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a b s t r a c t
Nb2 O5 nanosensors with good sensing properties toward hydrogen and oxygen gases at high temperatures have been reported, but sensing performances of Nb2 O5 -based gas sensors are still unsatisfactory.
This study examined the sensing properties of Nb2 O5 -core/ZnO-shell nanorod sensors toward H2 gas.
The responses of pristine Nb2 O5 and Nb2 O5 -core/ZnO-shell nanorods to 10,000 ppm H2 at 300 ◦ C were
∼250% and ∼586%, respectively. The response and recovery times of Nb2 O5 -core/ZnO-shell nanorods at
10,000 ppm H2 at 300 ◦ C were 17 and 23 s, respectively, whereas those of pristine Nb2 O5 nanorods were
23 and 32 s. The response of the core–shell nanowire sensor to H2 gas showed strong dependence on
the shell layer thickness. The strongest response was obtained with a ZnO shell layer thickness of 46 nm,
which is equal to the maximum depletion layer width in the shell. The origin of the enhanced sensing
properties of Nb2 O5 -core/ZnO-shell nanorods toward H2 is also discussed.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Hydrogen (H2 ) gas is difﬁcult to detect because it is tasteless,
colorless and odorless. On the other hand, its inﬂammable and
explosive nature for special caution in its handling. Therefore, accurate hydrogen detection and continuous monitoring is essential for
safe production, storage and use of hydrogen in industry [1–3].
Recently, metal oxide 1D nanostructures have been used to fabricate hydrogen sensors with high performance owing to their
high surface area-to-volume ratios and novel carrier transporting
properties. Unlike individual 1D nanostructure sensors, multiple
networked 1D nanostructure sensors do not require precise techniques to connect the nanostructures, leading to lower sensor
fabrication costs and outstanding sensing performance [4].
Niobium pentaoxide (Nb2 O5 ) has many attractive properties,
such as good chemical stability, low ﬁlm stress, and a high refractive index [5,6]. Owing to these properties, Nb2 O5 has applications
in many ﬁelds such as catalysts, biocompatible materials [7], electrochromic coatings [8,9], batteries [10] and solar cells [11,12]. In
addition to these areas, the applications of Nb2 O5 to gas sensing
have also been exploited, but gas sensors-based on Nb2 O5 have
attracted less attention compared to those based on other metal
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oxides such as SnO2 , ZnO, TiO2 , In2 O3 , etc. because of poorer sensing
performances.
Nb2 O5 -based gas sensors operating at temperatures as high as
500 ◦ C were developed in the 1980s and 1990s. In 2006, Hyodo et al.
[13] reported the successful development of a Schottky diode-type
sensor based on a Pd electrode and Nb2 O5 thin ﬁlms. The sensor showed a rapid and strong response to hydrogen at 100 ◦ C. In
2008, Cvelbar et al. [14] reported on Nb2 O5 nanowire array sensors for oxygen gas detection. In 2012, Wang et al. [15] reported
Schottky diode sensors based on Nb2 O5 nanowires for hydrogen
gas detection. According to their report, response and response
times of ∼100% and 1.67 min, respectively, to 2000 ppm H2 gas were
obtained using Pt/Nb2 O5 Schottky diode sensors at room temperature. In 2013, Rani et al. [16] reported the hydrogen gas sensing
properties of Pt/Nb/Nb2 O5 /Pt metal–semiconductor–metal structure sensors based on nanoporous Nb2 O5 ﬁlms with nanovein-like
networks, coated with Pt at different ﬁlm thicknesses and temperatures. On the other hand, the performances of these sensors were
unsatisfactory. The development of Nb2 O5 -based gas sensors with
good room-temperature sensing performance is still a challenge.
Core–shell nanostructures are used widely to enhance the gas
sensing performance of 1D nanostructure sensors [17–19]. This
paper reports the synthesis of Nb2 O5 -core/ZnO-shell nanorods
by the thermal oxidation of niobium followed by the atomic
layer deposition (ALD) of ZnO, as well as the sensing properties of the core–shell nanorods toward hydrogen gas. The results
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show that encapsulation with ZnO enables Nb2 O5 nanorods to
detect hydrogen gas at room temperature with higher sensitivity and sensing speeds than reported previously. The origin of
the enhanced sensing performances of multiple-networked Nb2 O5 core/ZnO-shell nanorod sensors is discussed.
2. Experimental
2.1. Synthesis of Nb2 O5 -core/ZnO-shell nanorods
Nb2 O5 nanorods were synthesized by thermal oxidation of Nb
foil (99.8%, thickness: 0.25 mm, Alfa Aesar) in a quartz tube furnace. First, small pieces of Nb foil were placed at the center of a
small quartz tube with an internal diameter of 20 mm. The quartz
tube was then placed in the heating zone of a vacuum tube furnace. Subsequently, the system was evacuated for 10 min before
introducing oxygen and nitrogen gases. The temperature of the furnace was then increased to 1000 ◦ C at a heating rate of 10 ◦ C/min.
When the temperature reached 1000 ◦ C, O2 and N2 mixture gas was
introduced into the quartz tube at ﬂow-rates of 10 standard cubic
centimeters per minute (sccm) and 90 sccm, respectively, to initiate Nb oxidation. The oxidation process for the synthesis of Nb2 O5
nanorods lasted for 1 h. The O2 gas supply was then stopped and
the furnace was cooled to room temperature. Subsequently, the
as-synthesized Nb2 O5 nanorods were transferred to an ALD chamber to coat nanorods with ZnO. Diethylzinc (DEZn) and H2 O were
kept in bubblers at 10 ◦ C. The source gases were fed alternately into
the chamber through separate inlet lines and nozzles. The typical
pulse lengths were 0.1 s for DEZn (0 ◦ C), 0.2 s for H2 O (10 ◦ C) and 3 s
to purge the reactants. The substrate temperature and pressure in
the chamber were 150 ◦ C and 0.1 Torr, respectively.
2.2. Characterization
The morphology and structure of collected nanorod samples
were examined by scanning electron microscopy (SEM, Hitachi
S-4200) and transmission electron microscopy (TEM, Philips CM200), respectively. The crystallographic structures of the samples
were determined by glancing angle X-ray diffraction (XRD, Philips
X’pert MRD diffractometer) using Cu-K␣ radiation (0.154 nm) at a
scan rate of 4◦ /min, and a glancing angle of 0.5◦ with a rotating
detector.
2.3. Sensing tests
Metal electrodes, i.e. interdigital electrode (IDE) patterns were
fabricated by the sequential sputter-deposition of Ni (∼200 nm in
thickness) and Au (∼50 nm) thin ﬁlms followed by photolithography. A 200 nm thick SiO2 ﬁlm was also grown thermally on
single crystalline Si (1 0 0) substrates. On the other hand, pristine
Nb2 O5 and Nb2 O5 -core/ZnO-shell nanorod samples were separately dispersed ultrasonically in a mixture of deionized water
(5 ml) and isopropyl alcohol (5 ml), and dried at 90 ◦ C for 30 min.
A slurry droplet containing the nanorods (10 l) was placed onto
the SiO2 -coated Si substrates equipped with a pair of interdigitated (IDE) Ni (∼200 nm)/Au (∼50 nm) electrodes with a gap of
20 m. The gas sensing properties of the two different multiple
networked nanorod sensors prepared using the two different types
of nanorods were measured at 25 ◦ C in a quartz tube placed in
a sealed chamber with an electrical feed through. A set amount
of H2 gas (>99.99%) was injected into the testing tube through
a microsyringe to obtain a H2 concentration of 100–10,000 ppm
while monitoring the electrical resistance in the nanorods. All the
measurements were performed in a temperature-stabilized sealed
chamber at 300 ◦ C under 50% RH. One sensing cycle consisted of
introducing a ﬂow of 200 cm3 /min of synthetic air for 10 min to
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achieve a baseline, changing to 200 cm3 /min of the sensing gas/air
mixture for 3 min, followed by changing back to 200 cm3 /min of
synthetic air ﬂow for a 15 min sensor recovery. Each experiment
consisted of a total of ﬁve cycles. The electrical resistance of the
gas sensors was determined by measuring the electric current at
room temperature that ﬂowed when a potential difference of 1 V
had been applied between the Ni/Au IDEs. A Keithley sourcemeter2612 was used to acquire the resistance data. The sourcemeter was
connected to a computer through a universal serial bus connector. The electrical resistance of the nanowire sensor was monitored
while a set amount of H2 gas was injected into the testing tube. The
response of the sensors to H2 is deﬁned as Ra /Rg × 100 (%), where
Ra and Rg are the electrical resistances in the sensors in air and the
target gas, respectively.

3. Results and discussion
Fig. 1(a) shows a SEM image of Nb2 O5 -core/ZnO-shell 1D nanostructures. The 1D nanostructures exhibited a rod-like morphology
with widths and lengths ranging from 20 to 70 nm and 10 to 20 m,
respectively. A high-resolution TEM (HRTEM) image (Fig. 1(b))
showed two different regions: (a) a darker region on the left hand
side of the image with a fringe pattern with spacings of 0.364 and
0.331 nm corresponding to the interplanar distances of the {1̄ 1 1}
and {1 1 1} lattice planes, respectively, in bulk crystalline Nb2 O5 ,
and (b) a brighter region on right hand side of the image with
a fringe pattern with a spacing of 0.282 nm corresponding to the
interplanar distance of the {1 0 0} lattice plane in bulk crystalline
ZnO. The corresponding selected area electron diffraction (SAED)
pattern (Fig. 1(c)) showed a combination of clear and dim diffraction spots all of which were assigned to monoclinic-structured
Nb2 O5 . Structural analysis of the spotty pattern revealed all the
spots on the pattern to be from monoclinic-structured Nb2 O5 .
The XRD pattern of Nb2 O5 -core/ZnO-shell nanorods (Fig. 1(d))
showed reﬂection peaks that were assigned to monoclinicstructured Nb2 O5 with lattice constants of a = 1.274 nm,
b = 0.556 nm, c = 0.4883 nm and ˇ = 105.02◦ (JCPDS No. 80-2493)
and those assigned to wurtzite-structured ZnO with lattice
constants of a = 0.3253 nm and c = 0.5213 nm (JCPDS No. 89-1397).
The appearance of several small reﬂection peaks assigned to
wurtzite-structured ZnO suggests that the ZnO shell was polycrystalline rather than amorphous, but fringe patterns were not
observed clearly in the HRTEM image of the core–shell nanorod
(Fig. 1(b)) and no clear ring pattern was detected in the SAED
pattern. The relatively weak reﬂection intensities of ZnO compared
to those of Nb2 O5 might be due to the inferior crystal quality of the
ZnO shells to that of the Nb2 O5 cores and smaller mean width of
the ZnO shell layers compared to the mean diameter of the Nb2 O5
cores in the nanorods. Based on the TEM and XRD analyses, we may
conclude that the Nb2 O5 cores and ZnO shells of the core–shell
nanorods are monocrystalline and polycrystalline, respectively.
Fig. 2(a) and (b) show the dynamic responses of the pristine Nb2 O5 and Nb2 O5 -core/ZnO-shell nanorods, respectively, to
a typical reducing gas H2 at room temperature, respectively.
The sensor responded well to H2 gas. The resistance decreased
reversibly with each H2 pulse. The electrical behavior of the sensors was consistent, recovering their original resistance without
hysteresis after repeated exposure to H2 gas at different concentrations. Table 1 lists the responses calculated from Fig. 2(a) and
(b). The pristine Nb2 O5 nanorods showed responses of approximately 125–250% to 100–10,000 ppm H2 , respectively (Table 1).
In contrast, the Nb2 O5 -core/ZnO-shell nanorods showed responses
of approximately 156–586% to 100–10,000 ppm H2 , respectively
(Table 1). Consequently, encapsulating Nb2 O5 nanorods with ZnO
led to 1.3–2.3 fold stronger responses to 100–10,000 ppm H2 .
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Fig. 1. (a) SEM image of Nb2 O5 -core/ZnO-shell nanorods. (b) High-resolution TEM image and (c) corresponding SAED pattern of the Nb2 O5 -ZnO interface region of a typical
Nb2 O5 -core/ZnO-shell nanorod. (d) XRD pattern of the Nb2 O5 -core/ZnO-shell nanorods.

Fig. 2. Electrical responses of the gas sensors fabricated from (a) pristine Nb2 O5 , (b) Nb2 O5 -core/ZnO nanorods to 100, 500, 1000, 5000 and 10,000 ppm H2 gas at 300 ◦ C. (c)
ZnO shell layer thickness vs. number of ALD cycles. (d) Response of Nb2 O5 -core/ZnO-shell nanorods to 10,000 ppm H2 at 300 ◦ C as a function of the shell layer thickness. The
number in the bracket is the number of ALD cycles for the corresponding ZnO shell layer thickness.
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Table 1
Responses, response times and recovery times of pristine and Nb2 O5 -core/ZnO-shell nanorods to hydrogen at different concentrations at 300 ◦ C.
Hydrogen conc. (ppm)

100
500
1000
5000
10,000

Response (Ra /Rg )

Response time (s)

Recovery time (s)

PristineNb2 O5

Nb2 O5 /ZnO
(tZnO = 46 nm)

Pristine
Nb2 O5

Nb2 O5 /ZnO
(tZnO = 46 nm)

Pristine
Nb2 O5

Nb2 O5 /ZnO
(tZnO = 46 nm)

121.66
129.21
138.46
155.00
250.05

155.67
182.60
238.89
312.74
586.30

28
27
29
27
23

21
23
22
24
17

27
29
28
29
31

22
18
22
23
23

Table 1 also shows that the response and recovery times of the
Nb2 O5 -core/ZnO-shell nanorods are 3–11 s shorter than those of
the pristine Nb2 O5 nanorods for the H2 gas with the same concentration, respectively. The responses obtained using multiple
networked Nb2 O5 -core/ZnO-shell nanorod sensors in this study
were obviously stronger than those of approximately 50–100% to
100–2000 ppm H2 obtained by Wang et al. [15] using Pt/Nb2 O5
Schottky diode sensors. The response times of the multiple networked Nb2 O5 -core/ZnO-shell nanorod sensors fabricated in the
present study were far shorter than those of the Pt/Nb2 O5 Schottky
diode sensors fabricated by Wang et al. [15]. The former was in the
range of 17–21 s to 100–10,000 ppm, whereas the latter was in the
range of 1.67–4.08 min to 100–2000 ppm H2 [15]. Table 2 shows
that the responses and response times obtained in this study using
multiple-networked Nb2 O5 nanorod-based sensors are stronger
and much shorter, respectively than other nanomaterial-based
Schottky diode-type sensors as well as Nb2 O5 -based Schottky
diode-type sensors [4,13,15,20]. These results suggest that multiple
networked 1D nanostructure sensors, which can be fabricated more
easily, show superior H2 gas sensing performances to Schottky
diode-type nanostructure sensors, which require precise techniques to connect the nanostructures.
Fig. 2(c) shows that the ZnO shell layer thickness is proportional to the number of ALD cycles after 20 cycles. Fig. 2(d) and
Table 2 shows the electrical responses of the Nb2 O5 -core/ZnO shell
nanowires with different shell layer thicknesses to 10,000 ppm H2
at 300 ◦ C and the responses at different shell layer thicknesses,
respectively. Table 2 shows the strong dependence of the response
on the shell layer thickness, suggesting that the sensing properties of the core–shell nanowire sensor are related intimately to
the depletion layer width. The strongest response was obtained
for a shell layer thickness of 46 nm, which is close to 2D , where
D (ZnO) = ∼21.7 nm [19], i.e. the maximum thickness of the ZnO
shell layer completely depleted of electrons, as will be discussed
later. The value of the Debye length for oxide semiconductor
depends upon the carrier concentration, layer porosity, etc. The
value can thus vary largely in samples under different preparation
methods. The carrier concentration for the ZnO thin ﬁlm prepared
on the Si (1 0 0) substrate by ALD was determined by Hall measurement was 5.1 × 1016 /cm3 . The Debye length of ZnO calculated using
this carrier concentration was ∼21.7 nm.

The hydrogen sensing mechanism of metal oxide semiconductors is well established based on the surface depletion model
and can be summarized as follows [21,22].
In air, oxygen molecules are chemsorbed on the Nb2 O5 nanorod
surface and form oxygen ions by extracting electrons from the conduction band of Nb2 O5 :
O2 (g) = O2 (ad)
−

(1)
−

O2 (ad) + e = O2 (ad)
−

−

(2)

−

O2 (ad) + e = 2O (ad)

(3)

These reactions produce an electron depletion region near the
Nb2 O5 nanorod surface, leading to an increase in resistance. If
the nanorod sensor is exposed to hydrogen gas, the hydrogen
molecules will react with the adsorbed oxygen species.
H2 + 1/2O2 − (ad) = H2 O + e−

(4)

H2 + O− (ad) = H2 O + e−

(5)

These reactions are exothermic and the H2 O molecules produced will desorb from the surface. The electrons released will
decrease the depletion layer width, leading to a decrease in the
resistance of the nanorod sensor. Upon rexposure of the sensor to
the air ambient, the depletion layer width will increase again by
adsorbing oxygen species as expressed in Eqs. (1)–(3). The resistance will recover to its initial level. The surface chemisorption of
dissociated hydrogen might play an important role in hydrogen
sensing. During chemisorption hydrogen dissociated on the surface of a semiconductor acts as a surface state and electron transfer
takes place from hydrogen to the conduction band of Nb2 O5 . This
results in the formation of an electron accumulation layer on the
Nb2 O5 nanorod surface, leading to a decrease in resistance. If the
hydrogen gas supply is stopped, electron transfer back to hydrogen
will occur and thus the original resistance will be recovered due to
the elimination of the accumulation layer.
On the other hand, the enhanced sensitivity of the Nb2 O5 core/ZnO-shell nanorods induced by encapsulation with ZnO can
be explained based on the combination of surface depletion and
potential barrier-controlled carrier transport models [23,24]. If an
Nb2 O5 -ZnO interface is created, the following two phenomena can
occur sequentially or simultaneously: (1) transfer of electrons from

Table 2
Responses of Nb2 O5 /ZnO shell nanorods with different shell layer thicknesses to hydrogen at 300 ◦ C.

Nb2 O5 NW (MN)
Nb2 O5 /ZnO NW (MN)
Pd/Nb2 O5 ﬁlm (SD)
Pd/Nb2 O5 NW (SD)
SnO2 NB sensor (SD)
Single ZnO NR (SD)

Response (%)

Response time (s)

122
156
–
100
60
4

28
21
420
240
220
30–40

H2 conc. (ppm)
100
100
8000
100
20,000
200

Temp. (◦ C)

Ref.

300
300
100
RT
20–80
RT

Present work
Present work
Hyodo et al. [13]
Wang et al. [15]
Field et al. [20]
Lupan et al. [4]

MN, multiple networked sensor; SD, Schottky diode-type sensor; NB, nanowire; NB, nanobelt; NR, nanorod; RT, room temperature.
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4. Conclusions
Encapsulating Nb2 O5 nanorods with ZnO led to 1.3–2.3 fold
stronger response, respectively, to 100–10,000 ppm H2 . The
response and recovery times of Nb2 O5 -core/ZnO-shell nanorods
were also shorter than those of pristine Nb2 O5 nanorods, respectively. The responses to H2 obtained using multiple networked
Nb2 O5 -core/ZnO-shell nanorod sensors in this study were higher
than that the ∼100% response to 2000 ppm H2 reported by Wang
et al. using Pt/Nb2 O5 Schottky diode sensors. The response and
recovery times of the former were far shorter than the latter. The
response of the core–shell nanowire sensor showed strong dependence on the shell layer thickness. The strongest response was
observed for the shell layer thickness of 46 nm which corresponded
to a maximum thickness of the ZnO shell layer completely depleted
of electrons upon exposure to air ambient. The enhanced sensing
performance of the Nb2 O5 -core/ZnO-shell nanorods induced by
encapsulation with ZnO was explained based on a combination of
surface depletion and potential barrier-controlled carrier transport
models.
Fig. 3. Energy band diagram of the Nb2 O5 -core/ZnO-shell nanorod with a shell layer
thickness larger than 2D (ZnO): energy bandgap of Nb2 O5 = 3.4 eV [23], electron
afﬁnity of Nb2 O5 = 4.0 eV [24], energy bandgap of ZnO = 3.37 eV [25] and electron
afﬁnity of ZnO = 4.35 eV [26]. The diagram is not drawn to scale.

Nb2 O5 to ZnO due to the difference in valence band minimum
(Ev ) and Fermi energy level (EF ) between the two materials and
(2) trapping of electrons by the interface states in the interfacial
layer. This carrier trapping would create depletion layers both in
the Nb2 O5 and ZnO near the interface as well as a potential barrier at
the Nb2 O5 -ZnO interface similar to that existing at the grain boundary in polycrystalline silicon. The surface depletion layer width is
known to be the order of Debye length D [25,26]. Two depletion
layers form in each Nb2 O5 -core/ZnO-shell nanowire: one with a
thickness of ∼D (Nb2 O5 ) + D (ZnO) due to the Nb2 O5 –ZnO interface, and another with a thickness of ∼D (ZnO) due to the outer
surface of the ZnO shell (Fig. 3). The Debye length of Nb2 O5 was
assumed to be ∼28 nm [27]. Consequently, the width of the depletion layer formed on the ZnO shell side in a Nb2 O5 -core/ZnO-shell
nanorod is approximately twice as large as that of the pristine
Nb2 O5 nanorods. This increased depletion layer width would lead
to an increased change in resistance and thus an enhanced sensitivity.
In addition to the increased depletion layer width, the formation
of a potential barrier at the Nb2 O5 –ZnO interface due to electron
trapping in the interface states should be considered in explaining the enhanced sensitivity of the core–shell nanowires. Upon
exposure to H2 gas, effective energy barrier at the heterojunction,
Фeff will decrease, whereas Фeff will increase when H2 gas supply
is stopped. Thus, the potential barrier is modulated by adsorption and desorption of gas molecules, which would increase the
change in resistance. Therefore, the interface acts as a lever through
which electron transfer is either facilitated or restrained, resulting in enhanced sensing performance of the core–shell nanowire
sensor. In addition to the potential barrier at the Nb2 O5 –ZnO heterojunction, the multiple networked core–shell nanorod sensor has
another type of potential barrier that should be overcome on their
pathways by carriers before carriers reach the electrode of the
sensor: the potential barrier constructed at the ZnO–ZnO homojunction where two Nb2 O5 -core/ZnO-shell nanorods contact each
other. Of these two types of potential barriers, the barrier at the
Nb2 O5 –ZnO heterojunction might make a greater contribution to
the enhanced sensitivity than that at the ZnO-ZnO homojunction
because there is a larger number of heterojunctions in the multiple
networked core–shell nanowire sensor than homojunctions.
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