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ABSTRACT

The present study focuses on two important aspects of next-generation electronics and
energy storage devices. One is the flexible transparent conductive electrode fabricated
using silver nanowires. Another is the ZnO anode used in zinc alkaline batteries. The
silver nanowires transparent conductive films are the potential alternative to widely
used high-cost, brittle indium tin oxide (ITO). The silver nanowires are synthesised by
following the polyol method. Among many synthesis parameters, the oxygen scanger
is important for the growth of longer silver nanowires. These oxygen scavengers (ex:
Cu or Fe ions) help to prevent the blocking/etching of silver seed particles from atomic
oxygen adsorbed on their surface. This work explores the use of manganese ions as the
oxygen scavengers during the silver nanowires synthesis due to the multiple oxidative
states of manganese. The silver nanowires are synthesised in different chloride
conditions: no chloride, NaCl, CuCl, and MnCl». The silver nanowires synthesised with
the presence of Mn(ll) ions and CI" ions show more uniform, longer nanowires with a
smaller diameter than that synthesised with the presence of Cu(ll) ions. The transparent
conductive films are fabricated by the spray coating method using the silver nanowires
synthesised with Mn(l1) ions. Three films with optical transparency (at 550 nm) and
sheet resistance of 81% & 40 Q/sq., 79% & 29 Q/sq. and 80% & 34 Q/sq. are produced.
The silver nanowires film shows excellent mechanical flexibility. The heater test

conducted on the silver nanowires film achieved a temperature of 90 °C.

Factors like the dissolution of Zn anode, hydrogen gas evolution, shape change make
the Zn/ZnO anode in zinc alkaline batteries difficult to recharge. These problems can
be mitigated by tailoring the morphology of the anode and incorporating desirable
additives with the anode. Tin oxide (SnO,) is an excellent additive to Zn/ZnO. The poor
charge transfer within SnO, due to volume expansion and microcracks are the
drawbacks of using SnO>. The liquid phase exfoliated MoS> nanosheets are used as the
support material to facilitate the charge transfer between the SnO2 nanoparticles. The
nanocomposite of MoS; nanosheets and SnO> nanoparticles (M0S2-Sn0O,) is prepared
by the ligand exchange process. The ratio of MoS; in SnO> is optimized by conducting
the supercapacitor characterizations such as cyclic voltammetry, electrochemical

impedance spectroscopy and charge-discharge study.



The prepared MoS2-SnO, nanocomposite is tested as an additive with ZnO. For this
purpose, the ZnO with three different morphology is used. First, commercial ZnO
nanoparticles with plate-like, spherical-like morphology. Second, ZnO nanorods
synthesised by microwave heating method. Third, ZnO microrods synthesised by
hydrothermal method. The solubility study conducted by atomic absorption
spectroscopy shows that the one-dimensional ZnO microrods and nanorods dissolve
slower in KOH electrolyte than the ZnO with plate-like and sphere-like morphology.
The three ZnO materials with and without the MoS2-SnO- additive are subjected to
hydrogen gas evolution, corrosion test, electrochemical impedance spectroscopy and
cyclic voltammetry. The electrochemical performance of ZnO with Mo0S2-SnO;
additive is better than the bare ZnO. Among all the samples, the performance of MoS;-
Sn0O./Zn0O nanorods is excellent and the most suitable anode material to be used in the
alkaline battery.

Keywords: Silver nanowires; MoS2-SnO2 nanocomposite; supercapacitor; ZnO

nanorods; alkaline battery
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CHAPTER 1

INTRODUCTION

The next-generation electronic devices such as flexible displays, paper solar cells,
health monitoring patches and sensors are set to meliorate the day-to-day life of the
humankind (Brunetti et al. 2019) (Yuan et al. 2019). These devices will be supported
by the energy storage systems like flexible thin film supercapacitors and batteries (Gao
et al. 2021). These flexible electronic devices are different from the conventional
electronic devices in many aspects. They are made on polymers, textiles or soft
substrates, in contrast to existing devices based on the rigid substrates. They are
designed to work in complex non-planar shapes to utilize the full potential of the

devices and materials used in them.

1.1 Flexible Electronics
1.1.1 Sensors

Nanogenerators can harvest electrical energy from the mechanical motions or the
vibrations by the piezoelectric principle. When a piezoelectric material, such as ZnO,
is subjected to mechanical deflections, there will be flow of electrons. The ZnO
nanowires could be integrated into wearable devices to monitor human health by their
body movements (Panth et al. 2020). This can be mounted on a moving part of a human

body and can also charge portable devices, such as mobile phones (Thakur et al. 2018).

1.1.2 Optoelectronic devices

The solar cell is an optoelectronic device, is a future system for green energy
generation. The commercial silicon solar cells can only be used as planar-shaped panels
as the materials used in them are primarily brittle. The organic solar cells (OSC) are the
potential technology devices for the future as these are flexible systems and can be used
in any shape (Reddy et al. 2017). Such cells can be used in roofs, windows or even on

clothes to charge the portable/wearable devices.



Another optoelectronic device is the light-emitting diode (LED). Like OSCs, organic
LEDs (OLED) are flexible. These can be rolled as paper and put into the pocket. Also,
they can be used in touch screens and wearable devices, like smart watches (Fukagawa
et al. 2018).

1.1.3 Film heaters

The transparent conductive film based heaters are used to defrost/defog the front panels
of aircraft, automobile windshields and wearable devices (Tiwari et al. 2017) (Lee et
al. 2020). The film heaters are also used as thermography patches to treat arthritis-
related illness (Sharma et al. 2020).

1.2 Transparent Conductive Materials

The transparent conductive electrode (TCE) is an essential element in the devices
mentioned above. The indium tin oxide (ITO) is the most widely used TCE material in
OSCs and OLED:s. It has excellent optical transparency (more than 95 %) and low-
sheet resistance (5-10 Q/sq). ITO is a brittle metal oxide. The mechanical flexibility, a
critical property for any flexible devices, is limited in the devices that use ITO as the
TCE (Chen et al. 2001). Also, the cost of the material is high because of the low
abundance of indium. Therefore, there is a need for an alternative material to replace
high-cost, brittle ITO to develop sustainable flexible devices.

Low-sheet resistance, high optical transparency and mechanical flexibility are the
critical properties for a flexible transparent conductive film. Graphene, carbon nanotube
(CNT), metal nanowires have been explored to replace the ITO. Single-layer graphene
is a promising candidate, but synthesis of single-layer graphene using the chemical
vapor deposition (CVD) technique is expensive. Graphene produced by the exfoliation
of graphite is not uniform and has poor electrical properties. Similarly, CNT grown
from the CVD route has high junction resistance between the nanotubes. There are
metal nanowires (NWs) mesh electrodes made up of copper and silver. Copper (Cu) is
a more abundant material than the silver (Ag). But the optical transparency (93 %) and
lower sheet resistance (20 €/sq) of Ag NWs based electrodes (Chang et al. 2014) are



too far to reach by Cu NWs based electrodes. It has an optical transparency of 85 %
and sheet resistance of 31 Q/sq (Zhang et al. 2020a).

1.2.1 Silver nanowire electrode

The TCE films fabricated using silver nanowires show excellent transparency and low
sheet resistance close to ITO. The optical transparency and electrical conductivity of
the Ag NWs film depend on the length and diameter of the nanowires and the density
of nanowires in the film. The Ag NWs film can reach 93% transparency with a sheet
resistance of less than 20 Q/sq. The mechanical flexibility of Ag NW film is excellent
when compared with the ITO and fluorine-doped tin oxide (FTO). The Ag NW film
retains its lower sheet resistance even after many bending cycles (Langley et al. 2013).

It can be bent to a bending radius of 5 mm without any loss in electrical conductivity.

1.2.2 Problem of oxidative blocking/etching in the synthesis of Ag nanowires

The one-dimensional growth of the silver nanowires is often hindered by oxidative
blocking or etching of silver seed particles during the polyol synthesis process (Wiley
et al. 2004). Wiley et al. (2005) and Korte et al. (2008) reported that the introduction of
Fe(ID/Fe(1l1) and Cu(D)/Cu(ll) ions during the synthesis process prevented this
oxidative blocking of silver seeds and enhanced the growth of silver nanowires. Due to
their dual oxidative states, copper and iron are proven to remove the oxygen from the
silver seeds through the redox process. Amongst copper and iron, the copper ions
showed better results than the iron ions (Bob et al. 2016) (Ma and Zhan 2014).
However, the silver nanowires synthesised in the presence of Cu(ll) tend to have large
diameters, in the range of 125-250 nm (Bob et al. 2016).

Many efforts are put to improve the aspect ratio (length to diameter) of the silver
nanowires. Some of them are multistep synthesis (Li et al. 2015), replacing the small
chain length PVP molecules with the longer chain PVP molecules (Sonntag et al. 2019),
the addition of Br~ions (Zhang et al. 2018a), synthesising in high pressure (Zhang et al.
2017b) and N2 gas environments (Niu et al. 2018) along with the use of oxygen

scavengers, like copper or iron ions. Despite the improvements achieved by tailoring



other parameters, the presence of oxygen scavengers (like Cu/Fe ions) remains crucial

in the synthesis of silver nanowires (Zhang et al. 2019).

1.3 Flexible Batteries

The wearable devices have to be incorporated with an energy storage device to ensure
continuous supply of the electrical energy. The bio-integrated devices which monitor
body movements and blood pulse will experience compression, bending and twisting

deformations (Berchmans et al. 2014).

1.3.1 Available battery cells

Lithium-ion batteries are the current leaders in battery domain. These batteries are
attractive due to their high open-circuit voltage, low self-discharge and lack of memory
effect. But there are many problems along with these merits. The use of hazardous non-
aqueous solvents, the need for careful encapsulation to protect these materials from the
environmental contact are some of the demerits (Wang et al. 2012). The issues of safety
problems and low specific energy (150 Wh Kg™?) increase concerns when used in

wearable human-interface devices and underwater applications.

The zinc alkaline batteries like Zn-Ag, Zn-Ni, Zn-Mn and Zn-air are used in many
electronic systems ranging from wrist watches to missiles, space and underwater
equipments. Unlike lithium-ion batteries, zinc alkaline batteries have the following
favourable characteristics (Karpinski et al. 1999),

e Very high specific energy (up to 1084 Wh kg™) and volumetric energy density

(up to 750 Wh dm™)

e High rate discharges and linear voltage over the entire range of its discharge

e Low self-discharge rate (5% per month)

e Safe and environmentally friendly system
As the Zn alkaline batteries are safe and reliable, they can be used to power the wearable
devices (Huang et al. 2019b).



1.3.2 Working principle of Zn-Ag battery

The charging and discharging of a zinc-silver battery may be represented by a single
reversible equation given below (Eqgn. 1 and 2). The anode and cathode are made up of
zinc (Zn) metal and silver oxide (Ag20), respectively. The aqueous solution of salts
LiOH, NaOH and KOH are used as the electrolyte in such batteries. But the KOH
solution is widely used as the electrolyte because of its high ionic conductivity. The
OH" anions in the electrolyte act as the charge carriers during the electrochemical cycle
(Berchmans et al. 2014).

Cathode Anode
Ag20 + Zn (1)
A
Charge Discharge
v
2AgQ + ZnO + Electrical energy (2)

During discharging, the silver oxide is reduced to silver and the zinc is oxidized to zinc
oxide (Zn0O). The chemical process is reversed during charging after the cell has been
discharged. The oxidation and reduction reactions of Zn anode are the same in other Zn

alkaline battery systems, such as Zn-Ni, Zn-Mn and Zn-air.

1.3.3 Limitations of Zn alkaline batteries
1.3.3.1 Dissolution of the Zn anode material

High dissolution rate of the Zn/ZnO material in the highly corrosive alkaline electrolyte
(KOH) is one of the significant factors for the short lifetime of Zn alkaline batteries.
During discharge, the Zn metal is converted into Zn(OH)4> ions. These zincate ions
slowly dissolve into the electrolyte solution (Mainar et al. 2018b). When the electrolyte
near the anode is saturated with the zincate ions, the zincate ions precipitate into
compact irreversible ZnO on the anode. A layer of thick ZnO passivates the active



anode particles (Mainar et al. 2018a). The cycle life and reversibility of the battery are

reduced due to the dissolution and passivation of the Zn/ZnO anode.

1.3.3.2 Dendrites growth

The high dissolution of zincate ions causes another problem of dendrite growth in the
anode. During the charging process, the zincate ions are reduced back to metallic Zn.
This process is called Zn plating. The local dissolution of Zn and concentration
differences lead to the non-uniform deposition of Zn. This non-uniform deposition is
the reason for the shape change and the dendritic growth. The dendrites continue to
grow and pierce the separator. This leads to a short circuit of the anode with cathode
causing failure of the battery. Also, the change in shape decreases the active surface

area of the anode material (Ozgit et al. 2014).

Figure 1.1 SEM micrograph shows the dendrite formation on Zn electrode (Ozgit et al.
2014)
1.3.3.3 Evolution of hydrogen gas

The evolution of hydrogen (H.) gas is due to the undesirable water electrolysis reaction
during the charging process. The evolution of H> gas would lead to increase in the
internal pressure of the battery, loss of water in the electrolyte and corrosion of the
Zn/ZnO anode that produces Zn(OH)2 (Turney et al. 2017) (Mainar et al. 2018a).

Hence, the present study focuses on transparent conductive silver nanowires film and
Zn anode for the alkaline battery. The study aims to synthesis uniform, longer and high

aspect ratio silver nanowires in the presence of different oxygen scavengers. The



fabrication and characterization of transparent conductive silver nanowires film are also
discussed. The present study also investigates the effect of size and morphology of the
ZnO anode on their electrochemical performance in the KOH electrolyte. The
preparation and analysis of MoS2-SnO. nanocomposite as the additive to the ZnO are
also discussed. The details of the study are represented in this thesis as different
chapters. The review of relevant literature is presented in chapter two. The experimental
details on synthesis, fabrication and various characterization techniques are given in
chapter three. The results and discussion on transparent conductive silver nanowires
film are presented in chapter four. Chapter five and six discusses the synthesis and
characterization of MoS2 nanosheets and MoS,-SnO, nanocomposite, respectively. The
results of the ZnO anode are discussed in chapter seven. The inferences of the present
study are summarised in chapter eight. After the list of references, the publications
based on this study are listed.



CHAPTER 2

LITERATURE REVIEW

The literature reviews on the synthesis, characterization and applications of
transparent conductive silver nanowires, ZnO anode for alkaline battery, MoS:
nanosheets and tin oxide nanoparticles for energy storage applications are presented

in this chapter.

2.1 Review on Silver Nanowire Transparent Conductive Electrodes

Silver nanowires (Ag NWs) are prepared by different routes. Filling the silver metal
into the carbon nanotubes (Govindaraj et al. 2000), use of co-polymers to form silver
aggregates to grow into wires (Zhang et al. 2001) and electrochemical deposition of
the silver into the pore of anodic alumina membrane (AAM) (Zong et al. 2004) are
some template-based methods to synthesis silver nanowires. Ag NW is also produced
by the polyol method by using the reduction reaction of silver nitrate by the ethylene
glycol. The poly (vinyl pyrrolidone) (PVP) act as a capping agent (Sun et al. 2002a).
The dimensions of the nanowires produced by the template route were limited to the
template dimension. The nanowires produced by this method often form into aggregate
bundles. The additional process to remove the template from nanowires adds up with
forementioned drawbacks to look into other easier routes for silver nanowire synthesis.
On the other hand, the polyol process does not have any such problems and it is a

convenient route to produce the Ag NWSs on a large scale.

2.1.1 Polyol synthesis of silver nanostructures

Silver nitrate (AgNO3) is used as the silver source in the polyol method. Ethylene glycol
is used as the solvent and reducing agent for the silver nitrate. Poly (vinylpyrrolidone)
(PVP) is used to act as the capping agent. The experiment is conducted in a round
bottom flask under magnetic stirring in a heated oil bath. The Ag™* ions from the AgNO3
get reduced to form silver nanoparticles and they continue to grow into large particles
by Oswald ripening. PVP agent passivates some of the facets of these particles and thus

controls the growth in a particular direction (Coskun et al. 2011).
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The Ag® ions from the AgNOs solution are reduced by ethylene glycol when it is
introduced into the heating flask (Figure 2.1). This leads to the formation of silver
nuclei (step 1). These nuclei grow and reach critical size (step Il). Because of the
available thermal energy associated with these nuclei, the structure fluctuates and
allows defects to form (Baletto and Ferrando 2005, Wiley et al. 2007). The twin

boundary defects are preferred to form due to the low surface energy.

slngk crystal
: ulhoou lhulmn

AE' . Ag“ ————— (AL)

. du ahe dml
\1TP

quasi- sphmc. al |
MTP

Figure 2.1 Growth of silver nanostructures (Wiley et al. 2005)

With respect to the reduction rate of Ag* ions, single crystal seed, multiply twinned

with 5-fold decahedron and quasi-sphere defects are formed (Wiley et al. 2005).

2.1.2 Growth mechanism

Earlier, it was mentioned that the thermal energy fluctuations during the nucleation
stage lead to the formation of twin defects to lower the surface energy. These twins act
as the seeds for the growth of the nanostructures. Amongst all twin seeds (crystal, single
twin, multiple twins), multiply-twinned decahedra are the most stable seed, as it is
bound by {111} facets. Therefore, it is the most abundant seed for the growth of silver

nanostructures.



Figure 2.2 Growth mechanism of a silver nanowire (Sun et al. 2003)

Figure 2.2 (A) explains the evolution of a nanorod from a multiply twinned nanoparticle
(MTP) of silver under the confinement of five twin planes and with the assistance of
PVP. The ends of this nanorod are terminated by {111} facets, and the side surfaces are
bounded by {100} facets. The strong interaction between PVP and the {100} facets is
indicated with a dark-grey shaded colour (region 1), and the weak interaction with the
{111} facets is marked by a light shaded colour (region 2). The MTP consists of five
single-crystal tetrahedrons oriented radially about a central axis. All the five
tetrahedrons share a common edge in the centre and each tetrahedron has two sides in
contact with its neighbours. Each tetrahedron can share an angle of only 70.5°, leaving
a gap of 7.5°. Significant lattice distortions, surface relaxations and defects could occur
to make up for this angle difference (Wiley et al. 2004). In this case, the twin boundaries
(dark lines on the end surfaces) are formed that can serve as active sites for the addition
of new silver atoms. The plane marked in the dark colour (region 3) shows one of the
five twin planes that can serve as the internal confinement for the evolution of
nanowires from MTP. Figure 2.2 (B) is a schematic model illustrating the diffusion of
silver atoms toward the two ends of a nanowire, with the side surfaces completely
passivated by PVP. This drawing shows a projection perpendicular to one of the five

side facets of a nanowire and the arrows represent the diffusion fluxes of silver atoms.
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2.1.3 Synthesis of silver nanowires

The silver nanowires were successfully synthesised (Sun et al. 2002a) by injecting
AgNO3 dissolved in ethylene glycol into a preheated flask containing PVP dissolved in
ethylene glycol. Then, PtCl dissolved in ethylene glycol was added, followed by the
addition of AgNOs solution. The Pt nanoparticles acted as heterogeneous nucleation
sites for nanowires. The flask was under magnetic stirring continuously. The heating
and stirring were continued till the colour of the solution became grey. This grey colour

was the indication of the formation of silver nanowires.

Sun and Xia (2002) synthesised Ag NWs without Pt seeds by injecting 3 mL ethylene
glycol (0.1 M) solution of AgNOs and 3 mL ethylene glycol solution of (0.6 M) of PVP
into a flask containing 5 mL ethylene glycol. The reaction was continued under
magnetic stirring at 160 °C for 60 min. The final solution was washed with acetone by

centrifugation to remove the PVP and undesired particles produced as the byproducts.

When silver ions are introduced into the solution, the silver ions are reduced rapidly to
AgP state. This rapid reduction leads to the formation of silver aggregates (Hyning and
Zukoski 1998). Inorganic ions, such as CI" or Br are introduced into the solution to
form AgCI or AgBr. These silver halides act as the buffer phase. That ensures the
controlled supply of silver species into the reaction. In this way, the chloride ions help
as the electrostatic stabilizer to prevent the formation of silver aggregation and promote

the one-directional growth of silver nanostructures.

2.1.4 Oxidative etching of silver seed particles

As mentioned earlier, the twinned particles produced in the early stages are the seeds,
for the growth of silver nanowires. During the synthesis, the molecular oxygen (O>)
present in the reaction solution dissociates into atomic oxygen. These atomic oxygen
then get adsorbed on the surface of the silver seed particles. The adsorbed atomic
oxygen, to some extent, may cause the etching of these twinned particles. But, notably,
they block the addition of new silver atoms to {111} reaction sites. So, the growth of

the nanowires is affected by this adsorbed oxygen (Wiley et al. 2004).
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2.1.5 Role of Fe** and Cu?* ions

The iron ions were introduced into the reaction to prevent the twins from oxygen
etching/blocking. At the reaction temperature of 148 °C, the Fe (I11) ions were reduced
to Fe (I1) ions by ethylene glycol. The Fe (Il) ions react with this atomic oxygen and
get oxidized back into Fe (I11) ions. This way, the oxygen was removed from the silver
seeds to help the growth of silver nanowires (Wiley et al. 2005). Copper ions were used
in place of iron ions as the oxygen scavenger (Korte et al. 2008) (Wang et al. 2016b).
The addition of CuCl or CuCl, was effective in enhancing the growth of silver
nanowires. But the diameter of the silver nanowires synthesised with the addition of

copper or iron ions was more than 120 nm (Bob et al. 2016).
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Figure 2.3 Oxygen scavenging from the surface of silver seed particle (Wiley et al.
2005)

Recently, researchers used Co?* ions and Cr?* jons as the oxygen scavengers in place
of Fe®" and Cu?" ions (Abbasi et al. 2016) (Zhang et al. 2019).

2.1.6 Process parameters

In polyol synthesis, the process parameters such as PVP/AgNOs ratio, reaction
temperature, amount of NacCl, injection rate of AgNO3 precursor and solution stirring

rate play essential roles in quality of the final product (Coskun et al. 2011).
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2.1.6.1 Reaction temperature

The reaction temperature should be high enough for ethylene glycol to convert into

glycolaldehyde which reduces Ag* ions to Ag atoms.
2HOCHCH.0H + O2 — 2HOCH2CHO + 2H.0  (3)

This is possible only if the temperature is above 150 °C and with the aid of oxygen
(Coskun et al. 2011). At 110 °C, microns-sized Ag particles are produced instead of the
rod or wire structure (Sun et al. 2002b). If the temperature is between 130 °C to 150
°C, the twins start to nucleate and a rod-like shape is formed (De Oliveira et al. 2013).
At 170 °C, enough thermal energy is available to produce the multiply twinned particles
that grow into nanowires. At higher temperature (190 °C), the thermal energy available
for twin formation is excess than the required. So, the nanowires which are formed at
the beginning stage grow longer. But short nanowires are also produced in the later

stage due to the reduced silver quantity in the reaction solution.

2.1.6.2 PVP/AgNOs molar ratio

If the ratio of PVP/AgNO:3 is small, there would be insufficient PVP molecules to
passivate the {100} faces of twinned particles. That will lead to the addition of silver
atoms to {111} facets, {100} facets and other facets. The micron-sized particles are
produced as the result (Coskun et al. 2011). Otherwise, the reaction produces large
diameter silver nanowires (Jiu et al. 2009). Both are not desirable. If the ratio is high,
the excess PVP molecules will cover {111} faces and block the addition of silver
particles. Hence it results in the formation of silver particles (Sun and Xia 2002) or very
short silver nanowires. So the optimum molar ratio should be taken to synthesise the
nanowires (Sun et al. 2002b). Different shapes such as nanocubes, spheres, nanowires,

plates can be produced by changing the PVP/AgNO3 molar ratio (Wiley et al. 2005).

2.1.6.3 Molecular weight (MW) of PVP

The molecular weight (molecular chain length) of the PVP molecules also influences
the growth and yield of the silver nanowires. The earlier works on the synthesis of silver
nanowires used PVP (K30) with MW of 40,000-55,000 (Sun et al. 2002b, Gao et al.
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2005). Zhu et al. (2011) reported that increasing the MW of PVVP would result in a high
yield of nanowires without many particles. When the PVP of MW 800,000 was used to
synthesis the silver nanowires, the yield of silver nanowires was very high. Also, the
length of the silver nanowires increased from 3 pm to 10 pum, due to the chemical
adsorption of Ag* ions on the chains of the PVP molecules. Zeng et al. (2014)
synthesised silver nanowires using PVP with different molecular weights (chain
lengths). Only silver nanoparticles and short rods were produced when the PVP of low
molecular weight was used. But, the silver nanowires were produced when the
molecular weight of the PVVP used was more than 40,000. Da Silva et al. (2016) reported
that the PVP with MW 1,300,000 yielded high silver nanowires having a diameter of
less than 20 nm. As the chain length (molecular weight) of the PVP molecules
increases, the interaction of PVP molecules on the {100} facets of silver nanowires
becomes stronger. This results in effective passivation of {100} facets to limit the

addition of the new silver atoms in the lateral direction.

2.1.6.4 Amount of NaCl

The role of chloride ions on the growth of silver nanowires in the polyol method is
discussed earlier. The chloride ions prevent the aggregation of silver particles by
forming a buffer phase of AgCl that supplies silver atoms to the reaction in a controlled
manner. If the concentration of chloride ions is high, it would produce large AgCl
particles (Coskun et al., 2011) or it would etch the twin particle to form silver particles
(Wiley et al., 2004). Another result reported that increase in the chloride ions (within
the optimum chloride ions concentration range), leads to decrease in the diameter of

silver nanowire (Chang et al., 2011).

2.1.6.5 Use of bromide salts

The bromide salts such as NaBr or KBr are used as the electrostatic stabilizers, like
NacCl. Similar to CI" ions, the Br-ions react with the silver ions and form the AgBr phase
to avoid the formation of silver aggregation. But the use of the Br~ ions reported to yield
nanowires with a smaller diameter than that synthesised with Cl" ions (Zhang et al.
2015). Also, like PVP molecules, the Br ions interact more with the {100} facets of the
silver nanowires than with the {111} facets. So, the {100} facets are passivated by the

14



Br ions. Due to this passivation of {100} facets against the addition of silver atoms,

the silver nanowires with small diameters are produced (Zhang et al. 2018a).

2.1.6.6 Presence of organic solvents and salts

As mentioned earlier, the Br~ ions adsorbed onto the {100} facets of silver limit the
addition of silver atoms in the lateral direction. But the Br~ ions desorb from the silver
surface due to the high reaction temperature during the synthesis process. Niu et al.
(2018) explored benzoin as the reducing agent in the synthesis of silver nanowires.
Adding the benzoin and the NaBr helps to bring down the reaction temperature required
for the reduction of Ag* to Ag®. At this relatively lower temperature, the adsorption of
Brions onto the {100} facets of silver surfaces is increased. The increased passivation
of {100} faces by the Br ions resulted in the growth of silver nanowires with a small

diameter.

The addition of ionic liquids, such as tetrapropylammonium chloride,
tetrapropylammonium bromide helps to reduce the diameter of silver nanowires (Chang
et al. 2014). The mentioned salts are composed of ammonium™ cations and CI and Br
anions. The halide anions formed AgCl and AgBr phases that controlled the nucleation
of silver particles. The ammonium™ cations acted as the size-controllable template for
the growth of silver nanowires. Jang et al. (2018) used tetrabutylammonium
dichlorobromide salt in place of regular halide salts. The silver nanowires with a
diameter of 32 nm were synthesised. It was reported that the diameter of the silver

nanowires could be varied by changing the salt concentration or type of the salt used.

2.1.6.7 Solution stirring rate

The stirring during the synthesis ensures that the concentration of Ag* ions is uniform
throughout the solution. If the stirring speed is very slow, the local concentration of
Ag" ions will be high in some regions, leading to the aggregation of silver particles. If
the stirring rate is high, it results in thin and short nanowires. Therefore, the stirring
should be sufficiently low to ensure the addition of silver atoms onto twinned particles

and facilitate the growth of long nanowires (Lee et al. 2012).
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2.1.7 Synthesis environment

The silver nanowires were synthesised in a high-pressure environment by the
hydrothermal method (Jang et al. 2017). The pressure-controllable autoclave was used
to synthesis the silver nanowires. The diameter of the nanowires was reduced with
increase in the pressure. The silver nanowires with 15 nm diameter were produced at
the pressure of 190 psi. At high pressure, the nucleation rate of silver seed particles
increased. This spontaneous nucleation resulted in the formation of small-size silver

particles which eventually grew into small diameter nanowires.

Azani and Hassanpour (2019) synthesised the silver nanowires by solvothermal method
at a pressure up to 200 psi along with nitrogen gas purging. The synthesised silver
nanowires showed a mean diameter of 17 nm. Hence, it is concluded that the synthesis
of silver nanowires at high pressure and in an N2 gas environment would result in small

diameter nanowires.

2.1.8 Separation of silver nanowires

The silver product synthesised by the polyol method contains silver nanowires and
undesired silver nanoparticles. These particles should be removed along with the PVP
molecules and ethylene glycol solvent used for synthesis. The centrifugation technique
was used to separate the silver nanowires from particles and wash away the PVP and
ethylene glycol. The synthesised product was first diluted with acetone (1:5 to acetone).
Then the diluted solution was centrifuged at 2000 rpm for 20 min (Sun and Xia 2002).
The supernatant contains particles and other chemicals which was removed. Then
obtained sediment/precipitate was washed with isopropyl alcohol (IPA) by
centrifugation process, like in the previous step. This washing was repeated further for
three more cycles. Finally, the purified silver nanowires was dispersed in isopropyl

alcohol to fabricate the transparent conductive films (De et al. 2009).
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2.1.9 Preparation of silver nanowire films
2.1.9.1 Drop casting

The drop-casting is a simple technique to produce the silver nanowires transparent
conductive film. The known concentration of a solution with silver nanowires was taken
in a pipette and dropped onto a glass or any flexible substrate (Tokuno et al. 2011). The
patterned coating was made by taping a patterned polyimide tape on the substrate and
dropping the nanowire solution. The patterned silver nanowires films could be obtained
by removing the polymer tape (Amjadi et al. 2014).

2.1.9.2 Meyer rod method

The transparent conductive silver nanowires electrode film was prepared by Hu et al.
(2010) using the Meyer rod coating method. A few drops of silver nanowires solution
were dropped on to the substrate and the rod was rolled over to spread the nanowires
solution uniformly on the substrate. The film thickness of 4-60 um was prepared by
changing the concentration of the solution. Zhu et al. (2013) prepared the silver
nanowires transparent conductive electrode by using Meyer rod method. During the
coating, the substrate was kept on a hot plate of 92 °C to evaporate the solvent from the

solution immediately.

2.1.9.3 Vacuum filtration

De et al. (2009) prepared silver nanowires film by vacuum filtering the silver nanowires
solution using the cellulose ester membrane. The deposited nanowires on the membrane
were transferred to polyethylene terephthalate (PET) substrate by heating and pressing.
The PET substrate was placed on a hot plate kept at 100 °C. The membrane was placed
on PET to make contact and a 3 kg weight was placed over it for 2 hours. Then the
membrane was removed by acetone treatment. Lee et al. (2012a) also prepared a
flexible silver nanowires film by the same vacuum filtration method but with the Teflon

membrane.
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2.1.9.4 Spin coating

The silver nanowires films were prepared by adding the drops of the nanowires
dispersion on the substrate fixed on a rotating disk. At higher speed, the solution spread
out more to produce the less dense and more transparent film. At a lower speed, a denser
and less transparent film is produced. Spechler and Arnold (2012) prepared the silver
nanowires film by spin coating by adding nanowires dispersion till the transparency of
the film became 65%.

Nam et al. (2014) fabricated the flexible transparent conductive films by spin coating
silver nanowires dispersion on glass and Si substrate for 40 sec. Different films were
prepared by changing the spin speed between 600-3000 rpm. Then, the obtained silver
nanowires films were annealed at 100 °C for 5 min. A commercial ultraviolet curable
polymer, ‘Norland Optical Adhesive (NOA) 63’ was spin-coated on the prepared silver
nanowires film and cured by UV irradiation. Finally, the Ag NWs/NOA 63 film was
peeled off from the glass substrate to get flexible Ag NWs film. Hwang et al. (2015)
used poly-dimethylsiloxane (PDMS) instead of NOA 63 to obtain the flexible Ag NWs

film.

2.1.9.5 Spray coating

The spray coating is another technique to fabricate the silver nanowires films. The Ag
NWs dispersion is sprayed on the substrate using the commercial air-brush spray gun
(commercial air-brush) with an air compressor. Yang et al. (2011) used this spray-
coating method to prepare the transparent conductive Ag NWs film. The pre-treated
PET substrate was taped on a large glass plate kept on a hot plate at 130 °C. Then the
film was held between two aluminium plates and pressed. Choi et al. (2013), Abel et
al. (2014) and Coskun et al. (2013) had used this spray-coating method to fabricate the
Ag NWs film but with hot plate temperatures of 60 °C, 130 °C and 150 °C, respectively.

2.1.10 Post-film treatment

There are a few problems associated with the silver nanowires films fabricated by any
one of the above coating methods. As the silver nanowires are randomly arranged on

the substrate, the surface roughness of the Ag NWs would be considerably high to cause
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short-circuit by penetrating the thin layer of solution-processed polymer blends atop the
Ag NWs electrode (Lee et al. 2008). Hu et al. (2010) reported that the mechanical
pressing of the Ag NWs film after the coating decreased the surface roughness.

The capping agent (PVP) used to synthesis the silver nanowires remains as a layer
around the nanowires. Tokuno et al. (2011) conducted an experiment on the effect of
the PVP layer on the electrical resistance of silver nanowires film. The sheet resistance
of 6.9 x 10° Q/sq was observed in the as-prepared film. So, the PVP molecules present
on the silver nanowires need to be removed to obtain a good conductive silver
nanowires film. Lee et al. (2008) experimented with comparing the sheet resistance of
silver grid film and silver nanowires film. They found out that the silver nanowires film
showed higher sheet resistance than the silver grid. The resistance at the nanowires
junction was the reason for this higher resistance. Annealing the silver nanowires film
helps to remove the PVP molecules present in the film and decreases the junction
resistance by fusing the nanowires at the junctions. The heat-treatment of silver
nanowires film at 200 °C for 20 min removed the PVP molecules from the silver
nanowires and fused the nanowires junction to decrease the sheet resistance of the silver

nanowires film (Tokuno et al. 2011).

2.1.11 Properties of silver nanowire electrodes
2.1.11.1 Electrical properties

The electrical resistance of the silver nanowires network is higher than the bulk silver
due to the surface scattering of electons. Bid et al. (2006) studied and reasoned this
phenomenon. If the diameter of the nanowire is close to or below the mean free path of
electrons in bulk material, the effect of electron scattering increases the resistance of
the individual nanowires. The length of the nanowires also contributes to the electrical

properties of the silver nanowires film.
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Figure 2.4 Effect of length and diameter of silver nanowires on the sheet resistance and

transparency of the film

Hecht et al. (2006) explained this with carbon nanotubes but it can also be applied to
silver nanowires network. In this model, it was explained that with longer nanowires,
the conductive path (percolation path) is achieved with minimum number of nanowires.

This decreases the nanowires junctions and thus lowers the sheet resistance of the film.

2.1.11.2 Electro-optical properties

The density of silver nanowires affects the optical transparency and the sheet resistance
of the silver nanowires film. If nanowires density is high, there are more nanowires
available to make the path for electrical conductivity. On the other hand, increasing the
density of the nanowires will decrease the optical transparency of the film (De et al.
2009). Sonntag et al. (2019) synthesised silver nanowires of different lengths and
diameters by varying the molecular weight of the PVP. The transparent conductive
silver nanowires films were fabricated by the spray coating method. The silver
nanowires film with the optical transparency of 85.5% and sheet resistance of 24.4 Q/sq
was achieved using the silver nanowires with a mean length of 20 um and mean
diameter of 66 nm. Xu et al. (2018) fabricated the silver nanowires films by spin
coating. The silver nanowires film showed more than 90% optical transparency and the
sheet resistance less than 10 €/sq. The high transparency and low sheet resistance were
achieved due to the longer silver nanowires and cold-welding at the nanowires

junctions.
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2.1.11.3 Thermal properties

Thermal annealing is vital to improve the electrical properties of silver nanowires films.
It helps to decrease the sheet resistance of the film. This annealing process removes
unwanted excess material, such as PVP polymer molecules from the surface of the
nanowires. Also, it induces local welding at the nanowires junctions which further
decreases the sheet resistance of the film. Although the thermal annealing process
improves the electrical conductivity, the silver nanowires film starts to fail when the
annealing temperature is increased above 300 °C. When the annealing temperature
exceeds the thermal limit, the silver nanowires becomes unstable. This is called as
Plateau-Rayleigh instability (Langley et al. 2013). The nanowires break into the small
spheres-like structure, thus causing the failure of the nanowires network (Langley et al.

2014). This phenomenon is called as spheroidisation.

2.1.11.4 Mechanical properties

As silver nanowire is made up of metal, it will show excellent mechanical properties
such as compression, tension or torsion strength. Langley et al. (2013) compared the
sheet resistance of Ag NWs film, ITO and FTO after the bending test to test the
mechanical stability. The increase in the sheet resistance of ITO and FTO films was
much larger than that of the silver nanowires film. Kang et al. (2013) reported the
change in sheet resistance against the bending angle for Ag NWs and ITO films. The
sheet resistance of ITO film increased significantly when the bending radius was
reduced to 15 mm. But, the sheet resistance of Ag NWs film was not changed up to a

bending angle of 5 mm.
Critical review on transparent conductive silver nanowires film

The silver nanowires are conventionally synthesised by the polyol method using silver
nitrate as the silver precursor, PVP (MW=40,000-55,000) as the capping agent and
NaCl as the electrostabilizer to promote the one-directional growth. The silver
nanowires transparent conductive electrode (TCE) is fabricated by spray coating or
spin coating or vacuum filtration methods using the synthesised silver nanowires. The

transparent conductive silver nanowires film having the optical transparency of more
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than 90% and sheet resistance of less than 10 $/sq are achieved. The optical
transparency and the sheet resistance could be tailored by changing the dimensions of
the nanowires and the coating parameters. The diameter of the nanowires could be
reduced by the addition of Br- ions, use of high molecular weight PVP, optimising the
PVP/AgNOs ratio and high-pressure synthesis environment. The length of the
nanowires is often affected by the atomic oxygens adsorbed on the surface of the silver
seed particles. The ions of iron, copper and chromium are explored as the oxygen
scangers to remove the oxygen from the surface of the seed particles to enhance the
length of the silver nanowires. But the diameter of the silver nanowires is large when

the iron or copper ions are used during the synthesis.

2.2 Review on the Zn/ZnO Anode Materials

The rechargeability and recyclability of the Zn/ZnO anode could be improved by
controlling the dissolution of anode in the alkaline electrolyte, suppressing the
hydrogen evolution and enhancing the charge transfer between electrode and
electrolyte. The efforts are made to improve its electrochemical performance by tuning
the morphology of Zn/ZnO anode and adding external additives with the Zn/ZnO anode

material

2.2.1 Improvements in Zn/ZnO morphology
2.2.1.1 Layered double hydroxides (LDH)

The layered double hydroxides (LDH) are stacked with cationic metal hydroxide layers
with anions in the interlayers as the charge neutralizers. There are notable advantages,
like feasibility of intercalating the structure with different anions, accommodating
divalent and trivalent cations into LDH. These advantages make them as attractive
materials to use for energy storage applications (Vialat et al. 2015). Fan et al. (2013)
developed ZnAl-hydrotalcite LDHSs by coprecipitation method as an anode material for
the Zn-Ni alkaline battery. The ZnAl-hydrotalcite showed better electrochemical
activity in terms of cyclic stability and reversibility compared to the Zn powders. It was
attributed to the lamellar structure and aluminium ions. The aluminium played a key

role in restricting dendrite growth by aiding in zinc nucleation during the deposition
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process. However, the Zn/Al-LDH based anode performance was limited by their low

conductivity that affects electron transportation.

Additives like carbon nanotubes (CNTSs) (Yang and Yang 2013), silver nanoparticles
(Yang et al. 2014b) and two-dimensional graphene sheets (Long et al. 2017a) were used
with Zn/Al-LDHs to improve its conductivity and to facilitate the electron
transportation. The enhanced electronic conductivity achieved by the conductive

additives resulted in better charge-discharge performance with good cycle stability.

2.2.1.2 Nanorods

Yuan et al. (2005) synthesised ZnO nanorods and ZnO nanoparticles with prism shape
by using the chemical vapor deposition process. These synthesised materials were used
as the anode for the Zn-Ni battery to study the effect of ZnO morphology on its
electrochemical performance. The study revealed that the nanorods are more stable than
nanoparticles with prismatic morphology. The nanoparticles become compact after
long charge-discharge cycles that reduced their electrochemical activity.

Ullah et al. (2013) studied the solubility of the ZnO in the alkaline electrolyte with
microparticles and one-dimensional rods (length >5 pm, diameter =450 nm). The one-
dimensional ZnO rod showed better stability in 6 M KOH solution than the ZnO
microparticles. The dissolution of material at edges and corners were avoided in the
case of ZnO rods that resulted in low solubility of ZnO. Also, the ZnO rods with 450
nm diameter offered more surface area than the microparticles. The surface area and

low solubility of the ZnO anode resulted in improved capacity and longer cycles.

Kwak et al. (2017) reported the performance of hexagonal ZnO microrods (diameter =
5 um, length = 15 pm) in LiOH, NaOH and KOH electrolytes. The electrochemical
activity of the ZnO microrods determined from the cyclic voltammetry was high with
the KOH electrolyte. The voltage difference between the charge and the discharge

process was narrow which indicates the low voltage loss.
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2.2.1.3 Nanoflakes and nanoplates

Ma et al. (2008) synthesised ZnO of plate-like morphology by following hydrothermal
method. The synthesised ZnO nanoplates were 200 nm to 500 nm in width and 50 nm
of thickness. The ZnO nanoplates and conventional ZnO with hexagonal prism
morphology were used as the anode material in the Zn-Ni battery. The ZnO plate-like
structure converted into a spindle-like structure with a smooth tip after 67 cycles of
charge-discharge. But, the conventional ZnO with hexagonal prism structure changed
to a sharp-tipped dendritic structure after 67 cycles.

Im et al. (2016) studied the electrochemical performance of ZnO with nanoplate
(L=300nm, W=250 nm, t=50 nm), nanobead (L=500 nm), nanorods (L=500 nm)
morphology and compared their performance with ZnO cubic morphology. The cyclic
voltammetry study revealed that the electrochemical activity of nanoplates and
nanorods was higher than that of the nanobeads and conventional cubic particles. The
charge-discharge results of the fabricated Zn-Ni battery showed that nanoplates and
nanorods possess high capacity retention. After 30 cycles, the nanoplate structures
changed into cotton ball structures. The ZnO nanorod morphology changed into small
needle-like structures, whereas ZnO nanobeads and ZnO cubes were grown into a

dendrite structure.

Yan et al. (2018) used ZnO nanoplate synthesised on the graphene sheets as the anode.
This ZnO/graphene showed low electrochemical resistance, excellent charge transfer
and uniform deposition during the charging process. These factors helped to reduce the
growth of dendrite and shape change that eventually resulted in high capacity and good
cyclic stability compared to the commercial ZnO anode. The graphene acted as the
platform for effective charge transfer in the anode. The as-assembled flexible Ni-Zn

secondary battery retained 86% of the initial capacity of 400 charge-discharge cycles.

Liu et al. (2019) fabricated a Zn-Ni alkaline microbattery with electrodeposited Zn
nanosheets as the anode. The battery performance was compared to that prepared with
the Zn foil anode. The Zn nanosheet offered more surface area than the Zn foil. The

nanosheets with uniform size minimized the polarization and dispersed the electric
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field. The battery with Zn nanosheet exhibited high energy density, high reversibility

and extended cyclic stability due to the suppressed dendrite growth.

2.2.1.4 Porous foams and sponges

Parker et al. (2014) developed a 3D Zn sponge as the anode material for the Ag-Zn
primary battery. This 3D sponge is a monolithic interconnected, continuous Zn. This
ensures the long-range electronic conductivity in the anode, uniform current
distribution all around the sponge, maintaining the shape/morphology of the electrode
in the alkaline electrolyte by restraining the zincate ions into ZnO within an enclosed
void-elements inside the porous electrode. In the case of Zn powders, the
interconnectivity between the particles was lost during the discharge process. But the
3D sponge maintained its structure throughout the discharge process, thus preventing
the growth of dendrites. The sponge Zn anode achieved utilization of 90% (728 mAh

gY) during discharging in a primary Zn-air cell.

A hyper-dendrite nanoporous zinc foam was electrochemically synthesised by
Chamoun et al. (2015). It was formed by a three-dimensional network of dendrites that
were electrochemically active and electronically conductive at the nanoscale. The Zn
foam had a conductive internal structure that caused uniform current distribution. Also,
it showed to reduce the concentration gradients and polarization loss at the anode. This
zinc foam showed excellent Coulombic efficiency (87.7+ 1.5%) and 100 cycles of
rechargeability. The excellent performance of this Zn foam is attributed to the 3D
nanoscale dendritic network and its large surface area. Davies et al. (2016)
demonstrated enhanced utilization of the hyper dendrite porous Zn anode by optimizing
the electrolyte concentration and different electrolyte additives. It was reported that
increasing the concentration of KOH electrolyte would improve the utilization of the
anode. The additives such as potassium citrate or potassium chloride showed a
considerable increase in Zn anode utilization.

Wang et al. (2020) fabricated a Zn-Ni battery with the monolithic nanoporous Zn
prepared by reduction-induced decomposition process, as the anode material. This
nanoporous Zn anode was continuous, electronically conductive, stable in the alkaline

electrolyte with high surface area and offered more charge transfer sites. During the
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charge-discharge cycle, the anode undergoes coarsening controlled by surface
diffusion. This coarsening helped to maintain the continuous zinc phase that resulted in

its uniform reaction. That helped in preventing the progress of dendrite growth.

2.2.1.5 Microspheres

Zhao et al. (2015) studied the ZnO microspheres (10-20 um) as the anode material for
the Zn-Ni battery and compared its performance with the conventional ZnO with prism
morphology. The dense, compact and spherical ZnO microspheres showed good
resistance against corrosion and shape change. Also, the reversibility of the ZnO
microsphere anode was better than that of the conventional ZnO. The ZnO microsphere
anode was activated before the charge-discharge process. The morphology of
microspheres was changed into nanometer scaled ZnO rods due to the dissolution
process. This reduction in particle size increased the surface area that resulted in the
high electrochemical activity of the ZnO anode. After 50 cycles, it is observed that the

size of the particles increased and the shape changed into a block structure.

2.2.2 Additives

The carbon based and the metal oxide based additives are used with the Zn/ZnO anode
to prevent the dissolution of active zincate ions into the electrolyte, suppressing the
hydrogen evolution reaction (HER) and enhancing the conductivity of the anode to

improve the discharge capacity and life cycle of the battery.

2.2.2.1 Carbon based additives

Graphene

Ozgit et al. (2014) studied the effect of graphene sheets as an additive to the Zn anode
to improve its electrochemical performance. The Zn nanoparticles (size< 50 nm) were
mixed with the reduced graphene oxide (rGO) and a PTFE binder was used as the anode
in a Zn-Ag battery. The added rGO improved the conductivity for charge transfer,
offered a large surface area for enhanced electrode-electrolyte interaction and
suppressed the dendrite formation. These factors, in turn, resulted in the increased

electrochemical activity of the anode, high capacity and longer charge-discharge cycles.
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Besides, the restacking issue associated with the rGO sheets was prevented by the Zn

nanoparticles.

Yan et al. (2018b) reported a lasagna-inspired Zn anode, in which ZnO nanoparticles
of 100 nm size were wrapped by the graphene oxide (GO) sheets. The dispersion of
ZnO nanoparticles, GO and binder was cast on a polyethylene terephthalate (PET) film.
Upon drying, the free-standing ZnO film was peeled off the PET. The free-standing
ZnO was used as the anode material. The GO encapsulated the ZnO and it allowed only
OH- ions and water to diffuse through and blocked the larger Zn(OH)4? ions that
prevented the active material loss. The presence of GO in the alkaline electrolyte
reduced the GO and it helped to facilitate electron transportation. Also, the GO-ZnO
lasagna structure exhibited less dissolution in the alkaline electrolyte solution than the
commercial ZnO. The fabricated Zn-Ni battery cells showed long charge-discharge
cycles maintaining the capacity of 565 Ah kg™ for 150 cycles. The morphology of
GO/ZnO lasagna anode remained unchanged even after the 150 cycles whereas the

morphology of commercial ZnO particles changed entirely after 40 cycles.

Carbon nanotubes

The carbon nanotubes (CNTSs) are also used as an additive to the Zn anode, like
graphene sheets, to enhance the electronic conductivity of the anode. Yang and Yang
(2013) prepared the composite of CNT and Zn-Al layer double hydroxide (LDH). They
used it as an anode to fabricate the Zn-Ni battery. As the LDH structure gave good
structural stability and controlled solubility of Zn, CNTs enhanced the electronic
conductivity of the Zn-Al-LDH nanocomposite. The average discharge capacity
increased as a result of improved electron transportation in the anode. The battery
retained 95% of its capacity even after 200 cycles.

Cui et al. (2019) synthesised ZnO/CNT composite by the chemical filling method to
use it as an anode for the Zn-Ni battery. The inner part of single-walled CNTs was filled
with the ZnO nanoparticles. The electrode was prepared by adding the prepared
ZnO/CNT composite with PTFE as a binder. It is reported that the contact area between
CNTs and ZnO is high in this case compared to physically mixed ZnO and CNTSs. It is
also noted that the charge/discharge performance of the chemically filled ZnO/CNT

showed poor performance at the beginning due to the low interaction of active material
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with the electrolyte. The performance of ZnO/CNT composite surpassed the physically

mixed ZnO and CNT anode as the number of cycle increases.

Conductive carbon

Huang and Yang (2014) encapsulated the ZnO sheet-like structures with the amorphous
carbon layer (thickness= 4 nm) to obtain a cellular-like structure. This cellular-like
carbon-coated ZnO was used as an anode for the Zn-Ni secondary battery. The carbon
coating on the ZnO enhanced the conductivity and reduced the internal resistance of the
anode. The carbon-coated ZnO exhibited a lower charging voltage plateau compared to
the bare ZnO. This low charging voltage would result in improved charging efficiency.
On the other hand, the discharge voltage plateau of bare ZnO dropped rapidly whereas
the discharge voltage remained stable for the carbon-coated ZnO. The limited
dissolution of active zincate ions due to the carbon coating prolonged the discharge
duration. It is reported that the discharge capacity of the carbon-coated ZnO took 25
charge-discharge cycles to reach its highest capacity. But after 16 cycles, its discharge
capacity surpassed that of the bare ZnO. As the electrolyte took more time to
impregnate the carbon coating, the initial capacity was less. The carbon coating
suppressed the dendrite formation by preventing the dissolution of zincate ions into the

electrolyte.

Chen et al. (2018) prepared a novel ZnO anode with a pomegranate structure (6 pm).
This pomegranate ZnO was prepared via a bottom-up microemulsion approach. The
ZnO nanoparticles are encapsulated by the microporous carbon framework to assemble
those as secondary clusters. The small ZnO nanoparticles avoided the passivation
problem since their size is much smaller than the critical passivation thickness. The
microporous carbon prevented the dissolution of zincate ions into the electrolyte while
allowing OH™ and water molecules to take part in the reactions. This eventually led to
a high specific capacity of the anode for a longer cycle. By controlling the solubility of
zincate ions, the formation of dendrite was suppressed. But it is noted that the charging
voltage for pomegranate ZnO anode kept increasing for the consequent cycles. This
was due to the hydrogen evolution reaction (HER) resulting from the reduction reaction

of water during the charging process.
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Long etal. (2017b) coated a carbon layer over sheet-like Zn-Al-Bi layered double oxide
to improve the electronic conductivity. Similarly, carbon-coated Zn foil (Li et al. 2018),
ZnO nanoparticles coated with carbon (Peng et al. 2019), Zn@C core-shell
nanocomposite (Wei et al. 2019) and ZnO coated with nitrogen-doped carbon (Zeng et
al. 2020a) are reported as the anode material. The purpose of this carbon coating over
Zn/ZnO anode materials in the above reports is to 1) improve the conductivity, 2)
discharge capacity, 3) preventing the dissolution of zincate ions, 4) suppress the shape
change of the anode.

2.2.2.2 Metal/Metal oxide additives

Aluminum

The effect of aluminum oxide (Al2O3) as an additive to the Zn anode was evaluated by
Leeetal. (2013). A layer of Al,O3 was coated over the Zn powders (52 pum) by chemical
solution process. This Al20s-Zn powder was used as the anode to fabricate a Zn-air
alkaline battery. It was reported that Al>Os suppressed the hydrogen evolution due to
its high overpotential for hydrogen evolution. Also, the Al,Oz acted as a protection
layer to prevent the Zn dissolution into the KOH electrolyte and it improved the
corrosion resistance of the anode. Since the loss of Zn was minimized, the battery with
Al,O3-Zn anode showed a longer discharging time than the one used by bare Zn
powder. The self-discharge of the battery was reduced with the Al.O3-Zn anode as the

side reaction from H2 evolution was inhibited.

Bismuth

The influence of additives, such as Bi2Os, LiIOH, CdO, SnO, Ni(OH)2, Co(OH). and
alkaline earth oxides on the electrochemical performance of Zn and ZnO in the KOH
electrolyte was studied by Renuka et al. (2001). The study was conducted by mixing
the additives with the ZnO powder. The PTFE was used as the binder to prepare the
ZnO working electrode. The Bi>Os showed excellent results as it enhanced the current
densities from anodic and cathodic reactions. The CdO and SnO also demonstrated an

excellent performance to improve the electrochemical activity of the ZnO.

Yuan et al. (2009) modified the surface of the commercial ZnO powder with Bi»O3
coating by chemical solution method. The prepared Bi>Os-ZnO was used as the anode
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for the Zn-Ni battery. The study reported that the surface-modified Bi-O3-ZnO showed
stable discharge capacity for longer cycles than the bare ZnO. During the initial
charging process, the Bi.O3z undergoes an irreversible reduction reaction and became
metallic Bi. This metallic Bi on the ZnO particles improved the electronic conductivity
of the anode. Also, the dissolution problem of zincate ions into the electrolyte was
minimized due to the passivation of ZnO by this metallic Bi layer. The improved
conductivity for electron transfer and reduction of active ZnO loss attributed to high
discharge capacity and longer charge-discharge cycles of the Bi>Os-ZnO anode.

Moser et al. (2013) investigated the role of Bi»Os as an additive to the ZnO with the
help of in-situ X-ray diffraction measurement during charging and discharging
processes. The ZnO anodes with and without Bi>Os were prepared to fabricate the Zn-
Ni battery. During charging, the intensity of ZnO XRD peaks was reduced to Zero.
Simultaneously, the Zn peak was emerged and kept increasing. That showed the
reduction reaction of ZnO into Zn which is attributed to the charging process. It is noted
that the intensity of the Bi».O3 peak was reduced and the emergence of the metallic Bi
peak was observed at the first charge. The conversion of Bi»Os into metallic bismuth
led to an electronically conductive network at the nanometer scale in the anode. This
enhanced the electron transportation and prevented the dissolution of zincate ions that

resulted in better discharge stability for more than 50 cycles.

It is reported that the addition of Bi>O3 does not only increase the conductivity but also
influences the precipitation of zincate ions into ZnO to make it rechargeable (Shin et
al. 2016). When the Zn undergoes oxidation reaction during discharging, the Zn is
converted into zincate ions. These zincate ions are deposited on the surface of Bi
species. Subsequently, these zincate ions are precipitated as ZnO on the surface of Bi
species. The electrical contact with the ZnO was maintained due to the deposition of

ZnO on the bismuth species. It makes ZnO more rechargeable for long cycles.

Many works are reported with Bi>O3 as an additive material to improve the performance
of the Zn/ZnO anode based alkaline batteries due to the advantages like improved
electronic conductivity in the anode, prevention of active material (Yang et al. 2018)
(Schmid and Willert-Porada 2018), etc.
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But, the major drawback is heavy molecular weight of Bi2Oz compared to In,Oz and
Sn0.. The addition of Bi»Oz increases the weight of the anode (Shin et al. 2016).

Indium

Indium in the form of In,Oz3 is used as the additive to Zn/ZnO anode to improve the
electronic conductivity and to prevent anode dissolution into the electrolyte (Ma et al.
2007). Also, the addition of indium suppressed the hydrogen evolution due to its high
overpotential for hydrogen evolution. Wang and Yang (2013) incorporated indium into
Zn—Al layered double hydroxides (LDHs) to solve the low conductivity of LDHs
problem. Like bismuth, the In(OH)s in Zn-Al-In LDH was reduced to indium metal that
cannot be oxidized back due to the discharge cut-off voltage. The metallic indium
formed the conductive network in the anode to facilitate electron transfer. The indium
network also acted as the protective layer to minimize the dissolution of zincate ions
into the electrolyte. The parasitic reaction of undesired hydrogen evolution was also
suppressed due to the high hydrogen overpotential of the indium. All these benefits of
indium addition led to higher discharge capacity, better stable discharge and long
battery life than the Zn—Al-LDHs without indium.

Synthetic Zn-In alloy prepared by fusion of zinc and indium metal powders (0.5% and
1% In) and its electrochemical performance in the KOH electrolyte was studied with a
three-electrode setup (Elrouby et al. 2021). The study concluded that the alloying In
with Zn resulted in enhanced conductivity, suppressing hydrogen evolution, improved
corrosion resistance and longer discharge time. The high cost of indium due to its

scarcity would limit its commercial application.

Silver

The silver metal, which has high electronic conductivity, is another potential additive
for the ZnO anode for alkaline battery application. Yang et al. (2014a) explored the
performance of silver as an additive to the Zn-Al LDH nanosheets for a Zn-Ni battery.
The surface of the Zn-Al LDH nanosheets was decorated with the silver nanoparticles.
The fabricated battery exhibited high discharge capacity and good cyclic reversibility
that resulted from the improved charge transfer due to the addition of silver
nanoparticles. Other studies are reported using the silver as an additive to the flower-
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like ZnO (Zeng et al. 2020b) and ZnO microspheres (Rong et al. 2020) to improve the

electrochemical performance of the ZnO anode for the alkaline battery application.

Tin

Tin is another potential additive to the ZnO anode in alkaline batteries due to its high
overpotential for hydrogen evolution (Zheng et al. 2019) and good electronic
conductivity. Zhang et al. (2014) investigated the effect of SnO2 on the electrochemical
performance of ZnO anode in the Zn-Ni battery. The composite of ZnO/SnO;
synthesised by the hydrothermal method was used as the anode. Similar to Bi»O3 and
In203, the SnO: is reduced to tin metal during the first charging process. The metallic
tin formed a conductive network in the anode that resulted in better electronic
conductivity. This improved conductivity decreased the charge-transfer resistance
between the anode and the electrolyte. It was reported that the dissolution of ZnO was
reduced due to the passivation layer formed by the tin over the ZnO surface. The
hydrogen evolution was also suppressed due to the high hydrogen overpotential of tin
species. The corrosion resistance of the anode was improved which is attributed to the
suppression of hydrogen evolution. The discharge capacity and reversibility of the
anode were enhanced by the enhanced charge-transfer between the anode and the

electrolyte.

Feng et al. (2014) prepared Zn-Sn-Al LDHs as an additive to the ZnO anode. The ZnO
anode was prepared by physical mixing of ZnO, Zn-Sn-Al LDHs and PTFE binder to
fabricate the Zn-Ni battery. The presence of tin with Zn-Al LDHs made it an excellent
additive to the ZnO. The effect was observed by the increased discharge capacity and

good capacity retention for longer cycles.

Titanium

Zhang et al. (2018b) fabricated the Zn-Ni alkaline battery. ZnO was used in the form
of nanorods synthesised on the conductive carbon paper. These ZnO nanorods were
again coated with a thin layer of TiN by atomic layer deposition (ALD). After exposing
to air, TiN was converted into TiNxOy. It was reported that the rod morphology of ZnO
reduced the dissolution of ZnO into the alkaline electrolyte. In addition to that, the

passivation of zinc anode by irreversible ZnO was avoided by using ZnO in the
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nanometer size scale (<500 nm). The protection layer of TiNxOy allowed the charge
transfer between the ZnO and the electrolyte but prevented the direct contact of ZnO

with the electrolyte. That minimized the dissolution of ZnO into the electrolyte.

Zhao et al. (2018) coated Zn plate with TiO2 by ALD technique. This TiO2 served as
the protection layer to the Zn plate to avoid direct interaction with the electrolyte. Thus,
the loss of active zincate species from the Zn plate into the electrolyte was prevented.
The coating of TiO2 reduced the corrosion of Zn and suppressed the hydrogen evolution
due to the high overpotential of Ti. The Zn-Mn battery fabricated with this Zn/TiO;

anode maintained 85% capacity retention over 1000 cycles.
Critical review on Zn/ZnO anode

Among the various morphologies of ZnO, the nanorods, LDHs and spherical structures
showed good stability in the alkaline electrolyte. The nanorods would have a larger
surface area than the spherical structures. Also, the ZnO nanorods can be synthesised
by following a simple hydrothermal method.

Carbon-based additives, such as graphene, CNTs and conductive carbon showed
excellent results in enhancing the conductivity of the anode for easy charge
transportation. But the issue of hydrogen evolution reaction (HER) cannot be answered
by these carbon-based additives. The bismuth improved the conductivity and stability
of the Zn/ZnO anode. But the specific capacity of the battery would decrease owing to
its weight. The indium-based additives are the other alternative to bismuth. The low
abundance of indium would increase the cost of the battery. The SnO2 would be a better
additive than Bi, In, Ag and Ti based additives due to its low cost and good
electrochemical properties such as suppressing hydrogen evolution and good

electronic conductivity.

2.3 Review on Tin Oxide for Energy Storage Applications

Tin oxide (Sn0Oy) is an n-type semiconductor material with a bandgap of 3.6 eV. The
SnO- is used in various applications such as electronics, photocatalysis, batteries and

gas sensors due to its chemical and physical properties.
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2.3.1 Applications
2.3.1.1 Electronics

The tin oxide (SnO2) has high conductivity, high optical transparency and high mobility
(Bansal et al. 2012). The SnO- films are used as the transparent conductive oxide (TCO)
in electrochromic devices (Kim et al. 2018). The introduction of dopant materials such
as fluorine, niobium increases the electronic properties of the SnO, (Kim et al. 2018)
(Ramarajan 2019). The fluorine-doped tin oxide (FTO) is the second widely used TCO
material next to ITO due to its excellent electronic and optical properties (Kim et al.
2018).

2.3.1.2 Photocatalysis

The water pollution caused by the dying industry is mainly due to the release of toxic
organic dyes into the water. The polluted water is treated by photocatalytic degradation
of such toxic dyes by converting or degrading into non-toxic molecules. Because of the
strong oxidizing ability, low toxicity, high chemical stability and insolubility, the SnO>
is an ideal material for water treatment by photocatalysis (Al-Hamdi et al. 2017).

When a semiconductor material is excited by the incident electromagnetic radiation (ex:
visible light), the e and h* pairs formed (Al-Hamdi et al. 2017). The electron-hole pairs
can be created in SnOz by ultraviolet (UV) light due to its bandgap value of 3.6 eV.
When UV light is illuminated, the organic dyes are converted into CO2 and H.O by the
hydroperoxyl radicals produced by the electron-hole (e” and h*) pair. The pure and
doped SnO2 nanoparticles or nanostructures are proved to degrade toxic pollutants such
as methylene blue (Sadeghzadeh-Attar 2018), Remazol Yellow (Akti 2018),
Eriochrome Black T and 2-chlorophenol (Najjar et al. 2020).

2.3.1.3 Gas sensors

Metal oxides are promising materials for gas sensor applications because of their high-
affinity to gases such as CO and Hz (Al-Hamdi et al. 2017). The gas sensors are working
by measuring the change in electrical characteristics of the active material caused by

the adsorbed analyte gas. Due to the non-toxic nature, high chemical stability and high
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conductivity, the SnO is studied as a gas sensor material. But, the SnO> can detect the
gases at high-temperature conditions only (> 200 °C) (Ingole et al. 2017). However, by
engineering the grain-size, electronic structure and doping the appropriate materials,
the gas sensing performance is increased while reducing the requirement operating
temperature. The ultra-fine grained SnO> nanospike structures showed excellent gas
sensing performance to ethanol, methanol, CO and methane (Xu et al. 2011). Also, the
SnO; based gas sensors are being prepared to detect the gases, such as NO2, Hz, SO
and CO> (Liu et al. 2016) (Zhang et al. 2017) (Manikandan et al. 2020).

2.3.1.4 Batteries

Graphite is the widely used anode material in commercial lithium-ion batteries because
of its low cost and long life (Rothermel et al. 2016). Due to its low theoretical specific
capacity of 370 mAh g, recent researches are focussed on the alternative material with
a higher specific capacity (Chen et al. 2014). The SnO; is a potential anode material
due to its higher theoretical specific capacity of 781 mAh g (Courtney and Dahn
1997). When SnO: is used as the anode in a Li-ion battery, the lithium ions intercalate
in the SnO; structures during charging. In this process, the SnO; is irreversibly
converted into Sn metal. This issue can be rectified by using the ultra-small SnO;
nanoparticle or nanostructures (Chen et al. 2014). The anode fabricated using SnO;
nanotubes exhibited the specific capacity of 1500 mAh g* at a rate of 0.1 C which is
higher than its theoretical capacity (Liu et al. 2014). The mesoporous structure made of
ordered SnO nanoparticles (size 9 nm) showed a capacity of 778 mAh g* at the
discharge current density of 0.1 C (Etacheri et al. 2015).

The tin oxide is also used in the zinc alkaline batteries as an additive to the Zn/ZnO
anode. The addition of SnO, with the anode resulted in suppressing the hydrogen
evolution reaction at the anode. The hydrogen evolution overpotential for SnO; is
higher than that of the ZnO. The electrochemical performance and life of the anode are
increased because of the decreased hydrogen evolution reaction by SnO» (Zhang et al.
2014).
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2.3.2 Instability of tin oxide electrodes

There are some concerns in using SnO> as an electrode material for electrochemical
energy storage applications. The volume or size expansion of SnO2 during the charge-
discharge (oxidation-reduction) process leads to cracks and discontinuity in the
electrode, resulting in reduced capacity and life cycle (YYan et al. 2014). When the SnO-
is used as the anode in lithium-ion battery, the SnO> undergoes a reduction reaction to
form metal Sn during the charging process. The reduced metal Sn subsequently forms
Li-S alloy with intercalated lithium ions. The dealloying of Li-S alloys happens when
the battery discharges. This alloying/dealloying process leads to the size expansion of
the SnO, anode. This pulverization effect impacts the cyclability of the anode
negatively (Lou et al. 2006). Chung et al. (1995) observed the volume expansion of
32% when the Sn metal film was converted to SnO> by annealing in air. This volume
expansion also affects the electrochemical performance of the supercapacitors

fabricated using SnO: as the electrode material (Bonu et al. 2016).

2.3.3 Improving the stability of tin oxide

The instability of tin oxide in electrochemical applications is addressed by using
suitable supportive material with it. The materials with a large surface area, good
conductivity and porosity are the ideal supporting structure to improve the stability of
the SnO2. The composite of SnO, and graphene oxides was prepared as the anode
material for lithium-ion battery (Birrozzi et al. 2014). The active SnO> particles
confined by the graphene oxide sheets have less tendency to particle agglomeration and
volume expansion. Also, the large surface area offered by the graphene oxide improved

the charge transfer between electrode and electrolyte.

A 3D network of porous graphene oxide/SnO, nanoparticles composite was prepared
as the anode material. The porous SnO- is uniformly dispersed on the reduced graphene
oxide (rGO) that served as the supportive structure to SnO,. The prepared anode shows
high conductivity, large surface area with many reactive sites and porous structure to
accommodate the volume expansion. The anode delivered a specific capacity of 595
mAh g after more than 300 charge-discharge cycles (Zhou et al. 2016). A highly

conductive N-doped carbon layer was coated over the SnO2 hollow nanofibers (Pham-
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Cong et al. 2017). Because of the synergic effect of SnO2 hollow structures and the

conductive carbon layer, high specific capacity of 1648 mAh g™ was achieved.

Thus, a supporting material with a large surface area and having the ability to facilitate
the charge transfer can improve the electrochemical performance of SnO- electrode in

the electrochemical energy storage applications.
Critical review on tin oxide electrode

Tin oxide (SnOy) is used in many applications such as water treatment, gas sensors,
electronics and batteries due to its low toxicity, chemical stability, good conductivity,
and high theoretical capacity. The SnO. based electrodes encounter instability
problems in electrochemical energy storage applications. The volume expansion and
agglomeration of the SnO: particles during the electrochemical cycles lead to
discontinuity or cracks in the electrode. This eventually leads to the loss of contact
between the electrode materials and the substrate, development of mechanical stresses
and reduced charge transfer. The instability of the SnO, electrode material can be
solved by incorporating the SnO2 on a suitable supportive material having a large
surface area with the ability to hold the SnO; on its surface to enable the charge transfer

between SnO; and electrolyte.

2.4 Review on MoS2 Nanosheets

Atomic layer molybdenum disulfide (MoS,;) comes under the family of two-
dimensional materials, like graphene, hexagonal boron nitrate, etc. A MoS: sheet has a
layer of Mo atoms sandwiched between the layers of S atoms with a strong covalent
bond. The adjusting MoS: sheets are held together by weak van der Waals forces (Le
Mogne 1994). The MoS; nanosheets are attractive due to their two-dimensional
structure, high surface area (> 210 m?g™), tuneable band gap and electronic properties
(Wang et al. 2015). The MoSz nanosheets are easily coated over various substrates
owing to their two-dimensional structure and mechanical flexibility (Ji et al. 2019).
Also, the surface of the MoS, nanosheets can be functionalised by using zero-

dimensional (0D) and one-dimensional (1D) nanomaterials.
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2.4.1 Optoelectronic properties

The stable 2H phase of MoS; exhibits semiconductor behaviour (Eda et al. 2011). The
bulk MoS; has an indirect band gap of 1.2 eV. Its band gap value increases with
decrease in the crystal thickness because of the quantum confinement effect. The
monolayer MoS; shows a direct band gap of 1.9 eV (Eda et al. 2011) (Gupta et al.
2020). The MoS2 nanosheets continue to attract interest in the field of optoelectronics

and photocatalysis due to this indirect to direct and small to large band gap tunability.

2.4.2 Electronic properties

The MoS; nanosheets are a promising material for next-generation thin film transistor
(TFT) applications. The mono/few layers of MoS, nanosheets show high carrier
mobility of 100 to 200 cm? V! st and a high on/off current ratio of 108 which are the
essential characteristics for an active material in a transistor (Gupta et al. 2020). Many
works are reported on MoS. nanosheets based thin film transistors towards the
applications like non-volatile rewritable memory devices (Liu et al. 2012) (Liao et al.
2019) (Liao et al. 2020).

2.4.3 Thermal properties

Li et al. (2014) conducted thermogravimetric analysis (TGA) on MoS; and MoS;/
conductive polymer composite to study the thermal degradation behaviour. It showed
that MoS; was stable up to 600 °C. Zhou et al. (2014) also reported that MoS; is
thermally stable up to 700 °C. It was once again confirmed from the reported work by
Qinetal. (2014).

2.4.4 Mechanical flexibility

The materials should not fail after repeated bending cycles to use in a flexible device
application. They should not lose their properties after a certain period of time. The
MoS; monolayer sheet shows good mechanical properties due to its strong Mo-S
covalent bond (Gupta et al. 2020). Bertolazzi et al. (2011) investigated the mechanical
properties of MoS; sheets. The monolayer and few-layer MoS; sheets were deformed

and even broken using an atomic force microscope. The Young’s modulus of the
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monolayer MoS; was found to be 270 + 100 GPa which is higher than stainless steel.
Peng and De (2013) used density functional theory (DFT) to investigate mechanical
properties, such as ultimate tensile strain and in-plane stiffness. The estimated value of
ultimate tensile strain was 0.24-0.37 and in-plane stiffness was 120 N/m. The reported
works concluded that the MoS2 nanosheets are very flexible and can be used on any

kind of substrates.

2.4.5 Electrochemical properties

The MoSz nanosheets are very good candidate materials to be used for energy storage
applications due to the characteristics such as high surface area, planar electronic
transportation and good stability (Huang et al. 2014). The hydrothermally synthesised
MoS:z nanosheets and MoS; microflowers were tested as the electrode materials for the
supercapacitor application. The corresponding specific capacity was measured as 129.2
F gt and 167.7 F g* at the current density of 1 A g (Huang et al. 2014) (Xu et al.
2016). These high specific capacity values of the MoS; electrodes were due to their
high surface area and layered structure that enhanced the interaction between the
electrode and the electrolyte. The MoS; based hybrids with materials like graphene and

polyaniline reported increased specific capacity (Ren et al. 2019) (Hota et al. 2020).

The MoS; is a potential anode material for lithium-ion battery applications because of
its layered structure that can allow the lithium ions to intercalate into them. As the weak
van der Waals force binds the neighbouring MoS: layers, the S-S bonds are broken and
Li-S bonds are formed by the intercalated lithium ions (Du et al. 2010). The
electrochemical performance of the MoS; can be improved by incorporating them into
a high conductive network. The MoS> nanosheets with a carbon layer improved the
conductivity that resulted in a high specific capacity of 1001 mAh g (Liang et al.
2013). Similarly, different hybrid MoS, based anode materials were prepared with
various conductive supportive networks such as macro-micro-mesoporous carbon
structure (Huang et al. 2019) and 3D porous charcoal network structure (Xu et al. 2019).
So, it is clearly understood that the MoS nanosheets are an excellent candidate to be

used for electrochemical storage applications.
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2.4.6 Electrochemical performance of MoS2 nanosheets hybrid electrodes

Stability and charge transportation are the essential properties of any material used for
electrochemical energy storage applications, such as batteries and supercapacitors. The
MoS> nanosheets are two-dimensional materials with a large surface area like graphene.
There are many reports that show the ability of MoS2 nanosheets in enhancing the
electrochemical performance of metal oxide and conductive polymers based

supercapacitors (Zhao et al. 2017) (Alamro and Ram 2017).

Huang et al. (2013) prepared a composite of polyaniline (PANI)/MoS: nanosheets for
the supercapacitor application. The specific capacitance of PANI was increased by two
folds because of added MoS; nanosheets. The equivalent series resistance (ESR) of
PANI was reduced from 2.05 Q to 1.25 Q by compositing it with MoS». The reason for
this improvement is believed to be the rapid movement of charge carriers back and forth
through the MoS; nanosheets. Also, MoS; nanosheets serve as a high surface area
support for PANI, which enhanced the interaction between electrode and electrolyte. It
facilitated the rapid transport of electrolyte ions to the electrode during the charge-
discharge process. Moreover, the composite lost only 2% of its specific capacitance

after 500 cycles.

The poor conductivity of the electrode often reduces the capacity and cyclability of
metal oxides such as Coz04 (Liang et al. 2015) and Mn304 (Wang et al. 2016a), MnO>
(Zhang et al. 2020b) and NiFe.O4 (Zhao et al. 2017). This could be enhanced by
incorporating MoS; nanosheets with them. The composite of such materials with MoS;
nanosheets showed the enhanced current values in cyclic voltammetry tests. The

discharge time was also increased for such composite materials.

2.4.7 Synthesis methods
2.4.7.1 Chemical vapour deposition

The molybdenum (Mo) source material and sulfur source material are kept inside a
horizontal tube furnace and heated. Because of the heating, the source materials get
evaporated. The Ar gas or N2 gas is purged inside from one end of the tube furnace.

The vapours of Mo and sulfur are carried by this gas and get condensed onto the
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substrate. A single layer of MoS; film is produced from this process. This method is

called as chemical vapour deposition (CVD).

Lee etal. (2012b) and Tsai et al. (2014) produced the few layers MoS; with MoOs and
sulfur as source materials. The CVD process was carried out in a tube furnace, kept at
650 °C, under N2 gas flow. Heating for 15 minutes produced atomic layers of MoS;
films. Yu et al. (2013a) used MoCls powder as Mo source. High quality MoS; film was
deposited with 10 minutes of heating at 850 °C under Ar gas flow.

2.4.7.2 Mechanical methods

Mechanical exfoliation is another technique to produce high-quality layers of MoS;
sheets. This technique was used to exfoliate graphene from graphite flakes (Novoselov
et al. 2004). In this method, each layer of graphite was peeled off by scotch tape till its
thickness was reduced to few graphite layers. This technique was adapted to produce
MoS; nanosheets. Bertolazzi et al. (2011) exfoliated MoS; sheets from the bulk
molybdenite. The obtained nanosheets were dissolved and captured on PVA and
PMMA coated SiOzsubstrate. Then PVA and PMMA layer were released by dissolving
them in water and vacuum heating at 400 °C for 4 hours. In the end, MoS, was
transferred to SiO> substrate. Choi et al. (2012) and Kwon et al. (2015) also used the
mechanical exfoliation method to obtain MoS: film to fabricate MoS, film based

transistor.

2.4.7.3 Physical vapour deposition

Le Mogne (1994) prepared MoS; films for super-lubrication application. The MoS>
sputtering target was made from the MoS; powder. The films on different substrates
were prepared by sputter depositing MoS: by using radio-frequency (RF) magnetron

sputtering system.

Ma and Shi (2013) placed MoS: pellets in a cubic iron box with small pinholes. Then,
this box and Si substrate were kept inside a horizontal tube furnace. The furnace was
heated to 500 °C and Ar gas was supplied into the furnace at a rate of 10~30 sccm. The

MoS; got evaporated and came out through the pinholes to form a narrow vapour beam.
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The reaction time was varied between 2-10 minutes to produce MoS; film on the Si

substrate.

Though CVD, PVD and mechanical exfoliation method produces high-quality MoS;
sheets, it has limitations, namely, the need for high temperature heating, transfer of film

onto another substrate and low yield.

2.4.7.4 Lithium intercalation method

The bulk MoS; powder was soaked in a lithium based solvent. After allowing sufficient
time for lithium to intercalate into the MoS: layers, the solution was mixed with water
and ultrasonicated. Also, it was assumed that when water and intercalated Li interact,
hydrogen gas is produced. The MoS; layers are separated as the hydrogen gas expands.

Joensen et al. (1986) exfoliated single-layer MoS, from the bulk MoS> powder using
1.6 M n-butyl lithium in hexane under Ar gas atmosphere. Eda et al. (2011) heat-treated
the MoS; sheets which were produced from Li intercalation technique. They annealed
the MoS; sheets at 300 °C in the Ar atmosphere. This treatment restored 2H semi
conductive phase from the bulk powder that is needed for transistor application. Voiry
et al. (2013) and Acerce et al. (2015) synthesised 1T phase MoS; by Li intercalation
method for hydrogen evolution.

Dungey et al. (1998) explained the structural change involved in MoS; bulk sheets
during Li intercalation. In bulk MoS; (2H phase), the sulfur atoms are in a hexagonal
close-packed arrangement. The Mo atoms are sandwiched between the S atoms so that
Mo will have six coordinated S atoms to form trigonal prismatic geometry. The van der
Waals force holds the sandwiched layers together. During the intercalation, Li donates
one electron to the d-band of MoS; and Li* goes and sits between two sandwiched

layers.

42



a) -

)
il i B AN 2
4 Y s > . ] " a | 2 2|
"‘ ‘l\ i ) s S N 5 Y S
b 2H MoS
A\ 2 a b a
(b) a [_‘ I
C C
> i A
| Wl Yy
Y . ) S
> il G @
| Y Y 1Y
5 A e} -
» 4 4P 4P ~ ~ " -~ ~
SPRPH o O o ~
W O ¢ X Y Y o ™
1T MoS,

Figure 2.5 Top and side views of the a) 2H and b) 1T arrangement of MoS, (Gupta et
al. 2020)

The MoS; layers get reduced and transform into 1T phase with octahedrally coordinated
Mo atoms. The 2H phase exhibits a semiconductor nature whereas the 1T phase exhibits
metallic nature. This 1T phase exits along with the 2H phase in the Li intercalated MoS:

sheets.

In this process, there is a necessity to take precautionary measures during the handling
of n-butyl lithium. This reacts violently with the water and needs to be stored under the

inert gas atmosphere to prevent activity loss.

2.4.7.5 Solvent aid or liquid exfoliation

Coleman et al. (2011) separated individual MoS: sheets with the assistantce of organic
solvent, N- methyl-pyrrolidone (NMP). The bulk MoS; powder was dispersed in the
solvent. This dispersion was ultrasonicated to exfoliate the MoS: nanosheets. Then the
resultant dispersion was centrifuged and the supernatant was collected. This final

supernatant dispersion contained mixed mono-, bi-layer and few layer MoS; sheets.

Anbazhagan et al. (2014) used thioglycolic acid to exfoliate MoS; sheets from the bulk
MoS, powder. Li et al. (2014) reported MoS, exfoliation using 45% ethanol-water
mixture as the solvent. Narayanan et al. (2014) used dimethylformamide (DMF) as the

solvent. Mishra et al. (2015) used a mixture of DM water and soup detergent as the
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solvent. Weng et al. (2015) used NMP as the solvent to exfoliate the bulk MoS; powder

into mono or few layer thick MoS; sheets.

2.4.7.6 Hydrothermal method

Huang et al. (2014a) synthesised MoS, nanosheets with sodium molybdate as the
molybdenum source and L-cysteine as the sulfur source. The source materials were
dissolved in DM water and ultrasonicated. Then it was transferred to a Teflon-lined
autoclave. The autoclave was subjected to heat at 180 °C for 48 hours. The product was
washed several times with water and ethanol, then vacuum dried at 80 °C for 12 hours.

Ren et al. (2015) used dibenzyl disulfide as the sulfur source instead of L-cysteine to
synthesis MoS; nanosheets. The mixture of sodium molybdate in water and dibenzyl
disulfide in ethanol was ultrasonicated. Then the mixture was transferred to a Teflon-
lined autoclave and heated at 220 °C for 18 hours. The resultant suspension was

centrifuged and the supernatant containing the MoS; sheets were collected.
Critical review on MoS: nanosheets

The liquid phase exfoliation of MoS2 nanosheets is a simple and high yield route. The
MoS, nanosheets have high mechanical strength and flexibility and excellent
electrochemical stability. They are ideal materials to be used for energy storage
applications like supercapacitors and batteries. It is reported that the electrochemical
performance of the supercapacitors based on metal oxides like SnO2, Mn20z and C0304
can be enhanced by composite them with the MoS, nanosheets.

2.5 Objectives of the Study

Silver nanowires could be synthesised with the presence of an alternative oxygen
scavenger, other than Cu/Fe, to improve the aspect ratio of the silver nanowires. The
manganese (Mn) ions have not been explored as the oxygen scavenger till now. The
characteristics of manganese, such as (i) tendency to remove more oxygen owing to its
high negative free energy for oxidation; (ii) large number of oxidation states (2, +3, +4,
+5, +6 and +7) compared to that of Cu (+1 and +2) and Fe (+2 and +3) are expected to

help in removing the oxygen effectively from the surface of silver seed particles.
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The high solubility of the Zn/ZnO anode in the alkaline electrolyte could be controlled
by changing the morphology into one-dimensional rod-like structures from the
conventional cubic, prism-like structure. The hydrogen gas evolution and corrosion
problems could be minimized by adding SnO2 nanoparticles and two-dimensional
MoS: nanosheets as additives to the anode material. The SnO: is an effective additive
to Zn/ZnO anode in suppressing the hydrogen gas evolution and enhancing the
conductivity. The MoS; nanosheets offer a large specific surface area similar to
graphene. They can improve the interaction between the electrode and the electrolyte
and facilitate charge transfer. The MoSz nanosheets can act as the conductive bridge
between the individual ZnO and SnO; particles. The use of both MoS> nanosheets and
SnO: nanoparticles together as an additive to Zn/ZnO anode is rarely explored. The
composite of M0S,-SnO- as an additive would bring the benefits from these materials

for the betterment of zinc-based anode in alkaline batteries.

Hence, the following objectives are formulated.
1. Fabrication of transparent conductive film of the silver nanowires
synthesised in the presence of different chloride salts
= Synthesis and characterization of the silver nanowires with the presence
of NaCl, CuClz and MnCl;
= Preparation and characterization of the transparent conductive Ag NWs
film made using spray coating
= Testing of silver nanowires film for transparent heater application
2. Synthesis and characterization of MoS; nanosheets
= Analysing the nature and purity of the synthesised MoS> nanosheets
3. Preparation of M0S2-SnO2 nanocomposite for supercapacitor applications
= Preparation of nanocomposite of MoS; nanosheets and SnO:
nanoparticles and its electrochemical characterization for supercapacitor
application
4. Preparation of hybrid MoSz-SnO2/ZnO anode for zinc alkaline battery
application
= Synthesis of ZnO microrods, nanorods and their electrochemical

characterization in the alkaline electrolyte (KOH)
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= Electrochemical characterization of the Mo0S2-SnO2/ZnO hybrid
electrode in the alkaline electrolyte (KOH)

2.6 Scope of the study

The study will help to understand the importance of oxygen scavengers during the
synthesis of silver nanowires used to fabricate the flexible transparent conductive silver
nanowires films. The study will help to realize the significance of appropriate additives
and morphology of the electrode material in enhancing their electrochemical
performance for the energy storage applications such as supercapacitors and alkaline

batteries.
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CHAPTER 3

MATERIALS AND METHODOLOGY

This chapter presents the details on the materials preparation and their various
characterizations. The present chapter has three sections. They are 1. Fabrication of
flexible transparent conductive silver nanowire films and their characterizations; 2.
Preparation of MoS,-SnO, nanocomposite and its characterizations; 3. Preparation of

ZnO hybrid electrodes and their electrochemical characterizations.

3.1 Flexible Transparent Conductive Silver Nanowires Film

The fabrication of flexible transparent conductive silver nanowires films involves the
synthesis of silver nanowires, purification process to separate the nanowires from by-
products, coating silver nanowires on the desired substrate and post-film treatment to

improve its properties.
3.1.1 Synthesis of silver nanowires

The silver nanowires were synthesised by the polyol method (Coskun et al. 2011). The
materials used for the synthesis process are silver nitrate (SRL Laboratories, 99.9%),
polyvinylpyrrolidone (Molychem), NaCl (TCI chemicals, >99.5%), CuCl».5H,0 (SRL
Laboratories, 98%), MnCl2.4H>O (Nice chemicals, 95%) and ethylene glycol (Nice

chemicals, 99%). The concentrations of the chemicals were optimized as follows.

First, the solutions of silver nitrate (AgNOs), polyvinylpyrrolidone (PVP,
M.W.=40,000), NaCl (44.5 mM), CuCl,.5H20 (22 mM) and MnCl2.4H>0 (22 mM, 40
mM and 65 mM) were prepared by using ethylene glycol (EG) as solvent. A flask
containing 15 ml solution of 0.147 M PVP was heated for 45 minutes at 170 °C in an
oil bath under magnetic stirring. Then, 75 puL of chloride solution (NaCl or CuCl,.5H.0
or MnCl,.4H>0) was added to the flask. After three minutes, 3 ml AgNO3z (0.153 M)
solution was added to the flask. Upon adding AgNO3, the solution was continued to be
heated for another 2 hours for the growth of nanowires. After 2 hours of heating, the
solution was removed from the oil bath and allowed to cool in the air. Finally, the as-

synthesised product was washed with acetone and isopropyl alcohol.

47



3.1.2 Purification of silver nanowires

Two methods were explored to separate the silver nanowires and the particles produced
from the synthesis step as by-products. Conventional centrifugation was the first

method employed to remove undesirable silver particles (Jarrett and Crook 2016).

Remove
| Centrifugation supernatant _| Centrifugation

Precipitated
Ag NWs

Add IPA

Figure 3.1 Purification of Ag nanowires by centrifugation process

In this method, as shown in Fig. 3.1, the silver product synthesised with the presence
of Cu(lIl) ions was mixed with acetone and centrifuged at 4000 rpm for 20 minutes.
After the completion of centrifugation, the supernatant was removed. Then, the
isopropy! alcohol (IPA) was added to the precipitation settled at the bottom of the
centrifuge tube. Now, the dispersion in IPA was centrifuged at 3000 rpm for 20 minutes.
The supernatant in the tube was removed again. This step was repeated two more times.

At last, the product settled at the tube bottom was dispersed in IPA and kept for storing.

The second method was the decantation and solvent-aid purification process. The as-
synthesised silver product, synthesised with the presence of Cu(ll) ions (and Mn(Il)
ions), was kept for settling for 12 hours. The product which remained as the supernatant
was removed out from the flask (decantation). Next, acetone was added to the flask.
The mixture was ultrasonicated for 2 minutes. This led the mixture to coagulate and
settle at the bottom. The remained supernatant at this stage was removed. Now, the IPA
solvent was added into the settled precipitation. The added IPA dispersed the
precipitate. Next, the dispersed products were allowed to settle down slowly. After 15
minutes of time, the top half of the dispersion was removed, leaving the half-settled
product in the flask itself. Both the supernatant and settled products at this stage were
used for further characterization. Various stages involved in this purification method

are schematically presented in Fig. 3.2.
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Figure 3.2 Schematic representation of the decantation and solvent-aid purification

process

3.1.3 Coating transparent conductive silver nanowires film

Nozzle gun

Ag NWs
comprsed_ of | T e
air
15cm

[_:_—'__'_K— Substrate
Hot plate (80 °C)

Figure 3.3 Spray coating of silver nanowires films

The silver nanowires films were prepared by spray coating technique. The silver
nanowires dispersed in IPA were loaded into a commercial airbrush kit and spray-

coated on the glass or plastic film substrate kept on a hot plate at 80 °C. The air pressure
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used was 68.9 kPa (10 psi). The distance between the spray gun and the substrate was
15 cm. Later, the prepared silver nanowires films were subjected to annealing at 165

°C for 30 minutes to reduce the sheet resistance.

3.1.4 Characterization of silver nanowires and film

The prepared silver nanowires and silver nanowires films were subjected to various
characterizations to analyse the growth, morphology, dimensions (length and diameter),
stability under mechanical bending movements, electrical and optical properties which
are essential to be used for transparent conductive applications (Langley et al. 2013).

3.1.4.1 X-ray diffractometry

The structural characterizations, such as phase identification and crystal growth
direction of the synthesised silver nanowires were performed by using X-ray
diffractometer (XRD; JDX 8P, JEOL) with Cu Ka (A=0.154 nm) radiation. The XRD
pattern was obtained in the 26 range from 30° to 70° at the scan rate of 2°/min and step
size of 0.02°. The sample was prepared by drop-casting the purified silver nanowires
dispersed in IPA on a glass substrate. The collected XRD data was analysed by
comparing it with the standard ICDD files.

3.1.4.2 Scanning electron microscopy

The morphological studies of the synthesised materials were carried by using scanning
electron microscope (SEM) (JSM-6380LA, JEOL) and field emission scanning electron
microscopy (FESEM; Carl Zeiss Sigma). The dimensions of the synthesised products

were measured from the SEM/FESEM micrographs by using ImageJ software.

3.1.4.3 Transmission electron microscopy

The detailed morphological analysis of synthesised materials and selected-area electron
diffraction (SAED) were obtained by using transmission electron microscope (TEM)
(JEM-2100, JEOL). The samples for TEM analysis were prepared by diluting the
synthesised materials with IPA and ultrasonicate them for 10 minutes. This step was
essential to avoid the agglomeration of the synthesised materials. Then, one or two
drops were taken from the middle of the dispersion and drop-casted on the 3 mm

50



diameter carbon-coated copper grid. The samples deposited on the copper grid were

dried in order to remove the moisture from the samples.

3.1.4.4 UV-VIS spectroscopy

The optical absorption and transmittance spectra of the synthesised silver nanoparticles,
silver nanowires and silver nanowires films were obtained by using UV-VIS
spectrometer (SD2000, Ocean Optics). All the samples were dispersed in isopropyl
alcohol solvent for the absorption spectra measurement. Isopropyl alcohol was used as

the reference liquid for this measurement.

3.1.4.5 Electrical resistance test

The sheet resistance (Rs) of the coated silver nanowires films was measured by using
four-probe measurement setup (SES instruments, India). The change in sheet resistance
of the film subjected to the mechanical flexibility test was measured by the two-probe
method using Fluke 15b+ multimeter. The silver paste was used to make electrical
contacts at the two ends of the films for this purpose. A silver nanowires film of 2.5x2.5
cm coated on the plastic substrate was used as the sample. The width of the silver

contacts was 3 mm.

3.1.4.6 Mechanical flexibility test

The silver nanowires film was spray-coated on a flexible plastic film to test the
mechanical flexibility of the synthesised silver nanowires. The prepared film was bent
to a curvature of 4.5 mm radius for 500 bending cycles. An ITO coated PET film was
also subjected to this bending test for comparison purpose. The change in sheet
resistance of silver nanowires film and ITO/PET was measured after every ten bending

cycles.
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Figure 3.4 Bending test to examine the mechanical flexibility of the film
3.1.4.7 Transparent heater test

Electrical contacts were made at the two ends of the silver nanowires film by using the
silver paste. The setup to test the heater performance of the silver nanowires film is

shown in Fig. 3.5.

IR thermometer

F

_lﬂllmmmml[ Source meter

+15.000 V
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Silver contact ﬁ

( Ag NWs film I

Figure 3.5 Silver nanowires film heater testing setup

The heater test was performed by applying the electrical potential between two
electrical contacts made on the silver nanowires film using Keithley 2400 source meter.
The heater test was conducted with different the applied voltages: 5, 7 and 10 V. The
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temperature generated on the film in response to the applied potential was measured by

using an infrared thermometer (HT-826; Temp. resolution=0.1 °C).
3.2 M0S2-SnO2 Nanocomposite for Energy Storage Applications

The MoS; nanosheets are an excellent additive material to improve the performance of
the metal oxides for electrochemical energy storage applications such as
supercapacitors and batteries (Wang et al. 2016a) (Pan et al. 2016). The present work
demonstrates the enhancement of electrochemical performance and stability of the
SnOz nanoparticles by functionalizing them on the MoS; nanosheets.

3.2.1 Synthesis of M0S2 nanosheets

The MoS; nanosheets were prepared by the ultrasonication-assisted liquid-phase
exfoliation method (Liu et al. 2012). First, 150 mg of polyvinylpyrrolidone (PVP,
MW~40,000) was dissolved in 10 ml ethanol. Next, 30 mg of bulk MoS; powder (Alfa
Aesar, 325 mesh) was added to the above-prepared PVP solution. The mixture of MoS;
and PVP in ethanol was ultrasonicated (Power= 50 W, =33 kHz) for 4 hours to

exfoliate the MoS, nanosheets.

Washing
Ultrasonication dﬁ// (centrifugation)
-
Ny~
MoS, powder (bulk) MoS, nanosheets

Figure 3.6 Exfoliation of MoSz nanosheets

After the exfoliation process, the exfoliated MoS; sheets which remained on top of the
solution were transferred to the centrifugal tubes for washing. The product was mixed
with acetone and centrifuged at 7000 rpm for 20 minutes. After removing the
supernatant, isopropyl alcohol (IPA) was added to the precipitation settled at the bottom
of the centrifugal tube. This exfoliated MoS: dispersion was again centrifuged at 8000
rpm for 20 minutes. Finally, the washed product was collected and suspended in IPA

for storing.
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3.2.2 Synthesis of SnO2 nanoparticles

The SnO: nanoparticles were synthesised by following the work reported in the
literature (Bob et al. 2016). First, 1 g of tin chloride pentahydrate (SnCls.5H20) was
dissolved in 10 ml of ethylene glycol (EG). It was followed by the addition of 250 mg
of ammonium chloride, 250 mg of ammonium acetate and 30 ml de-mineralized (DM)
water in a round bottom flask. Then, the flask was heated to 90 °C in the oil bath for 2
hours. Upon heating, the synthesised product was washed with DM water and ethanol.
Finally, the washed SnO- nanoparticles were dispersed in ethanol.

3.2.3 Functionalization of MoS2 nanosheets with SnO2 nanoparticles

The known density of MoS; nanosheets dispersion was added into a vial containing the
known weight of SnO. nanoparticles dispersion. Then the two materials were well
dispersed together by using ultrasonication bath. After the ultrasonication, the materials
were allowed to get settled at the bottom of the vial. Then the supernatant liquid was
removed and the materials settled at the bottom were used for our study. Likewise, five
different compositions of MoS>-SnO> nanocomposites were prepared with varying the
weight ratio of MoS; nanosheets (0.5%, 1%, 2.5%, 5% and 10%) to SnO> nanoparticles.
The camera images of each step involved in this preparation process are shown in Fig.
3.7.
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Figure 3.7 Camera images show the steps involved in the preparation of MoS,-SnO>
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3.2.4 Characterization of M0S2-SnO2 nhanocomposite
3.2.4.1 X-ray diffractometry

The structural characterization and phase identification of the synthesised materials
were performed by using X-ray diffractometer (XRD; JEOL, JDX 8) with Cu Ka
(A=0.154 nm) radiation at the scan rate of 1°/min and step size of 0.02°. The XRD
patterns were collected in the 20 range from 10° to 60°. The MoS> nanosheets, SnO>
nanoparticles and MoS>-SnO, nanocomposite were drop-casted on the glass substrate
and used as the samples. The collected XRD data were analysed by comparing it with
the standard ICDD files.
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3.2.4.2 Scanning electron microscopy

The morphological studies of the synthesised materials were carried by using field
emission scanning electron microscopy (FESEM; Carl Zeiss Sigma). The sample
preparation for FESEM analysis was done by drop casting the dispersion of MoS;
nanosheets and MoS>-SnO» nanocomposite on a glass slide. Upon drying, the samples
deposited on the glass slide were sputter-coated with thin gold layer before used for the
FESEM analysis.

3.2.4.3 Transmission electron microscopy

The detailed morphology of the synthesised materials and selected-area electron
diffraction (SAED) were analysed by using transmission electron microscope (TEM)
(JEM-2100, JEOL make). The samples were drop cast on a 3 mm diameter carbon-
coated copper grid.

3.2.4.4 Raman spectroscopy

The Raman spectra of bulk and exfoliated MoS, were obtained by using Raman
spectrometer (Horiba Jobin-Yvon, labRAM HR) with an excitation wavelength of 532

nm.

3.2.4.5 X-ray photoelectron spectroscopy

The X-ray photoelectron spectrometer (XPS) was performed to analyse the nature of
materials by determining their present oxidation states from their binding energy peaks.
The surface chemistry of the materials was analysed by using X-ray photoelectron
spectrometer (XPS; Thermo scientific, Multilab 2000) instrument (Mg Ka X-ray, 200
W excitation source).

3.2.4.6 Particle size analysis

The particle size of SnO nanoparticles was determined by using particle size analyser
(Malvern Zeta Sizer, NanoZS). The particle size distribution obtained from this study
was used to compare it to the average particle size measured from the electron

microscopic study.
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3.2.4.7 Surface area analysis

The specific surface area and pore size distribution of MoS; nanosheets were analysed
by Brunauer—-Emmett-Teller (BET) and Barrett—Joyner—Halenda (BJH) method using
surface area analyser (Microtrac, BELSORP Max). It was necessary to measure the
specific surface area of the MoS. nanosheets as the charge transfers during the

electrochemical cycles are facilitated through the surface of MoS; nanosheets.

3.2.4.8 Electrochemical characterization

Electrochemical studies were carried out with a standard three-electrode cell using SP-
150 electrochemical workstation (BioLogic, France). Platinum wire and saturated
calomel electrode (SCE) were used as the counter electrode and reference electrode,
respectively. The working electrode was prepared as follows: 4.5 mg of nanocomposite
was added into 250 pL water/ethanol (2:1 v/v) solution containing 15 puL Nafion (5
wt%). The above mixture was ultrasonicated for 15 minutes to obtain a homogeneous
mixture. 50 pL of the prepared mixture was drop cast on a graphite electrode (10 mm
diameter rod). The calculated mass of the active electrode material was 1.1 mg cm™.
The aqueous solution of 2 M KOH dissolved in DM water was used as the electrolyte.

3.3 Electrochemical Performance of ZnO Hybrid Electrode in Alkaline Electrolyte

The ZnO is used as the anode material in zinc batteries that use alkaline electrolytes.
The performance, life cycle and rechargeability of these batteries depend on the stability
of the anode. Morphological changes, solubility in the electrolyte and H> gas evolution
at the anode are the important factors to be considered to achieve a good battery
performance (Zhang et al. 2018b). The present work deals with the mentioned factors
by engineering the morphology of the anode material and additives added to the anode

material.

3.3.1 Synthesis of one dimensional ZnO rods

The concentrations of the precursors used were optimized to the laboratory condition.
ZnO nanorods were synthesised by microwave heating. 22 g of Zn(NO3z)2.6H20 and 4.2

g of KOH were dissolved in 100 ml de-mineralized (DM) water. Then, ammonia was
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added into this solution dropwise under continuous stirring to bring the pH value to 11.
After that, the prepared solution was heated in a microwave oven at 700 W for 5 min.

The final product was then washed with the DM water and the ethanol for three cycles.

ZnO microrods were synthesised by the hydrothermal method. 4.5 g of Zn(NO3)2.6H20
and 0.850 g of KOH were dissolved in 30 ml de-mineralized (DM) water. Ammonia
was added into the solution dropwise under continuous stirring to adjust the pH value
to 11. Then, the entire solution was transferred to a Teflon-lined stainless autoclave.
This autoclave was heated in a hot air oven at 180 °C for 48 h. Finally, the final product
was washed with the DM water and the ethanol for three cycles. Commercial ZnO
nanoparticles (Platonic Nanotech, India) were used in this study to compare the

performance of synthesised ZnO samples.

3.3.2 M0S2-Sn02/Zn0O preparation

The preparation of MoS2-SnO, nanocomposite is explained earlier in section 3.2.3. The
5% Mo0S,-SnO, nanocomposite powder was added as the additives to the ZnO powders
(ZnO nanoparticles, ZnO nanorods and ZnO microrods). The mixtures were then added
into the PVA dissolved in DM water. The PVA was serving as the binder. The weight
ratio of ZnO, M0S,-SnO, and PVA was maintained at 75:15:10, respectively.

3.3.3 Material characterization of ZnO and Mo0S2-Sn0O2/Zn0O:

The structural characterization of synthesised ZnO rods and commercial ZnO
nanoparticles was performed by using X-ray diffractometer (XRD; JEOL, JDX 8) with
Cu Ka (A=0.154 nm) radiation at the scan rate of 1°/min and step size of 0.02°. The
collected XRD data was analysed by comparing it with the standard ICDD files. The
morphological studies of the ZnO materials were carried by using field emission
scanning electron microscopy (FESEM; GeminiSEM 500, Carl Zeiss).

3.3.4 Material solubility test

The solubility of ZnO materials in the alkaline electrolyte was determined. 5 mg of ZnO
nanorods, ZnO microrods and commercial nanoparticles, each were added into separate

vials that contained 6 M KOH in water solution. After 12 hours, the supernatant solution
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was taken out from each ZnO sample vial and subjected to atomic absorption
spectroscopy (AAS) analysis. The analysis was performed by using GBC 932 atomic
absorption spectrometer.

3.3.5 Electrochemical measurements

The electrochemical studies of all ZnO materials were performed with the three-
electrode cell setup by using Flex-OGFO5A potentiostat (Origaly's, France) and
OrigaFlex-OGFEIS impedance analyser (Origaly's, France). The ZnO powder (ZnO
nanoparticles, ZnO nanorods and ZnO microrods) was added into the binder solution
of PVA dissolved in DM water. The well-mixed slurry of ZnO was drop-casted on the
glassy carbon electrode. This was used as the working electrode for electrochemical
studies. The platinum wire and saturated calomel electrode were used as counter
electrode and reference electrode, respectively. The 6 M KOH dissolved in water was

used as the electrolyte (Yang et al. 2018).

i.  Priortoall the electrochemical tests, the electrochemical cell was in open-circuit
potential for 10 minutes to ensure that the cell reached a steady state.

ii.  The cyclic voltammetry (CV) test was conducted in the potential range from -2
V to -0.95 V at the scan rate of 10 mV s* as the anodic and cathodic peaks of
ZnO are expected to be appeared in this range (Renuka et al. 2001).

iii.  Potentiodynamic polarization was used to study the corrosion behaviour of ZnO
materials. The test was performed at the scan rate of 1 mV s™. The potential
range was selected so that ‘Ecor Of ZnO in KOH electrolyte fall in this range
(Huang et al. 2014a). The Tafel curve was obtained by plotting the values of
potential versus log | (current).

iv.  Linear sweep voltammetry (LSV) was performed at the potential range from 0
V to -2.5 V at the scan rate of 5 mV s™. The wide range of potential was selected
to observe the current response to study the hydrogen gas evolution in the
material.

v.  Electrochemical impedance spectroscopy (EIS) was carried out with the AC

sine wave amplitude of 10 mV in the frequency range from 0.1 Hz to 100 kHz.
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CHAPTER 4

TRANSPARENT CONDUCTIVE SILVER NANOWIRES FILM

This chapter presents the polyol synthesis of silver nanowires, fabrication of
transparent conductive silver nanowires films and its performance as the transparent
heater. This chapter discusses the effect of MnCl, addition on the morphology of
synthesised silver nanowires. The opto-electrical characteristics of fabricated silver

nanowires films are discussed in detail.

4.1 Synthesis and Purification of Silver Nanowires

The SEM micrograph of silver nanowires synthesised with the addition of CuCl..5H.0
after the centrifugation process is shown in Fig. 4.1. It is observed that there are still
many nanoparticles and microrods present along with the nanowires. In order to use
these silver nanowires for transparent conductive electrode (TCE) application, these
particles have to be removed. Thus, it was convinced that the centrifugation process
alone was not enough to separate silver nanowires (Ag NWSs) from the undesired silver

particles.

Figure 4.1 SEM micrograph of the synthesised silver product after the centrifugation

process
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The proposed alternative method, ‘decantation and solvent-aid purification process’
shown in Fig. 3.2, is explained in the following steps. The as-synthesised solution was
kept undisturbed overnight for the synthesised products to settle down at the bottom of
the flask. This leaves the excess ethylene glycol (EG) and polyvinylpyrrolidone (PVP)
along with the small nanoparticles in the supernatant. After removing the supernatant
from the flask, the precipitate (sediment) at the bottom of the flask contained only
nanowires, nanoparticles and micrometer length rods (Fig. 3.2; Stage 3). In the next
step, acetone was added to the precipitate in the flask and ultrasonicated for two
minutes. The surface of the silver products (nanowires, particles, rods) was covered by
the capping agent, PVP. But the PVP is insoluble in acetone. So, the synthesised
nanowires were allowed to settle down like precipitates at the bottom of the flask when
acetone was added to it (Fig. 3.2; Stage 4). Due to the lower weight, the nanoparticles
were still in the supernatant. When the supernatant was removed between stages 3 and
4, these nanoparticles were separated out from the solution. This was confirmed from

the SEM micrograph of the supernatant shown in Fig. 4.2

X1, 888 18mm BBBEB 25 45 SEI

Figure 4.2 SEM micrograph of supernatant: after the addition of acetone (between

stages 3-4, of purification process explained in Fig. 3.2)

Then, isopropyl alcohol (IPA) was added to this precipitate (containing nanowires, rods
and large particles) and mixed properly. The PVP molecules are soluble in IPA. So, the
precipitates at this stage got dispersed entirely in the IPA solvent. With a holding

period, the metallic silver got settled down due to its mass. For the same reason, the
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silver nanowires got settled faster than the silver particles. After 15 minutes, the top
half of the dispersion was removed, leaving the bottom half in the flask. The top half

solution was analysed by SEM and the corresponding micrograph is shown in Fig. 4.3.
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Figure 4.3 SEM micrograph of supernatant: after the addition of IPA (between stages

6-7, of purification process explained in Fig. 3.2)

It was observed that the supernatant removed after the addition of IPA (between stages
6-7) contained particles in the size of nanometers and micrometers. Few short rods were

also present.
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Figure 4.4 a), b) SEM micrographs of silver nanowires after decantation and solvent-

aid purification

The bottom half dispersion at the last stage was analysed by SEM and shown in Fig.
4.4. The final product contained nanowires of length 5-20 pum, few particles and short
nanowires. By comparing the centrifugation method and the ‘decantation & solvent-aid
purification’ method, the second method was more effective in the purification of silver
nanowires from the undesired particles. This method was followed for the purification
of silver nanowires synthesised with other chloride conditions as well. The yield of
silver nanowires was estimated as 72% while the undesired silver nanostructures was
28%.

4.2 Effect of Chloride Salts on the Growth of Silver Nanowires

The change in the morphology of the synthesised silver products with respect to four
different types of chloride solutions is given with the help of FESEM micrographs. The
four chloride conditions are, i) without any chloride salt; ii) with the addition of NaCl;
iii) with the addition of CuCl> and iv) with the addition of MnCl..

Figure 4.5 shows the FESEM micrographs of silver products synthesised without any
chloride salt. The product synthesised without the addition of any chloride lead to the
growth of silver spherical-like particles. The size of the particles was measured to be in
the range of 110 nm to 1 um, with an average size of 330 nm. The dimensions of the

silver nanowires were measured with the help of ImageJ software.
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Figure 4.5 FESEM micrograph of the silver particles synthesised without the addition
of any chloride salt

The rapid reduction of Ag* ions from AgNO3 to Ag® during the synthesis process was
the reason behind the formation of the silver particles. The reduction reaction of Ag*
ions to AgP is so fast that the reduced silver cannot grow as multi-twin particles. The
absence of twins which serve as seeds for nanowires, resulted in the growth of silver
particles instead of nanowires. These silver particles subsequently grew into larger

particles via Oswald ripening process (Coskun et al. 2011).

WD = 40mm

Figure 4.6 FESEM micrograph of the silver products synthesised with the addition of
NaCl
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Figure 4.6 shows the FESEM micrograph of silver product synthesised with the
addition of NaCl during the synthesis process. The micrograph shown in Fig. 4.6
reveals that the addition of NaCl promoted the one-dimensional growth of silver that
resulted in silver nanorods. It is observed that there are other structures, such as cubes
(avg. size= 74 nm) and pyramid (avg. size= 119 nm) particles also produced along with
the nanorods. The addition of NaCl prevented the rapid reduction of Ag* ions to Ag®
by the formation of AgCI. The AgCl acted as a buffer phase. It ensured the controlled
release of silver into the reaction for the one-dimensional growth (Coskun et al. 2011).
Hence, the presence of CI™ ions during the synthesis process is important to prevent the
formation of silver particles and to promote the one-dimensional growth of silver

nanostructures.
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Figure 4.7 a), b) Length and diameter distribution of Ag nanorods synthesised with the
addition of NaCl

The mean length and diameter of the silver nanorods are 1 um and 48 nm, respectively
(Fig. 4.7). These silver nanowires are very short in length to be used for the TCE
application. The film fabricated from these silver nanorods would have more sheet
resistance and less optical transparency. The growth of short silver nanorods was the
result of oxygen etching of silver twinned particles. During the synthesis, the atomic
oxygen (Oa) present in the reaction solution tends to etch away the twinned particles
that otherwise serve as the seeds for silver nanowires growth. The etching of twinned

seed particles leads to short nanowires or nanorods (Wiley et al. 2004).
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Figure 4.8 FESEM micrograph of the silver nanowires synthesised with the addition of
CuCl;
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Figure 4.9 a), b) Length and diameter distribution of silver nanowires synthesised with
the addition of CuCl»

Figure 4.8 shows the FESEM micrograph of silver nanowires synthesised with the
addition of CuCl,.5H20 during the synthesis process. The synthesis of silver nanowires
with the addition of CuClz produced nanowires along with a few short rods and
particles. The addition of copper chloride in place of NaCl is a proven approach to act
against the oxygen etching of twinned particles. The mean length of these silver
nanowires was enhanced up to 7.2 um with the maximum length up to 20 um (Fig.
4.9a) when NaCl is replaced with the copper chloride. The introduction of copper ions

into the reaction through copper chloride avoided the aggregation of the silver particles.
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In addition to that, the copper ions prevented the oxygen etching of twins by scavenging
the atomic oxygen from the surface of the twinned silver particles (Korte et al. 2008).
But there is a concern with the diameter of the nanowires. The average diameter of the
nanowires synthesised with the addition of copper ions was measured as 151 nm (Fig.
4.9b). Although the addition of copper ions helped to enhance the length of the silver
nanowires, it also increases the diameter of the nanowires as well. The production of
large diameter (125 to 250 nm) silver nanowires synthesised with copper ions is already
reported (Bob et al. 2016).

The large diameter silver nanowires would block more light when it is used to fabricate
a transparent conductive electrode (TCE) film. As a result, the optical transparency of
the film is expected to reduce. Many efforts were taken in recent times to decrease the
diameter of the silver nanowires by optimizing the other parameters, like the use of
longer chain length PVP molecules Da Silva et al. (2016) or use of Br™ ions (Zhang et
al. 2018a), introducing benzoin-derived radicals Niu et al. (2018), high pressure (Jang
et al. 2017) and N2 gas environment synthesis Azani and Hassanpour (2019). The
present work has explored manganese ions as the alternate oxygen scavenger to copper

and iron ions without changing any other synthesis parameters.

4.3 Influence of Mn(I1) lons on the Growth of Silver Nanowires

The Mn(ll) ions are added during the synthesis of silver nanowires as the oxygen
scavengers in place of copper ions to prevent the etching of twinned seed particles. It
removes the atomic oxygen adsorbed on the surface of the silver seed particles. The
effect of Mn(ll) ions with a different concentration on the growth of silver nanowires

is given in detail in this section.

Figure 4.10 a), b) show the FESEM micrograph of silver nanowires synthesised with
the addition of 22 mM MnCl,. From the FESEM micrographs, it is observed that the
synthesised products contained nanowires and very few particles. The average length
of the nanowires was measured as 5.2 um with the maximum length of 16 um (Fig.

4.11). The average diameter of the nanowires was measured as 60 nm.
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Figure 4.10 a), b) FESEM micrographs of the silver nanowires synthesised with the
addition of 22 mM MnCl,
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Figure 4.11 a), b) Length and diameter distribution of silver nanowires synthesised with
the addition of 22 mM MnCl;
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The average diameter of these nanowires is significantly smaller than the average
diameter of nanowires (151 nm) synthesised with the addition of CuCl; (Fig. 4.8 and
4.9). It should also be noted that the particles produced along with the nanowires were
decreased considerably compared to that synthesised with the addition of CuCl,. The
decrease in the number of particles and the smaller diameter nanowires would minimize
the light scattering that, in turn, enhance the optical transparency of the film fabricated
with these silver nanowires. Moreover, the aspect ratio of the nanowires also will
increase by decreasing the diameter of the nanowires. The silver nanowires with a high

aspect ratio are essential to obtain highly transparent and conductive films.

EHT= 500kvV  SignalA=InLens Mag= 1500KX WD= 59mm W

Figure 4.12 a), b) FESEM micrographs of the silver nanowires synthesised with the
addition of 40 mM MnCl,
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Figure 4.13 a), b) Length and diameter distribution of silver nanowires synthesised with
the addition of 40 mM MnCl>

Figure 4.12 shows the FESEM micrographs of silver nanowires synthesised with the
addition of 40 mM concentration MnCl.. The silver nanowires morphology is observed
to be similar to that synthesised with the 22 mM concentration MnCl,. However, it
should be noted that the increased concentration of MnCl, enlarged the length and
diameter of the silver nanowires. The average length of 40 mM MnClI; silver nanowires
was measured as 7.7 pum which is longer compared to 5.2 pm (22 mM MnCl2 Ag NWs).
The silver nanowires have grown up to the maximum length of 20 um. The length
distribution of the nanowires is shown in Fig. 4.13a. Likewise, the corresponding
diameter distribution is shown in Fig. 4.13b. It is observed that the average diameter of
the 40 mM MnCI silver nanowires was measured as 80 nm which is relatively larger

compared to that synthesised with the addition of 22 mM MnCl..

The FESEM micrographs of silver nanowires synthesised with the addition of 65 mM
MnClI; are shown in Fig. 4.14. When the concentration of the MnCl, was increased
from 40 mM to 65 mM, the length and diameter of the synthesised silver nanowires
were reduced (Fig. 4.15).
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Figure 4.14 a), b) FESEM micrographs of the silver nanowires synthesised with the

addition of 65 mM MnCl,
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Figure 4.15 a), b) Length and diameter distribution of silver nanowires synthesised with

the addition of 65 mM MnCl,
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The measured average length of the silver nanowires obtained from length distribution
(Fig. 4.15a) was 6.3 um with a maximum length of 16 um. It is inferred that the further
increase in the concentration of MnCl; did not enhance the growth of the nanowires.
The measured average diameter of the 65 mM MnClI silver nanowires was 71 nm (Fig.
4.15b).

In brief, the average diameter of the synthesised silver nanowires was measured as 60
nm, 80 nm and 71 nm for the MnCl, concentration of 22 mM, 40 mM and 65 mM,
respectively. Though the 40 mM sample is reported to have large diameter, its
corresponding length is longer compared to other silver nanowires samples. The
significance of the length and diameter of the silver nanowires can be well understood

when they are shown in terms of aspect ratio (length to diameter).

18]a Mean aspect ratio = 81 24i b Mean aspect ratio = 94 24 C Mean aspect ratio = 90
SD =36 214 Sn =36 21 SD=35
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Figure 4.16 Aspect ratio distributions of silver nanowires synthesised with the addition
of MnCl; of concentration a) 22 mM, b) 40 mM and c) 65 mM

The aspect ratio was calculated for the silver nanowires synthesised with the addition
of three different MnCl concentration samples (Fig. 4.16). The calculated aspect ratio
for silver nanowires synthesised with 22 mM, 40 mM and 65 mM MnCl, was 81, 94
and 90, respectively. The mean aspect ratio of 40 mM concentration sample was the
highest among all the silver nanowires samples. The high aspect ratio of silver
nanowires will be beneficial to improve the percolation path, which in turn will increase
the electrical conductivity of the silver nanowires film fabricated from this silver
nanowires sample (Mutiso et al. 2013) (Jang et al. 2017). As the electrical percolation
is achieved with the minimum number of silver nanowires, that would help to increase

the optical transparency of the film (Jang et al. 2017).
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Figure 4.17 Schematic shows the role of Mn(ll) ions as the oxygen scavenger in

preventing oxidative etching of the silver seeds

The schematic shown in Fig. 4.17 explains the influence of Mn(ll) ions on the growth
of the silver nanowires. During the synthesis, when Ag* ions are reduced to Ag® to form
nuclei, the twins are formed due to thermal energy availability (Coskun et al. 2011).
Multiply-twinned decahedra twins are the most stable and more favourable one to form.
These multiply twinned particles (MTP) acts as the seeds for silver nanowires growth
(Wiley et al. 2004). But this growth is often affected by the atomic oxygen, dissociated
molecular oxygen from EG, adsorbed on these seed particles. The adsorbed oxygen
would etch away the twinned seed particles. Also, it would block the surface of seed
particles for the addition of new silver species (Wiley et al. 2004). This oxygen etching
effect eventually results in the formation of nanocubes or short nanorods instead of
nanowires (Wiley et al. 2004). When Mn(ll) ions are introduced into the reaction
through MnCl,, the Mn(l1) ions get oxidized to a higher oxidation state by absorbing
the atomic oxygen from the surfaces of the seed particles. The oxidized manganese ions
are subsequently reduced back to Mn(ll) state by the ethylene glycol (Larcher et al.
2000). This oxidation and reduction process of Mn ions is continued to remove or
scavenge the oxygen to prevent the etching of twinned particles. Thus, the twinned seed

particles with active {111} sites remain available for the addition of new silver species.
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When the Mn(Il) ions absorb oxygen from the surface of silver seed particles, the
following are the possible compounds to be formed, namely, MnzO4, Mn,0O3 and MnO..
Among the oxides of Mn, the Gibbs free energy of formation (AG¢°) for Mn3O4 is more
negative than other manganese oxide compounds. In the case of CuCly, the Cu(ll) ions
were first reduced to Cu(l) by ethylene glycol. Then it will move up to Cu(ll) state by
absorbing the atomic oxygen. Here, the CuO is the expected compound to be formed.
The AG¢°® for Mn3zOy is -1288.23 kJ.mol?, whereas AG¢® for CuO is -129.7 kJ.mol™.
Here, the MnCl; and CuCl; are the reactants, MnzO4 and CuO are their corresponding

products. The AGs® for oxygen scavenging is calculated as,
AGy¢® of (MnClz — Mn30s) = -1288.23 kJ.mol™* - (-440.53 kJ.mol ) = -847.7 kJ.mol*
AGt° of (CuClz — CuO) =-129.704 kd.mol™? - (- 161.92 kd.mol™?) = 32.216 kJ.mol*

The more negative of AGs® of (MnCl, — Mn30a) indicates that the process of oxygen
scavenging is more spontaneous than that observed by using Cu(ll) ions. In other words,
the tendency to absorb oxygen from the surface of silver seed particles is higher for the

Mn(I1) ions compared to the Cu(l) ions.

4.4 UV-VIS Absorption Spectroscopy of Synthesised Silver Products
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Figure 4.18 UV-VIS absorption spectra of silver products synthesised with three

different chloride conditions



Figure 4.18 shows the UV-VIS absorption spectra of the silver particles synthesised
without any chloride salt, silver nanowires synthesised with the addition of CuCl, (22
mM) and MnCl; (22 mM). The absorption spectrum of silver particles showed a broad
absorption peak at 450 nm. The silver nanowires exhibited a predominant peak along
with a low-intensity peak. The CuCl, sample showed maximum absorption at 389 nm
while the MnCl, sample exhibited the maximum absorption at 382 nm. The existence
of these observed peaks was due to the surface plasmon resonance (SPR) of silver
nanostructures (Ma and Zhan 2014). The SPR peak at 450 nm is attributed to the large
particle size of silver (Wiley et al. 2005). However, the maximum absorption was blue-
shifted for the nanowires. This is because the surface plasmon resonance becomes
dominant in the transverse direction (Ma and Zhan 2014). The blue-shift from 389 nm
to 382 nm is attributed to the decrease in the diameter of nanowires from 151 nm to 60
nm (Niu et al. 2018).
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Figure 4.19 UV-VIS absorption spectra of silver nanowires synthesised with the

addition of different concentrations of MnCl»

The absorption peak shift was also observed for the silver nanowires synthesised with
different MnCl> concentrations (Fig. 4.19). The 22 mM sample with a mean diameter
of 60 nm exhibited the absorption peak at 382 nm. But the absorption was red-shifted
to 387 nm for the 40 mM sample because of its larger diameter of 80 nm. This red-shift

75



of SPR peak with respect to increased diameter was attributed to the inhomogeneous
polarization caused by multipolar oscillations in silver nanowires due to the large
diameter (Ma and Zhan 2014) (Amendola et al. 2017). The absorption peak was blue-
shifted to 384 nm for the 65 mM sample due to decrease in the diameter to 71 nm from
80 nm. The change in the absorption wavelength corresponding to the concentration of
the MnCl> again confirms the influence of Mn(Il) ions on the diameter of the silver
nanowires (Ma and Zhan 2014) (Niu et al. 2018).

4.5 Transmission electron microscopy of synthesised silver products

Figure 4.20 TEM micrograph of the Ag nanoparticles synthesised with the addition of

no chloride salt

The TEM micrograph of silver nanoparticle synthesised without any chloride addition
is shown in Fig. 4.20. The micrograph reveals the spherical-like morphology of this
silver nanoparticle. This nanoparticle is, in fact, the aggregation of small silver
nanoparticles. The measured size of this aggregated nanoparticle is 160 nm. The TEM
result complements the FESEM result to confirm the growth of silver nanoparticles
when it was synthesised without the presence of any chloride salts. As mentioned
earlier, the rapid reduction of Ag* ions to Ag® without any buffer phase for the
controlled release of silver was the reason behind the growth of silver particles (Coskun
et al. 2011).
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Figure 4.21 TEM micrograph of silver nanorod synthesised with the addition of NaCl

Figure 4.22 TEM micrograph of silver nanocube synthesised with the addition of NaCl
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Figure 4.23 The SAED pattern of silver nanocube synthesised with the addition of NaCl

Figure 4.21 shows the TEM micrograph of silver nanorod synthesised with the addition
of NaCl. The length and diameter of the nanorods were measured as 790 nm and 77
nm, respectively. The presence of twin boundaries in the nanorod is seen parallel to its
axis. When CI" ions were introduced through the addition of NaCl, they prevented the
formation of aggregated particles and promoted one-dimensional growth (Coskun et al.
2011). But the presence of atomic oxygen hindered the growth of the one-dimensional
growth as mentioned earlier. It resulted in the short nanorods. Figure 4.22 shows the
TEM micrograph of nanocube produced along with the silver nanorod as a by-product
during the synthesis process. It is observed that this nanocube does not show any
evidence for the presence of the twins in its structure (Wiley et al. 2005). The
corresponding SAED pattern of this nanocube (Fig. 4.23) confirms the absence of
twins. From the above observation, it is concluded that the oxidative etching of the

twins was the reason for the growth of short nanorods and nanocubes.
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Figure 4.24 TEM micrograph of silver nanowire synthesised with 22 mM of MnCl,

Figure 4.25 The SAED pattern of silver nanowire synthesised with 22 mM of MnCl;

Fig. 4.24 shows the TEM micrograph of silver nanowire synthesised with the
addition of 22 mM MnCl». The diameter of the nanowire was measured as 50 nm. The
micrograph reveals the presence of the twin boundaries along the longitudinal axis of
the nanowire. These twin boundaries are the highest energy sites that attract the new
incoming silver species to grow on them during the synthesis process. This selective

growth of silver on the twin boundaries leads to one-dimensionally grown nanowires.
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The selected area electron diffraction (SAED) pattern shown in Fig. 4.25 also
confirmed the presence of twins in the silver nanowire. Two different sets of diffraction
patterns with the zone axis of [011] and [111] were observed. The existence of two sets
of diffraction in the SAED pattern is supported by the previous literatures Wang et al.
(2016b).

4.6 X-Ray Diffraction Study
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Figure 4.26 XRD pattern of silver nanoparticles synthesised without any chloride salt

Figure 4.26 shows the XRD pattern of silver nanoparticles synthesised without any
chloride salt during the synthesis process. The XRD pattern exhibit two peaks which
are corresponding to (111) and (200) planes of silver (ICDD 04-0783).
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Figure 4.27 XRD pattern of silver nanowires synthesised with the addition of different

chloride salts

The XRD patterns of silver nanowires synthesised with the addition of NaCl, CuCl.
and MnCl; are shown in Fig. 4.27. The XRD patterns of the mentioned three samples
show peaks corresponding to (111), (200) planes of silver (ICDD 04-0783). The highest
peak intensity of the (111) plane is attributed to the preferred (111) plane growth of

silver nanowires.
4.7 Opto-Electric Properties of Silver Nanowires Films

The network of silver nanowires in the fabricated silver nanowires film forms a
percolation path for electrical conductivity through the junctions of nanowires.
Although the wire-wire junctions help to form the percolation path, the electrical
conductivity of the silver nanowires film is dropped by the resistance at the wire-wire
junctions (Langley et al. 2014). In other words, the sheet resistance of the film is
increased with the increase in wire-wire junctions. This is the reason for the importance
of using longer silver nanowires with a high aspect ratio. The electrical percolation is
achieved with fewer wire-wire junctions by using longer nanowires (Madeira et al.
2020). Thus, the sheet resistance of the film can be reduced. The encapsulation of silver
nanowires with PVP molecules is another factor that increases the sheet resistance

(Langley et al. 2014). The above two problems could be resolved by annealing the
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fabricated silver nanowires film. Annealing the films below the fragmentation
temperature of silver nanowires leads to melting of P\VP molecules from the surface of
the silver nanowires and fusing of nanowires at the wire-wire junctions. The resistance
at wire-wire junctions is reduced by fusion of nanowires that would reduce the overall

sheet resistance of nanowires film (Langley et al. 2014).

The sheet resistance of films fabricated from silver nanowires synthesised with the
addition of MnCl> was measured before and after the annealing process. The fabricated
films were subjected to annealing at 165 °C for 30 minutes. The sheet resistance values
of the films determined from the four-probe measurement are given in Table 4.1. It is
observed that the sheet resistance of the silver nanowires film was reduced significantly

after the annealing process.

Table 4.1 Sheet resistance of silver nanowires film: before and after annealing treatment

Ag NWs film (22 mM | Ag NWs film (40 mM | Ag NWs film (65 mM
No. of MnCl2) MnCl2) MnCl2)
coating Rs (before | Rs (after | Rs (before | Rs(after | Rs(before | Rs (after
layers annealing) | annealing) | annealing) | annealing) | annealing), | annealing)
Q/sq Qlsq Qlsq Q/sq QJlsq Qlsq
4L 2700 485 1900 332 2180 395
5L 55 40 42 29 48 34
6L 38 20 23 11 31 15
7L 22 16 12 7.5 17 11
8L 14 7 10 4 10 5

As high optical transparency and high electrical conductivity are the desirable
characteristics of a good transparent conductive electrode, it is imperative to correlate
these two factors. The desirable silver nanowires film should have high optical
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transmittance at the wavelength of 550 nm (%Tssonm) With low sheet resistance (Rs).
The “%Tssonm’ and ‘Rs’ of the films are changed with the number of silver nanowires

coating layers.

Figure 4.28, 4.29 and 4.30 show the UV-VIS transmittance spectra of the films prepared
using silver nanowires synthesised with three different concentrations of MnCl; (22
mM, 40 mM and 65 mM, respectively). The films prepared by using 22 mM, 40 mM
and 65 mM samples are named as M22, M40 and M65 respectively. The spray coating
method was followed to prepare the multilayer (4L, 5L, 6L, 7L and 8L) silver nanowires
films. The density of the silver nanowires in the film was increased with respect to the
number of spray-coated silver nanowires layers. It is observed that the optical
transparency of the film was decreased with the number of coating layers. The increase
in nanowires density in the film caused to decrease in the light transmittance through
the films. Nevertheless, the increase in density of nanowires improved the electrical
percolation in the film. It is evident from the reduction in sheet resistance of the film

with the increasing the number of coating layers of silver nanowires.
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Figure 4.28 Optical transmittance and sheet resistance of M22 silver nanowires films

Figure 4.28 shows the transmittance spectra of M22 silver nanowires films with their
corresponding sheet resistance (Rs) values. The transmittance at A=550 nm (%Ts50 nm)
and Rs values of 4L, 5L, 6L, 7L and 8L films were determined as 90%, 81%, 72%, 62%,
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55% and 485, 40, 20, 16 and 7 Q/sq, respectively. With high Rs (4L film) of 485 Q/sq
and low %Tsso nm Of less than 75%, the films other than 5L are not suitable to be used
as TCE. The 5L film is the best TCE among M22 silver nanowires films with the optical
transmittance (%Tss0 nm) of 81% and sheet resistance of 40 €/sq.
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Figure 4.29 Optical transmittance and sheet resistance of M40 silver nanowires films

Fig. 4.29 shows the opto-electrical characteristics of M40 (40 mM MnClI) silver
nanowires films. The %Tsso nm and Rs values of 4L, 5L, 6L, 7L and 8L films were
determined as 87%, 79%, 69%, 58%, 52% and 332, 29, 11, 7.5 and 4 Q/sq, respectively.
Among all M40 silver nanowires films (4L, 5L, 6L, 7L and 8L), 5L silver nanowires

film with %Ts50=79% and Rs=29 Q/sq. was acceptable with the balanced transmittance
and sheet resistance values.
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Figure 4.30 Optical transmittance and sheet resistance of M65 silver nanowires films

Fig. 4.30 shows the optical transmittance spectra of M65 silver nanowires film with
their corresponding sheet resistance. The %Tssonm and Rs values of 4L, 5L, 6L, 7L and
8L films were found to be 88.5%, 80%, 71%, 60%, 54% and 395, 34, 15, 11 and 5 Q/sq,
respectively. Among these films, the 5L silver nanowires film showed acceptable

transmittance and sheet resistance values of %Tss0 m=80% and Rs= 34 Q/sq.

The figure-of-merit (FOM) is the widely accepted quantitative expression that defines
the quality of a transparent conductive electrode film. The figure-of-merits (¢tc) is

calculated by using the formula given by Haacke (Haacke 1976),
oTC = TlO/ Rs (3)

The term ‘T’ and ‘Rs’ denote the optical transmittance and the sheet resistance of the
film, respectively. The FOM values of 5L films from each set of films (M22, M40 and
M65) were calculated by using the above formula (1). The calculated FOM values are

plotted against their corresponding %Tssonm, in Fig. 4.31.
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Figure 4.31 Figure of merits of M22, M40 and M65 silver nanowires films

The maximum value of 0.00327 Q! was reported for the 5L-M40 film. The FOM value
of 5L-M65 and 5L-M22 were reported as 0.00316 Q! and 0.00304 Q2, respectively.
The figure of merit is also represented as the ratio of electrical to optical conductivity

(opocloop). The opcl/oop ratio was calculated using the formula (Sepulveda-Mora and
Cloutier 2012),

T = (1 + [188.5/Rs). (c0p/ opc)]? (4)

The calculated opc/oop ratio for 5L-M22, 5L-M40 and 5L-M65 are 42.4 Q*, 52 Ot and
47 Q1 respectively. The maximum FOM values calculated from the above two formula
belonged to the 5L-M40 film. Although the large diameter factor of silver nanowires
(40 mM sample) caused a reduction in the optical transmittance of the M40 sample to
79%, the lowest sheet resistance of 29 /sq was obtained due to the increased length of
nanowires. The use of longer silver nanowires improved the percolation path while
reducing the wire to wire contact resistance in the film. That eventually leads to high
FOM value.
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Figure 4.32 Camera image of the silver nanowires film (5L-M40) deposited on a plastic
sheet

The camera captured image of the 5L layers coated silver nanowires films (M40) spray-
coated on a plastic substrate is shown in Fig. 4.32. The optical transparency of the

prepared silver nanowires film can be compared with the background of the film.
4.8 Mechanical Flexibility Study
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Figure 4.33 Change in the sheet resistance value of silver nanowires film and ITO film
against the number of bending cycles

87



The mechanical flexibility and stability without losing its electrical conductivity are
essential properties for a flexible transparent conductive electrode. The silver
nanowires spray-coated on a plastic sheet (shown in Fig. 4.32) was subjected to a
bending test. A commercial ITO coated on PET sheet (Sigma-Aldrich) was also
subjected to the same bending test for the comparison purpose. The percentage change
in the sheet resistance of both films with respect to the bending cycles is shown in Fig.
4.33. The sheet resistance of the ITO film was increased up to 275% from its original
value after 280 numbers of bending cycles. On the other hand, the silver nanowires film
showed better stability with only 14% increase in sheet resistance from its original value
after 500 cycles of bending.

4.9 Heater Test

Apart from solar cells and displays, the transparent conducting electrode also finds its
application as the transparent heaters. It is used to fabricate anti-fogging and anti-frost

front window panels for vehicles and aircraft (Tiwari et al. 2017).

The 5L silver nanowires film of sets M22, M40 and M65 with the sheet resistance of
40, 29 and 34 Q/sq respectively, were tested for the heater application. The heater test
was conducted at the applied voltage of 5, 7 and 10 V. The temperature response to the
applied voltage was recorded at the time interval of 15 seconds. The temperature vs.
time profiles of M22 silver nanowires film corresponding to applied voltages is shown
in Fig. 4.34.
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Figure 4.34 Temperature vs. time curve of silver nanowires film synthesised with 22
mM MnCl2 (M22) to the applied voltage values of 5, 7 and 10 V

The 5L film of M22 silver nanowires film was tested for heater application with the
applied voltage of 5, 7 and 10 V. The silver nanowires film reached the maximum
temperature of 36.5 °C, 43.5 °C and 62 °C for the applied voltage of 5, 7 and 10 V,
respectively.
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Figure 4.35 Temperature vs. time curve of silver nanowires film synthesised with 40
mM MnCl> (M40) at applied voltage values of 5, 7 and 10 V
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The temperature response of the 5 L film of M40 silver nanowires to the applied voltage
are shown in Fig. 4.35. The maximum temperature achieved by the silver nanowires
film was 44 °C, 65.5 °C and 90 °C to the applied voltage of 5, 7 and 10 V, respectively.
The enhanced heater performance of this M40 silver nanowires film compared to the
M22 silver nanowires film is due to the decreased sheet resistance (29 Q/Sq.) of the
film (Park et al. 2019).
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Figure 4.36 Temperature vs. time curve of silver nanowires film synthesised with 65
mM MnCl, (M65) at applied voltage values of 5, 7 and 10 V

Figure 4.36 shows the temperature response of 5L-M65 silver nanowires film to the
applied voltages of 5, 7 and 10 V. The silver nanowires film with the sheet resistance
of 34 Q/sq. achieved the maximum temperature of 41 °C, 53 °C and 74 °C for the
applied voltage of 5, 7 and 10 V. The maximum temperature of 74 °C is in between the
temperature achieved by the M22 and M40 silver nanowires films. The intermittent

sheet resistance value of this film (34 €/sq.) was the reason for this temperature value.

In short, the silver nanowires film of Rs=40 Q/sq attained the maximum temperature of
62 °C in 300 seconds at the applied voltage of 10 V. While the silver nanowires film of
34 Q/sq reached higher temperature of 74 °C for the same voltage. But the highest
temperature of 90 °C was attained by the silver nanowires film of Rs=29 Q/sq at the

voltage of 10 V. It is observed that the maximum temperature achieved by the silver
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nanowires film can be increased by increasing the applied voltage and time of voltage
supply. Also, it is observed that the reduction in sheet resistance improves the heater
performance of the film (Park et al. 2019). The influence of sheet resistance on heat

energy produced is related by Joule’s law as given below (Ha and Jo 2017),
Q=(V?R).t (5)

Where ‘Q’ is heat generated, ‘V’ represents the applied voltage value, ‘R’ is sheet
resistance and ‘t’ is time. The heat generated by the film is inversely proportional to the

sheet resistance of the film.

4.10 Summary

The silver nanowires were synthesised by the polyol method. It is understood that the
presence of chloride ions is essential to form the AgCI buffer phase that promotes the
one-dimensional growth of silver nanostructures. The manganese(ll) ions were used
during the synthesis as the oxygen scavenger as the alternative to copper ions. It is
proved that the Mn(l1) ions were effective in removing the atomic oxygen from the
surface of the silver to enhance the growth of nanowires. The silver nanowires
synthesised with the addition of MnCl, showed a smaller diameter of 60 nm than the
silver nanowires produced with CuCl, (151 nm). The optimum condition of 40 mM
MnCl; yielded long silver nanowires with a small diameter compared to the CuCl,
condition. The silver nanowires film fabricated using 40 mM MnCI; silver nanowires
showed the optical transmittance (%Tsso nm) 0f 79% and Rs of 29 (/sq. The bending
test result shows that the flexible transparent conductive film of silver nanowires coated
on the plastic sheet is mechanically stable. Unlike commercial ITO film, the sheet
resistance of the nanowires film increased little after 500 cycles of bending. The heater
test showed that the silver nanowires film could reach a temperature of 90 °C for the

applied voltage of 10 V.
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CHAPTER S

SYNTHESIS AND CHARACTERIZATION OF MoS;
NANOSHEETS

This chapter presents the exfoliation of MoS2 nanosheets by ultrasonication-assisted
liquid phase exfoliation method. The exfoliated nanosheets are characterized by using
electron microscopy (FESEM, TEM), X-ray diffractometry, Raman spectroscopy and

BET analysis.

5.1 Exfoliation of MoS2 Nanosheets

Figure 5.1 a), b) FESEM micrographs of the bulk MoS; powder
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Figure 5.1 show the FESEM micrograph of the bulk MoS2 powder. It is observed that
the bulk powder consisted of several layers of the MoS; stacked one above the other.
The size of the bulk MoS, powder particles was varying from 150 nm to more than 1

pm. The dimensions of the particles were measured using ImageJ software

Figure 5.2 a), b) FESEM micrographs of the exfoliated MoS; nanosheets

Figure 5.2 show the FESEM micrographs of the exfoliated MoS, nanosheets. The
FESEM micrograph of exfoliated nanosheets revealed that the thicker bulk MoS;
powders were reduced into thin nanosheets. The MoS; layers were peeled off by the
shear force induced from the ultrasonication process. The van der Waals force of
interactions that held the MoS: layers together was overcome by this shear force (Gupta
et al. 2016). That helped in the exfoliation process of MoS; nanosheets. The PVP
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molecules played a vital role to passivate the exfoliated nanosheets to prevent them
from restacking (Liu et al. 2012).

Figure 5.3 a), b) TEM micrographs of the exfoliated MoS» nanosheets

Figure 5.3 shows the TEM micrograph of the exfoliated MoS> nanosheets. It is observed
that the exfoliated MoS2 nanosheets consist of only a few layers. The size of the MoS>
nanosheets was also reduced after the ultrasonic exfoliation. The size of the nanosheets

is measured to be in the range of 60 nm to 400 nm.
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Figure 5.4 a) Lattice image of the MoS; nanosheet, b) Crystal structure of MoS>

Figure 5.5 SAED pattern of the exfoliated MoS; nanosheet

The lattice distance of 0.27 nm is measured from the high-resolution TEM micrograph
shown in Fig. 5.4. It is attributed to the (100) plane of MoS,. Figure 5.5 shows the
SAED pattern of the MoS; nanosheet. The SAED pattern reveals the hexagonal lattice
structure of the MoS; nanosheets.

95



5.2 X-Ray Diffractrometry
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Figure 5.6 XRD patterns of the bulk MoS, powder and the exfoliated MoS: nanosheets

The XRD patterns of bulk MoS; powder and exfoliated MoS nanosheets are shown in
Fig. 5.6. The XRD pattern of both materials belongs to the Molybdenite-2H phase
(ICDD #006-0097). The maximum intensity was observed for the peak belonged to the
(002) plane for both materials. But the peaks of (103) and (105) planes that appeared
for the bulk powder were absent for the exfoliated nanosheets. Also, the peak of (002)
plane was broader for the exfoliated nanosheets compared to the bulk powder. This
indicates the reduction in the crystal thickness of MoS; after the exfoliation process
(Wang et al. 2015). The broad amorphous peak appeared between 20° to 35° was due

to the glass substrate.

The texture coefficient was calculated for the bulk and exfoliated MoS, from their
corresponding XRD data. The texture coefficient (T.C) was calculated by using the

following formula (Sneha et al. 2017),

| (hkty

T.Cwry =
| (002) + | (004) + I (203) + | (006) + | (205)
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Here, (hkl) represents (002) or (004) or (103) or (006) or (105) planes. ‘I’ represents
the intensity of the individual XRD peaks.
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Figure 5.7 Texture coefficient of the bulk MoS> powder and the exfoliated MoS;

nanosheets

Figure 5.7 shows the texture coefficient of the bulk MoS, powder and the exfoliated
MoS; nanosheets. In the case of bulk MoSa, it is noted that the texture coefficient of
planes (002), (004), (103), (105) and (006) is 0.66, 0.044, 0.054, 0.175 and 0.068,
respectively. For MoS; nanosheets, the texture coefficient for planes (002), (004) and
(006) was calculated as 0.67, 0.2 and 0.14, respectively. The texture coefficient for
(103) and (105) planes are negligible since the XRD peaks were not observed for these
planes. The texture coefficient of (002) and (004) planes was increased after the
exfoliation process. The absence of peaks belonged to (103) and (105) planes for the

exfoliated MoS: nanosheets increased the texture coefficient values for (002) planes.
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5.3 Raman Spectroscopy
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Figure 5.8 Raman spectra of bulk MoS; powder and exfoliated MoS, nanosheets

The Raman spectra of bulk MoS, and MoS; nanosheets are shown in Fig. 5.8. The
characteristics Raman vibration peaks of E'yg and Aig for bulk MoS; are observed at
383 cm™ and 407 cm™?, respectively (Rao et al. 2017). When the thickness of the MoS;
sheet decreases, the Elyy peak belonged to the in-plane sulfur-molybdenum vibration
shifts to a higher frequency, whereas the Aiq peak belonged to the out-plane sulfur
vibration shifts to lower frequency (Rao et al. 2017). The exfoliated MoS> nanosheets
exhibited El,q and Aiq peaks at 384 cm™ and 405.5 cm, respectively. The frequency
gap between two Raman peaks of the exfoliated MoS2 nanosheets was reduced to 21.5
cm™ from 24 cm™. This is the indication that the bulk MoS; was exfoliated to

nanosheets with few layers thickness (Tsai et al. 2014).
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5.4 Specific Surface Area Analysis
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Figure 5.9 Nitrogen adsorption-desorption curve of MoS, nanosheets
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Figure 5.10 Pore size distribution of MoS; nanosheets

Figure 5.9 shows the Nitrogen adsorption-desorption curve of exfoliated MoS;
nanosheets. The adsorption-desorption isotherm with a small hysteresis loop indicates
that the isotherm is a type 1V isotherm defined by the IUPAC (Fan et al. 2015). The
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pore size distribution curve shows (Fig. 5.10) the peaks at the pore size of 6.2 nm, 8.2
nm and 14 nm with the mean pore size of 7.7 nm. This indicates the mesoporous nature
of the dried MoS; nanosheets powder (Fan et al. 2015). The specific surface area (Sa)
of the MoS; nanosheets measured by the BET method was 17.5 m? g1. This S, value
of MoS; nanosheets was marginally larger than the previously reported values (Fan et
al. 2015) (Qiao et al. 2016). The MoS> nanosheets with a high specific surface area are
crucial to increase the specific capacity when they are used for energy storage

applications.

5.5 Summary

The MoS; nanosheets were exfoliated via ultrasonication-assisted liquid phase
exfoliation method in the presence of PVP. The shear forces and the mechanical
agitation induced by the ultrasonication peeled off the bulk MoS. powder into MoS;
nanosheets. The stability of the exfoliated nanosheets were maintained by the dissolved
PVP molecules. The exfoliated MoS, nanosheets remained suspened in the dispersion
with minimum precipitation at the bottom of the vial after a week time. The FESEM
and TEM characterizations manifested that the exfoliated MoS> contained few layers
of nanosheets. It was confirmed by the Raman spectroscopy results. The XRD analysis
established the nature of the exfoliated nanosheets as MoS». The exfoliated MoS;

nanosheets showed a good specific surface area of 17 m? g,
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CHAPTER 6

PREPARATION AND CHARACTERIZATION OF Mo0S2-SnO;
NANOCOMPOSITE FOR THE SUPERCAPACITOR
APPLICATION

The present chapter discusses the synthesis of SnO2 nanoparticles, preparation of
Mo0S2-SnO, nanocomposite and their various materials characterization, such as
FESEM, TEM, particle size analysis, XRD and XPS. The electrochemical

characterization of MoS2-SnO- nanocomposite is also discussed in this chapter.

6.1 Preparation and Characterization of M0S2-SnO2 Nanocomposite

Figure 6.1 FESEM micrograph of the SnO> nanoparticles

The FESEM micrograph of synthesised SnO. nanoparticles is shown in Fig. 6.1. It is
observed that the synthesised SnO. nanoparticles have spherical-like morphology. The
size of the synthesised nanoparticles was in the range of 10-35 nm. The TEM
micrographs of the synthesized SnO> nanoparticles showed in Fig. 6.2 affirm the
spherical-like morphology of the synthesised product. The lattice distances of 0.34 nm
and 0.26 nm were measured from the TEM micrograph (Fig. 6.2b). There were
belonged to the (110) and (101) planes of SnO», respectively.
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Figure 6.2 TEM micrographs of the SnO> nanoparticles
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Figure 6.3 Particle size distribution of the SnO> nanoparticles

Figure 6.3 shows the particle size distribution chart of the SnO, nanoparticles obtained
from the particle analysis test. It is observed that the average size of the synthesised
SnOz nanoparticles was measured as 17.7 nm (standard deviation= 4.2). Almost 90%
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of the particles fall in size range of 10-21 nm, while the rest of the particles fall in the

size range of 25-37 nm.
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Figure 6.4 FESEM micrograph of the MoS,-SnO. nanocomposite

Figure 6.4 shows the FESEM micrograph of the MoS2-SnO, nanocomposite prepared
by the ligand exchange process. The MoS; nanosheets exfoliated in the presence of
PVP were added to the SnO2 nanoparticles. The ammonium ions coordinated with SnO>
nanoparticles replaced the PVP molecules attached with the surface of MoS:
nanosheets. Thus, the SnO. nanoparticles were functionalized onto the surface of the
exfoliated MoS, nanosheets. The SnO, nanoparticles were firmly attached to the
surface of the MoS, nanosheets. Figure 6.5 shows the schematic diagram explaining
the functionalization of MoS: nanosheets with SnO2 nanoparticles by the ligand

exchange process.

A thin layer of PVVP molecules, from the exfoliation step, would still present onto the
surface of the MoS; nanosheets even after the washing process because of C-S and O-
S bonding between PVP and MoS: (Liu et al. 2018). Also, this PVP ligand attached
with MoS; nanosheets kept nanosheets separated from each other. On the other hand,
ammonium ions from ammonium salts coordinated with the SnO2 nanoparticles during
the synthesis process. These ammonium ions act as the surfactant to control the growth
of the nanoparticles (Bob et al. 2016).
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Figure 6.5 Schematic diagram explains the functionalization of MoS> nanosheets with

SnO- nanoparticles

When the MoS; nanosheets are added into SnO; nanoparticles (Fig. 3.7), the
ammonium ions attached with the SnO2 nanoparticles strip off the PVVP molecules from
the surface of the MoS: nanosheets. Subsequently, the vacant sites left by the stripped
PVP molecules were occupied by the SnO, nanoparticles. The ammonium ions present
over the SnO> nanoparticles would help them to anchor onto the surface of the MoS;
nanosheets (Bob et al. 2016). Likewise, the SnO> nanoparticles were decorated or
functionalized on the surface of the MoS> nanosheets. Bob et al. (2016) also reported
this ligand exchange process to deposit SnO. nanoparticles on the silver nanowires
surface. When mixing the dispersion of silver nanowires and SnO2 nanoparticles
together, the SnO> nanoparticles get coated on the silver nanowires by stripping and

replacing the PVP molecules from the nanowires through ammonia ions.

This functionalization process by exchanging the ligands is energy efficient compared
to the hydrothermal method which involves high temperature and pressure (Ren et al.
2015). Once the PVP molecules were replaced by SnO; nanoparticles on the MoS;
surface, the MoS,-SnO, nanocomposite started to settle down as the precipitate (Fig.
3.7; Chapter 3). After removing the supernatant containing PVP molecules, the
obtained residue was used for further studies.
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Figure 6.6 TEM micrographs of the MoS2-SnO, nanocomposite

Figure 6.6 shows the TEM micrographs of the MoS2-SnO, nanocomposite prepared by
the ligand exchange process. The SnO2 nanoparticles could be seen functionalized on
the surface of the MoS; nanosheets. The MoS, nanosheets can act as the bridge between

the SnO, nanoparticles.
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Figure 6.7 XRD patterns of the MoS> nanosheets, SnO> nanoparticles and MoS,-SnO-

nanocomposite
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Figure 6.7 shows the XRD patterns of the SnO. nanoparticles and MoS,-SnO;
nanocomposite along with the MoS; nanosheets. Three peaks were observed at angles
26.2°, 33.8° and 51.2° for SnO2 nanoparticles which are attributed to the planes (110),
(101) and (211), respectively, of SnO. (Cassiterite, ICDD #041-1445). The XRD
pattern of MoS,-SnO. nanocomposite exhibited the peaks of both SnO, and MoS;

phases.
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Figure 6.8 a) XPS spectrum of Mo0S2-SnO. nanocomposite and high resolution XPS
spectrum of b) Mo 3d, ¢) Sn 3d, d) S 2p

From the XPS survey spectrum of MoS;-SnO, nanocomposite (Fig. 6.8a), the presence
of peaks corresponding to Mo, Sn, S, O, N and C elements were observed. The high-
resolution XPS spectrum of Mo 3d region (Fig. 6.8b) exhibited two peaks at the binding
energies 229.4 and 232.4 eV which are belonged to 3ds/2 and 3dsz, respectively. These

binding energies were corresponding to the +4 oxidation state of Mo. Also, a broad
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peak corresponding to S 2s was observed at 226.5 eV in the same spectrum. The high-
resolution XPS spectrum of Sn 3d region is shown in Fig. 6.8c. Two peaks at 487.4 and
495.8 eV were observed. These were belonged to 3ds;> and 3ds;2 of Sn (+4 oxidation
state), respectively. The XPS spectrum of S is shown in Fig. 6.8d. The XPS spectrum
of S 2p region was resolved into a doublet peak, with the binding energies 162.2 and
163.2 eV corresponding to 2ps and 2p12 of S, respectively. This peak deconvolution
was done considering the spin-orbit coupling rule. The above results confirm the

presence of MoS; and SnO. without any other oxidation products (Chen et al. 2014).

6.2 Electrochemical Characterization of Mo0S2-SnO2 Nanocomposite for the

Supercapacitor Application

The specific surface area of MoS; nanosheets is large (17.5 m? g1). The conductivity
of MoS; nanosheet is better than the metal oxides. The flexibility of the MoS>
nanosheet is also excellent that can act as the supportive structure for the metal
nanoparticles. However, the MoS; nanosheets tend to get restacked on each other
during the electrochemical cycle. This results in the increased thickness and reduced
surface area. So, the scope of using MoS> nanosheet as a supercapacitor material is
limited as mentioned in the comment. But it acts a good additive material when mixed
with metal oxide nanoparticles to prepare supercapacitor electrode. The MoS;
nanosheets would act as the conductive and support structure between the metal oxide
nanoparticles at the same time the restacking of MoS> nanosheets would be prevented

by the metal oxide nanoparticles present in between each nanosheets.

The use of SnO; for the electrochemical energy storage application can be considered
due to the reasons such as higher theoretical specific capacity (781 mAh g?), low
synthesis cost, versatile nanostructure and morphology, low toxicity and non-
carcinogenic. But the electrochemical instability caused by the volume expansion of
SnO- nanoparticles limits the SnO- for the supercapacitor application. Use of SnO>
nanoparticles functionalized MoS; nanosheets would mitigate the discontinuity issue
caused by the volume expansion of SnO2. So, in M0S2-SnO, nanocomposite, the
problems associated with each material are mitigated by other material to produce

better electrochemical performance than the individual materials.
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Figure 6.9 Cyclic voltammetry curves of bare SnO2 nanoparticles and MoS,-SnO>

nanocomposite at scanning speed of 30 mVs* (material loading=1.1 mg cm)

The cyclic voltammetry (CV) was performed for SnO. and MoS,;-SnO, between the
potential value range of -0.2 VV t0 0.8 V. The CV plots are shown in Fig. 6.9. CV curves
for all samples showed the double layer supercapacitor behavior with a semi-
rectangular shape curve. This result is in accordance with the previously reported results
(Bonu et al. 2016) (Krishnamoorthy et al. 2016). From Fig. 6.9, it is observed that the
output current density of the MoS,-SnO., nanocomposite is higher than the output
current density of the bare SnO» nanoparticles. During the electrochemical cycles, the
SnO- nanoparticles undergo volume expansion that leads to increase in the particle size.
The increase in particle size leads to microcracks between the SnO; particles (Lou et
al. 2006) (Brousse et al. 1998). The formation of microcracks and the reduction in
surface area were the reasons for the low performance of the SnO nanoparticles. The
addition of the MoS; nanosheets bridged the SnO2 nanoparticles and offered a large
surface area for the charge transportation between electrode and electrolyte. So, a
gradual increase in the output current was observed with respect to increase in the MoS;
to SnO; ratio. The 5% MoS2-SnO» nanocomposite exhibited the highest current density

amongst all the electrode materials. But the current density started to decrease when the
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MoS; ratio was increased to 10%. So, it is concluded that the 5%, with highest

electrochemical activity, is the optimum MoS,-SnO- ratio for the supercapacitor

application.
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Figure 6.10 Cyclic voltammetry curves of 5% MoS>-SnO; at different scanning speeds,

between an applied potential range of -0.2 V to 0.8 V (material loading=1.1 mg cm™)

Figure 6.10 shows the CV curves of 5% Mo0S,-SnO, nanocomposite at the scanning
speeds of 10, 20, 30, 50 and 100 mVs?, respectively. The obtained CV curves for all
the scanning speeds are showing a semi-rectangular curve corresponding to double-

layer capacitance.

The energy storage by the electric double layer capacitance is illustrated as Fig. 6.11.
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Figure 6.11 Charging and discharging of an electric double layer supercapacitor

During charging, the electrode is negatively polarized by the applied voltage. The
cations from the electrolyte are attracted to the negatively charged electrode to
neutralize the charge. The formation of oppositely charged layers at the electrode
surface is called the electric double layer. This way, the energy is physically stored or
accumulated on the surface of the electrode. During discharging, the electrons flow to

the external circuit from the electrode surface (Pal et al. 2019).
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Figure 6.12 Galvanostatic charge-discharge curves of the SnO2 and the MoS2-SnO: at

the constant current density of 1 A g
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Figure 6.13 Galvanostatic charge-discharge curves of 5% Mo0S;-SnO. at different
current densities
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Figure 6.12 shows the galvanostatic charge-discharge curves for the SnO; and the
MoS2-SnO2 nanocomposite. The charge-discharge study was performed in the potential
range of -0.2 V to 0.8 V at an applied current density of 1 A g™*. The obtained charge-
discharge curves are linear and triangular in shape. This indicates the capacitance nature
of the prepared electrode materials. The discharge time of the SnO2 nanoparticles was
14 seconds, whereas the MoS2-SnO> nanocomposite showed a longer discharge time.
The discharge time was increased from 24 seconds for 0.5% Mo0S,-SnO> to 61 seconds
for 5% MoS2-SnOx.

Figure 6.13 shows the galvanostatic charge-discharge curve of 5% MoS,-SnO;
nanocomposite at different current densities. The decrease in the charging and
discharging time was observed when the current density was increased (Huang et al.
2014b). As the current is inversely proportional to the time (I1=Q/t), the increase in
current density resulted in decreased discharge time (tq). The discharge time of 61, 21,
11, 5 seconds were measured for the applied current densities of 1, 2, 3 and 4 A g,

respectively.
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Figure 6.14 Schematic representation of the microcracks in the SnO; electrode and

MoS:> nanosheets bridging the microcracks
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As mentioned earlier, the SnO> particles would go through volume or size change
during the charge-discharge processes (Lou et al. 2006) (Brousse et al. 1998). This
would lead to microcracks in the SnO> electrode. The discontinuities formed by these
cracks would affect the charge transportation. But, when the MoS; nanosheets were
introduced with the SnO2 nanoparticles, the nanosheets acted as a conductive pathway
between the SnO, nanoparticles. The MoS, nanosheets would anchor the SnO:
nanoparticles within its surface and bridge the neighboring SnO2 nanoparticles
facilitating the easy charge transfer during the charge-discharge process (Huang et al.
2013). The large surface area of MoS; nanosheets leads to effective interaction between
the electrode and the electrolyte. Thus, the electrochemical performance (CV curve area
and discharge time) was increased for the M0S>-SnO> nanocomposite. However, it was
noticed that increasing the MoS; ratio beyond 5% led to a decrease in the discharge
time. When the ratio of the MoS; was increased above the optimum value, the discharge
time started to decrease because of the reduction in active SnO, material. So it is
concluded that 5% is the optimum ratio of MoS; nanosheets in the MoS;-SnO:

nanocomposite. This is also in accordance with the cyclic voltammetry study.
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Figure 6.15 Nyquist curve of SnO2 and 5% MoS2-SnO, nanocomposite
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Figure 6.16 Nyquist curve of SnO. and 5% MoS,-SnO> nanocomposite: magnified at

high frequency region

The Nyquist plot obtained from the electrochemical impedance spectroscopy (EIS) is
shown in Fig. 6.15. EIS was performed over the frequency range of 0.1 Hz to 100 kHz
for bare SnO2 and 5% Mo0S,-SnO- and the plots are compared. A straight line was
observed for both materials at the lower frequency region. However, the slope of the
5% Mo0S2-SnO, nanocomposite was higher than that of the bare SnO2 nanoparticles.
This proves that the diffusion resistance of the MoS2-SnO, nanocomposite was lower
than that of the bare SnO> nanoparticles. It indicated that the Mo0S2-SnO;
nanocomposite exhibited more ideal capacitor behavior than the bare SnO;
nanoparticles. The high-frequency region was enlarged and shown in Fig. 6.16. The
curves tend to show a very small semi-circle or loop in the high-frequency range
indicates the minimum charge-transfer resistance in the material. It is attributed to the
low charge transfer resistance of the electrode (Sreejesh et al. 2015). The solution
resistance is the value at which the curve is intersecting with the real axis. The values
were almost equal for 5% MoS,-SnO2 nanocomposite and SnO> nanoparticles with 3.67
and 3.6 Q, respectively.
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The specific capacitance was calculated from the charge-discharge curves by the

following equation (Huang et al. 2013),
Cs=(l.tg)/ (m.AV) 1)

Where “Cs” is the specific capacitance (F g1), “I”” is the discharge current (A), “ty” is
the discharge time (s), “m” is the mass of the electrode material (g) and “AV” is the
potential window. The values of Cs for SnO2 and MoS,-SnO, were plotted and shown
in Fig. 6.17.
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Figure 6.17 Specific capacitance of the M0S2-SnO2 nanocomposites with different ratio
of MoS; in the composite

The specific capacitance (Cs) of bare SnO, nanoparticles was calculated as 14 F g™
The specific capacitance value of the SnO is increased after the addition of the MoS;
nanosheets. The high surface area and easy charge transportation between the electrode
material and electrolyte were the reason for the increased value of the specific
capacitance. The 5% Mo0S;-SnO2 nanocomposite showed the highest specific
capacitance value of 61.6 F g which is 4.4 times greater than that of the bare SnO;

nanoparticles.
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Figure 6.18 Capacitance retention versus the number of charge-discharge cycles for the
5% Mo0S2-SnO, nanocomposite

The capacitance retention curve of 5% MoS2-SnO- over the charge-discharge of 1000
cycles is shown in Fig. 6.18. The MoS>-SnO, showed excellent cyclic stability by
retaining 90% of its original capacitance even after 1000 charge-discharge cycles. This
indicates that the electrochemical performance of the SnO2 nanoparticles is improved
by the addition of the MoS; nanosheets with the SnO,. The reasons for the improvement
in the performance are, (i) The MoS; nanosheets provided good support and conductive
path in the electrode material when the microcracks are formed due to volume
expansion of SnOg; (ii) The high surface area offered to the electrode in the form of

nanosheets made it easier for the ion transportation between electrolyte and electrode.

6.3 Summary

The SnO- nanoparticles were synthesised by the solvothermal method. The synthesised
SnO- nanoparticles have a spherical-like morphology with the size range of 10 nm to
32 nm. The nanocomposite of exfoliated MoS2 nanosheets and SnO2 nanoparticles was

prepared to improve the electrochemical performance of the SnO, towards the energy
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storage application. The Mo0S2-SnO, nanocomposite was prepared by functionalizing
SnO2 nanoparticles onto the surface of MoS2 nanosheets by the ligand exchange
process. The MoS; nanosheets mitigated the problem of volume expansion of SnOa.
The MoS; nanosheets acted as the conducting bridge between the SnO. nanoparticles
for charge transportation during the charge-discharge process. Also, the nanosheets
provided helped to improve the interaction between the electrolyte and electrode
material. The benefits achieved by the compositing SnO. nanoparticles with MoS;
nanosheets enhanced the specific capacitance value from 14 F g to 61.6 F g. By
improving the electrochemical performance of SnO, the prepared Mo0S,-SnO>

nanocomposite paves a way to develop low-cost energy storage devices in the future.
Publications from chapter 6

1. Prabukumar, C., Sadiq, M. M. J., Bhat, D. K., and Bhat, K. U. (2019). “SnO>
nanoparticles functionalized MoS; nanosheets as the electrode material for
supercapacitor applications.” Materials Research Express, 6(8), 085526.
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CHAPTER 7

ENHANCING THE ELECTROCHEMICAL PERFORMANCE OF
THE ZnO ANODE FOR ALKALINE BATTERY APPLICATION

This chapter discusses the synthesis and characterization of ZnO nanorods and ZnO
microrods. The effect of size and shape of the ZnO on its electrochemical
characteristics is studied in detail. The changes in electrochemical performance of ZnO
in KOH electrolyte, owing to the M0S2-SnO2 nanocomposite additive, are examined by

various analysis.

7.1 Synthesis of ZnO Nanorods and Microrods

o ol R
Figure 7.2 FESEM micrograph of the synthesised ZnO microrods
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Figure 7.3 FESEM micrograph of commercial ZnO nanoparticles

Figure 7.1 shows the FESEM micrograph of the ZnO nanorods (NRs) synthesised using
microwave heating method. It is observed that the synthesised product shows one-
directional growth of nanorods. The length of the nanorods is in the range of 300 nm to
500 nm. The diameter of the nanorods is measured to be less than 100 nm. Figure 7.2
shows the FESEM micrograph of the hydrothermally synthesised ZnO microrods
(MRs). The micrograph shows that the synthesised microrods have a hexagonal cross-
section. The average length of the ZnO microrods is 10 um and while the average
diameter is 1 pum. Figure 7.3 shows the FESEM micrograph of the commercial ZnO
nanoparticles (NPs). It is observed that the commercial ZnO NPs contained particles
with different morphologies, such as plate-like, sphere-like and cylinder-like with a size

range of 70 nm to 300 nm
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Figure 7.4 XRD patterns of commercial ZnO nanoparticles, microwave synthesised

ZnO nanorods and hydrothermal synthesised ZnO microrods

Figure 7.4 shows the XRD patterns of the commercial ZnO nanoparticles, the
microwave heated ZnO nanorods and the hydrothermally synthesised ZnO microrods.
All the samples exhibit the peaks belonging to the ZnO wurtzite phase (ICDD 03-065-
0523). The XRD patterns show that the ZnO nanoparticles and ZnO nanorods have
preferred (101) orientation. But the relative intensity of the peak belonging to (101)
plane is high for nanorods compared to that of the nanoparticles. On the other hand, the
ZnO microrods show the preferred orientation of (002) plane. The preferred (002)

orientation of ZnO microrods is attributed to its hexagonal cross-section.
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Figure 7.5 Solubility of the ZnO samples in 6 M KOH solution

The stability of ZnO samples in high concentration alkaline electrolyte was studied by
determining the quantity of zinc dissolved in 6 M KOH solution. In Zn alkaline battery,
the high solubility of ZnO in the electrolyte leads to uneven deposition of the zinc
during the charging process. That eventually leads to the growth of undesired dendrite
structures on the ZnO anode (Mainar et al. 2018a). The atomic absorption spectroscopy
(AAS) result (Fig. 7.5) revealed that the dissolved zinc from ZnO nanoparticles,
nanorods and microrods is 480 pg/ml, 350 pg/ml and 85 pg/ml, respectively. The one-
dimensional ZnO rods (Microrods and nanorods) are more stable in the KOH
electrolyte than the commercial ZnO nanoparticles with plate-like and sphere-like
morphology. It should be noted that the ZnO microrods showed excellent stability
compared to other ZnO samples. It is attributed to the less surface area of the microrods
due to their longer length and large diameter. Since the surface area is low, the material
had less interaction with the KOH electrolyte, resulting in low solubility. However, the
reason behind the low solubility of nanorods compared to the nanoparticles is due to its
rod morphology having fewer edges and corners that are the hotspots for the dissolution
(Ullah et al. 2013).
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7.2 Electrochemical Reactions of the ZnO Anode in Alkaline Electrolyte

In alkaline batteries, the charging and discharging processes are ascribed to oxidation
and reduction reactions of the ZnO with the alkaline electrolyte (Mainar et al. 2018a).
During charging, the ZnO is converted into the zincate ions, Zn(OH)4? (Eqn. 6). Then
the zincate ions are reduced to metallic Zn (Eqn. 7). This is also called as Zn plating.
During discharging, the Zn undergoes oxidation to form zincate ions (Egqn. 8). When
the electrolyte solution close to the surface is saturated with the zincate ions, the zincate
ions precipitate into ZnO. This is called as passivation process (Eqgn. 9).

Charging/reduction reaction:
ZnO + H20 + 20H — Zn(OH)4 % (6)
Zn(OH)s% + 2" — Zn + 40H" (7)
Discharging/oxidation reaction:
Zn + 40H — Zn(OH)4 % + 2¢° (8)
Zn(OH)4* — ZnO + H20 + 20H" (9)

During charging, an undesired reaction occurs between the Zn and the water that lead
to the evolution of hydrogen gas (Eqn. 10) (Mainar et al. 2018a) (Li and Dai 2014). The
hydrogen evolution reaction (HER) from the Zn causes the corrosion of the Zn, water
depletion in the electrolyte and increased internal pressure inside the battery (Mainar et
al. 2018a).

Zn + 2H,0 — Zn(OH), + Hz 1 (10)

This could be avoided by minimizing the solubility of zincate ions into the alkaline
electrolyte and suppressing the hydrogen evolution reaction (HER). The recyclability

and reversibility of the anode are improved by reducing the passivation of ZnO.
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7.3 Effect of Size and Shape of the ZnO on its Electrochemical Properties

The effect of size and type of the morphology of ZnO on its electrochemical properties
such as HER, corrosion behaviour, electrochemical kinetics, such as charge-transfer

resistance and oxidation-reduction reactions are studied.
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Figure 7.6 Cathodic polarization curves for commercial ZnO nanoparticles, microwave

synthesised ZnO nanorods and hydrothermal synthesised ZnO microrods

The hydrogen evolution reaction (HER) or generation of hydrogen gas at the ZnO
electrode is one of the major factors that deteriorate the performance of the zinc alkaline
batteries (Dundalek et al. 2017) (Zhang et al. 2020c). The cathodic polarization study
was performed to understand the influence of the size and shape of the active ZnO
material on the hydrogen evolution. Figure 7.6 shows the cathodic polarization curves
of ZnO nanoparticles, ZnO nanorods and ZnO microrods in the KOH electrolyte. The
low current density from the ZnO microrods indicates its low HER activity. The HER
activity of ZnO nanorods was higher than the ZnO nanoparticles in the beginning.
However, the HER activity of the ZnO nanoparticles increased more than that from the
nanorods towards the end that is observed by the higher current density from the ZnO

nanoparticles.
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Figure 7.7 Tafel polarization curves for the ZnO nanoparticles, ZnO nanorods and ZnO

microrods

Figure 7.7 shows the Tafel polarization curves of the ZnO nanoparticles, ZnO nanorods
and ZnO microrods. It is observed that the corrosion potential (Ecor) for ZnO
nanoparticles, ZnO nanorods and ZnO microrods is -1.565 V, -1.539 V and -1.516 V,
respectively. The corrosion current (lcor) Was determined as 3.15 mA/cm?, 2.42
mA/cm? and 1.815 mA/cm? for nanoparticles, nanorods and microrods, respectively.
High ‘Econ’ and low ‘Icor” attribute to the anti-corrosion behaviour of the material. The
corrosion of Zn/ZnO is associated with the hydrogen evolution reaction (Li and Dai
2014)(Long et al. 2016). The ZnO microrods with high ‘Ecorr” and low ‘Icorr” are less
prone to corrosion. This is again due to its large diameter that offered less surface area
to interact with the KOH electrolyte. The ZnO nanorods show the second-best
performance against corrosion, while the ZnO nanoparticles with the sphere-like and
plate-like morphologies were very prone to corrosion. It is inferred that the nanorod
morphology of the ZnO was more stable than the spherical-like and plate-like

morphology against corrosion.
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Figure 7.8 a) Nyquist plots for the ZnO nanoparticles, ZnO nanorods and ZnO

microrods, b) their corresponding Nyquist plots in high frequency region

Figure 7.8 shows the Nyquist plots obtained from the electrochemical impedance
spectroscopy (EIS) for the ZnO nanoparticles, ZnO nanorods and ZnO microrods. The
semi-circle in the high-frequency region denotes the charge-transfer resistance (Rct)
between the ZnO electrode and the electrolyte. The Nyquist plots for all ZnO samples
at the high-frequency region are shown in Fig. 7.8b. The diameter of the semi-circle
denotes the charge-transfer resistance. The ‘Rct’ values for the ZnO nanoparticles, ZnO
nanorods and ZnO microrods are determined as 2.42 Q, 2.2 Q and 2.44 Q, respectively.
The charge-transfer resistance for the ZnO nanorods is relatively low compared to that
of the ZnO nanoparticles and the ZnO microrods. The low ‘R¢t’ is be attributed to
reduced polarization in the material due to its uniform morphology and high
electrochemical activity due to the high surface area (Chamoun et al. 2015) (Long et al.
2017b). The ‘Ret’ value for the ZnO microrods was high due to the relatively low

surface area that limited the electrochemical activity.

Figure 7.9, 7.10 and 7.11 show the cyclic voltammetry (CV) results of the ZnO
nanoparticles, ZnO nanorods and ZnO microrods, respectively. The cyclic voltammetry
curves explain the anodic and cathodic behaviour of the ZnO. The anodic and cathodic
peaks of cyclic voltammetry are attributed to oxidation and reduction reactions of the
corresponding material, respectively.
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Figure 7.9 Cyclic voltammetry (CV) curves of commercial ZnO nanoparticles
(material loading= 2 mg cm)
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Figure 7.10 Cyclic voltammetry curves of microwave synthesised ZnO nanorods

(material loading= 2 mg cm™)
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Figure 7.11 Cyclic voltammetry curves of hydrothermal synthesised ZnO microrods

(material loading= 2 mg cm)
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It is observed that the anodic and the cathodic peaks of the ZnO nanorods exhibit high
current density compared to the ZnO nanoparticles and the ZnO microrods. This
enhanced current density would result in an enlarged area under the CV curve. The
increased area under the CV curve indicates the enhanced capacity of the material (Liu
et al. 2019). The current densities at the anodic and cathodic peaks of the ZnO
nanoparticles were the lowest. The reason behind the high electrochemical activity of
the ZnO nanorod is due to their nanorods morphology and high specific surface area
that enhanced the surface interaction between the ZnO and the electrolyte. The potential
difference (AEac) between the anodic and the cathodic reactions is 0.274, 0.189 and
0.159 V for the ZnO nanoparticles, ZnO nanorods and ZnO microrods, respectively.
The narrow ‘AEs’ means a small potential difference between the charging and

discharging process (Long et al. 2016).

It is observed that the current densities at anodic and cathodic peaks were decreased in
the subsequent cycles for all ZnO samples. This decrease in the current density,
indicated by the area under the CV curve attributes to the non-recyclability of the
material (Peng et al. 2019). When the electrolyte solution near the electrode surface is
saturated with the zincate ions, the zincate ions precipitate as a passive layer on the
ZnO. The diffusion of OH" ions to the Zn is limited by this ZnO layer that would lead
to the formation of thick ZnO (Mainar et al. 2018a). The reduction in current density of
the second and the third cycle with respect to the first cycle was calculated. The 12/11
and I3/11 ratios of anodic and cathodic peaks for all ZnO materials are shown in Table
7.3. The anodic and cathodic current densities of the ZnO nanoparticles were reducing
faster than that of the ZnO nanorods and the microrods. The small reduction in current
densities for the ZnO microrods was due to its low solubility, which prevented the loss
of zincate ions into the electrolyte. The decrease in current density could be minimized
by avoiding the zincate dissolution into the electrolyte and improving the ionic

transportation between the electrolyte and the ZnO electrode.

The further increase in the current density in the cathodic region after the cathodic peak
is attributed to the hydrogen evolution reaction from the ZnO in the KOH solution
(Gallaway et al. 2014) (Peng et al. 2019). It is observed that the current density from

HER activity was notably higher compared to the current density corresponding to the
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cathodic peak. Among all ZnO samples, the ZnO nanorods exhibited higher cathodic
current density relative to that from HER activity. In contrast, the current density from
HER activity was more prominent than that of cathodic reaction for the ZnO
nanoparticles and the ZnO microrods.

Among bare ZnO samples (ZnO without any additives), the ZnO nanorods showed
excellent output current density due to reduction and oxidation reactions. Also, it

showed a good performance against corrosion due to its rod morphology.

7.4 Effect of M0S2-SnO2 additive on the electrochemical properties of the ZnO

TEM micrographs (Fig. 6.6) of MoS>-SnO> nanocomposite were analysed in the
chapter 6. It was established that the SnO> nanoparticles were functionalized on the
surface of MoS> nanosheets. The MoS, nanosheets provide their surface to facilitate
the charge transfer (Wang et al. 2016a). The SnO, has tendency to suppress the
hydrogen gas evolution due to its high overpotential of hydrogen evolution reaction
(HER) (Zheng et al. 2019).
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Figure 7.12 Cathodic polarization curves for the ZnO nanoparticles, ZnO nanorods and
ZnO microrods, with the MoS>-SnO> additive
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The cathodic polarization curves for bare ZnO and MoS;-SnO2/Zn0 samples are shown
in Fig. 7.12. The Mo0S,-SnO2/Zn0O hybrid contained ZnO, Mo0S2-SnO, and PVA
(binder) in the ratio of 75:15:10, respectively. It is observed that the current density for
ZnO samples was reduced significantly after the addition of M0S2-SnO. with them. The
decrease in the current density indicates the effect of M0oS2-SnO. on suppressing the
hydrogen evolution reaction. This is due to the high overpotential for hydrogen
evolution of Sn and SnO: (Feng et al. 2014)(Zheng et al. 2019)(Yuan et al. 2005).
Among all the M0S2-Sn0,/Zn0O samples, M0S>-Sn0O,/Zn0O nanoparticles showed high
HER activity. M0S,-SnO2/Zn0 nanorods showed moderate HER activity, while MoS;-
Sn0O2/Zn0O microrods showed low HER activity.
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Figure 7.13 Tafel polarization curves for the ZnO nanoparticles, ZnO nanorods and

ZnO microrods, with and without Mo0S,-SnO, additive

The Tafel polarization curves for all M0S2-SnO2/ZnO samples are shown in Fig. 7.13.
The Tafel plots for the bare ZnO samples are also shown for the comparison purpose.
The effect of M0S2-SnO» additive on the inhibition of corrosion of ZnO is understood
from the increase in ‘Econ’ values. The corrosion potential (Ecorr) and corrosion current
density (Icorr) values for the bare ZnO and the MoS2-SnO2/ZnO samples obtained from

Tafel polarization are shown in Table 7.1.
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Table 7.1 Tafel plot values for bare ZnO (commercial, microwave synthesised,

hydrothermal synthesised) and the MoS,-SnO2/ZnO samples

MoS,- MoS,- MoS,-
Zn0O Zn0O Zn0O
Sample Sn0O2/Zn0O | SnO2/Zn0O | SNO2/Zn0O
NPs NRs MRs
NPs NRs MRs
Ecorr (V) -1.565 -1.539 -1.516 -1.544 -1.530 -1.514
|corr
3.15 2.42 1.815 2.86 1.87 1.678
(mA/cm?)
Inhibition
Efficiency - 23.2 42.4 9.2 40.6 46.7
(%)

The corrosion potential, ‘Ecorr” values for the MoS,-SnO2/ZnO samples are shifted
towards more positive values with respect to corresponding bare ZnO samples. The
shift of ‘Ecorr” to more positive indicates that the MoS2-SnO2 additive made ZnO more
anti-corrosion in the KOH electrolyte. Similarly, the corrosion current, ‘Icorr’, which is
attributed to the rate of corrosion was also reduced for the MoS2-SnO2/ZnO samples.
The inhibition efficiency was calculated to determine the effect of M0S2-SnO> on
inhibiting the corrosion. The inhibition efficiency for the ZnO samples with and without

MoS2-SnO; additive was calculated by the formula given below (Long et al. 2017Db).

Inhibition efficiency = (1%or - lcorr)/(I%orr) * 100 (12)

Here, ‘I%or’ denotes the current density for the commercial ZnO nanoparticles. Icorr
represents other individual ZnO samples used in the present study. Table 7.1 recites
that the inhibition efficiency for ZnO samples was improved after the addition of MoS-
SnO2 to ZnO. The Mo0S2-SnO2/ZnO microrods and ZnO microrods showed high
inhibition efficiency of 46.7% against corrosion. It is mainly because of their large
diameter that offered low surface area to interact with the electrolyte. On the other hand,
the Mo0S,-SnO./ZnO nanorods showed the inhibition efficiency of 40.6%. The
inhibition efficiency was improved significantly from 23.2% (bare ZnO nanorods) after
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the addition of M0S2-SnO,. The M0S2-SnO2/ZnO nanoparticles also showed a 9%
inhibition efficiency against corrosion. As stated earlier, hydrogen evolution is the
major factor for the corrosion of ZnO in the KOH electrolyte (Long et al. 2016). The
addition of M0S2-SnO; to ZnO showed effectiveness in suppressing the HER activity
by the cathodic polarization study mentioned already. So, the positive shift in ‘Ecor’
and reduction in ‘Icon’ resulted from incorporating the MoS2-SnO; additive to the ZnO.
The MoS,-SnO; passivated the ZnO surface that avoided the direct contact of ZnO with
the electrolyte. This prevented the loss of zinc species into the electrolyte. These are
the contributing factors for the improvement of the anti-corrosion behaviour of the

Mo0S2-SnO2/ZnO composite samples.
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Figure 7.14 Nyquist plots for the ZnO nanoparticles, ZnO nanorods and ZnO microrods,
with MoS>-SnO; additive, b) their corresponding Nyquist plots in high-frequency

region

Figure 7.14 shows the Nyquist plots of Mo0S,-SnO2/ZnO nanoparticles, MoS,-
Sn0O2/Zn0O nanorods and MoS>-Sn0O,/ZnO microrods. The charge-transfer resistance
(Rct) determined from the semi-circle in the high-frequency region is 1.705 Q, 1.5 Q
and 1.82 Q for the Mo0S2-SnO2/Zn0O nanoparticles, M0S;-SnO2/ZnO nanorods and
Mo0S,-SnO2/ZnO microrods, respectively. Though the difference in ‘Ret’ of bare ZnO
is narrow, the addition of M0S2-SnO> to ZnO reduced the charge-transfer resistance
significantly in M0S2-SnO2/Zn0O. The decrease in charge-transfer resistance was the
result of increased conductivity by the MoS2-SnO; incorporated with the ZnO. The
MoS; nanosheets offered a large surface area to facilitate the charge transfer between
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KOH electrolyte and ZnO particles/rods as well as the KOH electrolyte and the SnO
nanoparticles. Also, the SnO, nanoparticles that are in contact with the surface of ZnO
enhanced its conductivity. The charge-transfer resistance is an important factor of an
electrode material for the battery application. The potential loss is minimized due to the
decreased charge-transfer resistance and it would result in better charge-discharge
cycles (Chamoun et al. 2015). It is observed that the MoS2-SnO,/ZnO nanorods show
the smallest ‘Ret” value among bare ZnO and MoS,-SnO2/Zn0O samples.
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Figure 7.15 Cyclic voltammetry curves of M0S,-SnO,/Zn0O nanoparticles (material

loading= 2 mg cm™)
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Figure 7.16 Cyclic voltammetry curves of MoS2-SnO,/ZnO nanorods (material

loading= 2 mg cm?)
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Figure 7.17 Cyclic voltammetry curves of M0S,-SnO,/ZnO microrods (material

loading= 2 mg cm?)

Figure 7.15 shows the CV result of the M0S2-SnO2/Zn0O nanoparticles. The anodic and
cathodic peak potentials are observed at -1.396 V and -1.602 V, respectively. The
potential difference (AEac) between anodic and cathodic reactions is 0.206 V. The area
under the CV curve of the M0S2-SnO2/Zn0O nanoparticles is large compared to that of
the bare ZnO nanoparticles. From the CV curve of MoS2-SnO2/ZnO nanorods (Fig.
7.16), the anodic and cathodic potentials are measured as -1.269 V and -1.84 V,
respectively. The potential difference, ‘AEac’ for MoS2-SnO2/Zn0O nanorods is 0.571 V.
Similar to the M0S2-SnO2/Zn0O nanoparticles, the area under the CV curve for ZnO
nanorods is increased after the addition of M0S2-SnO: (Fig. 7.16). Figure 7.17 shows
the CV result of M0S2-SnO./Zn0O microrods. The potentials for the anodic and cathodic
reaction are observed at -1.366 V and -1.609 V, respectively. The potential difference,
‘AEqc’ is 0.243 V. In contrast to other ZnO samples, the addition of M0S>-SnO did not
improve the anodic and cathodic current densities of ZnO microrods. The potential and
current density values of the anodic and cathodic processes for the bare ZnO and MoS-
SnO2/Zn0O samples are listed in Table 7.2.
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Table 7.2 Potential and current density values of the anodic and cathodic processes for
bare ZnO and Mo0S,-Sn0O2/Zn0O samples

Anodic Cathodic
Samples Potential Current Potential Current
V) density (A/g) V) density (A/g)
Zn0O NPs -1.426 0.156 -1.700 -0.211
ZnO NRs -1.517 4.712 -1.706 -1.595
ZnO MRs -1.368 0.777 -1.527 -0.805
Mo0S2-Sn0O2/Zn0O NPs -1.396 0.828 -1.602 -1.852
Mo0S2-Sn02/ZnO NRs -1.269 9.755 -1.84 -14.35
Mo0S,-Sn02/ZnO MRs -1.366 0.163 -1.609 -0.527

The Nyquist plots (Fig. 7.14) showed that the addition of M0S2-SnO> nanocomposite
reduces the charge-transfer resistance between the ZnO and the electrolyte by forming
a conductive network on the ZnO surface. The decrease in ‘R¢t’” minimizes the potential
losses (Chamoun et al. 2015). The enhanced output current densities and enlarged area
under the CV curve for the MoS2-SnO./ZnO nanoparticles and the M0S2-Sn0O,/ZnO
nanorods resulted from improved conductivity due to the SnO, nanoparticles on the
ZnO surface. Besides, the large surface area offered by the MoS; nanosheets acted as
the active sites for ZnO and electrolyte interactions (Yang et al. 2018). It is observed
that the anodic peak potential shifted to a more negative value for the second and third
cycles with respect to the first cycle. Similarly, the cathodic peak potential shifted to a
less negative value that minimizes the difference between the anodic and the cathodic
potential. As the difference between the anodic and the cathodic potential becomes

smaller, the reversibility of the material is improved (Zeng et al. 2017).

It is important to note that the effect of the hydrogen evolution reaction was suppressed
after the addition of MoS-SnO2 nanocomposite. It is seen by the decrease in current
density with respect to the bare ZnO samples at the end of the cathodic sweep. The

cathodic current densities for all M0S2-SnO2/Zn0O samples are higher than that derived
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from HER activity. This is due to the high hydrogen evolution overpotential of the SnO;

nanoparticles.

Table 7.3 Change in anodic and cathodic current densities for bare ZnO and MoS.-

Sn0O2/Zn0 samples
MoS;- MoS,- MoS,-
_ Zn0O ZnO Zn0O
Reaction Sn02/Zn0 | Sn02/ZNn0 | SnO2/ZnO
NPs NRs MRs
NPs NRs MRs
Io/1: | 0.204 | 0.321 0.412 0.127 0.696 0.653
Anodic
Is/l; | 0.131 | 0.159 0.205 0.052 0.493 0.485
o/l | 0.364 | 0.624 0.814 0.113 0.778 0.702
Cathodic
Is/l; | 0.270 | 0.393 0.436 0.052 0.584 0.582

Table 7.3 shows the change in anodic and cathodic current densities for second and

third cycles with respect to the first cycle. The I2/11 and 13/11 ratios are higher for the

Mo0S,-SnO2/Zn0O nanorods compared to the MoS,-SnO2/Zn0O nanoparticles and the

MoS,-SnO2/ZnO microrods. This indicates that the recyclability is higher for MoS,-
SnO2/ZnO nanorods than MoS2-SnO2/ZnO nanoparticles and MoS2-Sn02/ZnO

microrods.
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Figure 7.18 Interaction of the M0S2-SnO2/ZnO nanorods and the OH" ions from the

electrolyte

Figure 7.18 shows the interaction of M0S,-SnO,/Zn0O nanorods and the OH™ ions from
the electrolyte. The addition of M0S2-SnO> nanocomposite to ZnO samples reduced
charge-transfer resistance due to improved conductivity. The large surface area and
conductivity offered by the MoS; nanosheets and SnO> nanoparticles helped to enhance
the electrochemical activity of the ZnO. At the same time, the problem of corrosion and
hydrogen evolution was minimized. Similar to the bare ZnO results, the MoS;-
SnO2/Zn0O nanorods showed better electrochemical performance than the MoS.-
Sn0O2/ZnO nanoparticles and the MoS2-SnO2/ZnO microrods. Also, the MoS;-
SnO2/ZnO nanorods showed significant improvement in suppressing HER activity,
better anti-corrosion behaviour and enhanced output current density from the reduction

and oxidation reactions.

7.5 Summary

The ZnO nanorods and the ZnO microrods were synthesised by microwave heating and
hydrothermal method. The effect of size and morphology of the ZnO on its
electrochemical performance in the KOH electrolyte was studied. The one-dimensional
ZnO nanorods and microrods exhibited better stability and corrosion resistance than the

ZnO nanoparticles with sphere-like and plate-like morphology. Among all bare ZnO

136



samples, the ZnO nanorods exhibited superior performance due to their high surface
area and uniform rod morphology. The MoS2-SnO, nanocomposite was prepared by
functionalization of the SnO, nanoparticles on the surface of MoS; nanosheets. The
influence of the M0S,-Sn0O> as an additive to the ZnO was evaluated. The M0S,-SnO»
nanocomposite suppressed the hydrogen evolution reaction from the ZnO due to the
high hydrogen overpotential of SnO2. The M0S,-SnO; passivated the ZnO surface that
minimized the loss of zincate ions into the electrolyte, thus resulting in better anti-
corrosion behaviour of the ZnO. The interaction between the ZnO and the electrolyte
was improved by the larger area offered by the MoS. nanosheets. Also, the charge-
transfer resistance of ZnO was decreased because of the conductive network formed by
the M0S,-Sn0O». These factors contributed in achieving higher output current density
from the oxidation and reduction of the ZnO in the KOH electrolyte. The MoS-
SnO2/Zn0O nanorods exhibited excellent performance amongst all ZnO based samples
due to their high surface area and nanorod morphology along with the MoS2-SnO-

nanocomposite additive.
Publications from chapter 7

1. Prabukumar, C., Meti, S. and Bhat, K. U., “Enhancing the electrochemical
performance of ZnO anode by novel additive of M0S2-SnO, nanocomposite for the zinc
alkaline battery application.” Accepted for publication in Journal of Materials Science:
Materials in Electronics, Manuscript ID: IMSE-D-21-01860R1.
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CHAPTER 8

CONCLUSIONS

The present study focussed on transparent conductive silver nanowires films and ZnO

anode for future electronics and energy storage devices. This work aimed to enhance

the growth of silver nanowires (Ag NWs) with new oxygen scavenger, Mn(ll) ions and

improving the electrochemical performance of ZnO in aqueous KOH electrolyte by

tailoring its morphology and with a novel MoS;-SnO; additive.

The following conclusions are drawn from the results discussed in the previous

chapters.

Transparent conductive silver nanowires films were fabricated using the Ag
NWs synthesised by the polyol method. The chloride conditions of CuCl. and
MnCl; produced longer Ag NWs. This enhanced growth was due to the added
Cu(Il) ions or Mn(ll) ions which acted as the oxygen scavenger to remove the
atomic oxygen that blocked the active sites of the silver seed surfaces.

The Ag NWs synthesised with the presence of Cu(ll) ions (22 mM CuCl,)
showed the mean length and diameter of 7.2 um and 151 nm, respectively. On
the other hand, the Ag NWs synthesised with the presence of Mn(ll) ions (22
mM MnCl,) showed the mean length and diameter of 5.2 um and 60 nm. The
Ag NWs synthesised with MnCl, were thinner and more uniform in size (length
and diameter) than those synthesised with CuCl,. This was attributed to the
effective removal of atomic oxygen from silver seed surfaces by the Mn(l1) ions.
The concentration of MnCl, was optimized by synthesising Ag NWs with three
different concentrations of MnCl> (22 mM, 40 mM and 65 mM). The 40 mM
MnCl; produced Ag NWs with a high aspect ratio. Its mean length and diameter
were measured as 7.7 um and 80 nm. The fabricated transparent conductive Ag
NWs (40 mM MnClIy) film exhibited the optical transmittance (%T ssonm) of 79%
and the sheet resistance of 29 Q/sq.

The mechanical flexibility of Ag NWs film was superior to commercial ITO
film. After 500 bending cycles, the Ag NWs film showed a minimal increase in
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the sheet resistance compared to the ITO film. The Ag NWs film was proved as
an excellent transparent film heater by generating a temperature of 90 °C at the
applied voltage of 10 V.

The MoS; nanosheets were exfoliated by the ultrasonication-assisted method in
the presence of PVP. The exfoliated MoS; nanosheets having a few-layer
thickness were confirmed by electron microscopy (FESEM, TEM) and Raman
spectroscopy. The exfoliated MoS; nanosheets showed a large surface area of
17 m? gL,

The SnO2 nanoparticles were synthesised by the solvothermal method. The
synthesised SnO- nanoparticles had spherical-like morphology with a size range
of 10 nm to 32 nm. The nanocomposite of exfoliated MoS2 nanosheets and SnO>
nanoparticles was prepared by functionalizing the SnO. nanoparticles onto the
surface of MoS> nanosheets by the ligand exchange process.

The prepared MoS2-SnO2 nanocomposite was tested as the electrode material
for supercapacitor application. The MoS; nanosheets significantly improved the
electrochemical performance of the SnO2 nanoparticles. The 5% MoS,-SnO;
showed best performance among all M0S,-SnO> (0, 1, 2.5, 5 and 10% MoS,)
samples. The specific capacitance of SnO nanoparticles was increased from 14
F g to 61 F g by functionalizing them on the surface of MoS; nanosheets.
The improved performance of the MoS2-SnO2 nanocomposite was attributed to
the enhanced stability of SnO2 nanoparticles by MoS, nanosheets. The MoS>
nanosheets acted as the bridge between the SnO. nanoparticles. The large
surface area of MoS; nanosheets enhanced the electrochemical interaction
between the electrode and electrolyte.

The ZnO nanorods and microrods were synthesised by microwave heating and
hydrothermal method, respectively, for the zinc alkaline battery application.
Their performance in the KOH electrolyte was evaluated and compared to that
of commercial ZnO nanoparticles having plate-like and sphere-like
morphology.

The ZnO with one-dimensional rod morphology dissolved less in KOH solution
than the commercial ZnO nanoparticles (NPs). The ZnO microrods (MRs) had

the lowest solubility because of low surface interaction with KOH due to their
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large diameter. The ZnO nanorods (NRs) were less soluble than the ZnO NPs
owing to their smooth rod morphology with fewer edges and corners.

The bare ZnO MRs showed better performance against hydrogen evolution and
corrosion while the bare ZnO NPs were more prone to hydrogen evolution and
corrosion. The ZnO NRs showed moderate hydrogen evolution and corrosion
activities.

The ZnO NRs showed highest electrochemical activity observed from cyclic
voltammetry due to their low charge-transfer resistance, moderate resistance to
solubility, hydrogen evolution, and corrosion in the KOH electrolyte.

The addition of MoS;-SnO> nanocomposite improved the electrochemical
performance of the ZnO. The hydrogen evolution reaction was decreased for all
Mo0S2-SnO2/ZnO hybrid samples because of the high hydrogen evolution
overpotential of SnO.. The surface of ZnO was passivated by MoS,-SnO- that
prevented the direct interaction with KOH electrolyte that minimized the
corrosion of ZnO and the loss of zincate ions into the electrolyte.

The charge transfer between ZnO and KOH electrolyte was improved by the
MoS2-SnO, nanocomposite addition that offered a large surface area and
enhanced conductivity. Amongst all ZnO samples, the MoS2-Sn02/Zn0O
nanorods exhibited excellent electrochemical activity. It was observed by the
increase in anodic and cathodic current densities in the cyclic voltammetry.
The one-dimensional ZnO morphology with the MoS,-SnO2 nanocomposite
addition makes the MoS2-SnO2/ZnO nanorods an excellent anode material for

the zinc alkaline battery application.
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Scope for the future work

In the present study, the silver nanowires were synthesised by the polyol method in the
presence of Mn(ll) ions. The silver nanowires were synthesised with different
concentrations of MnCl> without changing any other synthesis parameters. The addition
of MnCl; during the synthesis process produced thin, uniform-length silver nanowires
with a high aspect ratio. The study on the ZnO anode for the alkaline battery was carried
out by tailoring the size and morphology of ZnO. The electrochemical performance of
ZnO with Mo0S,-SnO> additive was evaluated. The ZnO nanorods with MoS2-SnO-
additive exhibited excellent electrochemical performance in the KOH electrolyte.
Based on the findings from the present study, the following studies are derived for

future work.

e Multistep synthesis of silver nanowires using high molecular weight PVP with
MnCl2, KBr in high pressure or nitrogen gas environment to produce long and
thin silver nanowires.

e Fabrication of Zn-Ag coin cell battery using Mo0S,-SnO2/Zn0 as the anode and
silver nanowires as the cathode.

e Fabrication of Zn-Ag thin-film battery with sol-gel polymer/KOH electrolyte

e Performance evaluation of the fabricated Zn-Ag coin cell and Zn-Ag thin-film

batteries.
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