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Pd catalysts supported on various metal oxides were investigated for the low-temperature catalytic combustion of
methane. Of the catalysts examined, a Pd/SnO, catalyst demonstrated excellent activity despite its low specific surface
area. The activity of the Pd/SnO; catalyst was lowered with the addition of M ( = Al, Ce, Fe, Mn, Ni, and Zr) oxide to the
support, Pd/Sn0O,~MOy. It was observed by a transmission electron-microscope observation that the PdO phase was well-
dispersed on the outer surface of SnO; support uniformly, observed as an intimately contacted layer on fine SnO; particles.
The temperature-programmed desorption of oxygen has revealed that the catalytic activity depends on the adsorption state
of oxygen on palladium. An X-ray photoelectron spectroscopic analysis suggested that reduction of the palladium surface
proceeded slowly under a strong palladium-support interaction for Pd/SnO,. In situ X-ray diffraction indicated that the
PdO phase was stabilized at higher temperature on SnO, than on the Al,O3 support. It is considered that the catalytic
activity is strongly influenced by the interaction between palladiam and SnO».

The catalytic combustion of hydrocarbons at high temper-
ature, above 1000 °C, has been extensively investigated so
far for the application to gas turbines, because of low thermal
NO, emission and high efficiency, as compared with conven-
tional flame-combustion systems.!? Although the operating
condition of a combustor strongly depends on the catalyst
activity and the air/fuel ratio, even a lean fuel mixture can
be stably burned over a relatively wide range of tempera-
ture (400 to 1000 °C). For applications to low-temperature
combustion, e.g., in direct drying of foods and polymers, the
necessary heat can be supplied by the combustion of very
lean mixtures over a highly active catalyst. Low-tempera-
ture catalytic combustion can also be applied for the clean-
ing of car exhaust, removing volatile organic compounds,
flame-less heaters and household appliances operated below
1000 °C. These days, low-temperature combustion is also
requested for the inlet zone combustor of gas turbines, air-
craft afterburner, and other systems utilizing heat-radiation
applications.”

Some noble metal catalysts have been known to be active
for ignition reactions.” Palladium has been known to be the
most active component for the combustion of methane. The
morphological and chemical effects on the catalytic activity
of Pd catalysts have been discussed, such as the dispersion
of palladium particles, chemisorbed oxygen on Pd and sur-
face reconstruction of palladium particles.>~ The nature of
the interaction between oxygen and a Pd surface has been
the subject of extensive studies in recent years. The de-
velopment of Pd catalysts for methane oxidation should be
based on understanding the reaction mechanisms in relation
to oxygen—metal bonding. It has been known that the cat-
alytic combustion of hydrocarbons on Pd catalysts proceeds
by the reduction—oxidation cycle of Pd accompanied by the

reversible adsorption and desorption of oxygen. According
to our previous study, a high oxidation state of PdO is respon-
sible for the high catalytic activity; the decomposition of PdO
to metallic Pd gives rise to a drastic decrease in the coverage
of the adsorbed oxygen leading to an inactive catalyst.” The
correlation between the catalytic activity and the particle size
of Pd has also been discussed.”'” Therefore, the dependence
of the catalytic activity on the chemical state of palladium
is quite complicated due to these entangled factors. It can
be inferred that the performance of the catalyst is obviously
related to the nature of the support through the dispersion of
the Pd and Pd-support interaction.

Since sintering of metal particles results in simultaneous
decreases of the active metal surface area and the activity,
supported metal catalysts consisting of small metal crystal-
lites dispersed on a support with a large surface area is widely
used for all of the above-mentioned applications.®'? Alumina
has been widely used as a support for the palladium cata-
lyst due to its high specific surface area and low cost. The
Pd/Al,O5 catalyst is active at medium temperatures above
400 °C to ensure complete combustion of methane to carbon
dioxide and water. However, the activity of the Pd/Al,O;
catalyst is insufficient for low-temperature ignition, e.g., at
300 °C. Furthermore, the produced carbon dioxide and water
serves as a poison for the Pd/Al,O3 catalysts, especially at
low conversions and at low temperatures, making the activity
deteriorated.'?

In this study, the catalytic activities of palladium supported
on various metal oxides were investigated for designing ac-
tive ignition catalyst for methane combustion. The present
study aims at examining the morphology of palladium on the
support by transmission electron microscopy (TEM). Tem-
perature-programmed-desorption of oxygen (TPD), X-ray
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photoelectron spectroscopy (XPS), and in situ X-ray diffrac-
tion (XRD) were employed to evaluate the effect of the
support on the redox properties of Pd species. The rela-
tion between catalytic activity and the morphological and
the chemical properties of palladium particles was also dis-
cussed.

Experimental

1. Catalyst Preparation. = Commercial metal oxide powders
(MOyx; M = Al, In, Nb, Sn, Y, and Zr) were used as starting materials
for oxide supports. These powders of oxides were calcined at 800
°C for 5 h in air. Mixed oxide supports (SnO,—MOy; M = Al, Ce,
Fe, M, Ni, Zr) were prepared from aqueous SnCls and metal nitrate
solutions, and the composition of the solution was adjusted to the
composition for a mixed oxide with molar ratio of SnO, /MOy = 1.
The resultant precursor was dried and calcined at 800 °C for 5 h
in air. Palladium catalysts were prepared by an incipient wetness
technique using a palladium nitrate solution and the oxide powders.
The loading of palladium in its metallic state was 1 wt% of the
catalysts. The catalysts were dried and subsequently calcined in air
at 800 °C for 5 h.

2. Catalytic Combustion of Methane.  The activities of the
catalysts for the combustion of methane were determined in a con-
ventional flow reactor operating at atmospheric pressure. The cata-
lyst (1 cm®) was fixed in a quartz reactor by packing alumina beads
at both ends of the catalyst bed. A gaseous mixture of methane (1
vol%) and air (99 vol%) was fed by a mass-flow controller to the
catalyst bed at a flow rate of 48000 cm> h™! (space velocity = 48000
h™!). The effluent gas was analyzed using an on-line gas chromato-
graph (GC). A Porapak Q column was used for the separation of
CH4 and CO; and active carbon for the separation of CO. The
catalytic activity was expressed by methane conversion calculated
based on the following equation:

CH,4 conv. = (1 — CHs our/CHa in) X 100%,

where CHy oy is the flow rate of methane in the effluent gas and
CHa i, is the flow rate of methane in the feed gas before the reaction.

Crystalline phases and specific surface areas (Brunauer—Emmett
—Teller (BET) surface area) of the catalysts were determined by
XRD (Rigaku, RINT-1400) and by the BET method (Micromeritics,
GEMINI-2370) using nitrogen as an adsorbate, respectively.

3. Transmission Electron Microscopy (TEM) Observation.
A detailed investigation of the morphology of Pd particles impreg-
nated on the support was carried out using a transmission electron
microscope (TEM). For the TEM observation, a powder sample
was dispersed in ethanol. A droplet of the suspension was put onto
the sample holder with a microgrid using a pipet, and subsequently
dried to make the TEM specimens. A JEOL JEM-2000FX electron
microscope with an energy-dispersive X-ray analyzer (EDX, Tracor
Nothern TN-2000) was employed, and a JEOL-4000EX electron
microscope was used for high-resolution observations. The electron
beam for the EDX analysis was focused to a spot with a diameter
of ca. 20 nm.

4. Temperature- Programmed-Desorption (TPD) Measure-
ment.  The temperature-programmed-desorption (TPD) of oxy-
gen was carried out in a flow system to observe oxygen desorption
from catalysts. A standard reaction vessel was used for the TPD
experiment.’® A catalyst (1 g) was fixed in a quartz reactor by
packing quartz wool at both ends. The length of the catalyst layer
was 0.5—1.0 cm. Prior to the measurement, the sample was re-
duced in a He flow (50 mlmin™") at 800 °C, followed by an O,
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flush (50 mlmin~!) at 800 °C for 2 h. After cooling in Oy to
room temperature, the feed gas was switched to a He stream (50
mlmin~") for TPD. The sample was heated at a rate of 5 °C min ™"
from room temperature to 800 °C, and the oxygen desorption was
detected by using a thermal conductivity detector (TCD) cell and a
mass spectrometer (ULVAC, MSQ-150A). A part of the outlet gas
at ambient pressure was introduced to the differential high vacuum
system, which was equipped with a mass spectrometer and a turbo-
molecular pump. It was confirmed that the readsorption of O, can
be negligible due to the high He flow rate under this condition.'>

5. X-Ray Photoelectron Spectroscopy (XPS) Measurement.
To reveal the change in the electronic state of the supported Pd
catalysts, XPS was employed. The X-ray photoelectron spectra
were recorded at room temperature using a Shimadzu ESCAS850
spectrometer with monochromated Mg Ka excitation. Each sam-
ple was pressed into a pellet, clamped onto an XPS holder, and
transferred into the XPS chamber. The background pressure in the
spectrometer chamber was below 1x 107 Pa.

Due to the charging effect of the supports, the core-level binding
energy for oxidized palladium was often shifted toward a higher or
lower binding energy (BE) on some support oxides. Consequently,
the Au 4f;,, (BE =83.8 eV) signal was used as a reference to
correct the XPS peak positions in all samples. Because of the
strong overlap of the Au 4ds/, and Pd 3ds/, signals, the following
procedure was employed. After measurements of Pd 3ds;, and O
1s signals for the bare sample, Au particles were vacuum deposited.
The binding-energy value of the O 1s signal was determined from
the Au signal, and assumed to remain unchanged before and after
Au deposition. Then, the binding-energy value of Pd 3ds;, was
determined with reference to the O 1s signal. Furthermore, due to
the low concentration of palladium, 50 scans were accumulated in
order to gain the signal-to-noise ratio. A Gauss-based fitting routine
was used to peak fit the Pd core level spectra of Pd 3ds/, and Pd
3dss.

6. In situ X-Ray Diffraction (XRD) Measurement. In situ
XRD was employed for observing the crystalline phases of palla-
dium species at high temperatures. Prior to the measurement, the
sample was oxidized in an O, stream at 800 °C for 2 h followed
by cooling to room temperature. Samples were then heated in a
He flow at a heating rate of 20 °Cmin !, and kept at a given tem-
perature for 15 min prior to the XRD measurement. In situ XRD
patterns were recorded in a He atmosphere every 10—30 °C at
between 700 and 900 °C.

Results

1. Oxidation Activity of Palladium Catalysts Sup-
ported on Various Metal Oxides. The catalytic ac-
tivities for methane combustion over Pd catalysts supported
on various oxides (MO,; M = Al, In, Nb, Sn, Y, and Zr)
are summarized in Fig. 1. In every case, carbon dioxide
and water were the reaction products, but CO was not pro-
duced. The oxidation of methane over Pd/Al,O5; started
at about 300 °C, followed by a steep increase in conver-
sion up to 100% at 800 °C. The catalytic activity increased
monotonously with rising temperature. The surface areas of
the catalysts on other metal oxide supports were extremely
low compared with that of Pd/Al,O3. The catalytic activities
of Pd on In,03, NbyOs, and Y,03 supports were very low.
However, it is noted that Pd/ZrO, and Pd/SnO; catalysts
exhibited a higher activity than did Pd/Al;O; at all reac-
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Fig. 1.
vol%; air, 99 vol%; space velocity, 48000 h™".

tion temperatures. The sequence of the catalytic activities
was M =Sn > Zr > Ag > In > Y > Nb. The activity curves
shown in Fig. 1 were observed during the heating course of
the catalyst, whereas the activity was sometimes lower than
the values in the figure during the cooling course. This hys-
teresis was often observed for Pd/Al,O3, as some researchers
have reported,’? whereas the Pd/SnO, catalyst scarcely ex-
hibited any activity difference between the heating and cool-
ing courses. It is considered that, unlike Pd/Al,03, the H,O
and CO, produced during the reaction have little influence on
the activity of Pd/SnO,. A high catalytic activity of Pd/SnO,
was also observed for CO oxidation. Pd/SnO, and Pt/SnO,
catalysts are known to be very active for CO oxidation be-
cause of a synergistic effect.'*'9 As a result, the reaction
kinetics and the apparent activation energy of CO oxidation
over Pd/SnO; catalyst is quite different from those over poly-
crystalline Pd, Pd/SiO,, Pd/Al,O3, and SnO,. However, the
CH,4 oxidation characteristics of Pd/SnO, have not been sat-
isfactorily reported. Among the catalysts given in Fig. 1, no
simple correlation could be found between the activity and
the BET surface area. Cullis and Willatt have also reported
that the support has a pronounced effect on the rate of meth-
ane combustion over palladium catalysts.® Since Pd/SnO,
exhibited the highest activity among the catalysts in the re-
action temperature range investigated, the effect of additives
to the Pd/SnO; catalyst was investigated in detail.

The catalytic activities and surface areas of Pd supported
on various Sn0,-based oxides (Pd/Sn0O,~MO,; M = Al, Ce,
Fe, Mn, Ni, and Zr) are summarized in Table 1. The overall
activity of the catalysts was characterized by the temperatures
at which methane conversion reaches 10, 30, 70, and 90%,
as expressed by T10, T30, T70, and T90, respectively. The
combustion of methane was significantly retarded by the
presence of metal oxides incorporated in the SnO, support.
The activity of a Pd/Al, O3 catalyst was sometimes enhanced

Catalytic combusion of methane over 1 wt% Pd/MOy (M = Al, Ga, In, Nb, Sn, Y, and Zr). Reaciton conditions: CHy, 1

Table 1.  Surface Area and Catalytic Activity of 1 wt%
Pd/Sn0,-MOy (M = Al, Ce, Fe, Mn, Ni, and Zr)®

Surface area® Catalytic activity / °C

Catalyst

mlg~! T10” T30 T70® T9OY
Pd/SnO, 6.4 305 345 390 440
Pd/Sn0,-Al,0;3 55.3 410 435 485 630
Pd/SnO,—CeO> 13.1 360 390 470 585
Pd/Sn0,-Fe, 03 1.8 435 515 675 825
Pd/Sn0,~MnO 1.4 500 595 760 855
Pd/Sn0,-NiO 4.0 425 440 470 540
Pd/Sn0,-ZrO, 113 330 365 430 490

a) Calcined at 800 °C for 5h. b) Temperature at which meth-
ane conversion levels are 10%, 30%, 70%, and 90%, respectively.
Reaction condition: CHa, 1 vol%; air, 99 vol%; space velocity,
48000 h—1. ¢) Molar ratio of SnO, /MOy =1.

by an additive to the support oxide.'” In the case of Pd/SnO,,
the activity was hardly improved by the third component.
Therefore, a further investigation was carried out only for
Pd/Sn0O,. No correlation could also be found between the
catalytic activity and the BET surface area in this series of
catalysts.

As we have reported previously, the Pd/Al,0;—NiO cat-
alyst at a molar ratio of Al;03/NiO =1/36 and Pd load-
ing of 1 wt% was very active for the oxidation of meth-
ane, as compared with Pd/Al,O5."” This active catalyst was
subsequently expressed as Pd/Al,03-36Ni0O. Therefore,
Pd/Al, 05 and Pd/Al,O3-36Ni0O were employed as reference
catalysts to evaluate the activity of Pd/SnO,. As shown in Ta-
ble 2, the catalytic activity of Pd/SnO, was at the same level
as that of Pd/Al,03—36Ni0, except for a slight difference at a
higher conversion region. The Pd/Al,Os3, Pd/Al,03-36Ni0,
and Pd/SnO, catalysts demonstrated significant differences
in surface area. Although the BET surface area of Pd/Al,O;
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Table 2.  Surface Area and Catalytic Activity of 1 wt%
Pd/AL,Os;, 1 wt% Pd/AL,0s-36NiO,” and 1 wt%
Pd/Sn0O,

2 talytic activity / °

Catalyst Surface area Catalytic activity / °C
m?>g~! T10® T30” T70” T9OY
Pd/ AL, O; 109.1 365 400 445 495
Pd/ Al,03-36NiO 13.5 310 350 395 460
Pd/ SnO, 6.4 305 345 390 440

a) Calcined at 800 °C for 5 h. b) Temperature at which meth-
ane conversion levels are 10%, 30%, 70%, and 90%, respectively.
Reaction condition: CHy, 1 vol%; air, 99 vol%; space velocity,
48000 h™!. ¢) Molar ratio of Al,03/NiO = 1/36.

was the largest, this catalyst was less active than the other
two catalysts. One important factor in enhancing the over-
all catalytic activity is to maintain the large active surface
and/or fine microstructure of the palladium species. A large
support surface is often necessary for attaining a high dis-
persion of Pd; however, for the present Pd catalysts, the
catalytic activity may be influenced by the dispersion state
of Pd species and its oxidation state rather than the gross BET
surface area.”'®*—2! Some research groups have reported that
the catalytic activity for methane combustion is independent
of the dispersion of palladium particles,**? whereas others
have pointed out the influence of dispersion and the particle
size of palladium.*” It is therefore considered that a direct
estimation of the particle size of palladium is important in
explaining the rate of methane oxidation.

For the present Pd catalysts, the chemical interaction be-
tween the Pd particle and SnO, may strongly affect the dis-
persion. From our previous work, an X-ray line broadening
analysis has been found to be effective in estimating the parti-
cle size of palladium.'” However, in the case of Pd/SnO,, ex-
perimental information concerning the Pd particle size could
not be obtained from this method due to overlapping of the
PdO (101) line with the SnO, (101) line.

2. TEM Observation. An observation of palladium
particles by transmission electron microscopy (TEM) was
employed in order to obtain direct information about their
microstructure. A complete and reliable structural analysis of
supported metal particles and their particle size is extremely
difficult, even if the measurements are based on a careful
statistical -evaluation of electron micrographs. It is apparent
that the observation of the Pd particles was generally too
difficult due to the strong absorption and/or scattering of the
incident beam by heavy Sn atoms. The large particle size of
Sn0,, as indicated by the small BET surface area, is also an
obstacle for TEM observations. As depicted in Fig. 2, it can
be seen that most of the large particles are found to be SnO,
particles for which Pd particles were hard to recognize, even
if they were present. However, as indicated by the arrow,
many fine particles of around 10—100 nm in size were also
observed around the large particles, though their fraction
was small. The fine particles observed in Fig. 2 were often
produced by the disruption of large particles upon irradiation
with an electron beam. Therefore, it is expected that a part
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Fig. 2. High resolution TEM photograph of 1 wt% Pd/SnO5.

of the large particles in Fig. 2 existed as an agglomerate of
the fine particles. The fine particles were often observed in
the surface region of large agglomerates.

From the EDX result shown in Fig. 3, it is evident that the
fine particles consisted of Pd and Sn. It was difficult to esti-
mate the composition of the large particle, since the detected
X-ray did not give any average information from the particle.
A microbeam electron-diffraction pattern of the fine particle
showed only a [001] zone-axis pattern of the tetragonal SnO,
structure (Fig. 4). It can be assumed that palladium parti-
cles were finely dispersed or poorly crystallized on the SnO,
support.

To observe the atomic image of Pd/SnO,, the high-res-
olution TEM of the fine particles was then employed. A
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Fig. 3. EDX spectrum of 1 wt% Pd/SnO,.
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Fig. 4. Microbeam diffraction pattern of 1 wt% Pd/SnO,.

characteristic feature of Pd/SnO; is shown in Fig. 5. It is
noted that the shell and core structures could be obviously
seen in the high-resolution image. An amorphous-like PdO
layer is uniformly formed as the outer shell of the particle,
whereas the core region is well-crystallized SnO,. Most
of the particles with different size equally possessed such a
microstructure under this condition. This microstructure is
obviously different from that of Pd/Al,Os, as reported pre-
viously, in which only finely dispersed grains of palladium
are deposited on the support oxide.”

3. TPD Experiment.  To evaluate the correlations be-
tween the catalytic activity and the reduction-oxidation prop-
erty of supported Pd, TPD experiments were performed. Fig-
ure 6 shows the TPD profiles of oxygen from bulk palladium
without any support. It features a sharp oxygen release cen-
tered at ca. 680 °C. This desorption, being similar to that

Fig. 5. High resolution TEM photograph of fine particles of
1 wt% Pd/SnO,.
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Fig. 6. TPD profile of oxygen from bulk Pd. Heating rate =5
°Cmin~!. Sample was heated O stream at 800 °C for 2
h and subsequently cooled to room temperature prior to the
measurement.

observed by Bell etal., is attributed to the oxygen dissociation
of PdO bulk.?® The PdO phase becomes thermodynamically
unstable around this temperature; thus, the peak accompanies
the decomposition of the bulk oxide into metallic Pd.

The TPD curves of oxygen from the Al, O3, Al,03-36NiO,
and SnO, support without palladium are illustrated as bold
lines in Fig. 7. No desorption of oxygen was detected from
the Al,O3 and Al,03—36NiO supports, while the SnO; sup-
port indicated small and broad desorption of oxygen at ca.
430 °C. The TPD curves of oxygen from the supported
Pd catalysts (Pd/Al, O3, Pd/Al,05-36NiO, and Pd/SnO,) are

P&/ALO
0.8+ 23 ,

04

T
i

0.0

Pd/Al203-36NiO
0.8+ 4

0.0

Desorption rate / umol-O2 min-! g-cat-!
=
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Fig. 7. TPD profiles of oxygen from 1 wt% Pd/AL, O3, 1 wt%
Pd/A1,05-36Ni0, 1 wt% Pd/SnO;, and from the support
oxides. Heating rate =5 °Cmin~"'. Sample was heated in
0, stream at 800 °C for 2 h and subsequently cooled to
room temperature prior to the measurement.

— supported Pd catalyst, — support oxide.
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also shown in Fig. 7 as fine solid lines. It is revealed that the
TPD profiles of oxygen from the three kinds of supported pal-
ladium considerably differ from the single desorption peak
from bulk palladium without supports (Fig. 6). For the sup-
ported Pd samples, oxygen desorption in the temperature
range of 600—750 °C splits into two peaks. For Pd/Al, O3,
two distinct peaks were observed at ca. 660 and 720 °C.
Therefore, these peaks reflect the different adsorption states
of oxygen on palladium. It can be clearly seen that the
relative ratio of the low- and high-temperature desorption
peaks depends on the kind of support. A large high-temper-
ature peak appeared for the Pd/Al,03—36NiO and Pd/SnO,
catalysts. The shapes and temperatures of the TPD curves
for Pd/SnO, and Pd/Al,03—-36Ni0 are quite similar to each
other, correlating well with their similar catalytic activities.
However, in the case of Pd/SnO,, oxygen desorption was also
observed at ca. 400—600 °C, while the Pd/Al,0;—36NiO
catalyst did not exhibit desorption in this temperature range.
The broad peak observed at low temperatures should be at-
tributed to oxygen released from the SnO, support.

4. XPS Experiment. The relations between the cat-
alytic activity and the electronic state of supported Pd was
investigated by XPS experiments. Verduraz et al. have re-
ported a strong metal-oxide interaction for Pd.?® Figure 8
shows the XPS profiles of Pd 3d from fresh samples after
heating in air at 800 °C. Another spectrum was recorded for
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Fig. 8. Pd3d X-ray photoelectron of 1 wt% Pd/Al,03, 1 wt%
Pd/Al,03-36Ni0, and 1 wt% Pd/SnO; before and after H;
reduction at room temperature.
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each sample after a reduction treatment at room temperature.
A fresh sample after an XPS measurement was exposed to
a hydrogen-nitrogen mixture in a pretreatment chamber in-
stalled on the XPS apparatus. The vertical lines displayed
in the figures are the Pd 3ds/, binding energies observed for
metallic palladium at 335.9 eV and PdO at 337.6 eV for the
Pd/Al, O3 sample.

The Pd 3ds/, line of every supported Pd sample after
heating in air is attributed to a single peak from the oxide,
reflecting the complete oxidation of palladium. However,
the peak center was shifted to a higher binding energy for
Pd/Al,03—36NiO and Pd/SnO, than for Pd/Al,O5. The spec-
trum for Pd/Al, O3 was shifted to a lower binding energy to
form a single peak centered at 335.9 eV after reduction at
room temperature. The surface of the palladium particles
was completely reduced to the metallic state, even at room
temperature. In the case of Pd/Al,05-36NiO, the shift of
Pd spectrum from PdO to Pd metal was also observed; how-
ever the PdO state still overlapped to some extent. It should
be noted that the Pd spectrum of Pd/SnO, was broadened
after reduction at room temperature, whereas neither peak
splitting nor a peak shift was obvious. From a computer
peak-fit, the spectrum was shown to consist of two sets of Pd
3ds, lines at 337.5 and 335.8 eV from different oxidation
states, though the extent of the reduction of palladium on the
Pd/Sn0O, sample was smaller than the other two samples.

5. In situ XRD Experiment. = From the TPD experi-
ments mentioned in the previous section, it is shown that the
adsorption state of oxygen on palladium is strongly affected
by the support. The use of SnO; or Al,O3—36NiO allows
palladium particles to exist in a higher oxidation state than
on Al,Os. The stability of the PdO phase in these catalysts
was measured by in situ X-ray diffraction. As we have al-
ready reported previously, the diffraction line of Pd (111)
was used for estimating the stability of the PdO phase.” The
relative intensities of the metallic Pd (111) diffraction line of
Pd/Al, O3, Pd/Al,03-36Ni10, and Pd/SnO, samples are plot-
ted as a function of the temperature in Fig. 9. The intensity at
some temperature (7)) is referenced with those after complete
decomposition of palladium to the metallic state at 800 °C for
Pd/Al,05 and at 860 °C for Pd/Al,O3—-36NiO and Pd/SnO,.
The thermal decomposition of PdO on Al,O; started at 710
°C and completed at 800 °C. For Pd/Al;03-36NiO and
Pd/SnO, catalysts, the PdO phase was more stable than for
Pd/Al, 03, and the dissociation of oxygen proceeded at higher
temperatures. It is revealed that the change in the palladium
phase of Pd/SnO; observed by the in situ XRD method is
similar to that of Pd/Al,03;—36NiO, reflecting the same ten-
dency as their TPD and XPS results.

Discussion

The activity for methane oxidation over palladium strongly
depends on the support material, as indicated in Fig. 1. The
Pd/SnO, catalyst shows the most excellent activity. It was
not possible to gain the activity of Pd/SnO; by mixing with
other metal oxides. However, it is interesting to note that,
despite its low surface area, Pd/SnO, shows a higher cat-
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Fig. 9. Relative peak intensity of Pd (111) diffraction line

of 1 wt% Pd/AL,Os, 1 wt%Pd/Al,03-36Ni0, and 1 wt%
Pd/SnO, catalysts at various temperatures (7).

alytic activity than that of Pd/Al,O3 (Table 2). It has been
known that tin dioxide is one of the active oxide catalysts
for alkene oxidation.”” This behavior has been explained
based on cooperation between the oxides in oxygen adsorp-
tion through the so-called “remote control effect”, as a result
of the spillover of oxygen atoms from the donor phase to
Sn0,.*?" The palladium-tin(IV) oxide system is popularly
used for gas-sensing devices™ and as a catalytic activator
in CO oxidation.'*—'® The synergistic effect which is re-
sponsible for the enhanced catalytic activity by CO spillover
has also been reported to be a unique catalytic property of
Pd/SnO,. Generally, the rate of reoxidation of palladium
is faster for small particles than for large particles.®!022%
The particle size of palladium is affected by the interaction
with oxides. The PdO crystallite size, evaluated by the X-
ray line broadening method, indicated that palladium(II) ox-
ide (PdO) is more finely dispersed on Al,03;—36NiO than on
AL O3."” The fine PdO crystallites on Al;03-36NiO led to
a high catalytic activity, as compared with Pd/Al,O3. It can
be inferred that the particle size of PdO is an important fac-
tor for enhancing the catalytic activity. The PdO particle is
also expected to be highly dispersed on SnO;, as in the case
of Pd/Al,O3~36Ni0, judging from its similar catalytic prop-
erty. Unlike the Pd/mAl,03—nNiO catalyst,'” an evaluation
of the PdO particle size from the half width at the half max-
imum (HWHM) by the X-ray line-broadening method was
impossible in the case of Pd/SnO,, due to a strong overlap
of the SnO, (101) line with the weak PdO (101) line.

The morphology of palladium particles dispersed on a
SnO, support was observed by TEM. Although large parti-
cles substantially existed in a Pd/SnO, sample, the number
of fine particles can also be seen in Fig. 2. It is revealed from
the high-resolution image and EDX measurement of the fine
particles that palladium(II) oxide was dispersed on SnO; sup-
ports by eventually forming an egg-shell-shaped layer. This
microstructure implies a strong chemical interaction between
PdO and SnO,. The egg-shell-shaped microstructure appears
to be unstable at high temperatures. Even if the layered struc-
ture of PdO is destroyed by sintering, fine palladium particles
are expected to exist on the SnO; support. The sintering of
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PdO should be slower on SnO, than on a support without
any chemical interaction. The high activity of the Pd/SnO,
catalyst is originated from the effective surface exposure of
active Pd surfaces on the support oxide.

From the Al; O3 and Al,03—36Ni10 support oxides, oxygen
did not desorb at or below 600 °C during a TPD measure-
ment. However, the SnO, support, itself, showed oxygen
desorption (Fig. 7). Such broad oxygen desorption from the
SnO, support was also observed for the Pd/SnO, catalyst in
the same temperature range.’® Considering the similar cat-
alytic behavior of Pd/SnO, and Pd/Al,03-36Ni0O, the oxy-
gen species attributed to the SnO, support is not directly
involved in the reaction. The overall oxidation of Pd/SnO,
is predominantly determined by the oxygen species on Pd.

The desorption curves of oxygen from the active Pd cata-
lysts are characterized by two oxygen species which desorb
at higher temperatures than less active catalysts; especially,
the active catalysts always exhibited large desorption of the
second peak. Many studies have shown that TPD profiles of
oxygen are sensitive to the kind of support materials and the
dispersion of palladium.?” Thus, even for catalysts with the

- same weight loading of palladium, significant differences are

observed in the TPD curves of oxygen from Pd on different
supports. A comparison of the TPD profiles of supported
Pd (Fig. 7) to that of unsupported bulk Pd (Fig. 6) indi-
cates that oxygen desorption associated with the first peak
at about 660—680 °C is from bulk PdO in the supported
palladium catalysts. The peak observed at about 720 °C can
be attributed to a stable oxide species (PdO,), as has been
suggested by McCarty.*” Thus, it may be inferred that the
second peak is attributable to oxygen desorption from Pd
under a strong support interaction. Liske and Volter also
observed two palladium oxide species on Pd/Al, O3, having
different reducibility with hydrogen.?” The bulk PdO phase
is easily reducible, but the oxide is stabilized by the strong
interaction with the alumina support to form a two-dimen-
sional surface complex. Since the amount of desorption of
the second peak is large due to Pd/Al,03—-36NiO or Pd/SnO,,
the Pd-support interaction is not merely ascribed to the triple
phase boundary of Pd-support-gas phase or in the vicinity of
the boundary. The influence of the supports may extend to at
least several layers of palladium atoms from the contacting
interface. It can be considered that the support effects ob-
served as the second peak for Pd/Al,O3—NiO and Pd/SnO,
is very important in determining the catalytic activity.

To elucidate the relation between the catalytic activity and
chemical state of Pd, an XPS measurement was then em-
ployed. An obvious difference in the chemical state was
observed in the reducibility of palladium, though the origi-
nal binding energies of palladium were only slightly different
for the examined samples. From Fig. 8, Pd/Al,Os is reduced
almost completely to the metallic state upon exposure to
hydrogen at room temperature. After the same reduction
treatment, the oxidized form of palladium was retained for
Pd/Al,03—36Ni0 and Pd/SnO,;. Otto et al. reported that ox-
idized palladium supported on y-Al,O3 at loadings greater
than 0.5 wt% exists as PdO bulk, which is completely re-



320 Bull. Chem. Soc. Jpn., 72, No. 2 (1999)

duced to metallic palladium at 25 °C, whereas at loadings
below this level, palladium species existed as a more highly
dispersed state.*® Thus, the interaction with the support sta-
bilizes the oxidized state, i.e., the Pd species are reduced at
higher temperatures. The XPS results suggest that the strong
Pd-support interaction stabilizes the high oxidation state of
Pd.

An in situ XRD measurement also confirmed the high sta-
bility of the PdO phase on SnO; and Al,03;-36NiO supports,
as compared with Al,O3 (Fig. 9). Thus, three characteriza-
tion procedures equally suggest that high oxidation state pal-
ladium is stabilized on SnO, and Al,03;—36Ni0O. In general,
palladium oxide is the more active for methane combustion
than the metallic form; namely, significant deactivation is
accompanied by the decomposition of the oxide to metallic
palladium. A strong correlation between the stability of the
PdO phase and the catalytic activity indicates that the PdO-
support interaction is an important factor for enhancing the
catalytic activity.

From these results, it can be inferred that the origin of
the support effect is twofold. The palladium layer dispersed
on the support in an egg-shell structure provides a large
palladium surface active for the catalytics reaction as the
result of an intimate contact between Pd and a tin(IV) ox-
ide support. Although an egg-shell type layered structure
was not observed for Pd/Al,03;—36Ni0, this support is also
expected to be effective to maintain the high dispersion state
of PdO. The second support effect appears as an interaction
between Pd and oxygen. The supports also influence the
Pd-oxygen bond; i.e., the stability of the high oxidation state
of Pd on SnO; or A1203—36N i0 is directly related with the
oxidation catalysis.

Conclusion

Pd catalysts supported on metal oxides, especially SnO,-
based oxides, were investigated for developing catalyst mate-
rials for the ignition of methane. Aluminais generally used as
a conventional support for Pd catalysts for methane combus-
tion. The Pd catalyst supported on SnO, was found to have
excellent activity for the complete oxidation of methane, al-
though the BET surface area of the SnO, support was far
smaller than that of Al;O3;. From a TEM observation, palla-
dium oxide was observed as a surface layer which uniformly
covers SnO; fine particles by forming an egg-shell structure.
This initial microstructure results in the large active surface of
palladium. The change in the chemical properties, especially
the redox property of palladium, was significantly affected
by the kind of support. Methane combustion was found to
be dependent on the oxygen adsorption state on palladium,
as revealed from the TPD results. A strong similarity could
be found in the TPD curve from the active catalysts for CHy
combustion. The reducibility properties of palladium mea-
sured by XPS method was also significantly affected by the
kind of support. The use of SnO, as a support can suppress
the dissociation of PdO at higher temperatures. Methane
combustion was found to be dependent on the dispersion and
oxidation states of palladium through an interaction with the
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support. The high catalytic activity of Pd/SnO; offers an
interesting perspective concerning methane combustion for
various applications.
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