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APPENDIX A 

Row-wise standardization technique 

The assumption of this technique is that the variation of the responses of 

sensors, due to the gas concentration, should exhibit a linear relationship to each other 

for a gas. To perform the row-wise standardization, the responses need to be 

subtracted with base-line to obtain positive data. The response is transformed into a 

matrix which the number of column and row equal to the number of sensors and 

samples, respectively. The mean and standard deviation of each rows is computed. 

Then each element in the matrix will be subtracted with the mean and divided by the 

standard deviation of that row. The following shows mathematical step to prove that a 

unique pattern will be obtained for a gas. 

Let jx  be a set of response of sensor j on several concentration of a gas,  
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where m is number of sample and suppose that any jx  can be written in the term of 1x

approximately in linear relationship for that gas. 

j1jj bxax        (A.2) 
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Subtract jx with jb ,

1jjjj xab-xy       (A.3) 

Let Y  be a matrix composing of jy 
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where n  is number of sensor. The mean and standard deviation of row  can be 

expressed as 
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To perform row-wise standardization to the data, , the element will be subtracted 

with  and then divide by . Finally, unique values of data for each gas are derived 

after performing standardization. 
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This indicates that value of each element in the matrix depends only on sensor. 
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APPENDIX C 

Linear discriminant analysis 

 LDA is a supervised pattern recognition method which can be used to make a 

model for prediction.  It needs to know the class of the samplings in learning step. The 

calculation in LDA, shown in Fig. C.1, is similar to that in PCA but more complex. 

The calculation in LDA divides into two parts, called classification and visualization. 

In both calculations the covariance of each class is needed. The within class 

covariance, , can be calculated by using the equation C.1 and new feature matrix is 

calculated by using the equation C.2.

(C.1)

   (C.2) 

where  is the covariance of class i which can calculate by using the equation B.1. 

The visualization of the separation of sampling can be obtained by finding 

eigenvectors and eigenvalues of the new feature matrix. The new data matrix can be 

got from the product of eigenvectors and original data matrix. The plot of the first and 

second component is the visualization of the separation. 

The calculation in classification, discriminant functions, which are the linear 

combination of the original variables, are calculated for the sampling  by using 

following equation 
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Abstract

 Mixed morphology of SnO2 nanowires and nanodendrites was synthesized on 

the gold coated alumina substrates by carbothermal reduction of SnO2 in closed 

crucible. The products were characterized by scanning electron microscopy, x ray

diffractometer, and transmission electron microscopy. Results showed the SnO2

nanowires and the SnO2 nanodendrites branched out from the main nanowires. Both 

SnO2 nanostructures were pure tetragonal rutile structure. The nanowires were grown 

in ]101[  and ]121[ directions with the diameter of 50 150 nm and the length of a few 
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ten micrometers. The nanodendrites were about 100 300 nm in diameter. The growth 

mechanism of the SnO2 nanostructures was also discussed. Characterization of 

ethanol gas sensor, based on the mixed morphology of the SnO2 nanostructures, was 

carried out. The optimal temperature was about 360 C and the sensor response was 

120 for 1000 ppm of ethanol concentration. 

Keywords: carbothermal reduction, ethanol gas sensor, SnO2 nanowires, SnO2

nanodendrites

1. Introduction 

Metal oxide nanostructured materials have been revealed a great step to 

functionalize materials with high surface to volume ratio, leading to enormous 

effective applications such as gas sensors [1], transparent conductors [2], 

electrochemical energy storages [3], solar cells [4] etc. Morphology of these 

nanomaterials is also a factor to control their properties. Noticeable in recent years, 

intensive researches have been focusing on nanomaterials with controllable size and 

shape to step toward for addition of applications and realization of functional 

nanosystems [1, 4, 5].   For such applications, SnO2 (3.6 eV bandgap n type

semiconductor) is one of the rapidly growing interests. So far various shapes of SnO2

nanostructures have been prepared by employing different techniques. For example, 

flower like, prism like, cubic like, nanosheet, and hollow sphere SnO2

nanostructures have been synthesized by hydrothermal route [6 9]. SnO2

nanowires/nanobelts have also been synthesized mostly by thermal oxidation [10, 11] 
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or thermal evaporation including carbothermal reduction [12 17] and vapor phase 

transport [18, 19]. SnO2 nanotubes have been synthesized using various techniques 

such as electrospining and atomic layer deposition [20], sol gel template [21], 

electrochemical [22], etc. However, methods or techniques to synthesize various 

morphologies of the SnO2 nanostructures, especially three dimension (3D) 

nanostructures, still open for challenge.  

In gas sensor applications, gas sensors based on various morphologies of 

the SnO2 nanostructures have widely been investigated [7, 12 17]. It was suggested 

that gas sensing properties strongly depend on the morphology of SnO2. The mixed 

morphology among the SnO2 nanostructures is promising to a unique gas sensing 

performance which is required to improve the performance of the e nose.  By this 

contribution, we report a carbothermal reduction technique to synthesize the mixed 

morphology of SnO2 nanowires and nanodendrites. In addition, the ethanol gas 

sensing properties of such mixed morphology were characterized. 

2. Experimental

2.1 Synthesis of SnO2 nanostructures 

 Firstly, powder of SnO2 and carbon, with a weight ratio of 1:5, was 

mixed mechanically in a mortar for one hour. Then, 0.1g of the mixture was screened 

dispersedly at bottom of a crucible and Au coated alumina substrates were placed in 

the crucible above the mixture. The crucible, closed with a lid and tightened by 

covering with aluminum foil, was placed into a horizontal alumina tubular furnace at 

room temperature. The furnace was then heated to 850 C and kept at this temperature 
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for an hour. Finally, the crucible was moved out after the furnace was cool down to 

room temperature. In the crucible, thick white wool like layer covered over surface of 

the alumina substrates and a few microwhiskers were found on the crucible wall. The 

morphology and structure of the product were characterized by employing field 

emission scanning electron microscopy (FE SEM, JSM 6700F) and transmission 

electron microscopy (TEM, JEM 300F).  The crystal structure and the phase purity of 

the product were identified by x ray diffractometer (XRD, Cu K  radiation with 

=0.1542 nm). 

2.2 Preparation of sensors 

In order to make sensors based on the synthesized SnO2 nanostructures, 

the white wool like layer of the SnO2 nanostructures was flatten by dropping ethanol 

and dried at 100 C to remove the ethanol.  Then, a gold electrode was made on the 

film of the SnO2 nanostructures by using gold paste and the obtained sensor was 

connected to an electronic circuit for gas sensing characterization. Ethanol sensing 

performance was carried out through a gas confined chamber with inlet and outlet. 1 

ml/min air flow was fed into the chamber as a reference gas through the inlet. The 

inlet was switched between air and air + ethanol vapor for turning on/off ethanol 

vapor gas. The sensors were tested with ethanol vapor gas of 50, 100, 200, 500, and 

1000 ppm at the operating temperature of 260 380 C. The ethanol vapor with various 

concentrations was generated from ethanol solution at 34 C in the ethanol breath 

simulator (GUTH laboratory Inc., Harrisburg USA) which simulated the alcohol 

concentration in exhaled human breath. The responses of the sensors to the ethanol 

vapor gas were measured using a volt amperometric technique. The gas sensor 
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response (S) was defined as the ratio of the electrical resistance in air to that in the 

explosion of gas, gair RR .

3. Result and discussion 

3.1 Characterization of SnO2 nanostructures 

Typical SEM images presenting morphologies of the as synthesized SnO2

products are shown in Fig. 1. Fig. 1a and Fig. 1b show overview of the products in 

low magnification and in higher magnification, respectively. It revealed that the white 

wool product was SnO2 nanostructure layer of ultra long nanowires decorated with 

fuzzy branches. The SnO2 nanowires laid randomly on the substrate. The SnO2

nanowires have the diameter of 50 150 nm with only a few ones in the diameter up 

to 1 m and the length of a few ten micrometers. These fuzzy branches could be called 

“nanodendrites” which are meandering chains with random branches. The inset in 

Fig.1b shows the linkages of these random branches from two different SnO2

nanowires. The length of the SnO2 nanodendrites was a few micrometers. These 

evidences indicated that the nanowires were formed firstly and the nanodendrites 

come to attach on the nanowires later. 

 The XRD pattern of the SnO2 nanostructures, taken from 20 80 degree of 2 ,

is shown in Fig. 2. The pattern can be indexed according to the cassiterite structure of 

SnO2 with lattice constants of a = 4.738 Å and c = 3.187 Å (JCPDS 41 1445) and the 

corundum structure of Al2O3 (JCPDS 42 1468) which comes from the substrate. No 
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impurities were detected in the product. It means that the SnO2 nanostructures were 

pure tetragonal rutile structure.  

 Under the layer of the mixed morphology, only nanowires were found. These 

products were then further analyzed using TEM and selected area electron diffraction 

(SAED). Fig. 3a shows a typical TEM bright field image of the SnO2 nanowires.  The 

SnO2 nanowires had a uniform diameter along their entire length. The SAED patterns 

were randomly taken from the SnO2 nanowires in Fig. 3a, as shown in Fig. 3b and 3c. 

The SAED patterns in Fig. 3b and 3c, taken from the above and below dash line

square block in Fig. 3a respectively, indicate that the SnO2 nanowires preferentially 

grow along ]101[  and ]121[ directions, respectively. The TEM images are shown in 

Fig. 4 revealing the connection between a nanodendrite and a nanowire. Nanoparticles 

were attached together randomly forming a nanodendrite. The diameter of 

nanodendrites was about particle size. The sizes of the nanoparticles attaching at the 

nanowire were about 200 300 nm. In contrast, the nanoparticles at an end of a 

nanodendrite were about 100 nm. The SAED pattern of the nanoparticles was taken 

from the middle of the nanodendrite as shown in the inset of Fig. 4b. The 

superimposed diffraction pattern around the main spot suggests that the nanoparticles 

exhibit crystalline structures. 

 Generally, the synthesis of SnO2 nanostructures from carbothermal reduction 

process could be explained by using the following chemical reactions: 

)v(CO)v(SnO)s(C)powder(SnO 2    (1) 

)v(CO)v(SnO)s(CO)powder(SnO 22 (2)
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)l(Sn)s(SnO)v(SnO2 2      (3)

The reduction (1) and (2) can be explained by Ellingham diagram which is the plot of 

standard free energies for formation of oxides versus temperature [23]. The reaction 

incident of SnO2 powder to SnO vapor by carbon can occur at above 700 C. Then, the 

CO product from the reaction (1) further reduces the SnO2 powder as the reaction (2). 

The SnO (v) is metastable and will decompose to SnO2 (s) and Sn (l) as reaction (3) 

[24]. Moreover, the SnO vapor possibly reacts with oxygen in the system to form 

SnO2 (s). The Sn (l) can be oxidized to form SnO (v). It is also possible that the SnO2

product can be reduced again as the reaction (1) and (2). These reactions will keep 

cycling until no C or CO in the system. 

Considering the reaction in the loosely closed crucible system, the reductions 

of the SnO2 powder occurred gradually at the bottom of the crucible when 

approaching 700 C and were violent when reaching 850 C. The SnO, CO, and CO2,

which were the gaseous products from the reductions of the SnO2 powder, soared to 

the space above the SnO2+C mixture and substrates. The SnO2 product, resulting from 

the decomposition of the SnO (v), could be absorbed by gold droplets on the alumina 

substrate, leading to the formation of the SnO2 nanowires with vapor liquid solid

(VLS) mechanism.  Therefore, the SnO2 nanowires were grown in epitaxial 

directions, depending on the orientation of the seed crystal. Hence, both ]101[  and 

]121[ directions were observed. From our results, the SnO2 nanowires decorated with 

the SnO2 nanodendrites.  Interesting, the mixed morphology can be achieved by 

utilizing the oxygen content in the system. Furthermore, for insufficiency of oxygen, 

SnO2 crystals grew with no preferential direction, resulting in dendritic crystal [19]. In 
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comparison with our work on the mixed morphology, the SnO2 nanowires would 

initially grew at early period that oxygen was adequate for the oxidation of the SnO 

(v) or Sn (l). The decrease of oxygen content due to the oxidation reaction and the 

leakage from high pressure of CO2 leads to the insufficiency of the oxygen for the 

oxidation. Therefore, the SnO (v) or Sn (l) had more chance for aggregation to form 

particles before oxidation. The SnO or Sn particles fell to adhere randomly on the 

main SnO2 nanowires. The SnO and Sn particles then gradually oxidized to be SnO2

particles later. Consequently, the SnO2 nanodendrites could branch out from the main 

SnO2 nanowires. 

In the case more oxygen allowed to diffuse into the chamber, only microwires 

and microbelts were found and no dendritic crystal. With closed system, amount of 

the oxygen is limited and CO2 is confined in the system, acting as ambient gas to 

decrease the growth rate of the SnO2 crystals. It is worth mentioning that the closed 

system could be important for the growth of the mixed morphology of the 

nanostructures.

3.2 Ethanol sensing properties 

In order to remove humidity and substances coming with gold paste, the 

sensors, based on the mixed morphology of the SnO2 nanowires and nanodendrites , 

were baked at 300 C before testing. The sensor response was periodically checked 

during the baking. It was found that the sensor response gradually increased with 

baking time and saturated at about seven days. The response of a typical sensor as a 

function of the operating temperatures is shown in Fig. 5. The increase of the sensor 

response with increasing of temperature reached the optimal temperature at about 
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360 C. The highest sensor responses for 50, 100, 200, 500, 1000 ppm of ethanol 

concentration were 22, 31, 53, 83, and 120, respectively.

The sensor response in this work was slightly higher than that of the SnO2

nanowires [16, 25 27] and the SnO2 nanoparticles [28], as shown in Fig. 6. Moreover, 

the operating temperature was in the middle of that of both SnO2 nanowires [16, 

25 27] and SnO2 nanoparticles [17, 28, 29], which were above 400 C and under 

300 C, respectively. To explain the improvement of the sensor response, the gas 

sensing mechanism of metal oxides semiconductor was intensively investigated. 

The gas sensing mechanism of metal oxides has been clarified in previous 

works [30, 31]. At high temperature, the resistance of the sensing layer changes by 

adsorption and desorption of oxygen on the surface of the sensing layer. The carrier 

electrons are consumed by the formation of O  and/or O2  and this results in creation 

of the depletion region on the surface leading to a high potential barrier at the 

inter grain. Hongsith et al. [30] have formulated a relation which explains the sensor 

response of the metal oxide gas sensors in functions of gas concentration, catalytic 

effect, and nanostructure effect, which can be expressed as 

1C
L2D

D
n

V/VTkS b
2

d

2

0

b
sm0Etht      (1)   

where t  is a time constant, Tk Eth  is the reaction rate constant, 0 is  a number of 

oxygen ion per unit area,  is a ratio of surface area per volume of material )V( m , sV

is the system volume, 0n is the electron carrier concentration of the sensor, D is
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diameter of nanowire, dL is the Debye length indicating the depletion layer, Cis gas 

concentration, and b can be referred to the adsorbed oxygen species on the metal 

oxide surface. The b value close to 1 (0.5), the surface dominates by O (O2 ).  Our 

sensor based on SnO2 mixed morphology, however, could have similar gas sensing 

mechanism as discussed above. 

 As seen in sensor response formula, the nanostructures can improve the sensor 

response in terms of the depletion layer effect and the surface to volume ratio.  The 

average diameters of nanowires and nanoparticles, in this work, were about 90 and 

160 nm, whereas the 2 dL of SnO2 is estimated about 30 nm at 360 C [31].  Hence, the 

sensor response could not be governed by the effect of the depletion layer. Therefore, 

the improvement of the sensor response in this work, comparing to that of SnO2

nanowires, could be attributed to the presence of the nanodendrites which increase the 

surface to volume ratio, resulting in the enhancement of the adsorbed oxygen ion on 

the nanowire surface.  

From the sensor response formula, the b value can be determined by plotting 

log ( 1S ) against log (C). The plot is shown in Fig. 7 and fitted with linear relation. 

It showed a good linear relationship between log ( 1S ) and log (C) with 0.997 of 

R squared. The b value was 0.59, which suggested that the surface of the sensor 

dominated by O2- at 360 C.

The response time was in the range of 1  10 second. The recovery time 

ranged from several ten to several hundred seconds. The mixed morphology of this 

work showed a gas sensing performance differing from a morphology of both 
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nanoparticles and nanowires. Thus, this may lead to an important implication for a 

development of e nose based on mixed morphology of oxide semiconductors.

4. Conclusion

Mixed morphology of SnO2 nanowires and nanodendrites was successfully 

synthesized by carbothermal reduction of SnO2 powder.  The diameters of the 

synthesized SnO2 nanowires and SnO2 nanodendrites were about 50 150 nm and 

100 300 nm, respectively. These SnO2 nanostructures had a tetragonal rutile 

structure. The formation of the SnO2 nanodendrites could be induced by the 

insufficiency of oxygen content in the system. The sensor response of the mixed 

morphology was slightly higher than that of the pure nanowires. The improvement of 

the sensor response was due to the presence of the mixed nanodendrites, causing the 

enhancement of the surface to volume ratio as indicated in the sensor response 

formula. 
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Figure captions

Fig. 1. Typical SEM images of the synthesized SnO2 nanostructures: (a) overview 

image with low magnification and (b) higher magnification image with the insets 

showing linkages of nanodendrites. 

Fig. 2. XRD profile of the SnO2 nanostructures. 

Fig. 3. TEM image and SAED patterns of the SnO2 nanowires without nanodendrites. 
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Fig. 4. TEM images and SAED of the SnO2 nanodendrites showing (a) linkage of a 

nanodendrite and a nanowire and (b) a nanodendrite departed from a nanowire. 

Fig. 5. The sensor response versus the operating temperature under the ethanol 

concentration of 50, 100, 200, 500, and 1000 ppm. 

Fig. 6. The sensor response against the diameter of nanowires and nanoparticles, 

corresponding to 100 ppm of ethanol vapor. 

Fig. 7. The sensor response 1 against the ethanol concentration at 360 C in 

logarithm scale. 

Figure 1 
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