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Abstract

The catalytic oxidation of methane was investigated over six catalysts with different palladium and platinum molar ratios. The catalysts were
characterised by TEM, EDS, XPS, PXRD and temperature-programmed oxidation. The results suggest that in the bimetallic catalysts, an alloy
between Pd and Pt was formed in close contact with the PdO phase, with an exception for the Pt-rich catalyst, where no PdO was observed.
It was found that the molar ratio between palladium and platinum clearly influences both the activity and the stability of methane conversion.
By adding small amounts of platinum into the palladium catalyst, improved activity was obtained in comparison with the monometallic pal-
ladium catalyst. However, higher amounts of platinum are required for stabilising the methane conversion. The most promising catalysts with
respect to both activity and stability were Pdg7Pt33 and PdsgPtsg. The platinum-rich catalyst showed very poor activity for methane conver-

sion.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Catalytic combustion is a promising technique for reducing
thermal NO, from gas turbine combustors [1]. One of the more
common fuels used in these systems is natural gas, which is
a relatively clean fuel with a high hydrogen to carbon ratio,
hence producing less of the greenhouse gas CO»; it is also avail-
able worldwide. The main combustible component of natural
gas is methane. Because supported palladium catalysts have an
excellent activity for complete oxidation of methane, they are
often proposed for catalysts in gas turbine combustors [2,3].
But palladium-supported catalysts have some weaknesses. One
important issue is the poor stability of methane conversion at
steady-state operation [4-8]. Most researchers agree that the
most active form of palladium is palladium oxide, PdO. How-
ever, it has been found that the initially high activity drops sig-
nificantly during operation, resulting in an increasing difficulty
in igniting the fuel. This could be due in part to the transfor-
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mation of PdO into metallic palladium. This decomposition
appears at around 750 °C during heating. During cooling, the
reoxidation take place at a lower temperature than the decom-
position, creating a hysteresis [9,10]. This may cause fluctua-
tions during combustion. The PdO decomposition may explain
some, but not all, of the instability experienced during methane
combustion over palladium catalysts. Formation of less active
palladium hydroxides and the occurrence of different types of
palladium oxides may be other explanations. Clearly, pure pal-
ladium catalysts cannot meet the demands for stable conversion
that will be placed on a commercial application.

It has been suggested that the performance of supported
palladium catalysts may be improved by adding certain met-
als. Most reports consider methane oxidation over Pd-Pt cata-
lysts. The addition of platinum to a palladium catalyst has been
shown to stabilise the activity for methane oxidation in com-
parison with monometallic palladium catalysts [4—7,11]. The
stability of the methane conversion makes this type of catalysts
more attractive than the monometallic palladium catalyst. The
addition of platinum to the palladium catalysts is also effective
in preventing particle growth, resulting in less sintering [4,12].
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Opinion is divided regarding the effect on the level of
methane oxidation when platinum is added to the palladium
catalysts. A considerable portion of the papers reach a posi-
tive conclusion [4,11,13,14]. However, it has also been reported
that the initial activity is lower for the bimetallic Pd-Pt cat-
alysts than for the monometallic palladium catalysts [7,12].
An explanation for the diverse results might be the different
molar ratios for palladium and platinum used in the experi-
ments.

The purpose of this study was to investigate the catalytic
oxidation of methane over a range of palladium and platinum
catalysts with different molar ratios. Activity and the ability to
maintain stable methane conversion were evaluated for the var-
ious catalysts. Characterisation techniques, such as TEM, EDS,
XPS, PXRD, BET, and TPO, have been used to determine the
changes in morphology, element distribution, and redox prop-
erties when the platinum content is increased in the palladium
catalyst.

2. Experimental
2.1. Catalyst preparation

Catalysts comprising palladium and platinum at various mo-
lar ratios were prepared for this study; the details regarding
these catalysts are summarised in Table 1. All catalysts had
a loading of 470 umol metal/g catalyst powder, equal to the
amount of metal in the 5 wt% Pd on alumina catalyst. The
amounts of metals in the catalysts were confirmed by ICP
analyses. All catalysts were supported on y-Al,O3 (PURALOX
HP-14/150, Sasol Germany GmbH).

The alumina powder was impregnated with the metal/metals
by the incipient wetness technique. The bimetallic catalysts
were accomplished by co-impregnation of the two metals by
mixing solutions of palladium and platinum nitrate. The metal
solution was dripped onto the alumina and carefully mixed.
This procedure was repeated twice, with a drying step at 300 °C
for 4 h in between. The resulting samples were then calcined at
1000 °C for 1 h.

The catalyst powders were mixed with ethanol, and the re-
sulting slurries were ball-milled for 24 h. Cordierite monoliths
(400 cpsi, Corning), with ¢ 14 mm and length 10 mm, were
dip-coated with the slurry, followed by a drying step at 100 °C.
This procedure was repeated until 20 wt% of catalyst material
was fixed on the monolith. The coated monolith was then cal-
cined at 1000 °C for 2 h.

Table 1

2.2. Characterisation

The surface areas of all catalyst powders were measured by
nitrogen adsorption at liquid N temperature in a Micromerit-
ics ASAP 2010 instrument. The surface area was determined
according to the Brunauer—-Emmett-Teller (BET) theory. The
samples were degassed in vacuum for at least 2 h at 250 °C be-
fore analysis.

The CO-chemisorption measurements were performed on
the catalyst powder using a volumetric technique. Before the
measurements, the samples were dried in vacuum at 120 °C, re-
duced in a flow of H, at 300 °C for 1 h, evacuated at 300 °C for
1 h, and then cooled to 35 °C. The CO chemisorption analyses
were then carried out using a dual-isotherm method.

Inductively coupled plasma—atomic emission spectroscopy
(ICP-AES) was performed on all catalyst powders to verify the
amounts of noble metals. The crystalline phases in the various
catalysts were monitored by powder X-ray diffraction (PXRD),
using a diffractometer (Siemens Diffraktometer D5000) and a
Guinier—Hégg camera with a radius of 40 mm. In the latter case,
Si was added as an internal standard, and the powder X-ray
photographs were evaluated by the Scanner System program
package [15] to obtain the d-values. Using the JCPD database,
the phases were identified and unit cell parameters were cal-
culated for each phase. Using the diffractometer data, mean
crystallite size estimation was made using the fundamental pa-
rameters approach application of the TOPAS v2.0 software.

The redox properties of the various catalysts were analysed
by temperature-programmed oxidation (TPO). The analyses
were carried out using a Micromeritics AutoChem 2910,
equipped with a thermal conductivity detector. A continuous
flow of 5 vol% O,/He was passed over 100 mg of calcined
catalyst powder. The temperature was increased from 300 to
900 °C at a rate of 10 °C/min, followed by a decrease down to
300 °C. The temperature cycle was repeated twice; the results
from the second cycle are presented in this paper.

The morphology and size of the noble metal particles on the
alumina washcoat were studied by transmission electron mi-
croscopy (TEM) using a JEOL 2000 FX microscope equipped
with an energy-dispersive X-ray spectroscopy (EDXS) detector
(LINK AN 10000).

Surface analyses of the samples were performed using a
VG Escalab 200R electron spectrometer equipped with a hemi-
spherical electron analyser and an AlK«a (hv = 1486.6 eV;
1 eV = 1.6302 x 10712 J) 120-W X-ray source. The pow-

The nomenclature, the metal loading, the BET surface area, CO uptake and the crystallite size of the different catalysts

Sample Composition Pd loading Pt loading BET surface CO uptake Crystallite size? Crystallite size®
(Wt%) (Wt%) area (m2 /g) (umol/g catalyst) PdO (nm) Pd-Pt (nm)

Pd;goPto 1:0 Pd//A1,03 5.1 0 102 7.3 27 -

PdgoPtyo 4:1 Pd:Pt//Al, O3 4.1 1.8 111 10.7 21 27

Pdg7Pt33 2:1 Pd:Pt//A1,03 3.0 3.3 91 52 22 47

PdsoPtsg 1:1 Pd:Pt//Al, 03 2.6 4.7 107 7.0 23 36

Pd33Ptg7 1:2 Pd:Pt//Al, O3 1.5 5.5 95 3.1 - 73

PdgPt{go 0:1 Pt/Al,03 0 8.2 109 8.6 - 27

4 Estimated by TOPAS—Fundamental Parameter Approach.
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der samples were pressed into 8-mm-diameter stainless steel
troughs, mounted on a sample rod. The unit was placed in the
pretreatment chamber and degassed for 1 h at ambient tem-
perature before being transferred to the analysis chamber. The
base pressure in the analysis chamber was maintained below
4 x 1072 mbar during data acquisition. The pass energy of
the analyser was set to 50 eV, for which the resolution, as
measured by the full width at half maximum (FWHM) of the
Audf7 ), core level, was 1.7 eV. The binding energies were refer-
enced to the Al2p peak of the alumina support at 74.5 eV. Data
processing was performed with the XPS peak program. The
spectra were decomposed using the least squares fitting routine
by a Gaussian/Lorentzian (90/10) product function provided
with the software. After subtracting a Shirley background, the
atomic fractions were calculated using peak areas normalised
on the basis of sensitivity factors provided by the manufacturer.

2.3. Activity tests

The catalytic activity for methane oxidation over the various
catalysts was tested in a conventional tubular reactor, working
at atmospheric pressure. A gas mixture of 1.5 vol% CHy in
air was fed to the reactor at a space velocity of 250,000 h=.
The temperature was recorded by a thermocouple placed up-
stream of the monolith. The composition of the product gas was
analysed by an on-line gas chromatograph (GC Varian 3800)
equipped with a thermal conductivity detector. Two different
activity tests—a transient test and a steady-state test—were per-
formed for each catalyst. For the transient tests, the temperature
was varied continuously at a rate of 5 °C/min. Two consecutive
heating and cooling cycles at temperatures from 300 to 900 °C
were conducted; the results from the second cycle are used in
this study. For the steady-state tests, the experiments were ini-
tiated at 435 °C and the temperature was increased stepwise up
to 750 °C. The operation parameters were held constant for 1 h
at each temperature.

3. Results
3.1. BET surface area and CO chemisorption

The specific BET surface areas of the catalysts after calcina-
tion at 1000 °C are compiled in Table 1. Because all catalysts
were supported on the same support material (i.e., alumina),
the BET surface areas should have been similar. However, the
BET surface area varied between 111 and 91 m?/g. No specific
trend could be correlated to the noble metals deposited on the
alumina.

The CO-chemisorption measurements are also presented in
Table 1. PdggPtyo, which had the highest BET surface area,
also achieved the highest CO uptake, 10.7 umol/g of catalyst.
The monometallic platinum catalyst, PdgPtjgo, had a CO up-
take of 8.6 of umol/g catalyst, slightly higher than that for
the monometallic palladium catalyst, PdpoPtg, at 7.3 pmol/g
of catalyst. Even though PdsoPtsp had a slightly higher sur-
face area than the monometallic Pd catalyst, it had a lower
CO uptake, 7.0 umol/g of catalyst. Pdg7Pt33, which had the

Pt, Pd -alloy
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Fig. 1. PXRD patterns of as-prepared (a) PdyPtog, (b) Pd33Ptg7, (c) Pd5gPtsq,
(d) Pde7Pt33, () PdgoPtyg and (f) PdjgoPto.

lowest BET surface area of the samples, had a CO uptake of
5.2 umol/g of catalyst. The catalyst with the lowest CO uptake
was Pde7Pt33, with 3.1 pmol/g of catalyst. The CO uptake re-
flects the dispersion of the noble metals. However, because the
adsorption geometry of CO is not known for the Pd—Pt bimet-
als, calculating an exact value of the dispersion is difficult.

3.2. PXRD

0-Al,03 was observed in the PXRD patterns for all as-
prepared catalysts. The PdgPtjoo catalyst exhibited only metal-
lic platinum, whereas the pure Pd catalyst exhibited mainly PdO
and minor amounts of metallic palladium. For all bimetallic cat-
alysts, a Pt;_,Pd, alloy was found; for the bimetallic catalysts
with >50 at% Pd, PdO was observed together with the alloy
(see Fig. 1). The alloy composition varied with the catalyst
nominal composition, and using Vegard’s law for solid solu-
tions, it was calculated to be in the range of 0.33 < x < 0.55;
see also Fig. 7.

The results from estimation of the mean crystallite sizes are
given in Table 1. The PdO crystallites were found to be in the
range of 21-27 nm, whereas a wider variation was found for
the alloy crystallites, with a range of 27-73 nm. The pure Pt
catalyst exhibited a mean size of 27 nm.

3.3. TPO

The results from the TPO analyses are shown in Fig. 2. The
TPO profile of monometallic palladium catalyst, PdjgoPto, dis-
played three positive peaks at 760, 820 and 875 °C. These peaks
are located close to one another; their onset temperature is
730 °C, and they end first at 900 °C. These peaks arise from the
oxygen release occurring when different forms of PdO decom-
pose [16]. During cooling, only one negative peak was detected,
initiating at 620 °C. It is generally agreed that this peak repre-
sents Pd reoxidation. The difference between the onset temper-
atures of the decomposition and the reoxidation resulted in a
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Fig. 2. Temperature-programmed oxidation plots of the palladium-rich catalysts
(a) PdjgoPtg, (b) PdgoPtyg, (c) Pdg7Pt33 and (d) Pd5qPtsg.

hysteresis of 110 °C, as is typical for supported palladium cata-
lysts.

When a part of the palladium was substituted by platinum,
only a single positive peak was observed during heating. The
peak was shifted toward lower onset temperature with increas-
ing Pt content. The peak intensity also decreased with increas-
ing platinum content, indicating that less oxygen was released
from the catalysts. PdgoPtyg had the strongest reduction peak
of the bimetallic catalysts; the reduction started at 650 °C and
ended at 760 °C. The reduction of Pdg7Pt33 started at 630°C
and ended at 740 °C. PdsyPts5p had a very small peak starting
at 595 °C and ending at 690 °C. For the catalysts with more
platinum than palladium (i.e., Pd33Pts7 and PdoPt;o0), no peaks
were detected in the temperature range used in the TPO analy-
ses.

Common to all samples that demonstrated a response in the
TPO analysis was slow reoxidation that continued during heat-
ing. This can be seen in the TPO profiles as a broad negative
peak before the reduction peak. This phenomenon was also seen
for the monometallic palladium catalyst.

During cooling, PdgoPtyq initiated reoxidation at 550 °C, re-
sulting in a temperature hysteresis of only 100 °C. Pdg7Pts3
began to reoxidise at 545 °C, resulting in a temperature hystere-
sis of 85 °C. For PdsPtsg, no reoxidation was observed during
cooling, but a negative peak was seen during heating, indicat-
ing that reoxidation was more difficult but hysteresis was lower
with increasing Pt content.

3.4. TEM

TEM images of the six different catalysts are shown in
Figs. 3a-3f. According to the elemental analyses, the alumina
support appears as grayish, elongated, partly transparent par-
ticles. In the support material, dark dots represent the noble
metals, according to the elementary analyses. In all catalysts,
the noble metal particles were well distributed in the alumina
support. The sizes of the noble metal particles were determined

from numerous investigated fragments. All catalysts had metal
particle sizes of 30-80 nm, except for Pd33Pts; m, which ex-
hibited a very wide size variation of 20—200 nm.

A fragment of the catalyst material of PdjogPtg is shown in
Fig. 3a. As can be seen, some of the Pd particles are facetted,
indicating that they are single crystallites, whereas others seem
to be agglomerates of smaller Pd-containing particles. Similar
distributions of the particles were found in the bimetallic cata-
lysts with more Pd than Pt.

Fig. 3b shows the sample of PdgPt;qp. The particles appear to
be facetted and well distributed on the alumina surface. Fig. 3c
shows two noble metal particles of the PdggPtyo sample. EDS
measurements using a small electron spot size on both sides
of the particles revealed that the greater part of the particles
consisted of Pd, most likely as PdO. Both Pd and Pt were found
in close contact with the PdO domain; this may be attributed
to an alloy between Pd and Pt. This morphologic description of
the particles is valued for the whole sample.

Fig. 3d shows a fragment of the catalyst material of Pdg7Pt33.
Again, an intimate contact between the indicated Pd—Pt alloy
and PdO can be seen. Because the platinum content here is
higher than that for PdggPtyq, the alloy domain is considerably
larger, almost half of the particle. Fig. 3e shows a representative
image of PdsoPtsg. In this sample, the major part of the particle
is the alloy between Pd and Pt, with only a small part containing
PdO. When considering the Pd33Ptg7 sample, the distribution of
the particles is inconsistent, as shown in Fig. 3f. The particles
vary in both size and composition.

To determine the element distribution in the bimetallic cata-
lysts, EDS analyses were carried out by spot measurements on
whole individual particles, including both the domains of PdO
and Pd-Pt alloy. More than 60 different particles were analysed
for each catalyst; the results are plotted in Figs. 4a—4d, with de-
creasing Pd content. The atomic percentages of Pd and Pt are
given on the left y-axis; the molar ratio between Pd and Pt over
the whole particles, on the right y-axis. Common to all catalysts
is the absence of noble metals in the areas between the noble
metal particles; only alumina was detected. For the palladium-
rich catalysts and PdsgPtsg, the distribution between Pd and
Pt was homogeneous between the particles; Pt was found only
with Pd, and no individual Pt or Pd particles were found. How-
ever, in the Pd33Pte; sample, the particles exhibited various
particle compositions, ranging from pure platinum to a Pd:Pt
ratio of 1:1. Palladium-containing particles without platinum
were not found.

3.5. XPS

XPS measurements provide valuable information on the sur-
face composition and oxidation state of the catalysts. The bind-
ing energies of Al2p, Pd3ds,2, and Pt4ds,, of the catalysts are
shown in Table 2. XPS spectra for Pd3ds,, on the catalysts con-
taining palladium are displayed in Fig. 5. For the monometal-
lic Pd catalyst, PdjooPtg, only one component was found at
a binding energy of 337.1 eV. This component was also ob-
served in PdggPtyo, but with a binding energy shifted slightly,
to 337.3 eV. Considering the other bimetallic catalysts, two dif-
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Fig. 3. TEM images of (a) PdjggPtg, (b) PdgPtiqg, (¢) PdggPtyg, (d) Pdg7Pts3, (e) PdsoPtsq, (f) Pd33Pte7.

ferent Pd3ds,» components were detected. The component at
the higher binding energy is probably similar to that observed
in the PdpPto and PdgoPtyg samples. However, the binding en-
ergy increased with increasing platinum content, and Pd33Ptg7
had a binding energy as high as 337.7 eV. According to the
literature, a component at this high binding energy may be at-

tributable to a higher oxidation state of palladium than Pd>*,
probably Pd** [17-19].

The second component had a binding energy of 336.0 eV,
which may be associated with Pd2* [17,19,20]. However, the
value obtained in this study is at least 0.6-0.3 eV lower than
the value presented in the literature. The value of this binding
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Fig. 4. Spot element analyses obtained by TEM/EDS on particles and Al,O3 material in the bimetallic catalysts for (a) PdggPtyg, (b) Pdg7Pt33, (c) Pds5qPtsq,
(d) Pd33Pts7. Pd, Pt and Pd:Pt ratio are represented by (O), ((J) and (@), respectively.

Table 2
Binding energy of core electrons of the different catalysts
Catalyst Al2p Pd3dsp? Ptdds o? Ols
PdgoPtg 74.5 337.1 - 531.4
PdgoPtag 74.5 337.3 314.4 (72) 531.5
316.8 (28)
Pdg7Pt33 74.5 336.0 (22) 314.4 (78) 531.5
337.3 (78) 317.0 (22)
Pd5oPts50 74.5 336.0 (41) 314.5 (77) 531.5
337.5(59) 317.1 (23)
Pd33Ptg7 74.5 336.0 (65) 314.5 (82) 531.5
337.7 (35) 317.1 (18)
PdyPt;0 74.4 - 314.5 (77) 531.5
317.1 (23)

4 The numbers in parentheses are peak percentages.

energy was the same for the three catalysts. The ratio of the
two different components varied with the platinum content in
the sample, with Pdg7Pt33 having 78% of the component at the
higher binding energy but Pd33Ptg7 having only 35%.

For platinum, only the Pt4ds,, was recorded, because the
most intense Pt4f peak was overlapped by a very strong Al2p
peak. The results are shown in Fig. 6 for all platinum-containing
samples. Again, two components were observed; a major one
at the lower binding energies (314.4-314.5 eV) associated with

metallic platinum [21,22] and a minor one at higher binding
energies (316.8-317.1 eV) signifying the presence of oxidised
platinum species, probably as PtO, [21,23]. The binding en-
ergies of the Pt” species were more or less constant for the
monometallic and bimetallic samples. A slightly clearer shift
was seen for the oxidised platinum species, with values of
316.8 eV for PdggPtyp and 317.1 eV for PdsgPtsg. No further
changes were observed for the catalysts rich in platinum. In-
dependent of the amount of palladium in the catalysts, only
between 18 and 28% of the surface Pt was oxidised.

To study whether the Pd and Pt atoms are homogeneously
distributed on the catalyst surface, the surface composition de-
rived from XPS was plotted versus the nominal Pd composition,
shown in Table 3 and Fig. 7. The data appear to reasonably fit a
straight line, suggesting that both metals are uniformly distrib-
uted on the catalyst surface and none of the metal is segregated
on the surface.

The same figure shows the solid solutions between Pd and Pt
taken from PXRD and the total amounts of Pd and Pt in the sam-
ples obtained from ICP-AES. The total amounts of the metals
appear to fit the theoretical values reasonably well, as shown by
the dashed line. The values of the alloy composition are well be-
low the nominal values at 0.8 and 0.67, but only slightly below
the nominal values at 0.5. All of these values indicate that the
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Fig. 5. Pd3d core level spectra of (a) PdjggPty, (b) PdggPtyg, (c) Pde7Pts3,
(d) Pds5oPts50 and (e) Pd33Ptg7.

alloys have compositions close to Pty 5Pdg 5. At a nominal com-
position of 0.33, the experimental value was actually above the
theoretical value, however, with an estimated error of £0.02.

3.6. Transient activity tests

The results from the transient activity tests at heating and
cooling are displayed in Figs. 8 and 9, respectively. Fig. 8 il-
lustrates the combustion behaviour over the catalysts when the
inlet gas was heated from 300 to 900 °C. Pd;goPto shows the
typical behaviour for a monometallic palladium catalyst, with
a drop in conversion occurring at 750 °C during heating. This
drop has been attributed to the decomposition of PdO to metal-
lic Pd, which is less active for methane combustion [10,24].
During the cooling, shown in Fig. 9, the metallic palladium
began to reoxidise to PdO at 745 °C. With a further tempera-
ture decrease, methane conversion reached a local maximum at
540°C.

Similar behaviour was observed for all bimetallic cata-
lysts except Pd33Ptg7. PdgoPtyg had the highest activity of
all bimetallic catalysts; it was even more active than the
monometallic palladium catalyst at temperatures up to 540 °C.
At higher temperatures, the activity was slightly lower than

Pt
Ptdd,, :

Counts per second (a.u.)

308 312 316 320 324
BE (eV)

Fig. 6. Ptdds » core level spectra of (a) PdggPty, (b) Pdg7Pt33, (¢) PdsgPtsg,
(d) Pd33Ptg7 and (e) PdgPt;qg-

Table 3

Surface atomic ratios between Pd and Pt

Catalyst Pd/Al at Pt/Al at Pd/(Pd + Pt) Pd/(Pd + Pt)
theoretical experimental

Pd;ooPto 0.0066 - 1.00 1.00

PdgoPtyg 0.0029 0.0012 0.80 0.71

Pdg7Pt3s 0.0023 0.0011 0.67 0.68

PdsqPtso 0.0015 0.0009 0.50 0.63

Pd33Ptgy 0.0081 0.0136 0.33 0.37

PdyPtigg — 0.0046 0.00 0.00

that for PdjgoPto, and the drop in activity occurred at 690 °C.
The recovery of activity occurred at 740 °C under cooling and
followed the curve of PdjgoPty, but with lower conversion.
Pdg7Pt33 had lower activity than PdggPtyg, but the drop in ac-
tivity was first observed at 730 °C. The reoxidation moved to
705 °C, however. PdsoPts5o initially gave a lower conversion
than Pdg7Pt33, but at 570 °C its conversion exceeded that of
Pde7Pt33. The drop in conversion appeared at 670 °C, and reox-
idation was initiated at 650 °C.

Pd33Ptg7 has a different combustion profile than the other
bimetallic catalysts, with no drop in activity observed during
heating. Pd33Ptg7 had very poor activity up to 750 °C, after
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Fig. 8. Transient activity tests during heating. The methane conversion is shown
versus the inlet temperature to the catalysts for PdjgoPto (H), PdgoPty (@),
Pdg7Pt33 (&), PdsgPtsg (L), Pd33Pte7 (O) and PdoPtjgp (D).

which methane conversion began to increase. Methane con-
version never reached >50%, however. During cooling, the
activity dropped quickly; below 645 °C, the catalyst had no
activity. The monometallic Pt catalyst, PdgPtjgp, had a com-
bustion profile similar to that of Pd33Ptg7, but was much more
active. The catalysts exhibited very low activity at temperatures
below 630 °C, but greatly increased activity at higher tempera-
tures. During cooling, the catalyst maintained its activity until
580 °C.

3.7. Steady-state activity tests

The results from the steady-state activity tests are shown in
Fig. 10. A wide distribution of methane conversion among the
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various catalysts can be seen. PdjgoPtp initially had the highest
activity, but methane conversion decreased rapidly with time
on stream. Methane conversion decreased for PdggPty even at
temperatures as low as 435 °C, much lower than reported for
PdO decomposition.

PdgoPtyg initially gave excellent methane conversion, close
to the values achieved for the monometallic palladium catalyst.
However, the activity of PdgyoPtyg was unstable and, just as for
the palladium-only catalyst, dropped with time on stream at all
temperature steps. Nevertheless, the loss in conversion was not
as great as that for the palladium-only catalyst; as a result, the
PdgoPtyp became more active at the end of each temperature
step.

Pdg7Pt33 and PdspPtso were much more stable at tempera-
tures below 640 °C. Above this temperature, methane conver-
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sion decreased, probably due to PdO decomposition. PdsoPtsq
had a low activity for methane conversion for the first tem-
perature step at 435 °C; for the subsequent steps, the activity
actually increased with time on stream. Pdg7Pt33 had a very sta-
ble methane conversion that neither decreased nor increased.
For the platinum-rich catalyst, Pd33Ptg7, the conversion was
low, although stable. PdgPtjoo had poor activity at the lower
temperatures, but significant methane conversion at 695 °C.

4. Discussion
4.1. Catalyst materials

The results presented in this study suggest that the mor-
phology varies with the Pd:Pt molar ratios. The monometallic
catalysts, PdjgoPtg and PdgPt;g9, have well-distributed parti-
cles of noble metals on the alumina surface, as shown by TEM.
The XRD indicate that only one crystalline phase of platinum
was present in the bulk of PdgPt;go and that PdjgoPto consisted
mostly of PdO.

When platinum is included in the palladium catalysts, an
alloy is probably formed between the palladium and the plat-
inum. This is indicated in the PXRD diffractograms as peaks
in-between the 2 theta values corresponding to metallic Pd and
Pt, respectively. Alloy formation is also supported by the ele-
ment analyses, where Pt was found only in the presence of Pd.
The composition of the alloy appears to be closer to x = 0.5
than the nominal value for the bimetallic catalysts with com-
positions containing >50 at% Pd, independent of the platinum
content in the catalysts.

Even though an alloy was formed between the noble metals,
the palladium-rich catalysts contained some PdO. Because the
alloy had a composition close to x = 0.5, the remaining Pd in
the catalyst formed PdO. Hence two domains, one containing
the alloy and another containing PdO, coexisted in the particles
of bimetallic catalysts. It is interesting that the two domains
were always found in close contact with one another, except in
the Pd33Ptg7 catalyst, where individual Pt particles were found.
Ongoing studies of used samples have shown that the indicated
alloy in the bimetallic catalysts remains almost unaffected and
still in close contact with the PdO phase after reaction.

According to TEM, Pd33Pts; appears to have a very uneven
structure, with particle sizes varying between 20 and 200 nm
and irregular particle composition. No bulk PdO was observed
in this catalyst; only different alloy formations and pure Pt par-
ticles were seen. The large particles are also indicated by the
low CO uptake value.

From previous studies, it can be concluded that not all met-
als can form an alloy with palladium; the metal must be nobler
than palladium [7]. Very few other metals can possibly form the
same morphology as platinum and palladium, with divided par-
ticles. The results from the PXRD and TEM studies suggest that
the fraction of the alloy in the catalysts increased with increas-
ing the platinum content, at the same time as the PdO content
decreased, probably because almost all of the Pt was alloyed
with Pd.

The decreasing PdO content with increasing Pt is also in line
with the TPO results. When the platinum content in the catalyst
increased, the TPO peaks became smaller and shifted to lower
temperatures. This observation is in agreement with the litera-
ture [5,7,25,26]. The TPO peak during heating most likely arose
from PdO decomposition, as in the case of the monometallic Pd
catalyst, with the size of the decomposition peak reflecting the
amount of PdO in the sample. Hence, as the peak decreased
with increasing Pt, less PAO was present in the sample. No
peaks were observed for the Pt-rich catalysts; therefore, the pal-
ladium presumably was in a nonoxidised form in the Pt-rich
catalysts. If the palladium occurred only in its metallic state,
without alloying with Pt, then it would be oxidised to PdO.
Hence, an alloy formation between Pd and Pt can be assumed.

Previous TPO studies in our lab have shown that the amount
of PdO in the sample does not affect the onset temperature of
the PdO decomposition, but affects only the intensity of the
peaks [7]. Hence, the shift observed for the bimetallic catalysts
in the TPO analyses is not due to the lower amounts of PdO,
but does indicate promotion of PdO reduction by platinum.

The surface compositions were verified by XPS. It appears
that the phases of the surface differed from those of the bulk,
with higher oxidation states, palladium as Pd** and Pd**, and
platinum as Pt**. Because both Pd components were in an ox-
idised state, the presumable alloy most likely was oxidised on
the surface to some extent.

4.2. Activity and stability under conditions of methane
conversion

The diverse results concerning the stability and level of
methane conversion with varying platinum content suggest that
the molar ratio significantly affects the catalytic properties.
PdjooPto initially had very high activity, but poor stability for
methane conversion. The opposite was observed for PdyPt;qo,
which exhibited very poor conversion at the lower tempera-
tures and was active only above 630 °C. However, the platinum
catalyst had stable conversion. Hence, combining the positive
properties of respective catalysts would be preferable, as dis-
cussed below.

It has been suggested that adding platinum to the palladium
catalysts increases the activity for methane combustion [4,11,
13,14], whereas others have reported lower activity when plat-
inum is present [7,12]. In the present study, the PdggPtyo cata-
lyst had higher activity at the lower temperatures of the transient
test compared with the monometallic Pd catalyst. Conversely,
the bimetallic catalysts with more platinum had lower activ-
ity than the PdjooPto catalyst. This indicates that the amount
of platinum added is crucial to the level of activity, which may
explain the large variation of results reported in the literature.
Other explanations for the widely varying results may be dif-
ferences in the bases against which the catalysts are compared
(e.g., based on a constant weight percentage of palladium with
extra amounts of platinum, keeping the weight percentage of
noble metals constant, etc.). In this study, the molar amounts of
noble metals were kept constant, and the molar ratio between
Pd and Pt was varied. Because monometallic palladium cata-
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lysts have poor stability, the time at which the comparison is
made is also important.

The TEM images of PdgoPtyo indicate that small domains
of alloy were located next to the PdO domains. In the case
of monometallic Pd catalysts, it has been suggested that small
amounts of metallic Pd on the PdO particles give enhanced ac-
tivity compared with fully oxidised PdO particles [27,28]. Su
et al. [29] explained this phenomenon by the effect of CHy
adsorbed dissociatively on metallic Pd, with the formation of
CH, (x = 3-1) species and H atoms. The fragments of the
methane molecules are then rapidly diffused to the Pd/PdO in-
terface, where reduction of the oxide occurs. Hence, a good
contact surface between the Pd and the PdO particles is im-
portant. Because the dissociation of the methane molecule has
been suggested to be a very slow step in methane oxidation
[30], an improvement in dissociation may result in improved
activity. However, Carsten et al. [27] reported that sustaining
the metallic phase of palladium under steady-state conditions
in an oxidising atmosphere is difficult because the metallic par-
ticles are oxidised back to PdO. In our case with the bimetallic
Pd—Pt catalysts, it appears that the metallic phase is maintained
even in an oxidising atmosphere due to the alloy. Although the
catalyst is calcined in air, the alloy is still present in the samples,
as indicated by the PXRD studies. This may result in better ac-
tivity compared with the monometallic Pd catalyst, despite the
slightly lower PdO content in the PdgoPtyg catalyst.

Another possible reason for the higher activity of PdggPtyo
may be that the Pd—Pt alloy dissociatively adsorbs more oxygen
molecules than the PdO phase, so that the alloy is providing the
PdO with oxygen after reduction. Bedrane et al. [31] reported
that metals were much more active than oxides in dissociated
oxygen and that the Pt metal was better than the Pd metal.
Therefore, it is possible that the alloy has superior properties
for splitting the oxygen molecule, which may increase the ac-
tivity.

Even though small amounts of metallic Pd-Pt appear to be
beneficial for the activity of methane combustion, high amounts
of metallic alloy cannot compensate for significantly lower PdO
content in the catalyst. The Pdg7Pt33 and PdsoPtso catalysts
have considerably lower PdO content than the monometallic
Pd catalysts. It is generally known that pure PdO catalysts are
much more active than pure metallic palladium catalysts as well
as Pt catalysts [24,32]. Therefore, it is not surprising that the
Pde7Pts3 and PdsoPtsq catalysts have lower activity, despite the
high metallic fractions.

Pd33Ptg7 has a very uneven structure with large particles
and almost no PdO present in the catalyst. The alloy itself
most likely has very poor activity for methane conversion. This
is probably the explanation for the very poor activity, which
was even lower than that of PdgPtjoo. The catalyst showed no
PdO/Pd transformation during the transient activity tests, but
had combustion behaviour similar to that of PdgPt;g.

Not only the level of activity, but also the ability to main-
tain constant activity with time on stream, is affected by the
molar ratio of palladium and platinum. Even though PdggPtq
showed excellent activity, it did not exhibit very good stability.
Nevertheless, it achieved a better stability than the monometal-

lic Pd catalyst, indicating that Pt hampered the activity loss, but
the amount of Pt in PdggPtyy was not sufficient to stabilise the
conversion. Increasing the amount of platinum in the catalysts
improved the stability. Pde7Ptsz had a very stable conversion
with time, even though the amount of PdO remained fairly high,
most likely due to the close contact between the alloy and the
PdO domains. It is interesting that the activity of the PdsoPts5
catalyst increased with time. Previous studies at our laboratory
indicate that the increase is due to slow formation of PdO dur-
ing operation [33]. Because PdsoPtsg has a low PdO content,
which is needed for the oxidation step, an increased amount of
PdO led to enhanced activity. Pdg7Pt33 already has a fairly high
amount of PdO, and an increase of PdO may not affect the ac-
tivity so drastically.

The superior stability of the bimetallic Pd—Pt catalyst is
in accordance with previous reports [4—7,11]. A possible rea-
son for the improved stability is that Pt suppresses the parti-
cle growth of PdO [4]; however, this is probably not the only
reason. Another possibility may be that Pt prevents water in-
hibition of the palladium catalysts. PdO is strongly inhibited
by water, possibly due to formation of inactive Pd(OH); on
the surface [34,35]. It is difficult to avoid this type of deactiva-
tion, because water is one of the reaction products in methane
combustion. Nomura et al. [11] reported that a bimetallic Pd—Pt
catalyst was more stable than a monometallic Pd catalyst when
water vapour was added to the feed stream. The higher water
resistance of the Pd-Pt catalysts was attributed to a synergistic
effect between Pd and Pt. Because the PdyPt;qg catalyst in this
study had a stable conversion, water may have played a role in
the decreased activity of PdooPto.

In summary, the catalysts must contain sufficient PdO to
be active at lower temperatures and sufficient Pd-Pt alloy to
achieve a stable conversion. A good contact between the two
types of domains also appears to be essential for both the sta-
bility and the level of activity.

5. Conclusion

To stabilise the activity over palladium catalyst during
methane oxidation, a series of six different palladium and plat-
inum catalysts with molar ratios ranging from pure palladium to
pure platinum were tested. The results show that it is possible
to stabilise the activity over the palladium catalyst by adding
platinum in certain amounts. Our findings can be summarised
as follows:

e The activity of the catalysts decreased in the following
order for the transient activity tests during heating be-
tween 300 and 560 °C: PdgoPtyg > PdgoPtg > Pdg7Pt33 >
PdsoPtsg > PdgPtgo > Pd33Ptg7.

e As shown by the transient activity tests, small amounts of
Pt improved the catalytic activity of methane oxidation for
monometallic Pd catalysts.

e Even though the activity was initially high, the catalysts
may experience decreased activity with time. The stability
for methane conversion was affected by the amount of Pt
in the sample. Considering both the stability and the activ-
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ity level for methane combustion, PdsyPtsy and Pdg7Pts3
are the most promising catalysts for methane combustion
tested in this study.

e For all of the bimetallic Pd—Pt catalysts, an alloy between
Pd and Pt was most likely in close contact with PdO, except
for Pd33Ptg7, in which no PdO was found.

e Pd33Ptg; had an unevenly distributed morphology with
large particles and no PdO and very low activity, indicat-
ing that the Pt;_,Pd, alloys with x < 0.5 had very poor
activity.

e The more Pt content in the catalyst, the nobler it became
(i.e., the less PdO content). Hence, the platinum-rich cata-
lysts had very little PdO. Pt was not found alone, except in
Pd33Ptg7 and PdoPt 0.

e The reoxidation of PdsoPt5o was very slow, resulting in ox-
idation of the catalyst during the activity tests. Hence, the
activity increased with time.
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