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Room-Temperature Hydrogen Gas Sensing Properties of the Networked
Cr2O3-Functionalized Nb2O5 Nanostructured Sensor
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Cr2O3-functionalized Nb2O5 nanoparticles were synthesized via a facile hydrothermal route. The multiple-networked Cr2O3-functionalized Nb2O5 nanostructured sensor showed enhanced H2 gas sensing performance
compared to its pristine Nb2O5 nanostructure counterpart. The Cr2O3-functionalized Nb2O5 nanostructure sensor
showed responses of 5.24 to 2 ppm of H2 at room temperature, whereas the pristine Nb2O5 nanoparticle sensors
showed responses of 2.29. The former also exhibited a faster response to H2. The multiple-networked pristine
and Cr2O3-functionalized Nb2O5 nanostructured sensors were stronger and much shorter, respectively, than
other nanomaterial-based Schottky diode-type sensors and Nb2O5-based Schottky diode-type sensors. The underlying mechanism for the enhanced sensing performance of the Cr2O3-functionalized Nb2O5 nanostructured sensor
towards H2 gas is discussed in detail. Particular emphasis is placed on the role of the Cr2O3-Nb2O5 p-n junction
in the Cr2O3-functionalized Nb2O5 nanostructure sensor.
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1. INTRODUCTION
Over the past several decades, oxide semiconductor-based
gas sensors have been studied extensively because of their
high sensitivity, but the high operating temperature is one of the
limitations of oxide semiconductor-based gas sensors. Several
techniques, including metal catalyst doping [1-3], heterostructure
formation [4-7] and UV light irradiation [8,9], have been studied to enhance the sensing performance of nanostructured
oxide semiconductor-based gas sensors at low temperatures.
Of the above techniques, heterostructure formation techniques
to enhance the sensing performance of MOS sensors have been
studied intensively [10-12]. Heterostructures can be formed
by the surface functionalization of metal oxide semiconductor
nanostructures with oxide semiconductor nanoparticles [4,5]
or metal oxide semiconductor core-shell nanostructures [6,7].
These heterostructures are commonly synthesized by a combination of complicated dry and wet techniques.
Niobium pentoxide (Nb2O5) is an oxide semiconductor with
many attractive properties such as good chemical stability,
high refractive index, and low film stress [13,14]. Owing to
these properties, Nb2O5 has many applications, such as solar
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cells, batteries, electrochromic coatings, biocompatible materials, catalysts, and gas sensors [15]. Nb2O5-based gas sensors,
however, have attracted less attention than sensors based on
other metal oxide semiconductors such as SnO2, ZnO2, In2O3,
TiO2, and WO3. The successful development of a Schottky
diode-type sensor based on Nb2O5 [15], and Nb2O5-based gas
sensors have been reported [16-19]. In 2008, Cvelbar et al.
reported Nb2O5 nanowire array sensors for the detection of
oxygen gas [16]. In recent years, the strong responses of Nb2O5based gas sensors, particularly those sensitive to hydrogen (H2),
have been reported. Regarding the detection of hydrogen gas,
several groups fabricated Nb2O5–based Schottky diode sensors and examined their H2 gas sensing performance, as listed
in Table 1 [15,17,19-21]. Wang et al. obtained the response
and response times of ~100% and 1.67 min, respectively, to
2,000 ppm H2 gas at room temperature using Pt/Nb2O5 Schottky
diode sensors [17]. Rania et al. detected hydrogen gas
using Pt/Nb/Nb2O5/Pt metal–semiconductor–metal structure
sensors [18]. More recently, park et al. reported the H2 gas
sensing performance of a multiple-networked Nb2O5/ZnO
core-shell nanowire sensor at 300 °C [19]. Nevertheless,
Nb2O5-based gas sensors that can be operated at roomtemperature require further improvement in sensitivity for
practical use.
In this study, networked Cr2O3-functionalized Nb2O5 nanostructures were fabricated using a facile and cost-effective wet
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technique and their H2 gas sensing properties were examined. H2 gas is difficult to detect because it is tasteless, colorless and odorless, but its inflammable and explosive nature
calls for special caution in its handling. Therefore, accurate
hydrogen detection and continuous monitoring is essential
for the safe production, storage and use of hydrogen in industry [20,22]. In this study, a multiple-networked networked
Cr2O3-functionalized Nb2O5 nanostructure sensor showed a
superior gas sensing performance to its Schottky diode-type
counterpart [20,21,23-25] and its room-temperature H2 gas
sensing performance is comparable to those of the other metal
oxide semiconductor-based gas sensors operated at higher
operating temperatures.

2. EXPERIMENTAL PROCEDURES
2.1. Fabrication of networked nanostructure sensors
Interdigital electrode (IDE) patterns between neighboring
electrodes were fabricated by the sequential sputter-deposition of Ti (~10 nm in thickness) and Au (~100 nm) thin films
followed by photolithography. A multiple-networked nanoparticle sensor was fabricated by placing a slurry droplet containing
the nanoparticles (10 µl) onto the SiO2-coated Si substrates
equipped with a pair of Ni (~200 nm)/Au (~50 nm) IDEs with
a gap of 20 μm.
2.2. Syntheses of the pristine and Cr2O3-functionalized Nb2O5
nanostructures
Pristine Nb2O5 nanoparticles and Cr2O3-functionalized Nb2O5
nanoparticles were synthesized on the SiO2/Si substrates via
a facile hydrothermal route. The Nb2O5 powders were synthesized as follows: A 100-mM NbCl5 solution was prepared
by dissolving NbCl5 in isopropyl alcohol (IPA). A 20 ml sample
of the NbCl5 solution was mixed with 5 ml of a 1 M NaOH
solution and the mixed solution was well stirred. A 1 : 1 mixture
of this solution and distilled water was maintained in an autoclave at 150 °C for 24 h. Subsequently, a solution containing
white-colored Nb2O5 powders was obtained. The precipitated
powders were collected by removing the liquid leaving the
powders behind. The powders were cleaned using a mixed
solution of DI water, acetone and IPA (DI water : acetone : IPA =
1:1:1). The cleaned powders were annealed at 500 °C for 1 h at
1 mTorr. The Cr2O3 powders were prepared as follows: First,
50-mM solution was prepared by dissolving chromium acetate monohydrate (Cr(CH3COO)2·H2O) in distilled water. A
10 ml sample of 28% NH4OH solution was then added to
this solution. The mixed solution was well stirred and maintained in an autoclave at170 °C for 10 h. A solution containing
bluish green-colored Cr2O3 powders were obtained. The precipitated powders were collected by removing the liquid leaving
the powders behind. The powders were cleaned with a mixed
solution of DI water, acetone and IPA (DI water : acetone :
IPA = 1:1:1). The cleaned powders were annealed at 500 °C for

1 h in vacuum at 1 mTorr. The three different solutions, 40 mg
of Nb2O5 powders and 10 mg of Cr2O3 powders, were placed
in 50 ml of the IPA solution. Subsequently, the solution containing the Nb2O5 and Cr2O3 nanoparticles (Nb2O5 : Cr2O3 = 4:1)
were dripped onto a SiO2/Si substrate with the IDE pattern (Ti/
Au: 10 nm/100 nm) and then dried at 150 °C for 1 min to form
a Cr2O3-functionalized Nb2O5 nanoparticle sensor. In a similar
manner, a pristine Nb2O5 nanoparticle sensor was fabricated
by dripping a solution containing the Nb2O5 nanoparticles
onto the SiO2/Si substrate with an IDE pattern.
2.3. Characterization
The morphology and structure of the collected nanoparticle
samples were examined by scanning electron microscopy
(SEM, Hitachi S-4200) and glancing angle X-ray diffraction
(XRD, Philips X’pert MRD diffractometer) using Cu-Kα radiation (0.15406 nm) at a scan rate of 4°/min, and a glancing
angle of 0.5° with a rotating detector, respectively.
2.4. Sensing tests
The flow-through technique was used to examine the gas
sensing properties of the nanoparticle sensors in a tube-type
resistance furnace. H2 gas diluted with dry air, the concentration of which ranged from 0.05-2 ppm, was injected into the
quartz tube of the furnace at a flow rate of 200 standard cubic
centimeters per minute (sccm). All electrical measurements
were conducted in a sealed chamber at room temperature under
40% RH. Details of the sensing test procedure are described
elsewhere [26]. The electrical resistance was measured at a
DC voltage of 1 V across the nanoparticle sensor using a
Keithley sourcemeter-2612.

3. RESULTS AND DISCUSSION
Figure 1(a) presents a plan-view SEM image of the Cr2O3functionalized Nb2O5 nanostructures. The Nb2O5 and Cr2O3
particles showed very different morphologies. Nb2O5 nanostructures have a larger orthorhombic or cylindrical shape,
whereas the Cr2O3 particles have a much smaller spherical
shape. A typical size of the Nb2O5 nanostructures was ~50 nm
×100 nm×170 nm. In contrast, the diameters of the Cr2O3
nanoparticles ranged from 10 to 30 nm. Figure 1(b) presents
the XRD patterns of the pristine Nb2O5 nanostructures and
Cr2O3-functionalized Nb2O5 nanostructures. The pristine Nb2O5
nanoparticle sample exhibited sharp and strong reflections
assigned to monoclinic-structured Nb2O5 with lattice constants
of a = 1.274 nm, b = 0.4883 nm, c = 0.556 nm and β = 105.02°
(JCPDS No. 80-2493), suggesting that the Nb2O5 nanoparticles were crystalline. In contrast, the Cr2O3-functionalized Nb2O5
nanostructures exhibited several weak reflections, which can
be assigned to rhombohedral-structured polycrystalline Cr2O3
and monoclinic-structured crystalline Nb2O5.
Figures 2(a) and 2(b) show the dynamic resistance curves
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of the pristine and Cr2O3-functionalized Nb2O5 nanostructured sensors, respectively, towards H2 gas at room temperature. Upon exposure to H2 gas, the resistances of the sensors
decreased rapidly and reached a minimum. They then recovered
slowly to their initial resistances after stopping the H2 gas
supply and exposing the sensors to air. The electrical behaviors of the sensors were reversible and reproducible. Figure
3(a) shows the responses of the pristine and Cr2O3-functionalized Nb2O5 nanostructured sensors as a function of the H2
gas concentration. The response of the sensors was defined

Fig. 1. (a) SEM image of the Cr O -functionalized Nb O nanostructures.
(b) XRD patterns of pristine and Cr O -functionalized Nb O nanostructures.
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Fig. 2. Dynamic response curves of (a) the pristine Nb O and (b) Cr O functionalized Nb O nanostructure sensors at room temperature.
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Fig. 3. (a) Electrical responses, (b) Response times, and (c) recovery
times of the pristine and Cr O -functionalized Nb O nanostructure
sensors towards H gas at room temperature.
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as Ra/Rg, where Ra and Rg are the electrical resistances in the
sensors in air and H2 gas, respectively. The Cr2O3-functionalized
Nb2O5 nanostructured sensor showed stronger responses to
H2 gas than the pristine Nb2O5 nanostructured sensor over the
entire H2 concentration range. Figs. 3(b) and 3(c) show the
response time and recovery time of the two sensors, respectively, as a function of the H2 concentration. In this study, the
response and recovery times were defined as the times to
reach 90% of the resistance change upon exposure to H2 gas
and air, respectively. The Cr2O3-functionalized Nb2O5 nanostructured sensor exhibited shorter response and recovery
times than the pristine Nb2O5 nanostructured sensor. The
response reaction includes the following serial reactions: (1)
the in-diffusion of hydrogen onto the sensing surface, (2) the
adsorption of hydrogen, and (3) the dissociation and ionization of hydrogen. Considering the relatively fast gas diffusion, the higher response rate of Cr2O3-functionalized Nb2O5
nanostructured sensors was attributed to the enhanced surface
reactions involving adsorption, dissociation, and the ionization
of hydrogen in the presence of polycrystalline Cr2O3 nanoparticles [27]. These rapid response and recovery characteristics
might be attributed to the rapid gas diffusion through the polycrystalline Cr2O3 nanoparticles and the enhanced surface reaction by the Cr2O3 nanoparticles.
Table 1 lists that the responses and response times obtained
using the multiple-networked pristine and Cr2O3-functionalized Nb2O5 nanostructured sensors. The response and response
times were stronger and much shorter, respectively, than the
Nb2O5-based Schottky diode-type sensors [15,16] and Nb2O5based multiple-networked nanowire-type sensors [19] as well
as other reported nanomaterial-based Schottky diode-type sensors [20,21]. These results suggest that simple multiple-networked nanostructured sensors show higher H2 gas sensing
performance than Schottky diode-type sensors, requiring precise techniques to connect the nanostructures and nanowiretype sensors, as well as more expensive and precise dry
techniques for synthesizing the nanowires. Figure 4 shows
the selectivity patterns of the sensors. The sensing response
to H2 gas was stronger than that to the other gases, suggest-

Fig. 4. Electrical responses of the pristine and Cr O -functionalized
Nb O nanostructure sensors to different gases at room temperature.
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ing that both sensors have excellent selectivity to H2 gas.
The hydrogen sensing mechanism of the metal oxide semiconductors is well established based on the surface depletion
model [28,29]. Upon exposure to air, oxygen molecules are
readily adsorbed at the Nb2O5 nanostructure surface and then
take electrons from the conduction band of Nb2O5 as expressed
in the following equation:
-

2-

1/2O2(g) + 2 e ↔ O (ad).

(1)

2-

−

The stable oxygen ions are O below 150°C, O between 150
and 400 °C, and O−2 above 400 °C [27]. In this study, O2− must
form predominantly because the sensing tests were carried
out at room temperature.
When the nanostructure sensor is exposed to hydrogen
gas, the hydrogen molecules react with the adsorbed oxygen
species.
2-

-

H2 + 1/2 O (ad) = H2O + e
H2 + O (ad) = H2O + e

(2)
(3)

Table 1. Responses, response times and recovery times of Nb O -based nanostructured sensors along with SnO and ZnO Schottky diode
sensors to hydrogen
2

5
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o

Response
Response time (sec)
H conc. (ppm)
Temp. ( C)
Ref.
2.29
83
200
RT
This study
Nb O NS (MN)
5.24
40
200
RT
This study
Cr O /Nb O NS (MN)
1.22
28
100
300
Park et al. [19]
Nb O NW (MN)
1.56
21
100
300
Park et al. [19]
Nb O /ZnO NW (MN)
420
8,000
100
Hyodo et al. [15]
Pd/Nb O film (SD)
1.00
240
100
RT
Wang et al. [17]
Pd/Nb O NW (SD)
0.60
220
20,000
20-80
Field et al. [20]
SnO NB sensor (SD)
Single ZnO NR (SD)
0.04
30-40
200
RT
Lupan et al. [21]
*MN: Multiple networked sensor, SD: Schottky diode-type sensor, NW: nanowires, NB: nanobelts, NR: nanorods, NS: nanostructures, RT: room
temperature
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Fig. 5. Schematic diagrams of the pristine and Cr O -functionalized Nb O nanostructures in air and in H showing the depletion and accumulation layers and corresponding energy band diagrams. The figures are not drawn to scale. W and W denote the conduction channel widths of the
pristine Nb O nanostructure sensor in air and H gas, respectively, and W , and W denote those of the Cr O -functionalized Nb O nanostructure sensor in air and H gas, respectively. E and E denote the potential barrier heights of the Cr O -functionalized Nb O nanostructure sensor in
air and H gas, respectively.
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The electrons released will decrease the depletion layer width
and increase the conduction channel width, resulting in a
decrease in the resistance of the nanostructure sensor.
On the other hand, the enhanced response of the Cr2O3-functionalized Nb2O5 nanostructured sensor induced by Cr2O3
functionalization can be explained by a combination of electrical [28-33] and chemical mechanisms [34-36]. In the electrical mechanism, i.e., the Fermi energy control mechanism,
hydrogen gas reacts with the oxygen adsorbed on the surfaces
of the Cr2O3 nanoparticles, releasing electrons, which are transported to Nb2O5. The enhanced sensitivity is based on the modulation of the width of the depletion layer formed near the
surface of Nb2O5 around each Cr2O3 particle [28,29].
The current flows preferentially through the conduction
channel along the Nb2O5 nanostructure axis in parallel to the
depletion layer formed in the boundary between Cr2O3 and
Nb2O5, not passing through the Cr2O3-Nb2O5 interface. The
Cr2O3-Nb2O5 interface is anticipated to show a rectifying contact characteristics commonly because it is a p-n junction.
On the other hand, the I-V characteristic curve of the pristine
and Cr2O3-functionalized Nb2O5 nanostructures shown in

Figs. 6 (a) and (b), respectively, did not sexhibit non-linear or
rectifying properties but linear characteristics. This suggests
that the current passing through the Cr2O3-Nb2O5 interface is
negligible compared to that flowing through the center region
of the Nb2O5 nanostructure. Therefore, the electronic mechanism
must be explained by the surface depletion model rather than
the potential barrier-controlled carrier transport model.
In air, a depletion layer and an accumulation layer form at
the surfaces of the Nb2O5 nanostructure and Cr2O3 nanoparticle, respectively, due to electron transfer from the conduction
band of Nb2O5 to the oxygen atoms adsorbed on the Nb2O5
side and the generation of holes on the Cr2O3 side, respectively.
Compared to the pristine Nb2O5 nanostructures, the Cr2O3functionalized Nb2O5 nanostructures have a somewhat thicker
depletion layer than the pristine Nb2O5 nanostructures due to
electron transfer from the Nb2O5 nanostructure to the Cr2O3
nanoparticle. In Fig. 5, in hydrogen, however, the conduction
path might actually be even wider because hydrogen causes
the Cr2O3 to become less p-type, resulting in a smaller Cr2O3induced (p-n junction) contribution to the depletion region,
compared to a pristine nanostructure. The Cr2O3 is a p-type
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and are considerably larger than the nanoparticles. Therefore.
the main current flows through the networked sensor along
the connected Nb2O5 nanoplates. On the other hand, in the
chemical mechanism, the enhanced sensitivity is based on
the excellent catalytic activity of Cr2O3 [34-36]. Cr2O3 activates
the catalytic oxidation of hydrogen as well as the catalytic dissociation of oxygen and hydrogen molecules because Cr2O3 has
much higher catalytic ability than Nb2O5. In other words, the
gas is spilt over the, Cr2O3 nanoparticle and transported to the
Nb2O5 surface. During the spill-over step, hydrogen oxidation
is activated by the catalytic activity of the Cr2O3 nanoparticle.
In addition to the stronger catalytic activity of the Cr2O3
nanoparticle, the functionalization of n-type Nb2O5 nanostructures with p-type Cr2O3 nanoparticles might have the following
two advantages: (1) P-type semiconductors such Cr2O3 generally have stronger adsorption property of oxygen molecules
than n-type semiconductors such as Nb2O5 [37-39]; and (2)
crystallographic defects are formed at the Cr2O3-Nb2O5 interface due to lattice mismatch between the two materials, which
provides preferential adsorption sites for oxygen and hydrogen molecules [40,41].

4. CONCLUSIONS

Fig. 6. I-V characteristic curves of the (a) pristine and (b) Cr O -functionalized Nb O nanostructure sensors at room temperature.
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semiconductor. The oxide surface of a p-type semiconductor
is covered readily with chemisorbed oxygen. Therefore, at a
sensing temperature of 300◦C, the adsorption of negatively
charged oxygen can generate the holes according to the following equation:
O2(g) ↔ 2 O−(ads) + 2 h• .

(4)

Hydrogen gas is oxidized by reacting with the adsorbed oxygen ion according to the following equation:
H2(g) + O−(ads) + h• → H2O(g).

(5)

The oxidation reaction with the reducing gases consumes
the holes in the Cr2O3 nanoparticles. i.e., the hydrogen causes
Cr2O3 to become less p-type.
The height of the potential barrier at the Cr2O3-Nb2O5 p-n
junction is also modulated by the adsorption and desorption
of hydrogen gas [30-33]. On the other hand, modulation of
the potential barrier height does not make a significant contribution to the sensing performance of the Cr2O3-functionalized Nb2O5 nanostructured sensor because the current flow
direction through the p-n junction is perpendicular to the main
current direction. The nanoplates are connected to each other

Pristine and Cr2O3-functionalized Nb2O5 nanostructures were
synthesized via a facile hydrothermal route. The Cr2O3-functionalized Nb2O5 nanostructure sensor showed a faster response
to H2 gas than the pristine Nb2O5 nanostructure sensor. The
enhanced response, shorter response time of the Cr2O3-functionalized Nb2O5 nanostructure sensor for H2 compared to
those of the pristine Nb2O5 nanostructure sensor might be
due to a combination of the electronic, chemical and physical
effects: (electronic effects) the enhanced modulation of the
conduction channel and potential barrier height at the Cr2O3Nb2O5 interface accompanying the adsorption and desorption of
H2 gas; (chemical effect) the catalytic activity of Cr2O3 for the
oxidation of H2; and (physical effects) the stronger adsorption
of oxygen molecules by p-type Cr2O3, and the formation of
preferential adsorption sites for oxygen and H2 molecules.
These results showed that heterostructure formation is a possible strategy for the development of oxidizing gas sensors.
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