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In  this  work,  we  fabricated  Pd-functionalized  networked  In2O3 nanowires.  For  the Pd-functionalization,
In2O3–Pd  core–shell  nanowires  were  synthesized  by  depositing  Pd  layers  using  a  sputtering  method  on
bare  In2O3 nanowires.  The  continuous  Pd  shell  layers  were  transformed  into  islands  of  cubic  Pd/PdO
phase  by  thermal  heating.  We  compared  the  NO2 sensing  characteristics  of  the  sensors  fabricated  from
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Pd-functionalized  and  bare  In2O3 nanowires,  respectively.  The  results  demonstrated  that  Pd function-
alization  greatly  improves  sensitivity  and  response  time  in  In2O3 nanowire-based  gas  sensors.  The
improvement  of  sensing  properties  is likely  caused  by  not  only  the  enhanced  adsorption  or dissocia-
tion  of NO2,  but  also  the  associated  spillover  effects,  which  are  both  caused  by the  Pd-functionalization.
alladium/palladium compounds

. Introduction

Indium oxide (In2O3), an important n-type semiconductor, has
een extensively studied due to its advantageous features, such
s significant large energy band gap (3.5–3.75 eV) [1],  high electri-
al conductivity [2],  excellent luminescence [3,4], and high optical
ransparency [5].  Accordingly, it has a wide range of practical
pplications, including optoelectronic devices [6],  solar cells [7],
eld effect transistors [8],  electric-double-layer transistors [9],
abry–Perot resonators [10], thin-film transistors [11], bio sensors,
nd gas sensors. In2O3 has attracted much attention for its abil-
ty to sense both oxidizing and reducing gases, including O2 [12],

3 [13,14], nitric oxides [15], CO [16,17],  H2S [18], H2 [16,17],  and
oxious volatile organic compounds [19].

The detection and control of toxic gases such as nitrogen oxide
NOx) by sensitive and reversible sensors has become a crucial
spect of environmental consciousness, because these gases have
estructive effects on the human respiratory system [20]. NO2 is
ne of the most harmful gases, as it is emitted from combustion of
he exhaust of automobile engines, home heaters, furnaces, plants,
tc. Accordingly, it is necessary to develop sensors with sufficient
ensitivity and quick response time to detect NO2 at low concen-

rations, such as a few ppm, in the ambient [21]. Previous reports
emonstrated that In2O3 thin-film sensors are sensitive to low con-
entrations of NO2 gas in air [14,22–25].
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On the other hand, nanoscale materials in the form of nanowires,
nanotubes, and nanoribbons have great potential for use as
highly sensitive chemical sensors [26,27]. Their extremely high
surface-to-volume ratios and single crystallinity in regard to one-
dimensional (1D) nanostructures may explain why the sensors are
much more sensitive than those made from conventional mate-
rials. In single-crystalline sensors, the faces exposed to gaseous
environments are always the same and almost all of the adsorbed
species are active in generating a surface depletion layer [28,29],
whereas only a small fraction of the adsorbed species near the grain
boundaries are active in modifying electrical transport properties
in polycrystalline devices. Several researchers have reported the
NO2 gas sensing properties of In2O3 nanowires [30–32].

In addition, the use of metallic catalysts can functionalize the
surface of nanomaterials by means of catalytic effects. Although the
addition of noble metals to 1D nanostructures of In2O3 is known
to enhance gas sensitivity, to the best of our knowledge, no work
has been reported on Pd-functionalized In2O3 nanowires, in terms
of NO2 sensitivity. The ethanol sensing properties of Pd-doped
In2O3 nanowires have been previously researched [33]. Moreover,
the effect of Pd sensitization on the H2S sensing properties of La-
doped In2O3 powders was examined [34]. The As-doping in In2O3
nanoparticles were effective in obtaining highly sensitive and selec-
tive alcohol sensors [35].

In the present work, we  fabricated networked In2O3 nanowires

for use in gas sensors and subsequently functionalized their sur-
faces with Pd by using a conventional sputtering and subsequent
heat treatment process. We  compared the sensing characteristics
for Pd-functionalized In2O3 nanowires and bare ones with respect

dx.doi.org/10.1016/j.jallcom.2011.06.104
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. SEM images of (a) as-deposited, (b) 700 ◦C-annealed, and (c) 900 ◦C-annealed
ore–shell nanowires.

o NO2 gas. This study will not only explore the use of fabricated
etworked In2O3 nanowires for the detection of low-concentration
O2 gas, but also contribute to the development of a simple and
fficient method of Pd-functionalization of the nanowire surface
or general gas sensing.

. Experimental details

The experimental apparatus used to fabricate the core In2O3 nanowires was a
ube furnace, in which the source material and Au (approximate thickness = 3 nm)-

oated Si substrate were placed on the lower and upper holders, respectively, in the
enter of a quartz tube inserted into a vertical furnace. As a source material, a mixture
f In and Mg  powders with a weight ratio of 1:1 was employed. In preliminary
tudy, no thin nanowire was obtained by conducting the same experiments using
he pure Mg powders. It is surmised that Mg  lowers the melting point of the In–Mg
Fig. 2. XRD spectra of (a) core nanowires, (b) as-deposited, and (c) 700 ◦C-annealed
core–shell nanowires.

alloy. Accordingly, the source materials are more likely to exist as a liquid, which
is  favorable for the vapor–liquid–solid (VLS) process. A mixture of Ar and O2 gases,
with a percentage of the O2 partial pressure of 3%, was flowed for 1 h with a constant
total flow rate of 2 standard liters per min (slm) at 800 ◦C. The existence of an Au-
related tip suggested that the nanowires were grown via a vapor–liquid–solid (VLS)
process.

Following this, the substrate was transferred to a turbo sputter coater (Emitech
K575X, Emitech Ltd., Ashford, Kent, UK). By using a circular Pd target at room tem-
perature, the sputter time was set to 2 min in high-purity (99.999%) argon (Ar)
ambient. During the sputtering process, the DC current was  maintained at 65 mA.
Subsequently, the In2O3/Pd core–shell nanowires were annealed for 30 min  in Ar
ambient, at temperatures in the range of 500–900 ◦C.

The samples were examined by X-ray diffraction (XRD) using a Philips X’pert
MRD  diffractometer, field emission scanning electron microscope (FE-SEM; Hitachi
S-4200), and transmission electron microscopy (TEM) using a Philips CM-200 TEM
operating at 200 kV. The energy-dispersive X-ray (EDX) spectroscopy attached to
TEM was used to investigate the composition of the product.

For the sensing measurements, Ni (∼200 nm in thickness) and Au (∼50 nm)
double-layer electrodes were sequentially deposited via sputtering on the speci-
mens using an interdigital electrode mask. The fabricated sensors were introduced
into a vacuum chamber and electrical conductivity was measured with changing
NO2 environments at 573 K. The base pressure of the vacuum chamber, which was
connected to a turbomolecular pump, was typically ∼5 × 10−6 torr. Using a mass
flow controller, NO2 concentrations were adjusted while introducing NO2 with a
flow  rate of 50 sccm. This configuration is the same as the experimental setup used
previously by our research group [36–39].

3. Results and discussion

Fig. 1a–c shows SEM images of as-deposited, 700 ◦C-annealed,
and 900 ◦C-annealed core–shell nanowires, respectively. Fig. 1a

indicates that the as-deposited nanowires have a relatively smooth
surface, whereas annealing induced a relatively rough surface
(Fig. 1b and c). Although the surface roughness of bulk or film
can be evaluated by means of a variety of technique includ-
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ig. 3. (a) Low-magnification TEM image of an as-synthesized core–shell nanowire
orresponding TEM image). (c) Lattice-resolved TEM image and (d) SAED pattern of

ng atomic force microscopy, scanning tunneling microscopy, and
urface profiler, the measurement technique of surface rough-
ess in nanowires is not set up yet. In this paper, we have
sed Thomas’s technique, in which the vertical distance between
he highest peak and the lowest valley of the surface profile,
t [40]. The Pt of as-deposited, 700 ◦C-annealed, and 900 ◦C-
nnealed core–shell nanowires, respectively, were measured to
e about 8, 62, and 162 nm,  respectively (see the Supplementary
aterial, S-1). It reveals that the surface roughness tends to

ncrease as the annealing temperature increased in the range of
00–900 ◦C.

Fig. 2a shows an XRD pattern of the core nanowires, exhibit-
ng both In2O3 and Au phases. The In2O3 cubic phase has a lattice
arameter of a = 10.11 Å (JCPDS Card No. 06-0416), whereas the
u face-centered-cubic phase has a lattice parameter of a = 4.078 Å

JCPDS Card No. 04-0784). Fig. 2b shows an XRD pattern of the as-
eposited core–shell nanowires, mainly exhibiting a cubic In2O3
hase. However, close examination suggests that some very weak
eaks correspond to the reflection of the cubic structure of Pd with

 lattice constant of a = 3.890 Å (JCPDS File No. 46-1043). Fig. 2c
eveals that there exist (1 1 1) diffraction peaks of the cubic Pd
hase. Also, it is evident that there exist a weak peak correspond-

ng to the (2 2 2) reflection of the cubic structure of PdO with a

attice constant of a = 5.637 Å (JCPDS File No. 46-1211). In order to
tudy the evolution of Pd phases by the thermal annealing, we  have
losely examined the XRD spectra (Supplementary materials, S-2
nd S-3). It indicated that the relative XRD intensities of Pd(1 1 1)
DX line profile of Pd element across an as-synthesized core–shell nanowire (inset:
nthesized core–shell nanowires.

and Pd(2 0 0) peaks with respect to the In2O3(4 4 0) peak have been
increased by the thermal annealing at 700 ◦C.

In order to investigate the morphological and structural changes
with thermal annealing, we  carried out TEM analysis. Fig. 3a shows
a low-magnification TEM image of an as-synthesized core–shell
nanowire, which reveals that the sputtered layer is relatively rough,
resembling the saw-tooth morphology. Fig. 3b shows an EDX line
profile of the Pd element across the core–shell nanowire as shown
in the inset. It represents a valley-like profile, revealing that the
Pd elements reside mainly in the sheath region of the core–shell
nanowire. Fig. 3c shows a lattice-resolved TEM image near the outer
region of the core–shell nanowire. In the core region, the spacing
between lattice planes was about 0.25 nm,  corresponding to spac-
ing d4 0 0 of cubic In2O3. In the shell region, it is noteworthy that
the interlayer distance was  measured to be about 0.22 nm,  corre-
sponding to the {1 1 1} plane of cubic Pd. Fig. 3d shows an associated
selected area electron diffraction (SAED) pattern recorded perpen-
dicular to the rod axis, as it was indexed for the [0 1̄ 1] zone axis
of crystalline cubic In2O3. The well-defined SAED pattern clearly
shows the diffraction spots representing {0 1 1}, {2 1 1}, and {2 0 0}
lattice planes of cubic In2O3. In addition, the SAED pattern shows
the presence of weaker ring patterns, presumably corresponding
to the polycrystalline structures of cubic Pd.
On the other hand, Fig. 4a shows a low-magnification TEM image
of a 700 ◦C-annealed core–shell nanowire. By comparing Fig. 4a
with Fig. 3a, we  observed that thermal annealing induced more
surface roughness. In order to reveal the nature of the rough sur-
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ig. 4. (a) Low-magnification TEM image of a 700 ◦C-annealed core–shell nanowire
anowire (inset: corresponding EDX elemental map  of In). (c) Lattice-resolved TEM

ace, we carried out EDX analysis on the 700 ◦C-annealed core–shell
anowires. While Fig. 4b exhibits the elemental map  of Pd, its

nset shows an associated elemental map  of In elements. From
hose elemental maps, we surmise that the sputtered Pd shell was
gglomerated by thermal annealing, resulting in partial exposure of
he surface of core In2O3 nanowires. Fig. 4c shows a lattice-resolved
EM image near the outer region of the 700 ◦C-annealed core–shell
anowire. In some regions, the spacing between lattice planes is
bout 0.25 nm,  corresponding to spacing d4 0 0 of tetragonal In2O3.
n other regions, it is noteworthy that the interlayer distances were

easured to be about 0.32 nm and 0.28 nm,  corresponding to the
1 1 1} and {2 0 0} planes of cubic PdO, with a lattice parameter of

 = 5.637 Å (JCPDS File No. 46-1211). Fig. 4d shows an associated
AED pattern, indicating that there exist diffraction spots corre-
ponding to the {0 1 1}, {2 1 1}, and {2 0 0} lattice planes of cubic
n2O3. In addition, there exist spots forming the diffusion rings of
2 2 0}, {2 0 0}, and {1 1 1} planes of the PdO phase.

We compared the NO2 sensing properties of the fabricated
ensors based on Pd-functionalized (i.e. 700 ◦C-annealed) In2O3
anowires and bare In2O3 nanowires, respectively. Fig. 5a displays
he current–voltage curves obtained at various NO2 pressures in
he range of 6.9 × 100–3.3 × 103 Pa for the sensors based on bare
nd Pd-functionalized In2O3 nanowires. As shown in Fig. 5a, both

ensors show current–voltage linear relationships in the measured
ange of NO2 pressures, clearly indicating that good ohmic con-
acts between the nanowires and the electrode layers were formed,
egardless of Pd functionalization. The ohmic contact enables us to
DX elemental map  of Pd elements taken from a typical 700 ◦C-annealed core–shell
e and (d) SAED pattern of 700 ◦C-annealed core–shell nanowires.

obtain more accurate sensing properties caused by the adsorption
and desorption process of gas molecules on the surface of In2O3
nanowires, compared to the contact showing a rectifying behavior.
Fig. 5b shows the log-log plots of the conductance as a function
of NO2 partial pressure. With the conductance exhibiting a strong
dependency on the NO2 pressure, we  suggest that its relationship
at a fixed temperature can be written as: � = AP1/m

NO2
, where � is

the electrical conductivity, A is the proportional coefficient, PNO2 is
the pressure of NO2 in the vacuum chamber and m is the exponent
revealing the conductivity mechanism. This behavior is similar to
the corresponding relationship in regard to the O2 sensing prop-
erties [41]. The values of 1/m were estimated to be −1/0.41 and
−1/0.29 for the bare and the Pd-functionalized In2O3 nanowires,
respectively. The negative values indicate that n-type conduction
behavior operates in both the bare and the Pd-functionalized In2O3
nanowires during adsorption and desorption of NO2. It is note-
worthy that the slope of the Pd-functionalized In2O3 nanowires
is much steeper than that of the bare In2O3 nanowires, strongly
suggesting that Pd functionalization significantly facilitates the
adsorption/desorption of NO2 on the surface of In2O3 nanowires.

Fig. 6a compares the transient responses at an NO2 concentra-
tion of 3 ppm, between the sensors fabricated from the bare and the
Pd-functionalized In2O3 nanowires, respectively. The resistance of

the sensors increases upon exposure to NO2, whereas it decreases
upon removal of NO2. A significant change in the shape of the
transient response has been introduced by Pd-functionalization.
The response times, defined as the time to reach 90% of the final
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Fig. 5. (a) Current–voltage (I–V) curves obtained at various NO pressures in the
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Fig. 6. (a) Dynamic responses at an NO2 pressure of 3 ppm, for sensors fabricated
from bare and Pd-functionalized In O nanowires. (b) Sensitivity change with vary-
2

ange of 6.9–3.3 × 103 Pa. (b) Log-log plots of conductance as a function of NO2 partial
ressure for sensors fabricated from bare and Pd-functionalized In2O3 nanowires.

alue of resistance, of the sensors fabricated from the bare, and the
d-functionalized In2O3 nanowires, are 60 and 235 s, respectively.
y Pd-functionalization, the resistance increases more abruptly by
xposing NO2 gas, revealing that Pd-functionalization effectively
uickens response time. The sensitivity (S) values were calcu-

ated according to the reported formula [21], S = �R/R = (Rg − R0)/R0,
here R0 is the initial resistance in the absence of NO2 and Rg is the

esistance measured in the presence of NO2. For both samples, the
ensor response clearly tracks changes in the NO2 environment, in
hich linear relationships were obtained between sensitivity and
O2 concentration in the range of 0–30 ppm (Fig. 6b). The sensi-

ivity of a semiconducting oxide is usually depicted as S = A[C]N + B,
here A and B are constants and [C] is the concentration of the tar-

et gas or vapor [42]. In the present study, the linear relationship
eveals N ≈ 1.0 for both samples. Most importantly, sensitivity was
harply enhanced by functionalizing the surface of In2O3 nanowires
ith Pd. Data fitting analyses revealed that S = 0.181[C] + 2.87

nd S = 0.0777[C] + 2.65 for Pd-functionalized and the bare In2O3
anowire sensors, respectively, suggesting that the enhancement
f sensitivity becomes more evident at higher NO2 concentrations.

The bundles of networked nanowires were deposited on the Si
ubstrate and subsequently, the Pd shell layer was  coated on the
n2O3 core nanowires (Fig. 1b). For functionalization, the core–shell
anowires were thermally heated and thus the Pd/PdO shell layer

as agglomerated to generate nanoparticle-like structures on the

urface of the core nanowires (Supplementary material, S-4). Fur-
hermore, the morphology of the agglomerated structure tended
o change with varying the annealing temperature. The agglomer-
2 3

ing the NO2 concentration, for sensors fabricated from bare and Pd-functionalized
In2O3 nanowires.

ation of Pd can be attributed to the relatively high surface tension of
Pd, in which Pd film is agglomerated to form Pd/PdO islands during
thermal annealing. Diaz et al. reported that the Pd catalytic parti-
cles on SnO2 nanopowders have been transformed to the PdO phase
by thermal annealing at 800 ◦C [43]. Also, Shin et al. reported that
the Pd/PdO nanoparticles were coalesced into larger PdO grains at
the silica surface, by the annealing at 700 ◦C [44]. The formation
mechanisms of PdO by thermal oxidation of Pd have been pre-
viously studied [45]. Although the annealing was carried out in
Ar ambient, there exists the air leakage or the residual oxygen in
the Ar flow, providing oxygen for the formation of PdO. The oxy-
gen diffusion into the Pd surface is an initial step in the formation
of PdO [46]. Although thin PdO films will form at low tempera-
tures, the oxide growth will be retarded due to the formation of
interfacial potential barrier blocks and thus the reduction of Pd
ions movement. If thin films are exposed to an oxidizing atmo-
sphere at elevated temperatures, thin PdO film will further grow,
in which Pd ions acquire enough energy to drive the oxygen ion-
ization.

Accordingly, we surmise that this technique can be applied
to other core oxide nanowires sheathed with noble metals, with
their generation and morphology being affected by properly adjust-
ing the metal layer thickness and the thermal annealing process.
Although the present sputtering technique needs to be devel-

oped to guarantee the uniform shell coating of core nanowires,
other advanced techniques including chemical vapor deposition
and atomic layer deposition can be applied.
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Fig. 6b reveals that the NO2 gas sensitivity has been enhanced
y Pd functionalization. From the XRD (Fig. 2c) and TEM investi-
ations, we surmise that the islands mainly consist of a mixture
f Pd and PdO phases. Based on our literature survey, not only
as the metal Pd been well known to promote spillover in a vari-
ty of gases, including H2 [47], O2 [48], and CO [49], but the PdO
an also induce spillover of H2 gas [50]. Accordingly, it is surmised
hat Pd/PdO can induce the spillover of other gases, including NO2
as.

We  surmise that the NO2 will react directly with surface indium
ons [51], as it is similar to the case of SnO2 surfaces. The adsorp-
ion of NO2 to the substrate surface can be accomplished in different
tates, including NO2

−, NO+, and NO− [52]. By the chemisorption
eaction; NO2 + e− → NO2

− [51,53],  the resistance can be increased
ith the abstraction of electrons from the In2O3 surface. Fur-

hermore, it is likely that the adsorbed NO2 species (NO2
−) are

issociated into NO(g) and O−(ad), according to the reaction;
O2

− → NO(g) + O−(ad) [51]. While gaseous NO will easily evapo-
ate, dissociated O− facilitates the filling of oxygen vacancies by
he following reactions: 2O− + VO•• + e− ↔ OO. Accordingly, these
rocesses further help to increase the resistance of In2O3. On the
ther hand, the adsorbed NO2 may  be dissociated into nitrosyl
orms (NO+, NO−). The O− is supposed to be generated according
o the reaction: NO2 → NO+ + O−(ad), which thereby contributes to
he increased resistance of In2O3. Also, oxygen adatoms may  be
roduced during the generation of NO−: NO2 + e− → NO− + O(ad).
he incorporation of oxygen adatoms can reduce oxygen vacan-
ies (VO•• ), with the formation of interfacial oxygen (OO) and
onsequent reduction of electrons as follows: O + VO•• + 2e− ↔ OO,
esulting in the increase of resistance [12]. Further detailed study
s necessary in order to reveal the effect of oxygen adatoms on the
ensing mechanisms.

We  revealed that Pd-functionalization improved the NO2-
ensing characteristics of In2O3 nanowires (Supplementary
aterial, S-4). The possible reasons for this will be discussed and

uggested as follows. One possibility is that the Pd/PdO dispersed
n the In2O3 surface will provide more active sites for NO2 adsorp-
ion. In the case of Pd-functionalized In2O3 nanowires, the NO2 is
asily adsorbed on Pd/PdO particles and the adsorbed species can
e migrated onto In2O3 core nanowire, which is less likely to be
dsorbed by NO2. S-4 describes the suppression of the conducting
hannel by Pd functionalization. Accordingly, by means of the NO2-
pillover effect, the adsorption of NO2 species will be facilitated
nd thus the depletion layer can be enlarged, with the underlying
onduction channel being suppressed. The reduction of conduc-
ance, which corresponds to the increase of the resistance, can
e converted to intensification of the sensing signal, which cor-
esponds to the enhancement of NO2 sensitivity. Also, sufficient
ensitivity can be attained even with a less amount of NO2 gas,
d-functionalization effectively will make the response time faster,
greeing with Fig. 6a.

Although further study is necessary, another possibility is that
d/PdO facilitates the dissociation of NO2 into ionized and/or non-
onized species, possibly including NO, O, NO2

−, NO+, and NO−. For
xample, with NO2 being a very efficient source of oxygen adatoms
n the Pd surface [48], it is possible that NO2 partially decomposes,
roducing adsorbed NO and oxygen adatoms (NO2 → NOa + Oa)
54]. In the case of Pd-functionalized In2O3 nanowires, the NO2
an be disassociated on Pd/PdO particles. Accordingly, by means
f the spillover effect, the dissociated species will be transferred
o In2O3 nanowires. Through the chemical reactions involving the
issociated species, resistance can be increased with the abstrac-
ion of electrons from the In2O3 surface. Accordingly, the reduction
f conductance by the enlargement of the depletion layer, which

orresponds to the increase of the resistance, can be converted to
he intensification of the sensing signal in regard to the NO2 gas.

[

mpounds 509 (2011) 9171– 9177

4. Conclusions

We  fabricated In2O3/Pd core–shell nanowires by means of a
two-step process, in which Pd layers were sputtered onto the sur-
face of networked In2O3 nanowires. Subsequently, the continuous
Pd shell layers were transformed into crystalline islands by ther-
mal  heating. SEM images indicate that thermal annealing induced
increased surface roughness and EDX investigation reveals that
the roughness is associated with the agglomeration of the sput-
tered Pd shell. XRD and TEM investigations coincidentally reveal
that the agglomerated islands on the nanowire surface mainly con-
sist of a mixture of cubic Pd and cubic PdO phases. In the NO2 gas
sensing test, due to Pd-functionalization, the resistance increases
more abruptly by exposing NO2 gas, quickening the response
time. Furthermore, the Pd-functionalized In2O3 nanowires exhib-
ited exceptionally higher sensitivity than the bare nanowires and
this tendency became more evident at higher NO2 concentrations.
The improvement of the sensing properties by Pd-functionalization
is due not only to the enhanced adsorption or dissociation of NO2,
but also to the associated spillover effects.
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