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Abstract

Nanoporous materials have been attracted many attention due to its high-
surface-to-volume ratio and structural features resulting their peculiar and
fascinating properties. Various synthesis techniques have been suggested and the
enhanced physical and chemical properties of nanoporous materials are confirmed

in various fields such as optic device, sensors, and energy application.

In this research, the two main topics will be discussed: 1) synthesis of Sn-based
porous structure using electrochemical methods and their gas sensing properties, 2)
electrochemical performance of SnO,/TiO; heterostructured nanotube synthesized

by atomic layer deposition and PAN template

In the first chapter, nanoporous Sn based nanostructures for semiconductor
gas sensor is synthesized via electrochemical methods, anodic oxidation and
electrodeposition. Tin oxide is a well-known semiconductor-type gas sensor
material detecting inflammable and toxic gases and the gas adsorption/desorption
on the surface of sensor material changes its electric resistivity. Therefore, the
surface area is one of the key factors to determine the gas sensing performance
such as sensitivity, selectivity, and response-recovery time. In order to synthesize
a porous structure, electrochemical methods of anodizing (top-down) and

electrodeposition (bottom-up) are chosen. The synthesized porous structures



exhibited enhanced gas sensing properties in terms of gas response, reaction time
and recovery time and it is confirmed that the structural effect of porous structure
lead to improved sensing performance. In addition, heterostructuring with CuO
forming PN junction is applied to give functionality on selective sensing toward

H,S and the mechanism on enhanced selectivity toward H,S is investigated.

In the second chapter, synthesis of SnO,/TiO; hetero-structured nanotube
for anode material of Li ion battery is studied. The technical needs for high
performance lithium ion batteries (LIBs) have increased in a wide range, from
hybrid electric vehicles (HEVs) to light-weight and portable electronic devices. In
this manner, SnO; is one of the promising materials for anode electrode in LIBs
due to its high theoretical capacity (782 mAh g™) to replace commercially used
graphite-based materials (372 mAh g'). However, a large volume expansion
about 300% during lithium insertion/extraction causes a pulverization and
electrical connectivity loss. Hollow nanotube is the most promising structure due
to the interior free space accommodating the volume change during lithiation/
delithiation. In addition, titanium dioxide (TiO,) as anode materials of LIBs is
considered another promising anode material in term of achieving higher safety
and stability even though it shows low reversible capacity (170 mAh g'). The
volume change of TiO; is less than 4% during the formation of typical Li-ion

intercalation compound in the reaction, which thus greatly improves the overall

il



safety of battery and this structural stability enable outstanding faster
charge/discharge properties at high C-rate. So, to obtain solution for practical
implementation, heterostructure of SnO, and TiO; nanotubes resulting synergetic
effect is suggested for the anode of LIBs. The electrochemical performances of
the products are investigated and highly enhanced properties of SnO,/TiO; hetero-
nanotube are confirmed especially in term of reversible capacity and high rate

cyclability.

Keywords: Nanostructure, Porous structure, Anodic oxidation, Electrochemical
deposition, Nanotube, ALD (atomic layer deposition), RIE(Reactive ion etching),

Semiconductor gas sensor, Li-ion battery, Anode, Sn, CuO, CusSns, SnO,, TiO,.

Student Number: 2009-31239
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Chapter 1.

General Background



1.1 Electrochemical methods for the synthesis of nanoporous
structure

Nano-porous structure exhibit special properties and features due to its large
surface-to-volume ratio that usually cannot be achieved by their conventional
dense structure. Therefore, porous materials find nowadays many applications as
end products and in several technological processes. For the fabrication of porous
structure, several synthesis methods have been developed including sol-gel
process, membrane, spray pyrolysis and so on. Among them, electrochemical
methods such as anodic deposition and electrodeposition is most commonly
employed method for the synthesis of self-ordered porous structure, which is
relatively simple, low cost, and high yield process. In this manner, we studied
anodic oxidation, electrodeposition and template-based process for the synthesis

of nano-porous structures and those applications

1.1.1. Anodic Oxidation

Anodizing increases corrosion resistance and wear resistance, and
provides better adhesion for paint primers and glues than does bare metal. Anodic
films can also be used for a number of cosmetic effects, either with thick porous
coatings that can absorb dyes or with thin transparent coatings that

add interference effects to reflected light.



Recently, Large scale and ordered nanoporous array is synthesized through
anodic oxidation process in wide range of applications, separator, bio/chemical
sensor, photonic crystals, solar cell electrode. The pore formation mechanism is
displayed schematically in Figure 1.1, corresponding to the four regimes of Figure
1.2. [1]. At the beginning of the anodization, the barrier film, which consists of
non-conductive oxide [2] covers the entire surface of the aluminum (regime 1 in
Figure 1.1 and 1.2). The electric field is focused locally on fluctuations of the
surface (regime 2 in Figure 1.1 and 1.2). This leads to field-enhanced or/and
temperature enhanced dissolution in the formed oxide and thus to the growth of
pores (regime 3 in Figure 1.1 and 1.2). Since some pores begin to stop growing
due to competition among the pores, the current decreases again as shown in
regime 4 in Figure 1.2. Finally, j, maintains an equilibrated state. In this stage,
pores grow in a stable manner. However, it is very often observed that during the
stable pore growth, the current density continues to decrease slightly. This is due
to diffusion limits in the long pore channels [3,4].

In the case of the formation of porous films, the following current density
profiles are typically observed [3-7]. First, the current density jp decreases rapidly
(regime 1 in Figure 1.2). Then, it passes through minimum value (regime 2 in
Figure 1.2). It increases to arrive at a maximum value (regime 3 in Figure 1.2).
Subsequently, it slightly decreases again. Finally, a steady current density remains

(regime 4 in Figure 1.2). One can consider the current density j, as the sum of j,



and hypothetic current density jn,, which means the pure current density for
creating pores. jp is determined by the applied potential in terms of the anodizing
ratio, while jn, depends on the electrolyte and the temperature as well as on the

applied potential.

1.1.2. Electrodeposition

Electrodeposition is a process that uses electrical current to reduce
dissolved metal cations so that they form a coherent metal coating on an electrode.
The term is also used for electrical oxidation of anions onto a solid substrate, as in
the formation silver chloride on silver wire to make silver/silver-chloride
electrodes. Electroplating is primarily used to change the surface properties of an
object (e.g. abrasion and wear resistance, corrosion protection, lubricity, aesthetic
qualities, etc.), but may also be used to build up thickness on undersized parts or
to form objects by electroforming. The anode is made of the metal to be plated on
the part. Both components are immersed in a solution called an electrolyte
containing one or more dissolved metal salts as well as other ions that permit the
flow of electricity. A power supply supplies a direct current to the anode,
oxidizing the metal atoms that comprise it and allowing them to dissolve in the
solution. At the cathode, the dissolved metal ions in the electrolyte solution are
reduced at the interface between the solution and the cathode. [8]

The anode and cathode in the electroplating cell are both connected to an



external supply of direct current — a battery or, more commonly, a rectifier. The
anode is connected to the positive terminal of the supply, and the cathode (article
to be plated) is connected to the negative terminal. When the external power
supply is switched on, the metal at the anode is oxidized from the zero valence
state to form cations with a positive charge. [8]

Recently, electrodeposition process can easily create a 3D dendritic
structure of metals. This method is simple but effective way to involve
electrochemical deposition accompanying with hydrogen bubble generation. In
this process, hydrogen bubble plays an important role as a dynamic negative
template in the formation of the porous structure. The final products are three-

dimensional free-standing foams of metals with highly porous dendritic walls. [9]

1.2 Semiconductor gas sensor
1.2.1. Working mechanism

The electrical conductivity and resistance of semiconductor materials such
as SnO,, TiO, are changed by the adsorption/desorption of gas molecules on
semiconductor materials surface. This phenomenon is occurred due to electric
band-bending on surface. The sensing mechanism of SnO, toward CO gas is
shown in Figure 1.3. [10] The SnO, crystals id n-type semiconductor materials
having oxygen lattice defect as an electron donor. The oxygen defects (oxygen

vacancy) in SnO; crystal are activated by increasing temperature and its mobility



increased. The adsorbed oxygen molecules on surface obtain electron from
semiconductor materials and those adsorbed oxygen molecules on surface are
negatively charged. This causes that the potential difference between surface and
inside leads to the formation of space charge layer and potential barriers are
formed between grains. (Figure 1.3(a)). When reduction gas such as CO flow to
SnO,, the adsorbed oxygen on SnO; surface react with CO therefore CO is
oxidized to CO, and generated electrons flow into SnO,, resulting electrical
resistance decrease. (Figure 1.3(b)). On contrary, when oxidation gas such as
NOy flow to SnO,, the number of absorbed oxygen on SnO, surface increase
therefore more electrons flow out from SnO, resulting electrical resistance
increase. (Figure 1.3(c)) In this manner, the concentration of reduction/oxidation
gas is proportional to the variation of electrical resistance and this electrical signal
lead to gas detection.

The semiconductor-type gas sensing performance is evaluated in terms of
sensitivity, selectivity, response time, reproducibility and stability.

Sensitivity is the variation of electrical resistance on exposure to target

gases and this is expressed as.

_Ra

S =_—
Rs

From this equation, sensitivity is defined to the ratio of resistance in air to

resistance in gas. The sensitivity is critical factor on gas sensing performance and,



in order to enhance gas sensing sensitivity, many efforts are underway to develop
surface modification, heterostructuring, catalyst loading and so on.

Selectivity is defined to the sensing performance to detect specific target
gas among various gases in atmosphere. When gas senor is exposure to two kind
of A and B gases at the same time, the selectivity of gas sensor toward B gas is

expressed as.

_5(4)
- 5(8)

Se

In this equation, S(A) and S(B) mean the sensitivity toward A and B gas
each. Most metal oxide gas sensors tend to react to various gases therefore those
selectivity is not good enough generally.

Response time is the time to drop to the resistance value in target gas from
the stabilized resistance value in air. Therefore, the shorter response time means
the faster reaction with gas and response time is considered as a critical factor to
evaluate gas sensing performance. Most semiconductor gas sensor show very
short response time within tens of seconds and it is reported that catalyst loading
is effective way to shorten response time. [11,12]

Reproducibility and stability is a main hindrance for the practical
implementation of semiconductor-type gas sensor. After a number of gas sensing

test, sensing behavior should be consistent and reproducible. Generally, impurity

humidity in air has adverse effect on reproducibility therefore heat treatment in



high temperature is considered as an effective way to stabilize phase and obtain

stabile gas sensing behavior [13]

1.1.2. SnO; gas sensor

The band diagram in case of O, molecules absorbed SnO, is shown in
Figure 1.4. When O, molecule adsorb on the surface of SnO,, new energy level is
formed between Fermi level (Ef) and valance band (E,) (Figure 1.4 (a)) and
electrons re-distribution occurs from conduction band of SnO;, to O, molecules
due to lower energy level than Fermi level (Ef). After then, O, molecules is
converted to Oy or O™ as obtaining electrons and the decreased electrons on the
SnO, surface result in electronic field formation inside of SnO, due to positively
charged donor. The intensity of electric field increase as the number of moved
electrons increase and the electric field with high intensity prevent electron from
moving to O, molecules. At the steady state, the Fermi level of SnO, surface is
same as energy level of O, electrons and there is no electron movement. (Figure
1.4 (b)). In Figure 1.4 (c) the valance band, conduction band and donor level are
bent upward in band structure and the length of band bending is depletion layer,

called as Debye length (approximate 3nm in SnO,)

1.3 Lithium-ion battery

Lithium-ion batteries are a type of rechargeable battery in which a lithium ion



moves between the anode and cathode. The lithium ion moves from the anode to
the cathode during discharge and from the cathode to the anode when charging.
They are currently one of the most popular types of battery for portable
electronics, with one of the best energy-to-weight ratios, no memory effect, and a
slow loss of charge when not in use. In addition to uses for consumer electronics,
lithium-ion batteries are growing in popularity for defense, automotive, and

aerospace applications due to their high energy density.

1.3.1. Reaction mechanism

The secondary batteries should have the system for repeated
charge/discharge behavior. For this, easy insertion/exertion of metal-ion in
electrode, structural stability during reaction and fast ion mobility in electrolyte
are important factors to decide battery properties. In secondary battery systems,
the metal ion inserted in electrode form charge neutrality with electrons passed to
current collector and then the metal ions inserted in electrode play a role as an
energy storage media.(Figure 1.5) [14] In addition, the reaction rate in system can
be improved as metal ion can fast move toward electrode in electrolyte therefore
the overall reaction rate in LIBs is determined by metal-ion mobility in electrolyte
and electrode. In terms of capacity, the amount of inserted metal-ion in electrode
for achieving charge neutrality determines energy storage capacity. In this manner,

the kind of metal ion and electrode materials is a crucible factors on secondary



batteries performance and the Li-ion used battery is called lithium secondary
batteries. In case of positive electrode materials, stable metal oxide is mainly used
because lithium-ion exerted from the lattice structure of cathode materials. In case
of negative electrode materials, the materials having similar standard redox
potential with Li-ion is adapted in order to produce large potential and store stably
the metal ion from positive electrode

1.3.2. SnO,-based anode materials

The metal ion enabling to alloy with lithium ion is candidate as a anode
(negative electrode) materials. This Li-M alloy is produced at specific potential
during charge reaction and the lithium-ion is exerted from Li-M alloy during

discharge reaction.
xLi' +xe+M < LixM

While Li-ion intercalation/deintercalation reaction is shown in commercially used
graphite-base anode materials, the reversible alloying reaction is observed in other

materials such as Si, Sn, Ge, Sb and so on. (Figure 1.6) [15]

Among the various interesting anode candidates, tin (Sn) has recently received
considerable attention as a result of its high theoretical specific capacity (994
mAh g '), according to Li»»Sns[16]. Moreover, several Sn-based materials, such
as tin dioxide (SnO,)[10], tin disulfide (SnS,)[11], tin diselenide (SnSe;)[12], and

intermetallic compounds (such as nickel (Ni-Sn)[13] and cooper (Cu-Sn)[14])

10



have been suggested as well, all of which exhibit much higher capacity than the
commercialized graphite anodes (~372 mAh g'). Although its cheap and

abundant nature makes tin an attractive candidate, the application of tin as an
anode is still far from commercialization. One of the critical issues is that these
Sn-based anode materials commonly suffer from severe capacity fading during the
insertion and extraction of lithium ions, which mainly results from the
pulverization of active materials caused by the huge volume change of tin upon
cycling. Therefore, elaborately tailoring the structure of Sn-based materials to
effectively accommodate the volume expansion is one of the critical issues

towards solving this problem.

11



g 2

Electrode
Electrolyte -

ALO, AP+4 0/0H }
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caused by the surface fluctuations; regime 3: creation of pores by field-enhanced

or/and temperature-enhanced dissolution; regime 4: stable pore growth

12

TRalh e AT



Current density (j)

1
1
|
1
1
1
1
1
. -
v
.
|
1
1
1
1
|
1
|

Anodization time (t)
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barrier film and the porous film formation, respectively. ji, represents a hypothetic

current density, which is the difference between j, and jp.
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Chapter 2.

Synthesis of porous SnO, based

Nanostructures for Gas Sensing Application
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2.1. Introduction

Tin oxide (SnOy) is a well-known semiconductor-type gas sensor material
detecting inflammable and toxic gases.[1] The gas adsorption/desorption on the
surface of sensor material changes its electric resistivity, which strongly depends
on the thickness of depletion layer.[2-5] The surface area is one of the key factors
to determine the gas sensing performance such as sensitivity, selectivity, and
response-recovery time. Various SnO; nanostructures including nanotubes,6
nanoribbons,[7] nanodiskettes,[8] and nanowires[9] were fabricated and applied to
gas sensors because the high surface-to-volume ratio of nanostructures makes
their electrical responses extremely sensitive to the species adsorbed on the
surface.

In particular, it is widely accepted that nano-porous structure show great
promise for gas senor and the mechanism of gas diffusion for porous body to gas
sensing characteristic has been clarified. Therefore, in order to apply it to gas
sensor, a tremendous effort has been paid to synthesis a nano-sized porous
structure on various ways such as sol-gel process[10], membrane[11], spray
pyrolysis[12] and so on. However, little attention has been paid to the 1-D nano-
porous SnO; structure compared to the other porous structures.[13-15] The self-
ordered nano-porous structure is commonly fabricated by anodization and

electrodeposition, which is a relatively simple, low cost, and high yield
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electrochemical process.[16,17] These methods were successfully applied to
several metals to develop the highly ordered porous oxide structures.[16-20] In
case of anodization, the porous tin oxide has been fabricated using tin (Sn)
foil,[21] but there was an unreacted tin left after anodizing and the integrity and
pore structure of anodic oxide were collapsed during the subsequent annealing
process because SnO; crystallization temperature is higher than Sn melting point
(Tm,Sn=2500C). In case of electrodeposition, the synthesis of 3-D porous metal
oxides using this technique has not been explored because the metal cathode was
also oxidized during the heat treatment for crystallization even though this facile
and effective deposition technique has been applied to the various metals and
alloys. [22-29]

To overcome these problems in both process, Sn film was deposited on
the SiO,/Si substrate by thermal evaporation and then electrochemical process
was followed. In anodic oxidation process, the developed amorphous nano-porous
anodic oxide was converted into crystalline SnO; film by subsequent annealing. In
electrodeposition process, The porous Sn foam structure was successfully
fabricated using this technique and it was converted into the SnO, foam after heat
treatment without deteriorating the structural integrity and pore structure of metal
foam. Gas sensor was fabricated using Pt-pattern on SnO; product and its gas

sensing properties were investigated.
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In addition, in order to give functionality on enhancing sensing selectivity
toward H,S, the formation of pn junction using heterostructure with CuO is
applied. Hydrogen sulfide (H,S) is one of the toxic and inflammable gases and the
threshold for human tolerance is reported to be 20 ppb. There are continued efforts
to detect the trace amount of H,S through better design of new materials and
innovative structures and architectures. CuO/SnO, hybrid is recognized as one of
the promising materials for the sensitive and selective detection of H,S because
the electric signals can be amplified using the establishment of resistive p-CuO/n-
SnO; junction. Herein, SnO,/CuO porous structure was synthesized using
impregnation methods after anodization process and co-electrodeposition each

and its sensing mechanism were investigated.

2.2 Synthesis of Nanoporous SnO, via anodic oxidation

and its gas sensing properties

2.2.1. Experimental procedure

Preparation of Sn thin film on Si/SiO; substrate: SiO»(2pm)/Si(100) substrates

were cut into a 20 x 10 mm rectangular shape and then rinsed with acetone,

ethanol, and distilled water, successively. SnO, thin films were deposited on both
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substrates by an atomic layer deposition (ALD) using dibutyltindiacetate
(DBTDA) as a Sn precursor. The time sequence for source pulse, first purge,
oxygen pulse, plasma pulse, and second purge was 3, 12, 2, 10, and 12 s,
respectively. The substrate temperature was maintained at 100 °C and the
deposition was conducted for 300 cycles. Sn metal films were coated on SnO,
films by a thermal evaporation. The tin shot (Kojundo Chemical, 99.999%) was
used as a metal source for the thermal evaporation (MHS-1800). The tin shot
(Kojundo Chemical, 99.999%) was used as a metal source. During thermal
evaporation, the substrate temperature was maintained in the range of 70~100°C

and the deposition was performed at the rate of 15 A/s.

Anodic oxidation and Annealing: The anodic oxidation was performed in the
electrolyte solution of 0.3 M oxalic acid (Sigma Aldrich, 99.8%) at 5°C for 90 s
without stirring or N, bubbling. The constant voltage of 6 V was applied between
working electrode and counter electrode (carbon plate) using a DC power supply
(Fine-Power, F-100). All the anodic films were annealed in the range of

500~700°C for 1 h to enhance the crystallinity.

Analysis: The surface morphology and cross-section image of the films were
examined by field emission scanning electron microscope (FESEM, JSM-7401F)
and transmission electron microscope (TEM, JEM1010). The phases of the films

were determined by X-ray diffraction (XRD, MI8XHF-SRA) and X-ray
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photoelectron spectroscopy (XPS, Model AXIS, KRATOS) with a Mg K-alpha

radiation (1253.6 eV).

Gas sensing measurement: For the gas sensing measurements, a pair of comb-
like Pt electrodes was formed on the porous SnO, films through a mask by
sputtering. The gap between Pt electrodes was 0.2 mm and the width was 8 mm.
Thereafter, Au lead wires were attached to them using a silver paste. All the
sensors were annealed at 600°C for 1 h in air atmosphere in order to make the
electrical contact between silver paste and Au lead wires. The sensor element was
placed in a quartz tube located inside a tube furnace with gas inlet and outlet. The
H,, CO, and NH; gas sensing properties were determined by measuring the
changes of electrical resistance between sample gas and reference gas (pure air) at
temperatures from 200 to 500°C. The electrical resistance was measured using a
multimeter (2000 multimeter, Keithley). In this study, the magnitude of gas
response (S, sensitivity) was defined as the ratio (Ra/Rg) of the resistance in air
(Ra) to resistance in sample gas (Rg). The response time (t90%) was defined as
the time required for the sensor to reach 90% of the final signal. For comparison,
the as-deposited Sn film was thermally oxidized at 700°C for 1 h at the heating
rate of 1°C/min without anodizing step, and then, fabricated into a gas sensor in
the same procedures as above. Another sensor was also fabricated using a

commercially available SnO, powder (~325 mesh, Sigma Aldrich).
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2.2.2. Results and discussion

Synthesis of nanoporous SnQO; structure

The as-deposited Sn films were polycrystalline and the grain size was ~300 nm
(Fig. 2.2.1(a)). The thickness of as-deposited films was ~400 nm with a columnar
structure (Fig.2.2.1(b)). For anodic oxidation, the electrolyte concentration,
applied voltage, reaction temperature, and anodizing time were optimized to
achieve a good adhesion between anodic oxide and substrate with a nano-porous
structure (0.3 M, 6 V, 5 °C, and 90 s, respectively). In this condition, the
determined current density-time transient was a porous type film as shown in
Fig.2.2.2. In order to investigate the growth of anodic tin oxide layer, the
morphological changes in cross-sectional view is shown in Fig 2.2.3 according to
the variation of anodizing time. The porous layer is grown and the thickness of tin
metal layer decrease as anodic oxidation time increase. The nano-pores were not
observed on the bare surface however, from the partially stripped surface,
randomly distributed nano-sized pores of 50~80 nm could be seen indicating that
nano-sized pores were closed. The nano-pores were not observed on the bare
surface, but randomly distributed nano-sized pores of 50~80 nm could be seen
from the partially stripped surface. From the cross sectional view (Fig. 2.2.3(d)), a
relatively dense layer of 50~100 nm thick was found on the top of the film and the

rest of anodic oxide was composed of the discrete vertical nano-channels, which
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were disconnected by the parallel micron-sized pores. The top dense layer was
formed at the early stage and existed persistently during anodizing as shown. It is
believed that this layer is a barrier oxide, which is not so compact that the
electrolyte penetrates and the anodic reaction occurs continuously underneath the
barrier layer forming the nano-porous layer. The porous layer was composed of
hundred nanometer-sized stacked layers separated by discontinuous gaps (or
pores), which has been attributed to the vigorous gas evolution and faster oxide
growth rate than that of anodic aluminum oxide [30,31].

The changes of surface morphology as increasing anodizing temperature were
shown in Fig. 2.2.4. The tendency to create crack and dissolve tin increase as
anodic oxidation temperature increase and the more porous inner layer is
generated as the higher temperature is employed. More severe anodic conditions
(high electrolyte concentration, high reaction temperature) have been applied to
remove the top dense layer, but it was not successful except generating the
micron-sized pin holes on the surface and deteriorating the film adhesion.

After annealing at 700°C for 1 h, the smooth surface of as-anodized films
changed into the porous granular surface (Figure 2.2.5(a)). It appears that the top-
most layer coalesced into the discrete spherical grains of ~40 nm during heat
treatment. However, the microscopic features of the nano-sized pores and vertical
nano-channels were still conserved after annealing indicating a high thermal

stability of anodized films (Figure 2.2.5). The TEM micrograph clearly showed
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the porous structure with irregular pore shapes (Figure 2.2.6). The channel
diameter was ~50 nm and the wall thickness was ~20 nm. The surface area of
scratched anodic films, determined by nitrogen absorption (BET), was 72 m®/g.
XRD pattern showed that as-deposited film by thermal evaporation was
crystalline tin (Sn) and strongly (100) oriented (Figure 2.2.7(a)). Only Sn peak
with low intensity was observed in the as-anodized film (Figure 2.2.7(b))
implying that amorphous anodic oxide was formed. The anodic oxidation could
not be conducted completely due to the film adhesion and the presence of Sn can
be attributed to the unreacted Sn close to the substrate. Based on the dark brown
color and previous report,[32,33] the anodic oxide appears to be stannous oxide
(SnO). The amorphous anodic oxide was partially crystallized at 500°C and fully
transformed into crystalline SnO, at 700°C (Figure 2.2.7(c) and (d)). For the
further phase analysis, XPS analysis was conducted shown in Figure 2.2.8. The
binding energy of anodic tin oxide is corresponding to that of rutile SnO, and it
means that the phase of as-anodized specimen was amorphous tin oxide with
chemical stoichiometry ratio of 1(tin):2(oxygen) from both XRD pattern and XPS

data. (Figure 2.2.7 and 2.2.8)

Gas sensing properties

A typical response transient of the nanoporous SnO, film sensor toward H,

gas balanced with air measured at 400°C is shown in Figure 2.2.9. Upon injecting
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a target gas, the resistance rapidly decreased by more than an order of magnitude.
The recovery was slightly slow, but the sensing signal was quite stable and
reversible even after switching the gases several times. The magnitude of the gas
response (S) was estimated to be 52 toward 1.0% Hy/air, which was substantially
higher than that of the thermally oxidized film sensor (S ~ 3) and the commercial
SnO2 powder sensor (S ~ 25) and was comparable to that of the commercial
sensor (FIS Inc.). The response time was ~ 3 s toward 1.0% Ha/air and increased

with decreasing H, concentration. (Figure 2.2.10)

The determined magnitude of gas response is shown in Figure 2.2.11 as a
function of sensing temperature and H, concentration. The lowest operating
temperature was 200°C due to a high resistance of the films and an equipment
limitation (up to ~10° Q). The porous SnO, film sensor exhibited the highest gas
response at 400°C, which is a typical characteristic of semiconductor-type gas
sensors.””’ The magnitude of the gas response increased almost linearly with
increasing Hj concentration from 200 to 10,000 ppm (log (gas response) vs. log

(concentration)).

The sensing properties of nano-porous SnO, film sensor toward NHj3 and
CO gases were also investigated (Figure 2.2.12). The maximum gas responses for
both gases were observed at 400°C similar to H, gas. The sensors reliably

responded to NH; gas in the range of 20~200 ppm and to CO gas with a
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fluctuation in the range of 100~1000 ppm. However, the magnitude of gas
response for both gases was relatively lower, and thus the porous SnO, film

sensors showed a high selectivity for H, against NH; or CO gas.

2.2.3. Conclusion

Nano-porous SnO, films with vertical nano-channels have been
successfully prepared by anodic oxidation of Sn films on SiO,/Si substrate
deposited by thermal evaporation. Anodizing of Sn film in oxalic acid produced
amorphous anodic oxide with nano-sized pores, and subsequent annealing at
700°C converted into crystalline SnO, with nano-channels of ~50 nm diameter
maintaining a good adhesion to substrate. The Pt patterned nano-porous SnO; film
sensor responded to H,, NHj3;, and CO gases and exhibited the highest gas

response toward Ho.

30



Figure 2.2.1 (a) Plain view of as-deposition Sn film on S1/SiO, substrate and (b)

its cross-sectional view
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Figure 2.2.2 Current density-time transients at constant applied voltage of 6 V

during anodizing of as-deposited Sn films.
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Figure 2.2.3 Plain and cross-sectional views of as-anodized films anodized at 50C

for (a) 15, (b) 30, (c) 60, and (d) 90 s.
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Figure 2.2.4 Plain and cross-sectional views of as-anodized films anodized for 15

sec at (a, b) 5, (¢, d) 15, (e, f) 25 °C
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Figure 2.2.5 (a) Plain and (b) cross-sectional views of as-annealed films at 700°C

for 1h

100 rirn s

Figure 2.2.6 TEM image of as-annealed films
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Figure 2.2.7 X-ray diffraction pattern of (a) as-prepared Sn film, (b) as-anodized

film, (c) as-annealed film at 500°C for 1h, (d) as-annealed film at 700°C for 1h
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2.3 Nanoporous Sn0O,/CuO via anodic oxidation and

reactive ion etching and its gas sensing mechanism

2.3.1. Experimental procedure

Nano-porous SnO, films were prepared by an anodic oxidation of Sn thin films
deposited on SiO,/Si substrates using a thermal evaporation and detailed

experimental conditions for Sn coating and anodizing were shown in 2.2.1.

Reactive-ion etching process: A reactive ion etching (RIE) was employed to
remove the non-porous barrier layer of SnO; anodic films and to widen the pore
diameter. The etching was carried out in fluorocarbon-oxygen (CF4-O,) plasma
with a power of 100 W for 5~10 min. The O, flow rate was fixed at 27 sccm and

the CF4 flow rate was varied from 10 to 30 sccm.

Impregnation process: Subsequently, as-etched nano-porous SnO, films were

annealed at 700 °C for 1 h for crystallization. For CuO impregnation, a droplet of

aqueous 0.01 M CuClL2H,O (99%, Kanto chemical) solution (0.5 ml) was

dropped onto the as-annealed nano-porous SnO, film. After drying, the as-
impregnated nano-porous SnO, films were heated at 600 °C for 1 h in order to

transform the Cu-precursor to CuO.
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Analysis: The surface and cross-sectional morphologies of the SnO, films were
examined by field emission scanning electron microscopy (FESEM, S-4800,
Hitachi) and transmission electron microscopy (TEM, JEM1010). The phases of
the films were determined by X-ray diffraction (XRD, MI18XHF-SRA). The
chemical bonding information of the films was examined by X-ray photoelectron
spectroscopy (XPS, Model AXIS, KRATOS) with a Mg K-alpha radiation
(1253.6 eV). The core level XPS spectra for Ols, Sn3d, and Cu2p were measured,
and energy calibration was achieved by setting the hydrocarbon Cls line at 284.6

eV.

Gas sensing measurements: A pair of Pt electrodes with 6 mm gap was formed
by sputtering on the CuO-SnO; films through a mask and Au lead wires were
attached to them using an Ag paste. Thereafter, all the sensors were fired at 600
°C for 1 h in order to make the electrical contact between Ag paste and Au lead
wires. The sensor element was placed in a quartz tube located inside an electrical
tube furnace with a gas inlet and outlet. A continuous flow-through measurement
system was used, and the sample gases used were 0.2~100 ppm H,S, 20~100 ppm
H,, 20~100 ppm CO, 20~100 ppm NHj3, and 20~100 ppm C,HsOH balanced with
air. The gas sensing properties were determined by measuring the changes of
electric resistance between sample gas and reference gas (pure air) at temperatures

from 50 to 400 °C. The electrical resistance was measured by using a multimeter
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(2002 multimeter, Keithley). In this study, the magnitude of the gas response (S)
was defined as the ratio (Rai/Rgas) of the resistance in air (Rair) to that in sample
gas (Rgs). For comparison, porous CuO-free SnO, sensor and CuO-loaded
commercial powder SnO; sensor [34-36] were fabricated and the H,S gas sensing

properties of both sensors were evaluated

2.3.2. Results and discussion

Synthesis of nanoporous Sn0,-CuQ structure

The as-anodized specimen was synthesized with same experimental condition
and its product was reproducible. For remove upper layer closing inner porous
structure (Figure 2.2.3), reactive-ion etching process was adapted. The reactive
ion etching (RIE) using fluorocarbon-oxygen (CF4-O,) plasma effectively
removed the non-porous barrier layer and widened the pore diameter. The longer
etching time reduced the anodic oxide thickness and pore wall thickness, and the
higher CF4 flow rate resulted in the local collapse of porous structure and
covering the entrance of pore, which is probably to be attributed to formation of
less volatile phase to deposit its by-product on top surface of films as shown in
Figure 2.3.1. With the variation of etching time, the diameter of pores increased

and the wall thickness was thinned as the etching time increased, whereas the
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thickness of as-etched films decreased. (Figure 2.3.2) In the optimized etching
conditions (etching time: 7 min, CF4 flow rate: 10 sccm), nano-pores of 100~200
nm diameter and ~50 nm wall thickness were exposed on the surface of anodic
oxide (Figure 2.3.3(a, c)). Unlike the circular pores in an ordered hexagonal array
of anodic aluminum oxide [32,33], the pore shape of anodic tin oxide was rather
irregular with a wide range of size distribution. It was apparent from the cross-
sectional view that the top barrier layer was completely etched away and the
discontinuous nano-channel structure was still maintained (Figure 2.3.3(b, d)).
After annealing at 700 °C for 1 h, the pore wall was changed into granular due to
sintering, but the microscopic features of the nano-sized pores and vertical nano-
channels remained same indicating a high thermal stability of anodized films
(Figure 2.3.3(b, d, f)). The CuO impregnated SnO, films exhibited the similar
microstructural characteristics to as-annealed specimens except the slight increase

of wall thickness. (Fig. 2.3.4)

XRD pattern showed that the amorphous anodic oxide was fully
crystallized at 700 °C and only SnO, peaks were detected in as-annealed film
(Figure 2.3.5(c)). In CuO impregnated SnO, film, no evidence of Cu-containing
compound such as CuO was found (Figure 2.3.5(d)). The presence of Cu was
confirmed by XPS analysis and the oxidation of Cu to CuO was ensured at 700 °C

[37-41]. The amount of copper was approximately 3 wt% based on the EDS,
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EPMA, and ICP-AES analyses. The structure of as-anodized and as-annealed
films was further investigated by HR-TEM after scratching out from the substrate.
The selected area electron diffraction pattern (SAED) and high resolution image
indicated that as-anodized film was amorphous (Figure 2.3.6(a)). The spot and
ring pattern observed in the SAED pattern of as-annealed anodic oxide revealed
the randomly oriented polycrystalline nature, and the patterns were completely
indexed to the rutile SnO, (JCPDS No. 41-1445). The high resolution TEM image
clearly displayed the lattice fringes, indicating a high crystalline nature (Figure

2.3.6(b)).

Gas sensing measurements

The response transient of nano-porous CuO-SnO, sensor toward H,S gas
balanced with air at 250 °C is shown in Figure 2.3.7. Upon injecting a sample gas
(H2S), the resistance decreased rapidly and recovered rather slowly with exposure
to air, exhibiting a typical n-type semiconductor sensing behavior. The sensing
signal was quite stable and reversible even after switching gases several times.
The magnitude of the gas response (S) decreased almost linearly with decreasing

H,S concentration, and the detection limit was approximately ~0.2 ppm.

The temperature dependence of gas response in nano-porous CuO-SnO,
sensor toward 20 ppm H,S is shown in Figure 2.3.8 along with that of nano-

porous CuO-free SnO, sensor and CuO-loaded commercial powder SnO, sensor.
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The gas response of nano-porous CuO-free sensor was relatively low, and
maximum gas response of ~5 was observed at 350 °C [42]. The CuO loading
significantly enhanced the gas response toward H,S and reduced the optimum
sensing temperature, which resulted in the maximum gas response of ~39 at 250
°C. The determined gas response of nano-porous CuO-SnO, sensor was higher
than that of CuO-loaded commercial powder SnO, sensor, which indicates that
nano-porous structure with high surface area is beneficial to the enhanced gas
response [43]. In addition, the gas response of nano-porous CuO-SnO, sensor to
other representative reducing gases such as H,, CO, NH3, and C,HsOH, were
examined at 250 °C. As shown in Figure. 2.3.9, the gas response toward these
gases was extremely low either 20 or 100 ppm concentration, and thus, the nano-
porous CuO-SnO, sensor exhibited a remarkably higher selectivity toward H,S
gas. The enhanced sensitivity and selectivity toward H,S gas in nano-porous CuO-
SnO; sensor can be understood in terms of the formation of resistive p-CuO/n-
SnO; junction and the disruption of resistive junction by the sulfurization of CuO
into metallic conductor CuS upon exposure to H,S [34-36,39-41,44]. To confirm
the hypothesis suggested by previous researchers [34-36,39-41,44], the chemical
states of porous CuO-SnO; film before and after H2S exposure were investigated

by XPS.

The core level Cu2p and S2p spectra of nano-porous CuO-SnO; film are

shown in Figure. 2.3.10. As-prepared nano-porous CuO-SnO, film exhibited a
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single peak of Cu2ps,at 933.6 eV. The observed binding energy is consistent with
the value for Cu in CuO [45], which indicated that CuO was successfully
impregnated into the nano-porous SnO, film. After exposed to 100 ppm H,S at
200 °C for 1 h, Cu2ps,; peak shifted to lower energy of 931.8 eV and S2p signal
appeared at 162.2 eV. These values are in good agreement with the values for the
lattice copper and sulfur of CuS, respectively [45]. The formation of Cu,S cannot
be completely ruled out, but the sulfurization in the H,S-containing atmosphere

takes place and CuO converts to CuS by the following chemical reaction:

CuO + H,S — CuS + H0.

On the subsequent exposure to air, CuS was oxidized back to CuO and XPS

spectra of as-prepared state were restored.

CuS +3/20, — CuO + SO,.

The change of binding energy (Sn3ds, and Ols) in nano-porous CuO-
SnO; film determined by XPS is shown in Figure 2.3.11(a) as a function of H,S
exposure temperature. The as-prepared CuO-free SnO, exhibited a doublet of
Sn3d at 495.2 (3ds2) and 486.8 (3ds2) eV and a single peak of Ols at 530.7 eV,
which are in good agreement with the values for the lattice tin and oxygen of
SnO;, respectively [45]. The Sn3ds;, and Ols peaks were observed at 486.1 and

529.9 eV, respectively, in as-prepared CuO-SnO; film and the binding energy was
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lowered by as much as 0.7~0.8 eV. The binding energy downward shift in CuO-
SnO; film was attributed to the formation of p-n junction between CuO (p-type)
and SnO; (n-type) and resultant band bending and increase in work function of
SnO; [35,36, 39-41]. When exposed to 100 ppm H,S, the Sn3ds;, and Ols peaks
shifted upward with increasing the exposure temperature and reached the binding
energies of CuO-free SnO; film at 200 °C and remained constant at higher
temperature. The binding energy upward shift is associated with the conversion of
CuO into CuS in the H,S-containing atmosphere and the disruption of p-n
junction due to the formation of metallic CuS. It was found that the complete
conversion of CuO into CuS requires the heat treatment at least 200 °C. The
variation of binding energy with CuO impregnation and H,S exposure was
reflected on the resistance and gas response (S) of the sensors. Thus, the
resistances in 100 ppm H,S (Ruas) are shown in Figure 2.3.11(b) as a function of
H,S exposure temperature for both CuO-free SnO, and CuO-SnO; films. The
resistance of CuO-SnO, film was two or three orders of magnitude higher than
that of CuO-free SnO, film due to the formation of resistive p-n junction. While
the resistance of CuO-free SnO; film was relatively insensitive to temperature, the
resistance of CuO-SnO, film decreased drastically up to ~250 °C, which is
associated with the sulfurization of CuO. As a result, the maximum gas response
toward H,S was observed at 250 °C in CuO-SnO; film. The increase of resistance

above 250 °C is related to the formation of Cu,S, which is an ionic conductor with
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higher resistivity than the metallic CuS. It is known that the crystal structure of

CuS is changeable at 103 °C and transforms into Cu,S above 220 °C [51].

2.3.3. Conclusion

The anodic oxidation of Sn thin films on Si0O,/Si substrate yielded the nano-
porous SnO; with 1-D nano-channels, but the surface was covered with 50~100
nm thick non-porous barrier layer. The non-porous layer was successfully etched
away using fluorocarbon-oxygen (CF4-O,) plasma, which resulted in the nano-
porous SnO; films with 100~200 nm pore diameter and ~50 nm wall thickness.
The developed nano-porous SnO, films on SiO,/Si substrate are expected to be
used in such applications as anodes for lithium-ion battery, dye sensitized solar
cell (DSSC), chemical sensors, and templates for other nanostructures and could
be integrated to CMOS chip-based devices. As an example, a gas sensor was
fabricated after impregnating CuO into the nano-channels. The CuO-SnO, sensor
showed an excellent sensitivity and selectivity toward H,S gas, which was
attributed to the formation and disruption of resistive p-CuO/n-SnO; junction

depending on the atmosphere.
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Figure 2.3.1 Morphology changes with the variation of CF4 flow for 7 min; (a) 10,

(b) 20, (c) 30 sccm
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Figure 2.3.2 Morphology changes with the variation of etching time with 10 sccm

of CF4; (a) 5, (b) 7, (c) 10 min

50



}'\f‘?. ;"j .4 ’?«‘ﬂ

Figure 2.3.3 Plain and cross-sectional view of (a, ¢, e) as-etched film and (b, d, f)

as-annealed film
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Figure 2.3.4 Plain view of as-CuO impregnated film
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Figure 2.3.5 X-ray diffraction patterns; (a) as-Sn prepared film, (b) as-anodized

film, (c) as-annealed film and (d) as-CuO impregnated film
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Figure 2.3.6 The selected area electron diffraction pattern (SAED) and high

resolution image of (a, b) as-anodized film and (b) as-annealed film
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Figure 2.3.10 The (a) Cu2p and (b) S2p XPS spectra of nano-porous CuO-SnO;

film before and after H2S exposure at 250°C
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2.4 Synthesis of porous SnQO, dendrite via

electrodeposition and its gas sensing property

2.4.1. Experimental procedure

Porous SnO; dendrites structure were prepared by an anodic oxidation of Sn thin
films deposited on SiO,/Si substrates using a thermal evaporation and detailed

experimental conditions for Sn coating were shown in 2.2.1.

Electrochemical deposition process and annealing: In order to form the porous
Sn foam, the electrochemical deposition was performed on Sn/SnO, coated
substrates in the electrolyte containing 1.5 M sulfuric acid (Kanto chemicals, 96%)
and 0.15 M tin sulfate (Sigma-Aldrich, 98%). The coated substrate was used as a
cathode and SUS was used as an anode and the distance between two electrodes
was kept at 35 mm. The deposition was carried out at a constant current (0.67~2
Acm-2) using a DC power supply (Fine-Power, F-100) for 5~15 s. For

crystallization, the fabricated Sn foams were annealed at 700 °C for 1 h in air.

Analysis: The surface and cross-sectional morphologies of the films and foams
were examined by scanning electron microscopy (SEM, JSM-5600, JEOL). The

phases of the specimens were determined by X-ray diffraction (XRD, M18XHF-
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SRA) with Cu Ka radiation.

Gas sensing measurement: A pair of Pt electrodes with 6 mm gap was
formed by sputtering on the porous SnO, foam through a mask and Au lead wires
were attached to them using an Ag paste. Thereafter, all the sensors were fired at
600 °C for 1 h in order to make the electrical contact between Ag paste and Au
lead wires. The sensor element was placed in a quartz tube located inside an
electrical tube furnace with a gas inlet and outlet. A continuous flow-through
measurement system was used, and the sample gases used were 100 ppm H,, CO,
NHi;, NO;, and 10~100 ppm C,HsOH balanced with air. The gas sensing
properties were determined by measuring the changes of electric resistance
between sample gas and reference gas (dry air) at temperatures from 200 to 450
°C. The electrical resistance was measured by using a multimeter (2002
multimeter, Keithley). In this study, the magnitude of the gas response (S) was
defined as the ratio (Rair/Rgas) of the resistance in air (Rair) to that in sample gas
(Rgas). For comparison, SnO, powder sensor was fabricated using a commercial

SnO; powder and the C;HsOH gas sensing properties were evaluated.

2.4.2. Results and discussion

Synthesis of porous SnO; dendrite structure
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The electrodeposition process yielded the open porous Sn foam as shown
in Figure 2.4.1. The pore size and wall thickness of the foam increased with
increasing the deposition time due to the coalescence of liberated hydrogen
bubbles from the substrate (Figure 2.4.1(a)~(c)). The foam wall was composed of
numerous dendrites and the dendritic branches were three-dimensionally
interlocked forming the highly porous, self-supporting 3D network structure
(Figure 2.4.1(d)). The trunks and branches in the dendritic structure were in the
order of tens of micrometers. The cross-sectional image revealed that the Sn film
deposited by thermal evaporation, which acted as a current path during
electrodeposition, remained intact and the dendrites in the Sn foam were strongly
bonded to the film (Figure 2.4.1(e)). The SUS 304 stainless steel was also
employed as a cathode after SnO, deposition and the porous Sn foams with
similar dendritic morphology were developed (Figure 2.4.2). Copper has been
used as a substrate to fabricate the Sn foam, and it appears that the substrate had

little effect on the foam structure. [46,47]

The topotactic thermal oxidation was used to convert the metallic Sn
foam into the corresponding oxide foam without losing the shape and integrity of
porous structure.[48] For this, a slow heating rate of 1 °C/min was employed,
which allowed to grow a thin supporting oxide skin on the surface before melting

(point of Sn=232 °C) tin) and preserve the structural integrity.[48] The
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morphology of the oxide foam after heat treatment at 600 °C for 1 h is shown in
Figure 2.4.3. The macro-porous structure was maintained during thermal
oxidation and the pore size and wall thickness remained almost same (Figure 2.4.3
(a)). The trunks and branches in the wall were slightly distorted, but the dendritic
structure was also preserved indicating a high thermal stability of synthesized
foam (Figure 2.4.3(b)). The wavy (or granular) surface of the dendrites is due to
uneven oxidation and sintering. From the cross-sectional view (Figure 2.4.3(c)),
3-dimensionally interlocked porous oxide foam of ~100 um thick was confirmed
and strongly adhered to the substrate. The Sn film also remained the same after
converting to the oxide film (inset of Figure 2.4.3(c)). At high heating rate (fast
oxidation) of 10 °C/min, a significant structural deformation and agglomeration
was observed, and the branches in dendritic structure were shorter and thicker

than one annealed with a slow heating rate (Figure 2.4.3(d)).

The phase change during thermal oxidation was examined by XRD on the
Sn foam heat-treated from 200 to 600 °C at a step of 100 °C (Figure 2.4.4) and
cooled down to room temperature. As-deposited foam was a crystalline tetragonal
Sn (JCPDS No. 04-0673). No phase change was observed at 200 °C and the
formation of the thin oxide skin layer, suggested in the previous study [48], was
not confirmed. An intermediate phase, romarchite SnO (JCPDS No. 06-0395),

appeared at 300 °C, and another intermediate phase, triclinic Sn;O4 (JCPDS No.
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16-0737), was found at 400 °C. The peaks for Sn were still observed at 500 °C
implying that tin exists as a molten tin confined to the interior surrounded by outer
oxide layer. At 600 °C, all the diffraction peaks were indexed as casseterite SnO,
(JCPDS No. 41-1445), and no peak for Sn, SnO, and Sn;O4 was detected. Thus,
the stoichiometric ratio of oxygen to tin increased with annealing temperature and
the thermodynamically stable oxide, SnO,, was realized above 600 °C. It was
reported that the oxidation process of Sn is kinetically controlled and the oxygen

ion diffusion through the various oxide layers is rate-determining process. [48]

Gas sensing measurement

The response transient of porous SnO, foam sensor toward ethanol gas
balanced with air at 300 °C is shown in Figure 2.4.5. Upon injecting a C,HsOH
gas, the resistance decreased rapidly and recovered rather slowly with exposure to

air, exhibiting a typical n-type semiconductor sensing behavior. The resistance of
the sensor in air was in the range of 50~60 M at 300 °C. The sensor showed a

stable response down to 10 ppm C,;HsOH and the magnitude of the gas response

(S) decreased almost linearly with decreasing the C;HsOH concentration.

The gas response of porous SnO, foam gas sensor toward 10~100 ppm
C,Hs0H is shown in Figure 2.4.6(a) as a function of operating temperature. The
foam sensor responded to C;HsOH gas in the temperature range of 200~500 °C.

The maximum gas response (S=12) toward 100 ppm C,HsOH was observed at
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300 °C and it was shifted to lower temperature with decreasing the C,HsOH
concentration. (gas response and optimum temperature comparison) [50-56] The
response time (t90%) was defined as the time required for the sensor to reach 90%

of the final signal and plotted in Figure 2.4.6(b).

The response time was in general shortened with increasing C;HsOH
concentration, and the minimum response time was found between 250 and 300
°C, which coincide with the maximum gas response. Thus, the foam sensor
exhibited the response time less than 3 s toward 100 ppm C,HsOH above 250 °C.
57 Below 250 °C, the response time significantly increased in all C;HsOH
concentrations possibly due to the low adsorption kinetics. In order to confirm the
low temperature detection and fast response of the porous SnO, foam sensor, the
commercial SnO, powder sensors with same electrode geometry was fabricated,
and the C,HsOH sensing performance was evaluated (Figure 2.4.7). The SnO,
micro-powder sensor exhibited the similar magnitude of gas response above 300

°C, but the gas response could not be measured below 250 °C due to a high
resistance and an equipment limitation (up to ~1012 Q). The response time of the
micro-powder sensor was longer than 20 s in the measured temperature range,
which was an order of magnitude longer than that of foam sensor. In addition, the

ethanol sensing behavior of commercial SnO, nanopowders also showed even

higher resistance in air therefore a gas sensing behavior was observed down to

63



400°C and unstable. This is because the generated electrons form gas reaction

should get through a number of interfaces between particles and grain boundary
throughout a large gap of parallel electrode geometry, which are more than those

of porous SnO; foam with dendritic shaped grain.

In case of porous SnO, foam sensor, the fast response in overall ethanol
concentration was observed even in relatively low operating temperature and it
leads from that three-dimensionally interconnected open porous structure of the
SnO, foam sensor enables the rapid gas diffusion resulting in the fast and stable
gas response shown in low range of electrical resistance. The gas response of
porous SnO; foam sensor toward 100 ppm H,, CO, NHj;, and NO, were
investigated at 300 °C (Figure 2.4.8). The foam sensor responded to the Hy, CO,
and NH; gases with a short response time, but the magnitude of gas response was
significantly lower than that of C,HsOH. On the other hand, the NO, response
was appreciable, but the response time was too long (>100 s). The higher gas
response toward ethanol in SnO,-based sensors compared to other reducing gases
has been attributed to the higher reactivity of ethanol in this temperature range
and more electron generation when the same number of gas molecules react with
the surface-adsorbed oxygen species. [58,59] The long-term stability of porous
SnO, foam sensor was examined by repeating the sensing measurement at 300 °C.

The sensing signal was quite stable and reversible during the measurement. After
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30 cycles toward 10 ppm C,HsOH, the resistances both in air and sample gas
decreased by 10% of the initial ones, but the magnitude of gas response remained
almost same indicating the relatively stable sensing behavior of the foam sensor.

(Figure 2.4.9)

2.4.3. Conclusion

The electrochemical deposition using Sn thin film as a cathode on SiO,/Si
substrate yielded the three-dimensional Sn porous structure and its pore wall
consisted of dendrite structures. For the crystallization to SnO,, the heat treatment
was carried out at 700 C with slow ramping rate, 1 °C/min. Then, it was
confirmed that highly porous dendritic structures were conserved after heat

treatment even Sn has low melting point, 232 C. The developed three-dimensional

SnO, foams on SiO,/Si substrate are expected to be used in such applications as
anodes for lithium-ion battery, fuel cell, chemical sensors, and membrane for
filtering. As an example, a gas sensor was fabricated and showed an excellent
sensitivity, fast response and high selectivity toward ethanol gas thanks to the
effective and rapid gas diffusion onto the entire gas sensing materials, indicating

which porous structures are advantageous to enhance the gas sensing properties.

65



Figure 2.4.1 SEM micrographs of Sn foam deposited on SiO, applying cathodic
current density of 2Acm™ for (a) Ssec, (b) 10sec, (¢) 15 sec and (d) detailed
microstructure of (c), cross sectional view of interface between Sn deposits and

substrate (e)
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Figure 2.4.2 SEM micrographs of Sn foam deposited on SUS applying cathodic
current density of 2Acm™ for (a) Ssec, (b) 10sec, (¢) 15 sec and (d) detailed

micrograph of (c)
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Figure 2.4.3. SEM micrographs of SnO, foam on SiO, annealed at 600C for 1h
with 1°C/min: Plain view (a, b) and its cross sectional view (c), and plain view (d)

annealed at 700 C for 1h with 10 °C/min
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2.5 3-D nanoporous SnQ,/CuO hybrid dendrite via co-

electrodeposition and its gas sensing property

2.5.1. Experimental procedure

2.5.1.1 Synthesis of nanoporous CusSns@Sn and its synthesis mechanism

The electrochemical deposition was carried out on copper foil in the
aqueous electrolytes containing 1.5 M sulfuric acid (Kanto Chemicals), tin sulfate
(SnSO4) (Sigma-Aldrich), and copper sulfate (CuSOs-5H,0) (Deajung
Chemicals). The composition of CuSO4 - 5SH,O and SnSO4 was varied from 0 to

0.15 M. The graphite was used as an anode, and the distance between two
electrodes was kept at 35 mm. The deposition was carried out at a constant current
of 3 A ecm™ using a DC power supply (F-100, Fine-Power) for 10 s at room

temperature.

The phases of the specimens were determined by X-ray diffraction (XRD,

Bruker D8-Advance) with Cu Ka radiation. The morphology and composition of

electrodeposited foams were characterized by field emission scanning electron
microscopy (SEM, JSM-5600, JEOL) and transmission electron microscopy

(TEM, Tecnai F20, FEI) equipped electron energy loss spectroscopy (EELS,
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Gatan). Electrochemical measurements were conducted using an EG&G
potentiostat/galvanostat (model 273) with a saturated calomel electrode (SCE) as

a reference electrode and a platinum sheet as a counter electrode.

2.5.1.2 Synthesis of SnO,/CuO nano-hybrid foams and their gas sensing

properties

Nanoporous SnO, dendrites structure were prepared by an anodic oxidation
of Sn thin films deposited on SiO,/Si substrates using a thermal evaporation and

detailed experimental conditions for Sn coating were shown in 2.2.1.

The electrochemical deposition was performed on Sn/SnO;-coated substrate in
the electrolyte containing 1.5 M sulfuric acid (Kanto Chemicals, 96%), 0.14 M tin
sulfate (Sigma-Aldrich, 98%), and 0.01 M copper sulfate (Daejung Chemicals,
98%). The electrodeposition was carried out at a constant current of 0.667 Acm™
for 10 s. For oxidation, the synthesized foam was annealed at 700 °C for 1 h in air
with a heating rate of 1 °C/min. The surface morphologies of the foams were
examined by scanning electron microscopy (SEM, JSM-5600, JEOL). The phases
of the specimens were determined by X-ray diffraction (XRD, M18XHF-SRA).
For the gas sensing measurements, a pair of Pt electrodes with 6 mm gap was
formed on the synthesized foam by sputtering and then annealed at 600 °C. The
gas sensing properties were determined by measuring the changes of electric

resistance between sample gas (H,S, H,, C;HsOH, CO, NH3, NOy) balanced with
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air and reference gas (dry air) at 150 to 400 °C. The magnitude of gas response (.S)
was defined as the ratio (R.i/Rqas) 0f the resistance in air (R;-) to that in a sample
gas (Rgqs). The response time (f990;,) was defined as the time required for the sensor

to reach 90% of the final signal.

2.5.2. Results and discussion

2.5.2.1 Synthesis of nanoporous CusSns@Sn and its synthesis mechanism

The surface morphology of the electrodeposited foams is shown in Figure 2.5.1.
All the deposits showed the open porous foam structure with the spherical pores
of a few hundred micrometers. However, the details of the foam walls are quite
different depending on the electrolyte composition. The foam wall, fabricated in
the single CuSOy electrolyte (0.15 M), exhibited the ramified structure similar to
the previous reports [60,61]. The ramified copper had numerous corn-shaped
branches (Figure 2.5.1(a)). The addition of SnSO, into CuSO; electrolyte changed
the morphology of foam wall from ramified structure to agglomerated particle
structure (Figure 2.5.1(b)). The size of the particles was several hundred
nanometers and the phase was a single phase CusSns (Figure 2.5.2(b)). Thus, the
single phase CusSns was formed in the slightly Sn-rich condition
(CuS04:SnS0O4=0.1:0.12). With  further increase of SnSO4 content

(CuS04:SnS04=0.025:0.14 M), the foam wall became dense and was composed

77



of numerous nano-sized dendrites, which were three-dimensionally interlocked
forming porous 3D network structure (Figure 2.5.1(c)). The XRD pattern
indicated that the foam was a mixture of Sn and CueSns (Figure 2.5.2(c)). In the
single SnSO4 electrolyte (0.15 M), similar dendritic structure was obtained, but
the foam wall was less dense (Figure 2.5.1(d)). The trunks in the dendrites were of
the order of tens of micrometers [62]. As-deposited foam was a crystalline
tetragonal B-Sn (Figure 2.5.2(d)). The copper and tin foams were thoroughly
investigated in the previous work [60,61] and further study was focused on the
Sn/CusSns foam with nano-sized dendrites obtained in the -electrolyte of

CuS04:SnS04=0.025:0.14 M (Figure 2.5.1(c)).

The high magnification SEM image of Sn/CusSns foam revealed that the
dendrites were relatively small and less straight compared to those of Sn foam
(Figure 2.5.3(a)). The length and diameter of the dendrites were approximately
300 and 30 nm, respectively. The surface was irregular (not smooth) and the
numerous granular particles were found, which appeared to be embedded or
attached to the dendrites. The detailed feature of the dendrites was investigated by
TEM after stripping off from the Cu substrate. Consistent with SEM observation,
the surface of the dendrites was uneven and wavy (Figure 2.5.3(b)). A close
examination of TEM image indicated that the dendrites had the different contrast

and the dark colored granular particles were observed inside the dendrites. The
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EELS mapping revealed that Sn was distributed throughout the dendrites with a
lower intensity in the dark colored granules (Figure 2.5.3(c)). Instead, Cu was
present discontinuously and rich in the dark colored particles (Figure 2.5.3(d)).
Based on the XRD shown in Figure 2.5.4 and TEM results, it can be inferred that
the dark colored granules are CueSns, which located in the interior of Sn dendrites
and the formation of CusSns alloy during the electrochemical deposition results in

the nano-sized CusSns@Sn dendrites with uneven and wavy surface.

To further investigate the formation of CusSns@Sn nanodendrites, the cathodic
linear sweep voltammetry (LSV) of the electrodeposition was carried out and the
corresponding voltammograms are shown in Figure 2.5.5. The electrode potential
was swept from -0.1 to -1.0 V (vs. SCE) at the potential sweep rate of 10 mV s™.
The curve 1 obtained in 0.15 M CuSOy electrolyte exhibited a peak at -0.2 V (vs.
SCE), which corresponds to the reduction of copper. The curve 2 obtained in 0.15
SnSO; electrolyte showed that the reduction of tin started at a potential of
approximately -0.55 V (vs. SCE). A comparison of curves 1 and 2 indicates that
the current density increased more rapidly in case of tin deposition than in copper
deposition as the potential became more negative than -0.65 V (vs. SCE). The
curve 3 obtained in the condition for the synthesis of CusSns@Sn nanodendrites
(CuS04:SnS04=0.027:0.15 M) appears to be a combination of curves 2 and 3. The

copper reduction peak at -0.23 V (vs. SCE) diminished due to a low CuSO4
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concentration. In the potential range of -0.53~-0.9 V (vs. SCE), slow decrease of
current density and short diffusion limited plateau were observed, indicating that
tin reduction and CueSns formation occurred simultaneously. As further increasing
CuSOy concentration in electrolyte, two reduction peaks at -0.23 and -0.55 V (vs.
SCE) and long diffusion limited plateau from -0.55 to -0.9 V (vs. SCE) were
observed in the electrolyte of CuSO4:SnS04=0.125:0.15 M (curve 4) where a

single phase CusSns alloy was formed.

The XRD patterns showed that Sn, CusSns, and CuyoSnjo phases were formed
at -0.55 V (vs. SCE) and they were completely transformed into CusSns phase at -
0.78 V (vs. SCE) when deposited in the electrolyte of CuSO4:SnS04=0.125:0.15
M form 3 min (Figure 2.5.6(a, b)). Thus, the plateau in the range from -0.55 to -
0.9 V (vs. SCE) is attributed to the formation of CueSns. It can be inferred that the
CueSns formation leads to lower the current density (less negative) and slow down
the deposition rate. (Figure 2.5.7) Both Sn and CusSns phases were detected in the
foams deposited at -0.53 and -0.78 V (vs. SCE) for 3 min, but the peak intensity
for Sn increased at -0.78 V (vs. SCE) largely increased. (Figure 2.5.6(c, d)) Also,
the EDS spectra showed that the increased amount of Sn was present in the foam
deposited at -0.78 V (vs. SCE) from 64 to 88 wt. %. (Figure 2.5.8) At the applied
potential of -0.78 V (vs. SCE), the current density increased more rapidly and thus,

the deposition rate was faster in the electrolyte for curve 3 than that for curve 4.
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(Figure 2.5.7) This means that the formation of CusSns alloy leads to slower
deposition rate and the growth of Sn dendrite was controlled by the embedment of

CueSns alloy during co-electrodeposition of Sn and Cu.

2.5.2.2 Synthesis of SnO,/CuO nano-hybrid foams and their gas sensing

properties

The open porous foams were formed during electrodeposition on Si/SiO;
substrate (Figure 2.5.9) and the pore diameter was 50~100 um. The foam wall
was composed of numerous dendrites, which were three-dimensionally
interlocked forming 3D network structure (Figure 2.5.9(a)). The length and
diameter of the dendrites were 300~400 and 30~50 nm, respectively. The overall
morphology was similar to the Sn foams fabricated in the similar condition [63],
but the size of the dendrites was much smaller and less straight. Thus, the
electrodeposition in the presence of Cu precursor yielded more dendrites (higher
number density) with a short length and produced much denser foam wall. The
ratio of Cu/Sn in the foam determined by EDS was 0.18 in wt. %. The
morphology of the oxide foam after thermal oxidation at 700 °C for 1 h is shown
in Figure 2.5.9(c). The macro-porous structure was unchanged during heat
treatment, and the pore size and shape remained almost same. A slow heating rate
of 1 °C/min permits to grow a thin supporting oxide surface layer before melting

and convert into the corresponding oxide foam without losing the structural
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integrity [64]. The dendritic structure in the pore wall was also preserved (Figure
2.5.9(d)), and the dendrites became slightly thicker due to oxidation. The high
magnification STEM image shows that the individual dendrite had the wavy
surface due to uneven oxidation and sintering, and there were bright-colored spots
(high atomic number) (Figure 2.5.9(¢)). The EDS mapping indicates that both Sn
and Cu were concentrated on those spots, but both elements were found
throughout the dendrite (Figure 2.5.9(f, g)). The dendrite was a nano-hybrid of tin

oxide and copper oxide, but the nature of nano-hybrid is still under investigation.

The phase changes during thermal oxidation of Sn-Cu foams are shown in
Figure 2.5.10. As-synthesized foams were the mixture of crystalline Sn and
CueSns (Figure 2.5.10(a)), and thus, Cu was present in the alloy form. After
annealing at 700 °C, tin oxide (SnO,) and copper oxide (CuO) were formed, but
CueSns was still remained. It was reported that Sn foams were completely
oxidized into SnO, above 600 °C through intermediate oxidation states (Figure

2.5.10(b)) [64,65]

The response transient of SnO,/CuO nano-hybrid foam sensor toward
H,S at 250 °C is shown in Figure 2.5.11(a). Upon injecting the 20 ppm H,S gas,
the resistance of the sensor decreased by more than two orders of magnitude, and
it slowly recovered with exposure to air, exhibiting a typical n-type semiconductor

sensing behavior. The foam sensor showed a stable response down to 4 ppm H,S,
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and the magnitude of the gas response (S) decreased linearly with decreasing the
H,S concentration. The foam sensor responded to H,S in the temperature range of
150~400 °C (Figure 2.5.11(b)) and showed a typical temperature dependence of
gas response as a semiconductor-type gas sensor [66]. The maximum gas response
(8=574) toward 20 ppm H,S was observed at 250 °C. The observed magnitude of
gas response was the comparable to that reported previously [67-69]. The long-
term stability of SnO,/CuO nano-hybrid foam sensor was examined by repeating
the sensing measurement at 250 °C (Figure 2.5.11(c)). The resistance in air
decreased slightly during the first several cycles, but the sensing signal became
stable and reversible afterwards. Thus, the foam sensor exhibited the quite stable

sensing behavior over cycles. In case of Sn dendrites structure without Cu, the

diameter of dendrite branch was approximately 1um with 7 m?*/g of Brunauer-

Emmett-Teller (BET) surface area [65] and its value of gas response was below 3
in the range of 200~400 °C in H,S of 20ppm. Although the nanodendrite Sn-Cu
alloy exhibited higher surface area of 11 m?g, it is thought that the
heterostructuring with CuO is dominant factor in terms of lowering optimum

temperature and the enhanced value of gas response.

The gas responses of SnO,/CuO nano-hybrid foam sensor toward 20 ppm
of H,, CO, NH3;, NO,, CHsOH, and H,S were compared at 250 °C (Figure 2.5.12).

The foam sensor responded to all the gases investigated, but the magnitude of gas
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response (S) toward H,, CO, NH3, NOy, and CHsOH was significantly (two orders
of magnitude) lower than that for H,S (Figure 2.5.12(a)). Thus, the foam sensor
exhibited the remarkably higher selectivity toward H,S. The enhanced sensitivity
and selectivity toward H,S gas in SnO,/CuO nano-hybrid foam sensor can be
understood in terms of high surface area, formation of resistive p-CuO/n-SnO,
junction, and disruption of resistive junction by the sulfurization of CuO into
metallic conductor CuS upon exposure to H,S [62,66]. The response time (Z999;)
toward H,S was short compared to the other gases (Figure 2.5.12(b)), but the
overall gas response was relatively long, which can be attributed to the large
electrode gap (6 mm) in the present sensor and relatively low operating
temperature. The large electrode gap was used to minimize the Pt catalyst effect in

gas sensing properties. [70]

2.5.3. Conclusion

The branch diameter of wall structures in electro-deposited foam has been
successfully controlled below 50nm with adding a small amount of copper
element in electrolyte for tin deposition leading to form CueSns alloy during Sn
deposition. This represents a novel way of generating porous dendrite structures
with even finer branches with nano-scale diameter. It is confirmed that CusSns
alloy is located inside of Sn nanodendrite branches and it was proposed that the

alloy phase formation in co-electrodeposition leads to control the deposition
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kinetics effectively and generate size-down to nanoscale. The heat treatment with
a slow heating rate converted from metal into CuO/SnO, foam preserving the
integrity and pore structure. A gas sensor was fabricated using the porous nano-
dendrites CuO/SnO, foam and the sensor exhibited superior gas sensing
performance toward H,S with high gas response and fast gas reaction compared to
other gases. This selective detection is understood in the frame of the advantage of
nanostructure and the chemical reaction between H,S and CuO and the behavior

related on p-n junction.
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Figure 2.5.1 Surface morphology of porous foams electrodeposited in 1.5M

H,S0; electrolyte of different composition; (a) 0.15 M CuSO, « 5H;0, (b) 0.1 M

CuSOy « 5SH,0, 0.12 M SnSOs4, (c) 0.025 M CuSO4 + 5H,0, 0.14 M SnSOq, (d)

0.15 M SnSOq4
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Figure 2.5.2 X-ray diffraction pattern of porous foams electrodeposited in 1.5M

H,S0; electrolyte of different composition; (a) 0.15 M CuSO4 + 5H0, (b) 0.1 M

CuSO4 + 5H>0, 0.12 M SnSOq, (¢) 0.025 M CuSO4 - 5H,0, 0.14 M SnSOy, (d)

0.15 M SnSO4
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Figure 2.5.3 (a) High magnitude image and (b) TEM image of synthesized

nanodendrites, (c) tin and (d) copper element mapping images using EELS of (b).
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Figure 2.5.6 Phase analysis of deposits synthesized in the electrolyte of different

electrolyte composition; 0.125 M CuSO4 « 5H,0, 0.15 M SnSOy at (a) -0.53V
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Figure. 2.5.7 Current transient in electrolyte at -0.53, -0.78 and 1 V vs. SCE in
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Figure 2.5.8 EDS spectra of synthesized deposits at -0.53, -0.78 and 1 V vs. SCE
in different electrolyte composition of curve 3 (CuSO4:SnS04=0.027:0.15 M) and
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Figure 2.5.9 SEM micrographs of the as-synthesized deposits on SiO,/Si
substrate by (a, b) electrochemical deposition, (c, d) the as-annealed films and

(e~g) its STEM images with EDS mapping.
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Figure 2.5.10 XRD patterns of Sn foams; (a) the as-deposited and (b) the heat

treated at 700 °C.
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Chapter 3.

Heterostructured nanotube of SnO, and TiO,
for Li ion Battery Application
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3.1. Introduction

The technical needs for large reversible capacity and high functionality of
lithium ion batteries (LIBs) has increased in wide range, from hybrid electric
vehicles (HEVs) to portable electronic devices.[1-3] In general, graphite-based
materials are commercially used as an anode, which its theoretical capacity is
relatively low, 372 mAg™.[4] In this manner, a lot of attention have been attracted
for alternative high capacity anode materials such as Si, Sn-based materials.[5-7]
Among various candidates, SnO, has been considered as a promising anode
material due to its high capacity and low reactivity with electrolyte.[8,9] However,
a large and uneven volume expansion up to 300 % occurs during lithium

insertion/extraction(reaction: SnO, + xLi+ + xe” <> Li,Sn + Li;O), which causes

a pulverization and electrical connectivity loss. As a result, a fast capacity fading
is observed in SnO, electrode.

To solve this problem, nanoporous structure with a high surface to
volume ratio such as nanotubes, hollow sphere can prevent from aggregating
particles, making diffusion of electrolyte difficult within aggregates.[10-13]

The applying nanoporous structures to anode materials would shorten the
diffusion length of Li ions further and thus lead to fast high-rate performance. In

addition, inner free surface can make mechanical stress accommodated.
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Among them, nanotube is the most promising structure for anode electrode
of LIBs because inner free space of nanotube can accommodate the large volume
expansion without a pulverization of electrical pathway, significant advantage for
an enhanced rate capability. Its inner space can release mechanical stress then
structural stability can be obtained.[14-16] Recently, the electrochemical
performance of SnO, hollow structures have been intensively investigated, and
these structures showed the enhanced cycling performance compared to that of
SnO, nanoparticles.[24-31] However, capacity fading still remain a critical
problem for the practical implementation.

To overcome this limitation of SnO, materials anode, technical approach is a
heterostructuring with other structurally stable anode materials in order to obtain a
stable cycle electrochemical performance. Among various metal oxides for
heterostructuring with SnO,, TiO; is considered as one of appropriate materials.

In order to meet the requirement on environmental benignity, availability and
safety, the employment of titanium dioxide (TiO,) as anode materials of LIBs is
more benefits over the conventional anode materials to achieve higher safety and

stability.[25] The volume change of TiO, is less than 4% during the formation of
typical Li-ion intercalation compound in the reaction: TiO; + xLi" + xe” «
L TiO, (0 £ x £ 1), which thus greatly improves the overall safety of battery
and this structural stability enable outstanding faster charge/discharge properties
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at high C-rate.[25-28] In addition, the operating voltage of TiO, is relatively high
(1.5-1.8 V verse Li/Li") therefore the formation of solid-electrolyte interface (SEI)
layer on the surface of anode can be effectively avoided due to such a high
operating voltage.[27,29] However, less energy is generated that the reported
maximum practical capacity of TiO, was approximately 150~170 mA hg” and
lower than currently used graphite.[26-30] This low capacity is originated from
the poor electrical conductivity and low diffusion coefficient of Li-ion in TiO; (~1
x 10" S m™) thus the advancement of TiO, as anode materials is severely
restricted.[29] In recent decades, one widely practiced strategy to overcome this
drawback of TiO, based anodes is the utilization of various TiO, nanostructures
and many researches related on those have been intensely conducted.[28,31-33]
Sn0O,/Ti0, double shell nanotube have been recently suggested to overcome the
demerits of both materials, and to improve the electrode performance.[33-40]
TiO, encapsulation can effectively maintain the mechanical integrity of SnO,
during the reaction with Li ions while the low specific capacity of TiO, can be
compensated by the high capacity of SnO,. SnO; nanoparticles encapsulated with
TiO, have been considered most frequently.[33-35,39,40] Although a nanotubar
hollow type is more suitable for accommodating volume expansion and thus
enabling better cycle performance than the nanoparticle type,[41, 42] studies on

SnO; nanotubes encapsulated with TiO, for LIB anode has been very limited.

108



In SnO,@TiO; double-shell nanotube, a TiO, outer shell can encapsulate the
SnO; inner nanotube, allowing the structural integrity to be maintained. The large
internal stresses caused by volume expansion of SnO, during Li-ion
charge/discharge can also be accommodated through the sufficient inner space of
the nanotube.

In this study, SnO,-TiO, multi-layer nanotubes were fabricated by utilizing
electrospinning and atomic layer deposition (ALD). Polyacrylonitrile (PAN) is
chosen as an electrospinning material, and as-electrospun PAN nanofiber is used
as a template for the nanotube. The thicknesses of the SnO, inner shell and TiO,
outer shell are precisely controlled in nanoscale. The synthesized products were
fabricated to coin-cell for electrochemical test and those enhanced electrochemical

properties were confirmed.
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3.2 SnO,@TiO, double-shell nanotube and its

electrochemical properties

3.2.1. Experimental procedure

Synthesis of SnO,@TiO; double-shell nanotubes

For electrospinning, PAN (Polyacrylonitrile, MW = 200,000 g mol”, Misui
Chemical) was dissolved in dimethylformamide (DMF, purity = 99.5%, Daejung
Chemical), and the concentration of the solution was fixed to 15 wt% to produce
uniform nanofibers with an average diameter of 200—-300 nm. The electrospinning
conditions were optimized as follows: applied voltage: 15 kV, tip-to-collector
distance: 10 cm, and flow rate of solution: 0.5 ml h”'. The as-electrospun PAN
nanofibers were directly collected on a 4-inch silicon wafer for the subsequent
SnO, and TiO, coatings by ALD. The SnO; inner shell and TiO; outer shell were
deposited on the as-electrospun PAN nanofibers by plasma-enhanced atomic layer
deposition (PEALD). Dibutyltindiacetate (DBTDA) ((CH3CO,),Sn [(CHz)s—
CHs],) was used as the Sn precursor, which was evaporated at 40 °C and
transported to the deposition chamber by a 20-sccm Ar (99.99%) gas. Titanium
isopropoxide (Ti(OCH(CHj3),)s) was used as the Ti precursor, which was
evaporated at room temperature and transported by 10-sccm Ar gas. The 50-sccm

0, (99.99%) and Ar (99.99%) gases were used as the plasma and purge gases,
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respectively. The time sequence for source pulse, first purge, O, pulse, plasma
pulse, and second purge was 3, 12, 8, 1, and 12 s for SnO, deposition and 1, 12, 8,
1, and 12 s for TiO; coating, respectively. The deposition was conducted with an
RF power of 100 W at 240 mTorr, and the substrate temperature during deposition
was maintained at 100 °C to reduce the degradation of PAN nanofibers. The

number of ALD cycles for SnO, and TiO; coatings were 300 and 600, respectively.

The SnO,@TiO, double-shell-coated PAN nanofibers were annealed at 700 C for

1 h to burn out the PAN template and to crystallize the SnO, and TiO; shells. The

detailed fabrication procedures are schematically shown in Fig. 3.2.1.

Characterization

SnO,@TiO, double-shell nanotubes were characterized by field emission
scanning electron microscopy (FESEM, Hitachi, S-4800) and transmission
electron microscopy (TEM, FEI, Tecnai F20) equipped with energy dispersive
spectroscopy (EDS). For electrochemical measurements, the test electrodes
consisted of the active powder material (70 wt%), carbon black (Ketchen Black,
10 wt%) as a conducting agent and poly amide imide (PAI, 20 wt%) dissolved in
N-methyl pyrrolidinone (NMP) at 60 °C as a binder. Each component was well
mixed to form slurry using a magnetic stirrer. The slurry was coated onto a copper

foil substrate, pressed, and dried at 200 °C for 4 h under a vacuum. A coin-type
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electrochemical cell was used with Li foil as the counter and reference electrodes,
and 1 M LiPF in ethylene carbonate (EC)/diethylene carbonate (DEC) (5:5 (v/v),
PANAX) was used as the electrolyte. The cell assembly and all of the
electrochemical tests were carried out in an Ar-filled glove box. The cycling
experiments were galvanostatically performed using a Maccor automated tester at
a constant current of 800 and 1500 mA g for the active material within the
voltage range between 0.0 and 3.0 V (vs. Li/Li"). During the discharging step, Li
was inserted into the electrode, while Li was extracted from the electrode during
the charge. After the electrochemical measurements, the coin cell was

disassembled and washed completely with ethanol for SEM and TEM analyses.

3.2.2. Result and discussion

The as-electrospun PAN nanofibers were connected to each other, forming a
self-supporting network (Figure 3.2.2). The PAN nanofibers had a relatively
uniform diameter of 200~300 nm with a smooth surface, and their length was
more than several tens of micrometers. The nanofiber network was well adhered
to the Si substrate, and it was detached from the substrate after annealing at 700
°C. The original arrangement of PAN templates was preserved in the SnO,@TiO,

double-shell nanotubes forming the network structure (Figure 3.2.3(a)). The
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nanotubes had uniform diameter without structural distortion, demonstrating that
the ALD process yielded uniform and conformal SnO,@TiO, coating on PAN
templates. The templates were effectively removed by calcination (inset of Figure
3.2.3(a)) and the thermogravimetric (TG) analysis indicated that no residual
carbon was left. Low-magnification TEM image showed the tube-like structure,
with bright-colored core free inner space and dark-colored metal oxide shell
(Figure 3.2.3(b)). The wall thickness was constant along the entire length of the
nanotubes. The STEM image confirmed that the walls of the nanotubes were
composed of two shells; bright-colored inner shell with high atomic number and
dark-colored outer shell with low atomic number (Figure 3.2.3(c)). The EDS line
profiles clearly demonstrated that Sn was present in the inner shell and Ti was
located in the outer shell. The two distinct layers with different contrast were
observed in the high-magnification TEM image (Figure 3.2.3(d)), and the
thicknesses of each layer were ~12 and ~22 nm. Thus, the fabricated nanotubes
had 12 nm-thick inner SnO, and 22 nm-thick outer TiO; shells. It is noted that the
precise thickness control of SnO; nanotubes on PAN template by ALD has been
demonstrated in a previous study.[43] Also, the shell thickness of TiO, nanotubes
could be easily controlled and it was 5, 10, and 22 nm for 75, 150, and 300 ALD
cycles, respectively (Figure 3.2.4). The TiO, shell thickness increased linearly
with the number of ALD cycles, and the average growth rate was determined to

be ~0.07 nm cycle™. The present study is focused on the TiO, nanotubes with the
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shell thickness of 22 nm, based on the optimum ratio of Sn to Ti proposed by Park
et al.44 The spots and rings appeared in the selected area diffraction (SAED)
pattern, which was indexed to the rutile phase (inset of Figure 3.2.3(d)). However,
the beam size for SAED was larger than the wall thickness of nanotubes, and TiO,
could not be separated from SnO,. The high resolution TEM image of the outer
shell showed lattice fringes, indicating that TiO, was well crystallized (Figure
3.2.3(e)). The X-ray diffraction pattern shown in Figure 3.1.5 clearly indexed to
be the mixture phase of rutile SnO; and anatase TiO».

The atomic ratio of Ti to Sn estimated by the nanotube geometry was 2.1, and
the ratio determined by EDS was 2.6. Consequently, crystalline SnO,@TiO,
double-shell nanotubes were successfully fabricated by combining PAN nanofiber
templates and ALD coating process. For comparison, SnO, single-shell nanotubes
were fabricated in the same process (Figure 3.2.6). The wall thickness of SnO,
single-shell nanotubes was ~12 nm after 300 ALD cycles. The nanotubes were
crystalline and composed of nanocrystallites similar to the previous report.[43]

The discharge/charge voltage profile of the SnO,@TiO, double-shell nanotube
electrode is illustrated in Figure 3.2.7(a). The cycling experiments were conducted
in the voltage range between 0.01 and 3.0 V (vs. L/Li+) at a current density of
800 or 1500 mA g™'. The shape of the voltage profile was very close to that of the
typical rutile TiO, electrode.[25,29] At the current density of 800 mA g, the

initial discharge and charge capacities were 599 and 237 mA h g™, respectively.
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The coulombic efficiency of the first cycle was low (about 40 %), which was due
to the irreversible reduction of SnO, to Sn and Li,O. After the first cycle, the
discharge and charge capacities rapidly approached the constant value of ~300
mA h g with the Coulombic efficiency of ~97% (Figure 3.2.7(b)). In order to
understand the Li-ion charge/discharge reactions, cyclic voltarmetry (CV) of the
SnO,@TiO, double-shell nanotubes was conducted at 1 mVs™, and the ex-situ
TEM images and SAED patterns of active anode materials at each potential
(points 1~3 in Figure 3.2.7(c)) were shown in Figure 3.2.8. The first cycle curve
was different from the second and third ones, possibly due to the formation of
solid-electrolyte interface (SEI) and Li,0.[45,46] At the discharge potential of 0.2
V (point 1), SnO,@TiO, double-shell nanotube was fully charged and
transformed to Li»Sns and LipsTiO, (Figure 3.2.8b). As the charge potential
increased, lithium ions were extracted from Li»Sns to Sn (point 2) and from
LipsTiO, to TiO, (point 3) in sequence (Figure 3.2.8(c, d)). Thus, the
reduction/oxidation peak pairs at 0.17 and 0.51 V are attributed to lithium ion
alloying/dealloying with SnO,, and the small reduction/oxidation peak pairs at
1.72 and 2 V are ascribed to lithium ion insertion/extraction from Ti0O,.[45-48] In
addition, the integrity of SnO,@TiO, nanotube during the discharge/charge
process was verified by ex-situ TEM images (Figure 3.2.8). A similar shape of the
voltage profile with slightly higher initial discharge and charge capacities was

observed in the SnO, single-shell nanotube electrode (Figure 3.2.9), but the
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reversible capacity continuously decreased during 50 cycles (Figure 3.2.10(a, b)).
Interestingly, the SnO,@TiO, double-shell nanotube electrode exhibited a stable
reversible capacity for 50 cycles at both current densities (Figure 3.2.10(a, b)) and
the good rate capability was exhibited with the variation of current density.
(Figure 3.2.11) In case of TiO, single-shell nanotubes with 20 nm thickness, the
discharge capacity was ~80 and ~25 mA h g™ at the current density of 800 and
1500 mA g’ , respectively (Figure 3.2.12). It is noted that the double-shell
nanotube electrode showed better capacity retention at higher current density.
After 50 cycles, the reversible capacities of the SnO,@TiO, double-shell
nanotube electrode were 300 and 200 mA h g™ at the current densities of 800 and
1500 mA g™, respectively. These capacities were higher than the values observed
in the SnO; and TiO; single-shell nanotube electrodes and the reported practical
capacity of TiO, (150~170 mA h g™).[27-29] We believe that the high capacity of
SnO, and the superior cycling performance of TiO, are synergistically combined
in the SnO,@T10; double-shell nanotube electrode.

To confirm the structural integrity of the double-shell nanotube electrode
during repeated cycling, coin-type half-cells were disassembled in an Ar-filled
glove box, and the electrode was observed using SEM and TEM. After 5 cycles at
1500 mA g, the initial nanotube morphology of SnO, single-shell nanotube
electrode was completely lost (Figure 3.2.13(a)). The TEM image showed the

agglomerated spherical nano-particles of 50~100 nm size (Figure 3.2.13 (b)),
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which were confirmed to be Sn by EDS (Figure 3.2.14(b)). Similar agglomerated
particle morphology was also observed in the 50-cycled SnO, single-shell
nanotube electrode (Figure 3.2.15(a, b)), supporting that SnO, nanotubes were
disintegrated into nanoparticles during charging/discharging due to the large
volume expansion of SnO,. In contrast, SnO,@TiO, double-shell nanotubes
maintained their 1-D structure with conductive carbon particles after 5 cycles
without any mechanical degradation, and the morphology was similar to that of
the pristine sample (Figure 3.2.13(c, d)). The STEM image further confirmed the
hollow nature of the cycled double-shell nanotubes (Figure 3.2.13(e)). The EDS
mapping revealed that Ti and Sn were present on the nanotubes (Figure 3.2.13(f,
g)). Furthermore, the nanotube morphology was still preserved after 50 cycles
(Figure 3.2.15(c, d)). These observations corroborate that rigid TiO, encapsulation
and hollow inner space are very effective for accommodating the large volume
expansion of SnO,, which brings about stable cyclability even in the high rate

condition.

3.2.3 Conclusion

We have reported on a simple process to fabricate SnO,@TiO, double-shell
nanotubes with a precisely controlled shell thickness. The SnO,@TiO, double-

shell nanotubes was beneficial on the electrochemical performance, as
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demonstrated in terms of stable cycling and higher rate performance, suggesting
that SnO,@Ti0; nano-sized heterostructure in the nanotubular form can be a

solution for robust and fast charge/discharge anode for LIBs.
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Figure 3.2.1 Schematic diagram of the fabrication procedures and schematic

illustration of Li-ion insertion/extraction in SnO,@Ti0; double-shell nanotubes.
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Figure 3.2.2 Morphologies of as-electrospun PAN nanofibers on wafer.
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Figure 3.2.3 Characterization of SnO,@TiO, double-shell nanotubes; a) FE-
SEM and b) low magnification TEM images of double-shell nanotube network, c)
STEM image and EDS line profiles of individual double-shell nanotube (red line:
Ti, green line: Sn), d) high magnification TEM image and SAED pattern of

double-shell nanotube
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Figure 3.2.4 STEM images with EDS mapping (green: Sn, red: Ti) and low-
magnitude TEM images; the SnO,-TiO, multi-shell nanotube of (a, b) 75 and (c, d)

150 ALD cycles for TiO; shell coating.
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Figure 3.2.5 X-ray diffraction pattern of SnO,@TiO, double-shell nanotubes
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Figure 3.2.6 SnO; single shell nanotubes; (a) FE-SEM image, (b) STEM image

and EDS line-profile (green: Sn, red: Ti), and (c¢) low-magnitude TEM image.
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Figure 3.2.7 a) Charge/discharge voltage profile of SnO,@TiO; nanotube
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voltammetry of SnO,@Ti0O, nanotube electrode.
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Figure 3.2.13 a) FESEM and b) TEM images of SnO, nanotube electrode after 5
cycles at 1500 mA g, ¢) FESEM and d) TEM images of SnO,@TiO, double-
shell nanotube electrode after 5 cycles at 1500 mA g', e¢) STEM image of

individual double-shell nanotube in d), and (f, g) EDS element mapping of e)
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Figure 3.2.14 (a) STEM image of SnO; nanotube electrode after 5 cycles at 1500

mA g and (b) EDS element mapping.
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Figure 3.2.15 FESEM, STEM images, and element mapping of a, b) SnO,
single-shell nanotube electrode and c, d) SnO,@TiO, double-shell nanotube

electrode after 50 cycles at 1500 mA g™
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3.3 TiO,@SnO,@TiO, Multi-shell Nanotube and its

electrochemical properties

3.3.1. Experimental procedure

Synthesis and analysis of TiO,@SnO,@TiO, double-shell nanotubes

For electrospinning, PAN was dispersed on SiO,/Si substrate and detail
experimental conditions are shown in 3.1.1.1. The TiO,, SnO,, TiO, were
deposited in turn on the as-electrospun PAN nanofibers by plasma-enhanced
atomic layer deposition (PEALD). Dibutyltindiacetate and Titanium isopropoxide
were used as the Sn and Ti precursor each and the time sequence for source pulse,
first purge, O, pulse, plasma pulse, and second purge was 3, 12, 8, 1, and 12 s for
SnO; deposition and 1, 12, 8, 1, and 12 s for TiO, coating, respectively. The
number of ALD cycles for SnO, and TiO; coatings were 300 cycles in each
coating step. The TiO,@SnO,@TiO, multi-shell coated PAN nanofibers were
annealed at 700 "C for 1 h to burn out the PAN template and to crystallize the
SnO; and TiO, shells. The schematic experimental procedure was shown in
TiO,@SnO,@Ti0, multi-shell nanotubes were characterized by X-ray diffraction
(XRD, Bruker, D8-Advance) field emission scanning electron microscopy

(FESEM, Hitachi, S-48000), inductively coupled plasma (ICP) mass spectrometer
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and transmission electron microscopy (TEM, FEI, Tecnai F20) equipped with

energy dispersive spectroscopy (EDS).

Electrochemical measurement

For electrochemical measurements, the test electrodes consisted of the active
powder material (70 wt%), carbon black (Ketchen Black, 10 wt%) as a conducting
agent and poly amide imide (PAI, 20 wt%) dissolved in N-methyl pyrrolidinone
(NMP) at 60 C as a binder. Each component was well mixed to form slurry using
a magnetic stirrer. The slurry was coated onto a copper foil substrate, pressed, and
dried at 200 °C for 4 h under a vacuum. A coin-type electrochemical cell was used
with Li foil as the counter and reference electrodes, and 1 M LiPF¢ in ethylene
carbonate (EC)/diethylene carbonate (DEC) (5:5 (v/v), PANAX) was used as the
electrolyte. The cell assembly and all of the electrochemical tests were carried out
in an Ar-filled glove box. The cycling experiments were galvanostatically
performed using a Maccor automated tester at a constant current of 50 mA g for
the active material within the voltage range between 0.0 and 3.0 V (vs. Li/Li") and
additionally various condition of current density was applied for investigating
high rate cyclability. During the discharging step, Li was inserted into the
electrode, while Li was extracted from the electrode during the charge. After the
electrochemical measurements, the coin cell was disassembled and washed

completely with ethanol for SEM and TEM analyses.
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3.3.2. Result and discussion

The as-electrospun PAN nanofibers were connected to each other, forming a
self-supporting network (Figure 3.3.1a). The PAN nanofibers had a relatively
uniform diameter of 200 ~ 300 nm with a smooth surface, and their length was
more than several tens of micrometers. The nanotubes had uniform diameter
without structural distortion, demonstrating that the ALD process yielded uniform
and conformal TiO,@SnO,@T1i0; coating on PAN templates. (Figure 3.3.1b) The
nanofiber network was well adhered to the Si substrate, and it was detached from
the substrate after annealing at 700 °C.

The morphology of TiO,@SnO,@TiO, multi-shell nanotubes was
characterized by FESEM. The original arrangement of PAN templates was
preserved in the TiO,@SnO,@TiO, multi-shell nanotubes forming the network
structure (Figure 3.3.2). As shown in Figure 3.3.2a and b, the synthesized
nanotubes show straight shape with 1-dimensional direction and uniform diameter
without any structural distortion such as collapsing. The calcination at 700°C
removed effectively the PAN nanofiber cores, resulting the hollow nanotubes.
Low-magnification TEM image showed the tube-like structure, with bright-
colored core free inner space and dark-colored metal oxide shell (Figure 3.3.2c).
The wall thickness was constant along the entire length of the nanotubes. A

typical XRD result showing the product evolution after the heat treatment at
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700°C for 1h is shown in Figure 3.3.2d. The analysis of the as-synthesized
nanotubes by X-ray diffraction corresponds to the mixture phase of anatase TiO,
(JCPDS No. 21-1272) and rutile SnO, (JCPDS No. 41-1445). The weight ratio of
Ti to Sn estimated by EDS, ICP was 2.

For the further study on multi-shells nanotube, the cross-sectional view of
nanotube shell was investigated in the perpendicular direction to nanotube cross-
view. (Figure 3.3.3a) The STEM image shown in Figure 3.3.3b confirmed that the
walls of the nanotubes were composed of multi-shells; dark-colored shell with
low atomic number and bright-colored shell with high atomic number in the
center of shell. The EDS line profiles clearly demonstrated that Sn was present in
the core and Ti was located in the outer shell and this line profile and element
mapping images were corresponding to STEM images with three district shells.
(Figure 3.3.3b~d) The thickness of each shell was ~ 10 nm. It is noted that the
precise thickness control of shell thickness in nanotube structure by ALD has been
demonstrated in a previous study. [49] Consequently, crystalline
TiO,@SnO,@Ti0O, multi-shell nanotubes were successfully fabricated by
combining PAN nanofiber templates and ALD coating process.

For comparison, SnO, and TiO, single-shell nanotubes and SnO,@TiO,
double-shell nanotubes were synthesized in the same process. The wall thickness
of SnO,, TiO, single-shell nanotubes was ~30 nm. The each nanotubes were

crystallized to rutile SnO, (JCPDS#41-1445) and anatase TiO, (JCDPS#21-1272).
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(Figure 3.3.4)

The discharge/charge voltage profile of the TiO,@SnO,@TiO, multi-shell
nanotube electrode is illustrated in Figure 3.3.5a. In order to understand the Li-ion
charge/discharge reaction further, cyclic voltammetry (CV) of the
TiO,@SnO,@TiO, multi-layered nanotubes was conducted with 0.2 mV s
(Figure 3.3.5b) The curve of the first cycle is different from later ones, possibly
due to the formation of a solid-electrolyte interface (SEI) and Li,O.[50,51] It were
confirmed that the reduction/oxidation peak pairs at 0.27 V and 0.56 V is
attributable to lithium ion alloying/dealloying with SnO, and the small
reduction/oxidation peak pairs at 1.65 V and 2.1 V is attributable to lithium ion
insertion into/extraction out of Ti0,.[50-53] Even through SnO, layer is
embedded in TiO; shell, the reaction of Li-ion charge/discharge with SnO, is
activated due to nanosized thickness of TiO, shell therefore the low capacity of
TiO; can be compensated. The cycling experiments were conducted in the voltage
range between 0.01 and 3.0 V (vs. Li/Li") at a current density of 50 mA g™
(Figure 3.3.5¢) As control groups, SnO,, TiO; single nanotube with 30nm shell
thickness were synthesized and fabricated to coin-cell for test. TiO, nanotube
exhibited excellent capacity retention from initial stages but reversible capacity
was relatively low, 235 mAh/g at 50" cycle. Otherwise, SnO, nanotube shows
high reversible capacity but severe capacity fading was observed. In order to

investigate the structural geometry effect on electrochemical properties,
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SnO,(10nm)@Ti0,(20nm) nanotubes were prepared, SnO; inner shell (10nm
thickness) encapsulated by TiO; outer shell (20nm thickness). From the result,
electrical performance in initial stage was similar to that of TiO,@SnO,@TiO,
multi-shell nanotube but the tendency to fade reversible capacity is more severe as
cycle number increased. The structure of SnO, sandwiched between TiO, layers
can effectively accommodate the SnO; volume expansion during reaction with Li-
ion, leading to stable electrochemical performance. TiO,@SnO,@TiO, multi-
shell nanotube exhibit different discharge-charge profiles in the first and second
cycles. The specific discharge capacity is 2439 mAh g in the first cycle but it
dramatically dropped to 1213 in the second cycle. The coulombic efficiency of the
first cycle was low (about 40 %) in Figure 3.3.5d, which was due to the
irreversible reduction of SnO, to Sn and Li,O and the formation of the solid
electrolyte interface (SEI) layer on the surface of electrode. As the number of
cycle increase, the coulomic efficiency increase dramatically up to 96% in the
following cycles. (Figure 3.3.5d) With extended cycling, the capacity change
tends to be stable and the discharge capacity is relatively maintained shown in
Figure 3.3.5d, indicating good capacity retention and the discharge capacity was
~550 mAh g' at 60™ cycle. Figure 3.3.6a shows the cycling performance of
SnO,, TiO; nanotubes and TiO,@SnO,@Ti0, multi-shell nanotube at different
current densities (from the second cycle). The TiO@SnO,@TiO, multi-shell

nanotube exhibited decent high rate performance. The discharge capacities were
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maintained at high value when cycled at different current densities: 500 mAh g
at 0.2 A g', 440 mAh g’ at 0.5 A g', 400 mAh g’ at 1 A g, 370 mAh g" at 1.5
Ag' 350mAhg' at2 A g’ 305mAhg' at4 Ag',295mAhg" at 5 A g The
high-rate performances of SnO,, TiO, nanotubes with 30 nm shell thickness were
compared to that of TiO,@SnO,@Ti0, multi-shell nanotube. The reversible
capacity of SnO, nanotube in initial stage was much higher than that that of
TiO,@SnO,@Ti0, multi-shell nanotube but severe capacity fading was observed
as current density and number of cycle increase. TiO, nanotube shows excellent
capacity retention capability at current densities from 0.2 to 5 A g but reversible
capacities were relatively low. The high rate performance of TiO>@SnO,@TiO,
multi-shell nanotubes exhibited high reversible capacity and coulomic efficiency
up to ~99%. (Figure 3.3.6b) In terms of capacity value and capacity retention, the
synergetic effect was confirmed in the -electrochemical performance of

Ti0,@SnO,@T10, multi-shell nanotube.

3.3.3 Conclusion

Ti0,@SnO,@TIO; triple multi shell nanotubes were synthesized via simple
process with a precise thickness control and fabricated to coin cell for
electrochemical test. The TiO,@SnO,@TIO, multi shell nanotubes were

beneficial for the electrochemical performance, as demonstrated in terms of stable
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cyclability and high rate performance. We believe that the high capacity of SnO,
and the superior cycling performance of TiO, are synergistically combined in the

Ti0,@SnO,@Ti0, multi-shell nanotube electrode.

141



Figure 3.3.1 (a) As prepared PAN and (b) As-coated PAN
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