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Abstract: This work presents the development of gas sensors based on nanoporous niobium
oxide (Nb,Os) films for hydrogen gas sensing. Nanoporous Nb,Os films were successfully
synthesized by the anodization of niobium foil in fluoride-organic solvent containing a small
percentage of water at 50 °C. These conditions helped to obtain nanovein-like networks with
pore diameters of 30 ~ 50 nm. After annealing at 440 !C an orthorhombic phase of Nb,Os
was obtained. Contacts of the sensors were then established using platinum (Pt) that also
acted as catalytic layers. The gas sensing properties of these nanoporous contacts were

investigated for hydrogen gas sensing at different film thicknesses and temperatures.

Keywords: Niobium oxide (Nb,Os); Anodization; Nanoporous; Gas sensor; Hydrogen (Hy)
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1. Introduction

The employment of metal oxides in gas sensing applications has been widely investigated
for their capability to sense numerous types of gas species. In the past two decades, a
tremendous improvement has been demonstrated in the performance of metal oxide based gas
sensors Via the transformation of the first generation thick film devices to ones incorporating
nanostructured metal oxide films [1, 2]. Such nanostructured metal oxides allow the target
gases to penetrate into and have access to the entire volume of the films. This maximizes the
interaction of the exposed surface of the nanostructured films with the gas species and results
in large changes in their physical and chemical properties [3, 4].

There are many reports on the gas sensing properties of nanostructured metal oxides such
as Sn0,, ZnO, TiO,;, WOs3, In,03, CuO, NiO, Ga,0s, and V,0s [5-14]. However, a much
smaller number of papers address the feasibility of Nb,Os for gas sensing [15-24]. Nb,Os is
known as a wide band-gap n-type metal oxide and has desirable properties such as good
chemical stability, low film stress, and a high refractive index (n = 2.4 at 550 nm) [25].
Nb,Os has many different crystal phases, but the most commons are pseudo-hexagonal,
orthorhombic, tetragonal and monoclinic [26]. Due to the remarkable properties of Nb,Os, it
has been used in a variety of applications such as in catalysis and as a biocompatible material
[27], in electrochromic coatings [28, 29], batteries [30], and solar cells [31, 32].

The first report on Nb,Os gas sensors dates back to the early 1980s [15]. However,
comprehensive reports on Nb,Os mostly belong to the mid to late 1990s [16-19]. In these
works, techniques such as radio frequency magnetron sputtering were used for the deposition
of dense Nb,Os films and operating temperatures as high as 500 °C were implemented to
sense gases such as O, NH3 and CO. Porous Nb,Os films for gas sensing were later reported.
The first example is the work of Hyodo et al. who successfully developed a gas sensor based

on anodic micro porous Nb,Os synthesized in aqueous acidic electrolytes [20].
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The interest in Nb,Os has increased in the past five years with the introduction of
nanostructured Nb,Os. Cvelbar et al. introduced an oxygen gas sensor based on a Nb,Os
nanowire array [21]. Also, Nb,Os nanowires have been employed as a Schottky based
hydrogen (H;) gas sensor [24]. In this work, Nb,Os nanowires were synthesized via a thermal
oxidation process, showing repeatable responses for H, sensing at room temperature. To
obtain nanostructured Nb,Os, several synthesis methods have been reported, including
anodization [31, 33], sol-gel dip-coating [34], hydrothermal [35, 36], pulsed laser deposition
[37], and electrodeposition [38]. Among them, the anodization method has several
advantages over the others due to its low fabrication cost and controllable film thickness. It
also offers the benefit of producing porous films with high aspect ratios, which is the key
factor to exhibit an excellent gas sensing performance. Despite the obvious advantages of
nanoporous Nb,Os there is still no report on the implementation of such a structure for gas
sensing applications.

Here, we introduce a gas sensor based on a novel nanoporous NbyOs film synthesized via
an anodization process at elevated temperatures in fluoride-organic solvent containing a small
amount of water content. Based on our previous studies [31], we controlled the synthesis
process and produced ~1 and ~2 pm thickness of nanoporous Nb,Os films for gas sensing. In
this study, the devices were coated with Pt and exposed to H, gas of different concentrations
and temperatures (in a range from room temperature to 100 °C) and their behaviors and

sensing performance were investigated.

2. Experimental
2.1 Fabrication of nanoporous Nb,Os
Niobium foil (99.9% purity, Sigma Aldrich) of 0.25 mm thickness was cut into pieces of

1.0 cm x 1.5 cm. These niobium substrates were cleaned with acetone in an ultrasonic bath

Page 4 of 35



80

85

90

95

100

for 5 minutes, washed with isopropanol and deionized water then dried in a stream of
nitrogen gas. The electrolytes for the anodization consisted of 50 ml ethylene glycol (98%
anhydrous, Sigma Aldrich), 4 vol % deionized water and 0.25 g NH4F (98% purity, Sigma
Aldrich). Details on the optimization of the anodization process is discussed in the previous
work [31].

Anodization was performed using a two-electrode system consisting of an anode (niobium
foil sample) and cathode (Pt), where a DC voltage of 10 V was applied while the electrolyte
temperature was kept constant at 50 °C. Nanoporous Nb,Os with a thickness of ~1 and ~2 pm
were obtained after 0.5 and 1.0 hours of anodization, respectively. After the anodization
process, the samples were washed with deionized water and dried in a nitrogen stream. Then,
the samples were annealed in air at a temperature of 440 °C for 30 minutes with a slow ramp
up and down rate of 2 °C/min. The as-anodized porous structure is amorphous for annealing
temperatures below 440 °C, while above this temperature, the nanoporous Nb,Os layer
appears to be slightly cracked, possibly due to the thermal expansion effect during the

oxidation (Figure S1 in the supporting information).

2.2 Structural characterization

The morphology and structural properties of the films were characterized using a FEI Nova
NanoSEM scanning electron microscopy (SEM). The crystallinity of the Nb,Os was
characterized by a D8 Advance Bruker AXS Xray diffractor with GADDS (General Area
Detector Diffraction System) attachment fitted with a 50 pm spot size collimator,
incorporating a High Star 2 dimensional detector and CuKa radiation (A = 0.1542 nm)
operating at 40 kV and 40 mA. Meanwhile, the chemical compositions of the Nb,Os5 were
conducted using Thermo K-alpha X-ray Photoelectron Spectrometer (XPS). For Raman

measurements, the characterizations were performed using a system incorporating an Ocean
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Optic QE 6500 spectrometer, a 532 nm 40 mW laser as the excitation source and a notch
filter used in order to prevent measurement below 100 cm™. To identify the distribution of Pt
element in the nanoporous Nb,Os films, EDAX Si(Li)X-ray detector fitted with the FEI Nova

NanoSEM system was used.

2.3 Gas sensors fabrication

A Pt layer with thickness of 10 nm was deposited on both sides of the bare metal and the
surface of the nanoporous Nb,Os as demonstrated schematically in the cross-sectional view in
Figure 1(a). One side of the bare metal layer was the extended electrode connected to the Pt
layer on the surface of nanoporous Nb,Os. This was to avoid damage on the nanoporous
structure during probing of the device. Meanwhile, photoresist was used as an insulation
layer to prevent a short circuit between the extended electrode and the niobium foil. The

overall configuration of the complete device is shown in Figure 1(b).

2.4 Gas sensors characterizations

All H, gas sensing experiments were performed in a LINKAM customized gas testing
chamber. The device was mounted on a heater and both contact pads were connected via a
needle probe. A mass flow controlled gas calibration system was used for mixing a high
purity (99.999%) dry synthetic air and 1% H, gas balanced in synthetic air, at different
concentrations, and purging them into the chamber at a constant gas flow of 200 SCCM.

For the current-voltage (I-V) measurements, a Keithley 2606 source meter was used in
order to set the bias voltage and measure the current through the devices. During the testing,
the operating temperatures of the devices were altered in the range of 22 to 100 °C. The
dynamic response of the sensors was measured as a change in the voltage magnitude, while

the sensors were biased at a constant current of 100 pA and exposed to synthetic air with a H
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balance concentration in the order of 0.06% to 1%. The response and recovery time of the
sensors is defined as the time duration needed for the device to undergo a voltage change
from 10% to 90% from the no exposure to the fully exposed condition [39]. An Agilent
34410A digital multimeter was utilized to record the voltage changes. A detailed schematic

diagram of the measurement set-up can be seen in Figure 2.

3. Results and discussion

3.1 Nb,Os films characterizations

Figure 3 shows the cross-sectional, top, and bottom view SEM images of nanoporous
Nb,Os after the anodization and annealing processes (SEM images of porous Nb,Os before
annealing can be viewed in Figure S2 of Supplementary). As can be seen in Figure 3(b), a
highly organized pore distribution is observed, with nanosized pore opening diameters
ranging from 30 to 50 nm. The side walls are around 10 to 20 nm thick. The higher
magnification images of cross-sectional view of the nanoporous film in Figure 3(c) show
highly packed vein-like nanostructured networks. The nanoveins have internal diameters
ranging from 30 to 50 nm with “nanopassage” of diameters as small as 10 nm and there are
also occasional lateral interconnections. The bottom of the anodized layer consists of uniform
and packed pseudo-semispheres with diameters of approximately 50 nm (Figure 3(d)). As
described earlier, Pt was sputtered onto the surface of the Nb,Os to form the catalytic and
contact layer. As can be seen in Figure 4(a), the Pt layer was found to nicely conform onto
the top of the pore walls. The conformation continues into forming a smooth surface on the
top of the photoresist that establishes the extended contact pad, as shown in Figure 4(b). In
order to confirm Pt covers inside the nanoporous Nb,Os films, we have characterized the
films using energy dispersive X-ray (EDX). We have performed the EDX measurement at 15

different locations for top, middle and bottom part of 1 and 2 um thick nanoporous Nb,Os
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films which is presented in Figure 5. The EDX measurements show the presence of Pt in the
depth of both nanoporous Nb,Os films.

The XRD results of the as-anodized and annealed nanoporous Nb,Os are shown in Figure
S3 in the supporting information. From these patterns, the as-anodized sample shows an
amorphous phase with niobium metal peaks at ~39° and ~56° (ICDD 35-0789). Whereas the
annealed nanoporous Nb,Os sample obviously shows a dominant orthorhombic phase (ICDD
27-1003, a=6.168, b=29.312 and c=3.936 A), as distinguished by peaks appearing at 22.6,
28.3, 36.6, 42.4, 46.2, 49.7, 55.1, 58.3 and 63.1° [31]. Furthermore, Raman spectra
measurements (Figure S4 in the supporting information) has shown a board peak, centred

around 650 cm'', which represents the symmetric stretching mode of v (O-Nb-O) in
amorphous niobium oxide [40]. Other weak peaks at 248 and 900 cm' ! can be assigned to the

terminal Nb=O vibrational bond and bending modes of Nb-O-Nb linkages, respectively. The
Raman peaks become more distinguished after annealing with a peak shift from 650 to

690 cm'', and two new peaks appear at 303 and 460 cm'', which both indicate the

orthorhombic nature of the annealed nanoporous network [31, 41, 42].

An XPS analysis was employed to determine the chemical composition and valences of the
nanoporous Nb,Os. Figure 6(a) shows the survey spectrum of the annealed Nb,Os film. The
signals of Nb and O are visible, confirming the presence of niobium and oxygen elements. As
shown in Figure 6(b), the high-resolution spectrum for the Nb region exhibits the Nb3ds
peak at 210.08 eV and Nb3ds, at 207.28 eV. The spectra obtained indicate that the film is
composed of Nb,Os, which is consistent with a previous report [43]. The existence of low
peak of Cls in the survey spectrum is expected due to CO, adsorption or contamination
carbon from the environment. Unlike other metal oxides such as anodized TiO; [44], the XPS

pattern shows that there is no fluoride doping effect after the anodization process, which is
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beneficial for reducing the internal electron scattering during the passage of electrical current

in Nb,Os [31].

3.2 Gas sensing

The Pt/Nb/Nb,Os/Pt metal-semiconductor-metal (MSM) structure sensing mechanism can
be described by the adsorption of the hydrogen molecules, H, on the catalytic Pt layer. The
hydrogen molecules are then dissociated into hydrogen atoms which transfer through the Pt
layer onto the Nb,Os interface [7, 45]. The hydrogen atom diffuses along the interface of the
Nb,Os and eventually intercalate with metal oxide. These activities contribute to change of
the barrier height, which allows carriers with sufficient energies to flow over the lowered
barrier easily via the thermionic emission mechanism. Therefore, the junction exhibits a
current shift in its I-V characteristics upon exposure to the target gas.

Based on the thermionic emission equation [46], the |-V relationship of the Pt-Nb,Os

junction is given by the following equation:
- LA P _av 1
! Ifex?(nkr) [1 exp( kr)]’ M

where I, is the saturation current, g is the electron charge, V" is the applied voltage, T is the
absolute temperature in Kelvin, 7 is the ideality factor, and & is Boltzmann’s constant. The

ideality factor is introduced to take into account the deviation of the experimental I-V graph

from the ideal thermionic model. In this equation, the saturation current I is given by [46]:

I, = AA"T?exp (- 2222), )

in which 4, 4™ and #,; are the contact area, the Richardson constant and the zero-bias

Schottky barrier height (SBH), respectively.
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In our work, the behavior of the gas sensor based on nanoporous Nb,Os was first studied
under different operating temperatures. These measurements were conducted for the 1 um
film thickness sensor by exposing it to synthetic air and 1% H, gas balanced in synthetic air
at operating temperatures of 22, 50, 80 and 100 °C. Temperatures above 100 °C could not be
implemented as the photoresist protection, forming the extended electrode, deteriorated at
such elevated temperatures. At near room temperature, the charge carriers have insufficient
energy to overcome the barrier height energy [47]. As a result, the current is relatively low.
At elevated temperatures, the energy of the carriers is greater than room temperature thus
allowing a larger flow of current. Current increases as the temperature increases further and
the difference between the exposed and non-exposed states of the sensor can be clearly
observed. From the |-V characteristics in Figure 7, it can be seen that the sensor exhibited the
largest current shifts after the exposure to H, at 100 °C. The device also shows symmetrical
| -V curves, which is in agreement with the typical electrical properties of a MSM structure
[46, 48].

The dynamic responses of the 1 pm sensor towards 0.06, 0.12, 0.25, 0.5, and 1.0% of H,
gas at operating temperatures of 50 and 100 °C are presented in Figure 8. The sensor was
biased at a constant current of 100 pA and exposed to synthetic air and different
concentrations of H; gas at 600 s intervals. As can be seen, when the ambient is repeatedly
switched from air to H; gas, the baseline remains stable. At 100 °C, the 1 um sensor produced
voltage shifts of 0.468 and 2.179 V towards 0.06% and 1.0% concentrations of H, gas,
respectively. Whereas at 50 °C at these H, gas concentrations the sensor exhibited voltage
shifts of 0.44 and 1.89 V, respectively. The results clearly indicate that the 1 um sensor
demonstrate a higher sensitivity when operate at 100 °C compared to the operation at 50 °C.
This improvement is generally ascribed to the better catalytic effect of Pt at higher

temperatures [49].

10
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In order to assess the effect of thickness on sensor performance, the experiments were
further continued for a sensor with a 2 pm film thickness at the operating temperature of
100 °C. Figure 9 shows dynamic responses of the 1 and 2 um sensors towards different
concentrations of H; gas at 100 °C. For the 1 um sensor, the response times (t10v-90%) of 142,
236, 260, 179 and 90 s, and the recovery times (tooe-10%) of 491, 432, 413, 367, and 331 s
were measured towards 0.06, 0.12, 0.25, 0.5, and 1.0% of H, gas, respectively. Meanwhile,
with the same set of H, gas concentrations, the 2 pm sensor produced response times (tjge.
90%) of 189, 166, 226, 123 and 88 s, and recovery times (toge-10%) of 515, 411, 434, 288 and
478 s, respectively. The response and recovery times have similar values to that of the Nb,Os
nanowire gas sensor reported by Wang et al. [24]. Overall, both sensors show a fairly similar
trend in terms of response and recovery time, where the response time is much shorter than
the recovery time (Figure 10). For the sensing performance comparison, the maximum
voltage shift vs H, gas concentration graphs are presented in Figure 11. The results show that
the 1 pm sensor exhibits higher voltage shifts than the 2 um sensor.

Sakai et al. discussed the influence of film thickness on the sensor’s response towards H»
gas by assuming that the gas molecules move inside the nanoporous film with the diffusion

coefficient of D that can be calculated using the Knudsen equation [50]:

D, = 9700r X [T /M, “4)

where 7 is the pore radius (cm), T is the temperature (K) and M is the molecular weight of

gas (H, molecular weight = 2.016 g/mol). The H;, gas molecule reaction with the metal oxide
oxygen atoms along the diffusion path is expressed by the following transport equation at the

steady state condition ( C, /@t = 0 in which t is time) [50]:

11
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0=D,—21-kc,- )

Here, £, is the concentration of the target gas, x is distance from the film surface, and & is

the rate constant of the surface reaction. By applying the boundary conditions on Eq. (5), the

following equation can be obtained [50]:

(6)

in which L is the thickness of the porous film, and T . is the concentration of H; in the

surrounding atmosphere (Xx=0). We used Egs. (4) and (6) to estimate the dependence of the
gas response on our nanoporous Nb,Os film thickness. In these calculations, we assume that
the diffusion coefficient is calculated at 373 K and the pores for both 1 and 2 pm films have
average diameters 40 nm. The gas concentration profiles for 1 and 2 pm sensors are
presented in Figures 12 (a) and (b), respectively. From the figures, it is obvious that the
steady state gas diffusions within both layers are similar and at 0.5 pm they reach 0.77 % of
the surface gas concentration value. This means that in both 1 and 2 um thick films almost
only the top sections of the layers interact with the gas. As a result, a much larger ration of
the 2 um thick film is not affected by the gas and the relative change in the response of the
2 pm film is less than the 1 pm film.

The mechanism of the nanoporous Nb,Os gas sensing is presented in Figure S5 in the
supporting information. In these sensors, H, gas molecules are broken down to 2H" by the Pt
catalytic layer. After the initial diffusion of H" atoms, it is suggested that they intercalate with
Nb,Os pore walls [51, 52] that can be described using the following formula:

Nb,O; + xH* 4+ xe” = H,_Nb,0, (7

12
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However, the system is kept at an elevated temperature. As a result, it is also possible that
eventually HiNb,Os breaks down, producing reduced niobium oxide and H,O molecules in a
process that similarly occurs during the interaction of H, with WO3 at such a temperature
[51]:

2ZH,Nb,0. = xH,0 + ZNb,0._, (8)

When the film is exposed to air (oxygen), the reduced film surface reverts back to its
original fully oxidized state, which is described by the following reaction:

(x/4)0, + Nb,0.__,, = Nb,0. ©9)

& Tt T A

The released electrons in Eq. (7) reduce the length of the depletion region in the NbyOs
film. They both enhance the conductivity of the film and decrease the barrier height, which
correspond to the voltage shift for the gas sensors. When the film is exposed to air (oxygen),
the depletion region will be rebuilt by the adsorbed oxygen species and the resistance will
increase to its initial level. Thus, the voltage of the gas sensor returns back to its baseline

value.

4. Conclusions

We have demonstrated the effectiveness of nanoporous Nb,Os films with nanovein-like
networks for H, gas sensing. High porosity Nb,Os films were synthesized via a highly tuned
anodization process at an elevated temperature in a fluoride-organic solvent containing a
small percentage of water. The increased surface to volume ratio structure provided by the
nanoporous Nb,Os films allow the gas molecules to penetrate and adsorb into the nanoporous
films resulting in a high sensitivity sensor which shows a good return to the baseline after
recovery. The sensor response was dependent on the Nb,Os film thickness, which was both

experimentally and theoretically discussed. The simple and low-cost sensors described here

13
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could be used for sensing gas species other than H, and sensing selected chemical

components.
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Figure Captions

Figure 1: Schematic of: (a) the device’s cross-section shows the contact surface extended to
enable connection of the contact pad body to the sensing area of Nb,Os coated with Pt and (b)

the gas sensor 3D configuration.

Figure 2: Schematic diagram of the measurement set-up.

Figure 3: SEM images of the Nb,Os nanoporous film after the annealing process: (a) cross-
sectional view of the whole nanoporous structure, (b) top view of the nanoporous structure,
(c) higher magnification SEM images of cross-sectional view of the nanoporous structure,

and (d) bottom view of the nanoporous structure.

Figure 4: SEM images of the surface of nanoporous Nb,Os: (a) after being coated with the Pt
layer. (b) SEM image showing the connection of the Pt layer on the surface of nanoporous

Nb;Os and the extended contact pad.

Figure 5: EDX measurements for the Pt coverage (Wt%) at the top, middle and bottom of the

nanoporous Nb,Os.

Figure 6. (a) The XPS survey scan of the nanoporous Nb,Os film after annealing in air for 30

min at 440 °C. (b) The XPS spectrum of Nb 3d peaks of the nanoporous Nb,Os film.

Figure 7: 1-V characteristics of the 1 um nanoporous Nb,Os gas sensor measured in synthetic

air and 1.0% H, gas at temperatures ranging from 22 °C to 100 °C.

Figure 8: Dynamic response of the 1 um nanoporous Nb,Os gas sensor measured towards

different concentrations of H, gas at 50 °C and 100 °C at a constant bias current of 100 pA.

Figure 9: Dynamic response of 1 and 2 um nanoporous Nb,Os gas sensors measured with

different concentrations of H, gas at 100 °C at a constant bias current of 100 pA.
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Figure 10: Comparison of the response transients of 1 and 2 pum nanoporous Nb,Os gas

sensors for a concentration of 1.0% H; gas at 100 °C.

Figure 11: Voltage shifts of 1 and 2 um nanoporous Nb,Os gas sensors at different

505  concentrations of H, gas, operating at 100 °C.

Figure 12: Comparison of the gas concentration profiles inside (a) 1 and (b) 2 um

nanoporous Nb,Os films at a fixed temperature of 373 K.
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Figure 1. Schematic of: (a) the device’s cross-section shows the contact surface extended to
enable connection of the contact pad body to the sensing area of Nb,Os coated with Pt and (b)
the gas sensor 3D configuration.
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Figure 2. Schematic diagram of the measurement set-up.
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Figure 3. SEM images of the Nb,Os nanoporous film after the annealing process: (a) cross-
530 sectional view of the whole nanoporous structure, (b) top view of the nanoporous structure,
(c) higher magnification SEM images of cross-sectional view of the nanoporous structure,

and (d) bottom view of the nanoporous structure.
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Figure 4. SEM images of the surface of nanoporous Nb,Os: (a) after being coated with the Pt
layer. (b) SEM image showing the connection of the Pt layer on the surface of nanoporous

540 Nb,Osand the extended contact pad.
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Figure 5. EDX measurements for the Pt coverage (Wt%) at the top, middle and bottom of the

nanoporous Nb,Os.
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Figure 6. (a) The XPS survey scan of the nanoporous Nb,Os film after annealing in air for 30

min at 440 °C. (b) The XPS spectrum of Nb 3d peaks of the nanoporous Nb,Os film.
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Figure 7. I-V characteristics of the 1 pm nanoporous Nb,Os gas sensor measured in synthetic

air and 1.0% H, gas at temperatures ranging from 22 °C to 100 °C.
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560 Figure 8. Dynamic response of the 1 pm nanoporous Nb,Os gas sensor measured towards

different concentrations of H, gas at 50 °C and 100 °C at a constant bias current of 100 pA.
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Figure 9. Dynamic response of 1 and 2 pum nanoporous Nb,Os gas sensors measured with

different concentrations of H gas at 100 °C at a constant bias current of 100 pA.
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Figure 10. Comparison of the response transients of 1 and 2 um nanoporous Nb,Os gas

575  sensors for a concentration of 1.0% H, gas at100 °C.
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Figure 11. Voltage shifts of 1 and 2 pm nanoporous Nb,Os gas sensors at different

concentrations of H, gas, operating at 100 °C.
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585  Figure 12. Comparison of the gas concentration profiles inside (a) 1 and (b) 2 um nanoporous

Nb,Os films at a fixed temperature of 373 K.
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