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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@SnO2 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@SnO2 HNS-based NO2 

sensor showed high sensing performance including high sensitivity (response value: 25.5 

to1 ppm NO2), fast response (< 60 s), and low detection limit (5 ppb). The enhanced sensing 

mechanism was attributing to the unique structure of B- ZnO@SnO2 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@SnO2) 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@SnO2 

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 SnO2 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 SnO2 and NiO. The variation in the depletion layers (𝑊𝑆𝑛𝑂2
 and 𝑊𝑁𝑖𝑂) at the 
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interface of SnO2 and NiO greatly depends on the properties of the target gases (e.g., electron-

withdrawing property (NO2) 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)2 

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)2 

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 H2S sensor based on p-type single-walled carbon nanotubes (SWNTs) 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/cm2), linearly self-powered detecting 

H2S 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 SWNTs, the response time and response of the photovoltaic self-powered device were 

significantly enhanced. When exposing to 400 ppb H2S, the sensing response increased more 

than 4 times attributed to the BEF.  
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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, NO2 and H2S 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. 
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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 

time 

Stability Cost Portable 

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, WO3, In2O3, and Fe2O3) up to June 14th 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, SnO2 

(~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 SnO2, 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 
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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 SnO2 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 (λD) of the SnO2 [38]. Because 

when the D ≤ 2λD, the SnO2 is completely depleted after absorbing O2 molecules and then the 

response to the reducing gases is maximized. The λD of the studied metal oxide can be 

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

λ𝐷 = √
𝜀𝑀𝑂𝑘𝑇

𝑞2𝑁𝑀𝑂
           (1-1) 

where 𝜀𝑀𝑂 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 𝑁𝑀𝑂 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 
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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 Ef to the constituent with a lower Ef 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 
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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. 

 

Figure 1.3 Schematic graph of three types of device structure. 

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

simply mixed (type-Ⅰ). 

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

(SnO2) is decorated with NiO which is used in the type-Ⅱ sensor structure. 

● A forward slash (e.g., “NiO/SnO2”) 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, 
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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 MoO3-SnO2 composites using chemical-solution and 

mechanical mixing methods, respectively. The sensing results demonstrate that even though 

the MoO3-SnO2 composites obtained by the two methods have the same atomic ratio (Mo:Sn; 

1:1.9), the sensing performance of the MoO3-SnO2 composites prepared by the chemical 

solution method is much better owing to the stronger interconnection between the MoO3 and 

SnO2. 

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., 0.9ZnO-0.1SnO2 and 0.1ZnO-0.9SnO2 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)Co3O4 composite nanofibers were 

synthesized by an electrospinning method to study the sensing performance. Obviously, the 
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sensing behavior of sensors based on SnO2-Co3O4 composites transits from the n-type to the 

p-type sensing behavior by decreasing the SnO2 percentage (Figure 1.4) [50]. When the major 

constituent is SnO2, the sensor shows a typical n-type sensing behavior and then transforms to 

the p-type sensing behavior when Co3O4 dominates. For the 0·5SnO2-0·5Co3O4 (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 Co3O4-rich cases), the heterojunctions 

dominated sensor (0·5SnO2-0·5Co3O4-based sensor) shows the highest sensing response to 

C6H6. The high initial resistance of 0·5SnO2-0·5Co3O4-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 C6H6. Moreover, defects formed at the SnO2-Co3O4 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) 

SnO2-rich composition; (b) 0·5SnO2-0·5Co3O4 composition; (c) Co3O4-rich composition; (d) 

the sensor resistance of xSnO2-(1-x)Co3O4 compositions; (e) sensing response of xSnO2-(1-

x)Co3O4 compositions sensors to 10 ppm CO, acetone, C6H6, and SO2 gases at 350 ℃ [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 SnO2@Cr2O3 nanowires to the reducing 

and oxidizing gases [57]. Compared with the pure SnO2 nanowires, the response of the 

SnO2@Cr2O3 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 SnO2 nanowires in radial direction ascribing to the p-n heterojunction [57]. 

Figures 1.5c and d illustrate the sensing mechanism of the pure SnO2 nanowires and 

SnO2@Cr2O3 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 SnO2 nanowires after exposure to 

the reducing and oxidizing gases [57]. For the SnO2@Cr2O3 nanowires, as the electrons will 

flow from SnO2 to Cr2O3 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@Cr2O3 nanowires; Schematic of sensing mechanism 

based on pure SnO2 nanowires (c), and SnO2@Cr2O3 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-

Ⅱ 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@SnO2 and WO3@Ga2O3 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]. 

 

Figure 1.6 (a) NiO@SnO2 nanofilms for ethanol sensing [61]; (b) WO3@Ga2O3 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 α-Fe2O3@NiO and α-Fe2O3@CuO C-S 

heterostructures by depositing a layer of NiO or CuO nanoparticals on the α-Fe2O3 nanorods, 

in which the conduction channel is confined to the core part (α-Fe2O3 nanorods). Liu et al. [64] 

also successfully confined the conduction channel to the core part of Si@TiO2 C-S 

heterostructures by drop-casting TiO2 sol onto the prepared Si nanowire array. Thus, the 

sensing behavior (p-type or n-type) of the Si@TiO2 C-S heterostructure-based sensor is 

depending on the semiconducting type of the Si nanowires.  
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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 λD 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 λD 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 λD 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 λD of the shell layer as shown in the Figure 

1.7c. Therefore, the optimal shell thickness may be close to the λD, 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) 

adverse effect by smearing on resistance modulation, and (c) total resistance modulation of 

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 

et al. [70] and Bai et al. [73] studied the influence of the shell thickness to the p-n heterojunction 

based C-S heterostructures (e.g., CuO@TiO2 and NiO@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 λD 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 Mn3O4@Zn2SnO4 branched 

heterostructures by tuning the content of the Zn2SnO4 on the surface of the Mn3O4 nanowires. 

The p-type sensing behavior is observed when just the Zn2SnO4 seeds are formed onto the 

surface of the Mn3O4. With further increasing the content of the Zn2SnO4, the sensor based on 

the Mn3O4@Zn2SnO4 branched heterostructures demonstrates the n-type sensing behavior. 

 

Figure 1.8 Schematic diagram of ethanol sensing mechanisms in NiO@ZnO C-S nanotubes 

with different ZnO ALD cycles. (a), (b) Discontinuous ZnO nanoparticle shell model. (c) 

Quasi-continuous ZnO nanoparticle shell model. (d), (e) Continuous ZnO nanoparticle shell 

model [73]. 
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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/SnO2 p-n heterojunction-based gas sensor 

via an oblique-angle deposition method as shown in Figure 1.9a. The sensor based on 

NiO/SnO2 p-n heterojunction shows the same sensing trend to H2 and NO2 (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]: 

𝐽𝑝 =
𝑞𝐷𝑝

𝐿𝑝
𝑝𝑝0𝑒𝑥𝑝 (
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where 𝑛𝑛0, and 𝑝𝑝0 are electron (hole) concentration in n-type (p-type) metal oxides, 𝑉𝑏𝑖
0  is 

built-in potential, 𝐷𝑝 (𝐷𝑛) is diffusion coefficient for electron (hole), 𝐿𝑛 (𝐿𝑝) is diffusion length 

for electron (hole), ∆𝐸𝑣 (∆𝐸𝑐) is difference value of valence band (conduction band) at hetero-

interface, respectively, 𝑉𝑎 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 

𝑉𝑏𝑖
0 . 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 H2 of 
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NiO/SnO2-based sensor, Kwon et al. [76] systematically studied the ability of NO2 and H2 to 

change the carrier concentration and modulate the 𝑉𝑏𝑖
0  via I-V characterization and 

computational simulation. When exposed to H2, the increase of the electron concentration leads 

to the increase of the 𝐽𝑛 and the slight change of the 𝑉𝑏𝑖
0  leads to low response. When exposed 

to NO2, the dramatical decrease of the electron concentration in the SnO2 and small increase of 

the hole concentration in the NiO both lead to the 𝑉𝑏𝑖
0  greatly decreasing and ensure high 

forward response [76]. 

 

Figure 1.9 (a) Schematic drawings of the p-NiO/n-SnO2 nanohelixes; (b) H2 and (c) NO2 

sensing properties of the p-NiO/n-SnO2 nanohelixes heterojunction sensor at 200 ℃ [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 CO2 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 (𝑉𝑜𝑐), 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 𝑉𝑜𝑐 is expressed by Equation (1-4) [77], 

𝑉𝑜𝑐 =
𝑘𝑇

𝑞
ln (

𝑁𝐷
𝑍𝑛𝑂𝑁𝐴

𝑆𝑖

𝑁𝑖
𝑍𝑛𝑂𝑁𝑖

𝑆𝑖)          (1-4) 

where ND, NA, and Ni are the concentrations of the donor, acceptor, and intrinsic carrier, k, T, 

and q represent the same parameters as in previous equations.  

The oxidizing gases withdraw electrons from the ZnO nanowires, which causes a decrease 

of the 𝑁𝐷
𝑍𝑛𝑂, as a result the 𝑉𝑜𝑐 decreases. In contrast, the reducing gases lead to an increase in 

𝑉𝑜𝑐 (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 NO2 [80 82]. 

Moreover, Liu et al. [79, 84] successfully fabricated another kind of photovoltaic self-powered 
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NH3 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].  

 

Figure 1.10 (a), (d) Schematic pictures of photovoltaic self-powered gas sensors based on 

Si/ZnO p-n heterojunction; (b) Linear relation between measured Voc 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, I 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@SnO2 n-n Heterostructures for Highly Sensitive 

NO2 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, SnO2) 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@SnO2 composites with novel architectures 

is a potential approach to enhance the sensing performance and achieve ppb level detection 

limits for NO2. In this chapter, we mainly focus on addressing the following questions. What 

is the growth mechanism of ZnO@SnO2 n-n hierarchical nanostructures (HNSs)? How does 

the sensing performance of the ZnO@SnO2 HNS-based sensor compare with that of pure ZnO- 

and pure SnO2-based sensors? What is the sensing mechanism of the SnO2@ZnO HNSs? 
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Chapter 3: In situ Growth of NiO@SnO2 p-n Heterostructures for High 

Performance H2S 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@SnO2 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, I 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) technique (“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 (Vds) 

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@SnO2 n-n 

Heterostructures for Highly Sensitive NO2 Sensing 

2.1. Abstract 

The novel brush-like (B-) ZnO@SnO2 n-n hierarchical nanostructures (HNSs) were 

successfully synthesized by using a simple two-step hydrothermal method. The SnO2 

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@SnO2 HNSs toward 

NO2 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 ℃. 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@SnO2 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 

O3, SO2 and NO2 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, NO2 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 NO2 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 NO2 has attracted significant attention in society. Up to now, various NO2 

sensors have been fabricated based on different types of metal oxides including Fe2O3, In2O3, 

WO3, NiO, ZnO, CdO, and SnO2 [5-8]. Among them, SnO2 and SnO2–based nanomaterials 

have received significant attention in both theoretical and experimental studies [9, 10]. 

However, using pure SnO2 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/SnO2 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]. 

ZnO, 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 SnO2@ZnO or ZnO@SnO2 heterostructures [11, 

16, 32-36]. For example, the response of the SnO2@ZnO C-S heterostructures improves 2~3- 

and 3~6-fold compared to that of pure SnO2 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@ZnO materials [16, 42-46], ZnO@SnO2 materials [47-52], and SnO2-

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@SnO2 

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@SnO2 HNSs were investigated. The 

B-ZnO@SnO2 HNS-based sensor achieved the highest sensing performance at a relative low 

working temperature (150 ˚C). The DL of B-ZnO@SnO2 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@SnO2 HNSs were synthesized using a two–step hydrothermal 

method. The fabrication of B-ZnO@SnO2 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∙2H2O (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@SnO2 HNSs were synthesized by using the as-prepared ZnO nanorods as 

zinc source. In a typical experiment, 1.2395 g SnCl4∙5H2O (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 μL of prepared 

ZnO@SnO2 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 Kα 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 ΣIGMA/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 15 kV 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 Kα X-ray source (hν=1486.6 eV). A 30-μm diameter X-ray spot with a 

step size of 5 µm 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 

C1s 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@SnO2 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 NO2 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 = (𝑅𝑔 −

𝑅𝑎)/𝑅𝑎  =  ∆𝑅/𝑅𝑎  and 𝑆 = (𝑅𝑎 − 𝑅𝑔)/𝑅𝑔  =  ∆𝑅/𝑅𝑔 , respectively. Where 𝑅𝑎  (𝑅𝑔 ) 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 SnO2 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 P63/mc, JCPDS file NO. 36-1451) and the rutile SnO2 (space group P42/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. 

 

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@SnO2 HNSs. 
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Figure 2.2 (a) SEM image of B-ZnO@SnO2 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@SnO2 HNSs illustrated that the uniform 

SnO2 nanowires (with a length of 1-1.5 µm and a diameter of ~50 nm) were grown on the ZnO 

nanorods densely. The selected area electron diffraction (SAED) of an individual SnO2 

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 SnO2 

nanowires. The spacing between adjacent lattice planes was 0.333 nm, which is corresponding 

to (110) planes of rutile SnO2, 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 SnO2 

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 3d5/2 and Sn 3d3/2, respectively, and the peaks centered at 1021.6 

and 1044.7 eV correspond to Zn 2p3/2 and Zn 2p1/2, respectively (Figure 2.4b and c) [28, 59-

61]. Figure 2.4d shows the O 1s spectrum of the B-ZnO@SnO2 HNSs. The peaks centered at 

530.2 eV and 531.6 eV are corresponding to the lattice oxygen in ZnO and in SnO2, 

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 

SnO2 (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)4
2− and then reacted with Sn(OH)6

2−to produce 

octahedral ZnSn(OH)6 (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 SnO2 

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@SnO2 HNSs. 

 

Figure 2.5 (a-f) The SEM images (Scale bars, 2 μm) and (g) XRD patterns of B-ZnO@SnO2 

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@SnO2 HNSs. Figures 2.6a to f show the SEM images of B-ZnO@SnO2 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 °C (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 2.6c). 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 SnO2 

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. 

 

Figure 2.6 The SEM images (Scale bars, 2 μm) and (g) XRD patterns of B-ZnO@SnO2 HNSs 

with different reaction temperature: (a) 160, (b) 170, (c) 180, (d) 190, (e) 200, (f) 210 °C for 

20 h. 

Based on the experimental results, we proposed a reasonable growth mechanism for the 

B-ZnO@SnO2 HNSs. Both of the ZnO nanorods and Sn4+ play an important role in 

synthesizing B-ZnO@SnO2 HNSs. In the first hydrothermal step, the hydrolyzation of zinc 

acetate dihydrate can form Zn(OH)4
2− and ZnO crystal nucleus in the alkali solution. 
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Subsequently, Zn(OH)4
2− anions tend to fold together on the polar surface (0001) of ZnO 

crystalline due to the electrostatic attraction. resulting in that the ZnO nanorods preferentially 

grow along with the orientation of c–axis. 

In the second hydrothermal step, the ZnO nanorods are dissolved in the alkaline solution 

(NaOH) to form Zn(OH) 4
2- anions to serve as zinc source [53, 63]. In addition, the Sn(OH) 6

2- 

anions are generated owing to the reaction between the Sn4+ and OH- in the strong alkaline 

solution [64]. Then, under the hydrothermal conditions, the Sn(OH) 6
2- and Zn(OH) 4

2- react to 

form ZHS [65, 66]. It is reported that the concentration of OH- can affect the morphology of 

the ZHS [66-68]. When increasing molar ratio of OH-:Zn:Sn to ~17:1:1, the octahedral ZHS is 

obtained [66-68]. Hence, in this case, as the molar ratio of OH-:Zn:Sn is 69:1:6, the high 

concentration of OH- leads to rapid formation of the octahedral ZHS (Figure 2.7, 15 min). 

Because ZHS is not very stable in a solution contained excessive OH-, the ZHS will react with 

the OH- and be decomposed to form ZnO and SnO2 nanocrystalline [66]. As a result, the 

octahedral ZHS is decomposed by the OH- which starts from the maximum active sites (the 

point angles) to form the truncated octahedral ZHS (Figure 2.7, 1 h). Therefore, the high 

concentration of the Zn(OH)4
2− and Sn(OH)6

2− are coexisted in a small range of the point angles 

[67]. It is known that bond enthalpies of Zn–O and Sn–O bonds are 159 ± 4 and 531.8 ± 

12.6 kJ/mol at 298 K [69], respectively, and lattice energies of ZnO and SnO2 are 3971 and 

11807 kJ/mol, respectively [70]. Thus, it is much easier to form ZnO compared with the 

formation of SnO2. The high supersaturation of ZnO crystal nucleus ensures ZnO nanorods 

grow rapidly and the existed few SnO2 crystal nucleus in this stage have little influence on the 

growth of ZnO [71, 72]. As, the ZnO crystal nucleus are distributed at the point angles of the 

truncated octahedral ZHS, the initial formed ZnO nanorods are embedded in the point angles 

of truncated octahedral ZHS (Figure 2.7, 1 h). The XRD intensity of ZnO became significantly 

strong with increased reaction time (Figure S2.3). 
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Figure 2.7 Schematic illustration of the reasonable growth mechanism of B-ZnO@SnO2 HNSs. 

By further increasing the reaction time, the crystal nucleus of SnO2 are appeared. As the 

(001) facet of SnO2 owns the highest surface energy, the [001] direction is the preferred growth 

direction for SnO2 [73, 74]. When the reaction time is increased to 6 h, the SnO2 nanocrystalline 

gradually grow into SnO2 nanowires along with the [001] direction via the Ostwald ripening 

and then the initial morphology of B-ZnO@SnO2 HNSs was formed [75-77]. When the 

reaction time was 20 h, the SnO2 nanowires gradually grew on the surface six non–polarized 

plane of ZnO nanorods uniformly and completely.  

The decomposition rate of ZHS is greatly enhanced by increasing the reaction temperature. 

At 160 °C, the temperature is too low to completely decompose the ZHS to form ZnO and 

SnO2, because it cannot ensure the nucleation and growth speeds and supersaturation degree of 

ZnO or SnO2 are high enough simultaneously. Therefore, the SnO2 was not observed in the 

final results and a lot of ZHS were remained. At 170 °C, the reaction rate of the ZHS increases, 

as a result, the growth speed of ZnO and the amount of ZnO nanorods increase noticeably. In 

addition, as mentioned that the formation of SnO2 is much more difficult than formation of 

ZnO, thus the low temperature (170 °C) results in the slow growth of SnO2. Hence, only some 

SnO2 nanocrystals can be seen on the surface of the ZnO nanorods at 170 °C. The growth speed 
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of the SnO2 is significantly improved by further increasing the reaction temperatures (180 °C, 

190 °C). When the reaction temperature is increased to 200 °C, some irregular SnO2 

nanoparticles or nanowires are further dissolved and then recrystallized via Ostwald ripening 

to form single crystal SnO2 nanowires [75-77]. In addition, the decomposition rate of ZnO 

nanorods is dramatically enhanced at high reaction temperature (210 °C). Thus, once the ZnO 

nanorods are completely decomposed, the left hexagonal holes are sealed by the SnO2 

nanowires. 

Figures 2.8a and b reveal that the SnO2 nanowires were not perpendicular but inclined at 

an angle of 56° to the ZnO. In addition, no obvious evidence of a buffer layer between the ZnO 

nanorod and the SnO2 nanowire was found, which meant that SnO2 nanowires were epitaxially 

grown on the ZnO nanorod directly. To further investigate the hetero-interface between SnO2 

nanowire and ZnO nanorod, the HRTEM image viewed along the (0001) plane of ZnO nanorod 

is shown in Figure 2.8c. The SnO2 nanowires were inclined at an angle of 56° to the ZnO 

nanorod, which is consistent with the SEM images. FFT patterns (Figure 2.8d-e) of the SnO2 

nanowire and ZnO nanorod (marked by the squares) indicated that SnO2 nanowires were grown 

on the (01-10) plane of ZnO nanorods along [001] direction of the SnO2. The HRTEM image 

(Figure 2.8f) further confirmed that the (110) plane of SnO2 and the (01-10) plane of ZnO were 

connected at the hetero-interface with a ∼4° tilt attributing to the lattice mismatch.  
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Figure 2.8 (a-b) The tilted view SEM images of well–aligned SnO2 nanowires grow on ZnO 

non-polar surface along the [001] direction. (c) HRTEM image of the interfacial area of B–

ZnO@SnO2 HNSs. (d-e) FFT images of selected areas on SnO2 nanowire and ZnO nanorod 

marked by the squares 1 and 2 in Figure 2.8c, respectively. (f) High magnification image of 

the interfacial area marked by the dotted box 3 in Figure 2.8c. (g) Interfacial area (green plane) 

of [001]-growth-orientation SnO2 nanowires. (h) Atoms arrangements of the SnO2 interfacial 

area in panel g, (i) The schematic representation of the atomic configuration of the B–

ZnO@SnO2 interface viewed along the [0001] direction of ZnO. 

The epitaxial relation about SnO2 and ZnO in most reports are the (010)SnO2|| 01–10 ZnO, 

(010)SnO2||±(0001)ZnO and  101 SnO2||(0001)ZnO [44, 52, 74, 78, 79]. However, in our case, the 

SnO2 nanowires show a selective growth on the (01–10) plane of ZnO with an inclined 56°. 

The interfacial area (green plane) of [001]-growth-orientation SnO2 nanowires is shown in 

Figure 2.8g and corresponding atoms' arrangement is shown in Figure 2.8h. The lattice (O-O 

distance) mismatches in the interfacial area between SnO2 and (01-10) of ZnO are 12.2 % and 
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8.9 %, respectively. Figure 2.8(i) shows a schematic model of the SnO2 nanowires surrounding 

on all the  01-10  surfaces of a ZnO hexagonal nanorods. The model is projected from the [0001] 

direction of the ZnO. The theoretical misorientation between ZnO and SnO2 is 4°, agreeing 

well with the experimental result. 

2.4.3. Gas Sensing Performances of the B-ZnO@SnO2 HNSs 

The performance of B-ZnO@SnO2 HNS-based sensors were evaluated and compared 

with that of pure ZnO and pure SnO2-based sensors at 150 °C. The dynamic response of the B-

ZnO@SnO2 HNS-based sensor to different NO2 concentrations is shown in Figure 2.9a. The 

sensor showed obvious response (0.2) to 5 ppb NO2 with fast response and recover time (60 s 

and 45 s, respectively) with a signal-to-noise ratio over the threshold of 3. Obviously, it takes 

longer time for the device to reach equilibrium for high gas concentration (> 60 s for 10 ppm) 

as compared with low concentration (45 s for 5 ppb). This is because the equilibrium rate 

constant may reduce when increase the initial NO2 concentrations [80]. Nashaat N.Nassar has 

reported that when increase the initial concentration of asphaltene, the obtained equilibrium 

rate constant decrease based on the pseudo-second-order kinetic model [80]. The response of 

the sensor exhibited a linear relationship when detection range changed from 5 ppb to 800 ppb 

and 1 ppm to 10 ppm, respectively, (Figure 2.9b). The responses of the sensors based on B-

ZnO@SnO2 HNSs, SnO2 nanowires and ZnO nanorods to 1 ppm NO2, acetone, C7H8, H2S, 

CHCl3, NH3, and ethanol were measured at 150 °C (Figure 2.9c). Compared with other two 

sensors, the sensor based on B-ZnO@SnO2 HNSs showed the highest sensing response to 

NO2.The sensing response of B-ZnO@SnO2 HNS-based sensor to 1 ppm NO2 was 25.5, while 

the sensing response to other six gases were measured to be less than 1. Compared with other 

reported NO2 sensors based on ZnO@SnO2 (Table S2.1), our work shows superior sensing 

performances such as high response, low DL, and fast response-recovery time. The stability 

was also studied, Figure S2.7 and Figure S2.8 shows the dynamic sensing response of B-
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ZnO@SnO2 HNS-based sensor after staying in air for 7 months. The response of the sensor 

just changed around 14% over 7 months, which demonstrates the sensor based on B-

ZnO@SnO2 HNSs has a good stability. In addition, the humidity effect was also investigated 

at 150 °C under the relative humidity (RH) of 85% after staying for 7 months (Figure S2.9). 

The response to the humidity was very low (less than 3 to 85% RH) similar to the other detected 

reducing gases in this work.  

 

Figure 2.9 (a) Real-time response of the B-ZnO@SnO2 HNSs sensor to NO2 from 5 ppb to 

10 ppm. (b) The linear relationship of the B-ZnO@SnO2 HNSs sensor to NO2 in the range of 

5 ppb to 800 ppb and 1 ppm to 10 ppm. (c) Selectivity comparison of pure ZnO, SnO2, and B-

ZnO@SnO2 HNSs sensors for different target gases at 1 ppm. 
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2.4.4. Gas Sensing Mechanism of the B-ZnO@SnO2 HNSs 

In order to address the sensing mechanism, the schematic sensing mechanism and the 

relevant energy band diagrams were demonstrated in Figure 2.10. Figure 2.10a is the schematic 

sensing mechanism of sensor based on single sensing material (take the pure SnO2 for example 

in this case). When exposed to air, oxygen molecules will absorb onto the surface of the SnO2 

by extracting electrons from SnO2 nanowires and form oxygen ions such as O2
– and O–. Then 

an electron-depletion layer (EDL) at the surface of SnO2 nanowires is formed. When switching 

to NO2, due to the high affinity, the NO2 molecules will draw out the electrons from both SnO2 

and oxygen ions, resulting in expansion of EDL and increase of the resistance (Figure 2.10a) 

(Equations (2-1) - (2-4)) [38]. This is the sensing mechanism of the sensor based on single 

sensing material (pure SnO2 or pure ZnO) and the sensing response is strictly dependent on the 

size of the sensing materials [81,82]. 

2 2NO e NO− −+ →           (2-1) 

2NO e NO O− −+ → +          (2-2) 

2 2 22 2NO O e NO O− − − − −+ + → +         (2-3) 

2

2 2 2NO O e NO O− − − −+ + → +         (2-4) 

For the sensor based on B-ZnO@SnO2 HNSs, the enhancement sensing mechanism is 

ascribing to the increased specific surface area, the defects introduced by the lattice mismatch, 

and the formed multi-junctions compared with pure SnO2- and pure ZnO-based sensors. The 

increased specific surface area guarantees more adsorption sites. The lattice mismatch between 

ZnO and SnO2 could bring in the increase of oxygen vacancies, which provide more adsorption 

and reaction sites for oxygen and NO2 molecules [83]. Besides, as the ZnO nanorods are 

densely covered by the SnO2 nanowires, in this case, SnO2 nanowires work as the main sensing 

sites and the conduction channel. The enhanced sensing performance of the sensor based on B-

ZnO@SnO2 HNSs is closely relevant with synergism effects of the formed multi-junctions [34, 
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35]. First, the unique heterostructure of B-ZnO@SnO2 HNSs compels the electrodes to contact 

with the SnO2 nanowires to form Schottky barrier (Figure S2.10 b-d). Part of the contact points 

were located at the tap of the SnO2 nanowires with a diameter of ~10 nm, which is smaller than 

the range of the Debye length (λD) (around 8.4-21.6 nm for SnO2 nanowires at 150 ℃) [84,85]. 

Therefore, the modulated of the EDL in the radial direction is more obviously and the 

conduction channel in the tap of SnO2 can be cut down rapidly and effectively by trace NO2 

(ppb level). Second, similar to the sensing mechanism of pure SnO2-based sensor, the EDL will 

be broaden when the sensor is exposed to NO2 and then the homojunction potential barrier 

(ΔΦhomo) between SnO2 nanowires will increase to hamper the transportation of electrons 

(Figure 2.10b). Last, the formed heterojunction at the hetero-interface of the SnO2 and ZnO 

also contributes to enhance the gas sensing. In the vacuum, the electrons will transfer from 

SnO2 to ZnO due to their different work functions (Φ(ZnO)=5.2 eV, Φ(SnO2)=4.9 eV) till their 

Fermi levels equilibrate and form a depletion layer at the hetero-interface of ZnO and SnO2 

(Figure 2.10c,d) [32, 34, 86]. The heterojunction potential barrier (ΔΦhetero) at the hetero-

interface is produced by the different work functions. According to the ref. 86 and ref. 88, the 

overall resistance of the sensor can be described as following formula (2-5): 

0 exp
b

Φ
R R

k T

 
=  

 

          (2-5) 

where R0 is constant, k is Boltzmann's constant, T is absolute temperature, and ΔΦ is the 

effective potential barrier (including ΔΦhomo and ΔΦhetero). When the B-ZnO@SnO2 HNSs are 

exposed in to the air, the O2 molecule will absorb onto the surface of the SnO2 nanowires and 

extract electrons from SnO2 to form the oxygen ions such as O2
– and O–. As the diameter of 

SnO2 nanowire is comparable with 2λD of SnO2, the electrons of SnO2 nanowire is almost 

depleted in the air [84,85]. Then, the Fermi level (Ef) of the SnO2 will shift far away from the 

conduction band even lower than that of ZnO due to the reduced electron concentration. Thus, 

in order to reach a balance, the electrons will inject from ZnO nanorods to react with the oxygen 
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molecules (Figure 2.10e). Owing to the high affinity of NO2 molecules, the NO2 molecules will 

further withdraw the electrons from SnO2 and oxygen ions. Thus, the ΔΦhetero enlarges 

obviously compared with it in the air due to the further reduced electron concentration leading 

to increase of the resistance (Figure 2.10f) [88]. Therefore, the multi-junctions play an 

important role in enhancing the sensing performance of the B-ZnO@SnO2 HNSs [88].  

 

Figure 2.10 Schematic illustration of the sensing mechanisms with respect to (a) SnO2 

nanowires and (b) B-ZnO@SnO2 HNSs; schematic diagrams of B–ZnO@SnO2 at different 

stage: (c) Energy band diagram of SnO2-ZnO system. Energy band diagram of SnO2-ZnO 

heterojunction after contact in vacuum (d), in air (e), and in NO2 (e). 

2.5. Conclusions 

B-ZnO@SnO2 HNSs have been successfully synthesized using a facile two-step 

hydrothermal method, and the reaction time and temperature have a great impact on the 

morphology of B-ZnO@SnO2 HNSs. The B-ZnO@SnO2 HNSs based gas sensor shows the 

ultralow DL of 5 ppb with the fast response and recovery time (less than 60 s) at relatively low 

working temperature (150 oC). The great sensing performance of B-ZnO@SnO2 HNSs sensor 
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is mainly due to the synergism effect of multi-junction in the B-ZnO@SnO2 HNSs and also the 

enhanced specific surface area as well as the introduced defects. Overall, the synthesis strategy 

presents great potential for developing high performance sensing materials, which can also be 

applied to the synthesis of many other metal oxide nanomaterials. The terpilenol is used as 

organic binder to connect the prepared B-ZnO@SnO2 powders and sensor chips for 

construction of gas sensor. However, the B-ZnO@SnO2 powders will aggregate and influence 

the uniformity of sensing materials during the slurry-coating process. Thus, development of in 

situ grow method is a potential approach to obtain highly uniform sensing materials without 

aggregation. 
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2.7. Supplementary Data 

Design of Novel ZnO@SnO2 n-n Heterostructures for Highly Sensitive NO2 Sensing 

 

Figure S 2.1 (a) XRD and (b) SEM image of ZnO nanorod. 

 

 

Figure S 2.2 The SEM images (Scale bars, 2 μm) of B-ZnO@SnO2 HNSs at 200 °C with 

different reaction time: (a) 15, (b) 30 min, (c) 1, (d) 2, (e) 4, (f) 6, (g) 8, (h) 10, (i) 12, (j) 16, 

(k) 20, (l) 24 h. 
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Figure S 2.3 The XRD patterns of B-ZnO@SnO2 HNSs at 200 °C for different reaction time. 

 

Figure S 2.4 The SEM images (Scale bars, 2 μm) of B-ZnO@SnO2 HNSs with different 

reaction temperature: (a) 160, (b) 170, (c) 180, (d) 190, (e) 195, (f) 200, (g) 205, (h) 210 °C for 

20 h. 
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Figure S 2.5The XRD patterns of B-ZnO@SnO2 HNSs at 200 °C with different reaction 

temperature. 

 

Figure S 2.6 (a) XRD and (b) SEM image of SnO2 nanowires. 

 

Figure S 2.7 (a) Real–time response of the B-ZnO@SnO2 HNSs sensor to NO2 from 500 ppb 

to 10 ppm over 7 months. 
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Figure S 2.8 Reproducibility characterization of the B-ZnO@SnO2 HNSs based sensor to 

500 ppb and 1 ppm NO2 over 7 months. 

 

Figure S 2.9 Reproducibility characterization of the B-ZnO@SnO2 HNSs based sensor under 

the relative humidity of 85% over 7 months. 
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Figure S 2.10 (a) Optical photograph of the micro hotplate. (b) SEM images of the B-

ZnO@SnO2 HNSs sensor and (c–d) the B-ZnO@SnO2 HNSs bridging the two electrodes. 

Table S 0.1 NO2 gas sensing abilities of SnO2-ZnO composite materials. 

Materials MDL 

(ppm) 

C 

(ppm) 

T 

(˚C) 

Response 

(Rg/Ra) 

Tresponse 

(S) 

Trecover 

(S) 

Reference 

SnO2-ZnO NWs 1 5 RT 6.1 100 220 [16] 

SnO2-ZnO NWs 10 10 300 ~50 — — [17] 

ZnO-SnO2 HSs 0.5 5 300 30.8 ~500 ~240 [32] 

ZnO-SnO2 NWs 0.5 10 200 66.3 ~50 ~60 [33] 

ZnO-SnO2 NWs 0.1 1 300 ~26 — — [34] 

ZnO-SnO2 NWs 1 10 250 4.3 317 343 [35] 

SnO2-ZnO NFs 0.4 4 200 105 — — [36] 

ZnO-SnO2 NWs 0.5 1 250 ~3 — — [38] 

ZnO-SnO2 NWs 2 2 250 1.5 303 473 [39] 

ZnO-SnO2 NWs 1 5 300 0.4 — — [40] 
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ZnO-SnO2 NCs 200 500 250 34.5 — — [41] 

B-ZnO@SnO2 

HNSs 

0.005 0.005 150 1.2 45 60 

This work 

 0.005 10 150 106.0 50 55 This work 
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Chapter 3: In situ Growth of NiO@SnO2 p-n 

Heterostructures for High Performance H2S Sensing 

3.1. Abstract 

Heterostructural metal oxides with high specific surface area are crucial for constructing 

high performance gas sensors. However, using slurry-coating and screen-printing methods to 

fabricate gas sensors cannot result in high uniformity of the sensors as reported in Chapter 2. 

Here, NiO nanowalls decorated by SnO2 nanoneedles (NiO@SnO2) were in situ grown on 

ceramic microchips via a chemical bath deposition method to obtain highly uniform 

NiO@SnO2 p-n hierarchical nanostructures (HNSs) for H2S sensing instead of slurry-coating 

method. The morphologies and compositions of the NiO@SnO2 HNSs were well tuned by 

varying the growth time of the NiO@SnO2 HNSs to optimize the sensing performance. The 

response of the NiO@SnO2 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 SnO2 nanosheets. This dramatic 

enhancement is mainly due to the large surface area of the NiO@SnO2 HNSs and the p-n 

heterojunction at the interface of SnO2 and NiO. The variation in the depletion layers (𝑊𝑆𝑛𝑂2
 

and 𝑊𝑁𝑖𝑂) at the interface of SnO2 and NiO greatly depends on the properties of the target 

gases (e.g., electron-withdrawing property (NO2) or electron-donating property (H2S)). 

Author contributions: Lin Liu has got the permission from other co-authors for this paper to 

her thesis. All the paper work and data analysis are finished by Lin Liu and most of the data 

including SEM, EDXS, sensing performance are also collected by Lin Liu. 
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3.2 Introductions 

Hydrogen sulfide (H2S) is a toxic, corrosive, and flammable gas that causes air pollution 

and is harmful to human health. An individual’s blood lactate concentration will increase when 

exposed to 5-10 ppm H2S, and more symptoms, such as olfactory paralysis, respiratory distress, 

and even death, will appear with further increases in the H2S concentration [1]. There is a great 

demand for highly sensitive, selective and stable gas sensors for detecting trace concentrations 

of H2S. Recently, much effort has been devoted to developing high-performance gas sensors 

based on semiconducting metal oxides. Their performance highly depends on the specific 

surface area and chemical composition of the sensing materials [2-4]. Therefore, many 

nanostructured metal oxides with high specific surface area have been developed (e.g., SnO2 

[5,6], NiO [7-9], CuO [8], Fe2O3 [9], WO3 [10], and ZnO [10]). Among them, SnO2 (Eg = 

3.5 eV), a typical n-type semiconductor that is widely used in commercial semiconducting gas 

sensors, has attracted significant attention due to its high chemical stability and excellent 

electrical properties [11]. Generally, constructing heterostructural nanomaterials can 

significantly enhance sensing performance due to the synergistic effects induced by the 

heterojunction, which can efficiently modulate conduction channels [11-14]. For example, Ji 

et al. [15] studied a high-performance room-temperature (RT) NO2 sensor based on an ultrathin 

heterojunction film (1 nm diphenyl perylene tetracarboxylic diimide (PTCDI-Ph)/5 nm para-

hexaphenyl (p-6P)), and the high sensing response was mainly due to the accumulated electrons 

in the PTCDI-Ph layer caused by the heterojunction. Choi et al. [11] modified SnO2 nanowires 

with p-type Cr2O3 nanoparticles and demonstrated an enhanced response toward reducing gases 

by efficiently modulating the conduction channel of the SnO2 nanowires. Notably, NiO is an 

ideal p-type semiconductor (Eg = 4.4 eV) that can form a type-Ⅱ p-n heterojunction with SnO2 

to facilitate carrier transportation due to the difference in the working functions of SnO2 (Φ(SnO2) 

= 4.9 eV) and NiO (Φ(NiO) = 5.3 eV) [11,16,17]. 
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To date, the most common fabrication methods for gas sensors are slurry-coating or 

screen-printing the sensing materials onto the electrodes of the sensor chips [18,23]. However, 

these methods may affect the sensitivity, stability, and reproducibility of the sensors [9,12,23]. 

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. Moreover, the reproducibility of the sensors is not 

controllable due to the inhomogeneity of the sensing materials. Several reports have 

demonstrated relatively controllable fabrication methods for sensing materials, such as 

chemical vapor deposition (CVD), oblique angle deposition (OAD), pulsed laser deposition 

(PLD), magnetron sputtering, and coelectrospinning fabrication [10,13,24-26]. For example, 

Fang et al. [27] and Tyagi et al. [25] developed a radio-frequency (RF) magnetron sputtering 

method to construct gas sensors with a heterojunction film. Xu et al. [13] fabricated NiO@ZnO 

heterostructural nanotubes based on a coelectrospinning setup including a high-voltage power 

supply, a syringe pump, and a coaxial spinneret. However, these methods are usually expensive 

and often require complex instruments and high fabrication temperatures. Therefore, a cost-

effective method to fabricate heterostructural nanomaterials and construct gas sensors with 

high sensitivity, stability and uniformity is urgently needed. 

Here, we developed a novel method for in situ growth of highly uniform NiO@SnO2 

hierarchical nanostructures (NiO@SnO2 HNSs) on sensor chips for H2S detection. In 

comparison with metal oxide-based gas sensors prepared by the slurry-coating method, this 

fabrication process does not involve a binder and avoids additional contamination. Briefly, the 

Ni(OH)2 nanowalls were first grown onto a sensor chip via a chemical bath deposition method. 

Then, in situ growth of the SnO2 nanoneedles onto the surface of the Ni(OH)2 nanowalls was 

performed by immersing the chip into a SnF2 solution. The morphology and composition of 
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the Ni(OH)2@SnO2 HNSs were well controlled by tuning the reaction time. The NiO@SnO2 

NHSs were obtained by annealing the obtained Ni(OH)2@SnO2 HNSs at 400 °C under an Ar 

atmosphere. The resulting sensor based on NiO@SnO2 NHSs shows a high sensitivity and 

selectivity to H2S (0.1 – 50 ppm). 

3.3 Experimental Sections 

3.3.1 Synthesis of Material 

All reagents (Sinopharm Chemical Reagent Co., Ltd) were analytical grade and used 

without further purification. The sensor chips were pre-treated by sequential sonication in 1 M 

HCl solution, deionized (DI) water and absolute ethanol for 5 min, respectively. The Ni(OH)2 

nanowalls were directly growing on the sensor chip via a chemical bath deposition method [28]. 

Briefly, 0.75 mmol NiCl2 (≥96.0%), 4 mmol NH4Cl (≥99.5%), and 1.375 mmol NaOH 

(≥96.0%) were dissolved in 20 mL DI water. The sensor chips were inserted into the solution 

with the working electrode surface facing down and then placed in an oven at 55 °C for 15 h. 

Then the resulted chips with Ni(OH)2 nanowalls were washed with DI water and ethanol. 

Different morphologies and compositions of Ni(OH)2@SnO2 HNSs were obtained by 

immersing the Ni(OH)2 covered chips into a 25 mM SnF2 solution at 90 °C and varying the 

growth time (2, 4, 8, and 12 h). The annealing treatment was conducted in a tubular furnace at 

400 ℃ for 2 h under an Ar atmosphere to obtain NiO@SnO2 HNSs. For comparison, sensors 

based on pure NiO nanowalls (reaction time 15 h) and SnO2 nanosheets (reaction time 24 h) 

were also prepared and tested.  

The SEM, EDXS and XRD samples were obtained by directly growing the materials on 

the silicon substrate before and after annealing treatment. The TEM samples were prepared by 

using Cu film to slightly scrape the silicon substrate after spraying the ethanol solution.  
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3.3.2. Characterization 

The chemical composition of the synthesized materials was characterized by X-ray 

Diffraction (XRD, Bruker AXS, D8 Advance). Scanning electron microscopy (SEM, Hitachi-

s4800) and transmission electron microscopy (TEM, Tecnai G2 F20 S-Twin) were also used 

to analyse the morphology and crystal structure of samples. Energy dispersive spectrometry 

(EDXS) was used to further verify the component of hierarchical nanostructures. 

3.3.3. Gas Sensing Measurement 

The as-prepared sensors were placed into a sealed glass chamber (1 cm3) with an air inlet 

and outlet for targeted gases detection. The different concentrations of target gases were 

controlled by tuning the ratio of dry air and target gases via mass flow controllers (MFC, 

BEIJING SEVENSTAR ELECTRONICS CO., LTD). The dry air was switched to flow 

through the sealed glass chamber after exposure to a known concentration of target analyte 

until it reaches its initial resistance baseline. 

3.4. Results and Discussions 

3.4.1. Structure and Morphology Characterization 

Figure 3.1a illustrates a schematic diagram of the ceramic sensor chip, from the bottom to 

top, including the heating electrodes (I), Pt layer, ceramic layer and working electrodes (II). 

The schematic graphs of the ceramic sensor chip after the growth of the Ni(OH)2 nanowalls 

and Ni(OH)2@SnO2 HNSs (2 h) are displayed in Figure 3.1b and Figure 3.1c, respectively. 

Figure 3.1d-i shows a series of SEM images of the pure SnO2 nanosheets (24 h), Ni(OH)2 

nanowalls, and Ni(OH)2@SnO2 HNSs. The Ni(OH)2 nanowalls had a smooth surface with 

sharp edges. The thickness of the Ni(OH)2 nanowalls was 10 - 20 nm, while that of the SnO2 

nanosheets was much less (< 10 nm, Figure 3.1d). After immersing the sensor chips covered 

with Ni(OH)2 nanowalls into the SnF2 solution, the Ni(OH)2 nanowalls served as frameworks 

for growth of the SnO2 nanoneedles. The size of the SnO2 nanoneedles gradually increased 
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(from nanoneedles to nanosheets) by increasing the growth time. The Ni(OH)2 nanowalls were 

densely covered by the SnO2 nanosheets after 12 h (Figure 3.1i). The annealing treatment did 

not affect the morphology of the prepared hierarchical nanostructures (as depicted in the SEM 

images in Figure S3.1). 

 

Figure 3.1Schematic diagrams of the bare ceramic microchip (a), with Ni(OH)2 nanowalls (b), 

and Ni(OH)2@SnO2 hierarchical nanostructures (HNSs) (2 h) (c); SEM images of pure SnO2 

(d) and NiO (e), SEM images of Ni(OH)2@SnO2 HNSs with different reaction time: (f) 2 h, (g) 

4 h, (h) 8 h and (i) 12 h. 

Figure 3.2a reveals the X-ray diffraction patterns of Ni(OH)2, SnO2 and Ni(OH)2@SnO2 

HNSs grown at different times. In the XRD pattern of Ni(OH)2, there are some diagnostic 

diffraction peaks located at 2θ = 33.07°, 38.54°, 59.05°, and 62.73°, which correspond to the 

(100), (101), (110) and (111) planes of Ni(OH)2 (JCPDS file No. 14-0227), respectively. The 

diffraction peaks of Ni(OH)2 gradually decreased as the Ni(OH)2 nanowalls were gradually 

covered by SnO2 with the growth time increasing. To verify this result, EDXS was conducted 

to determine the mass ratio of Ni and Sn atoms, as shown in Table S1. The amount of Ni 
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decreased from 47.1% to 1.4% as the growth time of the (Ni(OH)2@SnO2 HNSs increased 

from 2 h to 12 h. To further confirm the crystal structure of SnO2, pure SnO2 nanosheets (24 h) 

were scraped from the PET substrate and characterized by XRD. All of the diffraction peaks 

were well indexed to the standard SnO2 JCPDS card No. 41-1445 (Figure S3.2) [30]. The pure 

Ni(OH)2 nanowalls with smooth surfaces were characterized by TEM, as shown in Figure 3.2b 

and c. Figure 3.2c shows the high-resolution TEM (HRTEM) image and the corresponding fast 

Fourier transform (FFT) image (taken from the marked box area) of the Ni(OH)2 nanowalls. 

The lattice space of 2.7 Å matches well with the d value of the (100) crystal plane of β–Ni(OH)2 

[28,31]. Figure 3.2d and e illustrate the TEM images of the Ni(OH)2@SnO2 HNSs (2 h). 

Obviously, SnO2 nanograins and nanoneedles were observed on the surface of the Ni(OH)2 

nanowalls (Figure 3.2d and e). The HRTEM image and the FFT image (taken from selected 

area) of the SnO2 nanoneedle at the edge of a piece of Ni(OH)2 nanowall (2 h sample) further 

confirm the single crystalline structure of the SnO2 nanoneedles. The corresponding lattice 

spaces of 3.14 Å and 3.34 Å are consistent with the (001) and (110) crystal planes of tetragonal 

rutile SnO2, respectively [21,32,33]. 
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Figure 3.2 (a) XRD patterns of the prepared Ni(OH)2, SnO2, and different Ni(OH)2@SnO2 

HNSs and PET substrate; (b) TEM, and (c) HRTEM and the corresponding fast Fourier 

transform (FFT) of Ni(OH)2 nanowall; (d) TEM, and HRTEM and the corresponding fast 

Fourier transform (FFT) images of SnO2 nanoneedle (2 h) at the edge of Ni(OH)2 nanowall. 

3.4.2. Growth Mechanism of the Ni(OH)2@SnO2 HNSs 

To understand the growth mechanism, Ni(OH)2@SnO2 HNSs with different growth times 

were obtained and characterized with SEM (Figure S3.3). First, the Ni(OH)2 nanowalls were 

grown on silicon substrates, which serve as the framework for growing the SnO2 nanoneedles. 

The growth of the Ni(OH)2 nanowalls mainly occurs through the following two steps: 

heterogeneous nucleation and oriented crystal growth [28]. The formation of oriented Ni(OH)2 

nanowalls (Figure 3.3a and Figure S3.3a) is ascribed to the selected absorption of NH3 

molecules on a specific crystal face (001) of Ni(OH)2 via hydrogen bonds, which can 

dramatically suppress the growth of the (001) facet [34]. In this work, the formation of SnO2 

also experiences similar steps: heterogeneous nucleation and oriented crystal growth of SnO2 
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nanoneedles and nanosheets [35,36]. During the early stage (0-1 h), the surface of the Ni(OH)2 

nanowalls became coarse and formed numerous small SnO2 nanocrystals (Figure 3.3b and c, 

and Figure S3.3b and c) owing to the hydrolysis of SnF2, the oxidization of Sn(II) to Sn(IV), 

and the heterogeneous nucleation process [37,38]. The needle-like morphology was observed 

after growth for 2 h and was attributed to the “oriented attachment” growth process (Figure 

3.3d and Figure S3.3d) [39]. Subsequently, SnO2 nanosheets formed due to the fast oriented 

attachment when prolonging the growth time to 4 h and 8 h. It has been reported that fluoride 

ions (F-) play an important role in tuning the architectural structure and shape of SnO2, and 

only when the atom ratio value of F and Sn is RF/Sn = 2 can SnO2 nanosheets be obtained [36]. 

The surface free energy of the SnO2 facet can be tuned owing to the absorption and passivation 

effect of F- on the surface of the SnO2 nanocrystals ((001) > (110) > (113) > (102)) [40]. 

 

Figure 3.3 Schematic graph of the proposed growth processes of Ni(OH)2@SnO2 HNSs. 

3.4.3. Gas-sensing Performance of NiO@SnO2 HNSs 

The effect of hierarchical nanostructures on the sensing performance of the sensors was 

studied. The sensing properties of different sensors based on NiO@SnO2 HNSs (2, 4, 8, and 

12 h), pure NiO nanowalls, and SnO2 nanosheets are shown in Figure 3.4. In this case, the 

sensing response (S) was defined by ΔR/Ra (reducing gases) or ΔR/Rg (oxidizing gases), where 



84 

 

ΔR is the difference between the resistance in the target gas (Rg) and in air (Ra). Figure 3.4a 

illustrates the sensing response based on NiO@SnO2 HNSs (2 h) at different operating 

temperatures (180 - 300 °C) to 1 ppm H2S. The response increased with increasing operating 

temperature, reached a maximum value at 240 °C (termed the optimal operating temperature) 

and then gradually decreased as the temperature further increased. The influence of temperature 

is ascribed to the possible competition between the adsorption and desorption rates of H2S and 

the surface reactivity of the adsorbed H2S molecules and adsorbed oxygen species [41,42]. 

Increasing the operating temperature improves the H2S chemisorption and the reaction rate, 

which can lead to an enhanced response [41,42]. However, with further increases in 

temperature, the desorption of H2S outweighs the effect of absorption, resulting in a decrease 

in the response [41,42]. Based on this result, all other measurements were conducted at 240 °C. 

The sensing responses of sensors (2, 4, 8, 12 h, NiO and SnO2) to different H2S concentrations 

(0.2 -1 ppm) are shown in Figure 3.4b. The sensor based on NiO@SnO2 HNSs (2 h) has the 

highest response because the sensing response of the sensors highly depends on the 

heterojunction of SnO2 and NiO. (A more detailed sensing mechanism is discussed in the next 

section.) 

Selectivity is an important parameter to judge the sensing performance of gas sensors. The 

response of the sensors (2, 4, 8, and 12 h) toward different gases, including NH3, C7H8, CHOH, 

NO2 and H2S, at the same concentration (0.5 ppm) was tested, as shown in Figure 3.4c. All of 

the NiO@SnO2 HNS-based sensors showed good selectivity to H2S against other interfering 

gases. However, compared with other sensors, NiO@SnO2 HNSs (2 h)-based sensors exhibited 

an ultrahigh response and selectivity toward H2S. The sensing responses of the sensor (2 h) to 

NH3, C7H8, CHOH, NO2 and H2S were 0.1, 0.21, 0.05, -0.09 and 1.86, respectively. In addition, 

the sensor prepared with the NiO@SnO2 HNSs (2 h) showed a broad linear detection range (R2 

= 0.998, slope of 3.66 ppm-1) from 0.1 ppm to 50 ppm, as shown in Figure 3.4d and e. The 
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theoretical detection limit (DL) toward H2S was estimated to be 1.5 ppb, exceeding the 

requirement of the US EPA (83 ppb), according to equations (Eq (3-1) and Eq (3-2)) [42-45], 

𝑅𝑀𝑆𝑛𝑜𝑖𝑠𝑒 =  √
𝑆𝐷2

𝑁
          (3-1) 

DL = 3
𝑅𝑀𝑆𝑛𝑜𝑖𝑠𝑒

𝑠𝑙𝑜𝑝
         (3-2) 

The standard deviation (SD = 0.018) was obtained from 100 baseline data points in Figure 

3.4d before exposure to H2S. Therefore, the sensor noise (RMSnoise) was 0.0018, and the 

theoretical DL was approximately 1.5 ppb. The sensor based on the NiO@SnO2 HNSs (2 h) 

also showed afast response and recovery of 37 s and 50 s (1 ppm H2S), respectively, as shown 

in Figure 3.4f. Moreover, the sensing response of the sensor toward 1 ppm H2S changed less 

than 3% after one month, indicating good stability and repeatability. The sensing response in 

this work is very high with fast response and recovery times. This work shows a higher sensing 

performance with fast response and recovery times and high sensing response compared with 

other reported H2S sensors based on the NiO-SnO2 system and NiO- and SnO2-based 

composites in recent years (Table S3.2). 
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Figure 3.4 (a) Operating temperature dependence sensing response of NiO@SnO2 HNS (2 h)-

based sensor to 1 ppm H2S; (b) Real-time response of sensors based on different NiO@SnO2 

HNSs (2, 4, 8, and 12 h), pure NiO nanowalls and pure SnO2 nanosheets to different 

concentration of H2S (ranging from 0.2 to 1 ppm); (c) Selectivity of sensors 2, 4, 8, and 12 h) 

to different gases with same concentration (0.5 ppm); (d) Real-time response of the sensor 

based on NiO@SnO2 HNSs (2 h) to different concentration of H2S (0.1 – 50 ppm) and (e) linear 

relationship of sensing response verse different concentration of H2S; (f) Sensing response of 

sensor (2 h) to 1 ppm H2S of day one and one month later.  

3.4.4. Gas Sensing Mechanism of NiO@SnO2 HNSs 

For the pure SnO2 nanosheets (24 h), the conduction property of SnO2 depends on the 

concentration of electrons in SnO2. When exposed to air, oxygen molecules adsorb onto the 

surface of SnO2 in the form of oxygen ions such as O2
- and O-

 by extracting electrons from 

SnO2 and forming a depleted layer on the surface of the SnO2 nanosheets. When switching to 

H2S, the chemisorbed H2S will react with the adsorbed oxygen ions and release electrons to the 

SnO2 nanosheets as follows [41,46,47]: 

O2(g) + e− → O2(ads)−        (3-3) 
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2H2S + 3O2(ads) → 2H2O + 2SO2 + 3e−      (3-4) 

Thus, the resistance of the SnO2 nanosheets decreases, and this trend opposites to that of 

pure NiO nanowalls, as it is a p-type semiconductor. Compared with pure NiO and SnO2, the 

enhanced sensing performance of NiO@SnO2 HNSs is mainly ascribed to two aspects: a) large 

specific surface area and b) the formed p-n heterojunction. The decorated SnO2 nanoneedles 

can greatly increase the surface area of NiO@SnO2 HNSs, leading to high sensitivity. In 

addition, the resistance of sensors based on heterogeneous materials also depends on the 

potential barrier height according to Eq (3-5) [2, 48, 49]: 

𝑅 
 = 𝑅0 𝑒𝑥𝑝 (

𝑞𝑉

𝑘𝑇
)         (3-5) 

where R is the resistance of the material, R0 is the initial resistance, q is the charge of an electron, 

k is Boltzmann's constant, T is the absolute temperature and V is the potential barrier height 

(including the heterojunction potential barrier (𝑉0) and the homojunction potential barrier). 

Therefore, the resistance of the sensors will exponentially change with V, which is why the 

sensing performance of NiO@SnO2 HNSs is much better than that of pure NiO and SnO2 [2, 

49]. 

 

Figure 3.5 (a) Schematic band gap structure of NiO@SnO2 p-n heterojunction; (b) Schematics 

show changes of the conduction channel when exposure to different gases such as air, H2S, and 

NO2. 
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The schematic of the sensing mechanism and the relevant energy band diagram are shown 

in Figure 3.5a to address the effect of the p-n heterojunction between NiO and SnO2. The 

electrons will transfer from SnO2 to NiO, while holes will transfer from NiO to SnO2 to form 

a depleted layer at the interface of SnO2 and NiO owing to the different work functions [11, 

16].The width of the depletion layers (𝑊𝑆𝑛𝑂2
 and 𝑊𝑁𝑖𝑂) induced by the p-n heterojunction can 

be calculated using Eq (3-6) and Eq (3-7), respectively [11]. 

𝑊𝑆𝑛𝑂2
= [

2𝜀𝑆𝑛𝑂2𝑉0

𝑞
 ×  {

𝑁𝑁𝑖𝑂

𝑁𝑆𝑛𝑂2×(𝑁𝑆𝑛𝑂2+𝑁𝑁𝑖𝑂)
}]   

1 2⁄      (3-6) 

𝑊𝑁𝑖𝑂 = [
2𝜀𝑁𝑖𝑂𝑉0

𝑞
 ×  {

𝑁𝑆𝑛𝑂2

𝑁𝑁𝑖𝑂×(𝑁𝑆𝑛𝑂2+𝑁𝑁𝑖𝑂)
}]   

1 2⁄      (3-7) 

where 𝜀𝑆𝑛𝑂2
 (1.61 × 10-10 F·m-1) and 𝜀𝑁𝑖𝑂 (1.04 × 10-10 F·m-1) are the permittivity of SnO2 and 

NiO, respectively [11, 50]; 𝑉0 (0.4 eV) is the heterojunction potential barrier caused by the 

working function difference between SnO2 and NiO; q is the charge of an electron (1.6 × 

10−19 C) and 𝑁𝑆𝑛𝑂2
 (3.6 × 1018 cm-3) and 𝑁𝑁𝑖𝑂  (1.3 × 1019 cm-3) are the hole and electron 

concentrations, respectively [11, 51]. 

The calculated 𝑊𝑆𝑛𝑂2
 and 𝑊𝑁𝑖𝑂 values are ~ 13.1 nm and ~3 nm, respectively, based on 

Eq (3-6) and (3-7). According to the SEM images (Figure 3.3a, c), the thickness of the SnO2 

nanoneedles is less than 10 nm (less than 2 times the Debye length of SnO2) [11, 52,53]. 

Therefore, the electrons of the SnO2 nanoneedles are almost completely depleted in air due to 

the absorbed oxygen molecules. When an electron-donating gas (e.g., H2S) is supplied, the 

electrons captured by the absorbed oxygen ions are released, and 𝑁𝑆𝑛𝑂2
 increases. Thus, the 

Fermi level (Ef) of SnO2 shifts closer to the conduction band, and 𝑉0 increases. As a result, 

𝑊𝑁𝑖𝑂  expands based on Eq (3-7), and the resistance of the sensor increases as the main 

conduction channel is the NiO nanowall in our case. In contrast, when an electron-withdrawing 

gas (e.g., NO2) is supplied, it extracts electrons from the SnO2 nanoneedles and leads to a 

reduction in 𝑊𝑁𝑖𝑂 and the resistance of the sensor. However, this decrease in 𝑊𝑁𝑖𝑂 is marginal 
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because the electrons of the SnO2 nanoneedles are almost completely depleted in the air, as 

mentioned above. This result indicates that the sensor based on NiO@SnO2 HNSs (2 h) is more 

sensitive to H2S than NO2. The selectivity of the sensing mechanism toward H2S among 

electron-donating gases (such as NH3, C7H8, CHOH and H2S) may be related to the bond 

dissociation energy of the gas molecules. Because the bond dissociation energy of H-S in H2S 

is only 381 kJ/mol, which is smaller than that of N-H in NH3, C-C, and C-H in VOCs, H-S can 

be easily broken to participate in the reaction with the adsorbed oxygen molecules. Thus, the 

sensor based on NiO@SnO2 HNSs can selectively sense H2S [54, 55]. In addition, the highest 

response NiO@SnO2 HNS (2 h)-based sensor is greatly relating to the structure of sensing 

materials. Obviously, the size of the SnO2 nanoneedles (2 h) is much smaller than that of the 

other SnO2 nanosheets (4, 8, 12 h). For sensors based on the NiO@SnO2 HNSs (4, 8, 12 h), the 

approach of H2S to the interface of SnO2 and NiO is hampered by the densely covered SnO2 

nanosheets. Thus, the reaction with H2S is mainly confined to the surface of the SnO2 

nanosheets. As a result, the ability to tune the heterojunction potential barrier will become 

increasingly weak and lead to relatively low sensitivity. However, for the NiO@SnO2 HNSs 

(2 h), the H2S molecules can easily permeate and approach the interface of SnO2 and NiO and 

efficiently tune the heterojunction potential barrier. 

3.5. Conclusions 

NiO@SnO2 HNSs were uniformly and fully covered on ceramic microchips through a simple 

and cost-effective in situ growth method without a seed layer, additive salt, or surfactant. The 

morphologies and compositions of NiO@SnO2 HNSs can be well tuned by varying the growth 

time. The NiO@SnO2 HNS (2 h)-based gas microsensor showed a significant enhancement in 

response to H2S compared with pure NiO nanowalls- and SnO2 nanosheet-based sensors. This 

significant enhancement was due to the large surface area of the NiO@SnO2 HNSs and the 

NiO@SnO2 p-n heterojunction. This method provides a valuable approach for developing high-
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performance gas microsensors with high uniformity. In addition, the performance 

reproducibility of sensors would be addressed if patterned sensing materials were obtained at 

the central part of sensor chips in the future. Because formation of patterned sensing materials 

can avoid contamination of electrode pads which can ensure the Ohm contact between the 

sensor and test system. 
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3.7. Supplementary Data 

In situ Growth of NiO@SnO2 p-n Heterostructures for High Performance H2S Sensing 

 

 

Figure S 3.1 SEM images (Scale bar: 1 μm) of prepared Ni(OH)2@SnO2 hierarchical 

nanostructures (HNSs) before and after annealing treatment. 

 

Figure S 3.2 XRD pattern of pure SnO2. 
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Figure S 3.3 The SEM images (Scale bars, 500 nm) of (a) pure Ni(OH)2 nanowalls and 

Ni(OH)2@SnO2 HNSs under different reaction times: (b) 0.5 h, (c) 1 h, (d) 2 h, (e) 4 h, and (f) 

8 h. 

 

Table S 3.1 EDXS results of Ni(OH)2@SnO2 HNSs 

 
O (At%) Ni (At%) Sn (At%) 

2 h 22.60 47.13 30.26 

4 h 18.23 28.14 53.63 

8 h 21.94 15.24 62.81 

12h 16.72 1.4 81.88 
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Table S 3.2 Comparison results of H2S sensors based on NiO-SnO2 system and NiO-based and 

SnO2-based nanomaterials in recent few years. 

Material Synthesis method T (℃) C(ppm)/S τresp/τrecov 

(s) 

Year Ref 

SnO2-NiO Physically mixing 350 1 ppm/0.8a NG/>1000 2013 [1] 

SnO2@Cu supttering 180 100 ppm/24.3b ~10.1/~42.

4 

2014 [2] 

NiO@Fe2O3 hydrothermal 200 10 ppm/6.5b NG/~25 2014 [3] 

CuO@NiO hydrothermal 260 100 ppm/43.5b ~18/~28 2015 [4] 

NiO@CdO hydrothermal 92 50 ppm/47.8b NG/~82 2016 [5] 

rGO@SnO2 hydrothermal RT 50 ppm/33b 2/292 2016 [6] 

SnO2@NiO RF sputter RT 10 ppm/440b NG/>5000 2017 [7] 

SnO2@NiO sputter 250 100 ppm/8b 15/100 2017 [8] 

N-

rGO@NiO 

hydrothermal 92 50 ppm/31b NG/~12 2017 [9] 

NiO@PdO metal-citrate 

complex method 

60 100 ppm/0.95a ~6/~10 2017 [10] 

WO3@NiO Aerosol assisted 

chemical vapor 

deposition 

250 50 ppm/13b 88/NG 2018 [11] 
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B-

rGO@NiO 

hydrothermal 150 10 ppm/5.57b 38/44 2019 [12] 

NiO@SnO2 

HNSs 

chemical 

deposition 

240 50 ppm/183.5a 

10 ppm/25.4a 

~45/~60 

~35/~42 

 This 

wor

k 

Note: aS = ΔR/Rg or S = ΔR/Ra; bS = Ra/Rg or S = Rg/Ra; NG: not giving 
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Chapter 4: In situ Growth of Patterned NiO Nanowalls 

for Wafer-scaled Miniaturized Gas Sensors Design and 

Fabrication  

4.1. Abstract 

The reproducibility and uniformity of the sensors in wafer-scale fabrication are still a 

challenge as mentioned in Chapter 3. In this work, a “top-down” and “bottom-up” combined 

strategy was proposed to manufacture wafer-scaled miniaturized gas sensors with high-

throughput by growth in situ of Ni(OH)2 nanowalls at specific locations. First, the micro-

hotplates were fabricated on a two-inch (2”) silicon wafer by micro electro mechanical system 

(MEMS) fabrication 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-hole < 3.5 %, 

n >300), which serves as the patterned mask for in situ growing Ni(OH)2 nanowalls at the 

micro-hole areas (“bottom up” strategy). Owing to this unique fabrication stategy, it can avoid 

contamination of electrode pads and form Ohm contact between sensors and test system. The 

obtained gas microsensors based on this strategy showed great reproducibility of electric 

properties (RSD < 0.8%, n=8) and sensing response toward real-time H2S detection (RSD 

<3.5%, n=8). 

Author contributions: Lin Liu has got the permission from other co-authors for this paper to 

her thesis. All the paper work and data analysis are finished by Lin Liu and most of the data 

including SEM, FTIR, pictures, sensing performance are also collected by Lin Liu.   
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4.2. Introduction 

High-throughput and low-cost wafer-scale fabrication of metal oxides based gas sensors 

with good reproducibility and uniformity are urgent demand for widely applications in 

environmental monitoring [1, 2]. Two main technological hurdles need to be overcomed for 

low-cost wafer-scale fabrication, namely, how to efficiently form microscale-patterned sensing 

nanomaterials at specific locations on micro-elelctrode chips and how to rationally integrate 

patterning methods with the micro electro mechanical system (MEMS) technique (“top-down” 

microfabrication technique). During past few decades, many advanced instruments and 

techniques have been utilized to obtain high-resolution material patterns on substrates 

including printing [3, 4], precisely manipulated coating [5-7], soft-photolithography-guided 

method [8-10], controllable de-wetting [11-13], and combined strategies of two or three 

techniques [14-16]. However, compared with in situ growing method (‘bottom-up’ strategy), 

the interconnection of sensing materials and substrate is relatively weak and the obtained 

sensing material patterns are tend to be inhomogeneity, which can greatly influence the stability, 

uniformity and reproducibility of sensors [17, 18].  

A few studies have shown the feasibility to directly obtain patterned metal oxides on the 

micro-electrode chips such as laser-assisted method and sputtering which are compatible with 

MEMS fabrication techniques [19-22]. However, for the laser-assisted method, the continuous 

laser irradiation and complicated set-ups are required resulted in increased cost. The sputtering 

method also has high  and always leads to low sensitivity compared with solotion-based 

synthesized methods [22-24]. Notably, template-guided controllable de-wetting method with 

the capability to precisely control of the shape, size and location of liquid droplets shows the 

feasibility to assemble uniform porous film due to the immiscibility of two different solutions 

[25]. Therefore, it is a potential solution to integrate “bottom-up”and “top-down”strategies for 
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wafer-scale fabrication of miniaturized gas sensors by utilizing the uniform porous film as a 

mask for growth in situ of metal oxides. An ideal mask material requires good thermal stability 

and durability to acid and alkali solutions, and also must be easily removed. Although 

photoresists are common mask materials in the field of the MEMS, their thermal and chemical 

stabilities are not good enough to serve as masks in reaction solutions (acid or alkali condition) 

during growth in situ of metal oxides at elevated temperatures (50 to 90 ℃) for a long time (> 

15 h). According to our previous work, thermoplastic elastomer (TPE) is an ideal cost-effective 

mask due to its good chemical and thermal stability and can be easily peeled-off from the Si 

substrate [26, 27]. In this work, we combined “bottom-up”and “top-down”strategies for wafer-

scale fabrication of miniaturized gas sensors with excellent reproducibility and high-

throughput. Firstly, a “top-down” strategy was employed to fabricate the micro-hotplate wafer, 

which was followed by photolithography to form a dry film photoresist (DFP) dot array. The 

DPF dots serve as templates to assemble the porous TPE film with uniform micro-sized holes. 

In order to strengthen the interconnection between Si substrate and sensing materials, a 

“bottom-up” strategy  was utilized to form patterned NiO nanowalls at specific locations on 

the micro-hotplate wafer. The obtained miniaturized gas sensors showed excellent 

reproducibility of electrical properties (RSD < 0.8%, n=8) and sensing response toward H2S 

(RSD <3.5%, n=8). 

4.3. Experimental Section  

4.3.1. Chemicals  

All reagents are analytical grade and were used without further purification. n-Hexane, 

sodium carbonate (Na2CO3), ethanol, Ni(OH)2, NaOH and NH4Cl were from Sinopharm 

Chemical Reagent Co., Ltd. and 25% tetramethylammonium hydroxide (TMAH) was 

purchased from Jianghua Microelectronics Materials Co., Ltd.. TPE (C6612T-A78) was from 

GainShine Co., Ltd. and DFP (SAF2100) was a negative-type DFP from Dupont Co., Ltd.. De-



106 

 

ionized (DI) water used to prepare reagents was obtained from a Millipore system (resistivity 

18.2 MΩ.cm). TPE elastomer was dissolved in n-hexane through magnetic stirring and ready 

for using. The 2-inch silicon wafers (300 um, double sides polished, Tianjing Yunjing 

Technologh Co., Ltd.). Micro-hotplate wafers were fabricated by Leanstar-Tech Co., Ltd., 

which contain more than 1000 micro-hotplates in each 2-inch wafer. 

4.3.2. Preparing Porous TPE Film 

The DFP film was cut to fit the size of silicon wafer and then laminated on the prepared 

micro-hotplate wafer at a specific temperature (90 ºC) and baked at 60 ºC for 15 min. Standard 

UV exposure (10 s) was performed at 365 nm to obtain patterned DFP dots via 

photolithography. After treatment in the developing solution (2% Na2CO3) for 10 min at room 

temperature, the unexposed area of DFP film was thoroughly removed. Then, spin-coating 

water (500 rpm, 9 s) on the micro-hotplate wafer and waiting for the template-guided 

controllable de-wetting process to form uniform water droplets. Subsequently, 18% TPE 

solution was spin-coated (500 rpm, 9 s) on the wafer and this was followed by spin-coating 

with ethanol after the evaporation of n-hexane (~5 s). 5% TMAH solution was applied to strip 

off DFP dots and then the wafer was rinsed with water and ethanol for few times. Finally, the 

micro-hotplate wafer covered with porous TPE film was obtained and ready for growth in situ 

of Ni(OH)2 nanowalls. 

4.3.3. Characterization  

XRD (Bruker AXS, D8 Advance) and SEM (Hitachi-s4800) were used to analyse the 

chemical composition and morphology of synthesized materials. I-V curves were measures 

with Agilent B1500A. Functional groups of DFP was tested by Fourier transform infrared 

spectroscopy (FTIR) (Nicolet iN10). The water contact angle (WCA) measurements were 

conducted on an OCA20 machine (Data-Physics, Germany) at ambient temperature. Optical 
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images and videos were captured by using a Canon Camera (Nikon, Japan) and microscope 

(Motic SMZ-168) which is connected with CCD camera. 

4.3.4. Measurement of Gas Sensing Performance 

After growing the Ni(OH)2 nanowalls, the porous TPE film was peeled off from the micro-

hotplate wafer. Then, the wafer was placed in the fixture (Figure S4.1b) by exposing the back 

of micro-hotplate and then immersed in 25% TMAH at 90 ºC in an oil bath to further remove 

the silicon below the sensing area (the centre of micro-hotplate). After annealing treatment (Ar, 

400 ℃, 2 h), the micro-hotplates with sensing materials (NiO nanowalls) were bonded to the 

test substrate. The performance of the sensors was measured simultaneously in a WS-30A static 

analysis system (Hanwei Electronics Co. Ltd., Henan Province, China) with the constant loop 

voltage of 5 V. Typically, the sensors were placed in a gas chamber (18 L) in air. The different 

concentrations of target gas (C2H5OH and HCHO) were obtained by injecting a certain amount 

target solution into the chamber. The precise concentration was calculated according to 

following formula [28]: 

C =  
22.4×𝜑×𝜌×𝑉1

𝑀×𝑉2
         (4-1) 

where C (ppm) is concentration of target gas, φ is volume fraction of target gas, ρ (g/mL), V1 

(μL) and M(g/mol) are density, injected volume and molecular weight of target solution, 

respectively and V2 (L) is volume of chamber. For the target gases such as NH3, C7H8, NO2 

and H2S, the different concentrations were implemented by simply diluting the high 

concentration of gas sources. The sensing response of sensor is defined as ΔV/Vg, where ΔV 

is the absolute differential of voltage on sensor in air and target gas, Vg is the voltage on sensor 

in target gas. All the sensing measurements were performed under laboratory conditions (RH: 

50–60%; temperature: 20–25 °C).  
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4.4 Results and Discussion 

4.4.1. Schematic of Fabrication of Wafer-scaled Gas Sensors 

The schematic structure of the micro-hotplate is shown in Figure 4.1a, from bottom to top 

are silicon covered with a thin layer of silicon nitride (Si3N4) on both side of silicon, heating 

electrode (Pt, ~200 nm), Si3N4 (insulator layer, ~280 nm), and the working electrode (Pt, ~ 

200 nm), respectively. After constructing all of the structures on the front side, reactive ion 

etching (RIE) and silicon deep etching were employed to etch the back side of the silicon 

(etching area 720 μm * 720 μm; etching depth 250 μm). Wet etching was used to further etch 

the silicon on the back side in 25% TMAH solution at 90 °C with a specially designed fixture 

(Figure S4.1b) to protect the front side. The size of each micro-hotplate was 1.2 mm *1.2 mm. 

As the micro-hotplate becomes very fragile after the wet-etching process, wet-etching was not 

carried out until the growth in situ of the Ni(OH)2 nanowalls. A controllable template-guided 

de-wetting method was utilized to implement growth in situ of patterned Ni(OH)2 nanowalls 

for wafer-scale fabrication (Figure 4.1a). The details of assembling porous TPE films are 

demonstrated in Figure 4.1b. Firstly, the DFP dots were formed on the two-inch (2”) micro-

hotplate wafer via photolithography (Figure 4.1b (1)). Then, water was spin-coated onto the 

micro-hotplate wafer covered with DFP dots and water droplets were pinned by the DFP dots 

during the template-guided controllable de-wetting process (Figure 4.1b (2)). Subsequently, 

TPE solution (18 wt%, in n-hexane) was spin-coated and waited for the evaporation of hexane 

(Figure 4.1b (3)). After that, in order to obtain a uniform porous TPE film as displayed in Figure 

4.1b (4), ethanol was spin-coated twice to release the water, as it can partially dissolve the 

ultrathin TPE film which is covered on the surface of water droplets. In the optical picture 

result of step ‘b (4)’, an obvious gap between the DFP dots and porous TPF film was formed. 

Because the water droplet is immiscible with hexane and the density of water is greater than 

hexane so the TPE solution can be effectively isolated from the DFP dots. Since the DFP dots 
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will absorb water and swell once immersed in a 5% TMAH solution, the formed gap can 

facilitate striping off the DFP dots by offering enough swelling space (Figure 4.1b (5)). Without 

the gap, the swelled DFP dots would tightly contact with the TPE film and the TPE film would 

peel off from the substrate with the DFP dots together during the striping off process. After 

assembly of the porous TPE film, the micro-hotplate wafer covered with the porous TPE film 

was immersed in the mixed solution of 37.5 mM NiCl2, 200 mM NH4Cl, and 68.75 mM NaOH 

to grow in situ the Ni(OH)2 nanowalls at the micro-hole areas (Figure 4.1b (6)). The micro-

hotplates covered with the porous TPE film after growth of the Ni(OH)2 nanowalls at centre of 

each micro-hotplate are displayed in the photograph of step ‘b (6)’. The porous TPE film was 

peeled off effortlessly and thoroughly with the assistance of ethanol without contaminating 

Ni(OH)2 nanowalls (Figure 4.1b (7)). The optical photograph of the step ‘b (7)’ shows the 

micro-hotplates covered with NiO nanowalls after removing the porous TPE film and 

annealing at 400 °C for 2 h under an argon atmosphere.  
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Figure 4.1 (a) schematic of a top-down and bottom-up combined strategy for fabricating wafer-

scale miniaturized gas sensors; (b) schematic of template-guided controllable de-wetting and 

in situ growth steps during wafer-scale fabrication process and relevant photograph results of 

some steps: (1) patterned dry film photoresist (DFP) dots were formed on the two-inch (2”) 

micro-hotplate wafer via photolithography; (2) the formed of water droplet array on the surface 

of DFP dots; (3) spin-coating of 18% TPE solution and waiting for evaporation of n-hexane; 

(4) the formed uniform porous TPE film with a gap to the DFP dots; (5) strip off of the DFP 

dots; (6) in situ growth of Ni(OH)2 nanowalls; (7) peel off of the porous TPE film. 

4.4.2. Effect of DFP Dots’ Size to Assemble Porous TPE Film 

The reproducibility of sensors is significantly dependent on the size uniformity of micro-

holes of the porous TPE film. The size of micro-holes is defined by measuring the distance 
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from centre point of each edge to the centre point of opposite edge and calculating the average 

value. Porous TPE films with different size of micro-holes were obtained by varying the size 

of DFP dots (from 500 μm to 300 μm; Figure 4.2). Obviously, the size of micro-holes decreased 

along with decrease of the size of DFP dots. From the histogram graph of size distribution of 

micro-holes, it can be seen the size of micro-holes decreases from ~763.69 ± 22.32 μm to 

~500.87 ± 47.97 μm. The dispersion of the obtained size of micro-holes based on different size 

of DFP dots is shown in Table 4.1. According to the Table 1, the relative standard deviation 

(RSD) values (n > 300) of the size of micro-holes based on 500 μm, 400 μm and 300 μm DFP 

dots are 3.31%, 2.94%, and 9.58%, respectively. For the DFP dots larger than 300 μm, the size 

distribution of micro-holes is significantly narrowed and the RSD values are less than 3.5% 

indicating that the obtained micro-holes of the porous TPE films have an excellent uniformity 

which is a precondition to ensure the reproducibility of gas sensors.  

 

Figure 4.2 (a-c) the photographs of porous TPE films and the size distribution of micro-holes 

based on different sizes of DFP dots. From left to right of each row are the picture of assembled 

TPE film on the micro-hotplates surrounding the DFP dots, the picture of porous TPE film after 
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stripping off the DFP dots, the size distribution mapping and histogram graphs of size of the 

micro-holes, respectively. 

Table 4.1 The size dispersion of micro-holes based on different size of DFP dots. 

DFP Size （μm） N SD （μm） Mean （μm） RSD (%) 

500 576 22.32 673.69 3.31 

400 510 17.85 607.49 2.94 

300 575 47.97 500.87 9.58 

 

Working temperature distribution is another important parameter which can influence the 

reproducibility and needs to be taken into consideration since the performance of the gas 

sensors (sensing response, response and recovery speed) are considerably depending on the 

working temperature. The working temperature is determined by applying a certain potential 

on the Pt heating electrode due to Joule heating. As the heating area (300 μm * 300 μm) is 

limited by the serpentine Pt electrode at the centre of the micro-hotplate, a temperature gradient 

forms from the centre to the edge of a micro-hotplate according to the COMSOL simulation 

result of the temperature distribution when applying 2.2 V (Figure S4.2). Therefore, in order 

to diminish the temperature differential on the sensing material, a smaller area of the sensing 

materials is better. In addition, when deliberating the size distribution of micro-holes, DFP dots 

(400 μm) were chosen to assemble porous TPE film for the sake of guarantee the 

reproducibility. 
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Figure 4.3 Sross-sectional SEM images of TPE film on polyethylene terephthalate (PET) 

substrate obtained from different concentration of TPE solution: (a) 10%; (b) 18%; (c) 25%; 

(d) the peel off result of the porous TPE film (10%) after in situ growth of Ni(OH)2 nanowalls; 

(e) the peel off result of the porous TPE film (10%) after in situ growth of Ni(OH)2 nanowalls 

and annealed at 400 ℃ for 2 h; (f) the photograph of spin-coated TPE film (25%) after spin-

coating ethanol. 

4.4.3. Effect of the Concentration of TPE Solution to Assemble Porous TPE Film 

Based on the schematic fabrication process, the assembled porous TPE film should be 

thoroughly peeled off after growth in situ of the Ni(OH)2 nanowalls. Thus, the effect of 

thickness of the TPE film was studied by assembling porous TPE films with different 

concentration of TPE solution (10, 18 and 25 wt%). The thicknesses of the TPE film increased 

from 3.84 μm to 46.8 μm when increasing the concentration of TPE solution owing to 

increased viscosity of the TPE solution (Figure 4.3 a-c). Figures 4.3d and e reveal the peeling-

off results of the TPE film based on 10% and 18% TPE solutions. Compared with thicker TPE 

film, the thinner one obtained from 10% TPE solution was failed to peel off from the micro-

hotplate wafer due to the enhanced interconnection after growth of Ni(OH)2 nanowalls. For the 

25% TPE solution, it was failed to obtain the porous TPE film due to the increased thickness 
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of the TPE film which is covered on the surface of the micro-hotplate wafer as well as the 

surface of the water droplets. Although spin-coated ethanol can dissolve ultrathin TPE film 

covered on the surface of water droplets to form the micro-holes, the solubility of TPE in 

ethanol is limited [26]. So even the water droplets can insulate the DFP dots from the TPE film 

(inset picture in Figure 4.3f)), the TPE film still remained and covered on the surface of water 

droplet after spin-coating ethanol (Figure 4.3f). Therefore, the 18% TPE solution was chosen 

to assemble porous TPE film. 

 

Figure 4.4 (a) The optical picture of wafer-scale micro-hotplate; (b-i) SEM images of 8 sensors 

which are randomly chosen in the marked area of the wafer-scale micro-hotplate. Scale bar of 

sensor chip is 500 μm and for NiO nanowalls is 5 μm. 

4.4.4. Structure and Morphology Characterization  

Crystal structures of Ni(OH)2 nanowalls on the silicon substrate before and after annealing 

treatment were further verified by X-ray Diffraction (XRD) (Figure S4.3). All of the reflection 

peaks of Ni(OH)2 nanowalls are consistent with hexagonal crystal phase of β–Ni(OH)2 (JCPDS 

file NO.14-0117). After annealing treatment, the diffraction index peaks correspond with 
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standard values (JCPDS file NO. 47-1049), indicating that the Ni(OH)2 nanowalls are 

completely converted to NiO nanowalls. The unexpected peak at 69° is ascribed to the 

diffraction of silicon substrate. Eight gas sensors were randomly picked out from the four 

labelled areas on the micro-hotplate wafer and characterised using scanning electron 

microscopy (SEM; Figure 4.4) after annealing at 400 ℃ under Ar atmosphere and finishing 

wet-etching process. These images reveal that NiO nanowalls are oriented vertically at the 

centre of the micro-hotplate and exhibit uniform morphology without obvious cracks either in 

overall view of sensor or in local zoom images of the NiO nanowalls. 

4.4.5. Mechanism of formation of Porous TEP Film 

 

Figure 4.5 (a) FTIR result of DFP after Standard UV exposure (10 s) and contact angle results 

of Si3N4 and DFP (inset pictures); (b) a series of optical images of process (from stage 1 to 

stage 4) of forming water droplets based on template-guided controllable de-wetting method 

using 400 μm DFP dots. 

In order to further investigate the mechanism of assembly of water droplet array based on 

template-guided method, a piece of DFP film was characterized with Fourier transform infrared 

(FTIR) spectroscopy and water contact angle after exposing to standard ultraviolet (UV) 

(Figure 4.5a). As the DFP is mainly consisted of epoxy- or acrylic-based composites indicating 

that it contains abundant carboxyl and hydroxyl groups [29, 30]. The FTIR data of the DFP 

film also confirms this result, which shows a very strong broad absorption peak (around 
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3200 cm-1 to 3650 cm-1) and a narrow peak (around 1740 cm-1) assigned to hydroxyl and 

carboxyl groups, respectively. Those function groups guarantee the DFP has a better 

hydrophilicity compared with Si3N4 which is confirmed by the water contact angle results 

(Figure 4.5a). This hydrophilic property ensures that the DFP dots can efficiently pin water 

during the template-guided controllable de-wetting process. The specific process of assembling 

water droplets based on 400 μm DFP dots (Figure 4.5b) has four different stages: (1) before 

spin-coating water; (2) ruptures appear at the water film; (3) contact lines gradually recede 

according to the contour of the DFP dots; (4) the water film completely breaks into discrete 

water droplets covering on the surface of DFP dots. Obviously, ruptures appear at the central 

point of diagonal of DFP dots because the water film preferentially ruptures at thinnest 

locations during de-wetting [12, 13]. De-wetting is a very common phenomenon in nature that 

liquid films break into hemi-spherical cap droplets and remain where there are surface defects 

and artificially-induced defects, which can provide nucleation sites (e.g., patterned 

microstructure) due to a heterogeneous mechanism [11-13, 31, 32]. Hence, the patterned DFP 

dots will not only work as pinners to pin water, but also offer the nucleation sites. Similar 

phenomena can be observed by varying the size of the DFP dots (Figure S4.4). The size, shape 

and location of the water droplets are determined by the DFP dots and most importantly the 

existence of DFP dots can also work as a fixer to ensure that the anchored water droplets will 

not shift to other locations when spin-coating TPE solution. As the periodicity (λst) of the DFP 

dots is constant (1200 μm) and identical to the length of micro-hotplate, the distance between 

the edge of adjacent DFP dots (ld) varies via tuning the size of the DFP dots. Thus, the de-

wetting process becomes progressively slower by increasing the size of DFP dots due to 

enhanced capillary force between the adjacent DFP dots, resulting from the decreased ld. When 

the size of the DFP dots decreasing to 300 μm, it is not easy to precisely control the time of 
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drop casting and spin-coating of the TPE solution (within 1-2 s), because the de-wetting 

process is too fast resulted in a relatively poor uniformity of the micro-holes (Figure 4.2). 

4.4.5. Sensing Performance of Fabricated Sensors 

 

Figure 4.6  (a) I-V curves of heating electrodes of eight gas sensors from -2 V to 2 V (inset 

graph is the box chart of resistance of heating electrodes); (b) I-V curves of eight sensors at 

different heating voltage; (c) heating voltage dependent responses of eight gas sensors to 5 ppm 

H2S; (d) dynamic response of eight gas sensors to different H2S concentrations; (e) scatter 

graph of response to various H2S concentrations (inset graph is the linear relationship of 

logarithm of response with the logarithm of H2S concentrations); (f) response of eight gas 

sensors toward different gases and the concentration is 5 ppm. 

Eight gas sensors were randomly picked out form the wafer and wire-bonded for 

measurement. The reproducibility and uniformity of electrical and sensing performances of 

eight gas sensors were presented in Figure 4.6. The I-V curves of the heating electrode are 

almost overlapping (Figure 4.6a) indicating that the fabricated micro-hotplates possess great 

uniformity and reproducibility with a very small RSD value (< 0.8%). Figure 4.6b demonstrates 

the I-V curves of eight sensors at different heating voltages after in situ growth of patterned 
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NiO nanowalls at the centre of micro-hotplates. The resistance of NiO nanowalls decreases 

with increasing heating voltage due to their semiconducting property. The RSD values of eight 

gas sensors under different heating voltages (0.5, 1, 1.5, and 2.0 V) were 3.4%, 2.9%, 3.6%, 

and 2.9%, respectively, demonstrating a good electrical uniformity. This is a precondition to 

ensure good uniformity and reproducibility of the gas sensors. Figure 4.6c illustrates the 

sensing responses of the selected sensors to 5 ppm H2S by varying the heating voltage (1.5 – 

2.2 V). Evidently, the response of the 8 sensors sharply increased by increasing the heating 

voltage and reached a maximum value at 2.2 V, and then steeply declined. Therefore, all other 

measurements were made at 2.2 V. Figure 4.6d shows the dynamic response of the sensors to 

different concentrations of H2S. Obviously, all sensors also demonstrate high sensing 

performance uniformity and reproducibility with a small RSD (< 5%). The relationship of 

response and H2S concentrations is displayed in Figure 4.6e. The response rapidly increases at 

low H2S concentrations (< 10 ppm) and then become slower with further increasing H2S 

concentrations as H2S adsorption gradually reaches saturation according to Langmuir 

adsorption theory. However, there is a good relationship between the response in logarithm 

scale and H2S concentrations (R2 = 0.99, inset graph of Figure 4.6e). The response of the gas 

sensors to different gases is illustrated in Figure 4.6f. All the gas sensors can selectively detect 

H2S. The sensing mechanism of NiO nanowalls based sensor toward H2S may be described as 

follows. NiO is a p-type metal oxide semiconductor, which contains many oxygen vacancies. 

When the sensor stays in air, O2 molecules will adsorb onto the surface of NiO nanowalls and 

extract electrons from Ni2+ to form ionized oxygen species such as O2-, O2
-, and O- and the Ni2+ 

is oxidized to the Ni3+ [33, 34]. Thus, the resistance of the sensor is low in the air attributing to 

the increased hole concentration of NiO nanowalls. When injecting H2S, the H2S molecules 

will react with the ionized oxygen species and donate trapped electrons back to NiO nanowalls 

causing the decrease of hole concentration. Finally, the resistance of the sensor increases. The 
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selectivity toward H2S is possibly ascribing to low bond dissociation energy of H-S compared 

with other tested interference gases, it means that H-S can be easily broken and oxidized to 

form SO2 [35, 36].    

4.5 Conclusion 

“Top-down” & “bottom-up” strategies were combined to fabricate wafer-scale 

miniaturized gas sensors. “Top-down” strategy (MEMS fabrication techniques) guarantees the 

fabricated micro-hotplates with great reproducibility for further in situ growth of Ni(OH)2 

nanowalls. The template-guided controllable de-wetting method was utilized to integrate “top-

down” and “bottom-up” strategy by assembling the uniform porous TPE film to serve as the 

mask for growing Ni(OH)2 nanowalls. In order to obtain porous TPE film with uniform micro-

holes, the effects of the size of DFP dots and the concentration of TPE solution were 

systematically studied. Thus, a 400 μm DFP dots and 18% TPE solution were selected to 

assemble porous TPE film (RSD of the size of micro-holes < 3.5%). The reproducibility and 

uniformity of obtained gas sensors were studied by randomly choosing 8 gas sensors at 

different sites via various methods such as SEM, I-V curves of heating electrodes and also the 

NiO nanowall, and dynamic gas response. Notably, the obtained gas microsensors showed 

great reproducibility of electrical properties (RSD < 0.8%, n=8) and response toward real-time 

H2S detection (RSD <3.5%, n=8).This fabrication strategy shows great potential to fabricate 

wafer-scaled miniaturized gas sensors based on different sensing materials due to the chemical 

and thermal stability of TPE film for practical applications. However, the drawback of the 

metal oxide-based chemiresistive gas sensors is energy consumption because external power 

sources are required to drive the sensor and provide high working temperature. Thus, 

development of novel self-powered gas sensors is a potential approach to address this problem. 
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4.7. Supplementary Data 

In situ Growth of Patterned NiO Nanowalls for Wafer-scaled Miniaturized Gas Sensors 

Design and Fabrication 

 

 

Figure S 4.1 Pictures of a designed fixture (a) is used for in situ growth of Ni(OH)2 nanowalls; 

(b) is used for wet-etching of silicon on the back of micro-hotplate wafer. 

 

Figure S 4.2  Temperature distribution simulation result on micro-hotplate. 
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Figure S 4.3 XRD patterns of grown Ni(OH)2 and NiO nanowalls on silicon substrate with a 

layer of SiO2. 

 

Figure S 4.4 A series of optical images of process (from stage 1 to stage 4) of forming water 

droplet array based on template-guided method using different size of DFP dots (500 μm (a), 

and 300 μm (b), respectively). 
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Chapter 5: Design of Photovoltaic Self-Powered Gas 

Sensor Based on Single-Walled Carbon Nanotubes/Si p-

n Heterojunction 

5.1. Abstract 

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 H2S sensor based on p-type single-walled carbon nanotubes (SWNTs) and n-type 

silicon (n-Si) heterojunction. The energy from visible light suffice to drive the device owing to 

a built-in electric field (BEF) induced by the differences between Fermi levels of SWNTs and 

n-Si. The device showed a linear response to 100-800 ppb H2S (R2 = 0.996) when illuminated 

under visible light (λ = 600 nm, P = 1.8 mW/cm2). Compared with the conventional 

chemiresistive gas sensor based on SWNTs, the sensing response of the photovoltaic self-

powered gas sensor enhanced 4.5 folds, and the response time also improved dramatically. The 

influence of different wavelength of illuminated light to sensing performance was investigated. 

Author contributions: Lin Liu has got the permission from other co-authors for this paper to 

her thesis. All the paper work and data analysis are finished by Lin Liu and most of the data 

including SEM, EDXS, sensing performance are also collected by Lin Liu. 
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5.2. Introduction 

There is a pressing need for novel gas sensing technologies for addressing the problems 

of energy crises and air pollution. Previous efforts mainly focused on reducing the sensor’s 

power consumption via lowing the operation temperature. The most popular method is 

synthesizing novel nanomaterials and nano-composites to construct room temperature gas 

sensors [1-4]. Single-walled carbon nanotubes (SWNTs) have shown great sensitivity to 

various gases with a series of unique properties such as high mobility (∼105 cm2/(Vs)), on/off 

current ratio (>105), current carrying capacity (>109 A/cm2) and large surface area [5-10]. Dube 

et al. [9] presented gas sensors based on carbon nanotube and systematically investigate the 

electrical response and sensing mechanism of the sensor to various gases. Zhou et al. [10] 

reported a printed thin-film transistor with high sensing response (~96%) and fast response 

(30 s) to 60 ppm NO2. In addition, it is acknowledged that light illumination may help lower 

power consumption in gas sensors. Comini et al. [11] reported that UV illumination greatly 

enhanced the gas sensing performance (e.g., sensitivity and response and recovery time) of 

In2O3 and SnO2 by changing the concentration of adsorption center and the density of free 

carriers. Several studies also demonstrated that UV irradiation can diminish the power 

consumption by reducing the working temperature of devices [12-14]. 

Although, there are many room temperature gas sensors available such as the 

chemiresistive [5, 15, 16], field-effect-transistive1 and capacitive gas sensors [17], all of them 

are driven by applying a considerable source-drain bias voltage (Vds) which requires external 

power. Therefore, developing self-powered devices has attracted considerable attention. 

Compared with conventional semiconductor material-based gas sensors, self-powered sensors 

can dramatically reduce power consumption as well as the required space for integration. 

Triboelectric nanogenerators (TENGs), which can harvest mechanical energy from ambient 

environment to power micro-devices or generate a read-out signal, have been intensively 
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investigated [18-20]. A few recent works have also implemented self-powered devices which 

are activated by light based on p-n heterojunction [21-24]. The existing BEF can separate 

photogenerated carriers which facilitate to drive devices under light illumination. For example, 

Hoffmann et al. [22,23] reported two kinds of self-powered gas sensors based on p-Si/n-ZnO 

and p-Si/n-ZnO@CdS via complicate fabrication processes, respectively. The sensing 

performance of p-Si/n-ZnO@CdS-based sensor is much higher than that of p-Si/n-ZnO-based 

sensor, as the decorated CdS nanoparticals (~2.4 eV) can provide more reactive electrons to 

ZnO nanorods due to photogenerated carriers after absorbing photons. Hence, to effectively 

construct self-powered gas sensor based on p-n heterojunction, the carrier mobility of the 

sensing materials and the facile fabrication process must be considered. In this study, based on 

our previous work [24], p-SWNTs and n-Si were employed to fabricate photovoltaic self-

powered gas sensor with a simple p-n heterojunction structure to address the aforementioned 

problems. SWNTs are flexible one-dimensional materials can be easily interconnected into 

two-dimensional networks to serve as the transparent electrode for charge collection and 

transport and also work as the sensing materials for gas molecules detection [25]. Compared 

with the conventional chemiresistive gas sensor based on SWNTs, the sensing response of the 

photovoltaic self-powered gas sensor enhanced 4.5 folds, and the response time also improved 

dramatically. The device has showed a linear response to 100-800 ppb H2S (R2 = 0.996) when 

illuminated under visible light (λ = 600 nm, P = 1.8 mW/cm2). The influence of different 

wavelength has been investigated by controlling the power density of light as a constant. 

5.3. Experimental Section 

5.3.1. Fabrication Process 

The fabrication of the gas sensor is shown in Figure S5.1. The patterned microelectrodes 

were fabricated by Micro Electro Mechanical System (MEMS) techniques, which has been 

reported in our previous work [24]. Briefly, SiO2 thin layer was removed by reacting ion 



130 

 

etching, followed by sequentially sputtering Ti (~20 nm in thickness) and Au (~150 nm) thin 

film onto the Si and SiO2 layer respectively, (FHR, Germany). The distance between the Ti/Au 

electrodes and bare silicon was controlled to be 40 μm. SWNTs powder ((7, 6) chirality, 

carbon >90%, ≥77% (semiconducting carbon nanotubes), Sigma) was purified, refer to our 

previous work, before being well dispersed in dimethylformamide (DMF) via tip sonication 

[26]. The as-prepared SWNTs dispersion was then drop-cast onto the prefabricated sensor chip 

to form a SWNT thin film on the surface of silicon. To totally remove the solvent left in SWNT 

thin film and reduce the contact barrier between SWNTs and the Ti/Au electrode, the prepared 

devices were annealed in a tube furnace under pure Ar gas at 300 oC for 20 minutes. For 

comparison, sensors based on SWNTs-only and n-Si-only were fabricated by sputtering 

source-drain electrodes on the both sides of SWNTs-only film and bare n-Si, respectively, and 

then annealed at the same condition. 

5.3.2. Characterization 

The morphology of SWNTs films were characterized by scanning electron microscopy 

(SEM, JEOL Hitachi-s4800). Current density-Voltage (J-V) curves were measured using 

Agilent B1500A with potential ranging from -2 V to 2 V at room temperature, while the open-

circuit voltage-time (Voc-t) curves were measured by using an electrochemical workstation 

(CHI660D, Chenhua Shanghai, China) with open circuit voltage-time mode at zero bias. The 

LED light UVEC-4(SHENZHEN LAMPLIC TECH CO., LTD) was used as the light source, 

and the power density of the light can be regulated from 0 mW/cm2 to 50 mW/cm2. 

5.4. Results and Discussion 

5.4.1. Morphology Characterization 

Figure 5.1a depicts the schematic of the photovoltaic self-powered H2S sensor based on 

SWNTs/Si heterojunctions. One Ti/Au electrode (marked as electrode B) directly contacts with 

n-Si at the bottom, while the other electrode (marked as electrode A) is deposited on SiO2 layer 
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and contacts with the SWNT thin film. The whole contacting area of the SWNTs/Si is 500 * 

500 μm2, which is composed of five identical parts with the same area (each part is 100 * 

500 μm2). Figure 5.1b demonstrates the SEM image of the device based on SWNTs/Si. As 

shown in the Figure 5.1c there is an obvious ledge at the interface of Si and SiO2, indicating n-

Si is connected by a uniform porous and mesh-like SWNT film. The EDXS results of two 

locations (Si/SWNTs and Si/SiO2/SWNTs) are tested and showed in Figure S5.2. The contents 

of C atom in both locations are very low which can indicate that the SWNT film is very thin. 

Figure 5.1d displays the current density-voltage (J-V) curves of the SWNTs/Si 

heterojunction in dark and light state (λ = 600 nm, P = 1.8 mW/cm2). In the dark, the device 

demonstrates rectification characteristics, which is caused by the heterojunction formed 

between SWNTs and n-Si due to the differential Fermi level of SWNTs and n-Si [27, 28]. 

When switch to light state, a photogenerate current density (Jsc) is observed (around 0.81 

mA/cm2) at zero bias. The power conversion efficiency (PCE) of the device is ~3.5%, which 

is enough to power the sensor for real-time gas sensing. Several recent reports about pristine 

SWNT/Si based solar cells also reveal that the PCEs are within 5% [29, 30]. However, the I-V 

curves of SWNTs-only and n-Si-only sensors show linear relationship, which indicates an 

ohmic contact formed in these sensors (Figure S5.3).  
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Figure 5.1 (a) The schematic graph of photovoltaic self-power H2S sensor based on SWNTs/Si 

heterojunction. Electrode A (Ti/Au) is sputtered on SiO2 layer, while Electrode B (Ti/Au) is on 

the bare n-Si. (b), (c) SEM images of device and the formed SWNT film. (d) The current 

density-voltage (J-V) curves of self-power H2S sensor in dark and illuminated 

circumstance (λ = 600 nm, P = 1.8 mW/cm2, applied potential: -2 V to 2 V). The red 

line is the J-V curve of self-power sensor at dark state, while the dark line is J-V curve 

when exposing to light. 

5.4.2. Sensing Performance of Photovoltaic Self-powered Sensor 

To measure the sensing characteristics of the self-powered sensor to H2S, the open-circuit 

voltage-time (Voc -t) curve of the device under the visible light illumination (λ = 600 nm, P = 

1.8 mW/cm2) is measured at zero bias. The micro-sensors were placed in a small transparent 

quartz chamber (the volume of chamber is ~0.4 mL) with an airscoop and airout, so the visible 

light can go through the quartz and excite the device (Figure S5.4). The electrode A and B are 

wired bonded to the ceramic dual in-line package (CERDIP) for electrical measurement. By 

diluting H2S gas with dry air via mass flow controller (MFC), we can control the H2S gas 
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concentration. In the dry air atmosphere, the Voc reaches 181 mV under illumination (λ 

=600 nm, P = 1.8 mW/cm2), which is shown in Figure 5.2a. After exposing to H2S, the Voc of 

the device shows a sharp decrease and then reaches the steady state within 54 s. With the 

increase of H2S gas concentration, the Voc shows a decreasing trend, shown in Figure 5.2a. The 

detection limit is as low as 100 ppb. The sensing response (S) of the photovoltaic self-power 

H2S sensor is defined as: S = (|Vg-V0|)/V0, in which V0 and Vg are the value of Voc in dry air 

and target gas under illumination, respectively. However, when switch to dark state, the sensor 

based on SWNTs/Si has no response to H2S (Figure S5.5). As shown in Figure 5.2b, the 

response of the device has a linear relationship with the H2S concentration ranging from 

100 ppb to 800 ppb (the linear correlation is 0.996). For comparison, the chemiresistive sensors 

based on SWNTs-only and n-Si-only show negligible response to H2S under illumination at 

zero bias (Figure 5.2c and 5.2d). 
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Figure 5.2 (a), (c), (d) The response of devices to different H2S concentrations based on 

SWNTs/Si, SWNTs-only, and n-Si-only, respectively. The measurements are carried at zero 

bias with light illumination (λ = 600 nm, P = 1.8 mW/cm2) to monitor the changing of 

open-circuit voltage (Voc). (b) The response of the device to difference H2S 

concentration under 600 nm light and its corresponding fitting curve (R2=0.996). 

The difference among the three devices is because SWNTs can form p-n heterojunctions 

with n-Si, and then a strong enough BEF (~0.55 eV) will be formed at the interface of p-

SWNTs and n-Si due to the different work function of n-Si (~4.25 eV) and p-SWNTs (~4.8 eV) 

[31-33]. However, n-Si-only and SWNTs-only form Ohmic contact with the electrodes (Figure 

S5.3). That means although sensors based on n-Si-only and SWNTs-only can produce 

photogenerated hole-electron pairs under the light illumination, the photogenerated holes 

cannot be separated from photogenerated electrons and cannot react with H2S owing to the lack 

of BEF. Therefore, electric signal changes of the devices based on n-Si-only and SWNTs-only 



135 

 

are difficult to detect. In addition, the response of the photovoltaic self-powered device shows 

4.5 folds higher response to H2S (S = 2.23% for 400 ppb H2S) than the conventional H2S sensor 

based on SWNTs which works under the bias of 2 V through measuring the resistance changes 

(S = 0.49% for 400 ppb H2S) (Figure S5.6). Due to the illumination, the number of the holes 

in SWNTs reacting with H2S increases [13]. Meanwhile, the response and recovery time of the 

photovoltaic self-powered sensor also are dramatically improved. The stability of the sensor 

based on SWNTs/Si were also investigated by comparing the sensitivities of an as-prepared 

sensor and the sensor storing for 5 days. After five days the response of the sensor to 200 ppb 

H2S decreases from 1.42% to 1.14% (Figure S5.7). Several publications also confirmed that 

the stability of the devices based on Si/carbon (including C60, CNT and graphene) needs to be 

optimized for their practical applications [25, 34, 35]. 

5.4.3. Influence of the Wavelength of Illuminated Light 

The influence of the wavelength on the performance of the self-powered device was 

investigated (Figure 5.3a). By applying the same power density of light and varying the 

wavelength of light (420 nm and 600 nm), the response of the device decreases with the 

increase of the wavelength. According to the Figure 5.3a, the recovery time of the device is 

much shorter when illuminating under 600 nm than 420 nm. This may be caused by the charge 

redistribution in H2S molecule owing to the molecule vibrations and electron transition 

between orbital energy levels when exposed to illumination. G. Vall-llosera et al. [36] found 

that there are many orbital energy levels existing in H2S molecular by investigating the photo-

fragments resonant S 2p excitations in H2S. As the existence of abundance energy levels, H2S 

can absorb photons ranging from 233 nm to 762 nm, especially in 359 nm – 532 nm [37]. 

Therefore, we deduced that when H2S is subjected to the light in the range of 359 nm to 532 nm, 

such as 420 nm, the H2S will absorb the light and become more active and react with 



136 

 

photogenerated holes in the SWNT film. Thus, it is too difficult to desorb from the surface of 

the device.  

 

Figure 5.3 (a) The sensing response of photovoltaic self-powered H2S sensor when 

applied different wavelength light (420 nm and 600 nm) with same power intensity (1.8 

mW/cm2); (b), (c) The schematic band diagram of the photovoltaic self-powered device 

at dark and illumination state. 

5.4.4. Sensing Mechanism of Photovoltaic Self-powered Sensor 

Figure 5.3b,c illustrates the schematic band structure diagram of the device, SWNT is a 

narrow bandgap p-type semiconductor in the air with the work function around 4.8 eV.[33] For 

the n-Si with a phosphor dopant concentration of 1015-1016 cm-3, the band gap and work 

function of n-Si are about 1.12 eV and 4.05 eV, respectively, and the Femi level is 0.2 eV 
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below the conduction band [32,33]. At the dark state, the device is kept at a thermal equilibrium 

state and forms a BEF at the interface of SWNTs and n-Si as shown in Figure 5.3b. Once 

exposing to light with an energy above the band gap of SWNTs and n-Si, the balance state of 

the device will be changed due to the excited photogenerated carriers. After that the BEF will 

work as a power source to separate the photogenerated carriers and drive them to n-Si (electrons) 

and SWNTs (holes), respectively, forming photocurrent as well as the Voc in the circuit. The 

n-Si and SWNTs both act as the e-h generators and also electrons and holes collectors, 

respectively, which benefit the transportation of electrons and holes [25, 27, 28]. When 

pumping into H2S, H2S molecule absorbs on the surface of SWNTs and extracts the holes from 

SWNTs, which decreases the concentration of photogenerated holes in the SWNTs. The 

electric current is defined as: 

I=Q⁄t=Nq⁄t           (5-1) 

(Q refers to the electric charge per area, t refers time, N refers to the number of the electrons 

or holes, q refers to the value of charge). The decrease of the concentration of holes which is 

caused by absorbed H2S molecule will reduce the value of photogenerate current (IL).  

On the other hand, the changing concentration of holes can also tune the value of Voc. 

According to the ideal p-n heterojunction solar diode equation, the Voc caused by the photo 

illumination can be obtained through followed formula [33]: 

𝑉𝑜𝑐 =  
𝑘𝑇

𝑞
ln (

𝐼𝐿

𝐼𝑠
+ 1)          (5-2) 

where K is the Boltzmann constant, Is is the reverse saturation current and IL is the 

photogenerated current, respectively. Combined with the equations (1) and (2), the Voc closely 

relates the number of the carriers to the corresponding calculations and obtain the following 

equation: 
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𝑉𝑜𝑐 =  
𝑘𝑇

𝑞
 ln (

𝐼𝐿

𝐼𝑠
+ 1) =

𝑘𝑇

𝑞
 ln (

𝑁𝑞

𝑡.𝐼𝑠
+ 1)        (5-3) 

As the value of Is is very small and usually can be regarded as a constant value, the 

decrease of holes will result in Voc dropping, which is corresponding to the experimental results 

when the device is subjected to H2S and the value of Voc is decreased. 

5.5. Conclusions 

A Photovoltaic self-powered H2S sensor based on SWNTs/Si heterojunction was 

successfully constructed. Owing to the existing BEF which can transform photon energy into 

electric energy, self-powered sensor detecting trace H2S at room temperature was implemented. 

By comparison with chemiresistive sensors based on SWNTs-only, the sensing response and 

response time of self-powered sensor had greatly improved. The influence of the wavelength 

of light was investigated by applying different light (e.g., 420 nm and 600 nm) with identical 

power density. The poor stability of sensor is greatly caused by the oxidation of Si in air 

ambient. This work may bring a novel idea and facile method to develop self-powered gas 

microsensors with good stability based on the rational p-n heterojunction design.  
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5.7. Supplementary Data 

Design of Photovoltaic Self-powered Gas Sensor based on Single-walled Carbon 

Nanotubes/Si p-n Heterojunction 

Figure S5.1 is the schematic fabrication procedure of the self-powered gas sensor based 

on SWNTs/Si. First lithography mask with different patterns were designed and an n-type Si 

wafer with a layer of 300 nm SiO2 was patterned to expose Si surface (five identical effective 

sensing area 5*100 μm*500 μm and one area for sputtering electrode 400 μm*400 μm) via 

photolithography and reactive ion etching (RIE). Second, patterned Ti/Au electrodes (~20 nm 

Ti and ~150 nm Au) were fabricated by photolithography and sputtering processes. After 

fabricating the microchip, SWNTs (Sigma Inc.) were purified by annealing under 300 oC for 

2 h in a tube furnace and then treated with concentrated HCl and 30 % H2O2 with volume ratio 

3:1 at 60 oC for 6 h. The purified SWNTs were dispersed in dimethylformamide (DMF) via 

sonication for 4 h to form homogenous SWNTs dispersion (0.01 mg/ml). The as-prepared 

SWNTs dispersion was then drop-casted onto the prefabricated sensor chip to form a SWNT 

network. To remove the solvent left on SWNT network and reduce the contact resistance 

between SWNTs and the Ti/Au electrodes, the prepared devices were annealed in a tube 

furnace under pure Ar gas at 300 oC for 20 minutes.  

 

Figure S 5.1 Schematic fabrication process of gas sensor. 

Figure S5.2b is the SEM image of the SWNT film which is covered on the Si and SiO2 

surface. As the thickness of SiO2 layer is 300 nm, there is an obvious ledge at the interface of 

Si and SiO2 layer and mesh-like SWNT film is worked as a bride to connect Si and SiO2. Figure 

S5.2a and c are the EDXS results of two different locations (Si/SWNTs and Si/SiO2/SWNTs). 
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The contents of C atom in both locations are very low which can indicate that the SWNT film 

is very thin. By comparison, the percentage of O atom increases from 0% to 19.51% owing to 

the existing of SiO2 layer. 

 

Figure S 5.2 (a), (c) The EDXS results of sensor at different locations; (b) The SEM image of 

the sensor at specific. 

 

Figure S 5.3 (a) The Current-Voltage (I-V) curves of SWNTs-only device after annealed 

treatment. (b) The Current-Voltage (I-V) curves of n-Si-only device. 
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Figure S 5.4 Schematic graph of gas sensor testing process, all parts of the testing system are 

vertically placed. 

 

Figure S 5.5 The sensing response of photovoltaic self-powered gas sensor under dark state. 
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Figure S 6.6 Dynamic response of conventional SWNTs-only device to different H2S 

concentration (Vds = 2 V, λ = 600 nm, P = 1.8 mW/cm2). 

 

Figure S 6.7 Dynamic response of sensor to different concentration of H2S at day one (a), and 

after five days (b) (λ = 600 nm, P = 1.8mW/cm2). 
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Chapter 6: General Conclusion and Future Work 

6.1 General Conclusion 

In this thesis, three different heterostructure-based gas sensors were studied in order to 

enhance their sensing performance (sensitivity, stability, and low-power consumption, etc.). In 

addition, a “top-down” & “bottom-up” strategy was proposed to fabricate miniaturized gas 

sensors in wafer-scale with high-throughput. 

The hydrothermal method is a very common method to prepare and design sensing 

materials with different structures. The brush-like (B-) ZnO@SnO2 hierarchical nanostructures 

(HNSs) (one kind of type-Ⅱ heterostructure) were synthesized through a simple two-step 

hydrothermal method without templates and surfactants for NO2 sensing. By investigating the 

effects of growth time and reaction temperature, a “dissolution- recrystallization” growth 

mechanism was proposed. Most of the SnO2 nanowires were inclined at an angle of 56° to 

surface of ZnO. Furthermore, the HRTEM images revealed that the (110) plane of SnO2 and 

the (01-10) plane of ZnO lattice fringes were connected at the hetero-interface with a ∼4° tilt, 

which results from the lattice mismatch between SnO2 and ZnO. These defects provide 

preferential adsorption sites for the NO2 and oxygen species thus enhancing the sensitivity. In 

addition, both the enhanced specific surface area and synergism effect of the formed multi-

junction contributed to the enhancement in sensitivity. In this case, the main conduction 

channel was confined to the SnO2 nanowires, as the ZnO nanorods were densely covered by 

the SnO2 nanowires. The detail sensing mechanism was discussed in Chapter 2. Compared with 

pure SnO2 and ZnO-based sensors, the sensing performance of ZnO@SnO2 heterostructure-

based sensor to NO2 was significantly increased. 

In most cases, chemiresistive sensors are prepared by slurry-coating or drop-casting 

sensing materials onto a micro-electrode chip using organic reagents as binders, which is 
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shown in Chapter 2. However, the sensing materials are chaotically distributed on the micro-

electrode chip. As a result, the reproducibility of the prepared sensors is rather poor. In addition, 

the sensors may also experience poor stability due to the weak interconnection between the 

sensing materials and the micro-electrode chip compared with in situ growth method. Thus, in 

Chapter 3, NiO@SnO2 HNSs were directly grown on the ceramic chip tightly via a two-step 

chemical bath deposition method for H2S sensing without templates and binders. The 

morphology of the NiO@SnO2 HNSs could be controlled by varying the growth time and the 

NiO@SnO2 HNSs was uniformly grown on the ceramic chip. The NiO@SnO2 HNS-based 

sensor demonstrated a good stability as the sensitivity of the sensor changed less than 3% after 

one month. In contrast to the ZnO@SnO2 HNSs studied in Chapter 2, the conduction channel 

of the NiO@SnO2 HNSs was confined to the NiO nanowalls due to the different fabrication 

process. Thus, the formed p-n heterojunction between NiO and SnO2 can efficiently modulate 

the conduction channel of NiO when exposed to different gases. 

Reproducibility in performance is very important when considering large-scale 

production of commercial devices. In situ growth of the sensing materials on the micro-

electrode chip is a potential solution to tackle the reproducibility issue of the sensor fabrication. 

A “top-down” & “bottom-up” strategy was proposed in Chapter 4 for wafer-scale fabrication 

of gas sensors by in situ growth of the sensing material patterns at designed locations. After 

fabricating micro-hotplates via the “top-down” strategy (MEMS fabrication techniques), a 

controllable templated-guided de-wetting method was utilized to assemble porous TPE film 

with uniform micro-holes (RSD of the micro-hole size < 3.5 %, n >300). Then, the sensing 

materials were directly growing in the micro-hole areas, namely “bottom-up” strategy. The 

obtained gas microsensors based on this strategy showed great reproducibility of electric 

properties (RSD < 0.8%, n=8) and sensing response (RSD <3.5%, n=8) toward real-time H2S 

detection. This fabrication strategy shows great potential to fabricate wafer-scale miniaturized 
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gas sensors based on different sensing materials due to the good chemical and thermal stability 

of TPE film. The template-guided controllable de-wetting method also shows feasibility to 

assemble different porous films and patterned materials. 

The metal oxide-based chemiresistive sensors not only require high working temperature 

but also need external power sources to drive the sensors which greatly increase the energy 

consumption. As discussed in Chapter 1, constructing type-Ⅲ heterostructure is a feasible 

approach to fabricate photovoltaic self-powered gas sensors. Therefore, in Chapter 5, a 

photovoltaic self-powered gas sensor based on SWNTs@Si p-n heterojunction was developed 

via a facile method by drop-casting SWNTs solutions onto the Si based sensor chip. Owing to 

the existence of BEF which can transform photon energy into electric energy, a self-powered 

sensor capable of detecting trace concentrations of H2S at room temperature was developed. 

This work may bring a novel idea and facile method to develop self-powered gas microsensors 

based on the rational p-n heterojunction design. 

Overall, the present research demonstrated that (1) constructing heterostructures is an 

effective way to enhance the sensing performances compared with single sensing materials, (2) 

the sensing mechanism of sensors depends on the structure of the devices (geometric structure 

or electronic structure), (3) integrating microfabrication techniques with in situ growth methods 

is a  potential strategy to implement wafer-scale fabrication of gas sensors and guarantee the 

reproducibility in performance of the obtained sensors, and (4) it is possible to construct self-

powered gas sensors to reduce the energy consumption by designing special device structure..  

6.2. Future Work 

In Chapter 2, the sensor based on ZnO@SnO2 HNSs shows the highest sensing response 

to NO2 among interference gases such as acetone, NH3, C7H8, CHCl3, H2S, and ethanol under 

the air condition background. As all the interference gases are reducing gases, the sensing 

behavior of the sensor to NO2 must be different from the interference gases. Therefore, the 
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SnO2@ZnO HNS-based sensor in this case cannot confirm that it can distinguish NO2 from 

other oxidizing gases. According to the discussion in the Chapter 2, the high sensitivity to NO2 

may ascribe to high electron affinity of NO2 (2.273 eV). By searching the “LANGE'S HAND 

BOOK OF CHEMISTRY”, the electron affinity of NO2 is much higher than some oxidizing 

gases such as NO (0.026 eV), O3 (2.1028 eV), O2 (0.45 eV), SO2 (1.107 eV) and SO3 (1.97 

eV), but is lower than Cl2 (2.38 eV) and F2 (3.01 eV) [1]. The SnO2@ZnO HNS-based sensor 

may be also very sensitive to Cl2 and F2. Thus, to confirm the selectivity of oxidizing gas 

sensors, more oxidizing gases (e.g., O3, SO2, Cl2) are needed to serve as interference gases at 

different working temperatures in the future. In Chapter 3, a high performance H2S sensor 

based on NiO@SnO2 HNSs is successfully implemented, which is prepared by two-step in situ 

growth method. The lowest H2S concentration (100 ppb), which is tested in this case, is a little 

higher than the EPA standard (50 ppb) [2]. Although the calculated theoretical detection 

limitation is estimated to be around 1.5 ppb, a more scientific way is demanded to directly 

detect ultralow concentration (several ppb level) of H2S to confirm the detection limitation in 

the future.  

In Chapter 4, I have implemented wafer-scale fabrication of gas sensors based on NiO 

nanowalls via “top-down” & “bottom-up” strategies. This fabrication process shows a great 

potential in wafer-scale fabrication of gas microsensors based on various nanomaterials. Future 

work should link to current research to design and construct more heterostructural 

nanomaterials for better sensing performance. Then, exploration of the applications of wafer-

scale fabrication method to design other devices and sensor arrays. Metal organic frameworks 

(MOFs) with uniform pores, large specific surface areas and exposed-metal sites has aroused 

great attention in the scientific society [3-5]. Besides, MOFs demonstrate the ability for 

selective adsorption of gas molecules, which is very attractive in the gas sensing field [6-8]. 

Thus, it is potentially an ideal material to address the selectivity of gas sensors. Moreover, by 
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designing the hydrophobic MOF, it is feasible to fabricate gas sensors which are non-sensitive 

to humidity. In order to implement wafer-scale fabrication of gas microsensors based on MOFs 

with no response to humidity, in the future several questions remain to be answered: 

1. How can MOFs be grown on the surface of specific metal oxides to enhance the 

selectivity? 

2. How can patterned sensing materials be formed based on previous work? 

3. Is it possible to grow in situ conducting MOFs on different substrates to expand the 

applications of the fabrication strategy? 

To overcome the above challenges, I am planning to functionalize the metal oxides to 

produce some functional groups that can interact with metal ions or ligands for epitaxial growth 

of MOF in liquid phase. In addition, it is possible to use the metal oxides as the metal ion source 

for growing MOF [9]. Hence, it is a potential approach to form patterned metal oxide@MOF 

heterostructures to enhance the selectivity by confining locations of metal oxides. As some 

reported metal oxide@MOF-based sensors still require high operation temperatures, so direct 

growth of conducting MOFs on a micro-electrode chip without corrosion of electrodes may be 

a feasible solution to fabricate a room temperature gas sensor [9-11]. However, the specific 

effect of MOF and the interaction between MOF and host materials are still not very clear. 

Thus, it is worth studying the sensing mechanism of metal oxide@MOF- or pure MOF-based 

sensors to address the research gap. 

All the chemiresistive gas sensors reported in this thesis have achieved high sensing 

performance (e.g., high sensitivity and good selectivity). However, there is still a long way for 

practical applications. For example, the long-term stability of gas sensors under working 

conditions is not presented based on the current lab conditions. Thus, in the future, a new 

instrument will be constructed to provide the working temperature for sensors continuously 
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and test the sensing performance of sensors periodically. By designing this kind of instrument, 

the stability the sensor can be systematically studied. The comparison results between sensors 

prepared in lab and commercial sensors will be investigated under same condition to evaluate 

the possibility of practical applications of prepared sensors. 

In Chapter 5, a novel photovoltaic self-powered gas sensor based on SWNTs/Si p-n 

heterojunction is reported. However, the stability of the self-powered is rather poor since the 

Si is easily oxidized in air ambient which can greatly influence the photovoltaic effect of the 

sensor [12,13]. In addition, the sensitivity and selectivity of photovoltaic self-powered sensors 

are rather poor compared with chemiresistive gas sensors. Thus, to obtain high performance 

photovoltaic self-powered gas sensor, the following factors are worth to be taken into 

consideration. First, selecting suitable semiconductor materials to construct self-powered gas 

sensors. For example, the chemical stability of semiconductors can greatly influence the 

stability of sensors. The band gap of the semiconductors can determine whether the sensors can 

be driven by the UV light or visible light. Second, studying the photovoltaic effect of the 

photovoltaic self-powered gas sensor. As the sensing performance of photovoltaic self-

powered gas sensor is studied by measuring the change in photogenerated current or Voc, the 

photovoltaic effect of the sensor is worth studying to profoundly understand the sensing 

mechanism. Last, figuring out how the sensitivity and selectivity of photovoltaic self-powered 

gas sensor can be improved. Therefore, self-powered gas sensors with high performance are 

still a long way off to address the above remaining problems. 
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