Article
Journal of
Nanoscience and Nanotechnology

Copyright © 2014 American Scientiﬁc Publishers
All rights reserved
Printed in the United States of America

Vol. 14, 8242–8247, 2014
www.aspbs.com/jnn

Attachment of Metal Nanoparticles to SnO2 Nanowires for
Enhancement of Gas Sensing Properties
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We fabricated SnO2 /cobalt (Co) core–shell nanowires by means of a two-step process, for their
application as chemical sensors. For Co-functionalization, we synthesized SnO2 -Co core–shell
nanowires by the sputtering deposition of Co layers on the surface of networked SnO2 nanowires,
subsequently transforming the continuous Co-shell layers into crystalline islands by thermal heating. While scanning electron microscopy (SEM) images of annealed core–shell nanowires exhibited
a rough surface, transmission electron microscopy (TEM) images revealed that the roughness is
related to the agglomeration of the sputtered Co layer. The X-ray diffraction (XRD) pattern and
lattice-resolved TEM images coincidentally indicated that the agglomerated particles are comprised
of a hexagonal Co phase. The NO2 sensing test revealed that the sensor response was enhanced
by decoration with Co nanoparticles. In addition, both response and recovery times tended to
decrease as a result of the Co-functionalization. This indicates that the Co-functionalized SnO2
nanowire sensors
can be
to sense
gases at very
concentrations.
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time, and shorter recovery time than would bare SnO2 nanowires.
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1. INTRODUCTION
Tin oxide (SnO2 ), which is an n-type semiconducting
oxide, has been widely used as a sensor for a variety of
oxidizing and reducing gases, due to its simple and lowcost production, chemical resistance and suitability.1 Since
nitrogen oxide (NO2 ) is a very harmful gas having destructive effects on human beings,2 the detection and control
of NOx has become crucial technology.3 NOx gas is currently emitted from automobile engines, home heaters, furnaces, and plants; for the health of human beings, we need
to develop sensors with sufﬁcient sensitivity and quick
response-time to detect NO2 at low concentrations, even
down to a few ppm.3 4
Since nanomaterials provide a higher surface-to-volume
ratio, it is advantageous to replace conventional metal
oxide ﬁlms or powders with a variety of nanomaterials. Among these materials, one-dimensional (1D) metaloxide semiconductor nanowires have an exceptionally high
surface-to-volume ratio, single crystalline structure, and
great surface activity, which together make possible higher
∗
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sensitivity, shorter response and shorter recovery time.5 6
Since 1D nano-materials are very thin, quantized energy
levels are generated in ways that signiﬁcantly improve
their transport and optical properties. Although it is advantageous to use 1D SnO2 nanostructure sensors, these
tiny 1D nanostructures are very disordered and unstable.
Accordingly, it is difﬁcult to handle them during the preparation of sensor devices.7
In addition, single-nanowire sensor devices require careful photolithography and the current values measured are
not consistent.8 For these reasons, the use of multiple
nanowires seems a good idea and this scheme is expected
to enable the preparation of efﬁcient gas sensors.9
On the other hand, the addition of noble metal is well
known to improve the performance of SnO2 -based sensors in terms of both sensitivity and response time.10 Several research groups previously used nano-sized deposits
of noble metals.11–13 In this paper, we functionalized the
surface of SnO2 nanowires using cobalt (Co) nanoparticles.
There have been several reports on the Co-induced
enhancement of sensing properties. One strategy is
based on the direct doping of Co into the sensing
1533-4880/2014/14/8242/006
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materials: Fe2 O3 powders,14 Sb2 O4 nanoparticles,15 SnO2
nanoparticles,16 and SnO2 thin ﬁlms.17 These treatments
enhanced the sensing of CH4 , dichloromethane, ethanol,
and acetone gases, respectively. Another strategy was
related to the adhesion of Co structures on the outer surface of the sensing materials. The addition of Co nanoparticles to WO3 ﬁlms18 and carbon nanotubes19 enhanced
the sensing of O3 and NH3 gases, respectively. In addition, Co additives enhanced the CO sensing capacities of
In2 O3 thin ﬁlms20 and TiO2 powders.21 However, there is
no report on the effect of Co on the sensing of NO2 gas.
Accordingly, this study on the effect of Co additives on the
sensing of SnO2 will provide novel and useful knowledge
to the relevant academic and engineering communities.

2. EXPERIMENTAL DETAILS

gas was introduced at a ﬂow rate of 50 sccm. This conﬁguration is very similar to a previously-used experimental
setup.23–26 The sensitivity was deﬁned and calculated to
be S = Rg /Ra , in which Rg and Ra are the resistances
measured with and without NO2 gas, respectively. The
response and recovery times were deﬁned as the times for
the resistance to change by 90%, in terms of exposure to
the target gas (NO2 ) and air, respectively.

3. RESULTS AND DISCUSSION
Figure 1(a) shows SEM images of the bare SnO2
nanowires. The inset reveals that the nanowire surface
is relatively smooth. Figure 1(b) shows the SEM images
of the Pt-functionalized SnO2 nanowires, clearly indicating that the Co-functionalization roughened the surface.
Figures 2(a) and (b) show the XRD spectra of the bare and
Co-functionalized SnO2 nanowires, respectively. While
the spectrum of bare SnO2 nanowires exhibit reﬂection
peaks indexed to a tetragonal rutile SnO2 phase (JCPDS
card: No. 41-1445), that of the Co-functionalized SnO2
nanowires additionally shows the reﬂections of hexagonal Co with a lattice parameter of a = 25054 Å and c =
40893 Å (JCPDS: 89-4308).

In the ﬁrst step, the core SnO2 nanowires were fabricated
in a tube furnace. Metal tin (Sn) nano-powder was used as
the source material. Detailed fabrication procedures were
previously reported.22 The Co shell layers were coated at
the turbo sputter-coater (Emitech K575X, Emitech Ltd.,
Ashford, Kent, UK), by the same process used in our previous work.23 The sputtering deposition was performed
at room temperature with the DC current being kept at
10 mA. Subsequently, the SnO2 -core/Co-shell nanowires
were annealed at 800  C for 30 min in Ar ambient. It was
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nanowires, owing to the relatively high surface tension of
Co. This technique will be applied to other core-oxide
nanowires and noble-metal-shell conﬁgurations, by controlling the metal layer thickness and the surface properties
of the core nanowires, thereby varying the size, shape, and
distribution of Co clusters. Although the present sputtering technique has the advantages of simplicity and lowcost, it requires further development to achieve extremely
uniform and precise shell coating. Furthermore, other
advanced techniques including plasma-enhanced chemicalvapor deposition and atomic-layer deposition, will also be
used.
The X-ray diffraction (XRD) pattern was acquired
using a Philips X’pert MRD diffractometer (CuK1 radiation). The scanning electron microscope (SEM) images
were obtained using a ﬁeld emission SEM (FE-SEM,
Hitachi S-4200). Transmission electron microscopy (TEM)
images, selected area electron diffraction (SAED) patterns,
and energy-dispersive X-ray (EDX) spectroscopy spectra
were acquired using a Philips CM-200 TEM operating at
200 kV.
In the sensing tests, double-layer electrodes of 300-nmthick Au and 50-nm-thick Ti were sequentially sputtered
onto the samples using an inter-digital electrode mask.
We measured the electrical conductivity in changing NO2
environments at 573 K. The base pressure of the vacuum
Figure 1. SEM images of (a) bare and (b) Co-functionalized SnO2
chamber was maintained by a turbo-molecular pump. NO2
nanowires (Inset: enlarged SEM images).
J. Nanosci. Nanotechnol. 14, 8242–8247, 2014
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Figure 2. XRD patterns of bare and Co-functionalized SnO2 nanowires.

Figure 3(a) shows a low-maginiﬁcation TEM image
of a Co-functionalized nanowire with a rough surface.
Close examination indicates the the rough surface is comprised of particle-like structures. Figure 3(b) shows the
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the {110}, {111}, and {201} lattice planes of tetragonal
SnO2 . In addition, there exists a weak spot corresponding to the (100), (222) lattice plane of hexagonal Co.
Figure 3(c) shows a lattice-resolved TEM image taken
from a region near the outer surface of Co-functionalized
SnO2 nanowire. The interlayer distance in the nanowire
region was measured to be about 0.347 nm, corresponding to the {110} plane of tetragonal rutile SnO2 phase. On
the other hand, the interlayer distance in the nanoparticle
region was approximately 0.216 nm, corresponding to the
{100} plane of the hexagonal Co.
Figures 4(a) and (b) show dynamic response curves
for the sensors fabricated from bare-SnO2 and Cofunctionalized SnO2 nanowire sensors, respectively. The
concentration of NO2 gas was set to 1, 3, and 5 ppm,
Figure 3. (a) Low-magniﬁcation TEM image of a Co-functionalized
SnO2 nanowire. (b) SAED pattern and (c) lattice-resolved TEM image
respectively. The resistance increased sharply following
taken from a region near the outer surface of Co-functionalized SnO2
exposure to NO2 gas, whereas the resistance quickly
nanowire.
dropped to a low value upon the removal of the NO2 supply. Figure 4(c) compares the sensor responses of both sensensor responses by 81, 89, nd 92%, at the NO consors, revealing that the Co-functionalization signiﬁcantly
centration of 1, 3, and 5 ppm, respectively. Accordingly,
enhanced the response.
the sensor response of the SnO2 nanowires was greatly
Figure 5(a) shows that the sensor responses of bareenhanced by the Co-functionalization, regardless of the
SnO2 nanowires are 1.6, 2.1, and 2.2, respectively, at 1,
NO2 concentration.
3, and 5 ppm. On the other hand, the sensor responses
Figure 5(b) shows that the response times of bare-SnO2
of Co-functionalized SnO2 nanowires are 2.9, 3.9, and
nanowires are 70, 36, and 106 s, respectively, at 1, 3,
4.3, respectively, at 1, 3, and 5 ppm. By simple calculation, the addition of Co nanoparticles increased the
and 5 ppm. On the other hand, the response times of
8244
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Figure 4. Dynamic response curves at an NO2 concentration of 1, 3,
and 5 ppm, for the sensors fabricated from (a) bare-SnO2 nanowires and
(b) Co-functionalized SnO2 nanowires. (c) Sensor responses of bare-SnO2
nanowires and Co-functionalized SnO2 nanowires.

Figure 5. Sensor responses, response times, and recovery times at an
NO2 concentration of 1, 3, and 5 ppm, for the sensors fabricated from
bare-SnO2 nanowires and Co-functionalized SnO2 nanowires.

Co-functionalized SnO2 nanowires are 68, 35, and 61 s,
respectively, at 1, 3, and 5 ppm. Accordingly, the response
time of the SnO2 nanowires became shorter by the Cofunctionalization, regardless of the NO2 concentration.
Figure 5(c) shows that the recovery times of bare-SnO2
nanowires are 122, 85, and 68 s, respectively, at 1, 3,
and 5 ppm. On the other hand, the recovery times of
Co-functionalized SnO2 nanowires are 80, 78, and 64 s,
respectively, at 1, 3, and 5 ppm. Accordingly, the recovery
times of the Co-functionalized SnO2 nanowires are shorter
than those of bare SnO2 nanowires for NO2 concentrations
in the range of 1–5 ppm.

There have been a few previous literatures on the SnO2 based sensors with the Co-doping.16 17 The sensing gas
included ethanol16 and acetone.17 However, there is no
report on the Co-functionalized SnO2 sensors, in regard to
NO2 gas. Parthibavarman et al. postulated that the increased
response of Co-doped SnO2 to ethanol gas was due to the
availability of more adsorbing oxygen atoms for reaction
with ethanol gas.16 However, no more detailed explanation was provided. Patil et al. claimed that the generation
of Co3 O4 phase improved the sensing performance of Codoped SnO2 thin ﬁlms with respect to the acetone gas.17
Parthibavarman et al. revealed that the ethanol gas sensitivity increased by 67–111%, by means of Co doping.43
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Figure 6. Schematic outlines of sensing mechanisms before (left) and after (right) the introduction of NO2 gas for (a) bare SnO2 nanowires and (b)
Co-functionalized SnO2 nanowires.

Patil et al. revealed that the sensor response, response time,
effect, the dissociated and/or undissociated species will be
and recovery time of the Co-doped SnO2 thin ﬁlms senmigrated onto SnO2 nanowires. Similarly, the increase of
sor are dependent on the Co concentration.17 The sensor
sensitivity of carbon nanotubes (CNTs) with decorating
response initially increases with increasing the Co concenwith Co nanoparticles was caused by the Co/CNT interactration and ﬁnally leads to saturation at higher concentration and the resulting depletion region.19
tions. Also, the Co-doped SnO2 thin ﬁlms exhibited better
In the electronic sensitization mechanism, on the other
sensing characteristics to acetone vapor as compared to
hand,
the Co University
nanoparticles
will directly enhance the
Delivered by Publishing Technology to: Hanyang
Library
oxygen and carbon dioxide.
between the adsorbed gas species and
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On the other hand, in our case, by
attachingAmerican
the Co Scientific
underlying
SnO2 surface, by means of the change of the
Copyright:
Publishers
nanoparticles, the sensor response to NO2 gas increased
oxidation state.27 Similarly, the Co-indueced enhancement
by 81–92%. In addition, the response time and recovery
in the ozone detection of WO3 sensors is attributed to the
times tended to decrease by attaching the Co nanoparchange of the oxidation of states of Co.18 Jing et al. sugticles. Accordingly, we reveal that the present SnO2 /Co
gested that the enhancement of gas sensing properties (for
nanowire sensor exhibits higher NO2 sensitivity, which is
CH4 , H2 , and CO) of Co-doped Fe2 O3 is associated with
at least comparable to the previously reported Co-doped
the change of the oxidation state of CO (i.e., electronic
SnO2 sensor.
sensitization), in addition to the increase of the Debye
First, the sensing mechanism of bare SnO2 nanowires
length by repacing a part of Fe3+ by Co2+ ions.14
is closely related to the extraction/release of electrons
When the NO2 gas is introduced, the depletion layer in
from/to the SnO2 surface. There are several ways of elecSnO2 will be enlarged by means of two mechanisms. First,
tron transfer with respect to SnO2 surface. One possibility
the chemical sensitization operates and more NO2 species
is that NO2 directly donates electrons to SnO2 surface by
will be transferred to neighboring SnO2 surfaces, extracta varierty of reactions.24–26 The other possibility is that the
ing more electrons from the SnO2 surfaces. Second, in
NO2 generates O− , which corresponds to adsorbed oxyterms of the electronic sensitization, the Co nanoparticles
gen. The generated oxygen adatoms will react with oxygen
capture the electrons from the underlying SnO2 surface
vacancies (VO ), generating interfacial oxygen (OO ) and
and then release those electrons back to the surface upon
reducing electrons and thus increasing resistance: O− +
reaction with the incoming NO2 gas. The enlargement of
VO + e− ↔ OO .27
depletion region brings about the increase of the resistance,
In the present work, Co-functionalization improved the
being converted to the intensiﬁcation of the sensing signal
NO2 -sensing characteristics of SnO2 nanowires (Fig. 6).
in regard to the NO2 gas.
In general, the catalytic effect of metal nanoparticles can
be operated by two mechanisms: electronic sensitization
4. CONCLUSION
and chemical sensitization.28 In the chemical sensitization
We drastically enhanced the gas-sensing properties of
mechanism, the Co nanoparticles is much more active for
SnO2 nanowires by functionalizing their surfaces with
the adsorption of NO2 than the SnO2 core nanowire surCo nanoparticles. Thermal annealing was used to fabriface. Furthermore, that NO2 can be easily disassociated on
the surface of Co nanoparticles. By measns of the spillover
cate the SnO2 -Co core–shell-composite nanowires. SEM
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and TEM images coincidentally indicated that the surface roughness of the core nanowires were associated with
nanoparticle-like structures. XRD spectra, lattice-resolved
TEM images, and SAED patterns reveal that the nanoparticles were crystalline with a hexagonal phase. We carried out sensing measurements with respect to NO2 gas.
After attaching the Co nanoparticles, the sensor response
to NO2 gas increased 81–92% at NO concentrations in
the range of 1–5 ppm. Also, the response and recovery
times of the SnO2 nanowires became shorter after the Cofunctionalization, regardless of the NO2 concentration. We
determined that the Co-functionalized SnO2 nanowires can
be used to sense gas at the very low concentration of
1 ppm. We postulate that Co-functionalization improved
the NO2 -sensing characteristics of the SnO2 nanowires
not only by electronic sensitization but also by chemical
sensitization.
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