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We have fabricated Ag2 O-functionalized In2 O3 nanowires, in which the NO2 gas sensing properties are enhanced. To achieve the
functionalization, the core In2 O3 nanowires were sputter-deposited with the Ag shell layer, which turned out to be composed of cubic Ag particles.
Subsequent thermal annealing changed the Ag nanoparticles to cubic nanoparticles with a cubic Ag2 O phase. In spite of shell-coating and
subsequent annealing, scanning electron microscopy images revealed that the products consisted of one-dimensional nanowires. In a NO2 gas
sensing test, the sensitivity of the Ag2 O-functionalized sensor was lower than that of the nonfunctionalized sensor, presumably owing to the
significant volume of the depletion region in the Ag2 O–In2 O3 interface. However, the Ag2 O-functionalized In2 O3 nanowires exhibited exceptionally
fast response and recovery compared with bare In2 O3 nanowires. We suggest that not only the catalytic effect but also the spillover effect of Ag2 O
nanoparticles is mainly responsible for the observed enhancement of sensing capabilities in terms of response/recovery time.
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1. Introduction

Indium oxide (In2 O3 ) is a promising material for sensing
gases such as O2 ,1) O3 ,2,3) nitric oxides,4) CO,5,6) and H2 .5,6)
In particular, the band gap of In2 O3 has been estimated to be
2.9 eV. It is much narrower than those of other metal oxides
such as WO3 , SnO2 , and ZnO, making In2 O3 suitable for
low-temperature gas sensing.7) To further enhance the sensor
characteristics, we have adopted two strategies: the use of
networked nanowire structures and nanoparticle catalysts.
First, because their one-dimensional (1D) nanostructures
exhibit speciﬁc physical and chemical properties,8–13) metal
oxide semiconductor nanowires have excellent gas sensitivity, owing to their exceptionally high surface-to-volume
ratio, semiconducting electrical behavior, and single-crystalline assembly.14,15) In order to obtain reliable gas sensors
while avoiding the expensive photolithography process,
expensive measuring system, and large variation in measured current values, in the case of using single nanowires,
we have employed networked multiple nanowires.16)
Second, catalysts, in the form of particles or dopants, are
known to functionalize the surface of nanomaterials,
whereby catalysts anchored on semiconducting oxides
enhance the sensing characteristics by facilitating the
dissociation of adsorbed species. Up to now, a variety of
materials, including Pd thin layers,17) Pt nanoparticles,18)
Pd/PdO nanoparticles,19) CuO islands,20) Pd/Pt alloy
ﬁlms,21) and Co–Ce oxide ﬁlms,22) have been studied for
their use as sensor catalysts. The catalysts are considered
to enhance the sensing characteristics via a variety of
mechanisms. It is possible that metal ions form a solid
solution, changing the adsorption and gas sensing properties.23) Metal atoms are dissolved within the lattice,
producing localized gap states, and eventually enhancing
tunneling currents through the surface barriers.24) Also,
catalysts can induce spillover eﬀects, enhancing not only the
adsorption of the gas species but also the diﬀusion of those
species onto the sensor surface.
Nitrogen dioxide (NO2 ) is one of the most toxic
components that causes the serious problem of atmospheric
air pollution and thereby has adverse eﬀects on the human
respiratory system.25) It is one of the most harmful gases,

being emitted from automobile exhaust, home heaters,
furnaces, and plants, for example. Accordingly, it is urgent
to develop sensors with suﬃcient sensitivity and quicker
response time to detect NO2 at low concentrations, such as 3
to 4 ppm.26) Since it has been demonstrated that In2 O3 thinﬁlm sensors are sensitive to low concentrations of NO2 gas
in air,3,23,27–29) it is most urgent to achieve fast response
and recovery, especially at low concentrations, in order to
prevent fatal damage to the human respiratory system.
Additionally, fast response and recovery will reduce the
power consumption of the sensor.
In the present study, in order to attain short response and
recovery times with an acceptable sensitivity at a low
concentration of NO2 , we have prepared Ag2 O-functionalized and networked In2 O3 nanowires. To the best of our
knowledge, this is the ﬁrst report on Ag2 O-functionalized
In2 O3 nanowires. By thermal annealing, we fabricated
Ag2 O-phased nanoparticles on the surface of In2 O3 core
nanowires. We then compared the NO2 gas sensing characteristics of Ag2 O-functionalized In2 O3 nanowires with
those of bare nanowires.
2. Experimental Procedure

In the present process, the In2 O3 core nanowires were
synthesized using a tube furnace, which was previously
outlined.30) A mixture of In and Mg nanopowders was
used as an evaporation source (weight ratio of 1 : 1 ). The
fabrication procedure of In2 O3 nanowires is analogous to
that in the previous work.18) The substrate temperature was
set to 800  C for 1 h, with a ﬂow of a mixture of Ar and O2
gases (O2 partial pressure: 3%). Subsequently, we coated the
Ag shell using a turbo-sputter coater (Emitech K575X).22)
During the sputtering process with the DC current of 10 mA,
we carried out sputter deposition with a circular Ag target
at room temperature in high-purity (99.999%) argon (Ar)
ambient. Subsequently, the In2 O3 -core/Ag-shell nanowires
were heated at 500  C for 30 min in Ar ambient.
The products were characterized by X-ray diﬀraction
(XRD; Philips X’pert MRD) and ﬁeld emission scanning
electron microscopy (FE-SEM; Hitachi S-4200). We acquired transmission electron microscopy (TEM) images,
selected-area electron diﬀraction (SAED) patterns, and
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energy-dispersive X-ray (EDX) spectra using a Philips CM200 TEM system operated at 200 kV, which was installed at
KBSI.
In order to measure the sensing properties of NO2 gas,
double-layer electrodes (200-nm-thick Ni/50-nm-thick Au)
were sequentially sputtered onto the specimens with an
interdigital electrode mask. The fabricated sensors were
introduced into a vacuum chamber (base pressure: 5 
106 Torr) and their electrical conductivity was measured at
diﬀerent NO2 concentrations at 250  C. A similar experimental setup was previously used.31–34) The sensitivity (S)
was determined via the following formula: S ¼ RNO2 =Rair ,
where Rair and RNO2 are resistances in air ambient and in
the presence of NO2 gas, respectively. The response and
recovery times were deﬁned as the time taken to reach a 90%
change in the resistance upon the supply or removal of the
target gas, respectively.35)
3. Results and Discussion

Figure 1(a) shows the XRD pattern of bare In2 O3 nanowires,
in which most diﬀraction peaks correspond to the cubic
In2 O3 phase (JCPDS No. 06-0416), although there exist very
weak diﬀraction peaks corresponding to the (111) and (311)
reﬂections of the cubic Au phase, with lattice constants of
 (JCPDS No. 04-0784). Figures 1(b) and 1(c)
a ¼ 4:0786 A
show the XRD patterns before and after thermal annealing at
500  C, respectively. Similarly to the case of the bare In2 O3
nanowires, both patterns mainly exhibit the reﬂection peaks
corresponding to the cubic In2 O3 phase. In the case of
Ag-coated In2 O3 nanowires without subsequent annealing
[Fig. 1(b)], there exist very weak peaks that correspond to

the (111) reﬂection of cubic Au/cubic Ag [a ¼ 4:0862 A
(JCPDS No. 04-0783)] and to the (200) reﬂection of cubic
Au/cubic Ag. Since cubic Au and Ag phases are overlapped
on those peaks, it is not clear that these reﬂections indeed
originate from the cubic Ag structure. In the case of Agcoated In2 O3 nanowires, which were subsequently annealed
at 500  C [Fig. 1(c)], we observe the very weak peaks
corresponding to (200), (220), and (311) reﬂections of the

cubic Ag2 O phase with the lattice constant of a ¼ 4:7263 A
(JCPDS No. 41-1104).
Figure 2(a) shows a SEM image of the bare In2 O3
nanowires, whereas Figs. 2(b) and 2(c) show the SEM
images of Ag-coated In2 O3 nanowires without and with
annealing, respectively. It is observed that the products are
composed of 1D structures, regardless of the Ag shell
coating or subsequent annealing. The right-hand-side images
in Fig. 2 are the enlarged SEM images. Although the bare
In2 O3 nanowire exhibits a relatively smooth surface, the Agcoated In2 O3 nanowires show a rough surface.
In order to investigate the structure and morphology of
nanowires in more detail, we carried out the TEM analyses.
Figure 3(a) shows a low-magniﬁcation TEM image of a bare
In2 O3 nanowire, indicating that nanoparticle-like structures
reside on the surface. Figures 3(b) and 3(c) show the TEM–
EDX spectra of the regions without and with nanoparticles,
respectively. By comparing Fig. 3(c) with Fig. 3(a), we ﬁnd
that the nanoparticles exhibit the Ag-related peak, in
addition to the Co, Cu, In, and O peaks, as observed in the
core In2 O3 region. In this case, it is evident that Cu and C
signals are associated with the carbon-coated Cu grid that

Fig. 1. (Color online) XRD patterns of (a) as-fabricated In2 O3 core
nanowires, and Ag-coated core-shell nanowires (b) before and (c) after
thermal annealing at 500  C.

supports the nanowire. Accordingly, we surmise that the
nanoparticle-like structures comprise Ag elements. The
SAED pattern taken from the nanoparticle-containing region
is shown in Fig. 3(d). The regularly positioned diﬀraction
spots were indexed as cubic In2 O3 , including (020), (200),
and (220) reﬂections. In addition, diﬀraction ring spots
corresponding to the (111) and (200) lattice planes of cubic
Ag (JCPDS No. 04-0783) were clearly observed. The spotty
pattern of In2 O3 reveals a single crystal nature, whereas Ag
ring spots correspond to a polycrystalline nature. Figure 3(e)
shows a lattice-resolved TEM image taken from the
interface between the In2 O3 core and Ag nanoparticle. The
measured lattice spacing in the core region is 0.25 nm, which
corresponds well with the d-value of the {400} plane of
cubic In2 O3 . The lattice spacing measured from the Ag
lattice image is 0.24 nm, corresponding well to the d-value
of the (111) plane of cubic Ag.
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Fig. 2. (Color online) SEM images of (a) as-fabricated In2 O3 core
nanowires, and Ag-coated core-shell nanowires (b) before and (c) after
thermal annealing at 500  C. Right-hand-side images correspond to the
enlarged SEM images.

Fig. 4. (Color online) (a) Low-magniﬁcation TEM image of as-fabricated
In2 O3 core nanowire. (b) Lattice-resolved TEM image, showing the In2 O3
core and nanoparticles. (c) TEM image of a typical nanowire, and EDX
elemental maps of (d) In, (e) O, and (f ) Ag elements.

Fig. 3. (Color online) (a) Low-magniﬁcation TEM image of an
as-fabricated In2 O3 core nanowire. EDX spectra of the (b) core and
(c) nanoparticle regions indicated in (a). (d) SAED pattern and (e) latticeresolved TEM image of enlarged area including the interface between In2 O3
core and nanoparticle.

Figure 4(a) shows a low-magniﬁcation TEM image of
a 500  C-annealed In2 O3 /Ag core–shell nanowire. The 1D
structure exhibits a rough surface consisting of various
nanoparticles. Figure 4(b) is a lattice-resolved TEM image,
in which the nanowire image consists of bright (In2 O3 core)

and dark (nanoparticle) regions. The lattice spacings in
core and nanoparticle regions, respectively, match the (400)
plane of cubic In2 O3 and the (200) plane of cubic Ag2 O.
Figure 4(c) shows a single nanowire and Figs. 4(d)–4(f )
are the corresponding elemental maps of In, O, and Ag
elements, respectively, obtained by the TEM–EDX technique. It is revealed that In and O elements are uniformly
distributed on the surface of the nanowire, whereas the
distribution of Ag elements coincides well with the Ag
nanoparticles in Fig. 4(c).
To assess the potential applicability of the gas sensors
based on In2 O3 nanowires with or without Ag2 O functionalization, we compared their sensing properties with respect
to NO2 gas. Figures 5(a) and 5(b) show typical response
curves to NO2 gas at 250  C for sensors fabricated from the
pure and functionalized In2 O3 nanowires, respectively. Both
curves show three sensing cycles with the introduction of
2, 6, and 10 ppm of NO2 gas. We obtained good repeated
testing cycles in all cases.
As shown in Fig. 5, the resistance increases upon
exposure to NO2 , whereas it decreases upon exposure to
air, which is explainable in the framework of a normal
n-type semiconductor sensor. Although numerous researchers have suggested sensing mechanisms, all of them included
the adsorption of NO2 gas to the In2 O3 surface and the
subsequent extraction of electrons. The absorbed NO2
extracts electrons from the conduction band of the n-type
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Fig. 6. (Color online) Schematics explaining the changes in the NO2

sensing behavior (a) without and (b) with Ag2 O functionalization.

Fig. 5. (Color online) Typical dynamic response curve for various

concentrations of NO2 gas in a sensor fabricated from (a) as-fabricated
In2 O3 core nanowires and (b) 500  C-annealed In2 O3 /Ag core-shell
nanowire.

In2 O3 nanowires and thus reduces the electron concentration
near the surface. The relevant reactions include NO2 þ
e ! NO þ O .36) In addition, dissociated O reacts with
oxygen vacancies in the In2 O3 surface, and extracts
electrons by the following reaction: O þ VO 2þ þ e !
OO . The deﬁciency of electrons increases the width of the
electron depletion layers, resulting in the increased resistance of the sensors. On the other hand, the release of
electrons occurs during the complicated reverse reactions,
ultimately generating NO2 gas. Subsequently, the produced
NO2 gas will desorb from the In2 O3 surface.
In the presence of Ag2 O nanoparticles on the In2 O3
surface, however, the role of Ag2 O as well as In2 O3 must be
suﬃciently elucidated. In2 O3 is an n-type semiconductor,
whereas Ag2 O is a p-type semiconductor. Since the work
function of Ag2 O (5.3 eV) is larger than that of n-type In2 O3
(5.0 eV), the depletion layer will be formed at the interface
in In2 O3 .37) Also, the Ag2 O nanoparticles separately reside
on the In2 O3 surface, each particle being electrically
isolated. Accordingly, the main electric carrier in the present
In2 O3 /Ag2 O composite system is an electron, as in the case
of the pure In2 O3 system. Therefore, it is hypothesized that
the conduction channel in the nanowire should be signiﬁcantly reduced when there is a nonconductive depletion
region.

When NO2 gas is introduced into the system, NO2 will be
absorbed on the exposed In2 O3 surface. By reactions
analogous to those mentioned above, electrons will be
extracted from In2 O3 , increasing the resistance of the
sensors. Some NO2 molecules will also adsorb on the Ag2 O
surface. When the Ag2 O surface is exposed to a reducing
gas, such as ethanol, Ag2 O can be reduced eﬃciently to
Ag.37) Even when using an oxidizing gas such as NO2 , Ag2 O
can be reduced by the following reaction: NO2 þ Ag2 O þ
e ! NO3  ðadÞ þ 2Ag.38) In the present case of using
oxidizing gas, however, it is unlikely that Ag2 O is
completely reduced to Ag. Since the outmost surface of
Ag2 O nanoparticles attached to In2 O3 core particles can be
converted to Ag under appropriate process conditions,39) we
surmise that the outer surface of the Ag2 O nanoparticles has
been converted to Ag, during exposure to ﬂowing NO2 gas.
Figures 6(a) and 6(b) show schematics outlining the
changes in the NO2 sensing behavior without and with
Ag2 O functionalization, respectively. Upon comparing
Figs. 6(b) with 6(a), we understand that the conducting
channel of the In2 O3 core, in the initial stage without
introducing NO2 gas, is signiﬁcantly decreased by the Ag2 O
functionalization, presumably owing to the large depletion
volume caused by the presence of the In2 O3 core/Ag2 O
interface. On the other hand, from our experiences, the
volume of the conducting channel becomes negligibly small
upon exposure to ﬂowing NO2 gas, in both cases of with and
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Table I. Variations of response time, recovery time, and sensitivity at
various NO2 concentrations for NO2 sensing without and with Ag2 O
functionalization.

Normal In2 O3
nanowires

NO2
concentration
(ppm)

Response
time
(s)

Recovery
time
(s)

Sensitivity

2

345.12

286.33

12.06

6
10

340.27
326.24

240.58
267.41

21.76
24.08

Ag2 O-

2

87.73

186.49

1.27

functionalized

6

132.04

236.55

1.36

10

150.69

266.76

1.52

In2 O3 nanowires

without Ag2 O functionalization. Accordingly, the change in
conducting channel volume with ﬂowing NO2 gas, in the
case of the functionalized sensor, is signiﬁcantly smaller
than that in the case of the unfunctionalized sensor. Since
the amount of change in conducting channel volume is
proportional to the amount of change in normal resistance,
the sensor response or sensitivity, which is deﬁned as
S ¼ RNO2 =Rair , of the functionalized sensor is expected to
be smaller than that of the unfunctionalized sensor. This
expectation agrees with Fig. 5 with respect to the sensor
responses. In addition, by Ag2 O functionalization, the
exposed eﬀective area of the In2 O3 surface is inevitably
decreased, contributing to the reduction in sensitivity.
On the other hand, because of Ag2 O functionalization,
response and recovery times are signiﬁcantly reduced
(Table I). There will be several reasons behind these
observations. First, it is surmised that Ag2 O will act as a
catalyst and reduce the activation energies for both
adsorption and desorption of the surface species (i.e.,
NO2 ). A previous study revealed that the activation energy
for adsorption and desorption can be lowered by catalytic
activation.24) Second, the spillover eﬀect of the Ag2 O
nanoparticles will shorten the response time. In this case,
the metallic oxide, Ag2 O, easily and eﬀectively adsorbs
and dissociates the NO2 gas species. However, Ag2 O itself
does not directly contribute to the enhancement of sensing
behavior with respect to response and recovery times. The
surface of the main sensor material, the In2 O3 nanowire, in
the present system does not provide eﬃcient adsorption and
dissociation sites for NO2 gas. Accordingly, the NO2 gas
will be preferentially adsorbed and dissociated on the Ag2 O
phase and will subsequently migrate to the In2 O3 nanowire
surface.
Similarly, Zalvidea et al. previously reported that Pd
catalyst provided an eﬃcient dissociation rate of H2 and
rapid diﬀusion of H atoms, improving the response time of
hydrogen sensors.40) Accordingly, more NO2 molecules
concentrate onto the narrower exposed In2 O3 core surface,
enhancing the number of impinging species per unit surface
area and time. This explains the decrease in the response/
recovery times of the sensor upon Ag2 O functionalization.
In addition, from the data in Table I, we estimate that the
response time has been diminished by 74.6, 61.2, and 53.8%,
at NO2 concentrations of 2, 6, and 10 ppm, respectively.
Also, the calculation reveals that the recovery time has been
diminished by 34.9, 1.7, and 0.2%, at the NO2 concentrations of 2, 6, and 10 ppm, respectively. Accordingly, in the

case of catalytic activation, the activation for adsorption is
more severely lowered than that for desorption. Furthermore,
it is noteworthy that the catalytic activation is more eﬃcient
in shortening the response and recovery times at a lower
concentration of NO2 gas.
In a previous study on the ethanol sensing behavior of
In2 O3 :Ag composite nanoparticle layers, the enhanced gas
sensing response is associated with the transformation of a
depletion layer at the Ag2 O–In2 O3 interface to an accumulation layer in Ag–In2 O3 .37) It is possible that the adsorption
of ethanol gas generates the electron accumulation layer,
signiﬁcantly decreasing the resistivity. On the other hand,
because of the adsorption of NO2 gas, the conversion of
Ag2 O to Ag is considerably limited. Accordingly, in the
present case of using NO2 gas, the enhancement of sensitivity
owing to the appearance of the Ag phase will be negligible.
However, as stated previously, the Ag2 O nanoparticles will
enhance the sensing behavior with respect to response and
recovery times as a result of the spillover eﬀect.
4. Conclusions

We have fabricated Ag2 O-functionalized In2 O3 nanowires
via a two-step process. In the ﬁrst step, the Ag layer was
sputtered onto the In2 O3 nanowires, TEM investigation
revealed that nanoparticles with a cubic Ag phase were
generated on the surface of the In2 O3 nanowires. XRD and
TEM investigations coincidentally revealed that the Ag shell
layer was transformed into cubic-Ag2 O-phase nanoparticles
by thermal heating in the 2nd step. SEM images revealed
that the products consist of 1D nanostructures regardless of
the shell-coating and subsequent annealing. We compared
the NO2 sensing characteristics among sensors fabricated
from Ag2 O-functionalized nanowires and from bare In2 O3
nanowires. The sensor response or sensitivity of the Ag2 Ofunctionalized sensor was considerably lower than that of
the nonfunctionalized sensor, presumably because the Ag2 O
functionalization eﬀectively reduces the conduction channel
volume of the initial stage without introducing NO2 gas.
Also, the Ag2 O functionalization greatly reduced the
response and recovery times of In2 O3 nanowire-based gas
sensors. With Ag2 O functionalization, the catalytic eﬀect
and/or spillover eﬀect of Ag2 O nanoparticles facilitates the
concentrated ﬂow of species onto the exposed In2 O3 surface,
shortening the response/recovery time.
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