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SnO2NANOWIRE BASED SUPERCAPACITOR

Lingtao Jiang, M.S.

University of Pittsburgh, 2017

In this thesis, Tin oxide (SnO2) nanowires are synthesized via VLS (Vapor-liquid-solid) method
on FTO substrates. The effect of Sb doping, Au seed layer thickness and substrate materials on
morphology of a nanowire array has been systematically studied.

Also, the electrical and optical properties of a nanowire array such as resistance,
transmission and absorption are characterized. Moreover, manganese oxide and nickel oxide are
coated on top of SnO> nanowires and their electrochemical properties are analyzed. Our results
show that Mn-Ni codeposited Sb-doped SnO: nanowires are promising material for high

performance supercapacitors.
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1.0 INTRODUCTION

Transparent conducting oxides, abbreviated as TCOs, are a kind of materials which can offer
both high electrical conductance and high optical transmissivity. A limited number of oxide
materials possess these two properties simultaneously. It’s well known that most transparent
materials such as silicon glass are electrical insulators. On the other hand, most semiconductor
materials with good electrical conductance such as silicon are wavelength dependent optical
resistors. Due to unique physical properties, TCOs are widely used in optoelectrical and
photovoltaic devices. Common TCO materials are donor-doped oxides such as SnO, In20s,
Zn0O, and their ternary alloys, with tin doped indium oxide (ITO) being the most widely used
TCO material. [1] However, the supply of ITO is not stable because of the high cost of indium,
so some other low-cost TCO materials are expected to be supplied. As a result, low-cost SnO>
based TCO materials have attracted a large amount of attention and they are expected to be used
in large scale applications for solar cells and light emitting diodes and solar cells. The
performance of devices using TCOs may be further improved by using one-dimensional
nanostructures. [1]

SnO2 nanostructure is a classical n-type semiconductor material because of its wide
bandgap (Eg=3.6 eV, 300k). Doping SnO. with cations (e.g. Sb®") and anions (e.g. F) can

improve the electrical and optical properties of SnO,. It’s reported that antimony-doped SnO>



have high electric conductivity, since electrons are produced to compensate positive charge of Sh
in Sn site. Resistivity of SnO2: Sb thin films can be lower than 102 Q cm.

Supercapacitors (or called electrical capacitors) are getting more important because of its
ability for fast charging and discharging. When an electrical field is applied, supercapacitors
store electric energy through two different mechanisms. In an electrical double-layer capacitor,
ions that are accumulated on the surface of electrodes are responsible for the energy storage. In a
pseudo-capacitor, both Faraday reaction and double layer formation contribute to the energy
storage. In order to increase the electrical capacitors’ energy densities, several transition metal
oxides are used to offer high capacitance. On their surface, reversible redox reactions occur and a
change in a valence state of transition metals increase the charge storage capacity. Several metal
oxides, such as MnO., NiO, and Fez04, have been proposed as promising electrode materials
because of their environment compatibility, low cost, abundant availability and wide potential
windows. [4] MnO: is a potential alternative electrode material for ECs and has been broadly
studied as a cathode material for batteries. NiO is another promising material because it exhibits
good electrochemical stability.

In this study, the doping behavior of Sb into SnO2 nanowires is first studied. Since the
synthesis technique of nanowires is different from that of thin films, the effect of the synthesis
method on cation doping needs to be examined. During the growth of thermal vapor deposition,
a content of Sb in a melting pool is controlled and composition of melts and nanowires are
compared. In addition, different Au thickness coated FTO substrates were also used to grow the
nanowires to check the influence of the gold layer because the gold layer catalyzes a nucleation
of SnO.. The morphology and electrical properties of the fabricated nanowires were later

characterized to see the impact of antimony dopant and coated gold. In the next step, these thin



nanowire layers are used as substrates for coating of transition metal oxide (manganese oxide
and nickel oxide) and the effect of a coating layer composition and a nanowire resistivity on a
charge store capability is investigated for an application of supercapacitors. When MnO, and
NiO are deposited on SnO. nanowires, a core-shell structure is expected to form on the
nanowires. This device is meaningful because it combines the advantage of SnO> nanowires
(high conductivity) and manganese oxide and nickel oxide (pseudo-capacitor function). This
means the device can have good electrical conductivity and charge storage at the same time.

In addition, Stainless steel (SS) mesh was also used as substrates to grow SnO2 nanowires
because it has two dimensions which is different from FTO substrates. Nanowires grown on pure
SS mesh and Au coated SS mesh are compared to study the influence of a gold layer. It has also
been found that the growing temperature may also have an impact on the structure and properties

of the nanowires grown on SS mesh.



2.0 BACKGROUND INFORMATION AND LITERATURE REVIEW

This chapter is to introduce some knowledge about supercapacitors and SnO. nanowires.

Additionally, several necessary electrical and optical properties are introduced as well.

21 SUPERCAPACITOR

A supercapacitor is an electrochemical capacitor with high-capacity. Its capacitance is much
higher than that of electrical capacitor. Typically, supercapacitors can store 100 times energy
more than electrolytic capacitors. Compared with conventional capacitors, supercapacitors use
electrostatic double-layer capacitance or electrochemical pseudocapacitance or a combination of

both.

2.1.1 Electrostatic Double-layer Capacitors (EDLC)

Electrostatic double-layer capacitors store the energy by double layer effect. The electrolyte ions
are separated by an inner Helmholtz plane and it can be seen from figure 2.1 that cations
accumulate and form a double layer structure with negative electrode, meanwhile, anions

accumulate and form a double layer structure with positive electrode. So, the conductor
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electrodes and electrolyte ions can perform like a physical capacitor to storage energy. A EDLC
can charge and discharge more than 1 million times because there is no limitation of charge
transfer kinetics like batteries.

e ©

- Electrolyte ! Electrolyte + |
N/

[ ]
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290000006
Q000000
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Collector /‘ . Separator /" Collector

Electrical Double Layers
Activated carbon Activated carbon

Figure 2.1. EDLC structure [39]

2.1.2 Pseudocapacitors

Pseudocapacitors can store energy through redox reactions and intercalation processes to
complete the transfer of charges between electrodes and electrolyte. A pseudocapacitor can store
100 times energy as large as a double-layer capacitor with the same surface can. It has been
stated above that there are no chemical reactions in the electrodes during the energy storage
process of an electrostatic double-layer capacitor. However, a pseudocapacitor has chemical
reactions in the electrodes with an interaction between the ions and the electrodes. In other

words, there is an electron charge transfer between the electrode and the electrolyte. Varying



from batteries where the transfer ions cling to the atomic structure of the electrodes,
pseudocapacitors store the faradic energy with fast redox reactions. That’s the reason why
pseudocapacitors can have a much faster charge and discharge speed than batteries.
Pseudocapacitors always use conductive polymer or metal oxide as electrodes with a high

amount of pesudocapacitance. Figure 2.2 shows the structure of a pseudocapacitor.

Pseudocapacitance with specifically adsorbed ions

Solvated
cations

Polarized
solvent
molecules

Collector

Specifically
adsorbed ions
(redox ions)

= Separator

Figure 2.2. Pseudocapacitor structure [41]



2.2  TRANSPARENT AND CONDUCTING OXIDES

Transparent conducting oxides (TCO) are electrical conductive and optical transparent thin film
materials. They are widely used to fabricate optoelectronic devices such as solar cell,

photovoltaics and OLEDs. In this chapter, a literature review of TCOs is introduced.

2.2.1 TCOs Development

The optical transparency and electrical conductivity depend on the band gap of the material. In
metallic materials, a high density of free electrons sit upper the fermi energy, which leave the
transmission caused by the reaction with low energy photos. This is the reason why metals
always show a high electrical conductivity but low transmittance. Additionally, in most insulate
materials, valence band and conductive band are separated by the band gap, which enable the
transmission for different wavelength lower than the band gap. That is why insulate materials
always have high transparency. More interests are attracted by transparent conducting oxides
(TCO) because they can compromise both these two advantages.

A TCO is a wide band-gap semiconductor that has a relatively high concentration of free
electrons in its conduction band. These arise either from defects in the material or from extrinsic
dopants, the impurity levels of which lie near the conduction band edge. [37] The high
concentration of electron carrier (the materials are assumed to be n-type semiconductors) leads to

absorb the electromagnetic radiation in both infrared and visible portions of the spectrum.



2.2.2

Indium tin oxide (ITO)

Indium tin oxide (ITO) is composed of indium, tin and oxygen in different proportions. The

typical composition of these three elements are 74% In, 8% Sn and 18% O, by weight. ITO has

been regarded as one of the most important conductive transparent oxides these years because of

its electrical conductivity and optical transparency. Indium tin oxide has been used to fabricate

many applications nowadays such as polymer-based electronics, smart windows and flat-panel

displays. ITO can be synthesized via deposition method and different method may lead to

different properties of the produced ITO. Table 2.1 lists different ITO produced by different

techniques and their properties.

Table 2.1. Optical and electrical properties of ITO summary
Deposition technique | Thickness | Hall mobility Carrier Resistivity | Transmitta
(nm) puH (sm2V-1s- | concentration (cm- | (Qcm) nce (%)
1) 3)

r.f. sputtering 700 35 6x10%° 3x10* 90

r.f. sputtering 500 12 12x10% 4x10* 95
r.f.sputtering 400 25 3x10% 8x10* -
Magnetron sputtering | 800 26 6x10%° 4x10* 85

d.c sputtering 100 35 9x10% 2x10* 85
Reactive evaporation | 250 30 5x10% 4x10* 91

lon beam sputtering 60 26 2x10%° 12x10* -




It can be seen from the table that the best ITO shows the lowest resistivity which is as
low as 2x10-4Qcm. At the same time, its transmission is also high: 85%. The combination of
optical and electrical properties is the judgment criteria of the quality of a ITO. The mobility is
enhanced because the crystallinity of thin films using higher temperature. And the band gaps of
ITO range from 3.5eV to 4.06eV, which is wider than the visible radiation and is the reason of
high transparency of ITOs. [34] The carrier concentration will increase with Sn dopant and the
absorption limit will shift from the ultraviolet radiation area into shorter wavelength area. The
band gap of In,O3 and Sn doped In2Os3 is shown in Figure 2.3. It can be seen that the Fermi level

has jumped into conduction band after Sn doping, which increase the optical band gap.

Energy

Lindoped In.(, Sn doped In, 0,

Figure 2.3. The band gap of In,O3; and Sn doped In,05 [35]

2.2.3 Tin Dioxide

Tin dioxide is the compound with the chemical formula SnO.. The mineral form of tin dioxide is

known as cassiterite. Its crystal structure is shown in figure 2.4, which shows that each tin atom



is 6 coordinate and each oxygen atom is 3 coordinate. It has been reported that Tin dioxide is an
important metal oxide material for a range of electrical applications. For example, SnO; is
always used to fabricate conductance-type gas sensors because the electrical conductivity of tin
dioxide depends on its surface properties, as molecular absorption or desorption can affect the
space-charge layer and the band modulation. In addition, it has been proven that tin dioxide with
appropriate dopants (such as Ta, F, and Sb) has potential to play a significant role in the modern
devices. For example, doped SnO; is always applied as transparent conductive oxide (TCO)
materials because of their high conductivity and large bandgap (3.6eV). SnO; based TCO films
are expected to be a low-coat alternative to indium tin oxide films in various optoelectronic
devices, such as flat-panel displays, solar cells, and light-emitting diodes. [3] Some other studies
found that Co or Ni doped SnO; can perform as a magnetic semiconductor and exhibit Curie
temperature. As the advantages of the nanostructure, SnO, nanowires/nanobelts have attracted a
lot of attention. In general, tin oxide is a popular n-type semiconductor oxide with wide band gap

(3.66V).

Figure 2.4. Crystal structure of SnO, [38]
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2.2.4 Vapor Liquid Solid (VLS) Method for Nanowire Growth

VLS (Vapor-liquid-solid) method is a common technique to synthesize the nanowires. The
advantage of this method is the nanowires synthesized via this technique have high quality and
density. To make this method be more efficient, the catalyst is always required. Liquid metal
nanoclusters are regarded as the best choices to be the catalyst such as gold (Au). Growing Si
nanowires can be used as an example. When the gold nanoparticles are present on the growth
substrate, the VLS process proceeds in three main steps. Firstly, the alloying process consists of
the formation of liquid droplet containing the metal catalyst and dissolved Si. For gold, the
eutectic composition is obtained at 363 °C. Secondly, when the silicon concentration reaches the
upper solubility limit, nanowire nucleation commences. At this stage, a three phases biphasic
system (SiHs gas, Au/Si alloy and Si solid) may be attained, the Au/Si liquid droplet being
intercalated between the gaseous and the solid phases. Thirdly, the axial growth arising from
further dissolution of Si into the liquid phase and simultaneous crystal packing at the bottom
leads to a forward push of the catalytic phase to form a nanowire. On completion of the nanowire

growth phase, the gold catalyst is observed at the nanowire tips. [24]

2.2.5 Sb Doped SnO2 Nanowire

More and more studies were focused on the doping materials for tin dioxide because the intrinsic
SnO2 nanowires exhibit high resistivity and low carrier concentration. The electrical and optical
properties of SnO2 nanowires can be modulated by doping with appropriate materials. One of the

most promising doping mat

11



erials of is antimony (Sb) due to its facility of incorporation in the SnO> lattice leading to
measurable improvements in electrical conductivity and optical transparency. [27] It is expected
that Sb doped SnO2 nanowires may provide an inexpensive alternative to ITO as transparent
conducting oxide materials. [1] Till now, single crystalline transparent conducting Sh-doped tin
oxide nanowires are successfully synthesized by various methods. A lot of electrical transparent
characterizations have demonstrated that the antimony doped SnO. nanowires are metallic
conductors with very low resistivity. Wan et al. reported that the antimony doped tin dioxide
nanowires can have a resistivity around 10 Qcm and failure current densities up to 10" A/cm?.
These reports show that the ATO nanowires could be provided as inexpensive TCO materials to

be regarded as alternatives to ITO.

2.3 BAND THEORY OF SOLIDS

2.3.1 Band Structure of Solids

The difference between conductors, semiconductors and insulators can be visualized by plotting
the available energy for electrons in the material. Differing from free atoms who have discrete
energies, the available energies state form bands. Crucial to the conduction process is whether or
not there are electrons in the conduction band. [13] The electrons in insulators in the valence
band are separated from the conduction band by a large band gap. However, in conductors the
conduction bands overlap the valence bands, and in semiconductors there are small enough band

gaps between the conduction and valence bands that several diverse kinds of excitations can

12



bridge the gaps. Due to the small band gaps, some doping materials can increase conductivity of
semiconductors.

Fermi level is an important parameter in the band theory of solids. Fermi level is used to
be regarded as the hypothetical energy level of electrons which would have a fifty percent
probability to be occupied. In this way, the position of the fermi level is crucial in determining
electrical properties. Figure 2.5 shows the energy band structure of insulators, semiconductors
and conductors. It can be clearly understood from this figure that no electrons from the valence
band can reach the conduction band because of the large band gap between the conduction and
valence bands in insulators. Meanwhile, in semiconductors, the band gap is not so large that
some excitation such as thermal energy can bridge the band gap for a fraction of electrons. And

in conductors, there is no gap since the two bands are overlapped.

Fermi
Conduction Band ermi level
Conduction Band /\ Conduction Band
Fermi level Overlap Valence Band
Valence Band
Valence Band
Insulators Semiconductors Conductors

Figure 2.5. Band structure of insulators, semiconductors and conductors

The band structure of semiconductors is always more noteworthy because of its wide use.
For intrinsic semiconductors such as germanium and silicon, the fermi level is halfway between

the conduction and valence bands. When the temperature is increased, a few electrons can reach

13



the conduction band to provide some current. For extrinsic semiconductors such as p-type or n-

type semiconductors, extra energy levels are added.

2.3.2 Bands for Doped Semiconductors

The band theory of doped semiconductors shows extra levels are added by the impurity. In n-

type semiconductors there are extra electron energy levels near the bottom of the conduction

band so that these electrons can be easily excited to reach the conduction band. In p-type

semiconductors, extra holes’ energy levels are near the top of valence band so that the electrons

in the valence band are easily to be excited to leave mobile holes in the valence band. Figure 2.6

shows the band structure of n-type and p-type semiconductors.

Fermi level

Extra electron
energy level

Conduction Band

Valence Band

n-type semiconductor

Figure 2.6. Band structure of n-type and p-type semiconductors

Conduction Band

Valence Band

p-type semiconductor

Extra hale
energy level

Fermi level

For n-type semiconductors, the electrons are regarded as the majority carriers for current

flow and donors provide more electrons. On the contrary, for p-type semiconductors, the holes

are regarded as the majority carriers for current flow and donors provide more holes.

14



In this thesis, SnO2 is n-type semiconductor and antimony are doped to provide more free

electrons to increase the electrical conductivity.
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3.0 RESEARCH DESCRIPTION

3.1 HYPOTHESIS

The hypothesis of this study is that the doped antimony can affect the morphology of tin oxide
nanowires and improve the optical and electrical properties of the nanowires. Another hypothesis
of the study is that the electrical properties of manganese oxide-nickel oxide capacitors are better

than intrinsic manganese oxide capacitors under the same conditions.

3.2 OBJECTIVES

A main goal of this research is to study the electrical properties of intrinsic and Sb doped SnO>
nanowires grown on FTO substrates and their application to supercapacitors. The role of pure
manganese oxide and manganese oxide-nickel oxide mixture on a charge storage capability is
discussed. In addition, the stainless-steel mesh is used as the substrates for SnO, nanowire

growth and the effect of two substrates (stainless-steel mesh and FTO glass) is compared.

16



3.3 TASKS

The first task of this research is to fabricate the intrinsic SnO2 nanowires and Sb doped SnO-
nanowires on FTO substrates using VLS method and study the morphology and properties of the
nanowires grown at different conditions. The second task is to study the morphology of the
nanowires grown on stainless-steel mesh and compare the effect of substrates on the nanowire
growth. The third task focuses on fabricating the supercapacitors by coating a manganese oxide
layer or a manganese oxide — nickel oxide mixture layer on the surface of nanowires.
Electrochemical properties of intrinsic manganese oxide and manganese oxide — nickel oxide

mixture is measured to examine the role of Ni in a pseudocapacitive reaction.

17



4.0 EXPERIMENTAL DETAILS

41  TIN DIOXIDE NANOWIRE SYNTHESIS

4.1.1 The Experimental Process of Nanowire Growth

In this thesis, tin oxide nanowires are synthesized via VLS (vapor-liquid-solid) method. A quartz
tube furnace was used to synthesize the nanowire array. Fluorine tin doped oxide (FTO) was
used as the substrates to grow the nanowires. Before the synthesis, a thin gold (Au) layer was
deposited onto the surfaces of the FTO substrates by e-beam. Three different thicknesses (1.5nm,
3nm and 6nm) of gold layer were used to cause the solidification of Sn and Sb from a gas state.
Different thicknesses were used to change the morphology and density of nanowires. High purity
(99.99%) tin and antimony were used as the metal sources for thermal evaporation. Three
different weight ratios of Sn-Sb mixtures were tested to change (Sn: Sb=100: 5, 100: 10 and 100:
15) the content of Sb in SnO2 nanowire. A metal powder source was positioned on a quartz boat
and then this quartz boat was inserted into a horizontal tube furnace. Six Au/FTO substrates were
also placed into the tube furnace and a distance between a closer end of the quartz boat and a
nearest substrate was 6nm. A inside of the tube was evacuated first to reach base pressure of
ImTorr. Then argon flowed rate of 50 sccm (Ar, purity: 99%) and pressure inside a tube was

maintained at 1 Torr. The furnace was heated from the room temperature to 800 ‘C at a rate of 10
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‘C min. Once the temperature was stabilized at 800 ‘C, the oxygen gas was introduced into the

tube to grow oxide nanowires. After 20 minutes long nanowire growth, the furnace was cooled

naturally. Table 4.1 shows the growth condition of the nanowires.

Table 4.1 SnO, nanowire growth condition

Condition Growth Growth Gold Weight Ratio
Number Time Temperature Thickness Of Sh: Sn Substrates
(min) (C) (nm) (%)
1 20 800 1.5 0 FTO
2 20 800 1.5 2.5 FTO
3 20 800 1.5 5) FTO
4 20 800 1.5 10 FTO
5) 20 800 1.5 15 FTO
6 20 800 3 0 FTO
7 20 800 6 0 FTO
8 20 800 3 5) FTO
9 20 800 3 10 FTO
10 20 800 3 15 FTO
11 20 800 6 5) FTO
12 20 800 6 10 FTO
13 20 800 6 15 FTO

The growth conditions of the nanowires are listed in Table 4.1 above, including growth

time, growth temperature, thickness of a gold layer, a weight ratio of Sb: Sn and the substrate
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types. FTO and stainless steel mesh were used as the substrates for the nanowire growth. These
nanowire samples were divided into three groups for different purposes. The samples of the first
group were used to check the morphology of the nanowires via scanning electron microscope
(SEM). The samples of the second group were used to check the electrical properties of the
nanowire. The samples of the third group were used as the substrate to fabricate the

supercapacitors.

4.1.2 The Mechanism of Nanowire Growth

During the reaction process, the coated gold plays the role as catalysts. The gaseous tin after
annealing and oxygen can form a small globule with gold at the tip of the nanowire. This liquid
alloy droplet may have a low freezing temperature. And when the SnO. from the droplet starts to
precipitate, the nanowire starts to grow. The schematic illustration of this process was shown in

Fig 4.1.

()

Vapor

\ 1/
O

Figure 4.1. Schematic illustration of growth mechanism
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42  SUPERCAPACITOR FABRICATION

4.2.1 Preparation of Electrolyte

Transition metal oxide layers were coated on nanowires via electrochemical deposition. The first
step of this operation was to make the electrolyte. In this thesis, 15mL of 0.05 M manganese
acetate tetrahydrate, Mn(CH3COOQ)2-4H.,0, 15mL of 0.25 M nickel acetate tetrahydrate,
Ni(CH3COO0).-4H.0, were mixed to fabricate the electrolyte. According to several reports, the
best PH value for this deposition is 6. In this way, PH value of the solution was controlled at 6 by

sulfuric acid, H2SO4, at all time.

4.2.2 Electrochemical Deposited Manganese/Manganese-nickel Oxide Films

Manganese and manganese-nickel oxide thin films were deposited on the substrates via three
electrodes method, as shown in figure 4.2. The electrolyte was intrinsic Mn(CH3COQ),-4H,0 or
the mixture of Mn(CH3COO),:4H20 and Ni(CH3COQO)2:4H,0. The three electrodes system
consists of three electrodes: the working electrode, the reference electrode and the counter
electrode. In this thesis, the SnO2 nanowire grown on the FTO substrates were used as the
working electrode. A platinum (Pt) sheet was used as the counter electrode and Ag/AgCl was
used as the reference electrode. The electrodeposition mode in this thesis was potentiodynamic
(cyclic voltammetry [CV]). After the deposition, Manganese and manganese-nickel oxide coated

nanowires were annealed at 300 °C in air for 6 hours.
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Figure 4.2. Three electrodes system [44]

Table 4.2 lists the parameters of the electrochemical deposition. During the deposition process,
several parameters were considered to affect the properties of the fabricated supercapacitors: the
ratio of Mn(CH3C0OO0)2-4H20 and Ni(CH3zCOO)2-4H20 in the electrolyte; the working potential
and the deposition scan rate. Four different ratios of Mn(CH3COO)2-4H,O and
Ni(CH3COO)2-4H.O were used in the experiment: 1:0; 1:1; 1:3 and 1:5. Then two working
potential were tried to process the deposition: 0-1 V and 0.4-1.2V. In addition, three different
deposition scan rates were used during the deposition: 10 mVs?; 15 mVs? and 20 mVs™. These
parameters were proved to have an influence on the fabricated pseudocapacitors in the following

testing experiments.
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Table 4.2. Deposition condition

Condition Electrolyte Working Scan Deposition
Number Substrates Ratio of Potential Rate Cycle
Mn/Ni (V) (mVs)

1 Pure SnO; 1:0 0-1 20 7
nanowire

2 Pure SnO; 1:0 0.4-1.2 20 7
nanowire

3 Pure SnO; 1:1 0.4-1.2 20 7
nanowire

4 Pure SnO; 1:3 0.4-1.2 20 7
nanowire

5 Pure SnO; 1:5 0.4-1.2 20 7
nanowire

6 Pure SnO; 1:5 0.4-1.2 15 7
nanowire

7 Pure SnO2 1:5 0.4-1.2 10 7
nanowire

8 5% Sb doped 15 0.4-1.2 20 7

SnOz nanowire
9 | 10%Sb doped 15 0.4-12 20 7
SN0z nanowire
10 15% Sb doped 1:5 0.4-1.2 20 7

SnOz2 nanowire
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Applied electric field was monitored via three electrodes system as well. The electrolyte
is 0.5M sodium sulfate solution. A thin platinum sheet was used as a counter electrode; the
deposited samples were used as working electrodes and Ag/AgCl was used as a reference
electrode.CV curves were recorded in the voltage window ranging from 0 to 1 V with a scan rate
of 20 mV/s. The capacitance of the deposited metal oxide can be calculated by equation 4.1.

C = (J1dt)/(AV x m) (4.2)

Where | is the oxidation current, m is the mass of deposited metal oxide; dt is the time

differential and A V is the potential.

In addition, the power P and the energy E densities can be calculated by equation 4.2 and

3, respectively:
P=V?/2 (4.2)
E = (V*)/(4Rs) (4.3)

where V is the potential and Rs is the equivalent resistance of this device.

43 CYCLICVOLTAMMETRY

Cyclic voltammetry (CV) is the electrodeposition mode in this research. CV mode indicates
cycling the potential of an electrode. The potential of the working electrode can be controlled by

a reference electrode such as a silver/silver chloride electrode (Ag/AgCl). The potential applied
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across these two electrodes can be regarded as a signal. This signal is a linear potential scan with

a triangular waveform. [36]

The waveform of cyclic voltammetry is shown in figure 4.3. It can be seen from the

figure that the cycle is to>-to, the potential increases linearly over time in the first half of the cycle

and decreases linearly over time in the second half.

Cyclic Voltammetry Potential Waveform
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Figure 4.3. Cyclic voltammetry potential waveform [22]

44  ULTRAVIOLET-VISIBLE SPECTROSCOPE

Ultraviolet- visible spectrophotometer was used to measure the transmittance and absorbance of
the intrinsic and Sb doped SnO; nanowires grown on the FTO substrates. Two types of
parameters were measured: transmittance and absorbance. We can use | to indicate the intensity
of light passing through our samples and lp to indicate the intensity of light before passing

through our samples. The ratio /o is the transmittance (%T). The absorbance (A) is based on the

transmittance, as shown in equation 4.4.
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A = —log( 4.4

4.5 FOUR PROBE CONDUCTIVITY MEASUEREMENT

451 Apparatus

The sheet resistance of the nanowire was measured via four probe method. The experimental
apparatus consists of four probes, sample holder, constant current generator, digital panel meter
and oven power supply. This four probe method is regarded as one of the most widely used
methods to measure the resistivity of semiconductors. Semiconductor materials deposited on
substrates can be measured via this way. It can be seen from the following figure 4.4. It consists
of four probe arranged linearly in a straight line at equal distance S from each other. A constant
current is passed through the two probes and the potential drop V across the middle two probes is

measured.

High impedance

Specimen whose resistivity
is to be measured

@) Constant current — —

power supply

-+ —

Figure 4.4. Four probe apparatus [43]
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The theory of measuring the sheet resistance of tin oxide nanowire via four probe method

in this thesis is the relationship between the resistance and the length & cross section area of the

semiconductor. At the constant temperature, the resistance (R) is proportional to the length (L)

and inversely proportional to the cross section area (A). The relationship can be illustrated as

equation 4.5.

(4.5)

(4.6)

where is the resistivity (QQem), L is the length and A is the cross section area. W and t are

width and thickness, respectively. Define sheet resistance (Rs) equals to /t, shown in equation

4.6. Its unit is ohms or ohms per square (€2/ sq).

45.2 Theory

Figure 4.5. Four probe conductivity measurement [43]
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Four probe conductivity measurement is shown in figure 4.5. For a film sample with small

thickness (t <<'s), we have A = 2znxt. The resistance can be calculated via equation 4.7.

_ X2 dx __ 2s dx_L 2s _ P
R= le pant - flS p 2mxt 2wt (lnx)ls T omt In2 (4'7)

So the sheet resistivity of the sample can be calculated by equation 4.8:

nt VvV
=157 (4.8)
And sheet resistivity is defined as:
Ry =2=k() (4.9)

Where k is a geometric factor, which for a semi-infinite thin film is 4.53.

4.6  SCANNING ELECTRON MICROSCOPE

In this thesis, scanning electron microscope (SEM) was used to check the morphology of the tin
oxide nanowires grown on FTO substrates and stainless steel mesh. SEM produces images of the
samples by scanning the samples with a highly focused beam of electron. These images are
always obtained by secondary electrons, which are emitted at the surfaces of the samples. Thus,
SEM can get high-resolution images of the samples’ surfaces.

Energy-dispersive X-ray spectroscopy (EDX) was also used in this thesis. SEM could
provide the EDX to analyze the composition and elemental content of the specimens. EDX

analysis relies on the interaction of x-ray excitation source and the sample. Its chemical
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characterization is due to the basic principle that each single element has its own unique atomic
structure, which lead to a unique peak on the electromagnetic emission spectrum. There are four
primary components of the EDX equipment: the excitation source, the X-ray detector, the pulse

processor and the analyzer.
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5.0 RESULTS AND DISSCUSSION

This chapter describes the results of tin oxide nanowires grown on FTO and SS mesh and
discusses the influence of different growing factors on the morphology and electrical properties
of tin oxide nanowires: the thickness of gold deposited on the FTO substrates, growing with
doped antimony with different weight ratio and nanowire grown time. In addition, this chapter
also illustrate the electrical properties of the fabricated electrical capacitors. In this thesis, several
factors were tested to get the best electrical capacitors such as the different substrates, scan rate

of deposition and different ratio between manganese acetate and nickel acetate.

5.1 NANOWIRE GROWTH ON FTO SUBSTRATES

5.1.1 Nanowire Morphology

The growth of tin oxide nanowire was completed via VLS method on FTO and stainless steel
mesh. The nanostructure of the nanowire was check by SEM and the lengths and widths of tin
nanowire were observed through SEM images. Figure 5.1 shows the tin oxide nanowire SEM
images. It can be seen that the grown nanowire was a little bit tilting. In addition, the Sb doped
nanowire is longer and started to bend because of the gravity.
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According to the analysis of the result, the doped antimony and different thickness gold
coated on FTO substrates have an impact on the morphology and electrical properties of the
nanowire. When FTO was used as the substrates, different weight ratio (5%, 10% and 15%) of
antimony was added into the growth process. Through the measurement of nanowire of the SEM

images, we found that the length and the diameter of the nanowire increased after adding the

antimony.

Figure 5.1. (a) Cross-section view of SnO, nanowire; (b) Top view of SnO, nanowire; (c) Cross-section

view of Sb-doped SnO; nanowire; (d) Top view of Sb-doped SnO, nanowire

Figure 5.2 shows the XRD results of different content Sb doped SnO2 nanowires. No Sh
peaks can be found in the XRD image and it can be assumed that Sb is incorporated into SnO>

lattice.
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After measuring the length and diameter of the nanowire via software ImageJ, we found
that the average length of un-doped SnO2 nanowire is around 15 um and the average diameter is
about 60 nm. However, the doped SnO2 nanowire has an average length of 20-30 um and an
average diameter of 100 nm. In addition, the coated gold layer with different thickness has an
impact on the morphology of the nanowires as well. Three different thickness were used in this
thesis: 1.5nm,3nm and 6nm. Figure 5.3 and 5.4 show the influence of Sb doping and coated Au

layer thickness on the length and diameter on the SnO> nanowire.
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Figure 5.2. XRD image of Sh-doped SnO- nanowire
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Figure 5.4 The effect of the coated Au thickness

From the testing results, it can be seen that Sb dopant increase both the diameter and

length of the nanowires. However, the morphology of nanowires seems not changing when the
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doped Sb contents beyond 5%. In addition, the diameter and length are increasing continuously

when the thickness of coated gold is increased.

5.1.2 The Influence of Sb Doping and Coated Au Thickness on The Sheet Resistance

The sheet resistance of the SnO> nanowire was measured via four points probe. According to the
testing results, the doped antimony with different weight ratio and coated gold layer with
different thickness can both increase the conductance of nanowire layer. Figure 5.5 and 5.6

exhibit the change of the nanowire sheet resistance due to these two factors.
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Figure 5.5 The influence of Sb doping on sheet resistance
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Figure 5.6 The influence of Au thickness on sheet resistance

It can be found that both Sb doping and Au thickness have an impact on the sheet
resistance of the nanowire. There was a significant decrease of the sheet resistance when
antimony was added. However, it seems the sheet resistance will not decrease when more and
more antimony was added. This result may indicate that there is a limitation for Sb ions to
incorporate into SnO> lattice. For Au thickness, the sheet resistance kept decreasing when the

thickness increased.

5.1.3 The Influence on Optical Properties

The optical characteristics of the fabricated Sb-SnO> nanowire layers were examined by
collecting diffuse reflectance spectrum with UV-vis spectrophotometer. The results were shown
in figure 5.7. We can see from the UV results that the transmission decreases after doping with a

fraction of antimony.
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Figure 5.7. The influence of Sb doping on transmission

The transmission of nanowires grown on different thicknesses coated FTO layers were
also checked by UV-vis spectrophotometer. Figure 5.8 exhibits the testing result. It can be found

that he transmission decreased when the thickness of the coated gold increased.
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Figure 5.8. The influence of coated Au on transmission
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5.1.4 Discussion about the Impact of Sb on Nanowire Morphology

It has not been figured out that why the doped antimony can increase the length and diameter of
SnO: nanowire. In this thesis, several possible causes were discussed. One possible reason is the
formation of solid solution Sn** |5 Sb**  Sb** x O?" » during the nanowire growth process. The
Sb incorporated into SnOz lattice has two different oxidation states, Sb®* and Sb®". The ratio of
Sn**, Sb3* and Sb®* may decide the lattice parameter of the oxide because the radii of these three
ions are 0.69 A, 0.76 A and 0.61 A respectively. Thus if the content of Sb®* is high enough, the

lattice parameter may be increased. In this way, the morphology of SnO> can be changed.

5.1.5 Impact of Sb Doping on Electrical/optical Properties of Nanowires

The effect of Sb dopants on the electrical and optical properties of nanowires is related to the
mechanism of incorporation. The mechanism of how Sb ions incorporate into SnO> lattice has
not been identified because of the lack of understanding of the incorporation process. [19] Trying
to study this mechanism, several works were performed. Five different doping percent samples
were checked by XRD and EDS: 0%, 2.5%, 5%, 10% and 15%.

Before showing the testing results, it is necessary to illustrate the theoretical assumption
of Sb dopant’s influence. As people know, SnO: is a classical n-type semiconductor so that
oxygen vacancies are important for its conductivity. When Sb®" ions incorporate into SnO:
lattice, more oxygen vacancies are created, which will generate more electron carriers in the
synthesized structures to increase the conductivity. On the other hand, three factors may affect
the transmission: band gap, oxidation states and nanowire morphology. Burstein-Moss effect can

be used as the theoretical assumption to explain the influence on band gap. When the doping
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concentration is increased, the fermi level is pushed higher in energy from its original position,
which lead to an increase of the apparent band gap. Another assumption is when an element is
contained in the material with several different oxidation states or in mixed oxidation states, the
light absorption will be enhanced. The reason is that electrons may transfer between two
oxidation states of the same element, namely Sb®" and Sb®" in this thesis. That’s why the
decrease in the transmission of Sb-SnO> nanowires. The third factor is the morphology change of
the nanowires. It has been proved in the previous experiments that the Sb dopant increase both
the length and diameter of SnO2 nanowires. That change can also be used to explain the decrease
in the transmission.

The testing results of EDS is shown in figure 5.9.
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Figure 5.9. Sb concentration within SnO, nanowires by EDS when varying dopant concentration

It can be seen from the EDS results that there is a limitation for antimony to incorporate

into SnO; lattice.
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5.1.6 The Impact of Coated Gold on FTO Substrates

In VLS method of this thesis, gold layer is the prerequisite as it plays the role as catalyst. To
study the influence of different thickness gold layer, pure gold layers deposited on FTO
substrates by e-beam were annealed under the same condition of nanowire growth. Then the gold
particles on the substrates were checked by SEM. SEM images of gold particles of the three

different thicknesses layers are shown in figure 5.10.

3 nm

Figure 5.10. Au particles on different thickness gold layers

After measuring the size of the Au particles, the diameters of 1.5nm, 3nm and 6nm
thickness gold particles are increased when the thickness increased. It has been illustrated in the
previous part that gold is the required catalyst to grow nanowire and Au particles are on the tip of

the nanowires. This may be the reason for the change of the nanowire morphology.
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5.2 NANOWIRE BASED SUPERCAPACITOR

As mentioned previously, the grown SnO2 nanowires were used as the substrates to fabricate
supercapacitors. Manganese oxide and nickel oxide were deposited onto the nanowire layer by
electrochemical deposition. Several factors were considered to influence the capacitance of the
electrical capacitor such as scan rate of the deposition process, the weight ratio of electrolyte

components and the substrates.
5.2.1 The Influence of the Supercapacitors

Jian Yan et al. has illustrated that the ideal structure of the fabricated electrical capacitor was a
kind of “core-shell” structure. [2] This structure can be shown in Fig 5.11, tin oxide nanowire is

covered by manganese oxide layer.
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Figure 5.11. Ideal core-shell structure
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It’s meaningful to fabricate this nanostructure because of several advantages: (1) a thin
layer of MnO> would enable a fast, reversible faradic reaction and provide a short ion diffusion
path; (2) SnO. nanowires, with high conductivity, would provide a direct path for the electrons
transport; and (3) SnO: nanowires would create channels for the effective transport of

electrolyte.

5.2.2 The Nanostructure of the Capacitors

In this thesis, two different kinds of nanostructures were achieved due to two different voltage

range for deposition. Figure 5.12 shows the two different structure of the deposited manganese

oxide and nickel oxide.

Figure 5.12. (a) nanostructure of manganese oxide with voltage 0-1 V; (b) nanostructure of manganese

oxide with voltage range 0.4-1.2 V; (c) manganese oxide deposited on FTO

According to figure 5.12 (c), the nanostructure of manganese oxide deposited on pure
FTO looks like nanoparticles. Thus the nanostructure of manganese oxide deposited on nanowire

is related with the structure of nanowire. From the SEM images Fig 5.12 (a), it can be seen that
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there was a structure which was like a thin film formed on the top of SnO, nanowire when the
deposition voltage range was 0-1 V. However, when the voltage range was 0.4-1.2 V, the core-
shell structure was formed (Fig 5.12 (b)). It can be found that SnO> nanowires were covered by a
bright and thin layer, suggesting a core-shell structure. This thin shell layer is assumed to be
manganese oxide and nickel oxide. To ensure the core-shell structure is formed, manganese and
nickel oxides were deposited on shorter and more vertical nanowires which can be synthesized
by decreasing the growth time of nanowire. Fig 5.13 shows the nanostructure of this method. It

can be seen that all nanowires were coated and there is no thin pure nanowire being exposed.

Figure 5.13. Deposited layer on short nanowires

The total thickness of TiO2 nanoparticle/perovskite layer in figure 5.7(a) is around 500
nm, where TiO2 nanoparticle layer is only 200 nm thick. The 300 nm thick perovskite layer
refers to the cuboid structure. [34] The crystal size of cuboid crystal is in a negative relationship
with the concentration of MAI solution, which is 7 mg/mL (0.044 M) in this experiment. In
principle, 0.044 M MAI solutions can produce perovskite crystal with grain size around 300 nm.
[34] The hysteresis of I-V curve scanning direction is also related to the size of cuboid crystal.
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When the cuboid is produced by low concentration MAL, the dependency can be ignored. On the
contrary, the dependency is significant. [34] Besides, crystalline perovskite infiltrates the
mesoporous TiO2 and results in miscellaneous order of perovskite and TiO: in the light absorber
layer. Figure 5.7(b) shows no explicit perovskite cuboid layer occurs on top of TiO2 nanowire
structure. The thickness of TiO2/perovskite is around 600 nm, which is similar to the thickness in
nanoparticle based PSC sample. TiO2 nanowire and perovskite are well aligned in the light
absorber layer. In TiO2 nanoparticle based PSC, the HTM layer infiltrated in the interspace of
perovskite cuboid crystal grains, while in TiO2 nanowire based PSC, the HTM layer (dark) is
explicit located on the top of TiO2/perovskite layer. In addition, the thin layer on the top of the
samples is Au electrode.

The concentrations of Manganese and nickel are measured by EDS. The testing results of

two different structures shown in figure 5.14 and 5.15.
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Figure 5.14. Concentration of low voltage range
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Figure 5.15. Concentration of high voltage range

5.2.3 The Possible Mechanism

This deposition process is due to a series of chemical reactions. Several equations can be
presented to describe the fabrication of the two metal oxides via electrochemical deposition. In
the three electrodes system, H>O will be reduced on the working electrode when the potential is
applied to the system. This process can be described by Equation 5.1,
2H,0 +2e~ - 20H™ + H, (5.1)
Because of the reduction of water, more OH" ions are provided in the system. OH- ions
are considered to be the vital factor in this deposition because the condensation of metal ions
(Mn* and Ni*) occurs where the OH™ were localized. The combination of metal cations and OH-
ions leads to the nucleation of metal hydroxide. After annealing process, these metal hydroxides
will be oxidized to become metal oxides, as described by equation 5.2 and 5.3.

Mn?* + OH™ - MnOOH - MnO0, (5.2)
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Ni?* + OH™ - NiOH - NiO (5.3)
The nucleation and growth of the metal oxide may be affected by several factors such as

different deposition voltage range in this thesis. This is still needed to be discussed in the future.

5.2.4 Electrical Behavior Characterization

To determine the electrical capacitance of the fabricated capacitor, cyclic voltammetry was
performed in0.5 M sodium sulfate solution in a potential window ranging from 0 to 1 V at a scan
rate of 20 mV/s. It is notable that the measured capacitance was mostly resulted from coated
metal oxides and the contribution of nanowire is negligible. There are two reasons to support this
conclusion. The first one is the core-shell structure. The SnO> nanowires were coated with a thin
layer so that they could not take part into the charge storing process immediately. The charge
was stored at or near the surface of the electrode material during the faradic reactions. The
second reason is the measured electrical capacitance of pure SnO2 nanowires was very low,
compared with the capacitance of the deposited samples. The possible mechanism of the testing
process can be described by equation 5.4 and 5:
MnO, + Na*(or H*) + e~ & MnOONa (or MnOOH) (5.4)
NiO + OH™ < NiOOH + e~ (5.5)
From the equations above, it can be found that OH" ions play an important role in charge
storage. Decreasing the concentration of OH- ions in the electrolyte solution may lead to less

contributions from metal oxide redox reactions.
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5.2.5 The Influence of Deposition Scan Rate

The electrical capacitance of the deposited layer was measured by three electrodes system with
cyclic voltammetry method. In this research, the mass of the deposited layer cannot be achieved
accurately because of the lack of accurate microbalance. The mass of the MnO2/NiO can be
rough estimated to be 100 ug so that the specific capacitance can be rough calculated. The CV

curves and specific capacitances with different deposition scan rates are shown in figure 5.16.
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Figure 5.16. CV curves and specific capacitance under different deposition scan rates
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In this thesis, the deposition scan rate didn’t show a regular influence and scan rate of

10mv/s exhibits high specific capacitance.

5.2.6 The Influence of Mn/Ni Oxide Ratio
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Figure 5.17. CV curves and specific capacitance of different NiO content samples
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Pure MnO2 and MnO2/NiO composite were checked by CH instrument. During the
deposition process, different ratio of nickel acetate tetrahydrate was added into the electrolyte to
fabricate the pseudocapacitors. Figure 5.17 showed the CVs and specific capacitances of these
materials. It can be seen that the composite has a much higher specific capacitance than MnO:..
However, different ratio of NiO show similar specific capacitance. To explain the effect of NiO,
it’s necessary to understand the drawback of MnO>. The limitation of MnO. material’s capacity
may due to its large resistivity and the equivalent series resistance (ESR). [32] The composite
electrode materials based on manganese oxide are prepared to overcome this disadvantage. The
increase of the specific capacitance may be due to the synergic effects from each component. In
addition, higher electrochemical stability which leads to more available active site could be also

a reason to improve the capacity of MnO; electrode.

5.2.7 The Results of Different Measuring Scan Rate

When measuring the CV curves of fabricated capacitors, the results varied from scan rates. The

CV curves was shown in figure 5.18.
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Figure 5.18. CV curves of various measuring scan rates
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The specific capacitance results were shown in figure 5.19.
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Figure 5.19. Specific capacitances under different scan rates

It can be seen that the specific capacitance decreased when the scan rate increased and
the max value was nearly 250 F/g. Low scan rate may lead to higher capacitance value, the best

sample of the research is expected to have a high specific capacitance.
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5.3 NANOWIRE GROWN ON MESH

Stainless steel mesh was also used as the substrate for nanowire growth in this thesis. Some mesh
substrates were coated with gold before the grown process while the others not. It can be found
from the SEM images (figure 5.20) that SnO> nanowires were successfully grown on both of

gold coated mesh and pure SS mesh without gold coated.

Figure 5.20. Nanowire grown on (a) pure SS mesh; (b) gold coated SS mesh

Though nanowire can grow of both pure and coated mesh substrates, the morphology and
density of nanowires were different, obviously. The density of nanowire was much higher when
the mesh substrates were coated with gold. In addition, the temperature may also have an impact
on the density. By comparing the samples with temperature difference, we can achieve that the
density would decrease under a lower growing temperature. As for the nanowire morphology,
software ImageJ was used to measure the diameter and length of the nanowire and the results

were shown in figure 5.21.
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Figure 5.21. (a) The lengths of nanowires grown on mesh; (b) The diameters of nanowires grown on mesh

According to the measurement, nanowires grown on pure mesh were shorter and thicker
while nanowires grown on gold coated mesh were longer and thinner. Moreover, it seems
nanowires grown under different temperature may have a different morphology. Due to the
amount of mesh samples were not enough, these results are still waited to be ensured. More

efforts are needed to be performed to come to an accurate conclusion.
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6.0 CONCLUSION

The topic of this thesis is to deposit MnO2/NiO layer onto SnO> nanowires to form a core-shell
structure pseudocapacitor by electrochemical deposition.

The first step of the entire process is to grow uniform SnO» nanowires on FTO substrates
via VLS method on 800 degree centigrade. To improve the properties of SnO2 nanowires,
antimony was used as dopant. SEM was used to check the morphology and structure of the
grown nanowires. It was found that the Sh-doped nanowires were longer and wider than pure
SnO2 nanowires. The lengths of pure nanowires are ranging from 15 um to 20 um while the
doped ones are ranging from 25 um to 30 um. The diameters of pure nanowires are ranging from
50 nm to 60 mm while the doped ones are ranging from 100 nm to 110 nm. The electrical and
optical properties of both pure and doped nanowires were checked by four probe measurement
and UV-vis spectroscopy, respectively. Sb dopant reduced the sheet resistance of nanowire layer
from 400 Q/sq to around 50 Q/sq. In addition, the transmission of nanowires also decreased
because of doping the antimony.

The thickness of coated gold layer on FTO substrates was also considered to be a
parameter to influence the property and morphology of nanowires. The SEM images and the
characterization of properties show the impact of gold layer. The nanowires grown on substrates
coated with thicker gold layer were usually longer and thicker. This change in morphology was

believed to be the main reason for the change of transmission. On the other hand, the
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improvement of conductivity by increasing the Au thickness has not been identified. The
increase of Au content in the tips of nanowires may be a potential reason.

Those grown SnO. nanowires were than used as the substrates to fabricate
pseudocapacitors by depositing MnO and NiO onto them. Core-shell structure was successfully
formed by electrochemical deposition. The specific capacitances of the fabricated capacitors
were checked by CHI66. The scan rate and nickel content were found to influence the specific
capacitance. It can be found that MnO2/NiO composite had higher specific capacitance than pure
MnO; did. The specific capacitance of the fabricated capacitor can be rough estimated to be 250
F/g.

SnO2 nanowires were also grown on stainless steel mesh for the future work. Differ from
growing on FTO substrates, nanowires can grow on SS mesh without Au catalyst. However,
nanowires grown on Au coated mesh seem more uniform and dense. These mesh samples are

going to be as substrates to fabricate new kinds of pseudocapacitors.
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