. On the other hand, Li-ions are intercalated and
deintercalated, where the energy storage follows bulk electrochemical redox
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reactions (Wang et al. 2017b). In this system, the Li-ions are reversibly consumed in
the charge storage ‘rocking chair’ process similar to that of in the Li-ion batteries. It
is to be noted that the individual electrodes as half cells have to be tested for their
charge storage performance before the construction of a whole hybrid system. This is
to be done to evaluate the mass loading since one of the electrodes undergoes
Faradaic mechanism and the other non-Faradaic mechanism. The mass accumulation
balance is one of the prerequisites to be achieved to tap excellent energy density
(Mhamane et al. 2016). The total mass loadings are added to calculate the energy
density and the power density. The hybrid system is flexible to the usage of both
aqueous and non-aqueous electrolytes. However, the advantages of non-aqueous
organic electrolyte have been tapped in most of the hybrid systems that include wide
voltage window, which largely contributes to better energy density than aqueous
electrolyte system.

Amatucci et al. assembled the first SBH with LisTisO;, as the anode and
activated carbon as the cathode. The energy density reported was as high as
20 Wh kg~ ! in this system (Amatucci et al. 2001). Thereafter, several electrodes
were tested for their Li-ion SBH such as, metal oxides TiO, (Kim et al. 2013), MnO
(Wang et al. 2014a), Nb,Os (Lim et al. 2015), Fe30,4 (Zhang et al. 2013), and Si (Liu
et al. 2013a), intercalated carbonaceous materials (activated carbon, carbon
nanotubes, and graphene) (Wang et al. 2017b) and MnNCN (Liu et al. 2017) as
anodes. Moreover, Li metal oxides were used as cathodes viz. LiMn,0O,4 (Hu et al.
2009), Li,CoPO,F (Karthikeyan et al. 2013), LiNiy sMn; 504 (Arun et al. 2015), and
LizV,(PO), (Satish et al. 2015). One of the most commonly used electrodes in this
hybrid system is the prelithiated carbon anode, especially of the graphite owing to its
low Li-ion intercalation potential and highest cycling stability. Prelithiated carbon
electrode can be utilized to harvest energy density of up to 15 Wh kg~ with a cell
voltage up to 3.8 V (Zhang et al. 2014a). This system also contributes in preventing
the consumption of electrolyte at the anode side and high output voltage. However,
the overall specific capacity of the device is lower than that of the batteries and the
specific capacitance of the device is higher than the supercapacitors. Activated
carbon is another material that plays a pivotal role as electrode in the Li-ion SBH
as it is cost effective and has large surface area (Cherusseri et al. 2019). Commercial
activated carbon can be utilized as anode and the counter electrode was of
mesocarbon microbeads with energy density of 92.3 Wh kg~ and power density
of 5.5 kW kg~ ! (Zhang et al. 2014a). However, a major drawback in this anode is the
easy formation of lithium dendrites at the electrode—electrolyte interface. This
phenomenon decomposes the electrolyte, poor cycling ability and has safety hazard,
thereby preventing a superior performance.

Another section of the EDLC-Li-ion battery hybrid is the use of aqueous elec-
trolytes. The use of aqueous-based electrolytes is deemed superior in terms of safety
and ionic conductivity compared with the non-aqueous systems that provide high
energy density and extended operational voltage. Aqueous electrolytes are normally
nontoxic, nonvolatile, and nonflammable (Luo and Xia 2009). The aqueous salt
solutions are neutral viz. Li,SOy4, LiCl, and LiNOs5. The major limitations of the
aqueous electrolyte Li-ion SBHs are the poor energy density (< 40 Wh kg~ ') and
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restrained power density (< 900 W kg~') (Wang et al. 2006). Apart from these
modifications, metal oxides such as CuBiO,4 (Yuvaraj et al. 2016), TiO,, MnO, and
Nb,Os5 also contribute effectively to the Li-ion SBH system. In general, the metal
oxide system provides lower CuBiO, used as negative electrode that has the
tendency to exchange its Bi ions for Li-ion through redox reactions or in other
words through reversible intercalation. The specific capacitance of this is much
lower from the expected value with 26.5 F g~' and low energy density with
24 Wh kg~ '. Similarly, TiO, along with its composites were examined for negative
electrodes in Li-ion capacitors. However, due to their semiconductive nature, they
exhibit poor electron conductivity. The limitation can be overcome by reducing the
particle size to the nanoscale level, treating with hydrogen and overlaying with a
conducting layer. Thereafter, with these changes the TiO, produced better results on
performance (Kim et al. 2016; Wang et al. 2017b). X. Zhao et al. reported the
asymmetric hybrid combination with multi-walled carbon nanotubes (MWCNTs) as
the cathode and a-Fe,O3/MWCNTSs composite as the anode with the Li-ion as the
electrolyte. The system exhibited a specific energy density of 50 Wh kg™ ' and a
power density of 1000 W kg ' (Zhao et al. 2009). Metal nitrides also contributed to
the formation of Li-ion capacitor and they possess excellent electronic conductivity.
NbN has the ability to exhibit power density upto 45 kW kg ™' (Wang et al. 2016d).
The summary of the electrochemical performances of Li-ion SBH is presented in
Table 3.5.

3.6.2 Na-Ion Capacitor

After the successful experimentation with Li-ion electrodes, Na-ion electrodes were
tested to form the Na-ion capacitor (or Na-ion supercapacitor battery hybrid [SBH]).
The latter was tested for its ability as a battery electrode due to its enormous
abundance on the planet earth up to 4-5 orders above Li availability (Wang et al.
2017b). In addition, both Li and Na share common physiochemical properties. The
merits of Na in terms of abundance and similar physiochemical property like that of
Li make it to be a better choice to replace Li (Yabuuchi et al. 2014). Similar to Li-ion
capacitors, in this class of SBHs Na-ion electrodes are mostly used as negative
electrodes and the supercapacitive-based materials are used as positive electrodes.
Obvious difference between the Li-ion battery electrodes and Na-ion electrodes is
that the former has voltammogram as that of a battery, whereas the later is like of
capacitive electrode (Ma et al. 2011). One of the main disadvantages of Na in the
charge storage device is that it is not compatible with aqueous electrolyte. Therefore,
no major work has been reported with Na-ion capacitor using aqueous electrolytes.

In general, the negative electrodes of the Na-ion capacitor includes activated
carbon (Kuratani et al. 2012; Wang et al. 2016¢c), Na,Ti;O; (Yin et al. 2012),
Na3;V,(POy4); (Wang et al. 2015a), Nb,Os (Lim et al. 2016), NiCo,O, (Ding et al.
2013), and V,05 (Chen et al. 2012). Likewise, the positive electrodes include,
NaMnO, (Ma et al. 2011), Nay 44MnO, (Wang et al. 2015d), Na,[Fe;,Mn;,;]O,
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96 T. M. David and T. Mathews

(Yabuuchi et al. 2012), and Nag gsLig 17Nig>;Mng 640, (Kim et al. 2011). In the
recent years, the intercalation hard carbon anode and capacitive carbon cathode was
studied for the Na-ion SBH. In this case, the intercalated hard carbon displayed poor
performance owing to its poor electrochemical behavior in Na-ion based electrolyte.
It is to be noted that fast kinetics for Na intercalation in hard carbon and large surface
area for capacitive carbon is basically essential for superior performance of the
assembled Na-ion capacitor. The condition to improve the working ability of the
electrode is to make the electrode highly porous (Kuratani et al. 2012). The required
modifications were done in one of the subsequent works where the carbon electrode
was constructed using peanut derived activated carbon made as thin flakes and with
high porosity. This alteration supported the swift Na-ion intercalation and largely
supported the redox reaction. Thereafter, the Na-ion SBH produced energy density
of up to 200 Wh kg~ " with a power density of up to 16.5 kW kg ' (Ding et al. 2015).
The electrochemical performances of Na-ion SBH are presented in Table 3.6.

3.6.3 K-Ion Capacitor

Next element in group 1 of the periodic table that is suitable to be used in
supercapacitor battery hybrid (SBH) is K-ion. Notably, like Na, K is also found in
abundance across the planet and the redox potential of K (—2.93 V [K*/K] vs
standard hydrogen electrode [SHE]) is lower than that of Na (—2.71 V [Na*/Na]).

The atomic size of K does not hinder the gravimetric capacity of the K-ion
capacitor. In general, hard carbon is utilized in the K-ion capacitor as the negative
electrode. The electrolyte generally used for this section of SBH is 1 M potassium bis
(fluorosulfonyl) imide (KFSI) dissolved in ethylene carbonate and diethyl carbonate.
Interestingly, ionic conductivity of 1 M KFSI with 10.7 mS cm ™" is observed to be
superior compared with LiFSI and NaFSI with 9.3 and 9.7 mS cm ™', respectively.
This phenomenon largely aids the fast kinetics of metal ion in the electrolyte.
However, this capacitor works at a lower working potential, which lies around
0.2 V closer to 0 V and this aids the formation of dendrites at the electrode—
electrolyte interface. Moreover, the melting point of potassium (337.15 K) is much
lower than that of sodium (371 K) and lithium (453.7 K), which is a safety hazard to
the fabricated device.

In order to surmount the demerits displayed by K-ion capacitors several steps
have been taken. One of the modifications tested by L. Fan et al. was to replace hard
carbon negative electrode with soft carbon. They also replaced the common elec-
trolyte with bis(fluoro-sulfonyl)imide dissolved in dimethyl ether as the electrolyte.
This SBH exhibited an energy density of about 120 Wh kg~ ' and a power density of
about 600 W kg~ '. The investigation also provided the long desired fast charging
and slow discharging behavior (Fan et al. 2018). In another work, the active
electrode was replaced with K »7,MnO, with K,SO, as the electrolyte. This combi-
nation has an operational voltage between 0 and 1.9 V displaying an energy density
of 25.3 Wh kg~ and power density of 140 W kg~' (Qu et al. 2010). Also, cubic
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Prussian blue crystals (C,gFe;N;g) were utilized as the active electrode in K,SO,4 and
this K-ion capacitor showed energy and power densities as 28 Wh kg~' and
214 W kg™ !, respectively (Zhou et al. 2017). The summary of the K-ion SBHs
electrochemical performances are presented in Table 3.7.

3.6.4 Al-Ion Capacitor

So far, the discussion was on monovalent alkali elements and their role in the
supercapacitor battery hybrid (SBH) system. Aluminum is a trivalent ion and the
3-electron transfer during the charge storage offers high efficiency than the mono-
valent counterparts (Li et al. 2017). Also, Al is highly economical and one of the
most abundant metal on the earth’s crust. Conductive polypyrrole coated MoO3; was
employed as the negative electrode for the intercalation/deintercalation of AI** ions
in aqueous solution with activated carbon as the positive electrode (Wang et al.
2016a). The energy and power density exhibited by this device was about
28 Wh kg~ and 460 W kg™ ", respectively. This system also has ability to exhibit
an energy density of 20 Wh kg~ ' at a power density of 2840 W kg~ '. The
capacitance of the device was around 693 F g~', which is thrice than that of the
Na-ion capacitor (Wang et al. 2016a). In another work the reversible AP** jon
intercalation in Prussion blue analogs were studied and the energy density of the
system was observed to be 13 Wh kg " (Li et al. 2015). The summary of the Al-ion
SBHs electrochemical performances are presented in Table 3.8.

3.6.5 Pseudocapacitor-Battery Hybrid

In general, most of the supercapacitor battery hybrid (SBH) systems employ EDLC
type electrodes usually made of carbon. Alternatively, another concept was devel-
oped by replacing the double layer capacitive electrodes with pseudocapacitive
electrodes. The combination was expected to largely improve the energy density
of the SBH devices. It is to be noted that several metal oxides (as discussed here)
such as Nb,Os (Lim et al. 2015), MnO, and its associates (Ma et al. 2011; Qu et al.
2010; Wang et al. 2015d), MoO3; (Wang et al. 2016a), TiO, (Kim et al. 2013)
contribute to the pseudocapacitive behavior. In addition, conducting polymers PANI
(polyaniline) and PPy (polypyrrole) also exhibit pseudocapacitive property. How-
ever, other electrode materials such as MXenes and MoS, are also involved.
Advantages of MXenes are that they are two-dimensional (2D) metal carbides that
have superior volumetric capacitance compared with all other carbon materials
(Zhao et al. 2015b).

Surfaces of MXenes are terminated with O, OH, and F groups and in common
they are represented as M,,_; X, Tx, where M is the transition metal, X is Cor N and T
is the terminal groups, and n can be 1, 2 or 3 and x denote the number of terminating
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3 Recent Advances in Hybrid Supercapacitors 101

groups in the given system. These systems can support the intercalation and
deintercalation of ions such as Na*, K*, NH,*, Mg>*, and AI’* provided space for
higher capacitance up to 300 F cm > (Lukatskaya et al. 2013). As understood, the
system has more provision for pseudocapacitance. The expected volumetric capac-
itance of these groups could be up to 450 F cm ™2 at the scan rate of 2 mV cm 2
(Zhao et al. 2015b). MXene Ti,C employed as a negative electrode with
Na,Fe,(S04); as the positive electrode displayed excellent current density. The
specific capacitance was several fold above the double layer capacitance (Wang
et al. 2015¢). Likewise, MoS, intercalation and deintercalation with Na-ions are
observed to deliver higher capacity to fabricate an effective Na-ion capacitor (Wang
et al. 2014c). The electrochemical performances of pseudocapacitor-battery hybrid
are presented in Table 3.9.

3.6.6 Pb-Based Supercapacitor-Battery Hybrid [Acidic]

Lead acid batteries are safe, economical, and oldest energy storage devices. This
system works under the partial state of charge storage, which causes irreversible
sulfation of negative electrode leading to its lessened lifespan (Lam et al. 2004). At
this juncture, it can be well understood that carbon-based supercapacitors as negative
electrode has a superior role to play as they are not easily corroded or evaded
(Moseley et al. 2006). This triggered the amalgamation of PbO,-based battery
electrode and activated carbon-based supercapacitor electrodes. PbO,-based SBHs
are the only systems that use highly acidic electrolytes compared with all such
similar systems. The system is also known as the lead-carbon capacitors and acidic
SBHs. Moreover, this is one of the systems that are successfully commercialized as
SBH. The device with PbO,/activated carbon showed excellent energy density of
about 49.4 Wh kg~' and power density of 433.2 W kg~ ' (Lam et al. 2004). The
system could work up to a power density of 2078 W kg~ ' to render an energy
density of 30 Wh kg~'. In another work, PbO, thin film and activated carbon was
used as the positive and negative electrodes, respectively, in methanesulfonic acid
electrolyte. The system exhibited an energy density of about 29 Wh kg™~' (Perret
etal. 2011). PbO, electrodeposited on to graphite was fabricated as SBH along with
activated carbon. Operational voltage of this system ranged between 1.88 and
0.65 V. This SBH delivered an energy density of 27 Wh kg~ ' at a power density
of 691 W kg{l (Ni et al. 2013). In another work, PbO, thin films were synthesized
on Ti/SnO; substrates via galvanostatic electrodeposition technique. The device had
PbO, as the positive electrode and the activated carbon as the negative electrode with
H,S0, as the electrolyte. The system displayed energy density of 7.8 Wh kg~' and
power density of 258 W kg™~ ' (Yu et al. 2009). Table 3.10 provides the electro-
chemical performances of acidic SBHs.
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3.6.7 Ni-Based Supercapacitor Battery Hybrid [Alkaline]

Soon after the invention of Pb acid batteries, the Ni—Cd batteries were also found and
unlike the former, the later majorly works in the alkaline electrolytes. In this class,
electrospun NiO nanofibers with high aspect ratio and the activated carbon were
used as the battery type cathode material and anode material, respectively. The
system used 6 M KOH as the electrolyte and had an operating potential of 1.5 V.
The setup displayed an energy density of about 43.75 Wh kg~ in a power density of
7500 W kg~ " (Kolathodi et al. 2015). In another work, honeycomb-like mesoporous
NiO microspheres were used as a cathode material and reduced graphene oxide as
anode material. This SBH produced an energy density of 23.25 Wh kg™ ' and a
power density of 9.3 kW kg~ ' (Ren et al. 2015). Ni(OH), is an additional material,
which is majorly employed in Ni-based alkaline supercapacitor battery hybrid (SBH)
systems.

Hierarchical flower like Ni(OH), decorated graphene sheets were coupled with
porous graphene as the positive and negative electrodes, respectively. The working
voltage of this SBH was noted to be in the region 0—1.6 V with it displaying an
energy density of 77.8 Wh kg~ ' at a power density of 174.7 W kg™ ' (Yan et al.
2012). Al-substituted o-Ni(OH), as positive electrode and activated carbon as the
negative electrode was formed as SBH in an alkaline medium. The energy density
displayed by the system was 26.9 Whkg " at a power density of 1100 W kg ™' and it
increased upto 42.3 Wh kg~ " at 1100 W kg~ ' (Lang et al. 2010). Furthermore, Ni
(OH),/CNT composite electrode was built on Ni foams to be used as the anode and
the activated carbon was employed as the cathode. This combination of SBH
displayed an energy density of 50.6 Wh kg~' at a power density of at 95 W kg™
(Tang et al. 2012). Moreover, nanoporous Ni(OH), thin film was grown over
ultrathin graphite foam (UGF) to be used as positive electrode. Activated microwave
exfoliated graphite oxide was used as the negative electrode. An effective power
density of 44 kW kg~ ' was exhibited with an energy density of 13.4 Wh kg™'
(Jietal. 2013).

Additive free NiMoO, nanosheets or nanorods were synthesized to be used as the
positive electrode and activated carbon was used as the negative electrode. The SBH
formed had an extended operating voltage of 0—1.7 V with excellent electrochemical
performance of 60.9 Wh kg~ ' energy density at a power density of 850 W kg™
(Peng et al. 2015). Another Ni-based electrode, Ni3S, loaded onto multi-walled
carbon nanotubes was employed as cathode and activated carbon as the anode with
2 M KOH as the electrolyte operating reversibly in the voltage range between 0 and
1.6 V. The system delivered maximum energy density of 19.8 Wh kg™ ' at
798 W kg*1 (Dai et al. 2013). Hierarchical Mng 4Niy¢C0,04 nanowires were
fabricated as positive electrode and activated carbon as the negative electrode with
KOH as the electrolyte. The system cycled reversibly at 1.5 V displaying a superior
high energy density of 35.2 Wh kg~' (Tamboli et al. 2017). The electrochemical
performances displayed by alkaline SBHs are presented in Table 3.11.
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3.6.8 Effectiveness of Supercapattery Systems

The hybridization of a capacitor and a battery into a single system has innate
advantages and it could be explained with the charging potential profiles as illus-
trated in Fig. 3.8. The primary change witnessed is in the voltage limit expansion: the
charging potential for a supercapacitor (Fig. 3.8a) is linear with respect to time in a
given voltage limits (AV,.). Likewise, the charging potential of the battery system
(Fig. 3.8b) is in parabolic form, which includes a redox phase change in a given
voltage limit (AVy,). In a supercapacitor battery hybrid (SBH) system, a combinato-
rial effect (Fig. 3.8¢c) takes place with an increase in the voltage limits (AV) with the
final equation (Dubal et al. 2015a) being,

AV = AV, + AV, (3.6)

Thus, the increase in voltage is obvious. Thereafter, the SBH exhibits an expan-
sion in the energy storage: the supercapacitors render high power density and the
battery render high energy density. The amalgamation of two such components in
SBHs improves the energy storage with a contribution from both (Chen 2017).
Energy stored in a battery and supercapacitor is given as below, respectively,

Ep = Qp. AV (3.7)

(a) [ ] (b)

Electrostaticforce Redox reaction
E.=0.5q,. AV, 2 T T
]
-
S g >
Eb= Qb' Avb i I'E n<
o | >
F o T
i K > x5 ;
1 ~ BB <
'... Qb | g E o
.............. .
L Capacitor Battery Hybrid capacitor

Fig. 3.8 Electrode systems (a) capacitor (b) battery, and (c¢) an asymmetric supercapacitor-battery
hybrid. (Reprinted with permission of RSC from Dubal et al. 2015a)
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E. = 0.5q..AV, (3.8)

where E, and E, are energy stored in battery and supercapacitor, respectively. Qp, and
. are the charges stored in battery and supercapacitor, respectively. It is to be noted
that the energy stored in a capacitor is half than that of the battery. The total energy
stored (Fig. 3.8c) in a SBH system (Dubal et al. 2015a) is given as,

Esgy = Ep + E¢ (39)

Apart from these fundamental changes, the supercapacitor and battery compo-
nents compensate the each other with the lacking energy density and power density,
respectively.

3.7 Conclusion

This chapter provides an outline to understand the improvements in the
supercapacitor sector. The hybrid supercapacitor systems are in the line of current
electrochemical energy storage systems. Earlier, it was development only in the
EDLC or pseudocapacitance systems. Now, it is a combination of both and the
addition of battery electrodes in supercapacitor devices. The supercapacitor-battery
hybrid has brought in excellent energy density rendering devices at a superior power
density and is still prone to advancement. The field is swiftly expanding and
advanced outputs are anticipated.
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Abstract Today, energy generation is the most challenging issue for scientists and
engineers, since their goal to produce energy via economic, efficient, clean, and
environmentally friendly processes. Fuel cells have turned chemical energy which is
obtained from fuel gas directly into electrical energy that is both efficient and
environmentally clean because of being a lack of combustion in years. The proton
exchange membrane (PEM) fuel cell technology has developed rapidly in recent
years. This advancement leads to conduct new researches in this area that is related
to fuel converter catalysts for the production of H,. The primary objective is to
obtain fuel cells that are catalytically more active, which increases fuel processing
speed and reduces to ergonomic dimensions. In fuel cells, the H, production flow
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can be achieved by allowing very small amounts of CO to be released by the efficient
operation of the catalysts of each part. In this paper, the use of precious and
non-precious metals as catalysts for proton exchange membrane fuel cell
(PEMFC), alternatively metal sulfides and metal oxides for composite proton mem-
branes is reviewed.

Keywords Fuel cell - Proton exchange membrane - Alkaline fuel cells - Metal -
Metal oxide - Nanomaterials

Abbreviations

AFC alkaline fuel cells

DMFC direct methanol fuel cells
HER hydrogen reaction

ICE internal combustion engine
LHV smaller value of heating
LPG liquid propane gas

MCEFC molten carbonate fuel cells
MEA membrane electrode assembly
MOFs metal-organic frameworks
NG natural gas

PAFC phosphoric acid fuel cells
PEM proton exchange membrane

PEMFC  proton exchange membrane fuel cell
PFSA perfluorosulfonic acid

PTFE polytetrafluorethylene

QDSSCs  quantum dot-sensitized

SO solid oxide

SOFC solid oxide fuel cells

SPFC solid polymer fuel cells

TWC three-way catalysts

WGS water gas exchange

4.1 Introduction

One of the many alternatives for clean energy is fuel cells (Acres et al. 1997,
Andreeva et al. 1998, 1999; Basiriska et al. 1999; Antonucci et al. 1999; Adjemian
et al. 2002a, b; Ahmad et al. 2006; Ay et al. 2019). The largest commercial sectors of
fuel cells are private transport, public transport, and public housing. Their applica-
tions allow use in many different areas, from portable micropower to stationary
buildings and distributed production areas (Gray and Frost 1998; Docter and Lamm
1999; Carpenter et al. 1999). Recently, automotive companies and fuel cell
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companies have announced some prototype vehicles and new technologies using
fuel cells to reduce air pollution. There are no alternatives to fuel cells for other
practices at a necessary level (Acres et al. 1997; Society of Chemical Industry (Great
Britain) 1998; Services 2000). Proton exchange membrane (PEM), known as solid
polymer fuel cells (SPFC) working at 80 °C, alkaline fuel cells (AFC) working at
100 °C, phosphoric acid fuel cells (PAFC) working at 200 °C, molten carbonate fuel
cells (MCFC) at 650 °C, solid oxide fuel cells (SOFC) works at higher temperature
800-1100 °C. SPFC fuel cells have many positive characteristics that give them
permission for candidates for the practices of mobile power or small portable power
units; long piling life, convenient for discontinuous practices at lower practicing
temperatures and sustaining practices at higher current density, start-ups, compact-
ness, and low weight.

For PEM, the optimum fuel is the pure H, with a smaller value than 50 ppm
carbon monoxide except for direct methanol fuel cells (DMFC), since it is the
poisoning limit of Pt fuel cell catalyst. Weight, size, technical, and cost limitations
lead to the problematic storage process of H, in a required amount and density, so the
H, gas is produced on-site and requisition, by changing reachable fuels such as
gasoline, natural gas (NG), propane (LPG), and methanol. The efficiencies only life
usage of existing changer or fuel cell systems depend on the Low Heating Value
(LHV) of the fuel that is between 35% and 50%. It can be inferred from that it is a
smaller priority on the theoretical efficiency of the internal combustion engine (ICE),
the net priority on internal combustion engine is to release the smaller amount of
pollutants to the environment. If it is operated with pure H,, the regional emissions
will be zero. In the case of the generation of H, from hydrocarbon fuels, the emission
may be restricted with CO, and maybe the minimum amount of hydrocarbons
obtained at the beginning. Because of the lower temperatures in the process of fuel
on active catalysts, it is necessary to avoid some pollutants such as NOx and
particulates. There are some other advantageous sides over internal combustion
engine such as quiet energy production without moving parts and load-independent
efficiency.

One of the most important factors in determining the method of obtaining
hydrogen in fuel cells is the design of catalysts. By thermal process; the endothermic
reaction to obtain hydrogen in the fuel cell leads to very high temperatures (Clarke
etal. 1997). In contrast, proton exchange membranes (PEMs), designed to operate at
lower temperatures, operate using air, steam and/or both, and use hydrogen gener-
ated by the catalysis of fuels. It contains H,, CO,, and 3-10% CO in the output
depending on the fuel, working conditions, and catalyst. In series, these catalytic
processes produce a high output of hydrogen-containing 35-75% H,, 13-26% CO,,
up to 1% CO, 0-25% N,, and 15-30% H,0O. The system has a cleaning system so
that the amount of CO formed is less than 50 ppm.

Catalysis in the fuel cell: It has some difficulties such as large footprint catalytic
volumes, long starting times, stable and inactive structures, and the need to develop
poison resistant structures.

In the following sections, the roles of fuel cells of different groups of catalysts in
different sections will be examined.



118 H. Ay and F. Sen
4.2 Fuel Cell

Fuel cells, which have begun to create a huge change in the field of electrical energy;
we can define the fuel input as an electrochemical unit cell that converts from
chemical energy to electrical energy without any combustion process. Consequently,
an electrochemical reaction occurs with the oxidant in the fuel cell to convert the fuel
into electricity, water, and heat. Commonly used fuel types are ethanol, methanol,
and H; and the like. In general, we can describe the reactions taking place in the fuel
cell as follows: Hydrogen gas supplied to the anode part of the fuel cell is converted
to an ion and electrons are flowing from the anode to the cathode (Peighambardoust
et al. 2010a).

Anode Electrode Reaction : H,—2H"' + 2e~
Cathode Electrode Reaction : O, + 4H" + 4e”—2H,0
General Reaction of Cell : 2H, + O,—2H;0

The essential elements and the most important parts of the fuel cell consist of two
parts, the electrocatalyst and the membrane electrode assembly (MEA). The task of
the membrane in the fuel cells is to ensure that the occurred protons pass from the
anode to the cathode between the electrodes (Ahmad et al. 2006). With the trans-
mission of these ions through the membrane, the free electrons remaining in the
anode create a voltage while the cathode flows through the anode, producing heat,
electricity, and water. Figure 4.1 shows a fuel cell operating by the PEM method.
The advantages of fuel cells compared to the systems used to obtain energy can be
listed as follows: it does not contain moving parts, and therefore quiet operation,
high efficiency, and the absence of polluting gas emissions such as NOx, SOx, CO,
and CO,. Despite these advantages, their only disadvantage is the high costs of
solving them with new technological developments and the ability to produce these
cells in series.

Fuel cells can be classified depending on their operating structure and based on
different criteria such as operating conditions. Fuel cells operate pressure and
temperature, the target ion of the electrolyte, and the type of electrode and the type
of fuels (oxidants or primary fuels). However, fuel cells are generally classified
according to the electrolyte types used within the cell, the classification of which will
be further examined.

Membranes are already used in many different industrial processes according to
the ion exchange principle. In these areas, as a separator for electrolysis, in the
treatment of brine, separation of ionic materials with non-ionic materials, and such
other examples can be given (Kariduraganavar et al. 2006). On the other hand, a
solid and polymer-based proton exchange membrane capable of selectively proton
transfer is used in fuel cells. These ionic electrolytes, which contain gel-like and
swollen polymer matrices, carry constant negative and positive charges. Proton
transfer capabilities are absent in the dry state, and if they are moist and in direct
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Fig. 4.1 Working principle of proton exchange membrane fuel cell. The schematic part of the
hydrogen or hydrogen source fuels separated into protons and electrons by the catalyst effect is
shown in the anode section of the fuel cell. Thanks to the membrane that selectively permits only
proton passage, electrons flow from anode to cathode, thereby generating electrical energy. In the
cathode section, there is a reaction that results with a hydrogen proton and electrons and an
externally fed oxygen source and a water product

proportion to the increase in moisture content, the ion permeability increases. The
so-called Nafion, which developed chemically based on sulfonated
polytetrafluoroethylene by DuPont in the 1980s, was the first stable material and
was thus widely used in energy conversion and storage with Chlor-alkali production
applications (Grot 1973). For polymer-based proton exchange membranes, DuPont’s
(Nafion) fluorinated sulfonic acid membrane is standardized and is an ideal material
for fuel cells. The historical development of these types of ion exchange membranes
and its variants are shown in Table 4.1.

Generally, selectively ion-permeable membranes are classified into two groups as
cation and anion exchange membranes according to the type of ionic groups present
in the matrix structure. In the structures of selective anion permeable membranes
(-S0O37, —PO327, -COO0™, -C¢H407, -PO3H ™, etc.), there are components which do
not let the transition of cations, such as selective cation-transmitting membranes in
their structures (-NH3", -PR;* -NR5*, -SR,*, -NRH, *, etc.). There are also some
components which do not allow the passage of anions and only cations containing
positive and negative groups (Finch 1993; Strathmann 1995). Membranes selec-
tively ion-permeable according to their structure may also be classified as heteroge-
neous and homogeneous membranes, depending on the chemical bonding or the
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Table 4.1 The historical development of these types of ion exchange membranes and its variants
(Peighambardoust et al. 2010b)

Years Historical development stages

1890 First electro-membrane process

1910 Donnan exclusion potential

1925 First synthesis of ion exchange membrane

1932 First mosaic membrane, amphoteric membrane

1940 First industrial application of electro-membrane

1950 First commercial ion exchange membranes and electrodeposition

1962 First sea salt production (Asahi)

1970 First electrodialysis reversal, first continuous electrodeionization

1978 Nafion: Chlor-alkali electrolysis; first bipolar membrane

1988-2003 | Novel ion exchange membrane process; Coupling/hybrid electrodeposition pro-
cess; Comprehensively industrial applications; Hybrid ion exchange membranes,
etc.

physical loading of the charged groups in the matrix and depending on their binding
patterns. The advantage of membranes formed by homogeneous groups exhibits
excellent electrochemical properties compared to heterogeneous membranes,
whereas on the contrary, they exhibit low mechanical strength compared to mem-
branes formed by heterogeneous groups (Feng and Alonso-Vante 2008). The dif-
ference between heterogeneous and homogeneous groups of these selective ion
filtration membranes is that heterogeneous groups have much better dimensional
stability (Xu 2005).

Many developments have become a current issue recently; however, in the
commercialization of fuel cells, there are many economic and/or technical draw-
backs. In that context, it is necessary to have the care to advance a membrane for
PEMFC with developed durability and performance. In this respect, studies are
continuing for PEMFCs in terms of efficiency, performance, strength, and cost.
Although these studies contain hope, it seems that it will take more time in terms
of commercialization and therefore may be the next-generation energy source.
Therefore, today’s technology depends on the materials that make the commercial-
ization of fuel cell accessible and prevalent.

4.2.1 Fuel Cell Origins

Despite the high technology and promising future, more than a century and a half of
the scientifically known fuel cells have gained intense interest and intensive work in
the 1940s. Alessandro Volta was the first scientist to observe electricity and form a
scientific basis. The phenomenon and understanding of electrochemistry was with
the help of the scientist J. W. Ritter, who was also regarded as the founder of
electrochemistry. The (C/H,O,NH3/O,/C) compound, Sir Humphrey Davy, who
created a low electric current and created a single fuel cell. However, the basic
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principle of the fuel cell is based on the work of Christian Friedrich Schnbein, which
lasted 39 years, until 1868. Sir William Grove, a British lawyer has renowned his
thermal cell battery design, the so-called Grove Cell and whose principle is based on
reversible hydrolysis of water (Bezerra et al. 2007). Ceramic fuel cells, which began
with the discovery of solid oxides by Nernst (Feng and Alonso-Vante 2008),
emerged much later than these developments. Ludwig Mond announced a hydrogen-
oxygen-based fuel cell with a yield of 1/6 m*/A with a 0.73 V voltage related to the
surface area of the electrode. Friedrich Wilhelm Ostwald, the founder of the
physical-chemistry field, explained most of the working principles of fuel cells.
Since the early 1900s, Emil Baur has conducted long investigations for different
types of fuel cells and has worked on high-temperature devices using solid electro-
lytes, metal oxides, and clays. Francis Thomas Bacon, who succeeded in
manufacturing the first fuel cell in 1939, worked on devices using alkaline groups
as electrolytes. NASA has successfully spent millions of dollars on hydrogen fuel
cells to power all the electrical devices that this shuttle will use on its Apollo moon
trip. As the 1990s approached, Japan, Canada, and the US government agencies
increased their research and development funds and fuel cell funds considerably.
Nowadays, while the fuel cells are becoming widespread in space flights, it also
means that they can be used in areas ranging from portable and stationary power
plants to home electricity.

4.2.2 Types of Fuel Cells

Fuel cells are usually assorted by the characteristics of its electrolyte’s chemical
utilized for the ionic conductor in the cell, as shown in Table 4.2. The first five kinds
on the table have classified by its low to the average temperature of operation
(50-210 °C), their comparatively low electrical generation efficiencies (40-50%
when worked on readily available fuels like methanol and hydrocarbons, 50% when
utilizing pure H, fuel). The last three groups in the table have an operating range of
600-1000 °C so that fuels such as methane can be directly recycled in the fuel cell
and can operate at high efficiencies (45-60%). This efficiency can be increased to
approximately 90% by recovering the heat generated by the process temperature.

Other kinds of fuel cells are also used today, but they are less employed so that
they can be used for a special application later. Currently, there are also different
types of fuel cells that are used less frequently than these types and have the potential
to be used in specific applications in the future. Inorganic redox cells, alkali metal-
halogen cells, air-depolarized cells, inorganic redox cells, sodium amalgam cells,
regenerative cells, biochemical fuel cells are good examples for this situation. Actual
material science makes the fuel cells can be applied for many special areas. Up to
now, the most significant investigation conducted on this topic is the proton
exchange membrane and solid oxide cell stacks throughout the world. Proton
exchange membranes are the well-designed kinds of fuel cells that are convenient
for both cars and public transportation.
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Table 4.2 Application and operating characteristics of the basic five different types of fuel cells

Types of fuel Operating Efficiency
cell Electrolyte temp. (°C) | Fuel |Oxidant (%)
Alkaline Potassium hydrox- | 500-200 O,/ | Pure hydrogen or 50-55
(AFC) ide (KOH) Air hydrazine
Direct metha- | Polymer 60-200 | O,/ |Liquid methanol 40-55
nol (DMFC) Air
Phosphoric Phosphoric acid 160-210 O,/ | Hydrogen from hydro- | 40-50
acid (SAFC) Air carbons and alcohol
Sulfuric acid | Sulfuric acid 80-90 O,/ | Alcohol or impure 40-50
(SAFC) Air | hydrogen
Proton Polymer, proton 50-80 O,/ |Less pure hydrogen 40-50
exchange exchange Air | from hydrocarbons or
membrane membrane methanol
(PEMFC)
Molten car- Molten salt such as | 630-650 CO,/ | Hydrogen, carbon 50-60
bonate nitrate, sulfate, O,/ monoxide, naturel gas,
(MCFC) carbonates. . . Air | propane, marine diesel
Solid oxide Ceramic as stabi- | 600-1000 | O,/ | Naturel gas, propane 45-60
(SOFC) lized zirconia and Air

doped perovskite
Protonic Thin membrane of | 600-700 0O,/ | Hydrocarbons 45-60
ceramic barium cerium Air
(PCFC) oxide

Adapted with permission from Adjemian et al. (2006). Copyright (2006) American Chemical
Society

4.3 Metal Catalysts

During the process of oxidation and methanation in fuel cells, water gas exchange
(WGS) is a crucial step, especially in order to reduce the amount of CO formed in the
environment and provide extra hydrogen sources, mainly caused by alloy-based
catalysts. In the flow direction shown in Eq. 4.1, the water gas exchange units are
conveniently placed to increase hydrogen efficiency and reduce the CO concentra-
tion. The ideal performance of the water gas exchange system should ensure that at
low temperatures, such as 180-280 °C, the CO level does not exceed 5000 ppm and
draw as low as possible, depending on the feed density of the fuel (Ridler 1996).
Since it contains CO,, CO, H,, and H,O in the flow here, reactions such as equality
two at high temperatures according to the ratio of water and carbon monoxide (Xue
et al. 1996) can also work (Ridler 1996).

Water — Gas Shift (WGS): CO 4 H,0—CO, +H; AH 395 = —41.2kJ/mol  (4.1)
Methanation: CO + 3H,—CH, + H20 AH;95 = —206.2 kJ/mol (4.2)
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There are many publications about the classical water gas shift catalysts, applied
mainly on the reaction or kinetics mechanism (Rhodes et al. 1995; Ridler 1996;
Ovesen et al. 1996) and catalyst preparation (Schneider et al. 1986; Hu and Wagner
1999). Some debates are done in the mechanization step and especially for the
Cu-ZnO catalyst, on whether the reaction mechanism relatedly happens through
intermediate like formates, and the occurrence of relatedly surface species like
carbonates or hydroxy carbonates of which participate in the mechanism is just not
answered.

A usually desired mechanism for water gas shift is not just found, so it is
necessary to select the more various types of catalytic surfaces having various crystal
constructions between the ranges of experimental conditions selected for such
works. It may be seen as probably of combined mechanism (Rhodes et al. 1995)
based on the conditions of reactions or reconstruction of induced surface in many
cases (Peppley et al. 1999). Raney Cu-ZnO (Wainwright and Trimm 1995) formu-
lations or as in the methanol changing catalysts, to modify zirconium or titanium
(Hu and Wagner 1999; Velu et al. 2001) seem to have more durable and active under
stable state circumstances. The developed activity of the formulations of Cu-ZnO
has revealed that alkali has promoted (Klier et al. 1991; Campbell 1993), but
Cu-ZnO catalysts have a difficulty of being pyrophoric and higher vulnerable to
poisons for all cases (Ridler 1996; Twigg and Spencer 2001).

The usage of Cu-ZnO and Fe-Cr formulas in fuel processors has many draw-
backs; high temperature shift catalysts’ low activity and their thermodynamically
restrains at higher temperatures and also the sensation of the Cu-ZnO catalysts to
temperature or air excursions. The length preconditions of some catalysts for
intermittent processes (pre-reduction/passivation) or the large volume of reactor
directed by the slow WGS kinetics of the Cu-ZnO catalyst at lower temperatures.
Fe-Cr merged with Cu-ZnO setting is not convenient to usage in either automotive or
residential applications that quick drives which lower catalyst volume (fewer steps)
and pyrophoric catalysts are utilized.

While alternative catalyst formulations are currently being evaluated as an alter-
native, high temperature shift-low temperature shift standard catalyst formulations
are used in early and experimental fuel processors with step cooling in adiabatic
reactors. Commercially available water gas exchange systems bring about a 25-50%
load in terms of weight of fuel processor and volume of catalyst. For a standard
reactor, the high temperature shift first reduces at about 400 °C (CO input up to about
10% and in a wet environment) to less than about 5% in stable operation. At low
temperature (low temperature shift/180-240 °C), this ratio is reduced to below 1%
(% CO) according to the amount of catalyst and process step in the system. The aim
of Cu-ZnO-based water gas exchange systems is: It is important for CO reduction
and size reduction of reactors by providing air to the tail medium of the reactor.

The designs of the water gas exchange catalysts to be used in the fuel cells should
be designed to eliminate the shortcomings indicated above. The features expected
from an ideal WGS killer can be listed as follows: High efficiency at temperatures
not exceeding 300 °C, minimum catalyst size by volume, and constant concentration
for CO output. In the modification and development of water gas exchange catalysts,
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economic and productivity in order to keep the balance, the new and not prophy-
lactic issues are two different trends. These non-precious metals with activity at high
temperatures, except for some alloys reported, and gold or PGM matrix precious
metals have a wider operating temperature range than activity rates.

When it is aimed to find the best assent between cost and activity, two ways may
be selected for the advancement of new, non-pyrophoric water gas shift catalysts for
fuel cell processors; invaluable metal catalyst generally is active at rising tempera-
tures with many formulations, but having been reported as owning lower tempera-
ture activity and also valuable metal formulations depending on platinum group
metals or gold, having high activity on the intervals of rising temperature.

In addition, many important developments in the field of nanotechnology have
led to the emergence of new materials by pushing the boundaries in engineering and
especially in materials science. In this context, metal-based metal-organic frame-
works (MOFs) have been found to play an important role in fuel cells in many fields
including wastewater treatment and efficient, environmentally friendly energy con-
version (Ren et al. 2013; Ay et al. 2019).

4.3.1 Non-precious Metals

For water gas shift, formulations of non-precious metals are desired for their lower
prices, because platinum group metals have a higher price for the catalysts. An
alkaline-promoted, sulfur resistant basic oxide high temperature shift formulation
depends on Ce, Pr, Nd, Mg, Mn, La, Co-MgAl,O,, Al (Mg aluminate spinel),
Mg-ZrO, series have been advanced by Haldor-Topsoe recently (Schiodt et al.
2001). The catalyst formulations are active above 400 °C and at lower CO conver-
sion (25-30%), but the determined positive sides on other formulations at a higher
temperature such as Co- or Ni-promoted Mo. V. W oxides (119) is the lack of
methanation. Cobalt-molybdenum or nickel-molybdenum sulfide (Newsome 1980)
catalysts or their alkaline-promoted types are active, sulfur tolerant high temperature
shift formulations; in a feed including only H,O and CO, they are being specified to
give equitable CO conversations above 40% at low space velocities (lower than
8000 h_l) (Andreev et al. 1999).

At high temperatures, the activity of the formulations mentioned above and their
equitable CO conversations at lower velocities (lower than 20.000 hfl) mention that
additional application in fuel processor, additional downstream water gas shift
reactors will charge with the active catalyst for their application in fuel processors
at lower temperatures for the operation.

To develop for different types of commercial Cu-ZnO, Argonne National Labo-
ratory has invented a series of vanadium-cobalt binary oxides; the materials’ surface
area is relatively lower so that show special activities (normalized to surface area)
bigger than Cu-ZnO. Patt et al. (2000) searching the usefulness of high surface area
molybdenum carbide for the reactions of WGS, specified that Mo,C has an active
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formulation of low temperature shift with an activity commensurable or higher than
Cu-ZnO-AlO;. The mentioned materials of nanocrystalline, named as active
hydrotreating catalysts, are sensitive to oxygen and their performance is under real
fuel processing circumstances, which has just to be searched. Engelhard has clarified
the non-pyrophoric, base metal water gas shift catalysts without methanation activity
(Ruettinger et al. 2003). The formulations of cerium oxide-including water gas shift
have gain attention on the oxygen storage capacity of ceria (Trovarelli 1996) and
depend on the total effect of ceria-metal results in higher active sites. Despite the fact
that formulations of ceria and ceria-promoted are generally being related with
precious metals, non- platinum group metals—ceria water gas shift catalysts have
been promoted as an excellent alternative to Cu-ZnO. Li et al. showed that nickel or
copper deposited on the high surface area Ce(La)Ox helps to prepare by urea
precipitation-gelation (Li et al. 2000) shows good low temperature shift activity at
high space velocities when checked under low CO concentrations (2%). The
enhanced reducibility of ceria in the presence of metal depends on the high activity.
There are no durability performances for the formulations mentioned above.

4.3.2 Precious Metal Catalysts

Since the 1980s, the interest for water gas shift has increased by the Pt/CeO,, when it
is related to the advancement of the three-way catalysts. It was founded that the best
non-noble metal oxide promoter is ceria for a typical Pt-Pd-Rh three-way catalysts
that is supported on alumina mostly since it promotes the water-gas shift reactions’
(Trovarelli 1996). The methanation reaction and WGS activity of Pt/CeO, have been
stated by Mendelovich and Steinberg in 1985 (Mendelovici 1985a, b). A Pt/CeO,
catalyst is developed by NexTech Materials that are already studied at higher
temperatures for the reactions of water gas shift for many years (Swartz et al.
2001). A formulation of Pt/CO, is a potential candidate for the usage in fuel
processor water gas shift reactors since it is an active and non-pyrophoric with
activity higher than that of conventional water gas shift catalysts in the medium
range 300—-400 °C.

Academic studies applied on Pd, Pt, Ni, Rh, Co, Fe-ceria for water gas shift
triggered the mechanistic works (Bunluesin et al. 1998; Hilaire et al. 2001) and the
effects of oxygen storage capacity on water gas shift activity. The mechanism of
regenerative (redox) and a high OSC are usually stated to be operative and liable to
the high activity when metal-ceria relationships are specified, respectively. The
water gas shift activity is stated to be based on both platinum group metals-supported
relations and on the degree of surface hydration (Iwasawa 1993) or CO, coverage
(Hilaire et al. 2001). The method of preparation has an essential effect on
establishing the metal-support interaction, with an effect on the low-temperature
activity (SE et al. 1995; Golunski et al. 2002). In precious and non-pyrophoric
metal—high temperature shift catalysts have further increased to hold down metha-
nation are also stated by Engelhard (Ruettinger et al. 2003). It is stated that Ru is
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collected on a Fe,O3;, and has been reported in the literature since it supplies
promises for water gas shift conversion with the lack of methanation activity
(Basiniska et al. 1999).

Johnson Matthey has worked on Pt-CeO, catalysts mentioned that although it has
higher initial activity taken at the medium-high temperature range (325-400 °C,
Fig. 4.2.), the catalyst deceives its activity under real and synthetic reformation tests.
Many reaction mechanisms can lead to explain deactivation, containing the coverage
of surface within the situated form of carbonate-like species and also partially
deceiving of re-oxidizing ability in the mainly reducing CO/H, environment. The
first decrease in the dispersion of metal and total surface area of BET ((Brunauer—
Emmett—Teller) is one of the theories that deals about the physical adsorption of gas
molecules on a solid surface) is seen after the operations’ initial hours. Ceria
crystallite size is gradually rising at an extended time-on-stream in reformation, so
it results in a future gradual decline at the total surface area of BET and to the
slugging of Pt particles in support. This characteristic may lead to indicate the
multiple operative mechanisms; also, the process of redox is usually asserted,
based on the inlet concentrations and temperature. As a result, deactivation multi-
paths can be reached easily. The partial deception of WGS activity to levels that need
over-designing of water gas shift reactors for long-term operation systems from the
complete deactivation, utilizing the routine reformation tests, as stated by others

Fraction
Conversion_DRY

CuZn0-Al,0.

i
03 |oHe |

Outlet Catalyst Temperature, °C

Fig. 4.2 Performance of the water gas shift that Pt-including catalysts and metal construction as the
Pt-CeO, catalyst. Pt-containing WGS formulations 67.500 cc/g cat/h, 11.4% CO (mol DRY) in
synthetic reformate. The water gas shifting process is that it interacts with the Johnson Matthey fuel
processor single stage and means a large decrease in the reactor volume compared to if commer-
cially used Cu-ZnO (Ghenciu 2002)
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(Zalc et al. 2002). Moreover, the reaction of methanation occurs on Pt/CeO,
(Mendelovici 1985a), seen in Fig. 4.2 at higher temperatures than 375 °C.

Johnson Matthey has found a new water gas shift catalyst, which contains
non-pyrophoric platinum group metals formulations with advanced durability and
also lack of activity of methanation over a larger range of temperature (200-500 °C
Fig. 4.2 states the performance of one of the Pt-including catalysts that own the same
metal construction as the Pt- CeO, catalyst stated as in the same graph). As it is
specified in Fig. 4.2, the formulation (JMS8) has higher activity of WGS while there is
no production of methane over the whole temperature range of interest (the metha-
nation conversion in Fig. 4.2 is determined according to the 1.4% CHy, (mol, DRY
(in dry conditions) inlet concentration)). Also, non-pyrophoric platinum group
metals catalysts with a lack of methanation activity are being developed for even
low-temperature operations. Under both a stable state and temporary circumstances,
with any reducing activity at 250-260 °C for more than 1500 k with the durability
and performance, a new catalyst is being tested in Johnson Matthey’s fuel processor
for the immobile applications at 2—10 kW load (electric) with reformation of
produced from methane utilizing one of the new formulations of autothermal
reforming. The Johnson Matthey’s fuel processor of water gas shift operation is
now be interacted with a single-stage and translates into a large decreasing agent in
reactor volume when it is compared with the case of using Cu-ZnO commercially.

Gold catalysts state the increasing interest of WGS, depending on their higher
activities for the oxidation of CO at lower temperatures rapidly (Haruta and Daté
2001; Bond 2002; Golunski et al. 2002). Metal oxides are supported by gold
particles such as CeO, (Fu et al. 2001; Andreeva et al. 2002), TiO, (Boccuzzi
et al. 2002), Fe,O3 (Andreeva et al. 1998) are being clarified as active for water
gas shift, with an advanced activity at lower temperatures that are being clarified as
due to the synergism of gold-metal oxide. However, gold catalysts are sensitive to
the circumstances when they are prepared, since the desired properties of the last
material based on gold particle size, dispersion, and intimate metal-support contact
(Golunski et al. 2002). During the reaction and high impact on activity leads to
change the gold particle size easily, also improved stability is being reported recently
(Fu et al. 2001). On the other hand, it is thought that more development is required
for the mentioned catalysts to be a candidate for meeting the need for conditions in
fuel cell processing applications.

4.4 Function and Performance of Metal Oxide in the Proton
Exchange Membrane Fuel Cells

By replacing the perfluorosulfonic acid membranes that are used today, hydrogen-
oxygen proton exchange membrane in addition to carbon monoxide poisoning
eliminates the problems in the water-thermal management of the fuel cell. As an
example of perfluorosulfonic acid, Nafion can make fuel cells conductive when
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operating at temperatures of 90 °C and above, Adjemian et al. as well as how metal
oxide particles added to perfluorosulfonic acid are useful in forming a composite
membrane, a proton exchange membrane fuel cell of Nafion, which is a
perfluorosulfonic acid at 130 °C water retention capabilities were evaluated. In this
study, metal oxide particles such as zirconia, alumina, titania, and silica were
studied. In the previous (Watanabe 1996; Antonucci et al. 1999) experiments,
metal oxide particles, such as SiO,, were incorporated into the membranes and
Nafion, yielding very successful water retention capacities (Adjemian et al. 2006)
0.4 V 600 mA cm 2 and the structure of the silica composite membrane, Antonucci
et al. studied the methanol fuel cell (Antonucci et al. 1999).

The performance of the reinforced composite membrane was attributed to the
hygroscopic properties of silica by Antonucci. Minimum external humidification
and Nafion composite membranes impregnated with titania and silica in H,/O,
PEMFC operating at 100 °C were investigated by Watanabe (1996). It was also
noted by Watanabe et al. that the titania particles were less than the silica particles
when the water retention capacity in the Nafion membrane was evaluated, and that
the reason was that the titania had less water absorption. Since sol-gel silica
produced for particle composites is homogeneously distributed on the angstrom
scale against the lower micrometer scale, the sol-gel method has been proposed by
Mauritz et al. to add silica to the Nafion membrane, which can perform better than
the particles (Deng et al. 1995). In this part, a summary of metal oxide particles with
beneficial effects on high-temperature PEMFC is presented. Improved cell behavior
has been suggested to be unrelated to the acidity or water holding capacity of the
metal oxide compounds. However, metal oxide particles are considered to have an
effect depending on the temperature of the polymer matrix. Special attention is paid
to the physicochemical properties of various metal oxide composites under investi-
gation. Specifically, an understanding of the interface chemistry between the Nafion
membrane and metal oxide particles and how this interface affects the fuel cell at
high temperatures are discussed.

4.4.1 Proton Exchange Membrane for the Fuel Cell
Applications

As seen above, the membrane, in general, is the core of proton exchange membrane
fuel cells. To prevent electron passage, the electronic insulator, separation of reactive
gases, and charge carriers (for protons) are the triple roles of the polymeric mem-
brane in the PEMFCs. Nafion, which was perfluorosulfonic acid in the 70s, was
developed by DuPont. This not only prolongs the life of the membrane by approx-
imately 400% but also increases its conductivity by an average of 200%.
(104-105 h). Later, Nafion has since become the standard for PEMFCs. The
improved perfluorosulfonic acid membrane with high SO;H content and CF, and
short side chains was synthesized by Asahi Chemical Company and Dow Chemical
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Table 4.3 Characteristics of some commercial proton exchange membranes

IEC Gel
Membrane (mequiv./ | Thickness | water Conductivity (S/cm) at
Membrane | type ar) (mm) (%) 30 °C and 100% R.H.
K 101 Sulfonated 14 0.24 24 0.0114
polyarylene
CMV Sulfonated 2.4 0.15 25 0.0051
polyarylene
DMV Sulfonated - 0.15 - 0.0071
polyarylene
Flemion Perfluorinated | — 0.15 - -
MC 3470 |- 1.5 0.6 35 0.0075
MC 3142 |- 1.1 0.8 - 0.0114
61 AZL - 23 0.5 46 0.0081
386
61 AZL - 2.6 1.2 48 -
389
61 CZL - 2.7 0.6 40 0.0067
386
N 117 Perfluorinated | 0.9 0.2 16 0.0133
N 901 Perfluorinated | 1.1 0.4 5 0.0105
R-1010 Perfluorinated | 1.2 0.1 20 0.0333

Adapted with permission from Adjemian et al. (2006). Copyright (2006) American Chemical
Society

Company (Costamagna and Srinivasan 2001). Table 4.3 shows the comparison of
cation exchange membranes (some commercial products) (Smitha et al. 2005).
The Nafion membrane has a construction of copolymer from fluoro 3,6-dioxo
4,6-octane sulfonic acid with polytetrafluorethylene (PTFE) that is known as Teflon
backbone of this construct supplies the hydrophobic nature for membrane and
hydrophilic sulfonic acid groups (HSO5 ™) have been implanted to chemically into
the backbone. The ionic groups lead to the absorption of huge amount of water by
polymer and so results in polymer hydration. The level of hydration and thickness
factors are affecting the performance of the appropriate proton exchange membrane.
These factors have a critical role in determining their convenience for applying in
fuel cells (Appleby and Foulkes 1989). The proton exchange membrane perfor-
mance links to the extension of its conductivity of proton. The proton conductivity is
indeed associated with the membrane humidity. The higher extent of humidity leads
to higher proton conductivity. There are some ways to refrain from conductivity of
water drag, or water crossover is to decrease the membrane thickness thereby
supplying an improvement in the fuel cell performance. Other positive sides are
decreased thickness containing lower membrane resistance, rapid hydration and
lower cost. On the other hand, it is limited to extent to which membrane thickness
may be decreased since it has drawbacks about durability and fuel bypass. To reach
high yield in fuel cell applications, the polymer electrolyte (membrane) has to own
these characteristics such as high proton conductivity to give high current with
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Fig. 4.3 Basic chemical structure of Nafion and other famous proton membranes

minimal resistive losses, lack of electronic conductivity and appropriate mechanical
stability and strength, electrochemical and chemical stability under the convenient
circumstances, controlling moist in stack, and very low fuel or oxygen by-pass to
extent columbic yield and cost of generation appropriate with intended applications
(Smitha et al. 2005). Figure 4.3 states Nafion’s construction chemically and other
famous perfluorinated electrolyte membranes (Rikukawa and Sanui 2000).

4.4.2 Fuel-Cell Performance of SiO, and TiO, Composites

The metal oxides physical properties are used to prepare the composite membranes
which are shown in Table 4.4 at 100% RH; there is no important difference in fuel
cell performance based on the metal oxide impregnation, with the exception of Alfa-
Aeser titania-impregnated membranes, which stated a rising R-value (see Table 4.5
and Fig. 4.4a). This variety is not intrinsic to TiO,-impregnated membranes, since
the usage of Degussa-Huls titania does not supply a general high cell resistivity, and
its effect is taken into consideration later in this study.

Si0, and TiO, composite membranes produced current—voltage properties that
outperformed control recast Nafion membranes, as stated in Fig. 4.4b. The new
approach from the smallest resistance and highest cell potential at a given current
density at 88% humidity relatively is as follows where DH and AA show Alfa-Aeser
and Degussa-Huls metal oxides, respectively.

DH SiO; ~ AA SiO, ~ DH TiO, > AA TiO, >> Plain Recast
The titania and silica composite performances at 75% RH and 130 °C are stated in

Fig. 4.4c, in which it is examined that output parameters of the recast Nafion-based
cell maintain to be worse (0.9 cm?® cell resistivity); however, the systems of



Table 4.4 Metal oxides physical composition

Metal oxide Particle size Surface area (mzlg)
Si05 any 0.2-0.3um 90
Si0s o) 20 nm 90
AlLO3 (aa) 1pm 6-8
AlL,O3 (aa) 25um 6
ALO; o) 13 nm 100
TiO; (an) 1-2pm 3-6
TiO5 (aa)-Acid Treated/Degreased 1-2pum 3-6
TiO; (aa)-silylated 1-2pm 3-6
TiOs pny 21 nm 50
ZrO; (an) 7,5um -
ZrO; (GFs) 44pm -
7105 (Aldrich) 1.5pm 0.38

Adapted with permission from Adjemian et al. (2006). Copyright (2006) American Chemical
Society
AA Alfa-Aesar, DH Degussa-Huls, GFS GFS Chemicals

Table 4.5 Electrode kinetic parameters of SiO, and TiO, composite membranes at 130 °C,
30 psig, and various calculated relative humidities in PEMFCs with H,/O, reactant gases

E, b R (ohm Cell potential at 600 mA/

Relative humidity (%) | (mV) (mV/decade) | cm?) cm*(mV)
Plain recast 100 | 961 65 0.26 632

94 960 59 0.52 491

88 935 50 0.65 435

75 940 54 0.9 -
Si0; (AA) 100 | 950 60 0.23 648

94 950 60 0.27 624

88 957 67 0.27 611

75 | 975 82 0.29 573
SiO, (DH) 100 | 954 54 0.25 659

94 | 954 53 0.27 648

88 |955 54 0.29 636

75 967 65 0.33 587
TiO, (AA) 100 | 948 49 0.41 580

94 | 965 57 0.42 564

88 (974 65 0.45 526

75 976 68 0.58 424
TiO, (DH) 100 | 960 54 0.25 662

94 959 53 0.28 648

88 |959 54 0.31 633

75 980 70 0.35 582
TiO, 75 1908 65 0.33 590
(degreased)
TiO, (silylated) |75 |897 77 0.36 400
Adapted with permission from Adjemian et al. (2006). Copyright (2006) American Chemical
Society

AA Alfa-Aesar, DH Degussa-Huls
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Fig. 4.4a Current—voltage profiles for membrane electrode assemblies containing SiO, and TiO,
composite membranes with 100% relative humidity. Depending on the content rates of the
commercial membranes using titanium oxide and silicon oxide (100%) in the working environment;
current—voltage variation comparisons were evaluated

Cell Potential, Volts
1.20

B
130°C, 88% RH

O Degussa Huls SiO,, R-0.29Q
¢ Alfa Aesar SiO,, R-0.27Q
® Degussa Huls TiO,, R-0.31Q

1.00

0.80

0.60 1

0.40

L] A Alfa Aesar TiO,, R-0.45Q

. -0.
0.20 Control Recast, R-0.65Q

0.00
0 200 400 600 800 1000 1200 1400 1600

Current Density, mA/cm?

Fig. 4.4b Current—voltage profiles for membrane electrode assemblies containing SiO, and TiO,
composite membranes with 88% relative humidity. Depending on the content rates of the commer-
cial membranes using titanium oxide and silicon oxide (88%) in the working environment; current—
voltage variation comparisons were evaluated. It is observed that the efficiency of the current—
voltage values decreases due to the decrease in the humidity in the working environment
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Fig. 4.4c Current—voltage profiles for membrane electrode assemblies containing SiO, and TiO,
composite membranes with 75% relative humidity. The lowest efficiency of the current—voltage
values was determined due to the decrease in the humidity of the working medium up to 75%

composite membrane supply a fundamentally relative humidity variance of the cell
conductivity.

As a result, under the circumstances of saturation, the recast Nafion and Nafion-
metal oxide composite membranes produce similar proton conductivities, just the
vapor phase of water pressure partially is under its saturation value, the composite
MEA shows more proton conductivity. This proposes constructional differences in
the composite membrane that modify the water included when compared with a
recast Nafion at reduced relative humidity and high temperatures. The findings are
appropriate with the other reports (Adjemian et al. 2002a, b) stated before that show
to embody in silicon oxide via sol-gel processing rises the water management
properties of a Nafion membrane in a PEMFC operating higher than 100 °C.

4.4.3 Performance of Nafion Membranes with Zirconia
and Alumina Doped

The advanced search of the potential position of an interaction chemically between
groups of Nafion sulfonate and interface of metal oxide, membranes that have
composite construction has been structured including alumina (Al,O5) particles.
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Fig. 4.5 Current—voltage profiles for a membrane electrode assembly including a membrane of
alumina composite. Temperature of the cell was 130 °C, humidity rate is 100% and 75% and 30 psig
of reactant gas of H,/O,. In the cell, the humidity rate is obtained from the vapor pressure of
saturation of water, temperatures of cathode, and anode humidifiers

The material is chosen since it has a great level of chemical reactivity and superior to
titania. As it was stated in Fig. 4.5, at 100% RH and 130 °C where purified recast
membranes of Nafion and composites of titania represent equal characteristics, a
composite of Degussa-Huls alumina is fatal to performance of PEM fuel cell.

The surface kinds of advancing examined in the first part do not bear advanced
materials. In Table 4.5, electrode kinetic parameter values are seen for different com-
posites stated an excellent achievement which is a good comparison with a stagnate
changing membrane at 75% humidity rate. There is a justification for the obtained
declination at advancement is to release of AI’* ions into the membrane. The
progression makes it simpler for acidic pKa of Nafion. It is soaked of alumina
from Alfa-Aeser and Degussa-Huls in 0.5 M concentration of H;SO,4 at 1 h to
check this proposal. The recipe is too partial neutralization of sodium carbonate at
the acidity of pH 5.5, and the colorimetric indicator of AI’* Alizarin S is
supplemented. These solutions are prepared for changing to red color, showing an
occurrence of a considerable solubility of concentration of Al (Snell 1921). The
discharging of AI’* into the Nafion matrix may change the proportion of the motile
protons from sulfonate parts or crosslink sulfonate parts, transferring to morphology
of polymer partially and potential proton having parts that cannot be reached for ion
exchange. Metal-oxide-incorporated titration of membranes has been shown in
Table 4.5 and does not supply proof of depletion of proton on alumina impregnation.



4 Metal, Metal Oxides, and Metal Sulfide Roles in Fuel Cell 135

So, proven membranes answer the alumina occurrence that is thought to associate
with the conductivity of limited proton as in the association with AI** decreases in
changing the microstructure of Nafion.

To have an idea about the alumina composite, it is also amalgamated membranes
including a zirconia agent. As it is understood that parameters of electrochemistry
have shown in Table 4.6, and the systems act as a composite of alumina-based,
usually synthesizing cells that have elevated-resistance, that cannot tolerable to
circumstances at the lower rate of humid. As in the alumina, the composites do not
waste extra protons, but the zirconium’s nature of oxophilicity paves the way for
generating of oxysulfate of zirconium in the medium own higher acidity level at the
environment of Nafion, also discomposing a sulfonate parts fraction. As in the
alumina example, the typical reactivity rate is needed to up-to-date of topology of
membrane, limiting of proton diffusion powerfully.

Table 4.6 At 130 °C, the parameters of electrode kinetic of ZrO, and Al,O; composite mem-
branes, at 30 psig, different calculations in proportional humidity rates in PEMFCs with reactant
gases H,/O,

Ey b R (ohm Cell potential at 600 mA/
Relative humidity (%) | (mV) | (mV/decade) |cm?) cm?(mV)
Plain recast 100 961 65 0.26 632
94 960 59 0.52 491
88 935 50 0.65 435
75 940 54 0.9 -
ALLOs, Ipm 100|940 52 0.32 625
(AA) 94 960 74 0.48 462
88 968 77 0.55 426
75 970 84 0.79 406
Al O3, 25pm 100|953 45 0.29 664
(AA) 94 960 69 0.4 538
88 954 61 0.54 458
75 970 57 0.7 344
710, 6pm (AA) | 100 | 958 51 0.29 645
94 | 964 57 0.32 617
88 962 54 0.4 575
75 965 72 0.54 458
ZrO,, lpym (AA) | 100 | 960 55 0.32 620
9 1970 62 0.41 568
88 953 60 0.58 449
75 970 83 0.7 400
Zr0O,, (Aldrich) | ~100 | 944 57 0.25 646
78 964 64 0.62 442
Zr0,, (GFS) ~100 | 939 52 0.57 454
78 986 105 0.85 -

Adapted with permission from Adjemian et al. (2006). Copyright (2006) American Chemical
Society
AA Alfa-Aesar, DH Degussa-Huls
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4.5 Reduction of Sulfide Electrocatalysis, Metal Sulfides
(NiSz, FeSz, COSz)

There are many materials invented as possible enhancement of hydrogen reaction
(HER) electrocatalysts to produce a clean fuel that sources from hydrogen via water
electrolysis, however, none of them encounter with high yields and superior metals
stability, but they have repressive costs. As in a similar example, noble metals
generally exceed the counter electrode materials electro-catalytically in reproducible
solar cells of liquid-junction photoelectrochemically, such as solar cells with quan-
tum dot-sensitized (QDSSCs) which maintain polysulfide or sulfide electrolyte
redox as a hole mediator. Now it is searched systematically on thin films of the
transition of earth-abundant pyrite-phase disulfides of metals (e.g., CoS,, NiS,,
FeS,) as agreed in a choice of electrocatalysts for the reduction of polysulfide and
HER. The activity of their electrocatalytic through the HER is closely related to the
morphology and composition of them. The new methods for performances of them
propose that cobalt has a crucial position in advancing the HER with CoS, showing
the whole max performance. Moreover, it has shown the highest transition activity
metal pyrites through the reduction of polysulfide, also underlines the especially
high activity of intrinsic of NiS,, that may supply developed QDSSC advancement.
In addition, the disorders in terms of construction that are interfaced with alloying
several pyrites of transition metals can rise catalysts’ active side of areal density, give
rises to advancements of performs.

It is vital to develop hydrogen gas inexpensively and efficiently to adopt its
asserted process as security, sustainable, clean, and alternative next-generation
energy carrier (Turner 2004; Lewis and Nocera 2006). There are several ways to
synthesize H, fuel (Turner 2004), however electrolysis of water, which is the most
attractive ones of ideally yielded by solar energy (Gray 2009; Cook et al. 2010; Chen
et al. 2010; Walter et al. 2010; Nocera 2012) is the most attractive one. There are no
detrimental fallouts that are released by the water-splitting electrocatalytically to get
clean H; fuel, and then only energy and water are synthesized by their exhaustion in
air, only water and energy are generated (Cook et al. 2010). Several inorganic
materials are searched for a source of the reaction of potential H, enhancement
(HER) electrocatalysts (Faber and Jin 2014), however there is no matching with the
stability level and performance of noble metals, especially Pt (Ngrskov et al. 2005).
On the other side, the higher price and scarcity of them prevent the large range of
deployment of conversion in energy technologies which use the noble metal
electrolysts (Vesborg and Jaramillo 2012). By altering these valuable metal
electrocatalysts with high-performance substituents that are constructed wholly of
elements (McKone et al. 2011, 2013; Merki et al. 2011; Benck et al. 2012; Cao et al.
2013; Popczun et al. 2013, 2014; Wang et al. 2013a; Xu et al. 2013; Kong et al.
2013, 2014; Lukowski et al. 2013, 2014; Voiry et al. 2013; Sun et al. 2013; Ding
et al. 2014; Faber and Jin 2014; Faber et al. 2014) of earth-abundant. Although the
electrochemical and photochemical prices of synthesizing of hydrogen are substan-
tially decreased.
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As though main (and sustaining) efforts on investigation, a quantity of materials
of earth-abundant have been clarified as an affirmative candidate of electrocatalysts
of HER (Faber and Jin 2014) containing WS, (Voiry et al. 2013; Lukowski et al.
2014), MoS, (Lukowski et al. 2013; Wang et al. 2013a; Ding et al. 2014), Co-S (Sun
et al. 2013), amorphous MoS, (Merki et al. 2011; Benck et al. 2012), CoP (Popczun
et al. 2014), FeP (Xu et al. 2013), Ni,P (Popczun et al. 2013), the Ni-Mo alloys
(McKone et al. 2011, 2013), and Cog ¢Mo; 4N» (Cao et al. 2013) in other ones. The
pyrite-phase cubic transition metal dichalcogenides (with the general formula MX,,
where characteristically M = Ni, Fe, and Co, and also X = Se or S) have justly
emerged as effective electrocatalysts of HER (Kong et al. 2013, 2014; Ivanovskaya
et al. 2013; Faber et al. 2014), they can catalyze the HER over 20 years ago
(Jaegermann and Tributsch 1988) within the pyrites family of transition metals
such as disulfide of iron (FeS,; pyrite of iron, “fool’s gold”), disulfide of cobalt
(CoS,; cobalt pyrite, cattierite), and disulfide of nickel (NiS,, pyrite of nickel,
vaesite). These pyrites have several minerals that are usual and well-examined.

The synthesized rock-forming chalcogens and 1st-row transition metals, the
pyrites of transition metal are so abundant and cheaper that make them especially
charming for changing of energy applications of materials. For instance, semicon-
ducting FeS, is now investigating enormous for a solar light absorber with earth-
abundance (Caban-Acevedo et al. 2012, 2013; Seefeld et al. 2013). The features of
electrocatalysis of FeS, is ascendant in solar cells with dye-sensitized (DSSCs)
(Hagfeldt et al. 2010), with nanorod array (Huang et al. 2013) and electrodes with
thin-film get from a nanocrystal ink (Wang et al. 2013b) supplying tool performance
competitive with that reached utilizing platinum counter electrodes. As in similar
examples, (Fe, Co)S, and FeS; alloys are being searched for the reduction of oxygen
reaction (ORR) electrocatalysts (Susac et al. 2007). CoS, (Wang et al. 2011) and
FeS, (Li et al. 2014) are both give promises for materials of electrode for batteries
that work with lithium-ion principle. On the contrary, the pyrites of semiconductors,
as though, CoS, is a metal that has conductivity intrinsically that permits for the
usage of an electrode material directly. It is shown for usage of thin films of CoS,
synthesized on glass directly as higher effect on inverse electrodes (Faber et al. 2013)
in solar cells of quantum dot-sensitized (QDSSCs) (Kamat 2013; Selinsky et al.
2013) that use either polysulfide or sulfide electrolytic redox as the medium of hole-
transporting. Composite electrodes that are based on graphene are corporating CoS,
nanoparticles that have tested for effectiveness in DSSCs for decreasing triiodide,
showing higher advancement than platinum (Duan et al. 2013). It has worked on
strategies of nanostructure recently to advance rising in the CoS, electrode activity
toward reduction of polysulfide and triiodide (Faber et al. 2014). At the study, thin
films, microwires, and nanowires of CoS, prepared closely on applying support of
graphite are presented for showing the perfect activity electrocatalytically through
HER, with micro- and nanostructure of CoS, material modifying synergistically
both stability of states and performing (Faber et al. 2014). As FeS, and CoS,
nanocrystals and thin films also are examined for ORR electrocatalysts (Zhu et al.
2008; Jirkovsky et al. 2012; Zhao et al. 2013) as a well-performed electrocatalyst.
CoS, and NiS, hollow spheres have been utilized for supercapacitors (Peng et al.
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2014) as having NiS, nanocubes recently (Pang et al. 2014). These NiS, nanocubes
are thought of as effective Co-catalysts for the H, production photocatalytically
(Pang et al. 2014).

It is reported that investigation in HER systematically and polysulfide reduction
of electrocatalytic activity of various disulfides of pyrite-phase transition metals
known as CoS,, NiS,, FeS, with alloys of them. It is stated that performances of
them which evaluated as ability to obtain high density of catalytic current at lower
high-potential, akin to rise with elevated cobalt context, CoS, is better, proposing a
vital role for cobalt in modifying the HER, when pyrites of each transition metals
specified, shows the activity through the HER, approving common pyrites’
electrocatalytic features. It is similar to the reduction of polysulfide activity of
NiS,, FeS,, and their alloys; as a result, NiS, and CoS, as owning higher activity
especially. So, it is proposed for preparing alloy is an effective and usual way of
modifying the transition metal pyrites of electrocatalytic activities depending on
introducing constructional disorders that may raise its active parts’ areal density of
catalysis.

In sum, it specifies that alloyed and binary disulfides of pyrite-phase transition
metals’ thin films may be obtained easily on the glass or graphite particles for the
facile thermal sulfidation films of metal indicator, and pyrites of transition metal thin
films are very effective in hydrogen reaction and polysulfide reduction of
electrocatalysis. Voltage characterization and pyrites’ current density phases of
electrocatalyst thin films present the beginning of H, (g) changing at lower
overpotentials being rival with different electrocatalysts with earth-abundance. The
new methods in their performances have found that cobalt may have a crucial
position in advancing hydrogen reaction electrocatalytic development. In addition,
Raman spectrometry characterization of alloy thin films has approved their elevated
constructional disarray of which may support the advanced electrocatalytic devel-
opment. Moreover, thin films of PyS,, NiS,, and FeS, are determined as an effective
reduction of catalyzes of polysulfides, with an activity of intrinsic of NiS, surpassing
that of CoS,. The usual activity of electrocatalysis of the pyrite-phase transition
metal disulfides refers to the common property may disclose this type of activity.
Additionally, the effect of the transition metals on electrocatalytic activity presented
here, the anions of disulfide (S,>~) shown in whole pyrite structures are crucial for
their higher electrocatalytic activity through hydrogen reaction.

Edges of disulfide-terminated of MoS, and other transition layered metal
dichalcogenides have been identified experimentally (Jaramillo et al. 2007) and
followed in mimics of molecules (Karunadasa et al. 2012; Kibsgaard et al. 2014)
as the active sites of hydrogen reaction electrocatalysis, proposing a role for catalytic
disulfide. Disulfide-terminated surface sites’ abundance in crystal of pyrite construc-
tion can help to an excellent and common activity of electrocatalysis, the metal
disulfides of pyrite-phase transitions; but supplementary mechanistic works are
needed for setting up a connection. However, new methods are developed for
activity of electrocatalysis of the pyrite-phase thin films through the hydrogen
reaction and decreasing of polysulfide proposes to several ways for advanced rising



4 Metal, Metal Oxides, and Metal Sulfide Roles in Fuel Cell 139

in their performances of these and potentially other renewable energies of
electrocatalysis and applications.

4.6 Conclusion

For humanity, many studies have been carried out to replace fossil fuels to solve
environmental pollution and energy crises which have become the biggest problem.
Due to the specific properties of the fuel cells, it has the potential to make a huge
transformation in the electric field. Solid polymer electrodes with proton transfer
capability were used as membranes in PEMFCs. In recent years, selective and active
catalysts containing valuable metals have been developed which are reliable and
result in small PROX, WGS, or ATR units due to the difficulties in producing
hydrogen in PEMFCs. In the development of cost-effective catalytic systems,
governments, industrial and academic sectors are making great efforts. A large
part of the work is aimed at solving problems such as durability encountered during
the fuel process and understanding the catalysts used in this field under stable, real,
and transient conditions. In proton exchange membrane fuel cell electrodes, ion
exchange membranes (especially proton exchange membranes) play an essential role
in proton transfer.

Chemical stability, good mechanical properties, proper proton conductivity, and
high permeability and high selectivity are among the required properties of the
desired ion exchange membrane. Anion exchange membranes are obtained by
binding alkali functional groups to the polymer backbone of the membrane, while
cation exchange membranes are obtained by binding acidic functional groups.
Membranes of low thickness have increased fuel pass through the membrane
simultaneously, although an increase in proton conductivity has been observed.
There is a homogeneous distribution of metal oxide in Nafion structure, metal
oxide composite Nafion membrane preparation technique using different metal
oxide and dissolved Nafion particles. At low relative humidity and low temperatures,
the use of metal oxides such as silica and titania obtained from Degussa-Huls and
Alfa-Aesar to the PEMFCs provided self-resistance to the membrane. The chemical
interaction between the Nafion membrane and the metal oxide surface plays a critical
role in the performance of the PEMFCs. PEMFCs operating in a low relative
humidity environment exhibited the best performance of silica composite from
Alfa-Aesar and titania and silica metal oxides from Degussa-Huls. In summary,
many studies have been conducted on the effects of metals, metal oxides, and metal
sulfides in fuel cells, in different regions and elements for each process, and studies
are still ongoing.
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Abstract Titanium dioxide (TiO,) is a naturally occurring oxide of titanium. It has a
wide range of applications. It has three metastable phases, which can be synthesized
easily by chemical routes. Usage of TiO, in thin-film solar cells has gained much
attention in increasing the performance of the cell. The objectives are to harvest the
freely available earth’s energy and to gain expertise in yielding a maximum conver-
sion efficiency. Various strategies are employed to face the challenges in improving
the efficiency of solar cells. This study provides a broad view of the usage of
different forms of TiO, layers, like nanochannel, porous, nanotubes, and
mesoporous layers, in enhancing electron injection between the layers. Various
types include photoanodes in thin-film solar cells, perovskite cells, dye-sensitized
solar cells, metal oxide solar cells, quantum dot solar cells, and tandem solar cells.

Keywords Perovskite solar cells - Mesopores - Titanium dioxide - Efficiency -
Photovoltaics

5.1 Introduction to Thin-Film Solar Cells and Titania

Silicon-based solar cells are widely used in photovoltaic (PV) technology. Nanosized
materials exhibit a much greater surface area for a given mass or volume compared to
conventional particles (Chopra et al. 1983). Therefore, all applications involving
surfaces and interfaces will benefit from nanosized particles, enhancing catalytic
reactions and increasing interactions with surrounding media. In addition, new
physical and chemical properties emerge when the size of the material is reduced to
the nanometer scale, leading to quantum confinement effects, affecting the charge
transport or causing bandgap energy shifts. Direct bandgap materials are attractive
candidates for receiving maximum solar spectrum. Solar cells have hole-transporting
layer and electron-transporting layer that aid in the movement of electrons in the cell.
One of the main objectives is to produce cost-effective photovoltaic technology
(Chopra et al. 2004). Due to its favorable electronic and optoelectrochemical proper-
ties of TiO,, it has been widely applied to solar cells, photocatalysts, lithium ion
battery electrodes, smart coatings, etc. (Reyes et al. 2008).

Titanium dioxide, an n-type semiconductor, is one of those materials that have
been applied to heterojunction solar cells as an electron transport layer because of its
high efficiency, low cost, chemical inertness, and thermal- and photo-stability.

To enhance the conversion efficiency, many research works were undertaken by
varying the methods and the potential raw materials. Figure 5.1 shows a view of p-n
solar cell and its working principle. Recently, scientific and research communities
have shown great interest in synthesizing titanium dioxide (TiO,) for device-grade



5 Role of TiO, in Highly Efficient Solar Cells 149

>
I Barrier
w n-type | layer p-type
’950/ Conduction band
)
&
®@®Electrons
junction
R, (1]1]
p-type 6"/ Energy gap
silicon % i Eq
b,
00O Holes Barrier
height
Valence band
- . Front Back Distance
hole” flow (negative) (positive)  from front
of cell

Fig. 5.1 TiO, in dye-sensitized solar cells (DSSC) (Reprinted with permission from Varma 2015)

applications because of its excellent properties such as easy availability, nontoxicity,
safety, and being environmentally friendly and cheap. Several excellent properties of
TiO, are known, such as its chemical inertness, superior light-scattering character-
istics, thermodynamic stability, better charge transport, lower conduction band
(CB) edge position, large bandgap, easy processing in laboratory, etc.

TiO, exists in three crystal phases: anatase, rutile, and brookite. The anatase and
rutile phases are well known and many studies on their synthesis, photocatalysis, and
application as catalyst supports have been reported. Synthesized brookite TiO, was
successfully used as a catalyst material. A photovoltaic (PV) cell is a device that
converts sunlight into electricity using semiconductor materials. Solar-cell structures
that employ TiO, as mesopores change the concept of two distinctive p and n layers
conventionally used to form p—n junction devices (Rath 2003; Kuwahara and
Yamashita 2011).

5.1.1 How Do Solar Cells Work?

A photovoltaic cell is a device that converts sunlight into electricity using semicon-
ductor materials. Semiconductor materials enable electron flow when photons from
sunlight are absorbed and eject electrons, leaving a hole that is filled by surrounding
electrons. This phenomenon of electron flow by photon absorption is called the
photovoltaic effect. The PV cell directs the electrons in one direction, which forms a
current. The amount of current is proportional to the number of absorbed photons,
which means that PV solar cells are a variable current source. Silicon was the first
material used for the fabrication of solar cells. The semiconductor material, such as
silicon, has the property to eject electrons when sunlight is absorbed; the PV cell then
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direct the electrons in one direction. The challenges that are faced by photovoltaic
cells are cost, efficiency, and operating lifetime. Monocrystalline PV cells are
efficient and expensive than Si. The third-generation solar cells include concentra-
tors and organic solar cells such as dye-sensitized solar cells (DSSC) (Andrew
Stapleton 2017).

5.1.2 Various Forms of TiO,

The three common phases of titanium dioxide are rutile (tetragonal), anatase (tetrag-
onal), and brookite (orthorhombic). Rutile is the most stable form of titanium
dioxide. Anatase and brookite are stable at normal temperatures but slowly convert
to rutile upon heating to temperatures above 550 and 750 °C, respectively. All three
forms of titanium dioxide have six coordinated titanium atoms in their unit cells.
Both the more stable rutile and the metastable anatase structures are tetragonal. The
anatase unit cell is more elongated. In the rutile form, the atoms occupy the least
space. This makes the rutile form the most stable at higher temperatures (Lim et al.
2009; Kominami et al. 2000).

At very small particle dimensions, the surface energy of anatase is lower than
those of rutile and brookite. The crystal structure stability has been explained on the
basis of a molecular picture, where the nucleation and growth of the different
polymorphs exist. The nanoparticle dimensions of phase-pure anatase, rutile, and
brookite can be controlled over the synthesis methods (Hanaor and Sorrell 2011).

Table 5.1 shows a comparative study of the existing three forms. The conversion
of one phase into another depends upon the synthesis procedure. Brookite is the
least-studied titania phase, with experimental bandgap energies ranging from 3.1 to
3.4 eV. The bandgap increases in the order of rutile (1.44 eV), anatase (1.68 eV), and
brookite (1.86 eV), and anatase is the only indirect semiconductor (Sun et al. 2019;
Wau et al. 2014). In hydrothermal treatment, the anatase nanoparticles show a well-
faceted crystal habit. The ordering of rutile nanomaterial has a complex morphology.

Table 5.1 Comparative data of various forms of titania and their properties

Compound Rutile Anatase Brookite
Molecules per unit cell (Z) 2 4 8
Crystal structure Tetragonal Tetragonal Orthorhombic
Unit cell parameters

a(A) 4.58 3.78 9.184

b (A) 4.58 3.78 5.447
c(A) 2.95 9.78 5.145
Unit cell volume A® 62.07 136.25 257.38
Density, g/m® 4.273 3.895 4.123
Bandgap(eV) 3.02 3.2 3.1
Mobility of electrons in thin film 0.1 cm?/Vs 0.1-0.4 cm*/Vs -
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A short-range ordering in amorphous material is observed in the vicinity of brookite
nanoparticles obtained by a very different synthesis route. The anatase and brookite
nanomaterials consist of porous aggregates, and are suitable for application in
photocatalysis, sensors, and dye-sensitized solar cells (Kranz et al. 2015).

5.2 Importance of Mesoporous TiO, in Photovoltaics
and Its Mechanism in Photoanodes

TiO, acts as a mesoporous photoanode, which has a micron thickness and acts as a
light-scattering layer in the form of electrodes. In quantum dot (QD) solar cells, the
usage of metal with TiO, acts as a photoanode (Zhang et al. 2017; Zhou et al. 2014).
To increase the performance of solar cells, Ti photoanodes are implemented by
immersing in CdSe-CH,Cl,, due to which the photoanodes get passivated (Baraton
2011). The combination of ligands and photoanodes improves the
photoluminescence (PL) quantum yield of semiconductor particles by remediating
nonradiative recombination centers located on particle surface. After loading quan-
tum dot over the photoanodes, reducing the tunneling distance and energy barrier
thereby promotes a good charge collection yield. The charge recombination at the
interface of Ti/QD tends to be lower. The change of photoanode material should not
induce a shift in the energy levels (Kuwahara and Yamashita 2011; Shen et al. 2018).
When quantum dots are loaded over Ti substrate instead of Si substrate, there is an
extra relaxation time. The mesoporous TiO, films increase the absorption of QDs
(Khalid et al. 2017; Kominami et al. 2000). Pretreatment of TiO, photoanodes
increases the loading of Quantum dots, which increases the performance of cell.
QD agglomeration weakens the photovoltaic parameters (Ghicov and Schmuki
2009; Ali et al. 2018).

5.3 Role of TiO, in Solar Cells

TiO, is an n-type semiconductor used in solar cells. It acts as a photoanode (Szindler
et al. 2017). The other forms, anatase and brookite nanomaterials, consist of porous
aggregates and are suitable for application in photocatalysis, sensors, and
dye-sensitized solar cells (Pushpa 2015; Govindasamy et al. 2016). Compared to
other metal oxides, TiO, is a suitable candidate for optical applications because of its
high chemical and optical stability, mechanical durability, nontoxicity, low cost, and
corrosion resistance. Out of all other phases, the anatase structure is preferred over
other polymorphs for solar applications due to its potential higher conduction band
edge energy and lower recombination rate of electron—hole pairs. The physical and
chemical properties of TiO, depend on size, shape, interfacial energy, and surface
properties. TiO, has a high refractive index, which is suitable in antireflective
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Fig. 5.2 (a) Top view of a perovskite solar cell. (b) Schematic architecture of perovskite solar cell
with TiO2 electron transport layer. (¢, d) SEM images of the fabricated solar cell and the interface
between TiO, and FTO layer. (Reprinted with permission from Chen et al. 2015)

coatings for optical devices. TiO, absorbs photons of nearly ultraviolet
(UV) wavelengths to produce electron—hole pairs (Shriwastava and Singh 2016).

The perovskite solar cells have reached remarkable high efficiency of 19% for
both mesoporous metal oxide scaffolds and planar heterojunction architectures. It
acts as a potential light-harvesting material, with the desirable characteristics such as
large absorption coefficient, high charge carrier mobility, and long diffusion length.
Methods such as spray pyrolysis and spin-coating are implemented to fabricate the
electron-collecting compact layer for planar heterojunction perovskite solar cells.
Atomic layer deposition (ALD) has been used to fabricate compact layers for
perovskite solar cells, but it requires a relatively long time and high cost for the
thin film preparation. A one-step or two-step solution-processing method used to
control crystallinity, morphology, and film uniformity. A planar heterojunction
perovskite solar cells based on compact layer TiO, electron transport layer results
12.1% with an open-circuit voltage (Voc) of 1.09 V was achieved. An average of
10.9% was obtained. Figure 5.2 (a, b) shows the schematic architecture of perovskite
solar cells consisting of fluorine-doped tin oxide (FTO) transparent conductive
anode, compact layer TiO, electron transport layer. Figure 5.2(c) shows the cross-
sectional scanning electronic microscopy (SEM) image of a well-constructed perov-
skite solar cell. Figure 5.2(d) shows the SEM image of the interface between TiO,
and FTO manifesting the infiltration of TiO, into the FTO layer.
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Chen et al. (2015) reported about the coating of TiO, on FTO substrate. The
process was carried out using different sputtering time. The uneven surface prepared
by spray pyrolysis or spin-coating with precursor solution may be due to the
diffusibility and surface tension. The devices without the compact TiO, electron
transport layer can be fabricated exhibits a low value as output. The short-circuit
current density (J5.) and open-circuit voltage (V) values for perovskite solar cells
are mainly based on TiO, and the hole-transporting polymer, spiro-OMeTAD. The
estimated incident photon-to-current conversion efficiency measurement was also
carried out for the devices based on TiO,with different thickness. TiO, electron
transport layers were also deposited on PET/ITO substrate by different techniques to
fabricate flexible perovskite solar cells. In the assembly of the perovskite solar cells,
TiO, target was sputtered and spin coated, monitored by the film-thickness meter.

The mesoporous scaffold of a metal oxide such as TiO, can be deposited on a
perovskite layer which forms a good photovoltaic (PV) structure. The presence of
these metal oxides confines the charge carriers within the layers. On fabrication,
these metal oxides over the perovskite layer act as a good electron-hole transporting
layer for efficient organic photovoltaics cell. Figure 5.2 (b) illustrates electron-hole
pair formation and its transport. The perovskite film has remarkably low energetic
disorder which favors the efficient performance in PV devices. The pattern yielded
reasonable power conversion efficiency (n) of 8%. The observation of low electro-
luminescence (EL) is due to non-confinement of charge carriers. The reports clearly
picturize the presence of spiral metal oxide layer with perovskite-polymer
heterointerface which provides a promising path for future enhancement. Under
forward bias, electrons are injected from the cathode and holes are injected from the
MoOx-coated ITO anode, and the device yields emission of the injected electrons
from the LUMO to the conduction band of perovskite. The transfer of injected holes
from the valence band of perovskite to the HOMO results in electron—hole recom-
bination at the perovskite interface, followed by energy transfer results in spectral
overlap of emission was reported by Aditya Sadhanala et al. (2015).

The observations provide a thorough investigation of electron—hole recombina-
tion dynamics in perovskite materials interfaced with metal oxide and its usage in
heterointerface of multilayer optoelectronic devices. Figure 5.3 shows the schematic
of perovskite device and energy level diagram of perovskite solar cells (a, b).
Together with this, SEM image of the cross section of the fabricated device is
given (Fig. 5.3 (¢)). Infrared emission from a single perovskite conjugated polymer
PV diodes, with a control of the recombination between the perovskite and the hole
transport polymer layer. This work clearly depicts the electroluminescent recombi-
nation zone near the perovskite polymer heterointerface and the charge carrier
recombination mechanism inside PVs and LEDs. The process of tuning the optical
bandgap of perovskite-metal oxide-based material are considered as a promising
future materials in the field of PV.
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Fig. 5.3 (a) The schematic of PV device. (b) Energy level diagram. (¢) SEM micrograph.
(Reprinted with permission from Sadhanala et al. 2015)

5.4 Role of TiO, in Highly Efficient DSSC

The dye-sensitized solar cells (DSSC) provide an alternative concept to a normal,
present-day p—n junction photovoltaic devices. DSSC is convenient to fabricate, has
low cost, and has high power-conversion efficiency (Sun et al. 2018; Nair et al.
2011). DSSC contains a combination of dye-sensitized transparent conducting
substrate, semiconductor film (such as titanium dioxide [TiO,], zinc oxide [ZnO],
tin dioxide [SnO,], Niobium pentoxide [Nb,Os]), electrolyte, and counter electrode
(Fan et al. 2017; Li et al. 2013). The heart of the DSSC is the mesoporous oxide
containing TiO, nanoparticles as a roadway for the electrons to cross from the
cathode to the anode; it is doped with a dye for absorbing the photons (Salman
et al. 2017; Opara Krasovec et al. 2009). The oxide layer allows electronic conduc-
tion to take place. TiO, semiconductivity is as electrode in dye-sensitized solar cells
(DSSCs) in which the high surface-to-volume ratio of the nanostructured semicon-
ductor is required to obtain an acceptable power-conversion efficiency. Attached to
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the oxide monolayer is the charge transfer dye (Jo et al. 2019). Photo excitation
results in the injection of electron into the conduction band of the oxide. A photon-
induced electron—hole pair has been observed at the junction (Mao et al. 2016).

TiO, in DSSC has achieved efficiency of the order of 11%. In the case of
inorganic solid-state photovoltaics, the approach of host-guest is attractive, TiO
host with CdTe guest. It results in smaller voids and higher diffusion.

Dye(adsorbed) + hv = Dye * (adsorbed) 5.1
Dye * (adsorbed) = Dye + (adsorbed) + e (ejected) 5.2)

The rate of light harvesting and electron transport is more efficient in DSSC when
compared to other types of cells. The performance of solar cell is greatly influenced
by electron transport. The dye molecules attach to the oxide monolayer and involves
in the charge transfer process (Mnu et al. 2019).

Photo excitation of dye results in the injection of electron into the conduction
band of the oxide. Consequently, a photon-induced electron-hole pair has been
observed at the junction (Xiaoli et al. 2016).

Noverall = (Jsc X Voc X FF)/(IS) (53)

A modern type of DSSC cell is the Gratzel cell that has a porous layer of titanium
dioxide covered with a dye, which absorbs sunlight. When sunlight passes through
the dye layer, it excites electrons that flow toward TiO, electrode is later collected by
load. In the dye-sensitized solar cell, a nanometer dye molecule present captures a
reasonable amount of incoming sunlight.

Dye-sensitized solar cells based on titanium dioxide (TiO,) offer high conversion
efficiency but suffer from durability; to overcome that, an organic liquid electrolyte
has been substituted. Figure 5.4 shows the usage of TiO, in DSSC. It leads to
corrosion effects. Replacement of electrodes results in lower efficiency in DSSC
cells. In a typical dye-sensitized solar cell CsSnl; with a nanoporous TiO,, N719 dye
with a tunable bandgap of 1.3 eV is used to a produce a conversion efficiency of
10.2%. CsSnl; is soluble in polar organic solvents, such as acetonitrile, N,N-
dimethylformamide, and methoxy acetonitrile, which acts as a good hole producer
in the liquid electrolyte (Li et al. 2013). On further doping of CsSnl; with F and
SnF,, it dramatically improves the photocurrent density (J.) and power-conversion
efficiency (1). The dye-sensitized solar cells (DSSCs) were assembled by using
natural dyes extracted from black rice, capsicum, Erythrina variegata flower, Rosa
xanthina, and kelp as sensitizers. They have a better interaction with the surface of
TiO, film (Fan et al. 2017; Khalid et al. 2017).

The photocurrent from natural dye-sensitized solar cell Monascus yellow
extracted from Monascus fermentations (red yeast rice) is effective and yields an
energy-conversion efficiency of 2.3% (Hayat et al. 2018; Zie and Zainab 2017). To
have high-efficiency DSSCs, TiO, layer is essential for harvesting large amount of
sun’s source. To have high-efficiency DSSCs, a high surface area of TiO,
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Fig. 5.4 TiO, in dye-sensitized solar cells (DSSC). (Reprinted with permission from http://freeopt.
wixsite.com/skang/dssc(2014))

nanostructure is essential. It supports harvesting light radiation on a large scale.
Besides, a good connection between the TiO, grains and a good adhesion transparent
conducting oxide (TCO) assure good electrical conductivity. The optimization of the
morphology of TiO, layer is a prerequisite for the efficiency of solar cells. TCO is
treated with aqueous solution of TiCly, to form a compact layer of nanoparticles
TiO,. Even TiO, is used as a paste followed by annealing, which also shows an
effective efficiency in DSSC. The efficiency of DSSC depends on the mixture of
electrolytes and improved electron transport due to TiO,. The TiO, paste was
prepared by mixing the TiO, powder and sol in mortar grinder for 1 h. Later, the
paste was deposited on transparent conduction electrode.

Then, it is immersed in dye for the sensitization under a fixed period of time, and
the device structure is completed with an electrolyte and the counter electrode, which
is usually a platinum electrode. Figure 5.5 shows the usage of different metal oxides
and its efficiency. The usage of dye with various metal oxide and its efficiency has
been reported by Kim and Kwon (2011). The overall conversion efficiencies of
DSSCs increased when CdO, ZnO, NiO, and CuO were used as the blocking layer
material.
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Basic divalent
metal oxide
Ru Dye-sensitized solar cell efficiency
Ru dye 1.82% p— 1.85% 1.80%

None CdO Zn0O Ni0O Cu0 PbLO

Fig. 5.5 Various metal oxides used for the DSSC and its efficiency. (Reprinted with permission
from Kim and Kwon 2011)

5.5 Role of TiO, in Highly Efficient Perovskite Solar Cells

Perovskite solar cells nowadays are an interesting topic of research in the field of
photovoltaics (Zheng et al. 2017; Kanhere and Chen 2014). Their fascinating
attractive properties are broad absorption spectrum, fast charge separation, long
transport distance of electrons and holes, and long carrier separation lifetime
(Ganguly et al. 2015). Perovskite PVs are constantly undergoing research and
improvement, going from just 2% in 2006 to over 20.1% in 2015. Also, it offers
additional attributes like flexibility, semi-transparency, thin-film, light-weight, and
low processing costs (Lee et al. 2017). Perovskite solar cells were fabricated using
mesoporous TiO, layer (Etgar et al. 2012; Varma 2015; Xia et al. 2016) as a hole-
transporting layer (Cheng and Lin 2010). Perovskite structure has the general
structure as ABO3, where A and B are of cations with different sizes and O is the
anion (Govindasamy et al. 2016). The A site cation is slightly larger than the B
cation. The B atom has sixfold coordination number and the A atom has 12-fold
coordination number perovskite solar cells (Yamada et al. 2014; Yin et al. 2016; Su
et al. 2017).

The perovskite layer made up of methylammonium lead triiodide acts as a good
absorber. The nanometer-sized methylammonium lead bromide (MAPbBr3) was
tailored over a mesoporous TiO, layer, which results in hybrid perovskite solar
cells; plus, they extract the electrons from the light-absorbing layer, which transports
to the electrode (Murugadoss et al. 2014). Titanate perovskite shows excellent
photocatalytic properties under UV radiation. Certain titanate perovskites have
negative conduction band (CB) potential, which is useful for hydrogen reduction.
Titanates offer good photostability and corrosion resistance. TiO, is a good mediator
for carrier transport. When photoexcited the electrons will move to the CB of TiO,,
while the holes will move to the valence band (VB) of the hole transport material
(HTM) layer. For perovskite solar cells, a mesoporous TiO, network is essential for
transporting charges to the collecting electrode (Xia et al. 2016). TiO, is an n-type
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semiconductor with suitable electronic band levels that increase the ability of
electron injection. The tasks of an mp-TiO, layer in the perovskite cells are: (i) to
separate electrons and holes in the perovskite layer by electron injection to the TiO,
layer, and (ii) to transport the injected electrons to the electrode. Optimizing the
mp-TiO, thickness, the output voltage varies by changing the charge injection
(Wu et al. 2014; Lee et al. 2017).

The typical device structure of a perovskite solar cell consists of ITO/p-type
material/perovskite/n-type material/metal electrode. Here, TiO, is mainly used due
to the chemical stability, low-cost and high charge transportability. An electron can
be effectively transported from perovskite absorber to TiO, due to the presence of
minimum conduction band of TiO,. Furthermore, TiO, results in blocking hole
capability due to the presence of valence band maximum is lower than perovskite
absorber. Presence of TiO, in perovskite solar cells can be subdivided as
mesoporous-structured TiO, layer and TiO, compact layer. By pulsed laser deposi-
tion, TiO, can be deposited to fabricate the perovskite solar cells at low temperature.
Table 5.2 lists out the properties of TiO,-electron extraction/transporting layer
deposited at low temperature (Xia et al. 2016; Chen et al. 2016).

By using laser, sublimation occurs resulting in the deposition of TiO, layers. The
formation of TiO, array can be obtained by chemical bath deposition method. The
light-harvesting efficiency of the perovskite-coated TiO, array increases with
increasing chemical bath deposition, reaction time, and rate. The formation of
TiO, nanorods in anatase phase results in a higher rate of light-harvesting property.

The mesoporous TiO, layer is fabricated by spin-coating method followed by UV
treatment. It yields a satisfied efficiency of 18.2%. The presence of trap states at
perovskite absorber and the interface can hinder the photovoltaic performance. On
passivating the perovskite absorber/electron extraction layer interface can profi-
ciently suppress deep trap states. This type of planar perovskite solar cells has
exhibited an efficiency of 20%. Researchers are exploiting alternate materials to
replace TiO, using ZnO and SnO, as an electron extraction layer for PSC due to its
electron mobility, suitable energy structure, and high conductivity.

Table 5.2 List of the properties of TiO,-electron extraction layer deposited at low temperature

Device Deposition
o L
struectur EEL temp. (-C) method Jee Voo FF PCE % References
Chemical bath Chenetal.,
80 deposition 22 0.99 720 15.7 2016
120 Thermal 1 13 | 107 | s40 19.1 Schuzeetal,
n-i-p Tio, Evaporation 2017
150 Spin-Coating 223 1.19 80.6 214 Tanetal., 2017
Pulse laser Yangetal.,
200 Deposition 20.1 1.01 69.0 14.1 2016
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Fig. 5.6 Schematic diagram of (a, b) energy level and (c-h) device structure of perovskite solar
cells prepared by low-temperature process (Chan et al. 2019)

5.6 Role of TiO, in Highly Efficient Metal Oxide Solar Cells

TiO, is used in metal oxide solar cell, which acts as a source of energy-harvesting
system. The device, which is made of conventional semiconductor with narrow
bandgap, absorbs a broad wavelength (Bai et al. 2014). The porous TiO, acts as
photoanode with large surface area causing good absorption. Photovoltaic cells built
using nonporous TiO, with heterostructure II-VI semiconductors have increased an
efficiency of 3.37%. Figure 5.7 (A & B) shows TiO; in solar cell and the mechanism
of increased photoconductivity.

Among other new materials, TiO, is preferred due to its chemical inertness,
eco-friendliness, photostability, thermodynamic stability, better charge transport
(Diguna et al. 2007), lower conduction band edge position, and large bandgap
(Su and Zhou 2011; Etgar 2013).

All devices with metal oxides show improved efficiencies like the parameters, the
short circuit current (J.), the open-circuit voltage (V) and the fill-factor (FF) are
increased, resulting in higher efficiency. Well dispersed, probably, on the surfaces of
the TiO, nanoparticles modifies all the parameters. The presence of metal oxide
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Fig. 5.7 (A) Schematic of TiO; thin film. (B) A schematic of the mechanism of photoconductivity
in the TiO; thin film. (Reprinted with permission from Yanbo Li et al. 2016)

enhances protonation and deprotonation, which effects the surface properties (Kim
and Kwon 2011, Yanbo Li et al. 2016).

Figure 5.5 shows the usage of various metal oxides in perovskite solar cells at
different configurations such as n-i-p and p-i-n with different energy levels.

The effect of metal oxide layers on the recombination dynamics open-circuit
voltages after turning off the light. In other words, the presence of metal oxides is a
direct measure of the recombination reaction rate. The life time of these cells are also
longer. The charge-transfer resistance at the interface of electrolyte depends upon the
electron lifetime for the recombination. The presence of metal oxide with semicon-
ducting nature acting as an electron transporting layer. The possibility of the
presence of trap sites at the pn junction creates resistance at the interface thereby
increasing the fill factor. The usage of various metal oxide and its efficiency has been
reported by Kim and Kwon (2011). The overall conversion efficiencies of DSSCs
increased when CdO, ZnO, NiO, and CuO were used as the blocking layer material.

The transparent photovoltaic is also possible by using TiO2 layer. p-type and n-
type form a heterojunction. Ultrathin layer of embedded TiO, results in highly
transparent solar cell. Under UV illumination, transparent solar cells provide a
conversion efficiency of 6.1% (Hoye et al. 2013). Transparent photovoltaics are
mainly applied in electronic devices and photoelectronic devices. Insertion of
ultrathin TiO, at the back contact of all types of oxide based transparent photovoltaic
solar cells. All types of metal oxide junction absorb abundant amount of light
produces electric power from the Sun. The presence of TiO, enhances the perfor-
mance like high photovoltage in the case of transparent metal oxide solar cells.
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5.7 Role of TiO, in Highly Efficient Quantum Dot
Solar Cells

Quantum dot solar cells have a similar structure and working principles as DSSC; the
size of quantum dot is larger than a dye molecule (Nadrah et al. 2015; Guijarro et al.
2009). The dye molecules get fixed with Ti, which acts as a substrate. QD deposited
on Ti electrodes increases the injection rate through different approaches such as
chemical bath deposition (CBD), successive ionic layer absorption and SILAR . A
linker has been used between Ti and QD, which increases the driving force between
the ligands. The metal ions in association with TiO, promote the efficiency of the
solar cells. The working of quantum dot solar cells is very similar to DSSC.
Figure 5.8 shows a TiO, quantum dot solar cell. The electron transfer kinetics

Fig. 5.8 Structure of a
quantum dot solar cell
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between Ti and QD leads to a better cell performance (Yaacob et al. 2013; Das and
Baruah 2018).

Quantum dots are less at risk to photodegradation than organic dyes; hence, it is
more favorable than other types. The mechanism involved in the working of all types
of DSS C.

Mechanism of a QD solar cell quantum dots exhibit higher photoconversion
efficiency. It maximizes the capturing ability of the incident light and transmits
electrons through network. The network enable faster electron injection rate through
the small-sized particles with greater absorption rate (Nguyena et al. 2019).

5.8 Role of TiO, in Highly Efficient Tandem Solar Cells

Tandem solar cells have two sections, one with a wide bandgap and other with a
narrow bandgap acting as an absorber layer. When light pass through the wide
bandgap layer, photons with energy greater than the energy gap Eg; would be
absorbed. The remaining photons less than Eg; would be transmitted. Again the
second segment absorbs photons with energy greater than Eg,. The presence of two
segments utilizes maximum solar energy thereby reducing thermalization loss. In
general, there are two-terminal (2T) and four-terminal (4T) tandem devices. In four-
terminal configuration, the presence of two subcells is complete solar cells simply
stacked together with a transparent back contact. In the case to two terminal tandem
cells, the presence of two subcells is stacked electrically. The four-terminal tandem
solar cells fabricated independently there is no difference between the junctions. It is
optically coupled provided with a transparent back contact. In the case of 2T tandem
solar cells, the two subcells are connected electrically and optically without any back
contact. Improving better light coupling property with reduced loss improves the use
of the choice of wide or narrow bandgap.

The potential of spectrum splitting for ultrahigh performance using Si solar cells
has been observed in tandem solar cells (Shen et al. 2018). Aim is to increase
absorption coefficient of TiO,, which acts as a top layer that enhances the rate of
absorption (Sheng et al. 2015; Kao et al. 2015). Figure 5.9 shows the structure of a
tandem solar cell. Tandem solar cells can have more than two electrically coupled
junctions, in which each junction has different E,. With two junctions, it has high E,
of anode and cathode. The charge carriers move from top to bottom and maintain the
charge neutrality. Here, band-to-band tunneling occurs at the recombination region
(Kanda et al. 2016).

In the case of perovskite-polymer-based tandem solar cells, perovskite serves as a
wide bandgap absorber and polymer acts as a narrow bandgap absorber with active
layers from solution-solvent precursor. The deposition strategies also involve the
formation of interfacial layers by spin coating technique with different solvents. The
role of TiO, in tandem solar cells, The perovskite subcell has a top layer of TiO, by
atomic layer deposition followed by the formation of mesoporous TiO, layer. The
electrons generated are extracted by TiO, and transported which recombines with
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(c) Schematics image
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Fig. 5.9 Tandem solar cell structure with TiO, thin film. (Reprinted with permission from Kanda
et al. 2016)

the holes in the subcell. In the case of perovskite-polymer-based (2T) tandem solar
cells, generates a power conversion efficiency of 13.7%. Can and co-workers
demonstrated perovskite-nanocrystalline silicon tandem solar cells. The generated
electrons in the perovskite subcell recombine with holes in the tunnel junction
generates the current flow in the tandem cell (Cao et al. 2020). The reports reveal
the gain of power conversion efficiency of 22.7% on 0.25 cm?.

5.9 Summary and Conclusion

Titanium dioxide or titania (TiO,) occurs in three phases. Mostly it exists as rutile
and anatase phases; nanostructured layers of TiO, help in the formation of photo-
generated electrons that enhance light harvesting. To date, numerous materials show
excellent properties to satisfy the need. TiO, as an electron transporter at the
semiconductor interface offers excellent property to enable maximum light
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absorption resulting in photo-generated charge carriers. Titanate perovskite shows a
potential photostability useful for visible light photocatalysis. In the case of metal
oxide semiconductors, the usage of titanium dioxide increases the photocurrent with
good performance of the fabricated solar cell. It acts as an efficient electron-
transporting layer in the case of quantum dot solar cells. TiO, acts as a photoanode
layer that enhances faster electron injection rate, which results in the better perfor-
mance of quantum dot semiconductor solar cells. DSSCs using natural pigments
have TiO, as a conducting layer. When semiconductor of suitable bandgap combines
with this, it results in high electron injection rate. It helps to reduce the defect state
thereby leading to attractive light-harvesting property. It increases the photocurrent
by improving the cell efficiency. Hybrid perovskite solar cells possess TiO, as a
mesoporous layer. The electron injection and transport properties of the above-said
layer influence the photovoltaic property of the cell. The pores over the Ti matrix
improve the performance of perovskite solar cells. Tandem solar cells show higher
conversion efficiency when compared to other types. It has different junctions that
act as its own anode and cathode. Improving single junction solar cell, we go for
tandem solar cells provided with suitable energy bandgap. As of today, commer-
cialization of solar cells with new organic/inorganic species is a challenging task to
obtain an increased solar cell efficiency. Remarkable progress occurs every day in
the processing techniques, optimizing the bandgap, and formation of nano multi-
layers over the substrate. It has been proved that TiO, is as one of the potential
candidates that is used as electron injection layer, good light harvester, etc. More
advantageous analysis of TiO, for the future-generation solar cells will be beneficial
for improving the efficiency in this field.
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Abstract Monitoring health conditions with low-cost, portable devices is a target
for diseases such as diabetes, which is now performed by detecting the glucose level
in blood samples. Since commercial biosensors suffer with limited enzyme stability
and shelf-life problems, novel materials have been exploited, including metal oxides
and sulfide nanostructures. These materials are suitable for detection with electro-
chemical methods owing to their high surface area-to-volume ratio, selectivity,
sensitivity, and fast response properties. In this chapter, we discuss some of these
nanostructures to detect glucose through nonenzymatic reactions, which are advan-
tageous to increase robustness and shelf-life of biosensors. Furthermore, the work on
metal oxides and sulfide-based biosensors is being extended with the design of
hierarchical nanostructures to enable high sensitivity, rapid response, and detection
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of multicomponent elements following the electronic tongue concept. The chal-
lenges and prospects for glucose biosensing are also highlighted.

Keywords Biosensor - Metal oxide - Sulfides - Glucose

6.1 Introduction

Biosensors are highly selective devices comprising basically two parts: biological
recognition elements such as enzymes, antibodies, DNA, and cells, which interact
selectively in a complex medium with the substance of interest (analyte), and a
transducer to convert the biochemical response into an appropriate signal
(Bohunicky and Mousa 2011). Biosensors can be classified in different ways, for
example, according to the transduction process or the biological recognition element
(Soper et al. 2006). Biosensors can be applied to a variety of samples including cell
cultures, food samples, body fluids, and wastewater (Hasan et al. 2014; Srivastava
et al. 2018; Brindha et al. 2018; Kuswandi 2019). To obtain a sensitive and reliable
detection system, the sensor surface must permit immobilization of biorecognition
elements, also avoiding nonspecific binding that may interfere with the biological
activity of the biomolecule. In principle, the molecules may be immobilized on the
surface or in a 3D matrix, which generally provides a greater number of binding sites
(Welch et al. 2017). Nanotechnology has been applied in several fields, including
clinical diagnosis, agriculture, water quality management, food quality analysis, and
mainly in the creation sensory tools through novel thrilling film architectures that act
as sensing units (Kumar et al. 2017; Dasgupta et al. 2017; Villasefior and Rios 2018;
Raymundo-Pereira et al. 2019; Kuswandi 2019).

Diabetes is a metabolic disease identified by chronic hyperglycemia and charac-
terized by elevated levels of blood glucose. This occurs due to pancreas deficiency
that produces insufficient insulin to regulate blood glucose, or when the body
tolerance is low and cannot effectively use the insulin it produces. Diabetes leads
over time to serious damage to the heart, blood vessels, eyes, kidneys, nerves, and
may cause deaths and disabilities (WHO 2016, 2019). More than 400 million people
in the world have diabetes and the early diagnosis of diabetes has important
implications on society, not only for their health, but it may also affect their
employment, health and life insurance, driving status, social opportunities, and
carry other cultural, ethical, and human rights consequences (WHO 2019).

Various technologies developed to detect glucose level include the application of
high-performance liquid chromatography, optical methods, and electrochemical
biosensors. However, the main challenge for the diagnosis of diabetes is to create
devices for daily use by patients in personalized monitoring (Bruen et al. 2017).
Within all technologies, electrochemical biosensors can fulfill most of these require-
ments concerning sensitivity, specificity, portability, cost-effectiveness, and the
possibilities for miniaturization and point-of-care diagnostic testing (Wang et al.
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Fig. 6.1 Biosensors classification according to its reaction mechanism exemplified in a glucose
detection model: the first generation with a co-substrate/co-product (hydrogen peroxide, H,O,) as
the redox indicator; the second generation, when a redox mediator (Medpx-Medg.q) is used to relay
the electrons; the third generation encompasses the direct electron transfer between the enzyme and
the electrode; and the fourth generation sensor described by the glucose direct oxidation in a
nonenzymatic system. (Reproduced with permission from (Holade et al. 2017) Copyright MDPI
2017)

2018a; Nguyen et al. 2019). Different techniques such as voltammetric, conducto-
metric, potentiometric, and amperometric have been used to detect such analytes for
electrochemical biosensors. Within the topic of glucose biosensors, there is a
classification according to its reaction mechanism, as schematically summarized in
Fig. 6.1. In the first generation, enzymatic reaction with glucose consumes oxygen
and produces hydrogen peroxide. The last one diffuses to the transducer; it is
oxidized and generates a measurable electrical response. In the second-generation
sensors, electroactive molecules are applied as electrochemical mediators to shuttle
electrons between the enzymatic reaction and transducer. In the absence of the
mediator, the thick protein layer hampers the direct electron transfer between the
inner redox center and flat conventional electrodes. The third generation is indepen-
dent of oxygen or mediator and directly transfers electrons from the enzyme to the
transducer and is usually based on the excellent conductivity properties of novel
nanostructured materials. In the last decades, nonenzymatic glucose biosensors have
attracted attention, being referred to as the fourth generation type, and can directly
catalyze biomolecules (glucose) with no need for specific enzymes (Holade et al.
2017).

Notwithstanding the advantages of electrochemical biosensors, some challenges
remain to be overcome. They include matrix effects, for example, in biofluids, there
is a difference in pH and ionic strength that affects the response. In addition, there are
the challenges of lack of selectivity and poor sensitivity depending on the target
analyte and the need of miniaturization technology for portable devices for daily use.
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In this chapter, we describe novel materials based on sulfides and metal oxides to
develop biosensors that can address the drawbacks mentioned.

6.2 Sulfide-Based Biosensors

Metal sulfides are relevant for electronics and optoelectronics because of their
excellent physical and chemical properties, with impressive results in photothermal
conversion, supercapacitors, sensors, batteries, and solar cells. Sulfides can assume
various forms, such as monosulfides, disulfides, or even polysulfides (Atkins et al.
2008). Properties of these materials can vary from insulating HfS,, semiconductors
such as MoS, up to metal-like materials such as NbS, (Chhowalla et al. 2013).
Special attention has been given to disulfides that fall into the metal dichalcogenide
groups with the general formula MX,, where M is a transition metal (groups 4-10)
and X is a chalcogen. They belong to a 2D material class with a lamellar structure
and are potential substitute materials to gapless graphene. MX, exhibits semicon-
ducting behavior with bandgap between 1 and 2 eV (Wang et al. 2012; Chhowalla
et al. 2013; Jariwala et al. 2014), which is attractive for optoelectronics.

Another advantage of metal sulfide is its abundance. Various metals are naturally
present in sulfide form in ores, which is blown in the air to form oxides or soluble
sulfates for further metal extraction (Atkins et al. 2008). Examples are heazlewoodite
(Ni3S,), chalcocite (Cu,S), and pyrite (FeS,). Metal sulfides can also be synthesized
in the laboratory with diverse structural configurations. The possibility to control
composition and form has great advantages for controlling the sensor parameters.
Composition and stoichiometry depend on the metal and sulfur atoms ratio, pH, and
other experimental conditions. For example, star-shaped PbS with eight symmetric
arms was synthesized with controlled release of sulfide ions at 80 °C and appropriate
pH. Otherwise, nanorods and nanocubes are obtained using similar synthetic pro-
cedures (Ma et al. 2004). Copper sulfides exhibit possibilities for many stoichiomet-
ric compositions, nanocrystal morphologies, and valence states. For instance,
covellite copper sulfide, formed by alternating layers of CuS and Cu,S,, shows
semiconductor or metallic conductivity (Qin et al. 2005), or even superconductor
behavior at 1.6 K (Liang and Whangbo 1993). Variations in the experimental
conditions can lead to ball-like, rod-like, spaghetti-like, and chrysanthemum-shaped
covellite structures (Grorai et al. 2005; Qin et al. 2005).

Concerning electrochemical sensing applications, sulfides can be synthesized by
physical or chemical methods, and further immobilized on the sensing surface, or
can be grown in situ directly on the surface, for example, by electrodeposition. The
most traditional methods encompass (i) hydrothermal/solvothermal method,
(i1) chemical and physical vapor depositions, and (iii) solution-phase chemistry
like evaporation, recrystallization, and diffusion (Lai et al. 2012; Xiong et al. 2014).

Various sensing applications have been developed, including gas sensors (Sagade
and Sharma 2008; Cho et al. 2015; Qin et al. 2018), immunosensors (Kima et al.
2010; Zhang et al. 2016b), DNA sensors (Hansen et al. 2006), and aptasensors (Liu
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et al. 2014). Glucose has been the main target because of diabetes monitoring, and it
is a model for new sensing concepts. Hydrogen peroxide (H,O,) sensors have also
been popular owing to their wide applications in pharmaceutical, industrial, and
clinical research. H>O, is a by-product of reactions catalyzed by many oxidase
enzymes, and therefore its quantification is important for many biomedical applica-
tions, especially for biosensors. As glucose and hydrogen peroxide are two good
representatives of health control and monitoring, we describe in this section some
outstanding biosensors made with metal sulfides that are divided into four main
groups: copper, molybdenum and nickel sulfides, and other sulfides.

6.2.1 Copper Sulfides

Copper sulfides adopt different stoichiometric compositions, crystal morphologies,
complex structures, and valence states (Qin et al. 2005). The form Cu,S (chalcocite)
and CuS (covellite) are the most common, but there are several nonstoichiometric
stable and metastable species ranging between them (Qin et al. 2005). Other
interesting applications of copper sulfides include photothermal ablation for tumor
cells (Li et al. 2010b), gas sensors (Sagade and Sharma 2008), supercapacitors
(Naveed et al. 2019), and as electrode materials for batteries (Kravchyk et al.
2019; Zhang et al. 2019).

Copper sulfide-based biosensors for glucose quantification are attractive because
of the redox pair Cu?*/Cu’*, which is an effective mediator for the electrocatalytic
oxidation of glucose in alkaline solution (Zhao et al. 2006). Qian et al. fabricated a
fourth-generation glucose biosensor with CuS nanotubes deposited onto Cu elec-
trode. Figure 6.2a, b show the cyclic voltammetry (CV) plots of CuS nanotubes/Cu-
and bare Cu-electrodes, respectively, in 0.15 M sodium hydroxide solution (dashed
curve). They established that peak 1, at —0.45 V, is assigned to the Cu’/Cu*
transition, while peak 2, at —0.15 V, indicates the Cu’/Cu** and Cu*/Cu** transi-
tions. Peaks 4, 5, and 6 are assigned to the reduction of Cu**/Cu**, Cu**/Cu”, and
Cu*/Cu®, respectively (Qian et al. 2013). After the addition of glucose (solid curve),
the current of peak 2 decreased, and a new peak, 3, appeared due to glucose
oxidation, at +0.5 V, with higher intensity for modified than the bare Cu electrode
(Qian et al. 2013).

The reaction mechanism of glucose for copper sulfide-based electrodes is similar
to that for copper only in alkaline medium (Marioli and Kuwana 1992). The glucose
oxidation peak is associated with Eq. 6.1, with the oxidation of CuS into CuSOH
(Radhakrishnan et al. 2016).

CuS + OH  — CuSOH + ¢~ (6.1)
Qian et al. described the above mechanism in detail. Glucose initially loses one

proton forming enediol in an alkaline medium. Then, enediol complexes with Cu®*
producing an intermediate compound, Eq. 6.2, which explains the decrease in
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Fig. 6.2 Cyclic voltammetry plots of (a) CuS nanotubes/Cu and (b) bare Cu electrodes in 0.15 M
NaOH collected using saturated calomel electrode as reference. Dotted and solid lines represent the
cyclic voltammetry collected in the absence and presence of 2 mM glucose. Peak 1: Cu’/Cu*
transition; peak 2: Cu’Cu** and Cu*/Cu®* transitions; peaks 4, 5, and 6 are assigned to the
reduction of Cu>*/Cu?*, Cu®**/Cu*, and Cu*/Cu®, respectively. After the addition of glucose, note
a reduction in peak 2 intensity and the appearance of a new peak, 3, due to the glucose oxidation.
(Reproduced with permission from (Qian et al. 2013). Copyright Elsevier 2013)

peak 2. Third, the complex intermediate is electro-oxidized to an enediol-complex-
cu’* form, Eq. 6.3, for further reduction and generation of a product and Cu2+S,
Eq. 6.4 (Qian et al. 2013).

enolization Cu(ll)S
Glucose """ Enediol 4y Enediol — Cu** complex (6.2)
Enediol — Cu** complex "' Enediol — Cu™* complex (6.3)

Reduction
—

Enediol — Cu®" complex Product + Cu**S (6.4)

Based on the reaction mechanism proposed above, many nonenzymatic, fourth
generation, glucose biosensors have been developed using as principle of detection
the chronoamperometric technique; the measurements were taken between +0.45
and + 0.55 V, related to glucose oxidation, as depicted in Table 6.1, which summa-
rizes the copper sulfide-based glucose biosensors found in literature. A wide
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detection range and a fast response have been achieved in recent works, as Karikalan
et al. reported a range of 0.0001-3.88 mM, detection limit of 32 nM and response
time of 0.8 s, using a rotatory disk electrode, modified with sulfur-doped reduced
graphene oxide and copper sulfide (Karikalan et al. 2017). Another remarkable result
was achieved by Kim et al. that synthesized dendritic CuS structures by electrode-
position on nickel foam electrode by hydrogen gas bubbling and further treatment
with vapor-phase sulfurization. The large surface area of dendritic structures led to
fast electron transport, with excellent performance in detecting glucose with a
sensitivity of 8337 pA mM ' cm ™2, detection range of 0.001-4.9 mM, and detection
limit of 0.05 pM (Kim et al. 2016).

Copper sulfide-based glucose sensors have also presented good anti-interference
property against other carbohydrates and common electroactive compounds such as
uric acid, ascorbic acid, and dopamine (Bo et al. 2010; Yang et al. 2014c; Karikalan
et al. 2017). Due to the great selectivity of biosensors, we can find in literature some
examples of real sample analysis with excellent recovery property varying from
93 to 107% (Qian et al. 2013; Kim et al. 2016; Xu et al. 2019b). Sensing reproduc-
ibility is another important parameter investigated where the lowest relative standard
deviation was obtained by Qian et al. (2013) that tested seven independent sensors
obtaining a deviation of 3.7%, followed by Xu et al. (2019a) that determined 4.3% in
a test with five independent sensors.

Decreasing the oxidation/reduction overpotentials is the key point on developing
electrochemical hydrogen peroxide sensors. Based on their excellent catalytic abil-
ity, sulfides have decreased the reduction potential in the same way that graphene-
based materials. Glassy carbon electrodes were modified with flower-like CuS
nanoparticles and chitosan, as shown in Fig. 6.3a, and their electrochemical response
to the solution with and without hydrogen peroxide are depicted in Fig. 6.3b. In the
absence of hydrogen peroxide, a pair of redox peaks assigned to Cu,S/CuS is
observed (Eq. 6.5). With the addition of peroxide, a broad cathodic peak at
—0.1 V appears due to the hydrogen peroxide (H,0O,) reduction (Eq. 6.6). An
increase in the anodic peak current was observed, probably because of a parallel
catalytic reaction in which Cu* is reduced to Cu™ by hydrogen peroxide according
to Eq. 6.7. This produces Cu* that is electro-oxidized back to Cu®*, causing the
increase in the anodic peak (Yang et al. 2014c).

Cut — Cu*" +e” (6.5)
1A Hy00+ ¢ — OH™ (6.6)
2Cu*" + 2H,0, — 2Cu™ + 2H,0 (6.7)

The amperometric response of the CuS and chitosan-modified glassy carbon
electrode at —0.1 V working potential and the corresponding calibration curve are
shown in Fig. 6.3c, d, respectively. A dynamic range of 1-100 uM and detection
limit of 0.3 pM were achieved (Yang et al. 2014c). A comparison of some recent
copper sulfide-based hydrogen peroxide sensors is presented in Table 6.1. It is worth
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Fig. 6.3 (a) Scanning electron microscopy image of the flower-like CuS nanoparticles and
chitosan- modified glassy carbon electrode. (b) Cyclic voltammetry plots in 0.1 M phosphate buffer
solution (pH 7.2) in the absence (red colored) and presence of 0.5 mM hydrogen peroxide (H,O,,
black colored). Note the cathodic peak at —0.1 V due to the hydrogen peroxide reduction. Scan rate:
100 mV s '. (¢) Dynamic current responses to successive additions of hydrogen peroxide.
Injections of 20 L, 5 x 1072 M hydrogen peroxide solution into 10 mL phosphate buffer. Applied
potential: —0.1 V. (d) Calibration curve of the hydrogen peroxide amperometric sensor. The
analytical performance of sensor demonstrated a dynamic range of 1-100 pM and a detection
limit of 0.3 pM. Electrochemical measurements were taken using a saturated calomel electrode as
reference. (Reproduced with permission from (Yang et al. 2014c). Copyright Elsevier 2014)

mentioning that Maji et al. achieved in an amperometric detection, a wide range
detection from 10 pM to 3.75 mM with detection limit of 1.1 uM (signal-noise
ratio = 3) by using a glassy carbon electrode modified with Cu,S nanoplates
synthesized via one-step solvothermal decomposition. With the quantification of
hydrogen peroxide arising from glucose oxidation catalyzed by glucose oxidase
(GOD), the glucose was quantified in an enzymatic biosensor in a range of 10 pM—
3.1 mM, with detection limit of 1.3 uM. The sensor exhibited selectivity and anti-
interference ability against uric acid, ascorbic acid, L-cysteine, acetaminophen, and
glutathione (Maji et al. 2013). However, the analytical performance falls below most
of the nonenzymatic glucose biosensors in Table 6.1.
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6.2.2 Nickel Sulfides

Nickel sulfides (NiS,) have attracted interest because of the low cost, abundance,
easy preparation, and catalytic activity. The atomic ratio can vary with x increasing
from 0.5 to 2.0, that is, NiS, NiS,, NizS,, Ni3S4, Ni;S;q, and NigSg, in distinct phases
and morphologies. For instance, NiS exhibits two phases, the low-temperature
rhombohedral (B-NiS, millerite) and the high-temperature hexagonal (a-NiS)
(Ghezelbash et al. 2004). This opens the possibility of tuning properties by varying
the phase and morphology, and they can coexist as a combination of two or more
phases, though getting a single phase is difficult (Theerthagiri et al. 2018; Zheng
et al. 2019). Nickel sulfides have been used in supercapacitors (Yang et al. 2014a;
Yu et al. 2015), lithium-ions batteries (Lai et al. 2009; Li et al. 2017), and catalysis
for oxygen and hydrogen evolution reactions in water splitting (Jiang et al. 2016;
Luo et al. 2017; Zheng et al. 2019). Ni compounds have also been utilized for
detecting glucose because of their ability to catalyze the glucose oxidation. Bio-
sensors have been made with conventional glassy carbon electrode and in Ni foam as
a 3D supporting electrode with larger exposed area and faster electron transfer (Huo
et al. 2014; Lin et al. 2014; Kim et al. 2016). The reversible redox reaction of NiS
(Kannan and Rout 2015; Lin et al. 2018) and NisS, (Huo et al. 2014) in alkaline
medium is represented in Eqs. 6.8 and 6.9.

NiS+ OH™ < NiSOH + ¢~ (6.8)
Ni3Sy + 30H™ < Ni3Sy(OH), + 3¢~ (6.9)

During the anodic scan, Ni** is oxidized to Ni** (Eq. 6.10). In the presence of
glucose, Ni** species oxidizes glucose to gluconolactone (Eq. 6.11) (Kannan and
Rout 2015).

Ni*t — Nt 4 e (6.10)

Nl'3+ + glucose — Ni2+ + glMCOnOlaCtone (611)

Ni3S, is one of the most investigated due to its high conductivity (with resistivity
~1.8 x 107> Q at room temperature (Kim et al. 2016)), abundance (in minerals as
hazelwoodite) (Huo et al. 2014), and simple synthesis route (Theerthagiri et al.
2018). Figure 6.4a—d shows scanning electron microscopy topographic images for
the Ni3S, synthesized by hydrothermal process on Ni foam electrode using different
media (water, ethanol, and ethanol/water mixture), thus giving rise to different
morphologies.

Figure 6.5a shows the oxidation and reduction peaks at ~ + 0.6 and ~ +0.35 V of a
voltammogram plot, respectively, attributed to the reversible Ni**/Ni** and OH™ in
an alkaline electrolyte (Kim et al. 2016). The electrode produced in a mixture of
ethanol and water (Ni3S,-ethanol/water) denoted as cauliflower-like structure
exhibited the highest current density and area under the cyclic voltammetry. In the
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Fig. 6.4 Scanning electron microscopy images of nickel sulfide by various reaction media: (a)
NizS,-ethanol, (b and c¢) NizS,-ethanol/water in two magnifications, and (d) NizS,-water.
(Reproduced with permission from (Kim et al. 2016). Copyright Elsevier 2016)

presence of 1 mM glucose solution, this electrode demonstrated an increased
oxidation peak current as shown in Fig. 6.5b. Based on Eq. 6.11, Ni** oxidizes the
glucose to gluconolactone, generating Ni** and sacrificing Ni** leading to an
increase in anodic peak current (Kim et al. 2016). The increase in the anodic peak
current was monitored by chronoamperometric measurements at +0.55 V working
potential (Fig. 6.5¢), and their calibration curves are shown in Fig. 6.5d. The sensing
performance of this sensor is compared to others in the literature in Table 6.2.

To exemplify the influence of different phases in the sensing performance, Wei
et al. developed glucose sensors with o-NiS and B-NiS forms. Amperometric
measurements at +0.60 V working potential revealed the superior detection range
and sensitivity of o form (comparison of the analytical parameters can be done in
Table 6.2). This higher performance was ascribed to: (i) a-NiS offered a larger
accessible surface area and efficient pathways for ion and electron transport;
(ii) a-NiS is polycrystalline by nature, which shortens the diffusion path for ions
and electrons; (iii) the crystal structure at the atomic scale favors the a-NiS form with
more surface exposed Ni atoms (Wei et al. 2015).

Some hybrid nickel sulfides/oxides have been investigated as well. Kannan et al.
observed that Ni-Ni3S3;/NiMoO,4 nanowire-based electrode has a low onset oxidation
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Fig. 6.5 (a) Cyclic voltammetry of the different Ni3S, structures on Ni foam electrodes in 0.5 M
NaOH solution at 10 mV s™'. The oxidation and reduction peaks are attributed to the reversible Ni*
*/Ni>* reaction in an alkaline electrolyte. Bare NF refers to bare Ni foam, Ni3S,-Et, Ni3S,-W, and
Ni3S,-Et/W refers to the NizS,-ethanol, NizS,-water, and NizS,-ethanol/water. (b) Cyclic
voltammetry of Ni3S,-ethanol/water-composed electrode in 1 mM glucose/0.5 M sodium hydrox-
ide aqueous solution at 20 mV s™'. The sensor response is based on the glucose oxidation to
gluconolactone by Ni** and consequent generation and increase of Ni>* concentration, which leads
to an increased Ni** oxidation anodic peak current. (c) Amperometric responses of bare Ni foam
electrode (black colored), and the modified ones with Ni3S,-ethanol (green colored), Ni3S,-ethanol/
water (blue colored), and NizS,-water (red colored) to successive addition of glucose at +0.55 V.
Inset: magnification of Ni;S,-ethanol/water response during addition of 0.5 pM of glucose. (d)
Calibration curves from amperometric responses. Electrochemical measurements were taken using
a silver/silver chloride electrode as reference (Reproduced with permission from (Kim et al. 2016).
Copyright Elsevier 2016)

potential and an enhanced catalytic response toward glucose oxidation when com-
pared to the electrodes made with the individual materials, that is, Ni-Ni3S, and
Ni-NiMoO, (Kannan et al. 2019). The sensitivities were 5.72 and 1.32 pA pM cm 2
for the Ni-Ni3S, and Ni-NiMoO, electrodes, respectively, and 10.49 pA pM cm 2
for the nanocomposite electrode. The best performance was attributed to the large
specific surface area with an interconnected NiMoO, thin sheet-like configuration on
the 3D Ni-Ni3S, nanowires enabling good electronic conductivity and providing
consistent electrical connections to access a large number of glucose molecules.
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The working potentials are given versus the respective reference electrode
employed in the experiments, which are silver/silver chloride (Ag/AgCl) or mer-
cury/mercury oxide (Hg/HgO).

6.2.3 Molybdenum Sulfide

Molybdenum sulfides (MoS,) are promising as alternative materials to Pt for elec-
trochemical generation of hydrogen from water (Laursen et al. 2012; Yan et al.
2014). The most studied molybdenum disulfide (MoS,) is a 2D material with S—-Mo—
S layers constituted by atomic planes of Mo sandwiched between atomic planes of S
(Li and Zhu 2015; Wang et al. 2015). The direct bandgap of 1.8 eV makes MoS,
layers as a complement or even surpass graphene in optoelectronics (Bo et al. 2010;
Li and Zhu 2015). It is also interesting for (bio)/sensing applications owing to the
large surface area, biocompatibility, high conductivity, electrochemical activity, and
structural versatility. As S—Mo-S layers are stacked together by van der Waals
interactions, topdown approaches have been proposed for obtaining single and
few-layer MoS,, by mechanical and chemical exfoliation methods (Joensen et al.
1986; Gan et al. 2017). The popular chemical exfoliation uses the intercalation
method with lithium-ion and further reaction with water (Joensen et al. 1986; Su
et al. 2014). Bottom-up methodologies can be utilized as well, as solvothermal and
hydrothermal methods (Peng et al. 2001; Mani et al. 2016), and chemical vapor
deposition (Lee et al. 2012). Solvothermal and hydrothermal paths are simple and
scalable, but usually require high temperature and pressure, and need special organic
reagents (Gan et al. 2017).

Among the diverse applications, MoS, has been explored as gas sensors due to its
high surface area and because the electron transport through the exposed surface
atoms is sensitive to the adsorbed molecules (Zhang et al. 2014; Cho et al. 2015;
Park et al. 2018; Qin et al. 2018). Additionally, its catalytic activity (Wang et al.
2015; Gan et al. 2017; Sinha et al. 2018) has been exploited toward pollutants like
nitrite and m-nitrophenol (Wang et al. 2016; Zhang et al. 2016a, 2017; Chen et al.
2017).

MoS, has been used in electrochemical sensors, normally combined with other
nanomaterials such as gold nanoparticles (Su et al. 2013; Sun et al. 2014), carbon
nanotubes, and graphene (Mani et al. 2016; Park et al. 2018). This applies to MoS,-
based glucose biosensors (Kibsgaard et al. 2012). For example, a composite of
Cu-based materials and MoS, exploited the sensing signal derived from the Cu**/
Cu** redox pair (Huang et al. 2013; Fang et al. 2017), while a similar approach was
employed with Ni-based materials where the signal derived from the Ni**/Ni**
redox pair (Huang et al. 2014; Geng et al. 2017). Furthermore, MoS, was combined
with graphene (Jeong et al. 2017) and gold nanoparticles (Dai et al. 2009; Su et al.
2014; Parlak et al. 2017; Ma et al. 2019). Lin et al. developed a 3D Cu nanoflowers/
layered MoS, composite on glassy carbon electrode (3D CuNFs-MoS,/GCE) capa-
ble to detect glucose and hydrogen peroxide, as schematically represented in
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Fig. 6.6 Schematic representation of 3D Cu nanoflowers-MoS,-modified glassy carbon electrode
fabrication and the detection of 2.0 pM hydrogen peroxide and 20 pM glucose (red colored) by
cyclic voltammetry in 0.1 M phosphate buffer saline solution (pH 7.0) and 0.1 M sodium hydroxide
(NaOH, blue colored), respectively, at 0.10 V s~' (Reproduced with permission from (Lin et al.
2016). Copyright Elsevier 2016)

Fig. 6.6. The cyclic voltammetry plots indicate that the presence of the hydrogen
peroxide in 0.1 M phosphate buffer saline solution (PBS, pH 7) causes an enhanced
reduction in the peak current at —0.3 V, differently from the glucose addition, in
0.1 M sodium hydroxide solution, which makes an anodic peak current appear at
+0.50 V. Both reaction were catalyzed by Cu®*/Cu’* redox pair.

Since the working potential for detecting hydrogen peroxide and glucose solution
was established by cyclic voltammetry experiments, further analytical studies were
performed by amperometric technique. The response to successive addition of
hydrogen peroxide and glucose, monitored at —0.30 and + 0.50 V, respectively, is
shown in Fig. 6.7a, b, and the analytical parameters are depicted in the insets and
compared in Table 6.3. Moreover, Cu nanoflowers/layered MoS,-modified glassy
carbon electrode exhibits selectivity toward different chemicals such as ascorbic acid
(AA), dopamine (DA), uric acid (UA), fructose, lactose, and galactose, because
negligible changes are observed in Fig. 6.7c, d. Significant decrease is observed only
with hydrogen peroxide and glucose addition. The performance of this sensor and
others in the literature is compared in Table 6.3.

The possible reaction mechanism is based on the oxidation of MoS, to MoS,0OH,
as shown in Eq. 6.12. HOO is produced by the reaction of H,O, and HO (Eq. 6.13),
and O, is eventually produced according to the reaction in Eq. 6.14 (Lin et al. 2016).

MoS, + H,O, — HO - + MoS,OH (612)
Hy0, + HO+ — HOO " + H>0 (6.13)
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Fig. 6.7 Amperometric response of the modified electrode to successive additions of (a) hydrogen
peroxide (H,0,) to 0.1 M phosphate-buffered saline solution (pH 7.0) at —0.30 V, and (b) glucose
to 0.1 sodium hydroxide at +0.50 V. Inset: Analytical curve. Amperometric response for some
interferent compounds, ascorbic acid (AA), dopamine (DA), uric acid (UA), fructose, lactose, and
galactose in the presence of (¢) hydrogen peroxide and (d) glucose. Electrochemical measurements
were taken using a saturated calomel as reference electrode (Reproduced with permission from (Lin
et al. 2016). Copyright Elsevier 2016)

MoS,0H + HOO - — H,0 + O, + MoS, (6.14)

Wang et al. incorporated few-layer MoS, nanosheets on NiCo,O4 nanoplates
using the hydrothermal method to inhibit NiCo,0,4 natural self-aggregation and
promote conductive chains to accelerate charge transfer. They take advantage of
MoS, basal surfaces nanoplates to connect dispersed NiCo,O, and obtain polycrys-
talline MoS,-NiCo,0, hybrid, as shown in Fig. 6.8a. MoS,-NiCo,0O, had an
enhanced electrocatalytic activity toward glucose oxidation, compared to pristine
MoS, and NiCo,0,, as shown in Fig. 6.8b. The amperometric signal was monitored
at a constant potential of +0.418 V, as shown in Fig. 6.8c, with the analytical
parameters described in Table 6.3. Negligible signal changes were observed in
interferent experiments when ascorbic acid, uric acid, dopamine, chloride ion,
fructose, galactose, and mannose were added to an alkaline solution. Reproducibility
and stability of signals were monitored for 15 days and kept down to 3.82% of the
standard deviation. Real samples were also assessed in blood serum matrix and a
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Fig. 6.8 (a) The fabrication process of the MoS,-NiCo,0,4 hybrid. (b) Cyclic voltammograms
indicating the enhanced electrocatalytic activity toward the glucose oxidation by the MoS,-
NiCo0,0,4/GCE compared to pristine MoS, and NiCo,0,4 and the bare glassy carbon electrode
(GCE). Dotted and solid lines represent, respectively, the measurements in the absence and
presence of 4 mM glucose in 0.1 M NaOH at a scan rate of 50 mV s~'. (vs. SCE) indicates that
the reference electrode employed is a saturated calomel electrode. (¢) Amperometric curve of MoS,-
NiCo,0, toward successive additions of glucose from 1 pM to 11.1 mM at the applied potential of
+0.418 V. Amperometric response from 0 to 400 s (inset). (Reproduced with permission from
(Wang et al. 2018a). Copyright Elsevier 2018)

recovery around 98.7 and 104.1% was achieved (Wang et al. 2018a). The reaction
mechanism includes generation of Ni** and Co®*, Eq. 6.15), as key catalytic
intermediates to transform glucose to gluconolactone and then convert back to
Ni%* and Co* at the same time, Egs. 6.16 and 6.17.

NiC0»04 + OH™ + H,0 — NiOOH + 2CoO0H + ¢~ (6.15)
2NiOOH + glucose — 2NiO + glucolactone + H,0O (6.16)
COOH + 2glucose — 2Co(OH), + 2glucolactone (6.17)

The working potential refers to the chronoamperometric measurements, other-
wise specified as CV (cyclic voltammetry) or DPV (differential pulse voltammetry)
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using the saturated calomel (SCE), silver/silver chloride (Ag/AgCl), and mercury/
mercury oxide (Hg/HgO) as reference electrode.

The use of MoS, in dopamine detection (Su et al. 2013; Sun et al. 2014; Mani
et al. 2016) should be highlighted. Abnormal levels of dopamine are related to
disorders such as schizophrenia, Parkinson’s disease, and attention deficit hyperac-
tivity disorder (Sun et al. 2014). Su et al. synthesized MoS, nanosheets by Li
intercalation exfoliation and decorated then with gold nanoparticles by
microwave-assisted hydrothermal method. The product gold nanoparticles@MoS,
suspension was drop cast on glassy carbon electrodes for differential pulse
voltammetry detection of dopamine. A wide detection range was achieved, from
0.1 to 200 pM, with a limit of detection of 80 nM (S/N = 3). The interference of uric
acid and ascorbic acid, common interferents in dopamine detection due to similar
oxidation potentials, was tested proving the selectivity of the sensor toward dopa-
mine (Su et al. 2013). Another gold nanoparticles@MoS,-based sensor was devel-
oped by Sun et al. that detected ascorbic acid, dopamine, and uric acid
simultaneously, as the oxidation peaks were distinct, with a detection limit of
100, 0.05, and 10 puM, respectively. The MoS, solution was drop cast on the glassy
carbon electrodes surface for further electrodeposition of gold nanoparticles. The
sensor was applied for dopamine quantification in human serum, with recovery
varying from 98.03% to 102.08% (Sun et al. 2014). A composite material made of
graphene, carbon nanotubes, and MoS, microflowers could detect dopamine with a
linear range of 0.1-100 pM and a detection limit of 0.05 pM, in addition to the
detection in serum samples of rat brain and pharmaceutical was performed with
recovery from 97 to 102% (Mani et al. 2016).

The superior sensing performance of composites when compared to single Cu
nanoflowers and MoS, is not the only advantage, as materials combination allows
one to identify two different analytes working under different reaction mechanisms.
This may drive future studies for multisensory systems such as electronic tongues
(Raymundo-Pereira et al. 2019) that are capable of analyzing multicomponent
aqueous solutions, overcoming the single response of each sensor.

6.2.4 Other Sulfides

Various other metal sulfides have been applied in sensing, including cadmium
sulfides (Maji et al. 2012b), Co sulfides (Zhang et al. 2015; Wu et al. 2017;
Kubendhiran et al. 2018b), and Fe sulfides (Dai et al. 2009; Maji et al. 2012a), as
summarized in Table 6.4. Also used in electrochemical sensing were bimetallic
sulfides and hybrid sulfide/oxide composites. The bimetallic Ni-S and Ni-Mn-S
films were electrodeposited on Ti mesh, with the inclusion of Mn in Ni-Mn-S
structure enhancing the conductivity fourfold. The electrochemically active surface
area (ECSA) for Ni-S/titanium mesh and Ni-Mn-S/titanium mesh as 4.75 and
6.5 cm? per geometry area of 1 cm?, respectively. Scanning electron microscopy
images indicated that in the absence of Mn the surface was smooth while it assumed
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a flower-like morphology in the presence of Mn (Wang et al. 2019b). Composite
materials formed by two sulfides also had higher catalytic activity than electrodes
composed by individual sulfides. MoS,-CuS-modified glassy carbon electrode
exhibited stronger catalytic behavior toward glucose oxidation when compared to
the MoS,- and CuS-modified glassy carbon electrodes (Gao et al. 2017), which was
attributed to the high surface-to-volume ratio of Mo,S. Additionally, MoS,-CuS
serves as a good matrix to favor electron transport.

An impressive analytical performance for glucose detection was attained by Babu
et al. whose detection limit and linear range were 50 nM and 0.0005-6 mM,
respectively. Flexible electrodes were fabricated by first modifying cellulose filter
paper (CFP) with nickel film by electroless deposition method. The Ni/cellulose
filter paper electrode was modified with three different nanocomposites NiCo,S,, Co
(OH),, and CoS by electrodeposition technique as schematically depicted in
Fig. 6.9a. The electrode fabrication was further monitored by scanning electron
microscopy and the different morphologies of (i) Ni, (ii) Co(OH),/Ni, (iii) CoS/Ni,
and (iv) NiCo,S4/Ni deposited on cellulose filter paper can be observed in Fig. 6.9b.
Cyclic voltammetry experiments were performed for all-step deposition in the
presence of 2 mM glucose dissolved in 0.1 M sodium hydroxide solution as
shown in Fig. 6.9c. The bare cellulose filter paper has an electrochemically inactive
behavior. Ni/cellulose filter paper exhibited the well-defined Ni**/Ni** redox couple
for glucose oxidation, whereas an increased anodic peak at ~0.58 V due to the Co**/
Co* redox couple was observed for Co(OH),/Ni/cellulose filter paper. After
replacing oxygen with sulfur, the peak current at +0.52 V increased for CoS/Ni/
cellulose filter paper. NiCo,S4/Ni/cellulose filter paper had the highest glucose
oxidation peak current at +0.45 V due to the participation of both Ni and Co active
centers, as depicted in the electro-oxidation mechanism of Fig. 6.9c.

The chronoamperometric response to the addition of glucose and the calibration
plot are shown in Fig. 6.10a, b, respectively. The inset image shows that NiCo,S,/
Ni-cellulose filter paper biosensor is capable to measure even 0.5 pM of glucose.
This outstanding performance is attributed to the collective promotion of electrical
conductivity and abundant active reaction sites in the porous NiCo,S,
nanostructures (Babu et al. 2018). The anti-interference ability against chloride
and different substances such as ascorbic acid (AA), uric acid (UA) dopamine
(DA), urea (U), acetaminophen (AP), lactose (CA), potassium chloride (KCI),
sodium chloride (NaCl), sucrose (Suc), fructose (Fru), mannose (Man), xylose
(Xyl), and maltose (Mal) at concentration of 0.1 mM is depicted in Fig. 6.10c, d.
It was observed that negligible changes occur when interferent reagents are added to
the solution against the apparent increase in the current when 1 mM of glucose (Glu)
is present. Finally, in further experiments, the capability to detect glucose in human
serum samples was demonstrated with a recovery varying from 98.2 to 102.1%.

The working potential refers to the chronoamperometric experiments, otherwise
specified as LSV (linear sweep voltammetry), measured using saturated calomel
(SCE), silver/silver chloride (Ag/AgCl), and mercury/mercury oxide (Hg/HgO)
reference electrodes.
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Fig. 6.9 (a) Preparation of electrodeposited NiCo,S, on Ni/cellulose filter paper (CFP). (b)
Topographic images of scanning electron microscopy of (i) Ni, (ii) Co(OH),/Ni, (iii) CoS/Ni, and
(iv) NiCo,S4/Ni on cellulose filter paper. (¢) Cyclic voltammetry of cellulose filter paper, and
deposited Ni, Co(OH),/Ni, CoS/Ni, NiC0,S4/Ni on cellulose filter paper in the presence of 2 mM
glucose in 0.1 M sodium hydroxide solution at 20 mV s~'. (d) Proposed mechanism in the electro-
oxidation of glucose at NiCo,S4/Ni/cellulose filter paper. (Reproduced with permission from (Babu
et al. 2018). Copyright American Chemical Society 2018)

6.3 Metal Oxide Biosensors

Functional nanomaterials have been exploited in sensing and biosensing (Joshi et al.
2018b; Wongkaew et al. 2019), including metal semiconducting oxides (Malik et al.
2018; Joshi et al. 2019; Tomer et al. 2019) that are also used in UV light-emitting
diodes (Yan et al. 2016), dye-sensitized solar cells, and industrial nanodevices
(Turkdogan and Kilic 2017; Garcia et al. 2017). Metal semiconducting oxides are
advantageous due to their surface reaction activity and ability to immobilize
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Fig. 6.10 (a) Amperometric response of NiCo,S,/Ni/cellulose filter paper upon successive injection
of glucose at +0.45 V. Inset: injection interval between 0.5 and 20 pM of glucose. (b) Analytical
curve. (c) Chloride poisoning experiment and (d) selectivity experiment of NiCo,S,/Ni/cellulose filter
paper upon exposure to glucose (Glu), ascorbic acid (AA), uric acid (UA) dopamine (DA), urea (U),
acetaminophen (AP), lactose (CA), potassium chloride (KCl), sodium chloride (NaCl), sucrose (Suc),
fructose (Fru), mannose (Man), xylose (Xyl), and maltose (Mal)

biomolecules (Dakshayini et al. 2019), in addition to their chemical stability, cost-
effectiveness, sensitivity, and rapid response. They can be tailored into
nanostructures like nanowires, nanotubes, nanorods, nanoparticles, and nanofibers
(Pinna and Niederberger 2008; Wu et al. 2012; Sun et al. 2017). Due to their high
isoelectric points (IEP), glucose oxidase can be easily immobilized (Aini et al.
2015). Many oxide nanostructures have been used to enhance the selectivity and
sensitivity of electrochemical biosensors, as indicated in recent review articles. Xu
et al. (Xu and Wang 2012) outlined the application of magnetic nanoparticles in
biosensors containing DNA, antibody—antigen, enzyme, and aptamer. Similarly,
Haun et al. reviewed the detection of biomolecules and cells based on magnetic
resonance effects using magnetic nanoparticles (Haun et al. 2010). Table 6.5 shows
the details of sensors made with metal oxide nanostructures and their composites.
In this section, we provide a comprehensive and critical review of the progress
and perspectives of metal oxide-based biosensors, like those made with nanostruc-
tured ZnO, NiO, SnO,, CuO (Yang et al. 2013; Vabbina et al. 2015; Kaur et al. 2016;
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Fig. 6.11 (a) Illustration of ZnO nanowires-coated 3D polydimethylsiloxane (PDMS) scaffold.
Scanning electron microscopy image of (b) ZnO nanowires-coated 3D scaffold. (c-e) ZnO
nanowires on the 3D scaffold with different magnifications. (f) The height of the ZnO nanowires.
(Reproduced with permission from (Chen et al. 2018). Copyright Elsevier 2018)

Hu et al. 2017). Efforts have been made to synthesize nanostructured metal oxides
with porous morphology, including sol-gel method, hydrothermal method, and
thermal evaporation. These strategies were aimed at growing oxide nanostructures
for solar cells, gas sensors, and photocatalysis. As described in Table 6.5, these oxide
nanostructures provide a versatile platform for biomolecules loading that makes
them prominent for biosensing. In this regard, an effective immunocapture was
developed for colorimetric detection of exosomes using ZnO nanowires coating
3D chip devices (Chen et al. 2018). Figure 6.11a shows the ZnO nanowires coating
3D scaffolds with a microporous size distribution of 40-250 pm (Fig. 6.11b, d). The
vertically aligned ZnO nanowires had a diameter ranging from 150 to 200 nm
(Fig. 6.11e) and ~ 1 pm in height (Fig. 6.11f). These nanowires did not affect the
porous size of PDMS but made the surface rougher. The captured exosomes are
detected by horseradish peroxidase labeled antibody, and quantitative readout of
exosomes can be analyzed by UV-Vis spectrometry. The lowest detectable concen-
tration of ZnO-chip device was 2.2 x 10* particles pL.~" with a relative standard
deviation of <7.5%.

A nonenzymatic hydrogen peroxide electrochemical biosensor made with
Au@C-Co304 porous hierarchical heterostructures presented large active sites and
excellent conductivity (Dai et al. 2018b). Figure 6.12a shows the field emission
scanning electron microscopy of gold@zeolitic imidazole framework 67 (Au@ZIF-
67) wide crystals (~450nm) of rhombic dodecahedral shapes with multiple gold
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Fig. 6.12 Field emission-scanning electron microscopy image of (a) Au@ZIF-67, (b) Au@C-
Co304, (c) elemental analysis by energy dispersion X-ray spectroscopy (EDS) of Au@C-Co304,
An (d) diffraction pattern of ZIF-67, Au@ZIF-67, and Au@C-Co304. (e) Amperometric
current—time curves of Au@C-Co304/GCE with different concentrations of hydrogen peroxide.
Inset: high magnification of the current—time curve. (f) Calibration curve for hydrogen peroxide
sensing (Reproduced with permission from (Dai et al. 2018b). Copyright Elsevier 2018)

nanoparticles that are fully encapsulated and well dispersed by zeolitic imidazole
framework 67 (Inset I, Fig. 6.12a). After calcination, the black fluffy powder was
obtained that preserved the uniform size and shape (Fig. 6.12b). All these particles
were integrated with gold nanoparticles (Inset II, Fig. 6.12b). The gold nanoparticles
are well dispersed without agglomeration (Fig. 6.12c), which is crucial for
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improving electrochemical performance. The polycrystalline structure of the mate-
rials was confirmed using selected-area electron diffraction (Inset III, Fig. 6.12b),
while the diffraction peaks of Au@ZIF-67 match those of the crystalline structure of
ZIF-67 in Fig. 6.12d. After calcination, the diffraction peaks match with pure cubic
spinel Co3;0,4 (JCPDS 42-1467), and the gold nanoparticles peaks were too weak to
be observed in the diffraction pattern because of their low contents and small size.
Figure 6.12e shows the amperometric response of hydrogen peroxide with a steady-
state current reached within 4 s at the Au@C-Co304/glassy carbon electrode. The
calibration curve shows linearity with a detection limit of 19 nM. The sensitivity is
7553 pA mM ', which is much higher than reported electrochemical sensors based
on Co;04 composites (Fig. 6.12f).

Although great advances in metal oxide-based electrochemical biosensors have
been achieved, there are many challenges to obtaining good performance for real
sample analysis. Up to now, most of the research has been done in the laboratory and
few biosensors appear to be commercially feasible except for some blood glucose
and handheld immunosensors. Therefore, to commercialize metal oxide-based bio-
sensors (Li et al. 2014; Han et al. 2015), efforts should be made to break some key
technical barriers such as controlling the morphology, realizing efficient immobili-
zation, and improving data analysis with artificial intelligence and machine learning.
In the last decade, some hierarchical porous nanostructures, binary metal oxides
(Joshi et al. 2016, 2018a), porous carbon nanostructures (Eranna et al. 2004; Liu
et al. 2018; Materdn et al. 2018; Wu et al. 2019), and 2D materials (Liu et al. 2018;
Materdn et al. 2018) have been used owing to their outstanding properties, such as
large surface area, high electron mobility, excellent electron conductivity, and
thermal conductivity suitable for sensors and biosensors.

6.4 Conclusion

In this chapter, we have reviewed a range of metal oxide and sulfide structures for
glucose biosensing through electrochemical methods. Nonenzymatic glucose bio-
sensors are a promising solution with reduced cost-production and increased shelf-
life since no biological component is required. As is well-known, enzymes naturally
lose biological activity or even denature along time. Higher performance was
obtained with sulfide-based devices achieving a limit of detection at nM with an
average response time around 3-5 s. Albeit metal oxide biosensors presented a
detection limit around pM, they presented the fastest response, 1 s, to glucose.
Exciting hierarchical nanostructures are being designed to enable detection of
multicomponent analytes as in the work of electronic tongues. They can be com-
bined with miniaturization technology to develop portable devices for daily use, for
example, with wearable sensors to monitor continuously and in a noninvasive
manner the levels of glucose and other biomarkers. Knowledge in nanotechnology
and electrochemistry can be leveraged with integrated circuit silicon technology and
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data processing, in order to produce off a new generation of selective, sensitive
microsensors (Jothi and Nageswaran 2019).
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Abstract Conventional working electrodes encounter several drawbacks, such as
requirement of high overpotential, poor selectivity and sensitivity, and surface
fouling or poisoning of the electrode surface due to adsorption of the oxidized/
reduced products of molecules under investigation. Surface modifications indeed
play a catalytic role in determining the sensitivity of measurement in electroanalyt-
ical applications. Particularly, the use of metal nanoparticles in electroanalytical
chemistry is an area of research, which is continually expanding. Taking advantage
of exceptional attributes, such as being easy to handle, cost effectiveness, user
friendliness, maintenance free electroanalytical devices have been utilized for the
development of environmental sensors, chemical sensors, and biosensors. This
chapter represents a comprehensive attempt to summarize and discuss various
electrochemical sensing and biosensing applications using metals, metal oxides,
and metal sulfides. These materials have been widely used as working electrodes,
due to their good conductivity, large surface area, fast diffusion kinetics, low
resistance, ease of functionalization, offering the versatile option of controllable
adjustment with proper choice of materials. In this review, we have concentrated on
widely used metal electrodes with specific application.

Keywords Metals - Metal oxides - Metal sulfides - Electrochemical sensor -
Biosensor

7.1 Introduction

There is no doubt that electrochemical sensors provide quick response, require
low-power, and are easy to use, compact, cost-effective, and portable than other
analytical tools (Thiruppathi et al. 2019; Thiyagarajan et al. 2014). Electrochemical
sensors offer timely results for samples with complex matrices even outside of
laboratories. Glucose meter, pH meter, and the other ion-selective meter exemplify
the potential real-time applications of electrochemical sensors (Gooding 2008).
According to the current [IUPAC’s definition (Devi and Tharmaraj 2019), a chemical
or bio-sensor is a device that transforms chemical information, ranging from the
concentration of a specific sample component to total composition analysis, into an
analytically useful signal. There are different electrochemical techniques available
for sensing important chemical and biochemical targets, including, voltammetry,
amperometry, potentiometry, and electrochemiluminescence. Among the various
electrochemical techniques, voltammetry is one of the most widely employed
electrochemical techniques, which includes cyclic voltammetry (CV), linear sweep
voltammetry (LSV), square wave voltammetry (SWV), and differential pulse
voltammetry (DPV) (Fig. 7.1). Basically, it is used to get electrochemical informa-
tion of analyte by measuring the current response of analyte as the function of
potential and/or time. In the voltammetric methods, variety of electrode substrates
are used to improve sensing performance of electrodes. Metals, metal oxides, and
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Fig. 7.1 Various available electrochemical techniques for sensing important chemical and bio-
chemical targets (CV cyclic voltammetry, SWV square wave voltammetry, DPV differential pulse
voltammetry, and FIA flow injection analysis)

metal sulfides are one of such substrates, and are widely used as electrode materials
in electrochemical sensor field that transforms chemical signal of analyte into
electrical signal (Alves et al. 2011). The following characteristics may be deemed
necessary to be a good electrode material for sensing: (i) good conductivity,
(i1) chemical inertness, (iii) high surface area, (iv) low resistance, (v) fast diffusion
kinetics, and (vi) extraction and accumulation of an analyte at the electrode. More
than half of the elements known today in the periodic tables are metals (Fig. 7.2).
Among the metals, d-block transition metals have been widely used in electro-
chemical analysis due to their good conductivity and a great range of catalytic
activity (Gates 1993). Utilization of metal oxide nanoparticles in electrochemical
sensing and biosensing has drawn a lot of attention and explored in the recent review
(George et al. 2018). In this chapter, we highlight the widely employed transition
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metals/metal oxide/metal sulfide electrode properties along with their advanced
applications in chemical and biological electro-sensing.

Though, metal-based electrodes are used for sensing analytes, they were largely
restricted by poor kinetics and limited surface area. Surface modification for those
oxides/sulfides of metals may be the solution to improve. Metal oxides are usually
formed by the reaction of metal with oxygen, whereas metal sulfides, one of the
broadly accepted and employed nanomaterials, are produced by the reaction of a
metal and sulfide (Velmurugan and Incharoensakdi 2018).

Metal + Oxygen — Metal oxide, Metal + Sulfide — Metal sulfide.

7.1.1 Modification of Nanomaterials on Electrode Surface

Surface modification is employed for two main purposes, either to protect an
electrode that is not corrosion resistant under operating conditions or to incorporate
specific properties to the surface. Conventional working electrodes encounter several
drawbacks, such as requirement of high overpotential, poor selectivity and sensitiv-
ity, and surface fouling or poisoning of the electrode surface due to adsorption of the
oxidized/reduced products of molecules under investigation. The concept of chem-
ically modified electrodes (CMEs) was introduced to overcome aforementioned
problems.
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CME:s consist of a conductive substrate modified with electrochemically active;
functional moieties; metals, metal oxides, metal sulfides, and polymers. CMEs are
fabricated for a specific application that may not be feasible with a bare/unmodified
metal electrode. Modification of the nano-metal oxide and sulfides onto the electrode
surface may result in enhanced electron transfer kinetics, improved sensitivity, and
reduced overpotential. These modifications involved irreversible adsorption
(Thiruppathi et al. 2016), self-assembled layers, covalent bonding,
electropolymerization (Thiruppathi et al. 2017), and others (Lane and Hubbard
1973; Murray 1980; Zen et al. 2003b). Surface modifications indeed played a
catalytic role in determining the sensitivity of measurement in electroanalytical
applications. Such surface modifications endowed the surface with new properties
independent of those of the unmodified electrode. Modified electrodes in general led
to the following:

. Endowing with physicochemical properties of the modifier for the electrode
. Improved sensitivity and electrocatalytic ability

. High selectivity toward analyte due to special functional moieties and pores
. Improved diffusion kinetics

. Extraction and accumulation of an analyte at the electrode
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Fig. 7.3 Operational stages 7
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7.1.2 Operational Stages of the Electrochemical
Sensor (Fig. 7.3)

Overall, this chapter is divided into two parts (i) non-noble and (ii) noble metal-
based sensors.

7.2 Non-noble Metals

7.2.1 Titanium (Ti)

Titanium is the strongest pure metal on earth. It is also an attractive material used in
electrochemical analysis and mostly utilized in chemical sensors. Bukkitgar et al.
2016 have investigated the electrochemical oxidation of nimesulide at TiO,
nanoparticles-modified glassy carbon electrode (Bukkitgar et al. 2016). Further-
more, Ti is largely used as a base substrate for deposition/immobilization of active
catalyst materials. Kang et al. 2008 decorated a Gold—Platinum nanoparticle onto a
highly oriented titania nanotube array surface by electrochemical method that was
used for amperometric detection of H,O, (Figs. 7.4 and 7.5) (Kang et al. 2008). A
modified titanium electrode of nanoporous gold particles (Yi and Yu 2009) and
silver nanoparticles (Yi et al. 2008) was utilized for the detection of hydrazine.
Kubota and co-workers have tried to immobilize Meldola’s Blue on titanium, and
employed it for electrocatalytic oxidation of reduced nicotinamide adenine dinucle-
otide (NADH) (Kubota et al. 1996). Noble nanomaterials (Ag, Pt, Au) have been
commonly seen in modifying Ti electrode, and subsequently utilized for chemical
sensing. Some examples for the Titanium (Ti) electrode-based sensors are listed in
Table 7.1.

Fig. 7.4 Deposition process of Au and Pt nanoparticles (Reproduced with permission from Kang
et al. 2008)
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Fig. 7.5 Amperometric responses of the Pt—-Au/TiOx NT electrode upon adding continuously
10 pM H,0; in 10 mM PBS (pH 7.3) containing 0.1 M NaCl at —0.2 V vs Ag/AgCl (saturated by
KCI). 10 pM H,0; is the final concentration. The inset shows the calibration curve. (Reproduced
with permission from Kang et al. 2008)

Table 7.1 List of Titanium (Ti) electrode-based sensors

Electrode Detection Linear | Detection
material method Analyte Electrolyte |range limit Reference
GCE-TiO, |DPV Nimesulide | pH 2, PBS |40- 337 nM Bukkitgar
100 pM et al. (2016)
Pt-Au/ Amperometry | HO, pH 7.3, 0- 0.1 mM Kang et al.
TiOx NT PBS 1.8 mM (2008)
nanoAg/Ti | Amperometry | Hydrazine | NaOH 0— - Yi et al.
60 mM (2008)
Au/Ti Amperometry | Hydrazine |NaOH 5- 0.042 mM | Yiand Yu
40 mM (2009)
Meldola’s | Amperometry | NADH pH 7.4, 10- - Kubota et al.
Blue/Ti PBS 50 pM (1996)

GCE-TiO, titanium oxide modified glassy carbon electrode, Pt~Au/TiOx NT gold-platinum nano-
particle modified onto a highly oriented titania nanotube array, nanoAg/Ti nano-silver-titanium
electrode, Au/Ti gold titanium electrode, DPV differential pulse voltammetry, PBS phosphate buffer
saline, H,0, hydrogen peroxide, NaOH sodium hydroxide, and NADH nicotinamide adenine

dinucleotide
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7.2.2 Vanadium (V)

Vanadium is the lightest, corrosion-resistant d-block transition metal, which exists in
oxidation states ranging from —1 to +5 (Barceloux and Barceloux 1999b; Privman
and Hepel 1995). Vanadium electrodes have been widely used in capacitors and
batteries, only a little amount of success has been achieved in the sensor field. Cyclic
voltammetric behavior of vanadium electrodes has been summarized by Privman
and Hepel (1995) (Privman and Hepel 1995). A VO-polypropylene carbonate
modified glassy carbon electrode prepared by casting method was described by
Tian et al. (2006) and used for amperometric detection of ascorbic acid (AA) (Tian
et al. 2006). Huang group developed a novel electrochemical biosensor for the
determination of 17p-estradiol using VS, nanoflowers-gold nanoparticles modified
glassy carbon electrode (Huang et al. 2014). Tsiafoulis et al. 2005 prepared vana-
dium hexacyanoferrate and casted onto the glassy carbon electrode, which was
subsequently used as electro catalyst for H,O, sensing (Tsiafoulis et al. 2005).
Some examples for the Vanadium (V) electrode-based sensors are listed in Table 7.2.

7.2.3 Manganese (Mn)

Reports show that MnS can be utilized as one of promising active materials for
pseudocapacitor and battery applications (Li et al. 2015; Zhang et al. 2008). Man-
ganese oxide (MnQO,), however, was extensively used for electrochemical sensors
than Mn and MnS. Several kinds of MnO, nanomaterials were employed to con-
struct chemical sensors or biosensors in recent years (Bai et al. 2009). The reactivity
of thiol group toward MnQO; is higher than those of amine and carboxylic functional
groups (Eremenko et al. 2012). Therefore, Bai and co-workers developed a sensing

Table 7.2 List of Vanadium (V) electrode-based sensors

Electrode Detection Linear | Detection

material method Analyte Electrolyte |range limit Reference

VO Amperometry | Ascorbic pH 8.06, 40 nM- | 15nM Tian et al.

(OC3H7)s- acid BRS 0.1 mM (2006)

PPC/GCE

AuNPs/ DPV 17p-estradiol |pH 7, PBS |10 pM- |1 pM Huang

VS,/GCE 10 nM et al.
(2014)

VHCF/GCE | Amperometry | H,O, pH 7, Tris | 0.01- 4 pM Tsiafoulis

buffer 3mM et al.

(2005)

VO(OC;H7);-PPC/GCE vanadium tri (isopropoxide) oxide and polypropylene carbonate glassy
carbon electrode, AuNPs/VS,/GCE vanadium sulfide nanoflowers-gold nanoparticles modified
glassy carbon electrode, VHCF/GCE vanadium hexacyanoferrate and casted onto the glassy carbon
electrode, BRS Britton—Robinson solution, PBS phosphate buffer saline, H,0, hydrogen peroxide,
DPYV differential pulse voltammetry
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method for cysteine using B-MnO, nanowires modified glassy carbon
(GC) electrode (Bai et al. 2009), a manganese dioxide—carbon (MnO,—C)
nanocomposite was also applied in the development of sensors to detect cysteine
(Xiao et al. 2011). MnO, was also used to prepare screen printed electrodes (Sljuki¢
et al. 2011), enabling the development of point of care sensors. Additionally, the
electrocatalytic behavior of MnO, was also adopted for non-enzymatic H,O, sensor
(Chinnasamy et al. 2015; Dontsova et al. 2008; §ljukic’ etal. 2011; Wang et al. 2013;
Zhang et al. 2014). Hierarchical MnO, microspheres composed of nanodisks were
once used for nitrite sensing (Xia et al. 2009). Moreover, Revathi and Kumar (2017)
hydrothermally prepared polymorphs of alpha (a), beta (), gamma (y), epsilon (€)
MnO, and MnOOH under different conditions for H>O, sensing (Revathi and
Kumar 2017). Some examples for the Manganese (Mn) electrode-based sensors
are listed in Table 7.3.

7.2.4 Iron (Fe)

Iron is the fourth most common element in the Earth’s crust (Anderson 1989). A few
review articles were highlighted below, showing how iron is useful for electrochem-
ical sensor applications. The development of electrochemical biosensors based on Fe
and Fe-oxide nanomaterials has been well summarized in the literature written by
Hasanzadeh and Urbanova group (Hasanzadeh et al. 2015; Urbanova et al. 2014).
Bank’s group developed disposable screen printed electrodes modified with iron
oxide nanocubes for meclizine, antihistamine (Khorshed et al. 2019). Iron and
associated nanomaterials are known to exhibit electrocatalytic ability toward a
wide range of analytes including hydrogen peroxide (H,O,) (Comba et al. 2010),
sulfide (S) (Sun et al. 2005), nitrite (NO,) (Bharath et al. 2015; Xia et al. 2012),
phenyl hydrazine (Hwang et al. 2014), and hydrazine (Benvidi et al. 2015; Mehta
et al. 2011). Sljukié et al. 2006 demonstrated that Fe-oxide particles existed at the
multiwalled carbon nanotube were responsible for electrocatalytic detection of H,O,
(§ljukié et al. 2006). Some examples for the Iron (Fe) electrode-based sensors are
listed in Table 7.4.

7.2.5 Cobalt (Co)

Cobalt is a relatively rare magnetic element with properties similar to iron and nickel
(Barceloux and Barceloux 1999a). Cobalt oxide (Co3;0,4) nanowires exhibited glu-
cose oxidase-like enzymatic activity. Chemical vapor deposition (CVD) method was
employed to synthesize Co3;04 nanowires and subsequently used for enzymeless
glucose sensor application (Fig. 7.6) (Dong et al. 2012; Wang et al. 2012). Reports
have shown that Co and associated nanomaterials display high sensitivity and
selectivity toward phosphate ion (Chen et al. 1997), and electrocatalytic ability
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25nM Glucgse

Fig. 7.6 Electro catalytic detection of glucose on cobalt oxide modified electrode. (Reproduced
with permission from (Dong et al. 2012)

toward hydrogen peroxide (Salimi et al. 2007). Furthermore, numerous enzyme-free
sensors are configured using various cobalt nanomaterials such as nanorod,
nanosheet, and nanoparticles (George et al. 2018). Some examples for the Cobalt
(Co) electrode-based sensors are listed in Table 7.5.

7.2.6 Nickel (Ni)

Nickel is an important metal and a possible alternative to the noble metals. Nickel
and its composites are most active catalyst for glucose oxidation process in alkaline
medium (Yuan et al. 2013). Nickel nanomaterials have been widely used for broad
range of sensor applications. The Ni nanomaterials are pH dependent, and redox
active in the alkaline environment; therefore, they are suitable for sensing glucose in
alkaline pH. The previously published articles indicated that nickel oxide modified
electrodes were capable of catalyzing the glucose oxidation reaction, as shown
below:
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Table 7.5 List of Cobalt (Co) electrode-based sensors

Electrode | Detection Linear | Detection

material method Analyte Electrolyte range limit References

Co304 Amperometry | Glucose KOH 20— 100 nM Dong et al.

80 pM (2012)

Graphene/ | Amperometry | Glucose NaOH 50— 10 pM Wang

Co504 300 pM et al.
(2012)

Cobalt Potentiometry | Phosphate | pH 5, potas- 50 pM- | 1 pM Chen et al.

wire sium acid 5 mM (1997)

phthalate

Cobalt Amperometry | H,O, pH 7, PBS 4- 0.4 nM Salimi

oxide/GC 80 nM et al.
(2007)

Co30, cobalt oxide, GC glassy carbon

Ni(OH), = NiOOH + H" + e~
NiOOH + Glucose = Ni(OH), + Gluconolactone

Yuan et al. (2013) electrochemically synthesized 3D nickel oxide nanoparticles
(NiONPs) onto the surface of graphene oxide (GO) modified glassy carbon (GC),
resulted in the development of the nonenzymatic glucose sensor and supercapacitor
(Yuan et al. 2013). The catalytic ability of nickel electrode toward glucose was also
useful for indirect detection of phosphate, as indicated in Fig. 7.7 (Cheng et al.
2010), Cheng et al. (2010) used activated nickel electrode to develop enzyme-free
method for the detection of phosphate (PO,>") anion with flow injection analysis
(FIA) (Cheng et al. 2010). In this system, the activation of barrel plated nickel
electrode (NiBPE) was found to initiate the adsorption of PO,>~ anion at the nickel
electrode, which suppressed glucose oxidation current at the NiBPE in 0.1 M, NaOH
solution induced by adsorption of phosphate.

Zen’s group constructed an electrochemical cell coupled with flow injection
analytical system (FIA) using disposable NiBPE for the analysis of trivalent chro-
mium (Cr'™), as illustrated in Fig. 7.8 (Sue et al. 2008). Some examples for the
Nickel (Ni) electrode-based sensors are listed in Table 7.6.

7.2.7 Molybdenum (Mo)

Both Molybdenum sulfide (MoS,) and Molybdenum oxide (MoO) were widely
known as semiconductors, which are mostly utilized as electrode for energy gener-
ations. Experimental and theoretical studies have confirmed the catalytic activity of
MoS, (Lee et al. 2010). Structural diversity of 2D/3D molybdenum disulfide (MoS,)
rendered them first choice for electrochemical sensors and biosensor applications
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Fig. 7.7 (a) Detection scheme of the proposed system mentioned in Cheng et al. (2010). (b) FIA
responses of the activated Ni-barrel plating electrode in 0.1 M NaOH (a), in 0.1 M NaOH with
25 uM glucose (b), and sequential injection of 500 pM PO,>~ in 0.1 M NaOH with 25 pM glucose

as carrier solution (c) at Eapp = +0.55 V vs Ag/AgCl. (Reproduced with permission from (Cheng
et al. 2010)

than MoO (Figs. 7.9 and 7.10). In fact, MoO has not been explored much for sensor
applications (Vilian et al. 2019).

Ezhil Vilian et al. (2019) have done an extensive review on MoS, based electro-
chemical sensors (Vilian et al. 2019). Mani and colleagues synthesized MoS,
nanoflowers onto the CNTs decorated-graphene nanosheet (GNS) through hydro-
thermal method, followed by the utilization in developing an electrochemical sensor
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Fig. 7.8 Proposed flow injection electrochemical detector setup. (Reproduced with permission
from Sue et al. 2008)

Table 7.6 List of Nickel (Ni) electrode-based sensors

Electrode Detection Linear Detection
material method Analyte Electrolyte |range limit Reference
NiONPs/ Amperometry | Glucose NaOH 3.13 pM- 1pM Yuan et al.
GO/GC 3.05 mM (2013)
Ni-BPE FIA Phosphate | NaOH 25 pM- 0.3 pM Cheng

1 mM et al.

(2010)

Ni-BPE FIA cr'™ NaOH Up to 0.3 pM Sue et al.

1 mM (2008)

NIONPs/GO/GC nickel oxide nanoparticles-graphene oxide modified glassy carbon electrode,
Ni-BPE Ni-barrel plating electrode, FIA flow injection analysis, NaOH sodium hydroxide
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Fig. 7.9 Schematic illustration of the electrochemical sensing and biosensing applications of
MoS,-based detection devices.

MoS, molybdenum sulfide, HP hydrogen peroxide, CRP C-Reactive Protein, HBV Hepatitis B
virus, miRNA micro RNA, TB tuberculosis, CEA carcinoembryonic antigen, DNA deoxyribonucleic
acid, OTA Ochratoxin A, MCs microcystins, TNT trinitrotoluene, BPA Bisphenol A, CC Catechol,
DA dopamine, QR quercetin, CAP Chloramphenicol, FA folic acid. (Reproduced with permission
from Vilian et al. 2019)

which showed feasibility in detecting nanomolar level of dopamine (DA) in rat brain
and serum samples, as illustrated in Fig. 7.11 (Mani et al. 2016). In addition, MoS,
was also used to develop an electrochemiluminescence-sandwich type sensor for
concanavalin A (Con A) (Fig. 7.12) (Ou et al. 2016).

7.2.8 Copper (Cu)

The redox chemistry of copper is interesting, and it has been involved in various
biological and chemical processes (Lewis and Tolman 2004). Copper is an attractive
material for sensing application, which was employed in the electrochemical anal-
ysis of o-diphenols, glucose, amino acids, and oxygen. Sivasankar et al. 2018
constructed a glucose sensor based on copper nanoparticles-decorated, nitrogen
doped graphite oxide (NGO) (Sivasankar et al. 2018). In addition ef to sugar
detection, Cu nanomaterials (both CuO and CuS) were also used as an electrocatalyst
in the H,O; sensor (Dutta et al. 2014; Gu et al. 2010; Wang et al. 2008). Baskar et al.
(2013) reported the complex forming ability of free amine group of poly(melamine)
with Cu to enhance the electrocatalytic behavior of poly(melamine)-Cu nanoclusters



7 Applications of Metals, Metal Oxides, and Metal Sulfides in Electrochemical. . . 225

MoS, Modified

electrodes
L I - I 1
Electrochemical Electrochemical Electrochemical Electro-
SENSOrs Bi s 1 nsors Chemilumi ence
T SENSOrs

- Ni |'-‘l i Pl:armacontlcal Cruewse axkdase TB,ATP
Environmental . nn:;’;::?;ll;s i | | | for Glucose sensing _|'_I N

! Amnalysis
Pollutants Analysis beshe ol
Hemaglabin _| micro uw\-zll
Diabetic indicators — = I for H,0, NO sensing
Heavy metals (H,0,, Vitamin B (FA)

il

Caneer
(Hg(IL), Cd{Ir), Glucose) Myoglobin — Biomarker Cancer
CrvI), Antibiotic drugs for NO, H,0, e [ Slmarkee
NO, Nel i I captre
Neurotransmitters (CLB, CAP,

i DNP, " i
(DA, AA UA) | | c Oxidase Virus, Bacteria
for Chal 1 sensing

(CC, HQ, BPA, (Baicalein, OR, Acetyl cholinesterase
TNT, 4-NP, MP) =

Phenolic derivatives

Luteolin, b for Pesticides

Eriocitrin) detection

Fig. 7.10 Flowchart representing the applications of MoS,-based modified electrodes toward their
sensors and biosensors applications

MoS; molybdenum sulfide, H,O0, hydron peroxide, NO, nitrite, HQ hydroquinone, BPA
Bisphenol A, TNT trinitrotoluene, NP nitrophenol, MP metaphenol, CC Catechol, DA dopamine,
AA ascorbic acid, UA uric acid, CLB Clenbuterol, CAP Chloramphenicol, DNP diamond
nanoparticles, QR quercetin, 7B tuberculosis, ATP Adenosine triphosphate, DNA deoxyribonucleic
acid. (Reproduced with permission from (Vilian et al. 2019)
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Fig. 7.11 Fabrication of a GNS-CNT/MoS, hybrid nanostructure, and its application in the
electrochemical sensing of dopamine for biological and pharmaceutical samples (CNTs carbon
nanotubes, GCE glassy carbon electrode, GNS graphene nanosheet. (Reproduced with permission
from Mani et al. 2016))
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Fig. 7.12 3D-MoS,-PANI-based ECL biosensor (PANI polyaniline, BSA bovine serum albumin,
GCE glassy carbon electrode, ECL electrochemiluminescence, Con A concanavalin A, H,0,
hydron peroxide. (Reproduced with permission from Ou et al. 2016))

that was efficient for H,O, sensing, and the system showed excellent stability
(Baskar et al. 2013). In addition, Cu nanoparticle-plated disposable electrodes
were also utilized for amino acid detection (Zen et al. 2004).

Ling et al. (2018) reported a novel method to prepare 3D porous Cu@Cu,0O
aerogel networks by self-assembling method. The resultant Cu@Cu,O aerogel
networks displayed excellent electrocatalytic activity toward glucose oxidation at a
low onset potential. The Cu@Cu,O aerogels were found to be electroactive, pH
dependent, and stable, possess horseradish peroxidase (HRP)-like and NADH
peroxidase-like enzymatic activities, demonstrating sufficient electro/photo catalytic
activities toward the oxidation of dopamine (DA), o-phenylenediamine (OPD),
3,3,5,5-tetramethylbenzidine (TMB), and dihydronicotinamide adenine dinucleotide
(NADH) in the presence of H,O, (Fig. 7.13) (Ling et al. 2018).

Copper-plated electrodes were capable of selectively detecting the O-diphenols,
such as catechol (CA), dopamine (DA), and pyrogallol (PY), in the presence of the
other inferring species, including diphenol and ascorbic acid, for clinical and
biochemical examination (Zen et al. 2002a). The o-diphenols have been detected
amperometrically through electrochemical oxidation, of which the possible mecha-
nism and detection signal were shown in Fig. 7.14. Zen’s group also developed
photoelectrocatalytic based o-diphenol sensor, its reaction mechanism and ampero-
metric signal were shown in Fig. 7.15 (Zen et al. 2003a). Some examples for the
Copper (Cu) electrode-based sensors are listed in Table 7.7.
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Fig. 7.13 Illustration of (a) the preparation and (b) versatile biomimetic catalytic properties of 3D
Cu@Cu,0 aerogel networks. (Reproduced with permission from Ling et al. 2018)
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Fig. 7.14 (a) Reaction mechanism for the selective oxidation of o-diphenol on the screen printed
electrode. (b) Typical amperometric hydrodynamic response for the copper screen printed electrode
(a), screen printed electrode (b), glassy carbon electrode (c¢), and Pt electrode (d) with a spike of
2 mM various phenolic and o-diphenol derivatives in pH 7.4 PBS at an applied potential of —0.05 V
(vs Ag/AgCl). (Reproduced with permission from Zen et al. 2002a)
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Fig. 7.15 (a) Amperometric responses for the analyses of 10, 50, and 100 uM Catechol (CA). (b)
Calibration curve for CA. Experimental conditions: flow rate 100 mL/min, Ep = —0.1 V
(vs Ag/AgCl), and light power 120 W. (Reproduced with permission from Zen et al. 2003a)
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Table 7.7 List of Copper (Cu) electrode-based sensors

Electrode Detection Linear Detection
material method Analyte Electrolyte | range limit References
CuNPs/ Amperometry | Glucose NaOH 1- 0.44 pM Sivasankar
NGO 1803 pM et al.
(2018)
CuS/GCE Amperometry | H,O, pH 7.4, 10— 1.1 pM Dutta et al.
PBS 1900 pM (2014)
CuO/Au Amperometry | H,O, pH 7.2, 50— 5 uM Gu et al.
PBS 750 uM (2010)
Cu/CHIT/ Amperometry | HO, pH 7, PBS |0.05- 0.02mM | Wang et al.
CNT/GC 12 mM (2008)
Cu/poly FIA H,0, pH7,PBS |1 pM- 0.21 pM Baskar
(melamine)- 10 mM et al.
SPCE* (2013)
Cu"- FIA Amino pH 8, PBS | 5- 24 nM- Zen et al.
SPE | 00-nm acids 500 uM | 2.7 pM (2004)
Cu@Cu,O | Amperometry | Glucose NaOH 50 M to | 15 pM Ling et al.
8 mM (2018)
CuSPEs FIA Catechol pH 7.4, 10— 3 M Zen et al.
PBS 200 pM (2002a)
CuSPEs FIA Dopamine | pH 7.4, 10— 5pM Zen et al.
PBS 300 pM (2002a)
CuSPEs FIA o-diphenols |pH 8, PBS | 10- 0.84 pM Zen et al.
100 pM (2003a)

CuNPs/NGO copper nanoparticles/nitrogen doped graphene oxide, CuS/GCE copper sulfide mod-
ified glassy carbon electrode, CuO/Au copper oxide modified gold, Cu/CHIT/CNT/GC copper
chitosan carbon nanotube modified glassy carbon electrode, Cu/poly(melamine)-SPCE* copper
polymelamine modified preanodized screen printed carbon electrode, Cu"-SPE .., copper mod-
ified screen printed electrode, Cu@ Cu,O copper oxide modified on copper, CuSPEs copper screen
printed electrodes, FIA flow injection analysis H,O,-hydron peroxide, NaOH sodium hydroxide,
PBS phosphate buffer solution

7.3 Precious/Noble Metal Electrodes (Pd, Ag, Au, Pt)
7.3.1 Palladium (Pd)

Palladium metal has properties similar to those of platinum (Campbell and Compton
2010). Determination of dissolved dioxygen (O,) through electrocatalytic oxygen
reduction reaction at a preanodized screen-printed carbon electrode (SPCE*) mod-
ified with Pd nanoparticles (PdNPs) was explored by Zen and his co-workers (Yang
et al. 2006). They also electrochemically deposited copper—palladium alloy nano-
particle onto the screen-printed carbon electrodes (SPE/Cu-Pd) for the
electrocatalytic hydrazine (NH,-NH,) sensor (Yang et al. 2005). Gupta and Prakash
2014a developed a method that took only 90 seconds to prepare uniform sized of Pd
nanocubes electrochemically without using template (Gupta and Prakash 2014a).
Electrochemically = synthesized palladium nanocubes were used for
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chronoamperometric detection of cefotaxime drug. It was also confirmed that PANPs
can be utilized as highly efficient catalyst toward the reduction of hydrogen peroxide
(H,0,) (Ning et al. 2017). Some examples for the Palladium (Pd) electrode-based
sensors are listed in Table 7.8.

7.3.2 Silver (Ag)

Silver is a relatively abundant metal that is less expensive than gold and platinum.
Silver oxide electrodes have been used for detection of halides in the field of
biomedical, food, and environment samples. Zen’s group developed a single strip
three-electrode configuration using silver working, auxiliary, and reference elec-
trodes, and that was used for simultaneous determination of halides, such as chloride,
bromide, and iodide in aqueous solutions (Chiu et al. 2009). Moreover, the same
group also developed a powerful tool based on Ag electrodes for the measurement of
trace levels of heavy metals, such as, lead ion (Pb2+) (Zen et al. 2002b), mercury
(Hg) (Chiu et al. 2008), and H,O, (Chiu et al. 2011). Silver metal possesses the
highest electrical conductivity but is susceptible to oxidation. The stability of silver
across a range of pH and potentials is outlined in Fig. 7.16.

Therefore, capping agents/stabilizing ligands were largely used to improve the
stability of the AgNPs. For example, SiO, was functionalized with two different
carboxylate ligands to stabilize silver nanoparticles, and used as electrochemical
sensors for non-enzymatic H,O, and glucose detection (Ensafi et al. 2016).
Raymundo-Pereira et al. (2016) prepared nano-carbons-silver nanoparticle compos-
ites for sensitive estimation of antioxidant activity (Raymundo-Pereira et al. 2016).
Silver oxides in silver-reduced graphene oxide (Ag-rGO) nanocomposites showed
an electrocatalytic and electrosensing activity for hydroquinone (H,Q) and ascorbic
acid (AA) (Bhat et al. 2015). AgO was also employed for detection of cefotaxime
(Gupta and Prakash 2014c¢) and nitrite (Gupta and Prakash 2014b). Some examples
for the Silver (Ag) electrode-based sensors are listed in Table 7.9.

7.3.3 Gold (Au)

Gold is also an efficient electricity conductor and is known for its biological
applications. Due to the good conductivity and chemical inertness, gold electrode
becomes an attractive material in electrochemical analysis. Many publications
revealed that the electrocatalytic ability of gold is dramatically increased with the
decreasing particle size (Burke and Nugent 1998). Thus, AuNPs-modified electrode
led to many developments in the enzyme-based biosensors, DNA sensors, and
immunosensors. The flat gold electrode is one of the favorable characters to develop
the immunosensor; since thiol, pyridine, and amine groups are relatively easy to be
modified onto the surface of gold.
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Fig. 7.16 Silver metal 2.0
stability reported across a

range of pH and potential

values. (Reproduced with E/V
permission from Campbell

and Compton 2010)
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Our group utilized Au-S biding for the development of various biochemical
sensors including a rapid electrochemical assay for L-dopa in urine samples
(Viswanathan et al. 2007), a DNA electrochemical sensor for the detection of
Escherichia coli O157 (Fig. 7.17) (Liao and Ho 2009), a rapid and sensitive
diagnostic method for human lung cancer maker enolase 1 (ENO1) (Figs. 7.18 and
7.19) (Ho et al. 2010a), a biotin sensor (Ho et al. 2010b), a formaldehyde and
glucose sensor (Tanwar et al. 2012), a Cu ion and H,O, sensor (Tanwar et al. 2013),
a nonenzymatic detection of H,O, and glucose (Jou et al. 2014), and Tyramine
sensor (Li et al. 2017).

To date, many commercial disposable screen-printed gold electrodes are available
for electroanalysis. As a typical example, a highly toxic heavy metal ion chemical
sensor, based on poly(L-lactide) stabilized gold nanoparticle (PLA—AuNP), was
developed for the detection of As(Ill) by differential pulse anodic stripping
voltammetry (Song et al. 2006).

Kesavan et al. (2012) synthesized p-D-Glucose capped gold nanoparticles
(Glu-AuNPs) on an aminophenyl grafted GC electrode for the selective determina-
tion of norepinephrine (NEP) in the presence of uric acid (UA). The schematic
representation of the interactions between NEP and Glu was shown in Fig. 7.20
(Kesavan et al. 2012). Huang’s group also developed a highly sensitive detection
method for copper using nanoporous gold electrode via mercury-free anodic strip-
ping voltammetry (ASV) (Huang and Lin 2009). Some examples for the gold
(Au) electrode-based sensors are listed in Table 7.10.
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Fig.7.17 Flow diagram displaying the concept behind the competitive assay-based performance of
the developed genosensor. (Reproduced with permission from Liao and Ho 2009)
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Fig. 7.18 Operation of the electrochemical immunosensor for the detection of enolase
1. (Reproduced with permission from Ho et al. 2010a)

7.3.4 Platinum (Pt)

Platinum is more expensive than both silver and gold. Platinum wires are often
employed in electroanalysis owing to their excellent stability, chemical inertness,
and high conductivity (Campbell and Compton 2010). Pt electrodes have been long
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Fig. 7.19 Dose-response curve for the enolase 1 target using the PEG-modified SPCE. Insets:
(lower right) Square wave voltammograms for the electrochemical detection of enolase 1 upon
serial dilutions of the enolase 1 stock from 10~8 to 107" g/mL; (upper left) linear fit to the central
data of main curve. (Reproduced with permission from Ho et al. 2010a)

Glu-AuNPs electrode

Fig. 7.20 Interactions between norepinephrine and Glu-AuNPs electrode. (Reproduced with
permission from Kesavan et al. 2012)
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Fig. 7.21 Schematics of the process for Cu® assisted formation and self-assembly of Pt
nanoparticles in the micro-framework of Nafion. (Reproduced with permission from Huang 2014)

used as a working electrode in energy generation field, such as methanol oxidation,
oxygen reduction, and hydrogen evolution. Jing-Fang Huang (2008) developed a
simple and effective way to prepare a highly stable mesoporous platinum electrode
with large surface area, the as-prepared PtNPs were utilized for developing
non-enzymatic glucose sensors (Huang 2008).

A facile electrochemical followed by chemical (EC) catalytic process, involving a
Cu™ mediated Pt reduction (CMPR), was developed by Huang et al. (Huang 2014).
The proton conducting polymer nafion’s porosity was utilized as a template for
preparation of nanostructured mesoporous platinum composites for non-enzymatic
determination of glucose (Fig. 7.21). Pt electrode has also used in gas sensor. Zen’s
group developed formaldehyde gas sensor based on platinum working electrode,
screen printed edge band micro carbon electrodes were used for deposition of
homogeneous PtNPs, and Nafion polymer was used as a solid electrolyte. The sensor
setup was shown in Fig. 7.22. The results suggested that it is possible to monitor
gaseous formaldehyde continuously down to the ppb level with the present approach
(Chou et al. 2010). Some examples for the Platinum (Pt) electrode-based sensors are
listed in Table 7.11.

7.4 Conclusion

Metals, metal oxides, and metal sulfides have been used for construction of various
chemically modified electrodes for the use of developing electrochemical sensors or
biosensors. With this chapter, we provide a summary on several electrochemical
sensing processes with many types of analytes. All the aforementioned sensors prove
the ideality and benefit of metal nanomaterials. However, designing and developing
new types of metal nanoparticles (MNPs) for electrochemical-sensor applications
with good stability and selectivity remains a challenge. Electrochemical application
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Fig. 7.22 (a) The structure of the SPUME assembly with a built-in three-electrode configuration
and (b) schematic representation of the detecting system. (Reproduced with permission from Chou
et al. 2010)

Table 7.11 List of Platinum (Pt) electrode-based sensors

Electrode Detection Linear Detection

material method Analyte Electrolyte |range limit References

PtNPs Amperometry | Glucose pH 7.4, 0.1- - Huang
PBS 1.5 mM (2008)

NF(Ptyano)/ | Amperometry | Glucose pH 7.4, 0.1- - Huang

GC PBS 20 mM (2014)

NPt- SWV Formaldehyde | Gas phase |0- 80 ppb Chou et al.

SPUME 5.1 ppm (2010)

PtNPs Platinum nanoparticles, NF(Pt,,,,)/GC Pt—nanoparticle-embedded Nafion composites mod-
ified glassy carbon, NPt+-SPUME platinum-deposited screen-printed edge band ultramicroelectrode,
SWV square wave voltammetry
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of metal nanomaterials in environmental and biological/biomedical monitoring are
still evolving. Numerous efforts are required to design many other new MNPs, such
as highly stable nanostructured copper material, metal organic frame work (MOF),
or metal based covalent organic frame work, to be employed in the development of
various biosensors that function efficiently at biological pH 7.4 and physiological
condition. The application of these materials should enable strong driving forces for
the development of more advanced electrochemical-sensor systems. At last, we must
be aware that the renovation of lab sensor to an integrated self-powered portable or
wearable device is in high demand, a robust chemically modified electrodes there-
fore become indispensable.
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Abstract DNA-based biosensor strategy has been pursued due to their mounting
applications in the fields of bio-analysis, clinical diagnosis, and forensic sciences.
DNA'’s chemical structure is well suitable for sensing metals and bio-molecules
through the backbone of phosphate and nucleobases. Numerous secondary struc-
tures like G-quadruplexes, i-motifs, triplexes, DNAzymes, and aptamers were pre-
pared or/and used for target detection, and their signal transduction mechanisms
such as colorimetry, fluorescence, and electrochemical methods were studied. The
major challenge associated with the DNA biosensors is to construct the conjugated
structures manageably small in order to prevent the perturbation of the DNA.

Chandrasekar Selvaraj and Srinivas B. T. V. contributed equally with all other contributors.

C. Selvaraj - S. B.T.V - H. Xiong (><)
Institute for Advanced Study, Shenzhen University, Shenzhen, China
e-mail: hai.xiong@szu.edu.cn

© The Editor(s) (if applicable) and The Author(s), under exclusive licence to 245
Springer Nature Switzerland AG 2021

S. Rajendran et al. (eds.), Metal, Metal-Oxides and Metal Sulfides for Batteries, Fuel

Cells, Solar Cells, Photocatalysis and Health Sensors, Environmental Chemistry for

a Sustainable World 62, https://doi.org/10.1007/978-3-030-63791-0_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-63791-0_8&domain=pdf
mailto:hai.xiong@szu.edu.cn
https://doi.org/10.1007/978-3-030-63791-0_8#DOI

246 C. Selvaraj et al.

Additionally, pure synthetic methods are simple to produce short DNAs and RNAs,
which restrict their application in the synthesis of larger DNAs and RNAs.

The natural nucleic acids are generally non-fluorescent. Studies employing the
manipulation of natural nucleic acids to produce fluorescent analogues have dem-
onstrated that even a subtle change in their structure is ample enough to promote
their use as prominent tools in biosensors. We reviewed various modifications of
purine and pyrimidine scaffolds, sugar moieties, and phosphate backbone in a
precise manner in the early sections. For metal sensing, two primary classes of
functional DNAs have been developed: aptamers and DNAzymes. Some metal-
binding aptamers are well studied because of their unique 3-dimensional structure,
which makes them to selectively recognize a target or a family of targets. On the
other side, DNAzymes were chosen based on their strong metal sensitivity and
catalytic activity. More recently, a lot of in vitro studies have been emerging in
this direction to frame the best DNA sensors. This chapter is not aimed to be
comprehensive, but rather focuses precisely on the various trends in DNA bio-
sensors, and their applications in detection of various biomolecules and clinical
diagnosis.

Keywords DNA biosensor - G-quadruplex - Aptamers - DNAzymes

8.1 Introduction

Biosensors built with nucleic acids are powerful analytical devices that convert a
biological response into an electrical signal. Different biosensors have been devel-
oped for detecting various metal ions, deoxyribonucleic acids, proteins, cells, and
small molecules. Apart from these, biosensors play a critical role in many fields like
environmental monitoring, food control, disease progression, forensics, drug dis-
covery, and biomedical research. In 1962, Clark and Lyons invented the first
biosensor to measure glucose level in biological samples utilized for the electro-
chemical detection of hydrogen peroxide or oxygen (Clark and Lyons 1962). Bio-
sensors of nucleic acid are of great interest due to their wide range of chemical,
physical, biological properties, and their ability to obtain the specific-sequence
information in a faster way. Nucleic acids are extensively modified by replacing
the existing base, phosphodiester, and sugar groups with cationic, anionic, and
neutral structures. So, in this chapter, we present many of these modified oligonu-
cleotides that exhibit enhanced properties including faster recognition and binding to
RNA, duplex DNA, and proteins. DNA-based biosensors in combination with
polymerase chain reaction methods can be more sensitive and specific. The func-
tional nucleic acids including DNA/RNA aptamers and DNAzymes/ribozymes are
emerging as molecular tools for different applications. In particular, the large area-
to-volume ratio of nanomaterials can afford efficient aptamers. In this chapter, we
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will discuss recent strategies of DNA biosensor construction, and their applications
in detection of metal ions, biomolecules, and clinical diagnosis.

8.2 DNA Biosensor Construction

DNA-based biosensors are called genosensors. The hybridization property of the
nucleic acid strands is the main principle for DNA sensor detection. Numerous
methods were developed for this purpose, such as polymerase chain reaction, flow
cytometry, and other amplification methods.

8.2.1 Colorimetric and Fluorescent Nucleic Acids

DNA/RNA basically consists of three components: a nitrogenous base with purine
and pyrimidine, sugar, and a backbone with phosphodiester. The current studies
show that the chemical modification of DNA can lead to various discoveries of new
drugs and biosensors. There has been renewed interest in these three sections
containing such oligoribonucleotides modifications, leading to the formation of
colorimetric and fluorescent nucleic acids. First, we will discuss the nitrogenous
base moieties modification with designed functional groups.

Substituted Purine and Pyrimidine Analogues

With careful design, fluorescent nucleobases can be crafted to retain some or most
of these properties: hydrogen-bonded base pairing, enzyme and protein recogni-
tion, and purine/pyrimidine pairing architecture. Considering the size, electronic
distribution, tautomerism, and pKa values of functional groups, we reasoned that
even a subtle change in the analogue can have a drastic effect in interpreting the
results obtained with base analogues. The N7 in purine is situated in significant
groove of B-form DNA and it can act in the recognition processes as a potential
hydrogen bond acceptor. 7-Deazapurine nucleoside derivatives can be readily
integrated into oligonucleotides either through enzymatic or automated solid
phase synthesis. 8-Aza-7-deazapurine coumarin and pyrene dye conjugates
(Fig. 8.1a) exhibit fluorescence emission much higher than that of 7-deazapurine
derivatives (Fig. 8.1b). They are quenched by intramolecular charge transfer
between the nucleobase and the dye synthesized by “click” reaction (Seela et al.
2009).

G-rich sequences have a strong tendency to form quadruplex through
hydrogen bonding between guanine N-2 hydrogen and another’s N-7 nitrogen, and
the tetraplex formation was confirmed by gel electrophoretic mobility shift
experiments. Purine N-3 nitrogen is situated in DNA’s minor groove and is not
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Fig. 8.1 Intramolecular and intermolecular contact complexes within nucleoside dye conjugates.
8-Aza-7-deazapurine coumarin and pyrene dye conjugates (a) exhibit fluorescence emission much
higher than that of 7-deazapurine derivatives (b). This is because in the first case no electron transfer
takes place, whereas in the second case electron transfer does take place. Reprinted with permission
of Copyright 2009 Royal Society of Chemistry from reference Seela et al. (2009)

directly involved in the base pairing through hydrogen bond formation. However,
the replacement of 3-deazaadenosine from ribozyme significantly decreases its
catalytic efficacy indicating a momentous role of the N-3 nitrogen atom. Other
analogues such as isoguanine, thioguanine, 2,6-diaminopurine, and hypoxanthine
were also used as probes to recognize purine nucleosides in protein-DNA interac-
tions. Furthermore, 8-Aza-2'-deoxyisoguanosine is the first fluorescent-shaped
mimic of 2'-deoxyisoguanosine, its fluorescence is stronger in alkaline medium
than under neutral conditions (Seela et al. 2009).

In 2003, Saito and co-workers developed benzopyridopyrimidine containing
oligodeoxynucleotide which is used as effective reporter probe for typing of the
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Fig. 8.2 Watson-crick base pair and molecular orbital calculations comparing HOMO and LUMO
orbitals of tricyclic cytidine and tC nucleosides. Tricyclic cytidine was used for fluorescence turn on
and the fluorescent quantum yield increases up to 20-fold when compared to the free nucleoside.
HOMO highest occupied molecular orbital, LUMO lowest unoccupied molecular orbital. Reprinted
with permission of Copyright 2017 American Chemical Society from reference Purse et al. (2017)

A/G single-nucleotide polymorphism (Okamoto et al. 2003). In 2017, Purse and
co-workers developed a new tricyclic cytidine analogue for fluorescence turn on
DNA duplex formation, and the fluorescent quantum yield increases up to 20-fold
when compared to the free nucleoside. The duplex protects tricyclic cytidine against
quenching by excited state proton transfer using deuterated buffer, and this exper-
imental result was supported by density-functional theory calculations (Fig. 8.2). In
2018, Harki et al. developed incorporation of 4-cyanoindole-2’-deoxyribonucleoside
into DNA and obtained quantum yields >0.90 in water.

A variety of pyrimidine modifications at the fifth position is known as of today.
DNA difunctionalization of both terminal triple bonds in 5-tripropargylamine-2'-
deoxyuridine generated by double “click” reaction shows a strongly fluorescent with
bis-dye conjugate, and forms stable base pairs with the “clickable” moieties pro-
truding into the major groove of duplex DNA (Seela et al. 2009).

The variation of functional groups on the pyrimidine nucleoside, specifically, H
versus OH at the 2/-position, NH, versus OH at the fourth position, and H versus
CHj; at the 5-position, results in eight species of pyrimidine nucleosides. The number
of chemical species dramatically increases when 5-modifications other than methyl
groups are admitted into this perusal. It is well known that thymine exist as a
5-methylated pyrimidine nucleobase. However, recent research has shown that the
5-methyl group was subsequently oxidised into various products such as 5-formyl
and 5-hydroxymethyl derivatives. The existence of 5-hydroxymethylcytidine in
eukaryotes is a more recent discovery in chemical biology.

On the other hand, non-canonical nucleobases are emerging as alternatives to
natural nucleobases. The fluorescent nucleobases are not necessarily purines or
pyrimidines, but rather have more greatly varied structure since they are not
constrained in their architecture or base-pairing abilities. However, these
non-canonical nucleobases are too bulky to fit into dsSDNAs, which restricts their
applications in polymerase enzymes.
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Sugar Modifications

Several sugar modifications, primarily at the 2'-position, have been described to
generate nuclease-resistant RNA aptamers and ribozymes. For example, there are
moieties of fluoro, amino, methoxy, allyloxy, and 2’-C-allyl substituents. 2’-Deoxy
or 2'-O-methyl sugar modifications were introduced to identify the positions of
2/-hydroxyl groups necessary for the hairpin ribozyme activity. 2-Fluoro and 2-
'-difluoro-2'-deoxyuridine containing oligonucleotides have been widely used to
investigate the mechanism of human G and T glycosylase. Another interesting
sugar modification involves the replacement of O-4' furanose ring oxygen with a
methylene group, resulting in a carbocyclic analogue. Such sugar modified ana-
logues of thymidine and 5-methyl-2’-deoxycytidine have been incorporated in
oligodeoxynucleotides to allow the triplex formation. The O-4' ring oxygen can
also be substituted by sulfur to 4’-thiofuranose modification, and this kind of
modified oligonucleotide was used for detection of DNA-protein interactions, for
example, methylase system and EcoRV restriction endonucleases. The introduction
of a single alkyne-modified oligonucleotide could be exploited to generate bottle
brush-DNA.

Synthetic genetic polymers consisting of sugar modifications such as polyamide
nucleic acid, locked nucleic acid, 1,5-anhydrohexitol nucleic acids, and threose
nucleic acid are often referred to as xenobiotic nucleic acids (Fig. 8.3).
1,5-Anhydrohexitol nucleic acids represent a rather drastic sugar modification
since the deoxyribose is substituted by a six-membered hexitol moiety.
1,5-Anhydrohexitol nucleic acids form more stable duplexes with complementary
1,5-anhydrohexitol nucleic acids and it is resistant to nuclease degradation.

Nielsen and co-workers developed an artificial polyamide nucleic acid based on
the aminoethylglycyl backbone connected to each repeating unit with nucleobases
(Nielsen et al. 1991). Mixtures of DNA and polyamide nucleic acid can form
DNA-polyamide nucleic acid duplexes, polyamide nucleic acid,-DNA triplexes,
and polyamide nucleic acid,-DNA, quadruplexes; the resulting secondary structures
are more stable than the corresponding pure DNA. It has been shown that the
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Fig. 8.3 Structures of some xenobiotic nucleic acids. PNA polyamide nucleic acid, GNA glycol
nucleic acid, SNA serinol nucleic acid, TNA threoninol nucleic acid
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stability of polyamide nucleic acid-DNA complexes considerably improves the
incorporation of a positively charged polyamide nucleic acid in the triangular
DNA origami structures. This is feasible at low cation level concentrations where
the DNA-DNA duplex is less stabilized by DNA-DNA duplex invasion using a
DNA origami framework that switched from a closed to an open conformation after
sequence-specific polyamide nucleic acid invasion.

Imanishi and co-workers developed the first locked nucleic acid, and studied their
interaction with DNA and RNA. The sugar moiety’s 2'-O and 4'-C are connected
through a methylene group; it offers more stable locked nucleic acid-RNA and
locked nucleic acid-DNA duplexes compared to the duplexes of DNA-DNA and
DNA-RNA. Algar et al. demonstrated locked nucleic acid nucleotides were used to
increase the thermal stability of the photonic wires to explore a time-consuming
cascade energy transfer configuration based on four types of fluorophores hybridized
with oligonucleotides.

Acyclic nucleic acids are a versatile class of compounds that are used extensively
as synthetically important intermediates for the formation of stable duplex,
homoduplex, and heteroduplex with DNA. Ramasamy et al. first reported the
amino acid nucleic acid synthesized from L-serine but it doesn’t show the hybrid-
ization with polyd(A) (Ramasamy and Seifert 1996). In 2005, Meggers and
co-workers demonstrated the formation of stable homoduplex by using an acyclic
glycol scaffold with phosphodiester linkages. Recently, Asanuma et al. reported
D-threoninol (Asanuma et al. 2010) and L-serinol nucleic acids, which exhibited
more stable homoduplex formation. Work by Asanuma has also shown that high
stability of a threoninol nucleic acids can be compared with serinol nucleic acids to
afford more stable homoduplexes due to the less flexibility of additional methyl
group in o threoninol. In addition, the same group developed hexaplex formation
using D-threoninol artificial nucleic acids in aqueous solution. Kurt’s group has
investigated the formation of i-motifs from acyclic (L)-threoninol nucleic acids at
lower pH value.

Phosphate Modifications

Chemical changes in the phosphate backbone are not as varied as nucleobase and
sugar units. Chemical synthesis of DNA using phosporamidite chemistry is gener-
ally achieved from 3’ to 5’ end, opposite to the direction of DNA synthesis by
polymerases. Stetsenko and co-workers developed phosphoryl guanidine nucleic
acid derivative with oxidation of polymer-supported dinucleoside 2-cyanoethyl
phosphite by iodine. It can bind to their complementary DNA or RNA strands
with similar to natural oligodeoxyribonucleotides. In addition, the same group has
developed novel N-(methanesulfonyl)-phosphoramidate oligonucleotide derivatives
using an automated DNA synthesizer with the Staudinger reaction. Rosenberg et al.
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developed the solid phase synthesis of 5-O-phosphonomethyl-deoxyribosyl oligo-
nucleotides through phosphotriester method. This phosphonate can form triplex with
natural counterparts, and exhibits higher stability against nucleases of L1210 cell
free extract. In another approach, oligothymidylates with different phosphodiester
and isopolar ratios of 5’-hydroxyphosphonate, 5'-O-methylphosphonate, and 3’-O-
methylphosphonate internucleotide linkages were found to have the ability to induce
RNA cleavage by ribonuclease H.

Click chemistry has been successfully applied to ligation, bioconjugation,
fluorophore labeling of DNA, modified nucleoside synthesis, PNA-DNA chimeras
(Kumar et al. 2007), DNA-carbohydrate dendrimers, and monolayer coupling of
oligonucleotides. In particular, post-synthetic functionalization of DNA using
alkyne modified dU phosphoramidites in the presence of Cu-AAC catalyst has
found wide applications in modern bio-chemistry. Seela et al. reported
phosphoramidites from alkyne-labeled 7-deazapurines, pyrimidines (Seela and
Sirivolu 2006), and O-alkynyl-modified sugars. They observed single TP modifica-
tion at 3’ and 5'-ends that was approximately 30 times more stable than native DNA
towards SVPDE digestion exhibiting 40-fold increase in nuclease resistance to
CSPDE.

Another promising phosphorus modification was made by using
boranophosphate. The first boranophosphate DNA was introduced by Shaw et al.
by replacing one of the non-bridging oxygen atoms with a borane group. Caruthers
and co-workers developed the synthesis of boranophosphate-modified homo-T
oligomers via H-boranophosphonate and boranophosphotriester methods. All these
synthetic techniques are non-stereocontrolled boranophosphate-DNAs and provide
2n stereoisomers similar to thiophosphate oligonucleotide’s old-time synthesis.
Wada et al. developed the first stereocontrolled synthesis of boranophosphate via
an oxazaphospholidine approach with an acid-labile protecting group (Scheme 8.1).
They introduced 4-methoxybenzyloxycarbonyl protecting group on nucleobases

DMTO— o B HO o. B
i) CMBT (1.0 m), CH5CN
0 rt, 5 min L TR
- ii) 1% TFA, DCM-Et,SiH (1:1)  O-R
' rt, 2 min .O g o G
/N ii)BH; SMe,-BSA-DMAc, i
B 15 min \|_/
\_/ HO
MeO

Scheme 8.1 Synthesis of  boranophosphate using  oxazaphospholidine. = CMPT
N-cyanomethylpyrrolidinium triflate, CH;CN acetonitrile, TFA trifluoro acetic acid, DCM dichloro
methane, Et;SiH triethyl silane, BH;-SMe, borane dimethylsulfide, NH; ammonia. Modified after
reference Wada et al. (2019)
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rather than trityl-type groups that were anticipated to be less sterically hindered than
the trityl group, and cleaved under acidic circumstances.

Thio-Modified DNA

Thiophosphate modifications are those in which one of the non-bridging oxygen
atoms of a phosphodiester bond is replaced by a sulfur atom. psDNA is considerably
more stable towards nucleases than the simple DNA. The P-atom-modified nucleic
acids have stereogenic P centers resulting in two diastereomers Sp and Rp. The
oxidation of phosphoramidite to phosphorothioate oligonucleotide was attempted
using Beaucage’s reagent for sulfurization exchange. Recently, the construction of
stereo-regular PSDNA backbone has been reported by Baran et al. using P(V)-based
reagents that were different from standard phosphonamidite chemistry. The P(III)-
based reagents are useful for stereo-controlled synthesis of several nucleotidic
architectures through a simple, inexpensive, and operationally simple protocol
(Scheme 8.2). Neutral hydrophobic backbones of lipid bilayers were synthesized
from alkylation of the phosphorotioate group using alkylhalides. These lipid bilayers
are used in DNA nanopores. Phosphorothioate alkylation is also used to
functionalize DNA nanostructures with proteins and metal nanoparticles.

8.2.2 The Label-Free Luminescent Probes

Luminophores are normally achieved by non-covalent binding methods such as
groove binding, intercalation, electrostatic interactions, and end stacking. In aqueous
solution, the luminescent molecules that are used in label-free DNA probes are
generally emissive or non-emissive due to solvent interactions quenching the excited
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Scheme 8.2 Synthesis of chiral phosphorothioate using P(V) reagents. DBU 1,8-diazabicyclo
[5.4.0]undec-7-ene, MeCN acetonitrile. Reprinted with permission of Copyright 2018 The Amer-
ican Association for the Advancement of Science from reference Baran et al. (2018)
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state. However, they showed enhanced luminescence when binding to a specific
DNA structure owing to the protection of their excited states within the oligonucle-
otide’s hydrophobic interior. Luminescent DNA molecules can usually be catego-
rized into two types: organic dyes and transition metal complexes.

Organic Dyes

In 1856, William et al. developed the first human-made organic dye called
mauveine. Most of the natural dyes were prepared from plant sources: berries,
roots, leaves, wood, bark, insects, and lichens in Fig. 8.4. Organic dyes have been
widely used in supramolecular chemistry as a probe and also used as fluorescent
tracer in medicinal and biological applications. A large number of organic reactions
are usually carried out by using organic dyes as photoredox catalysts. For example,
the Scaiano group recently developed photocatalytic hydroxylation of boronic acids
using methylene blue as a photosensitizer under aerobic conditions. In addition, the
selective oxidation of benzene to phenol was carried out in the presence of a
photocatalyst (3-Cyano-1-methylquinolinium ion) under homogeneous and ambient
conditions.

Organic dyes are used in various studies to explore new photosensitizers for the
development of dye-sensitized solar cells. For instance, Tian et al. developed new
phenothiazine organic dyes as sensitizers for their application in dye-sensitized solar
cells. Dye-sensitized solar cells have emerged as one of the most promising renew-
able photovoltaic cells alternative to solid-state cells due to the characteristics like
low price, compatibility, and simple manufacturing methods. In recent years, metal-
free organic dyes have been widely used to enhance the photovoltaic efficiency of
dye-sensitized solar cells (Blaszczyk 2018).
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Fig. 8.4 Some of natural and synthetic dyes
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Transition Metal Complexes

In 2009, Ma and co-workers have developed mismatch of thymine-Hg**-thymine to
design a label-free mercury ion-based DNA assay using luminescent platinum
(II) metallo intercalator. The polythymine oligonucleotide 5-T33-3 occurs as a
random coil in the absence of Hg>* ions, showing selectivity for Hg>* over a fivefold
excess of other metal cations. The same complex was recently used as a luminescent
probe in an “OR” DNA logic device to detect Ag* and H" (Leung et al. 2015). In
recent years, several mononuclear Ir(Ill) complexes were developed as G-
quadruplex-selective probes for label-free luminescent biosensors. This mononu-
clear Ir(Ill) complex potentially interacts with the loop of G-quadruplex through
noncovalent interactions. Chang et al. developed a carbazole derivative fluorescent
G-quadruplex ligand using 3,6-bis(1-methyl-4-vinylpyridinium)carbazole diiodide
to monitor the cellular uptake and localization of guanine-rich oligonucleotides.
Squarine dye STQ1 G-quadruplex binding properties demonstrated a strong lumi-
nescence (up to 70-fold) in the presence of G-quadruplex DNA, but the same system
failed to show luminescence with dsDNA and ssDNA (Chen et al. 2014). A low
luminescence signal was observed because of weak interaction between duplex
DNA and Ir(Ill) complex. The same group also developed a luminescent iridium
() complex [Ir(ppy).(bcp)]™ for the detection of a pyrimidinic endonuclease
activity. This endonuclease IV is used as a model enzyme. Certain examples of
luminescent metal complexes which are used as DNA probes for the construction of
oligonucleotides are described in Table 8.1.

8.3 Biosensor Applications in Detection of Metal Ion

This is one of the hot topics of analytical chemistry. Only a small number of metal
ion sensors are available for practical use because the design of the chemosensor is
often a trial and error process.

8.3.1 Functional Nucleic Acids as Recognition Probes

Functional nucleic acids are short RNA/DNA oligonucleotides capable to bind to
target molecules, and mediate enzyme catalysis in nucleic acids resulting in
aptazymes. There are several reports on the use of FNAs as molecular recognition
probes.
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DNAzyme-Based Sensing Strategies

DNAzyme-based fluorescent biosensors are called catalytic beacons because of the
catalytic reactions involved in the sensing process. Recent investigations have
shown various signal transduction mechanisms such as colorimetry, fluorescence,
and electrochemical. DNAzymes are one of the catalytic nucleic acids depending on
cofactors, and serve equally diverse functions including enzymatic turnover proper-
ties and as outstanding signal amplifiers. DNAzymes consist of an enzyme chain and
a substrate chain. In the presence of cofactor, the substrate strand cleaves into two
parts, which makes them very attractive to design different kinds of biosensors that
respond to the cofactor. The cleavage process leads to an increase in the fluorescent
signal, when the substrate strand and enzyme strand are functionalized with a
fluorophore and a quencher, respectively.

The most common way to design a fluorescent probe RNA-cleaving DNAzyme is
to add a fluorophore-quencher (F-Q) pair that would release the fluorophore and
offer a signal after the cleavage of the substrate (Gong et al. 2015). The F and Q pairs
are carefully placed so that they are near to each other before catalytic cleavage. The
F and Q’s precise positions have many choices as shown in Fig. 8.5. Several
modifications were made to design F and Qs to reduce the background. They were
initially located on the two ends of the substrate strands (Fig. 8.5a). They may also be
situated either at the end of the binding arms or near the cleavage site (Fig. 8.5b). To
shorten the distance they could be set on the same side but on different strands
(Fig. 8.5¢). Other choices consist of using an extended enzyme part to place the Q
close to the F (Fig. 8.5d), introducing a second Q on the other end of the substrate
(Fig. 8.5e) and using some nanoparticles as quenchers (Fig. 8.5f). The first fluores-
cent catalytic beacon was developed by Lu et al. based on the 8-17 DNAzyme for
Pb>*. In the presence of Pb2+, the fluorophore-labeled substrate increases the fluo-
rescence by ~300%. However, the sensor efficiency reduces significantly if the
temperature is brought to room temperature due to high background fluorescence.
Zhang and Lu proposed a general catalytic and molecular beacon approach by
combining the high quenching effectiveness of catalytic beacon with molecular
beacons for multiple enzymatic turnover properties (Fig. 8.5g). Gianneschi and
coworkers reported a novel fluorogenic substrate consisting of cooperatively assem-
bled DNA-nanoparticle micelles. They served as supramolecular fluorogenic sub-
strates by assembling dye-labeled DNA-brush copolymer surfactants to overcome
the inhibition limitation of ordinary ssDNA substrates (Fig. 8.5h). The Li et al.
conducted several in vitro selections to obtain such fluorescent DNAzyme probes
that could detect a specific bacterium E. Coli, and proved that a single live cell can be
detected by this probe (Fig. 8.51) (Li et al. 2012).

DNAzyme-Functionalized Gold Nanoparticles

In 1996, DNA-functionalized gold nanoparticles were first discovered to assemble
complementary DNA strands via DNA hybridization. The method involves the
attachment of non-complementary DNA oligonucleotides with thiol groups, which
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Fig. 8.5 DNAzyme arrangement of fluorophore-quencher pairs. (a) F and Q were placed at the two
ends of the substrate strands. (b) F and Q were placed next to the cleavage site flanking the cleavage
site. (¢) F and Q were placed on the same side but on different strands. (d) Use an extended enzyme
part acting as a template to place the Q close to the F. (e) A second Q was introduced on the other
end of the substrate. (f) Nanoparticles as quencher. (g) F and Q were placed at the two ends of a
hairpin-shaped molecular beacon, which was called the catalytic and molecular beacon. (h) Using
DNA-nanoparticle micelles as supramolecular fluorogenic substrates. (i) Fluorogenic DNAzyme
probes for bacteria. Reprinted with permission of Copyright 2015 Royal Society of Chemistry from
reference Gong et al. (2015)

further can bind to gold nanoparticles. Recently, Lu et al. have fabricated colorimet-
ric lead biosensors based on DNAzyme-directed assembly of gold nanoparticles.
This strategy is useful for the transformation of inactive DNAzymes to activated
DNAzymes, allowing the cleavage of substrate strand to dissemble the gold
nanoparticles, further resulting in a blue to red color change. In addition,
DNAzyme-functionalized gold nanoparticles are useful for specific detection of
Mg**, Zn**, Pb**, Cu**, Co**, Hg**, and UO,>*. Moreover, the biosensor applica-
tions also included DNAzyme-functionalized gold nanoparticles with electrochem-
ically active substances. Electrochemical sensors for Pb®* have been demonstrated
by using 8—17 DNAzymes. The authors investigated that Pb** cleave the nucleic
acid substrates on gold nanoparticles to be detached onto a DNA-coated electrode.
The DNA on gold nanoparticles allows big quantities of electrochemically active
metal complexes to be attached, thus giving a large signal improvement on the
electrode in the presence of Pb>*. Graphene sheets decorated with DNAzyme-
functionalized gold nanoparticles were also used as cofactors for DNAzymes, for
example, L-histidine (Liang et al. 2011) and Pb%* (Chen et al. 2014). In 2018, Ling
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et al. reported a colorimetric sensing phenomenon to detect the acetyl-cholinesterase
based on Cu**-specific DNAzyme.

Triplex DNA-Based Strategies

In 2011, for the first time, Tan and co-workers reported the fluorescent aptasensors—
based triplehelix molecular switch. It consists of a central target-specific aptamer
sequence, two arm fragments, and a dual-labeled oligonucleotide. Dual-labeled
oligonucleotide is used as a signal transduction probe triplehelix molecular switch
that could complement the arm fragment sequence (Fig. 8.6). The signal transduc-
tion probe is doubly labeled with pyrene at both the 5’- and 3’-end.

Binding the two arm segments of the aptamer with the STP loop sequence makes
creating an “open” configuration. The aptamer complex led to the discharge of the
STP as well as fresh signal measurements. This methodology has consensus for a
wide scope of analysis by simply changing the aptamer sequence, and remains the
same with the triple-helix structure. Moreover, the added advantages of these
triplehelix molecular switch are: (1) no labeling is required for the original aptamer,
and (2) both the binding affinity and specificity of the aptamer are improved.
Another novel aptasensor for protein detection was identified, and amplification
properties of PCR combined with the sequence-specific identification capacity of
triplex formation for DNA duplex. However, the two DNA probes were hybridized
with each other after introduction of thrombin, which was expanded when Klenow
fragment polymerase and dNTPs were present. The PCR amplification began with
addition of Taq DNA polymerase and two primers, accompanied by product
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Fig. 8.6 The fluorescent aptasensor—based triplehelix molecular switch. After the introduction of a
specific target, aptamertarget binding results in the formation of a structured aptamer/target com-
plex, which disassembles the triplehelix molecular switch and releases the signal transduction
probe. Once this process is finished, then the configuration of signal transduction probe changes
from open to close, leading to new signal readout. THMS triplehelix molecular switch, STP signal
transduction probe, Py pyrene. Reprinted with permission of Copyright 2011 American Chemical
Society from reference Tan et al. (2011)
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recognition by molecular beacon through triplex formation. The most important
requirement is to remove non-specific amplification and DNA contamination.

G-Quadruplex-Enabled Detection Platforms

The G-quadruplex is a non-canonical structure, strongly organized framework of
nucleic acid with stacked planar G-tetrads. Over the years, G-quadruplex structures
provide an important regulatory role in the detection of metal ions.

Detection of K*

G-quadruplexes can be used for potassium detectors using triphenylmethane fluo-
rescent dye crystal violet. Kong et al. developed G-quadruplex complexes for
assaying the presence of K* or Na™, and the fluorescence changes with K* concen-
tration variability. Two K* detection modes were developed depending on the type
of the fluorescence shift in crystal violet as a function of ionic condition. A label-free
detection of K™ was developed by Qin et al. using G-quadruplex DNA (c-Myc),
which further enhanced the fluorescence of tetrakis (diisopropylguanidino) zinc
phthalocyanine (Wang et al. 2009). Another novel detection of K* was achieved
by utilizing a K*-sensitive G-quadruplex DNA named PS5. Quadruplex structure is
capable of binding hemin to adopt a hemin-G-quadruplex DNAzyme that catalyzes
the conversion of colourless 3,3',5,5'-tetramethylbenzidine to blue product in the
presence of H,O, oxidation.

Detection of Ag*

Zhou et al. developed the G-quadruplex-hemin DNAzyme-amplified Ag*-sensing
method based on the capacity of Ag® to stabilize C—-C mismatches by forming
C-Ag*-C base pairs. In this method, an intramolecular duplex was formed by the
oligonucleotide strand in the absence of Ag* (Fig. 8.7). The addition of Ag* allows
the formation of another intramolecular duplex in which C—C mismatches were
stabilized by base pairs of C-Ag*-C, resulting in the release of the G-rich sequence
that can be folded to form a catalytically active G-quadruplex-hemin DNAzyme
(Zhou et al. 2010).

Additionally, Kong et al. developed two different length oligonucleotide chains
for the detection of Ag*. Cysteine broke C-Ag*-C bonds leading to reformation of
the DNA duplex and reduced catalytic activity of the system (Kong et al. 2010).
Furthermore, Seela et al. have identified silver-mediated base pairs in
DNA-incorporating purines such as 7-deazapurines and 8-aza-7-deazapurines and
further studied their impact of reduced nucleobase binding sites on glycosylation
positions.

Detection of Cu*/Cu**

Zeng et al. developed an effective G-quadruplex sequence using copper (I) catalyzed
click chemistry between azide and alkyne to generate G-rich sequences. The
G-quadruplex and hemin system had mimic-horseradish peroxidase activity with
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Fig. 8.7 The G-quadruplex-hemin DNAzyme amplified Ag*-sensing method. Duplexes formed
before addition of Ag™ does not enhance the catalytic activity of hemin due to formation of
intramolecular duplex that could not completely prohibit the G-quadruplex formation. The addition
of Ag* to the hemin/oligonucleotides mixture could further enhance the catalytic activity of hemin,
suggesting that the presence of Ag* changed the equilibration between Form A and Form AA, and
more Form AA was produced. Reprinted with permission of Copyright 2010 Elsevier from
reference Zhou et al. (2010)

the assistance of hemin and K¥, catalyzing tetramethyl benzidine into a green color
material. The fluorescence strength of the resulting green material was observed at
optical density 450 nm reflects the quantity of Cu+ and DNAzyme attached to
protoporphyrin IX. However, when Cu”* was brought into the lighting scheme,
the fluorescence was selectively quenched due to the powerful metallization of
protoporphyrin IX induced by Cu?*. In 2014, Li et al. developed a DNA-based
mimic-HRP interaction between Cu®" and GC-rich dsDNA. Cu®" catalyzes the
accumulation of tetramethyl benzidine in the presence of H,O,, which can be seen
with naked eye. Furthermore, GpG-duplex DNA picked out and applied to detect
Cu?* in aqueous solution with a detection limit of 1.2 nM.
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Fig. 8.8 The label-free G-quadruplex-based sensor for Hg2+. Reprinted from reference Wang et al.
(2015)

Detection of Hg’* Hg>" is one of the heavy metals that cause public health hazards.
Mirkin et al. developed DNA-functionalized gold nanoparticles for the detection of
Hg?*. The thiol DNA-based detection system is well known for thymidine-Hg?*
thymidine (T-Hg?*-T) base pairs. Hg** was detected using selective iridium (IIT)
complex and Exo IIT (Fig. 8.8) (Wang et al. 2015).

In 2009, Wang et al. developed a highly selective colorimetric biosensor for Hg**
detection using thymine-rich proteins in one strand of FNA with guanine-rich
sequences. The designed FNA forms a G-quadruplex DNAzyme with the stable of
K" and hemin creating a green color when the target ion is blank or contrast ions
(Wang et al. 2009). The DNA strand creates an intra-molecular hairpin
G-quadruplex DNAzyme, which imitates HRP activity, producing a green color
for naked-eye testing. In addition, Dong et al. reported a visual detection of Hg* in
the TMB-H,0, reaction system with high selectivity and sensitivity. The Chen et al.
demonstrated colorimetric detection of Hg* using hybridization chain reaction and
T-Hg**-T base pairs (Chen et al. 2014). In 2017, Seela et al. studied the duplex
stability of mercury ion-mediated dU-Hg**-dU pair depending on substituents
introduced at the 5-position of the pyrimidine moiety.

i-Motif or Mismatched DNA Base Pair-Mediated Assays

i-Motif has gained a specific attention among the various secondary structures of
DNA. Gehring et al. developed the first i-motif DNA for the hexamer sequence d
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Fig. 8.9 (a) Hemi-protonated cytosine-cytosine Hoogsteen base pairing in i-motif DNA. (b)

Chemical structure of i-motif DNA and (¢) Coumarin 343. Reprinted with permission of Copyright
2019 Royal Society of Chemistry from reference Hazra et al. (2019)

(TCCCCC), forming an intercalated tetramolecular quadruple helical structure under
acidic circumstances. Cytosine-rich sequences create i-motif DNA at slightly acidic
pH (4.0-6.0) through Hoogsteen hydrogen bonding between hemi-protonated cyto-
sine-cytosine base pairs, resulting in the structure of two parallel duplexes interca-
lated in an antiparallel way (Fig. 8.9). These i-motif DNA structures become volatile
in neutral and alkaline media owing to the deprotonation of cytosine bases, thus
forming a single-stranded DNA (Nesterova and Nesterov 2014). Therefore, a label-
free strategy with a specific noncovalent-cantered fluorescent antibody is preferable
for targeting i-motif DNA. Shi et al. developed a novel selective sensor for Ag*
based on the mechanism that i-motif formation induced by Ag* sensitively recog-
nized by a cyanine as a fluorescence indicator, exhibited over 130-16,000-fold
selectivity toward Ag® than other metal ions (Tang et al. 2015).

8.3.2 Aptamer-Assembled Nanomaterials for Biosensing

Aptamers are cost-effective, animal-friendly, reproducible, and easily functionalized
with nanomaterials for specific detection. Furthermore, the negatively charged
aptamers can adsorb on the surface of nanomaterials by electrostatic adsorption
mechanism.
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Metallic Nanoparticles

Unique physical properties of metal nanoparticles like size, composition, shape,
surface function, and spacing distance make them prominent tools in biosensors.

Gold Nanoparticles—Assisted Methods

Gold nanoparticle-based colorimetric sensing for metal ions usually requires the
incorporation of chelating agents on the nanoparticle surface. The presence of an
analyte ion induces the nanoparticle aggregation by forming multidentate
interparticle complexes with the chelating ligand. 15-Crown-5 functionalized aque-
ous matrix gold nanoparticles containing physiologically important cations such as
Li*, Cs*, NH,*, Mg>*, Ca**, and Na* were used for the detection of alkali and
alkaline earth metal ions. Liu et al. developed gold nanoparticles functionalized
quaternary ammonium group-terminated thiols for colorimetric sensing of Hg?* at
room temperature. The actual mechanism is the abstraction of thiols by Hg** that led
to the aggregation of nanoparticles. Hupp and co-worker demonstrated a straight-
forward colorimetric method to detect aqueous heavy metal ions like mercury,
cadmium, and lead using 11-mercaptoundecanoic acid and 13 nm gold
nanoparticles.

Recently, Rajendran and co-workers developed gold nanoparticles—based highly
selective detection of heavy metal ions such as Cr®", Hg**, and Pb** by using
phenylalanine conjugated cholic acid for colorimetric titrations in aqueous medium.
Chen and group demonstrated a colorimetric sensor for Pb®* with a protected AuNP
using both carboxylate and 15-crown-5 ethers. Addition of Pb** interferes with the
hydrogen-bonded structure by associating with crown ether moiety and producing
electrostatic repulsion between gold nanoparticles, resulting in a shift of color
change from blue to red. Chang and co-workers improved mercaptopropionic
acid-modified gold nanoparticles for highly selective and sensitive detection of
Hg”* ions in the presence of 2,6-pyridinedicarboxylic acid. The Liu group very
recently described detection of arsenite As(IIl) using gold nanoparticles with DNA
oligonucleotide Probes. They used isothermal titration calorimetry experiments for
measuring As(III) adsorption by gold nanoparticles and its competition with DNA
adsorption. In addition, Diaz et al. demonstrated different sizes of gold nanoparticle
synthesis for quenching luminescence. Their strong luminescence quenching was
observed from small gold nanoparticles due to resonance energy transfer (Fig. 8.10).

Silver Nanoparticles-Assisted Methods

There are two primary approaches in silver nanoparticles used colorimetric detection
assays: a cross-linking and a non-cross-linking approach. In the cross-linking
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Fig. 8.10 Luminescence quenching controlled by gold nanoparticle size. (a) TEM image of
NaYF4:Yb,Er UCNPs, (b) TEM image of NaYF,;:Yb,Er@SiO,-NH, UCNPs, and (c-e) TEM
images of NaYF,:Yb,Er@SiO,-NH, UCNPs after attaching (¢) Auy ym, (d)Auy; nm, and (e) Augg
am hanoparticles. UCNPs upconverting nanoparticles, 7EM transmission electron microscopy,
AuNP gold nanoparticles, SiO; silica, APTES (3-aminopropyl)-triethoxysilane. Reprinted with
permission of Copyright 2019 Royal Society of Chemistry from reference Diaz et al. (2019)

approach, aggregation is induced by functionalized silver nanoparticles, which
cross-link to target and form plasmonic network centers that are closely spaced.
On the other side, the aggregation of non-cross-linking approach depends on the
ionic strength of silver nanoparticles medium.

In 2008, Graham et al. developed the synthesis of oligonucleotide silver nano-
particle and beautifully described their use in sandwich assay for target DNA
detection. The oligonucleotide silver nanoparticle conjugates have practically iden-
tical properties to that of their gold analogues, and due to their greater extinction
coefficient both visual and absorption analyses can occur at much lower concentra-
tions. Tan et al. developed silver nanoparticle-dsDNA conjugates for colorimetric
sequence-specific DNA-protein binding assay. This assay is a colorimetric assay
called “light off” since the existence of the target analyte stabilizes against aggrega-
tion nanoparticles. Plasmonic sensor—based detection of heavy metal ions in water
using 3-mercapto-1 propanesulfonic acid sodium salt capped with silver
nanoparticles. Very recently Zhang et al. developed ultrasensitive detection of
DNA in serum samples by dual signal amplification of DNA templated silver
nanoparticle and electrochemical atom transfer radical polymerization. This method
is useful for detecting gene biomarkers and clinical analysis.
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Carbon Nanomaterials

Carbon nanostructures like fullerenes, carbon nanotubes, carbon nanofibers, and
grapheme are confined to sp> hybridized orbitals, facilitating zero-gap linear electron
momentum dispersion and high electric conductivity.

Carbon Nanotube-Assisted Methods

They are very attractive nanomaterials for the development of innovative devices
like composites and sensors. To improve their solubility and other functional
properties, carbon nanotubes need to be functionalized by either covalent or/and
non-covalent bonding. For example, the covalent-bonded carbon nanotubes are
normally oxidized by an acid such as nitric acid or the mixture of nitric acid and
sulfuric acid.

During oxidation, the carboxyl or hydroxyl groups were introduced onto the ends
and sidewalls of carbon nanotubes. These groups reduce the vander Waals interac-
tions between carbon nanotubes and further change the structural homogeneity and
other properties of carbon nanotubes. Two factors control the chemical reactivity of
the sidewalls of carbon nanotubes in non-planar carbon structure: (1) curvature-
induced pyramidalization of the individual carbon atoms and (2) mis-alignment of
n-n—orbital between neighboring carbon atoms. Highly reactive species (such as
halogens, radicals, carbenes, or nitrenes) are ideal reagents for covalent
functionalization of the sidewall. An efficient electrochemical-based sensor was
developed for Pb?* and Cd** ions using functionalized 1,3,6,8-pyrenetetrasulfonic
acid sodium salt carbon nanotubes nanocomposites as a sensor material. This
method offers detection limits are 0.8 pg L' for Cd** and 0.02 pg L™ for Pb**
(Jiang et al. 2018). In 2019, Nie and co-workers reported an
electrochemiluminescence based detection of Hg2+ using poly(5-formylindole)/
reduced graphene oxide to furnish a wide linear response to Hg2+ ranging from
0.01 nM to 100 nM.

Graphene Oxide-Assisted Methods

Among the current research, the integration of nucleic acids with graphene-based
materials or functional grapheme has been substantially advanced over the past few
years, achieving the exceptional properties and functions, thereby exhibiting
attractive potential applications in biosensing, diagnostics, drug screening, and
biomedicine (Dikin et al. 2007; Li et al. 2015). In clinical diagnosis selective and
cost-effective detection of biomolecules is very important. Under this method, DNA
adsorbed on the graphene oxide surface and its fluorescence is quenched when
graphene oxide mixed with a fluorophore-labeled single-stranded DNA probe, and
restored the fluorescence signal after forming a double-stranded dsDNA in solution
(Wang et al. 2009).
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Recently, Zhang et al. reported a novel finding that nucleic acid aggregates self-
assembled on graphene oxide nanoplates as a result of DNA rolling circle amplifi-
cation and a functionalized triple-helix probe in single cells. The functionalized
triple-helix probe containing the aptamer region for target recognition and the trigger
DNA region for rolling circle amplification was used to activate rolling circle
amplification for miRNA imaging. The fluorescent-labeled nucleic acids molecular
aggregates were hybridized by both the rolling circle amplification products and
FAM-DNA, and could partly self-assemble on graphene oxide nanoplates. Signifi-
cantly, the nucleic acids molecular aggregates were successfully applied for
low-abundance miRNA detection and imaging in single cells (Fig. 8.11) (Zhang
et al. 2016).
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Fig. 8.11 NAMA-FAM for analyzing target miRNA in single cells based on a functionalized THP
probe and RCA. First, the triple-helix probe conjugated onto carboxyl-modified magnetic fluids was
ingeniously designed, which could serve as the primer for the rolling circle amplification reaction in
single cells. Second, after the THP-CMFs probe entering into cells, miR-21 can combine with the
THP-CMFs probe. Meanwhile, the primer DNA1 strands were substituted and released from the
triple-helix probe, to activate the intracellular rolling circle amplification reaction at the existence of
circular DNA3. Third, GONPs loaded with many fully quenched DHS strands (dsDNA hybridized
segmentally by FAM-DNAS and BHQ-DNAG6, abbreviated as DHS) into single cells. NAMAs
nucleic acids molecular aggregates, GONPs graphene oxide nanoplates, RCA rolling circle ampli-
fication, THP triple-helix probe, CMFs carboxyl-modified magnetic fluids. Reprinted with permis-
sion from reference Zhang et al. (2016)
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In addition, Mergeny et al. developed a novel fluorescence biosensing strategy:
simple, fast, and sensitive selection of quadruplex-binding ligands result in the
formation of an intramolecular G-quadruplex structure that further releases the
FAM-labeled signal probe from the surface of graphene oxide, and the fluorescence
intensity is recovered.

Silicon Nanoparticles

Silicon nanoparticles have drawn an excellent attention in recent centuries due to
their fascinating physical characteristics, active surface state, unique
photoluminescence, and biocompatibility. Fluorescent silicon nanoparticles are hav-
ing high photoluminescence quantum yield, and low or non-toxicity has pulled an
incredible consideration for a heap of optical applications. The use of silicon
nanoparticles in sensors benefits from their optical and/or electronic transport char-
acteristics; therefore, controlling the surface chemistry of nanoparticles is a key issue
in developing such applications.

Yu and coworkers synthesized highly fluorescent silicon nanoparticles in the pres-
ence of sodium citrate by hydrothermal treatment with 3-aminopropyltrimethoxysilane
for the detection of mercuric ion. Due to the strong interaction between biothiols and
Hg?*, only Hg?* can clearly quench silicon nanoparticles fluorescence.

Zhao et al. used a label-free silicon quantum dots as new fluorescent probes for
copper ions (Cu*) in a selective and sensitive manner. In their investigation, silicon
quantum dots were effectively quenched by H,O, from the reaction of ascorbic acid
with O,, and hydroxyl radicals from Fenton reaction between H,O, and Cu*. The
fluorescence is linearly quenched as a function of Cu”* concentration ranging from
25 to 600 nM. The detection limit was as low as 8 nM, significantly reduced than that
of current approaches (Zhao et al. 2014). The Veinot et al. reported luminescent
silicon nanocrystal surface functionalized dodecyl groups with disposable paper-
based sensors. This sensor is useful for the detection of nitroaromatic compounds
including nitroamine, nitrotoluene, and dinitrotoluene. Paper-based sensors are
fabricated in a toluene solution containing silicon nanoparticles through
dip-coating filter paper. In 2016, for the determination of Sudan dyes I, a turn-off
fluorescent sensor based on hexadecylamine-capped silicon nanoparticles was devel-
oped by Girish Kumar et al. The fluorescence of silicon nanoparticles was effectively
quenched by Sudan Iviaan innerfilter effect.

Nanostructured Polymers

Due to small size and high surface-to-volume ratio, nanostructured polymers have
great potential for developing new carriers in drug and gene delivery. The shape,
size, assembly, composition, and molecular engineering are key parameters that
characterize nanostructured polymers to drive their functions and applications in
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different fields. Polymer nanofibers can be produced through various techniques and
the most commonly used approach is electrospinning where a charged solution of a
polymer when exposed to an opposite high electric field is pulled into long thin
nanofibers. A variety of polymer nanofibers have been developed and used for noise
and air pollution filtrations. Moreover, polymer nanofibers can also be fabricated
with phase change materials that are usually employed for thermal energy storage in
construction industry.

However, their potential is still strongly dependent on the development of
scaling-up and reliable processing routes. Bottom-up and top-down approaches
have been typically reported for material nanotechnologies. A special interest has
been focused on the use of amphiphilic block copolymers due to their versatility in
allowing different types of nanostructured polymeric materials. A very promising
application of polymeric nanostructured materials is in the treatment of several
diseases and revolutionizing the diagnosis. These nanomaterials give noteworthy
improvement in the nature of human care because of their accuracy and
unwavering quality in diagnostics, and improved convenience of frameworks for
tissue designing and regenerative drug. In general, polymeric nanostructured
materials for biomedical applications ought to have satisfactory properties like
huge water solvency or dispersibility to maintain a strategic distance from quick
leeway (10-200 nm), and to achieve preferred biodegradability to minimize the
side effects.

Quantum Dots-Coordinated Metal Ions

Quantum dots are tiny particles or nanocrystals in the range of 2—10 nm (10-50
atoms) and they exhibit controllable luminescent properties of a semiconducting
material. They were found in 1980s for the first time. Quantum dots are highly
fluorescent typically consisting of an inorganic semi-conductor core and a shell,
as well as a passive layer of organic ligands. Quantum dots have drawn consid-
erable attention due to their super fluorescence characteristics, and different
quantum dots have been developed, such as CdTe, CdZnSe, PbS, CdSe/ZnS,
and ZnS-Si0,.

Recently, DNAzyme-functionalized Quantum dot biosensors are widely used for
the determination of Pb>* assays, which displayed elevated sensitivity and even
reached a detection limit of 7.8 pM (Zhang et al. 2013). The DNAzyme could be
activated in the presence of Pb>* to cleave the substrate strand into two DNA
fragments. Further, the rolling circle amplification generated a lengthy single-
stranded DNA with repeating sequence. Similarly, G-quadruplex aptamers have
also been used to make quantum dots. Different selective and reproducible
G-quadruplex DNAzyme-functionalized quantum dots were developed for the
detection of Pb**.



8 Developing Trends in DNA Biosensor and Their Applications 271

8.4 Biosensor Applications in Detection of Biomolecules
and Cellular Bioimaging

DNA-based biosensors can be used effectively to provide some genetic, cancer, and
infectious diseases with easy, rapid, cost-effective, sensitive, and specific detection.
Additionally, they can be used as a platform for diagnosing immune deficiency and
for neurological and other diseases.

8.4.1 Detection of DNA or RNA

The specific detection of DNA and RNA sequences is pivotal to disease diagnosis
and genetic profiling because of their vital role in hybridization reactions and/or
signal amplification strategies. Over the years, various methods have been developed
for the detection of the specific DNA sequences including luminescence sensing
(Chen et al. 2014), optical, mass-sensitive (Yang et al. 2017), and electrochemical
methods. Among all the methods, electrochemical methods have attracted a signif-
icant attention due to their simple operation, high sensitivity, and cost-efficiency.
DNA detection can be directly achieved without PCR protocols using an
ultrasensitive DNA assay at low attomol concentrations. In addition, an
oligonucleotide-functionalized silver nanoparticle has been developed for the
ultrasensitive electrochemical detection of DNA. Hepatitis B virus sequence was
used as a sample model for the ultrasensitive detection of DNA, and obtained a
detection limit of 5 nM. Moreover, array chips functionalized with Epstein-Barr
virus, cytomegalovirus, and Herpes simplex virus have also been used to detect
multiplexed DNA. A simple label-free and sensitive protocol was previously
employed for the detection of a specific mutation of the COL4AS5 gene correlated
Alport syndrome, and a single stranded oligonucleotide probe was immobilized by
disposable electrochemical printed electrodes.

The development of label-free method for target DNA sequences generally uses
non-canonical DNA secondary structures, for example, G-quadruplex-specific lumi-
nescent probe with G-quadruplex in conjunction molecule. Wang et al. developed a
G-quadruplex-mediated fluorescence for DNA detection using two fluorescent
probes porphyrin-N-methylmesoporphyrinIX and tetrakis(dicyclohexylguanidino)-
zinc-phthalocyanine. The method is capable to detect low concentration
(3.2 nmol L™") of target DNA and serum-containing samples used for analysis
(Fig. 8.12). In addition, Ma et al. demonstrated G-quadruplex-based detection of
gene deletion using a cyclometallated iridium(III) complex. This method is based on
the formation of a split G-quadruplex from the two split G-quadruplex-forming
sequences, and their response for the luminescence emission of the iridium(III)
complex (Ma et al. 2012).

In 1996, the first classical “molecular beacon”—based strategy has been reported
for the doubly labeled oligonucleotides that become fluorescent upon hybridization
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Fig. 8.12 ssDNA with switch-off/on detection modes using G-quadruplex platform. In the pres-
ence of K*, a split cMyc forms an associated G-quadruplex-fluorescent dye complex. Sequence-
specific DNA hybridization results in reduced fluorescence from Zn-DIGP (pathway A) or
increased fluorescence from NMM (pathway B). Zn-DIGP tetrakis(diisopropylguanidino)-zinc-
phthalocyanine, NMM N-methylmesoporphyrin IX. Reprinted with permission of Copyright 2011
Springer Nature from reference Wang et al. (2011)

to detect target sequences. Colorimetric-based single strand oligonucleotide modi-
fied gold nanoparticles were developed for highly sensitive detection of DNA at
lower concentrations (0.086 fM). Gold nanoparticles exhibit long-term stability,
when the density of single-stranded DNA on the gold nanoparticle surface is higher
than 34 pmol cm 2 and gives a red color upon high salt concentration.

8.4.2 Detection of Protein or Enzyme

Protein/enzyme detection plays an important role in the biomedical and clinical
diagnostic studies. Current protein assays are mostly based on the use of antibodies
that are not well suited to fast, sensitive proteins detection and it is not suitable for
the amplifying signal. In order to achieve molecular signal amplification, heteroge-
neous antibody-based assays have been developed by Li et al. (2015).
Aptamer-based protein detection has been demonstrated through several
methods using fluorescence, colorimetry, conjugation with electrochemistry, and
chemiluminescent techniques. Colorimetric-based simple and cost-effective detec-
tion of protein has been developed using target-triggered activation of aptazyme
and gold nanoparticles. This strategy was able to detect vascular endothelial
growth factor, and the spanning detection is in the range of three orders of
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Fig. 8.13 The detection of Human PDGF-BB. Upon the addition of PDGF-BB, the quencher-
carrying strands of the duplex are displaced leading to the disruption of the fluorescence resonance
energy transfer effect. As a result, the fluorescent intensity of the fluorophore-aptamer within the
proximity of the silver nanoparticle is increased. PDGF-BB platelet-derived growth factor-BB,
FRET fluorescence resonance energy transfer. Reprinted with permission of Copyright 2013
American Chemical Society from reference Xu et al. (2017)

magnitude. The use of gold nanoparticle provides a simple “mix-and-detect” assay
for visual detection of target.

In 2013, silver nanoparticle-coupled fluorescence resonance energy transfer
sensor has been developed for the detection of human platelet-derived growth
factor-BB. Silver nanoparticle-enhanced fluorescence resonance energy transfer
sensor, which was synthesized from streptavidin with fluorophore, modified
aptamers. Xu et al. was pleased to find that silver nanoparticle-based fluorescence
resonance energy transfer sensor provided high fluorescence, sensitivity, and target
specificity when compared with that of the gold nanoparticles (Fig. 8.13) (Xu et al.
2017).

Surface Plasmon Resonance is also one of the most powerful tools for the detection
of protein. In 2018, functionalized graphene oxide-based immunosensor has been
developed for the detection of non-small cell lung carcinoma using cytolerayin 19 in
spiked human plasma. This carboxylic acid functionalized graphene oxide surface
plasmon resonance sensor is highly sensitive for the detection of CK19 protein. The
target protein induces the fluorescence changes through DNA conformational changes
using isothermal amplification reactions.

8.4.3 Immunosensors

Immunosensors are powerful tools in solid state devices because of their wide
applications in environmental monitoring, clinical diagnostics, and food safety.
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Immunosensors incorporate into immunochemical reactions with optical,
microgravimetric, and electrochemical transducers.

An ultrasensitive label-free electrochemical immunosensor was developed by
using nitrogen-doped graphene quantum dots for the detection of carcinoembryonic
antigen. The bimetallic nanoparticles Pt-Pd-supported nitrogen-based quantum dots
(PtPd/N-GQDs) were synthesized by green hydrothermal procedure. In addition, a
nitrogen-doped graphene quantum dots (PtPd/N-GQDs)-functionalized gold
nanoparticles (PtPd/N-GQDs@Au) were successfully synthesized through self-
assembly approach. These novel nanocomposites have excellent features such as
large surface area, conductivity, and good biocompatibility, reflecting their success-
ful application as transducing materials to amplify electrochemical signals.

A novel electrochemical immunosensor using concave gold nanocuboids was
used for the detection of antigen-antibody interactions. The redox current response
was observed by cyclic voltammetry studies. The formation of antigen-antibody
complex between the antibody on the concave gold nanocuboids and IgG antigen
leads to decrease in the anodic peak current when model IgG antigens were intro-
duced into the system (Fig. 8.14).

A multiplex surface plasmon resonance—based immunosensor was developed for
the detection of paralytic shellfish poisoning, domoic acid, and okadaic acid. The
developed surface plasmon resonance immunosensors detected domoic acid and
okadaic acid within 13 min, and they can be used as tools for monitoring seawater
samples. The superiority of the surface plasmon resonance immunosensor was
compared with a traditional indirect enzyme-linked immunosorbent assay in terms
of LOD, analysis time, reagent consumption, and operation automation. In 2014,
Ying and co-workers developed an optical immunosensor for the detection of
aflatoxin B1 at very low concentrations in food materials. Gold nanorods were
used as sensing agents in this study which further showed high stability without
any stabilizing agent.

1gG antigen
’

Concave AuNCs IgG antibody

Glass carbon electrode

Fig. 8.14 The formation of antigen-antibody complex between the antibody on the concave gold
nanocuboids. Herein, a sandwich-type immunobiosensing approach was adopted. AuNCs gold
nanocuboids. Reprinted with permission of Copyright 2015 Royal Society of Chemistry from
reference Kim et al. (2015)
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Zourob et al. in 2018 have reported carbon nanofiber voltammetric
immunosensor for sensitive detection of SMN protein. The voltammetric
immunosensor utilizes carbon nanofiber-modified screen-printed electrodes
functionalized with 4-carboxyphenyl group covalently. Subsequently, SMN anti-
bodies surface were immobilized through carbodiimide hydrochloride /N-
hydroxysuccinimide.

8.4.4 Detection in Cancer Diagnosis and Therapy

The sensitive detection of cancer biomarkers plays an important role in the early
diagnosis of cancer, disease stage forecasting, and cancer metastasis. However, these
methods required cancer cells lysis with polymerase chain reaction process, which in
turn is expensive, difficult, and not suitable for point of care detection. To overcome
this polymerase chain reaction process and lysis step, Pang et al. developed a simple
and effective method for detecting circulating tumor cells using magnetic
nanospheres. The magnetic nanospheres were fabricated by LBL assembly method
and further magnetic nanosphere was nano-sized by fast magnetic response. The
bio-inspired multivalent DNA was synthesized by a microfluidic surface by rolling
circle amplification method. This multivalent DNA efficiently captures the lympho-
blast CCRF-CEM cells over monovalent aptamers. Recently, aptamer-modified
hydrogel and restriction endonuclease was developed by Wang et al. for the cell
catch and release of cancer cells with over the density 1000 cells/mm?” and hydrogel
binding with nonspecific cells. In 2019, Li et al. developed a DNA-oriented shaping
strategy to convert the metastasis-associated circulation tumor cells into a dominant
signature. Biotin-14-dATP is incorporated into the DNA polymers which in turn are
grafted into the CTC subset that over expresses folate receptors, and the linear
detection ranges from 5 to 320 cells/cm2 (Fig. 8.15).

8.5 Conclusions

The biosensor field has undergone rapid growth because of its quick, reliable,
mobile, low-cost, highly sensitive, and selective properties. The phosphoramidite
method has been illustrated for automated DNA sequencing, allowing the formation
of colorimetric and fluorescent nucleic acids. Further, research has begun to extend
the fluorescent nucleic acid applications on the living cells. Many functional nucleic
acids have attracted considerable attention due to their prevalent molecular recog-
nition for small molecule targets. The negatively charged nucleotides act as sub-
strates for the detection of metal ions. Finally, we discussed the applications of these
DNA sensors in detection of various biomolecules, and highlighted a short emphasis
on their applications in clinical diagnosis and therapy. Understanding of the
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Fig. 8.15 DNA-oriented shaping to dominate the cell-surface feature. (a) Chemical structure of the
biotin-labeled deoxyadenosine triphosphate. (b) Schematic illustration of the DNA rolling cycle
amplification, in order to incorporate biotin labels into DNA polymers. (¢) Schematic illustration of
the rolling cycle amplification at cell surface to synthesize biotin-labeled DNA polymers, thus
converting the cell-surface feature into the biotin-DNA signature. Reprinted with permission of
Copyright 2019 American Chemical Society from reference Li et al. (2019)

electronic interaction will definitely lead to the construction of effective biosensors
that can be used in sensing and imaging. Future research will be directed towards the
construction of new conjugated structures that are highly specific to recognized sites.
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Abstract Electrochemical sensors are widely used in air and water quality testing,
agricultural activities, medical diagnosis, food industries, defense, and forensic
science. This is because of their fast response, portability, easy testing procedure,
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low cost, and considerable sensitivity. However, due to lack of selectivity and
sensitivity, pristine electrodes used in electrochemical sensors are not suitable for
accurate detection of analytes in real samples. But, the fast growing nanotechnology
eliminates the existing practical issues and significantly facilitates the development
of highly selective and sensitive electrochemical sensors for many kinds of analytes,
including organic molecules and inorganic species in liquid and gas medium.
Nanomaterials such as metals, metallic compounds, and carbon-based materials
have been widely utilized as electrode materials in electrochemical sensor. In this
chapter, we particularly focus on metal oxide and metal sulfide-based electrochem-
ical sensors applied in techniques such as cyclic voltammetry, amperometry, differ-
ential pulse voltammetry (DPV), and square wave voltammetry (SWV). The
development of metal oxides and metal sulfides—based electrochemical sensors are
separately outlined. Initially, reasons for enhanced catalytic current response and
better redox potentials of analytes at pure metal oxide/sulfide modified electrodes
than pristine electrodes have been described. Then, the existing issues (low selec-
tivity and instability) in pure metal oxide/sulfide modified electrodes have been
addressed. Finally, improvement strategies including metal ion doping, surface
functionalization, and composite formation in metal oxide/sulfide modified elec-
trodes are described.

Keywords Metal oxide - Metal sulfide - Food safety - Defense - Electrochemistry -
Sensor - Pollutant - Detection limit - Composites - Nanostructures

9.1 Introduction

The pollutants are toxic or poisonous chemical substances which cause undesirable
changes in air, water, and soil environment (Sharavanan et al. 2020). Due to
population growth, industrialization, urbanization, and modern life styles, pollutants
include organic, inorganic, and organometallic compounds and are discharged into
environment (Leclerc et al. 2019). For example, sulfur dioxide, carbon monoxide,
and nitrogen oxides are emitted from vehicles and industries (Tsang et al. 2019). The
chromium, cadmium, lead, selenium, cobalt, nickel, arsenic, and iron ions are
discharged into environment through tanning industries (Lofrano et al. 2014). The
volatile organic compounds such as alcohol, formaldehyde, acetone, methyl chlo-
ride, and xylene are emitted by household products like paints, varnishes, cosmetics,
hobby products, and cleaning agents (Gennaro et al. 2014). In modern agricultural
practices, fertilizers, fungicides, pesticides, and herbicides are directly applied to
crop fields and plants (Malyan et al. 2019). They contaminate aquatic environment
through surface run-off process (Gregoire et al. 2009). Owing to leaking pipes and
accidents, pollutants are also released into environment (Bubbico and Mazzarotta
2008). The harmful organometallic compounds are also discharged into environment
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by various ways. For instance, organotin compounds are released from antifouling
paints, wood preservatives, and biocide products (Haydee and Dalma 2017). From
chlore alkali plastic industry and coal power station, organo mercurial compounds
are discharged into the environment (Haydee and Dalma 2017). From petroleum
industry and automobiles, organo lead (tetramethyl lead and alkyl lead) compounds
are emitted (Haydee and Dalma 2017). These pollutants persist in environment and
cause serious health related issues to humans and aquatic living things. Hence,
monitoring of environmental pollutants is essential to protect the human beings
and our mother nature from their adverse effects. Furthermore, detection of target
analytes in the field of food safety (Khansili et al. 2018; Srivastava et al. 2018),
clinical diagnosis (Singh et al. 2014), forensic detection (Ferreira et al. 2019), and
defense activities (Li et al. 2019a) are also essential.

In order to detect targeted analytes, numerous analytical techniques have been
developed by the scientific community so far. Their details with possible applica-
tions as sensing methods are given in Table 9.1.

Some of these methods have shown high sensitivity and selectivity toward certain
kinds of analytes. For example, inductively coupled plasma optical emission spec-
trometry, flame atomic absorption spectrometry, and laser-induced breakdown spec-
troscopy are exclusively used for detection of metal ions in aqueous phase while
FTIR spectroscopy and ultrahigh performance liquid chromatography tandem mass
spectrometry are used for sensing of organic molecules. Nevertheless, they have
some disadvantages which are as follows: (a) high instrument cost and maintenance
cost, (b) time-consuming analytical procedure, (d) need of special operational
condition, and (d) unsuitability for on-site analysis. Therefore, inexpensive, portable,
and efficient analytical techniques are needed to be developing for detection of
targeted analytes.

In this regard, electroanalytical techniques such as amperometry, differential
pulse voltammetry (DPV), and cyclic voltammetry methods have considerable
attention in the field of sensors. The electrochemical sensors are portable, selective,
sensitive, and relatively low cost. It is also active in wide analytes concentration
range and simple to use. Besides, nanomaterials-based electrochemical sensors
further offer the benefits of reliability, improved sensitivity, and selectivity due to
the unique structure, high surface area, and notable electrocatalytic activity of
nanomaterials. So far, nanomaterials including metals, metallic compounds, and
carbon-based materials are used to amplify the current response and thus have
achieved high performance electrochemical sensor for the determination of analytes
at trace level (Maduraiveeran et al. 2019; Thiyagarajan et al. 2014).

In this chapter, we reviewed recent developments on metal oxide and metal
sulfide modified electrodes as sensors in the detection of environmental pollutants,
food contaminants, and biologically important molecules. Basically an ideal
electrocatalytic material should fulfill three features for sensing applications. They
should have (a) good electrical conductivity for fast electron transport, (b) rich
exposed catalytic sites, and (c) easy accessibility to target molecules. These features
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Table 9.1 Analytical techniques for detection of analytes

R. Suresh et al.

S. no. | Analytical techniques Application References
1 Laser-induced breakdown spectroscopy Detection of heavy Fu et al.
(LIBS) metals (2018)

2 Atomic fluorescence spectroscopy (AFS) Detection of heavy Rodas et al.
metals and metalloids (2010)

3 Fluorescence spectroscopy Quantification of Fu et al.
organic and inorganic (2019)
species

4 Ultra violet-visible absorption spectroscopy | Quantification of Shi et al.
organic and inorganic (2019)
species

5 “FTIR spectroscopy Determination of Nieuwoudt
organic molecules et al. (2004)

6 Quadrupole ion trap mass spectrometer Determination of dry Ozdemir et al.
microparticles (2019)

7 Raman spectroscopy Organic and inorganic | Shende et al.
species (2019)

8 Capillary electrophoresis "DNA analysis Liu et al.

(2001)
9 Field effect transistors Biological molecules Syu et al.
(2018)
10 Bio-imaging Inorganic species Wang et al.
within biological (2019)
system
11 Inductively coupled plasma mass spectrom- | Inorganic species and Rojano et al.
etry (ICPMS) isotopes (2019)

12 Inductively coupled plasma optical emission | Metal ions Sneddon et al.
spectrometry (ICPOES) (2017)

13 Flame atomic absorption spectrometry Metal ions Habila et al.
(FAAS) (2019)

14 External cavity-quantum cascade laser Determination of bio- Montemurro
spectroscopy logical molecules et al. (2019)

15 Laser desorption ionization mass spectrom- | Metabolite detection Mourroux
etry imaging et al. (2019)

16 High pressure liquid chromatography-mass | Organic molecules and | You et al.
spectrometry (HPLC-MS) metal ions (2019)

17 Ultrahigh performance liquid chromatogra- | Organic molecules Du et al.
phy tandem mass spectrometry (2019)

AFTIR Fourier transform infrared, >DNA deoxyribonucleic acid

included in one material are difficult to obtain. Thus, new materials using mixtures of
metal oxides and metal sulfides and surface functionalization are developed for
inducing a synergistic effect. The adaptation of these improvement strategies in
metal oxide and metal sulfide—based sensors are also described.
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9.2 Metal Oxides—Based Electrochemical Sensors

The nanostructured metal oxides have larger surface area and unique morphology.
Hence, their functions as electrode material in electrochemical sensors will
strengthen the conductive sensing interface (George et al. 2018), i.e., nanomaterials
exhibit fast electron transfer ability between the analytes and electrode. The surface
modification of working electrode by metal oxide nanostructures can also be easily
achieved by drop casting (Suresh et al. 2014a) and deposition methods (Dhungel and
Park 2010). Therefore, a great attention has been paid by the worldwide researchers
for the evaluation of electrochemical sensing properties of transition and inner
transition metal oxides such as oxides of iron, copper, manganese, cobalt, nickel,
titanium, silver, cadmium, tin, zinc, and cerium.

9.2.1 Pure Metal Oxides

In recent decades, the metal oxide modified electrodes have been used for sensing of
various analytes in solution as well as in gas phase. Few important metal oxide
nanostructures modified electrodes with their sensing performances have been given
in Table 9.2. It can be seen that pure Fe,O5, CuO, Co30,4, ZnO, SnO,, CeO,, and
TiO, showed good electrochemical sensing performances toward selected analytes.
The plausible reasons behind their enhanced electrochemical sensing behaviors are
explained in the following way.

(a) The high surface area

In general, electrode with larger electroactive surface area shows relatively high
current response even at very low concentration of analyte. The metal oxide
nanostructures also have greater electroactive surface area and thus act as better
electrochemical sensor. For example, CdO (cadmium oxide) modified screen-printed
carbon electrode performs as excellent ascorbic acid sensor in phosphate buffer
saline electrolyte (Gopalakrishnan et al. 2018) than the bare screen-printed carbon
electrode. The obtained sensitivity and detection limit of CdO modified electrode are
0.42 AM~' cm~? and 53.5 nM, respectively.

(b) Surface hydroxyl group

The presence of surface hydroxyl group on metal oxide plays a vital role in their
electrochemical sensing performances (Fig. 9.1). For example, Fe,O; modified
glassy carbon electrode exhibited greater anodic peak current response than the
bare glassy carbon electrode in the presence of 0.5 mM pyrocatechol at 50 mVs ™.
The surface hydroxyl groups on Fe,O; nanoparticles could interact with hydroxyl
group of pyrocatechol through hydrogen bonding which facilitates electron transfer

efficiently from pyrocatechol to the electrode surface (Suresh et al. 2013).
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Metal oxide layer

Electrode ¢ Oxidation

"

-OH - Surface hydroxyl group on metal oxide
...... Hydrogen bonding

A4 -Reduced form of analyte Ay - Oxidised form of analyte

red

Fig. 9.1 Role of surface hydroxyl group on metal oxide nanoparticles modified electrode as sensor:
the analyte molecule interacts with electrode material through hydrogen bonding and subsequently
transfer electrons

(c) Defective surface

In general, the electrochemical active sites will be more if the electrode material
has more defective surface. For example, Cai et al. (2019) have fabricated discal
shaped Fe,Os/graphene oxide hybrid modified glassy carbon electrode and used as
sensor for dopamine and uric acid. The sensor exhibited detection limit of 3.2 and
2.5 nM for dopamine and uric acid, respectively. They reported that the observed
remarkable activity is due to the availability of greater defective surface in Fe,Os/
graphene oxide hybrid.

(d) The unique morphology

Electrochemical sensing property is dependent on morphology of nanomaterials
that have been modified on the surface of the electrode (Venkadesh et al. 2017).
Eremenko et al. (2012) have reported that the material with wire-like morphology
could be one of the best strategies to improve electrocatalytic activity of that
material. Because the nanowires have higher specific surface area and better electron
transport property than the nanoparticles. Ahmed et al. (2020) have fabricated ZnO
microparticles, ZnO cones, and ZnO nanotablet modified glassy carbon electrode
and utilized for the determination of ammonia and dimethylamine. They found that
ZnO microplates and ZnO cones modified -electrodes selectively detect
trimethylamine while ZnO nanotablet modified electrode shows highly selective
and sensitive detection of ammonia in solution.
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(M,0,)

Metal oxide layer

OX

Electrode
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Fig. 9.2 Electron transfer from analyte to metal oxide modified electrode through redox couple

(e) Inherent electrochemical behavior

Transition metal oxides such as Fe,O;, CuO, V,0s5, and Co30, inherently have
excellent redox mediating property due to existence of metal center with variable
oxidation states (Fig. 9.2). For example, V,05 has VIV)/V(V) redox couple, which
acts as an electrochemical redox mediator in number of electrocatalytic reactions.
The d° electronic configuration of V(V) ions facilitates active sites for analyte
molecules (George et al. 2018). Similarly, Fe(Il)/Fe(Ill) redox couple in iron
oxide-based electrodes effectively mediates electrocatalytic oxidation of uric acid
(Suresh et al. 2014b), folic acid (Maiyalagan et al. 2013), and dopamine (Wang et al.
2018a).

(f) Bio-compatibility

The metal oxides like Fe;0,4, CuO, ZnO are generally non-toxic and biocompat-
ible in nature (Melnyk et al. 2019). Therefore, they are used extensively in electro-
chemical sensing devices for determination of biomolecules such as enzyme, DNA,
and bacteria (Cesewski and Johnson 2020).

(g) Availability of different phases

The electrocatalytic property is dependent on the phases of metal oxide. For
example, iron(Ill) oxide commonly exhibits two stable phases namely, a-Fe,O;
(hematite) and y-Fe,O3 (maghemite). Among them, y-Fe,O3; nanofibers modified
glassy carbon electrode showed oxidation peak at —0.06 V with larger current in
phosphate buffer electrolytic solution containing 1 mM ascorbic acid. While bare
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Visible light

\
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Fig. 9.3 Photoelectrochemical oxidation of analyte at metal oxide electrode modified electrode. VB
valence band, CB conduction band

and oa-Fe,O3; nanofibers modified glassy carbon electrode showed large
overpotential with broad peak current for 1 mM ascorbic acid (Wang et al. 2018a).
It suggests that y-Fe,Oj5 is superior electrocatalyst than o-Fe,O3 material. The WO3
exhibits monoclinic and orthorhombic phases. Among them, monoclinic structured
WOj; showed an improved electrochemical performance toward the oxidation of
dopamine in the presence of ascorbic acid (pH 7.0) than that of orthorhombic WO;
(Anithaa et al. 2015).

(h) Light harvesting capacity

Metal oxides, like Fe,O3, V,05, Cu,0O among others, absorb visible light effi-
ciently while ZnO and TiO, absorb ultraviolet light in solar energy. This property is
used in electrochemical sensing applications (Zhang et al. 2014). That is, during
irradiation of suitable light on metal oxide modified electrode, the electrons in
valence band are excited to their conduction band and leave holes at valence band.
The analyte undergoes oxidation at valence band while excited electrons are trans-
ferred to the electrode (Fig. 9.3). The measured photocurrent is directly proportional
to the concentration of analyte.

As discussed above, pure form of metal oxides is more useful in the development
of electrochemical sensors for many analytes. However, there are some disadvan-
tages of metal oxides as electrode materials. Because (i) some metal oxides are
insulators or exhibit poor electron transport behavior, (ii) fouling of oxidized/
reduced products occurs at electrode surface, (iii) high agglomeration during elec-
trochemical process, and (iv) limited availability of selective binding sites for
analytes. To overcome these shortcomings, the following improvement strategies
were developed.
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9.2.2 Surface Functionalization

Functionalization of suitable functional groups on the surface of metal oxides has
considerable interest. For example, polyamidoamine dendrimer functionalized
Fe;0,4 nanoparticles (Fig. 9.4) were synthesized and used for the determination of
Pb** and Cd** ions in environmental water samples (Maleki et al. 2019). This sensor
showed linear response to Pb>* and Cd** ions over a range from 0.5 to 80 ng mL ™.
The obtained low detection limits are 0.17 ng mL~" for Pb>* and 0.21 ng mL ™" for
Cd™.

9.2.3 Metal Ion Doping Process

The material with good electrical conductivity can be used as electrode material in an
electrochemical sensor. The metal ion doping is a rational method to increase the
electrical conductivity of metal oxides. Generally, transition and inner-transition
elements are used as dopants in metal oxides. In this view, metal ion doped metal
oxides have been used as electrode surface modifying layer and applied as sensor for
various analytes. For instance, the Co®* doped hematite nanospheres modified glassy
carbon electrode showed greater anodic peak current with lower oxidation potential
toward oxidation of uric acid than the bare and pure hematite modified electrode
(Suresh et al. 2012). Subsequently, 7% Ni2+—d0ped V,05 nanoparticles modified
glassy carbon electrode showed greater peak current (~22.5pA) with lower potential
for oxidation of dopamine (0.1 mM) in phosphate buffer solution than (~12.5pA)
bare and (~13.5pA) pure V,05 modified electrode (Suresh et al. 2014a). The La**
doped Co30,4 nanocubes—based screen-printed electrode exhibited peak current
enhancement and the low oxidation overpotential for Sudan I than undoped Co3;0,

NHa

SiO:Ia}-‘er :"“"“"1{_""_5 \/F_J
' _/—H:\':
. ] : [ i

Fig. 9.4 The structure of polyamidoamine dendrimer functionalized Fe;O,4 nanocomposite that
was used for electrochemical detection of Pb?* and Cd** ions in solution. The SiO, layer acts as a
linker between Fe;O,4 and dendrimer molecule. The structure was redrawn with modification from
Maleki et al. (2019)
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modified screen printed electrode. This sensor showed detection limit of 0.05uM.
Further, it was used as Sudan I sensor in chili powder, tomato paste, and ketchup
sauce (Moghaddam and Tajik 2019). The Cu doped ZnO nanoparticles modified
indium tin oxide electrode was used as sensor for detection of glucose in alkaline.
When compared to pure ZnO modified electrode, Cu doped ZnO modified electrode
showed greater current response with detection limit of 10~° M (Mahmoud et al.
2019).

9.2.4 Fabrication of Composites

The coupling of metal oxide nanoparticles with metal compounds or metals or
carbon materials or polymers will afford material with superior properties. This
approach is also adopted in the field of sensor for the development of electrode
materials. Table 9.3 shows few metal oxides—based binary composites with their
electrochemical sensing properties.

For betterment, metal oxide—based ternary composite electrode materials with
good electrochemical sensing behaviors have also been constructed. For instance,
Pd@Ce0O,-SnO, modified glassy carbon electrode was effectively used for quanti-
fication of H,O, in solution as well as in vegetable samples. The linear range and
detection limit were found to be 0.15-1920pumol L' and 44 nmol L™, respectively
(Ensafi et al. 2019). The Bi,Os/Fe,O5 decorated graphene oxide modified pencil
graphite electrode (Das and Sharma 2019) was reported for selective determination
of cadmium ions with low detection limit (1.85 ng L™") and high sensitivity (2034.2
A cm 2g 'L). The CuO/C;Ny/reduced graphene oxide modified glassy carbon
electrode was reported (Li et al. 2019b) for detection of nitrite ions. The sensor
showed detection limit of 0.025pM with wide linear response range (0.2—110puM)
and high sensitivity (0.093pApM ).

9.3 Metal Sulfides—Based Electrochemical Sensor

Metal sulfides nanostructures are widely utilized as electrochemical sensor material
for various kinds of pollutants present in air, water, land, and biologically important
molecules in biological samples (Samadi et al. 2018). This is because of their
excellent redox behavior and superior electrical conductivity. Also, they are vastly
abundant and cheap materials, since they usually exist in nature as minerals such as
pyrite (FeS,), chalcocite (Cu,S), heazlewoodite (Ni3S,), molybdenite (MoS,), cin-
nabar (HgS), acanthite (Ag,S), sphalerite (ZnS), galena (PbS), and orpiment
(As,S3). Moreover, metal sulfide nanoparticles also synthesized and explored their
properties in detail (Shen and Wang 2013; Roberts and Williams 1975).
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9.3.1 Pure Metal Sulfides

The nanostructured transition metal sulfides have been synthesized by various
methods such as precipitation, hydrothermal, sonochemical, thermal decomposition,
electrochemical, microwave assisted method, and vapor phase sulfurization
approach, and they are used as electrode material for the detection of analytes.
Some important metal sulfide nanostructures modified electrodes with their sensing
performances are given in Table 9.4.

From the Table 9.4, it can be said that pure CuS, CoS, ZnS, and FeS showed good
electrochemical sensing performances toward targeted analytes. The plausible rea-
sons behind their electrocatalytic activity are explained subsequently.

(a) The largest available electroactive surface area

Like metal oxides, metal sulfides also exhibit largest electroactive surface area
and thus show good electrochemical sensing performances toward analytes. For
example, Li et al. (2019c) have determined the electroactive surface of CuS
nanoflower modified glassy carbon electrode by using Anson equation. Since the
estimated electroactive surface area of CuS modified electrode (0.258 cm?) is more
than that of bare electrode (0.0709 cmz), its sensing behaviors toward tartrazine
(sensitivity — 1.733 A M', detection limit — 0.012uM) and sunset yellow
(sensitivity — 0.226 A M, detection limit — 0.006pM) are also superior.

(b) The morphology

The sensing property of metal sulfides is also dependent on shape of the particles
(Venkadesh et al. 2017). For instance, CuS with different morphologies such as
microspheres, hexagonal microsheets, sandwich-like plates, interlaced nanosheets,
and nanoflowers have been prepared by simple solvothermal method (Li et al.
2019c). These CuS nanostructures modified glassy carbon electrodes were used to
determine tartrazine and sunset in phosphate buffer solution. Among other morphol-
ogies, CuS nanoflower showed excellent sensing behavior (detection limit 0.006puM)
owing to its unique three-dimensional hierarchical porous nanostructures. This
morphology preserves larger active surfaces and provides channels for the transport
of analyte molecules. Therefore, analyte molecules are enabled to contact with active
sites of CuS nanoflowers. On the other hand, PbS dendrites and nanocubes were
synthesized by thermal decomposition method and applied as sensor for dopamine in
solution (Gaur 2020). When compared to PbS nanocubes modified electrode, PbS
dendrites modified electrode showed enhanced redox current and reduced peaks
potential.

(c) Good electrochemical behavior of metal sulfides

Specifically, sulfides of iron, copper, cobalt, and molybdenum are having good
electron transfer capability due to their variable oxidation states. For example, FeS
modified fluorine doped indium tin oxide electrode (Show et al. 2017) showed
enhanced electrocatalytic activity toward reduction of H,O, which was due to
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electron transfer property of FeS through Fe(Ill)/Fe(II) redox couple. On the other
hand, CuS dendrite modified Ni foam electrode showed sharp redox peaks due to Cu
(0)/Cu(I), Cu(0)/Cu(l), Cu()/Cu(Il), and Cu(II)/Cu(Il) couples. Due to this best
electrochemical behavior, CuS dendrite exhibited superior sensing behavior toward
glucose (Kim et al. 2016).

(d) Non-toxicity

Many sulfide minerals are abundant in the earth crust. They are mostly non-toxic
to living things (Figueroa et al. 2017). Especially pyrite (FeS) and chalcopyrite
(CuFeS,), sulfide ores of iron, and copper are widespread sulfide minerals in nature.
Also, they are all good electroactive materials. Interestingly, their semiconducting
behavior makes them as potential electrochemical sensor materials for quantification
of analytes. For example, natural pyrite and chalcopyrite sample (Wang et al. 2018b;
Shen and Wang 2013) was used as electrode for detection of H,O, in solution. The
pyrite and chalcopyrite electrodes showed detection limit of 8.6 and 52 Mm, respec-
tively. These sensors also showed great sensitivity and repeatability.

(e) Availability of different phases

Different phases of a particular metal sulfide have different electrochemical
sensing properties. For example, nickel sulfide has sulfur-rich and nickel-rich phases
such as NIS, Ni3SZ, Ni3S4, Ni7S6, and NigSg. The Ni7SG-based sensor detects H202
and glucose with sensitivities of 37.77 and 271.80pA mM ' cm™2, respectively.
Whereas, the Ni53S, modified Ni foam electrode (Kim et al. 2016) efficiently detects

glucose with a greater sensitivity of 16,460pA mM~' cm™2.

(f) Light absorption property

The metal sulfides have narrow band gap and thus played important role in
photoelectrochemical sensor for detection of analytes in real samples. For example,
CdS nanostructures were effectively used as electrode materials in
photoelectrochemical sensing devices for determination of various analytes (Ibrahim
et al. 2018).

Besides their application of pure metal sulfides, they also have disadvantages in
using sensitive sensor in real samples due to their poor ion transport kinetics, low
selectivity, and sensitivity. These disadvantages can be overcome by the following
methods.

9.3.2 Doped Metal Sulfides

Like metal oxides, the sensing property of metal sulfides are also tuned by doping
process with appropriate dopants. For example, nickel-doped FeS, nanoparticles—
based electrode has been used as non-enzymatic glucose sensor with linear ranges of
2-12, 0.1-10 mM and sensitivity of 60.04, 240.13pA mM cm 2, respectively
(Li et al. 2017). The Ni-doped MoS,/reduced graphene oxide modified electrode
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has also been used for determination of glucose. The linear detection range and
catalytic rate constant was found to be 0.005-8.2 mM and 6.26 x 10° cm’mol ™' s,
respectively (Geng et al. 2017).

9.3.3 Composites

Several metal sulfides—based binary composites such as metal sulfide/metals com-
pounds, metal sulfide/metals, metal sulfide/carbon materials, and metal sulfide/poly-
mers were fabricated and examined for their electrochemical sensing properties.
Some of the important metal sulfide-based composite electrochemical sensors with
their sensing performances are listed in Table 9.5.

A focus on ternary composites of metal sulfides has also been given by the
researchers. For example, VS,-SnS,/multi-walled carbon nanotube—based electrode
has been reported for the selective detection of dopamine in solution as well as in
human serum and rat brain samples (Sakthivel et al. 2019). This sensor exhibits its
activity in the concentration range from 0.025 to 1017puM with detection limit of
0.008puM.

9.4 Conclusion

The applications of oxides and sulfides of metals in electrochemical sensing devices
are pronounced. The major reasons are (a) larger surface area, (b) surface functional
group, (c¢) morphology, (d) porosity, (e) non-toxicity and biocompatibility,
(f) different phases, (g) light harvesting capacity, and (h) good redox behaviors.

At the same time, there are some disadvantages to use pure form of metal oxides
and metal sulfides as electrode material. They are (a) electrode fouling, (b) higher
agglomeration during electrochemical process, and (c) few metal oxides/sulfides act
as insulators. These shortcomings were overcome by the following ways.

(i) The conductivity of metal oxides and metal sulfides can be enhanced by doping
with transition and inner transition metal ions.
(i1) Functionalization of metal oxides and sulfides with suitable functional groups.
(iii)) The metal oxides and sulfides are composited with metals, metal compounds,
carbon-based materials, and polymers. There are many binary and ternary
composites—based electrochemical sensors that were developed.

Besides their applications, some electrode preparations are time consuming,
costly, and sometimes repeatability may be affected. However, these materials
significantly improve the sensing performances and this makes impact on the
detection of hazardous pollutants, food contaminants, and biologically important
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molecules. Hopefully, researchers will produce cheaper and greener composite
materials for electrochemical sensing applications.
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Abstract Biosensor is a device that detects biological signals by converting bio-
logical signals into detectable electronic signals. Biosensor involves the combination
of bioreceptors like proteins/enzymes, DNA, and RNA that interact with some
specific bioanalytes like antibody—antigen and a transducer that converts the inter-
action into a useful analytical signal. Several types of biosensor devices have been
successfully developed and utilized in the field of biomedical, food industries, and
environment. The conventional biosensor devices have some limitations such as
poor selectivity, low sensitivity, and expensive fabrication. Therefore, the
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development of a wide range of detection purposes, nontoxic, highly stable and
biocompatible with low cost biosensing devices, is still crucial and challenging.

The diverse chemical and physical properties including larger active surface area,
easier functionality, high adsorption capability, and fast electron-transfer capability
of metal oxide materials make them essential and cost-effective resources for the
fabrication of biosensing devices. The additional advantages of scalability and
tunable bandgap features in hybrid metal oxide materials make them suitable
alternative biocompatible devices.

This chapter addresses recent advancement in the fabrication of various types of
metal oxide-based biosensors devices including optical waveguides sensor devices,
optofluidic biosensors devices, and electrochemical sensor devices. Finally, this
chapter concludes with some interesting results, challenging innovative methods
for the development of new biosensors device, and future perspective on the
fabrications of metal oxide-based sensors devices.

Keywords Biosensing devices - Metal oxide - Materials - Optical waveguides -
Optofluidic - Electrochemical - Biomolecules - Spectroscopy

Abbreviations

DNA deoxyribonucleic acid
HQ-PA 4-(1,4-dihydroxybenzene)butyl phosphonic acid
HS- DNA thiol-terminated DNA

pH hydrogen ion concentration

Q-PA 4-(1,4-diketobenzene)butyl phosphonic acid
SEM scanning electron microscopy

SERS surface enhanced Raman spectroscopy
TEM transmission electron microscopy

10.1 Introduction

The efforts of device fabrication engineers and material researchers mainly focus on
metal oxide materials due to the abundance, cheap, easy fabrication, and high
performances of metal oxide materials. Recently, biosensor devices are developed
by using metal oxide nanostructured materials because of high sensitivity, long
reliability, and high surface-to-volume ratio of metal oxide nanostructured materials
(Caruso 2001; Tenne 2006; Doong and Shih 2010; Gupta and Gupta 2005; Pandey
et al. 2008; Chen et al. 2005). Silicon, zinc, iron, cerium, tin, zirconium, titanium,
and magnesium-based metal oxide nanostructured materials have various morphol-
ogies, functional biocompatible, nontoxic, and enhanced electron transfer properties.
Metal oxide nanomaterials have significant enhancement in sensing properties for
successfully demonstrating biosensor devices (Yamazoe 1991).
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The commonly used biosensing devices are targeting physical and chemical
(Burke et al. 2006), or biological information (Reverté et al. 2017) of analyte by
detecting changes in fluorescence intensity (Kondo et al. 2017), refractive index
(Escorihuela et al. 2014), or spectroscopic shifts (Puyol et al. 1999; Lavers et al.
2000;). Various transducers have been used in sensing devices such as waveguide
sensors (Mukundan et al. 2009; Tokel et al. 2015), total internal reflection fluores-
cence spectroscopy, dual polarization interferometry (Roy et al. 2008; Swann et al.
2004), and electrochemical sensors (Ansari et al. 2010).

The biosensor devices are needed to improve versatile design with low cost
fabrication and enhance the output signals when the sensing molecules binding to
the receptors (Yoon and Kim 2012; Luchansky and Bailey 2011). In some cases,
reversibility of the recognition is limited due to the strong binding of biomolecules
with receptors. However, different types of binding receptors have ideal signaling
mechanisms such as electrostatic interactions, affinity-based binding, electron trans-
fer, energy transfer, and complex formation. Especially, nanostructured materials
surface functionalized with binding receptors layer have increased sensitivity
response due to the high surface area of nanomaterials (Hennemann et al. 2013;
Balamurugan and Spivak 2011; Flavin and Resmini 2010; Xu et al. 2011).

Device-based biosensors are mainly utilized as optical and electrochemical trans-
ducers because of the flexible design and easy to handle. Optical waveguide-based
device has lots of attention due to the flexibility with high configuration and less
optical loss (Duer et al. 2010; Prak et al. 2011). Electrochemical devices are very
easy to fabricate handheld devices (Kumar et al. 2017), and screen-printing elec-
trodes are very cost-effective technology to fabricate the devices with innovative
design (Sun et al. 2017).

This chapter deals with the synthesis and properties of metal oxide materials,
fabrication of metal oxide-based biosensor devices, and focusing on optical (Raman/
fluorescent) and electrochemical transducer-based biosensing devices. Finally, con-
clude this chapter with future perspective of fabrications of metal oxide-based
sensors devices.

10.2 Methods of Synthesis in Metal Oxide Nanostructured
Materials

Synthesis of metal oxide nanostructured materials has mainly involved either direct
physical or chemical deposition techniques. Physical deposition is “top-down”
approach without the involvement of chemical reactions such as thermal evaporation
(Pan et al. 2001), molecular beam epitaxial (Mia and Chang 2009), sputtering
(Zheng et al. 2008), laser ablation (Nagashima et al. 2007), and confinement growth
(Liang et al. 2010; Choi et al. 2006). Chemical deposition method is a “bottom-up”
approach, usually involving chemical reactions during the synthesis through chem-
ical vapor deposition (Park et al. 2002), hot-filament metal oxide vapor deposition
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Fig. 10.1 (a) Transmission electron microscopy (TEM) image of nickel oxide nanorods. (b)
Scanning electron microscopy (SEM) cross-section image of zinc oxide nanowire. (¢) SEM images
of zinc oxide nanobelts. (d) SEM image of zinc oxide nanofibers. (¢) TEM image of copper oxide
nanoribbons. (f) SEM image of titanium oxide nanotube. Inset: top and bottom views of nanotube
structures; nm, nanometer; um, micrometer; kV, beam accelerating voltage or electron volt.
(Reprinted with permission of Elsevier from Wang et al. Chem. Phys. Lett. 2002; ACS from Lori
E. Greene et al. Inorg. Chem. 2006; ACS from Wen et al. J. Phys. Chem. B, 2005; John Wiley and
sons from Pan et al. J. American Ceramic Society, 2005; RSC from Gou et al. J. Mater. Chem. 2008;
John Wiley and sons from Schmuki et al. small. 2007)

(Kumari et al. 2007; Devan et al. 2010), thermal oxidation (Sedach et al. 2010),
solvothermal (Sun et al. 2005; Su et al. 2011), and sol—gel syntheses (Limmer and
Cao 2003).

Metal oxide nanostructured materials have been used for the fabrication of
nanosensing devices because researchers have believed the uniform size and shape
of nanostructured materials with well crystalline structure and a consistent chemical
composition with verity of morphology. The structural morphology of metal oxide
nanostructured materials is related with the concentrations of metal oxide precursor,
diffusion rate, temperature, and reaction time. Figure 10.1 shows the various mor-
phologies of metal oxide nanostructured materials such as nanorods (Wang et al.
2002), nanowires (Greene et al. 2006), nanobelts (Wen et al. 2005), nanofibers
(Wu and Pan 2006), nanoribbons (Gou et al. 2008), and nanotubes (Macak et al.
2007).
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10.3 Properties of Metal Oxide Nanomaterials

Zinc oxide (ZnO), nickel oxide (NiO), titanium oxide(TiO,), silicon oxide (SiO,),
iron oxide (Fe,03), and zirconium oxide (ZrO,) based metal oxide nanostructured
materials (Gooding 2006; Rosenholm et al. 2009; Bavykin et al. 2004; Forzani et al.
2004; Wang et al. 2006; Liu et al. 2005) are widely used for fabricating various
biosensing devices.

Metal oxide nanomaterials have unique physical and chemical properties, includ-
ing wide bandgaps (Emeline et al. 2005; Kroger et al. 2009), good electrical (Mavrou
et al. 2008; Lee et al. 2009), optical (Su et al. 2006), high dielectric constants
(Gutowski et al. 2002; Rignanese 2005; Robertson 2006), reactive electronic tran-
sitions (Chen et al. 2002; Sysoev et al. 2006), electrochromic characteristics
(Rosseinsky and Mortimer 2001; Granqvist 2008), and superconductivity (Takada
et al. 2003). In addition, metal oxide nanomaterials are biocompatible, nontoxic,
larger surface area with tunable transition state, and thermally stable. The hybrid of
metal oxide nanomaterials-based biocomposites is currently used as promising
materials for designing new biosensor devices applications. Some examples of
metal oxide nanomaterials used for biosensors applications are shown in
Table 10.1 (Malhotra et al. 2012).

Table 10.1 The properties of various metal oxide nanomaterials such as zinc oxide, nickel oxide,
titanium oxide, silicon oxide, iron oxide, zirconium oxide, and cerium oxide

Metal
oxides Properties Analyte References
Zinc oxide | Structural morphology, fast | Cholesterol oxidase (ChOx), DNA, Gooding
(ZnO) electron transfer, and glucose oxidase (GOx), horseradish (2006)
biocompatibility peroxidase (HRP), and immunoglob-

ulin G (IgG)
Nickel Fast electron transfer and Cholesterol oxidase (ChOx), DNA, Rosenholm
oxide high adsorption glucose oxidase (GOx), lipase, and et al. (2009)
(NiO) immunoglobulin G (IgG)
Titanium Photocatalysis, wide Cholesterol oxidase (ChOx), DNA, Bavykin
oxide bandgap, and glucose oxidase (GOx), horseradish et al. (2004)
(TiO,) biocompatibility peroxidase (HRP), lipase, and immu-

noglobulin G (IgG)
Silicon Structural morphology, Cholesterol oxidase (ChOx), DNA, Forzani
dioxide surface functionalization, glucose oxidase (GOx), lipase, and et al. (2004)
SiO,) and biocompatibility immunoglobulin G (IgG)
Iron oxide | Super paramagnetism and | Cholesterol oxidase (ChOx), DNA, Wang et al.
(Fe>03) affinity with oxygen atom | glucose oxidase (GOx), and immuno- | (2006)

of proteins globulin G (IgG)

Zirconium | Biocompatibility and bind- | Cholesterol oxidase (ChOx), DNA, Liu et al.
oxide ing with phosphorus atom | glucose oxidase (GOx), horseradish (2005)
(ZrO») of DNA peroxidase (HRP), lipase, and immu-

noglobulin G (IgG)

The use of metal oxide nanomaterials in biosensor devices for analyzing bioanalytes such as DNA,
cholesterol oxidase.
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10.4 Fabrication of Metal Oxide-Based Biosensor Devices

A sensor device can sense the measured information into an electrical or other
analytically useful signal using specific receptors molecules. The signal intensity is
related to the concentration of target biomolecule to be detected (McQuade et al.
2000; Dzyadevych et al. 2007). Fabrication of biosensors devices mainly focused on
selectivity, sensitivity, flexibility, and low cost. The metal oxide-based sensing
devices overcome the limitations of conventional methods such as incapability of
precise control of the transducer. Metal oxide-based biosensor devices are
constructed by specific biorecognition subunit (ligand) layer decorated with a
transducer surface (metal oxide) through spacer (monolayer) as shown in
Fig. 10.2. Sensor devices generated the signals from analyte concentration and
evaluated with physicochemical transducers mainly as optical or electrochemical.
Hence, metal oxides have hope for fabricating biosensors devices with flexible and
handhold with low cost.

QO S0 0 OD_,,._J Flow with biomolecules ( various analyte)
Matching biomolecule (specific analyte)

OW SR s
ﬁ%mm i Specific bio-recognition subunit (ligand)

a 5 ™ Functional monolayer (or) spacer
(a) Metal oxides

|

(b) Transducer

l

Signal
Amplifier

o Fluorescence
| o Raman
o Electrochemical

Data processing

(c) @

Fig. 10.2 The component involves in the fabrication of metal oxide-based biosensor device. (a)
Receptors: the surface functionalization of metal oxide to achieve a targeted interaction with the
analytes. (b) Transducer analyzes the valuable analytical signals from receptors as electrical energy.
(c) Signal amplifier further amplified the electrical signal to processor. (d) Finally, the data
processed in an electronic form
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10.5 Optical Waveguide-Based Metal Oxide Biosensor
Devices

An optical waveguide is a device that guides waves; electromagnetic waves pass
through the analyte molecules in direct or indirect methods (Girard et al. 2000).
Waveguide-based sensing devices can offer a label-free detection of biomolecules
with high selectivity and sensitivity in real-time analysis (Lukosz 1995; McDonagh
et al. 2008).

10.5.1 Fluorescence-Based Waveguide Biosensor Devices

Fluorescence-based waveguide biosensor devices have much attention in the field of
biomedical and materials researcher due to the high sensitivity, easy to handle,
interpretation, fast analysis in real samples, and portability with moderate cost
(Leung et al. 2007; Wang and Wolfeis 2013). The major advantage of
fluorescence-based waveguide biosensor devices is that the lower concentration of
analyte can be detected with high sensitivity because of the waveguide chip that is
always away from the detection region (Farré et al. 2009; Golden et al. 1992;
Wadkins et al. 1998).

10.5.2 TriPleX™ Waveguide Chip

Liu et al. (2018) fabricated a TriPleX™ waveguide chip on glass substrate for the
simultaneous detection of 32 analytes. TriPleX™ waveguide sensing chip consisted
of 32 separated sensors patches with 3 Y-junctions splitters in four equal rows and
eight excitation windows in parallel as shown in Fig. 10.3a. The layout of TriPleX™
waveguide chip shows that the chip contains the multilayer stacking of silicon nitride
and silicon oxide in the area of 65 mm x 20 mm and 1 mm in depth for distributing
laser light into 32 separated sensing windows. The cross-section of TriPleX™
waveguide chip single stripe is shown in Fig. 10.3b and c. Figure 10.3d shows the
fluorescence collection of integrated flow cell with polymer fiber. The waveguide
chip successfully applied for the detection of environmental contamination in water
samples with higher sensitivity. The detection limit as low as 0.22 pgL ™' for
microcystin-laboratory reagent (LR), 1.18 pgL ™' for 2, 4-dichlorophenoxyacetic
acid, 0.2 pgL.~" for atrazine, and 0.06 pgL~" for bisphenol-A in real water samples.

Similar kind of waveguide was developed by Liu et al. (2017) for the detection of
microcystin-LR in lake water samples with high sensitivity using integrated optical
waveguide. Multichannel waveguide chip is constructed by using 5 mW at 635 nm
semiconductor light source coupled with multichannel ion exchange waveguide.
One end of optical fiber is located under the sensor surface and another end is chip
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Fig. 10.3 (a) TriPleX™ waveguide chip layout. (b) Cross-section of TriPleX™ waveguide chip
single-stripe. (¢) Cross-section of TriPleX™ waveguide double-stripe waveguide structure and
sensing windows. (d) Integration of flow cell and polymer fiber for fluorescence collection; SiO5,
silicon dioxide; SizNy, silicon nitride; nm, nanometer; pm, micrometer. (Reprinted with the
permission of Elsevier from Liu et al. Biosensors and Bioelectronics, 2019)

surface. The flow injection system is comprised by a syringe pump connected to
six-way injection valve with preincubation loop and sonication valve of flow cell.
All the data acquisition is fully automated by using computer and the whole diagram
of the integrated optical fluorescence multichannel biosensor is shown in Fig. 10.4.

The waveguide chip was designed as shown in Fig. 10.5a and the cross-sectional
view along one of the sensing patches can be seen in Fig. 10.5b. A photographic
image of light propagation along the waveguide chip is shown in Fig. 10.5c. The
fabrication of fluorescence waveguide decorated with monolayer of
(3-mercaptopropyl) trimethoxysilane and N-(4-maleimidobutyryloxy) succinimide
for immobilization of bovine serum albumin-microcystin-LR conjugate was con-
firmed by atomic force microscopy. The beam transmission model simulated broad-
cast of light throughout the waveguide chip that allowed the optimization of
waveguides for immune sensing applications. The waveguide chip was successfully
applied in real water samples for the detection of microcystin-LR in the range of
submicrogram (e.g. 0.5 pgL ") per liter with recovery rates between 84% and 108%.

10.5.3 Nanoporous Optical Waveguide Sensor Device

Nanoporous optical waveguide devices also have much attention for label-free
biosensing applications. Hotta et al. (2012) have developed on optical waveguide
for label-free biosensing of bovine serum albumin. The fabrication of nanoporous
optical waveguide device is composed by porous anodic alumina film wrapped with
aluminum film on glass substrate as shown in Fig. 10.6a. The incident light reflection
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Fig. 10.4 Integrated optical fluorescence multichannel biosensor. (Reprinted with the permission
of springer nature from Lanhua Liu et al. Scientific Reports. 2017)

spectrum of porous anodic alumina wrapped with aluminum multilayer and electric
field distribution of different orders are shown in Fig. 10.6b and c. Nanoporous
optical waveguide has been successfully utilized bioaffinity interaction between
biotin and streptavidin at different pH. The sensitivity of porous anodic alumina
was 20-fold higher than that of conventional surface plasmon resonance sensors, and
the detection limit was as low as 5.7 pg(mm?)~" for bovine serum albumin.

10.6 Surface Enhanced Raman Spectroscopy Based
Optofluidic Biosensors Devices

Titanium oxide nanotubes coated with silver nanoparticles array-based optofluidic
device have been developed for the detection of alkylthiol-capped deoxy ribonucleic
acid (DNA) oligo strand using surface-enhanced Raman spectroscopy (SERS)
(Lamberti et al. 2015). Titanium oxide nanotubes and silver nanoparticles have the
potential to enhance the electromagnetic enhancement and charge transfer mecha-
nism because the high surface area of titanium oxide nanotubes will increase the
amount of adsorbed molecules as shown in Fig. 10.7.
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Fig. 10.5 (a) Sensor layout; (b) a cross-sectional view along one of the sensing patches, showing
the waveguide, isolation layer, and location of the surface chemistry; (c) a photographic image of
light propagation along the waveguide chip (SiO,- silicon dioxide; BK7- 7th borosilicate crown
glass; a junction divide a single input waveguide into two output waveguides with a geometry
similar to the letter Y is called as Y- junction splitter). (Reprinted with the permission of springer
nature from Lanhua Liu et al. Scientific Reports. 2017)

The array-based devices have good uniformity of Raman signals as shown in
Fig. 10.8a, and the SERS spectrum of rhodamine 6G injected into the channel with
30 s patterned is shown in Fig. 10.8b. The performance of silver/titanium oxide
nanotubes optofluidic device was obtained by measuring the Raman intensity at
1610 cm™" for free surface of silver with titanium oxide nanotubes and also the

SERS detection of an alkylthiol-capped DNA oligo strand (SH-C6-AAAAAA,
polyA-SH).
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Fig. 10.6 (a) Nanoporous optical waveguide platform with porous anodic alumina/aluminum
multilayer film. (b) Reflection spectrum of porous anodic alumina/aluminum multilayer film
measured in the Kretschmann configuration. (¢) Electric field distributions of TE waveguide
modes with different mode orders (m); TE, transverse electric; BK7-th, borosilicate crown glass;
Al, aluminum; PAA, porous anodic alumina; Xe, xenon; m, mode order; s, polarized-German
senkrecht polarized (the polarization of light electric field occur perpendicularly to the plane of
incidence). (Reprinted with the permission of ACS from Hotta et al. ACS Nano 2012)

Fig. 10.7 Three-
dimensional design of TiO,
nanotubes coated with silver
nanoparticles with
mechanism of
electromagnetic

(EM) enhancements and
charge transfer (CT); Ag,
silver; SERS, surface
enhanced Raman
spectroscopy; TiO5,
titanium oxide. (Reprinted
with the permission of RSC
from Lamberti

et al. J. Mater.

Chem. C. 2015)

10.7 Electrochemical Biosensor Devices

The fabrication of modified electrodes has very important role in electrochemical
biosensor for the detection of biomolecules. The electrode surface should be mod-
ified with suitable binding receptors of biological molecule with good uniformity for
increasing the selectivity and sensitivity of biosensor devices.
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Fig. 10.8 SERS spectra of rhodamine 6G at 10~ molar concentration (a) and peak intensity at
1650 cm™" of rhodamine 6G along the microfluidic channel (b); RSD, relative standard deviation;
a. u., arbitrary unit; mm, millimeter; em” !, centimeter inverse. (Reprinted with the permission of
RSC from Lamberti et al. J. Mater. Chem. C. 2015)
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Fig. 10.9 Parts of the component mainly involving in the electrochemical sensors device; 1,
current; Vg, reference voltage; V., output current

The arrangement of three electrodes test strip was comprised of three electrodes.
The working electrode was coated with biorecognizing molecules. The reference
electrode keeps the current of working electrode during the chemical reaction, and
the counter electrode supplied the optimal current into the working electrode and the
whole process of electrochemical sensors device is shown in Fig. 10.9.
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10.7.1 Electrochemical Sensors for Metal-Oxide-Metal
Sensor Devices

A simple and low cost glucose sensors device was fabricated by using platinum/
copper oxide/platinum metal-oxide-metal. Standard photolithography process has
been used to fabricate the device with high uniform arrangements for providing a
larger surface area that acts as a nonenzymatic reservoir for glucose oxidation. The
unique property of metal-oxide-metal sensor devices was to detect the glucose levels
at neutral pH and perform copper oxide based nonenzymatic electrochemical sensors
in alkaline medium (Abunahla et al. 2019).

The fabrication process of metal-oxide-metal sense devices (Fig. 10.10) involves
the formation of copper oxide layer on a hot plate by heating the wafer at 500 °C
followed by lithography step. The photoresist layer was patterned on the wafer by
using ultraviolet exposure system and an appropriate developer. The final wafer was
obtained by lifting the photoresist layer after sputtering the platinum layer on the
wafer devices.

The fabricated metal-oxide-metal sensor devices on glass wafer are seen in
Fig. 10.11a that show the planar structure of the devices consisting of CuO layer
and Pt electrodes. Copper oxide layer was separated by platinum electrodes as
shown in Fig. 10.12b. The SEM cross-sectional view of metal oxide metal device
shows that the formation of CuO with thickness of 26.7 nm and 20.8 nm Pt layer
(Fig. 10.11c¢).

Electrochemical Glucose Oxidation in Copper Oxide System

Electrochemical glucose oxidation was achieved in aqueous medium by using
copper oxide as catalyst with the formation of various oxidized/hydroxylated species
at all pH range. A plausible mechanism for the electrochemical glucose oxidation
into gluconolactone in the presence of redox active couple Cu?*/Cu** in alkaline pH
is as follows:

Creating CuO by
heating the wafer at Spin Coating of

spum"ms 500 °C for three hours Photnresist

: l

Sputtering

— Lift Off E— g~ Development

munsodxe AN

Fig. 10.10 The fabrication process of metal-oxide-metal sensor devices; Cu, copper; CuO, copper
oxide; Pt, platinum; UV, ultraviolet. (Reprinted with the permission of springer nature from Heba
Abunahla et al. Scientific reports, 2019)
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Fig. 10.11 (a) The fabricated metal-oxide-metal sense device on a glass wafer. (b) Planar Pt/ CuO/
Pt device. (¢) SEM cross-sectional view of metal-oxide-metal sense device; CuO, copper oxide; P,
platinum; SEM, scanning electron microscopy; nm, nanometer; um, micrometer; SCS, semiconduc-
tor characterization system. (Reprinted with the permission of springer nature from Heba Abunahla
et al. Scientific reports, 2019)
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Fig. 10.12 (a) Indium oxide nanowire mat device. (b) The DNA detection process of electro-
chemical cell; HQ, hydroquinone; Q, quinone or diketobenzene; HQ-PA, 4-(1,4-dihydroxybenzene)
butyl phosphonic acid; Q-PA, 4-(1,4-diketobenzene)butyl phosphonic acid; HS-DNA, thiol-
terminated DNA; Mv millivolt. (Reprinted with the permission of ACS from Curreli et al. JACS,
2005)

Step (i): Oxidation reaction of Cu®* to Cu®*

CuO + OH™ — CuO(OH) + e~

Juig

Step (ii): Formed Cu™ oxyhydroxide species can adsorb glucose.

CuO(OH) + glucose — 2CuO + gluconolactone + H,O
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10.7.2 Metal Oxide Nanowire Mat Based Biosensing Devices

The indium oxide nanowires array based electrochemical biosensing devices was
successfully fabricated for the detection of single-strand DNA (Curreli et al. 2005).
Indium oxide nanowires mat biosensing devices were contained two gold electrodes
that protected by a self-assembled monolayer of dodecane-1-thiol and nanowire
(between the two electrodes) followed by functionalization with
4-(1,4-dihydroxybenzene)butyl phosphonic acid (HQ-PA) as shown in
Fig. 10.12a. The formed monolayer of HQ-PA on indium oxide nanowire was
reversibly oxidized into Q-PA that was attached with thiol-terminated DNA
(HS-DNA) followed by the attachment of complementary DNA strand (dye-DNA")
as seen in Fig. 10.12b.

The selective functionalization array of indium oxide nanowire-based device was
shown in Fig. 10.13a by using two groups of electrodes. The upper electrodes
converted the formed HQ-PA layer into Q-PA on the surface of indium oxide
nanowires. SEM images before the surface functionalization of indium oxide
nanowires at different magnification were shown in Fig. 10.13b and c. The higher
magnified SEM images clearly show that the gold electrodes cover the nanowire mat
at brighter strip. Figure 10.14d shows the fluorescence image of indium oxide
nanowires device of Q-PA attached with fluorescent dye labeled DNA stand. The
dark lines are gold electrodes whereas DNA binding with Q-PA mat device appears
as the bright network. Figure 10.13e. is not showing any fluorescence because there
was no DNA binding to the nanowires with HQ-PA.

Fig. 10.13 (a) Photograph of an electrode array on indium oxide nanowire mat device. (b and c)
Scanning electron microscopy images of indium oxide nanowire mat. Fluorescence image of
indium oxide nanowire mat device (d) with thiol terminated DNA to 4-(1,4-diketobenzene)butyl
phosphonic acid, and (e) with dye-DNA' attached to the probe DNA; NW, nanowire;, Au, gold; V,
volt; um, micrometer. (Reprinted with the permission of ACS from Curreli et al. JACS. 2005)
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Fig. 10.14 Fabrication process of flexible electrodes for biosensors platform; fMLP, N-formyl-
methionyl-leucyl-phenylalanine; Rgop, reduced graphene oxide paper; CE, counter electrode; WE,
working electrode; RE, reference electrode; H,0,, hydrogen peroxide; GO, graphene oxide; GOP,
graphene oxide paper; rGOP, reduced GOP; HI, hydrogen iodide; MnO, manganese oxide;
PtClg?,~ platinum hexachloride. (Reprinted with the permission of John Wiley and Sons from
Xiao et al. Adv. Funct. Mater. 2012)

10.7.3 Lab-on-a-Chip Flexible Electrochemical Biosensors
Devices

A novel flexible electrochemical biosensor device was fabricated by using platinum-
manganese oxide with graphene paper triple component for the detection of hydro-
gen peroxide and successfully applied for real-time sensing of hydrogen peroxide in
live cells (Xiao et al. 2012). Graphene oxide nanosheets were used as a model object
for fabricating the biosensor devices through the formation of reduced graphene
oxide paper by chemical reduction method. Further three-dimensional reduced
graphene oxide paper substrate with large surface areas is produced from template-
free electrodeposition of manganese oxide nanowire. The flexible platinum-
manganese oxide graphene paper formed by mold casting and electrodeposition
provides great flexibility for scaling-up in practical applications without limiting the
size of platinum nanoparticles (Fig. 10.14). The platinum-manganese oxide with
reduced graphene oxide paper device was successfully applied for the real-time
detection of hydrogen peroxide in live cells.
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10.7.4 Three-Dimensional Origami Devices for Biosensing

Paper-based 3D origami electrochemical devices are fabricated by using gold
nanoparticles and manganese oxide nanowire networks for the detection of prostate
protein antigen in real human serum assay (Li et al. 2014). Three-dimensional
origami device is comprised by an equal size of auxiliary pad and sample tab on
the wax-penetrated paper sheet as a screen-printed electrode as shown in Fig. 10.15a.
Screen-printed electrodes array was constructed by silver/ silver chloride as a
reference electrode in paper auxiliary zone and carbon as counter electrode on the
paper sample zone. Sheet-A was used to print on electrode and cut into individual 3D
origami device as shown in Fig. 10.15b and c, respectively. Finally, the individual
3D origami device was further modified for detecting bovine serum albumin, as seen
in Fig. 10.15d. Bovine serum albumin sensing mechanism is shown in Fig.10.15e.

Paper-based electrochemical analytical device has fabricated by the growth of
silver nanoparticles layer on the surface of cellulose fibers that was enhanced the
surface area of bare paper working electrode and binding with target prostate protein
antigen as shown in Fig. 10.16.

10.8 Conclusion

Novel approach for the fabrication of metal oxide-based biosensor devices with
enhanced selectivity and sensitivity was reported. Silicon oxide with silicon nitride
TriPleX™ waveguide-based sensing devices shows the excellent selectivity and
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Fig. 10.15 Fabrication of 3D origami device; TMB, 3,3,5,5-tetramethylbenzidine; mm, millimeter;
H>0,, hydrogen peroxide; O,, oxygen molecule; MnO,, manganese oxide; Ag/AgCl, silver/silver
chloride; TMB ), oxidized form of TMB. (Reprinted with permission of Elsevier from Li et al.
Biosensors and Bioelectronics. 2014)
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Fig. 10.16 Fabrication of
electrochemical paper-based
analytical device including
the sequential growth of
gold nanoparticles (AuNPs)
and electrodeposition of
manganese oxide (MnO,)
nanowires, and application
for detection of prostate
protein antigen (PSA);

McAb,, monoclonal capture % ;; ‘f “.\ PSA
anti-PSA; McAb,, signal A s
anti-PSA; BSA, bovine P K L
serum albumin; GOx, LT d

9 > (] . A -~ — -
glucose oxidase; CNS ' \_.......: McAb
carbon nanosphere. ol A %

(Reprinted with permission
of Elsevier from Li et al.
Biosensors and
Bioelectronics. 2014)
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high sensitivity with multiple contaminants detection in water samples and simulta-
neous determination of 32 different pollutants. Nanoporous label-free optical wave-
guide devices have 20-fold highly sensitive than conventional surface plasmon
resonance sensor devices. In addition, the device allows enhancing the sensitivity
when tuning the optical properties of porous anodic alumina film. Titanium oxide
nanotube/silver nanoparticle-based optofluidic devices are promising for the detec-
tion of DNA oligo stand in surface enhanced Raman spectroscopy. Metal-oxide-
metal sensors like copper/copper oxide/copper-based electrochemical devices have
achieved for the detection of blood glucose level in human in the detection range of
2.2-10 mM. Indium oxide nanowire array based electrochemical mat devices show
an excellent selectivity of single-strand DNA. Many of the metal oxide-based bio-
molecules sensing devices can achieve in real-time and continuous monitoring of
biomolecules sensing response. The challenge of innovative methods for the fabri-
cation of metal oxide-based sensing devices is still demanded. The future investiga-
tions will be going on novel approach for the fabrication of metal oxide-based
biosensor device with highly simple method. Also, the surface functionalized
bioreceptor molecule can simultaneously be detected with various biomolecules on
the closely packed 1D biosensing devices.
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