Sensors and Actuators B 219 (2015) 22–29

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical
journal homepage: www.elsevier.com/locate/snb

Decoration of Co nanoparticles on ZnO-branched SnO2 nanowires to
enhance gas sensing
Hyoun Woo Kim b,∗ , Han Gil Na b , Yong Jung Kwon b , Hong Yeon Cho b , Chongmu Lee a
a
b

School of Materials Science and Engineering, Inha University, Incheon 402-751, Republic of Korea
Division of Materials Science and Engineering, Hanyang University, Seoul 133-791, Republic of Korea

a r t i c l e

i n f o

Article history:
Received 26 November 2014
Received in revised form 7 April 2015
Accepted 4 May 2015
Available online 19 May 2015
Keywords:
ZnO
Co nanoparticles
Chemical sensors

a b s t r a c t
We sputtered zinc-oxide (ZnO)-branched tin oxide (SnO2 ) nanowires with a Co shell layer with subsequent annealing to produce cobalt (Co) nanoparticles on the ZnO branches. X-ray diffraction, selected
area electron diffraction, and lattice-resolve TEM images showed that the nanoparticles corresponded to
a hexagonal Co phase. We further studied the NO2 sensing performance of Co-decorated ZnO branched
structures in the range of 2–10 ppm at 250 ◦ C. Sensor characteristics were examined in terms of sensitivity
(i.e., sensor response), response time, and recovery time; we further proposed the possible mechanisms of
enhancement of sensing behavior by the attachment of Co nanoparticles. Co-functionalization enhanced
the sensor response and signiﬁcantly decreased the recovery times. The Co-decorated ZnO branched
structures showed promising sensing performance toward NO2 gas at concentrations as low as 2 ppm.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Branched nanowires have an extremely high surface-to-volume
ratio and the appropriate combination of dissimilar stems and
branches can provide diverse functionalities. Accordingly, they are
used a variety of applications [1–3], including gas sensors [4].
SnO2 is a well-known functional material with a large band
gap (Eg = 3.6 eV at 300 K), and the preparation of SnO2 nanowires
is an easy, well-established process. Furthermore, large-scale production of SnO2 nanowires with controlled morphology is easily
attainable, as shown is a previous study [5]. ZnO is an n-type semiconductor material with a wide bandgap of 3.37 eV and a high
exciton binding energy of 60 meV [6–9]. Accordingly, the addition
of ZnO branches on conventionally-fabricated SnO2 nanowires will
generate useful composite nanostructures. Branched nanowires
have great potential for use as gas sensors because many resistance components are involved in the regions where interaction
with gas species occurs including: surface depletion layers at
the junctions of the stem and branch, stem-branch heterojunctions, and the networked homojunctions between ZnO branches
[10]. Due to the addition of the three components of resistance
mentioned above, the change in resistance becomes greater for
stem-branch nanowires, and thus their sensing behavior can be
greatly enhanced.
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Transition-metal nanoparticles have attracted great attention
due to their various interesting properties. In particular, cobalt
(Co) nanoparticles have been utilized as catalysts for a variety
of chemical reactions, including the Pauson–Khand reaction [11],
synthesis of carbon nanotubes [12], and hydrogen production by
ethanol steam reformation [13]. In particular, Co has been studied
for enhancement of sensing behavior. For example, Co-doped SnO2
nanoparticles were used to detect ethanol gas [14]. Furthermore,
Co-doped ZnO nanoparticles were investigated as markers for H2 O2
[15].
The addition of Co nanoparticles to ZnO nanostructures will
extend their applicability. For example, Co-doped ZnO is expected
to be a remarkably stable electrocatalyst for water oxidation [16].
By doping Co into ZnO nanoparticles, ZnO shifted from diamagnetic behavior to ferromagnetic behavior [17,18]. Furthermore,
Co-doped ZnO has been selectively used as the storage medium
in resistive random access memory [19]. Co-doping into ZnO
nanocrystals induced photoluminescence quenching, signiﬁcantly
changing the optical properties [20]. Also, since Co-doping into ZnO
can change the energy band diagram, visible light irradiation will
induce photo-generated carriers, enhancing the gas sensing properties [21].
Herein, we fabricated branched nanowires, in which ZnO
branches were grown on SnO2 nanowires. We grew SnO2
nanowires on a large scale, subsequently attaching ZnO branches.
This structure has maximized functionality and surface-tovolume ratio, which will be suitable for high-sensitivity sensors.
We expect that the Co nanoparticles will enhance sensing
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Fig. 1. Schematic outline for preparing the composite branched nanowires.

properties through several mechanisms, including the spillover
effect, which induces the adsorption and migration of NO2
molecules, resistance modulation by the Co/ZnO heterointerface,
and generation of defects during formation of Co nanoparticles. In
addition, this is the ﬁrst work on the fabrication and sensing characteristics of Co-functionalized ZnO nanostructures to determine
if Co-functionalization of the branched structures enhances sensor
capability.
2. Experimental
We fabricated stem SnO2 nanowires by means of thermal evaporation of Sn powder [22]. Subsequently, we grew ZnO branches
using a previously described method [10]. At 500 ◦ C, Zn powders
were evaporated, and combined with O2 in ambient air. The growth
of ZnO branches on a SnO2 stem is mainly due to the catalytic effects
of Au nanoparticles, which were previously agglomerated on the
SnO2 stem nanowires.
In order to coat the ZnO-branched SnO2 nanowires, we used
a turbo sputter coater with a Co target (Emitech K575X, Emitech
Ltd., Ashford, Kent, UK) [23]. The plasma sputtering conditions, i.e.,

temperature, deposition time, and DC sputter current, were 15 s,
25 ◦ C, and 65 mA, respectively. Subsequently, the nanowires were
annealed for 30 min at 700 ◦ C, in pure, ﬂowing Ar gas. The agglomeration of Co nanoparticles on the ZnO-branched structures is nearly
identical to that previously reported [10]. A schematic outline for
preparation of the composite branched nanowires is depicted in
Fig. 1. The BET analysis revealed that the surface area of the ZnObranched SnO2 NWs was greater than 30 m2 /g.
Scanning electron micrograph (SEM) images were gathered
using a Hitachi S-4200 scanning electron microscope. X-ray diffraction (XRD) spectra were acquired using a Philips X’pert MRD X-ray
diffractometer at the Korean Basic Science Institute. Transmission
electron micrographs (TEMs) were obtained using a Philips CM200 (200 kV) transmission electron microscope operating at 200 kV
equipped with an energy-dispersive X-ray spectroscope (EDX).
The sensing experiments were carried out at a temperature of
250 ◦ C. In order to prepare double-layer electrodes, Ti (200 nm) and
Au (100 nm) were sequentially sputtered on the specimens using an
interdigitated electrode mask (Fig. 1b). Since the area not covered
by Ti/Au electrode deposition is exposed to target gas, the electrode
deposition process will not affect the morphology of the nanowires,
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Fig. 2. Low magniﬁcation SEM images of (a) pristine SnO2 nanowires, (b and c) ZnO-branched SnO2 nanowires (b) without and (c) with the subsequent thermal annealing
at 700 ◦ C. (d) Diameter distributions of SnO2 nanowires and ZnO branches.

which is closely related to the sensing behavior. A similar process
for the fabrication of sensors was described in detail in previous
reports [24–28].
We present the I–V curves of the sensor devices comprised of
pristine SnO2 nanowires, ZnO-branched SnO2 nanowires, and Cofunctionalized ZnO-branched SnO2 nanowires (Figs. S4–S6). NO2
was selected as a sensor gas, and an increase in the sensor resistance corresponded to an increase in the concentration of NO2 gas.
Speciﬁcally, the response was calculated to be R = Rg /Ra , in which
Rg and Ra are the resistance measured with and without NO2 gas,
respectively. The response and recovery times were deﬁned as the
time needed to reach a 90% change in resistance due to the supply
or removal of target gas, respectively [29].
3. Results and discussion
Fig. 2a shows a SEM image of the pristine SnO2 nanowires,
exhibiting a one-dimensional (1D) morphology. Fig. 2b and c
shows SEM images of ZnO-branched SnO2 nanowires without
and with the subsequent thermal annealing at 700 ◦ C, respectively. The images demonstrate that the branches were grown
on the stem nanowires. This implies that that Co-sputtering does
not alter the branched structure. However, close examination
reveals that the branches of the Co-sputtered sample do display
nanoparticles (indicated by arrows in Fig. S1). Based on the statistical analysis shown in Fig. 2d, the average diameters of SnO2
nanowires and ZnO branches are estimated to be 74.5 and 14.3 nm,
respectively.
Fig. 3a shows an XRD pattern of pristine SnO2 nanowires,
whereas Fig. 3b and c shows the patterns of ZnO-branched
SnO2 -nanowires without and with subsequent thermal annealing,
respectively. In Fig. 3a, nearly all diffraction peaks correspond to the
tetragonal rutile SnO2 phase (JCPDS card: No. 41-1445). In Fig. 3b,
with the pattern still exhibiting SnO2 -related peaks, there exist
weak peaks corresponding to the hexagonal ZnO phase (JCPDS card:
No. 36-1451). In addition, it is noteworthy that there appears to be

a weak peak corresponding to the (111) reﬂection of cubic Au. This
Au-related peak originated from Au previously sputtered on the
stem SnO2 nanowires. The XRD pattern shown in Fig. 3c revealed
the presence of ZnO-related peaks, as well as SnO2 -related ones.
Furthermore, there exists a very weak peak at a 2 value of 40.1◦ ,
which may coincide with the (1 0 1) peak of the hexagonal Co phase
with lattice constants of a = 0.2505 nm and c = 0.4089 nm (JCPDS
card: No. 89-4308). This peak originates from the sputtered Co shell
layer.
Fig. 4a shows a low-magniﬁcation TEM image of the branched
structures annealed at 700 ◦ C. Many branches were attached to
the stem nanowires. Fig. 4b shows a corresponding SAED pattern,
clearly showing diffraction spots representing {0 0 2}, {1 0 1}, and
{1 0 1} lattice planes of ZnO. Additionally, a diffraction spot exists
corresponding to the {1 0 0} and {1 0 1} lattice plane of hexagonal
Co. Fig. 4c shows a high magniﬁcation TEM image of the branch
region of the nanowire, in which dark nanoparticles are present on
the surface of the bright branch. Fig. 4d is a lattice-resolved TEM
image, which shows an enlarged image of the area indicated by a
square in Fig. 4c. In the branched region, the spacing between the
lattice planes is nearly 0.260 nm, corresponding to the d0 0 2 spacing
of hexagonal ZnO. In the nanoparticle region, the interplanar spacing is approximately 0.216 nm, which is associated with the (1 0 0)
plane of hexagonal Co.
In conjunction with a sensing test at 300 ◦ C, we plotted the
changes in resistance with respect to the sensing time in Fig. S2.
Three sensing cycles of the sensors are shown with the introduction of 2, 6, and 10 ppm NO2 , respectively. For the sensor, resistance
increases and decreases, respectively, upon exposure to and upon
removal of NO2 . Since saturation (i.e., a plateau) appears when the
measurement time is sufﬁcient, the sensing responses to 6 and
10 ppm NO2 do not show the saturation or the plateau, probably owing to the short sensing measurement time. During sensor
response, electrons are abstracted from the ZnO surface through
the associated chemical reactions. Accordingly, the conductance is
reduced by enlargement of the depletion layer.
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Table 2
Response and recovery times of pristine SnO2 nanowires, ZnO-branched SnO2
nanowires without and with the Co-functionalization. The NO2 gas concentration
was set to 2, 6, and 10 ppm.
Response time (s)

SnO2
SnO2 –ZnO
SnO2 –ZnO–Co

Fig. 3. XRD patterns of (a) pristine SnO2 nanowires, (b and c) ZnO-branched SnO2
nanowires (b) without and (c) with the subsequent thermal annealing.
Table 1
Sensor responses of pristine SnO2 nanowires, ZnO-branched SnO2 nanowires without and with the Co-functionalization. The NO2 gas concentration was set to 2, 6,
and 10 ppm.
Sensor response

2 ppm
6 ppm
10 ppm

SnO2

SnO2 –ZnO

SnO2 –ZnO–Co

1.65
1.87
2.06

2.06
2.90
4.26

3.40
5.29
7.48

From Fig. S2 and the response relation R = Rg /Ra , we plotted the
response vs. NO2 concentration for sensors fabricated from pristine SnO2 nanowires and ZnO-branched SnO2 nanowires without
and with the subsequent thermal annealing (Fig. 5a,b and c, respectively). Fig. 5d shows the variation in responses with varying the
NO2 concentration in the range of 2–10 ppm for various sensors
(also indicated in Table 1). Clearly, the sensitivity increases with
increasing NO2 concentration, regardless of the sensors. Furthermore, it is revealed that both the addition of ZnO branches and the
incorporation of Co nanoparticles contribute to the enhancement of
sensing capability. Sensor measurements illustrated a steep change
in resistance, presumably due to mechanical error and not related
to genuine sensor properties (Fig. 5a–c).
We investigated the sensing properties in more detail at a NO2
concentration of 2 ppm, where the sensor response becomes saturated in a reasonable sensing time. Fig. 6a compares the response
curves of NO2 gas sensors fabricated from pristine SnO2 nanowires

Recovery time (s)

2 ppm

6 ppm

10 ppm

2 ppm

6 ppm

10 ppm

122
142
154

286
376
389

238
317
311

418
400
266

469
407
201

487
343
163

and ZnO-branched SnO2 nanowires without and with the subsequent thermal annealing, where the sensor responses are 1.65, 2.06,
and 3.40, respectively. Accordingly, it is evident that the addition
of ZnO branches and the incorporation of Co nanoparticles enhance
the sensing behavior. In previous literature, SnO2 –ZnO core-shell
nanowires had a low sensor response of about 1.1 at 300 ◦ C at a
low NO2 concentration of 1 ppm [25]. Using Co-functionalized ZnObranched SnO2 nanowires, we carried out a sensing test for a variety
of gases, including NO2 , benzene, ethanol, CO2 , H2 , and acetone.
The gas pressure was set to 2, 6, or 10 ppm. We present the sensor
responses of various gases in Fig. S3 and Table S1 in Supplementary
information, which show that the sensor is selectively sensitive to
NO2 gas.
There are several reasons for the enhancement in sensor
response related to the attachment of ZnO branches. First, it is
possible that the resistance will change due to the generation of
structural defects, including oxygen vacancies. The generation of
ZnO branches requires thermal annealing at 500 ◦ C, which may
increase the amount of structural defects. Also, we surmise that
a signiﬁcant increase in surface area achieved by attaching the
ZnO branches will surely increase the amount of adsorbed species,
thereby increasing the sensor response. SEM and TEM images
demonstrate that a high density of branches was grown on the stem
nanowires. Accordingly, the SnO2 nanowire surface was hardly
exposed to the ambient environment. Since the sensor responses
and activities are mainly associated with surface reactions, the
role of SnO2 in enhancing the sensing behavior is limited. However, it is expected that a SnO2 /ZnO heterointerface will be formed
and will provide additional resistance modulation. Although we
surmise that the effect of SnO2 is not signiﬁcant, further study is
necessary.
On the other hand, one of the main reasons for the enhancement of sensor response by the addition of Co nanoparticles is the
spillover effect. Fig. 7 shows schematic outlines of the branched
nanowire gas sensors with and without Co-functionalization. The
incoming NO2 gas molecules remove electrons from the conduction band of ZnO by means of the reaction NO2 + e− → NO + Oabs − ,
which thereby increases the resistivity of the ZnO branches [30].
Due to the spillover effect, NO2 gas species will preferentially
absorb on the active sites of Co nanoparticles. The adsorbed NO2
molecules will migrate to the ZnO surfaces, contributing to an
increase in resistivity. Second, the generation of defects during the
formation of Co nanoparticles will also affect the sensor response.
Third, the resistance modulation of the Co/ZnO will increase the
sensor response. Owing to a difference between the work functions of n-ZnO (5.2 eV) and Co (5.8 eV) [31–33], electrons will ﬂow
from n-ZnO to Co, ultimately aligning the Fermi level (Fig. 8). With
the appearance of an electron depletion region, NO2 molecules
will remove electrons from the Co surface, ultimately resulting in
the enlargement of the electron depletion region in ZnO beneath
the Co nanoparticles. Thus, sensitivity will be enhanced, not only
by the resistance modulation effect, but also by the reduction of
ZnO conduction volume through the generation of a depletion
region.
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Fig. 4. (a) Low-magniﬁcation TEM image of Co-coated branched nanowires after the thermal annealing at 700 ◦ C. (b) Associated SEAD pattern. (c) TEM image of a branch
exhibiting Co-related nanoparticles. (d) Lattice-resolved TEM images enlarging a squared area in (c).

Fig. 5. (a–c) Response curves of NO2 gas sensors fabricated from pristine SnO2 nanowires, ZnO-branched SnO2 nanowires without and with the subsequent thermal annealing.
The NO2 gas concentration was set to (a) 2, (b) 6, and (c) 10 ppm. (d) Variation of sensor responses with varying the NO2 concentration in the range of 2–10 ppm for various
sensors.
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Fig. 7. Schematic outlines of the sensing mechanisms with respect to branched
nanowires (a) without and (b) with the Co-functionalization.

Fig. 6. (a) Response curves of NO2 gas sensors fabricated from pristine SnO2
nanowires, ZnO-branched SnO2 nanowires without and with the subsequent thermal annealing. The NO2 concentration was set to 1 ppm at 250 ◦ C. (b) Response times
and recovery times of various NO2 sensors estimated from (a). (c) Sensor responses
of various NO2 sensors estimated from (a).

In addition, Table 2 shows the response and recovery times of
pristine SnO2 nanowires and ZnO-branched SnO2 nanowires with
and without Co-functionalization. The NO2 gas concentrations used
were 2, 6, and 10 ppm. The response and recovery times increased
and decreased, respectively, after attachment of ZnO branches. The
response times of pristine ZnO-branched SnO2 nanowires were
142, 376, and 317 s at 2, 6, and 10 ppm, respectively, while those of
Co-functionalized pristine branched nanowires were 154, 389, and
311 s. The recovery times of pristine ZnO-branched SnO2 nanowires
were 400, 407, and 343 s at 2, 6, and 10 ppm, respectively, whereas
those of Co-functionalized pristine branched nanowires were 266,
201, and 163 s. Co-functionalization resulted in a slight increase in
response time at concentrations of 2–6 ppm and a greater increase
at 10 ppm. Also, recovery time was signiﬁcantly decreased as a
result of Co-functionalization.
With regard to the attachment of ZnO branches, there are highenergy and low-energy binding sites on the ZnO surfaces. One

Fig. 8. Energy band diagram of the Co–ZnO system before equilibrium; bandgap
energy of ZnO = 3.4 eV [37], electron afﬁnity of ZnO = 4.5 eV [31], work function of
ZnO = 5.2 eV [32], and work function of Co = 5.8 eV [33]. The energy band diagram is
not drawn to scale.

possibility is that more low-energy binding sites are generated
by attaching the ZnO branches, thereby increasing the ratio of
low-energy to high-energy binding sites. The low-energy binding sites will result in shorter recovery time and longer response
time because the NO2 molecules will easily desorb, but not readily
adsorb. Another possibility is that the surface of ZnO branches
preferentially provides low-energy binding sites. This phenomenon
may be associated with a change in the ZnO branch-SnO2 nanowire
potential barrier upon adsorption and desorption of NO2 gas
molecules.
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Furthermore, with respect to Co-functionalization, we expect
that more low-energy binding sites will be generated on a ZnO
surface by Co-functionalization or on the surface of the Co nanoparticles themselves. This results in an increase in the ratio of
low-energy to high-energy binding sites. Accordingly, the response
and recovery times become longer and shorter, respectively.
Another possible explanation for our experimental observations is
related to the occurrence of ZnO/Co Schottky-type heterojunctions.
In ZnO/Co Schottky-type heterojunctions, the ZnO region underneath the Co particles will be considerably electron-depleted to
allow for alignment of the Fermi level. Upon NO2 adsorption to
the ZnO surface, the electrons should be extracted from the ZnO;
however, the electron-depleted ZnO does not allow easy extraction
of electrons from the ZnO surface. This phenomenon will increase
the response time. On the other hand, upon the removal of NO2
molecules from the ZnO surface, electrons should be donated to
the ZnO side. The electron-depleted ZnO will efﬁciently accept
electrons generated from the ZnO surface, which will shorten the
recovery time.
Lattice-resolved TEM images indicate that the Co nanoparticles are surrounded by the shell layer (Fig. S7). A previous study
has suggested that a 0.8–1.0 nm ﬁlm of Co(OH)2 is immediately
formed when a clean surface is exposed to air at room temperature
[34]. Also, Jia et al. reported that Co nanocrystals are oxidized at
room temperature [35]. Accordingly, we surmised the existence of
a Co(OH)x or CoOx layer at room temperature prior to the sensor
test. However, the presence of thin shell did not affect the sensing
mechanisms due to the existence of a Co/ZnO heterointerface and
chemical sensitization of the Co(OH)x or CoOx layer caused by the
spillover effect.
In a previous study by Na et al. [36], Co3 O4 islands were decorated on ZnO nanowires, in which the extension of the electron
depletion layer using the p–n junction played a signiﬁcant role in
enhancing the sensing capabilities. In addition, the catalytic effect
of Co3 O4 particles was taken into account in explaining the sensor
enhancement of C2 H5 OH gas at 360–400 ◦ C. On the other hand,
in the present study, we used metal Co nanoparticles, although
their outer shell had been slightly oxidized. The spillover effect of
Co nanoparticles plays a major role in enhancing the NO2 sensing
behavior, and the resistance modulation of the Co/ZnO increases
the sensor response, which has been called electronic sensitization.
Accordingly, the involved sensing mechanism is different from that
of Na et al. Also, we revealed that the present system exhibited a
selectively high sensor response to NO2 gas in comparison to benzene, ethanol, acetone, CO, and H2 gas. In addition, we investigated
the changes in other sensing properties, such as response time and
recovery time, after Co functionalization. Although the response
time was slightly increased (by −1.9–12.0%), the recovery time was
signiﬁcantly decreased (by 33.5–52.5%).

4. Conclusion
We obtained ZnO sensing nanostructures with high surface area
by growing ZnO branched nanostructures on the as-synthesized
SnO2 nanowires. In addition, we decorated the ZnO surface with Co
nanoparticles via sputtering in conjunction with thermal annealing. The NO2 sensing test at concentrations in the range of
2–10 ppm reveals that both the attachment of ZnO branches and
the addition of Co nanoparticles enhance the sensor response.
In particular, we suggest that the Co spillover effect, the generation of Co/ZnO heterojunctions, and the generation of defects
are the dominant mechanisms for sensor enhancement by the
addition of Co nanoparticles. On the other hand, the recovery
times decreased via both the attachment of ZnO branches and Cofunctionalization. We discussed the possible mechanisms of these

changes in response/recovery times. With regard to the changes
in response/recovery times, we ascribed the main mechanism to
the increase in the ratio of low-energy binding sites to high-energy
ones. In addition, we surmise that the changes in response/recovery
times are associated with the generation of ZnO branch-SnO2
nanowire potential barriers and ZnO/Co Schottky-type heterojunctions. The present study on three-composite-nanostructures will
be a signiﬁcant contribution to both academic ﬁelds and industrial applications, which will be useful for exploring new areas of
multiple-component nanosystems.
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