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a b s t r a c t
PbO-decorated SnO2 nanowires (NWs) were synthesized using a two-step process consisting of thermal evaporation of Sn powders in an oxygen atmosphere and solvothermal decoration of the SnO2 NWs with PbO nanoparticles. Chemiresistive gas sensors were fabricated by deposition of the synthesized PbO-decorated SnO2 NWs
onto interdigitated electrodes. The pristine and PbO-decorated SnO2 NW sensors exhibited responses of 24.0
and 60.0 to 200-ppm ethanol at 300 °C, respectively, suggesting that the response of the SnO2 NWs is signiﬁcantly
improved by decorating them with PbO nanoparticles. This result also suggests that the ability of enhancing the
gas sensing performance of the original sensor material further is more important than the gas sensing ability of
the decorating material itself. The response of the PbO-decorated SnO2 NWs was compatible or higher than those
of the SnO2 NWs decorated with other well-known semiconducting metal oxide or noble metal nanoparticles.
The response/recovery times of the decorated NWs were shorter than the pristine one, respectively. Both the
pristine and PbO-decorated SnO2 NW sensors exhibited selectivity toward ethanol against other volatile organic
compounds such as acetone, methanol, benzene, and toluene. The underlying mechanisms for the enhanced
sensing performance of the PbO-decorated SnO2 NW sensors toward ethanol was discussed.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Nowadays, decoration or functionalization of a semiconducting
metal oxide (SMO) with other metal oxide or noble metal nanoparticles
is widely accepted as a powerful strategy to enhance sensitivity and selectivity of gas sensors [1–7]. Over the past decades, most of the materials used for the purpose of decoration were also SMOs possessing
good gas sensing properties. It is a question what results will we have,
if we use a SMO not having good gas sensing properties as a decorating
material. In this study, we chose a SMO material, lead monoxide (PbO)
that has not nearly been used as a sensor material before, as a decorating
material. In this study the inﬂuence of PbO decoration on the ethanol
sensing properties of SnO2 are examined. SnO2 is undoubtedly one of
the most widely used SMO for gas sensing showing excellent gas sensing performance toward many gases. A large variety of SMO materials
have been studied as a decorating material for SnO2 over the past
years [8–16], but PbO is an exception.
PbO has two polymorphs: litharge and massicot with orthorhombic
crystal structures, respectively. Applications of PbO are mostly in leadbased industrial glass and industrial ceramics, including computer
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components. PbO has almost never been used as a single gas sensor material. PbO has been used with other SMO material for gas sensing only
twice. In 1990, a complex of BaTiO3 and PbO was developed for the
capacitive-type sensor for CO2 [17]. In 2010, PbO-doped SnO2 sensors
were used for detection of methanol, propanol and acetone [18]. In
this study, a chemiresistive sensor based on PbO-decorated SnO2 nanowires (NWs) exhibited very promising sensing performance toward
ethanol, suggesting that the ability of the decorating material to enhance the sensing performance of the decorated material further is
more important than the gas sensing ability of the decorating material
itself [19]. PbO can be either n-type or p-type semiconductor depending
on its synthesis method. First-principle calculations show that Pb-rich
PbO contains O vacancies. Because each vacancy is occupied by two
electrons, it shows n-type doping characteristics due to an excess of
electrons (four electrons against two holes). In contrast, O-rich PbO contains O interstitials. The localized state formed by the O interstitial is occupied by two holes. It shows p-type doping characteristics due to an
excess of holes [20].
2. Experimental
SnO2 nanowires (NWs) were grown by evaporating an Sn source on
the 3-nm thick Au-coated Si(100) substrate in a tube furnace. The Au
layer was used as a catalyst for the vapor-liquid-solid growth of SnO2
NWs. The furnace was heated at a rate of 10 °C/min to 900 °C and
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maintained at that temperature for 5 min in a N2/3 mol%-O2 atmosphere
with constant O2 and N2 ﬂow rates of 10 and 300 sccm, respectively. The
total pressure was set to 133 Pa.
Next, 50 ml of a 50-mM PbO precursor solution was prepared by
dissolving 20-mM lead acetate (Pb(CH3COO)2) in 50 ml of distilled
water for 1 h followed by the addition of 10 ml of a 28% ammonia solution and 40 ml of H2O2 solution to the PbO precursor solution. The
mixed solution was agitated for 30 min using a magnetic bar to form
a uniform solution and then was rotated in a centrifuge at 3000 rpm
for 2 min to precipitate the PbO powders. The precipitated powders
were collected by removing the liquid leaving the powders behind.
The collected powders were rinsed in a 1:1-solution of isopropyl alcohol (IPA) and distilled water to remove the impurities in the PbO
powders. A PbO nanoparticle solution was prepared by adding
100 ml of IPA to these PbO powders. The rinsing process was repeated ﬁve times. Subsequently, the PbO nanoparticle solution was
dropped onto the SnO2 NWs on a substrate and the substrate was rotated at 1000 rpm for 1 min for decoration of PbO. After the spincoating process, the PbO nanoparticles-decorated SnO2 NW sample
was dried at 150 °C for 1 min. This process was repeated for three
times and then the synthesized PbO-decorated SnO 2 NWs were
annealed in vacuum at 600 °C for 1 h.
Sensors were fabricated as follows: A SiO2 ﬁlm (200 nm) was also
grown thermally on a Si (100) substrate. An interdigital electrode
(IDE) pattern was fabricated by the sequential sputter-deposition of Pt

(200 nm)/Ti (50 nm) followed by conventional photolithography. The
IDE pattern was placed on a SiO2-grown Si (100) substrate. The top Pt
and bottom Ti layers were used for electrical current passing and adhesion promotion between the Pt layer and the substrate in the fabricated
sensor, respectively. The as-synthesized PbO nanoparticles-decorated
SnO2 NW sample (50 mg) was dispersed ultrasonically in ethanol. Suspensions of NWs in ethanol were spread over the SiO2-grown Si (100)
substrate with the IDE pattern and then dried. The sensors were prepared by annealing them in vacuum at 133 Pa at 500 °C for 1 h. A pristine SnO2 NW sensor was also fabricated using pristine SnO2 NWs and
an IDE pattern in a similar way.
The morphology and crystal structure of the synthesized nanostructure samples were examined using ﬁeld-emission scanning electron microscopy (Hitachi S-4200) at an accelerating voltage of 5 kV and X-ray
diffraction (XRD; Philips X'Pert MRD) using Cu Kα radiation
(1.5406 Å). Gas sensing tests were conducted for ethanol gas using a
custom-made gas sensing system. Ethanol gas diluted with dry synthetic air, was used in a concentration range of 5–200 ppm. All electrical
measurements were conducted in a sealed chamber at room temperature under 50% relative humidity. Details of the sensing test procedure
are described in detail in one of our earlier papers [21]. The electrical resistance was measured at a direct current voltage of 1 V across the nanoparticle sensor using a Keithley sourcemeter-2612. In this study, the
responses of the pristine and PbO-decorated SnO2 NW sensors were
evaluated based on the deﬁnition of Ra/Rg, where Ra and Rg are the

Fig. 1. (a) Low-magniﬁcation FESEM image of SnO2 NWs and (b) high magniﬁcation FESEM image of PbO-decorated SnO2 NWs, (c) XRD pattern of the pristine and PbO-decorated SnO2
NWs.
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Fig. 2. Energy-dispersive X-ray spectroscope (EDS) line scanning data of the PbO-decorated SnO2 NWs.

electrical resistances in the sensors in air and ethanol gas, respectively.
The response and recovery times were deﬁned as the times to reach
90% of the resistance change upon exposure to ethanol and air,
respectively.
3. Results and discussion
Fig. 1(a) and (b) show FESEM images of the synthesized SnO2 NWs
decorated with PbO nanoparticles. As exhibited in Fig. 1(a), the synthesized SnO2 NWs are highly networked and entangled one-another. A
relatively high density of contact points of the two neighboring SnO2
NWs, so to call, SnO2-SnO2 homojunctions are observed. The high density of SnO2-SnO2 homojunction will result in superior electrical transport and sensing performance due to the modulation of energy barrier
height at the homojunction. The diameters of the SnO2 NWs ranged
from 50 to 150 nm (Fig. 1(a)) and the diameters of the PbO nanoparticles on the SnO2 NW surfaces ranged from 30 to 200 nm (Fig. 1(b)). The
lengths of the SnO2 were in a range from 30 to 60 μm and the sensor

Fig. 3. Responses of the pristine and PbO-decorated SnO2 NW sensors as a function of the
operating temperature.

thickness was ~ 20 NWs μm. XRD measurements were conducted to
identify the phases in the nanostructures and the XRD patterns of the
pristine and PbO-decorated SnO2 NWs are presented in Fig. 1(c).
Sharp tall reﬂection peaks of the rutile-type tetragonal structured
SnO2 phase with lattice parameters of a = 0.474 nm and c =
0.319 nm (JCPDS No. 88-0287) and relatively weak intensity reﬂection
peaks of the orthorhombic-structured Massicot-type PbO phase with
lattice parameters of a = 0.473 nm, b = 0.474 nm and c = 0.3588 nm
(JCPDS No. 76-1796) are observed. The XRD pattern conﬁrms the synthesis of the PbO nanoparticle-decorated SnO2 NWs. The PbO nanoparticles in the PbO-decorated SnO2 NWs synthesized in this study are ntype semiconductors with Hall coefﬁcient of −1.309 × 106 cm3/C (ntype), mobility of 1.6113 × 102 cm2/Vs, and carrier concentration of
4.770 × 1012/cm3. Fig. 2 shows the energy-dispersive X-ray spectroscope (EDS) line scanning data of the PbO-decorated SnO2 NWs. The
EDS data conﬁrms that the nanowires and nanoparticles comprise
SnO2 and PbO, respectively, by exhibiting the Sn and Pb concentration
peaks at the centers of the nanowire and nanoparticle of a typical
PbO-decorated SnO2 NW.
The responses of the pristine and PbO-decorated SnO2 NWs are plotted as a function of operating temperature in a range from 250 to 350 °C
as shown in Fig. 3. Both NW samples exhibited a maximum response at
300 °C, suggesting the optimal operating temperature is 300 °C. Based
on this preliminary experimental result, all other sensing tests were
conducted at 300 °C in this study. Fig. 4 (a) and (b) present the dynamic
response curves of the pristine and PbO-decorated SnO2 NWs, respectively. The resistances of both sensors decreased as ethanol gas (a reducing gas) was supplied and then increased when the ethanol supply was
stopped and the sensors were exposed to ambient air. This is a typical
electrical behavior of n-type semiconductors. Upon exposure to ambient air, the oxygen molecules adsorbed onto the surface of SnO2 NW
surface extract electrons in the conduction band of SnO2, forming an
electron-depletion layer in the surface region of the NW. As a result of
the formation of electron-depletion layer in the surface region, the conduction channel formed in the central region of the NW along the NW
axis will be shrinked. When the sensors are exposed to ethanol, the ethanol molecules react with the preadsorbed oxygen species and produce
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CO2 and H2O. These two byproducts desorb from the SnO2 NW surface,
releasing the captured electrons back to the conduction band of the
SnO2. As a result, the surface depletion layer becomes thinner and the
conduction channel becomes thicker, leading to a decrease in resistance.
In this manner, the resistance of the NW sensor is modulated during a
cycle of ethanol gas supply and no supply. The responses of the sensors
to ethanol are plotted as a function of ethanol concentration in Fig. 3(c).
Over the entire concentration range, the decorated NW sensor showed
much stronger response to ethanol than the pristine one.
In Table 1, the response of the PbO nanoparticle-decorated SnO2
NWs to ethanol is listed along with those of other SMO- or noble
metal nanoparticle-decorated SnO2 NWs for comparison [8–16]. In
fact, an accurate comparison is not possible because the sensing test
conditions such as ethanol concentration and temperature are different
for different nanomaterials. However, we can realize that the PbO-

Table 1
Responses of SMO- or noble metal-decorated SnO2 NWs and SnO2 NWs-based core-shell
nanostructures.
Materials

PbO-deco. SnO2 NWs
Sb-dop. SnO2 NWs
Au-Sb-dop. SnO2 NWs
La2O3-func. SnO2 NWs
ZnSnO3 NWs NWs
α-Fe2O3/SnO2 core–shell NWs
In2O3-dop. SnO2
Ag-SnO2 NWs
CNT/SnO2 core-shell NWs
SnO2-ZnO core-shell NWs
a

Response to ethanol
Ethanol conc. Temp.
(ppm)
(°C)

Responsea

200
10
100
100
500
220
400
450
50
20

60.0
1.76
50.6
57.3
42
19.6
40
228.1
24.5
31.9

300
300
300
400
300
220
200
450
–
400

Ref.

Present work
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

Response = Ra/Rg.

nanoparticle-decoration leads to at least compatible or superior response to other material nanoparticle-decoration. The PbO
nanoparticle-decorated SnO2 NWs synthesized in this study shows a
higher response to ethanol than any other nanoparticle-decorated
SnO2 NWs-based core-shell nanostructures except Ag-decorated. It is
noteworthy that La2O3-decorated SnO2 [10] also exhibits a very strong
response to ethanol compatible to that of PbO nanoparticle-decorated
SnO2 NWs. La2O3 as well as PbO has almost never been used as a single
gas sensing material before. The superior responses of these two examples: PbO-decorated SnO2 NWs and La2O3-decorated SnO2 NWs suggest
that the ability of the decorating material to enhance the sensing

Fig. 4. Dynamic response curves of (a) the pristine and (b) PbO-decorated SnO2 NW
sensors. (c) Response of the pristine and PbO-decorated SnO2 NW sensors at 300 °C.

Fig. 5. (a) Response times and (b) recovery times of the pristine and PbO-decorated SnO2
NW sensors at 300 °C.
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Fig. 6. Responses of the pristine and PbO-decorated SnO2 NW sensors to various VOC gases
showing the selectivity of the sensors toward ethanol against other gases.
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performance of the decorated material is more important than the gas
sensing ability of decorating material itself.
Fig. 5(a) and (b) compare the response and recovery times of the
two sensors, respectively. The decorated sample exhibited shorter response and recovery times regardless of the ethanol concentration. For
any concentration in a range of 5–200 ppm, the response and recovery
times of the decorated NW sensor are ~4 and ~20 s, respectively, shorter
than those of the pristine one.
One of the main challenges to the developers of metal-oxide gas sensors is high selectivity. Generally, high sensitivity is one of the basic
criteria that practical gas sensors must satisfy as well as high sensitivity,
fast response/recovery times, low power consumption, low operating
temperature, temperature independence, and high stability [22]. Fig. 6
shows the responses of the two sensors to various volatile organic compound (VOC) gases. The decorated NW sensor exhibited higher responses to ethanol than the pristine one regardless of the kind of gas.
For all gases the response of the SnO2 NWs has been increased to almost
the same extent by decorating them with PbO. The results also demonstrate that both sensors have selectivity toward ethanol against other
VOC gases.

Fig. 7. Schematic diagram of the PbO-decorated SnO2 NW sensor and corresponding energy band diagrams showing the conduction channel widths and potential barrier heights in
ambient air and ethanol gas.
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Why the response of the two sensors to ethanol at 300 °C is higher
than those to other gases is not fully understood at the present. One possible reason is that SnO2 possesses electrocatalytic properties of enhancing ethanol oxidation. The ethanol oxidation reaction will be enhanced
by SnO2, resulting in a more signiﬁcant increase in electron concentration and a more signiﬁcant decrease in resistance in the SnO2 NW sensor
than other material sensors. Another reason might be related to the different optimal operating temperatures of the sensor for different target
gases. The response of a sensor material to a certain gas might depend
on many factors such as solid solubility of the gas in the material, the decomposition rate of the adsorbed molecule at the material surface, the
charge carrier concentration in the material, the Debye length in the
material, the catalytic activity of the material [23,24], the orbital energy
of the gas molecule [25–27], etc. The oxidation rate of a gas is determined by these factors. Therefore, each gas has the characteristic optimal oxidation temperature at which its oxidation rate is maximized.
The PbO–decorated SnO2 NW sensor fabricated in this study showed
higher response fortunately to ethanol than other gases at 300 °C because of the higher oxidation rate of ethanol at the surface of SnO2
and PbO at the temperature, but it might show higher responses to
other VOC gases than ethanol at different temperatures.
The enhanced sensing performance of the PbO-decorated SnO2 NW
sensor compared to the pristine one can be explained by the larger
modulation in the radial direction of the conduction channel formed
in the central region of the NW along its axis. The energy band diagram
along with the schematic of the cross-sectional view of a PbO-decorated
SnO2 NW are presented in Fig. 7(a)–(c). Fig. 7(a), (b) and (c) show the
schematics of the decorated NW sample and energy band diagrams in
vacuum, air and ethanol, respectively. It is noteworthy that both the
conduction band and valance band edges of PbO are positioned much
higher than those of SnO2 as illustrated in Fig. 6(a). Accordingly, if the
two materials are in contact, the electrons in the n-type PbO will tend
to ﬂow from the PbO side to the SnO2 side to attain equilibrium. In ambient air, both the surfaces of PbO and SnO2 exposed to ambient air extract electrons in the conduction bands of the PbO and SnO2,
respectively, and electron depletion layers form in the surface regions
of the PbO nanoparticle and SnO2 NW exposed to ambient air. In the
PbO-SnO2 interface region, an electron depletion and accumulation
layers form on the PbO and SnO2 side, respectively, because electrons
ﬂow from PbO to SnO2. When ethanol gas is provided, the captured
electrons return to the conduction bands of the PbO and SnO2, respectively, reducing the degree of electron depletion, in the surfaces of the
PbO nanoparticle and SnO2 NW exposed to ambient air. During the
cycle of exposing to ambient air and ethanol gas, the depletion layer
width is modulated in the radial direction, leading to the radial modulation of the conduction channel, and eventually the modulation of resistance of the decorated NW sensor.
4. Conclusions
Nowadays, decoration or functionalization of a semiconducting
metal oxide (SMO) with other metal oxide nanoparticles is a widely accepted as a powerful strategy to enhance sensitivity and selectivity of
gas sensors. However, the conditions of the decorating material is not
well understood yet. It is a question which function is more important
for the decorating material, the gas sensing ability of the decorating material itself or the role of an assistant, i.e., the ability of enhancing the gas
sensing performance of the decorated material further. PbO that has not
almost been used as a single sensing material before has been chosen a
decorating material for SnO2 NWs. The results reveal that the latter
function is more important than the former function. The PbO
nanoparticle-decorated SnO2 NWs synthesized in this study showed a
stronger response to ethanol than any other nanoparticle-decorated

SnO2 NWs and SnO2 NWs-other SMO core-shell nanostructures except
Ag-decorated. PbO decoration enhanced the sensing speed of SnO2
NWs to ethanol as well as the response.
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