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Abstract

Air pollution is a serious environmental problem that jeopardizes human’ health.

Inhalation of gas pollutants can cause many health problems such as respiratory disease, lung

cancer, leukemia, or even death. Thus, development of new technologies and novel portable
miniaturized sensors to detect trace gas pollutants has received significant attention. This study
aims to develop high performance gas sensors by designing hierarchical nanostructured

materials and new device structures.

In Chapter 2, novel brush-like (B-) ZnO@SnO: n-n hierarchical nanostructures (HNSs)
were successfully synthesized by using a simple two-step hydrothermal method. The growth
mechanism of the B-ZnO@SnO2 HNSs was studied. The B-ZnO@SnO, HNS-based NO;
sensor showed high sensing performance including high sensitivity (response value: 25.5
tol ppm NO3), fast response (< 60 s), and low detection limit (5 ppb). The enhanced sensing
mechanism was attributing to the unique structure of B- ZnO@SnO> HNSs, which can provide

large specific surface area and can induce synergism effect due to the formed multi-junctions.

In Chapter 3, NiO nanowalls decorated by SnO2 nanoneedles (NiO@SnO.) were directly
grown on ceramic chips via a chemical bath deposition method to obtain uniform sensing
materials without aggregation instead of using slurry-coating method, which is used in the
Chapter 2. The morphologies and compositions of the NiO@SnO2 HNSs were well tuned by
varying the growth time to optimize the sensing performance. The response of the NiO@SnO-

HNSs (2 h) to 1 ppm H2S was over 23 times higher than that of the pure NiO nanowalls and

17 times higher than that of the pure SnO, nanosheets. This dramatic enhancement is mainly
due to the large surface area of the NiO@SnO2 HNSs and the p-n heterojunction at the hetero-

interface of SnO; and NiO. The variation in the depletion layers (Wsyo, and Wy;o) at the



interface of SnO2 and NiO greatly depends on the properties of the target gases (e.g., electron-

withdrawing property (NO) or electron-donating property (H2S)).

In Chapter 4, based on the in situ growth method (“bottom-up’’) which was reported in
Chapter 3, a “top-down” and “bottom-up” combined strategy was proposed to manufacture
wafer-scale miniaturized gas sensors with high-throughput by growth of patterned Ni(OH):
nanowalls at specific locations. First, micro-hotplates were fabricated on a two-inch (2”) silicon
wafer by micro-electro-mechanical-system (MEMS) techniques (“top-down” strategy). Then a
template-guided controllable de-wetting method was used to assemble a thermoplastic
elastomer (TPE) thin film with uniform micro-sized holes (relative standard deviation (RSD)
of the size of micro-holes < 3.5 %, n >300), which serves as the mask for growing Ni(OH)>
nanowalls (“bottom up” strategy). The obtained sensors based on these strategies showed great
reproducibility of electric properties (RSD < 0.8%, n=8) and sensing performance toward H2S

(RSD <3.5%, n=8).

Different from the chemiresistive gas sensors reported in this thesis, which are driven by
external power source, a novel device structure was proposed to construct photovoltaic self-
powered H>S sensor based on p-type single-walled carbon nanotubes (SWNTSs) and n-type
silicon (n-Si) heterojunction. The energy from visible light suffices to drive the device owing
to a built-in electric field (BEF) induced by the differences between the Fermi energy levels of
SWNTs and n-Si. Under 600 nm illumination (1.8 mW/cm?), linearly self-powered detecting
H>S in the range of 100 ppb to 800 ppb was implemented, with fast response time (57 s) and
recovery time (110 s) at room temperature. Compared with conventional chemiresistive sensor
based on SWNTSs, the response time and response of the photovoltaic self-powered device were
significantly enhanced. When exposing to 400 ppb H>S, the sensing response increased more

than 4 times attributed to the BEF.

\



Overall, three different heterostructure-based gas sensors were studied to enhance their
performance and the sensing mechanisms of the sensors were also investigated. Moreover, a
novel “top-down” & “bottom-up” strategy was proposed for wafer-scale fabrication of

miniaturized gas sensor.
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Chapter 1: Overview of Gas Sensors Based on

Heterostructural Metal Oxides

1.1. Motivation and Background

Air pollution is becoming a growing concern and a serious worldwide environment
problem that threatens human and organism’s well being. Reaction products of natural
activities, combustion products of solid fuels, and exhausts of vehicles and industries are three
main air pollution sources, which emit various gas pollutants (e.g., volatile organic compounds
(VOCs), NOx, SO2, O3, H2S, NH3, and so forth) [1-5]. Inhalation of gas pollutants can cause
many health problems such as respiratory disease, lung cancer, leukemia, or even early death
[6-9]. It is reported that from 2012 to 2016, millions of people died from air pollution and
billions of people face unsafe air every year [10]. All the gas pollutants can be divided into two
classes, namely, reducing gases and oxidizing gases based on their chemical properties. Among
the gas pollutants, NO. and H.S are typical oxidizing and reducing gases, respectively, and
have aroused great interest in the field of air pollution monitoring. Although some standard
analytical methods have been developed to detect and distinguish gas pollutants based on
laboratory analytical instruments (e.g., Mass Spectrometry (MS), Gas Chromatography (GC),
and Fourier Transform Infrared Spectroscopy (FTIR)), these instruments are bulky, analyses
are expensive and time consuming, and so cannot provide real-time feedback. Therefore, the
development of portable miniaturized gas sensors to obtain real-time feedback with high
sensing performance (e.g., sensitivity, selectivity, stability, response and recovery time (tres and

trec), and so on) is needed.



1.2. Development of Portable Gas Sensing Technologies
Up to now, several types of portable gas sensing technologies are available such as optical,
electrochemical (EC), and chemiresitive sensors. Korotcenkov et al. [11] summarized the

disadvantages and advantages of these three types of gas sensors (Table 1.1).

Table 1.1 Comparison of three types of gas sensors (e: excellent; g: good; p: poor; b: bad) [11].

Types Parameters
Sensitivity | Selectivity | Response Stability | Cost | Portable
time
Optical e e p g p b
Electrochemical g g p b g p
Chemiresitive e p e g e e

The device with the highest sensitivity and selectivity is achieved by the optical sensors.
An infrared (IR) sensor, one type of optical sensor, works by detecting changes of light
intensity upon exposure of a target gas (such as greenhouse gases and combustible hydrocarbon
gases) [12-14]. The photoionization detector (PID), which is another type of optical sensor,
normally uses ultraviolet (UV) to ionize VOCs and generates detectable current signal [15-17].
However, both the IR sensor and PID are expensive which limits the widespread application.
The EC sensors are more cost-effective than optical sensors. Generally, the typical EC sensors
consist of two functional parts, namely, an electrode system (e.g., two-electrode system
(working electrode (WE) and counter electrode (CE)) or three-electrode system (WE, CE and
reference electrode (RE))), electrolyte (e.g., solid-state electrolyte and ionic liquid electrolyte)
[18-21]. When exposed to the gas pollutants, the gases pass through the protection membrane,
which is on the top of the WE and electrolyte, and then react with WE to generate an electrical
current. However, the poor stability of the electrolyte and high working temperatures of the EC

sensors greatly influence their stability, which leads to a short life-time [11, 21]. For
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chemiresistive sensors, gas detection is achieved by detecting changes in the resistance of a
semiconductor [22, 23]. Metal oxide semiconductor-based gas sensors are the most popular
choice in commercial applications due to their high stability and low cost when selectivity is
not critical. The selectivity issue of the chemiresistive gas sensors can be partially addressed
by constructing gas sensor arrays, known as an ‘“electronic nose”, and combining
computational analysis algorithms such as learning vector quantization (LVQ), principal

component analysis (PCA), partial least squares (PLS), and so on [24-26].

At the beginning of the 1960s, Seiyama et al. [27] reported the first chemiresistive gas
sensor based on ZnO film and this aroused great attention [27, 28]. To date, many
chemiresistive gas sensors based on various metal oxides have been developed. Figure 1.1
shows the search results of reported gas sensors based on metal oxides (20603 articles in total)
(SnO2, ZnO, TiO2, W03, In203, and Fe203) up to June 14" 2019 [29]. A portion of the research
articles are based on p-type metal oxides with a percentage of 11.4%, and NiO is one of the
most popular p-type metal oxides in gas sensing (35%). For the n-type metal oxides, SnO>
(~31.3%) and ZnO (~25.4%) are the most representative gas sensing materials due to their
good stability and sensitivity, as summarized in the Figure 1.1. Hence, this project mainly
focuses on studying the SnO., ZnO, NiO and heterostructural materials based on these metal

oxides.
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Figure 1.1 Internet search results of web of knowledge on June 14th 2019 about the p-type

and n-type metal oxide-based gas sensors.

1.3. Basic Sensing Mechanism of Gas Sensors Based on Metal Oxides

Understanding the sensing mechanism of metal oxide-based gas sensors can provide a
guideline for high-performance sensor design. For example, increase of the specific surface
area and fabrication of heterostructural materials can be effective approaches. The typical gas
sensing mechanism model based on a metal oxide can be explained as follows. First, when the
temperature is elevated, the adsorption of oxygen molecules (O2) from the ambient air on the
surface of the metal oxide will withdraw electrons from the metal oxide to form anionic species
(such as O2"and O). Then, an electron-depletion layer (EDL) for a n-type metal oxide or a hole
accumulation layer (HAL) for a p-type metal oxide is formed at the surface of the metal oxide
[14, 22, 30]. This reaction leads to the conduction band of the metal oxide bending upward at
the surface and forming a potential barrier. Second, when exposed to target gases, the
adsorption of the target gases on the surface of the metal oxide will react with the formed ionic
oxygen species by withdrawing electrons (oxidizing gases) or donating electrons (reducing

gases) [31, 32]. The transfer of the electrons between the target gases and metal oxide can



regulate the width of the EDL or HAL [29, 33]. Thus, the overall resistance of the metal oxide-
based sensor will change. For example, when exposed to reducing gases, the electrons will
transfer from the reducing gases to the n-type metal oxide. As a result, the EDL will shrink,
which causes a decrease in resistance, named n-type sensing behavior. In contrast, if a p-type
metal oxide is exposed to the reducing gases, the HAL will shrink due to the donated electrons
and lead to an increase in resistance, named p-type sensing behavior. The response to the

oxidizing gases is opposite to the reducing gases.

However, the sensing mechanism of the chemiresistive sensors is always more complex
as it is not only dependent on the properties of the sensing materials (e.g., p-type or n-type
semiconductor) but also influenced by various parameters such as grain size, working
temperatures, density of defects, and even the exposed crystal facet of the sensing materials
[11, 34-40]. For example, Xu et al. [38] studied the effects of crystal diameter (D) of SnO. on
sensitivity of the sensor. The SnO2-based sensor reaches the highest sensitivity when the D is
comparable with or less than two times of the Debye length (Ap) of the SnO> [38]. Because
when the D < 2Ap, the SnO; is completely depleted after absorbing O2 molecules and then the
response to the reducing gases is maximized. The Ap of the studied metal oxide can be

calculated according to the following equation (1-1) [41, 42],

Ap = | Mokl (1-1)

qa*Nmo

where &, Is the dielectric constant of the studied metal oxide, k is Boltzmann constant, T is
the absolute temperature, q is electrical charge of the carrier, and Ny, is carrier concentration
of the studied metal oxide. The influence of the working temperatures is ascribed to the possible
competition between adsorption and desorption rates of the target gases, and the surface

reactivity of the adsorbed gas molecules and oxygen species [9, 43]. In addition, the sensing



performance of the metal oxide can also be influenced by the exposed crystal facets due to the

different activity [34].

Thus, by tuning the above-mentioned parameters the sensing performance of sensors can
be greatly modulated. Miller et al. [44] summarized several of the most likely mechanisms
responsible for enhancing the sensing performance (Figure 1.2). Three categories of
enhancement mechanism are illustrated, namely, surface-dependent, interface-dependent, and
structure-dependent. Among them, the interface-dependent enhancement mechanism is too
complicated to cover all the interface interactions by one theory as various heterostructural
material-based sensors are available (e.g., n-n heterojunction and p-n heterojunction). Up to
now, numerous publications of the chemiresistive sensors based on heterostructural materials
are often using an inefficient trail-and-error type approach. Therefore, understanding the
sensing mechanism of the heterostructural material-based sensors is essential and can guide
researchers for bottom-up design of gas sensors according to their demands. In the following
section of this chapter, the basic sensing mechanism of three typical types of device structure

based on heterostructural materials will be introduced and discussed.
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Figure 1.2 Summary of most cited sensor performance enhancing mechanisms and the types of

heterostructures that are most optimal for each mechanism type. Some types of mechanisms

and structures have been omitted for space [44].

1.4. Typical Sensing Mechanism of Gas Microsensors Based on Heterostructures

As mentioned above, the n-type metal oxides are much more widely used than the p-type
metal oxides for gas sensors. So, n-n heterojunction- and p-n heterojunction-based structures
are very common. The transfer of charges at the hetero-interface is basically depending on the
different Fermi levels (Ef) of the constituents. The electrons will flow from the constituent with
a higher Efto the constituent with a lower Er at the hetero-interface and vice versa for holes
until the Fermi levels reach equilibrium. Then the carriers at the hetero-interface will be
depleted and form a depletion layer, which facilitates to tune the conduction channel of the

SENSOrs.

Although the heterojunction plays a very important role in gas sensing performance, the
device structure of the whole sensors (geometric structure or electronic structure) can also

significantly affect the sensing behavior. Here, three typical types of device structure based on



metal oxide heterojunctions are discussed as shown in Figure 1.3: (type-I) two kinds of metal
oxide compounds are randomly dispersed between two electrodes; (type-II) heterostructural
materials are consisted of two kinds of metal oxides in order and only one kind of the metal
oxides connects the electrodes; (type-III) two materials connect to the two electrodes separately

and the device is channeled by the formed heterojunction between the two materials.
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Figure 1.3 Schematic graph of three types of device structure.

e A hyphen between compounds (e.g., “SnO2-NiO”) represents that the two constituents are

simply mixed (type-I).

e An “@” between two compounds (€.9., “SnO2@NiO”) represents that the host material

(SnOy) is decorated with NiO which is used in the type-II sensor structure.

e A forward slash (e.g., “NiO/SnO>”) represents the type-III sensor structure and the former

material is p-type semiconductor and the later is n-typesemiconductor.

1.4.1. Sensing Mechanism of the Type-I Sensor Structure
For metal oxide composite-based gas sensors, the two kinds of metal oxides are randomly
distributed between the electrodes. Many fabrication methods have been developed and

reported to obtain the metal oxide composites including sol-gel, co-precipitation, hydrothermal,



and the simplest mechanical mixing method [45-47]. Notably, even though the composition
percentage of the metal oxide composites is the same, the sensing performance of the sensors
can be quite different with different fabrication processes [48, 49]. For instance, Gao et al. [48]
prepared two sensors based on MoOs-SnO. composites using chemical-solution and
mechanical mixing methods, respectively. The sensing results demonstrate that even though
the MoO3-SnO. composites obtained by the two methods have the same atomic ratio (Mo:Sn;
1:1.9), the sensing performance of the MoOs-SnO2 composites prepared by the chemical
solution method is much better owing to the stronger interconnection between the MoO3z and

SnOa.

Generally, the sensing behavior of the metal oxide composites is greatly dependent on
which metal oxide acts as the dominating conduction channel of the sensor. Thus, it is very
important to determine the dispersal state of the composites such as the percent composition
and the nanostructure of the composites. Naik et al. [45] studied the SnO2-ZnO composites
prepared by the mechanical mixing method and varied the percent composition of the ZnO
from 0 wt% to 100 wt%. When one constituent dominates in the percentage composition of the
composites (e.g., 0.9Zn0-0.1Sn0O; and 0.1Zn0-0.9SnO, composites), the conduction channel
is determined by the major metal oxide, which is called homojunction conduction channel.
When the percentage compositions of two constituents are comparable, the conduction channel
is believed to be heterojunction dominated [45, 50]. Yamazoe et al. [51, 52] reported that the
hetero-contact regions of two constituents can dramatically enhance the sensitivity of the
sensor due to a heterojunction potential barrier. This is because the heterojunction potential
barrier, formed owing to different working functions of the constituents, can efficiently tune
the drift mobility of electrons when exposed to different ambient gases [51, 52]. Kim et al. [50]
further confirmed this conclusion, a series of xSnO2-(1-x)Co304 composite nanofibers were

synthesized by an electrospinning method to study the sensing performance. Obviously, the



sensing behavior of sensors based on SnO,-C0304 composites transits from the n-type to the
p-type sensing behavior by decreasing the SnO. percentage (Figure 1.4) [50]. When the major
constituent is SnO>, the sensor shows a typical n-type sensing behavior and then transforms to
the p-type sensing behavior when Co030s dominates. For the 0 56Sn0O2-0 5C0304 (nominal
composition), although maximum number of p-n heterojunction exists, the sensor shows the n-
type sensing behavior due to the nominal composition. However, compared with
homojunctions dominated sensors (e.g., the SnO2-rich or CozO4-rich cases), the heterojunctions
dominated sensor (0 5Sn0,-0 5Co0304-based sensor) shows the highest sensing response to
CeHe. The high initial resistance of 0 5Sn0.-0 5C0304-based sensor and the more evident
ability to modulate the overall resistance of the sensor caused by the p-n heterojunction both
lead to high sensitivity to CeHs. Moreover, defects formed at the SnO,-Co304 hetero-interfaces,
which result from lattice mismatch, can provide preferential adsorption sites for the target gases

and oxygen molecules resulting in an enhanced sensing response [48, 53].
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Figure 1.4 Schematic diagram of number of junctions in the three selected compositions; (a)
SnOz-rich composition; (b) 0 5Sn02-0 5Co304 composition; (c) CosOs-rich composition; (d)
the sensor resistance of xSnO»-(1-x)Co304 compositions; (e) sensing response of xXSnO»-(1-

X)Co0304 compositions sensors to 10 ppm CO, acetone, CsHe, and SO> gases at 350 °C [50].

1.4.2. Mechanism of the Type-II Sensor Structure

The type-II sensor structure is another popular sensor structure and various
heterostructural materials are available, which consist of one type of host nanomaterials and a
second or even third phase nanomaterials. For instance, one dimensional materials (1D) or 2D
materials decorated with nanoparticles, and core-shell (C-S) heterostructures are different
heterostructural materials used in the type-II sensor structure. For the first kind of
heterostructural materials (decorated heterostructures) as demonstrated in Figure 1.3, the
conduction channel of sensor is connected by the host materials, and the modified nanoparticles
can provide more reaction sites for adsorption or desorption of gases and can also work as

catalysts to enhance the sensing performance [48, 54, 55]. In addition, the formed
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heterojunctions between the host material and the nanoparticles can efficiently modulate the
conduction channel via a radial modulation mechanism [56]. Figures 1.5a and b demonstrate
the sensing performance of pure SnO2 nanowires and SnO>@Cr.03 nanowires to the reducing
and oxidizing gases [57]. Compared with the pure SnO2 nanowires, the response of the
SnO,@Cr203 nanowires to the reducing gases is greatly enhanced whereas it is deteriorated to
oxidizing gas. These phenomena are closely related to the local suppression of the conduction
channel of the SnO. nanowires in radial direction ascribing to the p-n heterojunction [57].
Figures 1.5¢c and d illustrate the sensing mechanism of the pure SnO. nanowires and
SnO,@Cr203 nanowires. For the pure SnO2 nanowires, the resistance of the sensor is simply
tuned by changing the width of the EDL on the surface of SnO, nanowires after exposure to
the reducing and oxidizing gases [57]. For the SnO.@Cr.Oz nanowires, as the electrons will
flow from SnO: to Cr»0s at the hetero-interfaces due to the formed heterojunctions, the initial
EDL of the SnO2 nanowires in the air is expanded and the conduction channel is suppressed
compared with the pure SnO2 nanowires. Thus, when exposed to the reducing gas, captured
electrons are released to the SnO2 nanowires and the EDL dramatically shrinks resulting in a
higher sensitivity than the pure SnO2 nanowires. On the contrary, when switching to oxidizing

gas, the expansion of the EDL is marginal, which leads to low sensitivity.
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Figure 1.5 Summary of gas response to 10 ppm of reducing gases (a), and oxidizing gases (b)
based on pure SnO2 nanowires and SnO2@Cr203 nanowires; Schematic of sensing mechanism

based on pure SnO2 nanowires (c), and SnO>@Cr203 nanowires (d), respectively [57].

Bilayer or multi-layer heterostructures are commonly obtained by micro-fabrication
techniques such as sputtering and atomic layer deposition (ALD) [37, 58-60]. The thicknesses
of the films and the contact areas of the two materials can be well controlled. Therefore, it is
much easier to characterize the structure and to study the sensing mechanism than other type-
I sensor structures due to the well-defined dimensions and contact area between two films.
The conduction channel of the bilayer heterostructure is dominated by the bottom layer which
is directly contacting with the electrodes. The heterojunctions formed at the contact regions of
the two layers can facilitate modulation of the conductance of the bottom layer. Figures 1.6a
and b show the NiO@SnO; and WOs:@Ga>O3 nanofilms are both prepared via the micro-
fabrication processes for ethanol sensing. Obviously, the micro-fabrication approaches

demonstrate the feasibility for wafer-scaled fabrication of the gas sensor based on bilayer films
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with good reproducibility. However, bilayer film heterostructures generally lead to low
sensitivity which can limit their applications owing to low specific surface area and low

permeation for gases to reach the heterojunction interface [44].

NiO/SnO (b)
interdigital
l ! ! ’ electrodes

—— silicon nitride]
-

Il heating wire

corning glass

WO, nanofims - Ga,0 nanofiims
15~ Ga,0,-WO, heterostructures
2

cpon €O, HO  cyoy €O HO

8 8 8

| oiQ0r
¥
¥

Response (R.IRG)
Response (R./Rg)

3

.
- =% -
— o R, |

175 200 225 250 275 300 325
Temperature(°C)

Figure 1.6 (a) NiO@SnO:2 nanofilms for ethanol sensing [61]; (b) WOz:@Ga>03 nanofilms for

ethanol sensing [58].

For core-shell (C-S) heterostructures, the sensing mechanism is more complex since the
conduction channel is not just confined to the inner of shell. The fabrication routes and the
thicknesses of the shell both can determine the location of the conduction channel. For example,
the conduction channel is normally confined to the inner of core when using bottom-up
approaches to construct C-S heterostructures on the micro-electrode chip [54, 62-65]. Xu et al.
[41] reported a bottom-up approach to prepare a-Fe.Oz@NiO and a-Fe;Os@CuO C-S
heterostructures by depositing a layer of NiO or CuO nanoparticals on the a-Fe>O3 nanorods,
in which the conduction channel is confined to the core part (a-Fe2Oz nanorods). Liu et al. [64]
also successfully confined the conduction channel to the core part of Si@TiO2 C-S
heterostructures by drop-casting TiO. sol onto the prepared Si nanowire array. Thus, the
sensing behavior (p-type or n-type) of the Si@TiO, C-S heterostructure-based sensor is

depending on the semiconducting type of the Si nanowires.

14



However, most reported heterostructural material-based sensors are prepared by
transferring synthesized C-S material powders onto a micro-electrode chip. In this case, the
conduction channel of the sensor is influenced by the thickness of shell. Kim’s group [50, 66-
70] studied the effects of shell thickness to the gas sensing performance and proposed a possible
sensing mechanism. It is believed that two factors contribute to the sensing mechanism of this
structure: (1) the radial modulation of the EDL of the shell and (2) the electric field smearing
effect (Figure 1.7). The authors mentioned that the conduction channel of carriers is mostly
confined to the shell layer when the shell thickness is thicker than the Ap of the shell layer [66].
As a result, the resistance modulation of sensors based on C-S heterostructures is mainly
dominated by the radial modulation of the EDL of the shell (Figure 1.7a) [66]. However, when
the shell thickness is equal to or less than the Ap of the shell layer, the shell layer would be fully
electron-depleted by the adsorbed oxygen species and the formed heterojunction at the C-S
hetero-interface. Then the conduction channel is not only located in the inner of shell layer but
also partially in the core part, especially when the shell thickness is smaller than the Ap of the
shell layer. In this case, both the fully electron-depleted shell layer and the partial depleted core
layer contribute to modulate the resistance of the whole C-S heterostructures, namely an
electric-field smearing effect (Figure 1.7b). Some other studies use the concept of volume
fraction of the EDL in the whole C-S heterostructures to analyze the effect of the shell thickness
instead of the electric field smearing effect [67, 71]. Taking the two contributions into
consideration, the overall resistance modulation of the C-S heterostructures reaches the highest
when the shell thickness is comparable with the Ap of the shell layer as shown in the Figure
1.7c. Therefore, the optimal shell thickness may be close to the Ap, which is consistent with the

most publications [41, 66, 68, 71, 72].
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Figure 1.7 Conceptual description showing the dual functional sensing mechanism of C—S
NWs: (a) resistance modulation by radial modulation of the electron-depleted shell layer, (b)
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C—S NWs by a combination of both effects [66].

It is worth noting that several publications demonstrated that the shell thickness also can
influence the sensing behavior of p-n heterojunction based C-S heterostructures [70, 73]. Lee
etal. [70] and Bai et al. [73] studied the influence of the shell thickness to the p-n heterojunction
based C-S heterostructures (e.g., CuUO@TiO2 and NiIO@ZnO p-n C-S heterostructures) by
varying the ALD cycles to the shell thickness. As a result, the sensing behavior of sensors
transits from the p-type to the n-type sensing behavior when increasing the shell thickness [70,
73]. Figure 1.8 demonstrates the ethanol sensing mechanism in NiO@ZnO p—n C-S nanotubes
with different ZnO ALD cycles [73]. At the beginning (such as ALD cycle of 30), the ZnO
shell has not been completely constructed and the model can be viewed as NiO@ZnO
decorated heterostructures (Figure 1.8a). Thus, the conduction channel is confined to the NiO
matrix and the sensor based on NiO@ZnO shows p-type sensing behavior. When the ALD
cycles increase to 50, the ZnO nanoparticles are still discontinuous as shown in Figure 1.8b. In
this case, although the conduction channel is still located in the NiO, the effect of the ZnO
nanoparticles to the whole gas sensing performance is enhanced. In addition, as the NiO and
ZnO are different types of semiconductors, the sensing response of the NiO@ZnO-based
sensors decreases when increasing the ALD cycle from 30 to 50. By further increasing the ZnO

content (ALD cycle of 70, Figure 1.8c), the ZnO shell becomes quasi-continuous and serves as
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the conduction channel, leading to the n-type sensing behavior. But the quasi-continuous shell

cannot prevent the NiO from interacting with the ethanol, resulting in a cancellation effect

between the NiO and the ZnO and low response. However, when the shell thickness is close to

the Ap of the ZnO, the sensor based on the NiO@ZnO p—n C-S nanotubes reaches the highest

sensing response which is consistent with the previous conclusion (Figure 1.8d, e). Similar

sensing behavior transitions have also been reported based on branched p-n heterostructures

[74, 75]. Zhou et al. [74] studied the sensing behavior of Mn30.@Zn,Sn0O4 branched

heterostructures by tuning the content of the ZnSnO4 on the surface of the Mn3O4 nanowires.

The p-type sensing behavior is observed when just the Zn,SnO4 seeds are formed onto the

surface of the MnzOa4. With further increasing the content of the Zn,SnQa4, the sensor based on

the Mn304@2Zn>Sn0O4 branched heterostructures demonstrates the n-type sensing behavior.
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1.4.3. Sensing Mechanism of the Type-III Sensor Structure

The type-III sensor structure is not very common and the conduction channel is based on
the formed heterojunction between the two semiconductors, which are separately connected to
the two electrodes. The unique device structure is usually obtained via micro-fabrication
techniques. Generally, metal oxide-based gas sensors operate under the principle of
conductance change due to the chemisorption of gas molecules onto the surface of sensing

materials. However, the sensing mechanism is quite different for the type-III sensor structure.

For example, Kwon et al. [76] proposed a NiO/SnO> p-n heterojunction-based gas sensor
via an oblique-angle deposition method as shown in Figure 1.9a. The sensor based on
NiO/SnO; p-n heterojunction shows the same sensing trend to Hz and NO- (Figures 1.9b and
c). Because the total current of p-n heterojunction is determined both by the changes of the
carrier concentrations and the heterojunction barrier height according to equations (1-2) and

(1-3), which represent the hole diffusion current density and electron diffusion current density

[77]:
Jo = P2 pumere (S) exp (F72) [ex () 1] (1-2)
= Zensgenn (2 v () o (2) 1 =

where n,,, and p,, are electron (hole) concentration in n-type (p-type) metal oxides, vy is
built-in potential, D,, (D) is diffusion coefficient for electron (hole), L,, (L) is diffusion length
for electron (hole), AE,, (AE,) is difference value of valence band (conduction band) at hetero-
interface, respectively, V, is the bias voltage. Based on the equations (1-2) and (1-3), although
the current density is proportional to carrier density, it is inversely exponential changing to the
V. Thus, the overall change in the current density is significantly dependent on modulation of

the heterojunction barrier height. To address the similar sensing trend to NO2 and Hy of
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NiO/SnO,-based sensor, Kwon et al. [76] systematically studied the ability of NO2 and H> to
change the carrier concentration and modulate the V2, via |-V characterization and
computational simulation. When exposed to Hz, the increase of the electron concentration leads
to the increase of the J,, and the slight change of the V;2; leads to low response. When exposed
to NO, the dramatical decrease of the electron concentration in the SnO2 and small increase of
the hole concentration in the NiO both lead to the V,; greatly decreasing and ensure high

forward response [76].
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Figure 1.9 (a) Schematic drawings of the p-NiO/n-SnO. nanohelixes; (b) H2 and (c) NO2

sensing properties of the p-NiO/n-SnOz nanohelixes heterojunction sensor at 200 °C [76].

In addition, the build-in electric field (BEF) at the hetero-interface, resulting from the
difference in Fermi levels of the materials, can contribute to the separation of electron-hole
pairs. The p-n heterojunction structure is commonly utilized to construct photovoltaic devices
owing to the existence of the BEF and even shows the potential to fabricate photovoltaic room
temperature self-powered gas sensors under light illumination [78-82]. The light illumination
can enhance charge exchange between the sensing material and adsorbed gas species due to
photodissociation of chemisorbed gas species [78, 79]. The merit of the photovoltaic self-
powered gas sensor is extremely low energy consumption as it can absorb the energy from
illuminated light and then drive itself or other miniaturized device without external energy
sources. For instance, Tanuma et al. [83] fabricated NiO/ZnO p-n heterojunction to work as a

solar cell to activate polycrystalline SnO2-based sensor for CO> sensing through conductance
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changing theory. On the other hand, the sensing mechanism of a photovoltaic self-powered gas
sensor based on p-n heterojunction also mainly relies on modulation of the heterojunction
barrier height. Gad et al. [80] reported a photovoltaic self-powered gas sensor based on a
Si/ZnO@CdS p-n heterojunction as demonstrated in Figure 1.10a. Vertically aligned ZnO
nanowires are directly grown on the p-type Si substrate to form Si/ZnO p-n heterojunction after
depositing a layer of ZnO seeds. Then CdS nanoparticles are decorated on the surface of the
ZnO nanowires via chemical surface modification. Under light illumination, an open-circuit
voltage (V,.), which is induced by the separation of electron-hole pairs under the BEF at the
hetero-interface of the Si/ZnO, linearly increases with the number of connect diodes (Figure

1.10b) [80, 82]. The V,. is expressed by Equation (1-4) [77],

Zno ,,Si
V. = %Tln (M) (1-4)

NiZnONLSi

where Np, Na, and N; are the concentrations of the donor, acceptor, and intrinsic carrier, k, T,

and g represent the same parameters as in previous equations.

The oxidizing gases withdraw electrons from the ZnO nanowires, which causes a decrease
of the NZ™°, as a result the V. decreases. In contrast, the reducing gases lead to an increase in
V,. (Figure 1.10c). Moreover, the photoexcited electrons in the CdS nanoparticles are injected
into the conduction band of ZnO under light illumination to interact with adsorbed gases. Then
the sensing response is enhanced compared with pure Si/ZnO p-n heterojunction [80, 81].
Hoffmann et al. [81, 82] reported another similar photovoltaic self-powered gas sensor as
displayed in Figure 1.10d. It is worth noting that by modulating the working function of target
gases via modification of the ZnO nanowires with amine ([3-(2-aminoethylamino) propyl]
trimethoxylsilane)  (amine  functionalized-SAM) and thiol  ((3-mercapto-propyl)-
trimethoxysilane) (thiol functionalized-SAM), the sensor can selectively detect NO> [80 82].

Moreover, Liu et al. [79, 84] successfully fabricated another kind of photovoltaic self-powered
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NHs sensor by utilizing a special asymmetric light illumination method. Briefly, S-hyperdoped
or Se-hyperdoped Si are partially covered to mimic the electronic structure of heterojunction
when under light illumination based on the Dember effect [84,85]. Due to the asymmetric light
illumination, the carrier concentration of exposed area is much larger than covered area owing
to photoexcited electrons and holes. Thus, the photogenerated carriers diffuse from the exposed
area to the covered area to produce a photocurrent attributed to the different mobilities of

electrons and holes [79, 84].
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Figure 1.10 (a), (d) Schematic pictures of photovoltaic self-powered gas sensors based on
Si/Zn0 p-n heterojunction; (b) Linear relation between measured Vo and the number of
diodes under illumination; (c) Self-powered sensing responses of sensor toward oxidizing

(O2) and reducing (1000 ppm ethanol) gases under solar illumination [80, 82].
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1.5. Remaining Challenges

Based on the above literature review, a lot of different metal oxide-based heterostructures
have been developed to enhance the sensing performance. However, there are some drawbacks
and challenges in metal oxide-based gas sensors that need to be addressed, such as
reproducibility, long-term stability, wafer-scale fabrication, and power consumption.
Reproducibility in performance between two sensors prepared via identical fabrication
methods is seldom reported and is very important in wafer-scale fabrication of devices. In
addition, wafer-scale fabrication of gas sensor array is much more challenging when multiple
metal oxide components are involved since the fabrication methods should be able to precisely
control the location and structure of the heterostructural materials. Spin- and dip-coating
methods are the common low-cost routes to connect sensing materials with micro-electrode
chips. However, the sensing materials are easily aggregated, interconnections between the
sensing materials and the micro-electrode chips are weak, and the obtained sensing material
patterns are inhomogeneous. Thus, the sensitivity and stability of sensors prepared by spin- or
dip-coating methods are significantly influenced and the performance reproducibility is poor.
Although some micro-fabrication methods are utilized for constructing planner sensing
material to ensure the reproducibility, these methods are expensive and the sensitivity of
sensors based on planar films is rather poor compared with 3D nanostructured materials.
Therefore, novel cost-effective strategies are needed, which are compatible with the micro-
fabrication process of micro-electrode chips, to implement wafer-scale fabrication of sensors
with high reproducibility and sensitivity. In addition, it is possible to fabricate photovoltaic
self-powered gas sensors based on p-n heterojunction to reduce power consumption. However,
the reported fabrication process is rather complicated and the sensitivity is much lower than
traditional metal oxide-based chemiresistive gas sensor. Therefore, self-powered gas sensors

with high performance are still a long way off.
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1.6. Research Aims and Objectives

In this project, 1 aimed to develop high-performance gas microsensors by designing
heterostructural nanomaterials, device structures and novel fabrication strategies to address the
above-mentioned challenges. In order to ensure the stability, in-situ growth (‘bottom-up’
strategy) of hierarchical heterostructural materials was proposed to enhance the interconnection
between sensing materials and micro-electrode chips. The uniformity and reproducibility were
also addressed by integrating micro-fabrication techniques (‘top-down’ strategy) with ‘bottom-
up’ strategies for wafer-scale fabrication of gas sensors. Inspired by the photovoltaic properties
of p-n heterojunction, a self-powered gas sensor was studied for sake of reducing energy
consumption. The following work aims to tackle these problems and study the sensing
mechanism as it varies with the materials properties, device structures (geometric structure or
electronic structure), operating modes (voltage, current, resistance, or capacitance), operating

conditions (temperature, humidity, or light illumination), and so forth.

Chapter 2: Design of Novel ZnO@SnO:2 n-n Heterostructures for Highly Sensitive

NO:2 Sensing

Metal oxides have received great attention in the field of gas sensors due to their chemical
and thermal stability. However, using pure metal oxides (e.g., ZnO, SnO) as sensing material
have some problems such as low sensitivity, poor selectivity as well as slow response-recovery
times. Consequently, design and synthesis of ZnO@SnO> composites with novel architectures
is a potential approach to enhance the sensing performance and achieve ppb level detection
limits for NOz. In this chapter, we mainly focus on addressing the following questions. What

is the growth mechanism of ZnO@SnQO> n-n hierarchical nanostructures (HNSs)? How does

the sensing performance of the ZnO@Sn0O, HNS-based sensor compare with that of pure ZnO-

and pure SnO»-based sensors? What is the sensing mechanism of the SnO>@Zn0O HNSs?
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Chapter 3: In situ Growth of NIO@SnO:2 p-n Heterostructures for High

Performance HzS Sensing

Until now, most reported gas sensors based on heterostructural materials are manufactured
by slurry-coating or screen-printing the sensing material onto a micro-electrode chip as
displayed in Chapter 2. However, these methods may affect the sensitivity, stability, and
reproducibility of the sensors. First, the sensing materials easily aggregate during the slurry
and printing processes, which can significantly reduce the specific surface area of the sensing
materials and lead to low sensitivity. Second, the relatively poor interconnection between the
sensing materials and electrodes can affect the long-term stability of the sensors for practical
application. Moreover, the reproducibility of the sensors is not controllable due to the
inhomogeneity of the sensing materials. Therefore, a cost-effective in situ growth method to
directly grow high uniform heterostructural materials without adding any binders and

surfactants is demanded. In this chapter, we addressed the following problems. How can in situ

growth of NiO@Sn0O, HNSs on the micro-electrode chip be implemented? What are the growth

and sensing mechanisms?

Chapter 4: In situ Growth of Patterned NiO Nanowalls for Wafer-scaled

Miniaturized Gas Sensors Design and Fabrication

In situ growth method is an efficient way to strength interconnection between materials
and sensors chips and ensure the high uniformity of sensing materials as reported in Chapter 3.
The high uniformity of materials is a precondition to obtain high reproducibility of sensing
performance among sensors. However, as the sensing materials are fully covered on ceramic
chips including electrode wires, the electric contact between sensors and test system are
significantly influenced by the next manual welding process. As a result, the sensing

performance variation between sensors was not studied in Chapter 3 and the performance
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reproducibility of sensors in wafer-scale fabrication is still challenging. Hence, in Chapter 4, a
‘top-down’ and ‘bottom-up’ combined strategy was proposed to form patterned materials at
specific locations of micro-hot plate wafer without contamination of electrodes. It is a potential
strategy for manufacturing miniaturized gas sensors with high-throughput and high

reproducibility. In this Chapter, | aim to tackle two main technological hurdles for low-cost

wafer-scale fabrication, namely, how to form patterned microscale sensing materials at

specific locations of micro-electrode chips and how to rationally integrate patterning methods

with the micro electro mechanical system (MEMS) technigue (“‘top-down” strategy).

Chapter 5: Design of Photovoltatic Self-Powered Gas Sensor Based on Single-Walled

Carbon Nanotubes/Si p-n Heterojunction

Up to now, chemiresistive, field-effect-transistive, and capacitive gas sensors have
become available, but all of them are driven by applying a considerable source-drain bias (Vas)
to drive the sensor. For the most of metal oxide-based chemiresistive sensors, external power
source is demanded to provide high working temperature. Therefore, developing self-powered
devices has attracted considerable attention. Compared with conventional semiconductor-
based gas sensors, self-powered sensors could dramatically reduce power consumption as well
as required space for integration. Inspired by the photovoltaic properties of p-n heterojunction,

in this Chapter, the following questions were addressed. Is it possible to develop a self-powered

gas sensor based on p-n SWNTs/Si heterojunction which can be driven by visible light? What’s

the sensing mechanism of self-powered gas sensor based on p-n heterojunction?
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Chapter 2: Design of Novel ZnO@SnO; n-n

Heterostructures for Highly Sensitive NO, Sensing

2.1. Abstract

The novel brush-like (B-) ZnO@SnO; n-n hierarchical nanostructures (HNSs) were
successfully synthesized by using a simple two-step hydrothermal method. The SnO;
nanowires grown epitaxially on ZnO nanorods with a six-fold symmetry. The heterogeneous
nucleation-growth processes of SnO2 and ZnO were discussed in detail by varying reaction
times and temperatures. The excellent sensing performances of B-ZnO@SnO, HNSs toward
NO; were studied, including high sensitivity, fast response, broad detection range and low
detection limit (DL). The detection range of the sensor was measured from 5 ppb to 10 ppm,
and the DL of the sensor was 5 ppb at 150 °C. The response and recovery time which reach 90%
of the final signal was less than 60 s. The enhanced sensing performance was attributing to the
unique structure of B-ZnO@SnO> HNSs, which can provide large specific surface area and can
induce synergism effect due to the formed multi-junctions.
Author contributions: Lin Liu has got the permission from other co-authors for this paper to
her thesis. Lin Liu is responsible for fabrication of sensors, measurement of sensing

performance and relevant data analysis, and also contributes to write and revise the manuscript.
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2.2. Introduction

03, SO; and NO; are three main hazardous oxidizing gases and have aroused great
attention in the society. The secondary national ambient air quality standards (NAAQS) for
these gases are 70 ppb, 500 ppb and 53 ppb, respectively, which are set by U.S. Environmental
Protection Agency (EPA) [1]. Among them, NO; is one of the most hazardous and widespread
gas pollutants with the lowest secondary NAAQS, which is generated from industries and
automotive engines. Trace concentration of the NO can induce respiratory diseases (e.g.,
bronchitis and emphysema respiratory) and the emitted NO2 can also cause many
environmental problems such as acid rain and photochemical smog [1-5]. Consequently,
measurement of the NO> has attracted significant attention in society. Up to now, various NO2
sensors have been fabricated based on different types of metal oxides including Fe203, In20s3,
WOs3, NiO, ZnO, CdO, and SnO; [5-8]. Among them, SnO; and SnO,—based nanomaterials
have received significant attention in both theoretical and experimental studies [9, 10].
However, using pure SnO; as sensing material may result in some problems such as low
response, poor selectivity as well as slow response-recovery time [7, 11-13]. Several
approaches have been developed to address these problems such as modifying with noble
metals, doping elements and constructing heterostructures [14-16]. The heterostructures
containing two or more phases can promise a variety of properties to enhance the sensing
performance, such as multi-junction modulations, synergic effects and the hetero-interfacial
effect [7, 11, 17-19]. For example, owing to the multi-junction modulations, different metal
oxide/SnO> heterostructures offer the possibility to enhance the sensing performance by
modulating potential barriers and charge transduction at the hetero-interface and grain
boundaries [18-21].

Zn0O, as an important semiconductor material with a band gap of 3.37 eV, has a good

performance in extensive applications [22-24]. For the gas sensors, ZnO-based hetero-
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nanostructures are considered as an ideal material system to detect various hazardous and toxic
gases due to their high sensitivity and selectivity [25-31]. Recently, many studies verify the
enhanced performance of sensors based on SnO>@Zn0O or ZnO@SnO, heterostructures [11,
16, 32-36]. For example, the response of the SnO>@ZnO C-S heterostructures improves 2~3-
and 3~6-fold compared to that of pure SnO, nanowires and that of pure ZnO nanorods,
respectively [16]. However, these sensors require high operation temperature (e.g., 300 to
400 °C) and the detection limits (DLs) are far from the ultralow concentrations (several ppb
level) [17, 32-41]. Consequently, designing and synthesizing of SnO2-ZnO composites with
novel architectures which can work at relative low temperature with ultralow DLs are still
facing with much challenges so far.

Various of SnO2@Zn0O materials [16, 42-46], ZnO@SnO; materials [47-52], and SnO>-
ZnO composites [21, 53-55] have been reported by using the vapor phase [16, 42, 43, 50-52],
liquid phase [44-49, 53], and electrospinning method [21, 54, 55], respectively. Compare with
these methods, liquid phase, especially hydrothermal method is regarded as a high-throughput
and low-cost route to synthesize nanomaterials. In this work, brush-like (B-) ZnO@SnO>
hierarchical nanostructures (HNSs) were synthesized via a two-step hydrothermal method
without template, seed layer, additive-salt and surfactant. The growth mechanism was
investigated systematically by varying the reaction time and temperature. The performances of
sensors based on the pure ZnO, pure SnO2, and B-ZnO@SnO> HNSs were investigated. The
B-ZnO@SnO, HNS-based sensor achieved the highest sensing performance at a relative low
working temperature (150 °C). The DL of B-ZnO@SnO> HNS-based sensor was as low as
5 ppb and the response-recovery time of that was less than 60 s.

2.3 Experimental Section

2.3.1 Synthesis of Materials.

All chemicals and reagents were analytical grade and were used without further
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purification. The B-ZnO@SnO> HNSs were synthesized using a two—step hydrothermal
method. The fabrication of B-ZnO@SnO, HNSs nanostructures was identical to the previous
work [56].

In order to synthesis of ZnO nanorods, 4.0833 g NaOH (96%) solution was rapidly
dropped into 1.5520 g Zn(CH3COO)2-2H20 (99%) solution under stirring conditions for 30
min. After that, a total of 35 mL solution was transferred into a 50 mL stainless steel Teflon—
lined autoclave and then was heated in bake oven at 100 °C for 12 h. Finally, the products were
purged in deionized water for several times. The sample was separated in absolute ethyl alcohol
and dried at 60 °C in air.

The B-ZnO@SnO; HNSs were synthesized by using the as-prepared ZnO nanorods as
zinc source. In a typical experiment, 1.2395 g SnCls-5H20 (99%) solution was slowly dropped
into 1.6042 g NaOH (96%) solution under stirring conditions. Then, 0.0475 g ZnO nanorods
were added in the solutions under stirring conditions for 1 h followed by ultrasonic treatment
for 10 min. 35 mL solution in total was transferred into a 50 mL stainless steel Teflon—lined
autoclave and then was heated in bake oven at 200 “C for 20 h. Finally, the products were
washed with deionized water for several times. The sample was separated in absolute ethyl
alcohol and dried at 60 °C in air for further characterization.

The SEM and EDXS samples were prepared by pasting a little amount of material
powders onto the conductive tape and then some Au nanoparticles were deposited to enhance
the conductivity of the material. Before preparation the TEM samples, a small amount of
material powders was added into ethanol and sonicated for 5 min. Then, 10 pL of prepared
ZnO@SnO> dispersion solution was dropped onto the Cu film and then the TEM samples were

obtained after the Cu film was dried.

2.3.2 Characterization

The prepared samples were characterized using X-ray powder diffraction (XRD,
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SHIMADZU 6100) equipped with Cu Ka X-ray source operated at 40 kV and 30 mA. The scan
rate of 6 degree/min and step size of 0.02 degree were used. The scanning electron microscope
(SEM, Zeiss XIGMA/VP) analyses were performed at 3 kV with a working distance of ~9 mm.
The energy dispersive X-ray spectrometer (EDXS) and elemental mapping studies were
performed at 15kV under the SEM. Transmission electron microscope (TEM)
characterizations were performed on JEM-3010 at operating voltage of 200 kV. The X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi) experiments were carried out with a
monochromatized Al Ka X-ray source (hv=1486.6 eV). A 30-um diameter X-ray spot with a
step size of 5 um was used in the analyses. The binding energies (standard deviation = +0.2 V)
correction for charging was performance by assigning a value of 284.8 eV to the adventitious
Cls line [57, 58].
2.3.3 Gas Sensing Measurement

Before fabricating the gas sensors, 0.3 ml terpilenol was added into a small tube which
contains 100 mg B-ZnO@SnO> HNSs powders to make sensing material paste. Then the
prepared paste was drop-coated onto the centric part of the micro-hotplates (Leanstar Co.Ltd),
and dried in the air at room temperature. Then, the sensors were annealed in the oven under the
argon atmosphere at 200 °C for 1 h. The fabricated sensors were placed in a small quartz
chamber with one air inlet and one air outlet for real-time measurement. Real-time response
of the sensors was conducted by a costumed LabVIEW program under 2 V DC (National
Instruments, Austin, TX, USA). Different concentrations of the NO, were prepared by
stoichiometric mixing the target gas and the dry air using two mass flow controllers (MFCs).
The working temperatures of the sensors were controlled by tuning voltages of heating
electrodes. Responses toward oxidizing and reducing gases were defined as S = (R, —
Ry)/Rq = AR/Rsand S = (R, —Ry)/R; = AR/R,, respectively. Where R, (Ry) is the

resistance in air (target gas).
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2.4. Results and Discussion

2.4.1 Structure and Morphology Characterization

Figure 2.1a shows the SEM image of the B-ZnO@SnO2 HNSs. Each ZnO nanorod was
wrapped by the SnO, nanowires densely and formed the brush-like morphologies. Figure 2.1b
shows the XRD pattern of B-ZnO@SnO2 HNSs, which are in accordance with the hexagonal
ZnO (space group P6a/mc, JCPDS file NO. 36-1451) and the rutile SnO> (space group P4>/mnm,
JCPDS file No. 41-1445). Besides, the EDXS (Figure 2.1c, area-scan) results indicated that the
B-ZnO@SnO2. HNSs were consisted of Zn, Sn, and O elements. The atomic ratio (Sn/Zn) was
measured to be ~2.44, which deviated from the initial molar ratio of Sn/Zn (Sn:Zn=6:1),
indicating that just some of Sn source participated in the growing process. The observed peaks

of C and Au are ascribing to the substrate (conductive tape) and the deposited Au nanoparticles,

respectively.

S c Sn

b)[ 3 e | ()

- * +Zno —

= 3

8 @ ||lo

> o :: A Sn

2 2gls T S (llle"

2| 5 < NE3 3

o ME i 38 8 o % zn

E " . . . Zn

20 30 40 50 60 70 80 0 2 4 ; 8 10

20 (degree) E (keV

Figure 2.1 (a) SEM images, (b) XRD pattern and (c) EDXS spectrum of B-ZnO@SnO2 HNSs.

The SEM image and the EDXS line profile of B-ZnO@SnO2 HNSs in the radial direction
are shown in Figure 2.2. The EDXS (line-scan) spectrum of B-ZnO@SnO2 HNSs (Figure 2.2b)
demonstrates that the percentage of Sn mass exceeds that of O and Zn, which is in accordance
with the area scanning results (Figure 2.1c). The elemental mapping (Figure 2.2c-f) reveals the

uniform distribution of Sn, O and Zn elements in the B-ZnO@SnO, HNSs.
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Figure 2.2 (a) SEM image of B-ZnO@SnO> HNSs and the EDXS line profile in the radial
direction, (b) The EDXS line-scan spectrum and (c-f) elemental mapping patterns of Sn, O,

and Zn of B-ZnO@SnO2 HNSs.

The TEM image (Figure 2.3a) of the B-ZnO@SnO, HNSs illustrated that the uniform
SnO2 nanowires (with a length of 1-1.5 pm and a diameter of ~50 nm) were grown on the ZnO
nanorods densely. The selected area electron diffraction (SAED) of an individual SnO>
nanowire (Figure 2.3b) proved that the SnO2 nanowires were single crystalline. The high-
resolution TEM (HRTEM) image (Figure 2.3c) and corresponding fast Fourier transform (FFT)
image (inset, taken from the marked box) further confirmed the single crystalline of the SnO>
nanowires. The spacing between adjacent lattice planes was 0.333 nm, which is corresponding

to (110) planes of rutile SnO3, indicating that [001] facet was the preferential growth direction.
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Figure 2.3 (a) TEM image of B-ZnO@SnO2 HNSs, (b) SAED and (c) HRTEM image of SnO;

nanowire.

In order to further confirm the chemical composition of the B-ZnO@SnO2 HNSs, the XPS
spectrum was carried out as shown in Figure 2.4. The peaks of Zn, Sn, O, and C could be
observed in the spectrum without any extra peaks of impurities. The peaks centered at 486.4
and 494.8 eV correspond to Sn 3ds2 and Sn 3ds2, respectively, and the peaks centered at 1021.6
and 1044.7 eV correspond to Zn 2ps;2 and Zn 2p12, respectively (Figure 2.4b and c) [28, 59-
61]. Figure 2.4d shows the O 1s spectrum of the B-ZnO@SnO, HNSs. The peaks centered at
530.2eV and 531.6 eV are corresponding to the lattice oxygen in ZnO and in SnOa,
respectively [28, 58, 59, 62]. In addition, the atomic ratio (Sn/Zn) of B-ZnO@SnO2 HNSs is

2.54 according to the XPS result, which is in conformity with EDXS results.
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Figure 2.4(a) XPS survey spectrum of B-ZnO@SnO2 HNSs, (b) Sn 3d region, (c) Zn 2p region,
(d) O1s region (full) with the corresponding fits for lattice oxygen in crystalline ZnO (red) and

SnOz (green).

2.4.2. Growth Mechanism of the B-ZnO@SnO2 HNSs

The ZnO nanorods were synthesized in the first hydrothermal step and were used as the
zinc sources in the second step. The XRD pattern and SEM image of synthesized pure wurtzite
structure ZnO nanorods in the first step were demonstrated in Figure S2.1. The growth process
of B-ZnO@SnO2 HNSs was investigated via changing the reaction times and temperatures in
the second step. Figures 2.5a to f depict the SEM images of B-ZnO@SnO2 HNSs by increasing
the reaction time (15 min, 2, 6, 10, 20 and 24 h) at 200 <C. At beginning, the ZnO nanorods
reacted with OH" anions to form Zn(OH)s>~ and then reacted with Sn(OH)s*to produce
octahedral ZnSn(OH)e (ZHS, space group Pn-3, JCPDS file NO. 73-2384) (Figure 2.5a). Then,
the octahedral ZHS was decomposed starting from the points, and the ZnO nanorods were
formed and embedded in the truncated octahedron after reaction of 2 h (Figure 2.5b). The
increase of XRD peak intensity of ZnO and the decrease of XRD peak intensity of ZHS
indicated that the content of ZnO increased along with the reaction time (Figure 2.5g). The

initial morphology of B-ZnO@SnO2 HNSs was formed when the reaction time was prolonged
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to 6 h (Figure 2.5c). Meanwhile, the diffraction peaks of both ZnO and ZHS were disappeared
in the XRD results due to the complete decomposition of ZHS and the densely covered of SnO>
nanowires on the surface of ZnO (Figure 2.5g). Then, the SnO2 nanowires were further grown
(Figure 2.5d, 10 h) and the B-ZnO@SnO2 HNSs were obtained at 20 h (Figure 2.5e). However,
the cubic ZHS was observed when the reaction time is prolonged to 24 h. In addition, the SEM
images and XRD patterns of more samples with the different reaction times (15, 30 min, 1, 2,
4,6,8,10,12, 16, 20 and 24 h) were given in Figure S2.2 and Figure S2.3, respectively. These
morphology and structure results indicate that 20 h is the most suitable reaction time for

synthesizing B-ZnO@Sn0O, HNSs.
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Figure 2.5 (a-f) The SEM images (Scale bars, 2 um) and (g) XRD patterns of B-ZnO@SnO>

HNSs at 200 <C for different reaction time: (a) 15 min, (b) 2, (c) 6, (d) 10, (e) 20, (f) 24 h.

The effect of reaction temperature was also studied to figure out the growth mechanism
of the B-ZnO@SnO, HNSs. Figures 2.6a to f show the SEM images of B-ZnO@SnO, HNSs
by increasing the reaction temperatures (160, 170, 180,190, 200 and 210 <C) after growing
20 h. Some octahedral ZHS gathered around ZnO nanorods and others combined with ZnO at
160 <T (Figure 2.6a). With increasing of the reaction temperature, the quantity of the ZnO
nanorods increased and some SnO2 nanoparticles appeared on the surface of ZnO nanorods at
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170 <C (Figure 2.6b). When the reaction temperature reached at 180 <C, some SnO2 nanowires
grew on the ZnO nanorods chaotically and sparsely (Figure 2.6¢). While, the SnO2 nanowires
grew on the ZnO uniformly and densely at 190 <C (Figure 2.6d), which caused the diffraction
peaks of ZnO almost disappear at 190 <C (Figure 2.6g). The perfect B-ZnO@SnO2 HNSs were
formed at 200 <C. However, the diffraction peaks of ZnO were disappeared again at 210 <C. In
order to explore the growth mechanism, additional samples were prepared at 195 and 205 <C
and characterized with SEM and XRD (Figure S2.4 and Figure S2.5). The density of SnO>
nanowires at 195 <C was lower than that of sample at 190 <C, so that the diffraction peaks of
ZnO could be observed. While, at 205 <C, the length of ZnO was reduced and ZnO nanorods

were almost dissolved so that the diffraction peaks of ZnO disappeared.
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Figure 2.6 The SEM images (Scale bars, 2 pum) a