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Abstract Effects of functionalization materials on the

selectivity of SnO2 nanorod gas sensors were examined

by comparing the responses of SnO2 one-dimensional

nanostructures functionalized with CuO and Pd to etha-

nol and H2S gases. The response of pristine SnO2

nanorods to 500 ppm ethanol was similar to 100 ppm

H2S. CuO-functionalized SnO2 nanorods showed a

slightly stronger response to 100 ppm H2S than to

500 ppm ethanol. In contrast, Pd-functionalized SnO2

nanorods showed a considerably stronger response to

500 ppm ethanol than to 100 ppm H2S. In other words,

the H2S selectivity of SnO2 nanorods over ethanol is

enhanced by functionalization with CuO, whereas the

ethanol selectivity of SnO2 nanorods over H2S is

enhanced by functionalization with Pd. This result shows

that the selectivity of SnO2 nanorods depends strongly

on the functionalization material. The ethanol and H2S

gas sensing mechanisms of CuO- and Pd-functionalized

SnO2 nanorods are also discussed.

1 Introduction

A range of CuO–SnO2 composite nanostructures based on

SnO2 and CuO have been reported for H2S sensing since

the pioneering work of Moekawaetal [1] on CuO-doped

SnO2 thick films. These nanostructures include CuO–SnO2

heterostructures [2–4], CuO-doped SnO2 nanorods [5] and

CuO-doped SnO2 nanoribbons [6, 7]. The extraordinarily

enhanced H2S sensing properties of CuO-doped SnO2

nanorods are usually explained by the formation of a

resistive heterojunction between p-type CuO and n-type

SnO2 in an air atmosphere, the reaction of the semicon-

ducting CuO with H2S to form metallic CuS with a high

conductivity upon exposure to H2S, and the strong chem-

ical affinity of the alkaline CuO toward the acidic H2S gas

[1, 7–9].

The response SnO2 nanorods to NO2 were reported to

be degraded by functionalization with CuO [10], sug-

gesting their selective sensing performance to H2S. The

selectivity of CuO-functionalized SnO2 nanorods toward

H2S must be attributed to the above three mechanisms,

but it might be related more intimately to the second one

of the three mechanisms. This assumption is supported by

the excellent sensing properties of Pd-functionalized CuO

nanorods toward H2S gas [11]. Nevertheless, the depen-

dence of the selectivity of the SnO2 nanorod-based gas

sensors on the functionalization or doping material has

not been clarified until now, even if there are many

reports on the extraordinary H2S sensing properties of

CuO-functionalized SnO2 nanorods. To elucidate the

dependence of the selectivity on the functionalization or

doping material, this study examined the effects of

functionalization materials on the selectivity of SnO2

nanorod gas sensors by comparing the responses of SnO2

one-dimensional (1D) nanostructures functionalized with

CuO and Pd to ethanol (C2H5OH) and H2S gases. In

addition, this study examined whether functionalization of

SnO2 nanostructures with CuO has adverse effects on the

sensing properties of other gases than H2S by examining

the response of CuO-functionalized SnO2 nanorods to

ethanol gas.
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2 Experimental

Figure 1 displays the process flow of sample preparation

and sensing tests carried out in this study. CuO-function-

alized SnO2 nanorods were synthesized using a three-step

process: the thermal evaporation of Sn powders in an

oxidizing atmosphere, dipping in a CuNO3 solution and

thermal annealing. First, Au-coated Si was used as a sub-

strate for the synthesis of 1D SnO2 structures. A 3-nm-

thick Au thin film was deposited on p-type (100) Si sub-

strates by direct current (dc) magnetron sputtering. A

quartz tube was mounted horizontally inside a tube furnace.

A total of 99.99 % pure Sn powders were placed on the

lower holder at the center of the quartz tube. The Au-

coated Si substrate was placed on the upper holder,

approximately 5 mm away from the Sn powders. The

furnace was heated to 900 �C and maintained at that

temperature for 1 h in a N2/3 mol%-O2 atmosphere with

constant flow rates of O2 (10 sccm) and N2 (300 sccm).

The total pressure was set to 1.0 Torr. Subsequently, the

as-synthesized SnO2 nanorods were dipped into a 1 M

Cu(NO3)2 solution for 1 h and then cleaned with distilled

water. The CuO-coated SnO2 nanorods were annealed at

500 �C for 1 h in an oxygen atmosphere for 1 h (O2 gas

flow rate: 500 sccm).

The Pd-functionalized SnO2 nanorods were also pre-

pared by coating the as-synthesized SnO2 nanorods with Pd

using a wet chemistry method. An ethanolic palladium

chloride solution (C2H5OH: PdCl2 = 1,000:1) was pre-

pared in a vial. The nanorod samples were immersed in that

solution, and the vial was placed in a homemade ultraviolet

(UV) box. The solution in a vial was then irradiated with

254 nm UV light at 3 mW/cm2 for 20 min. Finally, the

samples were annealed at 480 �C for 1 h in an Ar atmo-

sphere. The Ar gas flow rate and process pressure were

100 cm3/min and 1.0 Torr, respectively.

The morphology and structure of the products were

characterized by scanning electron microscopy (SEM,

Hitachi S-4200) operating at 10 kV and transmission

electron microscopy (TEM, JEOL 2100F) with an accel-

erating voltage of 300 kV. The crystal structure of the

nanorods was examined by glancing angle X-ray diffrac-

tion (XRD, Philips X’pert MRD diffractometer) using Cu

Ka radiation (k = 0.15406 nm) at a scan rate of 4o/min.

The sample was arranged geometrically at a 0.5� glancing

angle with a rotating detector.

Immersing in PdCl2:C2H5OH solution

SnO2 nanorods

p-type (100) Si

Thermal evaporation of Sn in O2

Dipping in a CuNO3 solution
UV irradiation

CuO-functionalization SnO2 nanowires

Annealing

Pd-functionalization SnO2 nanowires

Characterization

Sensors fabrication

SEM
TEM
XRD

IDE pattern fabrication

Dropping a slurry droplet containg nanorods

Sensing tests

Target gas

C2H5OH
(100-500 ppm)

H2S
(100 ppm)

Fig. 1 Process flow of sample

preparation and sensing tests
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For the sensing measurements, Ni (*200 nm in thick-

ness) and Au (*50 nm) thin films were deposited

sequentially by sputtering to form electrodes using an

interdigital electrode mask. Three different types of nano-

rod samples: pristine SnO2 nanorods, CuO-functionalized

SnO2 nanorods and Pd-functionalized SnO2 nanorods were

dispersed ultrasonically in a mixture of deionized water

(5 ml) and isopropyl alcohol (5 ml) and dried at 90 �C for

30 min. A 200-nm-thick SiO2 film was grown thermally on

single crystalline Si (100) substrates. A slurry droplet

containing the nanorods (10 ll) was dropped onto the

SiO2-coated Si substrates equipped with a pair of inter-

digitated (IDE) Ni (*200 nm)/Au (*50 nm) electrodes

with a gap of 20 lm. The gas sensing properties of the

three different multiple networked nanorod sensors made

from the three different types of nanorods were measured

at 300 �C in a quartz tube placed in a sealed chamber with

an electrical feed through. During the measurements, the

sensors were placed in a sealed quartz tube with an elec-

trical feed through. A set amount of C2H5OH ([99.99 %)

or H2S gas was injected into the testing tube through a

microsyringe to obtain a C2H5OH concentration of

100–500 ppm or a H2S concentrations of 100 ppm while

the electrical current in the nanotubes was monitored. The

response of the sensors is defined as Ra/Rg 9 100(%) both

for C2H5OH and H2S, where Ra and Rg are the electrical

resistances in the sensors in air and the target gas,

respectively.

3 Results and discussion

Figure 2a, b shows low-magnification and high-resolution

TEM (HRTEM) images, respectively, of a typical CuO-

functionalized SnO2 nanorod. Figure 2c is selected area

electron diffraction pattern corresponding to Fig. 2b. A

comparison of Fig. 2a with the inset in Fig. 2a reveals that

a CuO-functionalized SnO2 nanorod (Fig. 2a) has many

particles (dark globular particles) on the nanorod, whereas

a pristine SnO2 nanorod does not have such dark globular

particles on it. HRTEM image (Fig. 2b) revealed fringes

with spacings of 0.264 and 0.237 nm, corresponding to the

interplanar distances of the {101} and {200} lattice planes,

respectively, in bulk crystalline SnO2. Figure 2c shows dim

diffractions spots assigned to monoclinic-structured CuO

particles as well as intense diffraction spots assigned to

tetragonal-structured SnO2 nanorods, verifying the exis-

tence of CuO particles on the surface of SnO2 nanorods.

The XRD pattern of CuO-functionalized SnO2 nanorods

(Fig. 2d) showed both the reflection peaks assigned to

tetragonal-structured SnO2 with lattice constants of

a = 0.4737 nm and c = 0.3186 nm (JCPDS No. 88-0287)

and those assigned to monoclinic CuO with lattice

constants of a = 0.4689 nm, b = 0.342 nm, c = 0.513 nm,

b = 99.57�(JCPDS No. 89-5899).

Figure 3a shows the low-magnification TEM image of a

typical Pd-functionalized SnO2 nanorod. Many small par-

ticles with diameters ranging from 3 to 20 nm are obser-

vable on the surface of the nanorod. An HRTEM image

shows the two different regions with different fringe pat-

terns clearly: (a) the upper part of the image shows a fringe

pattern with a spacing of 0.225 corresponding to the

interplanar distance of the {111} lattice plane in bulk

crystalline Pd, whereas (b) the lower part shows two types

of fringes with spacings of 0.264 and 0.237 nm, corre-

sponding to the interplanar distances of the {101} and

{200} lattice planes, respectively, in bulk crystalline SnO2,

respectively. The corresponding diffraction pattern

(Fig. 3c) displays dim spots as well as intense diffraction

spots assigned to tetragonal-structured SnO2. A structural

analysis of the dim spotty pattern identified the pattern to

be of face-centered cubic Pd, whereas small peaks located

at *39�, *47� and *69� were assigned to the (111),

(200) and (220) reflections, respectively, of face-centered

cubic-structured Pd. The XRD pattern of Pd-functionalized

SnO2 nanorods (Fig. 3d) shows several small reflection

peaks assigned to Pd as well as tall reflection peaks

assigned to SnO2. The relatively weak reflection intensities

of Pd compared to those of SnO2 might be due to the far

smaller amount of Pd compared to that of SnO2 in the

nanorods.

Figure 4a–c shows the dynamic responses of the pris-

tine, CuO-functionalized SnO2 nanorods and Pd-function-

alized SnO2 nanorods to a reducing gas C2H5OH at 300 �C,

respectively. The sensor responded well to ethanol gas. The

resistance decreased rapidly when the nanorod sensors

were exposed to ethanol gas and recovered almost to the

initial value when the ethanol gas supply was stopped and

air was introduced. The responses of the CuO-functional-

ized SnO2 nanorods were quite stable and reproducible for

repeated testing. Table 1 lists the responses calculated from

Fig. 4a–c. The pristine SnO2 nanorods showed responses of

approximately 137, 151, 165, 181 and 211 % to 100, 200,

300, 400 and 500 ppm C2H5OH, respectively. In contrast,

the CuO-functionalized SnO2 nanorods and Pd-function-

alized SnO2 nanorods showed corresponding responses of

approximately 170, 192, 240, 320 and 696 % and 173, 195,

250, 365 and 590 %, respectively, to 100, 200, 300, 400

and 500 ppm C2H5OH. Consequently, functionalizing SnO2

nanorods with CuO and Pd led to 1.2–3.3- and 1.3–2.8-fold

stronger responses, respectively, to 100–500 ppm ethanol

gases.

Figure 4d shows the responses determined from

Fig. 4a–c as a function of the C2H5OH concentration. A

linear relationship was observed between the response and

the ethanol concentration in the ethanol gas concentration
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range of 100–500 ppm. The response of an oxide semi-

conductor can normally be expressed as R = A [C]n ? B,

where A and B, n, and [C] are constants, exponent, and

target gas concentration, respectively [12]. Data fitting

gave R = 1.18 [C]-29.9, R = 1.00 [C] ? 13.5 and

R = 0.179 [C] ? 115.2 for the CuO-functionalized SnO2

nanorods, Pd-functionalized SnO2 nanorods and pristine

SnO2 nanorods, respectively. The responses of these three

different SnO2 nanorod sensors tended to increase with

increasing C2H5OH gas concentration, but the responses of

the CuO- or Pd-functionalized SnO2 nanorods tended to

increase more rapidly than that of the pristine SnO2

nanorods. In particular, the response of the CuO-func-

tionalized SnO2 nanorods was higher than Pd-functional-

ized SnO2 nanorods at high C2H5OH concentrations,

whereas the former was lower than the latter at low

C2H5OH concentrations.

Another thing to note is the jump in response between

400 and 500 ppm C2H5OH. It is not well understood at

present why the sensing response to 500 ppm ethanol was

significantly increased compared to the ones of 400 ppm

ethanol for the functionalized SnO2 nanorods. In general,

the sensitivity or response can jump at a critical temperature

as the temperature increases because of change in sensing

mechanism. On the other hand, it is seldom that the sensi-

tivity or response jumps at a critical gas concentration as the

concentration increase because of no change in sensing

mechanism. A further systematic study may be necessary to

reveal the cause of the significant increase. The significant

increase in response in this study is probably due to the

experimental error rather than due to change in sensing

mechanism. The important concentration range in detecting

gas depends on the kind of gas. For example, in the case of

ethanol sensing, the gas concentrations studied commonly

range from 100 to 10,000 ppm. Most previous studies

reported that the sensing response increased quite a bit in

the ethanol concentration range from 400 to 500 ppm with

increasing the ethanol concentration. Therefore, the result

in this study that the significant increase in the sensing

response to 500 ppm ethanol was significantly increased

compared to the ones of 400 ppm ethanol is not much

surprising. We imagine further increases in ethanol con-

centration to 10,000 ppm might lead to the saturation of the

ethanol sensing properties.

Figure 5 compares the responses of the pristine, CuO-

functionalized and Pd-functionalized SnO2 nanorods to

Fig. 2 a Low-magnification

TEM image of a typical CuO-

functionalized SnO2 nanorod.

b High-resolution TEM image

and c corresponding SAED

pattern of the CuO-SnO2

interface region of a typical

CuO-functionalized SnO2

nanorod. d XRD patterns of the

CuO-functionalized SnO2

nanorods
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Fig. 3 a Low-magnification

TEM image of a typical Pd-

functionalized SnO2 nanorod.

b High-magnification TEM

image and c corresponding

SAED pattern of the Pd-SnO2

interface region of a typical Pd-

functionalized SnO2 nanorod.

d XRD pattern of Pd-

functionalized SnO2 nanorods

Fig. 4 Electrical responses of

the gas sensors fabricated from

a pristine, b CuO-functionalized

SnO2 nanorods and c Pd-

functionalized SnO2 nanorods to

100, 200, 300, 400 and 500 ppm

ethanol gas at 300 �C.

d Responses of pristine, CuO-

functionalized and Pd-

functionalized SnO2 nanorods

as a function of ethanol

concentration
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H2S gas. As reported previously, CuO-functionalized SnO2

nanorods showed considerably stronger responses than

those of the Pd-functionalized and pristine SnO2 nanorods,

suggesting that the CuO-functionalized SnO2 nanorods are

an excellent H2S gas sensor. Table 2 showed the difference

in selectivity between the CuO- and Pd-functionalized

SnO2 nanorods. The selectivity of the two nanomateri-

als can be compared reasonably from the responses

summarized in Table 2 because the pristine SnO2 nanorods

showed similar response to 100 ppm H2S to that to

500 ppm C2H5OH. CuO-functionalized SnO2 showed a

stronger response to 500 ppm ethanol than to 100 ppm

H2S, but the difference was small. In contrast, the Pd-

functionalized SnO2 nanorods showed a considerably

stronger response to100 ppm H2S than that to 500 ppm

C2H5OH. Therefore, the ethanol selectivity of the SnO2

nanorods over H2S is enhanced by functionalization with

Pd, whereas the H2S selectivity of SnO2 nanorods over

C2H5OH is enhanced by functionalization with CuO.

Figure 6a–c shows the dependence of the responses of

CuO-functionalized and Pd-functionalized SnO2 nanorods

to ethanol gas. Both the CuO-functionalized (Fig. 6a) and

Pd-functionalized (Fig. 6b) SnO2 nanorods show that their

responses to 500 ppm ethanol increased with increasing

temperature up to 300 �C and then decreased with a further

increase in temperature from 300 to 350 �C. The response

of CuO-functionalized SnO2 nanorods was higher than that

of Pd-functionalized SnO2 nanorods at any temperature in

the temperature range of 200–350 �C (Fig. 6c). These

results suggest that the relative selectivities of the SnO2

nanorods functionalized with two different materials do not

change with temperature in this temperature range. In other

words, the relative sensitivities and selectivities of the

SnO2 nanorods are independent of the temperature and

functionalization material.

The ethanol gas sensing mechanism of the SnO2 nano-

rod sensor can be modeled using the surface-depletion

model [13]. When the SnO2 nanorod sensor is exposed to

air, it interacts with oxygen by transferring electrons from

the conduction band to the adsorbed oxygen atoms, form-

ing ionic species, such as O-, O2- and O2
-, as illustrated

below.

O2 gð Þ ! O2 adsð Þ ð1Þ
O2 adsð Þ þ e� ! O�2 adsð Þ ð2Þ

O�2 adsð Þ þ e� ! 2O� adsð Þ ð3Þ

O� adsð Þ þ e� ! O2� adsð Þ ð4Þ

A depletion region is created in the wall of the SnO2

nanorods due to the consumption of electrons in the surface

region of the SnO2 nanorods [14], resulting in an increase

in the electrical resistance of the SnO2 nanorods. The

surface depletion layer thickness, the potential barrier and

the electrical resistance increase with increasing the num-

ber of oxygen ions on the surface [15].

When the sensor is exposed to ethanol gas, C2H5OH

molecules will react with the preexisting oxygen ions on

the SnO2 nanorod surface to form CO2 and H2O according

to the following equation and the electrons are released

back to the SnO2 nanorods [16]:

Table 1 Responses of the pristine, CuO-functionalized and Pd-

functionalized SnO2 nanorods to ethanol gas

Ethanol conc.

(ppm)

Response (%)

SnO2 CuO-functionalized

SnO2

Pd-functionalized

SnO2

100 136.67 170.64 172.64

200 150.62 191.97 195.84

300 165.07 240.40 249.87

400 181.48 319.66 364.94

500 210.67 696.20 590.15

Fig. 5 Comparison of the responses of pristine, CuO-functionalized

and Pd-functionalized SnO2 nanorods to H2S gas

Table 2 Responses of pristine, CuO-functionalized and Pd-func-

tionalized SnO2 nanorods to 100 ppm H2S gas and 500 ppm ethanol

Nanomaterials Response to

100 ppm H2S gas

(%)

Response to 500 ppm

C2H5OH (%)

Pristine SnO2

nanorods

207.66 210.67

CuO-functionalized

SnO2 nanorods

798.12 696.20

Pd-functionalized

SnO2 nanorods

387.54 590.15
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CH3CH2OH gasð Þ ! CH3CH2OH adsð Þ ð5Þ

CH3CH2OH adsð Þ þ 6O� adsð Þ ! 2CO2 gasð Þ
þ 3H2O gasð Þ þ 6e� ð6Þ

This leads to an increase in carrier concentration in the

SnO2 nanorod surface and a decrease in the surface

depletion layer width. In other words, the depleted elec-

trons are returned to the conduction band, which results in

a sharp decrease in the electrical resistance of the SnO2

nanorod sensors.

The enhanced response of the CuO-functionalized SnO2

nanorods to ethanol gas might be due to the formation of a

p-CuO–n-SnO2 junction. The modulation of electron

transport by this pn-junction with an adjustable energy

barrier height would result in response to C2H5OH as high

as that of the Pd-functionalized SnO2 nanorods. In contrast,

the main underlying sensing mechanism of the p-CuO

(nanoparticle)/n-SnO2 (nanorod) heterostructures upon

exposure to H2S was described in the literature [17]. The

chemically specific transformation from p-CuO to metallic

CuS modifies the depleted region formed at the p-CuO/n-

SnO2 interface and restricts the conduction channel inside

the nanorods in an oxygen-rich atmosphere. Upon exposure

to H2S, copper oxide undergoes a sulphurization process to

form CuS with metallic characteristics according to the

following reaction [18–21]:

CuOþ H2S! CuSþ H2O ð7Þ
CuSþ ð3=2Þ O2 ! CuO þ SO2 ð8Þ

Under these conditions, highly resistive p-CuO trans-

forms to conducting Cu2S, changing the heterostructure

from a standard pn-junction to a metal–semiconductor

junction. The breakup of the pn-junction and the formation

of a metal–semiconductor junction increase the conduction

section in the nanorod, leading to a significant improve-

ment in conductivity. Second-order effects such as the

oxidation of CuS by oxygen adsorbed on the CuO nano-

particles might also contribute to p–n junction modulation.

These two phenomena lead to much stronger response to

H2S gas than that caused by standard redox surface reac-

tions in metal oxides [22].

On the other hand, the enhanced responses of the Pd-

functionalized SnO2 nanorods to C2H5OH and H2S gases

can be explained by the combination of a catalytic mech-

anism based on the spillover effect and an electronic

mechanism [23]. In particular, the selectivity of the Pd-

functionalized SnO2 nanorods to C2H5OH over H2S gases

can be explained by the catalytic activity of C2H5OH

Fig. 6 Responses of a CuO-

functionalized and b Pd-

functionalized SnO2 nanorods to

500 ppm ethanol gas for

different temperatures.

c Comparison of the responses

of CuO-functionalized and Pd-

functionalized SnO2 nanorods to

500 ppm ethanol gas at different

temperatures in the temperature

range of 200–350 �C
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oxidation boosted by Pd. Many oxide semiconductors

including SnO2 commonly show selective detection to

C2H5OH. This high C2H5OH selectivity was reported to be

due to the high oxygen concentration and high catalytic

oxidation activity of C2H5OH [23]. Actually, the adsorbed

C2H5OH molecules on the Pd surface would react with

adsorbed oxygen species on the SnO2 surface, and hence,

the sensitivity of the metal oxide sensor should depend

upon the catalytic activity for C2H5OH oxidation. There-

fore, the high C2H5OH selectivity of the Pd-functionalized

SnO2 nanorod sensor at 300 �C over H2S might also be

attributed to the higher oxygen concentration and the

higher catalytic oxidation activity of C2H5OH on Pd sur-

face than that of H2S. One thing worthy of noting regarding

the gas sensing selectivity of the Pd-functionalized SnO2

nanorods is that the roles of Pd in the gas sensing reaction,

as reported in the literature, have not always been consis-

tent [23]. This suggests that Pd plays a complicated role

that varies according to its doping concentration [24, 25],

sensor temperature [26], loading methods [24, 27], and the

species of target gas [28–31].

4 Summary

Multiple networked CuO- and Pd-functionalized SnO2

nanorod sensors showed significantly stronger electrical

responses to C2H5OH and H2S gases at 300 �C compared

to their pristine SnO2 nanorod counterparts. The pristine

SnO2 nanorod sensors exhibited a response of 211 % to

500 ppm C2H5OH at 300 �C, whereas the CuO- and Pd-

functionalized SnO2 nanorod sensors showed a response of

696 and 590 %, respectively, under the same conditions.

On the other hand, the pristine SnO2 nanorod sensors

exhibited a response of 208 % to 100 ppm C2H5OH at

300 �C, whereas the CuO- and Pd-functionalized SnO2

nanorod sensors showed a response of 798 % and 388 %,

respectively, under the same conditions. The C2H5OH

selectivity of the SnO2 nanorods over H2S was enhanced

by functionalization with Pd, whereas the H2S selectivity

of the SnO2 nanorods over C2H5OH was enhanced by

functionalization with CuO. The enhanced responses of the

CuO-functionalized SnO2 nanorods to ethanol and H2S

gases can be attributed to the formation of a p-CuO–n-

SnO2 junction and a metal–semiconductor junction,

respectively. Both the CuO- and Pd-functionalized SnO2

nanorods showed that their responses to 500 ppm ethanol

increased with increasing temperature up to 300 �C and

then decreased with a further increase in temperature from

300 to 350 �C. On the other hand, the relative selectivities

of the SnO2 nanorods functionalized with two different

materials do not change with temperature in the tempera-

ture range of 200–350 �C. The enhanced responses of the

Pd-functionalized SnO2 nanorods to C2H5OH and H2S

gases can be explained by the combination of a catalytic

mechanism based on the spillover effect and an electronic

mechanism. In particular, the selectivity of the Pd-func-

tionalized SnO2 nanorods to C2H5OH over H2S gases can

be explained by the catalytic activity of C2H5OH oxidation

boosted by Pd.
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