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Novel metal palladium was loaded on y-Al, 03 using decompression distillation, ultrasonic impregnation,
and isometric impregnation. Of these loading methods, isometric impregnation was examined to be
the best method for preparing high-performance Pd/Al, 03 catalysts. The observation with transmission
electron microscopy demonstrated that Pd nanorods were formed on y-Al, 03 for the samples preparing
with isometric impregnation. The correlation of the morphology of Pd with the loading time was also
investigated: Pd catalysts loaded for 2 and 6 h had the almost same nanorod morphology and relatively
uniform size. Nitrogen adsorption and desorption isotherms indicate that Pd nanorods increased the
BET-specific surface area of Pd/y-Al,05 The catalytic combustion gas sensor prepared using Pd/y-Al,03;
via isometric impregnation exhibited high sensitivity to methane as well as fast response and recovery

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Methane is a natural gas widely used in industrial and domes-
tic applications. As its leakage results in explosions and fires,
with that in coal being particularly disastrous and fatal, the gas
alarm or systems monitoring methane concentrations are there-
fore urgently necessary. Highly sensitive and stable methane sensor
is the most important device for constructing high-performance
alarm systems. Several types of methane sensors have been devel-
oped [1-7], such as the resistive sensor using SnO,, the optical
sensor based on infrared absorption and the catalyst combustion
sensor. Of these types, the catalytic combustion methane sensor
has been widely applied for detecting methane in residences and
coal mines because of its simple structure, low cost, good sta-
bility and anti-poisoning properties. Recent developments of the
catalytic combustion methane sensor have focused on the prepa-
ration of Pd/Al, 03, such as the preparation method [8-10] of Al, O3
support, particle size [11-14] and oxidation [15,16] of Pd catalyst
and Pd precursor and solvent for loading [17,18,10,19,28], as well
as the design of microhotplate [29]. However, lower sensitivity of
the reported catalytic combustion methane sensor using Pd/Al,;03
limited its utility to monitor the lower concentration methane gas
[30-33]. Some examples of previous works about the catalytic gas
sensors are shown in Table 1.
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In recent years, nanoscience has received growing interest due
to the unique chemical and physical properties of nanomaterials.
These properties are closely related to morphology, which in turn
is affected by synthesized conditions. For example, different ZnO
morphologies, nanoparticles, nanowires, nanorods, and nanoflow-
ers show distinct properties [20-26]. Although Pd/Al,03 materials
have already been used for the catalytic combustion of methane,
only Pd nanoparticles have been reported as the nanostructures
dispersing on Al,03 support.

In this work, decompression distillation, ultrasonic impregna-
tion and isometric impregnation were applied to load Pd catalysts
on y-Al,03. The effects of these loading processes and conditions
on the morphology, dispersion state of Pd on y-Al, 03 and the corre-
sponding sensing properties of the catalytic combustion methane
sensors were specifically investigated.

2. Experimental
2.1. Preparation of y-Al;03 support and loading of Pd catalyst

v-Al,03 was prepared by sintering commercial Al;03-H,0
(321-25785 Boehmite, Wako) at 750°C for 6h. Pd catalyst was
loaded on the as-prepared <y-Al,03 with decompression distil-
lation, ultrasonic impregnation and isometric impregnation. For
decompression distillation, 0.2 g y-Al,03 and 0.353 mL Pd(NOs ),
solution (Shanghai Jiuyue Chemical Co., Ltd.) were mixed inside
a flask under stirring at 50°C; deionized water was then added
into the flask until the solution volume reached 50 mL. The sample
was collected after the water completely evaporated. In ultrasonic
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Table 1
Examples of previous works about the catalytic gas sensors.

Table 2
Pd grain sizes of Pd/y-Al,03 obtained under different conditions.

Catalyst Constant voltage Sensitivity (mV/% CHg) Reference Loading method Pd grain size (nm)
Pd/Pt/Al, 053 13 2 [29] Decompression distillation 30.43
Pd/Pb/Al, 03 25+0.1 22-29 [32] Ultrasonic impregnation 22.74
Pd/Pb/Ce0, 2.5+0.1 24-32 [32] Isometric impregnation
Pd/Al; 03 - 20-25 [33] Oh 8.19
PdO/AL,0; - 17-21 [33] 2h 8.75
6h 9.16
10h 9.91

impregnation, 0.2 g y-Al,03 and a required amount of Pd(NO3),
solution were ultrasonically mixed in a beaker at 40 kHz for 2 h.
For isometric impregnation, the maximum volume of Pd(NO3),
solution absorbed by y-Al,03 powder was dropped into y-Al,03
at room temperature and steeped for 2, 6, and 10h. Finally, the
precursors of Pd (15 wt%)/y-Al,03 prepared with these three pro-
cesses were dried at 80 °C for 1 h and subsequently reduced under
a mixed atmosphere with 5% H, in N at 290°C for 2 h.

2.2. Characterization of Pd/y-Al,03

X-ray diffraction (XRD, Rigaku wide-angle X-ray diffraction
D/max rA, using Cu Ka radiation at wavelength A =0.1541 nm) was
carried out to analyze the structure of Al,03 support and identify
the formation of pure metal Pd. The BET-specific surface areas of
the samples were measured by nitrogen adsorption measurements
(Gemini VII 2390). The as-reduced Pd (15 wt%)/y-Al;03 catalyst
was further characterized by transmission electron microscopy
(TEM, HITACHI H-8100) to determine the morphology and disper-
sion of Pd on y-Al;05.

2.3. Fabrication and measurement of the sensors

The sensing and reference elements were fabricated by coating
the obtained Pd/y-Al,03 and vy-Al,Os3, respectively, onto plat-
inum coils, and then sintered at 600°C for 2 h. The obtained two
elements (resistances of the Pt coils are about 3.5Q at room
temperature) were combined with two constant resistances (2 k€2)
for constructing a Wheatstone bridge (Fig. 1). In order to keep
the sensing and reference devices at 450°C, 2.5V of voltage was
applied between the two devices. The output (Uy) of the catalytic
combustion methane sensor was formulated with the voltage
between the middle points of the two branches for Wheatstone
bridge. The response is the difference of the outputs in air and
methane. And the sensitivity of the sensor is defined as the slope of

EQ.5V)

Fig. 1. Testing circuit of the catalytic combution type sensor.

the dependence of output (voltage) on the gas concentration. The
sensor was evaluated with a static process: the sensors attached
with the measuring circuits were put into a closed chamber, and a
given amount of methane was injected into the chamber and the
outputs of the sensors were measured by a digital multimeter.

When the sensor kept at 450 °C was exposed to methane diluted
with air, the following combustion reaction took place on the sur-
face of Pd/y-Al,03. The combustion heat was transferred to the Pt
coil coated by Pd/y-Al,03, and then the resistance of the Pt coil
increased.

CHa + 0% 2H,0 + CO, + 795.5K] (1)

On the other hand, for the reference element, the above com-
bustion reaction could not proceed on the surface of pure y-Al,03,
and the resistance of the reference element kept a constant. There-
fore, the output of the sensor in methane could be expressed as
following:

Rd + ARd E

o= +(Rg+ ARd)E 2 2)
Here, Ry is the resistance of sensing element in air, AR, represents
the difference of the resistances in methane and air for sensing ele-
ment, R. is the resistance of the reference element in air or methane,
E is the voltage applied in the sensor branch. Because ARy is far less
than Ry, and R, is almost same as R; (R4 ~ R =R), the expression (2)
can be simplified to (3):

E E E
Uo = g g AR = 5 ARa = KARy, (K - ﬁ) 3)
AR, can be described with the following expression:
ARd:p~AT:p-%:p~a-m~¥ (4)

Here, p is the resistance temperature constant, AT is the change of
the temperature of the sensing element, Q represents the heat pro-
duced the combustion reaction on Pd/y-Al, 03, Cis the heat capacity
of the sensing element, m is the methane concentration, AH is com-
bustion heat, and « stands for a constant. From the expression (4),
we could obtain expression (5) by combining (3) with (4).

U0=,3~m (5)

Here, B=K-p-a-AH|C. Therefore, the output is linear with the con-
centration of methane.

3. Results and discussion
3.1. Characterization of Pd/y-Al,03 and y-Al,03

Fig. 2 gives the XRD data of Al,03 prepared by sintering
boehmite at 750°C for 6 h, and the obtained sample was testified
to pure y-Al,03. The XRD of Pd/y-Al,03 obtained by three kinds
of loading methods and with different loading times is shown in
Figs. 2 and 3, which identify the formation of Pd. The Pd grain
sizes of these samples are further calculated using Scherrer equa-
tion, shown in Table 2. Among these three loading methods, the
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Fig. 2. XRD pattern of Al,03 prepared by sintering the commercial Al;03-H,0 (d)
and Pd/y-Al, 03 obtained by decompression distillation (a), ultrasonic impregnation
(b) and isometric impregnation (c).

samples prepared by isometric impregnation gave the smallest
Pd grain sizes (<10nm). This is reasonable because the load-
ing temperatures in isometric impregnation is lower than that
in decompression distillation and ultrasonic impregnation, so the
growth rate of Pd nucleation are initially uniform which inhibits
further growth [34].

Fig. 4 shows N, adsorption-desorption isotherms and the corre-
sponding pore size distribution curve of y-Al,03. The characteristic
type IV shape means that the y-Al, 05 is porous. The pore size dis-
tributes in a narrow range, indicating the pore size is uniform and
most of them is at 11.21 nm. So Pd particles prepared with isomeric
impregnation could enter into the channels of y-Al;0s.

The BET-specific surface areas of the as-prepared samples are
shown in Table 3. The samples prepared by isometric impregna-
tion gave the largest specific surface areas among the three loading
methods. Loading processes have two subprocesses: the transport
of Pd?* into y-Al,03 and the hydrolysis of Pd2* on y-Al;03. Com-
pared with isometric impregnation, decompression distillation and
ultrasonic impregnation have much greater water volumes and
much lower Pd concentrations, thereby slowing down the load-
ing speed. Moreover, heat occurs during decompression distillation
and ultrasonic impregnation. Hence, the hydrolysis of Pd?* on -
Al;03 is dominant and the Pd dispersion is less uniform under
decompression distillation and ultrasonic impregnation.

A aPd

Intensity /a.u.

20 30 40 50 60 70 80
20 /degree

Fig. 3. XRD pattern of Pd/y-Al,03 obtained under different impregnation times (a)
Oh,(b)2h,(c)6hand(d)10h.
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Fig.4. N, adsorption-desorption isotherms and the corresponding pore size distri-
bution curve for y-Al,03.

Fig. 5 shows the TEM images and the Pd distribution of Pd/y-
Al, 03 obtained from the three Pd loading methods, the black spots
on TEM images is Pd. The largest Pd aggregations on y-Al,03
occurred in decompression distillation, whereas Pd dispersion
improved, to some extent, under ultrasonic impregnation. The best
Pd dispersion was achieved by isometric impregnation, in which
the Pd showed a uniform nanorod structure. The oriented attach-
ment mechanism [27] can explain the Pd nanorod formation in
v-Al;03: Pd particles moderately enter the many channels that
exist inside y-Al,03 during isometric impregnation, in which the
transport of Pd?* into y-Al,03 and the hydrolysis of Pd?* on -
Al, 03 are balanced. When Pd particles nucleate side by side on
the same channel, these adjacent particles will spontaneously self-
organize to share a common crystallographic orientation during
growth and form a nanorod single crystal response to the channel
structure. The Pd crystal size distributions are also shown in Fig. 5b,
d, and f. The average size of the Pd obtained by decompression dis-
tillation and ultrasonic impregnation has a broad size distribution,
the average crystal size of the Pd determined from Fig. 5b and d
is 30 nm and 20 nm, respectively. For isometric impregnation, the
Pd nanorod sizes are relatively uniform, and the average diameter
of the Pd nanorod determined from Fig. 5f is 8 nm. These results
are consonant with the average grain size estimated from the XRD
analysis.

Fig. 6 shows the TEM images and the Pd distribution of Pd/y-
Al, 03 obtained by isometric impregnation with different loading
times. The Pd structures on y-Al,03 are evidently altered by the
increase in impregnation time. At 0 h of impregnation, the Pd struc-
ture was a mixture of nanoparticles and nanorods and the average
grain size of the Pd is about 10 nm. At 2 and 6 h, the Pd nanopar-
ticles disappeared and the Pd structure was clearly composed of
uniform nanorods, and the Pd diameter is about 8 nm. But at 10h,
the Pd structure was a mixture of large nanoparticles and nanorods
and the grain size of the Pd is over 10 nm. BET-specific surface areas

Table 3
BET-specific surface areas of Pd/y-Al,O3 obtained under different conditions.

Loading method Specific surface area (m2g-1)

Decompression distillation 142.7
Ultrasonic impregnation 159.9
Isometric impregnation
0h 164.9
2h 175.1
6h 176.3
10h 166.8
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Fig.5. TEM images of Pd/vy-Al, O3 obtained by decompression distillation (a), ultrasonic impregnation (c) and isometric impregnation (e) and the corresponding Pd distribution

of Pd/y-Al,05 (b, d and f).

were the largest or smallest for uniform nanorods or nanoparticles
(Table 3). The Pd dispersion states were strongly affected by both
the transport of Pd%* into y-Al,03 and the hydrolysis of Pd2* on
v-Al;03. The reaction pathways are shown in Fig. 7. The y-Al,03
channels play important roles as templates to the formation of
Pd nanorods. The transport of Pd%* into y-Al,03 was dominant
when the impregnation time was short. At Oh of impregnation
(Fig. 7a), a little amount of Pd on y-Al,03 became nanorods, but
much of the remaining Pd did not enter the channel of Al,03 and
turn into nanoparticles. However, for 2 and 6 h of impregnation
(Fig. 7b), Pd completely moved into Al,03 and became uniform Pd
nanorods. Beyond 6 h of impregnation, in the first stage of load-
ing process, the formation of Pd nanorods is dominant, with the
increasing of the loading time, the particles constructing nanorods
become larger, and some particles departed from the nanorods
and exited separately. Hence, up to 10 h of impregnation (Fig. 7c),
the Pd structure on Al;03 was a mixture of nanoparticles and
nanorods.

3.2. Sensing properties of Pd/y-Al;03 to methane

Fig. 8 shows the dependence of the response on the
methane concentration for the catalytic combustion sensors using
the Pd/y-Al,O03 obtained by decompression distillation, ultra-
sonic impregnation and isometric impregnation. The Pd/y-Al;03
obtained with isometric impregnation gave the highest sensitivity
to methane. The sensitivity of Pd/y-Al,03 obtained with isometric
impregnation was as high as 34 mV/% CH,4, which is about twice that
of Pd/y-Al;03 obtained by decompression distillation. The results
show that the loading method significantly influences the sensing
properties of Pd/y-Al,03 to methane.

Fig. 9 shows the correlation between sensitivity of the methane
sensors based on the Pd/y-Al,03 obtained by isometric impregna-
tion and Pd loading times. The sensitivity of the sensor was higher
at 2 and 6 h of impregnation, during which the Pd nanostructure
formed was that of uniform nanorods. The sensitivity was lower at
0 and 10h of loading, during which a mixture of nanoparticles and
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Fig. 6. TEM images of Pd/y-Al, 03 obtained under different impregnation times (a) O h, (c) 2 h, (e) 6h and (g) 10 h and the corresponding Pd distribution of Pd/y-Al,0s (b, d,
fand h).

nanorods formed. These further illustrate that the sensitivity of the
Pd/y-Al,03 material is closely related to the morphology of Pd.
The catalytic combustion sensor is not selective, but its response
depends on the kind and concentration of the flammable gas, com-
bustion heat, the diffusion rate of the flammable gas in the sensor

and the conduction [30]. Various gases of different concentrations,
including 3000 ppm CH,4, 100 ppm CO, 1000 ppm H;, 30 ppm H,S,
500 ppm C4H7g, were tested according to the working environ-
ment (Fig. 10). The sensors are almost responseless to CO and H,S,
but C4H1g and H, exert some interfere to the sensors for testing
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Fig. 7. Pd nanorods reaction pathways, earlier stage (a), interim stage (b) and later
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35 ¥ T y T ¥ T v T

30 [ == decompression distillation
| —@—ultrasenic impregnation
E 25 F —d—isometric impregnation <
Lot -
= L
215} -
(] 3 4
F10}f ]
5l i
D i ' i 1 L
0 2000 4000 6000 8000 10000
Methane /ppm

Fig. 8. Response of the sensors fabricated through different Pd loading methods.

methane. Even so, the sensor using Pd/vy-Al,03 prepared with iso-
metric impregnation still gives the high response to methane.

The response and recovery curves of the catalytic combustion
sensors based on the Pd/y-Al,03 obtained by decompression dis-
tillation, ultrasonic impregnation and isometric impregnation to
3000ppm CH4 are shown in Fig. 11a-c, respectively. Although
all the sensors using different Pd/y-Al, 05 catalysts display quick
response and recovery speeds to methane, the repeatability is obvi-
ously different. The outputs both in air and 3000 ppm methane for
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Fig. 9. Correlation between loading time during isometric impregnation and sensi-
tivity of the methane sensor.
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Fig. 10. Selectivity of the sensors to various gases of different concentrations.
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Fig. 11. The response and recovery curves of the catalytic combustion sensors fabri-
cated with decompression distillation (a), ultrasonic impregnation (b) and isometric
impregnation (c).

the sensors based on Pd/y-Al,03 prepared by decompression distil-
lation (Fig. 11a) are downwards after three cycles. At the same time,
Fig. 11b exhibits that the sensors’ output in 3000 ppm methane is
stable, but the one in air is upward. Fig. 11c shows that the out-
puts in air and 3000 ppm methane are repeatable for the sensors

Fin 3000 ppm methane
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Fig. 12. Correlation between loading time during isometric impregnation and

response and recovery curves of the methane sensor. (a) Oh, (b) 2h, (c) 6h and
(d)10h.
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using Pd/y-Al,03 from isometric impregnation. Fig. 12 shows the
response and recovery curves of the methane sensors based on the
Pd/y-Al; 03 material obtained by isometric impregnation with dif-
ferent Pd loading times. It can be seen from Fig. 12 that the outputs
of the sensors using Pd/y-Al,03 by isometric impregnation for 2
and 6h are more stable than those for 0 and 10 h. Above results
indicated that Pd nanorods sensors using the catalyst via isomet-
ric impregnation for 2 and 6 h not only exhibit higher response,
but also have better repeatability than those using catalysts with
decompression distillation, ultrasonic impregnation.

4. Conclusions

Pd morphology is an important factor affecting the sensing per-
formance of the catalytic combustion sensors. Different Pd loading
methods result in distinct Pd morphologies, thereby affecting the
sensing performance of sensors. Of the three loading methods
described in this study, isometric impregnation gave the highest
sensitivity as well as the most rapid response and recovery rates.
Moreover, at 2 and 6 h of loading, the Pd nanostructure was the uni-
form nanorods and the Pd/vy-Al,03 catalyst had the largest specific
surface area, the highest sensitivity and the most rapid response
and recovery rates to methane, indicating that the morphology of
Pd is closely related to loading time in the isometric impregna-
tion method. Compared to previous works about the catalytic gas
sensors, this sensor obtained by isometric impregnation with 2h
performed high sensitivity to methane as well as fast response and
recovery properties.
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