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Abstract: Metal oxide gas sensors are predominant solid-state gas detecting devices for 

domestic, commercial and industrial applications, which have many advantages such as 

low cost, easy production, and compact size. However, the performance of such sensors is 

significantly influenced by the morphology and structure of sensing materials, resulting in 

a great obstacle for gas sensors based on bulk materials or dense films to achieve  

highly-sensitive properties. Lots of metal oxide nanostructures have been developed to 

improve the gas sensing properties such as sensitivity, selectivity, response speed, and so 

on. Here, we provide a brief overview of metal oxide nanostructures and their gas sensing 

properties from the aspects of particle size, morphology and doping. When the particle size 

of metal oxide is close to or less than double thickness of the space-charge layer, the 

sensitivity of the sensor will increase remarkably, which would be called “small size 

effect”, yet small size of metal oxide nanoparticles will be compactly sintered together 

during the film coating process which is disadvantage for gas diffusion in them.  

In view of those reasons, nanostructures with many kinds of shapes such as porous 

nanotubes, porous nanospheres and so on have been investigated, that not only possessed 

large surface area and relatively mass reactive sites, but also formed relatively loose film 
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structures which is an advantage for gas diffusion. Besides, doping is also an effective 

method to decrease particle size and improve gas sensing properties. Therefore, the gas 

sensing properties of metal oxide nanostructures assembled by nanoparticles are reviewed 

in this article. The effect of doping is also summarized and finally the perspectives of metal 

oxide gas sensor are given. 

Keywords: metal oxide; gas sensing; nanostructure; size effect; doping 

 

1. Introduction  

The issue of air quality is still a major concern in many countries. A clean air supply is essential to 

our health and the environment. The human nose serves as a highly advanced sensing system which 

may differentiate between hundreds of smells but fails if absolute gas concentrations or odorless gases 

need to be detected. The demand for detecting toxic and deleterious gases is accordingly urgent to 

support or replace human nose. Although a large number of gas detecting systems have currently been 

used in process control and laboratory analytics [1–4], high performance gas sensors with high 

sensitivity, high selectivity and rapid response speed are also needed to improve the levels of gas 

detection. 

Metal oxide gas sensors have been widely used in portable gas detection systems because of their 

advantages such as low cost, easy production, compact size and simple measuring electronics [5,6]. 

However, the performance of such sensors is significantly influenced by the morphology and structure 

of sensing materials, resulting in a great obstacle for gas sensors based on bulk materials or dense films 

to achieve highly-sensitive properties. Gas sensors based on nanomaterials are a greatly developing 

direction to improve gas sensing properties in sensitivity, selectivity and response speed. Although 

there are already some reviews on metal oxide gas sensor [7–9], it is still necessary to systematically 

summarize the features of metal oxides from the perspective of nanoscience and nanotechnology. In 

this review, we provide a brief summary on metal oxide nanostructures and their gas sensing properties 

from the aspects of particle size, morphology and doping. Most of the examples are given based on  

n-type metal oxides which are more extensively investigated and applied among the metal oxide  

gas sensors.  

2. Gas Sensing Mechanism 

It is necessary to reveal the sensing mechanism of metal oxide gas sensors which is helpful for 

designing and fabricating novel gas sensing materials with excellent performance. Although the exact 

fundamental mechanisms that cause a gas response are still controversial, it is essentially responsible 

for a change in conductivity that trapping of electrons at adsorbed molecules and band bending 

induced by these charged molecules. Herein, a brief introduction to the sensing mechanism of n-type 

metal oxides in air is given based on the example of SnO2. Typically, oxygen gases are adsorbed on 

the surface of the SnO2 sensing material in air. The adsorbed oxygen species can capture electrons 

from the inner of the SnO2 film. The negative charge trapped in these oxygen species causes a 
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depletion layer and thus a reduced conductivity. When the sensor is exposed to reducing gases, the 

electrons trapped by the oxygen adsorbate will return to the SnO2 film, leading to a decrease in the 

potential barrier height and thus an increase in conductivity. There are different oxygen species 

including molecular (O2
−
) and atomic (O

−
, O

2−
) ions on the surface depending on working temperature. 

Generally, below 150 °C the molecular form dominates while above this temperature the atomic 

species are found [9,10].  

The overall surface stoichiometry has a decisive influence on the surface conductivity for the metal 

oxides. Oxygen vacancies act as donors, increasing the surface conductivity, whereas adsorbed oxygen 

ions act as surface acceptors, binding elections and diminishing the surface conductivity. Figure 1 

shows the energy diagram of various oxygen species in the gas phase, adsorbed at the surface and 

bound within the lattice of SnO2 [11,12]. On SnO2 films the reaction O2
−

ads + e
−
 = 2O

−
ads takes place as 

the temperature increases. The desorption temperatures from the SnO2 surface are around 550 °C for 

O
−

ads ions and around 150 °C for O2
−

ads ions. At constant oxygen coverage, the transition causes an 

increase in surface charge density with corresponding variations of band bending and surface 

conductivity. From conductance measurements, it is concluded that the transition takes place slowly. 

Therefore, a rapid temperature change on the part of the sensors is usually followed by a gradual and 

continuous change in the conductance. The oxygen coverage adjusts to a new equilibrium and the 

adsorbed oxygen is converted into another species which may be used in measurement method of 

dynamic modulated temperature as reported previously [13–19]. 

Figure 1. Energy diagram for various oxygen species in the gas phase adsorbed at the 

surface and bound within the lattice of SnO2. Reprinted with permission from [11]. 

Copyright (2007) Nova Science Publishers. 

 

3. Device Structure 

Gas sensors based on metal oxide nanostructures generally consist of three parts, i.e., sensing film, 

electrodes and heater. Metal oxide nanostructures react in the form of a film which will change in 

resistance upon exposure to target gases. A pair of electrodes is used to measure the resistance of the 

sensing film. Usually the gas sensors are furnished with a heater so that they are heated externally to 

reach an optimum working temperature. Currently, metal oxide nanostructures sensors have been 
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characterized in three ways: conductometric, field effect transistor (FET) and impedometric ones [20]. 

FET type is usually exploited to fabricate sensors based on single or arrays of one-dimensional (1D) 

semiconducting nanomaterials, which have a complex fabrication process. Impedometric type sensors 

are based on impedance changes and are operated under alternating voltage upon exposure to target 

species, which has not yet attracted much attention. The conductometric type is the most common gas 

sensor which is suitable for most nanomaterials. There are two types of device structures in 

conductometric sensors: directly heated and indirectly heated. A directly heated type structure means 

the heater is contacted with the sensing material, which may lack stability and anti-interference ability, 

so most of the current nanostructure-based gas sensors are indirectly heated type structures which can 

be divided into two types, i.e., cylindrical and planar layouts, as shown in Figures 2 and 3. Alumina 

ceramics (wafers or tubes) are generally used as substrates to support sensing films. In the ceramic 

tube-based device, a piece of heating wire is placed in the interior of the ceramic tube, while, in the 

ceramic wafer-based device, heating paste is placed on the backside of the ceramic wafer. Some silica 

wafers can also be used as the substrate, which is advantageous in manufacturing small sized gas 

sensor because of its compatibility with integrated circuits. 

Figure 2. Device structure based on ceramic wafer substrate. 

 

Figure 3. Device structure based on ceramic tube substrate. 

 

4. Nano Effect of Small Size of Metal Oxide Nanoparticles 

The “small size effect” of metal oxides has been reported by many publications [21–27]. As shown 

in Figure 4, a sensor is considered to be composed of partially sintered crystallites that are connected 
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to their neighbors by necks. Those interconnected grains form larger aggregates that are connected to 

their neighbors by grain boundaries [28]. On the surface of the grains, adsorbed oxygen molecules 

extract electrons from the conduction band and trap the electrons at the surface in the form of ions, 

which produces a band bending and an electron depleted region called the space-charge layer. When 

the particle size of the sensing film is close to or less than double the thickness of the space-charge 

layer, the sensitivity of the sensor will increase remarkably. Xu et al. explained the phenomena by a 

semiquantitative model [29]. Three different cases can be distinguished according to the relationship 

between the particle size (D) and the width of the space-charge layer (L) that is produced around the 

surface of the crystallites due to chemisorbed ions and the size of L is about 3 nm for pure SnO2 

material in literatures [30–34]. When D >> 2L, the conductivity of the whole structure depends on the 

inner mobile charge carriers and the electrical conductivity depends exponentially on the barrier height. 

It is not so sensitive to the charges acquired from surface reactions. When D ≥ 2L, the space-charge 

layer region around each neck forms a constricted conduction channel within each aggregate. 

Consequently, the conductivity not only depends on the particle boundaries barriers, but also on the 

cross section area of those channels and so it is sensitive to reaction charges. Therefore, the particles 

are sensitive to the ambient gas composition. When D < 2L, the space-charge layer region dominates 

the whole particle and the crystallites are almost fully depleted of mobile charge carriers. The energy 

bands are nearly flat throughout the whole structure of the interconnected grains and there are no 

significant barriers for intercrystallite charge transport and then the conductivity is essentially 

controlled by the intercrystallite conductivity. Few charges acquired from surface reactions will cause 

large changes of conductivity of the whole structure, so the crystalline SnO2 becomes highly sensitive 

to ambient gas molecules when its particle size is small enough. 

Based on Xu’s model, many new sensing materials are developed to achieve high gas sensing 

properties [35–37]. Typically, the nanocomposite of SnO2 and multiwall carbon nanotube (MWCNT) 

was exploited to detect persistent organic pollutants (POPs) which possess stable chemical properties 

and are ordinarily difficult to detected with metal oxides [38]. The preparation of materials with size 

and porosity in the nanometer range is of technological importance for a wide range of sensing 

applications. The ultrasensitive detection of aldrin and dichlorodiphenyltrichloroethane (DDT), has 

been carried out using the nanocomposite of small SnO2 particles and MWCNTs. The nanocomposite 

shows a very attractive improved sensitivity compared with a conventional SnO2 sensor. A sharp 

response of low limiting concentration about 1 ng was observed in both aldrin and DDT, suggesting 

potential applications as a new analytical approach. One major advantage of this sensing material is its 

stable attachment between sub-10 nm SnO2 nanoparticles and carbon nanotubes shown is Figure 5. 

Besides, the SnO2/MWCNT nanocomposite synthesized by a wet chemical method may control the 

size of SnO2 particles under 10 nm and form highly porous three dimensional (3D) structures. Among 

the highly porous 3D structures, MWCNTs can be regarded as the framework and the SnO2 particles 

uniformly packed on them, which may enhance the ability of gas diffusion into and out of the sensing 

film. The high sensitivity can also be attributed to an effect of p-n junction formed between p-type 

carbon nanotubes and n-type SnO2 nanoparticles. The investigation results make SnO2/MWCNT 

nanocomposites attractive for the purpose of POPs detection. 
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Figure 4. Schematic model of the effect of the crystallite size on the sensitivity of  

metal-oxide gas sensors: (a) D >> 2L; (b) D ≥ 2L; (c) D < 2L. 

 

Figure 5. (a) Low- and (b) high-magnified TEM images of the SnO2/MWCNT 

nanocomposites. Reprinted with permission from [38]. Copyright (2010) RSC Publishing. 

 

5. Porous Film of Metal Oxides 

Commonly, metal oxide sensing films are divided into dense and porous [10]. In dense films, the 

gas interaction takes place only at the surface of the film since the analyte cannot penetrate into the 

sensing film. In porous films, the gas can penetrate into the film and interact with the inner grains. In 

fact, metal oxide films are usually produced with a certain overall porosity through several processes, 

which is yet insufficient for gas sensing.  

Apart from large surface-to-volume ratios, well-defined and uniform pore structures are particularly 

desired for metal oxides to improve sensing performance. Porous materials are classified into several 

kinds according to their size. According to the definition of the International Union of Pure and 

Applied Chemistry (IUPAC) [39], microporous materials have pore diameters of less than 2 nm and 
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6. Porous Nanostructures of Metal Oxide and Their Gas Sensing Properties 

In the past few years, many efforts have been devoted to improve the sensitivity of gas sensors. 

Sakai et al. found that the porous structure of the sensing film played a critical role in the performance 

of the sensor because it decided the rate of gas diffusion [58]. Xu et al. found that the particle size 

heavily affected the sensitivity of sensor [29]. Although many methods have been reported to 

synthesize monodisperse nanoparticles of metal oxides [60–64], small size of nanoparticles are not 

stable which may easily congregate and grow up under heating conditions [31]. Besides, small sized  

nanoparticles will be compactly sintered together during the film coating process which is a 

disadvantage for gas diffusion in them. If porous nanostructures are used as gas sensing materials, the 

gas sensing properties will be much improved. On the basis of those reasons, nanoparticles-assembled 

nanostructures with many kinds of shapes such as porous nanowires, porous nanotubes, porous 

nanospheres and so on are reviewed in this chapter, which exhibited excellent gas sensing properties 

because they not only possessed large surface area and relatively mass reactive sites, but also formed 

relatively loose film structures.  

6.1. Porous Nanowires 

One-dimensional or quasi-1D metal oxide nanostructures possess very large surface-to-volume 

ratios which is advantageous in gas sensing. Besides, other factors also make these nanostructures 

particularly suitable for conductimetric gas sensing as follows: (i) the comparability of the Debye 

screening length of nanostructured metal oxides with their lateral dimensions and (ii) the ability to 

fabricate them routinely with significant lengths providing a long semiconducting channel. All these 

make 1D or quasi-1D nanostructures such as nanowires, nanotubes and nanorods highly sensitive and 

efficient transducers of surface chemical processes into electrical signals [65]. 

Nanowires as a kind of important one-dimensional nanostructures have been used in many  

field [66,67]. Many kinds of semiconductor nanowires, such as SnO2 [68–70], In2O3 [71,72],  

ZnO [73–75], TiO2 [76,77] and so on, have been widely applied in gas sensors. However, smooth 

nanowires only adsorb gases at their surfaces which results in a great obstacle to achieve  

highly-sensitive properties. Porous nanowires have attracted great interests due to their high  

surface-to-volume ratio and porous structure which allows adsorbing gases not only on the surface but 

also throughout the bulk. Wang et al. [78,79] have prepared porous SnO2 nanowires based on glycolate 

precursors under mild conditions which showed good sensitivity to some gases such as C2H5OH, CO 

and H2. Guo et al. have prepared highly porous CdO nanowires as shown in Figure 7 by calcining the 

hydroxy- and carbonate-containing cadmium compound precursor nanowires [80]. The precursor 

converted into porous CdO nanowires, which were polycrystalline structure, through heat treatment in 

air without changing the wire-like topography. Due to the highly porous structure, the highly porous 

CdO nanowires showed rapid response, low detection limit, high signal-to-noise ratio and selectivity to 

nitrogen oxide which is one of the most dangerous air pollutants.  
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The In2O3 nanospheres obtained have a uniform diameter of around 200 nm and hollow structures 

with thin shells of about 30 nm. It is just the hollow and porous structure that In2O3 nanospheres have 

much larger surface area, so the In2O3 nanospheres exhibit a good response and reversibility to volatile 

organic compounds such as methanol, alcohol, acetone and ethyl ether. Wang et al. also prepared 

hollow SnO2 nanospheres by carbonaceous spheres as templates which also showed high sensitivity to 

triethylamine and ethanol [102]. 

7. Doping of the Metal Oxide Nanostructures in Nanoscale Levels 

Doping of metal oxide sensing film is a traditional technology for gas sensors. The traditional 

concept of doping is to enhance catalytic activity and adjust electrical resistance of the intrinsic metal  

oxide [103–105]. The dopant is usually high active, which make it react preferentially with adsorbed 

molecules. As shown in Figure 11, the dopant is generally dispersed on the metal oxide matrix so that 

they are available near all the intergranular contacts. In air, the oxygen molecules react preferentially 

with the dopant forming oxygen anions and then spill over to the metal oxide matrix. When the target 

gases are adsorbed on to the surface of the dopant and then migrate to the oxide surface to react with 

surface oxygen species thereby increasing the surface conductivity [106]. 

Figure 11. Oxygen spillover process in the surface of doped metal oxides. 

 

However, as the development of nanotechnology, doping is given many novel meanings. A typical 

doping phenomenon concerns the fact that the particle size of the doped metal oxide becomes smaller 

than the pure one [27,28] which can be explained by Nae-Lih Wu’s theory [29], i.e., because of the 

interaction on the boundaries between host and dopant crystallites, the motion of crystallites is  

restricted [107–109]. In other words, the advancing of grain boundaries which is required for crystal 

growth is stunted. As a result, the size of crystallites is decreased by the doping of impurities.  

Gong et al. have investigated the role of the Cu doping in enhancing the capability to adsorb CO 

molecules [110]. According to their results, the Cu site in ZnO film plays an important role to adsorb 

CO molecules at both low and high temperatures. When CO molecules are adsorbed on the film, they 

are preferably adsorbed on the Cu sites to form bonds between Cu and CO. The interacting bonding 

between Cu and CO consists of the donation of CO 5σ electrons to the metal and the back donation of 

π electrons from d-orbitals of Cu to CO. That adsorption results in the enhancement of the reactivity to 

CO. The CO adsorption mainly takes place at the Cu sites but not at the Zn sites, and then CO 

molecules migrate from the Cu to the Zn sites [111], by which the Cu sites enhance the CO adsorption 

and thus the reaction of CO with oxygen species. 
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Figure 13. Selectivity for H2S gas from gas mixtures. Reprinted with permission  

from [116]. Copyright (2009) Springer. 

 

Figure 14. Schematic illustration of the plasma-assisted strategy for preparing highly dense 

In-doped SnO2 coral-like nanostructures for gas-sensing applications. Reprinted with 

permission from [120]. Copyright (2011) IOP Publishing Ltd. 

 

 

Firstly, coral-like SnO2/carbonaceous nanocomposites were synthesized via a hydrothermal route. 

Then, the nanocomposites were functionalized by plasma treatment. The densities of some functional 

groups, such as hydroxyl and carboxyl, can be greatly increased on the surface of nanocomposites, 

which is significant for further adsorbing In
3+

 ions to achieve dense doping. The plasma-treated 

SnO2/carbonaceous nanocomposites were ultrasonically dispersed in In
3+

 ion solution and left static for 

a long time and subsequently washed and centrifugated. Finally, the In-doped SnO2 coral-like 

nanostructures combined with porous and hollow structures were prepared by following an annealing 

process to remove the sacrificed carbonaceous templates. In gas-sensing measurements, the In-doped 

SnO2 coral-like nanostructures with plasma treatment exhibited highly sensitive to chlorobenzene with 

a high response and short response and recovery times. 
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8. Conclusions and Perspectives 

Although metal oxide gas sensors are predominantly solid-state gas detecting devices with many 

advantages such low cost, easy production, and compact size, and thus have been widely-used in many 

fields such as public safety, pollutant monitoring and so on, there is still room to improve the gas 

sensing performance of such sensors by controlling the morphology and structure of sensing materials. 

Here, gas sensing mechanisms have been reviewed first for better understanding their working 

principles. Then, the influences of size effect, porous nanostructure and doping on nanoscale levels 

have been described. By considering those influencing factors on nanoscale, novel metal oxide 

nanostructures will be developed and then gas sensing properties of metal oxides will be much 

improved. 

On the basis of current progress in the field of metal oxide gas sensors, it is anticipated that the 

following aspects would be promising directions for developing in the future: (1) novel nanostuctures 

or nanocomposites which may achieve super-sensitive detection; (2) combining porous nanostructures 

which possess fast responses and recovery characteristics to a chromatographic technique; (3) 

exploiting first principles to further investigate the gas sensing mechanisms. The research on gas 

sensors is related to many fields such as physics, chemistry, electronics and mathematics. Addressing 

those problems will be one of the great challenges and it is important to enhance interdisciplinary 

collaboration. 

Acknowledgments 

This work is supported by the National Basic Research Program of China (No. 2011CB933700 and 

No. 2007CB936603), the National Natural Science Foundation of China (No. 61071054, 61174012 

and 21177131) and the Youth Scientific Funds, National Natural Science foundation of China (No. 

51002157 and 61104205). 

References 

1. Zampolli, S.; Elmi, I.; Ahmed, F.; Passini, M.; Cardinali, G.C.; Nicoletti, S.; Dori, L. An 

electronic nose based on solid state sensor arrays for low-cost indoor air quality monitoring 

applications. Sens. Actuat. B 2004, 101, 39-46. 

2. Bon, D.M.; Ulbrich, I.M.; de Gouw, J.A.; Warneke, C.; Kuster, W.C.; Alexander, M.L.;  

Baker, A.; Beyersdorf, A.J.; Blake, D.; Fall, R.; et al. Measurements of volatile organic 

compounds at a suburban ground site (T1) in Mexico City during the MILAGRO 2006 campaign: 

Measurement comparison, emission ratios, and source attribution. Atmos. Chem. Phys. 2011, 11, 

2399-2421. 

3. Dong, Y.; Gao, W.; Zhou, Q.; Zheng, Y.; You, Z. Characterization of the gas sensors based on 

polymer-coated resonant microcantilevers for the detection of volatile organic compounds. Anal. 

Chim. Acta 2010, 671, 85-91. 

4. Xie, C.P.; Li, Y.; Lan, M.J. Thermal desorption-gas chromatography/mass spectrometric analysis 

of volatile organic compounds emitted from automobile chair in thermal condition. Chin. J. Anal. 

Chem. 2011, 39, 265-268. 



Sensors 2012, 12  

 

 

2625

5. Tomchenko, A.A.; Harmer, G.P.; Marquis, B.T.; Allen, J.W. Semiconducting metal oxide sensor 

array for the selective detection of combustion gases. Sens. Actuat. B 2003, 93, 126-134. 

6. Kanan, S.M.; El-Kadri, O.M.; Abu-Yousef, I.A.; Kanan, M.C. Semiconducting metal oxide 

based sensors for selective gas pollutant detection. Sensors 2009, 9, 8158-8196. 

7. Yamazoe, N.; Sakai, G.; Shimanoe, K. Oxide semiconductor gas sensors. Catal. Surv. Asia 2003, 

7, 63-75. 

8. Wang, C.X.; Yin, L.W.; Zhang, L.Y.; Xiang, D.; Gao, R. Metal oxide gas sensors: Sensitivity 

and influencing factors. Sensors 2010, 10, 2088-2106. 

9. Tricoli, A.; Righettoni, M.; Teleki, A. Semiconductor gas sensors: Dry synthesis and application. 

Angew. Chem. Int. Edit. 2010, 49, 7632-7659. 

10. Barsan, N.; Weimar, U. Conduction model of metal oxide gas sensors. J. Electroceram. 2001, 7, 

143-167. 

11. Liu, J.H.; Huang, X.J.; Meng, F.L. The Dynamic Measurement of SnO2 Gas Sensor and Their 

Applications. In Science and Technology of Chemiresistor Gas Sensors; Aswal, D.K.,  

Gupta, S.K., Eds.; Nova Science Publishers: New York, NY, USA, 2007; chapter 5, pp. 177-214. 

12. Kohl, D. Surface processes in the detection of reducing gases with SnO2-based devices. Sens. 

Actuat. 1989, 18, 71-113. 

13. Huang, X.J.; Liu, J.H.; Pi, Z.X.; Yu, Z.L. Detecting pesticide residue by using modulating 

temperature over a single SnO2-based gas sensor. Sensors 2003, 3, 361-370. 

14. Huang, X.J.; Meng, F.L.; Pi, Z.X.; Xu, W.H.; Liu, J.H. Gas sensing behavior of a single tin 

dioxide sensor under dynamic temperature modulation. Sens. Actuat. B 2004, 99, 444-450. 

15. Huang, X.J.; Sun, Y.F.; Meng, F.L.; Liu, J.H. New approach for the detection of organophosphorus 

pesticide in cabbage using SPME/SnO2 gas sensor: Principle and preliminary experiment. Sens. 

Actuat. B 2004, 102, 235-240. 

16. Huang, X.J.; Wang, L.C.; Sun, Y.F.; Meng, F.L.; Liu, J.H. Quantitative analysis of pesticide 

residue based on the dynamic response of a single SnO2 gas sensor. Sens. Actuat. B 2004, 99, 

330-335. 

17. Huang, X.J.; Liu, J.H.; Shao, D.L.; Pi, Z.X.; Yu, Z.L. Rectangular mode of operation for 

detecting pesticide residue by using a single SnO2-based gas sensor. Sens. Actuat. B 2003, 96, 

630-635. 

18. Huang, X.J.; Meng, F.L.; Sun, Y.F.; Liu, J.H. Study of factors influencing dynamic 

measurements using SnO2 gas sensor. Sens. Mater. 2005, 17, 29-38. 

19. Sun, Y.F.; Huang, X.J.; Meng, F.L.; Liu, J.H. Study of influencing factors of dynamic 

measurements based on SnO2 gas sensor. Sensors 2004, 4, 95-104. 

20. Huang, J.; Wan, Q. Gas sensors based on semiconducting metal oxide one-dimensional 

nanostructures. Sensors 2009, 9, 9903-9924. 

21. Khare, N.; Singh, D.P.; Gupta, A.K.; Sen, S.; Aswal, D.K.; Gupta, S.K.; Gupta, L.C. Direct 

evidence of weak-link grain boundaries in a polycrystalline MgB2 superconductor. J. Appl. Phys. 

2005, 97, doi:10.1063/1.1861506. 

22. Aswal, D.K.; Singh, A.; Sen, S.; Kaur, M.; Viswandham, C.S.; Goswami, G.L.; Gupta, S.K. 

Effect of grain boundaries on paraconductivity of YBa2Cu3Ox. J. Phys. Chem. Solids 2002, 63, 

1797-1803. 



Sensors 2012, 12  

 

 

2626

23. Kaur, M.; Gupta, S.K.; Betty, C.A.; Saxena, V.; Katti, V.R.; Gadkari, S.C.; Yakhmi, J.V. 

Detection of reducing gases by SnO2 thin films: An impedance spectroscopy study. Sens. Actuat. B 

2005, 107, 360-365. 

24. Bhandarkar, V.; Sen, S.; Muthe, K.P.; Kaur, M.; Kumar, M.S.; Deshpande, S.K.; Gupta, S.K.; 

Yakhmi, J.V.; Sahni, V.C. Effect of deposition conditions on the microstructure and gas-sensing 

characteristics of Te thin films. Mat. Sci. Eng. B 2006, 131, 156-161. 

25. Aswal, D.K.; Joshi, N.; Debnath, A.K.; Muthe, K.P.; Gupta, S.K.; Yakhmi, J.V.; Vuillaume, D. 

Morphology-dependent electric transport in textured ultrathin Al films grown on Si. J. Appl. 

Phys. 2005, 98, doi:10.1063/1.1977188. 

26. Yamazoe, N.; Shimanoe, K. Receptor function of small semiconductor crystals with clean and 

electron-traps dispersed surfaces. Thin Solid Films 2009, 517, 6148-6155. 

27. Yamazoe, N.; Shimanoe, K. Receptor function and response of semiconductor gas sensor.  

J. Sens. 2009, 2009, doi:10.1155/2009/875704. 

28. Rothschild, A.; Komem, Y. The effect of grain size on the sensitivity of nanocrystalline  

metal-oxide gas sensors. J. Appl. Phys. 2004, 95, 6374-6380. 

29. Xu, C.N.; Tamaki, J.; Miura, N.; Yamazoe, N. Grain-size effects on gas sensitivity of porous 

SnO2-based elements. Sens. Actuat. B 1991, 3, 147-155. 

30. Ogawa, H.; Nishikawa, M.; Abe, A. Hall measurement studies and an electrical-conduction 

model of tin oxide ultrafine particle films. J. Appl. Phys. 1982, 53, 4448-4455. 

31. Yin, X.M.; Li, C.C.; Zhang, M.; Hao, Q.Y.; Liu, S.; Li, Q.H.; Chen, L.B.; Wang, T.H. SnO2 

monolayer porous hollow spheres as a gas sensor. Nanotechnology 2009, 20, doi:10.1088/0957-

4484/20/45/455503. 

32. Nguyen, V.D.; Nguyen, V.H.; Pham, T.H.; Nguyen, D.C.; Thamilselvan, M.; Yi, J. Mixed 

SnO2/TiO2 included with carbon nanotubes for gas-sensing application. Phys. E 2008, 41,  

258-263. 

33. Zhang, T.; Liu, L.; Qi, Q.; Li, S.C.; Lu, G.Y. Development of microstructure In/Pd-doped SnO2 

sensor for low-level CO detection. Sens. Actuat. B 2009, 139, 287-291. 

34. Meng, X.; Nawaz, F.; Xiao, F.-S. Templating route for synthesizing mesoporous zeolites with 

improved catalytic properties. Nano Today 2009, 4, 292-301. 

35. Li, Z.P.; Zhao, Q.Q.; Fan, W.L.; Zhan, J.H. Porous SnO2 nanospheres as sensitive gas sensors for 

volatile organic compounds detection. Nanoscale 2011, 3, 1646-1652. 

36. Zhang, L.X.; Zhao, J.H.; Zheng, J.F.; Li, L.; Zhu, Z.P. Hydrothermal synthesis of hierarchical 

nanoparticle-decorated ZnO microdisks and the structure-enhanced acetylene sensing properties 

at high temperatures. Sens. Actuat. B 2011, 158, 144-150. 

37. Yu, Y.T.; Dutta, P. Examination of Au/SnO2 core-shell architecture nanoparticle for low 

temperature gas sensing applications. Sens. Actuat. B 2011, 157, 444-449. 

38. Meng, F.L.; Jia, Y.; Liu, J.Y.; Li, M.Q.; Sun, Y.F.; Liu, J.H.; Huang, X.J. Nanocomposites of 

sub-10 nm SnO2 nanoparticles and MWCNTs for detection of aldrin and DDT. Anal. Meth. 2010, 

2, 1710-1714. 

39. Rouquerol, J.; Avnir, D.; Fairbridge, C.W.; Everett, D.H.; Haynes, J.H.; Pernicone, N.;  

Ramsay, J.D.F.; Sing, K.S.W.; Unger, K.K. Recommendations for the characterization of porous 

solids. Pure Appl. Chem. 1994, 66, 1739-1758. 



Sensors 2012, 12  

 

 

2627

40. Antochshuk, V.; Jaroniec, M.; Joo, S.H.; Ryoo, R. Mesoporous materials for heavy metal ion 

adsorption synthesized by displacement of polymeric template. Stud. Surf. Sci. Catal. 2002, 141, 

607-614. 

41. Ma, Z.J.; Zhu, Y.M.; Li, Y.J.; Fang, X. Research on preparation of mesoporous zeolite by 

template method. Adv. Mater. Res. Switz. 2011, 158, 204-210. 

42. Luo, L.T.; Wang, J.X.; Zhao, X. Template synthesis and characterization of mesoporous CeO2 

and Ru-loaded mesoporous CeO2. Indian J. Chem. A 2009, 48, 327-332. 

43. Kim, H.; Cho, J. Hard templating synthesis of mesoporous and nanowire SnO2 lithium battery 

anode materials. J. Mater. Chem. 2008, 18, 771-775. 

44. Liu, S.Y.; Meng, X.J.; Xiao, F.S. Hydrothermal synthesis of ordered mesoporous materials with 

high stability at high temperatures. Acta Phys. Chim. Sin. 2010, 26, 1852-1859. 

45. Hu, H.M.; Deng, C.H.; Sun, M.; Zhang, K.H.; Yang, M.D. Solvothermal preparation and 

characterization of sheet-like CuInSe2 with hierarchically mesoporous structures. Mater. Lett. 

2011, 65, 617-620. 

46. Fujihara, S.; Maeda, T.; Ohgi, H.; Hosono, E.; Imai, H.; Kim, S.H. Hydrothermal routes to 

prepare nanocrystalline mesoporous SnO2 having high thermal stability. Langmuir 2004, 20, 

6476-6481. 

47. Hyodo, T.; Nishida, N.; Shimizu, Y.; Egashira, M. Preparation and gas-sensing properties of 

thermally stable mesoporous SnO2. Sens. Actuat. B 2002, 83, 209-215. 

48. Luca, V.; Hook, J.M. Study of the structure and mechanism of formation through self-assembly 

of mesostructured vanadium oxide. Chem. Mater. 1997, 9, 2731-2744. 

49. Mitra, A.; Bhaumik, A.; Paul, B.K. Synthesis and characterization of mesoporous titanium 

dioxide using self-assembly of sodium dodecyl sulfate and benzyl alcohol systems as templates. 

Micropor. Mesopor. Mater. 2008, 109, 66-72. 

50. Yin, J.S.; Wang, Z.L. Template-assisted self-assembly and cobalt doping of ordered mesoporous 

titania nanostructures. Adv. Mater. 1999, 11, 469-472. 

51. Hyodo, T.; Abe, S.; Shimizu, Y.; Egashira, M. Gas-sensing properties of ordered mesoporous 

SnO2 and effects of coatings thereof. Sens. Actuat. B 2003, 93, 590-600. 

52. Yin, Y.D.; Rioux, R.M.; Erdonmez, C.K.; Hughes, S.; Somorjai, G.A.; Alivisatos, A.P. Formation 

of hollow nanocrystals through the nanoscale Kirkendall Effect. Science 2004, 304, 711-714. 

53. Fan, H.J.; Gosele, U.; Zacharias, M. Formation of nanotubes and hollow nanoparticles based on 

Kirkendall and diffusion processes: A review. Small 2007, 3, 1660-1671. 

54. Liu, B.; Zeng, H.C. Fabrication of ZnO “dandelions” via a modified kirkendall process. J. Am. 

Chem. Soc. 2004, 126, 16744-16746. 

55. Yang, H.G.; Zeng, H.C. Preparation of hollow anatase TiO2 nanospheres via Ostwald ripening.  

J. Phys. Chem. B 2004, 108, 3492-3495. 

56. Jia, B.P.; Gao, L. Morphological transformation of Fe3O4 spherical aggregates from solid to 

hollow and their self-assembly under an external magnetic field. J. Phys. Chem. C 2008, 112, 

666-671. 

57. Li, H.H.; Meng, F.L.; Sun, Y.F.; Liu, J.Y.; Wan, Y.T.; Sun, B; Liu, J.H. Mesoporous SnO2 

sensor prepared by carbon nanotubes as template and its sensing properties to indoor air 

pollutants. Procedia Eng. 2010, 7, 172-178. 



Sensors 2012, 12  

 

 

2628

58. Sakai, G.; Matsunaga, N.; Shimanoe, K.; Yamazoe, N. Theory of gas-diffusion controlled 

sensitivity for thin film semiconductor gas sensor. Sens. Actuat. B 2001, 80, 125-131. 

59. Matsunaga, N.; Sakai, G.; Shimanoe, K.; Yamazoe, N. Formulation of gas diffusion dynamics 

for thin film semiconductor gas sensor based on simple reaction-diffusion equation. Sens. Actuat. B 

2003, 96, 226-233. 

60. Ahn, H.J.; Choi, H.C.; Park, K.W.; Kim, S.B.; Sung, Y.E. Investigation of the structural and 

electrochemical properties of size-controlled SnO2 nanoparticles. J. Phys. Chem. B 2004, 108, 

9815-9820. 

61. Jiang, L.H.; Sun, G.Q.; Zhou, Z.H.; Sun, S.G.; Wang, Q.; Yan, S.Y.; Li, H.Q.; Tian, J.; Guo, J.S.; 

Zhou, B.; Xin, Q. Size-controllable synthesis of monodispersed SnO2 nanoparticles and 

application in electrocatalysts. J. Phys. Chem. B 2005, 109, 8774-8778. 

62. He, Y.P.; Li, Y.D.; Yu, J.; Qian, Y.T. Chemical control synthesis of nanocrystalline SnO2 by 

hydrothermal reaction. Mater. Lett. 1999, 40, 23-26. 

63. Gu, F.; Wang, S.F.; Song, C.F.; Lu, M.K.; Qi, Y.X.; Zhou, G.J.; Xu, D.; Yuan, D.R. Synthesis 

and luminescence properties of SnO2 nanoparticles. Chem. Phys. Lett. 2003, 372, 451-454. 

64. Vuong, D.D.; Sakai, G.; Shimanoe, K.; Yamazoe, N. Hydrogen sulfide gas sensing properties of 

thin films derived from SnO2 sols different in grain size. Sens. Actuat. B 2005, 105, 437-442. 

65. Kolmakov, A.; Chen, X.H.; Moskovits, M. Functionalizing nanowires with catalytic 

nanoparticles for gas sensing application. J. Nanosci. Nanotechnol. 2008, 8, 111-121. 

66. Wang, Z.L.; Song, J.H. Piezoelectric nanogenerators based on zinc oxide nanowire arrays. 

Science 2006, 312, 242-246. 

67. Kolmakov, A.; Moskovits, M. Chemical sensing and catalysis by one-dimensional metal-oxide 

nanostructures. Annu. Rev. Mater. Res. 2004, 34, 151-180. 

68. Qin, L.P.; Xu, J.Q.; Dong, X.W.; Pan, Q.Y.; Cheng, Z.X.; Xiang, Q.; Li, F. The template-free 

synthesis of square-shaped SnO2 nanowires: The temperature effect and acetone gas sensors. 

Nanotechnology 2008, 19, 185705. 

69. Wang, B.; Zhu, L.F.; Yang, Y.H.; Xu, N.S.; Yang, G.W. Fabrication of a SnO2 nanowire gas 

sensor and sensor performance for hydrogen. J. Phys. Chem. C 2008, 112, 6643-6647. 

70. Choi, Y.J.; Hwang, I.S.; Park, J.G.; Choi, K.J.; Park, J.H.; Lee, J.H. Novel fabrication of an SnO2 

nanowire gas sensor with high sensitivity. Nanotechnology 2008, 19, doi:10.1088/0957-

4484/19/9/095508. 

71. Xu, P.C.; Cheng, Z.X.; Pan, Q.Y.; Xu, J.Q.; Xiang, Q.; Yu, W.J.; Chu, Y.L. High aspect ratio 

In2O3 nanowires: Synthesis, mechanism and NO2 gas-sensing properties. Sens. Actuat. B 2008, 

130, 802-808. 

72. Moon, S.E.; Kim, E.K.; Lee, H.Y.; Lee, J.W.; Park, J.; Park, S.J.; Kwak, J.H.; Park, K.H.;  

Kim, J.; Jo, G.H.; Lee, T.H. Fabrication and NO2 sensing characteristics of an In2O3 nanowire 

gas sensor. J. Kor. Phys. Soc. 2009, 54, 830-834. 

73. Liao, L.; Lu, H.B.; Li, J.C.; Liu, C.; Fu, D.J.; Liu, Y.L. The sensitivity of gas sensor based on 

single ZnO nanowire modulated by helium ion radiation. Appl. Phys. Lett. 2007, 91, 

doi:10.1063/1.2800812. 

74. Wan, Q.; Li, Q.H.; Chen, Y.J.; Wang, T.H.; He, X.L.; Li, J.P.; Lin, C.L. Fabrication and ethanol 

sensing characteristics of ZnO nanowire gas sensors. Appl. Phys. Lett. 2004, 84, 3654-3656. 



Sensors 2012, 12  

 

 

2629

75. Ahn, M.W.; Park, K.S.; Heo, J.H.; Park, J.G.; Kim, D.W.; Choi, K.J.; Lee, J.H.; Hong, S.H. Gas 

sensing properties of defect-controlled ZnO-nanowire gas sensor. Appl. Phys. Lett. 2008, 93, 

doi:10.1063/1.3046726. 

76. Francioso, L.; Taurino, A.M.; Forleo, A.; Siciliano, P. TiO2 nanowires array fabrication and gas 

sensing properties. Sens. Actuat. B 2008, 130, 70-76. 

77. Thanh Le, D.T.; Vuong, D.D.; Chien, N.D. Synthesis and LPG-sensing properties of TiO2 

nanowires. J. Phys. Conf. Ser. 2009, 187, doi:10.1088/1742-6596/187/1/012086. 

78. Jiang, X.C.; Wang, Y.L.; Herricks, T.; Xia, Y.N. Ethylene glycol-mediated synthesis of metal 

oxide nanowires. J. Mater. Chem. 2004, 14, 695-703. 

79. Wang, Y.L.; Jiang, X.H.; Xia, Y.N. A solution-phase, precursor route to polycrystalline SnO2 

nanowires that can be used for gas sensing under ambient conditions. J. Am. Chem. Soc 2003, 

125, 16176-16177. 

80. Guo, Z.; Li, M.Q.; Liu, J.H. Highly porous CdO nanowires: Preparation based on hydroxy- and 

carbonate-containing cadmium compound precursor nanowires, gas sensing and optical 

properties. Nanotechnology 2008, 19, doi:10.1088/0957-4484/19/24/245611. 

81. Levy-Clement, C.; Elias, J.; Tena-Zaera, R. ZnO/CdSe nanowires and nanotubes: Formation, 

properties and applications. Phys. Status Solidi C 2009, 6, 1596-1600. 

82. Hoyer, P. Formation of a titanium dioxide nanotube array. Langmuir 1996, 12, 1411-1413. 

83. Kasuga, T.; Hiramatsu, M.; Hoson, A.; Sekino, T.; Niihara, K. Formation of titanium oxide 

nanotube. Langmuir 1998, 14, 3160-3163. 

84. Lee, W.J.; Smyrl, W.H. Oxide nanotube arrays fabricated by anodizing processes for advanced 

material application. Curr. Appl. Phys. 2008, 8, 818-821. 

85. Lee, W.J.; Alhoshan, M.; Smyrl, W.H. Titanium dioxide nanotube arrays fabricated by anodizing 

processes—Electrochemical properties. J. Electrochem. Soc. 2006, 153, B499-B505. 

86. Wang, G.X.; Park, J.S.; Park, M.S.; Gou, X.L. Synthesis and high gas sensitivity of tin oxide 

nanotubes. Sens. Actuat. B 2008, 131, 313-317. 

87. Sun, Z.Y.; Yuan, H.Q.; Liu, Z.M.; Han, B.X.; Zhang, X.R. A highly efficient chemical sensor 

material for H2S: Alpha-Fe2O3 nanotubes fabricated using carbon nanotube templates.  

Adv. Mater. 2005, 17, 2993-2997. 

88. Jia, Y.; He, L.F.; Guo, Z.; Chen, X.; Meng, F.L.; Luo, T.; Li, M.Q.; Liu, J.H. Preparation of 

porous tin oxide nanotubes using carbon nanotubes as templates and their gas-sensing properties. 

J. Phys. Chem. C 2009, 113, 9581-9587. 

89. Liang, Z.H.; Zhu, Y.J.; Hu, X.L. Beta-nickel hydroxide nanosheets and their thermal 

decomposition to nickel oxide nanosheets. J. Phys. Chem. B 2004, 108, 3488-3491. 

90. Zhang, B.; Liu, J.D.; Guan, S.K.; Wan, Y.Z.; Zhang, Y.Z.; Chen, R.F. Synthesis of  

single-crystalline potassium-doped tungsten oxide nanosheets as high-sensitive gas sensors.  

J. Alloy Compd. 2007, 439, 55-58. 

91. Sysoev, V.V.; Schneider, T.; Goschnick, J.; Kiselev, I.; Habicht, W.; Hahn, H.; Strelcov, E.; 

Kolmakov, A. Percolating SnO2 nanowire network as a stable gas sensor: Direct comparison of 

long-term performance versus SnO2 nanoparticle films. Sens. Actuat. B 2009, 139, 699-703. 



Sensors 2012, 12  

 

 

2630

92. Liu, J.Y.; Guo, Z.; Meng, F.L.; Luo, T.; Li, M.Q.; Liu, J.H. Novel porous single-crystalline ZnO 

nanosheets fabricated by annealing ZnS(en)(0.5) (en = ethylenediamine) precursor. Application in 

a gas sensor for indoor air contaminant detection. Nanotechnology 2009, 20, doi:10.1088/0957-

4484/20/12/125501. 

93. Huang, J.R.; Wu, Y.J.; Gu, C.P.; Zhai, M.H.; Sun, Y.F.; Liu, J.H. Fabrication and gas-sensing 

properties of hierarchically porous ZnO architectures. Sens. Actuat. B 2011, 155, 126-133. 

94. Jing, Z.H.; Zhan, J.H. Fabrication and gas-sensing properties of porous ZnO nanoplates.  

Adv. Mater. 2008, 20, 4547-4551. 

95. Li, J.; Fan, H.; Jia, X. Multilayered ZnO nanosheets with 3D porous architectures: Synthesis and 

gas sensing application. J. Phys. Chem. C 2010, 114, 14684-14691. 

96. Zhang, J.; Wang, S.R.; Xu, M.J.; Wang, Y.; Zhu, B.L.; Zhang, S.M.; Huang, W.P.; Wu, S.H. 

Hierarchically porous ZnO architectures for gas sensor application. Cryst. Growth Des. 2009, 9, 

3532-3537. 

97. Zhang, J.T.; Liu, J.F.; Peng, Q.; Wang, X.; Li, Y.D. Nearly monodisperse Cu2O and CuO 

nanospheres: Preparation and applications for sensitive gas sensors. Chem. Mater. 2006, 18,  

867-871. 

98. Gou, X.L.; Wang, G.X.; Park, J.; Liu, H.; Yang, J. Monodisperse hematite porous nanospheres: 

Synthesis, characterization, and applications for gas sensors. Nanotechnology 2008, 19, 

doi:10.1088/0957-4484/19/12/125606. 

99. Li, X.L.; Lou, T.J.; Sun, X.M.; Li, Y.D. Highly sensitive WO3 hollow-sphere gas sensors.  

Inorg. Chem. 2004, 43, 5442-5449. 

100. Park, J.S.; Shen, X.P.; Wang, G.X. Solvothermal synthesis and gas-sensing performance of 

Co(3)O(4) hollow nanospheres. Sens. Actuat. B 2009, 136, 494-498. 

101. Guo, Z.; Liu, J.Y.; Jia, Y.; Chen, X.; Meng, F.L.; Li, M.Q.; Liu, J.H. Template synthesis, organic 

gas-sensing and optical properties of hollow and porous In2O3 nanospheres. Nanotechnology 

2008, 19, doi:10.1088/0957-4484/19/34/345704. 

102. Wang, C.H.; Chu, X.F.; Wu, M.M. Highly sensitive gas sensors based on hollow SnO2 spheres 

prepared by carbon sphere template method. Sens. Actuat. B 2007, 120, 508-513. 

103. Korotcenkov, G. Gas response control through structural and chemical modification of metal 

oxide films: State of the art and approaches. Sens. Actuat. B 2005, 107, 209-232. 

104. Jain, K.; Pant, R.P.; Lakshmikumar, S.T. Effect of Ni doping on thick film SnO2 gas sensor. 

Sens. Actuat. B 2006, 113, 823-829. 

105. Weber, I.T.; Valentini, A.; Probst, L.F.D.; Longo, E.; Leite, E.R. Influence of noble metals on the 

structural and catalytic properties of Ce-doped SnO2 systems. Sens. Actuat. B 2004, 97,  

31-38. 

106. Basu, S.; Basu, P.K. Nanocrystalline metal oxides for methane sensors: Role of noble metals.  

J. Sens. 2009, doi:10.1155/2009/861968. 

107. Min, B.K.; Choi, S.D. Undoped and 0.1 wt.% Ca-doped Pt-catalyzed SnO2 sensors for CH4 

detection. Sens. Actuat. B 2005, 108, 119-124. 

108. Neri, G.; Bonavita, A.; Micali, G.; Donato, N.; Deorsola, F.A.; Mossino, P.; Amato, I.;  

de Benedetti, B. Ethanol sensors based on Pt-doped tin oxide nanopowders synthesised by  

gel-combustion. Sens. Actuat. B 2006, 117, 196-204. 



Sensors 2012, 12  

 

 

2631

109. Wu, N.L.; Wang, S.Y.; Rusakova, I.A. Inhibition of crystallite growth in the sol-gel synthesis of 

nanocrystalline metal oxides. Science 1999, 285, 1375-1377. 

110. Gong, H.; Hu, J.Q.; Wang, J.H.; Ong, C.H.; Zhu, F.R. Nano-crystalline Cu-doped ZnO thin film 

gas sensor for CO. Sens. Actuat. B 2006, 115, 247-251. 

111. Chen, H.Y.; Lau, S.P.; Chen, L.; Lin, J.; Huan, C.H.A.; Tan, K.L.; Pan, J.S. Synergism between 

Cu and Zn sites in Cu/Zn catalysts for methanol synthesis. Appl. Surf. Sci. 1999, 152, 193-199. 

112. Liu, X.H.; Zhang, J.; Guo, X.Z.; Wu, S.H.; Wang, S.R. Enhanced sensor response of Ni-doped 

SnO2 hollow spheres. Sens. Actuat. B 2011, 152, 162-167. 

113. Xue, X.Y.; Xing, L.L.; Chen, Y.J.; Shi, S.L.; Wang, Y.G.; Wang, T.H. Synthesis and H2S 

sensing properties of CuO-SnO2 core/shell PN-junction nanorods. J. Phys. Chem. C 2008, 112, 

12157-12160. 

114. Singh, N.; Gupta, R.K.; Lee, P.S. Gold-nanoparticle-functionalized In2O3 nanowires as CO gas 

sensors with a significant enhancement in response. ACS Appl. Mater. Interfaces 2011, 3,  

2246-2252. 

115. Kim, S.S.; Park, J.Y.; Choi, S.W.; Kim, H.S.; Na, H.G.; Yang, J.C.; Kim, H.W. Significant 

enhancement of the sensing characteristics of In2O3 nanowires by functionalization with Pt 

nanoparticles. Nanotechnology 2010, 21, doi:10.1088/0957-4484/21/41/415502. 

116. He, L.F.; Jia, Y.; Meng, F.L.; Li, M.Q.; Liu, J.H. Development of sensors based on CuO-doped 

SnO2 hollow spheres for ppb level H2S gas sensing. J. Mater. Sci. 2009, 44, 4326-4333. 

117. Kumar, V.; Sen, S.; Muthe, K.P.; Gaur, N.K.; Gupta, S.K.; Yakhmi, J.V. Copper doped SnO2 

nanowires as highly sensitive H2S gas sensor. Sens. Actuat. B 2009, 138, 587-590. 

118. Salehi, A. Selectivity enhancement of indium-doped SnO2 gas sensors. Thin Solid Films 2002, 

416, 260-263. 

119. Kaur, J.; Kumar, R.; Bhatnagar, M.C. Effect of indium-doped SnO2 nanoparticles on NO2 gas 

sensing properties. Sens. Actuat. B 2007, 126, 478-484. 

120. Wan, Y.T.; Liu, J.Y.; Li, W.; Meng, F.L.; Jin, Z.; Yu, X.Y.; Huang, X.J.; Liu, J.H. Dense doping 

of indium to coral-like SnO2 nanostructures through a plasma-assisted strategy for sensitive and 

selective detection of chlorobenzene. Nanotechnology 2011, 22, doi:10.1088/0957-4484/22/31/ 

315501. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


