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ABSTRACT  

   

There are increasing demands for gas sensors in air quality and human health 

monitoring applications. The qualifying sensor technology must be highly sensitive 

towards ppb level gases of interest, such as acetylene (C2H2), hydrogen sulfide (H2S), and 

volatile organic compounds. Among the commercially available sensor technologies, 

conductometric gas sensors with nanoparticles of oxide semiconductors as sensing 

materials hold significant advantages in cost, size, and cross-compatibility. However, 

semiconductor gas sensors must overcome some major challenges in thermal stability, 

sensitivity, humidity interference, and selectivity before potential widespread adoption in 

air quality and human health monitoring applications. 

The focus of this dissertation is to tackle these issues by optimizing the composition 

and the morphology of the nanoparticles, and by innovating the structure of the sensing 

film assembled with the nanoparticles. From the nanoparticles perspective, the thermal 

stability of tin oxide nanoparticles with different Al dopant concentrations was studied, and 

the results indicate that within certain range of doping concentration, the dopants 

segregated at the grain surface can improve the thermal stability by stabilizing the grain 

boundaries.  

From the sensing film perspective, a novel self-assembly approach was developed for 

copper oxide nanosheets and the sensor response towards H2S gas was revealed to decrease 

monotonically by more than 60% as the number of layers increase from 1 to 300 (thickness: 

0.03-10 μm). Moreover, a sensing mechanism study on the humidity influence on H2S 

detection was performed to gain more understandings of the role of the hydroxyl group in 

the surface reaction, and humidity independent response was observed in the monolayer 
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film at 325 ℃. With a more precise deposition tool (Langmuir-Blodgett trough), monolayer 

film of zinc oxide nanowires sensitized with gold catalyst was prepared, and highly 

sensitive and specific response to C2H2 in the ppb range was observed. Furthermore, the 

effect of surface topography of the monolayer film on stabilizing noble metal catalyst, and 

the sensitization mechanism of gold were investigated.  

Lastly, a semiconductor sensor array was developed to analyze the composition of 

gases dissolved in transformer oil to demonstrate the industrial application of this sensor 

technology. 
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1. INTRODUCTION 

1.1 General Background 

Gas sensors with a global market size valuation of USD 1.0 billion in 2019, have found 

applications in wide ranges of industries, including medical1, oil & gas2, automotive & 

transportation3, food & beverages4, mining5, and power stations6, to perform functions such 

as hazardous gas detection, odor recognition, and gas composition analysis. The gas types 

of interest includes oxygen (O2), ozone (O3), carbon monoxide (CO), carbon dioxide (CO2), 

ammonia (NH3), chlorine (Cl), hydrogen sulfide (H2S), nitrogen oxide (NOx), volatile 

organic compounds (VOC), hydrocarbons (methane, propane, butane, etc.). The 

technologies available for sensing these gas species are conductometric (e.g. 

semiconductor metal oxide gas sensor), potentiometric (e.g YSZ oxygen sensor), catalytic, 

electrochemical, surface acoustic wave, photoacoustic, and infrared. 

The gas sensor market is projected to grow to USD 1.4 billion by 2024, at a compound 

annual growth rate of 6.4% from 2019 to 2024. The rapid growth is fueled by the rising 

environmental pollution levels and increasingly degrading indoor air quality, which have 

created a significant demand for gas sensors in HVAC and air quality monitoring systems. 

By incorporating gas sensors into the internet of things, the smart cities and building 

automation segment is projected to lead the gas sensors market by 2024. Another growth 

opportunity lies in the adoption of gas sensors in consumer electronics devices for health 

monitoring. By analyzing the chemical composition of human breath, early diagnosis of 7 

out of the top 10 diseases that cause the most deaths worldwide have been demonstrated. 

Once realized, the impact on human health and well-being could be very profound.  
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The commercially available gas sensor can be divided into three groups based on their 

different operating principle: 

• Conductometric gas sensors measure the changes in resistance of the sensing 

materials after being exposed to reducing or oxidizing gas molecules. Typically, 

semiconducting metal oxides are used as the sensing materials in these sensors 

because of their low cost, easy fabrication, fast response and/or recovery speed and 

high sensitivity to a range of gases. The most investigated semiconducting metal 

oxides for Conductometric gas sensors include SnO2, ZnO, WO3, In2O3, TiO2, etc. 

Although, Conductometric gas sensors are by far the most commercially successful 

types of gas sensors, they may exhibit certain disadvantages such as cross-

sensitivity, high noise, and high operation temperature.  

• Electrochemical gas sensors determine the gas concentration by oxidizing or 

reducing the target gas at the electrode and measuring the resulting current. The 

typical components of these sensors include reference electrodes (anode and 

cathode), electrolytes, and gas permeable membranes. Electrochemical gas sensors 

require very little power to operate and are widely used in confined space. They are 

particularly suited for the reliable and selective detection of O2. Major drawbacks 

of these sensors include short operating life (1-3 years) and the relatively poor 

capability to detect gases that are not electrochemically active.  

• Optical gas sensors typically detect the concentration of the target gas by 

measuring the changes in optical properties because of the interaction between the 

sensing material and the analyte gas. For example, one type of optical gas sensor 

measures the change in surface plasmon resonance (SPR) signals which is related 
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to the refractive index close to the sensor surface, allowing for the measurement of 

bound gas molecules. Another type of optical gas sensor is the optode, which 

measures gas concentration by relying on the changes in optical properties such as 

luminescence, reflection, absorbance, light polarization, etc. A typical arrangement 

of an optical gas sensor consists of a laser diode and a very sensitive HgCdTe 

infrared (IR) detector. Optical gas sensors have high selectivity and specificity due 

to the unique features of the IR absorption of each individual gas. However, they 

are rather expensive owing to the high cost of the laser source and the IR detector, 

and they are also difficult to be packed in a portable device.  

As shown in Table 1, the gas species of interest for air quality monitoring include CO2, 

CO, NO2, SO2, and VOCs. The concentrations range of these gases are from 10 ppb to 

1000 ppm. For human breath analysis, the target gases are the more than 200 types of VOCs 

in the human breath, each with concentration in the range between 1-2000 ppb. Therefore, 

an ideal sensor technology should be able to detect gases in interest in the concentration 

range between 1 ppb to 1000 ppm, and exhibits features including high energy efficiency, 

small form factor, and low cost to be successfully incorporated into the IoT and consumer 

electronics.  

As summarized in Table 2, among the commercially available technologies, 

semiconductor gas sensors hold clear advantages in cost and device size over 

electrochemical sensors, and non-dispersive infra-red sensor. Moreover, semiconductor 

gas sensors are most promising to provide effective solutions for the issues with analyzing 

complex gas mixture required by air quality and human health monitoring. Because 
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semiconductor gas sensors often respond to a broad range of gases, their sensor arrays 

generally possess good cross compatibility, which is desirable when the identification of 

certain gas combinations is more critical than the absolute concentration7. The major 

challenges for semiconductor gas sensors to be used in these new applications are power 

consumption, sensing at ppb range, stability, and humidity interference. Therefore, it is the 

goal of this research work to innovate the sensing materials and sensing film structure to 

address these challenges presented for semiconductor gas sensors. 

Table 1. Composition of polluted air and exhaled breath7,8  

Normal pollution level in air Major VOCs in exhaled breath 

Name Outdoor Conc. Indoor Conc. Name Conc. (ppb) 

CO2 200-400 ppm 400-1000 ppm Isoprene 12-580 

CO 2-5 ppm 20-50 ppm Acetone 1.2-1880 

NO2 20-60 ppb 20-40 ppb Ethanol 13-1000 

SO2 20-100 ppb 10-50 ppb Methanol 160-2000 

VOCs 50-200 ppb 200-2000 ppb   

 

Table 2. Comparison of commercially available sensors based on different technologies 

Technology 
Commercial 

example 

Dimension 

(mm3 ) 

Price 

($) 

Peak power 

consumption 

(mW) 

Detection 

limit 

Cross 

sensitivity 
Stability 

Immunity 

to humidity 

interferenc

e 

Chemiresist
ive 

AMS 
CCS801 

6 5 33 low ppm High Good Low 

Electroche

mical 

Figaro 

TGS5141 
2000 10 0 low ppm Low Excellent High 

Infra-red SGX IR12 6000 150 200 500 ppm Low Excellent High 
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1.2 Motivation for Dissertation Research and Dissertation Structure 

The motivation for this research work is to improve the thermal stability, sensitivity, 

humidity interference, and power consumption of semiconductor metal oxide gas sensor to 

facilitate the adoption of this sensing technology in air quality and human health 

monitoring applications. The strategies investigated include: (1) optimizing the 

composition and the morphology of the nanoparticles, and (2) innovating the structure of 

the sensing film assembled with the nanoparticles.  

In this dissertation, the correlation between sensing film structure and the sensing 

device properties including sensitivity, selectivity, immunity to humidity interference, and 

selectivity are explained in great detail in Chapter 3-5, because the topic is less frequently 

explored in the field. The research work on optimizing the composition and the 

morphology of the nanoparticles to improve their thermal stability contains is presented in 

Chapter 6. In Chapter 7, a semiconductor sensor array developed for dissolved gas analysis 

is described to demonstrate the application of this sensor technology in power station. 

The detailed accounts of each chapter of this dissertation are as follows: 

Chapter 2: provides an in-depth review of the various aspects of gas sensors including an 

overview on gas sensor technologies and applications, semiconductor gas sensor device 

configuration, the operating principle of semiconductor gas-sensors, and influencing factors on 

device performance with a focus on deposition technique for the sensing film. 

Chapter 3: describes a facile self-assembly approach to obtain monolayer film of 2D 

CuO nanosheets. The autonomous Self-assembly of CuO nanosheets on water surface was 

speculated to be governed by the anisotropy in the surface energy. To verify this theory, 
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all the crystal facets of the CuO nanosheet was indexed with TEM/SAED. Monolayer film 

and thick film made from the same materials were characterized with FIB-SEM, XRD, and 

BET. When comparing the H2S sensing performance between the two films, the monolayer 

film achieves a detection limit of 10 ppb, while for the thickest film, the detection limit 

was 200 ppb. The standard diffusion-reaction model was modified to fit the correlation 

observed between sensing film thickness and sensing response.  

Chapter 4: focuses on studying the H2S detection mechanism in the presence of water 

vapor for the CuO nanosheet sensors. The phenomenological measurements and 

spectrometry information obtained by parallel quenching revealed that the H2S was 

oxidized into gases species which desorb quickly under dry condition. However, under wet 

condition, the isolated hydroxyl groups prevalent on the CuO surface promotes the 

formation of dielectric sulfides/sulphur phase. Under wet condition, the formation of the 

dielectric phase makes the electrical conduction more sensitive to changes in band bending, 

while the absolute difference of band bending caused by the electron injection from the 

reactant decreases, forming an intricate balance that leads to the observation of humidity 

independent response to H2S in CuO monolayer film. The influence of thickness on the 

H2S detection mechanism in the presence of water vapor was also considered at high 

temperature where diffusion-reaction effect becomes negligible under dry condition. 

Chapter 5: describes yet another highly versatile technique called "Langmuir-Blodgett 

assembly" to fabricate monolayer film consists of aligned ZnO nanowires for C2H2 sensing. 

The surface of the film was sensitized with Au nanoparticles by sputtering and annealing. 

Stabilization of high dispersion of small Au nanoparticles was obtained on the monolayer 
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film due to the periodic perturbation of surface energy inhibit Au particle sintering by 

particle migration and coalescence. Nano Au sensitize the ZnO monolayer sensing film by 

first enriching the surface coverage of C2H2 at the three phase interface of Au/ZnO/air, 

changing the surface reaction from total oxidation on the bare ZnO surface to partial 

oxidation, which increases the exponent factor of the power law correlation between 

response and C2H2 partial pressure. Secondly, the oxygen spill-over from nano Au leads to 

increase in the percent of depleted region inside the ZnO nanowire, which causes 

significant increase in the proportionality factor of the power law correlation.  

Chapter 6: Investigates the effect of aliovalent bulk doping on the sintering of SnO2 

nanograins. The evolution of Al-SnO2 crystal lattice strain through a post-annealing 

process was monitored by analyzing the XRD patterns with Rietveld refinement. The data 

indicates dopant migration toward the surface of the grain due to strain and electrostatic 

force. The discrepancy in the doping concentration between the surface and the bulk of the 

SnO2 grain was verified with XPS and EDS. The resulted concentration profile of Al 

created a solute drag effect, which serves to stabilize the grain boundary, and in turn inhibit 

further grain growth. Finally, the doping concentration was fine-tuned to obtain the optimal 

sensing performance and thermal stability. 

Chapter 7: demonstrates the application of semiconductor sensor array in analyzing 

the composition of gas mixtures. The chapter describes the design of high-throughput 

sensor testing system, development of a scalable sensor fabrication process, the 

establishment of a library of sensor materials meeting the requirement of the intended 
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application, development of sensor selection strategy for building the best array, and 

eventually the building and testing of a sensor array prototype.  
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2. LITERATURE REVIEW  

2.1 Semiconductor Gas Sensor 

Semiconductor gas sensors are designed for monitoring the gas composition of their 

surrounding environment in real time by detecting a stimulus (i.e. an analyte gas such as 

CO or H2) through a surface reaction, and then transducing the new steady state incurred 

by the surface reaction into a measurable electrical signal (i.e. conductivity change). The 

basic configuration of a semiconductor gas sensors can be illustrated with the multilayer 

structure as illustrated in Figure 1. A gas sensing layer made from polycrystalline oxide 

semiconductors is deposited on a dielectric substrate made of glass/ceramic. A pair of 

electrodes made from noble metals, such as Pt, Au, are buried inside the sensing layer with 

two tracks leading out for measuring the conductance of the sensing film. Some forms of 

heating elements are printed on the back of the dielectric substrate to heat up the device to 

150-400 ℃ for operation. 

Since the first commercialized semiconductor gas sensor hit the market in 1968, many 

studies have been carried out on developing new and better sensing materials with the help 

of nanotechnology to address problems such as long response time, low-sensitivity, and 

sensitivity to humidity and poor long-term stability, and during the process the industry 

and academia have amassed substantial knowledge of sensing mechanism of metal oxide. 

According to the internet search results from Web of Science, semiconductor metal oxide 

gas sensors research, to date, is strongly dominated by n-type oxide semiconductors, i.e. 

SnO2, ZnO, and In2O3. This is mainly because sensors made from metal oxides like Fe2O3, 

NiO, and Cr2O3 are not chemically & thermally stable enough, even though they might 
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possess extremely high sensitivity for certain gas species9. In comparison to n-type sensor, 

p-type semiconductor including CuO, NiO, Co3O4, and Cr2O3 have received relatively little 

attention, due to its inherent low sensitivity. Nevertheless, they should not be overlooked 

because of their unique catalytic capability in selective oxidation reaction. 

  
Figure 1. Studies on n- and p-type semiconductor gas sensors (Internet search of Web of 

Science on November 21, 2017) 

The electrical conducting properties of oxide semiconductors originates from the non-

stoichiometry in the metal oxides10. As a rule, metal oxides with oxygen deficiency are n-

type, and those with metal deficiency adopt p-type behavior. The underlying reason can be 

illustrated based on defect reactions written using Kroger-Vink notation: 

𝑂𝑂
× ↔

1

2
𝑂2 + 𝑉𝑂

∙∙ + 2𝑒′ (a) 

1

2
𝑂2 ↔ 𝑂𝑂

× + 𝑉𝑀
′′ + 2ℎ∙ (b) 

The evolution of lattice oxygen 𝑂𝑂
× is accompanied by formation of oxygen vacancies 

(with effective positive charge) and electrons that determine n-type of conductivity as 

shown in reaction (a). In case of metal deficient phase (or oxygen excess phase), 

generations of acceptor metal vacancies as well as holes occur, and enables p-type of 

conductivity.  
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The schematic of the first-generation semiconductor gas sensor (i.e. the "Taguchi" 

sensor) is shown in Figure 2 (a). A partially sintered thick film of gas sensing material is 

deposited on the surface of an alumina ceramic tube which contains an internal heater (a 

Ni-Cr resistor wire). The flame arrestor is made by 100 mesh SUS 316 double gauze. 

Activated charcoal is filled between the internal cover and the outer cover for reducing the 

influence of noise gases. The working temperature of the gas sensor can be controlled by 

adjusting the heating voltage (Vheating) across a Ni-Cr resistor wire inside the ceramic tube. 

When the sensor is connected as shown in the basic circuit (Figure 2 (b)), output across 

the load resistor (VRL) increases as the sensor's resistance (Rs) decreases, depending on 

gas concentration. The key electric signal, sensor resistance (Rs), is calculated by the 

following formula: Rs = {(VC /VRL)-1}×RL. 

 

Figure 2. Schematic of Taguchi type sensor (a) and electric circuit for measuring sensor 

resistance (b). 

Taguchi-type sensors are still on the market, but most of the commercially available 

sensors are nowadays manufactured in screen printing technique on small and thin ceramic 

substrates, an example is given in Figure 3. Screen printing technique has the advantage 

of a small sensor to sensor distribution within production lots attributed to batch process 
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fabrication. This technology is nowadays well-established and high performance of screen-

printed ceramic sensors is achieved in various applications. 

However, screen-printed ceramic gas sensors are, with respect to power consumption 

and mounting technology still in need of improvement. The power consumption of screen-

printed devices is typically in the range of 200 mW to about 1 W, which is too much for 

battery-driven applications. The mounting of the overall hot ceramic element is difficult. 

One must find such designs like the one shown in Figure 3 which ensure good thermal 

isolation between sensor element and housing as well as high mechanical stability.  

 

Figure 3. Gas sensor prepared by screen-printing on a ceramic substrate of size 6 mm×8 

mm11. The sensor element consists of a CO- and a NOx-sensitive layer. The platinum 

structures (heater, electrodes and contact pads) and the two sensitive layers are 

manufactured in screen-printing technology. The sensitive layers consist of specifically 

doped and coated tin dioxide. Their electrical resistance is measured by interdigitated 

platinum electrodes located below 300 °C is achieved by a heater located on the backside 

of the ceramic. With help of the platinum contact pads the sensor is fixed to a sheet 

leadframe by parallel gap welding and mounted in the housing. 

In the early 2000s, with the development of microfabrication process, the integration 

of gas sensitive metal oxide layers in standard microelectronic processing was achieved 
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and lead together with the use of micromachining steps to micromachined metal oxide gas 

sensors like the ones shown in Figure 4. This technology is very promising to overcome 

the difficulties of screen-printed ceramic sensors due to the following facts. The sensitive 

layer of micromachined metal oxide gas sensors is deposited onto a thin dielectric 

membrane of low thermal conductivity which provides good thermal isolation between 

substrate and the gas-sensitive heated area on the membrane. In this way the power 

consumption can be kept very low (typical values obtained lie in the range between 20 and 

150 mW and the substrate itself stays nearly at ambient temperature. The mounting of the 

sensor element becomes therefore much easier than for an overall hot ceramic sensor 

element, and control and signal-processing electronics can be integrated on the same 

substrate if desired (Figure 4). Using standard microelectronic steps to pattern electrode 

structures results in a further advantage. The minimal structure sizes get much smaller, a 

minimal width between electrodes lying in the um range can be achieved12. The gas 

sensitive area can in this way be tremendously reduced and the use of interdigitated 

electrodes with a high length-to-width ration allows even the evaluation of sensing films 

with very high sheet resistivity. Sensor arrays which are often needed to overcome the bad 

selectivity of single sensor elements can be easily implemented in this technology. Beyond 

that, the small thermal mass of each micromachined element allows rapid thermal 

programming which can be used to study the kinetics of surface processes and to achieve 

kinetically controlled selectivity11.  
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Figure 4. Schematic of the MGS 1100 sensor from Motorola. Micromachined sensor 

element on the left and sensor housing on the right. The sensitive film was obtained by 

rheotaxial growth and thermal oxidation of tin layer (RGTO) deposited on the silicon 

oxide-nitride membrane. 

2.2 Key Parameters in Gas Sensing  

The performance of a metal oxide gas sensor can be assessed by evaluating several 

important gas-sensing parameters13:  

i. Range: The range of the sensor is the maximum and minimum concentration 

that can be measured 

ii. Accuracy: The accuracy of the sensor is the maximum difference that will exist 

between the actual value (which must be measured by a primary or good 

secondary standard) and the indicated value at the output of the sensor. 

iii. Response: The most essential parameter of a gas sensor is its response (R) to a 

target gas. If a gas sensor cannot sense a target gas, it cannot be used in practice. 

There are different definitions of the gas response for semiconductor-based gas 

sensors. The response is generally defined as the ratio of the resistance 

variation (Ra/Rg) or (Rg/Ra), where Ra and Rg represent the resistances of the 

gas sensor in air and in the target gas atmosphere, respectively. 
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iv. Sensitivity: The sensitivity is a change in measured resistance (ΔR) with a 

change in analyte concentration (Δc), i.e., the slope of a calibration graph: 

S = ΔR/Δc. 

v. Response and recovery time: The response time (Rresp) is defined as the time 

required for a gas sensor to reach 90% resistance change in the presence of the 

target gas, and the recovery time (Rrecv) is defined as the time needed for the 

resistance of a gas sensor to return to 90% of its original baseline value after 

the removal of the target gas. 

vi. Selectivity: It describes the ability of a sensor to differentiate a specific target 

gas among other interfering gases. The selectivity (mij) of a sensor compares 

the sensor signal or the sensitivity to be monitored (Si/mi) to the sensor 

signal/sensitivity of the interfering stimulus (Sj/mj). The selectivity of gas 

sensors should always be >1. A high selectivity corresponds to a higher 

response of the gas sensor to a target gas compared with the response to 

interfering gases. Typically, gas sensors are sensitive to more than one gas and 

exhibit cross-sensitivity. 

vii. Detection limit: The detection limit can be defined as the lowest concentration 

of gas that can be detected at a certain temperature. According to the IUPAC 

definition, when the signal-to-noise ratio equals 3, the signal is considered to 

be a true signal. The sensor noise can be calculated using the variation in the 

relative conductance change in the baseline using the root-mean-square 

deviation (RMSD). Therefore, the detection limit can be extrapolated from the 

linear calibration curve when the signal equals 3 times the noise. 
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2.3 Principles of Operation 

The operation of semiconducting gas sensors can be described at high-level as: the 

conductivity of metal oxide semiconductor materials changes according to gas 

concentration changes. This is caused by adsorption/desorption of oxygen and reaction 

between surface oxygen and gases. These reactions change the electric potential on SnO2 

crystal and results in the decrease of the sensor resistance under the presence of reducing 

gases like CO. The elementary steps of gas sensing will be transduced in electrical signals 

measured by appropriate electrode structures. The sensing itself can take place at different 

sites of the structure depending on the morphology. They will play different roles, 

according to the sensing layer morphology. The overall conduction in a sensor element is 

determined by the surface reactions, the resulting charge transfer processes with the 

underlying semiconducting material, and the transport mechanism within the sensing layer, 

which will be discussed in detail in the rest of this chapter. Because most research works 

focus on investigating the operating principles of n-type semiconductor sensor, the 

following discussions are primarily made in the premise of n-type sensing materials. There 

is a dedicated section later in this chapter for the p-type sensing material. 

2.3.1 Surface Chemistry 

2.3.1.1 Oxygen Adsorption 

Chemical interaction between the surface of a semiconductor oxide and the gas phase, 

which gives rise to the sensing properties, can be represented as a cyclic process. 

Adsorption of oxygen from pure air atmosphere is the first step in the gas and solid 

interaction.  
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The adsorption of oxygen on metal oxide surfaces is generally considered to involve 

the physisorption of oxygen, ionosorption of oxygen, and incorporation of doubly ionized 

atomic forms of adsorbed oxygen into metal oxide crystal lattice, as listed in the following 

equations 

𝑂2(𝑔𝑎𝑠) ↔ 𝑂2(𝑎𝑑𝑠) 

𝑂2(𝑎𝑑𝑠) + 𝑒 ↔ 𝑂2(𝑎𝑑𝑠)
−  

𝑂2(𝑎𝑑𝑠)
− + 𝑒 ↔ 2𝑂(𝑎𝑑𝑠)

−  

𝑂(𝑎𝑑𝑠)
− + 𝑒 ↔ 𝑂(𝑎𝑑𝑠)

2−  

𝑂(𝑎𝑑𝑠)
2− ↔ 𝑂(𝑙𝑎𝑡𝑡𝑖𝑐𝑒)

2−  

Here O2(gas) is the oxygen molecule in the gas phase; O2(ads) is the physiosorbed neutral 

oxygen molecule; O2
-
(ads), O

-
(ads), and O2-

(ads) are the molecular ionized, atomic ionized and 

doubly ionized atomic forms of oxygen chemisorbed on the oxide surface, respectively; 

and O2-
(lattice) is the oxygen anion occupying a lattice site in the crystal structure of the 

material. The neutral oxygen molecules (physiosorbed oxygen and oxygen in gas phase) 

are generally considered to not to play any direct role in sensing, because of the lower 

reactivity and the lack of means to influence the electrical properties of the sensing material 

by delocalized charge transfer. Nevertheless, the physiosorbed oxygen can perform 

localized charge transfer and thus leads to the build-up of surface dipoles according to the 

in-situ work function study conducted by Sahm et al. O2-(lattice) were found to participate 

in the partial oxidation reactions of hydrocarbons following Mars van Krevelen mechanism, 

which enables many transition metal oxides to find applications in selective partial 

oxidation catalysis14. The nucleophilic O2-(lattice) consumed by the dehydrogenation 
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reaction of adsorbed hydrocarbons is replenished by incorporation of O2-(ads) into 

positions of oxygen vacancies. However, this process needs to overcome considerably 

higher activation energy and hence is uncommon to observe in typical semiconductor 

sensing scenarios. 

Therefore, theoretical studies on oxygen adsorption for semiconductor gas sensor 

consider only the ionized oxygen species adsorbed on the surface, which are formed by 

undergoing a delocalized charge transfer with the semiconductor, i.e. the counter charge of 

the ionized adsorbate at the surface is delocalized within a depletion layer in the metal 

oxide and thus changes the concentration of the free charge carriers in the conduction band. 

Unlike conventional chemisorbed species bound to specific active sites, the ionosorbed 

oxygen species are regarded as free oxygen ions which are electrostatically stabilized in 

the vicinity of the surface. Figure 5 shows the energies of various species of oxygen 

relevant to surface reactions. The energy difference between doubly-charged O2- in a lattice 

site and in an adsorbed state is estimated to be about 2000 kJ/mole or 20 eV, and hence O2-

(ads) is highly unstable and has to be stabilized by the Madelung potential of the lattice, i.e., 

on an oxygen vacancy site.15 In comparison, the difference between O2(ads)  and O2
-
(ads) only 

amounts to 140 kJ/mol or 1.5 eV16.  

The ionized oxygen species are more reactive than the nucleophilic lattice anions and 

have higher mobilities. They are the main oxidizing species in the oxidation of simple 

reducing molecules such as H2, CO, and CH4. They may be considered as electrophilic 

reactants which in reactions with hydrocarbons attack the molecules in the regions of 

highest electron density. In the case of olefins such electrophilic additions of O2
-
(ads), O

-
(ads), 
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and O2-
(ads) could result in the formation of peroxy- or epoxy-active complexes, respectively, 

which under the conditions of heterogeneous catalytic oxidation are the intermediates of 

the degradation of the carbon skeleton and total oxidation15. 

 

Figure 5. Energy diagram of various oxygen species in the gas phase, adsorbed at the 

surface and bound within the lattice of a binary metal oxide16. 

The ionized oxygen species (both molecular and atomic species) on semiconductor 

metal oxide, i.e. SnO2, have been observed by phenomenological measurements, e.g. 

electrical conductance and temperature programmed desorption (TPD), and spectrometry 

such as Electron Paramagnetic Resonance Spectroscopy17,18 and FTIR at temperatures 

between 100 and 500 °C. As shown in Figure 6, at low temperatures (150-200℃) oxygen 

adsorbs on SnO2 non-dissociatively in its molecular form (as charged O2
- ions). At high 

temperatures (between 200 and 400℃) it dissociates to atomic oxygen (O-). Only at 

temperature above 400℃ can the doubly-ionized oxygen anions be observed, which is 

higher than the normal operating temperature range of semiconductor gas sensor.  
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Figure 6. Literature survey of oxygen species detected at different temperatures at SnO2 

surfaces with IR (infrared analysis), TPD (temperature programmed desorption), EPR 

(electron paramagnetic resonance)19.  

Since the reactivity of O-
(ads) is high and exceeds that of O2

-
(ads), it is of interest to 

analyze the composition of ionized species for engineering the sensing performance. 

Because the processes given rise to the ionized oxygen species are all equilibrium reactions, 

the coverage and the ratio of ionized oxygen species are highly dependent on the 

temperature and on the characteristics of the adsorbent. It is challenging to get experimental 

results about the nature of the different oxygen surface species. Therefore, simulation of 

the equilibrium coverages of the oxygen species based on Monte Carlo kinetics can provide 

some guidance (Figure 7). It can be observed that the transition from O2
-
(ads) to O

-
(ads) 

commence at around 300 ℃ from the simulation. More interestingly, the combined 

coverage of the two ionized species remains roughly constant through the temperature 

range while physiosorbed O2 decreases monotonically with temperature. This phenomenon 

indicates that the saturation coverage of oxygen ions is determined by the so-called Weitz 

limitation, which impose strong limitation on the concentration of charged surface species 
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by electronic effect. Due to Weitz limitation, the upper limit of oxygen anions coverage is 

around 10-3 monolayer. The theory of the Weitz limitation will be discussed in more detail 

in the following chapter about charge transfer.  

 
Figure 7. The simulated equilibrium coverages of the oxygen species. The transition from 

O2
- to O- is calculated to be around 700K20. 

2.4.1.2 Interaction of Analyte Gas with Metal Oxide Surface 

The base of the gas detection is the interaction of the gaseous species at the surface of 

the semiconducting sensitive metal oxide layer. It is important to identify the reaction 

partners and the input for this is based upon spectroscopic information. 

The gases detectable by semiconductor gas sensors can be classified based on their 

properties including the ionization potential, electron affinity and proton affinity as 

summarized in Figure 8. In this research work we primarily focus on gases in group II 

including H2, CO, CH4, C2H6. C2H4, and C2H2, as well as acidic gas H2S. Group II gases 

exhibit the properties of weak electron donors and have rather low proton affinities. With 

higher proton affinity, the higher the tendency to give out electrons, compare the 6 gases, 

then reactivity should have this order. The commonly acknowledged reaction routine 

involves total oxidation in the interaction with the ionosorbed oxygen species at the surface 
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of the sensor material according to either an Eley–Rideal or Langmuir–Hinshelwood 

mechanism, which can be represented in the following quasi-chemical reactions: 

𝑂2(𝑔𝑎𝑠) +
𝛼

𝛽
𝑒− ↔

2

𝛽
𝑂𝛽(𝑎𝑑𝑠)

−𝛼     (1) 

𝑥 ∙ 𝐴𝑔𝑎𝑠 + 𝑂𝛽(𝑎𝑑𝑠)
−𝛼 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 + 𝛼𝑒−  (2) 

𝐴𝑔𝑎𝑠 + 𝑆 ↔ 𝐴𝑎𝑑𝑠     (3) 

𝑥 ∙ 𝐴𝑎𝑑𝑠 + 𝑂𝛽(𝑎𝑑𝑠)
−𝛼 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 + 𝛼𝑒−  (4) 

The Eley–Rideal mechanism with ionized oxygen species as the adsorbed reactant and 

reducing gas in gas phase as the other reactant is displayed in equation 1 and 2, while for 

Langmuir–Hinshelwood mechanism, both reactants need to be preabsorbed before the 

reaction, and hence is summarized in equation 1, 3, 4. However, the reaction rate equations 

for both mechanisms are basically the same. Because of the very low concentration of 

reducing gas (usually below 0.1 vol%) encountered in the sensing procedure, [𝐴𝑎𝑑𝑠] should 

simply equals to KPA regardless of the nature of the adsorption process. As a result, the 

rate equation for [𝑂𝛽(𝑎𝑑𝑠)
−𝛼 ] at steady state can be written as: 

𝑑[𝑂𝛽(𝑎𝑑𝑠)
−𝛼 ]

𝑑𝑡
= 𝑘1𝑃𝑂2

𝑛𝑠
2𝛼 𝛽⁄

− 𝑘−1[𝑂𝛽(𝑎𝑑𝑠)
−𝛼 ]

2 𝛽⁄
− 𝑘𝑟𝑒𝑐𝑃𝐴

𝑥[𝑂𝛽(𝑎𝑑𝑠)
−𝛼 ] = 0  (5) 

Spectrometry study conducted at condition close to sensor operation have been used 

to verify the reaction mechanism of H2, CO, and C3H8 on SnO2 surface21–23. The reactions 

with adsorbed oxygen anions instead of lattice oxygen were observed in most cases, and 

the only gases products observed were CO2 and H2O, which indicates complete oxidation 

in all cases.  
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In comparison, interaction of gaseous H2S with oxide surfaces might involve not only 

oxidation reactions with ionosorbed oxygen, but also an additional donor-acceptor 

interaction24. This is due to that the strong reducing power of the compound ((ionization 

potential of H2S molecule is 10.4 eV) which facilitates direct redox reaction with metal 

oxide. Moreover, hydrogen sulfide is a Bronsted acid with the S-H bond capable of 

readily undergoing a heterolytic cleavage, especially in the formation of donor-acceptor 

bonds. The interaction with gaseous hydrogen sulfide on oxide surfaces leads to the 

changes such as formation of sulfides, partial blockage of the Lewis acid sites, and 

reduction of mixed-valence metal cations. For metal oxides with high sulfur affinity such 

as CuO and Fe2O3, sulfides may readily form in the course of heterolytic reaction of H2S 

molecule with the acid + base Lewis pair on the oxide surface (a chemical transformation 

of highly resistive p-type semiconductor CuO and n-type semiconductor Fe2O3 to highly 

conductive sulfides Cu2S and FeS). For example, Pagnier et al. have observed formation 

of metal sulfides along with SO2 in operando condition with Raman spectrometry on 

SnO2/CuO composite powders exposed to H2S in dry air25.  

2.4.1.3 Interference from Water Vapor 

The influence of water vapor in the gas sensing with metal oxides-based gas sensors 

is of paramount importance in most applications. The concentration of water in the test 

environment (40% RH (21℃) = 10000 ppm) could be higher than the analyte gas (1-1000 

ppm) by 1–4 orders of magnitude, and extremely varied depending on the weather or the 

condition of the human test subject. The effect of water vapor on n-type semiconductor is 

the increase of surface conductance and the phenomenon is often reversible, with a time 

constant of the order of around 1 h19. Depends on target gas, base material, fabrication 
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technology, doping, the presence of water vapor could have effects ranging from 

enhancement down to inhibition of sensing26. 

 

Figure 8. Energy parameters of molecules in the gas phase. [Ref] Ionization potential (1), 

proton affinity (2) and electron affinity (3).24 

 The classical theories27 strived to explain the effect of water vapor on sensing 

performance by confining the investigation to just between the water vapor and the metal 

oxide surface. These mechanisms, proposed for adsorption on SnO2 surface include (i) 

homolytic dissociation of water and reaction with lattice oxygen resulting in the formation 

of two types of hydroxyl groups (isolated and rooted) 

𝐻2𝑂𝑔𝑎𝑠 + 𝑆𝑛𝑆𝑛 + 𝑂𝑂 ↔ (𝑆𝑛𝑆𝑛
𝛿+ − 𝑂𝐻𝛿−

) + (𝑂𝐻)
𝑂
+

+ 𝑒− 

(ii) homolytic dissociation of water and the formation of terminal hydroxyl groups and 

oxygen vacancies. 
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𝐻2𝑂𝑔𝑎𝑠 + 𝑆2𝑛𝑆𝑛 + 𝑂𝑂 ↔ 2 (𝑆𝑛𝑆𝑛
𝛿+ − 𝑂𝐻𝛿−

) + 𝑉𝑂
2+ + 𝑒− 

More recently, A DRIFT study reported by Koziej et al. reported spectrometric 

evidence of water reacting with pre-adsorbed oxygen to form terminal hydroxyl groups 

and release of electrons26.  

𝐻2𝑂 + 𝑂𝑎𝑑𝑠
− + 2𝑆𝑛 ↔ 2(𝑆𝑛 − 𝑂𝐻) + 𝑒− 

Such an interaction mechanism indicates that water, under conditions of dynamic 

adsorption–desorption equilibrium on SnO2 surface, compete with reducing gases for the 

pre-adsorbed oxygen species. Based on this finding, they were able to explain the 

dampening effect of humidity on the CO response to this water-oxygen interplay. However, 

in a similar study, the theory becomes invalid when the SnO2 is doped with Pt and exhibited 

heightened response to CO under humid condition.  

Due to the complex nature of the humidity interference, it is recommendable to 

actively develop strategies to alleviate the humidity interference along with the theoretical 

studies aiming to understand the process. Lately, promising advancements in curbing the 

humidity interference have been made including chemical modification on the sensing film 

surface with water adsorbent, and the adoption of the AC impedance as the source of 

sensing signal. 

2.3.2 Charge Transfer 

Because of the surface interactions discussed in 2.3.1, charge transfer takes place 

between the adsorbed species and the semiconducting sensitive material. This charge 

transfer can take place either with the conduction band or in a localized manner. In the first 
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case, the concentration of the free charge carriers will be influenced. The latter case (in 

contrast to the first one) will have no direct impact on the conduction, while the former 

determines the appearance of a depletion layer at the surface of the semiconductor material, 

due to the equilibrium between the trapping of electrons in the surface states (associated 

with the adsorbed species) and their release due to desorption and the reaction with test 

gases28.  

To model the space charge within the semiconductor caused by the ionized oxygen 

species adsorbed on the surface, we first consider a simple 1-dimensional planar model as 

shown in Figure 9 (a). This type of model is sufficient to model porous sensing film 

composed of grains with diameter much larger than the depletion width (w) as well as 

compact sensing film with thickness larger than the depletion width. To simplify the 

calculation, it is conventionally assumed that (1) donors are completely ionized (2) the 

positive charge density is uniform within the entire depletion region and equals to the donor 

concentration (Nd).Based on the latter assumption, the density of surface charges  

𝑄𝑆𝐶 = −𝑞𝑁𝑑𝑤 = 𝑞𝑁𝑡     (6) 

Where Nt is the density of surface traps, which equals to  𝛼 ∙ [𝑂𝛽(𝑎𝑑𝑠)
−𝛼 ]. Under these 

conditions, the electric potential, V, in the depletion region should satisfy the following 

Poisson equation, where x is the depth from the surface and ε is the permittivity of the 

semiconductor 

𝑑2𝑉

𝑑𝑥2
=

−𝑞𝑁𝑑

𝜖
      (7) 
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By introducing the boundary conditions that dV/dx as well as V are zero at x = w, Eq. 

3 is solved to give the following depth profile of the electric potential at the surface 

𝑞𝑉𝑠

𝑘𝑇
=

(𝑤 𝐿𝐷⁄ )2

2
=

𝑚2

2
     (8) 

Where Debye length, LD, is defined as LD =(q2Nd/εkT)-1/2, and m=w/LD. Assuming 

Boltzmann distribution for the free electrons inside the depletion region, we can deduce 

the free electron density at the surface of the depletion region 

𝑛𝑠 = 𝑁𝑑 exp (−
𝑞𝑉𝑠

𝑘𝑇
) = 𝑁𝑑 exp (−

𝑚2

2
)   (9) 

For scenarios involving small grains with diameter close to the depletion width (w) as 

well as compact sensing film with thickness close to the depletion width, the semiconductor 

physics mentioned above requires modification because firstly it is no longer appropriate 

to model spherical column shaped grains with 1-D planar model, and secondly the 

conduction electron could be depleted beyond the scheme of conventional depletion 

theories.  

To illustrate the second point, we consider a thin plate of a semiconductor with a 

thickness 2a (Figure 9 (b)). In the absence of oxygen, the plate is assumed to be at the flat 

band state. In the presence of oxygen PO2 (I) depletion takes place from both sides of the 

plate to attain an electronic equilibrium between the bulk and the surface states. With 

increasing oxygen partial pressure, the energy state of O− decreases and then the depletion 

depth w also increases, finally reaching the center of the plate (w=a) at PO2 (II). With 

increasing PO2 further to PO2(III), however, the equilibrium should be attained in a different 

scheme because there is no room to further extend w. That is, the profile is maintained the 
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same as that for pO2(II), but the Fermi level shifts down by an adequate value (pkT) to 

satisfy the new equilibrium. In this way we recognize that there are two types of depletions. 

One type is a conventional one appearing in the range up to PO2 (II), which is called regional 

depletion here, and another one shows up in the whole volume thereafter, which is called 

volume depletion here.  

(a) 

 

(b) 

 
(c) 

 
Figure 9 (a) Schematic drawing of surface depletion layer formed by oxygen adsorption 

for an n-type semiconductor. (b) Schematic diagrams of electronic equilibrium for 

semiconductor plates of different thicknesses placed under various partial pressures of 

oxygen depth profiles of potential energy (c) Typical shapes of crystals and coordinate 

systems selected29. 
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For the three type of crystals displayed in Figure 9 (c), the ns and [𝑂𝛽(𝑎𝑑𝑠)
−𝛼 ] can be 

written explicitly as 

Plate: 

𝑛𝑠 = 𝑁𝑑 exp (𝑝 −
𝑚2

2
exp (𝑝))     (10) 

[𝑂𝛽(𝑎𝑑𝑠)
−𝛼 ] = −

𝑁𝑑𝑒𝑝𝐿𝐷𝑚

𝛼
      (11) 

Sphere: 

𝑛𝑠 = 𝑁𝑑 exp (𝑝 − exp (𝑝) ×
3𝑎𝑚2−2𝑚3𝐿𝐷

6𝑎
)   (12) 

[𝑂𝛽(𝑎𝑑𝑠)
−𝛼 ] = −

𝑁𝑑𝑒𝑝𝐿𝐷𝑛{1−[(𝑛−𝑚)/𝑛]3}

3𝛼
    (13) 

Cylinder: 

𝑛𝑠 = 𝑁𝑑 exp (𝑝 − exp (𝑝) ×
(𝑎2−(𝑎−𝑤)2(1+2𝑙𝑛

𝑎

𝑎−𝑤
))

4𝐿𝐷
2 )  (14) 

[𝑂𝛽(𝑎𝑑𝑠)
−𝛼 ] = −

𝑁𝑑𝑒𝑝𝐿𝐷𝑛{1−[(𝑛−𝑚)/𝑛]2}

2𝛼
    (15) 

Where n=a/LD. m=n, for boundary and volume depletion condition. p>0, for volume 

depletion condition.  

2.3.3 Conduction in the sensitive layer 

The conduction in the sensitive layer, which translates the sensing into the measurable 

electrical signal. This strongly depends on the morphology of the sensitive layer. In turn, 

the change of the concentration of the free charge carriers is translated into a change of the 

overall resistance of the sensing layer. The transfer (or calibration) function depends on the  
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morphology of the layer. 

Table 3. Conduction models based on different sensing film geometries 

Film 

structure 

Grain 

size 

Neck 

size/depletion 
Schematic Relationship 

Porous 

film 

Large 

grains 

No neck 

 

𝐺 ∝ 𝑛𝑠
𝛾 

Close neck 

 

𝐺 ∝ 𝑛𝑠
𝛾 

Open neck 

 

𝐺 ∝ ln 𝑛𝑠 

Small 

grains 

Full 

depletion 

 

𝐺 ∝ 𝑛𝑠 

Compact 

film 

Thick 
Partial 

depletion 

 

𝐺 ∝ ln 𝑛𝑠 

Thin 
Full 

depletion 
 𝐺 ∝ 𝑛𝑠 

 

As shown in Table 3, apart from large grain with open necks and thick compact film, 

which has very low sensitivity to the change in electron density change at the surface, all 

other configuration possess a power law correlation between film conductance G and ns. 

Depending on the mean free path of the electrons (λ), the electrons needs to follow either 

diffusion (small λ) or thermoelectronic emission (large λ) mechanism when overcoming 
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the double Schottky barriers between two grains. The exponent γ is 1 for the 

thermoelectronic emission, and ranges between 0.8-1.2 for the diffusion mechanism19. For 

the fully depleted small grain and thin film configuration, the conductance of the film is 

linearly correlated to ns.  

 

2.3.4 Conduction Model and Power Law Relationship 

Based on the reaction rate equations for the surface reaction, Poisson equations, and 

electroneutrality equations deduced from previous sections, it is easy to deduce the 

correlation between the electrical resistance of the sensing film and the partial pressure of 

oxygen/reducing gas, which reveals a commonly and experimentally observed power law 

relationship as shown in Figure 10: 

𝑅 = 𝑎𝑃𝑛 or log 𝑅 = log 𝑎 + 𝑛 log 𝑃 

Where P is the partial pressure of oxygen/reducing gas, n is the exponent factor, and a 

is the proportionality constant.  

Taking CO sensing on SnO2 porous film with closed-neck large grains as an example, 

we assume the complete oxidation by 𝑂(𝑎𝑑𝑠)
− , and thermoelectronic emission type electron 

transfer through the Schottky barrier, and write down the following equations 

Reactions: (α=β=x=1) 

1

2
𝑂2(𝑔𝑎𝑠) + 𝑒− ↔ 𝑂(𝑎𝑑𝑠)

−        (16) 

𝑂(𝑎𝑑𝑠)
− + 𝐶𝑂(𝑔𝑎𝑠) ↔ 𝐶𝑂2(𝑔𝑎𝑠) + 𝑒−     (17) 

Rate equation: 
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𝑑[𝑂(𝑎𝑑𝑠)
− ]

𝑑𝑡
= 𝑘1𝑃𝑂2

𝑛𝑠
2 − 𝑘−1[𝑂(𝑎𝑑𝑠)

− ]
2

− 𝑘𝑟𝑒𝑐𝑃𝐶𝑂[𝑂(𝑎𝑑𝑠)
− ] = 0  (18) 

Correlations obtained from Poisson equation and electroneutrality: 

𝑛𝑠 = 𝑁𝑑 exp (−
𝑞𝑉𝑠

𝑘𝑇
) = 𝑁𝑑 exp (−

𝑚2

2
)     (19) 

[𝑂(𝑎𝑑𝑠)
− ] = 𝑁𝑡 = 𝑁𝑑𝑤 = 𝑁𝑑𝑚𝐿𝐷     (20) 

Conduction equation: 

𝐺 ∝ 𝑛𝑠         (21) 

By inserting the above equations into eq: 

𝑛 =
𝑑 ln 𝑅

𝑑 ln 𝑃𝐶𝑂
=

𝑑 ln 𝑅

𝑑 𝑁𝑡
×

𝑑 𝑁𝑡

𝑑 ln 𝑃𝐶𝑂
      (22) 

We can obtain the exponent factor n: 

𝑛 = −
𝑐𝑃𝐴

𝑁𝑑𝐿𝐷
×

𝑗

2(𝑗2+1)
    for 

𝑁𝑡

𝑐𝑃𝐶𝑂
≫ 1    (23) 

𝑛 = −
𝛽𝑥

2𝛼
× (1 −

1

2𝑗2+1
) = −

1

2
× (1 −

1

2𝑗2+1
)     for 

𝑁𝑡

𝑐𝑃𝐶𝑂
≪ 1, (24) 

Where j=Nt/NdLD, c=krec/k-1. These two equations show that the power-law exponent 

n is dependent on the magnitude of Nt/cPA through Nt/cPCO. When the desorption of oxygen 

species dominates over the consumption of O- via oxidation with CO. As a result, the 

magnitude of n increases with PCO from zero up to the constant value 
𝛽𝑥

2𝛼
=

1

2
. When cPCO is 

sufficiently large, the reduction of j caused by the reaction of A with O− cannot be regarded 

as a constant at a fixed PO2, hence the power-law exponent decreases from 1/2 to 0 with any 

further increases in cPCO. This is well consistent with experimental results30. It is well 
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known that high concentrations of reducing gas can cause a saturation of the gas sensor 

response. It should be noted that the exponent constant n is determined by the reaction 

order of the surface reactions (α=1, β=1, x=1). 

As for porous film with small grains or thin compact film, we consider the gas 

adsorption equilibrium on a crystal inside which the electric potential can be assumed to 

be constant. For a spherical SnO2 grain of radius a, with same condition as the large grain 

case, the charge balance after the electron transfer is given by  

4𝜋

3
𝑎3𝑁𝑑 =

4𝜋

3
𝑎3[𝑒] + 4𝜋𝑎2[𝑂−]     (25) 

The left side of the equation is the total number of conduction electrons concerned, 

while the right side shows those electrons that either remain in the crystal _first term_ or 

are combined with oxygen at the surface. Rearranging this, we obtain  

[𝑂−] =
𝑎

3
(𝑁𝑑 − [𝑒])       (26) 

Insertion of this equation into Eq. 2, followed by rearrangement, gives 

[𝑒] = (𝑎𝑁𝑑/3)/[(𝐾𝑂2
𝑃𝑂2

)
1

2 + (𝑎/3)]     (27) 

The reduced resistance of the device using these crystals, RR0, is given by [e]0/[e], 

where [e]0 is the value of [e] at PO2 = 0, i.e. [e]0 = Nd 

𝑅/𝑅0 = (3/𝑎)(𝐾𝑂2
𝑃𝑂2

)
1

2 + 1    (sphere)   (28) 
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This is an equivalent equation to Eq. 51. The difference in the intercepts has appeared 

because the electric potential distribution is neglected for Eq. 53. The same discussion is 

available for plates and columns 

𝑅/𝑅0 = (1/𝑎)(𝐾𝑂2
𝑃𝑂2

)
1

2 + 1    (plate)   (29) 

𝑅/𝑅0 = (2/𝑎)(𝐾𝑂2
𝑃𝑂2

)
1

2 + 1    (column)   (30) 

It follows that the gas adsorption equilibrium on such small crystals can be treated, to 

a good approximation, by a conventional method where the electronic structure of crystals 

is disregarded. It is worth noting that the exponent constant is still unrelated to size and 

shape of the grain, while the proportionality constant is inversely proportional to the size 

of the grain. Moreover, when every parameter are identical, sphere possess higher sensor 

response than column and plate. 

  
Figure 10. Calibration lines of WO3, In2O3and SnO2sensors at (a) high partial pressure of 

oxygen31. 

2.3.5 Sensing Mechanism of P-type Semiconductor  

Because there are very few free electrons available in p-type semiconductors such as 

CuO and NiO, the oxygen ionosorption process requires extraction of valence electrons 
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from the metal oxide. In another word, the oxygens inject free holes into the valence band 

of the p-type semiconductor during ionosorption 

𝑂2(𝑔𝑎𝑠) ↔
2

𝛽
𝑂𝛽(𝑎𝑑𝑠)

−𝛼 +
𝛼

𝛽
ℎ+ 

This leads to the formation of a hole accumulation layer (HAL) at the surface of the 

n-type semiconductor (Figure 11). Unlike the immobilized ionized donor inside the 

electron depletion layer (EDL) of an n-type semiconductor, the free holes will move to the 

surface driven by the electrostatic force, and hence the HAL is generally much thinner than 

EDL. However, a finite thickness of HAL is still maintained because the density of 

available states in the conduction & valence band is low near the edge of the band, so 

without surface states, the charge cannot reside right at the surface. For smaller grain size, 

the conduction process through the sensing film could be approximated by the current 

flowing through the HAL layer. Therefore, it is reasonable to consider the conductance 

being linearly proportional to the average hole density in the HAL (𝑝�̅�), which can be 

defined as based on Boltzmann distribution 

𝑝�̅� =
1

𝑥0
∫ 𝑝𝑏exp (

𝑞𝑉(𝑥)

𝑘𝑇
)

𝑥0

0
𝑑𝑥    (31) 

where pb is the density of hole in the bulk. By solving the equation, one obtains 

𝐺 ∝ 𝑝�̅� = 𝑝𝑏exp (
𝑞𝑉𝑠

2𝑘𝑇
)     (32) 

while for n-type semiconductor 

𝐺 ∝ exp (−
𝑞𝑉𝑠

𝑘𝑇
)      (33) 
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Already by comparing equation 32 and 33, one can easily see that the same change of 

the band bending will be less efficiently differently transduced into a sensor signal by p-

type semiconductor with signal only the square root of the n-type signal to be exact. 

Total oxidation reaction of a reducing gas with ionized oxygen as the reaction partner 

can be written as: 

𝑥𝐴 + 𝑂𝛽(𝑎𝑑𝑠)
−𝛼 + 𝛽ℎ+ ↔ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡   (34) 

The free holes in the HAL will be consumed by the reaction and hence leads to an 

increase in sensor resistance. 

 

Figure 11. Energy bands representation of the surface processes associated to the reaction 

with ambient oxygen and reduction gases: left, the flat band situation prior to any surface 

reaction; center, the trapping of electrode due to oxygen adsorption and the formation of 

the holes accumulation layer; right, the decrease of the surface charge associated to the 

decrease of adsorbed oxygen ions following the reaction with the reduction gas. EVAC is the 

energy level of the electron far away from the semiconductor, EC is the energy level of the 

intrinsic acceptors; Ф is the work function and χ is the electronic affinity of the 

semiconductor32. 
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2.4 Influencing Factors on the Sensing Performance 

2.4.1 Sensing Film Structures 

The conduction in the sensitive layer, which translates the chemical interaction into 

the measurable electrical signal, is strongly depends on the morphology of the sensitive 

layer. Therefore, the deposition techniques used for coating the sensing film plays an 

important role in deciding the sensing performance since it dictates the morphology of the 

sensing film.  

Metal oxide sensing films fabricated with high-throughput thin film deposition 

techniques such as PVD, CVD, and ALD have attracted limited interest from both the 

industry and the academia. The thin films produced in this way often exhibit compact 

microstructures (as shown in Figure 12 (a)), which only permit gas-solid interaction and 

formation of space charges on the external surface of the film. The signal, i.e. electrical 

resistance change, arisen from the film surface in response to the analyte gas is 

overwhelmed by the constant resistance of the unaffected bulk, which is in parallel with 

the film surface in the equivalent circuit. As a result, only in case that the thickness of the 

sensing film approaches the Debye length (2-5 nm), may reasonable sensitivity be expected. 

However, with thickness approaching the Debye length, the interference from the interface 

trapped charged states on the electrical properties of the sensing film could become 

prominent. For compact layers they appear as a contact resistance (RC) in series with the 

resistance of the sensing layer. For partly depleted layers, RC could be dominant, and the 

reactions taking place at the three-phase boundary, electrode-SnO2-atmosphere, control 

the sensing properties. As a result, sensing films with dense microstructure often exhibit 

low gas sensitivity. 
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Figure 12. (a) sputtered film of SnO2
11. 

Due to the limitation on the minimum feature size achievable by the screen-printing 

technique (around 1 mm, Figure 13), a microdrop process was adopted instead as the 

sensing film deposition technique to fabricate MEMS sensor (Figure 14). The technique 

leaves a circular lump of sensing materials with diameters between 200-600 μm and heights 

around 25 μm on top of the active heating area of the microheater. The active heating area 

is usually at the center of a suspended membrane composed of heat insulating dielectric 

material (e.g. SiO2, Si3N4) with thickness around 5-10 μm to reduce the heat loss to the 

silicon die. Although MEMS sensors with sensing film fabricated by the microdrop 

technique possess decent sensitivity, this thick film configuration is still far from ideal.  

 

Figure 13. SEM image of SnO2 sensing film prepared by screen printing. 



39 

 

 

Figure 14. SEM images of sensing layer deposited by microdrop method (a) top view (b) 

side view. 

Firstly, the deposition of thick sensing films comes along with the introduction of a 

large mass of sensing material which must be carried by a rather thin membrane. 

Mechanical robustness of a micromachined gas sensor requires, therefore, high mechanical 

strength of the membrane under the high load of a thick sensing film33. 

Secondly, the sensing film introduces a large extra thermal mass which leads to an 

increased thermal time constant. Beyond that the larger thermal conductivity in the active 

region leads to a smoothing of the temperature profile over the active area and an increase 

in power consumption due to additional heat losses through the membrane11. 

Lastly, the sensitivity of thick porous film is limited for highly reactive/slow diffusing 

gas species. Analyte gas diffuses through the porous structure of a sensing film, and in the 

meantime, some of the analyte gas is consumed by reacting with the oxygen anions (Figure 

15). The penetration depth of the analyte gas will become very small, as the reactivity 

increases/diffusivity decreases, leaving only the surface region of the sensing film 

accessible to the gas. By circumventing this drawback with pulse-driven heating technique, 
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Suematsu et al. has demonstrated an improvement in detection limit by 20 times, which 

illustrated the significant of this effect34. 

 

Figure 15. Concentration gradiant along the thickness of a porous sensing film. 

Therefore, a technique to fabricate thin film with porous structure and high surface 

area is of great significance. In the early 2000s, the SENSOR Lab in Brescia (Italy) has 

developed a method named Rheotaxial Growth Thermal Oxidation (RGTO) to fabricate 

SnO2 thin film with loosely packed agglomerates of nanograins (Figure 16). The process 

involves first the preparation of a metallic thin film by sputtering from a metallic target on 

a substrate kept at a temperature higher than the melting point of the metal, then the thermal 

oxidation cycle in order to get a metal oxide layer with stable stoichiometry. The thin film 

possesses features beneficial to the mechanical stability, energy efficiency, and sensitivity 

of the MEMS sensor. However, the thermal oxidation cycle is harsh (>800 ℃, for 3h, 

oxidizing atmosphere), and hence hard to integrate with other process steps for the CMOS 

circuitry due to the thermal profile. Moreover, the sensing materials that can be deposited 

using this technique is limited to oxides of metals having a relatively low melting point. 
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Tungsten oxide is one of the oxides that cannot be prepared through this method, but, at 

the same time, it is a widely used material for gas sensing applications, especially for its 

high sensitivity to oxidizing gases such as NO2 and O3. Besides, this technique constraints 

itself to fabricating metal oxide nanoparticulate film, and cannot work with metal oxides 

with novel nanostructure, and exotic materials such as metal chalcogens, carbon nanotubes, 

and MOFs, which have shown good promises on revolutionizing the sensing performance. 

A low temperature approach to fabricate thin porous film from a wide variety of 

sensing materials is therefore very desirable. Among the innovative thin film deposition 

strategies, Langmuir Blodgett (LB) assembly of metal oxide nanoparticles, a highly 

reproducible and patternable technique, is promising to yield a sensing film structure with 

high sensitivity. So far, assembly of various zero to two dimensional nanostructures, carbon 

nanotubes, and graphenes into monolayer film, which largely preserves the nanostructures' 

surface area and promotes fast gas diffusion, has been reported in the literature.35–38 

Moreover, Huo et al.30 and Cheng et al.39 performed studies on the LB film of α-Fe2O3 

nanoparticles and WO3-x nanowires, respectively, and obtained preliminary data 

demonstrating promising gas sensing properties. 
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Figure 16. SEM image of RGTO SnO2 film. 

2.4.2 Grain Size 

The grain size effect was first observed by Xu et al.31, who noted a strong dependency 

of the sensitivity of SnO2-based sensors to gases such as CO, H2 and i-C4H10 on the 

crystallite size (D) (Figure 17). Specifically, when D > 20 nm, the sensitivity of the SnO2 

sensors barely changed along with the crystallite size, when D < 20 nm, the sensitivity 

rapidly increased with decreasing crystallite size, and when D is decreased to below 10 nm, 

the gas-sensitivity of the SnO2 was significantly improved. In a related study, Xu et al. 

observed that the sensitivity of SnO2-based sensors steeply increased when the value of D 

was comparable to or less than twice the depth of the space charge layer (2LS) for SnO2. 

This can be explained clearly with the conduction model discussed in the previous chapter: 

there are very limited effect of size on the exponent factor and the proportionality constant 

when the grain size diameter is much larger than the Debye length LD, while the 

proportionality constant becomes proportional to the inverse of the diameter when the 

diameter approaches LD.  
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However, gas sensors made from metal oxide nanoparticles with high surface-to-bulk 

ratio are often susceptible to thermal degradation caused by grain growth and coalescence 

during service at high working temperature (200-400 ℃) 9,40,41. Therefore, it is crucial to 

develop an effective strategy to control the rate of grain growth of these nanomaterials 

without compromising the sensitivity. In metallurgy, a common technique to suppress 

grain growth is by introducing impurity atoms or phases to pin the grain boundaries, or to 

decrease the grain boundary energy 42. Based on the same mechanism, Leite et al. doped 

several rare earth elements (e.g. Y, La, and Ce) into tin (IV) oxide, the most widely studied 

metal oxide for sensor application, to form a metastable solid solution 43,44. After high 

temperature annealing, the aliovalent dopants segregate to the surface of the nanoparticles 

to minimize the elastic strain energy and electrostatic interaction energy of the system 45, 

resulting in the formation of a dopant-segregation-induced core-shell structure with a 

dopant-rich shell and a dopant-less core.  This structure serves to prevent further thermally-

induced grain growth and coalescence by reducing the particle boundary mobility and/or 

the thermodynamic driving force 43,44. 

 
Figure 17. Gas sensitivity of the SnO2 sensors doped with 5 at. % additives to: (a) 899 ppm 

H2, (b) 800 ppm CO, and (c) 1000 ppm i-C4H10.  
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2.4.3 Doping 

The sensitivity and/or selectivity of metal oxide gas sensors toward certain gases can 

be significantly improved by dispersing a low amount of foreign metal or metal oxide 

additives on the oxide surface or in its volume.3 For instance, various dopants have been 

trialed for SnO2 sensor, including noble metals, transition metals, and metal oxides.20 

However, currently the exact mechanisms by which these additives improve the gas-

sensing performance of a pure metal oxide gas sensor are still not fully understood. So far, 

three basic theories have been proposed to explain the gas-sensing mechanisms of doped 

metal oxide gas sensors:  

(i) Electronic sensitization: the additive acts as a strong acceptor of electrons from the 

base semiconducting oxide material, which induces the formation of a depletion layer 

around the interface.3 Following reaction with a reducing gas (e.g. H2), the additive is 

reduced, and the electrons are injected back into the host semiconductor. This type of 

sensitization has been noted for a number of systems, including Pd/PdO, Ag/AgO, and 

Cu/CuO systems.  

(ii) Chemical sensitization: arises from the high catalytic activity of the additive 

material. Small clusters of deposited noble metals provide preferred sites for the adsorption 

and desorption of the target gas and the activated fragments spill over onto the 

semiconducting metal oxide material. As a result, the metal oxide surface coverage of the 

gas is increased, and the sensitivity of the base metal oxide is enhanced. For example, in 

the case of Pd-doped SnO2 sensor exposed to a reducing gas such as CO, the reduction of 

the gas molecules is first activated at the metal surface, forming the active surface species.36 

These surface species then react with the chemisorbed oxygen on the SnO2 surface via a 
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spillover process. As a result of this reaction, the localized electrons are re-injected back 

into the bulk of the material, thus enhancing the conductivity of the material. The sensing 

mechanism of Pt-doped SnO2 has been proposed to involve two main reactions:  

The oxidation of Pt to PtO2 by the chemisorbed oxygen at high temperature:  

Pt + 2O (ads) → PtO2 

The reduction of the platinum oxide following exposure to CO:  

PtO2 + 2CO → Pt + 2CO2 

(iii) bulk sensitization: The charge carrier density and grain size can be decrease 

simultaneously by doping aliovalent elements into the bulk of the semiconductor metal 

oxides. As a result, smaller grains with larger depletion width can be obtained, which serves 

to promote the sensitivity of the sensor. 
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3. SELF-ASSEMBLED MONOLAYER OF METAL OXIDE NANOSHEET AND 

STRUCTURE AND GAS SENSING PROPERTY RELATIONSHIP 

3.1 Introduction 

Chemiresistors based on semiconducting metal oxides are one of the most frequently 

used solid state gas sensor with wide applications in both industrial and domestic sectors.46–

48The simple and compact design of chemiresistors consists of a sensing film, an insulating 

substrate with preprinted interdigitated electrodes, and a microheater, among which 

modification on the sensing materials within the sensing film has been the research focus 

to achieve better sensing performance. Metal oxides with two-dimensional nanostructure 

have recently attracted great attention as gas sensing materials due to their high surface-to-

volume ratio, providing a large specific area for the adsorption of gases of interest.49–53 

Moreover, the majority of exposed crystal surface is attributed by one crystal plane in 2D 

nanostructure, and hence the reaction sites are more homogeneous, which benefits the 

selectivity of the sensing material.46 

Some high performance 2D metal oxide sensors have been reported in the literature as 

summarized in Table 4. Most research efforts on developing 2D metal oxides sensors were 

devoted to tailoring the microstructure of 2D metal oxides by exposing high energy 

surface,54 creating pores in the nanosheets,55,56 and decreasing the thickness to atomic 

level.57,58 However, there is a lack of understanding about the possible influences of 

deposition technique on sensing film morphology, which is a key factor for sensing 

performance as proven by their zero and one counterparts. For instance, monolayers of 

aligned tungsten oxide nanowires39 (1D) and closely-packed ferric oxide nanoparticles30 
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(0D) were deposited by Langmuir-Blodgett trough method, and outstanding sensing 

performance were reported at room temperature for detecting traces of hydrogen and 

alcohols in air, while similar sensing performances are only observable for the thick film 

sensors prepared by drop casting operating at 200-300 ℃.59,60 

One important facet correlating sensing characteristic to film morphology involves the 

diffusion and surface reaction of analyte gas within the sensing film.61–68 Based on the most 

recognized sensing mechanism, i.e., oxygen ionosorption, the detection of analyte gas (e.g., 

H2, CO, H2S, VOCs) with metal oxide chemiresistors is realized by the electrical 

conductance variation originated from the change in the coverage percentage of oxygen 

anions adsorbed on the surface. Analyte gas diffuses through the porous structure of a 

sensing film, and in the meantime, some of the analyte gas is consumed by reacting with 

the oxygen anions. Under steady state condition, the gas concentration inside the sensing 

layer would decrease with increasing diffusion depth, resulting in analyte gas dilution in 

the inner region of the film. The dilution effect dampens the sensor response to analyte gas, 

and the severity of which depends on the rates of diffusion and surface reaction, as well as 

the diffusion depth. 

Therefore, 2D metal oxides thin films, and ideally monolayer, should be the preferred 

film configuration for their immunity to gas dilution effect. However, the deposition 

techniques applied in 2D sensor studies can only produce either thick films by applying a 

solvated paste on a sensor substrate54,56,57,69 or thin film with undefined and inconsistent 

structure (e.g., those prepared by drop casting).55,57 A few studies on making monolayer 

film of 2D metal oxides were conducted by Sasaki et al. They successfully fabricated 
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closely packed monolayer film of 2D Titania nanosheet by Langmuir-Blodgett trough70,  

and electrostatic self-assembly71 methods to study the dielectric properties of the 

monolayer film. However, the application of monolayer films of 2D nanosheet as gas 

sensors has not been reported yet. 

Here we report, for the first time, the fabrication of chemiresistive sensors with 

monolayer film of copper(II) oxide (an extensively researched sensing material for its 

unique catalytic properties72–74) nanosheets whereby a facile, versatile, and highly 

reproducible self-assembly method at air-water-interface. Rely on the same method, layer-

by-layer deposition of the CuO nanosheet is also realized for preparing stacked multilayer 

film. By comparing the sensing characteristic of CuO monolayer and multilayer films, we 

illustrate the advantages of monolayer configuration, and draw critical conclusions about 

the dependency of sensing performance on the film morphology for 2D metal oxides.  

3.2 Experimental Section 

Synthesis of Metal Oxide Nanosheet: The copper (II) oxide and zinc (II) oxide 

nanosheets were synthesized hydrothermally based on the methods described in 75,76 with 

some modifications. The detailed procedure is described in the supporting information.  

Metal Oxide Monolayer and Multilayer Deposition: Some commercial sensor 

substrates (glass preprinted with interdigitated gold electrodes, L 22.8 x W 7.6 x H 0.7 mm, 

bands/gaps 10 μm, Metrohm) were first cleaned with DI water and ethanol, and then soaked 

in a HCl (36.5-38.0%, Fisher Chemical)-methanol (≥ 99.8%, VWR Chemicals) solution 

(vol. ratio 1:1) for 20 min. Afterward, the substrates were washed again with DI water and 

ethanol, and dried in nitrogen flow. The as-prepared substrates were loaded on the glass  
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Table 4. Selected works studying 2D metal oxides as gas sensing material, and studies 

focusing on sensing film morphology based on metal oxides with 0D, 1D, and 3D 

nanostructures. (l: length of a nanostructure; t: thickness of a nanosheet; d: diameter of a 

0D or 1D nanostructure) 

Materials 
Microstructure 

description 
Target gas 

Temperature 

(℃) 

Response 

(fractional 

difference) 

Deposition 

method 

Film 

morphology 
Ref 

NiO 

2D 

mesoporous 

nanosheet (l: 

200 nm, t: 20 

nm) 

NO2 250 

0.15-0.8 

(2-20 

ppm) 

Drop-

casting 

Agglomerates 

of nanosheets 
55 

MoO3 

2D nanosheet 

(l: 30 nm, t: 

1.4 nm) 

VOCs 300 
4.6-32.4 

(100 ppm) 

Drop-

casting 

Agglomerates 

of nanosheets 
57 

ZnO 

2D 

mesoporous 

nanosheet (l: 

500 nm, t: 15 

nm) 

Formaldehyde, 

ammonia 
250 

0.6-0.95 

(50-200 

ppm) 

Solvated 

paste  
Thick film 56 

ZnO 
2D nanosheet 

(t: 4 nm) 
Ethanol 320 

0.5-300 

(1-2000 

ppm) 

Solvated 

paste 
Thick film 58 

SnO2 

2D nanosheet 

(l: 500 nm, t: 

30 nm) 

Formaldehyde 240 
1.9-6 (5-

100 ppm) 

Solvated 

paste 
Thick film 69 

CuO 

2D nanosheet 

with {001} 

exposed (l: 

500 nm, t: 50 

nm) 

VOCs 150 
1-7 (5-

1000 ppm) 

Solvated 

paste 
Thick film 54 

WO3-x 

1D nanowire 

(l: 150 nm, d: 

1.7 nm) 

H2 25 
0.5-15 (2-

100 ppm) 

Langmuir-

Blodgett 

trough 

Horizontally 

aligned 

monolayer 

39 

Au-WO3 

1D nanorod (l: 

500 nm, d: 50 

nm) 

H2 300 
6.6 (50 

ppm) 

Solvated 

paste 
Thick film 60 

α-Fe2O3 

0D 

nanoparticles 

(d: 6 nm) 

Methanol, 

Ethanol, 

propanol 

25 
1-100 (10-

60 ppm) 

Langmuir-

Blodgett 

trough 

Closely-

packed 

monolayer 

30 

α-Fe2O3 

0D 

nanoparticles 

(d: 20 nm) 

Ethanol 225 
10 (100 

ppm) 

Solvated 

paste 
Thick film 77 

holder of a simple home-built film coater. The glass beaker (50 mL) was then filled with 

DI water until the substrates were fully immersed. Ethanol suspension of metal oxide 
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nanosheets (0.2 g/L) was then added dropwise into the beaker. The volumes of suspension 

required to obtain monolayer for CuO and ZnO are 2 and 1.3 mL, respectively. Once a 

monolayer was formed at the air-water interface, the lab jack was raised up at a rate of 5 

mm/min until the glass holder was above water level to transfer the monolayer onto the 

substrates. After drying at room temperature for 30 min, the as-prepared monolayer sensors 

were annealed in a furnace at 400 ℃ for 6 h before sensor testing. To prepare the sensors 

with multilayers of metal oxide nanosheets, roughly 1 mL of more concentrated metal 

oxide ethanol suspension (2 g/L) were added to the beaker to form CuO multilayer at the 

interface. To enable continuous build-up of multilayer, a quick annealing treatment at 400 ℃ 

for 10 min was adopted after dry. The coating process was repeated multiple times to obtain 

5 and 10 μm thick sensing film. The as-prepared multilayer sensors were also annealed at 

400 ℃ for 6 h before testing. 

Synthesis of CuO nanosheets:In a typical synthesis process, 2.5 mmol copper (II) 

nitrate hemi(pentahydrate) (Cu(NO3)2 2.5H2O, 98+%, Alfa Aesar), was first dissolved in 5 

ml ethanol (anhydrous, Koptec). The copper nitrate solution was then added into 50 mL of 

5 M sodium hydroxide (NaOH, 97+%, Acros Organics) aqueous solution dropwise while 

stirring. The solution was then sealed in a Teflon-lined stainless-steel autoclave (90 mL 

capacity). The autoclave was heated and maintained at 100 ℃ for 24 h. Afterwards, the 

autoclave was cooled down to room temperature and the precipitates were separated and 

washed by centrifugation. Finally, the precipitates were dried in a vacuum oven at 70 ℃ 

for 12 h. 
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Synthesis of ZnO nanosheets:In a typical experiment, 0.287 g of ZnSO4 4H2O, 0.080 

g of NaOH, and 0.083 g of NaF were successively added into a mixed solvent of 7 mL of 

distilled water and 3 mL of ethanol. The resulting mixture was sonicated for several 

minutes and transferred into a Teflon-lined stainless-steel autoclave with a capacity of 

about 20 mL. Then the autoclave was heated to 200 ℃ and held for 24 h. After the mixture 

was cooled to room temperature, the production was separated by centrifugation from the 

solution and repeatedly rinsed with distilled water. 

Characterization: SEM images and EDX spectrum were collected on an AMARY 

1910 equipped with an AMETEK EDAX detector at 15 kV. The cross-section samples of 

the monolayer films were prepared by focused-ion-beam (FIB) milling in a FEI Nova 200 

NanoLab. The microstructure of cross-sectioned sample was observed using the scanning 

electron microscopy in the FIB at 5 kV. TEM, HRTEM, and SAED images were collected 

on a Philips CM-200-FEG at 200 kV. XRD measurements were performed on a Bruker D8 

focus diffractometer using Cu Kα radiation (λ=1.5406 Å) with a step size of 0.02˚ and a 

scan rate of 0.6 sec/step. XPS tests were performed on a VG ESCALAB 220i-XL 

photoelectron spectrometer and Al Kα radiation (15 keV) at about 1.3 × 10-9 mbar base 

pressure. The C (1s) peak is used to calibrate the peak position. Curve fitting of O (1s) 

spectra was done with a spin−orbit coupling of 2:1 area ratio using CasaXPS software. 

The same software was used for calculation of the elementary percentage from the recorded 

spectra. Nitrogen adsorption-desorption isotherms were recorded with a Micromeritics 

ASAP-2020 at -196 ℃. From the adsorption curve, BJH method was applied to calculate 

the pore size distribution of multilayer film sample, prepared by scraping off the stacked 
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nanosheets from the substrates. The specific surface area of the powder sample was 

determined based on Brunauer−Emmett−Teller (BET) method.  

Gas sensing measurements: A home-built sensing performance evaluation system 

(Figure 18. Schematic of the gas sensor testing system.) was used to evaluate the sensing 

performance. The sensors first achieved steady-state in the gas chamber at a set temperature 

with 200 sccm air flow for 30 min. Then the gas stream was switched between air and H2S 

containing air periodically to test the sensing performances at H2S concentration ranging 

from 200 ppb to 10 ppm. The sensing performance at different temperature was evaluated 

by re-establishing steady-state at a temperature range between 150 and 300 ℃. Variation 

of humidity (0-50 %RH) in air was achieved by flowing dry air through a bubbler, the 

temperature of which was maintained at 25 ℃ by a water bath. The humidity in the gas 

stream coming from the outlet of the bubbler was confirmed to be 100% RH before the test 

by weighing the trapped water in a condenser tube connected to the bubbler. Sensor signal 

(S) was defined as the fractional difference between the electrical resistance in air (Rair) 

and the electrical resistance in H2S containing air (Rgas), i.e., S= (Rgas-Rair)/Rair. The 

response time and recovery time were defined as the time required to reach 90% of the full 

response state in mixed gas and 90% of the fully relaxed state in the air, respectively. 
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Figure 18. Schematic of the gas sensor testing system. 

3.3 Results and Discussion 

3.3.1 Structure and Surface Properties of CuO Nanosheets 

The crystal structure of the as-synthesized CuO powder is characterized with XRD 

(Figure 19 (a)). It is found that the as-prepared sample is highly crystalline, and all the 

diffraction peaks can be indexed as monoclinic tenorite-type CuO (JCPDS: No. 45-0937). 

No peaks corresponding to impurities are observed, which indicates a complete conversion 

of the copper salt precursor to CuO. Moreover, the increased amplitude of the peak 

associated with the (002) plane with respect to the other peaks compared to the standard 

suggests the high percentage of (002) plane as exposed facet for the CuO nanosheets. The 

morphology of the as-synthesized powder is examined with SEM. As shown in Figure 19 

(b), the sample takes the shape of nanosheets with length and width ranging from 300 to 

1000 nm, and the thickness is around 30 to 50 nm. The irregular shape of the nanosheets is 

attributed to the formation mechanism, which involves self-assembly of CuO nanorods 

during hydrothermal treatment.75 The EDS pattern (Figure 19 (c)) confirms that the sample 
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is composed of Cu and O. The C (Ka) and Au (M) peaks are originated from the carbon 

tape and the Au coating, respectively. 

XPS peaks from the wide scan spectrum (Figure 19 (d)) indicate the presence of Cu, 

O, and C at a ratio of 30.8:59.6:9.6. Surface contaminations like hydrocarbons and carbonyl 

compounds from surrounding atmosphere gives rise to the carbon peak, and possibly also 

responsible for the nonstoichiometry between Cu and O. Another possible reason for the 

excess of oxygen is that as a p-type semiconductor, excessive oxygen is necessary to induce 

holes for electrical conduction. The characteristic two main line peaks and the two satellite 

peaks shown in the high-resolution Cu 2p spectrum (Figure 19 (e)) confirm that Cu exists 

in the sample as Cu (II).78 The asymmetric O 1s spectrum (Figure 19 (f)) can be 

deconvoluted into two components, i.e., lattice oxygen (OL) at BE=529.5 eV, and 

chemisorbed oxygen (OC) at BE=531.0 eV. The OC component accounting for 26.7 at% is 

usually attributed to chemisorbed and dissociated oxygen species and hydroxyl groups.75 
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Figure 19. (a) XRD pattern, (b) SEM, (c) EDS, (d) XPS wide scan, (e) high resolution Cu 

2p, and (f) high resolution O 1s of the as-synthesized CuO nanosheets. 

TEM analysis provides more detailed crystallographic and orientational information 

about the CuO nanosheets. As shown in a typical low magnification TEM image (Figure 

20 (a)), the CuO nanocrystals are thin enough to appear transparent, and the crystal 

boundaries are well faceted. The SAED pattern (inset in Figure 20 (a)) contains individual 

diffracting spots, suggesting that the CuO nanosheets are single-crystalline. By indexing 

the SAED pattern, the zone axis can be identified as [001], indicating that (002) plane is 

the top/bottom facets exposed for the nanosheets. Moreover, the lattice resolved HRTEM 

image (Figure 20 (b)) directly presents the (110) with 0.27 nm d-spacing, which is one of 

the crystal planes on zone axis [001]. Therefore, it is confirmed that (002) plane is the 
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primary exposed facet for the as-synthesized CuO nanosheets. Moreover, the majority of 

the CuO nanosheets adopt an irregular octagon shape. Measured from the low 

magnification TEM image (Figure 20 (a)), the two angles formed between the length (L), 

the shoulder (S), and the width (W) are around 126˚ and 144˚, for several crystals marked 

with red dotted lines in the image. Among the low Miller indexed planes with [001] zone 

axis, the two angles between (110) and (200), and (110) and (020) matches well with the 

measurements. Therefore, the length, width, and shoulder of the crystals can be indexed as 

(200), (020), and (110), respectively (inset of Figure 20 (a)). 

  

Figure 20. (a) Low magnification TEM image of CuO nanosheets and the SAED pattern 

and a sketch of the crystal orientation in the real space as inset; (b) Lattice resolved 

HRTEM image and the fast-Fourier-transform (FFT) pattern as inset. 

3.3.2 Film Formation and Characteristics 

The monolayer film formation process is demonstrated in Figure 21. When a droplet 

of ethanol containing CuO nanosheets reaches the water surface, it will first spread across 

the interface driven by surface tension gradient (Marangoni effect).79 After the ethanol 

dissolves into the water. the CuO nanosheets are left scattering evenly at the air-water 

interface. To explain the floating and self-assembly behaviors of these nanosheets at the 



57 

 

interface, the surface properties of the nanosheets are examined. As illustrated in Table 5, 

all the exposed facets of the as-prepared CuO nanosheets are Tasker type III polar surface, 

among which the primary exposed facet, (002), possesses surface energy much higher than 

the other three facets based on DFT calculations.54,80,81 Therefore, the top/bottom surface 

of the as-prepared CuO nanosheets should be much more hydrophilic than the edges, which 

renders the nanosheets amphiphilic. As a result, negative meniscus will form on the three-

phase interface at the hydrophobic edges of the nanosheets. The vertical component (γ⊥) 

of the surface tension of liquid/sold interface (γLS) enables the nanosheets to float at the 

water surface, while the lateral component (γ‖) pulls the nanosheets together, and hence 

self-assembly can occur at air-water interface.82,83 

 

Figure 21. Illustration of the monolayer film formation process using the home-built coater; 

The red box illustrates the CuO nanosheets float on the water surface due to the formation 

of negative meniscus at the edges, and self-assemble due to the attraction force of same 

type meniscus. 

The monolayer films of CuO nanosheets prepared with the self-assembly method are 

characterized with SEM and XRD. As shown in Figure 22 (a), the dark parts of the SEM 
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image correspond to the glass substrate, which suggests that the nanosheets are loosely-

packed possibly due to their irregular shape. The SEM cross-section image of the 

monolayer sample prepared by FIB shows a single layer of CuO nanosheet on the glass 

substrate (Figure 22 (b)). The thickness of the CuO nanosheet is determined to be around 

40 nm. The crystal orientation of the monolayer film was characterized with XRD. In 

Figure 22 (c), only the diffraction peaks corresponding to (002) and (004) of monoclinic 

CuO were observed for the monolayer sample. This indicates that the nanosheets of the 

monolayer film all arrange in a face-up fashion. 

Table 5. Side view of (002), (110), (200), and (020) crystal planes of CuO and their 

calculated surface energy. 

Surface (002) (110) (200) (020) 

Model 

 
   

     

Surface 

energy 

(J∙m-2) 

4.2352 1.00-1.3779,84 1.68-1.8352,79 1.35-1.6279,84 

To obtain a monolayer of CuO nanosheet by the self-assembly method, stringent 

control on the amount of CuO nanosheets added into the water subphase, and the 

concentration of the CuO ethanol suspension are necessary. The BET surface area for the 

as-prepared powder is around 6.6 m2/g. Considering the area of the water subphase, 

theoretically 0.4 mg of the as-prepared powder is required to form a monolayer as shown 

in Figure 22 (a), while a film with multiple layers of CuO nanosheet was obtained when 2 

times of the theorectical amount was added (Figure 22 (d)). The concentration of the CuO 
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ethanol suspension is another key factor because it dictates the level of dispersion of CuO. 

When the concentration of the ethanol suspension is higher than ideal (0.2 g/L), irreversible 

fluoccuation of nanosheets is more likely to occur in the suspension, and hence monolayer 

film becomes hard to achieve. As a result, higher than theoretical amount of powders is 

required to form a film that can completely cover the water surface when high 

concentration of ethanol suspensison is used (as shown in Figure 22 (d)), and only 

multilayer films are obtainable in these cases. 

  

 

Figure 22. (a) Top surface and (b) cross-section SEM image of the CuO nanosheet 

monolayer on glass substrate; (c) XRD patterns of CuO-mono, CuO-5μm, and CuO-10μm; 
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(d) Films prepared with higher than ideal addition weight and concentration, and their SEM 

images. 

In addition to monolayer film, CuO nanosheets film with thickness of 5 (CuO-5μm) 

and 10 μm (CuO-10μm) were also prepared by repeating the self-assembly process 

multiple times. A quick annealing treatment at 400 ℃ was essential for preventing the 

detachment of previously deposited layers. The percentage of OC decreases from 26.7% to 

21.1% after the annealing treatment as revealed by XPS (Figure 23). This could be 

interpreted as the desorption of hydroxyl groups after the annealing process, which leads 

to some changes in surface hydrophilicity that could lead to the prevention of detachment. 

The level of orientation of the multilayer films are not as good as that of the monolayer 

film as suggested by the emergance of peaks other than {001} in the XRD patterns (Figure 

36c). The deterioration of orientation is due to the tilting of nanosheets when they rest on 

uneven surface created by the loosely packed nanosheet layer underneath. 
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Figure 23. High resolution XPS of O 1s of the thermally annealed CuO-nanosheets. 

The porous structure of the multilayer films is characterized with SEM and N2 

porosimetry. The top-down SEM image of the multilayer film (Figure 24 (a)) reveals some  
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Figure 24. (a) SEM top-view of CuO-5μm; (b) Nitrogen adsorption isotherm of the 

multilayer film; (c) Pore distribution derived from BJH adsorption; (d) Model of a 

multilayer film with lamellar structure. 

macro-pores with the size in the range between 100-500 nm between the nanosheets. On 

the other hand, the interlayer spacing of the stacked nanosheets needs to be characterized 

with N2 porosimetry. The adsorption-desorption isotherm shown in Figure 24 (b) 

resembles a typical type III isotherm, with a small hysteresis loop starts at P/P0 around 0.4 

(inset in Figure 24 (b)), which originates from slit-like pores formed between aggregates 

of plate-like particles.85 The pore distribution derived from the BJH adsorption (Figure 24 

(c)) indicates that the interlayer spacing should be around 3 nm. Therefore, the gas transport 

within the multilayer film should be a combination of molecular diffusion through the 

macro-pores and Knudsen diffusion through the interlayer spacing between the nanosheets 
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(Figure 24 (d)), with Knudsen diffusion as the rate-limiting step for an analyte gas to 

diffuse vertically within the multilayer film. 

3.3.3 Gas Sensing Performance and Modeling 

The change in electrical resistance of the sensor samples in ultra-zero air (Rair) was 

first measured as a function of temperature (Figure 25 (a)). The variation in resistance 

between the CuO-mono sensors was very small (~9.5%), indicating high reproducibility of 

the self-assembly technique in preparing monolayer film with uniform thickness and film 

structure. For all the samples, Rair decreases exponentially at similar rate with temperature 

in the range between 150 and 300 ℃, possibly due to the rise in the charge carrier density 

generated by the ionization of deep acceptors at elevated temperature. Moreover, the 

electrical resistance in air is inversely proportional to the thickness of the sensing film. 

The sensors were first subjected to a cycling test at 250 ℃ under an atmosphere 

containing 1 ppm of H2S. As shown in Figure 25 (b), sensor signals with good repeatability 

are gathered for all the sensors. The sharp increases in electrical resistance are observed 

for all the sensors when 1 ppm of H2S is introduced. The increase in resistance can be 

explained with the following surface reactions.  

𝐻2𝑆 (𝑎𝑑𝑠) + 3𝑂− (𝑎𝑑𝑠) → 𝑆𝑂2(gas) + H2O (gas) + 3𝑒−   (35) 

        e− + h+ → 𝑛𝑢𝑙𝑙         (36) 

The H2S adsorbed on the surface of CuO nanosheets is oxidized by the ionosorbed 

oxygen anions. In the meantime, free electrons as one of the reaction products will be 

injected into the conduction band of the CuO nanosheet. As a result, some of the free holes, 

which are the major charge carrier in a p-type semiconductor like CuO, will be nullified by 
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the injected electrons, which leads to the rise in electrical resistance. When H2S containing 

atmosphere is replaced by air, ionosorbed oxygen will be replenished, which regenerates 

the nullified holes, and hence the electrical resistance will fall back to the original level. It 

is noted that the surface conversion of CuO to CuS shouldn't occur in this case, because 

conversion to CuS should lead to decrease in resistance instead25,74. To double confirm this 

statement, the XRD patterns of CuO film before and after test were compared (Figure 26) 

and no new peaks corresponding to CuS can be observed. 

The sensing performances of CuO-mono, CuO-5μm, and CuO-10μm were then 

evaluated with 1 ppm of H2S in the range of temperature between 150 and 300 ℃ (Figure 

25 (c)). Improvements on both sensitivity and response and recovery rates are observed 

for the CuO nanosheet sensor with monolayer film configuration. The sensor signal (S) of 

CuO-mono to 1 ppm of H2S is notably higher than CuO-5μm and CuO-10μm in the whole 

range of testing temperature, especially at temperature ≤ 250 ℃. To be specific, at 175 ℃, 

CuO-mono reaches a maximum response of 378%, which is about 2 and 12 times as large 

as those of CuO-5μm and CuO-10μm, respectively. At temperature > 175 ℃, the response 

to 1 ppm H2S gradually decreases with temperature for CuO-mono. When temperature 

increases, the volume of oxygen adsorbed on the surface of CuO nanosheets decreases, 

while the charge carrier density increases because of the ionization of deep acceptors. The 

combination of these two effects leads to a thinner hole accumulation layer at the surface 

of CuO nanosheet, and hence the CuO-mono becomes less responsive to H2S.  
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Figure 25. (a) Resistance value in air (Rair) as a function of temperature; (b) Repeated 

transient response test at 250 ℃ in 1 ppm H2S; Sensor response (S), response time, and 

recovery time as a function of (c) temperature and (d) concentration. 

For CuO-5μm and CuO-10μm, their maximum responses seem to be at temperatures 

(< 150 ℃) lower than that of CuO-mono (175 ℃). This phenomenon could be attributed to 

the slower diffusion of H2S in the multilayer film due to the tight interlayer spacing, which 

leads to severer analyte dilution within the multilayer film than the monolayer film, and 
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hence the sensor response of the multilayer films starts to decrease at temperature lower 

than that of the monolayer film. The response and recovery times of CuO-mono are much 

shorter than those of CuO-5μm and CuO-10μm. For identical sensing material, the 

common dictating factors for the transient response properties of a semiconductor gas 

sensor including the rates of adsorption/desorption of gases (i.e. oxygen, analyte gas, and 

reaction products), surface reaction, and charge transport, should remain the same. 

Therefore, the slow response and recovery speed of the multilayer samples should be 

attributed to the slow Knudsen diffusion of H2S within the mesopores of multilayer film, 

and the fast surface reaction that consumes H2S. As a result, the time required to achieve 

the steady state gas concentration profile, and in turn, to reach leveled sensor resistance 

will be long for the multilayer films.66,67 In comparison, gas diffusion should not be a 

limiting factor for monolayer film because mesopores presented in the multilayer films are 

not present, and hence the response and recovery times of the monolayer film are shorter. 

The decrease in response and recovery time with increasing temperature is observed for all 

the sensors. This can be explained by that the steady state can be established much faster 

at elevated temperature because of the faster diffusion and reaction rate.  

Figure 25 (d) shows sensing performance of the CuO films at different H2S 

concentration and temperatures, with the raw transient response curves measured at 250 ℃ 

with the H2S concentration between 0.2-10 ppm illustrated in Figure 27. The response and 

recovery time of CuO-mono are the shortest among the sensors with different thickness, 

which could be attributed to the higher diffusion rate. The response and recovery time also 

decrease with increasing H2S concentration. A probable explanation is that the driving 

forces for the gas diffusion and reaction are larger at higher concentration, and hence the 
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time required to reach steady state is shorter. The sensor signal changes with H2S 

concentration in an exponential decay fashion: S increases very rapidly at first at lower 

concentration, and then level off to become asymptotic to a certain upper limit. The 

correlations between response and concentration for the multilayer samples are similar to 

those of CuO-mono, while the magnitude of the response is much smaller than CuO-mono 

in the whole concentration range.  

 

Figure 26. XRD patterns of CuO-5μm before and after treated in gas chamber at 250 ℃ 

with air flow containing 1 ppm of H2S. 
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Figure 27. Transient response curve to varied concentration of H2S collected at 250 ℃. 
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The humidity effect on the performance of CuO sensors was also evaluated. Figure 

28 (a) shows that the baseline resistances of the sensors with three different thicknesses all 

increase with humidity. This is attributed to the formation of terminal hydroxyl groups, 

which consumes free holes in CuO, and in turn causes the increase of baseline resistance. 

This surface reaction is described by the following equation.86 

𝐻2𝑂 (𝑔𝑎𝑠) + 𝑂𝑎𝑑𝑠
− + 2𝐶𝑢𝐶𝑢 + ℎ+ → 2(𝐶𝑢𝐶𝑢

𝛿+ − 𝑂𝐻−) + 𝑆𝑂   (37) 

where So is a surface site for chemisorption of oxygen. Despite the changes in baseline 

resistance, none of the three sensors show notable change in sensor response (S) when 

humidity was varied between 0-50% RH as shown in Figure 28 (b). This immunity to 

humidity variation is very beneficial for practical application. 
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Figure 28. (a) Transient response to 1 ppm of H2S at 250 ℃ in wet and dry air; (b) Sensor 

responses to 1 ppm of H2S at 250 ℃ as a function of relative humidity. 

In comparison to the CuO based H2S sensors reported in the literature (Table 6), the 

monolayer film of CuO nanosheet sensor proposed in this work shows low detection limit, 
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fast response and recovery speed at moderate working temperature. In addition, the small 

influence of humidity on the sensor signal makes the sensor more suitable for practical 

application. Further enhancement on sensor performance could be achieved by decreasing 

the thickness of CuO nanosheet, and doping with noble metals and other metal oxides. 

However, the excellent overall sensor performance displayed in this work can already make 

a strong case of the advantages of monolayer film configuration for semiconductor gas 

sensors. 

Higher sensitivity is observed for the monolayer film across the whole range of testing 

temperatures and concentrations. An intuitive explanation for the sensitivity improvement 

can be provided by the steady-state solution of a coupled diffusion-reaction equation 

Table 6. Comparison of the sensing performance of CuO sensors to H2S. 

Materials 
Temperature 

(℃) 
Detection 

limit*  

Response & 

recovery time 
Humidity effect Ref 

CuO nanosheet 

monolayer 
250 200 ppb 20 sec / 120 sec 

10% increase in 

S at 50 % RH 

This 

work 

Porous CuO 

nanosheet 
240 30 ppb 5 sec / 10 sec 

30% decrease in 

S at 50% RH 
87 

Suspended CuO 

nanowires 
325 10 ppb 

800 sec / 1000 

sec 

25% increase in 

S at 50% RH 
88 

CuO nanorod 300 20 ppm 
200 sec / 600 

sec 
 89 

CuO nanowire 160 500 ppb 
100 sec / ∞ (>5 

ppm) 
 74 

CuO nanoparticles 80 10 ppm 
180 sec / 150 

sec 
 90 

Porous CuO 

nanosheet 
25 10 ppb 

300 sec / 600 

sec 
 91 

Flower-like CuO 25 100 ppb 
240 sec/ 1300 

sec 
 92 

*lowest concentration tested in the literature 
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       (38) 

where x is the distance from the top surface of the sensing film, Cx is the concentration of 

H2S at depth x, DK Knudsen diffusion coefficient, k is the reaction rate constant, and t is 

time. As illustrated in Figure 29 (a), at steady state (
𝜕𝐶𝑥

𝜕𝑡
= 0), a concentration gradient will 

develop within the sensing film due to the consumption of analyte gas by the surface 

reaction. As a result, the sensor signal of a thick film will be lower than that of a monolayer 

film, because the analyte gas concentration at the inner part of the thick film is much 

smaller than that in the surrounding atmosphere. The steepness of the concentration drop 

is determined by m = √
𝑘

𝐷𝑘
 , which is a term pre-determined by the analyte gas and the 

sensor. 
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Figure 29. (a) Concentration gradient within the sensing film based on the coupled 

diffusion-reaction equation, with a 1D model of multilayer film sensor as inset; (b) Linear 

fit of 1/S vs. 1/Cx based on the Langmuir adsorption assumption; (c) Simulated curve of 

sensor signal as a function of film thickness, with experimental data points obtained under 

2 ppm H2S. 

However, to verify this theory in sensing film prepared from 2D nanostructure, a 

correlation between the measurable sensor signal and the proposed concentration gradient 

needs to be built. Unlike the linear relationship proposed by Yamazoe et al62,67, the CuO 

nanosheet sensors show non-linear correlation between sensor signal and H2S 

concentration. Assuming uniform H2S concentration in the CuO monolayer film, and 

Langmuir adsorption as the adsorption model for H2S on the surface of CuO nanosheets, 

the following correlation between the conductivity and the concentration is established 

S =
𝜎0−𝜎𝑥

𝜎𝑥
= 𝑐 ∗ 𝜃𝑥 =

𝑐∗𝐾𝑎𝑑𝑠∗𝐶𝑥

1+𝐾𝑎𝑑𝑠∗𝐶𝑥
      (39) 

where σ0 is the conductivity of the sensing film in air, σx is the conductivity of the sensing 

film at depth x, θx is the fractional occupancy of the adsorption sites for H2S on the CuO 

surface, c is a constant defined as sensor response coefficient, and Kads is the adsorption 

coefficient. Well-fitting between the experimental data based on eq. 5 is obtained as shown 

in Figure 29 (b). And based on the fitting result, the sensor signal of multilayer films, 
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which have concentration gradients within, can be plotted against sensor film thickness L, 

by solving the following equation numerically, 

S =
𝜎0∗𝐿

∫ 𝜎𝑥𝑑𝑥
𝐿

0

− 1       (40) 

The simulation curves with different m value ( m = √
𝑘

𝐷𝐾
) are plotted for the 

concentration range between 0.2 ppm and 10 ppm (Figure 29 (c) and Figure 30). The 

corresponding data gathered from CuO-mono, CuO-5μm, and CuO-10μm at 250 ℃ were 

plotted on top of the curve. Good fitting was obtained when m = 6x10-4 nm-1 for all the 

concentrations, which confirms the validity of the reaction-coupled diffusion theory for 

sensing films prepared from 2D nanostructure. It is also noted that the interfacial 

interaction between adjacent layers should be negligible, because the analyte gas 

concentration differences between layers are too small to cause any notable variation in 

conductivity (Figure 31). Therefore, it is not considered in this model. 
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Figure 30. Simulated curve of sensor signal as a function of film thickness, with 

experimental data points obtained under (a) 0.2 ppm, (b) 0.4 ppm, (c) 1 ppm, (d) 5 ppm, 

(e) 10 ppm of H2S. 
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Figure 31. Concentration gradient within the sensing film based on the coupled diffusion-

reaction equation, with a 1D model of multilayer film sensor as inset. 

3.3.4 Monolayer Film of ZnO Nanosheets as H2 Sensor 

To demonstrate the versatility of the self-assembly method, ZnO nanosheets, which 

are 300-1000 nm in diameter and 50 nm in thickness (Figure 32 (a)), were also synthesized 

and prepared into monolayer film by dispersing the ZnO-containing ethanol suspension on 

water surface. The ZnO monolayer film is more densely-packed than the CuO one as shown 

in Figure 32 (b), possibly due to the more regular shape of the ZnO nanosheets. The quality 

of the monolayer film was further confirmed by the cross-section SEM and XRD (Figure 

32 (c, d). The XRD patterns also reveal that (100), a non-polar crystal plane, is the major 

exposed surface for the ZnO nanosheets. This phenomenon implies that metal oxide 

nanosheets with either hydrophobic (i.e. ZnO) or hydrophilic (i.e. CuO) major exposed 

surface can all float and self-assembly at water surface.  

Preliminary H2 sensing data gathered from ZnO-mono and ZnO-5μm sensors exhibits 

the same dependency of sensing properties on film thickness as that of CuO H2S sensors 

(Figure 31e). To be specific, the sensor signal to 10 ppm H2 of ZnO-mono is around 100%, 
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while less than half of that signal is achieved by ZnO-5μm. The response transient 

performance of ZnO-mono is also superior to ZnO-5μm. The response and recovery times 

for ZnO-mono are 14.6 and 12.0 sec, respectively, while for ZnO-5μm, the values are 31.9 

and 18.2 sec, respectively. 
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Figure 32. SEM images of (a) ZnO nanosheets with length of 300-1000 nm and 

thickness of 50 nm; (b) top view of ZnO monolayer film; (c) cross-section view of ZnO 

monolayer film; (d) XRD patterns of ZnO powder, ZnO-mono (with (100) as exposed 

crystal plane), and ZnO-5μm; (e) The sensor signals of ZnO-mono and ZnO-5μm sensors 

to 10 ppm H2 at 250 ℃. 
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4. HUMIDITY INDEPENDENT HYDROGEN SULFIDE SENSING RESPONSE 

ACHIEVED WITH MONOLAYER FILM OF CUO NANOSHEETS 

4.1 Introduction 

Hydrogen sulfide (H2S) is a colorless, flammable, poisonous gas. Although H2S can 

be found in natural sources, such as hot springs, natural gas, and foods, the majority of the 

emission is attributed to modern industries, such as electric power plants, oil/gas drilling 

and refining, and paper mills1,2. The H2S concentration in the close vicinity of these H2S 

generating sites must be closely monitored for health and safety considerations. In fact, 

exposure to 1000-2000 parts per million (ppm) of H2S for several seconds could lead to 

unconsciousness and sometimes death from respiratory failure3. Even low concentration of 

H2S (5-50 ppm) could damage the respiratory, central nervous, and cardiovascular systems, 

if the exposure is long term and repeated4. Moreover, monitoring H2S concentration is also 

of great importance to breath analysis, a noninvasive, convenient, and rapid health 

monitoring and disease diagnosis tool. Among the more than 250 chemicals found in 

human breath5, H2S in exhaled breath (≤1 ppm) has been widely regarded as a biomarker 

for halitosis6, and some recent studies have also found its correlations with asthma7,8 and 

SIBO (small intestinal bacterial overgrowth)9. 

Therefore, great demands for the sensitive and reliable detection of ppm- and sub-

ppm-level airborne H2S exist in both environmental monitoring and medical diagnosis. 

Conductometric gas sensors based on semiconducting metal oxides possess high 

sensitivities towards a wide range of reducing/oxidizing gases, and a simple device 

configuration, which permits facile integration of gas sensors or sensor arrays into a small 
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and cost-effective device. However, the reliability of conductometric gas sensors often 

suffers in the presence of water vapor, the concentration of which in the air (e.g. of a H2S-

generating chemical plant or from a human breath) could be higher than the analyte gas by 

3 to 5 orders of magnitude, and extremely varied depending on the weather or the condition 

of the human test subject.  

The mechanism behind the humidity interference on the sensing behavior of 

semiconducting-metal-oxide-based conductometric gas sensors has been discussed in 

several studies10–12. The evidences obtained from spectrometry and work function studies 

suggest that a competition of reaction with the receptors of the gas sensors, i.e. pre-

adsorbed oxygen anions, exists between atmospheric water vapor and analyte gases. The 

products of the water-oxygen anions reaction, i.e. the hydroxyl groups adsorbed on the 

sensor surface, are often less reactive to analyte gases than oxygen anions, and as a result, 

passivate the sensor surface.  

Kim et al. in 2011 proposed a countermeasure strategy to combat the humidity effect 

by decorating the surface of SnO2 (the most commonly used sensor material) with NiO 

nanoparticles13. Attributed to the high water affinity of NiO14, they discovered that 

hydroxyl groups predominantly formed on NiO, which effectively serves as an adsorbent 

to keep the surrounding sensing surface (i.e. SnO2) dry and reactive in humid condition. 

Based on this strategy, Choi et al.15 and Annanouch et al.16 have used CuO as surface 

decorating agents, which possesses water affinity similar to that of NiO, and successfully 

alleviated the humidity effect on SnO2 and WO3 based H2S sensors, respectively. However, 

maintaining the same level of sensitivity under highly humid environment for prolonged 
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period could be challenging for the strategy proposed by Kim et al. due to the potential risk 

of running out of adsorption sites on the surface decorating agents. Moreover, the surface 

decorating agents could have complicated influences on the sensing behavior of sensing 

material both electronically and catalytically, which could be detrimental in some cases13,17. 

Finally, stringent control on the size and distribution of surface decorating agents is often 

required to achieve humidity independency18, which poses serious challenges on 

fabrication.  

A different strategy to prevent humidity interference in H2S sensing could be 

established if the as-formed surface hydroxyl groups are not as inert to the analyte gas as 

suggested by the previous studies10–12. In fact, hydroxides of several transition metals, 

including Cu19,20, Fe21,22, and Mn23, have been investigated as desulfurization catalysts for 

eliminating H2S in waste gas streams or natural gases. In the desulfurization process, the 

hydroxides are converted to metal sulfides by reacting with H2S. Therefore, the surface 

hydroxyl groups on the oxides of these transition metals could promote the formation of 

the corresponding metal sulfides on the surface of the oxides. If the sulfides possess 

conductivity different from those of the oxides, the reaction could lead to changes in 

sensing film resistance, and in turn, compensate the loss in sensor response in humid 

condition due to the decreasing concentration of adsorbed oxygen anions. Among the 

oxides of these transition metals, only CuO, a p-type semiconductor with a band gap of 

1.4±0.3 eV24, has been widely investigated as a gas sensing material. The electrical 

properties of copper sulfides species, depending on the sulfur content, can be either metallic 

(i.e. CuS24) or highly resistive (i.e. Cu2-xS
25). Thus, H2S sensor based on CuO can 

potentially maintain the same level of H2S sensitivity in humid environment, because the 
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reaction between hydroxyl groups and H2S could generate resistance-altering copper 

sulfide shell on the surface of CuO.   

The H2S sensing performance data of CuO sensor in dry and wet condition has been 

reported by several groups26,27. Zhang et al. reported that the sensing response towards H2S 

of their porous CuO nanosheet sensor decreases linearly with relative humidity26, while the 

opposite trend was observed in Steinhauer et al. in their study based on CuO nanowire 

based sensing device27. The discrepancy in the findings signalized the complexity nature 

of the cross-sensitivity of water vapor on CuO sensor, which not only could be determined 

by the surface reactions, but also could depend on the structure of sensing material, and the 

configuration of the sensing film. Without a fundamental study based on spectrometric or 

work function evidence, the exact mechanism of H2S sensing in humid environment with 

CuO sensor is still debatable. Moreover, there has been no report on CuO sensors with H2S 

sensing performance independent of humidity.  

In this work, we report an unprecedented humidity independent H2S sensing 

performance achieved with a monolayer film of CuO nanosheets fabricated by the novel 

self-assembly technique reported in our previous study28. In addition to the immunity to 

humidity effect, the sensor also shows excellent sensitivity (detection limit 3 ppb) and high 

selectivity to H2S, which promotes its application in real-world application such as 

environment monitoring or breath analysis. Moreover, we have designed extensive studies 

to reveal the H2S sensing mechanisms in dry and humid environment based on sensing 

phenomena as well as with X-ray photoelectron spectroscopy and scanning electron 

microscopy. 
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4.2 Material and Methods 

Sensor preparation: The sensing material, CuO nanosheet, was prepared by a 

hydrothermal method. A self-assembly technique was used to deposit monolayer film of 

the sensing material on some commercial sensor substrates (glass preprinted with 

interdigitated gold electrodes, bands/gaps 10 μm, Metrohm). The monolayer sensor (CuO-

mono) thus formed was annealed at 400℃ for 6h before performance evaluation. Some 

sensors with multilayer of CuO nanosheets as sensing film (CuO-0.5μm and CuO-10μm) 

were also prepared as reference. The detailed procedures for material synthesis and sensing 

film deposition were described in our previous work28.  

Sensing performance evaluation: A home-built sensing performance evaluation 

system described in28,29 was used to evaluate the sensing performance. The sensors first 

achieved steady-state in the gas chamber at a set temperature with 200 sccm air flow for 

30 min. Then the gas stream was switched between air and H2S containing air periodically 

to test the sensing performances at H2S concentration ranging from 200 ppb to 5 ppb. 

Variations of humidity (0-80 %RH) in air and the introduction of three VOCs (ethanol, 

acetone, and toluene) into the gas stream were achieved by flowing dry air through a 

bubbler, the temperature of which was maintained at 25 ℃ by a water bath. Sensor response 

(S) was defined as the fractional difference between the electrical resistance in air (Rair) 

and the electrical resistance in H2S containing air (Rgas), i.e., S= Rgas/Rair. The response 

time and recovery time were defined as the time required to reach 90% of the full response 

state in mixed gas and 90% of the fully relaxed state in the air, respectively. 
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Characterization: SEM images were collected on an AMARY 1910 at 15 kV. XRD 

measurements were performed on a Bruker D8 focus diffractometer using Cu Kα radiation 

(λ=1.5406 Å) with a step size of 0.02˚ and a scan rate of 0.6 sec/step. XPS tests were 

performed on a VG ESCALAB 220i-XL photoelectron spectrometer and Al Kα radiation 

(15 keV) at about 1.3 × 10-9 mbar base pressure. The C (1s) peak is used to calibrate the 

peak position. Curve fitting of O (1s) spectra was done with a spin−orbit coupling of 2:1 

area ratio using CasaXPS software. The same software was used for calculation of the 

elementary percentage from the recorded spectra. To prepare the samples for XPS, 

multilayer films (thickness~0.5 μm) of CuO nanosheets instead of monolayer were 

deposited on glass slides in order to avoid interference signals from the glass substrate. The 

samples were first annealed at 400 ℃ for 6 h. Afterwards, the samples were treated in 

conditions that simulate H2S sensing in dry/humid condition. 

4.2 Results and Discussion 

4.2.1 Sensing Performance  

The CuO nanosheets with length and width ranging from 300 to 1000 nm, and with 

thickness around 30 to 50 nm (Figure 33 (a-b)) were self-assembled into monolayer film 

on water-gas interface, which was then transferred onto the interdigitated electrodes to 

fabricate the 2D CuO monolayer sensor device (Figure 33 (c)). As revealed by X-ray 

diffraction (Figure 33 (d)), the CuO nanosheet powder is pure and highly crystalline, and 

all the diffraction peaks can be indexed as monoclinic tenorite type CuO (JCPDS: No. 45-

0937). For the monolayer film, only the diffraction peaks corresponding to (002) and (004) 
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of monoclinic CuO were observed, which indicates that the nanosheets of the monolayer 

film all arrange in a face-up fashion. 

  

 
 

Figure 33. SEM images of (a-b) CuO nanosheet and (c) CuO nanosheet monolayer; (d) 

XRD patterns of CuO nanosheet powder and monolayer film.  

The sensing performance of 2D CuO monolayer towards H2S at 0-80% relative 

humidity (RH) was first measured at 325℃. From the transient response curves shown in 

Figure 34 (a), the electrical resistance of CuO monolayer increases notably in response to 

both the H2S gas and the water vapor in the gas stream. Moreover, the response value 

(Rgas/Rair) towards H2S, appears to be indifferent to the change in environment humidity as 
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indicated by the similar peak heights (i.e. log (Rgas)-log(Rair)=log(Rgas/ Rair)) observed at 

different humidity in Figure 33b. The tabulated response values to 0.4-2 ppm H2S as a  

 

 

Figure 34. Transient response curve measured at 325℃, 400 ppb H2S, 0-80% RH; (b) 

Sensor responses toward different H2S concentrations as a function of relative humidity; 

(c) Response and recovery time toward different H2S concentrations as a function of 

relative humidity. 

function of relative humidity were displayed in Figure 34 (b). The interference from the 

water vapor in gas stream to H2S sensing appears to be negligible. The coefficient of 

variations (CVs) of sensor response at different humidity are only about 2.1%, 1.6%, and 

2.5% towards 0.4 ppm, 1ppm, and 2 ppm H2S, respectively. The sensor's response and 
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recovery times toward different concentration of H2S and different relative humidity are 

summarized in Figure 34 (c). The response and recovery times are indifferent to the change 

of H2S concentration. As for humidity level, the recovery times are noticeably shortened 

from ~160 sec in dry condition (0% RH) to ~125 sec in humid condition (20-80% RH), 

while no significant influence on response time is observed. 

The humidity influence on 2D CuO monolayer was also examined at different working 

temperatures. As shown in Figure Figure 35 (a), the response values toward 400 ppb H2S 

under dry (0% RH), normal (40% RH) and highly humid (80% RH) conditions all drops 

with increasing working temperature. On the other hand, increasing the working 

temperature leads to enhanced immunity to humidity interference (i.e. lower CV). To be 

more specific, at the low working temperature of 250 ℃, a notable decrease in the response 

value can be observed with increasing humidity, while the decrease becomes negligible at 

elevated working temperature (325 ℃). Moreover, the response and recovery time also 

become shorter with increasing working temperature (Figure 35 (b)). Therefore, 325℃ is 

determined as the optimal working temperature in this study, because of the high immunity 

to humidity interference and fast kinetic observed at this temperature. 
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Figure 35. (a) Humidity influences on the response values and the coefficients of variations 

of the monolayer films toward 400 ppb H2S at different working temperatures; (b) humidity 

influences on the response and recovery times of the monolayer films toward 400 ppb H2S 

at different working temperatures. 

To be used as H2S sensor in practical applications, the potential interferences arisen 

from other gases presented in the testing environments needs to be assessed. Toluene, 

ethanol, and acetone are three common VOCs presented in industrial environments and in 

human breath, and hence were selected for testing. The response values towards different 

concentrations of H2S and VOCs were displayed in Figure 36 (a). When plotting both the 

gas concentration and response-1 ((Rgas-Rair)/Rair) in log scale, some linear relationships 

were observed for all four gases, which concur with the sensor formula derived by Hongsith 

et al30. The detection limits of the sensor are defined as the concentration at which signal 

to noise = 3, which equals to a response value of 1.1. By extrapolation, the detection limit 

towards H2S was around 3 ppb, while the detection limits towards the interference gases 

were 3-4 orders of magnitude larger than the gas of interest. which indicates the high 

selectivity of the 2D CuO monolayer sensor to H2S detection. 

Finally, the stability of the sensor in humid environment was evaluated. The sensor's 

responses towards 0.4 ppm of H2S at 325 ℃ under 50% RH humidity were recorded 15 

repetition per day, for 7 days. As shown in Figure 36 (b), the response to 1 ppm of H2S 

was highly reproducible in the 15 test cycles, and no significant temporal drift was 

observed in 7 days of testing. The sensor's stability to humidity variations was also 

evaluated Figure 36 (c). The humidity level was varied between 0 % and 50 %. The 

transient response curves remain the same under their respective humidity level, so do the 

response values. 
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Figure 36. (a). Plot of (response-1) and gas concentration in log scale for H2S, C7H8, 

C2H5OH, and C3H6O detection. The intersections of the linear fit lines and x axis represent 

the detection limits of the sensor towards the 4 gases. (b) long term test performed at 325 ℃, 

50 %RH, and 1 ppm H2S. (c) humidity variation test carried out at 325 ℃, 0.4 ppm H2S, 

and 0-50% RH.  

4.2.2 Sensing Mechanism 

To understand the mechanism responsible for the humidity independent sensing 

behavior towards H2S, the sensing behaviors of 2D CuO monolayer sensor towards the 

three VOCs were also examined under different humidity. In stark contrast to the humidity 

independent sensing behavior towards H2S, some notable drops (~40%, Figure 37 (a)) in 

response value with increasing humidity level were observed for the VOCs, conforming to 

the general theory on humidity interference. This contradiction suggests that the interaction 
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between H2S and hydroxyl groups on the surface of CuO is an outlier in the general theory 

of humidity interference.  

 
 

 

 

Figure 37. (a) Sensor responses towards 200 ppm of C7H8, C2H5OH, and C3H6O in air as 

a function of relative humidity at 325 ℃ (b) Humidity influence on the response values 

towards 400 ppb H2S of the multilayer CuO nanosheet film with film thicknesses of 0.5 

and 10 μm measured at 325 ℃ (film thickness estimated by the weight of powders used in 

fabrication). (c) Response and recovery time toward 400 ppb H2S concentrations as a 

function of relative humidity for CuO multilayer film at 325 ℃. (d) Humidity influences 

on the response values and the coefficients of variations of the multilayer films toward 400 

ppb H2S at different working temperatures. 
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correlation between film thickness and immunity to humidity interference at 325℃, as 

shown in Figure 37 (b). From the transient response curves (Figure 38), the response and 

recovery times as a function of relative humidity can be calculated. As shown in Figure 37 

(c), the response and recovery times of CuO-0.5μm and their correlations with humidity 

are very similar to those of CuO-mono, while longer response and recovery times were 

observed for CuO-10μm. Moreover, the response time gradually increases with humidity 

level for CuO-10μm instead of remaining constant as in the cases for CuO-mono and CuO-

0.5μm. The resistances in air (Rair) all increase with humidity regardless of the sensing film 

thickness (Figure 39). The humidity influences on the two multilayer samples were also 

examined at different working temperatures. In stark contrast to the monolayer film, the 

multilayer samples displayed increased variability in response (CV) under different 

humidity levels with rising temperature (Figure 37d). The phenomenon is especially 

pronounced for CuO-10μm, the responses of which under humid conditions (40 and 80% 

RH) dropped much faster as a function of working temperature than those measured in dry 

condition. The change in humidity independency with sensing film thickness signified that 

the measured response value is affected by both the nanostructure and the surface reactions. 
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Figure 38. Transient response curves measured at 325℃, 400 ppb H2S, 0-80% RH for (a) 

CuO-0.5μm and (b) CuO-10μm. 
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Figure 39. Resistance in air of the three sensors with different film thickness as a function 

of relative humidity at 325℃. 

To shine more light on the issue, an ex-situ XPS study was designed to identify any 

changes in atomic composition and oxidation states on the surface of CuO nanosheet films 

during H2S sensing under dry and humid environment. As summarized in Table 7, the 

surface of the samples treated in dry air at 325 ℃ consists of only Cu and O, both before 

(Sample #1) and after 1 ppm of H2S was introduced into the environment (Sample #2). As 

for the samples treated in humid atmosphere (Sample #3 and #4), around 3.6 at % of S was 

identified for Sample #4, which was exposed in H2S-containing humid air.  

In addition to the important information about the surface atomic composition revealed 

by the XPS wide scans (Figure 40), high resolution Cu 2p spectra of the 4 samples are of 

significant interest due to that Cu as a transition metal tends to show multiple oxidation 

states during the redox reactions with reducing gases. Figure 42 illustrates the Cu 2p3/2 
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portion of the Cu 2p spectra after deconvolution. Sample #1 (Figure 56a), which was 

exposed in dry air, possesses two peaks at 933.5 eV and 942.4 eV that match well with the 

main and shake-up peaks of Cu2+, respectively. 

Table 7. Surface concentration according to XPS wide scan 

Sample # Condition 
Composition (at %) 

Cu O S 

1 325 ℃, 0% RH, air 26.1 73.9 0 

2 325 ℃, 0% RH, 1 ppm H2S 23.3 76.8 0 

3 325 ℃, 50 % RH, air 28.4 71.6 0 

4 325 ℃, 50% RH, 1 ppm H2S 24.1 72.3 3.6 
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Figure 40. XPS wide scans of the CuO nanosheet films treated in different conditions. 

The sample exposed in humid air (Sample #3, Figure 42 (b)), however, exhibits two 

extra peaks located at 929.9 eV and 936.9 eV. Based on the hypothesis proposed by Hübner 

et al., water vapor reacts with pre-adsorbed oxygen anions, replacing them with terminal 

hydroxyl groups 
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𝑂𝑂
′ + 𝐻2𝑂(𝑔𝑎𝑠) + 2𝐶𝑢𝐶𝑢

× + ℎ∙ ↔ 2(𝐶𝑢𝐶𝑢
∙ − 𝑂𝐻′) + 𝑆𝑂   (41) 

where 𝑂′(𝑎𝑑𝑠) is an ionosorbed oxygen species, 𝐻2𝑂(𝑔𝑎𝑠) a water molecule, 𝐶𝑢𝐶𝑢
×  a 

Cu site on the surface, ℎ∙ a free hole, 𝑂𝐻 a terminal hydroxyl group that forms a 𝐶𝑢𝐶𝑢
∙ −

𝑂𝐻′ dipole with Cu, and S a surface site for chemisorption of oxygen. Therefore, some 

possible designations for the peaks located at 929.9 eV and 936.9 eV are 𝐶𝑢𝐶𝑢
∙ −

𝑂𝐻′dipole and its shake-up peak, respectively.  

In the spectrum of sample #2, which simulates H2S sensing under dry condition, one 

observes two peaks at 928.9 eV and 938.5 eV. Because the surface of sample #2 does not 

contain any S, as shown in the wide scan (Figure 40) and the high-resolution S 2p scan 

(Figure 42e), the two peaks at 928.9 eV and 938.5 eV cannot be attributed to CuxS as well 

as 𝐶𝑢𝐶𝑢
∙ − 𝑂𝐻′. Instead Cu+ in Cu2O is a more likely explanation according to literature32.  

The Cu 2p3/2 spectrum of sample #4 contains one new peak at 927.3 eV, other than the 

peaks of Cu2+, 𝐶𝑢𝐶𝑢
∙ − 𝑂𝐻′, and Cu+. Because this peak only emerged when H2S was in 

the humid gas stream, and CuO surface has been known to prone to be converted to copper 

sulfide species when H2S was adsorbed on its surface31, it is likely that these two peaks are 

generated by newly formed copper sulfide species. The CuxS phase, however, was 

undetectable with X-ray diffraction (Figure 41), possibly due to the extremely low 

concentration.  
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Figure 41. XRD patterns of sample #2 and sample #4. Only monoclinic CuO was identified 

in the samples. 

The O 1s high resolution spectra of sample #1-4 were also deconvoluted and presented 

in Figure 42 (c-d). The O 1s peak of sample #1 conforms with the spectrum of CuO 

reported in literature31, with a main peak located at 295.5 eV corresponding to the lattice 

oxygen in CuO, and a side peak at higher binding energy originated from the chemisorption 

of oxygen anions. The treatment in H2S-containing dry air gave rise to a new peak with a 

high binding energy of 531.7 eV (sample #2), which is assigned to the lattice oxygen in 

Cu2O. In contrast, the samples treated in wet condition (#3 and #4) exhibit a low binding 

energy side peak at around 527.8-528.4 eV. The shift to low binding energy is generally 

considered as a result of the ionic nature of the terminal hydroxyl groups bonded to the 

CuO surface, which leads to increased screening of the nucleus by the additional charge on 

the oxygen atom33. The terminal hydroxyl photopeak drops in intensity after exposing to 

H2S in wet condition, suggesting the hydroxyl groups have participated in the surface 

reaction with H2S. The photoemission peaks of chemisorbed oxygen anions are less 
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pronounced in sample #3 and #4, possibly because that the reactions with water and H2S 

have consumed most of the oxygen anions. Similar to spectrum #2, exposing to H2S in wet 

environment also leads to the formation of lattice oxygen bound to Cu+. 

 

 

 

Figure 42. (a) Cu 2p3/2 portion of the Cu 2p spectra of samples treated in dry condition (0% 

RH) before (#1) and after exposing to 1 ppm of H2S (#2); (b) Cu 2p3/2 portion of the Cu 2p 
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spectra of samples treated in wet condition (50% RH) before (#3) and after exposing to 1 

ppm of H2S (#4); (c) O 1s of samples treated in dry condition (0% RH) before (#1) and 

after exposing to 1 ppm of H2S (#2); (d) O 1s of samples treated in dry condition (0% RH) 

before (#3) and after exposing to 1 ppm of H2S (#4); (e) high resolution S 2p scan of sample 

#2 and sample #4.  

Based upon the analysis on the Cu 2p and O1s spectra, in dry condition, the 2D CuO 

monolayer sensor experiences the following two surface reactions when being exposed to 

H2S: 

𝐻2𝑆 (𝑎𝑑𝑠) + 3𝑂′ (𝑎𝑑𝑠) → 𝑆𝑂2(𝑔𝑎𝑠) + 𝐻2𝑂 (𝑔𝑎𝑠) + 3𝑒′   (42) 

3𝑂𝑂
× + 𝐻2𝑆(𝑎𝑑𝑠) → 3𝑉𝑂

∙∙ + 𝑆𝑂2(𝑔𝑎𝑠) + 𝐻2𝑂(𝑔𝑎𝑠) + 6𝑒′   (43) 

where 𝑂𝑂
×  and 𝑉𝑂

∙∙  in equation 3 are an O site and an O vacancy on the surface, 

respectively. The generation of 𝑉𝑂
∙∙ as a result of equation 3 gives rise to the formation of 

Cu+ on the surface, which is suggested by the Cu 2p and O 1s spectra. Therefore, in dry 

condition, the 2D CuO monolayer sensor experiences surface reactions involving both 

ionosorbed oxygens (equations 2) and lattice oxygen (equation 3) that give rise to the 

increase in electrical resistance in response to H2S. 

In humid condition, pre-adsorbed oxygen anions are partially replaced with terminal 

hydroxyl group (equation 1), which leads to the suppression of the sensing mechanism 

described in equation 2. The magnitude of this suppression effect is determined by the 

concentration of water molecule in the gas stream. The reaction with oxygen lattice is 

probably unaffected as suggested by the high-resolution Cu 2p and O 1s spectra. Therefore, 

if no additional surface reaction occurred, the sensor signal toward H2S would have 

gradually diminished with increasing humidity level as observed in the VOCs detection of 

this work and as reported for CO detection with CuO sensor26. However, in the case of H2S 
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sensing, the spectroscopic proof suggests the incorporation of S into CuO lattice facilitated 

by the terminal hydroxyl group on the surface: 

𝑉𝑂
∙∙ + 𝐻2𝑆(𝑔𝑎𝑠) + 2𝑂𝐻′(𝑎𝑑𝑠) → 𝑆𝑂

× + 2𝐻2𝑂(𝑔𝑎𝑠)    (44) 

where 𝑂𝐻′(𝑎𝑑𝑠) is the terminal hydroxyl bond to Cu atom, and 𝑆𝑂
× is the S in the 

O lattice site. The variable oxidation states of Cu promote the following redox reaction 

at elevated temperature34,35, 

2𝐶𝑢𝑆 → 𝐶𝑢2𝑆 + 𝑆        (45) 

The asymmetric nature of the high-resolution S 2p peak of sample #4 (Figure 42 (e)) 

also suggests the existence of multiple sulfur species on the surface of CuO in wet air 

containing trace amount of H2S. As shown in Figure 43, the conversion of CuO to copper 

sulfides and possibly sulfur on the surface in wet condition was also observed with SEM. 

The morphology remains the same for the CuO monolayer after exposing to H2S in dry 

condition (Figure 43 (a)), while significant change in surface roughness due to the 

formation of some nanoparticles, presumably CuxS and S, on the surface (Figure 43 (b)).  
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Figure 43. SEM image of CuO monolayer after exposing to H2S in (a) dry and (b) wet 

condition. 

A schematic diagram of the sensing layer combining the morphological features with 

their corresponding energy bands representations is presented in Figure 44. In dry 

condition, the upper band bending drops considerably (q∆Vs) due to the surface reactions 

described in equation 2 and 3, once H2S is introduced in the air. This decrease in upper 

band bending constitutes the change in resistance, and in turn, leads to the sensor response 

towards H2S in dry condition. Exposing to the same level of H2S, the drop in upper band 

bending (q∆Vs*) in wet condition should be smaller than in dry condition, because of the 

scarcity of the ionosorbed oxygen species. This should lead to a decrease in response, i.e. 

humidity interference. However, the formation of a resistive layer of sulfur and Cu2S on 

the surface in wet air containing H2S could lead to changes in the morphology of the 

sensing layer. Specifically, both the grain size of CuO nanosheet (DG) and the contact area 

size (DC) are likely to decrease due to the formation of resistive surface layer. According 

to the conduction model for p-type conducting semiconductor gas sensor proposed by 

Barsan et al.36, the resistance of a p-type sensing layer is described in the following 

equation: 

𝑅 = 𝑅𝐵(
𝐿𝐷

𝐷𝐶
∙ exp (−

𝑞𝑉𝑆

2𝑘𝑇
) +

1

1+
𝐿𝐷
𝐷𝐺

∙exp(
𝑞𝑉𝑆
2𝑘𝑇

)
)    (46) 

This equation indicates that the sensor response is dictated by surface effects (VS), 

bulk/material properties (RB (bulk resistance), LD (Debye length)), and morphology (DC 

and DG). Therefore, it is possible to end up with the same sensor response despite the band 

bending change caused by the surface reactions decreases in wet condition, because the 
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morphological factors (DC and DG) could change in favor of high response value. Moreover, 

the higher the humidity level, the more abundant the terminal hydroxyl group, and hence 

the more extensive the conversion of CuO to Cu2S and S will be, which serves to maintain 

the sensor response to be on the same level when humidity increases.  

 

Figure 44. schematic of the CuO nanosheet sensing layer from the aspects of morphology, 

energy band, and surface reactions under (a) dry and (b) humid conditions. 

Some of the aforementioned sensing behaviors can also be explained based on the 

formation of Cu2-xS on CuO surface in humid condition. Firstly, the decreased recovery 

time observed in wet condition can be explained by the low thermal stability of Cu2S. The 

standard Gibbs free energy of formation (∆𝑓𝐺𝑚
⊝

) for CuO, Cu2O, and Cu2S are -129.7, -

146.0, and -86.2. kJ/mol, respectively37. Converting from a thermodynamically less stable 

phase (i.e. Cu2S) to CuO would be a much easier process than from a stable phase (Cu2O), 

and hence faster recovery speed was observed in humid condition.  

Moreover, the influence of humidity on CuO monolayer sensor diminished with 

increasing temperature possibly due to that the surface reactions described in equation 4 

and 5 become more drastic at elevated temperature. This theory could also explain the 
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rising humidity interference as a function of temperature observed in the multilayer 

samples. The SEM image of 2D CuO monolayer film treated in H2S-containing humid air 

(inset of Figure 43 (b)) shows small protuberances (~ 10 nm) on the surface and edges of 

the nanosheets, which could block the gas diffusion pathway (interlayer spacing around 3 

nm for stacked CuO nanosheets28) from the surface to underneath a sensor film, and from 

the macrocracks to the volume of sensing layer between the macrocracks (shown in Figure 

45). As a result, for the sensing films composed of 10 and 200 layers of CuO nanosheets 

stacked together, the response to H2S will drop off in humid condition because the surface 

of the sensing film becomes dense due to the formation of resistive surface layer on the 

CuO nanosheets, rendering a large portion of the sensing film beneath the surface and 

between the macrocracks unreachable to H2S. The response drop-off becomes more 

pronounced as temperature increases, because the thicker resistive layer could form more 

rapidly at elevated temperature. Therefore, it is vital to either construct sensing film with 

large pores for gas diffusion or deposit monolayer film as illustrated in this work to obtain 

humidity independent H2S sensing performance with CuO as sensing material. 

 

Figure 45. A schematic showing the CuO nanosheet multilayer sensing film in wet air 

containing H2S. 
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5. NANOMETER-THICK FILMS OF ALIGNED ZNO NANOWIRES SENSITIZED 

WITH AU NANOPARTICLES SENSITIZED WITH AU NANOPARTICLES FOR 

FEW-PPB LEVEL ACETYLENE DETECTION 

5.1 Introduction 

Metal oxide (MOX) gas sensors are a type of solid-state sensing device capable of 

transducing the binding of an analyte to a measurable signal in the form of changes in 

electrical resistance. To realize the incorporation of MOX sensors into wireless devices for 

emerging applications such as environmental and health monitoring93, the sensors must be 

miniature in size, extremely energy efficient (power consumption below 10 mW)94, and 

highly sensitive towards parts-per-billion level volatile organic compounds (VOCs). 

Commercial miniaturized MOX sensor (e.g. SGP30 from Sensirion©, AS-MLV-P2 from 

AMS©) comprises a thick porous sensing film and a micro-hotplate for heating up the 

device to a working temperature between 200-400 ℃. Thick porous film (d: 10-100 μm) 

is widely regarded as the preferred sensing film structure to achieve high sensitivity,95–97 

yet it also contributes a considerable portion of the total heat loss from the sensing device,11 

preventing the sensing device from reaching the energy efficiency target.33,98,99 Adopting 

a thin film structure with sub-micron thickness can massively reduce the heat dissipation 

and lead to potential breakthrough in energy efficiency. However, VOCs sensing at ppb 

level has rarely been reported on sensing films with thickness in the range between few 

tens and few hundreds of nm. Therefore, it is highly desirable to find effective ways to 

improve the sensitivity of thin film sensors. 
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The widely adopted approaches to fabricate sub-micron thin sensing films are standard 

high throughput deposition techniques, such as physical vapor depositions (PVDs),100,101 

chemical vapor depositions (CVDs),102,103 and atomic layer depositions (ALDs).104,105 The 

thin films produced in this way often exhibit compact microstructures, which only permit 

gas-solid interaction and formation of space charges on the external surface of the film. 

The signal, i.e. electrical resistance change, arisen from the film surface in response to the 

analyte gas is overwhelmed by the constant resistance of the unaffected bulk, which is in 

parallel with the film surface in the equivalent circuit. As a result, only in case that the 

thickness of the sensing film approaches the Debye length (2-5 nm), may reasonable 

sensitivity be expected.19 However, with thickness approaching the Debye length, the 

interference from the interface trapped charged states on the electrical properties of the 

sensing film could become prominent.106,107 Consequently, only moderate improvements 

on the sensitivity of compact thin film have been achieved by decreasing the film 

thickness.104,105  

Moreover, the relatively smooth surface of compact thin films is unfavorable to the 

stability of precious metal catalyst decorated on the surface for sensitization purpose. As a 

rule, interactions of the film surface with reducing gases, such as VOCs, facilitate the 

migration process of noble metals on the surface.108 Without significant diffusion barrier 

on the surface of compact thin film or strong metal support interaction, noble metal 

catalysts including Pt, Pd, Au, and Ag have been observed to sinter at temperature above 

200 ℃,109–111 which leads to loss of active surface area and catalytic activity, and in turn 

temporal drift in sensing performance. For high mobility metals such as Au and Ag, only 

very low dispersion of large metal particles can be stabilized on the surface of flat metal 
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oxide and consequently the sensing performance improvement is limited.112,113 Therefore, 

a catalyst stabilization method should be developed to ensure formation of noble metal 

clusters with a required size and density on the surface of metal oxide thin films for 

meaningful sensitization, and stabilization of the catalyst to avoid temporal stability loss 

of the sensor. 

To overcome the limitations and the drawbacks of the previously developed thin film 

sensors and fulfil the requirement on sensitivity and energy efficiency, it is necessary to 

innovate the deposition technique to obtain a film microstructure good for achieving high 

performance, and execute a viable strategy to improve the stability of noble metal catalyst 

on thin film. Among the innovative thin film deposition strategies, Langmuir Blodgett (LB) 

assembly of metal oxide nanoparticles, a highly reproducible and patternable technique, is 

promising to yield a sensing film structure with high sensitivity. So far, assembly of various 

zero to two dimensional nanostructures into monolayer film, which largely preserves the 

nanostructures' surface area and promotes fast gas diffusion, has been reported in the 

literature.35–38 Moreover, Huo et al.30 and Cheng et al.39 performed studies on the LB film 

of α-Fe2O3 nanoparticles and WO3-x nanowires, respectively, and obtained preliminary data 

demonstrating promising gas sensing properties. For metal catalyst stabilization, an 

effective strategy applied in heterogeneous catalyst is the introduction of physical diffusion 

barrier on the support surface.114–117 To adopt this strategy on thin film, nanopatterns such 

as grooves and pits have been engraved by lithography and etch process on thin compact 

films and the topography structures prevent the metal nanoparticles supported on the 

patterned surface from sintering.118–120 However, the minimum metal particle size limited 
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by the resolution of the patterning process is around few tens of nanometers, which is too 

large for achieving any sensitization effect.121,122  

In this work, we utilized a Langmuir-Blodgett assembly technique to deposit 20 nm 

nanostructured thin film of aligned ZnO nanowire arrays with periodic v-grooves 

topographic structure on the substrate surface. The Langmuir-Blodgett film was then 

sensitized with Au nanoparticles (Au NPs) by sputtering and post-annealing. Such thin film 

composed of high-surface to-volume ratio 1D nanowires was expected to exhibit superior 

sensing performance to conventional compact film, and the unique topographic features 

were designed to stabilize Au NPs on the surface. The paper reports synthesis, 

characterization and sensing performance towards acetylene (C2H2), a key marker gas for 

air pollution caused by anthropogenic emission, of this Au/ZnO thin film sensor of new 

nanostructure. 

5.2 Experimental 

ZnO nanowire synthesis: ZnO nanowires were synthesized via a solvothermal process. 

In a typical synthesis process, 1 mmol zinc nitrate hexahydrate (Zn(NO3)2∙6H2O, 98+%, 

Sigma-Aldrich) was first dissolved in 10 mL ethanol (anhydrous, Koptec). The zinc nitrate 

solution was then added into 20 mL of 1.25 M sodium hydroxide (NaOH, 97+%, Sigma-

Aldrich) ethanol solution. The as-formed white suspension was ultrasonicated for 15 min 

before being transferred and sealed in a Teflon-lined stainless-steel autoclave (50 mL 

capacity). The autoclave was heated and maintained at 100 ℃ for 24 h. Afterwards, the 

autoclave was cooled down to room temperature and the precipitates were separated and 
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washed by centrifugation. Finally, the precipitates were dried in a vacuum oven at 70 ℃ 

for 12 h. 

ZnO nanowire surface functionalization: In a glovebox, 0.05 g ZnO nanowire was 

first dispersed in 50 mL of 2-propanol (reagent, Sigma Aldrich). Then 0.5 mL of 20 mM 

1-dodecanethiol (≥98%, Sigma Aldrich) /2-propanl solution was added into the ZnO 

solution while stirring. The solution was kept at room temperature under constant stirring 

for at least 12 hours, before being removed from glovebox. The solution was centrifuged 

(5 krpm, 10 min) and the product was washed with 2-propanol twice to remove any excess 

thiol. The final pellet was dried under vacuum at room temperature overnight.  

ZnO nanowire Langmuir-Blodgett Assembly: 2 mg of functionalized ZnO nanowire 

powder was first dispersed into 3.4 mL of a mixed solvent (v(toluene)/v(2-propanol)=1.5) 

to form a stable colloidal solution. The solution of dispersed nanowires was then spread 

dropwise onto the water subphase of a Langmuir-Blodgett trough (Nima Technology, 

model 1212D1) at a rate of 1.5 mL/hr using a syringe pump (KD scientific). After spreading 

all the nanowire colloid, the two barriers started to compress with a line speed of 2.5 

cm/min, until the surface pressure reaches around 40 mN/m. The aligned nanowire 

monolayer was then transferred to a pre-submerged substrate (glass or glass with preprinted 

interdigitated electrode, Metrohm) by lifting the substrate at 15 mm/min. The as-formed 

films were calcined at 300 ℃ for 1 hr to remove the surfactant.  

ZnO thin film by radio frequency (RF) sputtering: ZnO thin films were deposited on 

glass and sensor substrates by RF sputtering at room temperature. Sputtering was 

performed using ZnO sputter target (Kurt J. Lesker, 99.9%). The base pressure before 

deposition was around 1x10-7 Torr. Sputtering was carried out at a pressure of 10 mTorr in 
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pure Ar and at a power of 100 W. The thickness of the ZnO thin film was measured with a 

profilometer (Dektak XT stylus profilometer) to be around 100 nm.  

ZnO nanoplates with (100) exposed: ZnO nanoplates with predominant (100) face 

were synthesized following the procedure detailed in.123 In a typical experiment, 0.287 g 

of ZnSO4 4H2O (98 %, Alfa Aesar), 0.080 g of NaOH (97+ %, Sigma-Aldrich), and 0.083 

g of NaF (99.99 %, Alfa Aesar) were successively added into a mixed solvent of 7 mL of 

distilled water and 3 mL of ethanol. The resulting mixture was sonicated for several 

minutes and transferred into a Teflon-lined stainless-steel autoclave with a capacity of 

about 20 mL. Then the autoclave was heated to 200 ℃ and held for 24 h. After the mixture 

was cooled to room temperature, the production was separated by centrifugation from the 

solution and repeatedly rinsed with distilled water. 

Au NPs loading: Au films around 0.5 nm thick were sputtered on the three types of 

ZnO thin films by DC sputtering at room temperature. The base pressure before deposition 

was around 1x10-7 Torr. Sputtering was carried out at a pressure of 5 mTorr in pure Ar and 

at a power of 50 W. Post heat treatments were applied on Au/ZnO film at 400 and 350 ℃ 

for different period to obtain Au NPs of different size and distribution.  

Materials characterization: SEM images were collected on an AMARY 1910 at 15 

kV. The particle size distribution of Au nanoislands were extracted using ImageJ from the 

SEM images. XRD measurements were performed on a Bruker D8 focus diffractometer 

using Cu Kα radiation (λ=1.5406 Å) with a step size of 0.02˚ and a scan rate of 0.6 sec/step. 

Atomic force microscopy (AFM) imaging was performed in ScanAsyst noncontact mode 

on a Bruker Multimode 8 system with ScanAsyst tips (Bruker). NanoScope Analysis was 
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used for image processing. TEM, HRTEM, and SAED images were collected on a Philips 

CM-200-FEG 139 at 200 kV. 

Sensing performance evaluation: A home-built sensing performance evaluation 

system described in was used to evaluate the sensing performance (Figure 46). The sensors 

first achieved steady state in the gas chamber at a set temperature with 200 sccm air flow 

for 30 min. Then the gas stream was switched between air and C2H2 containing air 

periodically to test the sensing performances at C2H2 concentration ranging from 10 ppb to 

25 ppm. The more than 3 order of magnitude change in C2H2 is obtained with a two-stage 

dilution system built in-house. The sensors were also tested in atmosphere containing 

typical interference gases, i.e. H2, CO, and CH4. Humidity in the gas stream was controlled 

by flowing dry air through a bubbler, the temperature of which was maintained at 25 ℃ by 

a water bath. Sensor response (S) was defined as the ratio between the electrical resistance 

in air (Rair) and the electrical resistance in reducing gas containing air (Rgas), i.e., S= 

Rgas/Rair. The response time and recovery time were defined as the time required to reach 

90% of the full response state in mixed gas and 90% of the fully relaxed state in the air, 

respectively. 
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Figure 46. Schematic of gas sensor testing system used in this work. 

5.3 Results and Discussion 

Fabrication of Nanostructured ZnO Langmuir-Blodgett film: As shown in Figure 

48 (a), ZnO nanowires with diameter and length around 20 nm and 1 μm, respectively, 

were first synthesized as the nano-building blocks for the nanostructured ZnO Langmuir-

Blodgett film (ZnO_LB). For the nanowires to float at the water-air interface and assemble 

into film by LB technique, the surface of the nanowires was functionalized with an 

amphiphilic surfactant (i.e. 2-dodecanthiol) to achieve a certain level of hydrophobicity. 

After successful functionalization signalized by the emergence of C-H vibrational peak in 

the Fourier-transform infrared spectroscopy (FTIR) spectrum (Figure 47), the ZnO 

nanowires were dispersed in a mixed organic solvent (i.e. toluene/2-propanol) and a stable 

colloidal solution was obtained (Figure 47). To identify the optimal surface pressure for 

forming a ZnO_LB film composed of a monolayer of densely packed and well aligned ZnO 

nanowires on the water subphase and transferring the film onto a solid substrate, the surface 
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pressure versus area (π-A) isotherm was recorded and displayed in Figure 48 (b). The 

isotherm revealed a typical three stage evolution given rise by the change in the proximity 

of the floating wires. Applying excessive pressure to monolayer film in the solid phase will 

destabilize the monolayer, and defects, such as overlaps and folds, will form. Therefore, 

the optimal surface pressure was selected at 40 mN/m to achieve maximum packing density 

of nanowires. 

 

Figure 47 (a) FTIR spectra of pristine and functionalized ZnO nanowire. (b) Colloidal 

solution of ZnO nanowire in hexane. 

The morphology and texture of ZnO_LB film deposited on glass substrate with 

preprinted Au interdigitated electrodes were characterized. As shown in Figure 48 (c), the 

nanowires were densely packed and well aligned over a large area, although some defects 

were observed presumably due to the short nanowires formed by breakage of long 

nanowires during the sonication-based dispersion processes. In Figure 48 (d), the x-ray 

diffraction (XRD) pattern of ZnO_LB film indicates that the film consists of hexagonal 

wurtzite ZnO nanowires, which are strongly <100>-oriented along the surface normal. It 

is speculated that ZnO nanowires reoriented and form high-order structure driven by 

capillary force during the drying process after the film is transferred onto a solid substrate. 
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To further the understanding on the microstructure of the ZnO_LB film, the ZnO nanowires 

were analyzed with high-resolution transmission electron microscopy (HRTEM), and 

[001] is identified as the preferential growth direction based on the d-spacing of the lattice 

fringes (Figure 48 (e)). Considering the hexagonal wurtzite crystal structure, the ZnO 

nanowires should adopt a hexagonal prism shape with {100} as major surface planes, and 

the side length and the diagonal length of the hexagonal bases is 10, and 20 nm, 

respectively. Consequently, the surface topography of ZnO_LB film can be represented by 

the illustration shown in Figure 48 (f), which can be described as periodic v-shaped 

grooves 10 nm wide and 8.6 nm deep separated by 10 nm wide mesas.  

Au nanoparticles loading and stabilization: Au nanoparticle (NP) catalyst was loaded 

on the ZnO_LB film by DC sputtering of Au film followed by post-annealing at 400 ℃. 

The Au loading percentage was estimated to be around 13 wt% for 0.5 nm of Au film 

sputtered. As shown in Figure 52 (a), Au NPs with diameters close to the mesa width (m 

= 10 nm) were observed to form along the ZnO nanowire after 24 h of annealing treatment. 

Higher loadings (26 wt%/1 nm and 39 wt%/1.5 nm) were also tested, but Au NPs 4-6 times 

as large as the mesa were obtained after annealing (Figure 49), indicating that the surface 

topographic features of the ZnO_LB film were ineffective to contain sintering at these high 

loading percentages. Figure 52 (b) and (c) show the evolution of the statistical information 

of Au NPs size obtained from an isothermal kinetic analysis. Within the whole range of 

annealing time (3-89 h), the particle size distribution remains Gaussian despite the 

increases in both Au NPs' mean diameter and variance. Moreover, the mean diameter 

initially increases quickly with annealing time, but growth rate quickly drops when the Au 

NPs size approaches 11 nm, a value close to the mesa width. 
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Figure 48 (a) Scanning electron microscopy (SEM) image of as-synthesized ZnO 

nanowires. (b) surface pressure versus area isotherm of floating ZnO nanowires. (c) SEM 

images of ZnO LB film on Au-IDE-coated glass substrate. (d) XRD patterns of ZnO 

nanowires and ZnO LB film. (e) Transmission electron microscopy (TEM) image of ZnO 

nanowire and high resolution TEM image showing the lattice fringes (inset). (f) 

Illustration of v-grooves topography exhibited by ZnO LB film. 
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Figure 49 (a-c) SEM of annealed Au@ZnO-LB samples with initial Au loading of 0.5 nm 

(13 wt%), 1.5 nm (39 wt%), and 2 nm (52 wt%). Particle size distributions of 0.5nm-2nm 

Au@ZnO-LF based on SEM images 

To verify that the sintering of Au NPs was indeed suppressed on ZnO_LB film, the 

sintering behavior of Au NPs on a ZnO thin film prepared by a conventional sputtering 

technique was investigated. The polycrystalline ZnO sputtered film (ZnO_S) was 50 nm 

thick with lateral grain diameter of around 10 nm (Figure 50 (a)). Moreover, the surface 

comprises predominantly (002) planes and the roughness is as low as 1.01 nm (Figure 50 

(b)). As shown in Figure 52 (d), the Au NPs grew nearly twice as large and populated the 

ZnO_S film much more sparsely than on ZnO_LB film after going through the same 

annealing treatment. Moreover, when the annealing time was varied between 3-100 h, the 

particle size distribution of Au NPs reveals the evolution of a series of lognormal size 

distributions with long tails toward the direction of the larger sizes from an initial Gaussian-

like shape obtained after 3h of annealing (Figure 52 (e)). This lognormal size distribution 



111 

 

indicates particle migration and coalescence (PMC) as the dominant sintering 

mechanism124. As the name PMC suggested, for supported metal catalysts to sinter and 

growth, smaller particles must migrate in Brownian motion fashion and when binary 

collision occurs, two smaller particles will fuse into one bigger particle. Generally, PMC 

is expected to dominate only in the initial stage of the sintering process, since the mobility 

of metal nanoparticles drops quickly with particle size125. However, direct observations 

(Figure 51) of coalescences of two particles as large as 20 nm were recorded for Au NPs 

support on ZnO_S film at the advanced stage of sintering process (100 h at 400 ℃), which 

suggests that PMC could be the dominant sintering mechanism for the entire sintering 

process. Overall, the mean diameter of Au NPs increased with annealing time by a power 

of around 0.3 from 9 to 26 nm (Figure 52 (f)), which are much larger than from 7 to 11 

nm for ZnO_LB film. Thus, a notable improvement in the sintering resistance of Au NPs 

on ZnO_LB film was confirmed.  

 

Figure 50 (a) Texture of ZnO sputtered film revealed by XRD. (b) Surface morphology 

and roughness of ZnO sputtered film revealed by AFM.  
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Figure 51. SEM image of Au@ZnO_SF annealed at 400 ℃ for 100 h. Binary collisions 

and fusions of Au NPs as large as 20 nm are marked in red. 

Particle migration and coalescence (PMC) can be inhibited by enhancing the metal 

support interaction (MSI), which is influenced by the atomic structure and chemical 

potential at the surface of the support. The strength of MSI between Au NPs and ZnO 

nanowires was evaluated with TEM and X-ray photoelectron spectrometry (XPS). The 

TEM image shows no sign of ZnO encapsulation or Au NPs sinking as reported in strong 

MSI (Figure 54 (a)). The high-resolution image (Figure 54 (b)) reveals poor wetting of 

Au on ZnO nanowire with high contact angles around 130-135 °. Moreover, a [111] growth 

direction was identified for the Au NPs supported on ZnO nanowires. This aligns well with 

the XRD pattern of Au@ZnO_LB (Figure 53), where only Au (111) peak is identified. 

The growth direction of Au NPs supported on ZnO_S film is also [111] as indicated in 

Figure 53. Strong MSI between Au and ZnO may also be reflected by the formation of 

Au3+ at the interface due to high level of electron transfer126. As shown in the high 

resolution XPS spectra obtained from Au doped ZnO_LB film (Figure 54 (c-d)), the 
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deconvolution of the Au 4f7/2.peak yields only metallic Au at 84 eV and Au+ at 85.1 eV. 

Au3+ observed in the previous literature that reports strong MSI was absent, suggesting 

weaker an Au-O-Zn linkage between Au NPs and ZnO nanowires. 

 

Figure 52. (a) SEM plane view of Au doped on ZnO_LB film annealed at 400 ℃ for 24 

h. Evolution of Au particle size distribution (b) and mean diameter (c) with annealing 

time on ZnO LB film. (d) SEM plane view of Au doped on ZnO_S film annealed at 

400 ℃ for 24 h. Evolution of Au particle size distribution (e) and mean diameter (f) with 

annealing time on ZnO_S film. 
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Figure 53 XRD patterns of Au doped ZnO film after annealing at 400 ℃ for 24 h. 

 

Figure 54 TEM of Au nanoparticles supported on ZnO nanowire after annealing 

treatment at 400 for 12 h (b) High resolution TEM image of supported gold nanoparticle 
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revealing a [111] growth direction and high contact angles of 130 ° and 135 °. High 

resolution XPS spectra of Au 4f (c) and O 1s (d). 

 

Another way to stop PMC is by introducing potential barriers on the path of diffusion 

with topographic feature (e.g. hill and valleys) on the support surface. As summarized in 

Table 8, the surface of ZnO_S film is much smoother than ZnO_LB film. However, their 

surface energies are also different, and hence the deconvolution of the two sintering 

resistant factors i.e. MSI and diffusion barrier is still unachievable, despite the notable 

difference in Au NPs size between the two supports.This issue was addressed by 

performing Au annealing test on ZnO nanoplates (NP) with the same surface plane as that 

of ZnO_LB film but with a smooth surface (Ra=1.19 nm, in 0.2 μm2) (Figure 55). The 

mean diameter of Au NPs obtained with the same annealing treatment is 16.3 nm on ZnO 

NP (Figure 56), which is much closer to ZnO_S film rather than that of ZnO_LB film. 

Therefore, the topographic features on the ZnO LB film is evidently the main inhibitor of 

Au NPs sintering and growth on ZnO support. 

Table 8 Surface properties and sintering resistant performance of three different ZnO 

substrates 

Sample 
Ra 

(nm) 
Surface 
plane 

Surface energy 
(J/m2)127 

Annealing 
condition 

Mean diameter 
(nm) 

ZnO LB film 6.5* (100) 1.0 400 ℃ 24 h 10.7 

ZnO_S film 1.01 (002) 2.4 400 ℃ 24 h 16.6 

ZnO NP 1.19 (100) 1.0 400 ℃ 24 h 16.3 

 

At this stage, the mechanism of sintering inhibition of Au NPs on ZnO LB film can be 

explained qualitatively. To be specific, the ridges at both sides of the mesa introduce 
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potential barriers on cross-nanowire migration of Au NPs because of the small curvature 

of the ridges as explained by the Gibbs Thompson equation  

∆𝐸 = 𝑘 × 𝛾 × 𝛺         (47) 

where ∆𝐸 is the excess potential, k is the local curvature, 𝛾 is the surface energy of Au, 

and 𝛺 is the atomic volume of Au. Based on the mean field theory128, the slower the particle 

diffusion, the lower the frequency of collision. Once Au NPs reaches 10 nm in size, the 

collision was constraint to just along the ZnO nanowire, which means that the collision 

chance becomes much lower, and hence grain growth slows down to undetectable level. 

Attributed to improved sintering resistance, high dispersion of small Au NPs can be 

stabilized on the surface of ZnO_LB film. 

 

Figure 55 (a) TEM of ZnO nanoplate with (100) as primary crystal facet. (b) Surface 

roughness of ZnO nanoplate. 
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Figure 56 (a) SEM of Au@ZnO_NP annealed at 400 ℃ for 24 h. (b) Particle size 

distribution. 

Sensing performance: Sensing devices prepared with ZnO_LB film and ZnO_S film 

were evaluated for acetylene (C2H2) detection. For ZnO_LB film decorated with Au NPs 

(Au@ZnO_LB), an annealing treatment at 400 ℃ for 40 h was employed prior to sensor 

testing to obtain a stable Au NPs size of around 11 nm. To obtain similar size and dispersion 

of Au NPs on ZnO_S film (Au@ZnO_S), the annealing treatment time was shortened to 

12 h.  

To investigate the gas sensing properties and identify the optimum sensor working 

condition, the dynamic response of the pristine and Au NPs-doped ZnO thin film sensors 

upon exposure to 25 ppm of C2H2 was measured at a temperature range between 275 and 

375 ℃. As shown in Figure 57, ZnO_LB possesses higher response value than ZnO_S 

(e.g. 5.8 vs. 1.4 at 375 ℃). In addition to response, the electrical resistance of ZnO_LB in 

clean air is also greater than that of ZnO_S by more than 3 orders of magnitude (Table 9). 

These phenomena could be explained by the difference in transducing mechanism: the 

grain boundary model applicable to ZnO_LB is more sensitive and resistive than the 

surface-bulk model of ZnO_S19. Interestingly, the Langmuir-Blodgett film structure also 
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possesses notably shorter response (46 vs 128 sec) and recovery time (190 vs 253 sec) than 

conventional thin film. A possible explanation is that microcracks, which only permit slow 

surface diffusion of gas species, exist within ZnO_S, and hence prolongs the time required 

to achieve steady state for the ZnO_S sensor.  

With the loading of Au NPs on the surface of ZnO thin film sensors, the response 

values towards C2H2 increased by more than 180 and 20 times for ZnO_LB film and 

ZnO_S film, respectively. Moreover, the operating temperatures for maximum response 

have also decreased from 375 ℃ to 325 ℃ because of Au doping. This indicates that Au 

NPs are effective catalyst for the surface reaction, which serves to enhance the reaction 

kinetic at lower temperature129. As shown in Table 9, Au loading also significantly affects 

other aspects of the gas sensing properties. With the addition of Au NPs, the resistance 

values in clean air increase by around 60 and 30 times for Au@ZnO_LB and Au@ZnO_S, 

respectively. The addition of Au NPs also dramatically shortens the response time by 10 

and 6 times for Au@ZnO _LB and Au@ZnO_S, respectively, because Au as a catalyst can 

lower the activation energy of the C2H2 oxidation reaction, and in turn, increase the reaction 

rate. As for the recovery process, which entails the re-adsorption of oxygen, re-trapping of 

free electrons, and desorption of the products of the oxidation reaction, is expedited by 

loading Au on ZnO_S, but prolonged by loading Au on ZnO_LB.  
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Figure 57. Response values towards 25 ppm of C2H2 at different operating temperatures. 

To evaluate the temporal stability of Au@ZnO_LB and Au@ZnO_S, the sensors were 

exposed to 10 ppm (25 ppm for Au@ZnO_S) of C2H2 at the optimum operating 

temperature (325 ℃) and the response values were recorded 5 times per day for 1 week. 

Between each day's testing, the sensor was soaked in condition same as the testing 

condition (10/25 ppm C2H2, 325 ℃) to accelerate the aging process.  

As shown in Figure 59 (a), the response value as well as resistances in standby (Rair) 

and testing mode (Rgas) remained stable during the whole stability test for Au@ZnO_LB. 

On the other hand, for Au@ZnO_S, fast deterioration of response from 26 at the beginning 

of the test to 1.8 in 130 hours, a value close to the response recorded with pristine ZnO_S, 

was observed as shown in Figure 59 (b). Along with diminishing response, the Rair and 

Rgas also varied significantly with time. It was revealed with SEM (Figure 58) that the Au 

NPs supported on ZnO_S film grew from 11 nm to 17 nm during the stability test, causing 

the reduction in Au catalyst reactivity, and in turn, leading to severe decrease in the 

sensitization effectiveness. This discrepancy in operating stability signify the glaring 
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advantage of ZnO_LB film over ZnO_S film in the prevention of Au NPs sintering and 

growth.  

 

Figure 58. SEM images of Au@ZnO_SF before (a) and after (b) the stability test. 

Finally, the performance of Au@ZnO_LB sensor, which displays the best sensing 

properties among the four sensors, was examined at its optimal operating condition as a 

promising C2H2 sensor for air quality monitoring application. Because the concentration of 

C2H2 in outdoor and indoor environment is in ppb-level, the sensor was exposed to 10-

25,000 ppb of C2H2 at 325 ℃ to record the characteristic curve, which is displayed in 

Figure 60 (a). Initially, the response increases rapidly in a highly linear fashion with 

increasing C2H2 concentration from 1.7 at 10 ppb to 178 at 5000 ppb. The sensitivity 

towards C2H2 in ppb range was thus derived from the slope of this linear region to be 

around 37 ppm-1. At concentrations higher than 5000 ppb, the rate of rise gradually 

decreased until reaching saturation at 25,000 ppb. The dynamic response to 10-1000 ppb 

of C2H2 is displayed in the inset of Figure 6 (a). At least three repetitions were made at 

each concentration, demonstrating the good reproducibility of the sensor response. The 

response and recovery time as a function of concentration were demonstrated in Figure 60 

(b). The response time drops rapidly from 77 sec at 10 ppb to 20 sec at 400 ppb, then 
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decreases gradually to 5 sec at 25,000 ppb. The recovery time on the other hand increases 

with concentration and approach a plateau value of around 200 sec at a much slower rate. 

In the concentration range of interest for air quality monitoring (i.e. 1-1000 ppb), the 

response time is around 13-20 sec, and recovery time is around 100 sec. 

Table 9. Key sensing parameters other than response measured at 325 ℃ towards 25 

ppm of C2H2. 
Sample Rair (Ω) Response time (sec) Recovery time (sec) 

ZnO_LB (1.39 ± 0.02) x 107 46 ± 1 190 ± 30 

ZnO_S (6.4 ± 0.3) x 103 128 ± 1 253 ± 6 

Au@ZnO_LB (8.4 ± 0.1) x 108 5.1 ± 0.4 320 ± 10 

Au@ZnO_S (2.08 ± 0.08) x 105 19.6 ± 0.7 31.6 ± 0.3 

 

Figure 60 (c) shows the response of the Au@ZnO_LB sensor to common interference 

gases from the testing environment including carbon monoxide (CO), Hydrogen (H2), 

methane (CH4), ethane (C2H6), and ethylene (C2H4). A much higher selectivity to C2H2 can 

be observed in comparison to the pristine ZnO_LB130. The effect of humidity on C2H2 

sensing properties was also analyzed. As illustrated in Figure 60 (d), a significant drop in 

sensitivity from 37 in dry condition to 2.3 ppm-1 was observed under 40% RH. The 

dynamic resistance change towards 10 ppb of C2H2 under dry and wet condition was 

illustrated in the inset of Figure 60 (d). A still discernable signal of 1.07 towards this low 

concentration of analyte gas was obtained under humid condition. The dramatic drop in 

Rair under humid condition conforms with the oxygen-water vapor interplay theory26. 

Moreover, with increasing humidity, the response and recovery time also shortened from 

70 to 35 sec and 100 to 25 sec, respectively. 
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Figure 59. sensor stability test results gathered from Au@ZnO_LB (a) and Au@ZnO_S 

(b). the sensors were exposed to 10 ppm (25 ppm for Au@ZnO_S) of C2H2 at the 

optimum operating temperature (325 ℃) and the response was recorded 5 times per day 

for 1 week. Between each day's testing, the sensor was soaked in reducing condition 

(10/25 ppm C2H2, 325 ℃) to accelerate the aging process. 

It is necessary to further the investigation on the mechanisms of surface reaction and 

electrical conduction to explain the extraordinary improvement on the sensitivity towards 

C2H2 achieved by loading Au NPs. It is commonly observed experimentally that the sensor 

response is well correlated with the partial pressure of target gas of interest, PA, by the 

following equation: 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 𝑎 ∗ 𝑃𝐴
𝑛 

Where the proportionality constant a increases with decreasing D/x0 ratio (D: diameter of 

the grain; x0: depletion layer width)29,131 and the exponent factor n is mainly dictated by 

the type of ionized oxygen species (molecular or atomic) and the reaction order of PA in 

the surface reactions31,132.  
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Figure 60. (a) Characteristic curve of Au@ZnO_LB obtained at the optimal working 

condition with linear response observed between 10-5000 ppb. Inset shows the transient 

response curve towards 10-1000 ppb of C2H2. (b) Response and recovery time variations 

as a function of concentration. (c) selectivity towards C2H2 over other gases with and 

without Au dopant on ZnO_LB. (d) effect of 40% relative humidity on the sensitivity of 

Au@ZnO_LB. Inset shows the transient response curve towards 10 ppb of C2H2 obtained 

under dry and humid conditions. 

 

Firstly, loading the Au NPs on ZnO films led to notable increase in the baseline 

resistance of ZnO thin film (i.e. 60 and 30 times for ZnO_LB and ZnO_S, respectively). 

Because the Au NPs are isolated and only present at the top surface of the sensing film, the 

increase in the baseline resistance should be attributed to the decrease of conductivity in 
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the ZnO thin films underneath, which provide the main path for electron conduction. As 

illustrated in Figure 61 (a) the transportation of electron within the ZnO_LB film could be 

severely throttled due to the formation of deeper electron depletion layer (EDL) underneath 

the ZnO/Au contact. The expansion of EDL (decrease of D/x0) could arise from either the 

formation of Schottky junction between Au and ZnO, or by the oxygen spill-over effect of 

Au NPs133. When the sensor is exposed to reducing gas (e.g. C2H2), the reducing gas 

molecules react with oxygen anions and release the electrons back to the conduction band, 

causing reduced charge depletion depth and thereby opens the conduction channel within 

the nanowire as shown in Figure 61 (b). Electrons under bias may then flow freely through 

the conduction channel, and the sensor becomes much more conductive. As a result, a small 

gas concentration can then work like a switch closing or opening the conducting channel 

of ZnO nanowires, leading to tremendous sensor response.  

 

Figure 61. Schematic of electron conduction mechanism of Au@ZnO_LF in air and in 

reducing gas. In air, electron may only flow in short distance along the nanowires within 

the conduction channel, before being forced to diverge from the high potential barrier 

eVs0 in the fully depleted region to adjacent nanowires by overcoming a lower potential 

barrier eVs0. While in reducing atmosphere, the consumption of oxygen species leads to 



125 

 

reduced charge depletion depth. Electrons under bias may then flow freely through the 

conduction channel, and the sensor becomes much more conductive. 

 

Secondly, the exponent factor n is sensitive to the change in the reaction order of the 

surface reaction, which is strongly affected by the degree of coverage achieved by a 

reactant for a surface-catalyzed reaction134. Considering the most frequently proposed 

reaction scheme for reducing gas detection with semiconducting metal oxides, involving 

the total oxidation of reducing gas by one predominant type of ionosorbed oxygen species 

via a Langmuir-Hinshelwood mechanism132, the following quasi-chemical reactions are 

proposed for C2H2: 

𝑂2(𝑔𝑎𝑠) +
𝛼

𝛽
𝑒− ↔

2

𝛽
𝑂𝛽(𝑎𝑑𝑠)

−𝛼  

𝐶2𝐻2(𝑔𝑎𝑠)
+ 𝑆 ↔ 𝐶2𝐻2(𝑎𝑑𝑠)

 

𝛽

5
∙ 𝐶2𝐻2(𝑎𝑑𝑠)

+ 𝑂𝛽(𝑎𝑑𝑠)
−𝛼 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 + 𝛼𝑒− 

By considering the rate equation and space charge layer formation132, the theoretical 

value of exponent factor n for sensing C2H2 gas can be easily deduced to be 0.4 when the 

predominant ionized oxygen species are O2
-, and 0.1 when the predominant oxygen anions 

are O-. Figure 62 shows that for the pristine ZnO_LB sample, the exponent factor matches 

the theoretical value for total oxidation with O2
-, while the Au doped sample has an 

exponent factor of 1, which is much higher than the theoretical values under the premise 

of total oxidation. This indicates that the Au NPs might have altered the reaction order by 

changing the relative concentration of C2H2 to ionized oxygen on the ZnO surface by C2H2 
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spillover effect. The higher ratio of C2H2 to ionized oxygen should be more favorable to 

partial oxidation reaction, and hence the response becomes more sensitive to the 

concentration change of C2H2.  
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Figure 62. The calibration curves towards acetylene plotted in log-log scale to reveal the 

exponent factor. 

The excellent selectivity of Au@ZnO_LB towards C2H2 can be explained by its strong 

and selective chemisorption on Au NPs at high temperature. C2H2 has been observed to 

adsorb strongly on the surface of noble metals, due to its high capacity as an electron 

donor135. This characteristic is verified by experiments conducted by Azizi et al. where 

inhibition of CO oxidation was observed in the presence of C2H2
134. A fundamental study 

of acetylene oxidation on the (1 1 1) platinum surface revealed that the adsorption of 

acetylene occurs through a strong π-σ bonding between the gas and platinum surface136, 

which is absent in gas species like H2, CH4, and C2H6. As for the selectivity over C=Cs, it 

has been postulated by DFT calculations137 and verified experimentally138 that only C≡Cs 
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are adsorbed and activated in the periphery of Au nanoparticles, whereas C=Cs are not 

bonded, despite both possess unsaturated π bonds. 

By benchmarking Au@ZnO_LB sensor against state-of-the-art semiconductor-type 

acetylene sensors reported in the last decade (Table 10), it is apparent that Au@ZnO_LB 

sensor developed in this work possesses unmatched sensitivity, more than 10 times higher 

than the best record reported in the literature. Attributed to this unprecedented sensitivity, 

detection limit of 3 ppb (the concentration at which signal-to-noise ratio equals to 3) 

becomes achievable, whereas previously detection below 30 ppb was impossible. Other 

than sensitivity, the sensor developed in this work also possesses high selectivity and fast 

response and recovery time in comparison to literature. 

Table 10. Selected works studying the C2H2 sensing performance of various MOX gas 

sensors 

Materials Microstructure 
Sensitivity 

(ppm-1) 
LOD 
(ppb) 

Selectivity 
tres/trec 
(sec) 

Ref 
C2H2/CO C2H2/H2 C2H2/CH4 

Au-ZnO aligned nanowires 37 3 11 12 18 
14/115 (1 

ppm) 
this 

work 

Au-ZnO 
nanoring thick 

film 
0.22 30 9 - 14 

4/3 (100 
ppm) 

139 

Pt-
Al2O3/ZnO 

vertical nanowire 
array 

0.033 1000 - - 6 
300/500 
(20 ppm) 

140 

ZnO 
particulate porous 

film 
1.5 120 - - - 

10/30 (20 
ppm) 

141 

ZnO 
mesoporous 

nanosheet thick 
film 

0.41 60 38 15 38 
10/10 (10 

ppm) 
142 

Au-ZnO 
3D porous 

microspheres 
thick film 

3.1 40 30 60 60 
1/20 (20 

ppm) 
143 

Ag-ZnO-
RGO 

3D porous 
microspheres 

thick film 
0.34 220 - - - 

43/100 
(100 
ppm) 

144 
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ZnO-RGO 
particulate porous 

film 
0.19 4800 14 3 - 

100/24 
(100 
ppm) 

145 

Ag-ZnO 
vertical nanowire 

array 
0.16 30 8 6 - 

8/43 
(1000 
ppm) 

146 

Ni-ZnO 
random oriented-
nanowire thick 

film 
0.0065 5900 - - - 

5/10 
(2000 
ppm) 

2 

Au-
ZnO/In2O3 

random oriented-
nanowire thick 

film 
0.020 550 2.5 - 7 

9/20 (100 
ppm) 

147 

Co-ZnO 
3D porous 

microspheres 
thick film 

0.20 330 - 3 2 
35/51 
(400 
ppm) 

6 

ZnO 
3D porous flower 

likes thick film 
0.099 170 1.6 1.4 1.3 - 148 

Pt-SnO2 
3D porous flower 

likes thick film 
0.26 30 - - 1.7 - 149 

SmFeO3 
particulate porous 

film 
0.021 2200 8 - - 

10/60 (80 
ppm) 

150 

RGO-SnO2 
particulate porous 

film 
0.45 120 6 3 1.5 

54/23 
(1ppm) 

151 

Sm2O3-
SnO2 

particulate porous 
film 

1.1 220 8 5 - 
10/13 
(500 
ppm) 

152 
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6. METAL-OXIDE NANOPARTICLES WITH A DOPANT-SEGRAGATION-

INDUCED CORE-SHELL STRUCTURE: GAS SENSING PROPERTIES 

6.1 Introduction 

Metal-oxide-based chemiresistors are a type of solid-state gas sensors with wide 

applications in both industrial and domestic sectors153–155. When a metal-oxide-based 

chemiresistor is exposed to reducing/oxidizing gas species, redox reactions occur between 

the reducing/oxidizing gas species and the surface oxygen of a metal oxide (either 

chemisorbed or in the crystal lattice), and lead to a change in the electrical resistance on 

the surface as the output signal of the chemiresistor. Because the surface reaction is the 

main contributor to the electrical signal, a successful strategy to improve the sensitivity is 

to increase the surface area to bulk volume ratio by decreasing the size of metal oxide to 

the nanometric level 156–158.  

However, gas sensors made from metal oxide nanoparticles with high surface-to-bulk 

ratio are often susceptible to thermal degradation caused by grain growth and coalescence 

during service at high working temperature (200-400 ℃) 9,40,41. Therefore, it is crucial to 

develop an effective strategy to control the rate of grain growth of these nanomaterials 

without compromising the sensitivity. In metallurgy, a common technique to suppress 

grain growth is by introducing impurity atoms or phases to pin the grain boundaries, or to 

decrease the grain boundary energy 42. Based on the same mechanism, Leite et al. doped 

several rare earth elements (e.g. Y, La, and Ce) into tin (IV) oxide, the most widely studied 

metal oxide for sensor application, to form a metastable solid solution 43,44. After high 

temperature annealing, the aliovalent dopants segregate to the surface of the nanoparticles 
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to minimize the elastic strain energy and electrostatic interaction energy of the system 45, 

resulting in the formation of a dopant-segregation-induced core-shell structure with a 

dopant-rich shell and a dopant-less core.  This structure serves to prevent further thermally-

induced grain growth and coalescence by reducing the particle boundary mobility and/or 

the thermodynamic driving force 43,44. Aluminum is a promising dopant for SnO2 sensors 

that can promote the sensitivity and possibly enhance thermal stability. Several research 

groups 159,160,161 have reported the promoting effect of doping Al on the sensitivity of SnO2 

sensors, and they found Al dopant serves to increase oxygen chemisorption, decrease 

particle size, and increase charge depletion depth. However, information about the 

influence of this core-shell structure and dopant concentration on gas sensing performance 

is lacking.  

In this work, we report for the first time the formation of dopant-segregation-induced 

core-shell structure on Al-doped SnO2 nanoparticles, and study the effect of forming this 

structure on the H2 sensitivity. To uncover any composition-structure-properties (Al-conc., 

core-shell structure, H2 sensitivity) relationship within this system requires a synthesis 

method that allows the formation of Al2O3-SnO2 metastable solid solution with wide range 

of Al-concentration. For this reason, a polymeric precursor method was chosen in this work 

to synthesize Al-doped SnO2 nanoparticles because it enables formation of metastable solid 

solution even at doping concentration as high as 50 mol% 162. The present paper reports 

characterization results of the surface and the bulk of such formed powders, and the 

influence of the core-shell structure and doping concentration on gas sensing sensitivity in 

terms of morphology and surface chemistry of the Al doped SnO2 film.  
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6.2 Experimental 

6.2.1 Preparation of Pure and Aluminum Doped SnO2 Nanoparticles 

Citric acid, SnCl2∙2H2O and ethylene glycol (all from Alfa Aesar, USA). 

Al(NO3)3∙9H2O (from Fisher Scientific, (USA), all of reagent grade, were used without 

further purification. Tin citrate aqueous solution was first made from SnCl2∙2H2O and citric 

acid with a citric acid/metal molar ratio of 3:1. Following the same ratio, aluminum citrate 

aqueous solution was prepared from Al(NO3)3∙9H2O and citric acid. For aluminum doped 

samples, proper amount of aluminum citrate aqueous solution was added into tin citrate 

aqueous solution, and the Al concentration of each sample was calculated based on the 

Al/Sn molar ratio.  Ethylene glycol was added to the final solution at a mass ratio of 2:3 in 

relation to the citric acid to promote polymerization. An xerogel was formed after heating 

the solution on a hot plate at 150 ℃ for 5 h, and further calcined at 350 ℃ for 5 h.  It was 

then ball milled for 12 h at a frequency of 15 Hz. The obtained powder was calcined in a 

furnace at 600 ℃ for 4 h to obtain Al2O3-SnO2 metastable solid solutions (as-synthesized). 

To facilitate the formation of Al-rich surface layer, the Al2O3-SnO2 solid solution powders 

underwent a post-thermal-treatment at 1100 ℃ for 4 h (thermally-treated). 

6.2.2 Characterization 

X-ray diffraction (XRD) patterns were recorded on a Bruker D8 focus diffractometer 

using Cu Kα radiation (λ=1.5406 Å) and Rietveld refinement was performed for grain size 

and cell parameters analysis using the BGMN program 163,164 and the graphical interface 

Profex 165. X-ray photoelectron spectra were obtained using a VG ESCALAB 220i-XL 

photoelectron spectrometer and Al-Kα radiation (15 KeV) at about 1.3 x 10-9 mbar base 

pressure. C(1s), Al (2p), O(1s) and Sn(3d5/2) core level high-resolution spectra and wide 
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scan spectra were. C(1s) peak is used to calibrate peak position. Curve fitting of O(1s) 

spectra was done with a spin-orbit coupling of 2:1 area ratio using CasaXPS software. The 

same software was used for calculation of the elementary percentage from the recorded 

spectra. Field emission scanning electron microscopy (AMRAY 1910,) and energy 

dispersive x-ray spectrometry (EDS) were used for morphological and semi-quantitative 

atomic compositional studies. For the EDS tests, they were performed under the following 

testing condition: accelerating voltage 15 kV, take-off angle 46.40˚, and spot size of the 

electron beam around 50 nm. Specific surface area determinations were performed using 

the Brunauer–Emmett–Teller (BET) method with a nitrogen adsorption porosimeter 

(model ASAP 2020, Micromeritics). Long term stability test was performed on as-

synthesized samples and thermally treated samples with 0 and 5 mol% of dopants at 400℃ 

in air. The changes in crystallite size and cell parameters were monitored with XRD. 

6.2.3 Gas Sensor Fabrication and Sensing Measurements 

Thick sensing layers (~10 µm) were deposited by dropping thermally treated powder 

aqueous suspension dispersed by ultrasonication on alumina substrates with preprinted 

gold interdigitated electrodes (bands/gaps 200 µm, DROPSENS). After deposition, the 

sensors were first dried at 40 ℃ and 60 RH mol% for 1 h, and then annealed at 500 ℃ for 

5 h. Gas sensing characteristic was measured with a home-built gas sensor testing system 

(as shown in Figure 63) consisting of a test chamber made of quartz tube, a temperature 

control system (including a ceramic heater, a thermocouple, and a temperature controller), 

a data acquisition system (a Keithley multimeter-2700 connected to a PC), and mass flow 

controllers.  The sensors were tested at 300 ℃ for H2/air mixture with a concentration 
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between 2 ppm to 50 ppm. Sensitivity was defined as the ratio (S = Ra/Rg) of the resistance 

of the sensor in target gases (Rg) and that in dry air (Ra).  

 

Figure 63. Schematic of the gas sensor testing system. 

6.3. Results and Discussion 

6.3.1 Structure and Thermal Stability Improvement of Al-doped SnO2 

6.3.1.1 Formation of Dopant-segregation-induced Core-shell Structure 

Figure 64 shows XRD patterns of the as-synthesized and thermally-treated Al-doped 

SnO2 powders. Only XRD peaks corresponding to SnO2 with rutile structure are observed 

for as-synthesized and thermally-treated samples, except for the thermally-treated sample 
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with a doping concentration of 25 mol%, which is polyphasic because of the appearance 

of α-alumina peaks. Therefore, solid solutions of Al2O3 and SnO2 are formed for both as-

synthesized and thermally-treated samples in the doping range between 0-10 mol%.  
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Figure 64. (a) XRD patterns of as synthesized samples and (b) thermally treated samples. 

Detailed crystallographical information revealed by Rietveld refinement is shown in 

Figure 65. For the as-synthesized samples, the cell parameter ratio c/a of the rutile SnO2 

phase decreases linearly with doping concentration, suggesting an anisotropic compression 

of the unit cell along the c axis. This compression becomes stronger as the doping 

concentration is increased. This indicates that smaller Al3+ ions (0.51 Å) have been 

incorporated into SnO2 lattice by substituting the larger Sn4+ ions (0.71 Å), and metastable 

solid solutions are formed even at doping concentration as high as 25 mol% 162. On the 

other hand, the c/a ratio remains constant over the entire range of doping concentration 

after the thermal treatment at 1100 ℃ for 4 h, suggesting that the solid solution formation 

is probably restricted to the surface of particles, and hence undetectable by XRD. Therefore, 

driven by strain energy and electrostatic interaction energy 45, Al3+ ions have migrated from 

the inner lattice sites towards the surface of the particles, and form the Al-rich shell during 
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the post-heat-treatment. In comparison, dopant segregation process cannot be initiated for 

as-synthesized sample, because the synthesis temperature (600 ℃) is too low to overcome 

the activation energy required. For the thermally-treated sample with a doping 

concentration of 25 mol%, a core-shell structure formed by dopant segregation is probably 

still very thermodynamically unstable. As a result, a complete phase separation might have 

occurred, which left the whole doping element resides in particles of own oxide, and left 

the SnO2 phase dopant-free (c/a ratio same as pure SnO2).  
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Figure 65. c/a ratio as a function of doping concentration for as-synthesized and thermally 

treated powders. 

To further confirm the formation of dopant segregation induced core-shell structure, 

XPS wide scans of thermally-treated samples with doping concentration range from 0-10 

mol% was performed (25 mol% Al-doped sample is not included because of its polyphasic 

nature revealed by XRD). As shown in Figure 65 (a), the presences of Sn, Al and O are 

confirmed. The presence of carbon peak is due to surface contamination or adsorbed 

carbonaceous species. As shown in Figure 65 (b), the quantitative analysis of XPS results 

show that the Al concentration at the surface is 2 to 10 times larger than the doping 
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concentration used when preparing the samples. To confirm the bulk composition 

(including both core and shell) of the samples, energy-dispersive X-ray spectroscopy 

(EDS), a characterization technique with a depth resolution of the order of microns, was 

used to analyze the samples, and the results are also given in Figure 66 (b), As shown, the 

EDS measured bulk compositions for all the samples are essentially the same as the 

theoretical doping concentrations, which is expected because of the large sample size 

(hundreds of nanoparticles) probed by EDS. Combining the evidences of XPS quantifying 

high concentration of Al on the sample surface, XRD showing no secondary phase 

formation and constant c/a ratio for samples with Al doping content ≤ 10 mol%, and EDS 

of consistent Al concentration in the bulk, confirm the formation of dopant-segregation-

induced core-shell structure for the Al-doped SnO2 samples after the thermal treatment 43.  
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Figure 66. (a) XPS wide scan for thermally treated samples. (b)Surface & bulk (including 

both core and shell) concentration of Al determined by XPS & EDS as a function of 

theoretical concentration. 

6.3.1.2 Particle Size of Pure and SnO2 Samples with Core-shell Structure 

Low-magnification bright-field (BF) transmission electron microscopy (TEM) images 

of three as-synthesized samples with doping concentrations of 0, 5 and 25 mol%, 
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respectively are shown in Figure 67. In the as-synthesized state, the particles are uniform 

and well crystallized, which is confirmed by the clear lattice fringes shown in the insets of 

Figure 67. The mean particle sizes for the three samples based on the TEM images are 

around 20, 15, and 5 nm, respectively, which are very close to the crystallite size estimated 

using the Rietveld Refinement method based on the XRD result. Therefore, particle size 

changes of pure and doped SnO2 samples were evaluated based on the XRD results. As 

shown in Table 11, after the thermal treatment at 1100℃ for 4h, grain growth is observed 

for samples with or without Al-rich shell. However, the solute-drag effect occurred in the 

core-shell structure slows down the grain growth rate from 3.87*10-2 nm/℃h for pure SnO2 

particles to 1.52*10-2 nm/℃h for 5 mol% Al-SnO2 particles. As a result, particles covered 

with Al-rich shell are smaller than bare SnO2 samples.  

 

Figure 67. TEM images of three as-synthesized samples with doping concentrations of 

(a) 0 mol%, (b) 5 mol%, and (c) 25 mol%. 

In terms of the influence of doping concentration on the core-shell structure, the grain 

growth rate initially decreases from 3.54x10-2 nm/℃.h at 1 mol% to a minimum value of 

at 1.52x10-2 nm/℃h at 5 mol%. This suggests that the efficacy of the Al-rich shell in 

inhibiting grain growth increases with doping concentration until an optimum value is 

reached at 5 mol%. According to the classical model for solute drag effect proposed by 



138 

 

Lücke and Detert in 166, the solute drag force exerted on the surface of individual particles 

can be written as 

𝑃𝑖 = 𝑛𝐶0𝑓 

where n is the number of dopants per unit area on the surface, f is the force exerted on 

the surface by a single dopant, and C0 is the concentration of dopants near the surface. 

Because the surface concentration of Al increases with doping concentration in the range 

between 1 and 5 as revealed with the XPS results, the enhancement in the grain growth 

inhibiting ability of the Al-rich shell achieved in this dopant concentration range can be 

explained based on the resulted increase in solute drag force.  

Table 11. particle sizes of as-synthesized and thermally-treated samples with Al content 

between 0-25 mol% and grain growth rate. 

Doping Conc. 

(mol%) 

Das-synthesized 

(nm) 

Dthermally-treated 

(nm) 

Grain Growth Rate 

(10-2 nm/℃h) 

0.0 19.1 96.4 3.87 

1.0 17.4 88.1 3.54 

2.5 15.3 65.7 2.52 

5.0 12.1 42.5 1.52 

7.5 10.9 56.8 2.30 

10.0 7.2 53.4 2.31 

25.0 4.1 99.4 4.77 

 

For the samples with doping concentration exceeding 5 mol%, the grain growth rate 

rises again from 1.52x10-2 nm/℃h at 5 mol% to 2.31*10-2 nm/℃.h at 10 mol%. In this 

concentration range, the Al-rich shell is likely to be over-saturated. This over-saturation is 

often relaxed by the nucleation of amorphous dopant rich particles on the surface, which 

are less effective in terms of controlling grain growth 167. The high-resolution XPS spectra 

of the Al 2p peak of the thermally-treated samples (Figure 22) shows no obvious shift in 
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binding energy, which suggests that Al remains as dopant in SnO2 instead of forming a 

second phase at doping concentration higher than 5 mol% 168. Moreover, as depicted in 

Figure 68, the decrease in Al surface concentration observed in XPS can be explained by 

the nucleation of dopant rich particles, which serves to lower the Al concentration in the 

shell 168. When the dopant distribution is homogeneous across the sample surface (Figure 

69 (a)), XPS, a technique probes only the top few atomic layers of a sample, will reveal 

notable Al enrichment on the sample surface because of dopant segregation. For the 

samples with 7.5 and 10 mol% Al, nucleation of Al-rich particles will expose surface with 

lower doping concentration (Figure 69 (b)). As a result, fewer photoelectrons 

corresponding to Al will be generated per unit of area. 
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Figure 68. High-resolution XPS spectra at binding energies corresponding to the Al 2p. 
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Figure 69. (a) high level of dopant segregation on the surface, therefore, the dopant 

concentration measured by XPS is much higher than theoretical doping concentration; (b) 

nucleation of al-rich particles, surface with low dopant concentration exposed. 

To illustrate the effectiveness of the core-shell structure on controlling thermal 

degradation during sensor use, Al-doped SnO2 powders with core-shell structure 

underwent thermal treatment at 400 ℃ in air for 15 days, and the crystallite size remained 

constant (Figure 70). In comparison, after the long-term stability test, the crystallite sizes 

of as-synthesized SnO2 with 0 and 5 mol% dopants increase by 70 % and 35 %, respectively. 

This suggests that the as-synthesized samples have low thermal stability, possibly due to 

their low crystallinity and defect-rich surface, both of which serve to promote atomic 

diffusion on the surface 169,170. On the other hand, the stability of the thermally-treated 

samples is much improved due to higher crystallinity. Besides, the formation of core-shell 

structure also serves to stabilize the structure by reducing the particle boundary mobility 

and the thermodynamic driving force 43,44.  Interestingly, although notable grain growth 

has been observed for the as-synthesized samples, the c/a ratio remains constant throughout 

the whole testing period (Figure 71). This suggests that dopant segregation process doesn't 

occur under normal working condition for gas sensing, and hence the core-shell structure 

may persist once formed. 
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Figure 70. Crystallite size of as-synthesized samples with 0 and 5 mol% doping 

concentration (AS-0 & AS-5) and thermally-treated samples with 0 and 5 mol% doping 

concentration (TT-0 & TT-5) as a function of time at 400 ℃. 
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Figure 71. c/a ratio of as-synthesized samples with 0 and 5 mol% doping concentration 

(AS-0 & AS-5) and thermally-treated samples with 0 and 5 mol% doping concentration 

(TT-0 & TT-5) as a function of time at 400 ℃. 

3.3.1.3 Coalescence Degree of Bare and SnO2 Samples with Core-shell Structure 

To evaluate the difference in the level of coalescence of the pure SnO2 and the Al-rich 

shell covered SnO2 samples, surface area measurements were performed based on the 

Brunauer-Emmett-Teller (BET) method for the thermally-treated samples. As shown in 
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Table 12, the samples with core-shell structure have higher surface area value than the bare 

SnO2 sample. Assuming the particles are spherical in shape for all samples, an effective 

particle size value (DBET) can be deduced from the surface area value, and the ratio between 

DBET and DXRD should be a valid indicator for the degree of agglomeration 43. The pure 

SnO2 sample is in a more advanced stage of coalescence than SnO2 sample with core-shell 

structure, because the ratio for pure SnO2 is the smallest among all the samples. This 

observation is further confirmed with TEM. As shown in the insets of Figure 72 (a), broad 

well-defined necks formed between pure SnO2 particles can be observed, while no obvious 

neck formation is observed for Al-doped SnO2 with core-shell structure (Figure 72 (b)). 

 

Figure 72. TEM images of (a) pure SnO2 and (b) SnO2 samples with 5 mol% Al. 

In terms of the dependence of coalescence level on doping concentration, a trend 

similar to that of particle size can be observed. Within the dopant rich shell, the dislocation 

mobility is impaired due to the same solute drag effect, and hence the neck formation 

process is also retarded. With increasing doping concentration, the solute drag effect 

initially becomes more pronounced because of the increase in dopant concentration within 

the dopant rich shell. When doping concentration exceeds 5 mol%, the solute drag effect 
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is weakened due to the nucleation of dopant rich particles. As a result, the coalescence level 

of the samples with core-shell structure becomes higher at doping concentration larger than 

5 mol%. 

Table 12. Grain coalescence level as a function of doping concentration 

Doping Conc. 

[mol%] 

BET Surface Area 

[m2/g] 

Particle Size 

(DBET) [nm] 

Particle Size 

(DXRD) [nm] 

DBET 

/DXRD 

0.0 1.27 671.4 96.4 7.1 

1.0 2.12 401.4 88.1 4.5 

2.5 4.24 200.5 65.7 3.0 

5.0 12.49 68.1 42.5 1.6 

7.5 8.82 96.3 56.8 1.7 

10.0 7.73 110.0 53.4 2.0 

 

6.3.2 Gas Sensing Properties and Mechanisms 

Pure SnO2 and SnO2 powders with dopant-segregation-induced core/shell structure (1-

10 mol% Al conc.) were used to fabricate thick film sensors. The electrical resistance 

values of all the sensors were first measured in air at 300℃. As shown in Figure 73, the 

resistance of the samples with core-shell structure is more than 2 orders of magnitude larger 

than that of pure SnO2. The substitution of Sn4+ with Al3+ can be expressed in the following 

Krӧger-Vink notation as: 

••++⎯⎯ →⎯ O

X

OSn

SnO VOAlOAl 32 '
32

2  (48) 

For n-type SnO2, the formation of the oxygen vacancy drives the following reaction 

towards right: 

X

OO OOeV ⎯→⎯++••

2

'

2

1
2  (49) 
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which reduces free-electrons in the conduction band. Therefore, the sharp increase in 

electrical resistance should be attributed to the formation of this highly resistive shell. 
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Figure 73. Electrical resistance in air at 300 °C for the sensors doped with different 

concentration of Al. 

The sensor response to H2 in the form of resistance change is displayed in Figure 74. 

The results show a decrease in resistance when the sensor is exposed to a reducing gas, 

typical for n-type metal oxide semi-conductor sensor. Al-doped samples with core-shell-

structure also exhibit n-type sensing behavior, even with the concentration of acceptor 

dopant (Al3+) as high as 47 mol% on the surface.  The reduction in resistance when 

exposure to a reducing gas is due to increase in the electronic concentration described by 

the following defection reaction: 

𝐻2(𝑎𝑑𝑠) + 𝑂2−(𝑎𝑑𝑠) → 𝐻2𝑂(𝑎𝑑𝑠) + 2𝑒− (50) 

𝐻2(𝑎𝑑𝑠) + 𝑂−(𝑎𝑑𝑠) → 𝐻2𝑂(𝑎𝑑𝑠) + 𝑒− (51) 
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Figure 74. Transient response curves for pure and Al doped samples. 

The sensor responses (Rair/Rgas) of pure SnO2 and SnO2 with Al-rich shell to H2 are 

demonstrated in Figure 75. The sensor response of the sensor made from pure SnO2 is 

extremely low, i.e. 1.7 in response to 100 ppm H2. In contrast, significant improvement in 

sensitivity has been achieved for SnO2 samples with Al-rich shell. To be specific, the 

sample with 5 mol% Al dopant shows a response value of 12.6 at 100 ppm H2, which is 

more than ten times larger than that of bare samples. Among the samples with core-shell 

structure, an optimal doping concentration of 5 mol% is observed for achieving the highest 

sensitivity.  
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Figure 75. Sensor response as a function of Al concentration to 2-100 ppm of H2. 

Based on the structural analysis presented in the previous section, the sensing layer of 

the pure SnO2 sample consists of aggregates of partially sintered crystallites, as depicted 

in Figure 76 (a). The high DBET/DXRD ratio (7.1) suggests that coalescence of crystallites 

should be ubiquitous, and the necks formed should be wide. Moreover, the average 

diameter of the crystallites (D=96.4nm) should be considerably larger than the thickness 

of depletion layer (L≈few nanometers). Considering these two factors, electron transfer 

within the conductive core of the aggregates as well as the intercrystallite electron transfer 

through grain necks should be insensitive to any interaction between SnO2 surface and the 

gas phase. Therefore, the major contributor to gas sensitivity should be the double Schottky 

barriers at the grain boundaries (GB) connecting the aggregates. To be specific, the height 

of double Schottky barriers, qVB, where q is the electron charge, and VB is the grain 

boundary potential, depends on the ionosorbed oxygen concentration on the surface 132. 

When H2 is introduced into the gas phase, the concentration of ionosorbed oxygen is 

reduced based on Equ 3 and 4. This leads to lower double Schottky barrier, and in turn, 

higher conductivity, as shown in Figure 76 (b). However, because of the extensive 
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coalescence between crystallites, the quantity of GB is limited, and hence the sensitivity to 

H2 is limited. 

For the samples with core-shell structure, decreases in both DBET/DXRD ratio and 

crystallite size are observed, and the changes in the conduction model is illustrated in 

Figure 76 (c). Smaller DBET/DXRD ratio suggests that the aggregates consist of fewer 

crystallites for the samples with core-shell structure. In other word, more double Schottky 

barrier formed at GB will exist on the intercrystallite charge transport pathways to affect 

conductivity. Moreover, because the ratio between L (thickness of depletion layer) and D 

(crystallite size) is also increased due to the decrease in D, some constricted conduction 

channels could also form inside grain necks because of the extension of insulating electron 

depletion layer into the neck. Accordingly, when H2 is introduced to the gas phase, the 

constricted conduction channels will expand and lead to sizable increase in conductivity 

(Figure 76 (d)), because the electrons released by the surface reactions between H2 and 

ionosorbed oxygen leads to the retreat of electron depletion layer. Therefore, the  
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Figure 76. (a-b) Structure and electrical band models for pure SnO2 in air and in H2; 

(c-d) Structure and electrical band models for SnO2 with Al-rich shell in air and in H2. 

the considerable gas sensitivity improvement observed in the samples with core-shell 

structure should be attributed to the abundant Schottky barriers at grain boundaries and the 

constricted conduction channels formed inside grain necks.  

Based on the model proposed above, the dependence of H2 sensitivity on Al doping 

concentration for the SnO2 samples with core-shell structure can be explained from the 

perspective of crystallite size and DBET/DXRD ratio. As illustrated in Figure 77, initially 

with increasing doping concentration, both factors become smaller because solute drag 

effect becomes more pronounced, and as a result, the sensitivity gradually improves with 

doping concentration until reaching a maximum at 5 mol%. Further doping instead leads 

to weakening of solute drag effect, and crystallite size and DBET/DXRD ratio rise with doping 

concentration, which makes the sensitivity decrease. 
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Figure 77. (a) Sensor response to 100 ppm H2 at 300℃, (b) crystallite size derived from 

XRD, (c) ratio between particle size derived from BET and crystallite size derived from 

XRD, as function of Al doping concentration. 
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7. SEMICONDUCTOR SENSOR ARRAY FOR DISSOLVED GAS ANALYSIS 

7.1 Introduction and Objectives 

Transformers are ubiquitous in modern interconnected power systems. In a large 

public power utility, the number of transformers in the subtransmission and transmission 

network can be from a few hundred to over one thousand. Power transformers are generally 

very reliable, with a 20-35 year design life. However, the in-service failure of a transformer 

is potentially dangerous to utility personnel through explosions and fire, potentially 

damaging to the environment through oil leakage, is costly to repair or replace (replacing 

cost could be millions of dollars)171. To prevent these failures and to maintain transformers 

in good operating condition is a very important issue for utilities. 

Dissolved gas analysis (DGA), a method involves sampling of the transformer oil to 

measure the concentration of the dissolved gases, has emerged as one of the most effective 

diagnostic methods for preventive and predictive maintenance of transformer172. When the 

insulating material of transformer deteriorates, it releases varies gas species into the 

transformer oil, so the concentration of gas dissolved in transformer oil can indicate the 

condition of the equipment. Table 13 indicates the upper threshold limit of concentration 

for the dissolved gases in the transformer oil. According to the key gas method described 

in IEEE standard, the relative ratios between these three gases can serve to discern all four 

types of electrical fault behavior with good confidence. Moreover, by monitoring the 

generation rate of these gases, the severity of the fault can also be measured. 

The commercially available gas sensors for constructing an online monitoring system 

are either based on Infrared adsorption spectroscopy or based on Photoacoustic 
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Spectroscopy173(Table 14). Both of the techniques can accurately detect the concentrations 

of most dissolved gas species, but these diagnostic tools are very expensive (around 

$50,000 per unit). Considering the large number of transformers used in the power industry, 

replacing the off-line test with online monitoring system built with optical sensors in large 

scale is unrealistic.  

Table 13. The concentration of dissolved gases for normal operating transformers 

according to IEEE standard2 

Gas H2 CH4 C2H2 C2H4 C2H6 CO TDG 

Concentration 

(ppm) 
100 120 35 50 65 350 720 

 

Conductometric gas sensors are designed for monitoring the gas composition of their 

surrounding environment in real time by transforming chemical signal (i.e. gas 

concentration) into a measurable electrical signal (i.e. conductivity change). As shown in 

Table 15, this type of gas sensors are very cost effective (around $10 per unit) and have 

wide applications in the automobile industry, energy exploitation industries, petrochemical 

manufacturing industries, and domestic/industry environmental control4 to monitor 

flammable and hazardous gases such as H2, CO, NO2, and VOCs5.  

The project aimed to develop sensing materials for analyzing the gas mixture dissolved 

in transformer oil encompasses H2, CO, CH4, C2H6, C2H4, and C2H2. For every sensing 

material, the detection limit towards all the gases of interest must be below 1 ppm; the 

response time must be shorter than 1 min; and the service life must be longer than 3 years. 

Moreover, a strategy to select optimal sensing material combination for building a high-

performance sensor array for the dissolved gas analysis needs to be designed and executed. 
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Table 14 Commercial sensor unit for dissolved gas analysis 

 
Product and 

Company 

names 

Require 

carrier 

gas 

Specification 

(detectable 

gas no, 

detection 

range,) 

Cost 

($/unit) 
Accuracy Ref. 

Photoacoustic 

TOTUS DGA, 

Camlin 

Power© 

No 
6 gases, 0.5-

10000 ppm 
50,000 ±5% [1] 

Non-dispersive 

Infrared 

SmartDGA, 

LumaSense 

technologies© 

No 
6 gases, 50-

10000 ppm 
30,000 ±5% [2] 

Gas 

chromatograph 

Multi Gas 

Serveron, 

Qualitrol© 

Yes 
6 gases, 10-

10000 ppm 

15,000-

20,000 
±5% [3] 

 

Table 15 Commercial gas sensor technology 

Technology Commercial example Dimension (mm3) Price ($) 

Semiconductor type MEMS Bosch BME680 5 7 

Electrochemical Figaro TGS5141 2000 10 

Non-dispersive infra-red SGX IR12 6000 150 

 

The following chapters are arranged in a way to reflect the research and development 

process for developing the sensor array meeting the project requirements, which involves: 

• Design and build sensor testing system 

• Develop device fabrication process which is easy to scale up and promotes 

sensor response speed 

• Develop sensing materials library: 
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• A main focus on obtaining high sensitivity and varied response pattern to the 

dissolve gases by temperature control, applying physical/chemical filter, and 

introducing chemical modifiers 

• A secondary focus on improving the temporal stability of the sensor material 

• Select optimal subset of sensor materials from the materials library to form the 

sensor array 

• Accelerated life testing on the selected sensor materials to estimate the service 

life 

• Sensor array prototype building and testing 

7.2 Sensor Testing System Development 

The function of this gas sensor testing system is to gather and analyze the change in 

electrical resistance of semiconductor gas sensors while being exposed to six gas species 

(carbon monoxide, hydrogen, methane, ethane, ethene, ethylene) to evaluate the sensitivity, 

response time, and selectivity of these gas sensors.  

Gas sensing characteristic was measured with a custom-made gas sensor testing 

system (as shown in Figure 78 (a)) containing four sectors: 

Sector 1: a test chamber made of a quartz tube and two custom-made vacuum fittings 

(S16-1TF200IN6, Swagelok), holding four pairs of silver probes made in-house (Figure 

Figure 78 (c)). 

Sector 2: temperature control system including a rope heater (FGR-060, Omega) 

(Figure 78 (b)), a thermocouple (TJ36-CAIN-116G-6, OMEGA), a variable transformer 
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(0-130V, 3 Amp, Electronix express), and a temperature controller (CN16PT-305, 

OMEGA).  

Sector 3: a gas delivering system consisting of four mass flow controllers (MKS 

GM50A) and one mass flow controller power supply/readout unit (MKS 247D) 

(specification summarized in Table 16). 

Sector 4: a data acquisition system (a Keithley multimeter-2700 connected to a PC). 

 

  
Figure 78. photograph of the gas sensing system (a); photograph of the test chamber (b); 

photograph illustrates a gas sensor connected to 1 of the 4 pairs of electrical probes by two 

micro-clips. 

The test chamber heated by the heating rope had wide working temperature range 

between RT to 350 ℃, and support simultaneous testing of four sensors. The size of the 
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test chamber is minimized (~40 cm3) to eliminate the dispersion effect. The delivery of 

mixed gas with varied concentration and the switching between mixed gas and air were 

achieved with four mass flow controllers (the specifications are listed in Table 16) and a 

four-way valve (4 two way valves). MFC1 and MFC4 were both connected to ultra-zero 

air, while the flow rate of 1000 ppm mixed gas was regulated by either MFC2 or MFC3. 

Mixed gases with a concentration between 1-1000 ppm were prepared by setting the MFCs 

to the setpoints listed in Table 17. The switching between the air gas stream to the mixed 

gas stream was achieved by turning the 4-way valve as shown in Figure 79. 

 

Figure 79. schematic diagram of (a) the gas sensor testing system: reference gas (ultra-

zero air) mode; and (b) analyte gas (reducing gas mixed in air) mode. 

To conduct gas sensor testing, the sensors were first stabilized in the gas chamber at 

set working temperatures with 200 sccm air flow for 30 min, with the aim of achieving 

thermal equilibrium. Then the two gas streams were switched periodically to test the 

sensing performances at different gas species and at different gas concentrations. The 

sensing performance at different temperature was evaluated by re-establishing thermal 

equilibrium at a different temperature. Sensor response (S) for n-type sensors (SnO2 and 
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ZnO-based) was defined as the ratio, Ra/Rg (or Cg/Ca), where Ra (Ca) and Rg (Cg) are 

the resistances of the sensor in dry air and in mixed gases, respectively. For p-type sensors 

(i.e. CuO-based), sensor response was defined as the ratio, Rg/Ra (or Ca/Cg), to keep the 

value larger than 1. The ratio between the sensor response for different gases was defined 

as the selectivity. The response rate and recovery rate were defined as the time required to 

reach 90% of the fully excited state in mixed gas and 90% of the fully relaxed state in the 

air, respectively. 

Table 16. the specifications of the mass flow controllers used in the gas sensing system. 

Description 
Min flow rate 

(sccm) 

Max flow rate 

(sccm) 
Cylinder(s) connected 

Mass flow controller 1 

(MFC1) 
1 200 Ultra-zero air 

Mass flow controller 2 

(MFC2) 
0.1 5 

1000 ppm CO, H2, CH4, 

C2H6, C2H4, C2H2 in air 

Mass flow controller 3 

(MFC3) 
1 200 Ultra-zero air 

Mass flow controller 4 

(MFC4) 
1 200 

1000 ppm CO, H2, CH4, 

C2H6, C2H4, C2H2 in air 

Table 17. Mass flow controller set points for achieving concentration between 1-1000 ppm 

using a 1000 ppm cylinder. 

Concentration (ppm) MFC1 (sccm) MFC2 (sccm) MFC3 (sccm) MFC4 (sccm) 

1 200 0.2  199.8 

3 200 0.6  199.4 

5 200 1  199 

10 200 2  198 

30 200  6 194 

50 200  10 190 

100 200  20 180 

300 200  60 140 

500 200  100 100 

1000 200  200 0 
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7.3 Development of Device Fabrication Technique 

Planer-type sensor configuration was used in this work. The support with preprinted 

interdigitated electrodes were procured from commercial source, hence the focus of 

development was on sensing layer deposition. Two strategies were investigated: 

Blade coating method: thick sensing films (thickness>10 μm) were deposited on 

alumina substrates with preprinted gold interdigitated electrodes (bands/gaps 200 µm, 

DROPSENS). Terpineol/Ethyl cellulose (95/5 wt%) was prepared as an organic vehicle. 

100 μL of the organic vehicle was added to 0.5 g of powder to prepare a paste with suitable 

rheology properties. A proper amount of paste was first transferred on the alumina substrate, 

and then a continuous film with preset thickness was formed by dragging a blade coater 

across the substrate. The thick film sensors were then dried at 70 ℃ for 12 h followed by 

calcination at 400 ℃ for 6 h to remove the organic vehicle. 

Drop coating method: Sensing films with medium thickness (~10 µm) were deposited 

by drop coating method. Typically, 50 μl of aqueous suspensions of powders (0.1g/ml) 

dispersed by ultrasonication was dropped on alumina substrates with preprinted gold 

interdigitated electrodes (bands/gaps 200 µm, DROPSENS). The substrates were first 

treated in HCl/methanol (1:1) solution to improve hydrophilicity for better spreading of the 

droplets. After deposition, the sensors were first dried at 40 ℃ and 60 RH mol% for 1 h 

and then annealed at 500 ℃ for 5 h. 
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Figure 80. Schematics for (a) blade coating and (b) drop coating. 

7.3.1 Response rate enhancement by reducing both agglomeration and sensing layer 

thickness 

The results described in section 5.3.1.1 and 5.3.1.2 were obtained from thin film 

sensors prepared with ball-milled powders with a low level of agglomeration by drop 

coating method. The sensors show excellent sensitivity to H2 and fast response & recover 

speed. The current section presents sensor response & recover rate data obtained from 

heavily agglomerated powders and thick film sensors, to boasts the effectiveness of the 

ball-milling process and drop coating method on response rate enhancement. As shown in 

Figure 81 (a), gas diffusion inside those large nonporous agglomerates will be much 

slower than through inter-agglomerates pores. Therefore, by breaking down the solid 

agglomerates, gas diffusion would become easier and lead to a faster response. Post ball 

milling treatment was performed on the 1%-Al powders and thick film sensors were made 

by blade coating. The SEM image (Figure 81 (b)) shows that the agglomerates were 

completely broke apart by the ball milling process. After the ball milling process, crystallite 

size also decreases from 37 nm to 21.7 nm according to XRD results (Figure 81 (c)). 

 

Figure 81 (a) SEM image of 1% Al-doped SnO2 powders before ball milling; (b) after ball 

milling; (c) comparison of XRD patterns before and after ball milling, the XRD peaks 

become shorter and broader after ball milling, which suggests a decrease of crystallite size. 
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Making thick film sensor thinner also shorten response time because of shorter 

diffusion length for gas species. As shown in Figure Figure 82 (a) and (c), the film 

thickness values achieved by blade coating method and inkjet printing method are 50 um 

and 10 um, respectively. The SEM top-view images (Figure 82 (b) and (d)) show that both 

techniques can produce the porous film with no agglomeration. 

 

Figure 82. (a) and (b) cross-section and top view of thick film sensor fabricated by blade 

coating method; (c) and (d) cross-section and top view of thick film sensor fabricated by 

inkjet printing method. 

The gas sensing result (Figure 83 (a)) shows that by doing ball milling, the response 

time to 1000 ppm H2 at 300 ℃ can be shortened from 307 s (1% Al) to 130 s (1% Al_BM). 
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Sample fabricated by drop coating method shows further improvement in response rate (43 

s, 1% Al_BM_IP). Therefore, a combined strategy of first powder de-agglomeration by 

post ball milling treatment and then film deposition by drop coating yields sensor with the 

fastest response. In addition to response time, the sensitivity values of different sensors at 

different H2 concentrations are also compared (Figure 83 (b)). The very similar response 

values suggest that post ball milling treatment and inkjet printing deposition process 

haven’t influenced the sensitivity, since for 1% Al_BM_IP sample, the detection limit is 

smaller than 1 ppm as well. 
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Figure 83. (a) response times of 1% Al (as-synthesized powder, 50 um film), 1% Al_BM 

(ball-milled powder, 50 um film), and 1% Al_BM_IP (ball-milled powder, 10 um film) 

toward 1000 ppm H2 at 300℃; (b) sensitivity values of three aforementioned sample vs. 

different H2 concentration at 300℃. 

7.4. Sensing Materials Library Development 

7.4.1 Sensing Materials Synthesis 

7.4.1.1 Zinc (II) Oxide Based 

Zinc oxide nanoparticles: 0.7184 g ZnCl2 anhydrous and 0.3304 g citric acid were first 

dissolved in 36 ml of DI water, and then 6.6 ml of 2 M NaOH aqueous solution was added 

dropwise. After magnetic stirring for 10 min, 36 ml of DI was poured into the white 
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suspension. The suspension underwent hydrothermal treatment in an autoclave (capacity 

90 ml) at 200 ℃ for 20 h. The product of the hydrothermal reaction was washed with DI 

water and ethanol, and the white powders were collected after washing/centrifugation and 

drying at 80℃ for 20 h. 

Zeolitic imidazolate framework-8/ Zinc oxide nanodisk composite: a Thick film of 

ZnO nanodisk was first placed in a 0.5 M Hmim methanol solution at 25 ℃ for 2.5 h for 

activation. Secondly, the activated film was transferred to another synthesis solution with 

a molar composition of 0.65 HCOONa: 1.0 ZnCl2: 1.5 Hmim: 450 MeOH at 100℃ for 5 

h for ZIF-8 film growth. After the solvothermal reaction, the as-synthesized bilayer film 

was taken out, naturally cooled to room temperature and thoroughly washed with methanol 

and dried at 25 ℃ for 24 h. 

Urchin-shaped ZnO microcrystals: 0.9297 g Zn(NO3)2 6H2O was first dissolved in 

40 ml of DI water, after which 10 ml of 3 M NaOH aqueous solution was added dropwise 

and the white suspension was stirred for 30 min before being transferred into an autoclave 

(capacity 90 ml). After hydrothermal treatment at 180 ℃ for 5 h, the product of the 

hydrothermal reaction was washed with DI water and ethanol, and the white powders were 

collected after washing/centrifugation and drying at 80℃ for 20 h. 

7.4.1.2 Tin (IV) Oxide Based 

Pristine and Al-doped SnO2 nanoparticles via polymeric precursor method: Tin citrate 

aqueous solution was first made from SnCl2∙2H2O and citric acid with a citric acid/metal 

molar ratio of 3:1. Following the same ratio, the aluminum citrate aqueous solution was 

prepared from Al(NO3)3∙9H2O and citric acid. For aluminum doped samples, the proper 

amount of aluminum citrate aqueous solution was added into tin citrate aqueous solution, 

and the Al concentration of each sample was calculated based on the Al/Sn molar ratio.  
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Ethylene glycol was added to the final solution at a mass ratio of 2:3 in relation to the citric 

acid to promote polymerization. A xerogel was formed after heating the solution on a hot 

plate at 150 ℃ for 5 h, and further calcined at 350 ℃ for 5 h.  It was then ball milled for 12 

h at a frequency of 15 Hz. The obtained powder was calcined in a furnace at 600 ℃ for 4 

h to obtain Al2O3-SnO2 metastable solid solutions (as-synthesized). To facilitate the 

formation of Al-rich surface layer, the Al2O3-SnO2 solid solution powders underwent a 

post-thermal-treatment at 1100 ℃ for 4 h (thermally-treated). 

Pristine and noble-metals / metal-oxides doped SnO2 nanoparticles via sol-gel and 

impregnation method:14.04 g SnCl4∙5H2O was first dissolved in 400 ml of DI water. 

Ammonia aqueous solution (pH = 12.5) was added dropwise into the solution with constant 

stirring until pH value reached 6. Wet gel was obtained by centrifugation at 10000 rpm for 

5 min. To eliminate any residue chlorine ions in the wet gel, a solution composed of 

diethylamine and nitric acid (pH=6) was used to wash the wet gel 3 times. Afterward, the 

same solution was used to redisperse the wet gel, and 10 ml of polyethylene glycol-400 

was also added as a dispersant. The suspension was aged with stirring for 24 h. The product 

was then separated via vacuum filtration and dried at 80 ℃ overnight. Finally, pristine 

SnO2 nanoparticles were obtained by calcination at 600 ℃ for 6 h. 

For doping SnO2 nanoparticles, several drops of 0.01 M metal salts aqueous solution 

(including AuCl3, PdCl2, AgNO3, Cu(NO3)2, NiCl2, Co(NO3)2) were added to the SnO2 

nanoparticles forming some viscous pastes. The pastes were ground with mortar and pestle 

until they dried off, and the dried mixtures were calcined at 600 ℃ for 4 h to convert the 
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metal salts into a single element or oxide states. The doping concentrations were controlled 

at around 0.5 wt%. 

7.4.1.3 Copper(II) Oxide Based 

CuO/CeO2 composite hollow microsphere: 5.406 g D-glucose was dissolved in 50 ml 

of DI water. 0.002 mol of metal salt precursors (Ce(NO3)2 6H2O and Cu(NO3)2 2.5H2O) 

were dissolved in 10 ml of DI water. The two solutions were mixed with a magnetic stirrer 

for 15 min. After hydrothermal treatment at 180 ℃ for 24 h, the product of the 

hydrothermal reaction was washed with DI water and ethanol, and the black char was 

collected after washing/centrifugation and drying at 80℃ for 20 h. The final products with 

CuO wt% ranging between 0-100 were obtained by removing the polymer template at 500 ℃ 

for 3 h. 

CeO2 doped CuO nanoparticles: CuO nanoparticles were synthesized by the same 

method for synthesizing CuO/CeO2 composite hollow microsphere. For doping CeO2, 

several drops of 0.01 M Ce(NO3)3 aqueous solution was added to the CuO nanoparticles 

forming some viscous pastes. The pastes were ground with mortar and pestle until they 

dried off, and the dried mixtures were calcined at 500 ℃ for 3h to convert the metal salts 

into oxide states. The doping concentration values were 0.5, 2, and 5 wt%. 

Pristine and CeO2/Pd/Au-doped CuO nanosheets: CuO nanosheets were synthesized 

by hydrothermal method. 1.163 g of Cu(NO3)2 2.5H2O was first dissolved in 10 ml ethanol. 

The prepared solution was added dropwise into 100 ml of 5 M NaOH aqueous solution 

with vigorous stirring. After continuous stirring for 30 min, the suspension was divided 

equally into two parts and transferred to two 90 ml autoclaves. After hydrothermal 
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treatment at 100 ℃ for 24h, the product was washed with a large quantity of warm DI 

water and ethanol to remove any residue sodium ions, and the black powders were collected 

after washing/vacuum filtration and drying at 80℃ for 24 h.  

For doping CeO2, 0.05 g CuO nanosheets were dispersed in 40 ml of ethanol/water 

mixture solution (volume ratio 1:1) by ultrasonication for 30 min. Afterward, the 

suspension was transferred into a round bottom three-way flask. 0.0217g (or 0.0434g for 

higher doping concentration) Ce(NO3)3 6H2O and 2.5 ml of hexamethylenetetramine 

aqueous solution (0.02 g/L) were added into the suspension with constant stirring. The 

temperature was increased to 70 ℃ and the refluxing process was carried out for 2 h. The 

product was washed with DI water and ethanol to remove any impurity, and the black 

powders were collected after washing/vacuum filtration and drying at 60℃ for 24 h. 

Deposition-precipitation method was used for doping Pd and Au at the surface of CuO 

nanosheets. For 5 wt% Pd doped CuO nanosheet, 0.025 M PdCl2 aqueous solution was first 

prepared by adding 0.0887g PdCl2 and 0.0584g NaCl in 20 ml DI water. 0.1 g CuO 

nanosheets were dispersed in 60 ml water/methanol (1:1) by vigorously stirring. 1.8794 ml 

of the PdCl2 aqueous solution was added in the CuO suspension, and 0.5 M Na2CO3 

aqueous solution was added to adjust the pH value to around 8.5. After stirring for 10 min, 

the black powders were collected after washing/centrifugation (10000 rpm 10 min) and 

drying at 70℃ overnight. For Au doped CuO nanosheet, similar procedure was followed 

expect the container used need to be covered by Al-foil because of the light sensitivity of 

AuCl3. 
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7.4.2 Characterization Techniques for Structural, Composition, and Electrical Properties 

Analysis 

X-ray diffraction (XRD) patterns were recorded on a Bruker D8 focus diffractometer 

using Cu Kα radiation (λ=1.5406 Å) and Rietveld refinement was performed for grain size 

and cell parameters analysis using the BGMN program 163,164 and the graphical interface 

Profex 165.  

X-ray photoelectron spectra (XPS) were obtained using a VG ESCALAB 220i-XL 

photoelectron spectrometer and Al-Kα radiation (15 KeV) at about 1.3 x 10-9 mbar base 

pressure. C(1s), Al (2p), O(1s) and Sn(3d5/2) core level high-resolution spectra and wide 

scan spectra were. C(1s) peak is used to calibrate peak position. Curve fitting of O(1s) 

spectra was done with a spin-orbit coupling of 2:1 area ratio using CasaXPS software. The 

same software was used for calculation of the elementary percentage from the recorded 

spectra.  

Field emission scanning electron microscopy (AMRAY 1910,) and energy dispersive 

x-ray spectrometry (EDS) were used for morphological and semi-quantitative atomic 

compositional studies. For the EDS tests, they were performed under the following testing 

condition: accelerating voltage 15 kV, take-off angle 46.40˚, and spot size of the electron 

beam around 50 nm.  

Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) analyses were used 

to determine the surface area and pore size distribution with a nitrogen adsorption 

porosimeter (model ASAP 2020, Micromeritics). The BET surface area was calculated 

using experimental points at a relative pressure of P/P0 =0.05-0.25. The pore size 
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distribution was derived from the adsorption branch using Barret-Joyner-Halenda (BJH) 

method. 

Transmission electron microscopy images were collected on a 200 kV Philips CM-

200. The samples were dispersed in ethanol via sonication for 10 min and then added 

dropwise to a carbon-coated copper grid. Multiple spots were examined to ensure sample 

uniformity. 

Current-voltage (I-V) test was used to determine the nature of electrical contact of the 

planer-type gas sensor device. Via a two-terminal method, A single voltage sweep started 

by sweeping up from zero bias voltage to 500 millivolts, down to a negative voltage of 500 

millivolts, then back to zero. An example of an I-V sweep on ZnO nanodisk thick film 

sensor is shown in Figure 84 (a). The linear fit plotted along with the data shows that the 

I-V curve in this range of bias voltages, which indicates Ohmic behavior, 

Electrochemical impedance spectroscopy (EIS) was used to determine the 

identification of different elements of a complex device, such as a thick film gas sensor. A 

PARSTAT 2263 Princeton potentiostat was used for the EIS measurements. The 

measurements were performed in a frequency range of 2 MHz to 0.1 Hz with an AC 

amplitude of 10 mV (Figure 84 (b)). The Nyquist plot of complex impedance 

measurements on ZnO nanodisk thick film sensor is shown in Figure 106b. At a 

temperature below 75 ℃, the curves were composed of two semicircles, which suggested 

two capacitors with different time constants presented in the equivalent circuit. The 

semicircle at low-frequency end could relate to the contribution of the surface depletion 

layer (mainly shallow interface states at grain boundaries) because interface states at grain 
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boundaries cannot follow the high-frequency ac signal. The high-frequency results from 

the contribution of crystalline grains. When the temperature rose up, the low-frequency 

semicircle became smaller and eventually disappeared at 75 ℃. This could be explained 

by the increasing number of free electrons at a high temperature. When there are more free 

electrons presented in the bulk, the thickness of the depletion layer decreases, and hence 

the low-frequency semicircle becomes indistinguishable. 
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Figure 84. a current-voltage test example (a) and an electrochemical impedance 

spectroscopy test example (b) on ZnO nanodisk thick film sensor.  

7.4.3 Zinc (II) Oxide-based Sensing Materials 

7.4.3.1 Zinc Oxide Nanoparticles 

Zinc oxide nanoparticles prepared by the hydrothermal method are between 200 nm 

and 1μm in diameter. The thick sensing film (~50 μm in thickness) was homogeneously 

deposited on an alumina substrate with preprinted electrodes by blade coating method. The 

SEM images (Figure 85(a-b)) are the top and side views of the as-prepared sensor. The 

film is highly porous and possesses no apparent grain neck formation. XRD pattern on the 

nanoparticles confirms the formation of wurtzite ZnO (Figure 85 (c)). The crystallite size 

(r) is calculated based on Scherrer's equation: 
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𝑟 =
𝐾𝜆

𝛽 cos 𝜃
 

Where K is a dimensionless shape factor, with a value close to unity, λ is the X-

ray wavelength, β is the line broadening at half the maximum intensity (FWHM), and θ is 

the Bragg angle. The result of this calculation shows that the crystallite size is around 90 

nm which is smaller than the particle size, and hence the ZnO nanoparticles are 

polycrystalline. 

 

Figure 85. SEM top view (a) and side view (b) of the ZnO nanodisk sensor; powder XRD 

pattern of ZnO nanodisk (c). 

The sensor's response (Cg/Ca) towards 1000 ppm H2 increases with working 

temperature from 150 to 200 ℃ as shown in Figure 86. In addition, the sensor's response 

and recovery rate also increase with working temperature.  The reproducibility of the 

sensor response is demonstrated in Figure 108. In the 5 h testing period, the response curves 

look similar, despite some drifting in the baseline is observed. The sensor response towards 

all six reducing gases dissolved in oil was also tested at 175 ℃. The results are summarized 

in Table 18. Overall, the response values are quite low (1.04-1.19), and the response rate 

and recovery rate are slow (2.6 – 20 min). The low sensing performance is attributed to the 
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low working temperature selected for testing, the large particle size, and the large film 

thickness of the ZnO nanoparticle sensor.  

 

  

  

  
Figure 86. transient response curves of the ZnO nanodisk sensor to 1000 ppm H2 (a)-(c); 

Response vs. temperature (d); Repeated cycling test (e); Response towards 6 dissolved 

gases (f). 
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7.4.3.2 Zeolitic Imidazolate Framework-8/ Zinc Oxide Nanoparticles Composite 

The sensors made from pristine zinc oxide nanoparticles are cross-sensitive to all six 

dissolved gases. The cross-sensitivity renders them unsuitable for the construction of 

sensor array. Placing a filter layer over the sensing materials is an effective way to improve 

sensor selectivity. Filters made from common porous materials including activated carbon 

and zeolite can reduce interference from unwanted gas species by either adsorption or 

molecular sieving. However, because of the weak bonding strength between the sensing 

layer and filter layer, the filter layer needs to be very thick (>100 μm) to be effective. As a 

result, a huge trade-off must be made between selectivity and sensitivity/response speed 

when applying filter made from the common porous material.  

Table 18. Summary of sensor properties of ZnO thick film at 175℃. 

 Sensitivity 

(Ra/Rg) 

Response time 

(min) 

Recovery time 

(min) 

H2 1.19 2.7 11.2 

CO 1.04 3.8 >20 

CH4 1.12 2.6 17.7 

C2H6 1.08 2.6 8.8 

C2H4 1.14 6.1 10.8 

C2H2 1.11 3.0 >20 

 

Zeolitic imidazolate framework-8 (ZIF-8), a type of new microporous material called 

metal-organic frameworks (MOFs), has been reported to have H2/C2H4 separation factor 

greater than 103 in the form of a defect-free membrane. By a facile sacrificial secondary 

growth process, a ZIF-8 layer can be grown on ZnO film by consuming part of the ZnO as 
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a reactant. Very thin ZIF-8 layer with good filtering performance can be achieved because 

of the strong bonding between ZIF-8 and ZnO.  

Therefore, we selected ZnO as the semiconducting metal oxide film and ZIF-8 for the 

MOF membrane to explore this novel concept of selectivity enhancement. ZnO 

nanoparticles of about 300 nm were synthesized by hydrothermal method. A thick porous 

film of ZnO (thickness: 50 um) was then coated on an alumina substrate with preprinted 

gold electrodes using a blade coater. An annealing process at a high temperature was 

performed and a dense ZnO thick film sensor was made. A continuous ZIF-8 membrane of 

about 15 μm thick was then coated on ZnO film by a secondary growth method. A ZIF-

8/ZnO composite device was made and the SEM cross-section image and XRD results are 

given in Figure Figure 87 (a-b).  

Studies on the gas transport of H2 and C2H4 were performed respectively using bare 

ZnO film sensor device and ZIF-8/ZnO composite device. The air was chosen as the 

reference gas, and the testing temperature was 175℃. The device was in equilibrium with 

air and then a gas mixture of air containing 1000 ppm H2 or C2H4 was introduced into the 

gas chamber at a flow rate of 100 sccm. The transient sensor response value of ZnO sensing 

film (the ratio of resistance before and after introducing H2 or C2H4) on the bare ZnO sensor 

and that on the ZIF-8/ZnO sensors were measured and the results are given in Figure 109c. 
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Figure 87. SEM image of the cross-section view of ZIF-8 coated ZnO thick film sensor 

(a); XRD patterns for ZnO thick film sensor before and after coating ZIF-8 (b); Transient 

gas sensor response of ZnO thick film and ZIF-8 coated ZnO thick film to 0.1% C2H4 and 

H2 (c). 

A preliminary test on ZIF-8 coated ZnO thick film sensor shows that the ZIF-8 coating 

has an influence on the selectivity between H2 and C2H4. (Figure 87 (c)) The response of 

ZIF-8 coated ZnO thick film to H2 is close to that of bare ZnO thick film (15% vs 18%), 

while the response to C2H4 is marginally smaller than bare thick film (3.5% vs 14%). 

Therefore, a nearly 4.5X increase in selectivity has been achieved by the addition of ZIF-

8 filter layer. The transient responses curves for ZIF-8/ZnO composite, corresponding to 

the transient concentration curves at the interface between ZIF-8 membrane and ZnO film, 

are slower than those for the bare ZnO film. These differences are clearly due to the 

different mass transport resistance for H2 and C2H4 in the ZIF-8 membrane.   

Although promising selectivity enhancement has been observed, the ZIF-8 layer was 

not thermally stable at 175 ℃. Further study, starting from developing a ZnO-based sensor 

with the near room temperature working condition is required. 

7.4.3.3 Urchin-shaped Zinc Oxide Microcrystals  

By performing hydrothermal synthesis at high temperature (180 ℃), urchin-shaped 

zinc oxide microcrystals were obtained by the self-assembly of ZnO nanorods. As shown 
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in Figure 88, the microcrystals are between 2-5 μm in diameter and the building block 

ZnO nanorods are around 200 nm in diameter. XRD pattern on the microcrytals confirms 

the formation of wurtzite ZnO. By performing Rietveld refinement, the crystallite size is 

calculated to be around 70 nm, which is much smaller than the size of ZnO nanorods. 

 

Figure 88. SEM images of the urchin-shaped ZnO. 

Thin film (~5 μm thick) of urchin-shaped ZnO was deposited on an alumina substrate 

with preprinted electrodes by drop coating method. The sensing performance of the as-

formed sensor was evaluated at 300 ℃. The gas concentration was set to be 25 ppm. The 

results summarized in Table 19 indicates a notable selectivity to C2H2 among all the 

dissolved gases. In the atmosphere containing 25 ppm of C2H2, the response rate is also 

much faster when comparing to other gases.  

7.4.4 Tin (IV) Oxide-based Sensing Materials 

Pristine SnO2 nanoparticles were first synthesized following literature. Basically, 

ammonium hydroxide aqueous solution was added dropwise in SnCl4 aqueous solution 

while continuous stirring. The pH was controlled at 6.5 to allow the formation of Sn(OH)4 
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sol. The sol was converted into a gel by centrifugation, and the gel was washed with 

DEA/HNO3/water (pH=6.5) solution for 3 times to remove residue Cl-. The cleaned gel 

was then re-dispersed in DEA/HNO3/water (pH=6.5) and allowed to age overnight. After 

that, the gel was again separated by vacuum filtration, and then dried at 60 ℃ for 12 h. 

Finally, the dried gel was calcined at 600 ℃ for 6 h. The SnO2 powders formed based on 

this method was heavily agglomerated, as shown in Figure 89 (a-b), and the crystallinity 

was very low as shown in Figure 89 (e).  

Table 19 Sensor made from ZnO nanoflower, gas concentration: 25 ppm, temperature: 

300℃. 

 Ra/Rg Response time (sec) Recovery time (sec) 

H2 1.8 103.8 189 

CO 1.4 101.0 149.8 

CH4 3.3 70.8 165.3 

C2H6 2.4 25.4 85.2 

C2H4 2.7 488.3 597.9 

C2H2 36.6 10.2 202.2 

 

Therefore, we modified the synthesis method by adding PEG-400 as a surfactant in 

the aging to prevent aggregation of primary particles during the following drying step. The 

strategy is proven very effective. As shown in Figure 89 (c-d), the particles are more 

loosely-packed and pores can be seen between particles. The crystallinity also improved 

due to the addition of PEG-400. 
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Figure 89. (a-b) SnO2 powders without PEG; (c-d) SnO2 powders prepared with PEG; 

XRD patterns of SnO2 powders with or without PEG. 

The loosely-packed SnO2 nanoparticles were used as base material, and six dopants 

including Au, Pd, Ag, Co, Cu, and Ni were added for surface modification by a wet-

impregnation method. The doping concentration is controlled to be around 1-2.5 wt%, and 

the sensing performances were characterized at various working temperature by 

introducing 6 type of reducing gases (5 ppm) successively. The results are shown in Figure 

90. The addition of 1 wt% of Au leads to notable increases in the sensitivities to C2H2 (max 

29 at 275 ℃) and CO (max 6 at 300 ℃). The addition of 1 wt% Pd leads to sensitivity 

increase to all gas species except for CO. To be specific, H2 reaches max value of 10 at 

300 ℃; CH4 reaches max value of 16 at 300 ℃; C2H6 reaches max value of 8 at 275 ℃; 

C2H4 reaches max value of 11 at 300 ℃; C2H2 reaches max value of 16 at 300 ℃. The 

addition of 1 wt% Ag, unlike the other two noble metal additives, doesn't lead to a 
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sensitivity increase. The addition of 2.5 wt% base metal oxide (p-type) leads to similar 

types of sensitivity enhancement in CO, H2, and C2H2. This suggests that the p-type metal 

oxide dopants electronically sensitize the pristine SnO2 gas sensor.  
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Figure 90. gas sensing performance test at various temperature. 

7.4.5 Copper(II) Oxide-based Sensing Materials 

7.4.5.1 CuO/CeO2 Composite Hollow Microsphere 

CuO/CeO2 is an extensively studied CO preferential oxidation (CO-PROX) catalyst 

[9], which can selectively remove CO in H2 stream by oxidation at a temperature around 

150℃. The key to achieving selectivity is the interfacial sites between CuO clusters and 

CeO2 substrate (or CeO2 clusters and CuO substrate). These interfacial sites allow the 

formation of intermediate product (i.e. Cu+-carbonyl) that serves to selectively decrease 

the activation energy and accelerate the reaction speed of the CO oxidation reaction at room 

temperature, while the oxidation of H2 occurs at higher temperature (>100 ℃) at reduced 

copper sites formed on top of the CuO particles. 

Both CuO (p-type semiconductor) and CeO2 (n-type semiconductor) have been 

investigated as gas sensor material (e.g. reducing gas, oxygen). However, the gas sensing 

properties of CuO/CeO2 composite material has not been studied before. Because the gas 

sensing of semiconductors relies on the electron density change generated by the oxidation 

reactions of reducing gases (e.g. CO, H2), the same catalytic reaction that the CO-PROX 
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catalyst based on, CuO/CeO2 composite as gas sensor material should show the same level 

of selectivity towards CO as it has as CO-PROX catalyst. 

 

Figure 91. a schematic diagram showing the forming mechanism of metal oxide hollow 

sphere structure. 

Hollow structure due to its high surface-to-bulk ratio and its resistance to 

agglomeration is a very advantageous configuration for gas sensing application. CuO/CeO2 

composite hollow spheres with CuO weight percentages ranging from 0 to 95 were 

synthesized by a sucrose-mediated hydrothermal method (illustrated in Figure 91). The 

hydrothermal treatment leads to the formation of carbon spheres, on which metal ions (i.e. 

Ce4+, Cu2+) will segregate. The carbon cores are then burnt away during the following 

calcination step, leaving a porous shell composed of metal oxide nanocrystals.  
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Figure 92. SEM images of CuO/CeO2 composite hollow microsphere. 

The morphological characteristics of CuO/CeO2 composite hollow spheres were 

studied by SEM. For the present experimental parameters, the pure CeO2 hollow spheres 

exhibit diameters of around 1.18 µm. The SEM micrographs (Figure 92) further reveal 

that the shell is formed out of aggregated metal oxide nanoparticles, and the sub-micron 

sized gaps on the shell are clear evidence for the hollow nature of these spheres. The 

addition of copper salt in the precursor solution leads to an increase in particle size from 1 

to around 2 µm. In addition to particles size, morphology also changes with the addition of 

copper oxide. Aside from the usual hollow spheres, many rods connecting the spheres are 

observed for samples with 5-80 wt% CuO concentration. The atomic composition of a rod 

observed in 5 wt% CuO-CeO2 was characterized by EDS (Figure 92), and the composition 

of the rod is close to that of the spheres, which suggests that despite the morphological 
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complexity, the levels of mixing between the two metal oxides are consistent throughout 

the spheres and the rods, and hence the gas sensing properties shouldn’t be affected by the 

morphological change. The 60 wt% CuO sample is one exception: aside from hollow 

spheres with smooth thin shell, no rods can be observed. Hollow sphere structure no longer 

exists in 95 wt% CuO sample. Instead, the sample appears to be just agglomerates of 

nanoparticles.  

 

 

Figure 93. EDS analysis on the sphere (a) and rod (b). The white cross on the SEM images 

indicates the position that EDS analysis was performed. 

The crystallographic information about the CuO/CeO2 composites was investigated by 

XRD. Peaks corresponding to CuO (monoclinic structure) and CeO2 (fluorite structure) 
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have been identified (Figure 94). Rietveld refinement on these XRD patterns has also been 

performed. The weight percentage of CeO2 and CuO have been confirmed to be close to 

theoretical values (Table 20). The grain size of CeO2 and CuO are around 15 and 60 nm, 

respectively, which confirms the fact that the hollow spheres are formed out of aggregated 

metal oxide nanoparticles. The cell parameters of CeO2 and CuO were also revealed by 

Rietveld refinement (Figure 95): for CeO2, a remains constant until a significant decrease 

is observed at 95% wt% CuO, which suggests doping of Cu into CeO2; for CuO, the three 

cell parameters start to change at CuO wt% below 10%, and the cell volume increase 

sharply below 10%, which suggests doping of Ce into CuO. 

 

Figure 94. XRD patterns of the CuO/CeO2 composite hollow spheres with different CuO 

concentration. 

The CuO/CeO2 composite hollow spheres were made into gas sensors and their sensor 

response as a function of temperature toward 1000 ppm of H2 and CO were recorded 

(Figure 95). An n-type response (resistance decrease when reducing gases are introduced) 

is observed for the pure CeO2 hollow sphere. The highest response values for H2 and CO 
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are observed at 300℃, and throughout the whole temperature range, the response towards 

CO is always smaller than that of H2. With the addition of CuO even at a concentration as 

low as 5 wt%, the sensor response behavior becomes p-type, which means that CuO is the 

key factor deciding the resistance value of the whole composite sensor. With the increase 

in CuO concentration until 40 wt%, the ultimate operation temperature, at which the 

response value reaches a maximum, decreases from 300 to 150 ℃. However, the sensors 

are still more sensitive to H2 than CO. For the sensor made of 60 and 95 wt% CuO, higher 

sensor response toward CO is achieved at a temperature range between 150 to 250 ℃.  

However, the highest selectivity (CO response/H2 response) achieved is only 1.24 for 60 

wt% CuO-CeO2 sensor at 150 ℃. 

Table 20. Weight percentages and grain size information of the CuO/CeO2 composite 

hollow spheres revealed by Rietveld refinement. 

Samples CeO2 wt% CuO wt% CeO2 grain size (nm) CuO grain size (nm) 

CeO2 1 0 10.42 N/A 

5 wt%-CuO-CeO2 0.914 0.086 13.83 44.40 

10 wt%-CuO-CeO2 0.863 0.137 11.626 57.1 

20 wt%-CuO-CeO2 0.873 0.127 27.52 54.7 

40 wt%-CuO-CeO2 0.621 0.379 16.33 73.00 

60 wt%-CuO-CeO2 0.477 0.523 13.91 69 

80 wt%-CuO-CeO2 0.264 0.737 14.64 83.30 

95 wt%-CuO-CeO2 0.0610 0.9390 10.77 53.8 
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Figure 95 (a) the only cell parameter A of CeO2 phase (cubic structure) as a function of 

CuO wt%; (b) the three cell parameters A, B, and C of CuO phase (monoclinic) as a 

function of CuO wt%; (c) the volume of unit cell (=A*B*C*sin(β)) vs. CuO wt%. 

In conclusion, no selectivity can be observed for these samples. The low selectivity 

toward CO can be attributed to the less active interface formed between CuO and CeO2. 

The formation of large, well-crystalline grains for both phases (15nm for CeO2, and 60 nm 

for CuO) as revealed by the Rietveld refinement results preclude a strong interaction 

between the two phases at their interfaces. Besides, the interfacial area/surface area ratio is 

also very small due to the large grains.  
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Figure 96. the response vs. temperature relationship for the sensors made of CuO / CeO2 

composite hollow spheres with different CuO concentration. 

7.4.5.2 CeO2 Doped CuO Nanoparticles 

CeO2 was doped into CuO nanoparticles by the wet-impregnation method. The crystal 

structures of the as-synthesized CuO powders with Ce loading up to 5wt% were analyzed 

with XRD. As shown in Figure 97, pure CuO powder exhibits monoclinic crystal structure. 

A broad peak at 28.6° corresponds to the (111) peak of CeO2 with fluorite structure is 

observed for the CuO samples with 2 and 5 wt% Ce loading. However, the same peak is 

not observed in 0.5-Ce-CuO sample, either because the CeO2 concentration is likely below 

the detection limit of XRD, or because of the formation of a CeO2 monolayer. Detailed 

crystallographical information revealed by Rietveld refinement is listed in Table 21. The 

addition of CeO2 by impregnation does not lead to an obvious change in the mean 

crystallite size of CuO, which is around 50 nm for pure and Ce-loaded samples. A slight 

increase in the mean crystallite size of CeO2 from 4.3 to 5.7 nm is observed when loading 

content is increased from 2 to 5 wt%, which indicates the growth of CeO2 cluster size with 

heavier loading. The incorporation of Ce in CuO lattice is unlikely because the cell 

parameters of the Ce-loaded samples are very similar to those of the pure CuO sample.  
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Figure 97. XRD patterns for pure CuO and Ce doped CuO samples. 

The BET surface area of the as-synthesized CuO sample is around 1 m2/g, which is 

much smaller than the theoretical value for loosely-packed CuO crystals with a diameter 

around 50 nm. This indicates that the CuO powder synthesized in this work is severely 

agglomerated. This statement is confirmed by the SEM analysis. The secondary electron 

images (Figure 98) show the samples mainly consist of agglomerates as large as several 

microns. 

Table 21. Crystallite size, cell parameters, and BET surface area of pure and Ce-doped 

CuO samples. 

Ce-content 

(wt%) 

CuO 

crystallite 

size (nm) 

CeO2 

crystallite 

size (nm) 

a (Å) b (Å) c (Å) 

BET 

surface 

area 

(m2/g) 

0 51.5±3.0 — 
4.6871±

0.0005 

3.4277±

0.0004 

5.1345±

0.0004 

0.9769 ± 

0.0194 

0.5 50.4±2.9 — 
4.6871±

0.0005 

3.4273±

0.0004 

5.1343±

0.0004 
— 

2 48.3±3.1 4.28±0.37 
4.6872±

0.0006 

3.4283±

0.0005 

5.1353±

0.0005 
— 

5 53.7±3.9 5.68±0.26 
4.6863±

0.0006 

3.4276±

0.0005 

5.1343±

0.0005 
— 
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Figure 98. SEM images of (a) pure and (b) 0.5 wt% (c) 2 wt% and (d) 5 wt% Ce-doped 

CuO samples. 

Thick film sensors were fabricated with CuO powders with Ce loading up to 5 wt%. 

The sensors’ electrical resistance value in air decreases with increasing temperature, which 

confirms the intrinsic semiconducting nature of the sensing materials (Figure 99). To be 

specific, the quasi-free holes within CuO, which is a p-type semiconductor, are activated 

due to temperature increase, and as a result, the electrical conductivity increases. It should 

be noted the observed correlation between the resistance value and doping content does not 

follow the typical trend shown in other n-p type metal oxide composites (Resistivity 

increases with Cdopant until reaches a minimum). This is attributed to the geometric 



188 

 

variations of the sensing layers among the sensors prepared by the drop-coating method, 

and hence the absolute resistance values are not representative to resistivity.  

 

Figure 99. the dependence of resistance on temperature for pure and Ce doped samples. 

Figure 100 (a) shows the sensitivities to CO (50 ppm) and H2 (50 ppm) of the sensors 

fabricated from CuO powders with Ce loading up to 5 wt%. The sensor fabricated from 

pure CuO powder shows very minimum p-type response toward both CO and H2 at the 

entire temperature, which is expected considering the extremely low surface area of the 

sample. In comparison, even at Ce loading as low as 0.5 wt%, a significant enhancement 

in sensitivities to both CO and H2 is observed. Adding an even higher dosage of CeO2 

further improves CO sensitivity, while the improvement in H2 sensitivity is negligible. It 

is apparent that the presence of CeO2 leads to a shift of the temperatures for the maximum 

sensitivities towards lower temperature, especially for CO. The selectivity values for CO 

calculated based on the single gas measurement on pure and Ce-loaded CuO samples as a 

function of testing temperature is shown in Figure 100 (b). The pure CuO sample displays 

no selectivity for CO at the whole temperature range. For Ce-loaded samples, the 
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selectivity improves with decreasing temperature and increasing doping concentration. The 

highest selectivity value recorded is 3.55 for CuO with 5 wt% Ce loading at 80 ℃.  

 

Figure 100. Response value vs. temperature (a); Selectivity value as a function of 

temperature (b). 

Figure 101 (a) shows the dependence of the sensitivities on the concentration of CO 

and H2 at 80 ℃. The sensor response achieved for 50 ppm CO with 5-Ce sample (3.55) is 

much higher than the response value for 950 ppm H2 (1.05), even though the concentration 

of H2 is 19 times higher. This serves as a strong evidence for the realization of high CO 

selectivity sensor against H2. However, in a more realistic setting with both CO and H2 in 

the analyte gas stream, the situation could be complicated by some potential interfering 

effects stemming from the interaction between CO and H2 or the products of their oxidation 

reaction. H2O, which is the product of H2 oxidation, has a promoting effect on CO oxidation.  

Besides, H2 could also compete with CO for adsorption/reaction sites. This competition 

could be non-negligible when the concentration ratio between H2 and CO is high. Therefore, 

sensor testing is also performed for the CO/H2 mixture gas stream. Four CO/H2 mixtures 

were prepared with a total reducing gas concentration of 1000 ppm and an H2/CO ratio 
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ranging from 1 to 19. The results shown in Figure 101 (c) demonstrates that the 

sensitivities to CO mixed with H2 are very close to that of pure CO with the same 

concentration. Therefore, Ce/CuO has demonstrated true CO selectivity against H2 with 

negligible interference signal from H2 even in H2-rich H2/CO mixture. 

  

 

Figure 101. dependence of the sensitivities on the concentration of CO (a) and H2 (b) at 

80 ℃; response value to pure CO and CO/H2 mixed gas as a function of CO concentration.  

Based on the results of sensor testing and previous research works on CeO2/CuO CO-

PROX catalyst, the sensing mechanism is proposed. As shown in Figure 102, the 
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geometric interpretation for electrical conduction in the CuO with Ce loading samples can 

be summarized as CuO matrix on which CeO2 clusters (~5nm) strongly bond. Because 

CuO is a p-type semiconductor, the adsorption of oxygen creates a hole-rich low-resistance 

shell, which should dictate the overall resistance. Although the p-n junction formed at the 

CuO-CeO2 interface should be depleted of charge carriers, the depleted region in CuO side 

is probably too small to cause significant band bending in the conductive shell because of 

the much higher charge carrier density in comparison to CeO2. When CO is introduced into 

the atmosphere, it will be strongly adsorbed on the highly catalytic Cu+ sites form at the 

CuO-CeO2 interface, and then oxidized by either lattice oxygen or adsorbed oxygen species 

as demonstrated in the following two equations:  

𝑂𝑂(𝐶𝑢𝑂)
× + 𝐶𝑢+ ⋯ 𝐶𝑂𝑎𝑑𝑠 → 𝐶𝑢+ + 𝐶𝑂2(𝑔𝑎𝑠) + 𝑉𝑂(𝐶𝑢𝑂)

.. + 2𝑒− 

𝑂2(𝑎𝑑𝑠)
− + 𝐶𝑢+ ⋯ 𝐶𝑂𝑎𝑑𝑠 → 𝐶𝑢+ + 𝐶𝑂2(𝑔𝑎𝑠) + 𝑒− 

Electrons are formed and neutralized by the free holes in CuO. As a result, a large 

depletion region is formed. This leads to the formation of potential energy barriers on the 

conduction path, and hence an additional resistance term Rvs should be introduced:  

𝑅𝑣𝑠 = 𝑅0𝑒
𝑞𝑉𝑠
𝑘𝑇  

where R0 is the initial resistance before band bending, q is the charge of an electron, 

Vs is the potential energy barrier height, k is Boltzmann’s constant, and T is the 

temperature of the sensing material. Rvs plays the key role in the chemical sensitization of 

CuO. Therefore, the proportional relationship between CO sensitivity and Ce wt% can be 

explained as such that more CuO-CeO2 interface will cause larger Rvs value and hence 
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higher sensor response. H2 because of its lack of reactive species at this temperature range, 

will react with neither Cu+ nor Cu2+. Therefore, within the temperature range of effective 

CO-PROX reaction, only CO will be oxidized by the catalyst in a CO/H2 mixture regardless 

of the partial pressure of H2. 

 

Figure 102. Conduction model for CeO2 @ CuO sensor before and after the introducing 

of reducing gas. 

Because of the severe agglomeration of CuO particles, the diffusion rate within the 

agglomerates is extremely slow, which leads to long recovery time (> 30 min). In Figure 

103, the recovery rate represented by the percentage recovered after 10 min 

((𝑅𝑚𝑎𝑥 − 𝑅10 𝑚𝑖𝑛 (𝑅𝑚𝑎𝑥 − 𝑅𝑎𝑖𝑟)⁄ ) as a function of testing temperature for the Ce-loaded 

CuO samples is presented. The percentage recovered decreases with temperature, which 

means that recovery rate is slower at a lower temperature. The recovery rate also improves 

with Ce-wt%. CeO2 is known for its high oxygen storage capacity, and high ionic 

conductivity. Therefore, a higher concentration of CeO2 helps to facilitates the re-oxidation 
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process. Preventing the formation of compact CuO agglomerates could solve the long 

recovery time problem. 

 

Figure 103. Percentage of resistance value recovered after exposing to 50 ppm CO as a 

function of temperature. 

The CuO powder was ball-milled for 24 h at a frequency of 13 Hz. The severity of 

agglomeration appears to decrease after ball milling process as confirmed by SEM (Figure 

104). The crystallite size of CuO decreases from 53.7 nm to 32 nm after the ball milling 

process as revealed by XRD (Table 22), while the surface area increases from 1 to 4 m2/g. 

The recovery rates of the sensors fabricated from ball-milled CuO samples are 

characterized based on the recovered percentages 10 mins after the sensor testing at 80℃ 

to 50 ppm CO. After ball milling, the recovery percentage increases from 37.6% to 52.5% 

for 5 wt%-Ce-CuO sensors. Further enhancement in recovery rate (52.5% -> 64.7%) can 

be achieved by increasing the doping concentration to 10 wt% (Table 23). 
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Figure 104. SEM images of (a) CuO before ball milling (b) CuO after ball milling. 

Table 22 Crystallite size, cell parameters, and BET surface area of Ce-doped CuO samples 

before and after ball milling. 

 

Ce-

content 

(wt%) 

CuO 

crystallite 

size (nm) 

CeO2 

crystallite 

size (nm) 

a (Å) b (Å) c (Å) 
BET surface 

area (m2/g) 

No 

BM 
5 53.7±3.9 5.68±0.26 

4.6863±0

.0006 

3.4276±0

.0005 

5.1343±0

.0005 

0.9769±0.01

94 

BM 

5 32.0±1.8 5.05±0.45 
4.6807±0

.0009 

3.4235±0

.0009 

5.1309±0

.0009 4.2389±0.04

64 
10 35.3±2.0 5.02±0.25 

4.6796±0

.0001 

3.4228±0

.0001 

5.1300±0

.0001 

 

Table 23. Percentage recovered in 10 min after testing at 80℃ to 50 ppm CO. 

 No BM BM 

Ce content (wt%) 0.5 2 5 5 10 

% recovered in 10 min 11.3 23.0 37.6 52.5 64.7 

 

7.4.5.3 Pristine and CeO2/Pd/Au-doped CuO nanosheets 

Pristine CuO nanosheets (CuO-ns) are obtained by a hydrothermal method. Na+ ion 

is reported to be the capping agent used to synthesize 2 D structure because it refrains the 

growth of high energy plane. The surface modification of CuO-ns with CeO2 nanocubes 
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was realized via an HMT method (CuO-np in water/ethanol binary solution, Ce(NO)3, 

atomic ratio Cu: Ce = 12.6: 1, Hexamethylenetetramine (HMT) aqueous solution, 70℃, 

refluxing), Ce-CuO-ns was obtained. The atomic composition of Ce-CuO-ns was analyzed 

using EDS, and the atomic ratio of Cu/Ce is 16.5. Figure 105 (b-d) the SEM image and 

TEM image of Ce-CuO-ns. Here we see the CuO-ns has covered with CeO2 nanocubes 

with length around 10 nm. The CeO2 nanocubes show clear lattice fringes in the HR-TEM 

image, indicating good crystallinity. 

 

 

Figure 105. (a) TEM image of CuO-ns with SAED and HRTEM as insets; (b) SEM image 

of Ce-CuO-ns; (c) low magnification and (d) high resolution TEM images of Ce-CuO-ns. 
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Au and Pd were deposited on CuO-np by a deposition-precipitation method. The SEM 

images of Au-CuO-ns and Pd-CuO-ns were shown in Figure 106 (a-b), respectively. The 

weight percentages of Au and Pd were around 5 according to EDS.  

As shown in Figure 106 (c), the XRD pattern from the CuO-ns powder is identical to 

that of pure CuO, indicating the formation of single-phase CuO with a monoclinic structure. 

The XRD patterns from monolayer CuO-ns and doped CuO-ns films on glass show mainly 

two peaks corresponding to (002) and (004) crystal plane of monoclinic CuO. This suggests 

the monolayer film possess strong crystal orientation at [002] direction and further 

confirms that the exposed crystal plane of CuO-ns is (002). Because of the low sample 

quantity, no peaks corresponding to the dopants can be observed for Au/Pd/Ce-CuO-ns on 

glass samples. 

 

Figure 106. SEM of Au-CuO (a) and Pd-CuO (b); XRD for CuO-ns powder and ns single 

layer film (c).  

Because of the low conductivity of the Ce-CuO-ns monolayer film, glass substrates 

with dense interdigitated electrodes (distance between electrode ~ 10 μm) were used to 

fabricate three Ce-CuO-ns monolayer film sensors. Three CuO-ns monolayer film sensors 

were prepared using the same type of substrates as a reference. The resistance vs 
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temperature curve was shown in Figure 106. The error bar was quite small which suggests 

the excellent reproducibility of the deposition technique. The resistance of Ce-CuO-ns 

sensor is 1000 times higher than CuO-ns. Figure 130 demonstrates the response vs 

temperature curves for CO, H2, and CH4 (100 ppm). The response value is defined as (Rg-

Ra)/Ra. The addition of CeO2 leads to a notable increase in sensitivity for CO and H2, both 

of which witness a nearly 4 times increase at 250 ℃. demonstrates the reproducibility of 

the sensing process towards CO at 300 ℃ for CuO-ns and Ce-CuO-ns sensors. A response 

vs. CO concentration test was performed on a Ce-CuO-ns sensor at 250 ℃ (shown in 

Figure 108). The test illustrates that Ce-CuO-ns sensor can detect 10-400 ppm CO in the 

air.  

 
 

Figure 107. CuO-np1, Ce-CuO-np1-HMT1: Resistance in air vs. Temperature. 
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Figure 108. Ce-CuO-np1-HMT1@ 25°C CO. 

For Au and Pd-CuO-ns, some ceramic substrates with sparse interdigitated electrodes 

(distance between electrode ~ 200 μm) were used to fabricate sensors. A CuO-ns 

monolayer film sensors were prepared using the same type of substrates as a reference.  
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The resistance vs temperature curve was shown in Figure 109. The resistances of 

doped CuO-ns sensors are larger than the pristine CuO-ns sensors. The sensing properties 

were investigated at a temperature range between 225-300℃, to six gases (CO, H2, CH4, 

C2H6, C2H4, C2H2), with three different concentration (1 ppm, 10 ppm, 50 ppm). Figure 

110 shows the response varied with temperature for 1 ppm (a) 10 ppm (b) and 50 ppm (c) 

of 6 gases. When examine the change of response with temperature, it is clear that the 

trends are similar for 1 ppm and 10 ppm: (1) response to C2H2 is the highest except at low-

temperature end and the absolute value fluctuate at certain value with temperature (2) 

response to CO increases with decreasing temperature (3) response to C2H4 increases with 

increasing temperature (4) response to H2 increases with temperature, and becomes highest 

at 225℃ (5) C2H6 and CH4 has minimal response (close to 1) at 275 and 300℃, and both 

increases with decreasing temperature, except for a really high response for CH4 observed 

at 250℃. At 50 ppm, the response to C2H2 is much higher than other gases and the response 

value increases with decreasing temperature. 

The response vs. concentration at different temperature can also be compared based 

on Figure 110. It can be seen that 275℃ should be the optimal operating temperature for 

CuO-np-monolayer sensor to function as a C2H2 sensor because at this temperature, the 

selectivity is very high and the sensor response towards C2H2 remains the highest at the 

whole concentration range. Another phenomenon needs to point out is that CuO-np-

monolayer sensor has a lower response to 50 ppm CH4 than to 10 ppm CH4 as shown in 

Figure 110. One possible explanation is that the desorption of CH4 or its oxidation products 
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are a slow process which makes the sensor surface less reactive to CH4 when it was 

introduced into the test chamber for the second and third times. 
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Figure 109. Resistance in air vs. temperature. 

Pd and Au were deposited on CuO-np by the deposition-precipitation method, and a 

monolayer of these sensing materials was deposited on the ceramic substrate with 

preprinted gold electrodes. The sensing performance was evaluated as CuO-np. There is 

no significant modification in sensing behavior after doping CuO-np with a noble metal as 

shown in Figure 132. 
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Figure 110. Sensitivity vs. temperature with 1, 10, 50 ppm of reducing gas from CuO (a)-

(c); Sensitivity vs. temperature with 1, 10, 50 ppm of reducing gas from Pd-CuO; 

Sensitivity vs. temperature with 1, 10, 50 ppm of reducing gas from Au-CuO. 

7.5 Materials Selection for the Sensor Array 

A sensor array is comprised of multiple metal oxide chemiresistors with partial 

selectivity. When a sensor array is paired with an appropriate pattern-recognition system, 

a so-called "electronic nose", capable of recognizing individual components or mixtures of 

gases/vapors, is built.  

Figure 111 shows the generic architecture of an electronic nose. A gas mixture (j) is 

presented to the sensor array, which converts the chemical input into electrical signals (Vij). 

The individual sensors i within the electronic nose produce a time-dependent electrical 

signal Vij(t) in response to an odor j. The transient information in the sensor signal (e.g. 

rise and decay time) often depends upon multiple external and internal factors (e.g. flow & 

temperature profile, reaction kinetics, diffusion within active material), so instead of 

transient data, steady-state models are more commonly used to process gas mixtures sensor 
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signals. For example, relative ( 𝑥𝑖𝑗 = (𝑉𝑖𝑗
𝑚𝑎𝑥/𝑉𝑖𝑗

𝑚𝑖𝑛 ) and fractional difference ( 𝑥𝑖𝑗 =

(𝑉𝑖𝑗
𝑚𝑎𝑥 − 𝑉𝑖𝑗

𝑚𝑖𝑛)/𝑉𝑖𝑗
𝑚𝑖𝑛) models are most frequently applied because they help compensate 

for the temperature sensitivity of the sensor. Moreover, the fractional difference model 

linearizes the mechanism that generates a concentration dependence in metal oxide 

chemiresistors. Logarithmic analysis (𝑥𝑖𝑗 = log(𝑉𝑖𝑗
𝑚𝑎𝑥 − 𝑉𝑖𝑗

𝑚𝑖𝑛)) can be used to linearize a 

highly nonlinear concentration dependency. 

The response from an array made up of n sensors is a vector Xj, which can be written 

as 𝑋𝑗 = {𝑥1𝑗, 𝑥2𝑗 , 𝑥3𝑗 ∙∙∙, 𝑥𝑛𝑗} . The data needs to be conditioned by performing 

normalization on the signals from each sensor (𝑥𝑖𝑗
′ = 𝑥𝑖𝑗 /(𝑥𝑖𝑗

𝑚𝑎𝑥𝑗
− 𝑥𝑖𝑗

𝑚𝑖𝑛𝑗
)) or from the 

whole array (𝑥𝑖𝑗
′ = 𝑥𝑖𝑗/ ∑ 𝑥𝑖𝑗

2
𝑖 ).  

The conditioned response vectors generated by the sensor array are then analyzed 

using a pattern-recognition (PARC) engine. In most cases, there are two stages used in the 

pattern-recognition process. First, the output of the sensor array is trained by the PARC 

method using mathematical rules that relate the output from a known gas mixture to a set 

of descriptors (k classes) held in a knowledge base. This process is known as supervised 

learning. Then the response from an unknown gas mixture is tested against the knowledge 

base and the predicted class membership is given. 
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Figure 111. schematic of a typical electronic nose. 

Several steps are taken in selecting an optimized set of 7 sensors. A hierarchical cluster 

analysis HCA. is performed on the normalized sensor library data to determine the 

similarity of sensors based on their measured intensity responses. The data for each analyte 

is normalized by dividing the individual sensor elements response by the sum of all the 

absolute modulus. Responses of all sensor elements to that analyte. The resulting 

dendrogram groups together sensors which give similar responses across all analytes. From 

each group, the sensor with the highest sensitivity value is retained. An overall sensitivity 

and selectivity value is then calculated for the optimized array. These values are used as a 

means to quantify the performance of this array with other such arrays, since selecting 

sensors on the basis of a visual examination of a dendrogram is insufficient in itself. The 

metrics for these selections is then compared with their respective population distributions 

for selectivity and sensitivity values calculated for 7 sensors selected at random. This 

allows us to evaluate the performance of our optimized array with the theoretical optimum. 
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7.5.1 Sensitivity — Sum of Root Sum Square (SRSS) 

A measure of the overall sensitivity of any one-sensor element can be calculated as 

shown below  

𝑅𝑆𝑆 = (∑ 𝑋𝑐
2

𝑛

𝑐=1

)1/2 

where X is the normalized response for analyte c on a c given sensor element. The 

sensitivity for an array of sensors is then calculated by summing the RSS values for the 

selected sensors, such that:  

𝑆𝑅𝑆𝑆 = ∑(∑ 𝑋𝑐
2

𝑛

𝑐=1

)1/2

𝑚

𝑖=1

 

where m is the number of elements in the array. Note that sensitivity is calculated on 

the normalized response matrix (39 sensors by 6 analytes) such that each calibrant has an 

equal weighting in the overall calculation. The response matrix X is normalized by dividing 

the individual intensities by the sum of absolute intensities across all analytes for each 

sensor. 

7.5.2 Selectivity — Sum of Euclidean Distances (SED) 

Discrimination is simply a measure of how different the two or more response vectors 

are from one another. We can quantify this by calculating the Euclidean distance (ED) 

between pairs of analyte responses. Since we wish to maximise the discrimination between 

all the pairs of analytes, the overall selectivity measure is calculated by summing across all 

combinations. Therefore, for 6 calibrants, there are a total of 15 paired combinations of 

analytes, where the number of possible combinations for N analytes is given by 
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∑ (𝑁𝑖 − 1)𝑁
𝑖=1 . Moreover, the SED between is1 I pairs of analyte responses is calculated as 

follows: 

𝑆𝐸𝐷 = ∑( ∑ 𝑑𝑘𝑙

𝑁

𝑖=𝑘+1

)

𝑁−1

𝑘=1

 

where 𝑑𝑘𝑙 = √∑ (𝑥𝑘𝑗 − 𝑥𝑙𝑗)2𝑚
𝑗=1  

where m is the number of elements in the array, x is the j normalized response for 

sensor j towards a particular analyte k and l, and d is the ED between pairs of k l analytes 

k and l, while N is the total number of analytes in the response matrix (X). 
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Figure 112. Normalized response pattern for 6 different analytes across all 39 sensors 

The response matrix data contains the intensity change (∆R/R) induced by the 

adsorption of the analyte onto the surface of the metal oxide sensors. The resistance 

changes for the response matrix, normalized across all sensors, are shown in Figure 112. 

A different colored line represents each analyte, and for purposes of abbreviation the 
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sensors are numbered 1 to 39 and are referred to accordingly. From a visual perspective, 

these responses look to be highly correlated. This clearly highlights the need to select an 

alternative subset of sensors whose responses are much less correlated and whose 

sensitivities are much higher.  

 

Figure 113. The resultant dendrogram for the normalized response matrix linked by a 

centroid distance measurement method of distance between two clusters is defined as the 

squared Euclidean distance between their means. 

The results of the HCA on the normalized response matrix are displayed in Figure 

113. In the resulting dendrogram, sensors are linked by a method of centroid, such that the 

distance between two clusters is defined as the squared Euclidean distance between their 

means. The ED between individual groups of sensors is shown on the horizontal axis. As 

this distance value increases, the individual points are grouped together into a few distinct 
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clusters, each containing more points. A grouping of 7 clusters was selected from distance 

graph (Figure 114) where the distance starts to level off.  
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Figure 114. Distance graph of the hierarchical clustering 

From each cluster, a sensor was chosen which showed the best sensitivity (SRSS) or 

selectivity (SED) towards the analytes. In addition, an array of 7 sensors was also randomly 

selected from the candidate pool to serve as reference. The configurations for each of these 

theoretical arrays are listed in Table 24 below. 

The relative performance of each of these arrays was assessed using the sensitivity and 

selectivity metrics. The results for this are presented in Table 25. The two arrays selected 

based on maximum SRSS and SED values both demonstrate much higher sensitivity and 

selectivity values than those of the randomly selected array. Moreover, the Max SED array 

achieves both the highest SSRS and SED values. 

These numbers can be put into context by the distribution of the theoretical metric 

values, calculated for 100,000 random selections of 7 sensor elements. The SED and SRSS 

values for the Max SED array both situated in the upper tail of the distribution (Figure 
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114), while for the Max SRSS array only the sensitivity value reaches the upper tail. For 

the randomly selected array, both values located at the middle of the histograms. 

Table 24. A list of the sensors selected using different selection techniques 

Sensor selection 

Max SRSS Max SED Random 

8 7 1 

10 8 2 

21 21 13 

25 25 17 

26 26 18 

37 37 28 

38 38 29 

 

Table 25. Selectivity and sensitivity values for the individual selection of sensors 

 SSRS SED 

Max SRSS 0.21 0.18 

Max SED 0.21 0.40 

Random 0.11 0.06 

 

To evaluate the performance of the arrays on recognizing different gas species, three 

different concentrations (10, 100, 1000 ppm) of the analytes were analyzed, and the 

resultant sensory intensity response data were analyzed using principal component analysis. 

The first two principal components captured between 70-80% of the total variance in the 

data. The corresponding map is displayed in Figure 116. From a visual perspective it is 

evidently clear that the different analytes are better discriminated by the two optimized set 
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of sensors than they are by the randomly selected sensors. However, the hydrocarbons are 

still closely clustered in one of the quadrants, suggesting opportunities to further improving 

the discrimination of the hydrocarbons. 

 

Figure 115. the respective histograms for the sensitivity (a) and selectivity (b) metrics for 

100,000 random selection of 7 sensors for the 6 analytes. 

 

Figure 116. PCA maps for 6 dissolved gases obtained from (a) Max SRSS array (b) Max 

SED array (c) Random array. 

7.6 Accelerated Life Testing 

An accelerated life testing experiment was designed to estimate the service life of the 

metal oxide gas sensing materials used in the sensor box.  
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Gold-doped tin oxide was selected as the material of interest, because the metal/metal 

oxide is the most frequently adopted composition in this project, and the passivation of 

metal dopant is the dictating factor responsible for the temporal degradation of gas sensing 

performance. 

Thermal stress was applied to obtain accelerated time to failure data, which is defined 

as the length of time required for the response to drop to 50% of original level. Based on 

Arrhenius model, activation energy of the aging process can be deduced, and in turn, the 

service life of the sensing material at normal operating condition can be estimated.  

In this supporting document, the detailed procedure of the accelerated life testing was 

first described. In section 2, the results of the accelerated life testing were presented, and 

based on the calculation, the service life of the sensing material is estimated to be more 

than 13 years. 

7.6.1 Materials and Equipment:  

Eleven sensor chips made from Au-SnO2, a tube furnace connected to gas cylinder 

containing 1000 ppm of C2H6, a gas sensor testing system 

7.6.2 Procedure:  

i. The responses of all 11 fresh sensor chips toward 0.5 ppm C2H2 were recorded at 

normal operational temperature (200℃) with the gas sensor testing system. 

ii. 6 of the fresh sensors underwent accelerated aging treatment at 600℃ in the tube 

furnace. The atmosphere of the tube furnace contains 1000 ppm of C2H2, to 

simulate the real sensing environment, which contains roughly 1000 ppm of 

hydrocarbons. The sensors were removed periodically from the tube furnace to 
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record the responses toward 0.5 ppm C2H2 at normal operational temperature as a 

function of aging time. 

iii. The rest of the fresh sensors underwent the same accelerated aging treatment except 

the temperature of the tube furnace was risen to 700℃.  

7.6.3 Results 

The transient response curves of the samples that underwent accelerated aging 

treatment at 600℃ and 700℃ were demonstrated in Figure 116 and Figure 117, 

respectively. The calculated response values for the samples with different aging time were 

summarized in Table 26 for 600℃ treatment and in Table 27 for 700℃.  
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Figure 117. Transient response curves towards 0.5 ppm C2H2 measured at 200 ℃ for the 

sensors that underwent the accelerated aging treatment at 600℃ for 0, 24, 48, 72, and 142 

h. 

Table 26. Response values for the sensors treated at 600℃ for different amount of times 

 Response (Rair/Rgas) 

Aging 

time (h) 
#1 #2 #3 #4 #5 #6 Average 

0 5.3 ± 0.6 4.3 ± 0.4 3.5 ± 0.3 4.6 ± 0.4 4.8 ± 0.2 4. ± 0.10 4 ± 2 

24 2.9 ± 0.3 2.8 ± 0.2 2.9 ± 0.3 3.9 ± 0.3 2.5 ± 0.3 2.9 ± 0.2 3 ± 1 

48 
2.29 ± 

0.06 

2.11 ± 

0.08 

2.31 ± 

0.09 

2.85 ± 

0.06 

2.98 ± 

0.13 
3.2 ± 0.3 

2.6 ± 

1.0 

72 1.94± 0.02 
2.09 ± 

0.06 

2.20 ± 

0.07 

2.26 ± 

0.11 
2.6 ± 0.3 2.4 ± 0.2 

2.2 ± 

0.9 

142 
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Figure 118. Transient response curves towards 0.5 ppm C2H2 measured at 200 ℃ for the 

sensors that underwent the accelerated aging treatment at 700℃ for 0, 24, 45, and 69 h. 

Table 27. Response values for the sensors treated at 700℃ for different amount of times 

 Response (Rair/Rgas) 

Aging 

time (h) 
#1 #2 #3 #4 #5 Average 

0 
3.58 ± 

0.08 

4.44 ± 

0.15 
4.57 ± 0.16 5.5 ± 0.5 

5.4 ± 

0.6 
4.7 ± 0.8 

24 
1.469 ± 

0.010 

2.31 ± 

0.06 
2.19 ± 0.03 2.37 ± 0.16 

2.41 ± 

0.14 
2.1 ± 0.4 

45 
1.678 ± 

0.017 

2.15 ± 

0.04 
2.14 ± 0.03 1.98 ± 0.11 

2.7 ± 

0.4 
2.1 ± 0.4 

69 
1.737 

± 0.015 

1.89 ± 

0.06 
1.37 ± 0.03 1.67 ± 0.11 

1.75 ± 

0.12 
1.68 ± 0.19 
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The response values were revealed to decrease exponentially with aging time as shown 

in Figure 119. The times to failure were estimated to be 83 hours at 600 ℃, and 22 hours 

at 700 ℃. 

 

Figure 119. Response average as a function of accelerated aging time. The exponentially 

fitted curves were used to estimate the failure time. 

The service life at normal operational condition is estimated based on Arrhenius model. 

𝑡𝑇 = 𝐴𝑒−
𝐸𝑎
𝑅𝑇          (52) 

tT is the time to failure at temperature T, A is a constant, Ea is activation energy, R is 

gas constant, and T is temperature in K. By rearranging and plugging in the time to failure 

data (eq 53-55), the activation energy is estimated to be around 40.7KJ/mol. 

ln 𝑡𝑇 = ln 𝐴 −
𝐸𝑎

𝑅𝑇
         (53) 

ln 𝑡973.15𝐾 − ln 𝑡873.15𝐾 =
𝐸𝑎

𝑅
× (

1

873.15𝐾
−

1

973.15𝐾
)    (54) 

𝐸𝑎 = 𝑅 ×
ln 𝑡973.15𝐾−ln 𝑡873.15𝐾

(
1

873.15𝐾
−

1

973.15𝐾
)

= 40.7 𝑘𝐽/𝑚𝑜𝑙     (55) 
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The time for the sensing material to fail at 200℃ is estimated to be around 1.1 years 

(eq 56).  

ln 𝑡473.15𝐾 = ln 𝑡873.15𝐾 +
𝐸𝑎

𝑅
× (

1

873.15𝐾
−

1

473.15𝐾
) ≈ 9537ℎ𝑟 ≈ 1.1 𝑦𝑒𝑎𝑟 (56) 

However, in real application, the sensor will not be exposed to the dissolved gas all 

the time. During the 1-hour long sampling period, the sensor will be exposed to dissolved 

gas for only 5 min. For the rest of the hour, the sensor will regenerate in clean air. Therefore, 

the true service life is the estimated time to fail multiply by 12, which equals to 13.2 years. 

7.7 Prototype Design, Construction, and Initial Tests 

The sensor box was designed and fabricated by the collaborator at Clemson University. 

Figure 120 shows a top-down view of the component inside the sensor box. Eight 

semiconductor sensors were loaded in series inside the steel chamber. Other main 

components include a power supply, 9 control boards, a data acquisition board, and a gas 

chamber with IR sensor inside for CO2 detection.  

 

Figure 120. Picture of sensor box prototype. 
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Figure 120 is a screenshot of the graphic user interface developed by Clemson. The 

testing condition is: Heating voltage: 5V (~200℃); Gas type: CO; Concentration: 0.5 ppm; 

Flow rate: 200 ccm. 

 

Figure 121. screenshot of the gas sensor control user interface developed by Clemson 

University. 

The sensor box with complete sensor array was tested and calibrated in single gas 

condition, and the testing parameters and sensor responses were summarized in the tables 

and figures below. 

Table 28. Semiconductor gas sensors: specifications. 

Sensor No. Composition Heating voltage (v) 

1 CuO nanosheet 3.2 

2 5%Al-SnO2 7.5 

3 2%Au-SnO2 5 

4 ZnO nanowire 6.25 

5 2% Ag-SnO2 6 

6 2% Pd-SnO2 7 

7 5% Cu-SnO2 6 

8 1% Ni-SnO2 7 
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i. Calibration curves of the semiconductor gas sensors 

Sensor 1: CuO nanosheet 
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Figure 122. concentration vs. response curves of 6 gases. 

Table 29. Summary of response values. 

Concentration 

(ppm) 

Response (Rair/Rgas) 

H2 CO CH4 C2H6 C2H4 C2H2 

500 1.74 1.48 1.37 1.19 1.60 2.93 

100 1.61 1.43 1.16 1.12 1.39 2.05 

10 1.48 1.07 1.13 1.18 1.32 1.53 

0.5 1.29 1.05 1.07 1.09 1.10 1.22 
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Sensor 2: 5%Al-SnO2 
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Figure 123. Concentration vs. response curves of 6 gases. 

Table 30. Summary of response values. 

Concentration 

(ppm) 

Response (Rair/Rgas) 

H2 CO CH4 C2H6 C2H4 C2H2 

0.5 1.10 1.12 1.10 1.18 1.28 1.24 

10 1.25 1.16 1.18 1.38 1.61 1.68 

100 2.13 1.50 1.56 1.59 2.34 2.69 

500 3.19 1.54 1.65 1.94 2.60 4.73 
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Sensor 3: 2%Au-SnO2 
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Figure 124. concentration vs. response curves of 6 gases. 

Table 31. Summary of response values. 

Concentration 

(ppm) 

Response (Rair/Rgas) 

H2 CO CH4 C2H6 C2H4 C2H2 

0.5 2.43 1.10 1.29 1.27 2.07 1.94 

10 5.29 1.57 1.54 1.38 3.95 4.70 

100 44.74 2.94 2.46 4.84 14.40 17.21 

500 79.73 6.13 3.19 4.27 26.62 53.09 
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Sensor 4: ZnO nanowire 
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Figure 125. Concentration vs. response curves of 6 gases. 

Table 32. Summary of response values. 

Concentration 

(ppm) 

Response (Rair/Rgas) 

H2 CO CH4 C2H6 C2H4 C2H2 

500 2.71 1.70 1.65 1.42 1.57 10.07 

100 2.16 1.47 1.33 1.27 1.57 4.45 

10 1.90 1.12 1.21 1.20 1.25 2.53 

0.5 1.51 1.09 1.14 1.14 1.11 1.60 
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Sensor 5: 2%Ag-SnO2 
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Figure 126. Concentration vs. response curves of 6 gases. 

Table 33. Summary of response values. 

Concentration 

(ppm) 

Response (Rair/Rgas) 

H2 CO CH4 C2H6 C2H4 C2H2 

0.5 1.07 1.03 1.02 1.10 1.04 1.05 

10 1.23 1.04 1.05 1.34 1.15 1.22 

100 1.67 1.14 1.23 1.64 1.61 1.52 

500 2.69 1.31 1.70 2.29 2.75 2.40 
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Sensor 6: 2%Pd-SnO2 
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Figure 127. Concentration vs. response curves of 6 gases. 

Table 34. Summary of response values. 

Concentration 

(ppm) 

Response (Rair/Rgas) 

H2 CO CH4 C2H6 C2H4 C2H2 

0.5 1.43 1.16 1.14 1.38 1.30 1.33 

10 2.97 1.28 1.30 1.94 1.87 2.21 

100 5.56 1.87 1.85 2.50 3.69 3.33 

500 15.41 2.28 2.88 3.95 7.75 7.89 
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Sensor 7: 5% Cu-SnO2 
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Figure 128. Concentration vs. response curves of 6 gases. 

Table 35. Summary of response values. 

Concentration 

(ppm) 

Response (Rair/Rgas) 

H2 CO CH4 C2H6 C2H4 C2H2 

0.5 1.23 1.09 1.05 1.06 1.39 1.09 

10 2.19 1.13 1.64 1.35 4.20 1.42 

100 7.06 1.32 3.44 2.30 6.21 3.26 

500 21.47 1.80 4.00 4.60 11.91 7.80 
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Sensor 8: 1% Ni-SnO2 
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Figure 129. Concentration vs. response curves of 6 gases. 

Table 36. Summary of response values. 

Concentration 

(ppm) 

Response (Rair/Rgas) 

H2 CO CH4 C2H6 C2H4 C2H2 

0.5 1.19 1.03 1.15 1.26 1.36 1.11 

10 1.92 1.14 1.75 2.16 3.56 1.55 

100 5.78 1.47 2.78 3.95 5.18 3.81 

500 15.95 2.38 4.25 6.20 8.21 8.56 
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8. CONCLUSIONS AND FUTURE WORK 

Major conclusions derived from the entire work are formulated below. New challenges 

and directions for future work arisen from the findings of this thesis are given then. 

Chapter 3 

In summary, we developed a simple, versatile, and highly reproducible self-assembly 

method for fabricating sensors composed of only a monolayer of CuO or ZnO nanosheets. 

The film formation mechanism is attributed to the amphiphilic nature of the as-prepared 

nanosheets. The quality of the monolayer film is dictated by the addition amount and the 

dispersion of nanosheet. Multilayer deposition using the same self-assembly technique is 

enabled by an annealing treatment after depositing each layer. Among the CuO-based H2S 

sensors, CuO-mono shows highest sensitivity, fastest response and recovery, and excellent 

immunity to the humidity interference. Moreover, the sensing performance (i.e. sensitivity, 

response and recovery rate) is found to be negatively impacted by increasing sensing film 

thickness for the CuO-based sensors. The negative influence from sensing film thickness 

is attributed to the analyte gas dilution effect and impeded gas diffusion, both of which 

aggravate with increasing thickness. A model considering Knudsen diffusion of gas in the 

inter-nanosheet spaces (~3 nm), Langmuir isotherm equation for H2S adsorption on the 

nanosheet surface, and first order reaction kinetic for surface reaction consuming H2S, was 

established, and it describes well the experimentally measured sensor response data. The 

same correlation between sensing performance and sensing film thickness is also observed 

for the ZnO nanosheet based H2 sensor. Both the experimental and the simulation data 
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suggest that monolayer configuration is less prone to the gas-diffusion-related effects and 

should be adopted for enhanced sensitivity and response transient. 

Chapter 4 

In conclusion, humidity independent H2S sensing performance is achieved for the first time 

without applying any surface additive. The self-assembled monolayer films of CuO 

nanosheets show constant response to H2S (coefficient of variations < 3%) regardless of 

humidity variations. The monolayer sensor also displays excellent sensitivity for H2S 

(detection limit 3 ppb), prominent selectivity over typical interfering VOCs, i.e. toluene, 

ethanol and acetone, and high stability in operating conditions with varied humidity levels. 

The XPS study confirms the reaction between hydroxyl groups and H2S on the surface of 

CuO, which generates a resistive surface layer of Cu2S and S. In humid environment, the 

diminishing role of redox reaction between ionosorbed oxygen species and H2S in 

generating the increase in electrical resistance is filled in by the change in geometric factors 

(DC and DG). In comparison to using moisture adsorbent for alleviating humidity 

interference, the new strategy has an advantage of long-term usage in humid environment 

without needs for the regeneration of adsorbent. However, to achieve humidity independent 

sensing of H2S with CuO sensor, it is essential to prepare ultra-thin sensing film for the 

rapid diffusion of H2S in the shrinking pores due to the formation of Cu2-xS. 

Chapter 5 

In conclusion, ultrathin films of aligned ZnO nanowires with periodic v-grooves can be 

obtained via Langmuir Blodgett assembly. The sintering behavior of Au clusters on ZnO 

LB film was analyzed based on the evolution of particle size distribution. Au NPs is 
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observed to achieve a stable size of 11 nm on ZnO LB film, while particle sintering and 

growth is still observed after Au NPs grew beyond 20 nm on conventional thin film. The 

origin of the sintering resistance on ZnO LB film is attributed to the ridges of the v-grooves, 

which serves as diffusion barriers for particle migration. The sensing performance of 

pristine ZnO LB film is superior to conventional thin film in all key parameters, thanks to 

the high gas accessibility of ZnO LB film. With high dispersion of small Au NPs as surface 

dopants, the ZnO LB film is converted into a highly responsive conductance switch, the 

bulk conductivity of which is fully determined by its surface chemistry. Unprecedented 

sensitivity (37 ppm-1) and detection limit (3 ppb) towards acetylene (C2H2) are observed 

for Au-doped ZnO LB film.  

Chapter 6 

In summary, SnO2 with dopant-segregation-induced core (dopant-free)/shell (dopant-

rich) structure was achieved by annealing Al2O3/SnO2 metastable solid solution. After the 

thermal treatment, Al-rich shell were observed for the Al-doped SnO2 samples, due to the 

dopant migration driven by strain and electrostatic interaction energy.  

The prominent solute drag effect in the Al-rich shell helped retarding grain growth for 

the samples with core-shell structure. As a result, smaller crystallite size (DXRD) and lower 

level of coalescence (DBET/DXRD) were observed than that of pure SnO2. Moreover, the 

growth inhibition effectiveness of the Al-rich shell was discovered to be proportional to 

the Al3+ concentration at the particle surface, which confirms with the classical theory of 

solute drag effect. The Al3+ concentration at the particle surface initially increase with 

Al3+ dopant concentration, until reaching a maximum value at 5 mol%, at which the DXRD 
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and DBET/DXRD are also the lowest. Doping more than 5 mol% leads to the nucleation of 

Al-rich nanoparticles at the expense of the dopant rich shell, which decreases the surface 

concentration of Al3+, and in turn, downgrades the solute drag effect within the Al-rich 

shell.  

Notable enhancement in H2 sensitivity Al was observed for the SnO2 samples with Al-rich 

shell over the pure SnO2 sample. Besides, dependence on Al3+ dopant concentration same 

as that of structural changes (crystallite size and coalescence level) was observed for H2 

sensitivity, with maximum sensor response value achieved also by SnO2 sample doped 

with 5 mol% Al. A semiquantitative multigrain model was proposed to bridge the 

connection between the structural changes and the sensitivity enhancement by suggesting 

that with core-shell structure, smaller crystallite size and lower level of coalescence lead 

to more gas-sensitive double Schottky barriers and constricted conduction channel along 

the conduction path, which leads to higher sensitivity. Based on previous findings, forming 

dopant-segregation induced core-shell structure is a promising strategy to enhance thermal 

stability as well as gas sensitivity for nanocrystalline based metal oxide gas sensor. 

Chapter 7 

Designed and built a sensor evaluation system enabling 4 sensor nodes testing across 

6 decades of analyte concentrations. Developed a scalable sensor fabrication technique, 

and designed methods for evaluating the performance. Tailored the structure and 

composition of the sensing film to meet the targets on detection limits and response time. 

Developed strategies (e.g. semipermeable membrane, chemical modifier) to differentiate 

similar dissolved gases. Performed accelerated life testing and principal component 
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analysis to select 9 sensors for building the sensor array. Delivered the assembled sensor 

array to the industrial partner on time. Collaborated in the design and testing of an 

automated dissolved gas analysis system prototype. 

FUTURE WORKS 

1. Perform TPD and DRIFT analysis on Au@ZnO samples to verify the claim on surface 

reaction based on the conduction measurement  

2. Develop the lithography step to pattern the monolayer film deposited by Langmuir-

Blodgett assembly 

3. Testing the thermal mechanical and electrical properties of the microheater 

4. Develop processes to deposit monolayer film of 2D metal chalcogens, carbon 

nanotubes, and graphene with Langmuir-Blodgett assembly 

5. Develop machine learning algorithm for sensor array study 
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