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Of late, battery-driven high-performance gas sensors have gained acceptability in practical usage, whose atomic-scale
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structure has been revealed by p-florescence X-ray absorption fine structure analysis. We studied the chemical distribution

of Pd species in the Pd/Al,O; catalyst overlayer in the real gas sensor at various degrees of deterioration. In a freshly

prepared sensor, all Pd species were in the PdO form; in a heavily deteriorated sensor, Pd/Al,0; in the external region

changed to metallic Pd particles, while the PdO structure in the inner region near the heater remained unchanged. The Pd

species distribution agreed with the simulated thermal distribution. Temperature control was crucial to maintain the high

performance of the gas sensor. The improved sensor allows homogeneous heating and has a life time of more than 5

years.

1. Introduction

Natural gas is now used as a household energy resource
because it is user- and environment- friendly with low CO,
emission. In 2011, natural gas is used for 1/5th of residential
energy consumption in Japan.l'2 For further spreading the use
of natural gas as a residential energy resource, safety
measures such as a gas-leakage sensor should be developed.
SnO, is the most important sensor material for such a purpose,
its electric conductivity changes with the gas
composition at high temperatures.3 When the reductive gases

because

(such as methane, hydrogen, alcohol, and carbon monoxide)
are present, the surface oxygen content decreases and more
conduction electrons are created so that the gas conductivity
increases. High temperatures are necessary for this surface
reaction to occur and the AC power supply is required for
heating the gas sensor. Moreover, the AC power supply
hinders the daily use of the SnO, gas sensor for domestic
purposes because of the limited installation sites in a house
and its bulkiness. Therefore, it is desired that a battery-driven
gas sensor with a long life time should be developed.

Suzuki et al. have developed a new SnO, battery-driven
sensor using a micro electro mechanical system (MEMS) to
achieve low power consumption.a’5 The key factors of this
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MEMS are the use of catalysts and a pulsed heating system.
The new battery-driven SnO, sensor has a multilayer structure
composed of a Pd/Al,O3 catalyst overlayer, a Pt-SnO, catalyst
layer, a SnO, sensor layer, an electrode, and a heater, which
are sequentially deposited on a Si chip, affording the sensor
high sensitivity and selectivity for methane—the main
ingredient of natural gas. In particular, Pd/Al,O; increases the
selectivity of the sensor for methane.® Murata et al. developed
a model sensor on a few-cm? Si substrate, where a SnO, thin
layer and Pt-SnO, and Pd/Al,O;
sequentially on the substrate. They characterized the structure

layers were deposited

under in situ conditions, where the sample was heated to high
temperature in a flow of hydrogen or methane gas, using an X-
ray absorption fine structure (XAFS).7'8 They found that their
model sensor comprised an atomically dispersed Pt in SnO,,
which was the active species that enhanced the sensor activity,
and that PdO was present in the Pd/Al,O; catalyst overlayer
and it increased the methane sensitivity of the sensor.

The selectivity of the sensor for methane decreased during
the operations. Therefore, the life-time of the battery-driven
sensor was shorter than that of the battery itself. In order to
understand the origin of the deterioration mechanism of the
sensor, we characterized the structure of a real micro gas
sensor using p-fluorescence X-ray absorption fine structure (u-
XAFS), with the spatial resolution is of the order of a few tens
of um. The u-XAFS with um or nm resolution has been applied
to various fields e.g. catalysis 9'13, biomedical ", geological
and environmental sciences **%° In our previous report we
found that PdO particles in the fresh p-gas sensor were
reduced to Pd metal as the methane selectivity decreased.”
Based on these results, we inferred that the Pd metal
formation was responsible for the deterioration of the sensor
performance. We had a question why the methane selectivity

J. Name., 2013, 00,1-3 | 1



Physical Chemistry Chemical Physics

was completely lost when the sensor still had plenty of PdO
species. In order to answer this question, we further
investigated the Pd structure and its change in each part of the
Pd/Al,O; overlayer present in the p-gas sensor. We measured
the Pd K-edge p-XAFS using a micro beam and found that the
Pd metal particle was not homogeneously distributed in the
Pd/Al,O; overlayer. We determined the distribution of PdO
and the Pd metal inside the Pd/ALO; overlayer in the
deteriorated sensor chip. In this paper, we discuss the origin
for the loss of the methane selectivity in the high performance
of the p-gas sensor and the importance of homogeneous
heating in the p-gas sensor.

2. Experimental
2.1. Samples

The p-gas sensors were prepared as described in previous
reports.“'s’7’13’21’22 The sample was heated by a pulsed heating
system. When the sample was heated inhomogeneously, its
selectivity decreased with time; however,
homogeneously heated at 703 K, selectivity was not
hampered. The overall Pd structure has been reported in a
previous paper.13 The samples were driven in a flow of 500
ppm H, and 99% relative humidity (RH), which was more
severe operation conditions than general operation condition.
Selectivity (Sel) is defined as follows,

when it was

Sel = Rhydrogen / Rmethane

where Ryygrogen @aNd Rietnane Were the resistances in 1000-ppm
H, and CH, flow, respectively, at 20 °C and 65 % (RH). Four
typical samples, Fresh (Sel = 5.2), Sel 3.7 (Sel = 3.7), Sel 1.8 (Sel
= 1.8), and Sel 0.9 (Sel = 0.9), were prepared for p-XAFS
measurements.

2.2. XAFS Measurements

Pd K-edge pu-XAFS experiments were performed at the NW-10A
beamline at the Photon Factory (Institute for
Structure Science, High Energy Accelerator Research
Organization; KEK-IMSS-PF) using a Si(311) double-crystal
monochromator in the fluorescence mode.”* The original
beam size of this beam line was 1 mm x 1 mm. The X-ray beam
was further focused by a polycapillary lens having a focal
distance of 9.5 mm and transmission efficiency of ~8% at 25
keV (XOS Inc., USA), as described in a previous paper.13 The
incident X-ray beam intensities were monitored by a 170-mm-
long ionization chamber. The X-ray fluorescence was detected
by a 19-element Germanium - solid state detector (Ortec,
USA). The focal spot was about 25 um in diameter (full-width
at half-maximum; FWHM) measured by knife-edge scans. XAFS
spectra were analyzed using the REX2000 software (Ver. 2.5,
Rigaku, Japan).24

We set the X-ray parallel to the sensor base denoted as the a
position (shown in Fig. 1), where the maximum-fluorescence X-

Materials

ray intensity was obtained. In the a position, X-ray passes
through the Pd/Al,O; overlayer. Since the beam size was a
little less than the thickness of the Pd/Al,O; overlayer (40 um),
we shifted the sensor by 40 um to ensure the beam glances

2| J. Name., 2012, 00, 1-3

the top surface region, as shown in Fig. 1 (denoted as B
position). We also set the incidence X-ray direction at 45° with
the chip surface. We allow the X-ray to pass through the
central region which gives maximum-fluorescence X-ray
intensity, with its position denoted as the y position. The beam
was shifted by 100 um to pass it through the peripheral region
of the Pd/Al,O; overlayer (this position was donated as the &
position), as shown in Fig. 2.

o position
cross-sectlonal ..... ~B position
view of sensor

Detector

40 i /X-ray

Fig. 1  Alignments of a micro beam and a p-gas sensor. The sample was mounted
parallel to the X-ray incident direction. The cross section area of the X-ray is 25 um
diameter, and its FWHM is measured by knife edge scan.

v position

cross-sectional
view of sensor

100 pm

/" X-ray
Detector

Fig. 2 Alignments of an X-ray p-beam and a p-gas sensor. The sample was mounted
vertically at 45° of the incident X-ray direction.

3. Results

Figs. 3—6 show the X-ray absorption near-edge structure
(XANES) spectra at various degrees of degradation in a, B, v,
and & positions, respectively. In a Sel 5.2 sample (fresh
sample), Pd was in the PdO form in all X-ray positions (a, B, vy,
and & positions).

The XANES spectra in B and & positions changed with the
changing degrees of degradation. The first edge peak (24,350
eV) decreased in intensity while the new structure appeared at
the higher-energy side (24,375 eV). Fig. 4 shows the XANES
spectra of the B position with different degradation degree. As
mentioned above, the peak at 24,350 eV decreased in intensity
with the increase of the peak at 24,375 eV. The XANES spectra
of the Sel 0.9 sample had a feature characteristic to Pd foil.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Pd K-edge XANES spectra of the a position with various deterioration degrees.
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Fig. 5 Pd K-edge XANES spectra of the y position with various deterioration degrees.
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Fig. 4 Pd K-edge XANES spectra of the B position with various deterioration degrees.
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Fig. 6 Pd K-edge XANES spectra of the & position with various deterioration degrees.

This journal is © The Royal Society of Chemistry 20xx

On the other hand, Figs. 3 and 5 show no remarkable change
in the XANES spectra, indicating that the Pd species were
mostly in the PdO state in the a and y positions. Although Fig.
5 shows little change in the spectra, the spectra in Fig. 3 had a
small shoulder at 24,375 eV, probably due to Pd metal in the a
position. The change was only in the a position, indicating that
the effect of the top surface region could be neglected
because the thickness of the reduced metal portion on the top
surface region was smaller than that of the reduced metal
portion on the peripheral region.

We carried out deconvolution analysis of the XANES spectra
in the a position, where the spectra were composed of those
of the central and peripheral regions. Assuming that the effect
of top surface region was negligible on the XANES spectra of

J. Name., 2013, 00, 1-3 | 3
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the y position, the XANES spectra at the body could be
approximated as the ones of the y position. The XANES spectra
at the peripheral could be considered equal to the ones with
the & position. The spectra at the o position could be
expressed as shown in following equation (1),

Mo(E) = a x p,(E) + (1 - a) x ps (E) (1)
1=a=0 (2)
where p,(E), uy(E), and ps(E) are the spectra in the a, y, and &
positions, respectively. Applying the least squares method for
all samples with a single value of a, we found that a = 0.7 for
Sel 0.9 and Sel 1.8. We could not calculate a for Sel 3.7 and Sel
5.2 because reduction amounts were too small.

Figs. S1 (a) and (b) show the three- (3D) and two-dimensional
(2D) rough sketches of the Pd/Al,O; overlayer on the gas
sensor. The distance between the 6 and the y positions is ~100
um and the micro-beam spot is 25 um in diameter, as shown in
Fig. S1 (c). Considering these positions, we defined the
peripheral region as the dark-shaded ridge, as shown in Fig. S1,
and the rest are defined as the center region, as shown in Fig.
S1 (d). Fig. S1 (e) shows the 3D drawing of the central and the
peripheral regions. Based on this rough assumption about the
peripheral and the central regions, we calculated the
contribution of these regions to X-ray absorption. The path
length for the central and peripheral regions were ~160 and
~80 um (= 40 um x 2), respectively, where both the peripheral
regions are considered.
a=80/240 = 0.66 (3)
The value of a (0.66) is consistent with that calculated from
equations (1) and (2) by the least squares method (a = 0.7).
Actually, Figs. 7 and 8 show the comparison of the XANES
spectra between the spectra observed at the a position and a
spectra synthesized using the spectra of the y and & positions
with appropriate weights (a = 0.7). This means that the
definitions of the central and peripheral regions are
approximately correct.

In addition to the peripheral region, XAFS spectra in the B
position show that the thin top surface region on top of the
gas sensor was also reduced. The X-ray was irradiated on the
sample in the glancing condition to weaken the signal, but the
spectra showed that PdO was reduced as the deactivation
proceeded. Considering that the metal component was absent
in the spectrum in the y position, the thickness of the top
surface region might be less than 1 um.

As a result, the Pd/Al,O; overlayer is roughly divided into 3
regions: the central region, the peripheral region, and the thin
top surface region.

Fig. 9 shows the XANES of Sel 0.9 on each X-ray position.
Only the spectrum in the y position, corresponding to central
position, was similar to that of PdO and those in the B and &
positions were like spectra of Pd foil rather than PdO, which in
turn corresponded to the top surface and the peripheral
regions, respectively.

4| J. Name., 2012, 00, 1-3
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Fig. 7 Comparison of XANES spectra between the observed spectrum of the a position
and synthesized spectrum using y and & positions’ spectra with appropriate weights (a
=0.7). The XANES spectra were of a treated sample (Sel 0.9) of the (a) a position, (b) y
position (70 at. %), (c) & position (30 at. %), and (d) synthesized result.
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Fig. 8 Comparison of XANES spectra between the observed spectrum of the a position
and synthesized spectrum using y and & positions’ spectra with appropriate weights (a
= 0.7). The XANES spectra were of a treated sample (Sel 1.5) of the (a) a position, (b) y
position (70 at.%), (c) 6 position (30 at.%), and (d) synthesized result.
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Fig. 9 Pd K-edge XANES spectra of Sel 0.9 of each position.

Table | shows the metallic Pd content of each sample
calculated from linear combination fitting of Pd K-edge XANES
spectra of Pd foil and PdO. We carried out two components
regress analysis since we found isosbestic points in spectra
shown in Fig.S3 though there were possibilities for the
presence of other Pd oxide species. Errors in these calculations
were estimated using the Hamilton ratio method at a
confidence level of 95%.% In the Sel 5.2 sample, we found PdO
in all regions. The selectivity decreased with the increase of
metallic Pd contents in the peripheral and the top surface
regions.

TABLE I. Metallic Pd ratio of each alignment of the samples calculated from the linear
combination fitting of Pd K edge XANES spectra.

V,~3x10° um’
V,=0
where V,, V,, and V; are the volume of center, peripheral, and
top surface regions, respectively. Vs =0 because the thickness
is less than 1 um. The numbers in parentheses in the average
column in TABLE | correspond to the values determined in the
previous paper to analyze the entire Pd/AI203.13 The average
values agree with those determined by the analysis of the
entire Pd/Al,O; region, validating the model shown in Fig. S1.
More than 80% of the PdO particles in the peripheral region
for Sel 0.9 and Sel 1.8 samples were reduced to Pd metal, as
shown in Fig. 10, while nearly 50% of the Pd particles in the B
position were also reduced. Maybe the top surface region was
too thin and the X-ray in the B position may include the central
region information.
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Fig. 10
selectivity.

Relationship between the ratio of metallic Pd species at the positions and

Finally, we have proposed the model structure of Pd/Al,0O4
after degradation where PdO in the central region was covered
with metallic Pd particles supported on Al,O; in the peripheral

and top surface regions which are named as external regions

target region top surface bulk peripheral average
Fresh (Sel 5.2) 0+3 0+2 03 0(2+3)

Sel 3.7 3+7 18+3 18+9 18+5
(14 £ 3)

Sel 1.8 13+4 5+4 86+4 29+ 4
(23 +4)

Sel 0.9 48+5 12+3 83+4 36+ 6
(38+5)

hereafter. Such an inhomogeneous structure might have led
to the effective deterioration of performance even though
majority of the Pd species was still in the PdO state.
Interestingly the metal distribution corresponded to the
simulated temperature distribution. The temperature
simulation showed that there was a temperature difference of
~70 K between the Pd/Al,O; at the external regions and

Average values of metallic Pd content are calculated in the
sample. Since the thickness of the top surface region was too
small, metallic Pd content in the two regions were averaged
based on their volumes calculated from the 3D model, as
shown in Fig. S1 (e).

V.~ 7x 10° um3

This journal is © The Royal Society of Chemistry 20xx

around the heater (703 K) as shown in Fig. S2.

4. Discussion

Previous research showed that the Pd/Al,O; catalyst
improved the selectivity of the sensor for methane® and the
formation of the Pd metal was related to the degradation of

the sensor performance.13 The chemical state of Pd in Pd/Al, O3

J. Name., 2013, 00, 1-3 | 5
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is an important factor to determine the response of the sensor
toward methane and other gases. PdO is more active than Pd
metal for other gases (such as hydrogen, alcohol, and carbon
monoxide).s'ze"28

Fig. 11 shows a degradation mechanism schematically. PdO
in the Pd/AlL,O; overlayer can burn out other gases more
quickly than methane so that methane reaches the SnO,
sensor through the Pd/Al,O; overlayer because methane is the
most inert gas. The formation of Pd metal in the external
regions of the Pd/Al,O; overlayer change the selectivity of the
sensor for methane. The methane gas is combusted by the Pd
metal in the external regions. Consequently, methane cannot
reach the sensor part and the sensor selectivity for methane
decreases tremendously, even if PdO is mainly present in the
Pd/Al,O5 catalyst overlayer. It is necessary to keep the PdO
species in the external regions of the Pd/Al,O; for selective
combustion and to increase the sensor selectivity. It is
necessary that the Pd metal should not be present in the
external parts of the sensor for selective combustion and to
increase the sensor selectivity.

700K

Temperture distribution

R T
Micro - XAFS measurement
CH, The reduction of PdO CH, PdO
Co, M\
Degradation " Pd

Fig. 11 [Illustrations of a degradation mechanism and Pd/Al,O; overlayer.

Pd/Al,O; in external regions are more severely reduced than
that in the central region because of the following two
reasons: The first is that the regions are directly exposed to
environmental gas, which always contain small amounts of
reducing agents such as alcohol and oils. The second is that
Pd is not heated up sufficiently to reach the desired
temperature, say ~703 K. We carried out temperature
dependent in-situ XAFS measurements on the Pd/Al,O; film on
Si under various atmosphere. We found that the PdO was
partially reduce around 573 K in the 1000 ppm H, containing
air. The reduced PdO was reoxidized at more than ~700 K.° In
the real senor, the temperature in the external regions might
be decreased by 10%, which was not sufficient for the
reoxidation. This u-XAFS work has clearly demonstrated that in
order to keep the high performance of the sensor, the entire
sensor must be heated to 703 K. Pd metal has high activity to
oxidize the methane, then it deteriorates the selectivity of the
sensor for methane. We reported this u-XAFS to the factory
and they devised a homogeneous heating method by the
modification of the structure of the Pd/Al,O; overlayer.
Consequently, the sensor life-time has tremendously increased

6 | J. Name., 2012, 00, 1-3

and reached a practically available level.”® In our previous
study,13 we could not determine why small amounts of Pd
metal species severely deteriorated the activity of the entire
sensor, even though PdO was still a major component. Our
present work on p-XAFS has shown that a Pd metal barrier
formed in the external regions of the Pd/Al,O; overlayer
effectively removed methane and hindered its arrival to the
SnO, layer. Consequently, the methane selectivity of the gas
sensor decreased.

5. Conclusions

Each region in the real p-gas sensor was measured by p-XAFS
using an X-ray p-beam made by a polycapillary lens. The
methane selectivity of the sensor decreased with time under
severe operation conditions. We found that PdO of the sensor
was inhomogeneously reduced, which decreased the methane
selectivity of the sensor. The reduction of the Pd species
mainly occurred in the external regions of the Pd/Al,O;
overlayer. The Pd metal formed in the external regions
combusted the methane gas completely, and hence, methane
could not approach the sensor part (i.e., the SnO, thin layer).
This work demonstrated that in order to understand the
mechanism, it is important to analyze the inhomogeneity of
the catalysts. The p-XAFS is a powerful analytical tool that
gives structural information on the inhomogeneity of the
sensor that helps in understanding the catalytic mechanism of
a real device such as a p-gas sensor.
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regions as Fig. S1.

Fig. S2: Simulation results of temperature distribution of the
Pd/Al,O; overlayer as Fig. S2.

Fig.S3: Fig. S3 Normalized Pd K-edge XANES spectra of Pd foil,
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