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ABSTRACT: A significant enhancement in the hydrogen (H,)
sensitivity as well as selectivity after aging for more than 40 days
has been observed for a mixed-potential-type sensor using ZnO
(+84 wt % Ta,O;) as the sensing electrode (SE) and yttria-
stabilized zirconia (YSZ) as the solid electrolyte. The effect of the
aging process in enhancing the sensing characteristics of the
sensor using ZnO (+84 wt % Ta,O;)-SE was studied here by
investigating the changes in the morphology, crystal structure,
chemical surface state, and catalytic properties of the SE material
before and after aging at 500 °C for 80 days. X-ray diffraction
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measurements confirmed that the crystal structure of the SE material was found to be unaffected by aging, while the
morphological change observed via scanning electron microscopy imaging indicated a decrease in the porosity and an increase in
the particle size after aging. A significant change, particularly in the binding energy of Ta 4f, was also observed for the SE material
after long-term aging. Although the catalytic activities toward the anodic reaction of H, and the other examined gases were
moderately stable after aging, a significant decrease in the heterogeneous catalytic activity of the gas-phase reaction (oxidation) of
H, was observed. Such a trend presumably resulted in a higher fraction of H, reaching the triple-phase boundary, where the
electrochemical reactions generate a sensing signal (mixed potential), resulting in high H, sensitivity as well as high H, selectivity

after long-term aging of the present sensor.
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1. INTRODUCTION

Ever since hydrogen (H,) was championed as a plausible and
meaningful alternative energy solution with aspirations of
replacing dominant fossil-fuel sources, extensive efforts have
been devoted to developing a safe infrastructure to support the
wider use of H, as an alternative fuel. However, the widespread
use of H, raises safety concerns. Potential hazardous or lethal
events can be prevented by employing a sensing device that
could monitor an H, leakage or an accumulated H,
concentration in facilities and vehicles that utilize H, as an
energy source.

After the commercial success of an O, sensor for automotive
application in 1970s,"” yttria-stabilized zirconia (YSZ)-based
sensors are a particularly attractive type of sensor because of
their robust nature, simple support electronics required for
sensing-signal interpretation, and long-term durability of
sensing performances.>* For mixed-potential-type YSZ-based
sensors, the sensing performances will be predominantly
determined by the type of sensing electrode (SE) material,
the fabrication processes, and the operating conditions.”~” The
generated sensing signal (electromotive force, emf) is governed
by electrochemical reactions, involving each of oxygen and a
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target gas, that take place simultaneously at the interface
between SE and YSZ solid electrolyte.®*°

Most commonly, mixed-potential theory can be rationalized
by means of polarization (I—V) curves, where the intercept
point of the anodic and cathodic curves mostly corresponds to
the steady state of the cathodic reaction of O, and the anodic
reaction of a target gas; hence, the potential at the intersect
point is assigned as the “mixed potential”."" ~'* Because the gas
sensitivity will be largely determined by the catalytic activities of
the electrode material toward heterogeneous gas-phase
reactions as well as electrochemical reactions,>™"” searching
for a suitable SE material is one of the most important aspects
in developing a high-performance mixed-potential-type YSZ-
based gas sensor. The catalytic activity of an electrode material
can be controlled by factors such as the morphology, crystal
structure, or even operating conditions."® > Consequently,
controlling the catalytic activity of the electrode material is also
a highly desirable attribute in the field of gas-sensor
engineering. At the same time, the aging process is a challenge
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that is often faced in sensor development and sometimes plays
a role in changing the sensing properties of an electrode
material. Therefore, any insight into how and why an aging
process affects the sensing properties of an electrode material is
very useful and particularly important for those who are
working in the field of gas-sensor research.

Previously, we have proposed that Zn—Ta—O-based oxides
can be used as an H,-sensitive SE material for a mixed-
potential-type YSZ-based sensor.>" Especially, the addition of
84 wt % Ta,O; into ZnO was reported to give a sensitive and
relatively selective response toward H,.*" After 40 days of aging
at 500 °C, the sensitivity of the sensor toward 400 ppm H, had
peaked and stabilized at around —800 mV.** Interestingly, this
significant enhancement in the H, sensitivity after long-term
aging was not accompanied by an increase in sensitivity toward
other examined gases such as CO and C;Hg Thus, the
extremely high H, selectivity was achieved after aging.**

In this study, we elucidated the enhancement effect of long-
term aging on the H,-sensing performances of the sensor
utilizing ZnO (+84 wt % Ta,O;)-SE. Specifically, we examined
the changes in the morphology, crystal structure, and chemical
surface state of the SE material after aging, including the
corresponding changes in the catalytic activities.

2. EXPERIMENTAL SECTION

2.1. Sensor Fabrication. First, an intermediate YSZ layer
(abbreviated as i-YSZ) between the SE layer and a YSZ tube (8 mol
% Y,05-doped ZrO,, Nikkato, Japan) was formed; a YSZ powder (8
mol % Y,0;-doped ZrO,, Tosoh, Japan) was mixed with a-terpineol,
and the resulting paste was applied to the surface of the YSZ tube.
Utilization of such an additional YSZ layer between SE and a YSZ tube
has been reported to facilitate the sensing-signal stabilization and to
improve the mechanical stability of the SE/YSZ interface.”® The
physical dimensions of the hemispherically terminated tube utilized
here were 300 mm in length and S and 8 mm in inner and outer
diameters, respectively.

The SE paste was prepared by grinding a powdered ZnO (16 wt %;
99.99%, Kojundo Chemical, Japan) together with a powdered Ta,0;
(84 wt %; 99.99%, Kojundo Chemical, Japan) in a mortar and pestle,
and then an organic binder (a-terpineol) was added to the powder
mixture. The obtained paste was applied to the surface of i-YSZ to
form a 4-mm-wide banded SE layer. Platinum paste (Tanaka
Kikinzoku, Japan) was applied on the inner-end surface of the YSZ
tube, forming the reference electrode (RE). The painted YSZ tube was
then dried at 130 °C and subsequently sintered at 1200 °C for 2 h in
an air atmosphere.

2.2. Sensing-Performance Evaluation. The fabricated tubular
YSZ-based sensors were assembled in a custom-made quartz testing
cell in close proximity to a gas inlet and connected to a conventional
gas-testing system equipped with a high-temperature electric furnace
and a mass-flow controller system, as reported elsewhere %!
Evaluation of the gas-sensing characteristics was performed at a
constant operating temperature of S00 °C. The sensor was alternately
exposed to the humidified base gas (21 vol % O, + 1.3 vol % H,O +
N, balance) or the humidified sample gas containing H,, CO, C;Hj,
C;H,, CH,, NH;, NO, or NO,, diluted in the base gas with a total gas
flow rate of 100 cm®/min. The gas concentration of each sample gas
was fixed at 100 ppm for cross-sensitivity measurements. The inner
platinum electrode was always exposed to ambient air, functioning as a
Pt/air-RE, while the SE was exposed to the sample or base gas. The
difference in the potential (emf) between the SE connected to the
positive terminal of an electrometer (R8240, Advantest, Japan) and the
Pt/air-RE connected to the negative terminal was measured as a
sensing signal. The gas sensitivity (Aemf) was defined as the difference
between the emf value in the base gas and that in the sample gas.

2.3. Polarization Curve Measurements. The measurements of
current—voltage (polarization) curves were conducted by means of an

electrochemical analyzer (Autolab, PGSTAT30, Eco-Chemie, The
Netherlands), based on a potentiodynamic method (at a constant scan
rate of 8 mV/min), by using two electrode configurations in each of
the base and sample gases (diluted with synthetic air or N,). The
modified cathodic polarization curve was obtained by plotting the
absolute current value (measured in the base gas) against the applied
potential. The modified polarization curves for the anodic reactions of
each of the sample gases (H,, C3Hy, and CO, diluted with air) were
obtained by subtracting the current value measured in the base gas
from that in each sample gas (diluted with air). In the case of the
anodic polarization curve measured in each of the sample gases (H,,
C;Hg, and CO, diluted with N,), the obtained anodic current value
was plotted directly against the applied potential.

2.4. X-ray Diffraction (XRD), Scanning Electron Microscopy
(SEM), and X-ray Photoelectron Spectroscopy (XPS) Measure-
ments. The crystal structure change of the SE material before and
after aging at 500 °C for 80 days was examined via an XRD analysis
system (RINT 2100VLR/PC, Rigaku, Japan), with a Cu Ka X-ray
source (1 = 1.5406 A). To calibrate XRD patterns, an internal silicon
reference powder (RSRP-43275G, Rigaku, Japan) was incorporated
into the powder samples. The morphological change in the SE material
before and after long-term aging was also observed by means of a field-
emission scanning electron microscope (JSM-6340F, JEOL, Japan),
operating at 5 kV. An XPS system (AXIS-16S, Shimadzu/Kratos,
Japan) was utilized for examination of the chemical surface state of the
SE material before and after aging, by use of a monochromatic Al Kot
source for excitation (12 kV and 2 mA) under ultrahigh vacuum (1.18
X 107 Pa).

2.5. Evaluation of the Gas-Phase Catalytic Activity.
Examination regarding the gas-phase catalytic activity of the SE
material was conducted by using a cell arrangement similar to that
reported elsewhere.”* The SE-material powder (50 mg) was packed
into a quartz tube, which was positioned inside a separate catalyst cell.
This catalyst cell was located at the upstream of the sensing cell. The
temperature inside the catalyst cell was maintained at the same
temperature as that inside the sensing cell. The calibrated YSZ-based
sensor using ZnO (+84 wt % Ta,O;)-SE was used to monitor the
change in the H, concentration in the outlet gas from the catalyst cell,
while an automotive emission analyzer (MEXA102G, Horiba, Japan)
was utilized to monitor the change in the C;Hy concentration in the
outlet gas.

All measurements stated in sections 2.4 and 2.5 were carried out by
using ZnO (+84 wt % Ta,Os) as a powder sample rather than the
fabricated electrode itself because of the incompatibility of the
electrode for these techniques. Because the powder samples were
fabricated and treated (aged) in the same manner as the SE was, they
could be used as a substitute for the SE sample. Thus, we believe that
the results obtained from either of the powder sample or the SE will
not result in a significant difference.

3. RESULTS AND DISCUSSION

3.1. Effect of Aging on the Electrode Composition
and Morphology. Initially, the sensor using ZnO (+84 wt %
Ta,0;)-SE showed relatively sensitive and selective H,
responses, as depicted in Figure la. The H, sensitivity was
gradually increased and stabilized after aging for more than 40
days.** As shown in Figure 1b, the sensor became not only
highly sensitive toward H, but also extremely selective to H,
after long-term aging (for 80 days in this case). This significant
change in the H, sensitivity after long-term aging was studied
here by investigating the change in the crystal structure via
XRD measurements and that in the morphology via SEM
observations.

A comparison of the XRD patterns of the ZnO (+84 wt %
Ta,0;) powder samples presented in Figure 2 shows a
negligible change in the crystal structure of the initial state
(before aging) sample (Figure 2a) and that of the sample aged
at 500 °C for 80 days (Figure 2b). All of the XRD peaks in both
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Figure 1. Cross-sensitivity of the sensor using ZnO (+84 wt %
Ta,0;)-SE: (a) at the initial state; (b) at the stabilized state (after
aging at 500 °C for 80 days) under humid conditions (1.3 vol % H,0).
Part a reprinted with permission from ref 21 and part b from ref 22.
Copyright 2013 Elsevier.
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Figure 2. XRD patterns of the ZnO (+84 wt % Ta,O5) powder
sample: (a) at the initial state; (b) after aging at 500 °C for 80 days.
Inset: (131) peaks before and after aging.

samples were found to be in good agreement with those for
ZnTa,04 (JCPDS no. 39-1484). As can be seen from the
respective insets in Figure 2, there is a subtle refinement in the
peak shape to that of a singular reflection after aging, of (131)
peaks compared before and after aging. This implies the
presence of a small amount of another compound other than
ZnTa,Oy at the bulk of the initial SE material.

The morphological change of the SE material due to aging
was observed by means of SEM, and the results are presented
in Figure 3. It is seen that the morphology of the ZnO (+84 wt

EX
/ = 100 nm

X30,000 |
= 100 nm

Figure 3. SEM images of the ZnO (+84 wt % Ta,Os) sample: (a) at
the initial state; (b) after aging at S00 °C for 80 days.

% Ta,Os) powder sample just after sintering at 1200 °C for 2 h
consists of polygonal-shaped particles with some stepped
regions that appear on the surface of several particles (Figure
3a).

The particle size is in the range of 200 nm to 1.2 ym. Figure
3b shows the SEM image of the ZnO (+84 wt % Ta,O;)-SE
sample after aging at 500 °C for 80 days. The particles enlarge
and agglomerate after aging, with the particle size ranging from
500 nm to 14 um. Additionally, the aging process also
decreases the porosity of the SE material. A relatively denser
morphology will naturally give a more tortuous diffusion path.
Such a situation may be more favorable for a smaller molecular-
sized gas such as H,, to pass through the path, compared with
larger molecular-sized gases. This may be one of the factors that
result in a significant improvement of the H, selectivity after
long-term aging of the sensor.

3.2. Effect of Aging on the Chemical Surface State of
SE. A detailed study regarding the change in the chemical
surface state of the SE materials before and after aging was
performed via XPS measurements. The resulting spectra were
treated by using a linear background and fitted with a
Lorentzian—Gaussian function. Figure 4 shows a comparison
of XPS spectra of Ta 4f, Zn 2p, and O 1s for the ZnO (+84 wt
% Ta,0s) powder samples before and after aging for 80 days.
The Ta 4f spectra of the initial state sample show a broad peak
that can be deconvoluted and fitted into two doublets (Figure
4a and Table 1). The first pair of peaks is centered at (4f;),)
26.1 eV and (4f;,,) 28.0 eV, with a spin—orbital splitting of 1.9
eV. The second set of peaks was found to consist of
components that located at (4f,,,) 27.0 eV and (4f;/,) 28.9
eV, with an identical spin—orbital splitting of 1.9 eV. The
observed binding-energy values are within the range of those
reported for the oxidation (valence) state (5+) of tanta-
lum.>>™® This is consistent with the fact that tantalum exists as
Ta> in ZnTa,04.

The two-doublet peaks observed here may be due to the
following: the formation of a nonequilibrated Zn—Ta—O
compound (like Zn,;Ta,Og) together with an equilibrated
ZnTa,0q, particularly on the surface. The copresence of a
surfacial compound like Zn;Ta,Oq4 will very likely cause the
appearance of another doublet because of the differing Ta—O
bond lengths in Zn;Ta,04 (1.80 A)* and ZnTa,04 (1.93 A).*°
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Figure 4. XPS spectra for (a) Ta 4f, (b) Zn 2p, and (c) O Is of the
ZnO (+84 wt % Ta,0O;) powder samples at the initial state and after
aging for 80 days.

Table 1. Binding Energy of Ta 4f Peaks of the ZnO (+84 wt
% Ta,0;) Powder Samples at the Initial State and after the
Aging Process, in Comparison with the Commercial Ta,O4

binding energy/eV

Ta 4f initial state after aging commercial Ta,04
4f,, (i) 26.1 25.7 257

(ii) 27.0
4, (i) 28.0 27.6 27.5

(ii) 28.9

The presence of another compound in the bulk was suggested
in the previous XRD results, and then the XPS results here
further confirmed the existence of a nonequilibrated com-
pound, particularly concentrated on the surface.

After aging for 80 days, the broad spectrum (two-doublet)
seen in the initial state sample was no longer observed, and it
could be fitted into two peaks (one-doublet) centered at (4f;/,)
25.7 eV and (4f;,) 27.6 eV, with a spin—orbital splitting of 1.9
eV (Figure 4a and Table 1). These peak values are consistent
with the binding energy observed for the valence state (5+) of

tantalum reported.*’ ~>* For the sake of comparison, an XPS
measurement was carried out for a high-purity commercial
Ta,O; in which only Ta®" exists. As a result, the Ta 4f peaks at
(4f,,,) 25.7 eV and (4f;,,) 27.5 eV observed for Ta,Oj are also
in good agreement with those for the sample after aging, as
given in Table 1. The similarity in the binding energy of Ta 4f
between the aged sample and the reference Ta,Os sample
suggests that long-term aging at high temperature has possibly
stabilized the chemical surface state of tantalum in the SE
material of ZnTa,O.

The effect of the aging process on the spectra of Zn 2p is
depicted in Figure 4b. For the initial state sample, the Zn 2p
spectra can be fitted into two components, centered at (2ps/,)
1020.7 eV and (2p,,,) 1043.7 eV, with a spin—orbital splitting
of 23.0 eV. The binding-energy values observed here are similar
to those reported for Zn 2p in ZnO.>*73¢ After aging, the Zn 2p
signal manifests as two components located at (2p;/,) 1021.4
eV and (2p,,,) 1044.4 eV. These binding-energy values are also
in good agreement with that reported® " for ZnO, where zinc
exists as Zn>".

The O 1s spectra of both samples are given in Figure 4c,
revealing a slight shift in the central binding energy from 529.6
to 530.0 eV after aging. The O 1s peak at this binding-energy
value is in good agreement with those reported for Ta—O and
Zn—0O, whose binding energies are overlapping at approx-
imately the same value.”**>*** Another smaller peak was also
observed in both spectra at around 531.0 eV, which may be
attributed to contamination of the surface hydroxyl group.*"**

It can be deduced from these results that initially both
ZnTa,0¢ and the nonequilibrated Zn—Ta—O compounds like
Zn;Ta,04 exist on the surface of the SE. The aging process is
postulated to stabilize the nonequilibrated compound, resulting
in a large change in the binding energy of Ta 4f. The change in
the Ta 4f spectra is accompanied by a shift in the binding
energy of Zn 2p and O 1s. Such a stabilization may result in a
change in the catalytic activities against key reactions that
govern sensing-signal generation. Because there are several
reactions (i.e., electrochemical and gas phase) affecting
generation of the sensing signal, the next investigations should
be carried out with aspiration of determining which reaction
would be most affected.

3.3. Effect of Aging on the Catalytic Activity. The
sensing mechanism of the developed sensor has been
confirmed to be based on the mixed-potential model.”> When
the SE of a mixed-potential-type sensor is exposed to the
sample gas diluted with air, a mixed potential can be established
when the cathodic (eq 1) and anodic (represented by eq 2 in
the case of H, sensing) reactions occur at the same rate at the
interface of YSZ/SE.

20, + 4e” — 20°" (1)

2H, + 20°" = 2H,0 + 4e” )

However, prior to the proceeding electrochemical reactions at
the YSZ/SE interface, the sample gas will be naturally oxidized
within the SE layer by heterogeneous catalysis. Hence, the
reactivity to the gas-phase reaction (represented by eq 3 in the
case of H, sensing) can control the number of gas species
capable of reaching the YSZ/SE interface.

2H,(g) + O,(g) — 2H,0(g) (3)

The mixed-potential model can be commonly rationalized by
using polarization curves (Scheme 1a), where the intersect
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Scheme 1. Illustration of the Mixed-Potential Model by
Using (a) Standard Modified Polarization Curves and the
Explanation of the Drastic Change in the Gas Sensitivity of
the Developed Sensor (b) at the Initial State and (c) after
Aging
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point of the modified anodic and cathodic polarization curves is
assigned as the mixed potential (E,,). Therefore, in this study,
the changes in the catalytic activities against the gas-phase and/
or electrochemical reactions before and after long-term aging
were elucidated by measurements of the polarization curves as
well as gas-phase catalytic activities.

Initially, the polarization-curve measurements were carried
out in the sample gas [H,, C;H,, and CO, diluted with air (21
vol % O,)]. When the measurements are conducted in an
oxygenated atmosphere, the heterogeneous catalysis that
usually occurs within the SE layer will deplete the fraction of
available sample-gas molecules. Then, the unreacted sample-gas
molecules can reach TPB and undergo electrochemical
reactions there. As can be seen from Figure S, the generated
cathodic current values measured in air (21 vol % O,) are very
low (<0.1 nA in the examined potential range) for the sensor
using ZnO (+84 wt % Ta,0;)-SE, both before and after aging
for 80 days. The generated current for the anodic reaction of
H, increased significantly after aging in the potential range
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Figure S. Modified polarization curves for the anodic reaction of each
sample gas (H,, C;H,, and CO, 100 ppm each) and for the cathodic
reaction of 21 vol % O, for the sensor using ZnO (+84 wt % Ta,O;)-
SE: (a) at the initial state; (b) after aging for 80 days. Insets: enlarged
figures especially in the potential range from —850 to —650 mV (vs
Pt/air-RE).

starting from around —750 mV (vs Pt/air-RE), while those of
C;Hg and CO were unaffected by aging.

Before aging, the combination of the low cathodic current of
O, and the low anodic current of the sample gas will result in
low mixed potential (as depicted in Scheme 1b). This was
experimentally confirmed to result in low sensitivities for H,,
C;Hy, and CO (Figure 1a). After aging, a significant increase in
the anodic current of H, shifted the mixed potential to a more
negative direction (Figure Sb and Scheme 1c), which
manifested experimentally as the higher H, sensitivity (Figure
la). However, because such a drastic increase in the anodic
current of H, was not observed in the cases of C;Hg and CO
(Figure Sb), the sensitivities to these gases after aging remained
low (Figure 1b).

From the perspective of a mixed-potential model, the
increase in the rate of the anodic reaction of H, after long-
term aging may arise from either an increase in the catalytic
activity to the anodic reaction of H, and/or a decrease in
heterogeneous catalysis to the gas-phase reaction of H,. To
confirm further the change in the catalytic activity toward the
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anodic reactions of each sample gas (H,, C;H,, and CO) before
and after aging, additional polarization-curve measurements
were then conducted in the absence of O, (in N,). Because
heterogeneous catalysis is considered to be negligible under this
set of conditions, all of the sample gases passing through the SE
layer can reach TPB and electrochemically react with O* .
Figure 6 shows a comparison of the polarization curves
measured in each sample gas (H, C;H and CO) in the

[ -500°C +1.3vol.% H,0 +100 ppm gas |

(a) initial-state
14 1

Current / nA
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Figure 6. Polarization curves measured in each sample gas (H,, C5H,,
and CO, 100 ppm each, diluted with N,) for the sensor using ZnO
(+84 wt % Ta,O;)-SE: (a) at the initial state; (b) after aging for 80
days.

absence of O, for the sensor using ZnO (+84 wt % Ta,0;)-SE
before and after aging for 80 days. It is seen from Figure 6a that
the anodic current values of each sample gas were rather high
even before aging compared with those measured in the
presence of O, (Figure Sa). It is also clear that the anodic
current value of H, is relatively higher than those of C;Hs and
CO both before and after aging (Figure 6a,b). In addition, it is
noted that the shapes of the anodic polarization curves
measured in each sample gas did not significantly change
after aging (Figure 6a,b). These results suggest that the catalytic
activity toward the anodic reactions of each sample gas is also
not changed largely before and after aging. However, the
catalytic activity to the anodic reaction of H, remains
comparatively higher than those of C;Hg and CO. Through a
comparison of these polarization curves (Figure 6) with those
measured in each sample gas diluted with air (Figure S), it is
can be concluded that the heterogeneous catalytic activity to
the gas-phase reaction only to H, is significantly different
between the initial and aged samples, while those of C;Hy and
CO remain high even after the aging process. This, in turn,
results in low sensitivities to C;Hg and CO, which brings about

a highly selective response toward H,, accompanied with high
H, sensitivity.

In order to confirm this assumption, conversion of the
sample gas (H, or C;H, diluted with air) in the gas-phase
oxidation was evaluated. As shown in Figure 7, the initial state

[ -500°C -5 vol.% H,0 +400 ppm gas |

100

CsHs
80 T CsHg

Relative conversion/%

Initial sample

Aged sample

Figure 7. Comparison of the conversion of H, and C;Hy in gas-phase
oxidation on each of the initial and aged ZnO (+84 wt % Ta,Os)
powder samples.

of the ZnO (+84 wt % Ta,O5) powder sample gave higher
catalytic activity to the gas-phase oxidation of H, when
compared with the aged sample; conversion of H, decreased
significantly from 50% to 15%, as expected. In contrast, C;Hg
conversion showed only a minor difference between the initial
and aged samples. This indicates that the high catalytic activity
toward the gas-phase reaction of H, is significantly decreased by
aging, while that of C;Hy is evidently unaffected.

3.4. Aging Mechanism in Enhancing the Sensitivity
and Selectivity against H,. The aging effects on the sensing
performances and the SE material properties are summarized in
Table 2 and Scheme 2. In Scheme 2, a thicker arrow indicates a
higher gas fraction and a thinner arrow indicates a lower gas
fraction. The initial-state morphology of ZnTa,O4SE was
confirmed to be rather porous with smaller-sized particles. The
broad Ta 4f spectra observed for the initial-state SE material
suggests the existence of a nonequilibrated Zn—Ta—O
compound (like Zn;Ta,Og) together with pure ZnTa,Oq,
particularly on the surface of the SE material. This initial-state
SE material possesses high catalytic activity to both the gas-
phase and anodic reactions of the sample gases (such as H,,
C3H, and CO). High catalytic activity to the gas-phase reaction
reduces the number of gases capable of reaching the SE/YSZ
interface, as depicted in Scheme 2a. However, because the
reactivity to the anodic reaction of Hj is higher than those for
CO and C;Hg, a relatively sensitive and selective response
toward H, was observed at the initial state (before aging).

After a stabilized state was attained by long-term aging, the
SE was comprised of larger particles with relatively lower
porosity. A significant change was observed for the chemical
surface state of the aged SE material. Long-term aging has
presumably stabilized the surficial nonequilibrated Zn—Ta—0O
compound (like Zn;Ta,0;) into a very stable form, resulting in
transformation of the Ta 4f broad peak (two-doublet) into a
one-doublet peak with lower binding-energy values. This
stabilized (aged) SE material has been proven to have a
significantly lower catalytic activity to heterogeneous oxidation
of H,, allowing a higher fraction of H, to reach the TPB, as
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Table 2. Summary of the Aging Effect on Various and Sensing Properties of the ZnO (+84 wt % Ta,0O;)-SE Material

catalytic properties

main SE
SE component particle sample
condition (bulk) size XPS spectra (Ta 4f) gas
initial ZnTa,0¢ smaller  two- doublet (in higher H,
state binding energy)
CsHg
Cco
after ZnTa,0¢ larger one- doublet (in lower H,
aging binding energy)
C3Hg
Cco

gas-phase anodic reaction in cathodic gas gas

(heterogeneous) the sample gas reaction of O, sensitivity  selectivity

high high low low moderate

high moderate low low

high lower low low

low high low high high

high moderate low low

high lower low low

Scheme 2. Illustration of the Aging Effect on Enhancement
of the Sensing Performance of the Sensor Using ZnO (+84
wt % Ta,05)-SE (a) at the Initial State and (b) after Aging

Particle surface:
2ZnTa,0g and non-
equilibrated Zn-Ta-O

shown in Scheme 2b. However, because the catalytic activity to
the heterogeneous oxidation of C;H, (or CO) is still high, the
fraction of C;Hg (or CO) that reaches the TPB remains low.

Despite this, the catalytic activity to the anodic reaction of
the sample gases (H, CO, and C;H,) was not affected by
aging. Therefore, a higher fraction of H, can react with O at
TPB and result in a significant increase in the H, sensitivity,
while maintaining a lower sensitivity to CO and C;H.

The fact that the catalytic activity toward the anodic reaction
of the sample gases (H,, CO, and C;H,) remains unchanged
after long-term aging suggests that the active sites for the
anodic reaction of these gases are hardly affected by the aging
process. On the contrary, the stabilization process during aging
evidently reduced the number of active sites especially for
heterogeneous catalysis of H, oxidation, while those for CO
and C;Hg seem to be less affected. The major changes in the
XPS spectra of Ta 4f after aging appear to strongly correlate
with transformation of the initial nonequilibrated surface
compound to a fully equilibrated one. The presence of the
nonequilibrated phase at the initial state is believed to possess a
comparatively greater number of active sites for heterogeneous
catalysis, facilitating higher rates of H, oxidation. This
contributed to the higher observed augmentation in both the
sensitivity and selectivity toward H, after aging. However, the

reason why only the active site for heterogeneous H, oxidation
is affected by the aging process warrants further investigation.

4. CONCLUSIONS

The effects of long-term aging on various properties of the SE
material have been investigated and characterized for the sensor
using ZnO (+84 wt % Ta,0;)-SE. The XRD patterns of the SE
material before and after aging for 80 days confirmed the
presence of ZnTa,Og as the main SE component in the bulk of
both samples. The aging process was found to promote particle
agglomeration, as suggested by a change in the particle size
observed in SEM images of the aged sample. The initial-state
sample (before aging) having overlapping Ta 4f peaks may be
indicative of the copresence of the nonequilibrated surficial
Zn—Ta—0 compound (like Zn;Ta,0g) together with stable
pure ZnTa,Oq. The initial-state sample was confirmed to have
high catalytic activities against the gas-phase (heterogeneous)
reactions as well as the anodic reactions toward each sample gas
(H, CO, and C,H), resulting in lower sensitivity and
moderate selectivity to H,. During the aging process, the
nonequilibrated Zn—Ta—O compound existing on the surface
of the SE material was stabilized and converted to an
equilibrated compound (pure ZnTa,Og), as suggested by the
well-defined valence state of Ta 4f, which was in good
agreement with the Ta’* oxidation state. The stabilized SE
material was found to have a lower catalytic activity to the
heterogeneous oxidation of H,, and it maintained a preferential
catalytic activity to the anodic reaction of H, compared with
those for CO and C;Hg. This caused the developed sensor to
become highly sensitive and highly selective toward H, after
long-term aging. Future investigation will be focused on further
reducing the stabilization time.
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