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Abstract Nanofibers(NFs), because of their high surface area and nanosized grains, have appropriate morphologies for use

in chemiresistive-type sensors for gas detection applications. In this study, a highly sensitive and selective CO gas sensing

material based on Au-decorated SnO2 NFs was fabricated by electrospinning. SnO2 NFs were synthesized by electrospinning

and subsequently decorated with various amounts of Au nanoparticles(NPs) by sputtering; this was followed by thermal

annealing. Different characterizations showed the successful formation of Au-decorated SnO2 NFs. Gas sensing tests were

performed on the fabricated sensors, which showed bell-shaped sensing behavior with respect to the amount of Au decoration.

The best CO sensing performance, with a response of ~20 for 10 ppm CO, was obtained at an optimized amount of Au

(2.6 at.%). The interplay between Au and SnO2 in terms of the electronic and chemical sensitization by Au NPs is responsible

for the great improvement in the CO sensing capability of pure SnO2 NFs, suggesting that Au-decorated SnO2 NFs can be a

promising material for fabricating highly sensitive and selective chemiresistive-type CO gas sensors.
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1. Introduction

Carbon monoxide(CO), which is notorious as a silent

killer, is a colorless, tasteless, and odorless gas.1) The

toxic effect of CO due to its strong affinity for hemo-

globin, which is nearly 245 times that of oxygen, is well

known.2) CO is the leading cause of poisoning in the

U.S., and it accounts for more than 50 % of the fatal

poisonings reported in many industrialized countries.3) Fur-

thermore, CO has been considered as a marker of

oxidative stress and is thought to be involved in the

development of various diseases.4) In addition, CO detec-

tion can be used in early-fire-monitoring systems because

the CO gas is generated by the incomplete combustion of

hydrocarbons, and the presence of CO is an indication of

fire.5) In U.S., the threshold limit value(TLV) of CO is

set at 50 ppm by the Occupational Safety and Health

Administration(OSHA). However, when the concentration

of CO is higher than 15 ppm it becomes dangerous for

humans, and in Europe, the limit of CO(maximum 8 h

daily) is set at 8.75 ppm.6-8) This has motivated researchers

to develop simple and inexpensive sensors for the detection

of low concentrations of CO gas; currently, considerable

effort is being devoted for developing sensing materials

with high sensitivity and selectivity toward CO gas.

SnO2, which has the O=Sn=O structure, is an important

n-type semiconductor with a wide band gap of 3.6 eV.9)

It has been recognized as a promising semiconductor

material for many applications such as lithium-ion

batteries,10) electrocatalysts,11) supercapacitors,12) and solar

cells.13) In particular, SnO2 is widely used for gas sensing

applications because of its low preparation cost, high

electron mobility, and thermal stability under sensor oper-

ating conditions.14) Until now, SnO2 has been extensively

used for sensing toxic gases such as NO2,
15) CO,16) H2,

17)

H2S,18) and CH4
19) as well as volatile organic compounds

(VOCs)20) including formaldehyde,21) ethanol,22) methanol,23)

and toluene.24) However, like most of the metal oxide gas

sensors, there is a lack of gas selectivity in SnO2, so

enhancing its gas performance toward a specific target

gas still remains a challenge. To overcome this challenge,

some strategies such as incorporation of dopants;25) sen-
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sitization using noble metals such as Au,26) Ag,27) and Pd;28)

formation of composites with other metal oxides such as

CuO29) as well as the use of ultraviolet irradiation30) have

been proposed to improve the sensing performance of

SnO2 sensors. Among these, decoration with noble

metals is regarded as one of the best and most effective

strategies for improving gas sensitivity and selectivity.31)

In particular, Au has been reported to be the most useful

catalyst for the detection of several reductive gases such

as CO32) and VOCs.33)

In recent years, significant effort has been devoted to

enhance the gas sensing properties by utilizing one-

dimensional(1D) metal oxide nanostructure sensors, such

as nanowires,34) nanobelts,35) nanotubes,36) nanorods,37) and

nanofibers(NFs).38) 1D nanostructures have advantages such

as higher sensitivity, superior spatial resolution, and rapid

response because of the high surface-to-volume ratio

compared to thin film gas sensors.39) In particular, the

extraordinary sensing properties of NFs, in addition to

their large surface to volume ratio compared to other

nanostructures, are because of the fact that they contain

many small grains, and consequently, they possess large

grain boundary areas. Therefore, large amounts of analytes

can easily diffuse along the boundaries, resulting in en-

hanced sensing characteristics.40)

Another advantage of NFs is their facile synthesis by

the electrospinning method. Many synthesis procedures

for NFs such as electron-beam or focused ion-beam

writing, lithography, hydrothermal, chemical vapor depos-

ition, and template-directed methods have been reported

over the last few decades. However, most of these

methods have limitations such as material restrictions,

high cost, and high process complexity.41) Therefore,

electrospun NFs are preferred in gas sensor applications

because of the easy control over processing parameters

and characteristics like morphology, diameter, and aspect

ratio so that NFs with different architectures, for example,

simple NFs, core-shell NFs,42) porous NFs,43) and hollow

NFs,44) can be produced by the electrospinning method.

In addition, the electrospinning method is incredibly

effective for low-cost mass production with minimal

usage of materials, which makes it the most suitable

method for industrial applications on a commercial scale.

Hence, electrospun NFs have been employed in a diverse

range of sensing materials.40)

Accordingly, the use of Au decoration on SnO2 NFs

has a favorable synergistic effect on the detection of a

specific gas. However, the sensing properties of the SnO2

NFs decorated with Au nanoparticles(NPs) are likely to

be greatly dependent on their amount. Usually, an

optimized amount of metal NPs provides the maximum

sensing performance, showing a bell-shaped curve with

respect to the amount of decoration.45) However, many

researchers simply compare the gas sensing properties of

pristine and metal NP-loaded sensing materials without

optimization of the metal NPs.46) Hence, systematic studies

on this will facilitate the use of metal NP-loaded NFs in

sensing applications. 

In this study, SnO2 NFs synthesized by electrospinning

were decorated with Au NPs by depositing Au layers

onto the SnO2 NFs by sputtering and subsequent thermal

annealing. The amount of Au NPs was controlled by

altering the thicknesses of the deposited Au layers. Various

characterization techniques were utilized to examine the

morphology of the Au NP-loaded SnO2 NFs. Comparison

of the gas sensing properties of pristine and Au-

decorated SnO2 NFs to different concentrations of CO, at

various Au concentrations, was also conducted. A high

sensor response of ~8 for 1 ppm CO was obtained at an

optimized amount of Au NPs(2.6 at.%) at 300 oC, which

is a remarkable result in terms of CO detection. Regardless

of the significant developments in CO sensors, there has

been little work on exceptionally high sensitivity to CO

gas at low concentrations of around 1 ppm. In this respect,

Au-decorated SnO2 NFs investigated in this study have

the potential for use in CO sensing platform materials,

especially with respect to the morphology and incorpo-

ration of catalytic elements. 

2. Experimental Details

An electrospinning method was used to synthesize the

SnO2 NFs. Tin(II) chloride dihydrate (SnCl2·2H2O, Sigma-

Aldrich) was used as the precursor material. First, a mixed

solvent comprising 9.42 g of anhydrous N,N-dimethyl-

formamide (DMF, Sigma-Aldrich) and 11.7 g of ethanol

(J. T. Baker) was prepared. Then, 1.54 g of polyvinyl

acetate(PVAc) with a molecular weight of 850,000 and

1 g of SnCl2 were dissolved in the mixed solvent by

stirring for 4 h at room temperature. These prepared

viscous solutions were loaded into a syringe with a 21-

gauge stainless steel needle and an inner diameter of 0.51

mm. The distance between the tip of the needle and the

collector was fixed at 20 cm. A positive voltage of 15 kV

was applied to the needle and the collector was simulta-

neously grounded. The feeding rate of the solution was

adjusted to 0.03 mL/h by using an accurate syringe pump.

All the electrospinning experiments were performed at

room temperature under air ambient. After 15 min of

electrospinning, the as-spun fibers were distributed uni-

formly over the SiO2-grown Si wafers that were placed

on the collector. The as-spun fibers were subsequently

calcined at 650 oC for 2 h in air with a heating rate of

5 oC/min.

Afterward, the substrate on which SnO2 NFs were dis-

tributed was transferred to a turbo sputter coater (Emitech
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K575X, Emitech Ltd., Ashford, Kent, UK). The target

was a circular Au, the sputtering current was 65 mA, and

the sputtering was performed in high-purity(99.999 %)

Ar ambient at room temperature. Au thin films with

different thicknesses(3, ~5, ~10, 12, 15, and 20 nm) were

successfully deposited by changing the sputtering time

from 0 to 2 min. Subsequently, the Au-deposited SnO2

NFs were annealed for 30 min at 500 oC in air ambient.

This thermal treatment promotes the formation of Au NPs,

improving homogeneity of their distribution by layer thick-

ness, and stabilizing properties of gas sensing materials.47) 

The microstructure and morphology of the Au NP-

decorated SnO2 NFs were characterized by field-emission

scanning electron microscopy(FE-SEM) and transmission

electron microscopy(TEM). The compositional analysis

was performed using energy dispersive X-ray spectroscopy

(EDS).

For the sensing measurements, Ti (~50 nm thick) and

Au (~200 nm thick) were sequentially deposited via sput-

tering on the Au NP-decorated SnO2 NFs using an inter-

digital electrode mask. Their sensing capability to CO was

investigated at different temperatures using a gas dilution

and sensing system. The CO gas concentration in the

sensing measurement chamber was controlled by changing

the mixing ratio of the target gas CO to dry air through

accurate mass flow controllers(MFCs). CO diluted with

dry air, supplied by the manufacturer (Daeduk Gas Co.,

Korea), was used as the CO source. With a 100 ppm CO

source and using MFCs, the CO concentrations could be

controlled to a very low amount. The total flow rate was

set to 500 sccm to avoid any possible variation in the

sensing properties. The water vapor content in the CO

container was less than 1.5 ppm, indicating that the effect

of humidity would be negligible. To evaluate the selective

sensing properties, other typical reducing gases such as

toluene(C7H8) and benzene(C6H6) were also tested. The re-

sponse(R) was calculated as R = Ra/Rg, where Ra and Rg

are the resistances in the absence and presence of the

target gas, respectively. 

3. Results and Discussion

3.1 Morphological studies

The FE-SEM images of the SnO2 and Au NP-

decorated SnO2 NFs with different Au concentrations are

presented in Fig. 1(a-g). Fig. 1(h) is a low magnification

FE-SEM image of SnO2 NFs with 2.6 at.% Au NPs,

showing the overall features of the samples. It is obvious

that the Au layers are broken into small clusters or

islands after the thermal annealing process. It can also be

seen that the surfaces of the SnO2 were significantly

coarsened after loading of the Au NPs. Furthermore, the

size of the Au NPs increases with increasing thickness of

the sputtered Au layer. The average diameter of the SnO2

NFs can be estimated to be about 150-250 nm with

varying sizes of Au NPs. Overall, the NPs were homo-

geneously distributed over the surfaces of the SnO2 NFs,

as shown in Fig. 1(h) and Fig. 2.

TEM analyses were performed to further examine the

surface modification of the SnO2 NFs by addition of 2.6

at.% Au NPs. Fig. 3(a) shows the TEM image of a SnO2

NF, where the presence of Au NPs is clearly observed.

The high-resolution TEM(HRTEM) image of Au NP-

decorated SnO2 NFs is presented in Fig. 3(b). A closer

examination of the HRTEM image revealed fringes in

both the Au NPs and the SnO2 NFs. The measured d-

spacing between adjacent fringes(0.264 nm) corresponds

to the d-spacing of the (101) plane of tetragonal SnO2

NFs, and the lattice fringes of Au with a d-spacing of

0.236 nm can be indexed to the cubic Au (101) lattice

spacing. Fig. 3(c) shows the selected area electron dif-

fraction pattern(SAED) of Au NP-decorated SnO2 NFs.

The well-defined SAED pattern clearly shows diffraction

spots corresponding to the (111), (200), (220), and (311)

Fig. 1. SEM images of (a) pristine SnO2 NFs and SnO2 NFs de-

corated with Au NPs containing (b) 1.2 at.%, (c) 2.1 at.%, (d) 2.6

at.%, (e) 4.6 at.%, (f) 5.0 at.%, and (g) 19.0 at.% Au. (h) Low-

magnification SEM image of SnO2 NFs functionalized with 2.6 at.%

Au NPs.
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lattice planes of Au. EDS analysis was performed to

confirm the presence of elemental Au, Sn, and O.

Elemental analyses were performed using EDS, as shown

in Figs. 3(d), 4(a), and 5. From a comparison of Fig. 1,

Fig. 4(a), and Fig. 5, it was proven that the SnO2 NFs

with different amounts of Au NPs were successfully

synthesized. As shown in Fig. 4(b), the amount of Au

clusters present after the heat treatment increases linearly

with increasing thickness of the Au layers prepared by

sputtering. This is because the thin layers tend to break

easily and are then converted into small islands, whereas

it is more difficult for the thicker layers to break under

the same heat treatment conditions. Therefore, the thicker

Au layers are likely to form larger islands or clusters.

According to the FE-SEM images, the diameters of the

Au NPs increase with increasing thickness of the Au

layers. As reported previously,45) it is noteworthy that

there is a reasonably linear relationship between the Au

layer thickness and the Au particle size. Using such a

relationship, the Au particle size can be easily controlled

in the nanoscale by adjusting the thickness of the Au

layers deposited initially. Therefore, for a specific particle

size distribution, we can simply adjust the thickness of

the Au layers deposited initially. For example, for very

fine Au NPs, the initial thickness must be as small as

possible, whereas for larger Au particles, the thickness

should be increased accordingly. 

3.2 Gas sensing studies

It is well-known that the operating temperature greatly

influences the sensing characteristics of metal oxide sen-

Fig. 2. Low-magnification SEM images of (a) pristine SnO2 NFs,

and SnO2 NFs decorated with Au NPs containing (b) 1.2 at.%, (c)

2.1 at.%, (d) 4.6 at.%, (e) 5.0 at.%, and (f) 19.0 at.% Au.

Fig. 3. (a) TEM image of 2.6 at.% Au-decorated SnO2 NFs. (b) High-

resolution TEM image, (c) SAED pattern, and (d) EDS analysis.

Fig. 4. (a) Elemental analysis of 2.6 at.% Au-decorated SnO2 NFs

using EDS. (b) Relationship between the amount of Au and the Au

layer thickness.
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sors, because it greatly affects the electrical conductivity

and electron mobility. Hence, the pristine sensors were

exposed to 10 ppm CO gas at different operating tem-

peratures. Fig. 6(a) shows the transient responses of Au-

decorated SnO2 NFs to CO gas at 150 to 400 oC. Fig.

6(b) shows the corresponding plot, indicating variations

of the response as a function of operating temperature. It

can be seen that the response increases with temperature

up to 300 oC, and then decreases with a further increase

in the temperature. Upon exposure to oxygen at low tem-

peratures, the inactive ionosorption of oxygen because of

a few active adsorption sites at the SnO2 NFs surfaces

leads to inactive oxidation of CO gas, resulting in poor

response. Vacancies and kink sites at the surface of a

material are preferential sites for the adsorption of im-

purity atoms or ions. At low temperatures, the surface

contains lower concentrations of vacancies and kink sites,

resulting in the inactive oxidation of CO gas and a poor

response. As the operating temperature increases, the ad-

sorption of oxygen on the sensor surface becomes active,

and oxidation of CO becomes more active, resulting in

an enhanced response to CO gas. In contrast, further

increase in the temperature beyond the optimal tempera-

ture will result in the desorption of the species.1,48) Based

on these results, all other sensing tests were performed at

300 oC.

The Au loading level is one of the most important

factors that greatly affect the sensing response. Therefore,

the sensing performance and the effect of the amount of

Au were evaluated at 300 oC using 1, 5, and 10 ppm

concentrations of CO gas. Fig. 7(a) shows the typical

resistance curves and responses of the SnO2 NFs to CO

gas with varying amounts of Au NPs. It can be seen that

for all of the sensors, the resistance decreases upon

exposure to CO gas. It returns to its original value after

stopping the CO supply. This is a typical n-type sensing

behavior of SnO2-based sensors. Furthermore, all of the

sensors show the reversible behavior and the resistances

come back to their initial values after three successive

cycles. The highest response was observed from the NFs

with 2.6 at.% Au NPs, as shown in Fig. 7(b), where the

responses are plotted as a function of CO concentration.

Fig. 7(c) presents the responses of the Au NP-decorated

SnO2 NFs to 10 ppm CO gas as a function of Au con-

centration. The response of the pristine SnO2 NFs has been

included for comparison. It is evident that the decoration

of Au NPs significantly enhanced the CO response of the

SnO2 NFs. Moreover, Fig. 7(c) shows a bell-shaped

curve as a function of the amount of Au NPs where there

is an initial improvement in the response with smaller

amounts of Au, and then there is a deterioration with

Fig. 6. (a) Resistance curves of pristine SnO2 NFs exposed to 10

ppm CO gas at various temperatures. (b) Responses of pristine SnO2

as a function of operating temperature.

Fig. 5. EDS elemental analysis of SnO2 NFs decorated with Au NPs

containing (a) 1.2 at.%, (b) 2.1 at.%, (c) 4.6 at.%, (d) 5.0 at.%, and

(e) 19.0 at.% Au.
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larger amounts. For 1.2, 2.1, 2.6, 4.6, 5.0, and 19.0 at.%

Au NP-decorated SnO2 NFs, the values of the responses

are 5.25, 13.72, 18.98, 15.53, 11.60, and 3.18, respectively.

Note that the response of pristine SnO2 NFs is as low as

1.52. This behavior can be explained as follows. When

the amount of Au decoration is negligible, Au NPs cannot

actively participate in the reactions and the response is

low. However, with an increase in the amount of Au

NPs, the response increases, which is because of the

presence of sufficient Au NPs that contribute to the

electronic and chemical sensitizations, which will be dis-

cussed in the sensing mechanism section. The drop in the

sensor response with increasing Au loading level is

because there are not enough exposed surfaces of SnO2

NFs to receive the dissociated oxygen, and less exposed

surfaces of the SnO2 NFs also affected the functionalities

of the sensors.38) Thus, it is important to control the

amount of Au NPs on the surfaces of SnO2 NFs to an

appropriate amount. In other words, at high Au loading,

Au islands or NPs are partially or completely connected

with each other; therefore, the sensor resistance is not

governed by the gas sensing properties of SnO2 NFs, but

determined by the insensitive conducting Au NPs. Thus,

negligible gas responses in the 19.0 at.% Au NP-decorated

SnO2 NFs sensor is attributed to the formation of con-

ducting channels by the Au islands. These results are

consistent with the literature data that show an enhance-

ment and deterioration of the gas response induced by

low and high loading concentrations of metal NPs,

respectively.49-51)

Selectivity is another important parameter of a gas sensor.

A good gas sensor must selectively detect a specific gas

when it is exposed to an environment that contains

multiple gases. The selectivity tests of the 2.6 at.% Au-

decorated SnO2 sensors were performed by comparing

their response to CO against C6H6 and C6H7, the transient

responses to 1, 5, and 10 ppm of the mentioned gases are

shown in Fig. 8(a), and the responses are summarized in

Fig. 8(b). It can be seen that the sensors show the highest

response to CO gas. The responses to C6H6 and C6H7

were significantly lower than that for the CO gas. In Fig.

8(c), the responses of the Au-decorated SnO2 NFs are

compared to that of pristine SnO2 NFs for a 10 ppm

concentration of the reducing gases at 300 oC. The results

clearly demonstrate the highly selective CO detection

capability of Au NP-decorated SnO2 NFs. Similar selective

and enhanced catalysis behaviors by Au NPs toward CO

have been reported in other studies,52-54) which show that

the Au NPs exhibit efficient catalytic activity for enhanc-

ing the diffusion and interaction with CO gas compared

to other reducing gases. 

It is useful to understand why Au NPs preferentially

sense CO, rather than C6H6 and C7H8. We know that a

strong bonding between the surface and the gas mole-

cules will decrease the catalytic efficiency of metal NPs,

because the binding will be too strong to be broken and

form the transition state. Weak bonding, on the other

hand, also decreases the catalytic efficiency since the gas

molecules may not stick to the surface for the subsequent

reaction. With a moderate bonding strength, the mole-

cules stick to the surface but are flexible enough to move

around and form transition states. Therefore, in the first

step, it is necessary to analyze the binding strength of

Fig. 8. (a) Resistance curves of 2.6 at.% Au-decorated SnO2 NFs for

various reducing gases at 300
o
C. (b) Calibration curve and (c) com-

parison of the responses of 2.6 at.% Au-decorated SnO2 NFs with

pristine SnO2 NFs for 10 ppm concentration of various reducing

gases.

Fig. 7. (a) Resistance curves of Au-decorated SnO2 NFs exposed to

CO gas at 300 oC. (b) Calibration curve for various CO concen-

trations. (c) Responses to 10 ppm CO gas.
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CO, C6H6, and C6H7 on the Au NPs. According to our

previous analysis,55) C6H6 interacts weakly with Au, with

an adsorption energy of 0.64 eV. In addition, the Au

catalytic activity for C7H8 was relatively low at high

temperatures, because all the C6H6 and its dissociated

biphenyl species desorb from the Au surfaces at > 127
oC. Furthermore, the reaction energy barrier for complete

oxidation of CO in the presence of Au was 0.21 eV,

which is a very low value. Good catalytic activity of Au for

oxidation of CO was also reported by other researchers.53)

For example, Haruta et al.56) have also reported that Au

NPs are remarkably active to low-temperature oxidation

of CO when they are highly dispersed and deposited on

reducible metal-oxide-semiconductors. Therefore, in this

study, it is not unexpected to see that Au NPs show a

higher response to CO compared to C6H6 and C7H8. 

The d-band theory55) is also suitable for explaining the

bond formation and reactivity among various transition

metals that exhibit interactions between the adsorbate

valence states and the s- and d-states of a transition metal

surface. A higher d-band center(the Fermi level as

reference) corresponds to an increase in energy(relative

to the Fermi level) and to less filling of the antibonding

(d-σ)* state. This means that the metal-adsorbate system

is more stable, and stronger binding between the metal

and the adsorbate is expected. The increased filling of

the unstable antibonding state will result in the desta-

bilization of the metal-adsorbate interaction, and thus, a

weaker bonding energy is expected. The d-band center of

Au was relatively low (−4.32), and by plotting the

response to CO, C6H6, and C7H8 gases as a function of

the d-band center, it was demonstrated that the response

to CO in the presence of Au is higher than responses to

the other two gases.

Until now, several studies have been reported on the

sensing of CO gas, but there are few reports on the

preparation of highly sensitive CO sensors operating at

low concentrations below 10 ppm. Table 1 compares the

CO sensing properties of some metal oxide gas sensors

with our current sensor. It can be seen that the response

of the optimized Au NP-decorated SnO2 NFs sensor is

much higher than the responses of other gas sensors,

suggesting the potential of SnO2 NFs decorated with

optimized Au NPs in sensitive, selective, and reliable CO

sensors. 

3.3 Sensing mechanism

It is known that the adsorption of gas molecules on the

metal oxide semiconductor surface can cause a consider-

able change in the electrical resistivity. Thus, a change in

the surrounding gaseous environment easily leads to a

change in the conduction(or the resistance) of the semi-

conductor. For pristine SnO2 NFs sensor, the gas sensing

mechanism is similar to other semiconductor oxide

sensors.57,58) It is generally accepted that in ambient air,

oxygen molecules are adsorbed to form O2
− below

100 oC, O− between 100 and 300 oC, or O2− above 300 oC

by capturing the conductive electrons from the sensor

surface.57) Indeed, oxygen molecules are adsorbed on the

surface of the SnO2 NFs when the sensor is exposed to

air and are ionized to O− or O2− at high temperatures

(> 100 oC) by capturing free electrons from the con-

duction band of SnO2. Thus, an electron depletion layer

is formed by reducing the free charge carrier(electron)

concentration, and the conduction will be limited to the

conduction channel along the SnO2 NFs, as schematically

shown in Fig. 9(a). At the same time, a potential barrier

will be formed as a barrier to the flow of electrons

through the SnO2 nanograins. Therefore, the sensing

mechanism of the pristine SnO2 NFs is related to the

modulation of resistance on the SnO2 NF surface, as well

as at the SnO2 nanograin boundaries. When the CO

molecules react with the adsorbed oxygen species, they

release the trapped electrons back into the conduction

band of the SnO2 NFs according to the following

reaction (1):

Table 1. Comparison of some CO gas sensors with the sensor developed in this study.

Sensor Conc. (ppm) T(
o
C) Response Ref.

Au-decorated SnO2 NFs 10 300 19 (Ra/Rg) Present work

CuO/SnO2-In2O3 1000 135 130(Ra/Rg)
62)

In2O3-SnO2 50 250 4(Ra/Rg)
63)

Al-doped ZnO 50 300 0.8 (ΔR/Ra)
64)

Pt-doped ZnO 20 300 0.48 (ΔR/Ra)
65)

CuO added ZnO-doped SnO2 200 160 0.87(ΔR/Ra)
66)

Pt-SnO2-In2O3 1000 50 0.95(ΔR/Ra)
67)

Rb:In2O3 1000 300 0.99(ΔR/Ra)
68)

Ti-doped SnO2 100 350 19(Ra/Rg)
69)

V-doped SnO2 500 175 7 (Ra/Rg)
70)
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COads = 2O−

→CO2(gas) + 2e− (1)

As a consequence, the concentration of free electrons

increases, the potential barrier will be considerably

decreased and the conduction channel will be increased,

ultimately decreasing the resistance of the pristine SnO2

sensors. Accordingly, the sensor response to CO gas

depends on the number of electrons captured by the

oxygen molecules and the number of electrons released

by the CO molecules reacting with the adsorbed oxygen

molecules.

The enhanced response of the Au-decorated SnO2 NFs

sensor toward CO could be attributed to both electronic

and chemical sensitization effects induced by the Au

NPs. The loading of Au NPs on the surface of SnO2 NFs

is expected to induce electronic sensitization, as shown in

Fig. 10(a). The work functions of Au(5.1 eV)59) and SnO2

(4.9 eV)60) are different, and in order to equate to the

Fermi levels, electrons will be transferred from SnO2 to

Au. Thus, Au acts as an electron acceptor for SnO2. As a

result of the charge transfer, a potential barrier will be

generated at the heterointerfaces, along with the bending

of bands and a Schottky barrier will formed at the

interface of SnO2/Au(Fig. 10(b)), which increases the

resistance of the Au-decorated SnO2 NF sensors. It is

possible that the electrical current across the Au/SnO2

heterointerfaces modulates the resistance. As shown in

Fig. 9(b), when the electrons are transferred to the Au

NPs, the width of the conduction channel becomes

narrower compared to the case of the pristine SnO2 NFs.

Upon exposure to CO gas, the width of the depletion

layer will be substantially suppressed(Figs. 10(b) and

10(c)) in such a manner that the change in the width of

the conduction channel becomes significantly larger than

the case of the pristine SnO2 NFs. Therefore, a higher

Fig. 10. Band structures of Au and SnO2 (a) before contact, (b)

after contact in air, and (c) after contact in CO.

Fig. 9. Schematic representations of sensing mechanism of (a)

pristine and (b) Au-decorated SnO2 NFs.
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modulation in resistance, and consequently, a higher

response is observed. 

In the chemical sensitization effect due to the spillover

effect from Au NPs on SnO2, more oxygen species will

be generated to react with the gas molecules and the

adsorbed oxygen can diffuse faster to the surface vacancies

and capture electrons from the conduction band of SnO2.

In fact, the amount of active oxygen ions(O− or O2−)

increases significantly with the presence of Au NPs

because of its better oxygen dissociation properties than

SnO2. Because of both the increase in the adsorbed

oxygen and the rate of conversion of molecules to ions,

the degree of electron depletion at the Au/SnO2 interface

is larger than that at the pristine SnO2 surface, which

eventually causes a higher response to CO gas.61) 

4. Conclusion

In summary, pristine and Au NP-decorated SnO2 NFs

with different amounts of Au NPs were synthesized by

electrospinning and subsequent sputtering and thermal

annealing of Au. Gas sensing tests were performed in the

presence of CO, C6H6, and C6H7 and the effects of the

Au concentration and operating temperature on the CO

sensing properties were studied. A bell-shaped behavior

in the sensing curve was observed as a function of the

amount of loading of Au NPs, with a maximum response

at 2.6 at.% Au. It was found that the Au decoration

greatly enhances the CO response of the SnO2 NFs. This

was attributed to the synergistic effect caused by the

electronic sensitization originating from the difference in

the work functions between Au and SnO2 and the

chemical sensitization of the Au NPs. The results showed

that the optimization of the amount of loading of metal

NPs is one of the major factors determining the response

of metal NP-decorated oxide NFs sensors.
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